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Detailed physical maps of the human genome are Important resources for the identification and isolation of 
disease genes and for studying the structure and function of the genome. We used data from STS content 
mapping of YACs and natural and induced chromosomal breakpoints to anchor contlgs of overlapping yeast 
artificial chromosome (YAC) clones spanning extensive regions of human chromosome 22. The STSs were 
assigned to specific regions (bins) on the chromosome using cell lines from a somatic hybrid mapping panel 
defining a maximum of 25 Intervals~ YAC libraries were screened by PCR amplification of hierarchical pools 
of yeast DNA with 238 markers, and a total of 587 YAC clones were Identified. These YACs were assembled 
Into contigs based upon their shared STS content using a simulated annealing algorithm. Fifteen contlgs, 
containing between 2 and 74 STSs were assembled; and ordered along the chromosome based upon the 
cytogenetic breakpoint, meiotic and PFG maps. Additional singleton YACs were assigned to unique chromo­
somal bins. These ordered YAC contigs will be useful for Identifying disease genes and chromosomal 
breakpoints by positional cloning and will provide the foundation for higher resolution physical maps for 
large scale sequencing of the chromosome. 

INTRODUCTION 

Human chromosome 22 constitutes approximately 1.9% of the 
haploid autosomal genome (I). Clinical disorders associated 
with this chromosome include several acquired, tumor-related 
translocations such as the t(9;22) of chronic myelogenous 
leukemia and acute lymphocytic leukemia (2,3), the t(8;22) 
variant translocation of Burkitt's lymphoma (4) and the t(II; 
22) of Ewing's sarcoma (5,6). Deletions of all or part of 
chromosome 22 are associated with meningiomas (7,8), acous­
tic neuromas (9,10), Neurofibromatosis type 2 (NF2) (11,12), 
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and rhabdoid tumors (13.14). Further, chromosome 22 is also 
involved in the only recurrent non-Robertsonian constitutional 
chromosomal translocation in humans (15,16). In addition, a 
number of syndromes are caused by deletions or duplications 
of portions of 22ql 1, including DiGeorge syndrome (17-20), 
velo-cardio-facial syndrome (21). and cat-eye syndrome (22). 
Chromosome 22 has a high gene density and contains many 
duplicated sequences and gene families, which makes it an 
interesting model for mapping studies. The identification of 
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STRPs (simple tandem repeat polymorphisms) (32). expressed 
sequence tags (ESTs) (33.34). YAC vector-insert junction 
fragments (35). inter-Alu PCR fragments (36) and randomly 
sequenced plasmid clones (26.27). The loci at which STSs or 
probes were generated are shown in Table I. 

Chromosomal bin assignment of markers 
Markers were assigned to chromosomal 'bin' locations by 
Southern blot hybridization or PCR analysis of DNA from 
cell lines in a 26 member somatic cell hybrid panel . These 
cell lines define 22 bins shown· schematically in Figure I. 
Three of these bins are each further subdivided into two sub­
bins. making a total of 25 intervals. The majority of the 
hybrids have been previously described: GM10888 (37): Cl-
6-2/EG. Cl-21-5/CV, Cl-9/GM05878 (38); Rad-11 0a: Rad 37a 
(39): GM11220 = X/22 33-TG. GM11224C = l/22AM-6 . 
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GM! 1223C = l/22AM-27 (40): GMl 1685 (-l-1): Cl--l-/GB. Cl-
1-1/TW (-l-2): AJO 9. APR 8.5 (43): 51-l-AA2 (44): WESP-
2A-TG8 = GMI 1221 !-l-5): RAJSBE (46): D6S5 (47). There 
are eight additional members of the hybrid panel (Cl-3/5878: 
Cl-1/5878: Cl-2/5878: Cl-8/5878: Cl-15-1/PB: Cl-21-2/PB: Cl-
2/DIBA: Cl-8-I/AMB6l which will be further described in 
another manuscript (26). Not all markers were assigned _to a 
unique bin. STSs binned in the Whitehead Institute/MIT 
Genome Center were tested on a subset of six somatic cell 
hybrid lines (Fig. I). whereas those binned in Philadelphia 
were tested on the complete panel. A small number of STSs 
could not be uniquely assigned for technical reasons. 

Contained within this hybrid mapping panel are the 
breakpoints which have been designated by the chromosome 
22 mapping community as anchor positions in the physical 
map. The anchor panel was recently updated (48) and now 
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Figure 1. Schematic of the somatic cell hybrid mapping panel used for bin :issignment of m:irkers. The heavy venic:il black lines represent the segments of 
chromosome 22 retained in each hybrid. Shaded portions indicate th:it the extent of the p arm ret:iined in :i hybrid is unknown. The n:imes of the hybrids are 
shown at the top of the figure. The fine horizontal lines indic:ite the bre:ikpoints that divide the chromosome into 25 intervals, shown numbered from 1.1 
through 22 (three 'bins'are funher subdivided into two sub-bins). The upper c:ise letters A-F indicate a subset of the 26 member panel defining six interv:ils 
that was used for bin assignment at the Whitehead Institute/MIT Genome Center. The full high resolution panel was used at the Children's Hospital of 
Philadelphia. The lower case letters a-j show the 10 interval panels defined by the 11 hybrid cell lines available from the NIGMS repository (48). 
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divides chromosome 22q into a total of IO intervals which 
represents a subset of this mapping panel. The hybrids defining 
the anchor points are: GM! 1220. GM! 1685. GM! 1221. 
GM! 1222C. GM! 1224C. GMl 1223C. D6S5. Cl-15-1/PB 
(GMl3498), CI-21-2/PB (GM13499). CI-2/DIBA (GM13501) 
and CI-8-I/AMB6 (GMI3500). The somatic cell hybrids 
defining the anchor points of chromosome 22 are available 
through the NIGMS genetic mutant cell repository, Camden. 
New Jersey. Since the chromosome 22 reference hybrids 
represent a subset of the panel utilized for binning markers 
described in this manuscript. the data presented here can be 
easily assessed by other groups in order to position markers 
which they have mapped using the reference panel. 

YAC identification 
Most YACs in the study were identified in the CEPH/Genethon 
libraries [original library (29) with an average insert size of 
470 kb and mega-YAC library with an average insert size of 
0.9 Mbp (30)), by PCR screening of yeast DNAs pooled in 
two or three dimensions. Additional YACs were isolated from 
the Washington University YAC library (3 I), and from a 
chromosome 22 specific YAC library constructed with DNA 
from hybrid cell line GMI0888 (chromosome 22 in a Chinese 
hamster background). The chromosome 22 specific YAC library 
contains approximately 300 YACs with an average insert size 
of 200 kb, equivalent to IX coverage of the chromosome. 
YACs isolated from the Washington University library were 
kindly provided by collaborators. In addition, limited use was 
made of a subset of YACs, kindly provided by Ilya Chumakov 
and Daniel Cohen, identified by hybridization of A/u-PCR 
products of a chromosome 22-only somatic cell hybrid to the 
CEPH mega-YAC library. YACs from this subset. and from 
the chromosome 22-specific library were identified by colony 
hybridization. 

Table I shows a summary of the YAC screening results. 
The left-most column shows the bin intervals, numbered 1.1-
22. The relative positions of the bins on the chromosome are 
displayed visually in Figure I. Loci that were used to identify 
YACs are shown in boxes in the body of the table; the vertical 
extent of each box indicates the bin, or range of bins, to which 
each locus was mapped by referring to the left-most column, 
and the number of YACs detected by each locus is indicated 
in parentheses after the locus name. The majority of these 
results are YACs identified to single microtiter plate addresses, 
either from unequivocal PCR results in two or three dimen­
sional screens, or from confirmatory PCR tests done on 
individual YACs. A YAC address consists of three dimensions: 
plate, row, and column. In initial screening of YAC pools, 
many of the addresses were incomplete (missing a dimension), 
or had more than one possible value in a dimension, which 
occurs when there is more than one positive YAC per block 
of eight microtiter plates (see Materials and Methods), or from 
false positive results. Such ambiguous addresses were resolved 
by several means including fingerprint analysis, comparison 
with verified YAC addresses of adjacent STSs, or PCR of all 
possible clones in the degenerate set of addresses. After 
preliminary contig assembly, most of the clones identified as 
well as the putative adjacent YACs were individually tested 
with each STS in the contig. 

GGTX, GGTY and GGTZ (Table I) refer to probes con­
taining sequences homologous to y-glutamyl transpeptidase I 

(GGTI) (49). These three GGT-like sequences have been 
shown to be physically linked to the BCR (break point clusterJ­
like sequences BCRL2 and BCRL4. and to BCR itself. 
respectively. in 22q 11 (50). These BCR-like sequences contain 
polymorphic Hindlll sites and thus can be distinguished from 
each other (51 ), allowing assignment of the YACs detected by 
the GGTI STS to be allocated to unique bins. Details of this 
study will be presented in a separate publication. 

Primer sequences for each STS and YAC addresses may 
be found in the public FfP (file transfer protocol) sites of 
the Philadelphia (cbil.humgen.upenn.edu/pub/22/) and the 
Whitehead Institute/MIT (genome.wi.mit.edu /distribution/ 
human_STS_releases/) Genome Centers. World Wide Web 
access is available through HTTP://www.cis.upenn.edu/-cbil/ 
chr22db/chr22dbhome.html and HTTP://www-genome. wi.m­
it.edu. 

In order to resolve confusion caused by possible cross­
contamination among microtiter plate wells we adopted two 
approaches. The first approach compared the CEPH/Genethon 
fingerprints, where available, of the putative YAC positives 
with the fingerprints of other YACs known by STS content to 
overlap the YAC to be resolved. Shared fingerprint bands 
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DiGeorge critical region (DGCR). 



among these YACs identified with a high degree of confidence 
the true positive YAC address among several neighboring 
candidates in several cases. The second approach was based 
on a calculation of the actual distances between wells of two 
YAC addresses sharing STSs. divided by the number of STS 
hits in common: when this measure fell below a certain 
threshold for any pair of addresses, they were consolidated 
into a single address. This heuristic in all cases corresponded 
well to human judgments about likely cross-contamination, 
and was shown to be justified in cases that were checked 
experimentally. Level 1 data from t.tie CEPH/Genethon genome 
mapping project were confirmed and included in Table I. 
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YAC contig assembly 

To date. we have used 238 markers to identify 587 YACs. The 
YACs and STSs fall into 15 islands. defined as sets of STSs 
and sets of YACs all of which can be reached from each other 
by following a path of connectivity alternating between STSs 
and YACs. Singleton YACs detected by one STS each, num­
bering 25, are omitted from this total. Although the number 
of YACs we identified indicates nearly 5X coverage of the 
chromosome, the depth of coverage is uneven: all somatic cell 
hybrid bins contain YACs, but the 22qll.23-ql2.31 region 
(bins 12-15; see below) has much deeper coverage than 
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Figure 3. Searls plot of simulated annealing data for the largest contig accumulated from multiple runs of the program. The list of loci down the left of the 
figure is the 'minimum energy' ordering of markers (see the text for detailed explanation). Gray boxes indicate the position on the horizontal axis at which the 
indicated STSs occurred during individual runs. Darker boxes indicate that an STS was positioned in the same location in multiple runs. Boxes falling repeatedly 
on the diagonal indicate high confidence in the minimum energy ordering. Horizontal dotted lines indicate the chromosomal bin location of each STS. The bin 
intervals are shown at the top of the figure. Circles indicate the consensus positions of markers that are present on the meiotic map. 
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elsewhere. We had difficulty obtaining unequivocal clone and 
STS order within the largest of these islands. and a clear clone 
tiling path. even with deep YAC coverage of the area and 
many STSs. In the central portion of the chromosome YAC 
connectivity has been achieved over a distance exceeding 10 
Mb. yet an unbroken clone tiling path remains elusive despite 
extensive testing of YACs versus STSs in that region. This 
may be due in part to false positive and negative YAC/ 
STS results (although results have been carefully confirmed), 
internal deletions within YAC clones, and sequences present 
at more than one location on the chromosome. Given these 
problems. the objective becomes to find an ordering of STSs 
that minimizes gaps. In ideal data. there should be an order 
of STSs. corresponding to a true YAC contig, such that there 
are no such gaps. However. in our data all postulated orders 
of STSs in an island result in some number of 'gaps' within 
YACs in the island, defined as cases where a YAC is negative 
for some STS but positive for STSs located to both the left 
and right in the ordering. 

For very large islands, finding the STS order with the absolute 

minimum number of gaps is computationally intractable. but 
several approaches have been developed to finding approximate 
solutions. A simulated annealing (52.53) program we developed 
employs a random search strategy that seeks local energy 
minima in the space of all possible orderings, where energy 
is defined in terms of numbers and sizes of gaps (see Materials 
and Methods). This approach can be expected to yield some­
what different results for multiple runs, both because there 
may be more than one valid ordering even for ideal data, and 
because for 'noisy' data the search may find different local 
energy minima which are near the actual optimum. In practice, 
the results of multiple runs of simulated annealing are generally 
similar. although not identical. We refer to these orderings of 
STSs and YACs as contigs. though it should be emphasized 
that the larger islands should be viewed as putative contigs 
at present. 

A schematic representation of the coverage of the chromo­
some in contigs is shown in Figure 2. The chromosome is 
shown divided into 25 intervals derived from the somatic cell 
hybrid map of Budarf et al. (26). Bin I formally includes the 
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Figure 4. A single solution for the largest contig in the central region of chromosome 22q. The contig was constructed as follows: YACs and STSs were 
selected by connectivity to D22S I, obeying the double linkage rule. Singletons (YACs detected by one STS only) were then eliminated, as were markers that 
detected more than 14 YACs. Singletons were eliminated a second time, and the resulting set of markers and YACs were subjected to simulated annealing. 
Marker order is shown along the top of the figure, Above each marker name is the bin interval that the marker was mapped to, e.g. 15/16 indicates the marker 
is in bin 15-16. YACs :ire shown as heavy horizontal black lines. 



short arm of the chromosome. The contigs. based on the bin 
asshmment of the STSs that detected the YACs in each. are 
sho~n as dark blocks. Since STS content mapping provides 
only limited information on contig s·ize. the true extent of 
coverage and the sizes of the gaps separating the contigs are 
unknown. The stippled block represents a -contig of cosmids 
in a region that proved difficult to clone in YACs. YACs 
detected by STSs in this part of the chromosome were unstable. 
and were underrepresented in the libraries screened (M.Budarf. 
unpublished observations). The cosmid map of this region will 
be described in a separate publi~ation. Figure 2 makes clear 
the low coverage of the distal portion of the chromosome. 
This arises in part from the lower density of markers but is 
largely due to underrepresentation of the region in the mega­
YAC library. 

Figure 3 shows simulated annealing results for the largest 
contig. using a novel method of representing such data to 
which we have given the name 'Searls plot'. after the author 
of the program. As noted. results of simulated annealing tend 
toward local minima of the objective function that may differ 
among runs. The relative merits of these STS orderings and 
implied YAC contigs cannot be judged with confidence on the 
basis of the STS data alone. On the other hand. a number of 
such orderings independently arrived at may be expected to 
represent a reasonable sampling of the contours of the search 
space of possible STS orderings. If the predicted orderings do 
not resemble each other. then· little can be said about which is 
closest to the true optimum, but if they are all similar. one 
may be more confident in their consensus. Figure 3 shows the 
degree and nature of the. consensus for multiple simulated 
annealings. The minimum energy ordering 'among all runs is 
indicated by the list of STSs running down the left hand side. 
The gray boxes in the diagram show the positions along the 
horizontal axis at which the indicated STS occurs in a run. so 
that the major diagonal denotes complete agreement with the 
minimum energy run. Other gray boxes indicate positions at 
which that STS occurred in other runs. and the shading of a 
box reflects the number of times a particular STS occurred at 
the same position in a run. If the predictions for an STS tend 
to cluster at more than one position in multiple runs. one may 
infer that the evidence is not strong enough to greatly favor 
one position over another. though it may be possible to narrow 
the possibilities to a few regions. 

As noted above, even with ideal data it may be possible to 
have more than one ordering, particularly over subregions of 
the contig. Obviously, a given ordering of STSs may be 
reversed in its entirety, without changing the apparent fit to 
the YAC data in isolation. and for that reason each simulated 
annealing run is reversed, if necessary, to more closely approach 
the consensus. However, there may also be subregions over 
which the STSs can be reversed without affecting the energy 
materially, and in this case the Searls plot will display a 
characteristic 'X' pattern across the diagonal, representing 
the alternative orderings. Another characteristic pattern is a 
displacement of a subregion laterally on the plot, with either 
a forward or reversed directionality, indicating parts of the 
contig that display local integrity but which can be moved 
elsewhere in the larger scheme of things, with little or no 
penalty. Finally, there are subregions where STSs tend to be 
in proximity to each other, but where there is little support for 
ordering them with respect to each other. This may occur, for 
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example. where there are multiple YACs with the same STS 
hits~ but no YACs with only partial overlap to split the STSs 
and provide order information. These appear as 'clouds' of 
points at or near the diagonal: it can be seen that with a 
sufficient sample size such regions would approach a uniform 

- -- distribution of poinK within a diffuse 'superblock'. Figure 3 
shows a major ·x· indicating that the ordering in the distal 
half of the contig was inverted in a significant number of the 
simulated annealing runs. We interpret this to mean that the 
link between D22S59 I and D22S47 should be viewed with 
caution. We have yet to confinn by other means whether actual 
continuity of YAC coverage exists in this region. 

Figure 3 suggests, with some confidence. a general ordering 
of STSs in most sections of this region of the chromosome, 
but in some areas there is significant scatter. Some of this 
deviation is systematic in nature, as described in the previous 
paragraph, and some in all likelihood merely reflects regions 
where the data is error-prone. An external test of the accuracy 
of this method is provided not only by bin information but by 
the meiotic and pulsed-field gel maps (54,55) of the region; 
the orders of the subsets of markers in both of these maps are 
similar in the converged order arrived at by simulated 
annealing. which in this case was done without regard to 
information from any of these other methods. Figure 4 shows 
a single simulated annealing solution to the largest contig. 

DISCUSSION 
We used physical. breakpoint. and meiotic maps of human 
chromosome 22 to localize contigs of overlapping YAC clones 
that provide extensive coverage of the long arm of the 
chromosome. The physical map is developing rapidly due to 
considerable new data obtained by screening YAC libraries 
with STSs. The contigs. most of which are anchored by 
landmarks that have been ordered by meiotic or hybrid 
mapping, provide extensive coverage of the long arm of the 
chromosome. Although long range continuity of the contigs is 
not yet complete, the present information is of immediate use 
to the human genetic mapping community for identifying 
disease genes and chromosomal breakpoints. The current state 
of the physical map reported here reflects the fundamental 
characteristics of the reagents and methods used, as well as 
the inherent nature of chromosome 22 itself. 

STSs that were developed for chromosome 22 are not 
randomly distributed along the chromosome. The contig span­
ning interval 22q 11.2-q 13.1 is the most evolved as the result 
of the high density of markers in this region and greater than 
average representation of the region in the YAC libraries. The 
distribution of markers shows a bias towards the center of the 
long arm of the chromosome (26,27). This is partly because 
many STRP markers were used as STSs, and these are known 
to be concentrated in the 22q 12 Giemsa-dark chromosomal 
band (55). However, it is not known why other randomly 
chosen STSs generated from flow-sorted material should also 
be biased in this way. The distal third of the long arm is 
correspondingly poor in STSs, and appears to be underrepres­
ented in the YAC libraries, and as a consequence, contains 
only two small contigs and seven singleton YACs. Interestingly, 
the distal portion of the long arm appears to be resistant to 
cloning in both plasmid and YAC libraries, and the consequent 
paucity of mapping infonnation indicates the need for altemat-
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ive strategies for covering this region. Currently, we are 
targetting the region by generating STSs from inter-Alu plasmid 
libraries made from radiation hybrid cell lines that retain only 
the distal portion of the chromosome. Success in developing 
new STSs in this way has shown that YACs. not markers, are 
likely to be limiting for YAC-STS contig mapping, and that 
complete coverage of this region will probably depend on a 
different cloning vehicle. Current candidate systems are bac­
terial artificial chromosomes (BACs) (56), Pl phage clones 
(57), Pl artificial chromosomes (PACs) (58), and cosmids. 

Screening multi-dimensional P.OOls of YACs was the only 
practical way to test all 25,000 .mega-YACs for the presence 
or absence of a given STS, but created several types of 
problems. Contamination of adjacent wells during preparation 
of the pools. absence of amplification in one dimension, or 
the presence of more than one positive YAC in the same pool 
were examples of difficulties that are inherent to pooling 
schemes which can result in false positive, false negative, and 
ambiguous YAC addresses. Most of the results obtained from 
the pool screenings have been resolved by a variety of methods, 
including analysis ofYACs seen with adjacent STSs, fingerprint 
analysis of selected YACs, and ultimately, the verification of 
the PCR on the individual YAC. To decrease the errors caused 
by false negatives on STS order, most STSs were screened on 
adjacent YACs as well. 

The CEPH mega-YACs, which have an average insert size 
of 0.9 Mb (30), provided the best tool for linking STSs and 
assembling contigs, and were screened with all available 
markers. By requiring double linkage (59) before declaring 
contiguity among STSs in the largest contig, large clones were 
required, and YACs from the other libraries, while contributing 
to deep coverage in most regions, did not, in general, contribute 
to contig assembly. However, in some notable cases contig 
construction was dependent upon the smaller clones, and as 
the map matures, they will be useful in resolving the order of 
closely spaced STSs, and as tools for isolating cosmids or 
other smaller clones as the map moves towards a higher level 
of resolution required for eventual sequencing. 

In addition to the known families of chromosome 22 specific 
repeats on long ann, such as the BCR, immunoglobulin and 
GGT gene families, we observed several markers which appear 
to behave as low copy repeats. In such cases, the PCR assay 
amplifies two identical or related sequences with products of 
similar molecular weights. Examples of this were D22S33 and 
D22S275, which gave several bands of similar size, and 
detected 15 and 14 YACs respectively. Repetitive STSs created 
inconsistencies in the data, manifested as large apparent gaps 
in YAC clones, since contig assembly software tries to assign 
them single contig locations. In fact, they may be present at 
two or more locations. Repeats therefore artificially connect 
YACs at disparate locations. We arbitrarily decided that STSs 
detecting 14 or more mega-YACs would be declared potentially 
repetitive and excluded them from contig construction. 

The CEPH-Genethon tiling paths (60), provided relatively 
little additional information because the areas covered by tiling 
paths coincided with the region where the STS physical map 
was already well covered. We independently screened the 
mega-YAC library for the same Genethon genetic markers 
(61,62), and confirmed the YAC addresses and the level-I 
tiling paths present in the November 1993 CEPH-Genethon 
data release (60). We extracted a few YAC addresses derived 

by Alu-PCR hybridizations in 22qt l.2-ql3.l region that were 
missed during YAC pool screening. Unfortunately, the areas 
where the STS content map was poor were also not represented 
in the tiling paths. or present only in higher level paths that 
could not be confirmed. Fingerprint analysis on the mega­
YACs generated by CEPH (60.63), was used to resolve 
ambiguous addresses derived from screening pools of YACs. 
This method, successful in one third of ambiguous addresses 
tested, reduced the number of alternate addresses that need to 
be verified for YAC determination. We did try to assemble the 
22q I l.2-ql3. l contig by fingerprint analysis alone using only 
the fingerprints of YACs that were previously identified to this 
region. The results had only limited success, yielding small 
contigs with less than IO YACs that were already shown to 
have extensive overlap in STS content. 

We chose to represent the data for the large contig in two 
ways: a single simulated annealing solution, and the Searls 
plot, derived from multiple runs of simulated annealing. These 
representations, combined with the YAC-STS results shown 
in Table 1, provide an objective and useful means of using 
these data. Previous localization of markers by recombination 
or breakpoints greatly facilitated the evaluation of the STS 
content map. The marker order in region 22ql l.2-ql3.l, 
spanning more than 11 cM. was broadly consistent with the 
orders of subsets of markers arrived at by meiotic and pulsed­
field gel mapping (54,55). The smaller contigs contain, at 
most, two genetically ordered markers, which does not allow 
real comparisons of marker order with the meiotic map. In 
essence, we have made the assumption that the framework 
linkage map (55) is correct, and used it to anchor and orient 
the smaller contigs. The best validation of the smaller contigs 
came from concordance with the somatic cell hybrid binning 
results. 

It is clear that, due to problems inherent to YACs, the STS­
content mapping results from the large contig did not allow 
us to obtain a fine structure order of the region. This may well 
be true for many other regions in the genome. The need for 
additional methodologies to obtain a finer scaffold map of 
STSs is evident. Radiation hybrids, which allow the study of 
multiple, larger DNA fragments at a higher redundancy may 
provide more confidence in generating a high resolution STS 
order. They will also allow contiguity of the STS map in 
regions where YAC clones are few or absent. 

The contigs reported in this paper will facilitate the study 
of several disease-related and structural regions of interest on 
chromosome 22. The YACs that have been localized to bins 
1 and 2 (22q 11.1-q 11.2) form con ti gs that almost completely 
cover the cat eye syndrome critical region (CECR). The most 
proximal of these will allow us to address the problem 
of defining the physical boundary of the centromere. The 
completion of a contig containing all of the CECR, facilitated 
by a pulsed field gel electrophoresis map (64), will permit 
detailed transcription mapping of the region as a first approach 
to defining genes that contribute to this syndrome. In the 
region distal to the CECR, 22qt 1.2, difficulty was encountered 
in obtaining stable YACs in bins 3, 4 and 5. YACs identified 
in this region were frequently smaller than the mean insert 
sizes of the libraries, indicating that they contained deletions, 
and several probes failed to detect YACs. These bins represent 
the DiGeorge syndrome commonly deleted region which is 
notably unstable in humans giving rise to the deletions seen 



atients with DiGeorge syndrome and velo-cardio-facial 
drome (65). It is interesting to note that these. and other 
uences mapping to the sites of frequent chromosomal 

:mgements in c:it eye syndrome are also unstable when 
ed in yeast. Further characterization of these sequences 
allow us to investigate the possible causes of instability. 
e constitutional t( 11 ;22) translocation breakpoint is the 
recurrent. non-Robertsonian, constitutional translocation 

umans (15.16). and defines the boundary between bins 7 
8. Contigs spanning this region may helP. in revealing 

ctural features on the chromosome tha& underlie this 
angement. as well as the identification of genes suspected 

nvolvement in breast cancer tumorigenesis (66). ldentifica-
of clones that span the t( 11 ;22) breakpoint has been 

plicated by the presence of several duplicated regions in 
11 which include the GGT and BCRL loci. In addition to 
e known ancestral duplications, STS screening results 
oest the presence of other low-copy repeat families that 
e the construction of a contiguous clone map of 22q 11 
icularly challenging. The largest contig, connecting bins 
and 15 (22ql l.2-ql3.l) contains several interesting fea­
s that have already been well characterized, including the 
ng's sarcoma breakpoint (5,6), the NF2 gene (11,12) and 
candidate meningioma gene ~-adaptin (67). 

conclusion, the physical map of human chromosome 22 
advanced considerably, due to the large. scale screening of 
CEPH mega-YAC library with chromosome 22 specific 
s. and several regions of interest are now contained within 

contigs. Current efforts to achieve a complete set of 
rlapping clones for the long arm of the chromosome are 
cted at the generation of additional STSs for clone screen­
as well as targeted strategies for the distal third of the 
mosome using Alu-PCR hybridization methods. 

TERIALS AND METHODS 
Ing or YAC libraries 

e Philadelphia genome center, two dimensional pools of the CEPH/ 
thon YAC libraries were constructed as described (68). A Biomek 1000 
• workstation (Beckman Instruments) was used for yeast DNA isolation 

•ling. In brief, yeast clones were grown to saturation in ura- trp­
nedium in micro1i1er plates at 30°C. 50-75 µl of each clone was 

110 a I ml deep-well plate (Beckman Instruments) in which spheroplast 
,1ion and lysis were performed as described elsewhere (69). The 
was extracted twice with S1ra1aclean resin (Slralagene) according 

1anufacturers recommendations. The DNA was then precipitated with 
opanol and the pellet was allowed lo dry. After resuspension in TE ( I 0 
Tris-HCI pH 8.0, I mM EDTA, pH 8.0) and treatment with DNAase­
RNAasc, the DNA was precipitated with isopropanol and the pellet was 
and resuspended in water. Limited use was also made of commercially 
ascd DNA pools constructed in three dimensional blocks equivalent 10 
microtitcr plates each (Research Genetics, Huntsville, Albama). 
R was performed in 20 µI reactions using approximately 20 ng of pooled 
DNA in standard PCR buffer (I Xbuffcr (Boehringhcr-Mannheim): IO 

Tris-HCI, 1.5 mM Mg2+, 50 mM KCI, pH 8.3) with 20 nM (final 
entration) primers and 0.5 U Taq polymerase (Perkin Elmer Cetus or 
ringher Mannheim). PCR conditions were: a 5 min denaturation step at 
followed by 45 cycles of 94°C for 20 s, annealing for 20 s, n•c for 

, and a 7 min extension at 72°C. Suitable annealing temperatures were 
ined for each STS. The majority of the PCR assays were performed 

J Research PTC-100 thermal cyclcrs. Products were analyzed by gel 
rophoresis using 1.5% agarosc. 
Ss screened at the Whitehead Institute/MIT Center for Genome Research 
analyzed using a semi-automated system. The STSs were screened on 

s 709 to 972 of the CEPH mega-YAC library, generously provided by 
el Cohen. The YAC library was screened by a two-level pooling scheme. 
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Al the first level, there arc 32 superpools consisting of DNA from the 768 
YACs in a block of eight 96 well plates. Corresponding to each block. there 
arc 8 row. 12 column. and 8 plate subpools. STSs positive at the superpool 
screen were then screened on the corresponding subpools to identify YAC 
addresses. 

PCRs were prepared by a robotic station built by ROSYS and modified by 
IAS (lntelli2en1 Automation Svstems, Inc .• Cambrid2e. MA). PCR was 
performed i~ 20 µI volumes co~1aining 10 ng target DNA. I XPCR Buffer 
(10 mM Tris-HCI, 50 mM KCI. 1.5 mM Mg:-. and 0.001% gelatin). 4 nmol 
dNTP, 5 pmol each primer, and 0.5 U Taq. PCRs were completed on custom 
built thermocyclers (locally called waffle irons, by IAS) each having a capacity 
of 16 192 well plates (Costar, Cambridge MA). PCR conditions were: an 
initial 4 min denaturation at 94°C followed by 30 cycles of 50 s at 94°C, 1.5 
min at 58°C, I min at 72°C, and a final extension period of IO min al 72°C. 

STSs were screened by either standard agarose gel stained with ethidium 
bromide or by high throughput chemiluminescence dot-blot analysis: The 
PCR products were transferred from the 192 well plates to nylon membranes 
using a custom built 96 pin pipeuor (IAS) and a 61-14 reaction capacity dot­
blotting apparatus (96X 16X4 well density, IAS). Subsequent hybridization 
and detection of the Hybond N+ membrane (Amersham) membranes was 
done using the ECL kit (Amersham). Hybridization was done overnight using 
non-radioactive probes designed from PCR products. STSs known to contain 
an internal repeat sequence such as CA or AGAT were probed with a molecule 
coniaining the repeat structure which had also been labelled with horseradish 
peroxidase (HRP). All blots were stringently washed with urea. 2XSSC and 
SDS at 42°C and detected using the standard ECL reagents. Computer images 
of each autoradiograph were obtained using a CCD camera. The VIEW 
software (Carl Rosenberg, Whitehead Institute I was used to locate and identify 
the positive dots. as well as to generate an intensity reading. 

Fingerprint resolution of degenerate addresses 

The STS screening on YAC pools yielded many degenerate YAC addresses, 
which occurred as a result of having more than one positive YAC per block 
of eight microtiter plates, from having one dimension in a two or three 
dimensional screen consistently fail to amplify, and from false positive results. 
These degenerate addresses represented a small set of addresses, from 2 to 
12, of which usually one or two addresses contained the specific STS. We 
used fingerprint data to establish overlaps between the set of ambiguous YACs 
and the set of definite YACs. We applied a simple band-matching test to the 
CEPH-genclhon fingerprint data set and declared pairs of clones with a 
statistically significant number of matching bands as overlapping. Parameters 
for declaring overlap were stringent, allowing resolution of only 1/3 of 
degenerate addresses. However. empirical testing of over 500 fingerprint 
resolved addresses from random STSs demonstrated that greater than 95% 
could be confirmed by testing the individual YAC DNAs. 

Most YAC addresses obtained by screening the YAC pools, fingerprint 
analysis, and those derived from adjacent STSs during contig building were 
verified by testing DNA prepared from individual YACs in the library. 

Construction of a chromosome 22 specific YAC library 

DNA from hybrid cell line GMI0888 (chromosome 22 in a Chinese hamster 
background) was used to create a chromosome 22 specific YAC library 
essentially as described (70). In brief, high molecular weight DNA from this 
cell line was partially digested with EcoRI and after ligation to pYAC4 was 
size selected on a 1% FMC Seaplaque GTG low melting agarosc gel in a 
CHEF-DRU apparatus (BioRad). YACs containing human chromosome 22 
DNA were identified by colony hybridization using total human DNA or 
human C0tl DNA as probes. 

Contlg assembly 

Contig assembly was performed using a new software package written for 
use on SPARCstation Unix workstations (Sun Microsystems, Mountain View 
CA) in a combination of 'C', the logic programming language Prolog (SICStus 
Prolog, Swedish Institute of Computer Science, PO Box 1263, S-164 28 
KISTA, Sweden), and the graphical user interface language Tcl/Tk (71). The 
algorithm is based on the technique of simulated annealing, used by a number 
of others for contig assembly (52,72); our implementation in particular is 
similar in broad outline to one developed by CEPH for this purpose (53), 
Briefly, in this technique a search space of probe (STS) order permutations, 
which would be intractable to explore exhaustively, is randomly reordered by 
selecting from a set of operations such as movement of single probes, 
swapping of probes, moving of clusters, and inversion of clusters. Any 
ordering is assigned a notional 'energy' that reflects its fit to the YAC-STS 
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data: our energy function involves examining the number and size of apparent 
gaps required in YACs to account for an ordering of STSs: i.e. positions 
where an expected STS hit is not observed. as well as arbitrary other objectives 
reflecting additional sources of information about probe order. The objective 
is to minimize this energy by accepting moves 1ha1 reduce the overall energy. 
In order to avoid being trapped in a local energy minimum. the process takes 
place in the context of an abstract ·temperature·: a good energy minimum is 
sought by gradually 'cooling' the random search, so that the entire search 
space is accessible and poor local minima can be escaped, yet there is a 
gradual convergence (though it cannot be guaranteed that any one solution is 
optimal). The graphical user interface was designed for maximum interaction 
with the user, who has the option of reordering probes manually by any of 
the operations described above, or of asking the program to do so via simulated 
annealing, for the entire working probe set or any subregion. Islands of 
connected probe sets can be accumulated in a controlled fashion and with 
varying stringency as to degree of connectedness. These sets may then be 
winnowed based on a variety of heuristics to eliminate non-informative or 
doubtful probes, clones, or points. For example, adjacent or nearby wells 
with similar reactivities, likely to be due to cross-contamination, may be 
automatically combined, or YACs that appear to span non-continuous bins 
may be removed, etc. The contig assembly software may be obtained by 
sending a request by email to dsearls@cbil.humgen.upenn.edu. 
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Detailed physical maps of the human genome are Important resources for the Identification and isolation of 
disease genes and for studying the structure and function of the genome. We used data from STS content 
mapping of YACs and natural and induced chromosomal breakpoints to anchor contlgs of overlapping yeast 
artificial chromosome (YAC) clones spanning extensive regions of human chromosome 22. The STSs were 
assigned to specific regions (bins) on the chromosome using cell lines from a somatic hybrid mapping panel 
defining a maximum of 25 Intervals. YAC libraries were screened by PCR amplification of hierarchical pools 
of yeast DNA with 238 markers, and a total of 587 YAC clones were Identified. These YACs were assembled 
into contlgs based upon their shared STS content using a simulated annealing algorithm. Fifteen contlgs, 
containing between 2 and 74 STSs were assembled, and ordered along the chromosome based upon the 
cytogenetlc breakpoint, meiotic and PFG maps. Additional singleton YACs were assigned to unique chromo­
somal bins. These ordered YAC contlgs will be useful for Identifying disease genes and chromosomal 
breakpoints by positional cloning and will provide the foundation for higher resolution physical maps for 
large scale sequencing of the chromosome. 

INTRODUCTION 
Human chromosome 22 constitutes approximately 1.9% of the 
haploid autosomal genome (I). Clinical disorders associated 
with this chromosome include several acquired, tumor-related 
translocations such as the t(9;22) of chronic myelogenous 
leukemia and acute lymphocytic leukemia (2,3), the t(8;22) 
variant translocation of Burkitt's lymphoma (4) and the t(I I; 
22) of Ewing's sarcoma (5,6). Deletions of all or part of 
chromosome 22 are associated with meningiomas (7,8), acous­
tic neuromas (9, 10), Neurofibromatosis type 2 (NF2) (11, 12), 

*To whom correspondence should be addressed 

and rhabdoid tumors (13,14). Further, chromosome 22 is also 
involved in the only recurrent non-Robertsonian constitutional 
chromosomal trans location in humans (15, 16). In addition, a 
number of syndromes are caused by deletions or duplications 
of portions of 22q 11, including DiGeorge syndrome ( 17-20), 
velo-cardio-facial syndrome (21), and cat-eye syndrome (22). 
Chromosome 22 has a high gene density and contains many 
duplicated sequences and gene families, which makes it an 
interesting model for mapping studies. The identification of 
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new disease genes will be facilitated by the integration of 
detailed genetic and physical maps of this chromosome. 
Moreover, integrated maps can be used to make sequence­
ready DNA templates, to facilitate the identification of novel 
structural elements and to study chromosome structure. 

These markers were used to identify YACs (28) in four libraries: 
the CEPH/Genethon YAC libraries (29,30), a chromosome 22-
only hybrid cell line derived YAC library, and the Washington 
University YAC library (31). 216 STSs and 22 hybridization 
probes identified a total of 587 individual YACs which were 
then assembled into 15 contigs containing between 2 and 
196 YACs. 

We have used STS-content mapping (23-25) to assemble 
contigs representing most of the chromosome. 316 STSs and 
22 hybridization probes were developed by our centers and 
outside investigators. Markers suspected of containing repeats, 
and others giving unsatisfactory results in control experiments 
were eliminated. The remainder were localized by PCR or 
Southern hybridization to 'bins', which are defined by 
breakpoints in a somatic cell hybrid mapping panel (26,27). 

RESULTS 
Marker generation 
The STSs and hybridization probes used in this study were 
derived from genes and other sequences in the public domain, 

Table 1. Loci used lo identify YACs• 

Bin LOCI AND NUMBER OF YACS DETECTED interval 

1.1 A "IP6E(8), 02259(9), 0225789(1), 0225795(5), D22524(7), 022550(3), F11VWPF(3), IGKVP3(3) 

1.2 022543(3) 
2 022557(2), 0225137(3), 0225420(5), D22S 111(1) 

3-5 COMT(8), 0225139(2), D225259(2) 0225556(3), 

6 0225184(9), Kl-1547(5) 
02256()1)(1), 
0225626(2) 

7 BCRL2(1), GGTX(I) 
8.1 CRKL(l), 0225117(1), 0225264(4), 0225306(5), 0225308(7), HCF2(11), MEST39(4) -
9 BCRLA(3), 0225303(4), 0225425(2), D225563(1), 0225655(7), GGTY(3), 

GNA7.(4), IGI.@(2), IGLC2(4), 

10 BCR(S} 
: 0225567(14) 

11 ADORAl(l0), 0225156(1), D22S794(3), MMP11(2) 

BCRL3(3), CRYBB2(6), 0225301(7), 
D22S 1(8), D22S33(16), IGLLbb1(12) ..... 
022042(20), D22556(20). 

~ 022572(12),0225186(8), D225541(2), 0225557(2), 0225560(9), ..... - i D22S190(16), D22S192(11), -12 D225564(7), 0225566(20), D225568(6), ; 
0225193(4), D225310(14), D22S569(15),D22S570(22), 0225571(12), 

~ D225315(7), 0225351(15), D22S572(6),D22S574(5), 0225576(19), 
0225419(7), D22S431(4), D22SS82(1), D22SS84(3), D22SS88(1), E EWSw(l), GGTZ(3), D22SS89(5), 0225591(3), 0225S94(14), co 
TOP1P2(5), YESP(7), D25S96( 4), D22S604(4),0225615(8), l!l .___ 

§ 0225268(12), 0225300(9), D22S631(1), 0225635(9), 0225638(11), 

0225447(3), EWS3'(1), D22S642(9),D22S650(4), 0225653(3), 
13 LIF(4), MEST14(1), NEFH(7), D22S669(14), 0225745(12) 

OSM(I), TCN2(4) 

14 D22537(6), D225776(3), EN38(5) 

22-S(2), 022515(7), D22528(4), D22S29(15), 022538(13), 
D225540(9), D225544(4), D225552(4), D22544(14), D22S47(9), 022551(4), D22558(2), D22S60(13), 

15 D22561(3), D22591(1), D225102(3), D22S273(1), D11S277(4), D22SSS4(8).D225561(10),D225577(7), 

D225278(5), D225280(5), D22S281(8), D225283(2), D225292(2), D225579(6), D225595(12), D225607(4), 

D225304(7), D22S412(1), D225778(1), D22S792(1), D22S793(3), 022S617(6).0225620(1), D22S623(4), 

0225799(1), IL2RB(I), PV ALB(2), SGLT1(13), TIMP3(1) D22S624(5), D225629(7), D225630(2), 

16.1 0225299(12), 0225302(6), POOFB(l) 
D225633(7), D22S639(8), D22S644(1), 
D225652(9), D22S739(10), D22S746(7) 

16.2 0225279(9) 
17 CYP2D8P(6), D225307(5), G22Pl(l7), NAGA(6) 

18 0225417(1), DIA1(4), 022S565(3) ..... 
19 ACR.(7)0225270(2), D225418(2) ~ 
20 BZRP(S), 022564(3), 0225282(1), D22S297(S) ;:a; 

~ 
21 022540(5). 0225274(6), 0225294(4), 0225781(1), FIBB(2). I 27(8) D22S611(2) "' Q 

22 ARSA(l), CBlO(I). 022523(1). 022545(4), 022555(2). 022S63(7), D22S295(9) I 
Not Co.,7-1(5), 0225272(7), D225427(2), 0225543(12), D225553(1), D225559(13), D225562(6), D225618(2), 

Binned 0225627(1), 0225656(4), GGT1(16) .. 

"The bins defined by the somatic cell hybrid panel are indicated on lhe lefl. Loci localized lo bins or ranges of bins 
are shown in boxes. The venical exlenl of each box indicates the bin interval lo which lhe loci were mapped. In 
parentheses are the numbers of YACs detected at each locus. 
**GGTl-like sequences are found in bins 7, 9 and 12. 



STRPs (simple tandem repeat polymorphisms) (32), expressed 
sequence tags (ESTs) (33,34), YAC vector-insert junction 
fragments (35), inter-Alu PCR fragments (36) and randomly 
sequenced plasmid clones (26,27). The loci at which STSs or 
probes were generated are shown in Table I. 

Chromosomal bin assignment of markers 
Markers were assigned to chromosomal 'bin' locations by 
Southern blot hybridization or PCR analysis of DNA from 
cell lines in a 26 member somatic cell hybrid panel . These 
cell lines define 22 bins shown schematically in Figure I. 
Three of these bins are each further subdivided into two sub­
bins, making a total of 25 intervals. The majority of the 
hybrids have been previously described: GM 10888 (37); CI-
6-2/EG, CI-21-5/CV, CI-9/GM05878 (38); Rad-I I 0a; Rad 37a 
(39); GM! 1220 = X/22 33-TG, GMI 1224C = l/22AM-6, 
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GMI 1223C = l/22AM-27 (40): GMI 1685 (41): CI-4/GB, CI-
1-1/TW (42): AJO 9. APR 8.5 (43): 514 AA2 (44); WESP-
2A-TG8 = GMI 1221 (45): RAJ5BE (46): D6S5 (47). There 
are eight additional members of the hybrid panel (Cl-3/5878: 
Cl-1/5878: Cl-2/5878: Cl-8/5878: Cl-15-1/PB; Cl-21-2/PB: Cl-
2/DIBA: Cl-8-1/AMB6) which will be further described in 
another manuscript (26). Not all markers were assigned to a 
unique bin. STSs binned in the Whitehead Institute/MIT 
Genome Center were tested on a subset of six somatic cell 
hybrid lines (Fig. I ), whereas those binned in Philadelphia 
were tested on the complete panel. A small number of STSs 
could not be uniquely assigned for technical reasons. 

Contained within this hybrid mapping panel are the 
breakpoints which have been designated by the chromosome 
22 mapping community as anchor positions in the physical 
map. The anchor panel was recently updated (48) and now 
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Figure 1. Schematic of the somatic cell hybrid mapping panel used for bin assignment of markers. The heavy vertical black lines represent the segments of 
chromosome 22 retained in each hybrid. Shaded portions indicate that the extent of the p arm retained in a hybrid is unknown. The names of the hybrids are 
shown at the top of the figure. The fine horizontal lines indicate the breakpoints that divide the chromosome into 25 intervals, shown numbered from I.I 
through 22 (three 'bins'are further subdivided into two sub-bins). The upper case letters A-F indicate a subset of the 26 member panel defining six intervals 
that was used for bin assignment at the Whitehead Institute/MIT Genome Center. The full high resolution panel was used at the Children's Hospital of 
Philadelphia. The lower case letters a-j show the 10 interval panels defined by the 11 hybrid cell lines available from the NIGMS repository (48). 
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divides chromosome 22q into a total of IO intervals which 
represents a subset of this mapping panel. The hybrids defining 
the anchor points are: GM11220, GMI1685, GM11221, 
GMl 1222C, GMl 1224C, GM11223C, D6S5, Cl-15-1/PB 
(GMI3498), Cl-21-2/PB (GMI3499), Cl-2/DIBA (GM1350l) 
and Cl-8-l/AMB6 (GMI3500). The somatic cell hybrids 
defining the anchor points of chromosome 22 are available 
through the NIGMS genetic mutant cell repository, Camden, 
New Jersey. Since the chromosome 22 reference hybrids 
represent a subset of the panel utilized for binning markers 
described in this manuscript, the data presented here can be 
easily assessed by other groups in order to position. markers 
which they have mapped using the reference panel. 

YAC identification 
--Most-YACsin the study_wereidentified in the CEPH/Genethon 

libraries [original library (29) with an average insert size of 
470 kb and mega-YAC library with an average insert size of 
0.9 Mbp (30)], by PCR screening of yeast DNAs pooled in 
two or three dimensions. Additional YACs were isolated from 
the Washington University YAC library (31), and from a 
chromosome 22 specific YAC library constructed with DNA 
from hybrid cell line GM10888 (chromosome 22 in a Chinese 
hamster background). The chromosome 22 specific YAC library 
contains approximately 300 YACs with an average insert size 
of 200 kb, equivalent to l X coverage of the chromosome. 
YACs isolated from the Washington University library were 
kindly provided by collaborators. In addition, limited use was 
made of a subset of YACs, kindly provided by Ilya Chumakov 
and Daniel Cohen, identified by hybridization of A/u-PCR 
products of a chromosome 22-only somatic cell hybrid to the 
CEPH mega-YAC library. YACs from this subset, and from 
the chromosome 22-specific library were identified by colony 
hybridization. 

Table l shows a summary of the YAC screening results. 
The left-most column shows the bin intervals, numbered 1.1-
22. The relative positions of the bins on the chromosome are 
displayed visually in Figure l. Loci that were used to identify 
YACs are shown in boxes in the body of the table; the vertical 
extent of each box indicates the bin, or range of bins, to which 
each locus was mapped by referring to the left-most column, 
and the number of YACs detected by each locus is indicated 
in parentheses after the locus name. The majority of these 
results are YACs identified to single microtiter plate addresses, 
either from unequivocal PCR results in two or three dimen­
sional screens, or from confirmatory PCR tests done on 
individual YACs. A YAC address consists of three dimensions: 
plate, row, and column. In initial screening of YAC pools, 
many of the addresses were incomplete (missing a dimension), 
or had more than one possible value in a dimension, which 
occurs when there is more than one positive YAC per block 
of eight microtiter plates (see Materials and Methods), or from 
false positive results. Such ambiguous addresses were resolved 
by several means including fingerprint analysis, comparison 
with verified YAC addresses of adjacent STSs, or PCR of all 
possible clones in the degenerate set of addresses. After 
preliminary contig assembly, most of the clones identified as 
well as the putative adjacent YACs were individually tested 
with each STS in the contig. 

GGTX, GGTY and GGTZ (Table I) refer to probes con­
taining sequences homologous to y-glutamyl transpeptidase I 

(GGTI) (49). These three GOT-like sequences have been 
shown to be physically linked to the BCR (break point cluster)­
like sequences BCRL2 and BCRL4, and to BCR itself, 
respectively, in 22q 11 (50). These BCR-like sequences contain 
polymorphic HindIII sites and thus can be distinguished from 
each other (51), allowing assignment of the YACs detected by 
the GGTI STS to be allocated to unique bins. Details of this 
study will be presented in a separate publication. 

Primer sequences for each STS and YAC addresses may 
be found in the public FTP (file transfer protocol) sites of 
the Philadelphia (cbil.humgen.upenn.edu/pub/22/) and the 
Whitehead Institute/MIT (genome.wi.mit.edu /distribution/ 
human_STS_releases/) Genome Centers. World Wide Web 
access is available through HTTP://www.cis.upenn.edu/-cbil/ 
chr22db/chr22dbhome.html and HTTP://www-genome. wi.m-
it.edu. ____________________ _ 

In order to resolve confusion caused by possible cross­
contamination among microtiter plate wells we adopted two 
approaches. The first approach compared the CEPH/Genethon 
fingerprints, where available, of the putative YAC positives 
with the fingerprints of other YACs known by STS content to 
overlap the YAC to be resolved. Shared fingerprint bands 
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among these YACs identified with a high degree of confidence 
the true positive YAC address among several neighboring 
candidates in several cases. The second approach was based 
on a calculation of the actual distances between wells of two 
YAC addresses sharing STSs, divided by the number of STS 
hits in common; when this measure fell below a certain 
threshold for any pair of addresses, they were consolidated 
into a single address. This heuristic in all cases corresponded 
well to human judgments about likely cross-contamination, 
and was shown to be justified in cases that were checked 
experimentally. Level 1 data from the CEPWGenethon genome 
mapping project were confirmed and included in Table 1. 
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YAC contig assembly 

To date, we have used 238 markers to identify 587 YACs. The 
YACs and STSs fall into 15 islands, defined as sets of STSs 
and sets of YACs all of which can be reached from each other 
by following a path of connectivity alternating between STSs 
and YACs. Singleton YACs detected by one STS each, num­
bering 25, are omitted from this total. Although the number 
of YACs we identified indicates nearly 5 X coverage of the 
chromosome, the depth of coverage is uneven: all somatic cell 
hybrid bins contain YACs, but the 22qll.23-q12.31 region 
(bins 12-15; see below) has much deeper coverage than 

D2~~~~7 ~. • · • · · • · · • · · • .• · ~~ •.• · ............. L ... ~ ~ ..... ! .... !.~ .... _/ 
D22S258 · · ■ · · · · · · · · 0· · · · · · · · · · · · · .. · · · · · · · · · · · · · · · · · · · · 
D22S419 · ·•• ·• ·•· · • · ...... ·• · •·· ·•· ...... ··· · 

YESP······· ■························ .... . 
D22S315 ··••·•· .. ■·· ........................ · 
D22S650 •••···• ..................................................... . 
D22S642 •••· ·········••:.'·· ••·•···•··· ............................. . 
D22S564 · · .. · • · .. • • • • -■ ,•., · · · · · · · .. · · · · · · · · · · .. · · · · · · · · · · · · · · .. · · · · 
D22S638 · ·•· · ·· ··· ·• · ·•• ..... -'f.• • •• ••• •• • ...... • •• • ........ •••••••• · • • 
D22S635 ............................................................. . 
D22S615 ......................... •::•· .. •··•·•·•• .................... . 
D22S560 · .. • · • · · •· • • • • .... • · • · • • ·■ · · -'~·· · ·· · · · · · · .. · · · ·· · ·· · · · ·· · · · · · · 
D22S186 ••••·•··•·•••••••••·•··•·••■ ... "' ..... 
D22S192 • ·• ....... ·••·•• •· · ... ·•· ••· · ■·· ·•".i· • • 
D22S589 ................................... '· .................... . 
D22S572 ............................... · ••· ···•·• ............ . 

D22Sl .................................... ,~ 
D22S604 •••• ·· •·•··•· ... • •· ••• ··• · · ··•· · ··• · ■················· ··· ·· · ·· 
022S300 ;?. 0 · ■ · · · · · · · · 
D22S574 · •· · ·• • ·• · · .. • •. ,«: · · • • ... •• • • • · • • • • •· · • • · • ·■ · · · · · · · · · · · · · · · · 
D22S596 · • • • · • • · • • · • · · • • · • · · · • .. · · • · · • · · .. · • • • · · • • · · ·■ '. · · · · · · · · · · 
D22S268 • ••· ••· ••• ~;· 
D22S72 ·······............................... ··~ 

D22S745 ............................................... · -~······· 

g~i~~~~ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : .. : ·:. :~. ~:,::: 
D22S193 · · •• ·•· •·· ·•· ·•• ··•·•· ... ·•···• ••· .... ■ rt. 
D22S591 ••••••··• ........................... •··•• · · •••••·••·•• • 

15 

D22S47 ................... ~-········· 

I 16 

D22S618 ■ iev ■ 
D22S624 · .. ··!I■ ·· .. ····· · · · .. · · · · · · .. · · · · .. · · .. · · · · · · · · · · .... · 111 
D22S584 · • · · · • • • • · · .. · · · · · · · · • · • · · · · · • · · • · · · · · · · · • • · • · · .. · • · • • · · • · · • • • • !.'H3 B .: · D 
D22S639 •••••··•• ■········································-!I········· 
D22S540 ···········•······ ......................................... . 
D22S561 ............................................... 9 .......... .. 
D22S629 • • · · .. · · · · • · · • · ·■ · · · · · · · · · · · · .. · · · · · · · · · · · .... II.· · · · · · · · · · · · · 
D22S281 ·•·••·•·· ·········'.!iiW-· ··· ..... 0 •,: 
D22S554 ·•· ·•· · •· ·•• ·· .. ··i'!\\!I-a ..... · ·· ·· ... ··· · · · · · ·· ··· .. ··· · · ·· 
D22S562 1111 9 t.1 
D22S595 ··········• 1·:•··· ...... ·■··· ........ ·: ...................... . 
D22S38 • • · • • .... :.: .. · .. • .. • • · · · · ... · ,. 

D22S577 · • .. • · ·;Ji· • · · · · · • · · • · · · · · .. • · ··~ · · · · • · · • .... · · · • • · · • · · · · .. · 
D22S579 · • · · ·f~ · · · · · · · · .. · · · · · · · · · · · · • · · · · · .. · · · · · · · · · · · · · · · · · · · · · · 
D22S623 · • ~';} • • • · • • • • · • · • · · · • · •'".'." · · • · · · · ·■ · .. · · · .................... . 
D22560 • · • · • • · • · • • · · · · · • · .. · .. · • · · · • .. ,,. ■ 1~ 

D22S739 · • • · • • .. · • • · • • • • • · • • • · • · • • ---~ · • .. · '-~ i· · · • · .. · · · · · · · · · · · · · · · · 
D22S544 · · • • • • • • • · • · • • · • • · • · · · · · --'; · • · • • · · ·t · · ■ · · · · · · · .. · · · · · · · · · · · D22S1S . • ••••••.••.• :;'f':'l • • • • .. .. .. . • • 

EN38 •·•···••••·•• l!JJ,'l!! ■ 
D22S652 • • · · • • .. • · • · • ·11 · · "!· .. · · · · .. · · · · · .. · .. · · · · • · · · ■· · · · · · · · · · · · · · 
D22S746 • .... • · • · .. ,ll} • • .. • • -..;t • · • • • • • • • · • • • • • • • .. • • • • • • • ■· · · · · · · · · · · · 
D22544 • • ·······:!!I·············· .. ·· :: · ■ 

D22S607 ·······§····· ............................................ .. 
D22S280 ..... --, •· ................ r · ·· 0 tt ■ 

D22S617 ··•····· · ·· ·•·•••·•·••··• · •••····• ..................... 9ft• · 
D22S552 "''.~• • • • • .. • .. • • • · · • • • • · • · - • • • · · • · · • .... · • • ... • · ...... iq •. W 

I 

Figure 3. Searls plot of simulated annealing data for the largest contig accumulated from multiple runs of the program. The list of loci down the left of the 
figure is the 'minimum energy' ordering of markers (see the text for detailed explanation). Gray boxes indicate the position on the horizontal axis at which the 
indicated STSs occurred during individual runs. Darker boxes indicate that an STS was positioned in the same location in multiple runs. Boxes falling repeatedly 
on the diagonal indicate high confidence in the minimum energy ordering. Horizontal dotted lines indicate the chromosomal bin location of each STS. The bin 
intervals are shown at the top of the figure. Circles indicate the consensus positions of markers that are present on the meiotic map. 
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elsewhere. We had difficulty obtaining unequivocal clone and 
STS order within the largest of these islands, and a clear clone 
tiling path. even with deep YAC coverage of the area and 
many STSs. In the central portion of the chromosome YAC 
connectivity has been achieved over a distance exceeding 10 
Mb. yet an unbroken clone tiling path remains elusive despite 
extensive testing of YACs versus STSs in that region. This 
may be due in part to false positive and negative YAC/ 
STS results (although results have been carefully confirmed), 
internal deletions within YAC clones, and sequences present 
at more than one location on the chromosome. Given these 
problems. the objective becomes to find an ordering of STSs 
that minimizes gaps. In ideal data, there should be an order 
of STSs, corresponding to a true YAC contig, such that there 
are no such gaps. However. in our data all postulated orders 

--ofSTSsin an island resulLin some number_of 'gaps' within_ 
YACs in the island, defined as cases where a YAC is negative 
for some STS but positive for STSs located to both the left 
and right in the ordering. 

For very large islands, finding the STS order with the absolute 

' 
I 

I 

minimum number of gaps is computationally intractable, but 
several approaches have been developed to finding approximate 
solutions. A simulated annealing (52,53) program we developed 
employs a random search strategy that seeks local energy 
minima in the space of all possible orderings, where energy 
is defined in terms of numbers and sizes of gaps (see Materials 
and Methods). This approach can be expected to yield some­
what different results for multiple runs, both because there 
may be more than one valid ordering even for ideal data, and 
because for 'noisy' data the search may find different local 
energy minima which are near the actual optimum. In practice, 
the results of multiple runs of simulated annealing are generally 
similar, although not identical. We refer to these orderings of 
STSs and YACs as contigs, though it should be emphasized 
that the larger islands should be viewed as putative contigs 
at present. .. - ___________ _ 

A schematic representation of the coverage of the chroma- · 
some in contigs is shown in Figure 2. The chromosome is 
shown divided into 25 intervals derived from the somatic cell 
hybrid map of Budarf et al. (26). Bin I formally includes the 
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Figure 4. A single solution for the largest contig in the central region of chromosome 22q. The contig was constructed as fo11ows: YACs and STSs were 
selected by connectivity to D22S I, obeying the double linkage rule. Singletons (YACs detected by one STS only) were then eliminated. as were markers that 
detected more than 14 YACs. Singletons were eliminated a second time, and the resulting set of markers and YACs were subjected to simulated annealing. 
Marker order is shown along the top of the figure. Above each marker name is the bin interval that the marker was mapped to, e.g. 15/16 indicates the marker 
is in bin 15-16. YACs are shown as heavy horizontal black lines. 
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short ann of the chromosome. The contigs. based on the bin 
assignment of the STSs that detected the YACs in each. are 
shown as dark blocks. Since . STS content mapping provides 
only limited information on ·contig she. the true extent of 
coverage and the sizes of the gaps separating the contigs are 
unknown. The stippled block represents a contig of cosmids 
in a region that proved difficult to clone in YACs. YACs 
detected by STSs in this part of the chromosome were unstable. 
and were underrepresented in the libraries screened (M.Budarf, 
unpublished observations). The cosmid map of this region will 
be described in a separate publication. Figure 2 makes clear 
the low coverage of the distal portion of the chromosome. 
This arises in part from the lower density of markers but is 
largely due to underrepresentation of the region in the mega­
YAC library. 

Figure 3 shows simulated annealing results for the largest 
contig, using a novel method of representing such data to 
which we have given the name 'Searls plot'. after the author 
of the program. As noted, results of simulated annealing tend 
toward local minima of the objective function that may differ 
among runs. The relative merits of these STS orderings and 
implied YAC contigs cannot be judged with confidence on the 
basis of the STS data alone. On the other hand. a number of 
such orderings independently arrived at may be expected to 
represent a reasonable sampling of the contours of the search 
space of possible STS orderings. If the predicted orderings do 
not resemble each other, then little can be said about which is 
closest to the true optimum, but if they are all similar, one 
may be more confident in their consensus. Figure 3 shows the 
degree and nature of the consensus for multiple simulated 
annealings. The minimum energy ordering among all runs is 
indicated by the list of STSs running down the left hand side. 
The gray boxes in the diagram show the positions along the 
horizontal axis at which the indicated STS occurs in a run, so 
that the major diagonal denotes complete agreement with the 
minimum energy run. Other gray boxes indicate positions at 
which that STS occurred in other runs, and the shading of a 
box reflects the number of times a particular STS occurred at 
the same position in a run. If the predictions for an STS tend 
to cluster at more than one position in multiple runs. one may 
infer that the evidence is not strong enough to greatly favor 
one position over another, though it may be possible to narrow 
the possibilities to a few regions. 

As noted above, even with ideal data it may be possible to 
have more than one ordering, particularly over subregions of 
the contig. Obviously, a given ordering of STSs may be 
reversed in its entirety, without changing the apparent fit to 
the YAC data in isolation, and for that reason each simulated 
annealing run is reversed, if necessary, to more closely approach 
the consensus. However, there may also be subregions over 
which the STSs can be reversed without affecting the energy 
materially, and in this case the Searls plot will display a 
characteristic 'X' pattern across the diagonal, representing 
the alternative orderings. Another characteristic pattern is a 
displacement of a subregion laterally on the plot, with either 
a forward or reversed directionality, indicating parts of the 
contig that display local integrity but which can be moved 
elsewhere in the larger scheme of things, with little or no 
penalty. Finally, there are subregions where STSs tend to be 
in proximity to each other, but where there is little support for 
ordering them with respect to each other. This may occur, for 
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example, where there are multiple YACs with the same STS 
hits, but no YACs with only partial overlap to split the STSs 
and provide order information. These appear as 'clouds' of 
points at or near the diagonal; it can be seen that with· a 
sufficient sample size such regions would approach a uniform 
distribution of points within a diffuse 'superblock'. Figure 3 
shows a major 'X' indicating that the ordering in the distal 
half of the contig was inverted in a significant number of the 
simulated annealing runs. We interpret this to mean that the 
link between D22S591 and D22S47 should be viewed with 
caution. We have yet to confirm by other means whether actual 
continuity of YAC coverage exists in this region; 

Figure 3 suggests, with some confidence, a general ordering 
of STSs in most sections of this region of the chromosome, 
but in some areas there is significant scatter. Some of this 
deviation is systematic in nature, as described in the previous 
paragraph, and some in all likelihood merely reflects regions 
where the data is error-prone. An external test of the accuracy 
of this method is provided not only by bin information but by 
the meiotic and pulsed-field gel maps (54,55) of the region; 
the orders of the subsets of markers in both of these maps are 
similar in the converged order arrived at by simulated 
annealing, which in this case was done without regard to 
information from any of these other methods. Figure 4 shows 
a single simulated annealing solution to the largest contig. 

DISCUSSION· 

We used physical, breakpoint, and meiotic maps of human 
chromosome 22 to localize contigs of overlapping YAC clones 
that provide extensive coverage of the long arm of the 
chromosome. The physical map is developing rapidly due to 
considerable new data obtained by screening YAC libraries 
with STSs. The contigs. most of which are anchored by 
landmarks that have been ordered by meiotic or hybrid 
mapping, provide extensive coverage of the long ann of the 
chromosome. Although long range continuity of the contigs is 
not yet complete, the present information is of immediate use 
to the human genetic mapping community for identifying 
disease genes and chromosomal breakpoints. The current state 
of the physical map reported here reflects the fundamental 
characteristics of the reagents and methods used, as well as 
the inherent nature of chromosome 22 itself. 

STSs that were developed for chromosome 22 are not 
randomly distributed along the chromosome. The contig span­
ning interval 22q 11.2-q I 3.1 is the most evolved as the result 
of the high density of markers in this region and greater than 
average representation of the region in the YAC libraries. The 
distribution of markers shows a bias towards the center of the 
long arm of the chromosome (26,27). This is partly because 
many STRP markers were used as STSs, and these are known 
to be concentrated in the 22q 12 Giemsa-dark chromosomal 
band (55). However, it is not known why other randomly 
chosen STSs generated from flow-sorted material should also 
be biased in this way. The distal third of the long arm is 
correspondingly poor in STSs, and appears to be underrepres­
ented in the YAC libraries, and as a consequence, contains 
only two small contigs and seven singleton YACs. Interestingly, 
the distal portion of the long arm appears to be resistant to 
cloning in both plasmid and YAC libraries, and the consequent 
paucity of mapping information indicates the need for alternat-
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ive strategies for covering this region. Currently, we are 
targetting the region by generating STSs from inter-Alu plasmid 
libraries made from radiation hybrid cell lines that retain only 
the distal portion of the chromosome. Success in developing 
new STSs in this way has shown that YACs, not markers, are 
likely to be limiting for YAC-STS contig mapping, and that 
complete coverage of this region will probably depend on a 
different cloning vehicle. Current candidate systems are bac­
terial artificial chromosomes (BACs) (56), PI phage clones 
(57), Pl artificial chromosomes (PACs) (58), and cosmids. 

Screening multi-dimensional pools of YACs was the only 
practical way to test all 25,000 mega-YACs for the presence 
or absence of a given STS, but created several types of 
problems. Contamination of adjacent wells during preparation 
of the pools, absence of amplification in one dimension, or 
the presence of more than one positive YAC in the same pool_ 
were examples of difficulties that are inherent to pooling 
schemes which can result in false positive, false negative, and 
ambiguous YAC addresses. Most of the results obtained from 
the pool screenings have been resolved by a variety of methods, 
including analysis ofYACs seen with adjacent STSs, fingerprint 
analysis of selected YACs, and ultimately, the verification of 
the PCR on the individual YAC. To decrease the errors caused 
by false negatives on STS order, most STSs were screened on 
adjacent YACs as well. 

The CEPH mega-YACs, which have an average insert size 
of 0.9 Mb (30), provided the best tool for linking STSs and 
assembling contigs, and were screened with all available 
markers. By requiring double linkage (59) before declaring 
contiguity among STSs in the largest contig, large clones were 
required, and YACs from the other libraries, while contributing 
to deep coverage in most regions, did not, in general, contribute 
to contig assembly. However, in some notable cases contig 
construction was dependent upon the smaller clones, and as 
the map matures, they will be useful in resolving the order of 
closely spaced STSs, and as tools for isolating cosmids or 
other smaller clones as the map moves towards a higher level 
of resolution required for eventual sequencing. 

In addition to the known families of chromosome 22 specific 
repeats on long arm, such as the BCR, immunoglobulin and 
GGT gene families, we observed several markers which appear 
to behave as low copy repeats. In such cases, the PCR assay 
amplifies two identical or related sequences with products of 
similar molecular weights. Examples of this were D22S33 and 
D22S275, which gave several bands of similar size, and 
detected 15 and 14 YACs respectively. Repetitive STSs created 
inconsistencies in the data, manifested as large apparent gaps 
in YAC clones, since contig assembly software tries to assign 
them single contig locations. In fact, they may be present at 
two or more locations. Repeats therefore artificially connect 
YACs at disparate locations. We arbitrarily decided that STSs 
detecting 14 or more mega-YACs would be declared potentially 
repetitive and excluded them from contig construction. 

The CEPH-Genethon tiling paths (60), provided relatively 
little additional infonnation because the areas covered by tiling 
paths coincided with the region where the STS physical map 
was already well covered. We independently screened the 
mega-YAC library for the same Genethon genetic markers 
(61,62), and confinned the YAC addresses and the level-I 
tiling paths present in the November 1993 CEPH-Genethon 
data release (60). We extracted a few YAC addresses derived 

by Alu-PCR hybridizations in 22ql l.2-ql3.l region that were 
missed during YAC pool screening. Unfortunately, the areas 
where the STS content map was poor were also not represented 
in the tiling paths, or present only in higher level paths that 
could not be confirmed. Fingerprint analysis on the mega­
YACs generated by CEPH (60,63), was used to resolve 
ambiguous addresses derived from screening pools of YACs. 
This method, successful in one third of ambiguous addresses 
tested, reduced the number of alternate addresses that need to 
be verified for YAC detennination. We did try to assemble the 
22q I 1.2-q 13. l contig by fingerprint analysis alone using only 
the fingerprints of YACs that were previously identified to this 
region. The results had only limited success, yielding small 
contigs with less than 10 YACs that were already shown to 
have extensive overlap in STS content. 

_ We_chose _to represenuhe data for_ the_Iarge _contig _in J\\'_o 
ways: a single simulated annealing solution, and the Searls 
plot, derived from multiple runs of simulated annealing. These 
representations, combined with the YAC-STS results shown 
in Table 1, provide an objective and useful means of using 
these data. Previous localization of markers by recombination 
or breakpoints greatly facilitated the evaluation of the STS 
content map. The marker order in region 22qll.2-ql3.1, 
spanning more than 11 cM, was broadly consistent with the 
orders of subsets of markers arrived at by meiotic and pulsed­
field gel mapping (54,55). The smaller contigs contain, at 
most, two genetically ordered markers, which does not allow 
real comparisons of marker order with the meiotic map. In 
essence, we have made the assumption that the framework 
linkage map (55) is correct, and used it to anchor and orient 
the smaller contigs. The best validation of the smaller contigs 
came from concordance with the somatic cell hybrid binning 
results. 

It is clear that, due to problems inherent to YACs, the STS­
content mapping results from the large contig did not allow 
us to obtain a fine structure order of the region. This may well 
be true for many other regions in the genome. The need for 
additional methodologies to obtain a finer scaffold map of 
STSs is evident. Radiation hybrids, which allow the study of 
multiple, larger DNA fragments at a higher redundancy may 
provide more confidence in generating a high resolution STS 
order. They will also allow contiguity of the STS map in 
regions where YAC clones are few or absent. 

The contigs reported in this paper will facilitate the study 
of several disease-related and structural regions of interest on 
chromosome 22. The YACs that have been localized to bins 
l and 2 (22q 11.1 -q I 1.2) fonn contigs that almost completely 
cover the cat eye syndrome critical region (CECR). The most 
proximal of these will allow us to address the problem 
of defining the physical boundary of the centromere. The 
completion of a contig containing all of the CECR, facilitated 
by a pulsed field gel electrophoresis map (64), will pennit 
detailed transcription mapping of the region as a first approach 
to defining genes that contribute to this syndrome. In the 
region distal to the CECR, 22q 11.2, difficulty was encountered 
in obtaining stable YACs in bins 3, 4 and 5. YACs identified 
in this region were frequently smaller than the mean insert 
sizes of the libraries, indicating that they contained deletions, 
and several probes failed to detect YACs. These bins represent 
the DiGeorge syndrome commonly deleted region which is 
notably unstable in humans giving rise to the deletions seen 



. atients with DiGeorge syndrome and velo-cardio-facial 
drome (65). It is interesting to note that these, and other 
uences mapping to the sites of frequent chromosomal 

angements in cat eye syndrome are also unstable when 
ed in yeast. Further characterization of these sequences 
allow us to investigate the possible causes of instability. 
e constitutional t( 11 ;22) translocation breakpoint is the 
recurrent, non-Robertsonian, constitutional translocation 

umans (15,16), and defines the boundary between bins 7 
8. Contigs spanning this region may help in revealing 

ctural features on the chromosome that underlie this 
angement, as well as the identification of genes suspected 

nvolvement in breast cancer tumorigenesis (66). Identifica-
of clones that span the t( 11 ;22) breakpoint has been 

plicated by the presence of several duplicated regions in 
11 which include the GGT and BCRL loci. In addition to 
e known ancestral duplications, STS screening results 
gest the presence of other low-copy repeat families that 
e the construction of a contiguous clone map of 22q 11 
icularly challenging. The largest contig, connecting bins 
and 15 (22ql l.2-ql3.l) contains several interesting fea­
s that have already been well characterized, including the 
ing's sarcoma breakpoint (5,6), the NF2 gene (11,12) and 
candidate meningioma gene ~-adaptin (67). 
n conclusion, the physical map of human chromosome 22 
advanced considerably, due to the large scale screening of 
CEPH mega-YAC library with chromosome 22 specific 
s, and several regions of interest are now contained within 

C contigs. Current efforts to achieve a complete set of 
rlapping clones for the long arm of the chromosome are 
cted at the generation of additional STSs for clone screen­
' as well as targeted strategies for the distal third of the 
mosome using Alu-PCR hybridization methods. 

TERIALS AND METHODS 
ling or YAC libraries 
he Philadelphia genome center, two dimensional pools of the CEPH/ 
ethon YAC libraries were constructed as described (68). A Biomek 1000 
,:c workstation (Beckman Instruments) was used for yeast DNA isolation 

•.>ling. In brief, yeast clones were grown to saturation in ura- trp­
. medium in microtiter plates at 30°C. 50-75 µI of each clone was 
,1110 a I ml deep-well plate (Beckman Instruments) in which spheroplast 

, ~tion and lysis were performed as described elsewhere (69). The 
· was extracted twice with Strataclean resin (Stratagene) according 

:1anufacturers recommendations. The DNA was then precipitated with 
ropanol and the pellet was allowed to dry. After resuspension in TE (I 0 
Tris-HCI pH 8.0, I mM EDTA, pH 8.0) and treatment with DNAase-
RNAase, the DNA was precipitated with isopropanol and the pellet was 
and resuspended in water. Limited use was also made of commercially 

hased DNA pools constructed in three dimensional blocks equivalent to 
t microtiter plates each (Research Genetics, Huntsville, Albama). 
CR was performed in 20 µI reactions using approximately 20 ng of pooled 
t DNA in standard PCR buffer (I Xbuffer (Boehringher-Mannheim): 10 
Tris- HCI, 1.5 mM Mg2+, 50 mM KCI, pH 8.3) with 20 nM (final 
entration) primers and 0.5 U Taq polymerase (Perkin Elmer Cetus or 

hringher Mannheim). PCR conditions were: a 5 min denaturation step at 
followed by 45 cycles of 94°C for 20 s, annealing for 20 s, 72°C for 

, and a 7 min extension at 72°C. Suitable annealing temperatures were 
rmined for each STS. The majority of the PCR assays were performed 

J Research PTC-100 thermal cyders. Products were analyzed by gel 
trophoresis using 1.5% agarose. 

Ss screened at the Whitehead Institute/MIT Center for Genome Research 
analyzed using a semi-automated system. The STSs were screened on 

s 709 to 972 of the CEPH mega-YAC library, generously provided by 
iel Cohen. The YAC library was screened by a two-level pooling scheme. 
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At the first level, there are 32 superpools consisting of DNA from the 768 
YACs in a block of eight 96 well plates. Corresponding to each block, there 
are 8 row, 12 column, and 8 plate subpools. STSs positive at the superpool 
screen were then screened on the corresponding subpools to identify YAC 
addresses. 

PCRs were prepared by a robotic station built by ROSYS and modified by 
IAS (Intelligent Automation Systems, Inc., Cambridge, MA). PCR was 
performed in 20 µI volumes containing 10 ng target DNA, IXPCR Buffer 
(10 mM Tris-HCI, 50 mM KCI, 1.5 mM Mg1+, and 0.001% gelatin), 4 nmol 
dNTP, 5 pmol each primer, and 0.5 U Taq. PCRs were completed on custom 
built thermocyclers (locally called waffle irons, by IAS) each having a capacity 
of 16 192 well plates (Costar, Cambridge MA). PCR conditions were: an 
initial 4 min denaturation at 94°C followed by 30 cycles of 50 sat 94°C, 1.5 
min at 58°C, I min at 72°C, and a final extension period of JO min at 72°C. 

STSs were screened by either standard agarose gel stained with ethidium 
bromide or by high throughput chemiluminescence dot-blot analysis: The 
PCR products were transferred from the 192 well plates to nylon membranes 
using a custom built 96 pin pipettor (IAS) and a 6144 reaction capacity dot­
blotting apparatus (96X 16X4 well density, IAS). Subsequent hybridization 
and detection of the Hybond N+ membrane (Amersham) membranes was 
done using the ECL kit (Amersham). Hybridization was done overnight using 
non-radioactive probes designed from PCR products, STSs known to contain 
an internal repeat sequence such as CA or AGAT were probed with a molecule 
containing the repeat structure which had also been labelled with horseradish 
peroxidase (HRP). All blots were stringently washed with urea, 2XSSC and 
SDS at 42°C and detected using the standard ECL reagents. Computer images 
of each autoradiograph were obtained using a CCD camera. The VIEW 
software (Carl Rosenberg, Whitehead Institute) was used to locate and identify 
the positive dots, as well as to generate an intensity reading. 

Fingerprint resolution of degenerate addresses 

The STS screening on YAC pools yielded many degenerate YAC addresses, 
which occurred as a result of having more than one positive YAC per block 
of eight microtiter plates, from having one dimension in a two or three 
dimensional screen consistently fail to amplify, and from false positive results. 
These degenerate addresses represented a small set of addresses, from 2 to 
12, of which usually one or two addresses contained the specific STS. We 
used fingerprint data to establish overlaps between the set of ambiguous YACs 
and the set of definite YACs. We applied a simple band-matching test to the 
CEPH-genethon fingerprint data set and declared pairs of clones with a 
statistically significant number of matching bands as overlapping. Parameters 
for declaring overlap were stringent, allowing resolution of only 1/3 of 
degenerate addresses. However, empirical testing of over 500 fingerprint 
resolved addresses from random STSs demonstrated that greater than 95% 
could be confirmed by testing the individual YAC DNAs. 

Most YAC addresses obtained by screening the YAC pools, fingerprint 
analysis, and those derived from adjacent STSs during contig building were 
verified by testing DNA prepared from individual YACs in the library. 

Construction of a chromosome 22 specific YAC library 

DNA from hybrid cell line GMI0888 (chromosome 22 in a Chinese hamster 
background) was used to create a chromosome 22 specific YAC library 
essentially as described (70). In brief, high molecular weight DNA from this 
cell line was partially digested with EcoRl and after ligation to pYAC4 was 
size selected on a I% FMC Seaplaque GTG low melting agarose gel in a 
CHEF-DRII apparatus (BioRad). YACs containing human chromosome 22 
DNA were identified by colony hybridization using total human DNA or 
human C0tl DNA as probes. 

Contig assembly 
Contig assembly was performed using a new software package written for 
use on SPARCstation Unix workstations (Sun Microsystems, Mountain View 
CA) in a combination of 'C', the logic programming language Prolog (SICStus 
Prolog, Swedish Institute of Computer Science, PO Box 1263, S-164 28 
KISTA, Sweden), and the graphical user interface language Tcl/I'k (71). The 
algorithm is based on the technique of simulated annealing, used by a number 
of others for contig assembly (52, 72); our implementation in particular is 
similar in broad outline to one developed by CEPH for this purpose (53). 
Briefly, in this technique a search space of probe (STS) order permutations, 
which would be intractable to explore exhaustively, is randomly reordered by 
selecting from a set of operations such as movement of single probes, 
swapping of probes, moving of clusters, and inversion of clusters. Any 
ordering is assigned a notional 'energy' that reflects its fit to the YAC-STS 
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data: our energy function involves examining the number and size of apparent 
gaps required in YACs to account for an ordering of STSs, i.e. positions 
where an expected STS hit is not observed, as well as arbitrary other objectives 
reflecting additional sources of information about probe order. The objective 
is to minimize this energy by accepting moves that reduce the overall energy. 
In order to avoid being trapped in a local energy minimum, the process takes 
place in the context of an abstract 'temperature'; a good energy minimum is 
sought by gradually 'cooling• the random search. so that the entire search 
space is accessible and poor local minima can be escaped. yet there is a 
gradual convergence (though it cannot be guaranteed that any one solution is 
optimal). The graphical user interface was designed for maximum interaction 
with the user, who has the option of reordering probes manually by any of 
the operations described above, or of asking the program to do so via simulated 
annealing, for the entire working probe set or any subregion. Islands of 
connected probe sets can be accumulated in a controlled fashion and with 
varying stringency as to degree of connectedness. These sets may then be 
winnowed based on a variety of heuristics to eliminate non-informative or 
doubtful probes, clones, or points. For example, adjacent or nearby wells 

_ with_similar_reactivities, likely to be due to cross-contamination, may be 
automatically combined, or YACs that appear to span non~i:-oriti11uous bins 
may be removed, etc. The contig assembly software may be obtained by 
sending a request by email to dsearls@cbil.humgen.upenn.edu. 
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7
\ A yeast artlflclal chromosome library containing 33,000 clones with an average Insert size of 

1¥ r-cne megabase of human genomic DNA was extensively analysed by several different procedures 
,] j~ for detecting overlaps and positional Information. We developed an analysis strategy that 
~t ~i;' resulted, after confirmatory tests, In a YAC contlg map reliably covering about 75% ofJJ1e 
;,; fi} human genome In 225 contlgs having an average size of about ten megabases. 4 

tf ~ 
{ t} PHYsICAL maps of the human genome are essential tools for General strategy -~ 
f~ •!{~ unravelling the genetic basis of disease1

, localizing the complete To construct a physical map, we analysed a large-insert Y AC A 
J \:; inventory of human genes, understanding the principles of library providing tenfold coverage of the human genome by 
'ii Y genome organization and achieving other objectives of the three different experimental procedures: (1) sequence-tagged 
1?, :ir Human Genome Project. Physical maps consist of ordered, over- sites (STSs)12·content mapping, involving PCR-based screening 
}] i:tr: lapping cloned fragments of genomic DNA covering each with genetically-mapped microsatellite markers: YACs identified 
J ?,[ chro?1osome. . . . as containing such markers were referred to as 'genetically-
¾ \'~ Given the large size of the mammalian genomes, physical map- anchored YA Cs'; (2) cross-hybridization, involving hybridizing 
l j~ · ping of the entire human genome requires using clones with the library with probes derived from individual YA Cs; and (3) 
J Jl. extremely large inserts, of the order of 1 megabase (Mb). Yeast fingerprinting, involving characterizing each YAC in terms of 
:d fj,'. artificial chromosomes (YACs)2 are currently the only cloning the pattern of restriction fragments detected by two human 
if t\ system capable of propagating such large DNA fragments. repetitive sequence probes. 
f fi Indeed, YA Cs have provided the basis for the first two physical These three procedures provide different ways of establishing 
.i~ ;:'.f maps of entire human chromosomes: 2lq (ref. 3) and Y (ref. 'links', representing potential overlaps between clones. In the J ) 4~. More generally, YAC:s have been crucial _tools in clonin_g case of STS content mapping and cross-hybridi_zation, the 
@ j{ disease genes based on their chromosomal location5

•
6

• Such pos1- experiment yields a binary result from which links can be imme-
,W J tional clonin_g7 projects begi~ by genetically n:iappin~ a d_isease diately deduced. In the case of fingerprinting, links between 
if ·,: gene to a region of a few centiMorgans by tracing its mhentance YA Cs are inferred statistically13 when the fingerprint patterns m f relative to polymorphic DNA markers, a task made feasible by are sufficiently similar, as described below. 
¥; l the recent availability of a complete genetic map8 containing It is not possible to construct a physical map based solely on 
,~ ·1 thousands of highly pol~orphic, polymerase chain reaction the complete collection of links: most YACs aggregate into a l!_.;_ (PCR)-typeable markers ·10 known as microsatellites, simple few huge, branched, artefactual contigs. This can be expected 
,, ,-f :: . tande~ repeat polymorphisms or simple sequ~nce length poly- because of the high rate of YAC chimaerism (40-50%), intra-
# 1. ' morphisms. One must then analyse the entire chromosomal or interchromosomal sequence similarities in the human genome, 
W .

1
~: region between the closest flanking genetic markers to identify and the possibility of laboratory errors. · :! ,; ' .. the disease gene. YACs are invaluable for the purpose of cover- To circumvent this problem, we sought to build only short 

J •~ ·; · ing such large regions, although their utility for detaile_d genomic 'paths' between genetically anchored Y ACs. Paths connecting 
i(.;· • .• ,1·': analysis is somewhat limited by, problems of infidelity-notably, nearby points are less likely to be affected by false connections 
jl '' a high frequency of chima~ric cl_ones11 (co~tain~~ fragments ... within or b~tween the _inten:ening YACs (such_ a false connection i i ,. from more than one genonuc region)-and mstab1hty of some ,- · would require two chimaenc clones: one leaving away from the 
~J .' ; regions. In addition, Y AC-based physical maps are important region and another returning to it). We also obtained partial t (:f ~t~rmediates in producing a 'sequence-ready' physical map con- information about the .c~ro~osomal origin(s) of man~ ~ ACs 
(,: ~; sistmg of smaller and more stable clones. through our cross-hybnd12ation procedure and used this mfor-
• · ,:.: Here we report our progress towards making a physical map mation to choose between paths. _ 

of the human genome consisting of overlapping YA Cs anchored We have previously given a brief description of this general 
· .,, to a comprehensive set of genetic markers. strategy14 and reported that an automatic computer implementa-

, . i,· 
·f. ~. 
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tion appeared to cover most of the human genome, but we did 
not provide a detailed map. We have since inspected each inter­
val and performed confirmatory tests when necessary and more 
Y AC links have been established. Here we describe the specific 
methodology of the map construction and discuss the reliability 
of the procedures. We also present the improved map and evalu­
ate its coverage of the genome. 

1'.he CEPH YAC library 
The entire CEPH Y AC library comprises 98,208 clones rep­
resenting about 17 genome equivalents. It was derived from a 

. . . . . . : . . 

human male lymphoblastoid cell line, Boleth 1
', and is arrayed 

in 1,023 96-well microtitre plates. Inserts consist of Eco RI panial 
digested human genome fragments cloned into the pYAC4 
vector and transfected into the host strain AB1380, as prevj. 
ously described 16

• (The sole exception is a set of 237 clones, in 
plates 2001-3, for which a recombination deficient host Rad52-
3a was used 17

.) 

The first portion of the library, termed Mark I (containini:: 
52,992 clones in plates 1-551) has an average insert size of 431 
kilobases (kb). By using different size fractionation conditions. 
a Mark II library (containing 17,760 clones in plates 552-736, 

CLONE SIZE DISTf.UBUTION (plate 625-7~6)1 
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FIG. 1 Clone size distribution. The distribution of different categories of 
YAC are shown as follows all clones (blue), STS positive YACs (green), 
Alu-PCR target YACs (grey), Aln-PCR probe YACs (pink), YACs with ln-

formative fingerprint (purple). The distribution of chlmaeras among A 
PCR probe YACs Is shown In yellow. 
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, ,:i was produced with an ayerage insert size of 600 kb. A still larger 
\.'. '~ Mega~YAC library (containing 24,288 clones in plates 737-989) 
~ {"f: was produced with an average insert size of 1,054 kb. 
1': ?J'.- The YA Cs used in this project consisted of 10, 7-52 clones from 
$ >':'. the Mark II library (plates 625-736) and all of the Mega-Y AC 
l f: library, for a total of 34,560 Y AC clones providing tenfold 
~ ·/{ coverage of the genome. The size of each clone was determined 
} 't -: by field inverted gel electrophoresis (FIGE) 18 followed by South-
• ,., em blotting and hybridization with a labelled probe containing 

if pi3R322 and total human DNA. Under the conditions used, 
,;;t; sizes above 1,700 kb could not be accurately resolved. We found 
;j that 6% of the clones failed to give a hybridization signal. The 
$ size distribution is shown in Fig. 1. Multiple bands were detected 
·:1,:: in a certain proportion of the YACs (1.2% from Mark II and 
}; 6.8% from the Mega-YACs), which may result from clone re­
i, arrangements. In addition to these 34,560 clones used to con­
:~:. struct the map, some YACs from Mark I and the first part 
(1:i of Mark II were also used. Specifically, some YACs that had 
',f previously been anchored by STS were used as hybridization 

., ·J·· probes. .. , ·:~.,. 

r ~·~ STS screening 
t .:t. Methodology. The YAC library was screened with a large collec­

f;,;; tion of PCR-typeable genetic markers, to identify clones contain­
•. ,;./ ing each locus. To facilitate PCR-based screening of 33,024 
;/~ clones (plates 625-968), we prepared pools of clones in such a 
/' manner as to reduce the number of reactions required by 100-

fold, as compared to screening each clone individually11
• 

The library was divided into 43 'blocks', each corresponding 
to eight microtitre plates (containing 8 x 96=768 clones). For 
e:i.ch block we prepared one 'superpool' containing DNA from 
all the clones and 28 'subpools' prepared by using a three-dimen­
sional pooling system based on the plate, row and column 

~ address of each clone (specifically, 8 subpools consisted of all 
,-: \! · clones residing in a given microtitre plate; 8 subpools consisted 
~: j; of all clones in a given row; and 12 subpools consisted of all 
A :r,;· clones in a given column). The PCR screening for each STS 
t ;~j. involved three steps: {l) identifying the positive superpools (43 
)~ ~} reactions); (2) for each positive superpool, identifying the posi-
1f/ :;,:-. tive plate, row and column subpools to obtain the address of 
:•; fi tl:e positive clone (28 reactions); and (3) directly confirming the 
ii!; PCR assay on the identified clone (I reaction). Unique addresses 

were not obtained when a superpool contained more than one 
positive clone or when one of the three dimensions failed to 
amplify; such cases were resolved by testing the candidate 
addresses consistent with the partial data when less than 16 
reactions were required. · 

The 'complete screening' scheme described above was used in 
the first part of the project. After this stage we switched to a 
'directed screening' strategy, using the links between YACs to 
further reduce the number of reactions by twofold. The strategy 
was first to identify positive superpools for a given STS, and 
screen some subpools until two YA Cs were identified; three posi­
tive superpools were usually necessary for this. Then we used 
two directed screening methods based on our database of results. 
The first method involved using the 'LOCUS' function, devel­
oped as part of the QUICKMAP software, to display the local 
contig attached to the STS and the YA Cs linked to it to identify 
other clones likely to contain the STS; such Y ACs were directly 
tested for the STS. The second method was used for confirmation 
of the paths. It used the 'CLONESPA TH' function of QUICK­
MAP to construct and display potential paths through adjacent 
STSs (see sections on construction of the map and representation 
of the map below). We then tested some clones of the path 
against both STSs. These directed strategies were very efficient 
in terms of screening, although did not provide two independent 
tests for each clone, as in the first strategy. As false positives 
were highly detrimental to our mapping strategy, we distin­
guished between: (1) the YACs that were identified by subpool 
screening and individually confirmed; (2) the YACs that were 
identified by subpool screening but proved to be negative upon 
checking; and (3) the YACs that were identified by direct testing. 
The second case, representing about 3% of the addresses, may 
correspond to clones which might be genuine positive clones that 
we failed to detect for technical reasons. During map construc­
tion, we used the last two cases more cautiously, checkingf,;hen 
possible) fingerprint or hybridization information before inciud­
ing such YA Cs in the map. The PCR products were detected 
by agarose gel electrophoresis, ethidium bromide staining, and·~ 
ultraviolet illumination. Images were captured by a CCD camera 1._ 
and analysed with semiautomatic software interfaced to a labor­
atory notebook (using Sybase). 
Results. At Centre d'Etude du Polymorphisme Humain 
(CEPH)/Genethon, we examined a total of 2,890 polymorphic 

·:t. 
.~;,,t;' 
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FIG. 2 Alu•PCR and fingerprint links. Blue bars represent Alu•PCR links, red bars represent fingerprint links. 
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markers, all generated and mapped by genetic linkage analysis 
as part of the Genethon genetic mapping program 8

• All markers 
were screened on the 43 superpools to identify the positive 
blocks. About 5% of the markers failed to work because of poor 
amplification or high background in the Y AC pools. Another 
5% gave no signal in the superpools, despite yielding the expected 
PCR product in a human genomic DNA control. In about 60% 
of. these cases, we were able to detect and confirm a positive 
signal when the PCR products were electrophoresed, blotted and 
probed with a (CA)15 oligonucleotide (which hybridizes to the 
CA repeat contained within the polymorphic locus). 

Complete screening was performed for the first 814 markers, 
those of the first Genethon linkage map (1992). Of these, 28 
failed to detect any Y AC, and 786 identified 5.6 YA Cs on aver­
age. The 2,076 remaining genetic markers were subjected to 
directed screening. Of these, 261 failed to detect any YAC, and 
the remaining 1,815 identified an average of 4.9 YACs. 

In total, 2,601 genetic markers identified at least one YAC. A 
total of 289 STSs have no anchored YA Cs, whether because of 
PCR-related problems or library-related problems. PCR-related 
problems are mainly due to sequence-dependent heavy back­
ground noise or poor amplification. In some of these cases, the 
design of another pair of primers from the original sequence 
data alJowed us to obtain positive clones. Y AC library-related 
problems can be due to the absence of clones in certain regions 
of the genome, either for statistical reasons or for non-clonability 
of certain human DNA sequences in yeast. The inability to find 
anchored YA Cs was more frequent for STSs located in certain 
regions of the genome, such as Ip, 19, the distal part of 17q, 
and most of the telomeric regions. 

In addition to data generated at CEPH/Genethon, we also 
used results for 1,500 STSs screened elsewhere. The largest data 
set came from the Whitehead Institute/MIT Center for Genome 
Research (WI/MIT). We used the July 1994 release of this data, 
which contained 3,419 STSs screened with a different tech­
nology19, using the 25,344 clones in plates 709-977 (the current 
publicly available release contains over 10,000 STSs and can be 
accessed via the World Wide Web, address 'www.genome.­
mit.edu'). Among these STSs were 1,128 AFM markers also 
screened at CEPH/Genethon. Each group found an average of 
1 definite YAC address per 2 genome equivalents screened: 5.1 
YACs in 10 genome equivalents screened at CEPH/Genethon, 
and 4.1 YA Cs in 8 genome equivalents screened at WI/MIT. 
(Additional incomplete YAC addresses were also obtained, for 
example, about 1.5 at WI/MIT. These were still being resolved 
and are not used here.) The combined data provided more com­
plete coverage than either group alone, as roughly two Y ACs 
were found in common, three only by CEPH/Genethon, and 
two only by WI/MIT. 

FinalJy, we also incorporated results from about 370 STSs 
screened elsewhere and deposited in public databases. 

Screening by hybridization 
Methodology. We screened the Y AC library by hybridization, 
using individual probes derived from individual Y ACs to screen 
the entire Mega-YAC library. To circumvent the tedious process 
of purifying YAC DNA from the total yeast genomic DNA, 
and also to increase efficiency of the hybridization, we derived 
from each YAC a representative set of human-specific DNA 
fragments by means of inter-Alu PCR, between the ubiquitous 
Alu repeats spread along the human genome20

•
21

• This was 
achieved by PCR amplification from total yeast clone DNA with 
a single primer22 specific for the 3' part of the Alu repeat 
sequence. Under our conditions there was no amplification from 
yeast genomic DNA with this primer; on average 10 different 
fragments of 300 base pairs (bp) average size were produced 
from random Mega-Y ACs. 

Alu-PCR products were prepared individually from each 
YAC to be used as probe or target. To simplify the screening 
procedure, we used a pooling scheme for the target Alu-PCR 
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products. The pooling procedure was similar to the scheme used 
for STS screening, but in this case all subpools were simuJ. 
taneously screened by hybridization. In the pooling scheme. 
'blocks' consisted of 4 microtitre plates which were conceptuallv 
divided into 8 half-plates. From these 8 half-plates, a total of 
22 subpools were prepared, consisting of 8 subpools containin2 
clones in the same half-plate, 8 subpools containing clones in 
the same row of the half-plate, and 6 subpools containing clones 
in the same column of the half-plate. As this part of the librarv 
(plates 734-989) represents 64 blocks, the total number of sub­
pools to screen is 64x 22= 1,408. 

The pools were spotted at high density onto nylon membranes 
before hybridization. The addresses of positive candidates were 
deduced according to which half-plate, row and column pools 
were found positive for each block. The YA Cs identified by a 
single signal in each dimension were calJed 'unique positives'. If 
two candidate clones are present in a block, more than three 
signals wilJ be observed. In general, the addresses of the positive 
clones cannot be deduced unambiguously under these conditions 
('undetermined positives'). However, when such candidates are 
located on the same row or the same column of a single half­
plate, it is possible to determine these positive clones ('deter­
mined positives'). Our experience indicates, that these deter­
mined positives can be used for the map construction, but rather 
cautiously, as some (or many) of them are false positives. One 
possible explanation of this phenomenon is that some of these 
'determined' positives appear to be Jinked to artefactual spots 
due to hybridization background. Moreover, in some cases some 
of the three-dimensional signals could not be detected for techni­
cal reasons. This could interfere with the deduction of Y AC 
addresses when using undetermined positives. 

In addition to the Alu-PCR products from the YAC clones, 
we also spotted in duplicate Alu-PCR products from a somatic 
cell hybrid panel consisting of cell lines, each containing only 
one or two human chromosomes. These hybridization targets 
provided information about the likely chromosomal localization 
of the Y AC probes. Most of the cell hybrids were obtained from 
the NIGMS (Coriell Institute of Medical Research, Camden. 
New Jersey) mapping panel 2 (ref. 23). A chromosome 20-only 
G418-resistant monosomic cell hybrid DNA was provided by 
C. Smith. GM10791, a chromosome 7-only somatic cell hybrid 
DNA was provided by E. Green; and GM06318B, a chromo­
some X-only somatic cell hybrid DNA was provided by D. 
Schlessinger. In the second set of membranes used for this pro­
ject, we also included somatic cell hybrids for chromosomes 
1 + X, 5, 6, 12 and 19, provided by D. Patterson. 

The Alu-PCR products of subpools and somatic cell hybrids 
were spotted onto membranes together with cj>X DNA for auto­
matic filter identification. This spotting was performed by ar. 
automatic replicating device. The membranes were hybridized 
in the presence of human DNA competitor with 33P-labelled 
mixture of phage cj>X DNA and Alu PCR products of individual 
YA Cs. A high-throughput protocol that included labelling in 
microplates and washing membranes in batches allowed a team 
of two people to hybridize 200 Y AC probes per day. After wash­
ing and exposure, the films were scanned and images were stored 
on a workstation. After automatic treatment, all images were 
manually inspected so artefacts could be removed from analysh 
and the interpreted results checked (positive YA Cs deducer 
from the subgroups and chromosomal assignment) during th~ 
analysis. The software for this semiautomatic procedure wai 
developed in collaboration with Cose (Paris). 

The pilot hybridizations with freshly made membranes indica­
ted that 80% of random YAC probes produced an effective 
hybridization result. The remaining 20% gave either no signal 
(4% of the cases) or high background noise. This latter phenom­
enon is probably associated with middle-frequency repeat 
sequences included occasionally in inter-Alu PCR amplification 
products. In most of these cases, we were also unable to deter­
mine the chromosomal origin of the probe. 
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J, Generally, hybridization to somatic cell hybrid inter-Alu PCR 
/r products was less effective than to Y AC targets. In pilot experi­
.:J JI1ents, only 80% of successful probes gave a signal to at least one 
1,t duplicate of the chromosomal inter-Alu PCR products spots. In 
:\1 general, we observed a very good result reproducibility when the 

?. ,e same Y AC probe was used on different batches of membranes. 
,. (f Results. We derived inter-Alu PCR products for each of the 
'.;,; F, 2.:.576 YACs of the Mega-YAC library (about eight human 
V :~] genome equivalents) to be used as targets for hybridization. 
.1i, !1 Probes were selected by various criteria. 
} ·~ . The first 2,000 probes were Y ACs belonging to chromosome­
< ;i specific sublibraries generated according the procedure described 
? :;\ to obtain the chromosome 21-specific.YAC subset22

• Briefly, 
·,. .,j/ Alu-PCR products of clones from a four-genome equivalent por­
:! ~t tion of the Mega-YAC library were individually spotted on 
-; ,'l:: membranes and hybridized successively with chromosome-speci-

J fie probes obtained with inter-Alu PCR DNA products from the 
- .Z:' p:mel of somatic cell hybrids. 

?: We also used as probes 200 YACs cloned in Rad52- yeast 
/1:-strain 17

• According to the chromosomal assignment results from 
f · hybridization, this set appeared to contain only 8% of chimaeric 

, / 1:; YACs. 
- ;)". The rest of the probes were chosen using the QUICK.MAP 

.,., software. The first objective was to obtain for each genetic locus 
two YACs successfully used as probes. For this about 2,500 
YACs were chosen with the 'locus' function. We also used the 
2,000 largest Y ACs that were not genetically anchored. Finally, 
about 2,000 Y ACs were chosen with the 'CLONESPATH' func­
tion during the map confirmation. 

In total, 8,785 probes gave interpretable signals in this screen­
ing procedure. As expected from the selection process, the size 
distribution of the probes is shifted towards larger size (Fig. 1). 
The distribution of the number of targets detected per probe is 
almost gaussian, with an average of 7 ('unique positives') (Fig. 
2) or 10 ( when adding 'determined positives'). This is approxi­
mately half of that expected with probes spanning 1 Mb of gen­
ome. The first reason is that we wanted to avoid false positives, 
so we kept only the clearest signals during the image analysis. 
The discrepancy can also be explained by non-random distribu­
tion of inter-Alu PCR products and unequal efficiency of their 
individual hybridization. The distribution of Y AC target sizes 
is also shifted towards the larger size, probably because larger 

~ · clones are likely to produce more inter-Alu PCR products and 
so will provide stronger signals. This may also account for the 
larger size of successful YAC probes. In total, 20,890 (85%) of 
Y ACs were linked by hybridization to at least one other YAC. 
In most cases, a given Y AC is detected as a target when it is 
used as a probe. The signal obtained is generally very intense. 
However, pools containing adjacent clones in the corresponding 
plate often produce a signal as well, probably because of minor 
cross-contamination. These artefacts interfere with the evalua­
tion of positives in the corresponding pools, so targets could 
appear as 'undetected' in the database. 

A total of 7,209 probes were assigned to chromosomes based 
on hybridization. Although the chromosomal assignment by 
inter-Alu PCR is simple, care should be taken in interpreting 
the results. For example, supposedly monochromosomal hybrids 
often contain insertions of small chromosomal fragments and 
deletions of other chromosomal regions. This was experimentally 
confirmed for the NIGMS mapping panel II used in our work. 
We also found by conducting reciprocal hybridization between 
these somatic cell hybrids that inter-Alu PCR products from 

~ • · some of them. cross-hybridize. The most striking overlap was 
r detected between chromosome 5-'only' and chromosome 6-

fl ( 'only' hybrids, as well as between chromosome 12-'only' and 
:J ''. chromosome 6-'only' hybrids. The same pattern of cross-hybrid-
~ · ization was observed with YAC probes. This cross-hybridization 
;il f could, in some cases, be due to repeated or duplicated genomic j ;: regions. 
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In addition to problems with the hybrid cell lines themselves, 
false chromosomal assignment could result from laboratory 
error or sequence similarity causing cross-hybridization. Alter­
natively, false negatives could be due to inefficient hybridization 
with inter-Alu PCR products from certain YA Cs, or deletion of 
the corresponding region in the somatic cell hybrid. 

Chromosomal assignment by hybridization assists in the 
detection of chimaeric Y ACs, but will obviously miss some 
chimaeras, including those containing only a small portion from 
a different chromosome region, those containing a region that 
is poor in Alu repeats, and those consisting of two fragments of 
the same chromosome. However, some apparent chimaeras 
could result from sequence similarity between several chromo­
somes. Despite these difficulties, we have used this result to ana­
lyse the chimaerism rate according to the library origin and the 
size distribution of the YA Cs (Fig. 1). The Mark II library 
contains a greater proportion of chimaeric YA Cs than the Mega­
Y AC library. In the Mark II library, the very large YACs seem 
to be more chimaeric than the smaller ones, but this is not the 
case for the Mega-YAC library. 

Because of these interpretation problems, we treated the chro­
mosomal assignment data with extreme caution in the QUICK­
MAP software, where the criteria of assignment depended on 
several parameters which varied according to the genomic 
region. 

Fingerprinting 
Methodology. To detect overlaps among YA Cs, we performed 
fingerprint analysis as previously described13

• Each YAC DNA 
was digested with three enzymes: EcoRI, PvuII and Pstl. after 
agarose gel electrophoresis; the fragments were transferred onto 
nylon membranes using a robot. Membranes were then hyhrid­
ized successively with two probes: human repeated sequertces 
LINE-1 (LI)24, and THE-LTR (transposon-like human-element 
long terminal repeat: THE) 25

• The corresponding patterns were~ -=i. 

captured automatically after scanning each film. The size of each , 
fragment was extrapolated from the migration length of refer- ~ 
ence markers with known sizes which were run in parallel. 

The LI and THE probes were selected as they gave 6 and 11 
bands per megabase, respectively. We attempted to use other 
repetitive probes, such as Alu, medium reiteration frequency 
repeats (MER) 9 and poly(GA), but with little success. The Alu 
probe patterns were too complex, and the MER and poly(GA) 
probes gave rather poor patterns with 27.6, 12.8 and 15.6% nega­
tive clones for MER 1, MER 10 (ref. 26) and poly(GA), respec­
tively. Promising results were obtained with two probes for two 
Alu subfamilies, GA.007 (ref. 27) and SOS (ref. 28), but these 
were poorly reproducible. 
Results. A total of31,392 YACs were successfully fingerprinted. 
Of these, 12.5% gave no bands for LI, 7.3% gave no bands for 
THE, and 4% were negative for both. When hybridized with an 
Alu consensus probe, one-third of these LI/THE-negative 
clones gave no Alu bands. The remaining clones (LI /THE-nega­
tive clones with Alu bands) contained inserts half the size ofLl/ 
THE-positive clones. 

Pairwise comparisons were performed among all the finger-
. prints as described previously13

, and a likelihood of overlap score 
(LOS) was determined for each pair of clones and for each 
probe. Only YAC pairs having a LOS value greater than or 
equal to 70 for both LI and THE were declared linked. These 
threshold values were chosen according to criteria based on the 
analysis of Y ACs previously mapped on chromosome 21 for 
which an extensive study had been performed 3

• We considered 
all possible pairs of Y AC probes for which a chromosomal 
assignment was obtained by hybridization on somatic cell hybrid 
DNA. In this set, 70% ofYAC pairs linked by fingerprint data 
were assigned to the same chromosome by hybridization 
(concordant pairs). Similarly, 68% of YAC pairs linked by 
hybridization showed concordant chromosomal assignment. 
(Interestingly, YAC pairs with reciprocal links by hybridizaton 

179 



I 
I I 

1! 
r 
I 

GENOME DIRECTORY 

showed 82% concordant assignment. As a control, random Y AC 
pairs show only 8% concordance.) 

In total, 17,006 YA Cs with these threshold values were linked 
to at least one other Y AC from the library. On average, each 
of these YA Cs was associated with 5.8 YA Cs. The size distribu­
tion of these 17,006 YA Cs is shifted significantly towards larger 
sizes (1,119 kb on average). Larger YACs containing more 
bands would be expected to be more informative. A comparison 
with STS and hybridization data enabled us to detect 22 plates 
giving an abnormally high number of links due to a conserved 
fingerprint pattern in all of them. We suspect that well-to-well 
contamination occurred during the fingerprint process, and we 
removed these 22 plates from analysis. The corresponding clones 
made available in 1992 are free of this contamination. 

Construction of the map 
The starting point of the map was the framework of STSs given 
by the Genethon 1993-1994 linkage map 8

• This map contains 
2,066 polymorphic markers, ordered in 1,267 genetic loci, each 
of which corresponds to a bin of 1-7 polymorphic STSs that 
were not recombinationally resolved. We used the three types of 
links between YA Cs (based on STS content, fingerprint and 
hybridization) to assemble contigs that span the intervals 
between genetically adjacent STSs. During this process, we inte­
grated new STSs to this map to refine the framework order and 
strengthen the contigs. The limitations and precautions taken in 
building consistent contigs are discussed here, as each data type 
has its own limitations and error rate. 

First, we define a minimal path between two STSs, S1 and S2 as 
an ordered list of YA Cs (Y 1 , ••• , Y n) that satisfy the following 
conditions: (1) Y 1 and Yn contain S1 and S2 , respectively; (2) 
for each i= 1, ... , n- l, the YACs Y, and Y1+ 1 are linked by 
one of the three mapping methods; and (3) there is no link 
between Y ACs that are not consecutive in the list. The number 
n of Y ACs in the minimal path is called the level of the path. 

For several reasons, minimal paths do not necessarily rep­
resent valid 'contigs' of sequences that actually overlap in the 
human genome. Most importantly, chimaeric Y ACs artefactu­
ally join distant segments of genomic DNA, establishing connec­
tions between pairs of distant STSs. Such Y ACs represent 
between 30 and 50% of the library, depending on the genomic 
regions. Similarly, false positive links between clones can also 
result from hybridization or fingerprinting. Such false positives 
may make up 5-10% of the links. 

Because of these problems, the backbone information from 
the genetic map is crucial for building accurate contigs. First, 
we only look for Y AC paths connecting nearby STSs. Second, 
we can exclude some Y ACs that appear to be chimaeras based 
on their containing STSs from distinct locations, based both on 
Alu-PCR and the STS data (see below for more information 
about elimination of false links). 
Contlg assembly algorithm. The algorithm for constructing 
paths between two nearby loci proceeds by the construction of 
progressively larger 'neighbourhoods' of YACs. For each locus 

D 

A B A B 

~EJ 1 
4-- 4 
6-- 2-- --6 

. 3---- 5--

FIG. 3 Construction of a level 1 path between two locl A and B. Stage 
I is the construction of the first-degree neighbour set for each locus. In 
stage II, YACs 1 and 4 are found In common. These YACs establish the 
level 1 path. 
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FIG. 4 Construction of a level 2 path. After stage I, no common clones 
are found. Stage II is the construction of the second-degree neighbour 
set for each locus. The asterisk documents the link between clones 1 
and 5, which establish a level 2 path (stage Ill). 

x, the computer can construct the set N,,1 of first-degree neigh­
bours consisting of anchored YACs (that is, YACs containing 
at least one STS in the locus); the set N,.2 of second-degree 
neighbours consisting of YACs linked to those in N,,1; the set 
N,,3 of third-degree neighbours consisting of Y ACs linked to 
those in N,.2 ; and so on. Any overlap between the neighbour­
hoods of loci x and y clearly yields a path connecting them. 
(More precisely, a Y AC present in both N,,1 and Ny,J yields 
a path of length i+j-1.) In practice, the computer program 
constructs increasing neighbourhoods around both loci, halting 
as soon as an overlap is found. Examples are illustrated in Figs 
3-5. 

In attempting to link nearby loci on a given chromosome, we 
used positional information in an attempt to avoid paths that 
branch to distant parts of the genome. In forming second-degree 
and higher neighbourhoods, we excluded YA Cs exclusively 
assigned to other chromosomes by Alu-PCR hybridization, and 
also excluded STS-content links involving STSs from other 
regions. 

Although the genetic linkage map represents the most likely 
genetic order, some local marker orders may be inverted. 
Accordingly, we searched not only for paths between immedi­
ately consecutive STSs (such as i and i+ 1), but also between 
nearby but non-consecutive STSs (such as i and i+ 2). For such 
non-consecutive STSs, the genetic distance and the number of 
intervening STSs was constrained depending on the level of the 
path. 
Manual Inspection of the paths. The map construction algo­
rithm was applied to the whole genome. Each candidate path 
was then subjected to several types of checking. The first step 
involved graphical inspection using the 'CLONESPATH' part 

n m 
A B A B A B 

@]~ 1------- s- 1---. 
6-- 2-- 6-- s--
1-- 3-- 7-- 2 -- !,___~ -- 4-- 3-- -6 

4-- -1 

s------- s-------
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FIG. 5 Construction of a level 3 path. After stage II, clone 8 is found in 
common between the two second-degree neighbour sets. The level 3 
path is represented at stage 111. 
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~ h: { i of the program to evaluate paths based on the following criteria: 

)] (1) the number of YACs in the path; (2) The density of links 
.~' between YACs; and (3) the extent to which YACs in the path 
':'\ were chromosomally assigned (by Alu-PCR hybridization, other 
(,; STS-content information, or fluorescence in situ hybridization 
'/! (FISH)). Graphical inspection also allowed us to detect and 
(':: reject cases in which two independent paths linked the two STSs. 
::.~ Aiter such visual inspection, we could reject candidate paths, 
;1( try to generate a new candidate path (by trying new parameters 
... ff in the algorithm or changing the order of STSs), or perform 
J additional STS screening to test the paths further. 
;,;r: We tried to improve candidate paths that were judged satisfac­
};}: tory after graphical analysis. We derived new STSs from the 
ri'g· ends of internal clones in a path. We also subjected the most 
/}; critical clones to Alu-PCR hybridization to test their chromo­

. :/:. somal assignment and to establish more links between clones in 
' 'J the path. This strategy often shortened paths by indicating over-
/A laps that had not previously been detected because our STS 
:+;: screening was incomplete. To illustrate this point, Fig. 6 shows 
\'::: the result of an incomplete STS screening, and Fig. 7 shows the 
~ :. result of incomplete hybridization data. In particular, paths of 
(t level 6 or 7 in our 1993 version were converted to shorter paths. 
t The present map contains now only paths of level 5 or less. 
' The bins may contain several markers that, although not 

recombinationally separated, span a certain distance in the phys­
ical map. To cover the physical region within the bin, we 
searched for paths linking different STSs within a bin. Many 
bi:1s were covered by paths of level l. For the remaining bins, 
we tested YACs positive for one of the STSs in a bin with the 

' ·' other STSs in the bin. In some cases, we used the locus program .~ ,::: 
to close gaps between STSs with paths of higher levels. Fewer 
than l 0% of the bins are not completely covered in the present 

.. map. 
Because we constructed paths between genetic markers that 

t were not necessarily adjacent in the linkage map (see above), 
, we sometimes encountered cases in which the shortest paths 
i connected markers i with i + 2 and markers i+ l with i + 3. This 
i' situation could arise for two reasons: we could have missed 
, actual overlaps in the paths owing to false negative screening 

results (Figs 6 and 7), or the putative order on the genetic linkage 
inap could be incorrect. To preserve the linearity of the map in 
these rare cases, we have either inverted the marker order or 
joined recombinationally separable genetic markers in the same 
bin. As a result, the physical order of the markers on the sum­
mary figures of the atlas (see below) does not perfectly corre­
spond to the Genethon 1994 linkage map. 
Integration of other STSs. In addition to the backbone STSs 
taken from the 1994 Genethon genetic linkage map, we also 

:,·. •,H integrated some additional STSs that improved paths in the map. 
~~ ·~··, 
.'{ ,.:;:!, These markers came from two sources. First, WI/MIT had +' .,,.., 
i:: rq; screened 3,419 STSs against the YACs by June 1994. From this 
'IN fi'i'' 
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:~ ~{ FIG. 6 Part I represents the real disposal of the YACs. If STS B is not 
'.; · ·1:.i tested against YAC 1, the path would appear at level 2 (provided the 
, ' j,IJ: overlap between the two YACs is detected), as shown in part II. In such 
.t:f· ~iL a case, we would have tested A against 2 and B against 1 and reduced j i:f the level to the actual value. 
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FIG. 7 · Part I represents the real disposal of the YACs. If neither YAC 1 
nor YAC 3 is used as Alu-PCR probe, the hybridization between them 
cannot be detected. In this case, YAC 2 was used as probe and detected 
the YACs 1 and 3. The path appears to be level 3, as shown In part II. 
This situation can be resolved by testing either 1 or 3 as Alu-PCR probe. 

STS-content data, we selected 173 STSs (including 76 non-AFM 
genetic markers) that significantly improved paths. Second, the 
CEPH/Genethon group screened STSs from 445 unpublished 
genetic markers from Genethon (C. Dib et al., manuscript sub­
mitted). Where known, chromosomal assignment or approxi­
mate map position was used for both sets of markers. In most 
cases the integration produced denser contigs and decreased the 
level of paths (see Fig. 6). 

FISH mapping 
A total of 650 genetically anchored Y ACs, approximately one 
every 5-10 cM, were selected and used as probes for fluorescent 
in situ hybridization (FISH) on metaphase chromosomes. The 
chimaerism rate detected by this method was 46%. Based on the 
comparison of cytogenetic and genetic localizations, there 
appear to be higher frequencies of recombination near teloro.;tes 
and lower frequencies near centromeres. For example, the 
genetic distance between the centromeric markers D1S440 (at . :. 
163 cM) and DIS484 (at 182 cM) represents 6.5% of the genetic 
length of this chromosome, but 17% of the fractional cytogenetic l, 
length of the chromosome. Similarly, the interval between the 
centromeric markers D6S272 (at 75 cM) and D6S421 (at 86 cM) 
represents 5.3% of the genetic map but 17% of the fractional 
length of chromosome 6. In contrast, the telomeric loci D6S41 l 
(at 173 cM) and D6S281 (at 207 cM) are separated by 16.4% of 
the genetic length of the chromosome, but the interval between 
D6S41 l to the telomere is only 4% of the fractional cytogenetic 
distance. The FISH analysis indicates that there are no genetic 
markers on 13p, 14p and 15p, and that the terminal region of 
chromosome 20q is not contained in the genetic map. Thus there 
is no coverage by Y AC of these regions in our physical map. 

Presentation of the map 
For each chromosome, the atlas following this paper shows: (1) 
a summary map of each chromosome, showing the cytogenetic 
representation, and the scales of the physical and genetic maps, 
together with the indication of the regions covered in contigs; 
and (2) a map of detailed contigs for each chromosome. 
Summary figure. Each chromosome is presented at the same 
genetic scale as an ideogram29 at the left side of each drawing. 
At the right of this ideogram is the physical map scale, showing 
the location of the bins. In parentheses are two numbers, separ­
ated by a semicolon: the first number is the number of STSs in 
the bin, the second is the number of YA Cs that are anchored 
to the bin. The links between the physical map scale and the 
cytogenetic scale are established through YA Cs that are anch­
ored to the bins and have been used in FISH hybridization. Each 
of those YA Cs establishes a connection between the bin and an 
interval in the ideogram. Note that the FISH measurements have 
been made in terms of fractional length of the whole chromo­
some, and that the size of heterochromatic and centromeric 
regions may vary between individuals. As a consequence, a slight 
distortion can occur in our figures after these regions, especially 
for chromosomes containing entirely heterochromatic p arms 
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(acrocentrics). At the right of the physical map, the intervals 
covered in contigs are represented with coloured rectangles. The 
different colours represent the different levels of the paths. 
Finally, the correspondence between the physical map scale and 
the Genethon linkage map, used as a backbone for the bin loca­
tions, is shown at the right of these rectangles. The positions in 
the genetic map are expressed in Morgans from the most distal 
marker of the p arm of the chromosome. 
Detailed contlgs. Contigs are presented for each chromosome 
from pter to qter. They correspond to a succession of paths, 
represented by rectangles on the summary figure. Each path is 
a collection of clones, ordered in stacks. The number of stacks 
in a path corresponds to the level of the path. The graphical 
presentation of paths provides the following characteristics of 
the clones: STS-content information for the YA Cs; sizes of the 
YACs; overlap relationships between YACs based on Alu-PCR 
hybridization and fingerprint data; chromosomal assignment for 
Y ACs used as probes for Alu-PCR hybridization; and indication 
of YA Cs used as FISH probes. 

Each locus is indicated by a white rectangle that indicates its 
chromosome and position. STSs located in the bin are displayed 
above the rectangle. These STSs are numbered within the bin 
and are displayed in a beige rectangle. For example, the bin 
located at position 1.00 on chromosome 1 contains two STSs: 
AFM120xd4 (D1S209), and AFM286xd9 (D1S473). This bin is 
thus presented as: 

1: AFM120xd4 (D1S209) 

2: AFM286xd9 (D1S473) 

CHR 1 position 1.00 

The clone stacks displayed under each bin represent the 
anchored YACs (that is, the YACs that contain at least one STS 
of the bin), and the stacks that are between two bins represent 
the ordered groups of clones internal to paths of level 3 and 
above. Within a stack, the YA Cs are displayed according their 
order in the library, from top to bottom. Each YAC is represen­
ted by a yellow box with a horizontal bar in the middle. The 
YAC name and its size in kilobases are represented from left to 
right above the bar. A '+' sign after the size means that multiple 
bands were detected; only the biggest size is displayed. The 
names of Y ACs used for FISH hybridization appear in a box 
(for example, YAC 763812, anchored to position 1.00 on chro­
mosome I). Chromosomal assignment (for clones used as Alu­
PCR hybridization probe) and the STS content of the YAC are 
represented from left to right under the bar. 

Chromosomal assignment is made based on the results of 
hybridization with somatic cell hybrids. Because of the problems 
described above, chromosomal assignments were sometimes 
ambiguous. The assignments are represented by the following 
code: (1) one white dot: a probe that was not assigned; (2) 
two blue dots: a probe assigned only to the chromosome under 
consideration; (3) one blue dot, one orange dot: a probe 
assigned to the chromosome under consideration, as well as to 
one or more additional chromosomes; and ( 4) two orange dots: 
a probe that is not assigned to the chromosome under considera­
tion, but that is assigned to one or more other chromosomes. 

The display of the STS information differs between stacks 
composed of anchored YACs and stacks located between two 
bins. For anchored YACs, the stack shows the clone numbers 
of the STSs in the bins. For example, the bin at position 1.00 
on chromosome 1 shows YACs 631C9, 732AIO and 752E3; they 
contain, respectively, the second, the first, and both STSs, and 
are given the lists '2', 'I' and 'l 2'. For stacks between bins, we 
represent the position of the STS for which the Y AC is positive. 
For example, '1-0.87' means position 0.87 on chromosome 1, '1-
?' means chromosome 1 but position unknown on this chromo­
some, and '?' means that no positional information is known. If 
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the Y AC is positive for several STSs, located at different places, 
then asterisks are displayed. 

The relationship between clones in adjacent stacks is shown 
as follows. For paths of level 1, the path is established through 
the presence of one or more clone in the adjacent anchored 
stacks, with a thick bar (yellow and black) displayed between 
the two stacks. For example, paths of level 1 are established 
between the loci 1.00 and 1.02 on chromosome 1 by the YACs 
752E3, 763812, 830E7 and 940Cl. No Alu-PCR hybridization 
or fingerprint linkage is involved in establishing paths oflevel 1. 

For level 2 and higher, an array of one or more columns is 
displayed between the stacks, representing the fingerprint and 
Alu-PCR relationships that link the stacks. Each column of the 
array is composed of a black box and 3 subcolumns. The hori­
zontal position of the black box relative to the column gives the 
orientation for reading the columns. All columns within an array 
have the same orientation. If the box lies on the left (respectively. 
right) of the column, this column refers to the clone of the left 
(respectively, right) stack that is vertically in the same place as 
the box. We call this clone the attached clone. The three sub­
columns contain symbols (dots and triangles) that refer in this 
case to the clones of the right (respectively, left) stack that are 
vertically in front of them. The subcolumn that is just to the 
side of the black box can be either yellow or pale blue. It is 
yellow if the attached clone was not used as Alu-PCR target 
(does not belong to plates 734-989). If this clone was used as 
an Alu-PCR target, this subcolumn is pale blue and the triangles 
in it refer to the Alu-PCR probes that hit this clone by hybridiza­
tion. The middle subcolumn is yellow if the attached clone was 
not used as Alu-PCR probe. This subcolumn is blue otherwise, 
and the triangles in it refer to the targets hit by this clone. The 
third subcolumn is yellow if the attached YAC was not finger­
printed. If this clone was fingerprinted, it is green and contains 
black dots that refer to overlapping YA Cs by fingerprint. This 
two-colour presentation allows the reader to distinguish for 
example between a clone that was not used as an Alu-PCR probe 
from one that was used as an Alu-PCR probe but did not hit 
any YAC in the adjacent stack. It also provides a very quick 
way of highlighting the clones with the most overlap informa­
tion, which are the ones linked to the region with the highest 
probability. · 

As an example, in the path between 1.08 and 1.10 on chromo­
some 1, the first column refers to the YAC 912Gll and the 
second to the YAC 957A9, because the black box lies on thf 
left of the column. The YAC 912Gll was used as a target for 
Alu-PCR hybridization, was not used as an Alu-PCR probe. 
and was fingerprinted. As a target for Alu-PCR hybridization. 
it is hit by YACs 774C4, 800EIO and 943A2 as hybridization 
probes. It overlaps by fingerprint data with YAC 895B12. The 
YAC 957A9 was used as a target for Alu-PCR hybridization. 
was used as an Alu-PCR probe, and was fingerprinted. As an 
Alu-PCR target, it is hit by the probe 927C3. As an Alu-PCR 
probe, it hit Y AC 927C3. It also overlaps by fingerprint data 
with Y AC 927C3. 

Map rellablllty and coverage 
All Y AC paths covering genetic intervals have been inspected 
and checked, as described above. Contigs cover 75% of thf 
genetic intervals, which together comprise 66% of the tota: 
genetic length of the genome (based on the sex-averaged meiotil 
map). The proportion of the genetic length covered in paths ot 
level 1 is 26%, of level 2 is 17%, of level 3 is 15%, of level 4 is 
5%, and of level 5 is 2%. These numbers are calculated on the 
basis of all chromosomes except 3, 12, 21, 22 and Y, which 
were either previously mapped or subjected to more intensive 
mapping by groups presenting their maps elsewhere in this vol­
ume. The chromosomes that are covered for more than 66% of 
their genetic length are: 4, 5, 7, 8, 9, 11, 14, 15, 16, 18 and 20. 
Low coverage of chromosome X (23% of its total genetic length) 
is expected, both because the Y AC library underrepresents the 
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X chromosome (being derived from a male) and because the 
genetic map of X is sparse. In addition, the screening efficiency 
with backbone STSs from Ip, 19 and 17 was particularly low, 
resulting in poor coverage of these regions. However, chromo­
some 18 is almost entirely covered because we made a special 

' ... effort to fill gaps by more intensive hybridization screening effort 
. C with Y AC probes derived from path extremities. In many cases, 
· nc·.v STSs were derived from those Y AC probes creating new 
,., paths. 
f Inferring the actual proportion of the physical length of the 
t:.:. ,., genome covered is not entirely straightforward. The proportion 
'7~ of the genetic length covered (66%) may overestimate the actual 

~'. ··:. 
proportion covered because it neglects· the physical distances 

~-·· within the bins of reconibinationally inseparable markers. But 
/ . it may underestimate the coverage because the density of YA Cs 
. . appears to be sparsest in the telomeric regions, which are pre­
,. cisely those regions in which the ratio of genetic to physical 
C:: ~-distance appears to be greatest. 
• ·, If the AFM markers were randomly distributed they would 

· occur with a random spacing of about 1.2 Mb, just slightly larger 
• than the average size of our YAC clones. We would thus expect 
to cover much of the genome in paths of level 1, 2 or 3. The 
observed proportion of intervals covered by such paths agree 
very well with expectation based on computer simulations. 
Moreover, mathematical analysis predicts that the YA Cs identi­
fied by the genetic markers would contain about half of the 
genome30

• Although the AFM markers are known to be not 
completely randomly distributed, the overall effect of non­
randomness appears not to be severe. 

To evaluate the reliability of the YAC contig map, we exam­
ined 161 non-AFM genetic markers from a recently published 
collaborative genetic map31 of the human genome ( omitting mar­
kers for chromosomes 3, 12, 21 and 22) that were screened 

· against the Y AC library at WI/MIT. Of the STSs, the number 
. detecting I, 2 or at least 3 YACs was 20, 14 and 127, respectively 
•. 1, 2 and 3. In 60, 78 and 88% of the cases, respectively, the 

YA Cs containing the markers had been assigned to the expected 
location (based on the known genetic location of the marker). 
In the remaining cases, the corresponding Y ACs were not found 

.. on the expected chromosome but were sometimes found on other 
chromosomes (possibly resulting from chimaerism). 

These results also indicate that the map covers most of the 
· human genome. However, they do not provide a direct estimate 
'. of coverage because only loci that detected at least one Y AC 

were considered, and the genetic markers tested may tend to lie 
in the same regions as the genetic markers used to construct the 
map. Mitigating against this concern is that the genetic markers 
l!.;ed to assess coverage were predominantly tetra-nucleotide 

· repeats, whose regional biases may differ from the CA repeats 
r. in the Genethon genetic map. 

' ~ 
~· ·~ 
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Given the results above, it seems reasonable to estimate that 
the physical map covers about 75% of the genome in 225 contigs 
having an average size of about 10 Mb. 

Public avallablllty of the map 
Clone avallablllty. Primary copies of CEPH Y AC library were 
distributed to following centres: 
Whitehead Institute/MIT Center for Genome Research, 
Cambridge, Massachusetts 02142, USA; E. S. Lander and 
T. Hudson; e-mail: lander@genome.wi.mit.edu. 
The Reference Library DataBase (RLDB), MPI for Molecular 
Genetics, Ihnestrasse 73, 14195 Berlin-Dahlen, Germany; H. 
Lehrach; tel: (49) 30 8413 1627; fax: (49) 30 8413 1395. 
3-1-1 Koyadai, Tsukuba, Ibaraki 305, Japan; K. Yokoyama; 
tel: (81) 298 36 3612; fax: (81) 298 36 9120. 
Human Genome Center, Institute of Medical Science, The Uni­
versity of Tokyo, 4-6-1 Shirokanedai, Minato, Tokyo 108, 
Japan; Y. Nakamura; tel: (81) 3 5449 5372; fax: (81) 3 5449 
5433. 
Shanghai Institute of Hematology, Rui-Jin Hospital, Shanghai 
Second Medical University, Shanghai 200025, China; Z. Chen; 
tel: (86) 21 3180 300; fax: (86) 21 4743 206. 
GBE, CNR, via Abbiategrasso 207, 27100 Pavia, Italy; D. 
Toniolo; tel: (39) 382 546 340; fax: (39) 382 422 286. 
YAC Screening Centro, Leiden University, Department of 
Human Genetics Wassenaarseweg 72, 2333 Al Leiden, The 
Netherlands; G. J. B. van Ommon; tel: (31) 71 276 081; fax: 
(31) 71 276 075. 
Human Genome Mapping Project Resource Centre, (HGMP) 
Hinxton Hall, Hinxton, Cambridge CBI0 lRQ, U.K.; K. 
Gibson; tel: (44) 1223 494 500; fax: (44) 1223 494 512. 
Clones can be obtained also from Foundation Jean-Dausset­
CEPH, 27 rue Juliette Dodu, 75010 Paris, France; D. Le PasliJJ; 
e-mail: denis@ceph.cephb.fr. 
Data distribution 
Anonymous ftp server: ftp ://ceph-genethon-map.cephb.fr/ 
pub/ceph-genethon-map. 
World Wide Web server: URL address: http://www.cephb.fr/ 
bio / ceph-genethon-map.html. 
Mail server: ceph-genethon-map@cephb.fr. 
How to use it: $ mail ceph-genethon-map@cephb.fr. Subject: 
infoclone. 755_f_4 672_a_3 D12S76. 
other Y AC or STS names. 
QUICKMAP (developed by P. Rigault and E. Poullier at 
CEPH) is a mapping tool containing all the CEPH/Genethon 
screening data. It was designed to manage the production of 
STS screening and hybridization data, using the results analysed 
on a daily basis to suggest new tests. It was then modified to 
make CEPH/Genethon data accessible to the scientific com­
munity. QUICKMAP allows both navigation within CEPH/ 
Genethon map and dynamic construction of contigs to integrate 
further datasets. QUICKMAP has been publicly available since 
February 1993 on our ftp site. □ 
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A yeast artificial chromosome library containing 33,000 clones with an average insert size of 
one megabase of human genomic DNA was extensively analysed by several different procedures 
for detecting overlaps and positional Information. We developed an analysis strategy that 
resulted, after confirmatory tests, In a YAC contlg map reliably covering about 75% of ttJe 
human genome In 225 contlgs having an average size of about ten megabases. -· .. 

PHYsICAL maps of the human genome are essential tools for General strategy . 
•··. :,·: unravelling the genetic basis of disease•, localizing the complete To construct a physical map, we analysed a large-insert Y AC l. 
t- }- inventory of human genes, understanding the principles of library providing tenfold coverage of the human genome by 

,-~ ';:: genome organization and achieving other objectives of the three different experimental procedures: (1) sequence-tagged 
·-' .;c Human Genome Project. Physical maps consist of ordered, over- sites (STSs) 12·content mapping, involving PCR-based screening 
.: lapping cloned fragments of genomic DNA covering each with genetically-mapped microsatellite markers: YA Cs identified 
-1 •·:. chromosome. as containing such markers were referred to as 'genetically-

,,,: Given the large size of the mammalian genomes, physical map- anchored YACs'; (2) cross-hybridization, involving hybridizing 
·;. ping of the entire human genome requires using clones with the library with probes derived from individual YACs; and (3) 
;:• extremely large inserts, of the order of 1 megabase (Mb). Yeast fingerprinting, involving characterizing each YAC in terms of 
_;;- artificial chromosomes (YACs)2 are currently the only cloning the pattern of restriction fragments detected by two human 

system capable of propagating such large DNA fragments. repetitive sequence probes. 
Indeed, YACs have provided the basis for the first two physical These three procedures provide different ways of establishing 
maps of entire human chromosomes: 21q (ref. 3) and Y (ref. 'links', representing potential overlaps between clones. In the 
-!). More generally, YACs have been crucial tools in cloning case of STS content mapping and cross-hybridization, the 
disease genes based on their chromosomal location 5

•
6

• Such posi- experiment yields a binary result from which links can be imme-
tional cloning7 projects begin by genetically mapping a disease diately deduced. In the case of fingerprinting, links between 
gene to a region of a few centiMorgans by tracing its inheritance YACs are inferred statistically13 when the fingerprint patterns 
relative to polymorphic DNA markers, a task made feasible by are sufficiently similar, as described below. 
the recent availability of a complete genetic map 8 containing It is not possible to construct a physical map based solely on 

, thousands of highly polr.IJorphic, polymerase chain reaction the complete collection of links: most YACs aggregate into a 

I 
. (PCR)-typeable markers ·10 known as microsatellites, simple few huge, branched, artefactual contigs. This can be expected 

tandem repeat polymorphisms or simple sequence length poly- because of the high rate of Y AC chimaerism ( 40-50%), intra-
, · morphisms. One must then analyse the entire chromosomal or interchromosomal sequence similarities in the human genome, 
~ region between the closest flanking genetic markers to identify and the possibility of laboratory errors. 

·. the disease gene. YA Cs are invaluable for the purpose of cover- To circumvent this problem, we sought to build only short 
~ · ing such large regions, although their utility for detailed genomic 'paths' between genetically anchored YA Cs. Paths connecting 

analysis is somewhat limited by, problems of infidelity-notably, nearby points are less likely to be affected by false connections 
a high frequency of chimaeric clones 11 (containing fragments within or between the intervening YACs (such a false connection 
from more than one genomic region)-and instability of some ,·'would require two chimaeric clones: one leaving away from the 
regions. In addition, Y AC-based physical maps are important region and another returning to it). We also obtained partial 
intermediates in producing a 'sequence-ready' physical map con- information about the chromosomal origin(s) of many YACs 
sisting of smaller and more stable clones. through our cross-hybridization procedure and used this infor-

Here we report our progress towards making a physical map mation to choose between paths. . 
of the human genome consisting of overlapping YA Cs anchored We have previously given a brief description of this general 
to a comprehensive set of genetic markers. strategy 14 and reported that an automatic computer implementa-
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tion appeared to cover most of the human genome, but we did 
not provide a detailed map. We have since inspected each inter­
val and performed confirmatory tests when necessary and more 
Y AC links have been established. Here we describe the specific 
methodology of the map construction and discuss the reliability 
of the procedures. We also present the improved map and evalu­
ate its coverage of the genome. 

,:he CEPH YAC library 
The entire CEPH Y AC library comprises 98,208 clones rep• 
resenting about 17 genome equivalents. It was derived from a 

human male lymphoblastoid cell line, Boleth15
, and is arrayec 

in 1,023 96-well microtitre plates. Inserts consist of Eco RI pania 
digested human genome fragments cloned into the pYAC. 
vector and transfected into the host strain AB 1380, as pre-.·: 
ously described 16

• (The sole exception is a set of 237 clones. i: 
plates 2001-3, for which a recombination deficient host Rad5: 
3a was used 17

.) 

The first portion of the library, termed Mark I ( containin 
52,992 clones in plates 1-551) has an average insert size of ➔~ 
kilobases (kb). By using different size fractionation condition, 
a Mark II library (containing 17,760 clones in plates 552-".';f 
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was produced with an average insen size of 600 kb. A still larger 
Mega~ YAC library (containing 24.288 clones in plates 737-989) 
was produced with an average insen size of 1,054 kb. 

The YA Cs used in this project consisted of 10,752 clones from 
the Mark II library (plates 625-736) and all of the Mega-Y AC 
library, for a total of 34,560 Y AC clones providing tenfold 
coverage of the genome. The size of each clone was determined 
by field inverted gel electrophoresis (FIGE) 18 followed by South­
er:i blotting and hybridization with a labelled probe containing 
p;;R322 and total human DNA. Under the conditions used, 
sizes above 1,700 kb could not be accurately resolved. We found 
that 6% of the clones failed to give a hybridization signal. The 

.,. size distribution is shown in Fig. 1. Multiple bands were detected 
l in a cenain proportion of the YACs (1.2% from Mark II and 
i 6.8% from the Mega-YACs), which may result from clone re-
. arrangements. In addition to these 34,560 clones used to con­

struct the map, some Y ACs from Mark I and the first pan 
of Mark II were also used. Specifically, some YACs that had 
previously been anchored by STS were used as hybridization 
probes. 

STS screening 
Methodology. The Y AC library was screened with a large collec­

•. tion of PCR-typeable genetic markers, to identify clones contain-
ing each locus. To facilitate PCR-based screening of 33,024 
clones (plates 625-968), we prepared pools of clones in such a 
manner as to reduce the number of reactions required by 100-
fold, as compared to screening each clone individually11

• 

The library was divided into 43 'blocks', each corresponding 
tc eight rnicrotitre plates (containing 8 x 96=768 clones). For 
e;1,;h block we prepared one 'superpool' containing DNA from 
all the clones and 28 'subpools' prepared by using a three•dimen-

i sional pooling system based on the plate, row and column 
'f address of each clone (specifically, 8 subpools consisted of all t ; clones residing in a given microtitre plate; 8 subpools consisted 
:·. of all clones in a given row; and 12 subpools consisted of all 
.'~, { clones. in a given column). The PCR screening for each STS 

involved three steps: (1) identifying the positive superpools (43 
1, reactions); (2) for each positive superpool, identifying the posi­

tive plate, row and column subpools to obtain the address of 
tb: positive clone (28 reactions); and (3) directly confirming the 
PCR assay on the identified clone ( 1 reaction). Unique addresses 

Gf:r4UIYIC Ulftl:\i ~ vn , 

were not obtained when a superpool contained more than one 
positive clone or when one of the three dimensions failed to 
amplify; such cases were resolved by testing the candidate 
addresses consistent with the panial data when less than 16 
reactions were required. 

The 'complete screening' scheme described above was used in 
the first pan of the project. After this stage we switched to a 
'directed screening' strategy, using the links between YACs to 
funher reduce the number of reactions by twofold. The strategy 
was first to identify positive superpools for a given STS, and 
screen some subpools until two YACs were identified; three posi­
tive superpools were usually necessary for this. Then we used 
two directed screening methods based on our database of results. 
The first method involved using the 'LOCUS' function, devel­
oped as pan of the QUICK.\1AP software, to display the local 
contig attached to the STS and the Y ACs linked to it to identify 
other clones likely to contain the STS; such YA Cs were directly 
tested for the STS. The second method was used for confirmation 
of the paths. It used the 'CLONESPATH' function of QUICK­
MAP to construct and display potential paths through adjacent 
STSs ( see sections on construction of the map and representation 
of the map below). We then tested some clones of the path 
against both STSs. These directed strategies were very efficient 
in terms of screening, although did not provide two independent 
tests for each clone, as in the first strategy. As false positives 
were highly detrimental to our mapping strategy, we distin­
guished between: ( 1) the YA Cs that were identified by subpool 
screening and individually confinned; (2) the YA Cs that were 
identified by subpool screening but proved to be negative upon 
checking; and (3) the YACs that were identified by direct testing. 
The second case, representing about 3% of the addresses, may 
correspond to clones which might be genuine positive clones that 
we failed to detect for technical reasons. During map construc­
tion, we used the last two cases more cautiously, checking .(~hen 
possible) fingerprint or hybridization information before inc:iud­
ing such YA Cs in the map. The PCR products were detected . 
by agarose gel electrophoresis, ethidium bromide staining, and· ·"' 
ultraviolet illumination. Images were captured by a CCD camera ·:. 
and analysed with semiautomatic software interfaced to a labor- ·­
atory notebook (using Sybase). 
Results. At Centre d'Etude du Polymorphisme Humain 
(CEPH)/Genethon, we examined a total of 2,890 polymorphic 
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FIG. 2 Alu-PCR and fingerprint links. Blue bars represent Alu•PCR links, red bars represent fingerprint links • 
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markers.' all generated and mapped by genetic linkage analysis 
as part of the Genethon genetic mapping program~. All markers 
were screened on the 43 superpools to identify the positive 
blocks. About 5% of the markers failed to work because of poor 
amplification or high background in the Y AC pools. Another 
5% gave no signal in the superpools. despite yielding the expected 
PCR product in a human genomic DNA control. In about 60% 
of these cases. we were able to detect and confirm a positive 
signal when the PCR products were electrophoresed. blotted and 
probed with a (CAh, oligonucleotide (which hybridizes to the 
CA repeat contained within the polymorphic locus). 

Complete screening was performed for the first 814 markers, 
those of the first Genethon linkage map (1992). Of these, 28 
failed to detect any YAC, and 786 identified 5.6 YACs on aver­
age. The 2,076 remaining genetic markers were subjected to 
directed screening. Of these, 26.1 failed to detect any YAC, and 
the remaining 1,8 I 5 identified an average of 4.9 YA Cs. 

In total, 2,601 genetic markers identified at least one YAC. A 
total of 289 STSs have no anchored YA Cs, whether because of 
PCR-related problems or library-related problems. PCR-related 
problems are mainly due to sequence-dependent heavy back­
ground noise or poor amplification. In some of these cases, the 
design of another pair of primers from the original sequence 
data allowed us to obtain positive clones. Y AC library-related 
problems can be due to the absence of clones in certain regions 
of the genome, either for statistical reasons or for non-clonability 
of certain human DNA sequences in yeast. The inability to find 
anchored YACs was more frequent for STSs located in certain 
regions of the genome, such as Ip, 19, the distal part of 17q, 
and most of the telomeric regions. 

In addition to data generated at CEPH/Genethon, we also 
used results for 1,500 STSs screened elsewhere. The largest data 
set came from the Whitehead Institute/MIT Center for Genome 
Research (WI/MIT). We used the July 1994 release of this data, 
which contained 3,419 STSs screened with a different tech­
nology19, using the 25,344 clones in plates 709-977 (the current 
publicly available release contains over 10,000 STSs and can be 
accessed via the World Wide Web, address 'www.genome.­
mit.edu'). Among these STSs were 1,128 AFM markers also 
screened at CEPH/Genethon. Each group found an average of 
1 definite Y AC address per 2 genome equivalents screened: 5.1 
YACs in 10 genome equivalents screened at CEPH/Genethon, 
and 4.1 YACs in 8 genome equivalents screened at WI/MIT. 
(Additional incomplete Y AC addresses were also obtained, for 
example, about 1.5 at WI/MIT. These were still being resolved 
and are not used here.) The combined data provided more com­
plete coverage than either group alone, as roughly two Y ACs 
were found in common, three only by CEPH/Genethon, and 
two only by WI/MIT. 

Finally, we also incorporated results from about 370 STSs 
screened elsewhere and deposited in public databases. 

Screening by hybridization 
Methodology. We screened the Y AC library by hybridization, 
using individual probes derived from individual YA Cs to screen 
the entire Mega-YAC library. To circumvent the tedious process 
of purifying YAC DNA from the total yeast genomic DNA, 
and also to increase efficiency of the hybridization, we derived 
from each YAC a representative set of human-specific DNA 
fragments by means of inter-Alu PCR, between the ubiquitous 
Alu repeats spread along the human genome20

.2
1
• This was 

achieved by PCR amplification from total yeast clone DNA with 
a· single primer22 specific for the 3' part of the Alu repeat 
sequence. Under our conditions there was no amplification from 
yeast genomic DNA with this primer; on average 10 different 
fragments of 300 base pairs (bp) average size were produced 
from random Mega-YA Cs. 

Alu-PCR products were prepared individually from each 
YAC to be used as probe or target. To simplify the screening 
procedure, we used a pooling scheme for the target Alu-PCR 
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products. The pooling procedure was similar to the scheme used 
for STS screening, but in this case all subpools were simul­
taneously screened by hybridization. In the pooling scheme. 
'blocks' consisted of 4 microtitre plates which were conceptualh 
divided into 8 half-plates. From these 8 half-plates. a total 01 
22 subpools were prepared. consisting of 8 subpools containin£ 
clones in the same half-plate, 8 subpools containing clones in 
the same row of the half-plate. and 6 subpools containing clones 
in the same column of the half-plate. As this part of the librar. 
(plates 734-989) represents 64 blocks. the total number of sub. 
pools to screen is 64x22=1,408. 

The pools were spotted at high density onto nylon membranes 
before hybridization. The addresses of positive candidates were 
deduced according to which half-plate, row and column pools 
were found positive for each block. The Y ACs identified by "' 
single signal in each dimension were called 'unique positives'. I· 
two candidate clones are present in a block, more than thm 
signals will be observed. In general, the addresses of the positive 
clones cannot be deduced unambiguously under these condition; 
('undetermined positives'). However, when such candidates ar~ 
located on the same row or the same column of a single half. 
plate. it is possible to determine these positive clones ('deter­
mined positives'). Our experience indicates, that these deter­
mined positives can be used for the map construction, but rathe: 
cautiously, as some (or many) of them are false positives. On, 
possible explanation of this phenomenon is that some of thes, 
'determined' positives appear to be linked to artefactual spot, 
due to hybridization background. Moreover, in some cases some 
of the three-dimensional signals could not be detected for techni • 
cal reasons. This could interfere with the deduction of Y AC 
addresses when using undetermined positives. 

In addition to the Alu-PCR products from the YAC clones 
we also spotted in duplicate Alu-PCR products from a somati, 
cell hybrid panel consisting of cell lines, each containing on!: 
one or two human chromosomes. These hybridization target 
provided information about the likely chromosomal localizatior 
of the Y AC probes. Most of the cell hybrids were obtained fron 
the NIGMS (Coriell Institute of Medical Research, Camden 
New Jersey) mapping panel 2 (ref. 23). A chromosome 20-onl: 
G418-resistant monosomic cell hybrid DNA was provided b: 
C. Smith. GM10791, a chromosome 7-only somatic cell hybril 
DNA was provided by E. Green; and GM06318B, a chroma 
some X-only somatic cell hybrid DNA was provided by D 
Schlessinger. In the second set of membranes used for this pre 
ject, we also included somatic cell hybrids for chromosome 
1 + X, 5, 6, 12 and 19, provided by D. Patterson. . 

The Alu-PCR products of subpools and somatic cell hybrid 
were spotted onto membranes together with <l>X DNA for auto 
matic filter identification. This spotting was performed by a: 
automatic replicating device. The membranes were hybridize, 
in the presence of human DNA competitor with 33P-labelle, 
mixture of phage <l>X DNA and Alu PCR products of individua 
Y ACs. A high-throughput protocol that included labelling it 
microplates and washing membranes in batches allowed a tean 
of two people to hybridize 200 YAC probes per day. After wash 
ing and exposure, the films were scanned and images were storel 
on a workstation. After automatic ·treatment, all images wer 
manually inspected so artefacts could be removed from analysi 
and the interpreted results checked (positive YACs deduce. 
from the subgroups and chromosomal assignment) during th 
analysis. The software for this semiautomatic procedure wa 
developed in collaboration with Cose (Paris). 

The pilot hybridizations with freshly made membranes indica 
ted that 80% of random Y AC probes produced an effectiv, 
hybridization result. The remaining 20% gave either no signa 
( 4% of the cases) or high background noise. This latter phenom 
enon is probably associated with middle-frequency repea 
sequences included occasionally in inter-Alu PCR amplificatio, 
products. In most of these cases, we were also unable to deter 
mine the chromosomal origin of the probe. 
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. Generally, hybridization to somatic cell hybrid inter-Alu PCR 
/!-products was less effective than to Y AC targets. In pilot experi­
, ~ tnents. only 80% of successful probes gave a signal to at least one 
f.~ duplicate of the chromosomal inter-Alu PCR products spots. In 

general. we observed a very good result reproducibility when the 
same YAC probe was used on different batches of membranes. 

' Results. We derived inter-Alu PCR products for each of the 
-~ 2..: 576 Y ACs of the Mega-Y AC library tabout eight human 
.,/ genome equivalents) to be used as targets for hybridization. 

• ~• Probes were selected by various criteria. 
f. { The first 2,000 probes were Y ACs belonging to chromosome-
~ 'i, specific sublibraries generated according the procedure described 

.:\ to obtain the chromosome 21-specific. YAC subser. Briefly, 
{ Alu-PCR products of clones from a four-genome equivalent por­

tion of the Mega-YAC library were individually spotted on 
';' tnembranes and hybridized successively with chromosome-speci­
f: fie probes obtained with inter-Alu PCR DNA products from the 
;._. p;:.nel of somatic cell hybrids. 
'i-:- We also used as probes 200 YACs cloned in Rad52- yeast 
~ strain 17

• According to the chromosomal assignment results from 
•·· hybridization, this set appeared to contain only 8% of chimaeric 

YACs. 
The rest of the probes were chosen using the QUICKMAP 

software. The first objective was to obtain for each genetic locus 
two Y ACs successfully used as probes. For this about 2,500 
YACs were chosen with the 'locus' function. We also used the 
2,000 largest YACs that were not genetically anchored. Finally, 
about 2,000 Y ACs were chosen with the 'CLONESPATH' func­
t:on during the map confirmation. 

In total, 8,785 probes gave interpretable signals in this screen­
ing procedure. As expected from the selection process, the size 
distribution of the probes is shifted towards larger size (Fig. 1 ). 
The distribution of the number of targets detected per probe is 
almost gaussian, with an average of 7 ('unique positives') (Fig. 
2) or 10 ( when adding 'determined positives'). This is approxi­
mately half of that expected with probes spanning 1 Mb of gen­
ome. The first reason is that we wanted to avoid false positives, 
so we kept only the clearest signals during the image analysis. 
T:C1e discrepancy can also be explained by non-random distribu­
tion of inter-Alu PCR products and unequal efficiency of their 
individual hybridization. The distribution of Y AC target sizes 
is also shifted towards the larger size, probably because larger 
clones are likely to produce more inter-Alu PCR products and 
so will provide stronger signals. This may also account for the 
larger size of successful Y AC probes. In total, 20,890 (85%) of 
Y ACs were linked by hybridization to at least one other YAC. 
In most cases, a given YAC is detected as a target when it is 
used as a probe. The signal obtained is generally very intense. 
7fowever, pools containing adjacent clones in the corresponding 
plate often produce a signal as well, probably because of minor 
cross-contamination. These artefacts interfere with the evalua-

.,:, tion of positives in the corresponding pools, so targets could 
•; appear as 'undetected' in the database. 

A total of 7,209 probes were assigned to chromosomes based 
on hybridization. Although the chromosomal assignment by 
inter-Alu PCR is simple, care should be taken in interpreting 
the results. For example, supposedly monochromosomal hybrids 
often contain insertions of small chromosomal fragments and 
deletions of other chromosomal regions. This was experimentally 
confirmed for the NIGMS mapping panel II used in our work. 
We also found by conducting reciprocal hybridization between 
these somatic cell hybrids that inter-Alu PCR products from 
some of them. cross-hybridize. The most striking overlap was 
detected between chromosome 5-'only' and chromosome 6-
'only' hybrids, as well as between chromosome 12-'only' and 
chromosome 6-'only' hybrids. The same pattern of cross-hybrid­
ization was observed with YAC probes. This cross-hybridization 
could, in some cases, be due to repeated or duplicated genomic 
regions. 
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In addition to problems with the hybrid cell lines themselves. 
false chromosomal assignment could result from laboratory 
error or sequence similarity causing cross-hybridization. Alter­
natively, false negatives could be due to inefficient hybridization 
with inter-Alu PCR products from certain Y ACs. or deletion of 
the corresponding region in the somatic cell hybrid. 

Chromosomal assignment by hybridization assists in the 
detection of chimaeric YACs. but will obviously miss some 
chimaeras, including those containing only a small portion from 
a different chromosome region. those containing a region that 
is poor in Alu repeats, and those consisting of two fragments of 
the same chromosome. However, some apparent chimaeras 
could result from sequence similarity between several chromo­
somes. Despite these difficulties, we have used this result to ana­
lyse the chimaerism rate according to the library origin and the 
size distribution of the YA Cs (Fig. 1 ). The Mark II library 
contains a greater proportion of chimaeric YA Cs than the Mega­
YAC library. In the Mark II library, the very large YACs seem 
to be more chimaeric than the smaller ones, but this is not the 
case for the Mega-Y AC library. 

Because of these interpretation problems, we treated the chro­
mosomal assignment data with extreme caution in the QUICK­
MAP software, where the criteria of assignment depended on 
several parameters which varied according to the genomic 
region. 

Fingerprinting 
Methodology. To detect overlaps among Y ACs, we performed 
fingerprint analysis as previously described 13

• Each YAC DNA 
was digested with three enzymes: EcoRI, PvuII and Pstl. after 
agarose gel electrophoresis, the fragments were transferred onto 
nylon membranes using a robot. Membranes were then hy~rid­
ized successively with two probes: human repeated seqi.rences 
LINE-1 (Ll) 24

, and THE-LTR (transposon-like human-element 
long terminal repeat: THEf 5

• The corresponding patterns were_-.. 
captured automatically after scanning each film. The size of each . 
fragment was extrapolated from the migration length of refer- .i,. 
ence markers with known sizes which were run in parallel. 

The Ll and THE probes were selected as they gave 6 and 11 
bands per megabase, respectively. We attempted to use other 
repetitive probes, such as Alu, medium reiteration frequency 
repeats (MER) 9 and poly(GA), but with little success. The Alu 
probe patterns were too complex, and the MER and poly(GA) 
probes gave rather poor patterns with 27.6, 12.8 and 15.6% nega­
tive clones for MER 1, MER 10 (ref. 26) and poly(GA), respec­
tively. Promising results were obtained with two probes for two 
Alu subfamilies, GA.007 (ref. 27) and SOS (ref. 28), but these 
were poorly reproducible. 
Results. A total of 31,392 YA Cs were successfully fingerprinted. 
Of these, 12.5% gave no bands for LI, 7.3% gave no bands for 
THE, and 4% were negative for both. When hybridized with an 
Alu consensus probe, one-third of these LI/THE-negative 
clones gave no Alu bands. The remaining clones (LI /THE-nega­
tive clones with Alu bands) contained inserts half the size ofLl/ 
THE-positive clones. 

Pairwise comparisons were performed among all the finger­
prints as described previouslyl3, and a likelihood of overlap score 
{LOS) was determined. for each pair of clones and for each 
probe. Only YAC pairs having a LOS value greater than or 
equal to 70 for both LI and THE were declared linked. These 
threshold values were chosen according to criteria based on the 
analysis of YACs previously mapped on chromosome 21 for 
which an extensive study had been performed 3

• We considered 
all possible pairs of Y AC probes for which a chromosomal 
assignment was obtained by hybridization on somatic cell hybrid 
DNA. In this set, 70% ofYAC pairs linked by fingerprint data 
were assigned to the same chromosome by hybridization 
(concordant pairs). Similarly, 68% of YAC pairs linked by 
hybridization showed concordant chromosomal assignment. 
(Interestingly, Y AC pairs with reciprocal links by hybridizaton 
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showed 82% concordant assignment. As a control, random Y AC 
pairs show only 8% concordance.) 

In total. 17,006 YACs with these threshold values were linked 
to at least one other YAC from the library. On average. each 
of these Y ACs was associated with 5.8 Y ACs. The size distribu­
tion of these 17,006 YA Cs is shifted significantly towards larger 
sizes (1.119 kb on average). Larger YACs containing more 
bands would be expected to be more informative. A comparison 
with STS and hybridization data enabled us to detect 22 plates 
giving an abnormally high number of links due to a conserved 
fingerprint pattern in a_ll of them. We suspect that well-to-well 
contamination occurred during the fingerprint process, and we 
removed these 22 plates from analysis. The corresponding clones 
made available in 1992 are free of this contamination. 

Construction of the map 
The starting point of the map was the framework of STSs given 
by the Genethon 1993-1994 linkage map 5

• This map contains 
2,066 polymorphic markers, ordered in 1,267 genetic loci, each 
of which corresponds to a bin of 1-7 polymorphic STSs that 
were not recombinationally resolved. We used the three types of 
links between YA Cs (based on STS content, fingerprint and 
hybridization) to assemble contigs that span the intervals 
between genetically adjacent STSs. During this process, we inte­
grated new STSs to this map to refine the framework order and 
strengthen the contigs. The limitations and precautions taken in 
building consistent contigs are discussed here, as each data type 
has its own limitations and error rate. 

First, we define a minimal path between two STSs, S1 and S2 as 
an ordered list of YACs (Y 1 , ••• ,Y,.) that satisfy the following 
conditions: (1) Y 1 and Y,. contain S1 and S2 , respectively; (2) 
for each i= 1, ... , n-1, the YACs Y, and Y1+ 1 are linked by 
one of the three mapping methods; and (3) there is no link 
between Y ACs that are not consecutive in the list. The number 
n of Y ACs in the minimal path is called the level of the path. 

For several reasons, minimal paths do not necessarily rep­
resent valid 'contigs' of sequences that actually overlap in the 
human genome. Most importantly, chimaeric YA Cs artefactu­
ally join distant segments of genomic DNA, establishing connec­
tions between pairs of distant STSs. Such YA Cs represent 
between 30 and 50% of the library, depending on the genomic 
regions. Similarly, false positive links between clones can also 
result from hybridization or fingerprinting. Such false positives 
may make up 5-10% of the links. 

Because of these problems, the backbone information from 
the genetic map is crucial for building accurate contigs. First, 
we only look for YAC paths connecting nearby STSs. Second, 
we can exclude some YA Cs that appear to be chimaeras based 
on their containing STSs from distinct locations, based both on 
Alu-PCR and the STS data (see below for more information 
about elimination of false links). 
Contlg assembly algorithm. The algorithm for constructing 
paths between two nearby loci proceeds by the construction of 
progressively larger 'neighbourhoods' of Y ACs. For each locus 
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FIG. 3 Construction of a level 1 path between two Joel A and B. Stage 
I ls the construction of the first-degree neighbour set for each locus. In 
stage II, YACs 1 and 4 are found In common. These YACs establlsh the 
level 1 path. 
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FIG. 4 Construction of a level 2 path. After stage I, no common clone~ 
are found. Stage II is the construction of the second-degree neighbour 
set for each locus. The asterisk documents the link between clones 1 
and 5, which establish a level 2 path (stage Ill). 

x, the computer can construct the set N •. , of first-degree neigh­
bours consisting of anchored YACs (that is, YACs containing 
at least one STS in the locus); the set N •. 2 of second-degree 
neighbours consisting of Y ACs linked to those in N •. 1; the set 
N •. 3 of third-degree neighbours consisting of YA Cs linked to 
those in N •. :; and so on. Any overlap between the neighbour­
hoods of loci x and y clearly yields a path connecting them. 
(More precisely, a Y AC present in both N •. , and Ny./ yield~ 
a path of length i + j- I.) In practice, the computer progr:im 
constructs increasing neighbourhoods around both loci, halting 
as soon as an overlap is found. Examples are illustrated in Fig~ 
3-5. 

In attempting to link nearby loci on a given chromosome, we 
used positional information in an attempt to avoid paths that 
branch to distant parts of the genome. In forming second-degree 
and higher neighbourhoods, we excluded YA Cs exclusivel) 
assigned to other chromosomes by Alu-PCR hybridization, anc 
also excluded STS-content links involving STSs from other 
regions. 

Although the genetic linkage map represents the most likel) 
genetic order, some local marker orders may be inverted. 
Accordingly, we searched not only for paths between immedi­
ately consecutive STSs (such as i and i+ 1), but also betweer 
nearby but non-consecutive STSs (such as i and i + 2). For suer 
non-consecutive STSs, the genetic distance and the number o: 
intervening STSs was constrained depending on the level of tho 
path. 
Manual Inspection of the paths. The map construction algo­
rithm was applied to the whole genome. Each candidate pati" 
was then subjected to several types of checking. The first ster 
involved graphical inspection using the 'CLONESPATH' par: 
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FIG. 5 Construction of a level 3 path. After stage II, clone 8 is found ir 
common between the two second-degree neighbour sets. The level :: 
path is represented at stage Ill. 
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· of the program to evaluate paths based on the following criteria: 

(1) the number of YACs in the path; (2) The density oflinks 
between YACs: and (3) the extent to which YACs in the path 
were chromosomally assigned (by Alu-PCR hybridization. other 
STS-content information. or fluorescence in siru hybridization 
(FISH)). Graphical inspection also allowed us to detect and 
re;ect cases in which two independent paths linked the two STSs. 
A:·ter such visual inspection, we could reject candidate paths, 

. try to generate a new candidate path (by trying new parameters 
,:: in the algorithm or changing the order of STSs), or perform 
j_ additional STS screening to test the pat~s further. 
A We tried to improve candidate paths that were judged satisfac­
'.~, tory after graphical analysis. We derived new STSs from the 
·;.: ends of internal clones in a path. We also subjected the most 
.· critical clones to Alu-PCR hybridization to test their chromo­

... somal assignment and to establish more links between clones in 
--; the path. This strategy often shortened paths by indicating over­
;;._ laps that had not previously been detected because our STS 
· screening was incomplete. To illustrate this point, Fig. 6 shows 

the result of an incomplete STS screening, and Fig. 7 shows the 
result of incomplete hybridization data. In particular, paths of 
level 6 or 7 in our 1993 version were converted to shorter paths. 
The present map contains now only paths of level 5 or less. 

The bins may contain several markers that, although not 
recombinationally separated, span a certain distance in the phys­
ical map. To cover the physical region within the bin, we 
se:irched for paths linking different STSs within a bin. Many 
b;:~s were covered by paths of level 1. For the remaining bins, 
we tested Y ACs positive for one of the STSs in a bin with the 
other STSs in the bin. In some cases, we used the locus program 
to close gaps between STSs with paths of higher levels. Fewer 
than 10% of the bins are not completely covered in the present 
map. 

Because we constructed paths between genetic markers that 
were not necessarily adjacent in the linkage map (see above), 
we sometimes encountered cases in which the shortest paths 
connected markers i with i + 2 and markers i+ I with i + 3. This 
sit:1ation could arise for two reasons: we could have missed 
actual overlaps in the paths owing to false negative screening 
results (Figs 6 and 7), or the putative order on the genetic linkage 

• map could be incorrect. To preserve the linearity of the map in 
these rare cases, we have either inverted the marker order or 

: joined recombinationally separable genetic markers in the same 
~-· bin. As a result, the physical order of the markers on the sum­
. mary figures of the atlas (see below) does not perfectly corre­

~ .~: 

spond to the Genethon 1994 linkage map. 
Integration of other STSs. In addition to the backbone STSs 
taken from the 1994 Genethon genetic linkage map, we also 
integrated some additional STSs that improved paths in the map. 
These markers came from two sources. First, WI/MIT had 
screened 3,419 STSs against the YACs by June 1994. From this 

A B 

II 

A B 

1---
2.----

·; FIG. 6 Part I represents the real disposal of the YACs. If STS Bis not 
::::"', tested against YAC 1, the path would appear at level 2 (provided the 
f. overlap between the two YACs is detected), as shown in part II. In such 
i•. a case, we would have tested A against 2 and B against 1 and reduced 
~- th~ level to the actual value. ,, 
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FIG. 7 Part I represents the real disposal of the YACs. If neither YAC 1 
nor YAC 3 is used as Alu-PCR probe, the hybridization between them 
cannot be detected. In this case, YAC 2 was used as probe and detected 
the YACs 1 and 3. The path appears to be level 3, as shown in part II. 
This situation can be resolved by testing either 1 or 3 as Alu-PCR probe. 

STS-content data, we selected 173 STSs (including 76 non-AFM 
genetic markers) that significantly improved paths. Second, the 
CEPH/Genethon group screened STSs from 445 unpublished 
genetic markers from Genethon ( C. Dib et al., manuscript sub­
mitted). Where known, chromosomal assignment or approxi­
mate map position was used for both sets of markers. In most 
cases the integration produced denser contigs and decreased the 
level of paths (see Fig. 6). 

FISH mapping 
A total of 650 genetically anchored Y ACs, approximately one 
every 5-10 cM, were selected and used as probes for fluorescent 
in situ hybridization (FISH) on metaphase chromosomes. The 
chimaerism rate detected by this method was 46%. Based on the 
comparison of cytogenetic and genetic localizations, there 
appear to be higher frequencies of recombination near teloroi.;!es 
and lower frequencies near centromeres. For example, the 
genetic distance between the centromeric markers DIS440 (at :. 
163 cM) and D1S484 (at 182 cM) represents 6.5% of the genetic 
length of this chromosome, but 17% of the fractional cytogenetic .;.. 
length of the chromosome. Similarly, the interval between the 
centromeric markers D6S272 (at 75 cM) and D6S421 (at 86 cM) 
represents 5.3% of the genetic map but 17% of the fractional 
length of chromosome 6. In contrast, the telomeric loci D6S41 l 
(at 173 cM) and D6S281 (at 207 cM) are separated by 16.4% of 
the genetic length of the chromosome, but the interval between 
D6S411 to the telomere is only 4% of the fractional cytogenetic 
distance. The FISH analysis indicates that there are no genetic 
markers on 13p, 14p and 15p, and that the terminal region of 
chromosome 20q is not contained in the genetic map. Thus there 
is no coverage by Y AC of these regions in our physical map. 

Presentation of the map 
For each chromosome, the atlas following this paper shows: {I) 
a summary map of each chromosome, showing the cytogenetic 
representation, and the scales of the physical and genetic maps, 
together with the indication of the regions covered in contigs; 
and (2) a map of detailed contigs for each chromosome. 
Summary figure. Each chromosome is presented at the same 
genetic scale as an ideogram29 at the left side of each drawing. 
At the right of this ideogram is the physical map scale, showing 
the location of the bins. In parentheses are two numbers, separ­
ated by a semicolon: the first number is the number of STSs in 
the bin, the second is the number of YACs that are anchored 
to the bin. The links between the physical map scale and the 
cytogenetic scale are established through Y ACs that are anch­
ored to the bins and have been used in FISH hybridization. Each 
of those YA Cs establishes a connection between the bin and an 
interval in the ideogram. Note that the FISH measurements have 
been made in terms of fractional length of the whole chromo­
some, and that the size of heterochromatic and centromeric 
regions may vary between individuals. As a consequence, a slight 
distortion can occur in our figures after these regions, especially 
for chromosomes containing entirely heterochromatic p arms 
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(acrocentrics). At the right of the physical map, the intervals 
covered in contigs are represented with coloured rectangles. The 
different colours represent the different levels of the paths. 
Finally, the correspondence between the physical map scale and 
the Genethon linkage map, used as a backbone for the bin loca­
tions. is shown at the right of these rectangles. The positions in 
the genetic map are expressed in Morgans from the most distal 
marker of the p arm of the chromosome. 
Detailed contlgs. Contigs are presented for each chromosome 
from pter to qter. They correspond to a succession of paths, 
represented by rectangles on the summary figure. Each path is 
a collection of clones. ·ordered in stacks. The number of stacks 
in a path corresponds to the level of the path. The graphical 
presentation of paths provides the following characteristics of 
the clones: STS-content information for the YA Cs; sizes of the 
Y ACs; overlap relationships between YACs based on Alu-PCR 
hybridization and fingerprint data; chromosomal assignment for 
YACs used as probes for Alu-PCR hybridization; and indication 
of YA Cs used as FISH probes. 

Each locus is indicated by a white rectangle that indicates its 
chromosome and position. STSs located in the bin are displayed 
above the rectangle. These STSs are numbered within the bin 
and are displayed in a beige rectangle. For example, the bin 
located at position 1.00 on chromosome 1 contains two STSs: 
AFM120xd4 (D1S209), and AFM286xd9 (O1S473). This bin is 
thus presented as: 

I: AFM120xd4 (D1S209) 

2: AFM286xd9 (D1S473) 

CHR 1 position 1.00 

The clone stacks displayed under each bin represent the 
anchored YACs (that is, the Y ACs that contain at least one STS 
of the bin), and the stacks that are between two bins represent 
the ordered groups of clones internal to paths of level 3 and 
above. Within a stack, the YA Cs are displayed according their 
order in the library, from top to bottom. Each Y AC is represen­
ted by a yellow box with a horizontal bar in the middle. The 
Y AC name and its size in kilo bases are represented from left to 
right above the bar. A • +' sign after the size means that multiple 
bands were detected; only the biggest size is displayed. The 
names of YACs used for FISH hybridization appear in a box 
(for example, YAC 763B12, anchored to position 1.00 on chro­
mosome 1). Chromosomal assignment (for clones used as Alu­
PCR hybridization probe) and the STS content of the YAC are 
represented from left to right under the bar. 

Chromosomal assignment is made based on the results of 
hybridization with somatic cell hybrids. Because of the problems 
described above, chromosomal assignments were sometimes 
ambiguous. The assignments are represented by the following 
code: (1) one white dot: a probe that was not assigned; (2) 
two blue dots: a probe assigned only to the chromosome under 
consideration; (3) one blue dot, one orange dot: a probe 
assigned to the chromosome under consideration, as well as to 
one or more additional chromosomes; and (4) two orange dots: 
a probe that is not assigned to the chromosome under considera­
tion, but that is assigned to one or more other chromosomes. 

The display of the STS information differs between stacks 
composed of anchored YACs and stacks located between two 
bins. For anchored YACs, the stack shows the clone numbers 
of the STSs in the bins. For example, the bin at position 1.00 
on chromosome 1 shows YACs 631C9, 732Al0 and 752E3; they 
contain, respectively, the second, the first, and both STSs, and 
are given the lists '2', 'l' and 'l 2'. For stacks between bins, we 
represent the position of the STS for which the Y AC is positive. 
For example, '1-0.87' means position 0.87 on chromosome 1, '1-
?' means chromosome 1 but position unknown on this chromo­
some, and '?' means that no positional information is known. If 
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the Y AC is positive for several STSs, located at different places 
then asterisks are displayed.· 

The relationship between clones in adjacent stacks is showr 
as follows. For paths of level I, the path is established throu1fr 
the presence of one or more clone in the adjacent anchore: 
stacks. with a thick bar (yellow and black) displayed betwee: 
the two stacks. For example, paths of level 1 are establishe: 
between the loci 1.00 and 1.02 on chromosome 1 by the Y AC 
752E3, 763B12, 830E7 and 940Cl. No Alu-PCR hybridizatio, 
or fingerprint linkage is involved in establishing paths of level : 

For level 2 and higher, an array of one or more columns i 
displayed between the stacks, representing the fingerprint am 
Alu-PCR relationships that link the stacks. Each column of th, 
array is composed of a black box and 3 subcolumns. The hori 
zontal position of the black box relative to the column gives th, 
orientation for reading the columns. All columns within an arra 
have the same orientation. If the box lies on the left (respective!~ 
right) of the column, this column refers to the clone of the le! 
(respectively, right) stack that is vertically in the same place :1 

the box. We call this clone the attached clone. The three sub 
columns contain symbols (dots and triangles) that refer in thi 
case to the clones of the right (respectively, left) stack that ar. 
vertically in front of them. The subcolumn that is just to th. 
side of the black box can be either yellow or pale blue. It i 
yellow if the attached clone was not used as Alu-PCR targe 
(does not belong to plates 734-989). If this clone was used a 
an Alu-PCR target, this subcolumn is pale blue and the triangle 
in it refer to the Alu-PCR probes that hit this clone by hybridiza 
tion. The middle subcolumn is yellow if the attached clone wa 
not used as Alu-PCR probe. This subcolumn is blue otherwise 
and the triangles in it refer to the targets hit by this clone. Th 
third subcolumn is yellow if the attached Y AC was not finger 
printed. If this clone was fingerprinted, it is green and contain 
black dots that refer to overlapping YACs by fingerprint. Thi 
two-colour presentation allows the reader to distinguish fo 
example between a clone that was not used as an Alu-PCR prob, 
from one that was used as an Alu-PCR probe but did not hi 
any YAC in the adjacent stack. It also provides a very quic: 
way of highlighting the clones with the most overlap informa 
tion, which are the ones linked to the region with the highe~ 
probability. 

As an example, in the path between 1.08 and 1.10 on chrome 
some 1, the first column refers to the YAC 912Gll and th 
second to the Y AC 957 A9, because the black box lies on th 
left of the column. The Y AC 912G 11 was used as a target fo 
Alu-PCR hybridization, was not used as an Alu-PCR probe 
and was fingerprinted. As a target for Alu-PCR hybridization 
it is hit by YACs 774C4, 800El0 and 943A2 as hybridizatio, 
probes. It overlaps by fingerprint data with YAC 895B12. Th 
YAC 957A9 was used as a target for Alu-PCR hybridization 
was used as an Alu-PCR probe, and was fingerprinted. As a1 
Alu-PCR target, it is hit by the probe 927C3. As an Alu-PCF 
probe, it hit Y AC 927C3. It also overlaps by fingerprint dat, 
with Y AC 927C3. 

Map rellablllty and coverage 
All Y AC paths covering genetic intervals have been inspectel 
and checked, as described above. Contigs cover 75% of th. 
genetic intervals, which together comprise 66% of the tota 
genetic length of the genome (based on the sex-averaged meioti 
map). The proportion of the genetic length covered in paths o 
level 1 is 26%, of level 2 is 17%, of level 3 is 15%, of level 4 i: 
5%, and of level 5 is 2%. These numbers are calculated on th, 
basis of all chromosomes except 3, 12, 21, 22 and Y, whici: 
were either previously mapped or subjected to more intensiVl 
mapping by groups presenting their maps elsewhere in this vol­
ume. The chromosomes that are covered for more than 66% o: 
their genetic length are: 4, S, 7, 8, 9, 11, 14, 15, 16, 18 and 20 
Low coverage of chromosome X (23% of its total genetic length 
is expected, both because the Y AC library underrepresents tht 
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- X chromosome ( being derived from a male) and because the 
e:enetic map of X is sparse. In addition. the screening efficiency 
with backbone STSs from Ip, 19 and 17 was particularly low. 
resulting in poor coverage of these regions. However, chromo­
some 18 is almost entirely covered because we made a special 

. effort to fill gaps by more intensive hybridization screening effort 
w:rh Y AC probes derived from path extremities. In many cases. 
m: .v STSs were derived from those Y AC probes creating new 
paths. 

Inferring the actual proportion of the physical length of the 
genome covered is not entirely straightforward. The proportion 
of the genetic length covered (66%) maY. overestimate the actual 
proportion covered because it neglects· the physical distances 
within the bins of recombinationally inseparable markers. But 
it may underestimate the coverage because the density of YA Cs 
appears to be sparsest in the telomeric regions, which are pre-
cisely those regions in which the ratio of genetic to physical 
<btance appears to be greatest. 

If the AFM markers were randomly distributed they would 
occur with a random spacing of about 1.2 Mb, just slightly larger 
than the average size of our YAC clones. We would thus expect 
to cover much of the genome in paths of level I, 2 or 3. The 
observed proportion of intervals covered by such paths agree 
very well with expectation based on computer simulations. 
Moreover, mathematical analysis predicts that the YACs identi­
fied by the genetic markers would contain about half of the 
genome30

• Although the AFM markers are known to be not 
ccmpletely randomly distributed, the overall effect of non­
r,mdomness appears not to be severe. 

To evaluate the reliability of the YAC contig map, we exam­
ined 161 non-AFM genetic markers from a recently published 
collaborative genetic map 31 of the human genome ( omitting mar­
kers for chromosomes 3, 12. 21 and 22) that were screened 
against the YAC library at WI/MIT. Of the STSs, the number 
detecting 1, 2 or at least 3 YACs was 20, 14 and 127, respectively 
1, 2 and 3. In 60, 78 and 88% of the cases, respectively, the 
Y ACs containing the markers had been assigned to the expected 
location (based on the known genetic location of the marker). 
In the remaining cases, the corresponding Y ACs were not found 
on the expected chromosome but were sometimes found on other 
chromosomes (possibly resulting from chimaerism). 

These results also indicate that the map covers most of the 
human genome. However, they do not provide a direct estimate 
of coverage because only loci that detected at least one Y AC 
were considered, and the genetic markers tested may tend to lie 
in the same regions as the genetic markers used to construct the 
map. Mitigating against this concern is that the genetic markers 
1.!.;ed to assess coverage were predominantly tetra-nucleotide 
repeats, whose regional biases may differ from the CA repeats 

. in the Genethon genetic map. 
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Artist's conception of supercooled atoms in an exotic 
phase of matter called the Bose-Einstein condensate, 
which is Molecule of the Year for 1995. Each of the 
atoms in the condensate (in blue) has the same quan­
tum mechanical wave function, and so they all move as 

one. Atoms outside the condensate move faster and in 
all directions. See Editorial on page 1901 and Mol­
ecule of the Year section beginning on page 1902. 
[Illustration: Steve Keller] 
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A physical map has been constructed of the human genome containing 15,086 sequence­
tagged sites (STSs), with an average spacing of 199 kilobases. The project involved 
assembly of a radiation hybrid map of the human genome containing 6193 loci and 
incorporated a genetic linkage map of the human genome containing 5264 loci. This 
information was combined with the results of STS-content screening of 10,850 loci against 
a yeast artificial chromosome library to produce an integrated map, anchored by the 
radiation hybrid and genetic maps. The map provides radiation hybrid coverage of 99 
percent and physical coverage of 94 percent of the human genome. The map also 
represents an early step in an international project to generate a transcript map of the 
human genome, with more than 3235 expressed sequences localized. The STSs in the 
map provide a scaffold for initiating large-scale sequencing of the human genome. 

A physical map affording ready access to 
all chromosomal regions is an essential pre­
requisite for the international effort to se­
quence the entire human genome. In the 
shorter term, it is also a key tool for posi­
tional cloning of disease genes and for stud­
ies of genome organization. Physical maps 
have evolved over the past decade from 
their initial conception as a set of overlap­
ping clones (I) to the more recent idea of a 
well-spaced collection of unique landmarks 
called sequence-tagged sites (STSs), each 
defined by a polymerase chain reaction 
(PCR) assay (2-4). The U.S. Human Ge­
nome Project, for example, has set a target 
of a physical map consisting of 30,000 STSs 
spaced at intervals of about 100 kb (5). 

By focusing on STS landmarks, genome 
researchers sought to insure against the in­
evitable problems inherent in any given 

clone library (2). The wisdom of this ap­
proach was borne out as it emerged that 
yeast artificial chromosomes (YACs), the 
best clones for covering large distances, suf­
fer from high rates of chimerism and rear­
rangement and thus are unsuitable for 
genomic sequencing (6, 7). STS-based 
maps sidestep this problem by having a 
sufficiently high density of landmarks that 
one can rapidly regenerate physical cover­
age of any region by PCR-based screening 
of clones appropriate for sequencing-such 
as cosmids, bacterial artificial chromo­
somes, and Pl-artificial chromosomes (8). 

STS-based physical maps with extensive 
long-range continuity have been construct­
ed for only a handful of human chromo­
somes: 3, 12, 16, 21, 22, and Y (3, 4, 9, 10). 
These combined maps cover just less than 
20% of the genome with about 1600 STSs, 
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and the average spacing on most of these 
chromosomes is about 250 kb. Projects are 
also underway for a few additional chromo­
somes (11). An international collaboration 
among the Centre d'Etude du Polymor­
phisme Humain (CEPH), Genethon, and 
Whitehead genome centers has also pro­
duced a clone-based physical map estimated 
to cover up to 75% of the genome in over­
lapping YAC clones (7). The map is clone­
based, rather than STS-based, because it 
was primarily assembled by detecting phys­
ical overlaps among the clones themselves 
(by means of cross-hybridization and finger­
printing methods), with only a sparse set of 
STS landmarks used as anchors (786 loci 
fully screened and 1815 loci partially 
screened on YACs). The map is quite valu­
able for positional cloning projects, but it 
does not provide a scaffold for sequencing 
the human genome: The YAC clones them­
selves are not suitable for sequencing, and 
the STS coverage is too sparse to regenerate 
substantial physical coverage. 

Here, we report the construction of an 
STS-based physical map of the human ge­
nome containing more than 15,000 loci, 
with an average spacing of 199 kb. The map 
covers the vast majority of the human ge­
nome and provides a scaffold for initiating 
large-scale sequencing. 

Basic Strategy 

We used three mapping methods to gain 
information about the proximity of STS 
loci within the human genome. 

1) STS-content mapping. YAC librar­
ies are screened by PCR to identify all 
clones containing a given locus ( 12). 
Nearby loci tend to be present in many of 
the same clones, allowing proximity to be 
inferred. STS-content linkage can be de­
tected over distances of about 1 Mb, given 
the average insert size of the Y AC library 
used here. 

2) Radiation hybrid (RH) mapping. Hy­
brid cell lines, each containing many large 
chromosomal fragments produced by radia-
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the relevant region on a high-resolution RH 
panel in parallel with screening them on the 
BAC library. As a simple test, we scored the 
STSs from a 3-Mb region on chromosome 6 
on the G3 RH panel and were able to readily 
infer the fine-structure order of nearly all the 
loci with high confidence (45). 

The use of STS-based maps as a scaffold 
for large-scale sequencing has several advan­
tages: It can be initiated now with the existing 
STS-based map; it automatically anchors se­
quences in the genome; it does not require 
chromosome-specific libraries, which involve 
specialized preparation procedures and often 
have cryptic biases; it allows improved librar­
ies to be substituted as they become available; 
and it promotes decentralization by allowing 
sequencing efforts to focus on regions of any 
given size, in contrast to entire chromosomes. 

In summary, the physical map must still 
be refined but is already adequate to allow 
initiation of the international project to 
sequence the entire human genome-a 
landmark effort that will set the stage for 
the biology of the next century. 
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genetic maps. By measuring the frequency 
of such occurrences as a function of the 
distance between the loci in the STS map, 
we estimated that about 0.5% of the loci 
may be significantly misplaced in the maps. 

In summary, the local order in the map 
must be regarded as uncertain. There will 
surely be many errors requiring attention and 
correction. The effective resolution of the 
map is certainly lower than the average spac­
ing between loci and may be about 1 Mb. To 
improve the local accuracy of the maps, in­
vestigators interested in particular regions 
would be well advised to retest the STSs 
against an RH panel with higher resolution 
[such as the 03 panel developed by D. Cox 
and R. Myers, in which the fragments are 
about 1/10 those in the GeneBridge 4 panel] 
and against regional YAC panels, as described 
above. In this fashion, the map provides the 
tools for its own refinement. 

Finally, we note that direct comparison of 
our STS-based map with the recently report­
ed YAC-based map (7) is difficult, because 
of the very different natures of the maps. For 
example, it is not meaningful to compare the 
STS orders in the two maps: The Y AC­
based map almost exclusively involved ge­
netic markers and provided no independent 
information about locus order, but instead 

Table 4. STS-content mapping of YACs. 

STS- STS 

Chr. content spacing No. of 
mapped (kb/ YACs* 

simply adopted the genetic order. It is also 
problematic to compare the specific YA Cs 
identified, because the YAC-based map in­
volved only partial screening of most STSs 
and did not fully distinguish clones actually 
belonging to paths through a region from 
those representing false positive hybridiza­
tion. At the grossest level, it is possible to 
compare the coverage of the maps: The cur­
rent map appears to cover about 95% of the 
genome ( the precise amount depends on the 
type of mapping information used), whereas 
the other map was reported to cover about 
75%. More detailed comparison would be 
worthwhile, as it would likely lead to im­
provements in both maps. 

Distribution of Genes 

The map also sheds light on the organiza­
tion of the human genome. By comparing 
the chromosomal distribution of the ex­
pressed sequences to the chromosomal dis­
tribution of the random single-copy se­
quences (both determined in the same man­
ner), one can draw inferences about the 
density of genes on different chromosomes. 
We compared the observed number on each 
chromosome to the expected number, as­
suming that expressed sequences have the 

Contigs 
YAC STSs 

Before After Avg. 
hits per 
per con-

gap gap size loci STS) 
closuret closure+ (Mb)§ STSII tig9f 

1 1,048 237 1,393 49 34 7.3 6.7 30.8 
2 933 258 1,469 56 20 12.0 7.3 46.7 
3 791 255 1,192 46 30 6.7 7.5 26.4 
4 718 267 1,272 42 11 17.4 8.2 65.3 
5 651 281 1,163 35 19 9.6 7.9 34.3 
6 641 269 1,091 40 24 7.2 7.8 26.7 
7 559 288 942 39 13 12.4 7.8 43.0 
8 552 265 945 23 11 13.3 8.0 50.2 
9 394 347 675 28 12 11.4 8.0 32.8 

10 519 262 750 36 26 5.2 6.8 20.0 
11 490 277 696 23 14 9.7 7.2 35.0 
12 509 265 842 29 16 8.4 7.4 31.8 
13 300 308 556 12 5 18.5 8.0 60.0 
14 352 249 593 9 6 14.6 8.0 58.7 
15 301 279 439 16 10 8.4 7.0 30.1 
16 255 362 308 26 16 5.8 6.0 15.9 
17 267 325 330 27 17 5.1 5.8 15.7 
18 315 254 478 16 8 10.0 7.6 39.4 
19 79 800 76 17 15 4.2 4.7 5.3 
20 266 255 328 15 10 6.8 6.6 26.6 
21 113 325 182 4 2 18.4 8.0 56.5 
22 182 223 134 11 11 3.7 5.4 16.5 
X 408 379 406 53 46 3.4 4.7 8.9 
Y# 207 128 234 1 1 26.4 4.1 207.0 
Total 10,850 276 16,494 653 377 8.0 7.3 28.8 

'Number of YACs hit by at least two STSs on the chromosome. YACs hit by only one STSs are omitted. tNumber 
of contigs based only on STS-content data. tNumber of contigs after gap closure by Alu-PCR hybridization and 
fingerprint data. §Average contig size estimated by assuming that 94% of the chromosome length is covered and 
dividing by the number of contigs. [[Includes all YAC hits in the library screen (not limited to YACs having multiple STS 
hits on the chromosome) and thus reflects coverage by the library. 'If Reflects contigs after gap closure. #From 
our previously reported work (3). 
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same distribution as random STSs (Table 2). 
Chromosomes 1, 11, 17, 19, and 22 showed 
a statistically significant excess of expressed 
sequences (P = 0.001 after correction for 
multiple testing). Chromosomes 17, 19, and 
22, which showed the greatest excess, have 
been previously suggested to have a high 
density of genes on the basis of indirect 
evidence (40). Chromosome X was the only 
chromosome to show a statistically signifi­
cant deficit of expressed sequences-only 
about half as many as expected. This would 
suggest that there is a low gene density on 
this sex chromosome, although alternative 
explanations are possible (44). We also an­
alyzed the raw data from two recent papers 
reporting chromosomal assignment of ex­
pressed sequence tags (ESTs) (21, 22) and 
found a similar deficit of X-linked loci. 

A Scaffold for Sequencing 
the Genome 

As genetic and physical maps approach 
their intended goals, attention is turning to 
the challenge of sequencing the entire hu­
man genome. A key issue is how to obtain 
the required sequence-ready clones. STS­
based maps provide a general solution by 
making it possible to generate extensive 
physical coverage of a region by screening a 
single high-quality human genomic library. 

One could, for example, proceed as fol­
lows: Screen the STSs in a region against a 
bacterial artificial chromosome (BAC) li­
brary having 150-kb inserts and 10-fold cov­
erage, use a simple fingerprinting scheme to 
detect overlaps among adjacent clones, and 
select a minimally overlapping set for se­
quencing. Given a physical map containing 
30,000 ordered STSs, one would screen 
about 100 STSs and fingerprint about 520 
BACs to cover a 10-Mb region; this task 
could be readily accomplished in a few days 
with modest automation and would not con­
tribute significantly to the cost of sequenc­
ing. The resulting BACs would be expected 
to cover about 95% of the region in ordered 
sequence contigs (17). The region could 
then be closed by straightforward walking­
that is, serially screening the BAC library 
with STSs derived from sequences at the 
ends of each contig. 

The current map falls short in terms of 
marker density and local order, but neither 
shortcoming poses a serious obstacle for ini­
tiating large-scale sequencing now. With the 
15,000 STSs currently available, one should 
cover about 75% by direct screening, 90% by 
one round of walking, and more than 95% 
with two rounds (17). The desired map with 
30,000 STSs will likely be available within 
the next 2 years, through current projects 
underway at several centers including our 
own. Uncertainties about locus order can be 
overcome simply by scoring the STSs from 
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tion breakage, are screened by PCR to iden­
tify those hybrids that have retained a given 
locus (13). Nearby loci tend to show similar 
retention patterns, allowing proximity to be 
inferred. RH linkage can be detected for 
distances of about 10 Mb, given the average 
fragment size of the RH panel used here. 

3) Genetic mapping. A locus that is 
polymorphic in the human population can 
be screened by PCR to determine its inher­
itance patterns in families (14, 15). Nearby 
loci tend to show similar inheritance pat­
terns, allowing proximity to be inferred. Ge­
netic linkage can be reliably detected over 
distances of about 30 Mb, given the recom­
bination rate of human chromosomes (16). 

These three methods were used to pro­
duce independent maps and then com­
bined to produce an integrated map. Be­
cause RH mapping and genetic mapping 
can detect linkage over large regions (0.3 
to 1 % of the genome), comprehensive RH 
and genetic maps spanning all chromo­
somes can be assembled with a few thou­
sand loci. The order of loci can be inferred 
from the extent of correlation in the re­
tention or inheritance patterns, although 
estimates of fine-structure order are not 
precise. These methods can thus provide 
"top-down" information about global po­
sition in the genome. 

In contrast, STS-content mapping pro­
vides "bottom-up" information. It reveals 
tight physical linkage among loci but is 
useful only over short distances and does 
not provide extensive long-range connec­
tivity across chromosomes (17). Two STSs 
are said to be singly linked if they share at 
least one YAC in common and doubly 
linked if they share at least two YA Cs ( 17). 
Single linkage is an inadequate criterion for 
declaring adjacency of STSs, because of the 
high rate of YAC chimerism (about 50%) 
and the possibility of laboratory error. Dou­
ble linkage, however, turns out to be a 
reliable indication, because two genomic 
regions are unlikely to be juxtaposed in 
multiple independent YACs. Accordingly, 
a three-step procedure was used. (i) STSs 
were assembled into doubly linked contigs 
(groups of STSs connected by double link­
age). (ii) The doubly linked contigs were 
localized within the genome on the basis of 
RH and genetic map information about loci 
in the contig. (iii) Single linkage was then 
used to join contigs localized to the same 
small genomic region. The overall strategy 
is illustrated in Fig. 1. We now describe the 
data generation, map construction, and 
map analysis in greater detail. 

Data Generation 

Marker development. Over the course of the 
project, we tested 20,795 distinct PCR as­
says. These candidate STSs were initially 
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characterized to see whether they were like­
ly to detect a unique genomic locus (18) 
and whether they consistently yielded cor­
rect results on control samples under uni­
form production conditions. A total of 
16,239 STSs met these stringent criteria 
and were used for mapping. The STSs fell 
into one of the following four categories. 

1) Random loci. We generated 3027 
working STSs by sequencing random hu­
man genomic clones and discarding those 
that appeared to contain repetitive se­
quences (19). 

2) Expressed sequences. We developed 
921 STSs from complete complementary 
DNA (cDNA) sequences in GenBank, tak­
en from the Unigene collection (20). An­
other 3349 STSs were developed from ex­
pressed sequence tags (ESTs). Of these, 
71 % came from the dbEST database (21), 
13% from the laboratory of Jim Sikela, 9% 
from the Institute for Genomic Research, 
and 7% from various other sources (22). We 
found that the success rate for STSs derived 
from the last 200 base pairs (bp) of 3 ' -
untranslated regions (UTRs) of cDNAs was 
similar to that for STSs derived from ran­
dom genomic DNA, consistent with the 
idea that intrans rarely occur near the ends 
of 3' -UTRs (23). The results indicate that 
PCR assays can be readily derived for the 
vast majority of cDNAs. 

3) Genetic markers. A total of 6986 loci 
were used, consisting of 5264 polymorphic 
loci developed at Genethon (primarily CA 
repeats) (24) and 1722 loci developed by 
the Cooperative Human Linkage Center 
(CHLC) (primarily tri- and tetranucleotide 
repeats) (15). 

4) Other loci. A total of 1956 STSs were 
developed from various sources. These in­
cluded 1091 CA-repeat loci developed at 
Genethon that were not sufficiently poly­
morphic to be useful for genetic mapping, as 
well as 865 loci from chromosome 22-spe­
cific and chromosome Y-specific libraries 
and gifts from other laboratories (3, 25, 26). 

A total of 15,086 STSs appear in the 
final maps. The number of markers of each 
type appearing in the final STS-content, 
RH, and genetic maps is shown in Table 1. 

STS-content mapping: Methodology. STSs 
were screened against 25,344 clones from 
plates 709 to 972 of the CEPH mega-Y AC 
library (7), estimated to have an average 
insert size of 1001 kb and to provide roughly 
8.4-fold coverage of the genome. To facili­
tate screening, we used a hierarchical pool­
ing system. The library was divided into 33 
"blocks," each corresponding to eight mi­
crotiter plates or roughly 0.25 genome 
equivalent. For each block, we prepared one 
"superpool" containing DNA from all the 
clones and 28 "subpools" by using a three­
dimensional pooling system based on the 
row, plate, and column address of each 
clone. Specifically, there were 8, 8, and 12 
subpools consisting of YA Cs in the same 
plate, row, and column, respectively. There 
was thus a total of 957 super- and subpools. 

For blocks with a single positive YAC, 
the row, column, and plate subpools should 
specify the precise address of the Y AC 
("definite addresses"). If a block contained 
two or more positive YA Cs or if one of the 
three subpool dimensions did not yield a 
positive, partial information was obtained 
("incomplete addresses") (27). Such in­
complete addresses could consist of up to 12 
possible addresses (for example, in the case 
that a column address was missing). Incom­
plete addresses were not used in initial map 
assembly but were used at the final stages to 
detect connections between nearby loci. 
Definite addresses composed 88% of the 
total hits. 

Half of the markers were screened by a 
two-level procedure, in which we first iden­
tified the positive superpools and then test­
ed only the corresponding subpools. The 
other half were screened by a one-level 
procedure, bypassing the superpools and di­
rectly screening all subpools. Although the 
latter procedure involves more reactions, 

STSs 

Genetic map 

RH map 

STSs 

I 
1-

I 
;---

YACs 

tssssssssssst • • tssssssssssssssi tssssssssssssssi . • lsssssssssi Contigs 

Fig. 1. Schematic diagram of the STS-based map. STSs are shown as circles on the first and fourth line. 
Loci that are genetically mapped or RH mapped are connected to the appropriate position on these 
maps, with connections between these maps in the cases of loci present in both maps. YACs containing 
STSs are shown below. The STSs fall into two singly linked contigs (stippled rectangles) and four doubly 
linked contigs (striped rectangles). Single linkage is not reliable for connecting arbitrary doubly linked 
contigs, but it is reliable in the case of anchored doubly linked contigs known to be adjacent on the 
genetic or RH map, as in the figure. 
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each locus is treated in rm identical manner, 
which offers advantages for automation. In 
both procedures, we identified the positive 
pools by spotting the PCR reactions on 
membranes, hybridizing them to a chemilu­
minescent probe specific for each STS, cap­
turing the resulting signal directly by a 
charge-coupled device (CCD) camera, and 
up-loading the results into our database 
(28); this approach proved to be much more 
efficient than the traditional detection pro­
cedure of gel electrophoresis. 

Because the project involved processing 
more than 15 million reactions, laboratory 
automation was essential. We collaborated 
with an engineering firm, Intelligent Auto-

Table 1. Overview of mapped STSs. 

STSs on final map 

STS-content map 
RH map 
Genetic map 
Intersection of 

STS-content and RH maps 
STS-content and genetic maps 
RH and genetic maps 
All three maps 

Total loci 

No. of loci 

10,850 
6,193 
5,264 

4,036 
3,106 

887 
807 

15,086 

mation Systems, Incorporated, (!AS) of 
Cambridge, Massachusetts, to design and 
build various special-purpose machines to 
accelerate STS-based mapping. 

The two-level screening procedure was 
carried out with a large robotic liquid-pipet­
ting workstation and two custom-designed 
thermocyclers (Fig. 2). A laboratory infor­
mation management system used the super­
pool results to automatically program the 
robotic workstation to set up the appropriate 
subpool screens. The system has a maximal 
throughput of 6144 PCR reactions per run. 

The one-level screening procedure was 
made feasible by the development of a mas­
sively parallel factory-style automation sys­
tem nicknamed the Genomatron (Fig. 2). 
The Genomatron was also developed in col­
laboration with !AS and consists of three 
stations. The first station assembles PCR 
reactions in custom-fabricated 1536-well mi­
crotiter "cards" and seals the wells by weld­
ing a thin plastic film across the card. The 
second station thermocycles the reactions by 
transporting the cards over three chambers 
that force temperature-controlled water to 
flow uniformly between the cards. The third 
station transfers the reactions from one mi­
crotiter card onto a hybridization membrane 

affixed to the bottom of a second microtiter 
card by piercing the first card with a bed of 
1536 hypodermic needles and sucking the 
reactions downward with a vacuum plenum. 
These "filter cards" were then manually hy­
bridized with a chemiluminescent probe and 
read by the CCD camera. The stations were 
computer controlled, and the microtiter 
cards were assigned a bar code to facilitate 
sample tracking. Each station was designed 
to process 96 microtiter cards, providing a 
throughput of nearly 150,000 reactions per 
run. 

STS-content mapping: Results. A total of 
11,750 STSs yielded from I to 15 definite 
Y AC addresses and were considered suc­
cessfully screened (29); typical loci yielded 
approximately one additional incomplete 
address. STSs having more than 15 definite 
hits were excluded as likely to detect mul­
tiple genomic loci (30). 

The successfully screened loci produced 
an average of 6.4 YA Cs per STS, consider­
ing only definite addresses. A total of 
18,879 YACs were hit by at least one STS. 
For these YACs, the average hit rate was 
3.8 STSs per Y AC. The average size of the 
YA Cs hit by the STSs was about 1.1 Mb 
( - 10% greater than for the library as a 

Fig. 2. The first automated system developed for the project was (A) a 
robotic station to set up PCR reactions and (B) custom-built "waffle iron" 
thermocyclers accomodating 16 192-well microtiter plates: the system has 
a capacity of 6144 PCR reactions per run. The second automated system 
was the Genomatron, which consists of three robotic stations. PCR reac­
tions are set up in 1536-well microtiter cards (consisting of 15 cm by 24 cm 
injection molded plastic cards with 1536 holes, to the bottom of which a 
plastic film is heat-sealed to create wells). The first station (C) assembles the 
PCR reactions. Each run can process up to 96 cards per run, providing a 
capacity of nearly 150,000 wells. Cards are dispensed by a coining mech­
anism and travel along a conveyor belt to substations containing a bar code 
reader: a 1536-head pipettor (D) that dispenses template DNAs to be 
screened; a 48-head pipettor that dispenses PCR primer mixes, including 

polymerase: a plate sealer that heat-seals a plastic film on the top of the 
card to create separate reaction chambers: and a refrigerated storage 
station. The second station is a thermocycler (E) that uses three large 
waterbaths. Up to 96 sealed cards containing PCR reactions are placed in 
a chamber that travels over the water baths, which pump water at the 
appropriate denaturing, annealing, and extension temperature. The third 
station is a parallel "spotting" device that transfers PCR reactions from a 
card to a nylon filter affixed to the bottom of a second card. After the two 
cards are aligned, a bed of 1536 hypodermic needles (F) pierces a sealed 
card containing the reactions while a vacuum manifold draws the reaction 
mixtures down onto the membrane on the second. The filter cards are 
manually hybridized and subjected to a chemiluminescent detection proto­
col. Light signals are recorded with a cooled CCD camera. 
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could thus not be localized on the STS­
content map (42). These four STSs appear 
to be in regions of low YAC coverage, 
inasmuch as they hit one, one, one, and two 
YACs, respectively. The remaining 94 
STSs could all be localized on the STS 
content map [with 91 being doubly linked 
and three being singly linked to existing 
contigs anchored in the correct chromo­
somal region in the top-down map (43)]. 
The 100 loci detected an average of 6.5 
YACs. 

The map covers the vast majority of the 
human genome. We estimate that 99% of 
random STSs can be readily positioned on 
the RH map, and 94% can be positioned on 
the STS-content map relative to YAC 
clones. 

The physical map thus fills a major need 
in human genetics, providing a general 
method by which an investigator can map a 
locus in the human genome by screening 
readily available RH or YAC pools and com­
paring the resulting pattern with the map. 
To make this information easily accessible to 
the scientific community, we have written a 
"map server." The server reports the likely 
position of an STS given information about 

Fig. 3 (previous pages). Integrated map of human 
chromosome 14q. Long vertical lines represent 
the STS-content map (first and fourth lines, in 
black), genetic map (second line, in blue), and RH 
map (third line, in orange), in the same fashion as 
the diagram in Fig. 1 . All three maps are drawn to 
equal length. The four columns of STS names 
correspond to the four lines. For the STS-content 
map, intermarker distance is not known and loci 
are displayed as equally spaced. For genetic and 
RH maps, loci are indicated at positions spaced 
proportionally along the map according to the re­
spective metrics. Loci in common between two 
maps are connected by black lines. Loci belong­
ing to the RH framework map (in which the relative 
ordering is supported by lod > 2.5) are shown in 
bold type and with thicker connecting lines. Loci 
derived from expressed sequences are shown in 
purple. YACs are displayed as black rectangles, to 
the right of the STSs that were found to be con­
tained in the clone. YAC names are shown to the 
top right. Unfilled portions of YACs represent as­
says that were negative. Thin red lines in some 
YACs represent incomplete addresses that were 
resolved by virtue of overlap with addresses from 
a nearby locus. Gaps between contigs are shown 
as horizontal lines separating groups of YACs. 
Gaps that were likely to be undetected overlaps 
based on Alu-PCR hybridization or fingerprint in­
formation (see text) are shown in yellow; gaps for 
which there is no evidence of overlap are shown in 
gray. Vertical dotted gray bars indicate STSs with 
identical data for given mapping method. YACs 
detected by only a single STS were omitted from 
this display. These YAC addresses can be ob­
tained from the Whitehead Institute-MIT Center 
for Genome Research World Wide Web server at 
URL http:/ /www-genome.wi.mit.edu/. Figure rep­
resents slightly earlier version of the map, from the 
14,000-marker stage. 
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its YA Cs, RH pattern, and chromosomal 
assignment. The server is freely available via 
our World Wide Web site. 

Accuracy 

Although the long-range order of the map is 
reliable because of top-down anchoring, pre­
cise local orders must be regarded as only 
approximate. Local ordering depends on the 
position of loci with respect to individual 
breakpoints, that is, the ends of Y AC or RH 
fragments. The accuracy of such inference is 
limited by the presence of false positives and 
false negatives in our data, as well as by the 
presence of internal deletions in YACs. 
Whereas the long-range order tends to be 
over-determined in genomic maps, several 
alternative local orders may be reasonably 
compatible with the data. The "best" order 
may change with the alteration of a few data 
points. 

We used three approaches to evaluate 
the accuracy of the data and the map. 

1) Rescreening of loci on chromosome 
14. Chromosome 14 was divided into 16 
regions and regional YAC panels were de­
fined, consisting of all clones hit by one or 
more loci in the region. For each regional 
YAC panel, individual DNAs were pre­
pared from each clone. We tested 112 STSs 
against their corresponding panels to direct­
ly compare the results from high-through-

put screening of pools with the screening of 
individual clones. We found a false positive 
rate of 5.5% and a false negative rate of 
19.5% in our high-throughput screening 
data, both of which were consistent with 
our earlier indirect estimates. We construct­
ed a new STS map of the chromosome 
using these more complete data; the new 
map showed about six instances of local 
reorderings involving two to five loci. 

2) Comparison with an independently 
constructed map of chromosome 12. We 
compared our map with a recently reported 
map of this chromosome ( JO) containing 
enough loci in common to provide a mean­
ingful test. Of 171 loci in common, there 
were about a dozen instances of small local 
inversions involving two to three adjacent 
markers. A substantial difference in position 
was seen for only a single marker, 
AFM263WHI. Our map shows tight STS­
content linkage of this locus to genetic 
markers at 91 cM on the Genethon map, 
whereas the other map places it near genetic 
markers at 105 cM. In fact, the position on 
our map agrees well with the reported genet­
ic map location for this locus (at 93 cM), so 
we believe it to be correct. In any case, the 
two maps showed relatively few conflicts. 

3) Internal consistency checking. We 
looked for instances in which pairs of loci 
occurred in an order on the final STS map 
that was strongly disfavored by the RH or 

Table 3. Genetic and RH maps. Dashes indicate not applicable. 

Genetic map RH map 
Physical 

Chr. length 
No. of Length Genetic vs. Frame- Total RH RH vs. 

(Mb)* physical work map RH length Physical 
loci (cM) (cM/Mb) No. of loci map (cR)t (cR/Mb) 

1 248 461 293 1.2 107 559 743 3.0 
2 240 452 277 1.2 119 532 977 4.1 
3 202 353 233 1.2 95 475 801 4.0 
4 191 280 212 1.1 80 370 552 2.9 
5 183 312 198 1.1 60 339 508 2.8 
6 173 311 201 1.2 97 374 739 4.3 
7 161 272 184 1.1 63 360 591 3.7 
8 146 249 166 1.1 77 264 711 4.9 
9 137 189 166 1.2 75 260 440 3.2 

10 136 281 182 1.3 71 297 599 4.4 
11 136 273 156 1.1 66 302 515 3.8 
12 135 249 169 1.3 58 294 565 4.2 
13 92 164 117 1.3 46 169 309 3.3 
14 88 162 129 1.5 38 210 319 3.6 
15 84 145 110 1.3 41 185 342 4.1 
16 92 180 131 1.4 33 186 235 2.5 
17 87 186 129 1.5 34 156 347 4.0 
18 80 136 124 1.5 52 175 450 5.6 
19 63 121 110 1.7 21 107 221 3.5 
20 68 144 96 1.4 30 157 265 3.9 
21 37 61 60 1.6 15 61 151 4.1 
22 41 67 58 1.4 15 89 141 3.5 
X 155 216 198 1.3 46 272 521 3.4 
y 26 

Total 3,000 5,264 3,699 1.2 1,339 6,193 11,042 3.7 

'Physical lengths were calculated on the basis of a genome of 3000 Mb, with proportional lengths of chromosomes as 
reported (46). tT otal length of the RH framework map, omitting the large interval at the centromere. 
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whole), corresponding to 6.9-fold coverage 
of the genome. Some 78% of the STSs 
showed double-linkage to at least one other 
STS. 

The false positive rate was investigated by 
regrowing and testing individual YACs. Sev­
eral thousand addresses were tested, and 95% 
could be directly confirmed, with the re­
mainder constituting actual false positives, 
deletions during regrowth, or technical fail­
ures during retesting. The false positive rate 
is thus at most 5% of definite addresses, and 
the chance of any particular Y AC occurring 
as a false positive in a given screen is about 
1.5 X 10-s. False positive addresses thus will 
rarely create false links among STSs known 
to lie in the same genomic region. The false 
negative rate cannot be computed directly, 
but the fact that an average of 6.4 hits was 
seen in 8.4 genome equivalents suggests a 
rate of about 20%. False negatives pose a less 
serious problem than false positives ( which 
join incorrect genomic regions), but they 
can lead to incorrect local ordering of STSs. 
The false positive and negative rates were 
reinvestigated once the maps were con­
structed, as discussed below. 

Radiation hybrid mapping. STSs were 
screened against the GeneBridge 4 whole­
genome radiation hybrid panel, consisting 
of 91 human-on-hamster somatic hybrid 
cell lines. Each line retains about one-third 
of the human genome in fragments of about 
10 Mb in size. The GeneBridge 4 panel 
(Research Genetics, Huntsville, Alabama) 
was developed in the laboratory of P. Good­
fellow and distributed to the scientific com­
munity as a resource for the mapping of 
expressed sequences. As part of a separate 
project, the panel has been characterized for 
more than 500 well-spaced genetic markers 
to confirm that substantial linkage can be 
obtained across the genome (31). 

RH mapping was performed with essen­
tially the same protocol as for the Y AC 
screening: PCR reactions were set up either 
by the Genomatron (with each 1536-well 
microtiter card containing reactions for eight 
loci) or by the robotic workstation (by using 
192-well microtiter plates), spotted on mem­
branes, hybridized to a chemiluminescent 
probe, and detected by a CCD camera (32). 

Scoring results from RH panels requires 
considerable caution. Human chromosomal 
fragments are present at various molarities 
among the hybrid cell lines; thus, the ability 
to detect their presence may vary with the 
sensitivity of each PCR assay. As a result, 
STSs that are immediately adjacent in the 
genome could conceivably give somewhat 
different retention patterns, which would 
limit the ability to determine fine-structure 
order. To minimize discrepancies due to 
assays near the limit of detection, we per­
formed all assays in duplicate. Hybrids were 
scored if the two duplicates gave concor-
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dant positive or negative results but were 
recorded as "discrepant" if the duplicates 
were discordant. The mean discrepancy rate 
was 1.2%; loci with a discrepancy rate ex­
ceeding 4.5% were eliminated as unreliable. 

A total of 6469 STSs were successfully 
screened on the GeneBridge 4 RH panel. 
The overall retention rate of the panel was 
32% (or about 18% per haploid genome 
from the diploid donor cell). 

Genetic mapping. Genetic linkage infor­
mation was used from the recent Genethon 
linkage map of the human genome, contain­
ing 5264 polymorphic markers (24). Genet­
ic linkage information was not incorporated 
for the 1722 CHLC genetic markers studied. 

Chromosomal assignment. Before under­
taking map construction, we attempted to 
assign all loci to specific chromosomes by 
multiple, independent methods. Most STSs 
were screened against the NIGMS 1 poly­
chromosomal hybrid panel (33), resulting 
in unambiguous chromosomal assignment 
in about 75% of the cases (with the remain­
der having high background from the host 
genome or poor signal}. STSs defining ge­
netic markers typically had chromosomal 
assignments on the basis of linkage analysis. 
STSs were also assigned to chromosomes if 
they were tightly linked by RH screening or 
doubly linked by YAC screening to chro­
mosomally assigned loci (34 ). 

Some 96% of the loci could be chromo­
somally assigned, with the majority of these 
being assigned by at least two independent 
methods. Conflicting assignments were 
noted in a small proportion of cases (2%); 
these were subjected to intense scrutiny and 
resolved in the majority of cases (35). Loci 
that could not be reliably assigned to a 
chromosome were omitted from map con­
struction, to avoid problems associated with 
chimeric linkages. 

Personnel. The project was carried out 
during a period of 2.5 years by a team at 
Whitehead having an average of 16 people 
involved in mapping, three people in­
volved in sequencing, and five people in­
volved in data management and computa­
tional analysis. 

Map Construction 

Top-down maps. The genetic and RH maps 
are top-down maps, which provide a global 
framework and offer many tests of internal 
consistency. The first step in constructing an 
RH linkage map was to make high-quality 
"framework" maps across each chromosome. 
For this purpose, we included only loci with 
independent chromosomal assignments and 
with retention rates in the range of 10 to 
60% (unusually high or low retention rates 
can produce spurious linkage}. We wrote a 
computer package, RHMAPPER, that im­
plements RH mapping for hybrids construct-
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ed from diploid sources and incorporates 
probabilistic error detection and error cor­
rection (36). Using this program, we gener­
ated a framework map-that is, an ordered 
set of markers such that each consecutive 
pair was linked with a lad score > 10 (lod 
score is the logarithm of the likelihood ratio 
for linkage}, and the order was better than 
all local alternatives by a lod score > 2.5. 
The framework map included 1339 loci and 
provided complete connectivity across each 
chromosome arm with no gaps over 30 cen­
tiRays (cR) (cR is a measure of distance that 
is analogous to centimorgans but depends on 
the radiation dose). There were, however, 
large intervals across most centromeres (37), 
a phenomenon that has been previously seen 
for chromosome 11 (38). The total length of 
the map is 11,042 cR (omitting the centro­
meric intervals), corresponding to a fairly 
uniform average of about 300 kb/cR across 
most chromosomes. 

We then localized the remaining mark­
ers relative to the framework map. These 
loci could not be uniquely ordered, either 
because of close proximity to a framework 
marker (loci with identical retention pat­
terns cannot be ordered with respect to one 
another) or because of potentially errone­
ous typing results (that cause apparent 
"double-breaks" regardless of the interval in 
which the marker is placed). RHMAPPER 
allowed for the possibility of false positive 
and false negative typings and flagged prob­
able errors (about two-thirds of which were 
found to be real errors in cases that were 
subsequently retested). The nonframework 
markers were estimated by the computer 
analysis to have an average residual error 
rate of just less than 1 %. To reflect the 
uncertainty in order, each locus was as­
signed to the collection of intervals for 
which the lad score was within three of the 
optimal position. Loci were not included if 
they mapped more than 15 cR from a frame­
work marker ( that is, past the end of the 
map or in a large centromeric gap), because 
such positions could result from a high pro­
portion of errors. In all, 6193 of 6469 loci 
tested were placed in the RH map. 

Together, the two top-down maps con­
tained a total of 10,572 loci. The reliability 
of the maps can be assessed by studying the 
loci in common. For loci present in both 
the genetic map and the framework RH 
map, there were only four conflicts in order; 
the loci involved were separated by 1 cen­
timorgan (cM) in three cases and 3 cM in 
one case. The close agreement between the 
maps suggests that they correctly reflect the 
global order of loci in the genome. 

Bottom-up map. Using the STS-content 
data, we assembled doubly linked contigs 
and checked that they did not connect loci 
known to map in different chromosomal 
regions. We then noted information about 



single linkages among loci, which could 
provide connections between nearby dou­
bly linked contigs in the course of integrat­
ing the top-down and bottom-up maps. Of 
the 11,750 STSs successfully screened 
against the YAC library, 10,850 (92%) 
showed single linkage to other STSs on the 
same chromosome. The remaining 8% were 
not included in the STS-content map. 

Integrated map. We next sought to con­
struct an integrated map by combining the 
STS-content, RH, and genetic linkage in­
formation. Each chromosome was treated 
separately: Only loci that had been as­
signed to the chromosome were used. Pos­
sible orders for the loci were compared by 
means of a linear scoring function, with 
the following three components: (i) con­
tinuity of STS content, reflecting whether 
the loci were present in the same YA Cs; 
(ii) continuity of RH linkage, reflecting 
whether the loci were present in the same 
RH hybrids; and (iii) consistency with 
top-down maps, incorporating a modest 
penalty for each violation of the genetic 
order or RH framework order. The specific 
parameters were chosen on the basis of the 
expected chance of concordance and dis­
cordance for nearby loci, so that the over­
all scoring function approximated a loga­
rithm-likelihood for the order (39). The 
"optimal" order for the loci was found by 
combinatorial search through simulated 
annealing. Once the basic orders were es­
tablished, incomplete addresses were used 
to identify additional links between near­
by loci. The orders were then subjected to 
local optimization, manual inspection, 
and refinements where appropriate. 

Gap closure. Loci fell into contigs of con­
secutive STSs connected by YACs and sepa­
rated by gaps with no apparent YAC connec­
tion. Many of these apparent gaps arc likely to 
be undetected overlaps; theoretical consider­
ations would suggest that most gaps should 
actually be closed ( 17). We attempted to close 
these gaps by using non-STS-based informa­
tion from the recent CEPH physical mapping 
project (7), inferring YAC overlaps on the 
basis of fingerprint analysis and Alu-PCR hy­
bridization. Because the Alu-PCR hybridiza­
tion data have a high false positive rate, gaps 
were closed only when there were at least 
seven hybridization links between adjacent 
contigs. Such closures should usually be cor­
rect, because only 3% of pairs of distant con­
tigs meet this criterion. The data indicate 
overlap for about 50% of adjacent contigs. 
These gaps were declared tentatively closed, 
pending direct evaluation. 

Description of the Map 

The final map contains 15,086 loci, distrib­
uted across the 22 autosomes and two sex 
chromosomes (Tables 2, 3, and 4). The 

Table 2. Types of STSs. Chr., chromosome. 

Total Random 
Genes Genetic markers 

Other ESTs 
Chr. 

STSs STS* loci (obs/exp)t 
ESTs GenBank Genethon CHLC 

1 1,374 252 275 106 460 153 128 1.4 
2 1,275 307 181 67 452 146 122 0.8 
3 1,097 269 181 64 353 134 96 0.9 
4 919 210 112 45 281 121 150 0.7 
5 858 196 125 30 312 97 98 0.8 
6 858 181 114 39 312 108 104 0.8 
7 781 168 141 39 272 83 78 1.1 
8 739 183 104 35 248 104 65 0.7 
9 577 132 106 30 188 68 53 1.1 

10 719 154 131 26 281 60 67 1.1 
11 706 122 140 42 272 64 66 1.5 
12 707 132 104 64 250 91 66 1.0 
13 418 102 48 13 164 54 37 0.6 
14 489 106 95 27 163 53 45 1.2 
15 428 97 97 22 145 30 37 1.3 
16 435 87 79 18 180 32 39 1.2 
17 447 66 97 39 186 34 25 1.9 
18 403 91 46 18 136 64 48 0.7 
19 246 23 45 20 121 15 22 2.6 
20 386 84 68 26 144 32 32 1.1 
21 156 28 18 12 61 13 24 0.8 
22 274 19 38 17 67 12 122 2.6 
X 587 145 63 28 216 28 107 0.6 
Yt 207 0 0 0 0 0 207 

Total 15,086 3,154 2,408 827 5,264 1,595 1,838 1.0 

'Unbiased STSs, generated by sequencing from a random genomic library. 1'Ratio of observed (obs) number of 
ESTs divided by expected (exp) number, assuming that ESTs follow the same distribution as random STSs. ffrom 
our previously reported work (3). 

10,850 loci mapped on YACs fall into 653 
contigs connecting an average of 1 7 STSs 
each before gap closure and 377 contigs 
with an average of 29 STSs after gap clo­
sure. We examined the local density of 
YAC hits and contigs across the length of 
each chromosome. The results were rela­
tively similar across the genome, with the 
notable exception of the chromosomes 
lp36, 19, 22, and X. The map has less 
continuity in these regions, apparently be­
cause of systematic underrepresentation in 
the CEPH Mega-YAC library (see YAC 
density in Table 4 ), a problem that has been 
previously noted (7). Chromosome X is un­
derrepresented because the library was 
made from a male cell line. The autosomal 
deficits could reflect cloning biases of the 
yeast host, inasmuch as these are all regions 
of high GC content (40). 

The physical map contains a wealth of 
information, which is ill-suited for presen­
tation in traditional printed form. The com­
plete physical map-including the STS se­
quences, RH retention patterns, YAC ad­
dresses, and order of loci-would require 
more than 900 journal pages to display. A 
compressed view of chromosome 14 is 
shown in Fig. 3, to illustrate the general 
nature of the map. The complete data for 
the map can be freely accessed through a 
World Wide Web server at the Whitehead 
Institute (http://www-genome.wi.mit.edu/), 
which includes various tools for analysis. 
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Coverage 

We sought to determine how much of the 
human genome is covered by the physical 
map. For this purpose, we derived a new 
collection of random STSs-by sequencing 
random clones from an M13 library, select­
ing PCR primers, and retaining those loci 
that gave consistent amplification of a single 
fragment in control experiments. The first 
100 STSs produced in this fashion were then 
screened against the NIGMS 1 hybrid panel, 
the RH panel, and the Y AC library. Because 
the goal was to obtain an unbiased assess­
ment of coverage, special efforts were made 
to obtain complete data for each locus. 

RH data was obtained for all 100 STSs. (In 
six cases, it was necessary to resort to acryl­
amide gel electrophoresis of radioactively la­
beled products to circumvent problems posed 
by rodent background.) All 100 loci could be 
positioned on the RH map with a lod 2=8, on 
the correct chromosome as determined by the 
polychromosomal hybrid panel ( 41 ). The RH 
map thus appears to cover the vast majority of 
the human genome. 

Y AC screening data was also obtained for 
all 100 STSs. Two STSs detected no YACs 
in the library, consistent 'with previous ob­
servations that about 2% of DNA sequences 
appear to be absent from the CEPH Mega­
Y AC library (7). Four STSs detected YAC 
hits, but none with links to another STS in 
the correct chromosomal region; these loci 
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COVER 

Artist's conception of supercooled atoms in an exotic 
phase of matter called the Bose-Einstein condensate, 
which is Molecule of the Year for 1995. Each of the 
atoms in the condensate (in blue) has the same quan­
tum mechanical wave function, and so they all move as 

one. Atoms outside the condensate move faster and in 
all directions. See Editorial on page 1901 and Mol­
ecule of the Year section beginning on page 1902. 
[Illustration: Steve Keller] 
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A physical map has been constructed of the human genome containing 15,086 sequence­
tagged sites (STSs), with an average spacing of 199 kilobases. The project involved 
assembly of a radiation hybrid map of the human genome containing 6193 loci and 
incorporated a genetic linkage map of the human genome containing 5264 loci. This 
information was combined with the results of STS-content screening of 10,850 loci against 
a yeast artificial chromosome library to produce an integrated map, anchored by the 
radiation hybrid and genetic maps. The map provides radiation hybrid coverage of 99 
percent and physical coverage of 94 percent of the human genome. The map also 
represents an early step in an international project to generate a transcript map of the 
human genome, with more than 3235 expressed sequences localized. The STSs in the 
map provide a scaffold for initiating large-scale sequencing of the human genome. 

A physical map affording ready access to 
all chromosomal regions is an essential pre­
requisite for the international effort to se­
quence the entire human genome. In the 
shorter term, it is also a key tool for posi­
tional cloning of disease genes and for stud­
ies of genome organization. Physical maps 
have evolved over the past decade from 
their initial conception as a set of overlap­
ping clones ( 1) to the more recent idea of a 
well-spaced collection of unique landmarks 
called sequence-tagged sites (STSs), each 
defined by a polymerase chain reaction 
(PCR) assay (2-4). The U.S. Human Ge­
nome Project, for example, has set a target 
of a physical map consisting of 30,000 STSs 
spaced at intervals of about 100 kb (5). 

By focusing on STS landmarks, genome 
researchers sought to insure against the in­
evitable problems inherent in any given 

clone library (2). The wisdom of this ap­
proach was borne out as it emerged that 
yeast artificial chromosomes (YACs), the 
best clones for covering large distances, suf­
fer from high rates of chimerism and rear­
rangement and thus are unsuitable for 
genomic sequencing (6, 7). STS-based 
maps sidestep this problem by having a 
sufficiently high density of landmarks that 
one can rapidly regenerate physical cover­
age of any region by PCR-based screening 
of clones appropriate for sequencing-such 
as cosmids, bacterial artificial chromo­
somes, and Pl-artificial chromosomes (8). 

STS-based physical maps with extensive 
long-range continuity have been construct­
ed for only a handful of human chromo­
somes: 3, 12, 16, 21, 22, and Y (3, 4, 9, JO). 
These combined maps cover just less than 
20% of the genome with about 1600 STSs, 
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and the average spacing on most of these 
chromosomes is about 250 kb. Projects are 
also underway for a few additional chromo­
somes ( 11 ). An international collaboration 
among the Centre d'Etude du Polymor­
phisme Humain (CEPH), Genethon, and 
Whitehead genome centers has also pro­
duced a clone-based physical map estimated 
to cover up to 75% of the genome in over­
lapping YAC clones (7). The map is clone­
based, rather than STS-based, because it 
was primarily assembled by detecting phys­
ical overlaps among the clones themselves 
(by means of cross-hybridization and finger­
printing methods), with only a sparse set of 
STS landmarks used as anchors (786 loci 
fully screened and 1815 loci partially 
screened on YACs). The map is quite valu­
able for positional cloning projects, but it 
does not provide a scaffold for sequencing 
the human genome: The YAC clones them­
selves are not suitable for sequencing, and 
the STS coverage is too sparse to regenerate 
substantial physical coverage. 

Here, we report the construction of an 
STS-based physical map of the human ge­
nome containing more than 15,000 loci, 
with an average spacing of 199 kb. The map 
covers the vast majority of the human ge­
nome and provides a scaffold for initiating 
large-scale sequencing. 

Basic Strategy 

We used three mapping methods to gain ..... 
information about the proximity of STS 
loci within the human genome. 

1) STS-content mapping. Y AC librar­
ies are screened by PCR to identify all 
clones containing a given locus (J 2). 
Nearby loci tend to be present in many of 
the same clones, allowing proximity to be 
inferred. STS-content linkage can be de­
tected over distances of about 1 Mb, given 
the average insert size of the Y AC library 
used here. 

2) Radiation hybrid (RH) mapping. Hy­
brid cell lines, each containing many large 
chromosomal fragments produced by radia-

1945 

the relevant region on a high-resolution RH 
panel in parallel with screening them on the 
BAC library. As a simple test, we scored the 
STSs from a 3-Mb region on chromosome 6 
on the G3 RH panel and were able to readily 
infer the fine-structure order of nearly all the 
loci with high confidence (45). 

The use of STS-based maps as a scaffold 
for large-scale sequencing has several advan­
tages: It can be initiated now with the existing 
STS-based map; it automatically anchors se­
quences in the genome; it does not require 
chromosome-specific libraries, which involve 
specialized preparation procedures and often 
have cryptic biases; it allows improved librar­
ies to be substituted as they become available; 
and it promotes decentralization by allowing 
sequencing efforts to focus on regions of any 
given size, in contrast to entire chromosomes. 

In summary, the physical map must still 
be refined but is already adequate to allow 
initiation of the international project to 
sequence the entire human genome-a 
landmark effort that will set the stage for 
the biology of the next century. 
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genetic maps. By measuring the frequency 
of such occurrences as a function of the 
distance between the loci in the STS map, 
we estimated that about 0.5% of the loci 
may be significantly misplaced in the maps. 

In summary, the local order in the map 
must be regarded as uncertain. There will 
surely be many errors requiring attention and 
correction. The effective resolution of the 
map is certainly lower than the average spac­
ing between loci and may be about 1 Mb. To 
improve the local accuracy of the maps, in­
vestigators interested in particular regions 
would be well advised to retest the STSs 
against an RH panel with higher resolution 
[such as the 03 panel developed by D. Cox 
and R. Myers, in which the fragments are 
about 1/10 those in the GeneBridge 4 panel] 
and against regional Y AC panels, as described 
above. In this fashion, the map provides the 
tools for its own refinement. 

Finally, we note that direct comparison of 
our STS-based map with the recently report­
ed YAC-based map (7) is difficult, because 
of the very different natures of the maps. For 
example, it is not meaningful to compare the 
STS orders in the two maps: The YAC­
based map almost exclusively involved ge­
netic markers and provided no independent 
information about locus order, but instead 

Table 4. STS-content mapping of YACs. 

STS- STS 

Chr. 
content spacing No. of 
mapped (kb/ YACs* 

simply adopted the genetic order. It is also 
problematic to compare the specific Y ACs 
identified, because the Y AC-based map in­
volved only partial screening of most STSs 
and did not fully distinguish clones actually 
belonging to paths through a region from 
those representing false positive hybridiza­
tion. At the grossest level, it is possible to 
compare the coverage of the maps: The cur­
rent map appears to cover about 95% of the 
genome ( the precise amount depends on the 
type of mapping information used), whereas 
the other map was reported to cover about 
75%. More detailed comparison would be 
worthwhile, as it would likely lead to im­
provements in both maps. 

Distribution of Genes 

The map also sheds light on the organiza­
tion of the human genome. By comparing 
the chromosomal distribution of the ex­
pressed sequences to the chromosomal dis­
tribution of the random single-copy se­
quences (both determined in the same man­
ner), one can draw inferences about the 
density of genes on different chromosomes. 
We compared the observed number on each 
chromosome to the expected number, as­
suming that expressed sequences have the 

Contigs 
YAC STSs 

Before After Avg. 
hits per 
per con-

gap gap size loci STS) 
closuret closuret (Mb)§ STSII tig9[ 

1 1,048 237 1,393 49 34 7.3 6.7 30.8 
2 933 258 1,469 56 20 12.0 7.3 46.7 
3 791 255 1,192 46 30 6.7 7.5 26.4 
4 718 267 1,272 42 11 17.4 8.2 65.3 
5 651 281 1,163 35 19 9.6 7.9 34.3 
6 641 269 1,091 40 24 7.2 7.8 26.7 
7 559 288 942 39 13 12.4 7.8 43.0 
8 552 265 945 23 11 13.3 8.0 50.2 
9 394 347 675 28 12 11.4 8.0 32.8 

10 519 262 750 36 26 5.2 6.8 20.0 
11 490 277 696 23 14 9.7 7.2 35.0 
12 509 265 842 29 16 8.4 7.4 31.8 
13 300 308 556 12 5 18.5 8.0 60.0 
14 352 249 593 9 6 14.6 8.0 58.7 
15 301 279 439 16 10 8.4 7.0 30.1 
16 255 362 308 26 16 5.8 6.0 15.9 
17 267 325 330 27 17 5.1 5.8 15.7 
18 315 254 478 16 8 10.0 7.6 39.4 
19 79 800 76 17 15 4.2 4.7 5.3 
20 266 255 328 15 10 6.8 6.6 26.6 
21 113 325 182 4 2 18.4 8.0 56.5 
22 182 223 134 11 11 3.7 5.4 16.5 
X 408 379 406 53 46 3.4 4.7 8.9 

Y# 207 128 234 1 1 26.4 4.1 207.0 
Total 10,850 276 16,494 653 377 8.0 7.3 28.8 

"Number of YACs hit by at least two STSs on the chromosome. YACs hit by only one STSs are omitted. tNumber 
of contigs based only on STS-content data. tNumber of contigs after gap closure by Alu-PCR hybridization and 
fingerprint data. §Average contig size estimated by assuming that 94% of the chromosome length is covered and 
dividing by the number of contigs. lllncludes all Y AC hits in the library screen (not limited to YACs having multiple STS 
hits on the chromosome) and thus reflects coverage by the library. 9[Reflects contigs after gap closure. .,From 
our previously reported work (3). 
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same distribution as random STSs (Table 2). 
Chromosomes I, II, 17, 19, and 22 showed 
a statistically significant excess of expressed 
sequences (P = 0.001 after correction for 
multiple testing). Chromosomes 17, 19, and 
22, which showed the greatest excess, have 
been previously suggested to have a high 
density of genes on the basis of indirect 
evidence (40). Chromosome X was the only 
chromosome to show a statistically signifi­
cant deficit of expressed sequences-only 
about half as many as expected. This would 
suggest that there is a low gene density on 
this sex chromosome, although alternative 
explanations are possible (44). We also an­
alyzed the raw data from two recent papers 
reporting chromosomal assignment of ex­
pressed sequence tags (ESTs) (21, 22) and 
found a similar deficit of X-linked loci. 

A Scaffold for Sequencing 
the Genome 

As genetic and physical maps approach 
their intended goals, attention is turning to 
the challenge of sequencing the entire hu­
man genome. A key issue is how to obtain 
the required sequence-ready clones. STS­
based maps provide a general solution by 
making it possible to generate extensive 
physical coverage of a region by screening a 
single high-quality human genomic library. 

One could, for example, proceed as fol­
lows: Screen the STSs in a region against a 
bacterial artificial chromosome (BAC) li­
brary having 150-kb inserts and IO-fold cov­
erage, use a simple fingerprinting scheme to 
detect overlaps among adjacent clones, and 
select a minimally overlapping set for se­
quencing. Given a physical map containing 
30,000 ordered STSs, one would screen 
about 100 STSs and fingerprint about 520 
BACs to cover a IO-Mb region; this task 
could be readily accomplished in a few days 
with modest automation and would not con­
tribute significantly to the cost of sequenc­
ing. The resulting BACs would be expected 
to cover about 95% of the region in ordered 
sequence contigs (J 7). The region could 
then be closed by straightforward walking­
that is, serially screening the BAC library 
with STSs derived from sequences at the 
ends of each contig. 

The current map falls short in terms of 
marker density and local order, but neither 
shortcoming poses a serious obstacle for ini­
tiating large-scale sequencing now. With the 
15,000 STSs currently available, one should 
cover about 75% by direct screening, 90% by 
one round of walking, and more than 95% 
with two rounds ( 17). The desired map with 
30,000 STSs will likely be available within 
the next 2 years, through current projects 
underway at several centers including our 
own. Uncertainties about locus order can be 
overcome simply by scoring the STSs from 
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tion breakage, are screened by PCR to iden­
tify those hybrids that have retained a given 
locus (13). Nearby loci tend to show similar 
retention patterns, allowing proximity to be 
inferred. RH linkage can be detected for 
distances of about 10 Mb, given the average 
fragment size of the RH panel used here. 

3) Genetic mapping. A locus that is 
polymorphic in the human population can 
be screened by PCR to determine its inher­
itance patterns in families (14, 15). Nearby 
loci tend to show similar inheritance pat­
terns, allowing proximity to be inferred. Ge­
netic linkage can be reliably detected over 
distances of about 30 Mb, given the recom­
bination rate of human chromosomes (16). 

These three methods were used to pro­
duce independent maps and then com­
bined to produce an integrated map. Be­
cause RH mapping and genetic mapping 
can detect linkage over large regions (0.3 
to I% of the genome), comprehensive RH 
and genetic maps spanning all chromo­
somes can be assembled with a few thou­
sand loci. The order of loci can be inferred 
from the extent of correlation in the re­
tention or inheritance patterns, although 
estimates of fine-structure order are not 
precise. These methods can thus provide 
"top-down" information about global po­
sition in the genome. 

In contrast, STS-content mapping pro­
vides "bottom-up" information. It reveals 
tight physical linkage among loci but is 
useful only over short distances and does 
not provide extensive long-range connec­
tivity across chromosomes (17). Two STSs 
are said to be singly linked if they share at 
least one YAC in common and doubly 
linked if they share at least two YA Cs ( 17). 
Single linkage is an inadequate criterion for 
declaring adjacency of STSs, because of the 
high rate of YAC chimerism (about 50%) 
and the possibility of laboratory error. Dou­
ble linkage, however, turns out to be a 
reliable indication, because two genomic 
regions are unlikely to be juxtaposed in 
multiple independent YACs. Accordingly, 
a three-step procedure was used. (i) STSs 
were assembled into doubly linked contigs 
(groups of STSs connected by double link­
age). (ii) The doubly linked contigs were 
localized within the genome on the basis of 
RH and genetic map information about loci 
in the contig. (iii) Single linkage was then 
used to join contigs localized to the same 
small genomic region. The overall strategy 
is illustrated in Fig. I. We now describe the 
data generation, map construction, and 
map analysis in greater detail. 

Data Generation 

Marker development. Over the course of the 
project, we tested 20,795 distinct PCR as­
says. These candidate STSs were initially 
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characterized to see whether they were like­
ly to detect a unique genomic locus ( 18) 
and whether they consistently yielded cor­
rect results on control samples under uni­
form production conditions. A total of 
16,239 STSs met these stringent criteria 
and were used for mapping. The STSs fell 
into one of the following four categories. 

I) Random loci. We generated 302 7 
working STSs by sequencing random hu­
man genomic clones and discarding those 
that appeared to contain repetitive se­
quences (19). 

2) Expressed sequences. We developed 
921 STSs from complete complementary 
DNA (cDNA) sequences in GenBank, tak­
en from the Unigene collection (20). An­
other 3349 STSs were developed from ex­
pressed sequence tags (ESTs). Of these, 
71% came from the dbEST database (21), 
13% from the laboratory of Jim Sikela, 9% 
from the Institute for Genomic Research, 
and 7% from various other sources (22). We 
found that the success rate for STSs derived 
from the last 200 base pairs (bp) of 3'­
untranslated regions (UTRs) of cDNAs was 
similar to that for STSs derived from ran­
dom genomic DNA, consistent with the 
idea that introns rarely occur near the ends 
of 3'-UTRs (23). The results indicate that 
PCR assays can be readily derived for the 
vast majority of cDNAs. 

3) Genetic markers. A total of 6986 loci 
were used, consisting of 5264 polymorphic 
loci developed at Genethon (primarily CA 
repeats) (24) and 1722 loci developed by 
the Cooperative Human Linkage Center 
(CHLC) (primarily tri- and tetranucleotide 
repeats) (15). 

4) Other loci. A total of 1956 STSs were 
developed from various sources. These in­
cluded 1091 CA-repeat loci developed at 
Genethon that were not sufficiently poly­
morphic to be useful for genetic mapping, as 
well as 865 loci from chromosome 22-spe­
cific and chromosome Y-specific libraries 
and gifts from otherlaboratories (3, 25, 26). 

1-

A total of 15,086 STSs appear in the 
final maps. The number of markers of each 
type appearing in the final STS-content, 
RH, and genetic maps is shown in Table 1. 

STS-content mapping: Methodology. STSs 
were screened against 25,344 clones from 
plates 709 to 972 of the CEPH mega-YAC 
library (7), estimated to have an average 
insert size of 1001 kb and to provide roughly 
8.4-fold coverage of the genome. To facili­
tate screening, we used a hierarchical pool­
ing system. The library was divided into 33 
"blocks," each corresponding to eight mi­
crotiter plates or roughly 0.25 genome 
equivalent. For each block, we prepared one 
"superpool" containing DNA from all the 
clones and 28 "subpools" by using a three­
dimensional pooling system based on the 
row, plate, and column address of each 
clone. Specifically, there were 8, 8, and 12 
subpools consisting of YACs in the same 
plate, row, and column, respectively. There 
was thus a total of 957 super- and subpools. 

For blocks with a single positive Y AC, 
the row, column, and plate subpools should 
specify the precise address of the Y AC 
("definite addresses"). If a block contained 
two or more positive YACs or if one of the 
three subpool dimensions did not yield a 
positive, partial information was obtained 
("incomplete addresses") (27). Such in­
complete addresses could consist of up to 12 
possible addresses (for example, in the case 
that a column address was missing). Incom­
plete addresses were not used in initial map 
assembly but were used at the final stages to 
detect connections between nearby loci. 
Definite addresses composed 88% of the 
total hits. 

Half of the markers were screened by a 
two-level procedure, in which we first iden­
tified the positive superpools and then test­
ed only the corresponding subpools. The 
other half were screened by a one-level 
procedure, bypassing the superpools and di­
rectly screening all subpools. Although the 
latter procedure involves more reactions, 

STSs 

Genetic map 

RH map 

STSs 

YACs 

k;sssssssssst · · •lssssssssssssssS tssssssssssssss◄ ..... kssssssss◄ Contigs 

Fig. 1. Schematic diagram of the STS-based map. STSs are shown as circles on the first and fourth line. 
Loci that are genetically mapped or RH mapped are connected to the appropriate position on these 
maps, with connections between these maps in the cases of loci present in both maps. YACs containing 
STSs are shown below. The STSs fall into two singly linked contigs (stippled rectangles) and four doubly 
linked contigs (striped rectangles). Single linkage is not reliable for connecting arbitrary doubly linked 
contigs, but it is reliable in the case of anchored doubly linked contigs known to be adjacent on the 
genetic or RH map, as in the figure. 
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each locus is treated in an identical manner, 
which offers advantages for automation. In 
both procedures, we identified the positive 
pools by spotting the PCR reactions on 
membranes, hybridizing them to a chemilu­
minescent probe specific for each STS, cap­
turing the resulting signal directly by a 
charge-coupled device (CCD) camera, and 
up-loading the results into our database 
(28); this approach proved to be much more 
efficient than the traditional detection pro­
cedure of gel electrophoresis. 

Because the project involved processing 
more than 15 million reactions, laboratory 
automation was essential. We collaborated 
with an engineering firm, Intelligent Auto-

Table 1. Overview of mapped STSs. 

STSs on final map 

STS-content map 
RH map 
Genetic map 
Intersection of 

STS-content and RH maps 
STS-content and genetic maps 
RH and genetic maps 
All three maps 

Total loci 

No. of loci 

10,850 
6,193 
5,264 

4,036 
3,106 

887 
807 

15,086 

mation Systems, Incorporated, (]AS) of 
Cambridge, Massachusetts, to design and 
build various special-purpose machines to 
accelerate STS-based mapping. 

The two-level screening procedure was 
carried out with a large robotic liquid-pipet­
ting workstation and two custom-designed 
thermocyclers (Fig. 2). A laboratory infor­
mation management system used the super­
pool results to automatically program the 
robotic workstation to set up the appropriate 
subpool screens. The system has a maximal 
throughput of 6144 PCR reactions per run. 

The one-level screening procedure was 
made feasible by the development of a mas­
sively parallel factory-style automation sys­
tem nicknamed the Genomatrun (Fig. 2). 
The Genomatron was also developed in col­
laboration with !AS and consists of three 
stations. The first station assembles PCR 
reactions in custom-fabricated 1536-well mi­
crotiter "cards" and seals the wells by weld­
ing a thin plastic film across the card. The 
second station thermocycles the reactions by 
transporting the cards over three chambers 
that force temperature-controlled water to 
flow uniformly between the cards. The third 
station transfers the reactions from one mi­
crotiter card onto a hybridization membrane 

affixed to the bottom of a second microtiter 
card by piercing the first card with a bed of 
1536 hypodermic needles and sucking the 
reactions downward with a vacuum plenum. 
These "filter cards" were then manually hy­
bridized with a chemiluminescent probe and 
read by the CCD camera. The stations were 
computer controlled, and the microtiter 
cards were assigned a bar code to facilitate 
sample tracking. Each station was designed 
to process 96 microtiter cards, providing a 
throughput of nearly 150,000 reactions per 
run. 

STS-content mapping: Results. A total of 
11,750 STSs yielded from 1 to 15 definite 
YAC addresses and were considered suc­
cessfully screened (29); typical loci yielded 
approximately one additional incomplete 
address. STSs having more than 15 definite 
hits were excluded as likely to detect mul­
tiple genomic loci (30). 

The successfully screened loci produced 
an average of 6.4 YACs per STS, consider­
ing only definite addresses. A total of 
18,879 YACs were hit by at least one STS. 
For these YA Cs, the average hit rate was 
3.8 STSs per Y AC. The average size of the 
YACs hit by the STSs was about 1.1 Mb 
( -10% greater than for the library as a 

Fig. 2. The first automated system developed for the project was (A) a 
robotic station to set up PCR reactions and (B) custom-built "waffle iron" 
thermocyclers accomodating 16 192-well microtiter plates; the system has 
a capacity of 6144 PCR reactions per run. The second automated system 
was the Genomatron, which consists of three robotic stations. PCR reac­
tions are set up in 1536-well microtiter cards (consisting of 15 cm by 24 cm 
injection molded plastic cards with 1536 holes, to the bottom of which a 
plastic film is heat-sealed to create wells). The first station (C) assembles the 
PCR reactions. Each run can process up to 96 cards per run, providing a 
capacity of nearly 150,000 wells. Cards are dispensed by a coining mech­
anism and travel along a conveyor belt to substations containing a bar code 
reader; a 1536-head pipettor (D) that dispenses template DNAs to be 
screened; a 48-head pipettor that dispenses PCR primer mixes, including 

polymerase; a plate sealer that heat-seals a plastic film on the top of the 
card to create separate reaction chambers; and a refrigerated storage 
station. The second station is a thermocycler (E) that uses three large 
waterbaths. Up to 96 sealed cards containing PCR reactions are placed in 
a chamber that travels over the water baths, which pump water at the 
appropriate denaturing, annealing, and extension temperature. The third 
station is a parallel "spotting" device that transfers PCR reactions from a 
card to a nylon filter affixed to the bottom of a second card. After the two 
cards are aligned, a bed of 1536 hypodermic needles (F) pierces a sealed 
card containing the reactions while a vacuum manifold draws the reaction 
mixtures down onto the membrane on the second. The filter cards are 
manually hybridized and subjected to a chemiluminescent detection proto­
col. Light signals are recorded with a cooled CCD camera. 
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could thus not be localized on the STS­
content map (42). These four STSs appear 
to be in regions of low YAC coverage, 
inasmuch as they hit one, one, one, and two 
YACs, respectively. The remaining 94 
STSs could all be localized on the STS 
content map [with 91 being doubly linked 
and three being singly linked to existing 
contigs anchored in the correct chromo­
somal region in the top-down map (43)]. 
The 100 loci detected an average of 6.5 
YACs. 

The map covers the vast majority of the 
human genome. We estimate that 99% of 
random STSs can be readily positioned on 
the RH map, and 94% can be positioned on 
the STS-content map relative to YAC 
clones. 

The physical map thus fills a major need 
in human genetics, providing a general 
method by which an investigator can map a 
locus in the human genome by screening 
readily available RH or Y AC pools and com­
paring the resulting pattern with the map. 
To make this information easily accessible to 
the scientific community, we have written a 
"map server." The server reports the likely 
position of an STS given information about 

Fig. 3 (previous pages). Integrated map of human 
chromosome 14q. Long vertical lines represent 
the STS-content map (first and fourth lines, in 
black), genetic map (second line, in blue), and RH 
map (third line, in orange), in the same fashion as 
the diagram in Fig. 1 . All three maps are drawn to 
equal length. The four columns of STS names 
correspond to the four lines. For the STS-content 
map, intermarker distance is not known and loci 
are displayed as equally spaced. For genetic and 
RH maps, loci are indicated at positions spaced 
proportionally along the map according to the re­
spective metrics. Loci in common between two 
maps are connected by black lines. Loci belong­
ing to the RH framework map (in which the relative 
ordering is supported by lad > 2.5) are shown in 
bold type and with thicker connecting lines. Loci 
derived from expressed sequences are shown in 
purple. YACs are displayed as black rectangles, to 
the right of the STSs that were found to be con­
tained in the clone. YAC names are shown to the 
top right. Unfilled portions of YACs represent as­
says that were negative. Thin red lines in some 
YACs represent incomplete addresses that were 
resolved by virtue of overlap with addresses from 
a nearby locus. Gaps between contigs are shown 
as horizontal lines separating groups of Y ACs. 
Gaps that were likely to be undetected overlaps 
based on Alu-PCR hybridization or fingerprint in­
formation (see text) are shown in yellow; gaps for 
which there is no evidence of overlap are shown in 
gray. Vertical dotted gray bars indicate STSs with 
identical data for given mapping method. YACs 
detected by only a single STS were omitted from 
this display. These YAC addresses can be ob­
tained from the Whitehead Institute-MIT Center 
for Genome Research World Wide Web server at 
URL http://www-genome.wi.mit.edu/. Figure rep­
resents slightly earlier version of the map, from the 
14,000-marker stage. 
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its YACs, RH pattern, and chromosomal 
assignment. The server is freely available via 
our World Wide Web site. 

Accuracy 

Although the long-range order of the map is 
reliable because of top-down anchoring, pre­
cise local orders must be regarded as only 
approximate. Local ordering depends on the 
position of loci with respect to individual 
breakpoints, that is, the ends of Y AC or RH 
fragments. The accuracy of such inference is 
limited by the presence of false positives and 
false negatives in our data, as well as by the 
presence of internal deletions in YACs. 
Whereas the long-range order tends to be 
over-determined in genomic maps, several 
alternative local orders may be reasonably 
compatible with the data. The "best" order 
may change with the alteration of a few data 
points. 

We used three approaches to evaluate 
the accuracy of the data and the map. 

1) Rescreening of loci on chromosome 
14. Chromosome 14 was divided into 16 
regions and regional YAC panels were de­
fined, consisting of all clones hit by one or 
more loci in the region. For each regional 
Y AC panel, individual DNAs were pre­
pared from each clone. We tested 112 STSs 
against their corresponding panels to direct­
ly compare the results from high-through-

put screening of pools with the screening of 
individual clones. We found a false positive 
rate of 5.5% and a false negative rate of 
19.5% in our high-throughput screening 
data, both of which were consistent with 
our earlier indirect estimates. We construct­
ed a new STS map of the chromosome 
using these more complete data; the new 
map showed about six instances of local 
reorderings involving two to five loci. 

2) Comparison with an independently 
constructed map of chromosome 12. We 
compared our map with a recently reported 
map of this chromosome (IO) containing 
enough loci in common to provide a mean­
ingful test. Of 171 loci in common, there 
were about a dozen instances of small local 
inversions involving two to three adjacent 
markers. A substantial difference in position 
was seen for only a single marker, 
AFM263WH1. Our map shows tight STS­
content linkage of this locus to genetic 
markers at 91 cM on the Genethon map, 
whereas the other map places it near genetic 
markers at 105 cM. In fact, the position on 
our map agrees well with the reported genet­
ic map location for this locus (at 93 cM), so 
we believe it to be correct. In any case, the 
two maps showed relatively few conflicts. 

3) Internal consistency checking. We 
looked for instances in which pairs of loci 
occurred in an order on the final STS map 
that was strongly disfavored by the RH or 

Table 3. Genetic and RH maps. Dashes indicate not applicable. 

Genetic map RH map 
Physical 

Chr. length No. of Length Genetic vs. Frame- Total RH RH vs. 
(Mb)* physical work map RH length Physical 

loci (cM) (cM/Mb) No. of loci map (cR)t (cR/Mb) 

1 248 461 293 1.2 107 559 743 3.0 
2 240 452 277 1.2 119 532 977 4.1 
3 202 353 233 1.2 95 475 801 4.0 
4 191 280 212 1.1 80 370 552 2.9 
5 183 312 198 1.1 60 339 508 2.8 
6 173 311 201 1.2 97 374 739 4.3 
7 161 272 184 1.1 63 360 591 3.7 
8 146 249 166 1.1 77 264 711 4.9 
9 137 189 166 1.2 75 260 440 3.2 

10 136 281 182 1.3 71 297 599 4.4 
11 136 273 156 1.1 66 302 515 3.8 
12 135 249 169 1.3 58 294 565 4.2 
13 92 164 117 1.3 46 169 309 3.3 
14 88 162 129 1.5 38 210 319 3.6 
15 84 145 110 1.3 41 185 342 4.1 
16 92 180 131 1.4 33 186 235 2.5 
17 87 186 129 1.5 34 156 347 4.0 
18 80 136 124 1.5 52 175 450 5.6 
19 63 121 110 1.7 21 107 221 3.5 
20 68 144 96 1.4 30 157 265 3.9 
21 37 61 60 1.6 15 61 151 4.1 
22 41 67 58 1.4 15 89 141 3.5 
X 155 216 198 1.3 46 272 521 3.4 
y 26 

Total 3,000 5,264 3,699 1.2 1,339 6,193 11,042 3.7 

·Physical lengths were calculated on the basis of a genome of 3000 Mb, with proportional lengths of chromosomes as 
reported (46). tTotal length of the RH framework map, omitting the large interval at the centromere. 
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whole), corresponding to 6.9-fold coverage 
of the genome. Some 78% of the STSs 
showed double-linkage to at least one other 
STS. 

The false positive rate was investigated by 
regrowing and testing individual YA Cs. Sev­
eral thousand addresses were tested, and 95% 
could be directly confirmed, with the re­
mainder constituting actual false positives, 
deletions during regrowth, or technical fail­
ures during retesting. The false positive rate 
is thus at most 5% of definite addresses, and 
the chance of any particular YAC occurring 
as a false positive in a given screen is about 
1.5 X 10- 5

, False positive addresses thus will 
rarely create false links among STSs known 
to lie in the same genomic region. The false 
negative rate cannot be computed directly, 
but the fact that an average of 6.4 hits was 
seen in 8.4 genome equivalents suggests a 
rate of about 20%. False negatives pose a less 
serious problem than false positives (which 
join incorrect genomic regions), but they 
can lead to incorrect local ordering of STSs. 
The false positive and negative rates were 
reinvestigated once the maps were con­
structed, as discussed below. 

Radiation hybrid mapping. STSs were 
screened against the GeneBridge 4 whole­
genome radiation hybrid panel, consisting 
of 91 human-on,hamster somatic hybrid 
cell lines. Each line retains about one-third 
of the human genome in fragments of about 
10 Mb in size. The GeneBridge 4 panel 
(Research Genetics, Huntsville, Alabama) 
was developed in the laboratory of P. Good­
fellow and distributed to the scientific com­
munity as a resource for the mapping of 
expressed sequences. As part of a separate 
project, the panel has been characterized for 
more than 500 well-spaced genetic markers 
to confirm that substantial linkage can be 
obtained across the genome (3 I). 

RH mapping was performed with essen­
tially the same protocol as for the YAC 
screening: PCR reactions were set up either 
by the Genomatron (with each 1536-well 
microtiter card containing reactions for eight 
loci) or by the robotic workstation (by using 
192-well microtiter plates), spotted on mem­
branes, hybridized to a chemiluminescent 
probe, and detected by a CCD camera (32). 

Scoring results from RH panels requires 
considerable caution. Human chromosomal 
fragments are present at various molarities 
among the hybrid cell lines; thus, the ability 
to detect their presence may vary with the 
sensitivity of each PCR assay. As a result, 
STSs that are immediately adjacent in the 
genome could conceivably give somewhat 
different retention patterns, which would 
limit the ability to determine fine-structure 
order. To minimize discrepancies due to 
assays near the limit of detection, we per­
formed all assays in duplicate. Hybrids were 
scored if the two duplicates gave concor-
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dant positive or negative results but were 
recorded as "discrepant" if the duplicates 
were discordant. The mean discrepancy rate 
was 1.2%; loci with a discrepancy rate ex­
ceeding 4.5% were eliminated as unreliable. 

A total of 6469 STSs were successfully 
screened on the GeneBridge 4 RH panel. 
The overall retention rate of the panel was 
32% (or about 18% per haploid genome 
from the diploid donor cell). 

Genetic mapping. Genetic linkage infor­
mation was used from the recent Genethon 
linkage map of the human genome, contain­
ing 5264 polymorphic markers (24). Genet­
ic linkage information was not incorporated 
for the 1722 CHLC genetic markers studied. 

Chromosomal assignment. Before under­
taking map construction, we attempted to 
assign all loci to specific chromosomes by 
multiple, independent methods. Most STSs 
were screened against the NIGMS 1 poly­
chromosomal hybrid panel (33), resulting 
in unambiguous chromosomal assignment 
in about 75% of the cases (with the remain­
der having high background from the host 
genome or poor signal). STSs defining ge­
netic markers typically had chromosomal 
assignments on the basis of linkage analysis. 
STSs were also assigned to chromosomes if 
they were tightly linked by RH screening or 
doubly linked by YAC screening to chro­
mosomally assigned loci (34). 

Some 96% of the loci could be chromo­
somally assigned, with the majority of these 
being assigned by at least two independent 
methods. Conflicting assignments were 
noted in a small proportion of cases (2%); 
these were subjected to intense scrutiny and 
resolved in the majority of cases (35). Loci 
that could not be reliably assigned to a 
chromosome were omitted from map con­
struction, to avoid problems associated with 
chimeric linkages. 

Personnel. The project was carried out 
during a period of 2.5 years by a team at 
Whitehead having an average of 16 people 
involved in mapping, three people in­
volved in sequencing, and five people in­
volved in data management and computa­
tional analysis. 

Map Construction 

Top-down maps. The genetic and RH maps 
are top,down maps, which provide a global 
framework and offer many tests of internal 
consistency. The first step in constructing an 
RH linkage map was to make high-quality 
"framework" maps across each chromosome. 
For this purpose, we included only loci with 
independent chromosomal assignments and 
with retention rates in the range of 10 to 
60% (unusually high or low retention rates 
can produce spurious linkage). We wrote a 
computer package, RHMAPPER, that im­
plements RH mapping for hybrids construct-
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ed from diploid sources and incorporates 
probabilistic error detection and error cor­
rection (36). Using this program, we gener­
ated a framework map--that is, an ordered 
set of markers such that each consecutive 
pair was linked with a lad score > 10 (lad 
score is the logarithm of the likelihood ratio 
for linkage), and the order was better than 
all local alternatives by a lad score > 2.5. 
The framework map included 1339 loci and 
provided complete connectivity across each 
chromosome arm with no gaps over 30 cen­
tiRays (cR) (cR is a measure of distance that 
is analogous to centimorgans but depends on 
the radiation dose). There were, however, 
large intervals across most centromeres (37), 
a phenomenon that has been previously seen 
for chromosome 11 (38). The total length of 
the map is 11,042 cR (omitting the centro­
meric intervals), corresponding to a fairly 
uniform average of about 300 kb/cR across 
most chromosomes. 

We then localized the remaining mark­
ers relative to the framework map. These 
loci could not be uniquely ordered, either 
because of close proximity to a framework 
marker (loci with identical retention pat­
terns cannot be ordered with respect to one 
another) or because of potentially errone­
ous typing results (that cause apparent 
"double-breaks" regardless of the interval in 
which the marker is placed). RHMAPPER 
allowed for the possibility of false positive 
and false negative typings and flagged prob­
able errors (about two-thirds of which were 
found to be real errors in cases that were 
subsequently retested). The nonframework 
markers were estimated by the computer 
analysis to have an average residual error 
rate of just less than 1 %. To reflect the 
uncertainty in order, each locus was as­
signed to the collection of intervals for 
which the lod score was within three of the 
optimal position. Loci were not included if 
they mapped more than 15 cR from a frame­
work marker (that is, past the end of the 
map or in a large centromeric gap), because 
such positions could result from a high pro­
portion of errors. In all, 6193 of 6469 loci 
tested were placed in the RH map. 

Together, the two top-down maps con­
tained a total of 10,572 loci. The reliability 
of the maps can be assessed by studying the 
loci in common. For loci present in both 
the genetic map and the framework RH 
map, there were only four conflicts in order; 
the loci involved were separated by 1 cen­
timorgan (cM) in three cases and 3 cM in 
one case. The close agreement between the 
maps suggests that they correctly reflect the 
global order of loci in the genome. 

Bottom-up map. Using the STS-content 
data, we assembled doubly linked contigs 
and checked that they did not connect loci 
known to map in different chromosomal 
regions. We then noted information about 



single linkages among loci, which could 
provide connections between nearby dou­
bly linked contigs in the course of integrat­
ing the top-down and bottom-up maps. Of 
the 11,750 STSs successfully screened 
against the YAC library, 10,850 (92%) 
showed single linkage to other STSs on the 
same chromosome. The remaining 8% were 
not included in the STS-content map. 

Integrated map. We next sought to con­
struct an integrated map by combining the 
STS-content, RH, and genetic linkage in­
formation. Each chromosome was treated 
separately: Only loci that had been as­
signed to the chromosome were used. Pos­
sible orders for the loci were compared by 
means of a linear scoring function, with 
the following three components: ( i) con­
tinuity of STS content, reflecting whether 
the loci were present in the same YA Cs; 
(ii) continuity of RH linkage, reflecting 
whether the loci were present in the same 
RH hybrids; and (iii) consistency with 
top-down maps, incorporating a modest 
penalty for each violation of the genetic 
order or RH framework order. The specific 
parameters were chosen on the basis of the 
expected chance of concordance and dis­
cordance for nearby loci, so that the over­
all scoring function approximated a loga­
rithm-likelihood for the order (39). The 
"optimal" order for the loci was found by 
combinatorial search through simulated 
annealing. Once the basic orders were es­
tablished, incomplete addresses were used 
to identify additional links between near­
by loci. The orders were then subjected to 
local optimization, manual inspection, 
and refinements where appropriate. 

Gap closure. Loci fell into contigs of con­
secutive STSs connected by YACs and sepa­
rated by gaps with no apparent YAC connec­
tion. Many of these apparent gaps are likely to 
be undetected overlaps; theoretical consider­
ations would suggest that most gaps should 
actually be closed ( 17). We attempted to close 
these gaps by using non-STS-based informa­
tion from the recent CEPH physical mapping 
project (7), inferring YAC overlaps on the 
basis of fingerprint analysis and Alu-PCR hy­
bridization. Because the Alu-PCR hybridiza­
tion data have a high false positive rate, gaps 
were closed only when there were at least 
seven hybridization links between adjacent 
contigs. Such closures should usually be cor­
rect, because only 3% of pairs of distant con­
tigs meet this criterion. The data indicate 
overlap for about 50% of adjacent contigs. 
These gaps were declared tentatively closed, 
pending direct evaluation. 

Description of the Map 

The final map contains 15,086 loci, distrib­
uted across the 22 autosomes and two sex 
chromosomes (Tables 2, 3, and 4). The 

Table 2. Types of STSs. Chr., chromosome. 

Total Random 
Genes Genetic markers 

Other ESTs Chr. 
STSs STS* 

ESTs GenBank Genethon CHLC 
loci (obs/exp)t 

1 1,374 252 275 106 460 153 128 1.4 
2 1,275 307 181 67 452 146 122 0.8 
3 1,097 269 181 64 353 134 96 0.9 
4 919 210 112 45 281 121 150 0.7 
5 858 196 125 30 312 97 98 0.8 
6 858 181 114 39 312 108 104 0.8 
7 781 168 141 39 272 83 78 1.1 
8 739 183 104 35 248 104 65 0.7 
9 577 132 106 30 188 68 53 1.1 

10 719 154 131 26 281 60 67 1.1 
11 706 122 140 42 272 64 66 1.5 
12 707 132 104 64 250 91 66 1.0 
13 418 102 48 13 164 54 37 0.6 
14 489 106 95 27 163 53 45 1.2 
15 428 97 97 22 145 30 37 1.3 
16 435 87 79 18 180 32 39 1.2 
17 447 66 97 39 186 34 25 1.9 
18 403 91 46 18 136 64 48 0.7 
19 246 23 45 20 121 15 22 2.6 
20 386 84 68 26 144 32 32 1.1 
21 156 28 18 12 61 13 24 0.8 
22 274 19 38 17 67 12 122 2.6 
X 587 145 63 28 216 28 107 0.6 
vi 207 0 0 0 0 0 207 

Total 15,086 3,154 2,408 827 5,264 1,595 1,838 1.0 

·unbiased STSs, generated by sequencing from a random genomic library. tRatio of observed (obs) number of 
ESTs divided by expected (exp) number, assuming that ESTs follow the same distribution as random STSs. +From 
our previously reported work (3). 

10,850 loci mapped on YACs fall into 653 
contigs connecting an average of 1 7 STSs 
each before gap closure and 377 contigs 
with an average of 29 STSs after gap clo­
sure. We examined the local density of 
YAC hits and contigs across the length of 
each chromosome. The results were rela­
tively similar across the genome, with the 
notable exception of the chromosomes 
lp36, 19, 22, and X. The map has less 
continuity in these regions, apparently be­
cause of systematic underrepresentation in 
the CEPH Mega-Y AC library (see YAC 
density in Table 4), a problem that has been 
previously noted (7). Chromosome X is un­
derrepresented because the library was 
made from a male cell line. The autosomal 
deficits could reflect cloning biases of the 
yeast host, inasmuch as these are all regions 
of high GC content (40). 

The physical map contains a wealth of 
information, which is ill-suited for presen­
tation in traditional printed form. The com­
plete physical map-including the STS se­
quences, RH retention patterns, YAC ad­
dresses, and order of loci-would require 
more than 900 journal pages to display. A 
compressed view of chromosome 14 is 
shown in Fig. 3, to illustrate the general 
nature of the map. The complete data for 
the map can be freely accessed through a 
World Wide Web server at the Whitehead 
Institute (http://www-genome.wi.mit.edu/), 
which includes various tools for analysis. 
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Coverage 

We sought to determine how much of the 
human genome is covered by the physical 
map. For this purpose, we derived a new 
collection of random STSs-by sequencing 
random clones from an M13 library, select­
ing PCR primers, and retaining those loci 
that gave consistent amplification of a single 
fragment in control experiments. The first 
100 STSs produced in this fashion were then 
screened against the NIGMS 1 hybrid panel, 
the RH panel, and the YAC library. Because 
the goal was to obtain an unbiased assess­
ment of coverage, special efforts were made 
to obtain complete data for each locus. 

RH data was obtained for all 100 STSs. (In 
six cases, it was necessary to resort to acryl­
amide gel electrophoresis of radioactively la­
beled products to circumvent problems posed 
by rodent background.) All 100 loci could be 
positioned on the RH map with a lod :2!::8, on 
the correct chromosome as determined by the 
polychromosomal hybrid panel (41). The RH 
map thus appears to cover the vast majority of 
the human genome. 

YAC screening data was also obtained for 
all 100 STSs. Two STSs detected no YACs 
in the library, consistent 'with previous ob­
servations that about 2% of DNA sequences 
appear to be absent from the CEPH Mega­
Y AC library (7). Four STSs detected YAC 
hits, but none with links to another STS in 
the correct chromosomal region; these loci 

1949 

, 
: 

1950 

L 
~ 

! .... 
L 
L 

.--
L 

L 
! i_ ,-
L L ! __ _ L 

L 

L 
L 

SCIENCE • VOL. 270 • 22 DECEMBER 1995 



.t.t 

.. 

'· 

A comprehensive large-insert yeast artificial chromosome library for 
physical mapping of the mouse genome 

Maryann L. Haldil, Corinne Stricklandl, Prudence Liml, Victor VanBerkell, 
Xiao-Ning Chen2, David Noya2, Julie R. Korenberg2, Zeeshan Husainl, Joyce 
Millerl, Eric S. Lmderl,3 

lWhitehead/:MIT Center for Genome Research, Whitehead Institute for 
Biomedical Research, 9 Cambridge Center, Cambridge MA 02142 USA 
2Ahmanson Department of Pediatrics, Genetics, Cedars-Sinai Research 

Institute, UCLA, Los Angeles, CA 90048 USA 
3Department of Biology, Massachusetts Institute of Technology, Cambridge 
MA 02139 USA 

Running head: Construction of YAC library of mouse genome 

Correspondence to: Eric S. Lander 
Phone: (617) 252-1906 
FAX: (617) 252-1933 

1 



A yeast artificial chromosome (YAC) library with large insert size and 
deep coverage is an essential resource for the construction of physical maps of 

. mammalian genomes. Two large-insert YAC libraries of the mouse genome 
have previously been reported. Larin et al. (1991) constructed a 3-fold 
coverage library with average insert size of 700 kb, using the mouse strain 
C3H. Kusumi et al. (1993) constructed a library with the larger-insert portion 

providing 3.6-fold with an average insert size of 680 kb, using the strain 
C57Bl/ 6J. These libraries are excellent resources for positional cloning, but 
neither is ideal for construction of a physical map of the entire mouse 

genome. 
Here, we report the construction and availability of a mouse YAC 

library providing roughly 10-fold coverage with an average insert size of 820 
kb. The library will be the basis for our current effort to construct a complete 

physical map, using the mouse genetic map as a scaffold. 
The library was constructed with a different YAC vector than the 

traditionally used vector pYAC4. The vector (Spencer et al. 1993) consists of 
two arms carried on different plasmids. The pRMLl vector arm carries a 
TRP1 selectable marker with a complete promoter element, and the pRML2 
arm carries the URA3 marker. Among its advantages, the vector allows 
simultaneous selection for both Trp+ and Ura+ transformants. By contrast, 
use of pYAC4 vector requires single selection for Ura+ followed by screening 
for Trp+, as its TRP1 promoter is weak. The vector also contains T3 and T7 
promoters flanking the cloning site to facilitate production of probes from the 
insert DNA. Additionally, pRMLl carries a yeast centromere with an 
adjacent GAL1 promoter and a heterologous thymidine kinase gene. Growth 
on galactose to inactivate the centromere, plus selection for thymidine kinase 
expression, increases the copy number of the YAC. 

The YAC library was prepared using genomic DNA from C57BL/6J 
female mice according to Foote (1994) with several modifications. DNA was 
isolated from kidney nuclei as described by Strauss et al. (1992) and partially 

digested by EcoRI-EcoRI methylase competition. The products of this 
digestion were size-selected by pulsed field gel electrophoresis to be larger 
than 800 kb, by using conditions under which DNA of this size migrates in 

the zone of limiting mobility. This DNA was ligated to pRML1 and pRML2 

vector arms prepared by digestion with Not! and EcoRI. The ligation product 
was again size-selected to be greater than 800 kb. The 1 % Seaplaque GTG 
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(FMC) agarose sizing gels were run in 0.5X TBE buffer on a Bio Rad CHEF 
apparatus at 14°C, 55-sec pulse time and 6V /cm for 24 h (partial digestion 
product) or 30 h (ligation product). The size-selected ligation mixture was 
transformed into the yeast host strain J57D (ura3-52, trp1 ade2-101 canl-100 

leu2-3, 112 his3-6, a gift from Vladimir Larionov). YACs possessing both 
vector arms were doubly selected as Trp+ Ura+ transformants. Agarase 

treatment of the iigation product prior to yeast transformation was at 40°-
420C for 45 min and no calf thymus or other carrier DNA was included in the 

transforma~ion. We have observed that complete digestion by agarase is 
critical, and the inclusion of carrier DNA reduces transformation efficiency 
(data not shown). 

The quality of the library was monitored during construction in two 
ways. Initially, the presence of mouse DNA in the transformants was 
assessed by a rapid PCR assay to detect the B2-repeat element as described in 
Kusumi et al. (1993). Some clones containing mouse DNA will fail to amplify 
in this assay, .as intact yeast cells rather than purified DNA were used as the 
test material. Four percent of the transformants from each ligation were 
screened and if greater than 90% of the clones yielded a PCR product the 

ligation was judged to be successful. The insert sizes of the YACs were 
determined by pulsed field gel electrophoresis of yeast DNA prepared in 
agarose blocks (Gemmill et al. 1994) in 1 % Fast Lane Agarose (FMC) gels. The 
PFGE conditions used were: 14°C, 12 to 160 sec pulse time and 6V / cm for 
24hr. The DNA was transfered to a nylon membrane and probed with pUC19 
DNA to detect vector sequences. Approximately one percent of the YACs 
from each ligation were examined. About 20% appeared. to be unstable as 
evidenced by a ladder of smaller bands. Apparent double transformants 
(only two bands of similar intensity) were present in less than 5% of the 

clones. 
Figure f-shc:iws the -distribution of YAC-sizes in the 550 dones tested. 

The mean size is 820 kb and the median size is 780 kb. Based on the estimated 
length of the mouse genome as 3 billion bp, the library provides 10-fold 

coverage. This would correspond to 99.995% coverage assuming no cloning 
bias. Unfortunately, systematic cloning biases are known to occur in YAC 
libraries and so the actual coverage will be lower. Nonetheless, we would 
expect, based on experience with human YAC libraries (Hudson et al., 1995), 

that the library covers perhaps 98% of the mouse genome. 
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We tested the library for representation by screening a randomly 
chosen marker from each chromosome against a subset of the library. Total 
yeast DNA was prepared according to Gemmill et al. (1994), from 30 pools of 
YACs, each ·pool containing 960 clones. In principle, these pools should 

represent 7.8 fold coverage of the genome. Each pool was screened by a 
polymerase chain reaction (PCR) assay for a unique STS marker (Green and 

Olson, 1990). As· shown in Table 1, all markers were detected in at least one 

pool, with an average predicted coverage of 7.2 fold. This result is not 

statistically different than the expectation of 7.8-fold coverage. 
We estimated the chimerism rate of the library, by testing 42 of the 

YACs by fluorescence in situ hybridization (FISH). Total DNA was prepared 

from the yeast clones according to Rose et al. (1990). FISH was performed 
essentially as described by Korenberg and Chen (1995). Mouse chromosomes 

were prepared from female mouse spleen cells using a modification of the 
method described by Boyle et al. (1990) and Zhu et al. (1995). Forty metaphase 

cells were evaluated for each test. A test was scored as positive if there were 
signals on both chromatids of at least one chromosome in at least 50% of the 
cells examined. Those scored as chimeric also showed hybridization signals 
on a second pair of chromosomes in at least 50% of positive cells. 

There are two unavoidable sources of error in the estimation of the 

rate of chimerism by FISH. A small proportion of YACs will cross-hybridize 

to truly homologous sequences elsewhere in the genome and will thereby 
artificially elevate the estimation of chimerism. Conversely, chimerism 

involving a small segment of DNA from a second region may be missed due 

to the weakness of a signal as well as due to the size limit of detection of the 

YAC FISH assay. This sensitivity has been estimated as approximately 10% of 
the total YAC size (Korenberg et al., 1996). 

The results of the FISH analysis are shown in Table 2. Positive results 
by the above criteria were obtained iri sif%-of the tests (37 / 42f. Of these,-35% -
(12/37) indicated that the YAC was chimeric. Since some small segments will 
not be detected by FISH, this estimate of chimerism is minimal. One YAC 

hybridized to three pairs of chromosomes. This clone appeared to contain a 

single unstable molecule on pulsed field gel analysis (data not shown). 

Although the instability of this insert may reflect a region containing 

localized repetitive sequences present at three different genomic sites, the 

insert may also contain more than one genomic fragment. 
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The entire library, containing approximately 38,400 clones, has been 

distributed to: Research Genetics, Inc. (Huntsville AL), Genome Systems, Inc. 
(St. Louis MO), Philip Avner (Institute Pasteur, Paris) and Steven Brown 

(MRC Mouse Genome Center, Harwell, England), to make it widely accessible 

to the mammalian genetics community. 
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Figure Legend 

· Fig. 1. Hist<:>gram showing the sizes of 550 randomly selected YAC clones. 
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Table 1. Detection of chromosomal markers in YAC pools for subset of library 

predicted to provide 7.8-fold coverage of genome. 

Marker Chromosome Number of positive pools 

D1Mit464 1 7 

D2Mit104 2 4 

D3Mit60 3 11 

D4Mit182 4 11 

MPC1896 5 9 

D6Mit133 6 11 

D7Mit270 7 7 

D8Mit64 8 7 

D9Mit227 9 1 

D10Mit152 10 9 

D11Mit173 11 8 

D12Mit37 12 7 

D13Mit78 13 7 

D14Mit80 14 5 

D15Mit56 15 7 

D16Mit138 16 3 

D17Mit177 17 3 

D18Mit177. 18 - - 5 

D19Mit36 19 12 

DXMit166 X 10 

Average 7.2 
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Table 2. Analysis of chimerism in YACs by FISH. 

YAC dong sizg (kb) chimeric 

02-1 945kb no 

02-9 1250 no 

02-10 610 no 

02-20 1100 no 

02-23 1100 no 

02-24 1050 yes 

02-26 1200 no 

02-27 610 yes 

02-28 1100 yes 

02-29 1050 yes 

04-17 1800 yes 

04-19 1100 yes 

04-22 750 yes 

04-24 750 yes 

04-25 750 no 

05-4 750 no 

05-5 2000 (unstable) yes ( three signals) 

05-7 750 no 

360Al 1200 no 

360A9 915 no 

360Al0 945 no 

361A8 1300 yes 

362Al 920 no 

362A2 920 no 

362A8 1100 -no 

362A9 980 no 

362Al0 870 no 

387Al 920 no 

387A2 680 no 

387A9 1200 no 

387All 600 yes 

388A7 1000 no 

388A8 730 yes 



... 

(continuation of Table 2) 

388A10 920 no 
397A8 1000 no 
405A12 900 no 
407Al 915 no 
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A yeast artificial chromosome (YAC) library with large insert size and 

deep coverage is an essential resource for the construction of physical maps of 
. mammalian genomes. Two large-insert YAC libraries of the mouse genome 

have previously been reported. Larin et al. (1991) constructed a 3-fold 

coverage library with average insert size of 700 kb, using the mouse strain 
C3H. Kusumi et al. (1993) constructed a library with the larger-insert portion 

providing 3.6-fold with an average insert size of 680 kb, using the strain 

C57Bl/ 6J. These libraries are excellent resources for positional cloning, but 

neither is ideal for construction of a physical map of the entire mouse 

genome. 
Here, we report the construction and availability of a mouse YAC 

library providing roughly 10-fold coverage with an average insert size of 820 
kb. The library will be the basis for our current effort to construct a complete 

physical map, using the mouse genetic map as a scaffold. 
The library was constructed with a different YAC vector.than the 

traditionally used vector pYAC4. The vector (Spencer et al. 1993) consists of 

two arms carried on different plasmids. The pRMLl vector arm carries a 
TRP1 selectable marker with a complete promoter element, and the pRML2 

arm carries the URA3 marker. Among its advantages, the vector allows 
simultaneous selection for both Trp+ and Ura+ transformants. By contrast, 

use of pYAC4 vector requires single selection for Ura+ followed by screening 
for Trp+, as its TRP1 promoter is weak. The vector also contains T3 and T7 

promoters flanking the cloning site to facilitate production of probes from the 

insert DNA. Additionally, pRMLl carries a yeast centromere with an 
adjacent GAL1 promoter and a heterologous thymidine kinase gene. Growth 

on galactose to inactivate the centromere, plus selection for thymidine kinase 

expression, increases the copy number of the YAC. 

The YAC library was prepared using genomic DNA from C57BL/6J 

female mice according fo Foote (1994) with several modifications. DNA was 

isolated from kidney nuclei as described by Strauss et al. (1992) and partially 

digested by EcoRI-EcoRI methylase competition. The products of this 

digestion were size-selected by pulsed field gel electrophoresis to be larger 
than 800 kb, by using conditions under which DNA of this size migrates in 

the zone of limiting mobility. This DNA was ligated to pRMLl and pRML2 

vector arms prepared by digestion with Notl and EcoRI. The ligation product 

was again size-selected to be greater than 800 kb. The 1 % Seaplaque GTG 
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(FMC) agarose sizing gels were run in 0.SX TBE buffer on a Bio Rad CHEF 

apparatus at 14°C, 55-sec pulse time and 6V / cm for 24 h (partial digestion 
. product) or 30 h (ligation product). The size-selected ligation mixture was 

transformed into the yeast host strain JS7D (ura3-52, trp1 ade2-101 canl-100 
leu2-3, 112 his3-6, a gift from Vladimir Larionov). YACs possessing both 
vector arms were doubly selected as Trp+ Ura+ transformants. Agarase 
treatment of the ligation product prior to yeast transformation was at 40o_ 

4zoc for 45 min and no calf thymus or other carrier DNA was included in the 

transformation. We have observed that complete digestion by agarase is 
critical, and the inclusion of carrier DNA reduces transformation efficiency 
(data not shown). 

The quality of the library was monitored during construction in two 

ways. Initially, the presence of mouse DNA in the transformants was 
assessed by a rapid PCR assay to detect the B2-repeat element as described in 
Kusumi et al. (1993). Some clones containing mouse DNA will fail to amplify 

in this assay, as intact yeast cells rather than purified DNA were used as the 
test material. Four percent of the transformants from each ligation were 
screened and if greater than 90% of the clones yielded a PCR product the 

ligation was judged to be successful. The insert sizes of the YACs were 
determined by pulsed field gel electrophoresis of yeast DNA prepared in 
agarose blocks (Gemmill et al. 1994) in 1 % Fast Lane Agarose (FMC) gels. The 
PFGE conditions used were: 14°C, 12 to 160 sec pulse time and 6V / cm for 

24hr. The DNA was transfered to a nylon membrane and probed with pUC19 

DNA to detect vector sequences. Approximately one percent of the YACs 
from each ligation were examined. About 20% appeared to be unstable as 

evidenced by a ladder of smaller bands. Apparent double transformants 
(only two bands of similar intensity) were present in less than 5% of the 

clones. 

Figure 1 shows the distribution of YAC sizes in the 550 clones tested. 

The mean size is 820 kb and the median size is 780 kb. Based on the estimated 
length of the mouse genome as 3 billion bp, the library provides 10-fold 

coverage. This would correspond to 99.995% coverage assuming no cloning 

bias. Unfortunately, systematic cloning biases are known to occur in YAC 

libraries and so the actual coverage will be lower. Nonetheless, we would 

expect, based on experience with human YAC libraries (Hudson et al., 1995), 

that the library covers perhaps 98% of the mouse genome. 
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We tested the library for representation by screening a randomly 
chosen marker from each chromosome against a subset of the library. Total 

. yeast DNA was prepared according to Gemmill et al. (1994), from 30 pools of 
YACs, each ·pool containing 960 clones. In principle, these pools should 
represent 7.8 fold coverage of the genome. Each pool was screened by a 
polymerase chain reaction (PCR) assay for a unique STS marker (Green and 
Olson, 1990). As. shown in Table 1, all markers were detected in at least one 

pool, with an average predicted coverage of 7.2 fold. This result is not 

statistically different than the expectation of 7.8-fold coverage. 
We estimated the chimerism rate of the library, by testing 42 of the 

YACs by fluorescence in situ hybridization (FISH). Total DNA was prepared 
from the yeast clones according to Rose et al. (1990). FISH was performed 
essentially as described by Korenberg and Chen (1995). Mouse chromosomes 
were prepared from female mouse spleen cells using a modification of the 
method described by Boyle et al. (1990) and Zhu et al. (1995). Forty metaphase 

cells were evaluated for each test. A test was scored as positive if there were 
signals on both chromatids of at least one chromosome in at least 50% of the 
cells examined. Those scored as chimeric also showed hybridization signals 
on a second pair of chromosomes in at least 50% of positive cells. 

There are two unavoidable sources of error in the estimation of the 
rate of chimerism by FISH. A small proportion of YACs will cross-hybridize 
to truly homologous sequences elsewhere in the genome and will thereby 
artificially elevate the estimation of chimerism. Conversely, chimerism 
involving a small segment of DNA from a second region may be missed due 
to the weakness of a signal as well as due to the size limit of detection of the 
YAC FISH assay. This sensitivity has been estimated as approximately 10% of 
the total YAC size (Korenberg et al., 1996). 

The results of the FISH analysis are shown in Table 2. Positive results 
by the above criteria were obtained in 88% of the tests ·c37 / 42). Of these, 35% 

(12/37) indicated that the YAC was chimeric. Since some small segments will 
not be detected by FISH, this estimate of chimerism is minimal. One YAC 
hybridized to three pairs of chromosomes. This clone appeared to contain a 
single unstable molecule on pulsed field gel analysis (data not shown). 

Although the instability of this insert may reflect a region containing 
localized repetitive sequences present at three different genomic sites, the 
insert may also contain more than one genomic fragment. 
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The entire library, containing approximately 38,400 clones, has been 

distributed to: Research Genetics, Inc. (Huntsville AL), Genome Systems, Inc . 
. (St. Louis MO), Philip Avner (Institute Pasteur, Paris) and Steven Brown 

(MRC Mouse Genome Center, Harwell, England), to make it widely accessible 

to the mammalian genetics community. 
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Figure Legend 

· Fig. 1. Hist'?gram showing the sizes of 550 randomly selected YAC clones. 
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Table 1. Detection of chromosomal markers in YAC pools for subset of library 

predicted to provide 7.8-fold coverage of genome. 

Marker Chromosome Number of positive pools 

D1Mit464 1 7 

D2Mit104 2 4 

D3Mit60 3 11 

D4Mit182 4 11 

MPC1896 5 9 

D6Mit133 6 11 

D7Mit270 7 7 

D8Mit64 8 7 

D9Mit227 9 1 

D10Mit152 10 9 

D11Mit173 11 8 

D12Mit37 12 7 

D13Mit78 13 7 

D14Mit80 14 5 

D15Mit56 15 7 

D16Mit138 16 3 

D17Mit177 17 3 

D18Mit177 18 s 
D19Mit36 19 12 

DXMit166 X 10 

Average 7.2 



Table 2. Analysis of chimerism in YACs by FISH. 

YAC clQn~ sizg (kb) chimeric 

02-1 945kb no 
02-9 . 1250 no 

02-10 610 no 

02-20 1100 no 

02-23 1100 no 

02-24 1050 yes 

02-26 1200 no 

02-27 610 yes 

02-28 1100 yes 

02-29 1050 yes 

04-17 1800 yes 

04-19 1100 yes 

04-22 750 yes 

04-24 750 yes 

04-25 750 no 

. 05-4 750 no 

05-5 2000 (unstable) yes ( three signals) 

05-7 750 no 

360Al 1200 no 

360A9 915 no 

360A10 945 no 

361A8 1300 yes 

362Al 920 no 

362A2 920 no 

362A8 1100 no 

362A9 980 no 

362A10 870 no 

387Al 920 no 

387A2 680 no 

387A9 1200 no 

387A11 600 yes 

388A7 1000 no 

388A8 730 yes 
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THE availability of dense genetic linkage maps of mammalian 
genomes makes feasible a wide ,,..ange of studies, including posi• 
tional cloning ofmonogenic traits, genetic dissection ofpolygenic 
tr.tits, construction of genome-wide physical maps, rapid marker­
assisted construction of congenic strains, and evolutionary com­
parisons1.2. We have been engaged for the past five years in a 
concerted effort to produce a dense genetic map of the laboratory 
mouse~. Here we present the final report of this project. The map 
contains 7.)77 genetic markers, consisting of 6,580 highly infor­
mative simple sequence length polymorphisms integrated with 
797 restriction fragment length polymorphisms in mouse genes. 
The average spacing between markers is about 0.2 centimorgans 
or 400 kilobases. 

LETTERS TO NATURE 

To construct a simple sequence length polymorphism (SSLP) 
map. we. identified more than 9,000 sequences from random 
genomic clones and public databases containing simple sequence 
repeats (mostly, (CA).-repeats), designed polymerase chain reac­
tion (PCR) primers flanking the repeat. and tested each for 
polymorphism by measuring the allele sizes in 12 inbred mouse 
strains. Of the successful PCR assays. we genocyped the 90% of 
loci that revealed different alleles between the OB and CAST 
strains in an (OB x CAST) F~ intercross with 46 progeny. These 
data were assembled into a map by performing genetic linkage 
analysis with the MAPMAKER computer package 7•8• 

A total of 6.336 SSLP loci were scored in the F, intercross. with 
6,111 derived from anonymous sequence and 225 from known 
genes (Table 1 ). Of these, 5,905 were scored as codominant 
markers and 431 as dominant markers (because the pattern of 
one allele obscured the other). The map provides dense coverage 
of all 20 mouse chromosomes, with a total genetic length of 1,361 
centimorgans (cM). Because the cross involves 92 meioses, the 
mean spacing between crossovers is 1.1 cM and thus loci can be 
mapped to 'bins' of this average size. The map has 1,001 occupied 
bins (Table 3{a)), with an average of 6.3 markers per bin and an 
average spacing of 1.36 cM between consecutive bins. 

We next sought to integrate the map of largely anonymous 
SSLPs with the locations of known genes, because this informa­
tion can suggest candidates for ·the genes underlying mouse 
mutations. We analysed a (B6 x SPRET) backcross that has 
been extensively used for restriction fragment length polymorph­
ism (RFLP) mapping9-11• The backcross has been genotyped for 
797 RFLPs. To integrate the maps, we genotyped 1,245 SSLPs 
from our map in 46 progeny from the SPRET backcross, providing 
a common reference point approximately every 1.lcM. We also 
genotyped 244 additional SSLPs that were not polymorphic-and 
thus could not be mapped-in the (OB x CAST) intercross, 
but were polymorphic in the (B6 x SPRET) backcross. The 
SPRET cross was thus scored for a total of 1,543 SSLPs and 797 
RFLPs. 

The final map with 7,377 loci is shown in Fig. 1, with the SSLP 
map on the right and the integration with the RFLP map on the 
left. A full description of the markers-including primer 
sequences, locus sequence, genotypes in each cross, and allele 

TABLE 1 Genetic markers, genetic length and polymorphism• by chromosome 

Chromosome No. of No. of random No. from 'Consensus' Observed genetic Polymorphism among Lab strains versus 
markers markers GENBANK genetic lengtht lengtht lab strains (%)§ II SPR or CAST (%)11 

1 511 494 17 9B 109.9 57 92 
2 507 491 16 107 95.7 49 94 
3 343 332 11 100 67.5 51 95 
4 350 342 8 81 74.2 51 93 
5 402 391 11 93 82.9 48 95 
6 368 349 19 74 59.1 46 94 
7 357 341 16 89 59.8 48 94 
8 350 345 5 81 72.0 44 94 
9 336 318 18 70 62.9 52 95 

10 293 286 1 78 73.0 35 96 
11 350 326 24 78 82.0 53 94 
12 278 268 10 68 61.5 50 94 
13 303 296 1 72 60.2 48 95 
14 259 246 13 53 65.6 49 94 
15 264 257 1 62 62.2 51 94 
16 215 214 1 59 51.0 43 94 
17 255 239 16 53 51.0 56 93 
18 231 226 5 57 39.7 53 95 
19 134 131 3 42 57.2 52 93 
X 230 219 11 88 73.5 33 95 
Total 6,336 6,111 225 1,503 1,360.91 48 94 

• Polymorphism survey was based on visual comparisons of fragments across large acrylamide gels and was thus subject to mobility differences among lanes. To assess the 
accuracy of data in our database, 3,000 individual pairwise comparisons were repeated. Some 6% of reported polymorphic pairs tum out to be monomorphic upon careful 
comparison, while 4% of reported monomorphic pairs tum out to be polymorphic. The data are thus accurate enough to allow selectton of markers for crosses, but geneticists 
wishing to know every polymorphic marker in a narrow region (for fine-structure genetic mapping an~ positional cloning. for example) are advised to recheck each locus. 

t Based on 'consensus' genetic map In Encyclopedia of the Mouse Genome, http:/f';w,w,informattcs.Jax.org.encyclo.html (1993). * Distance between most proximal and most distal markers in the map reported here. 
§ Pairwise comparisons of OB, B6, OBA, A, C3H, SALB, AKR, NON, NOD and LP. 
II Standard error of the mean for each chromosome depends on number of markers studied, but is < 1% in all cases. 
1 Distance Is shorter than in previously published versions of this map (ref. 6) because final error checking reduced the number of apparent crossovers. 
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(Chromosome 19 shows a slight deficit, 
which is not statistically significant after _ 
correction for multiple testing; it may 
reflect the unusually large proportion 
of heterochromatin on this chromo­
some.) In contrast, chromosome X 
shows a clear deficit, with onlv about 
57% as many as expected (Table 2) .. 
This phenomenon appears to be gen­
eral in mammalian genomes, as we 
have also found a similar deficit in an 
SSLP map of the rat 12 ( 62% of expecta­
tion), and Weissenbach and colleagues 
report a slightly less pronounced deficit 
in the human genome13 (75% of expec­
tation). In principle, the deficit of 
SSLPs on chromosome X could occur 
if (CA)n•repeats were either less fre­
quent on chromosome X, or were 
equally frequent but less polymorphic. 
The latter hypothesis would predict 
that the deficit of polymorphic loci on 
chromosome X would be offset by a 
great excess of non-polymorphic 
repeats. Of the SSLPs monomorphic 
between OB and CAST, 37% would 
have to lie to chromosome X to explain 
the observed data. We determined the 
chromosomal location of > 100 mono­
morphic loci (by genetic mapping for 
those that were polymorphic between 
B6 and SPRET and by somatic cell 
hybrid mapping for those that were 
not), but we found no significant 
excess on chromosome X. Accordingly, 
the deficit appears to be primarily due 
to an actual shortage of (CA)n•repeats 
on chromosome X. 

The SSLPs show a polymorphism 
rate of about 50% among inbred 
laboratory strains surveyed and about 
95% between laboratory strains and 
CAST or SPR {Table 1). The pairwise 
polymorphism rates among the 12 
strains surveyed have not changed sig­
nificantly from our previous report' and 
are not presented here. Interestingly, 
the distribution of polymorphism 
across the genome is not uniform11• 

The average polymorphism rate 
among the Mus muscu/us strains sur­
veyed was -just under 50%, but two 
chromosomes showed substantially 
lower polymorphism rates: chromo­
some X at 33%, and chromosome 10 
at 35% (Table 1). Decreased poly­
morphism could reflect recent selection 
for specific ancestral chromosomes. 
For the X chromosome, it could also 
reflect a different mutation rate (inas­
much as each chromosome X resides in 
males only two-thirds as often each 
autosome, and most mutations are 
thought to occur in male germline) or 
different population genetic forces 
(with hemizygosity affecting selection 
and effective population size). 

Our mouse genetic-mapping project 
is now at its conclusion. Although more 
SSLPs remain to be found (newly 
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TABLE 3 Clusters of consecutive crossovers and markers 

(al Number of crossovers between consecutive random markers• 

No.of 
crossovers Observed Expectedt 
per interval No. (percentage) No. (percentage) P(longest run~ n) (%)t 

0 
1 
2 
3 
4 
5 
6 
7 
8 
Total 

5,095 
784 
151 

27 
14 
4 
0 
0 
1 

6,076 

(83.85) 
(12.90) 
(2.49) 
(0.44) 
(0.23) 
(0.07) 
(0.00) 
(0.00) 
(0.02) 

5,035.5 ± 29.6 
876.7±27.4 
152.6±12.2 
26.6±5.1 

4.6±2.2 
0.8±0.9 
0.1±0.4 
0.0±0.2 
0.0±0.1 

(82.59) 
(14.38) 
(2.50) 
(0.44} 
(0.08) 
(0.01) 

(<0.01) 
(<0.01) 
(< 0.01) 

(bl Random markers occurring between consecutive crossovers; 

No.of 
markers 
per block 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

· 33 
34 
35 
38 
40 
54 
Total 

Observed 
No. (percentage) 

288 (22.3) 
208 (16.1) 
126 (9.8) 
111 (8.6) 
84 (6.5) 
73 (5.7) 
62 (4.8) 
51 (4.0) 
36 (2.8) 
38 (2.9) 
32 (2.5) 
37 (2.9) 
19 (1.5) 
28 (2.2) 
18 (1.4) 
7 (0.5) 

12 (0.9) 
5 (0.4) 
5 (0.4) 
6 (0.5) 

10 (0.8) 
3 (0.2) 
5 (0.4) 
7 (0.5) 
4 (0.3) 
0 (0.0) 
5 (0.4) 
1 (0.1) 
1 (0.1) 
0 (0.0) 
1 (0.1) 
1 (0.1) 
0 (0.0) 
0 (0.0) 
1 (0.1) 
1 (0.1) 
1 (0.1) . 
1 (0.1) 
1 (0.1) 

1,289 

Expected§ 
Number (percentage) 

227.9±13.7 (17.4) 
188.2 ± 12. 7 (14.4) 
155.5 ± 11. 7 (11.9) 
128.4 ± 10.8 (9.8) 
106.0 ± 9.9 (8.1) 

87.6±9.0 (6.7) 
72.3 ± 8.3 (5.5) 
59.7 ± 7.6 (4.6) 
49.3 ± 6.9 (3.8) 
40. 7 ± 6.3 (3.1) 
33. 7 ± 5. 7 (2.6) 
27.8 ± 5.2 (2.1) 
23.0 ± 4. 7 (1.8) 
19.0 ± 4.3 (1.4) 
15.7 ± 3.9 (1.2) 
12.9 ± 3.6 (1.0) 
10. 7 ± 3.3 (0.8) 
8.8 ± 3.0 (0. 7) 
7 .3 ± 2. 7 (0.6) 
6.0 ± 2.4 (0.5) 
5.0 ± 2.2 (0.4) 
4.1 ± 2.0 (0.3) 
3.4 ± 1.8 {0.3) 
2.8 ± 1. 7 (0.2) 
2.3 ± 1.5 (0.2) 
1.9 ± 1.4 (0.1) 
1.6 ± 1.3 (0.1) 
1.3 ± 1.1 (0.1) 
1.1 ± 1.0 (0.1) 
0.9 ± 0.9 (0.1) 
0. 7 ± 0.9 (0.1) 
0.6 ± 0.8 (< 0.1) 
0.5 ±0.7 (< 0.1) 
0.4 ± 0.6 ( < 0.1) 
0.3 ± 0.6 (< 0.1) 
0.3 ± 0.5 (< 0.1) 
0.2 ± 0.4 ( < 0.1) 
0.1±0.3 (< 0.1) 

<0.1±0.1 (<0.1) 

100.0 
100.0 
100.0 
99.6 
62.2 
15.6 
2.9 
0.5 

P(longestrun;;: n) (%)§ 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

99.9 
99.8 
99.3 
98.4 
96.7 
94.0 
90.3 
85.4 
79.6 
73.1 
52.2 
39.6 
3.4 

• The Intervals with ~ 1 crossover represent the 981 gaps between consecutive bins of recombina­
tionally Inseparable markers. Only random markers are considered to avoid biases in distribution of known 
genes. • 

tThe probability of the longest run is calculated in ref. 6. Briefly, if a coin with heads probability Pis 
tossed n times, the length Rn of the longest head run has expected valueµ= log11p[(n -1)(1- p) + 1] 
and the distribution of Rn is given approximately by Prob(R. - µ > t) = 1- exp(-p 1

). In this case, 
p=0.17. * The blocks with ~ 1 marker represent the 1,001 bins of recombinationally separable markers. Only 
random markers are considered to avoid biases in distribution of known genes. 

§ The probability of the longest head run is calculated with p = 0.83. 
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THE availability of dense genetic linkage maps of mammalian 
genomes makes feasible a wide range of studies, including posi­
tional cloning ofmonogenic traits, genetic dissection ofpolygenic 
traits, construction of genome-wide physical maps, rapid marker­
assisted construction of congenic strains, and evolutionary com­
parisons1.2. We have been engaged for the past five years in a 
concerted effort to produce a dense genetic map of the laboratory 
mouse.J-6, Here we present the final report of this project. The map 
contains 7 ;377 genetic markers, consisting of 6,580 highly infor­
mative simple sequence length polymorphisms integrated with 
797 restriction fragment length polymorphisms in mouse genes. 
The average spacing between markers is about 0.2 centimorgans 
or 400 kilobases. 

LETTERS TO NATURE 

To construct a simple sequence length polymorphism (SSLP) 
map, we identified more than 9,000 sequences from random 
genomic clones and public databases containing simple sequence 
repeats (mostly, (CA)n•repeats), designed polymerase chain reac­
tion (PCR) primers flanking the repeat, and tested each for 
polymorphism by measuring the allele sizes in 12 inbred mouse 
strains. Of the successful PCR assays, we genotyped the 90% of 
loci that revealed different alleles between the OB and CAST 
strains in an (OB x CAST) F2 intercross with 46 progeny. These 
data were assembled into a map by performing genetic linkage 
analysis with the MAPMAKER computer package 7

•
8
• 

A total of 6,336 SSLP loci were scored in the F2 intercross, with 
6,111 derived from anonymous sequence and 225 from known 
genes (Table 1). Of these, 5,905 were scored as codominant 
markers and 431 as dominant markers (because the pattern of 
one allele obscured the other). The map provides dense coverage 
of all 20 mouse chromosomes, with a total genetic length of 1,361 
centimorgans (cM). Because the cross involves 92 meioses, the 
mean spacing between crossovers is 1.1 cM and thus loci can be 
mapped to 'bins' of this average size. The map has 1,001 occupied 
bins (Table 3(a)), with an average of 6.3 markers per bin and an 
average spacing of 1.36 cM between consecutive bins. 

We next sought to integrate the map of largely anonymous 
SSLPs with the locations of known genes, because this informa­
tion can suggest candidates for the genes underlying mouse 
mutations. We analysed a (B6 x SPRET) backcross that has 
been extensively used for restriction fragment length polymorph­
ism (RFLP) mapping9-11

• The backcross has been genotyped for 
797 RFLPs. To integrate the maps, we genotyped 1,245 SSLPs 
from our map in 46 progeny from the SPRET backcross, providing 
a common reference point approximately every 1.1 cM. We also 
genotyped 244 additional SSLPs that were not polymorphic-and 
thus could not be mapped-in the (OB x CAST) intercross, 
but were polymorphic in the (B6 x SPRET) backcross. The 
SPRET cross was thus scored for a total of 1,543 SSLPs and 797 
RFLPs. -

The final map with 7,377 loci is shown in Fig. 1, with the SSLP 
map on the right and the integration with the RFLP map on the 
left. A full description of the markers-including primer 
sequences, locus sequence, genotypes in each cross, and allele 

TABLE 1 Genetic markers, genetic length and polymorphism• by chromosome 

Chromosome No. of No. of random No. from 'Consensus' Observed genetic Polymorphism among Lab strains versus 
markers markers GENBANK genetic lengtht length; labstrains (%)§\I SPR or CAST (%)11 

1 511 494 17 98 109.9 57 92 
2 507 491 16 107 95.7 49 94 
3 343 332 11 100 67.5 51 95 
4 350 342 8 81 74.2 51 93 
5 402 391 11 93 82.9 48 95 
6 368 349 19 74 59.1 46 94 
7 357 341 16 89 .. 59.8 48 94 
8 350 345 5 81 72.0 44 94 
9 336 318 18 70 62.9 . 52 95 

10 293 286 7 78 73.0 35 96 
11 350 326 24 78 82.0 53 94 
12 278 268 10 68 61.5 50 94 
13 303 296 7 72 60.2 48 95 
14 259 246 13 53 65.6 49 94 
15 264 257 7 62 62.2 51 94 
16 215 214 1 59 51.0 43 94 
17 255 239 16 53 51.0 56 93 
18 231 226 5 57 39.7 53 95 
19 134 131 3 42 57.2 52 93 
X 230 219 11 88 73.5 33 95 
Total 6,336 6,111 225 1,503 1,360.9'1 48 94 

• Polymorphism survey was based on visual comparisons of fragments across large acrylamide gels and was thus subject to mobility differences among lanes. To assess the 
accuracy of data In our database, 3,000 Individual pairwise comparisons were repeated. Some 6% of reported polymorphic pairs tum out to be monomorphic upon careful 
comparison, while 4% of reported monomorphic pairs tum out to be polymorphic. The data are thus accur:ate enough to allow selection of markers for crosses, but geneticists 
wishing to know PNery polymorphic marker In a narrow region (for fine-structure genetic mapping and positional cloning. for example) are advised to recheck each locus. 

t Based on 'consensus' genetic map in Encyclopedia of the Mouse Genome, http:/f,wlw.informatlcs.Jax.org.encyclo.html (1993). 
; Distance between most proximal and most distal markers In the map reported here. 
§ Pairwise comparisons of OB, 86, DBA, A, C3H, BALB, AKR, NON, NOD and LP. 
II Standard error of the mean for each chromosome depends on number of markers studied, but is < 1% in all cases. 
, Distance is shorter than in previously published versions of this map (ref. 6) because final error checking reduced the number of apparent crossovers. 
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TABLE 2 Distribution of random markers based on cytogenetic length of chromosomes 

Based on cytOgenetic length• 

Chromosome No. of random markerst Percentage of total length Expected number of markers:j: Z-score§ 

Autosomes only 
1 494 7.68±.15 452.7±22.4 1.84 
2 491 7.42:!:.15 437.0±21.9 2.47 

·3 332 6.39±.13 376.7±20.2 -2.20 
4 342 6.29±.13 360.4±20.0 -1.41 
5 391 6.06±.12 356.2±19.7 1.73 
6 349 5.90±.12 347.7±19.4 0.07 
7 341 5.54±.11 326.4±18.7 0.79 
8 345 5.30±.11 312.5±18.3 1.78 
9 318 5.11±.10 301.2±17.9 0.94 

10 286 5.06±.10 298.1±17.8 -0.67 
11 326 5.04±.10 296.8±17.8 1.65 
12 268 5.21±.10 306.9±18.1 -2.14 
13 293 4.67±.09 275.4±17.1 1.21 
14 246 4.76±.10 280.5±17.3 -1.99 
15 257 4.32±.09 254.7±16.4 0.15 
16 214 4.07±.08 239.6±15.9 -1.60 
17 239 4.12±.08 242.7±16.0 -0.22 
18 226 4.14±.08 244.0±16.0 -1.11 
19 131 2.91±.06 171.7 ± 13.4 -3.04 

Total 5,892 100.0 5,892.0 

Autosomes versus X chromosome 
Autosomes 5,892 93.76±.12 5,729.7 ± 20.4 7.96 
X 219 6.24±.12 381.3±20.4 -7.96 

Total 6,111 100.0 6,111.0 

• Cytogenetic length taken from previous measurements19
• Standard error of the ~ean was calculated directly from the raw data on chromosome measurements, generously 

provided by E. Evans. 
t Only random markers are considered to avoid biases in chromosomal distribution of known genes. 
:j: Mean ± standard deviation. Standard deviation in number of markers expected combines both standard error in the measurement of chromosome length and sampling error 

given to the total number of loci examined. Uncertainty in the precise length of chromosomes was not included in previous analyses•, owing to its small magnitude, but it becomes 
relevant as the number of loci increases and sampling error correspondingly decreases. For comparison of autosomes to X chromosome, the expectation reflects the fact that 5% of 
the random markers were derived from male DNA (thus underrepresenting the X chromosome by a factor of two) and 95% from female DNA. 

§Z-score = (observed- expected)/standard deviation. For the autosomes, all of the Z-scores are significant at the P = 0.05 level after Bonferroni correction for multiple 
testing. For the comparison of autosomes to X chromosome, the Z-score is significant at P < 10- 1

•. 

sizes in the characterized strains-would require over 500 pages 
of this journal. The complete information is available electro­
nically on the WorldWide Web (see Fig. 1 legend). 

The maps constructed in the CAST intercross and SPRET 
backcross maps have similar lengths (1,361 and 1,385 cM respec­
tively), despite the fact that the intercross reflects sex-averaged 
recombination rates and the backcross reflects female recombina­
tion rates (because heterozygous mothers were used). Because 
there is typically about 80% more recombination in females than 
males, the SPRET backcross map might be expected to be about 
40% longer. That it is not probably reflects recombinational 
suppression owing to structural heterogeneity (inasmuch as the 
laboratory mouse is evolutionarily twice as distant from SPRET as 
from CAST). 

The SSLP map constructed in the cross was subjected to 
rigorous quality control and quality assessment3·8• All obligate 
double crossovers were identified and rechecked. The final data 
set contained no obligate double crossovers involving markers 
separated by less than 21 cM, indicating strong crossover inter­
ference in the mouse. (In the absence of interference, about 100 
such events would be expected.) We also filled in any missing 
genotypes that could alter the position of a locus (by virtue of 
being adjacent to the site of a crossover). Despite our best efforts, 
some errors surely remain: in particular, an incorrect genotype 
adjacent to the site of a crossover would not necessarily produce a 
double crossover, and could shift a locus by 1.1 cM. Each chromo­
some is thus likely to contain a handful of loci that are slightly 
misplaced. The SSLPs used for integration with the SPRET 
backcross provided a different assessment of accuracy. We 
checked whether these 1,245 loci mapped to the same location 
in both crosses. There were ten apparent discrepancies. In five 
cases (D5Mitl98, D7Mit173, D9Mit132, D9Mit150 andD19Mit61), 
the loci were found to reproducibly amplify polymorphic frag­
ments at different chromosomal locations in the two crosses. This 
probably occurs because strain variation creates an alternative 
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target for amplification, although the possibility that CAST and 
SPRET differ by small insertional translocations cannot be 
excluded. In remaining five cases, the results from the CAST 
cross were found not to be reproducible. These probably arose 
from laboratory errors that unfortunately cannot be identified in 
retrospect. These five loci were removed from the map. Based on 
the frequency (5 of 1,245), we would expect that 20 further 
erroneous loci remain, which corresponds to about one per 
chromosome. 

We used several criteria to analyse the genomic distribution of 
loci. The spacing between SSLPs agrees reasonably well wiili 
expectation under a random distribution, although some devia­
tion from randomness can be detected. The relative positions of 
markers and crossovers can be inferred completely in an experi­
mental cross, and the entire data set can be reduced to a string of 
the form 'mmcccmmmcccmcmcm ... ', with each m and c denoting 
the occurrence of a marker or a crossover, respectively. The 
hypothesis that markers are randomly distributed with respect to 
crossovers can be tested by comparing the observed clustering 
of consecutive markers and crossovers to that expected for tossing 
a biased coin with the probability of a marker being 
Pm = M /(M + C), where Mis the number of markers and C the 
number of crossovers6

• There is some statistically significant 
evidence of clustering by this test (Table 3). The map contains 
an interval with eight consecutive crossovers ( on chromosome 19) 
and a block of 54 recombinationally inseparable markers (on 
chromosome 2); the probability of such clusters of crossovers 
and markers occurring at random somewhere in the map is 0.5% 
and 3.4%, respectively. More generally, the frequency of both 
large and small clusters slightly exceeds expectation. Nonetheless, 
the distribution is not far from random expectation, at least at the 
level of resolution provided by the meioses studied here. 

The chromosomal distribution of SSLPs among the autosomes 
agrees well with expectation under the assumption that loci are 
uniformly distributed with respect to cytogenetic length. 
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(Chromosome 19 shows a slight deficit, 
which is not statistically significant after 
correction for multiple testing; it may · 
reflect the unusually large proportion 
of heterochromatin on this chromo­
some.) In contrast, chromosome X 
shows a clear deficit, with only about 
57% as many as expected (Table 2). 
This phenomenon appears to be gen­
eral in mammalian genomes, as we . 
have also found a similar deficit in an 
SSLP map of the rat12 ( 62% of expecta­
tion), and Weissenbach and colleagues 
report a slightly less pronounced deficit 
in the human genome13 (75% of expec­
tation). In principle, the deficit of 
SSLPs on chromosome X could occur 
if (CA).-repeats were either less fre­
quent on chromosome X, or were 
equally frequent but less polymorphic. 
The latter hypothesis would predict 
that the deficit of polymorphic loci on 
chromosome X would be offset by a 
great excess of non-polymorphic 
repeats. Of the SSLPs monomorphic 
between OB and CAST, 37% would 
have to lie to chromosome X to explain 
the observed data. We determined the 
chromosomal location of > 100 mono­
morphic loci (by genetic mapping for 
those that were polymorphic between 
B6 and SPRET and by somatic cell 
hybrid mapping for those that were 
not), but we found no significant 
excess on chromosome X. Accordingly, 
the deficit appears to be primarily due 
to an actual shortage of (CA).-repeats 
on chromosome X 

The SSLPs show a polymorphism 
rate of about 50% among inbred 
laboratory strains surveyed and about 
95% between laboratory strains and 
CAST or SPR (Table 1). The pairwise 
polymorphism rates among the 12 
strains surveyed have not changed sig­
nificantly from our previous report6 and 
are not presented here. Interestingly, 
the distribution of polymorphism 
across the genome is not uniform11• 

The average polymorphism rate 
among the Mus musculus strains sur­
veyed was just under 50%, but two 
chromosomes showed substantially 
lower polymorphism rates: chromo­
some X at 33%, and chromosome 10 
at 35% (Table 1). Decreased poly­
morphism could reflect recent selection 
for specific ancestral chromosomes. 
For the X chromosome, it could also 
reflect a different mutation rate (inas­
much as each chromosome X resides in 
males only two-thirds as often each 
autosome, and most mutations are 
thought to occur in male germline) or 
different population genetic forces 
(with hemizygosity affecting selection 
and effective population size). 

Our mouse genetic-mapping project 
is now at its conclusion. Although more 
SSLPs remain to be found (newly 
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TABLE 3 Clusters of consecutive crossovers and markers 

(a) Number of crossovers between consecutive random marl<ers• 

No.of 
crossovers 
per interval 

0 
1 
2 
3 
4 
5 
6 
7 
8 
Total 

Observed 
No. (percentage) 

5,095 (83.85) 
784 (12.90) 
151 (2.49) 

27 (0.44) 
14 (0.23) 
4 (0.07) 
0 (0.00) 
0 (0.00) 
1 (0.02) 

6,076 

Expectedt 
No. (percentage) 

5,035.5 ± 29.6 (82.59) 
876.7±27.4 (14.38) 
152.6 ± 12.2 (2.50) 
26.6 ± 5.1 (0.44) 

4.6 ± 2.2 (0.08) 
0.8 ± 0.9 (0.01) 
0.1±0.4 (< 0.01) 
0.0 ± 0.2 (< 0.01) 
0.0 ± 0.1 (< 0.01) 

(b) Random marl<ers occurring between consecutive crossovers; 

No.of 
markers 
per block 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
38 
40 
54 
Total 

Observed 
No. (percentage) 

288 (22.3) 
208 (16.1) 
126 (9.8) 
111 (8.6) 
84 (6.5) 
73 (5.7). 
62 (4.8) 
51 (4.0) 
36 (2.8) 
38 (2.9) 
32 (2.5) 
37 (2.9) 
19 (1.5) 
28 (2.2) 
18 (1.4) 
7 (0.5) 

12 (0.9) 
5 (0.4) 
5 (0.4) 
6 (0.5) 

10 (0.8) 
3 (0.2) 
5 (0.4) 
7 (0.5) 
4 (0.3) 
0 (0.0) 
5 (0.4) 
1 (0.1) 
1 (0.1) 
0 (0.0) 
1 (0.1) 
1 (0.1) 
0 (0.0) 
0 (0.0) 
1 (0.1) 
1 (0.1) 
1 (0.1) . 
1 (0.1) 
1 (0.1) 

1,289 

Expected§ 
Number (percentage) 

227.9±13.7 (17.4) 
188.2 ± 12. 7 (14.4) 
155.5 ± 11. 7 (11.9) 
128.4 ± 10.8 (9.8) 
106.0 ± 9.9 (8.1) 

87.6±9.0 (6.7) 
72.3 ± 8.3 (5.5) 
59.7 ± 7.6 (4.6) 
49.3 ± 6.9 (3.8) 
40.7 ± 6.3 (3.1) 
33.7 ± 5.7 (2.6) 
27.8 ± 5.2 (2.1) 
23.0 ± 4. 7 (1.8) 
19.0 ± 4.3 (1.4) 
15.7 ± 3.9 (1.2) 
12.9 ± 3.6 (1.0) 
10. 7 ± 3.3 (0.8) 

8.8 ± 3.0 (0. 7) 
. 7.3 ± 2. 7 (0.6) 
6.0 ± 2.4 (0.5) 

. 5.0 ± 2.2 (0.4) 
4.1 ± 2.0 (0.3) 
3.4 ± 1.8 {0.3) 
2.8 ± 1. 7 (0.2) 
2.3 ± 1.5 (0.2) 
1.9 ± 1.4 (0.1) 
1.6 ± 1.3 (0.1) 
1.3 ± 1.1 (0.1) 
1.1 ± 1.0 (0.1) 
0.9 ± 0.9 (0.1) 
0.7±0.9. (0.1)_ 
0.6 ± 0.8 (< 0.1) 
0.5±0.7 (< 0.1) 
0.4±0.6 (< 0.1) 
0.3 ± 0.6 (< 0.1) 
0.3 ± 0.5 (< 0.1) 
0.2±0.4 (< 0.1) 
0.1 ± 0.3 ( < 0.1) 

< 0.1±0.1 (< 0.1) 

P(longestrun ~ n) (%)t 

100.0 
100.0 
100.0 
99.6 
62.2 
15.6 
2.9 
0.5 

P(longest run~ n) (%)§ 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

99.9 
99.8 
99.3 
98.4 
96.7 
94.0 
90.3 
85.4 
79.6 
73.1 
52.2 
39.6 
3.4 

• The intervals with ~ 1 crossover represent the 981 gaps between consecutive bins of recombina­
tionally inseparable marl<ers. Only random marl<ers are considered to avoid biases in distribution of known 
genes. 

tThe probability of the longest run Is calculated in ref. 6. Briefly, if a coin with heads probability Pis 
tossed n times, the length R. of the longest head run has expected valueµ= log11p[(n - 1)(1-p) + 1] 
and the distribution of Rn is given approximately by Prob(R. - µ > t) = 1- exp(-pl). In this case, 
p=0.17. 

:j:The blocks with ~ 1 marl<er represent the 1,001 bins of recombinationally separable marl<ers. Only 
random marl<ers are considered to avoid biases in distribution of known genes. 

§ The probability of the longest head run is calculated with p = 0.83. 
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isolated repeats show < 10% overlap with our current set), we 
have reached the point of diminishing returns. The map covers the 
entire mouse genome, with the markers being sufficiently abun­
dant, polymorphic and stable to allow the mapping of monogenic 
or polygenic traits in virtually any mouse cross of interest5·8• 

Moreover, the markers are sufficiently dense to facilitate posi­
tional cloning of most mouse mutations. With> 90% of the mouse 
genome being within 750 kb of a marker, and current mouse yeast 
artificial chromosome (YAC) libraries 14

•
15 having a mean insert 

size > 750 kb, the map affords ready access to the vast majority of 
the genome with little need for chromosomal walking, and 
provides a preliminary scaffold for constructing a genome-wide 
physical map 16

• 

The map also provides a "common framework for the map­
ping of mutations and cloned genes. In addition to our inte­
gration with the Frederick cross, the SSLP map is being used as 
a framework for other mapping crosses, including public 
resources at the Jackson Laboratory 17 and the European 
Collaborative lnterspecific Backcross (EUCIB) 18• The EUCIB 
project (http://www.hgmp.mrc.ac.uk/MBx/MBxHomepage.html) 
is rescoring our SSLP markers in a cross with 1,000 meioses, 
which should yield finer resolution of order and correct remaining 
errors. 

Together with the final report on the human genetic map 13
, this 

paper marks the close of the first phase of the Human Genome 

A comprehensive genetic map 
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THE great increase in successful linkage studies in a number of 
higher eukaryotes during recent years has essentially resulted 
from major improvements in reference genetic linkage maps1-6, 

which at present consist of short tandem repeat polymorphisms 
of simple sequences or microsate1Iites7.a. We report here the last 
version of the Genethon human linkage map'. This map consists 
of 5,264 short tandem (AC/fG)n repeat polymorphisms with a 
mean heterozygosity of 70%. The map spans a sex-averaged 
genetic distance of 3,699 cM and comprises 2,335 positions, of 
which 2,032 could be ordered with an odds ratio of at least 
1,000 : 1 against alternative orders. The average interval size is 
1.6 cM; 59% of the map is covered by intervals of2 cM at most and 
1 % remains in intervals above 10 cM. 

Microsatellite markers were obtained as described previously5·6• 

A heterozygosity above 0.5 was observed for 93% of the markers 
and above 0.7 for 58%. These values remain very close to those of 
our previous version6

• Average heterozygosity per chromosome 
varied from 0.65 (chromosome X) to 0.73 (chromosome 19), with 
a mean value ofO. 70 for the entire collection of markers (Table 1 ). 
Database sequence comparisons and searches detected matches 
of AFM (Association Fran~aise contre les Myopathies) markers 
with 19 genes and 74 anonymous markers. 
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Genotyping of the microsatellite markers was performed as 
described previously on the same eight CEPH (Centre d'Etudes 
du Polymorphisme Humaine) families (20 for the X chromosome), 
which comprised a total of 134 individuals and 186 meioses5

•
6 (304 

individuals and 291 meioses for the X chromosome). Genotypes 
were submitted to the same error-checking procedures as 
reported earlier 6

• These procedures consisted of (1) a reinvestiga­
tion of.families with abnormally elevated recombination frequen­
cies between pairs of markers, and (2) correction or elimination of 
all double recombinant genotypes of markers placed in short 
linkage intervals. Such apparent double recombinations probably 
result from mutation events that converted an allele of one 
individual into the other allele. A more detailed analysis of 
double-recombination events and mutations in microsatellites is 
in preparation. 

Map construction was done in a stepwise manner with multiple 
controls at each step. The total length of this map as evaluated 
from the CILINKalgorithm 9 is 3,699cM (Table 1). This is almost 
identical in length to our previous version, despite the addition of 
new terminal markers that extend the 93/94 chromosome maps by 
145 cM (4% ). The absence of increase in length probably results 
from a very thorough error-checking process and from elimination 
of apparent double-recombinant genotypes. The 5,264 markers 
are distributed in 2,335 positions (Fig. 1 ), 2,032 of which are 
ordered with odds ratios against alternative orders of at least 
1,000: 1. The mean interval size is 1.6 cM. The fraction of the map 
in intervals above 10 cM represents only 1 per cent of the total 
linkage distance and consists of 3 intervals spanning 11 cM. Fifty­
nine per cent of the map is covered by intervals of 2 cM at most, 
and 92 per cent by intervals of 5 cM at most. Markers from the 
CEPH and CHLC databases have been integrated into this map as 
shown in Fig. 2, which presents the map of chromosome 22 as an 
example. Detailed information, including integrated maps of all 
chromosomes, a list of markers, their primer sequences, hetero­
zygosity, number and size-range of alleles observed in the 8 ( or 20) 
genotyped CEPH families, sex-specific distances, and mutations, 
will be presented in an extended reprint available on request and 
on an electronic server (http://www.genethon.fr). 

The total sex-specific lengths of autosomes estimated by 
CILINK 9 show only slight variations when compared to the 
lengths of the previous map6

• The length excess observed for the 
female map is comparable to other published maps. This excess 
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FIG. 1 Genetic map of the mouse. The map on the right was constructed in the Whitehead Institute/MIT CAST intercross; that on the left was constructed in 
the SPR backcross. For SSLPs, formal locus names have been abbreviated; for example, the locus D7Mit3 is simply denoted by 3 on chromosome 7. For the 
few SSLP loci developed elsewhere, the laboratory designation is retained (for example, D4Nds1 is denoted Nds1). For SSLPs developed from genes for 
which a gene symbol has been assigned by the Mouse Nomenclature Committee, the gene symbol is given in parentheses. For RFLPs in genes, the gene 
symbol is given. Linkage groups are represented by lines, with the centromere at the top. Loci genotyped in both crosses are followed by an asterisk; a line 
connects the respective positions in the two crosses. Loci genotyped as dominant systems are indicated by brackets. The map position of such loci is not 
certain because the meioses are not fully informative. The range of possible positions for the locus can be found by examining our electronic database, which 
contains the underlying genotypes for all loci. Loci that did not recombine in the meioses studied are listed together in a block. Distances were calculated by 
using Kosambi's map function6

• Map scale is shown to the side of the map of chromosome 1. One anomaly should be noted: in the (86 x SPRET) backcross, 
an SSLP (D9Mit33) derived from the sequence of the Crabpl gene maps to a different region of chromosome 9 than does an RFLP detected by a probe for this 
gene. This does not appear to be due to genotype errors, but may arise because the two assays detect different loci for technical reasons. The underlying data 
are all available electronically from our World-Wide Web site (http://WWW-genome.wi.mit.edu), an electronic mail server (send a message with the single word 
'help' to genome_database@genor:ne.wi.mit.edu), and anonymous ftp (at ftp-genome.wi.mit.edu). The analysis tools are also available electronically. 
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Large numbers of templates for DNA sequencing can be 
produced via PCR directly from plaques, colonies or genomic 
DNA. Sequencing directly from PCR products has many 
advantages over subcloning; the ability to PCR directly from 
plaques or colonies removes the need for template preparation 
and is highly amenable to automation. The main problem with 
this approach is the subsequent purification of the amplified 
products prior to DNA sequencing, especially since the sequence 
quality is proportional to the purity of the template. This is 
especially important when sequencing PCR products to identify 
sequence polymorphisms. 

The advantages of using magnetic particles in molecular and 
diagnostic biology have been described previously ( 1-4 ). The use 
of solid phase techniques has significantly increased over the past 
few years as more biochemical methods have become adapted for 
use with magnetic particles. 

We introduce here a general method for producing quality 
DNA sequencing template from PCR products. This procedure is 
rapid and inexpensive ($0.15 per prep.). The method termed SPRI 
(solid-phase reversible immobilization) avoids organic extrac­
tion, filtration and centrifugation steps (5). The SPRI method 
employs a carboxyl coated magnetic particle manufactured by 
PerSeptive Diagnostics, Cambridge, MA. (cat no #8-4125). We 
discovered that these particles could reversibly bind DNA in the 
presence of polyethylene glycol (PEG) and salt. 

This solid phase has no streptavidin, making the use of 
biotinylated primers or probes attached to the particles 
unnecessary. When using biotinylated primers one must exercise 
caution since excess primer will compete for streptavidin particle 
binding (6). This in turn may also contribute to lower yield and 
quality of the template. 

Here we describe a general PCR isolation procedure which is 
amenable to automation, rapid and yields double-stranded PCR 
product suitable for DNA sequencing. The method is as follows. 

PCR primers. Forward primers are tailed with -21M13 
sequences. TGTAAAACGACGGCCAGT (18 nt). 

PCR reagents. 
1. lOx PCR buffer [100 mM Tris-HCl (pH 9.3); 500 mM KCl; 

15 mM MgClz; 0.01 % gelatin]. 
2. 10 mM dNTPs. 
3. 10 µM forward and reverse primers. 
4. 20 ng/µl genomic DNA. 

• To whom correspondence should be addressed 

Figure 1. This gel shows an example of PCR products before and after 
purification using SPRI. Lanes Mare 200 ng $XI 74 Haem digest, lanes I and 
2 are one-tenth of a PCR product before and after SPRI purification, lanes 3 and 
4 are one tenth of a PCR product spiked with I 00 nmol of excess primer (36 nt) 
prior to purification, lane 3 is before and lane 4 is after SPRI. Lanes 5 and 6 are 
identical to lanes 3 and 4 using a different PCR product. Lanes 7 and 8 are I 00 
nmol excess primer (36 nt) before and after purification using SPRI. 

Standard PCR reaction (50 µl). 
1. 6.5 µl PCR MIX [lOx PCR buffer, 5 µl; 10 mM dNTPs, 0.5 

µl; Taq, 1 U; dHzO to add up to 6.5 µl]. 
2. 41 µl primer dilution [10 µM F&R primers, 0.5 µl; dHzO, 

40.5 µl]. 
3. 2.5 µl genomic DNA (50 ng). 

PCR conditions (35 cycles). 96°C, 5 min; 96°C, 30 s; 57°C or 
55°C, 2 min; 72°C, 2 min; 72°C, 5 min; 4°C. 

Solid-phase reversible immobilization for the purification of PCR 
products (96-wellfonnat). 

1. Wash 10 mg/ml carboxyl coated magnetic particles three 
times with WASH BUFFER [0.5 M EDTA (pH 8.0)]. 

2. For each PCR reaction (50 µl), add l O µl of washed particles 
and 50 µl of HYB BUFFER (2.5 M NaCV20% PEG 8000). Mix 
well and incubate at room temperature for 10 min. 

3. Place the microtitre plate on a magnet for 2 min and wash the 
particles twice with 150 µl of70% EtOH. 

4. Air dry for 2 min, and resuspend the particles in 20 µl of 
ELUTION BUFFER [10 mM Tris-acetate (pH 7.8)] and incubate 
at room temperature for 5 min. 

5. Magnetically separate the particles and remove the 
supernatant for testing and sequencing. 
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ljO ljO 110 _ 1;0 IL_ !JO 110 , Ir 2~0 2\0 50 2r_ 
rplo 31 'ITIIGGCiG'l'G CCTliCTGGG GGATGG1CiG ACllTGGGCA GTGCC.\ACCC ATAGGG"roGA TACAliAGAC AGGCllOOll OOGGTAGA.IC C.\TCllAGAG G.\.\TIIGGCTG G'l'GACCCC.\.\ 
rplo 32 'ITIIGGCiGTG CCTliCTGGG GGA'l'GG.IQG ACllTGGGCA =.uccc ATAGGGXGGA T.\CAliAGAC AGGCllOOll OOGGTAGA.IC C.\TCllAGAG GllTIIGGCTG GTGACCCC.\.\ 
aplo 33 'ITAGGCiGTG CCTliCTGGG GGATGG.\C.\G ACllTGGGCA GTGCC.\ACCC ATAGGGTGG1 TACllllGAC AGGCllGGll OOGGTAGA.IC CATCllAGAG GllTIIGGCTG GTGACCCCll 
aplo 3t 'ITAaGCiGTG CCTliCTGGG GGATGG1C.\G ACllTGGGCA GTGCCAACCC ATAGGGXGGA TACllllGAC .\GOCilGGll OOGGTAGA.IC C.\TCllAGAG GllTIIGGCTG GTGACCCC.\.\ 
aplo 35 'ITAGGCiGTG CCTliCTGGG GGATGG1CAG ACllTGGGCA GTGCC.\ACCC ATAGGGTGG1 TACllllGAC .\GGCllGGll OOGGTAGA.IC C.\TCllAGAG G.\.\TAOGC'ro GTGACCCCll 
aplo 36 'ITAGGCiGTG CCTliCTGGG GGATGG1CAG ACllTGGGC1 GTGCC.\ACCC AT.\GGGTGGA TACAliAGAC .\GGCllGGll OOGGTAGA.IC CATCllAG1G GllTAGGCTG GTGACCCCll 
aplo 37 'ITAGGCiGTG CCTliCTGGG GGATGGAC.\G ACllTGGGCA GTGCCAACCC AT.\GGGTGG1 TACllllGAC .\GOCilGGll OOGGTAGA.IC CATCllAG1G GllTAOGCTG GTGACCCCll 
aplo 38 'ITAaGCiG'l'G CCT.l.ACTGGG GGATGG.\CAG ACllTGGGCA GTGCCAACCC ATAGGGTGGA TACAAAAGAC AGGCllGGll OOGGTAGA.IC CATCllAGAG GllTIIGGCTG GTGACCCCll 
ople 39 'ITAGGCiG'l'G CCTliCTGGG GGA'l'GGACAG I.Cll'l'CGGCA GroCC.\ACCC AT.lGGGTGGA TI.CllllGI.C AGGCllGGll =TAG.UC CATCAAAGAG GllTAGGC'l'G G'l'GI.CCCCll 
tple 40 'ITAGGCMm4ii •••• • Ai A a ' a *- 4 I GI'GJ.CCCCil 

9 
CTMC T GG GG GATGGACAGACAATGG GCAGTGCCAACCC ATAGGGT GG AT ACAAAAGACAGGCAAGGAAGG GGTAGAACCATCAAAGAGG AAT AGGCT 

ID 

1140-
iCCTAiC T G G GGGATGGACAGACAATGGGCAGTGCCAACCCATAGGGV GGAT ACAAAAGACAGGCAAGGAAGGG GTAGAACCATCAAAGAGG AAT AGGCT 

~ 

' ~ ; ~ ~ N ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ; 
14~ 2730 &-- I 

13 
CCTAICT GG G GGATGGACAGACAATGG GCAGTGCCAACCCATAGGGCGGATACAAAAGACAGGCAAGGAAGGGGT AGAACCAT CAAAGAGG AAT AGGCT 

Figure 2. Sequencing traces derived from three related individuals are aligned to show the reliability of calling heterozygous bases. The cycle sequencing reactions 
of purified double-stranded SPRI purified PCR products were perfonned using AmpliTaq FS DNA polymerase (Applied Biosystems Division of Perkin Elmer, CA) 
using dye-Jabeled-21MI3 primers. The reactions were then run on an ABI 373A following the manufacturers protocols. 

The SPRI PCR method binds DNA based upon size as shown 
in Figure 1. This figure shows that for a 2 kb PCR product, the 
final yield is 80-90% whereas the yield from a PCR primer <.50 nt 
in length is almost undetectable. We have shown previously that 
the lower limit at which yields in excess of 80% are achieved is 
200 bp, the maximum limit is in excess of 200 kb (BAC DNA 
isolation). 

Overall this solid-phase procedure is fast, simple and highly 
automatable. Over the past year, this method has been used to 
isolate >5000 PCR products for DNA sequencing, the majority of 
which have been purified on our robotic systems. As shown in 
Figure 2, the sequence data is of the highest quality, allowing the 
identification of single base pair polymorphisms. 
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, Thermal Cycle DNA 
Sequence Setup Using a 
Modified Lab Workstation 

T. L. Hawkins, *t S. R. Banerjee, C. Brodowski, F. Days, 
C. A. Evans, D. Levinson, and K. Ingalls 

Navel biochemical approaches and the modifi­
cation of a commercially available robotic device has 
led to the development of a small flexible system 
that can perform the setup of thermal cycle DNA se­
quencing reactions in a high-throughput manner. The 
system is _highly flexible without the need for large 
or expensive automation. Our results from using this 
small footprint robotic system open up the possi­
bility of using this system for other molecular bi­
ology tasks. 

INTRODUCTION 

Widespread laboratory automation is set to be the 
next evolutionary step for molecular biology. Basic 
robotic workstations are becoming available al­
though, at first inspection, their day one usefulness 
is rather limited (Kristensen et al. [1], Watson et al. 

*T. L. Hawkins, S. R. Banerjee, C. Brodowski, C. A. Evans, D. 
Levinson, and K. Ingalls are with Whitehead Institute/MIT Cen­
ter for Genome Research, One Kendall Square, Bldg. 300, Cam­
bridge, MA 02139. F. Days is with Tecan US, Research Triangle 
Park, NC 27709. 

t Author to whom correspondence should be addressed. 

Laboratory Robotics and Automation 
© 1995 John Wiley & Sons, Inc. 

[2], and Smith et al. [3]). Molecular biology projects 
such as the Human Genome initiative and associ­
ated model organism studies have led to the need 
for useful and effective automation. For our re­
search, we utilize three basic molecular biology 
techniques: clone picking, DNA purification, and 
DNA sequencing. When looking at ways to automate 
these tasks, we failed to find an all-purpose com­
mercially available system. Rather than designing our 
own system, which could be redundant and out of 
date by completion, we decided to purchase the most 
flexible XYZ system that would allow us to develop 
our applications. We started with a Tecan RSP 5032, 
which had a working area of 434 x 300 mm with 
two robotic arms. One arm had a single fixed tip, 
while the second had four fixed tips. All tips were 
capable of capacitance sensing. 

Our aim was to provide our lab with a small, 
highly flexible, robotic system that could initially 
perform the task of DNA sequence setup to feed six 
ABI 373 DNA sequencers per day. The device needed 
to be usable by personnel without knowledge of ro­
botics, programming, or biological processes being 
carried out. To achieve this goal, we made a number 
of significant modifications to the Tecan system. To 
aid the user, we wrote our own menu-driven soft-

CCC 0895-7533/95/030117-06 117 
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ware that allowed procedures to be called via a point 
and click environment. We also developed a 12-
channel pipette tip to replace the Tecan's more stan­
dard four fixed tips, which dramatically decreased 
the time spent in liquid handling. To allow flexi­
bility, we designed various workstation layouts 
for different procedures, the designs of which are 
all available free from the authors (e-mail: 
tlh@genome.wi.mit.edu). 

This article describes the modification of the 
Tecan RSP 5032 robot to facilitate high-throughput 
DNA sequencing setup. Here we discuss the ap­
proaches used, the time taken, and the results from 
using the device. 

MATERIALS AND METHODS 

Tecan RSP 5032 Dimensions and 
Specifications 

The Tecan RSP 5032 is a small footprint robotic 
workstation (Figure 1). The system has two arms: one 
with a single fixed tip and the other with 12 fixed 

Single tip 
wash reservoir 

Multichannel tip 
wash reservoir 

2 3 

Hlccotlter f.l..ill f.o.l.i1l.ll.nJ 

4 5 6 

7 8 9 

Reagents 

Reagent 
Reservoirs 

Figure 1. The Tecan microtiter plate layout, with the Cavro 
syringes shown at the back of the instrument in two banks 
of 8 and 4 syringes. Both arms can access the common 9 
microtiter plate positions. The reagent tubes can only be 
accessed by arm 1 while the reagent reservoirs can only 
be accessed by arm 2. 

tips (tip spacing 9 mm, own design). All tips are ca­
pable of liquid detection using capacitance sensing. 

12-Channel Modifications 

The RSP 5032 normally utilized a single tip on one 
arm and a four tip on the other. In order to expand 
to 12 channels, we removed the internal Tecan di­
luters and replaced these with an eight-channel di­
luter Cavro XL 3000-8 with RS-232 communication 
(Cavro #724522) and a four-channel diluter Cavro 
XL 3000-4 (Cavro #724510). The two diluters were 
connected in parallel so that from the software point 
of view they were one unit. A Newark 24 V power 
supply was used to power the units. The Cavro units 
were different from the Tecan diluters in that one 
stepper motor drives all syringes in each unit. Each 
syringe input and output was controlled using dif­
ferent switch valves. This allowed no individual 
volume control but facilitated on/off switching of 
all channels. For the 12-channel device, this ap­
proach was suitable since our applications always 
used all 12 channels with identical volumes. 

Time Parameters of the Modified 12-Tip 
Tecan 

General 
Purging time for syringes and tips: 20 seconds 

Preparing duplicates of 96 samples into a microtiter 
plate aspirating 10 µ.L of sample: 2 minutes 

Transfer: 35 seconds 
Tip washing: 1 minute, 25 seconds 

Dispensing 100 JLL of reagent into microtiter plate: 
20 seconds 

Sequencing Setup 
Transferring 50 JLL of sample by aliquoting 10 and ~ 
15 JLL volumes into cycle plates: 4 minutes, ): 

30 seconds 
Transfer: 2 minutes 
Tip washing: 2 minutes, 30 seconds 

Adding 10 JLL dye-primer mix to a microtiter plate 
performed by the single tip: 10 minutes 

Mix addition: 9 minutes, 20 seconds 
Tip washing: 40 seconds 

Software 

The Tecan robot was available with INTEGRATOR, 
a PASCAL-like language. The compiler ran on a 
standard 486PC, though a 286 would have been suf-
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TABLE 1. Tecan RSP 5032 Specifications 

Overall dimensions 
Common workspace (two arms) 

Smallest addressable move 
Maximum velocity 

Width (mm) 

770 
434 

X(mm) 

0.229 
0.92 m/s 

ficient. The INTEGRATOR package included low 
level procedures such as "movetopos (rack, posi-

" tion)" to which parameters could be passed in the 
normal manner. Racks such as microtiter arrays were 
defined using the INTEGRATOR teach mode. The 
teach mode allowed users to define positions such 
as maximum z displacement, dispensing height, and 
travel height. A series of racks (e.g., rectangular, cir­
cular, discrete) together comprised a layout. 

We used the layout system of the INTEGRATOR 
to define specific areas of the common workspace 
for wash sites, positions of microtiter plates, DNA 
plates, pipette tip holders, reagents, etc. Specific racks 
were defined by a starting point (position 1), a final 
point (position n), and the number of columns and 
rows of points (rectangular rack) between the start 
and end points. The INTEGRATOR then calculated 
the separation distance between the wells and as­
signed each well a specific location in the rack. The 
rack system alleviated the problem of having to de­
fine well positions individually. In the case of 96-
well microtiter plates, we defined the first well and 
the last well, as well as the number of rows (8) and 
columns (12). 

The INTEGRATOR also offered the possibility 
of external device control through a standard serial 
port. Upon designating the auxiliary devices in the 

. INTEGRATOR, we were able to directly send com-
► mands to any external devices via the programming 

, environment. Because the software allowed us to 
'"--manipulate any three external devices simulta­

neously, our system rapidly became amenable to ex-
pansion. 

DNA Sequencing Chemistry Modifications 

Taq Dye-Primer-Cycled Sequencing Reactions for 
the ABI 373A DNA Sequencer: Buffers and 
Solutions 
Cycle buffer: 400 mM Tris-HCI pH 8.9, 100 mM am­
monium sulfate, and 25 mM magnesium chloride. 

Mix Mix 
A: 62.5 µM dATP C: 250 µM dATP 

Depth (mm) 

647 
300 

Y(mm) 

0.127 
0.64 m/s 

250 µM dCTP 
250 µM dGTP 
250 µM dTTP 
1.5 mM ddATP 

Mix Mix 
G: 250 µM dATP T: 

250 µM dCTP 
62.5 µM dGTP 
250 µM dTTP 
0.125 mM ddGTP 

Height (mm) 

500 
160 

Z(mm) 

0.100 
0.6 m/s 

62.5 µM dCTP 
250 µM dGTP 
250 µM dTTP 
0.75 mM ddCTP 

250 µM dATP 
250 µM dCTP 
250 µM dGTP 
62.5 µM dTTP 
1.25 mM ddTTP 

Primers: HPLC purified and made up to 1 pmol/ µL. 
DNA: single or double stranded at 15 ng/µL. 
Taq polymerase: ca. 5 U / µL 

Thermal Cycling 
Reaction mix for 96 reactions. This required the fol­
lowing: 
A Stock C Stock G Stock T Stock 

400 µL buffer 400 µL buffer 400 µL buffer 400 µL buffer 

104 µL A mix 104 µL C mix 200 µL G mix 200 µL T mix 

104 µL Taq mix 104 µL Taq mix 200 µL Taq mix 200 µL Taq mix 

32 µL primer 32 µL primer 64 µL primer 64 µL primer 

340 µL water 340 µL water 100 µL water 100 µL water 

Taq mix: 120 µL Taq, 96 µL buffer, 480 µL water. 

These mixes were placed on the robot which added 
the following to each well: 
Reagent A C G T 
Stock solution 10 µL 10 µL 10 µL 10 µL 

Then the following was added using the 12-channel 
manifold: 
DNA template 10 µL 10 µL 15 µL 15 µL 

After completion, the cycle plates were removed from 
the Tecan, capped, and then placed on Techne GeneE 
thermal cyders, which had heated lids to prevent 
evaporation. The cycle times for the M13 clones were 
as follows: 

96°C, 30 seconds; 51°C, 1 second; and 72°C, 1 
minute for 1 cycle followed by: 

96°C, 1 second; s1°C, 1 second; and 72°C, 1 min­
ute for 15 cycles followed by: 

96°C, 1 second; and 72°C, 1 minute for 15 cycles. 
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RESULTS 
Software Developments 
The Cavro diluter units required independent con­
trol from the RSP workstation since the functions 
within INTEGRATOR were specific to the Tecan di­
luters. In our system, we retained the Tecan dual 
diluter for arm one and only used the Cavro systems 
for arm two. This required the writing of new func­
tions within INTEGRATOR to control the Cavro di­
luters and to move the arm to correct positions when 
removing or adding liquids. These functions were 
added to the standard INTEGRATOR architecture. 

Hardware Developments 

To utilize the 12-channel system, we designed a 
suitable head and mounting assembly, as shown in 
Figure 2. The tips were stainless steel with silicon­
ized internal and external surfaces and had an in­
ternal diameter of 1 mm. The main problems in as­
sembly of this new part involved the elimination of 
torque on the head. This was achieved by adding a 
second z rod and fixing assembly. With these mod­
ifications, we were able to achieve reproducible po­
sitioning of all 12 tips. 

The Cavro diluter units, fitted with 1 mL sy­
ringes, gave a working accuracy of + /-5% on vol­
umes of 10 µ,L well within our required specifica­
tions. We were able to control volumes, ramp speeds, 
cutoff speeds, and individual switching to enable 
liquids of various viscosities to be dispensed. In all 
experiments, we found no edge effects or variations 
from tip to tip. Washing the tips involved flushing 
of the tip to a waste position followed by immersion 
of the tips into water and further dispensing of water 
through the tips. This had the effect of cleaning both 
the internal and external surfaces of the tips. 

DNA Sequence Setup 

The 12-channel system has been in full operation in 
this lab since September 1994 with over 25,000 DNA 
sequence reactions performed to date. The setup for 
the DNA sequencing process (Figure 3) required four 
cycling plates, the reaction mixes for A, C, G, and 
T, and the purified DNA presented in a 96-well plate. 
For our system, the DNA were M13 clones contain­
ing either human or mouse DNA that had been iso­
lated using a magnetic particle purification process 
(Hawkins [4, 51). The DNA sequencing chemistry 
employed was taq dye-primer sequencing that re­
quired 600-800 ng DNA and could be set up and 
then thermal cycled to provide linear amplification. 
This system could, however, be used for other types 

,,., 
\:,. \. 
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•.•.:··.l ·t.s 
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l . -
Figure 2. The 12-channel pipette head. The head was 
constructed from aluminum with stainless steel pins used 
as tips. To prevent torque, we fitted an additional z rod, 
which was secured to the z-actuator mounting. The 12-
channel wash reservoir is also shown. 

of DNA sequencing chemistry, such as primer and 
terminator approaches (Hawkins et al. [6]) and those 
employed by the Pharmacia ALF or the LiCor sys­
tems. 

The robot took 14 minutes to set up 96 dye- ◄ 
primer sequencing reactions using four wells per re-
action. This is limited by the addition of the reagent 
mixes by the single tip, which takes 10 minutes. We 
rejected the use of the 12 tip for mix addition since 
this would require time to aliquot mixes from tubes 
to plates to allow the 12 tip access. The setup of ABI 
style dye terminators would be much faster because 
only one well would be used per clone. In using the 
robotic system, we found that the overall quality of 
reactions increased compared to the manual system, 
especially because the robot required no further in­
tervention until the cycle plates were removed and 
placed on thermal cyders. We decided not to inte-
grate thermal cyders into the system since this would 
"lock up" the robot for many hours while the re-
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Figure 3. The DNA sequencing setup. Five of the avail­
able nine microtiter plate positions are occupied. Cen­
trally, one can see the DNA plate presented as a flexible 
Falcon 9311 plate. The remaining four plates are com­
posed of 0.2 mL thin-walled tubes. In the reagent position, 
the four sequencing mixes, A, C, G, and T are placed. 

actions were being cycled. An example of the data 
quality from this approach is shown in Figure 4. 

DISCUSSION 

Using the modified RSP system, we can set up the 
432 sequencing reactions, necessary to fill our 6 ABI 

sequencers (36 lanes x 2 runs/day), in less than 2 
hours. The automation of the DNA sequencing pro­
cess highlighted two key points in process auto­
mation. First, designing Peltier-driven heat blocks 
into the workspace would have allowed us to set up 
and cycle our sequencing reactions, however, this 
would have incapacitated the robot for several hours 
during thermal cycling. Second, pipetting small vol­
umes is difficult to reproduce; therefore, it was eas­
ier to redesign the biochemistry than reengineer the 
robot. As with all process automation, there are lim­
itations from both the biochemical and the engi­
neering facets. In many ways, our tasks have been 
to expedite the biochemical techniques so that they 
are compatible with specifications of the robot, while 
not compromising the yield or the quality of the DNA 
products. 

The features of the INTEGRATOR software such 
as the rack and layout system, the database, and ex­
ternal device control provided us a basic system from 
which to expand. The Tecan XYZ system further­
more furnished us with a flexible system that al­
lowed us to customize our applications through its 
simple liquid handling capabilities and through the 
addition of the Cavro diluters. 

The design of a small highly flexible system with 
both single- and 12-tip pipetting heads has ob-

T TCA TO CT NAGG TCGA C TC TA GA GOA TCCCCCCA O TTCA OCC TCC T TA TCC TCCA OTA C TCO OAA TCCA TC TA GOO T ANCC TCA TA OAA TACANOOCA OTT TC TA CNTCA CNTO TT TCAA CA TCAC C CCCA A A 
o 20 30 40 so eo 10 ao go 100 110 120 uo 

Figure 4. Shown here is an example of the data quality produced by samples set up on this device. The sequence 
chromatograph is from a taq dye-primer reaction, which was electrophoresed on an ABI 373A following the manufac­
turers protocols. 
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viously provided us with a unit to automate many 
other biochemical tasks. Currently under develop­
ment are the automation of clone picking, PCR set 
up, and DNA purification using magnetic particles 
as a solid phase. -
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Preparation and manipulation of high quality DNA is a vital step 
in molecular biology. Although there are many methods reported 
for single and double stranded DNA isolations (l, 2, 3, 4, 5) 
there are few procedures that are rapid, low cost and procedurally 
identical for all DNA types, from plasmids to single copy BAC 
clones. 

We have noted that under conditions of high polyethylene 
glycol (PEG) and salt concentration (10% PEG 8000 and 1.25 
M NaCl final concentrations) (6), D_ll{A would bind to the surface 
of carboxyl coated magnetic particles. Once bound, the DNA­
bead complex could be extensively washed and finally eluted in 
water to yield purified DNA. 

We have used carboxyl coated magnetic particles (Cat No. # 8-
4125B) available from PerSeptive Diagnostics (Cambridge, MA) 
for all our applications. These particles are 1 µM in diameter, 
are superparamagnetic and display iron as well as the carboxyl 
groups on the surface. These surface features are important since 
we have obtained reduced yields when either the iron or the 
negative charge are removed from the solid-phase surface. 

We have adapted the procedure, called SPRI (solid-phase 
reversible immobilization) for use in all scales of template 
preparations and manipulations. As well as the standard mini, 
midi and maxi prep scales, we have also demonstrated the use 
of the SPRI technology in the extraction of DNA from agarose. 

The method for the mini prep protocol is as follows: 

1. Take 1 ml of overnight culture containing the plasmid clone 
in an Eppendorfl'M tube. 

2. Create a cleared lystate. 
Centrifuge for 2 minutes to pellet the cells. 
Pour off the supernatant and resuspend the pellet in 30µ1 
Solution 1 (50mM Glucose, 25mM Tris.Cl pH 8, lOmM 
EDTA pH 8, lOOµg/ml RNase). 
Add 60µ1 Solution 2 (0.2N NaOH, 1 % SDS) and mix by 
shaking. Leave at room temperature for 5 minutes. 
Add 45µ1 Solution 3 (3M KOAc), mix by shaking and leave 
on ice for 10 minutes. 
Centrifuge for 10 minutes and remove 100µ1 of the supernatant 
to a Qew Eppendorf tube. 

3. Take 10µ1 (@20mg/ml) carboxyl coated magnetic particles, 
wash three times in 0.5M EDTA pH 7.2 and resuspend in 
10µ1 0.5 EDTA. Add to the cleared lysate. 

4. Add 100µ1 of the binding buffer (20% PEG 8000, 2.5M NaCl) 
and mix. 

5. Allow to incubate at room temperature for 5 minutes. 
6. Wash the magnetic particles twice with 5M NaCl and once 

* To whom correspondence should be addressed 

with wash buffer (25mM Tris.Acetate pH 7 .8, lOOmM 
KOAc, lOmM Mg2OAc, lmM DTT). There is no need to 
resuspend the particles during each wash. 

7. Resuspend the particles in 50µ1 water and incubate at room 
temperature for 1 minute. 

8. Magnetically separate the particles and remove the DNA to 
a new tube. 

From our results, shown in Figure 1, we estimate the initial 
binding efficiency to be approximately 100% under conditions 
in which the particles were in excess. Washing the solid phase 
then reduces this yield to approximately 80%, dependent on the 
types of wash solutions used. The solid-phase will bind to all 
types of DNA, which facilitates the same procedure to be applied 
to all DNA vectors and fragments. We have demonstrated the 
application of SPRI for the isolation of PCE products, M13 single 
stranded DNA, plasmids, cosmids and BACs with inserts up to 
240Kb. The procedures for all these DNA isolations are identical. 

Figure 1. This gel shows the various types of DNA that can be isolated using 
the SPRI technique. M is a 200ng Lambda Hindlli marker. Lane 1 shows the 
pUC18 supernatant after DNA binding to the solid-phase,demonstrating 100% 
binding. Lane 2 shows uncut pUC18, lane 3 SmaIA cut pUC18, lane 4 uncut 
pWE15 cosmid with 30kb insert, lane 5 cosmid cut with BarnHl, lane 6 BAC 
clone with 240 Kb insert cut with Notl to excise the 7.2 Kb vector. 
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Figure 2. This figure shows an ABI DNA sequencing trace from a SPRI isolated pUC18 clone. Bases 260-470 are shown. 

However, for M13 and PCR the procedure is further simplified 
since a cleared lysate is not necessary. Examples of various DNA 
isolations are also shown in Figure 1. 

Our main interest in this application is the use of SPRI for high­
throughput pUC isolations suitable for DNA sequencing. W,;, have 
been using this approach to isolate plates of 96 clones in microtitre 
plate format in 1 hour which are then sequenced using the M13-21 
universal dye-primer and electrophoresed on the ABI 373. The 
high quality of the sequence information, as shown in Figure 2, 
is typical of the data produced using this method. 

This procedure allows the manipulation and isolation of all 
DNA types using a single protocol. The SPRI method is fast, 
low cost (approximately $0.15 per sample in solid phase costs) 
and amenable to automation. The key to the SPRI technology 
is its potential to standardize all DNA manipulations and isolations 
and to enable us to perform solid-phase biochemistry to 
encompass many steps in molecular biology. 
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HoMOZVGOUS staggerer (sg) mice show a characteristic severe 
cerebellar ataxia due to a cell-autonomous defect in the develop­
ment of Purkinje cells 1.2, These cells show immature morphology, 
synaptic arrangement, biochemical properties and gene expres­
sion, and are reduced in numbers3-12

• In addition, sg hetero­
zygotes show accelerated dendritic atrophy and cell Ioss13

, 

suggesting that sg has a role in mature Purkinje cells. Effects of 
this mutation on cerebellar development have been studied for 25 
years, but its molecular basis has remained unknown. We have 
genetically mapped staggerer to an interval of 160 kilobases on 
mouse chromosome 9 which was found to contain the gene 
encoding RORa, a member c.f the nuclear hormone-receptor 
superfamily. Staggerer mice were found to carry a deletion 
within the RORa gene that prevents translation of the ligand­
binding homology domain. We propose a model based on these 
results, in which RORa interacts with the thyroid hormone 
signalling pathway to induce Purkinje-cell maturation. 
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We set out to identify the defective gene in staggerer by posi­
tional cloning, using genetic and physical mapping (Fig_ 1)-Apart 
from some large chromosomal deletions (such as Df lOFDFoD; 
Fig. l), there is only one allele ofsg_ We mapped this allele relative 
to simple sequence length polymorphisms (SSLPs) from the 
Whitehead/MIT map14 in 2,497 informative meioses_ Marker 
loci that remained tightly linked to sg after 1,000 meioses were 
used to isolate clones from yeast artificial chromosomes (YACs)15_ 

Genetic mapping localized sg to a 610-kilobase (kb) YAC and 
subsequently to a 162-kb bacterial artificial chromosome (BAC), 
28Al. 

In the course of sequencing clones from this region, we dis­
covered that the RORc,: gene was at least partially contained in 
BAC 28Al and a 135-kb BAC, 287E5. RORc,: is an orphan nuclear 
hormone receptor of the class that can bind DNA and activate 
transcription as a monomer in the apparent absence of ligand 16-

19
• 

Although RORc,: has been extensively studied, its ligand, if any, 
remains unknown_ 

To study the genomic region in more detail, we used shotgun 
sequencing (with ninefold redundancy) to determine the nucleo­
tide sequence of BAC 287E5. In addition, we isolated and 
sequenced a complementary DNA clone that contains the entire 
coding region for the mouse RORei:1 isoform. Afiill description of 
these sequences will be presented elsewhere. Comparison of the 
cDNA and genomic sequences revealed that 1,370 base pairs (bp) 
of the 1,566-bp coding region is spread over ~ 35 kb of BAC 
287E5 and provided the complete exon-intron structure of this 
portion of the gene_ The 5' end extends some 20 kb further, 
beyond BAC 28Al. 

Because chimaera experiments have shown that sg affects 
Purkinje cells in a cell-autonomous fashion12.20

, we expected that 
the sg gene should be expressed in cerebellar Purkinje cells in 
normal mice and should be altered in either its expression or 
coding sequence in the mutant. To evaluate RORc,: by these 
criteria (Fig. 2), we first hybridized northern blots to a probe 
from the hinge and ligand-binding domains of RORc,:. Of three 
transcripts seen in wild-type cerebellum(~ 10.5, 6.5 and 2.4kb), 
the larger two were of approximately normal length but greatly 
reduced abundance in sg/sg cerebella. Analysis using reverse 
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FIG. 1 Genetic and physical map of the staggerer locus. Top line, genetic 
map based on 2,497 informative meioses typed for SSLP markers and an 
SSCP in the mek-1 gene. A chromosomal deficiency that removes sg 
(10FDFoD) and one that does not (99G) are shown as open bars. A 
minimum tiling path of YACs used as a scaffold for physical mapping and 
the full complement of BAC and P1 clones used for high-resolution 
mapping and sequencing are shown as horizontal lines. The positions of 
DNA polymorphisms used as genetic markers are indicated by vertical 
lines; meiotic recombinants are indicated by an arrowhead and the 
corresponding animal ID number at the bottom of the figure. Arrows 
indicate the genes for RORix and calpactin p36 (p36), which was also found 
to lie nearby but outside the sg interval. 
METHODS. Genetic mapping was performed in two crosses, B6CWD-sg/ + 
x MOLF /Ei and C57BL/6J-sg/+ x CAST /Ei. In the first cross, a single sg 
heterozygous male from an earlier mapping cross (C57BL/6J-sg/ + 
x CWD/Le) was mated with several MOLF/Ei females. Progeny were 
genotyped and sg heterozygotes were mated with each other as an 
intercross or with B6CWD-sg,'+ partners as a backcross. In the second 
cross, C57BlJ6J-sg,'+ animals were mated with CAST/Ei and the resulting 
sg heterozygotes were intercrossed. Marker order was inferred by minimiz­
ing double recombinants and verified (or refined, for markers between which 
no recombinations were observed) by physical map STS content. STSs from 
the ends of YACs were isolated by inverse PCR. Additional STSs were 
obtained from YACs by sequencing of random Sau3AI and EcoRI subclones 
made from CHEF gel-isolated YAC DNA. P1 clones were obtained from 
Genome Systems (St Louis) using PCR assays. BAC clones (B.W.B. 
unpublished results) were identified by a combination of PCR assays and 

FIG. 2 Evaluation of 
RORix as a candidate 
gene for staggerer. 
a, Northern blot 
hybridization shows 
that RORix transcripts 
are expressed in adult 
staggerer cerebellum 
at low levels relative 
to wild-type controls. 
The blot was stripped 
and rehybridized with 
GAPDH as a control 
for the amount of 
RNA loaded in each 
lane. b, RORix gene 
product, showing the 
positions of the DNA­
binding domain and 
ligand-binding 
domain homology. 
The line indicates 
sequences used to 
probe the northern 
blot shown in a; 
shaded bar indicates 
sequence missing 
from sg transcripts. 
Numbered amino­
acid positions refer to 
the mouse RORix1 
isofomn. c, Key 
sequence features of 

a 

RORa 

-c.10.Skb 

6.5kb 

2.4kb 

GAPDH 

b 
73 139 272 52.l 

-t::=:iDNA)f----{~!.'l!lfutri1 11.1liG"A'"N"D---.f-
Nor1hern 

ln,itu 

the region deleted in sg. Exons are shown in capital letters, intrans in lower 
case. Omitted sequences are represented by ellipses. Deletion breakpoints 
are marked with arrows; only one copy of the underlined sequence GCTA is 
retained in sg. Wild-type coding sequence translation is shown above the 
nucleotide sequence of the exons, and the shifted frame translation of the 
predicted staggerer protein is given below the nucleotide sequence. Con­
ceptual translation of the sg RO Rix coding sequence from both genomic and 
RT-PCR sequencing predicts a frameshift at amino-acid 273 of the ix1 
isoform, leading to a truncation 27 residues later. Sequence of PCR 
fragments from sg, C3H/HeJ, BALB/cJ and subclones from a 129/Sv-derived 
BAC demonstrates that the sequence deleted from the RNA corresponds to 
a single 122-bp exon removed by a 6.5-kb genomic deletion. 
METHODS. RNA was isolated from frozen tissue with the Trizol reagent and 
polyadenylated RNAs selected by oligo(dl)-cellulose chromatography. For 
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oligonucleotide hybridization. Ends of physical mapping clones were iso­
lated by inverse PCR and sequenced to provide additional STS coverage. 

C 

A D S A V S S F Y L D I Q P S P D Q S G 
GCCGACTCAGCCGTCAGCAGCTTCTACCTGGACATCCAGCCCTCCCCAGACCAGTCGGGA 

L D I N G I K P E P I C D Y T P A S G F 
TTGGACATCAATGGGATCAAACCCGAACCCATATGTGACTACACACCAGCATCTGGCTTC 

F P Y C S F T N G E T S P T V S M A E L 
TTCCCCTACTG'M'CCTTCACCAACGGAGAGACTTCCCCAACCGTGTCCATGGCAGAACTA 

E 

Ggtaaggcagtatgcagtgctcctcctgg ••••••••••••• gccttaccccagcacatg 
A 

gtattttg,gcta':'cagtgcacaaatccatgactagggct •••••••••••••• tgatct 

H L A Q N I S K S H L E T C 
cctgttttctccccagAACACCTTGCCCAGAACATATCCAAATCCCACCTGGAAACCTGC 

Q Y L R E E L Q Q I T W Q T F L Q E E I 
CAGTACTTGCGGGAAGAGCTCCAGCAGATAACGTGGCAGACCTTCCTGCAGGAGGAGATT 

E N Y Q N K 
GAAAACTACCAGAACAAGgtagagttggaggactttctcttccca ••••••••••••••• 

ctccattccatcaccttcaaac!taal~ggaatctcagtaggcagaaaggatacgg 

aagcaggcttttataacctaagtaacagagactattttttttaatcctataatctttttt 

taacccatttccaaagaaagctttttacaaactaggaagccagcccgaggctggctgcac 

Q R E V H 
cagggttcccagctagtcttatgctaatgtgccttcctctttcacagCAGAGACAGGTGA 

E R G D 

W Q L C A I K I T E A I Q Y V V E F A K 
TGTGGCAGCTGTGTGCCATCAAGATTACAGAAGCTATCCAGTATGTGGTGGAGTTTGCCA 

V A A V C B Q D Y R S Y P V C G G V C Q 

R I D G F H E L C Q N D Q I V L L K A 
AACGCATTGATGGATTTATGGAGCTGTGTCAAAATGATCAAATTGTGCTTCTAAAAGCAG 

T B * 

northern blots, 3 µg poly(A)+ RNA were treated with glyoxal, electro­
phoresed through 1% agarose gels and transferred to nylon membranes 
as described30

• For RT-PCR, 1 µg poly(A)+ RNA was reverse-transcribed and 
1:100 of the resulting cDNA was used for each amplification. For sequenc­
ing, PCR products were reamplified using chimaeric primers carrying M13 
sequencing primer sites and gel-isolated before cycle sequencing with 
fluorescently labelled primers. 
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FIG. 3 /n situ hybridization of RORix to sagittal sections of 
E15 mouse embryos and coronal sections through adult 
mouse hindbrain. The positions of the probe sequences 
within the RORix gene are shown in Fig. 2b. a, c, RORoc 
antisense probe; b, d, sense probe. a, b, Hybridization 
signals detected in E15 cerebellum. The fourth ventricle 
(IV) and choroid plexus (CP), which lie below and posterior 
to the cerebellum, are marked for orientation. Anterior is to 
the left. Bar, 200 µm. c, d, Hybridization to the Purkinjecell 
layer detected in coronal sections through adult cere­
bellum. Letters denote the molecular (M), Purkinje cell 
(P) and granule cell (G) layers. Bar, 50 µm. 
METHODS. Two cDNA fragments ~ 500 bp were used for 
each sense and antisense probe. cDNA corresponding to 
the RORix constant region were amplified by RT-PCR 
(primers 6680U.2: AGIDGGTCGGATGTCCAAG and rora.2: 
GGCTGCAGAAATGCCTGG), reamplified with internal chi­
maeric primers bearing priming sites for dye-primer 
sequencing, gel-purified and sequenced. Sequenced frag­
ments were reamplified with chimaeric primers, either with 
the antisense strand carrying a T7 RNA polymerase 
promoter (T7rora.8: TGTAATACGACTCACTATAGGGCGAG­
TCAAAGGCACGGCAC or T7rora.6: TGTAA TACGACTCACTAT­
AGGGCGATCTAGAAGTGCTCGG-GCG), or with the sense strand 
carrying a T3 RNA polymerase promoter (T3rora.3: AATTAACCCTCACTAAA­
GGGCGACTCAGCCGTCAGCAG or T3rora.7: AATTAACCCTCACTAAAGGGA­
CffiGACGGGAAGTATGCG), and gel-isolated. RNA probes incorporating 
11-digoxygenin-UTP were synthesized with the appropriate polymerase. 

transcnpt1on and the polymerase chain reaction {RT-PCR) 
revealed a 122-bp deletion, which removes the start of the 
ligand-binding homology domain and shifts the reading frame, 
causing a stop codon after 27 amino acids. Comparison with the 
genomic sequence showed that the deletion corresponds to a 
single exon. 

Southern blot and long-range PCR analysis revealed a 6.5-kb 
genomic deletion relative to several wild-type chromosomes. The 
precise deletion breakpoints were localized by sequencing geno­
mic PCR products (Fig. 2). The deletion is not present on C3H/ 
HeJ chromosomes, on which sg apparently arose. (Specifically, sg 
arose in F2 progeny of a non-inbred V-ob/ob male and a 
C3H/He x BALB/cHm female (P. W. Lane, personal commu­
nication). Of existing strains related to these progenitors, the sg 
chromosome most closely resembles C3H/HeJ, having identical 
allele sizes at 16 SSLPs within 1 cM of sg.) 

The deletion would be predicted to create a null or severe 
hypomorphic allele, because truncation of the ligand-binding 
homology domain of RORIX has been shown to preserve DNA 
binding but greatly to reduce or abolish transactivation activity of 
the unliganded receptor in vitro19

• The predicted loss-of-function 
is consistent with our observation that sg behaves genetically as a 
null allele, with the behavioural and histological phenotype in sg/ 
Df lOFDFoD mice being no more severe than in C57BU6J-sg/sg. 

We examined the pattern of RORIX RNA expression in mouse 
embryos and adult brain to determine whether it is consistent with 
the cell-autonomous Purkinje cell defects seen in young homo­
zygotes and the accelerated atrophy seen in heterozygotes (Fig. 3). 
Purkinje neurons arise from a proliferative zone above the fourth 
ventricle beginning on embryonic day 13 (E13) in normal mice and 
migrate along radial glia from E14 to E17; they form a laminar 
shell in the presumptive cerebellar cortex and position themselves 
in a monolayer during postnatal development 21

• In situ hybridiza­
tion to sagittally sectioned embryos reveals prominent expression 
in large cells of the cerebellar anlage by El 4. The position and size 
of the ROR1X-positive cells in embryonic cerebellum is consistent 
with Purkinje cell precursors. In addition, hybridization to coronal 
sections through adult hindbrain reveals expression only in the 
Purkinje cell layer. Prominent hybridization is also detected in 
embryonic midbrain, with weaker signals in thymus, whisker 
follicles, eye, lung, kidney tubules, gut. The expression in 
thymus is particularly interesting as sg/sg mice have been reported 

738 

Hybrid-ready tissue sections (from Novagen) were processed according 
to the protocol of A. Nieto (Mill Hill), and visualized with an alkaline­
phosphatase-conjugated anti-digoxygenin antibody using 5-bromo-4-
chloro-3-indolyl phosphate and nitroblue tetrazolium substrates. 

to have delayed thymic development and a defect in terminating 
T-cell responses 22

• 

The data provide compelling evidence that the deletion in 
RORix is the cause of the sg defect: the deletion lies in the small 
(162-kb) region containing sg, is not found on the presumed 
ancestral chromosome ( or in 20 other strains examined) and 
eliminates a domain required for transcriptional activity in vitro, 
and the gene is expressed in Purkinje cells at the expected time in 
development. Ultimate proof will require transgenic rescue. 

Identification of the sg gene as a nuclear hormone receptor is 
particularly informative given the key role that thyroid hormone 
(TH) plays in cerebellar development. Hypothyroidism causes 
reduced dendritic arborization of Purkinje cells and decreased 
granule-cell proliferation similar to that seen in sg mutants, 
whereas TH replacement alleviates these defects in a dose­
dependent fashion23• Interestingly, the sg mutation blocks 
Purkinje cell response to TH 24. One apparently direct target of 
TH action is the Purkinje cell protein-2 (pcp-2) gene, which 
responds to TH levels in vivo and which is activated by ligand­
bound TH receptor-P (TRP) in transfection assays25

• Accordingly, 
we used RT-PCR to test whether sg affects expression of either 
TRP or pcp-2 RNA. We found that pcp-2 expression is undetect­
able in sg mutants, despite significant levels of TRP expression 
(not shown). Taken together, this strongly suggests that RORIX 
interacts with a thyroid-hormone signalling pathway in the 
maturation of cerebellar Purkinje cells. Such a model would be 
consistent with recent examples of crosstalk among nuclear 
hormone receptor signalling pathways2

&-
29

• Further elucidation 
of the RORIX signalling pathway should provide new insights into 
these regulatory interactions and the morphological, synaptogenic 
and trophic events that are defective in staggerer. □ 
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Determination of 41.2 kb of Y chromosome genomic 
sequence has been made from a cosmid that spans the 
Yp pseudoautosomal boundary and includes 18.5 kb 
of sequence from the patient-defined sex-determining 
region of the Y chromosome. An AceDB database of the 
sequence and the analysis data have been produced as 
a resource for studies of the evolution and population 
genetics of the Y chromosome. Comparison of the 18.5 
kb from the sex determining region to the sex de­
termining region of mouse does not locate any areas of 
similarity outside SRY/Sry. Indeed, no coding regions 
other than those previously reported can be detected 
anywhere in the 41 kb. The Y-specific and pseudoau­
tosomal portions of this sequence have different re­
peat sequence and GC contents: this may have rele­
vance both to the events defining the pseudoautosomal 
boundary and to the course of sequence evolution in 
the absence of recombination. 10 1995 Academic Presa, Inc. 

INTRODUCTION 

Different portions of the human Y chromosome have 
different modes of inheritance. The regions at the telo­
meres of the long and short arms are pseudoautosomal 
in character; the telomeric 2.6 Mb ofYp and 0.4 Mb of 
Yq are identical to the corresponding regions ofXp and 
Xq, respectively, and these regions recombine during 
male meiosis (Simmler et al., 1985; Goodfellow et al., 
1987; Freije et al., 1992). The remainder of the Y chro­
mosome normally does not exchange with the X chro­
mosome, and this portion remains male-specific. The 
lack of recombination and unique mode of inheritance 
of these sequences are associated with their startling 
lack of polymorphism within Homo sapiens. Conven­
tional restriction fragment length polymorphisms 
(RFLPs) are found on the Y chromosome at a many-

1 To whom correspondence should be addressed. Telephone: (44) 
1223 333986. Fax: (44) 1223 333992. 

2 Current address: Whitehead Institute/MIT, Center for Genome 
Research, Cambridge, MA 02139. 

fold lower frequency than they are found on autosomes 
(Jakubiczka et al., 1989; Malaspina et al., 1990; Spur­
dle and Jenkins, 1992) although Y-linked hypervari­
able loci do exist (Jobling, 1994). There may be, there­
fore, a marked difference in the levels of polymorphism 
between adjacent regions on either side of the pseudo­
autosomal boundary. Studies of Y-chromosome evolu­
tion and population genetics are hampered not only by 
the lack of Y-specific sequence polymorphism but also 
by the lack ofY-chromosome sequence, a raw material 
for all manner of such studies. 

Aberrant X-Y recombination events can transfer Y­
specific material onto the X chromosome. A zygote con­
taining the product of such an event can give rise to a 
sex-reversed ''XX male" if the transferred Y-chromo­
some material includes the Y-borne component of the 
male sex-determining pathway. The study of such XX 
males enabled this sex-determining locus to be mapped 
to the 35 kb of Y chromosome immediately proximal 
to the Yp pseudoautosomal boundary. The region was 
cloned in a cosmid and phage ~k'" beginning at the 
pseudoautosomal gene MIC2 (Ellis et al., 1989). Cosmid 
cAMF3.l, isolated during this walk, lies across the 
pseudoautosomal boundary and contains 18.5 kb of the 
patient-defined sex-determining region. The DNA used 
in the cosmid library was that of an Italian Caucasian. 
The single-exon gene SRY was located in a Y-specific 
subclone of this cosmid. SRY lies approximately 5 kb 
from the pseudoautosomal boundary with the 3' end 
closer to the boundary (Sinclair et al., 1990). Although 
a growing body of evidence suggests that SRY is neces­
sary and sufficient for the sex-determining function of 
the Y chromosome (Goodfellow and Lovell-Badge, 1993; 
Hawkins, 1994), it remains formally possible that the 
35 kb of Y chromosome proximal to the pseudoautoso­
mal boundary contain other loci involved in sex-deter­
mination. 

The mouse sex-determining region has also been de­
fined. Chromosomally female mice transgenic for a 14-
kb fragment of the Y chromosome, which contains 
mouse Sry, are phenotypically male (Koopman et al., 
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1991). Sry does not map close to the pseudoautosomal 
boundary of the mouse Y chromosome. 

The Y-chromosome location of cAMF3.1 is shown in 
Fig. 1. cAMF3.1 contains, in addition to SRY, exons 2 
and 3 of XG, which encodes the X-linked blood group 
antigen Xga (Mann et al., 1962; Ellis et al., 1994a,b). 
XG is truncated on the Y chromosome by the pseudoau­
tosomal boundary (Weller et al., 1994). 

In this paper we report the sequencing and analysis 
of cosmid cAMF3.1. The analysis has been performed 
with two aims; first, to discover whether this portion of 
the sex-determining region contains genes other than 
SRY, and second, to identify organizational, structural, 
or functional features that might either illuminate the 
evolution of the pseudoautosomal boundary region or 
provide comparative markers for mapping these evolu­
tionary events in primates. 

MATERIALS AND METHODS 

Shotgun sequencing of cAMF3. l. Details of the shotgun sequenc­
ing strategy can be found in Wilson et al. (1994) and references 
therein. In outline the procedure was as follows. cAMF3.1 was shot­
gun cloned into m13mp18. M13 minipreps were prepared for approxi­
mately 800 clones as per Hawkins (1992). These were sequenced by 
linear amplification dideoxy termination cycle sequencing using dye­
labeled M13 forward primers. Electrophoresis was performed on Ap­
plied Biosystems 373A sequencers. Sequences of M13 clones were 
assembled and edited into the sequence of cAMF3.1 using the STA­
DEN package (Dear and Staden, 1991; Gleeson and Staden, 1991). 
Security against misplacement of Alu-containing sequences was 
achieved by identifying Alu repeat regions prior to assembly so that 
assembly based solely on Alu-Alu sequence matches could be care­
fully examined. Initially the sequences from 800 random clones (of 
average read length 271 bases) resolved into 20-25 "contigs." 

The contigs were joined and the sequence was completed on both 
DNA strands using a combination of strategies: (i) primer walking 
in individual M13 clones, sequencing with dye-labeled dideoxy ana• 
logues (Applied Biosystems) rather than dye-labeled primers; (ii) se­
quencing the opposite end of the insert of appropriate M13 clones 
via a PCR amplification product of the single-stranded clone; (iii) 
resequencing and electrophoresing samples on a stretch-liner ABI 
373 sequencer to generate longer reads. Additional measures re­
quired to sequence a minisatellite region in cAMF3.1 are described 
in the next section. 

Cloning of PCR products and generation of DNase digestion sub­
clones. The sequence of the minisatellite region could not be ob­
tained from the 800 random M13 clones. A PCR product containing 
this region was therefore cloned, and nested subclones were gener­
ated by DNase digestion (Jones and Sulston, 1995). The PCR product 
was treated with mung bean nuclease to generate blunt-ended frag­
ments that were ligated into the plasmid pSC. The recombinant plas­
mid was linearized with a single cut with I-See meganuclease (Boeh­
ringer Mannheim), and the end of the insert was made susceptible 
to Exonuclease III digestion by the ligation of oligonucleotides. Brief 
Exonuclease III digestion was used to shorten the insert before recir­
cularization and retransformation of the plasmid. The sequence of 
the portion of insert newly adjacent to the M13 primer site was 
then obtained. Taq polymerase cycle sequencing of this region proved 
difficult with any template. 

Computer-aided sequence analysis. BLASTN (B = 1,000,000) was 
used to compare nucleotide sequences (Altschul et al., 1990). 
BLASTIC (B = 1,000,000, S = 50, M = BLOSUM62-12) was used to 
produce hypothetical six-frame translations of nucleotide sequences 
and compare these to protein sequences (Altschul et al., 1990; Gish 
and States, 1993). The sequence of cAMF3.1 was compared to three 

sequence databases to identify coding regions and other features of 
interest: EMBL release 38, SWIR version 5 (SWIR 5 is a Sanger 
Centre nonredundant compilation of SWISSPROT 28, PIR 39, and 
WORMPEP 5), and dbEST version 2.1. Prior to the execution of 
database comparisons, human repeat sequence family members were 
identified (using the database assembled by J. Jurka, available from 
the PYTHIA server (Milosavljevic and Jurka, 1993a)) and replaced 
with the character "N". A hidden Markov model (Krogh et al., 1994) 
was used to identify Alu elements (Micklem and Eddy, unpublished. 
Software available by anonymous ftp from /pub/sre at cele.mrc­
lmb.cam.ac.uk.), while BLASTN was used to identify LINE and MER 
sequences. The program ALUS from the PYTHIA package (Milosavl­
jevic and Jurka, 1993a, 3b) was used to assign Alu elements to sub­
families. All maximal segment pairs produced by BLAST were 
screened with MSPcrunch to identify significant matches as pre­
viously defined (Sonnhammer and Durbin, 1994). Tandem repeats 
were detected using the programs QUICKTANDEM and TANDEM 
(R. Durbin, unpublished). 

To detect regions with the characteristics of coding sequence, 
cAMF3.1 (without repeat elements masked) was examined using 
GRAIL II, an artificial intelligence-based technique trained with 
non-Y chromosome sequences (Xu et al., 1994a,b). All GRAIL II­
predicted exons were entered into AceDB rather than just its "final 
predictions." The program CPG (Micklem and Durbin, unpublished) 
was used to identify "CpG islands," regions in which the CG dinucleo­
tide is as uncommon as it normally is in the genome of mammals 
and that are generally located within or near genes (Bird, 1986). 

The sequence and the outputs of all analysis programs were en­
tered into AceDB (Durbin and Thierry-Mieg, unpublished) for cross­
comparison, storage, and presentation. 

RESULTS AND DISCUSSION 

Sequencing of cAMF3.1 

From cAMF3.1, 41,155 bases ofY chromosome geno­
mic sequence were obtained with 7.95-fold coverage per 
consensus base. The sequence of both DNA strands has 
been completely determined, except for the central 796 
bp of a minisatellite repeat for which only one strand 
has been sequenced. 

An estimate of the sequencing error frequency 
can be made because 5684 bp of sequence from within 
the region covered by cAMF3.1 have been previ­
ously reported (EMBL Accession Nos. HSSRYZ and 
HSPABY0l). Comparison of these two sequences to 
cAMF3.1 identified an incorrectly called base in the 
sequence of cAMF3.1. One basepair error in 5684 bp 
suggests approximately 99.98% sequencing accuracy. 
This is in line with estimates of error frequency pub­
lished by large-scale sequencing projects ( ~99.97% for 
Saccharomyces cerevisiae chromosome XI (Dujon et al., 
1994)). 

Sequence Analysis: The Search for Novel Coding 
Regions 

The first aim of the sequence analysis was to discover 
whether the sequence of cAMF3.1-in particular the 
portion from the sex-determining region-contains 
any coding regions not previously reported. 

The 18.5 kb of sequence from the sex-determining 
region were compared to the 14 kb of the mouse sex­
determining region in both untranslated and trans­
lated forms to identify sequences common to both re-
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FIG. 1. The region of the Y chromosome covered by cAMF3.1 is depicted with respect to the pseudoautosomal boundary, PAB, the sex­
determining gene, SRY, the gene for the Xga blood group antigen, XG, and MIC2. Exons are not to scale. 

gions. First, the nucleotide sequences were compared 
using BLASTN; second, cAMF3.1 was translated in all 
six reading frames before BLASTX was used to sixni­
larly translate the mouse sequence and compare the 
two. The only matches between the human and the 
mouse sequences were either in the high mobility group 
(HMG) domains of SRY and Sry or, as expected, be­
tween low-complexity repetitive sequences. Matches 
were seen at the nucleotide level and at the amino acid 
level. 

Coding regions were also sought by searching protein 
and nucleotide sequence databases, by using GRAIL 
II, and by identifying CpG islands. The assessment of 
candidate coding regions was made by simultaneous 
cross-comparison of these data in AceDB as shown in 
Fig. 2. Figure 2 is derived from the AceDB display. 

The three pieces of coding sequence and one pseu­
dogene known to exist within cAMF3.1 (see Figs. 1 and 
2) acted as internal controls for gene-finding. The single 
612-base exon of SRY lies 5 kb from the pseudoautoso­
mal boundary on the bottom DNA strand as depicted 
in Figs. 1 and 2. Exons 2 (41 hp) and 3 (23 bp) of XG, 
the gene encoding the Xga blood group antigen (Ellis 
et al., 1994a,b), lie in the pseudoautosomal portion of 
cAMF3.1 on the top strand. The pseudogene reported 
by Behlke et al. (1993) (hereafter referred to as T6) lies 
3 kb from SRY toward the pseudoautosomal boundary 
but on the opposite DNA strand (see Fig. 2). 

Y-specific sequence. SRY is detected by GRAIL II 
although the predicted gene is shorter at the 3' end 
than the actual coding sequence. A CpG island and two 
high-scoring GRAIL II predicted exons fall within the 
region of the pseudogene T6. It is notable that an RT­
PCR product has been found in which a region encom­
passing the GRAIL II hits and the CpG island (shown 
in Fig. 2) is spliced onto the pseudoautosomal exons of 
the X chromosome gene XG (Weller et al., 1994). This 
transcript is not thought to be functional. A weaker 
GRAIL II-predicted exon is found in the same position 
as the strong hits on T6 but on the opposite DNA 
strand. There are no other predicted exons in the Y­
specific portion of cAMF3.1. 

BLASTX detects one region of Y-specific sequence 
other than SRY that, when translated, matches any 
SWIR entry. The score is marginally above the 
MSPcrunch cutoff score and the sequence contains stop 
codons, so no further characterization has been at­
tempted. BLASTN detected many similarities between 
cAMF3.1 (involving either Y-specific or pseudoautoso­
mal sequence) and DNA sequence database entries, but 
these matches were generally to noncoding portions 
of entries, many of which, if not already known to be 
repetitive areas, seemed to be oflow sequence complex­
ity. As expected, therefore, the vast majority of the data 
accrued from nucleotide database searches was not 
useful for gene searching. The BLAS TN search· does 
indicate, however, that two Y-specific sequence tagged 
sites, EMBL entries HSPH09R and HSPH09F, come 
from the region covered by cAMF3.1. They are close to 
one another, 7.5 kb proximal to SRY (see Fig. 2). 

Pseudoautosomal sequence. GRAIL II successfully 
detects only exon 2 of PBDX/X,,G; the 23-bp exon 3 is 
missed. Low-confidence prediction of coding sequence 
is made for five other short pseudoautosomal regions. 
The only prediction deemed "good" by GRAIL II is made 
for the bottom DNA strand, although a prediction is 
made for the same place on the other strand; a top­
strand exon could be part of XG. The other predicted 
exons are low scoring and lie in areas for which there 
is no other evidence for coding sequence. They have not 
been further analyzed. The higher number of predicted 
exons in the pseudoautosomal sequence may reflect its 
higher GC content. 

The only region of the pseudoautosomal portion of 
cAMF3.l for which BLASTX detects a similarity to a 
protein database entries seems to be repetitive, giving 
a proline-rich sequence when translated. For this rea­
son this sequence also has not been analyzed further. 

In summary, it seems that there is no strong evi­
dence for any coding sequence in cAMF3.1 other than 
that previously reported, although this conclusion can 
and should be reviewed as gene-finding techniques im­
prove and sequence databases expand. cAMF3.1 is cur-
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FIG. 2. The principal sequence features of cAMF3.1. The figure is derived from the AceDB display. cAMF3.1 is in the same orientation 
as in Fig. 1. (Middle) In this panel boxes show the location of CpG islands, Alu, LINE, and MER elements, tandem repeats, and "DNA DB 
matches." DNA DB matches are regions where the sequence of cAMF3.1 matches one or more entries in the EMBL database. The height 
of the box denotes the percentage similarity between the sequence and the database entry sequence. When one region of sequence matches 
multiple database entries, the overlaid boxes cause dark shading. (Top and bottom) Above the central panel, boxes mark the locations of 
GRAIL II-predicted exons and "protein DB matches" for the three reading frames of the top strand of cAMF3.1. The three reading frames 
of the bottom strand of cAMF3.1 are shown below. Protein DB matches are regions where the sequence of cAMF3.1 translated in that 
frame matches an entry in the SWIR5 database (see Materials and Methods). The height of the boxes denoting GRAIL II-predicted exons 
denotes the confidence of the prediction. The height of the boxes marking protein DB matches also denotes the percentage similarity of the 
sequence to the database sequence. In addition, XG exons and the Y-specific region found spliced to these exons in a RT-PCR product (see 
text) are marked on the top strand. SRY is marked on the bottom strand. 

rently known to contain, therefore, less than 2% coding 
sequence. 

Sequence Analysis: Repetitive Sequence Elements 

The second aim of the sequence analysis was to iden­
tify organizational, structural, and functional features 
useful in the investigation of the evolution of the sex­
determining and pseudoautosomal boundary regions. 
Overall base composition of large regions can reflect 
aspects of origin and function, whereas length varia­
tion in tandem repeats and insertions of transposable 
elements can provide useful makers for inter- or intra­
species studies. For example, the Alu present at the 
pseudoautosomal boundary is found in great apes but 
is absent in Old World monkeys (Ellis et al., 1990). 

Transposable elements. There are several Alu sub­
families of different "ages." Alu-J and Alu-S are the 
:major subfamilies, Alu-J being the older. The Alu-S 

subfamily is divided into subgroups -Sb, -Sc, -Sp, -Sq, 
and -Sx. Alu-Sb, the youngest subset of Alu-S, contains 
two even younger groups Sbl (also known as the HS 
subfamily) and Sb2 (Jurka and Milosavljevic, 1991; 
Jurka, 1993). cAMF3.1 contains 30 whole or truncated 
copies of the Alu element; 5 are Alu-J, 1 is Alu-Sp, 12 
are Alu-Sx, 4 are Alu-Sc, and 8 are Alu-Sb. In addition 
there are two regions of cAMF3.1 that appear to have 
LINE (long interspersed nuclear element) sequence 
similarity and six areas that match known medium 
reiteration frequency (MER) repeats. The locations of 
all transposable elements are shown in Fig. 2. 

It is clear that Alu (and other) elements are nonran­
domly distributed in the human genome. Large se­
quencing projects have reported a range of Alu frequen­
cies, from 0.1 elements/kb for the KAL-X region of 
Xp22.3 (Legouis et al.,-1991) to 1.4 elements/kb in the 
ERCCl region of 19q13.3 (Martin-Gallardo et al., 
1992). They appear to be concentrated in the G/C-rich, 
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"reverse" or "Giemsa light" !;>ands of chromosomes 
(Korenberg and Rykowski, 1988) and may comprise up 
to 30% of these regions (Bernardi, 1989). The Y-specific 
portion of cAMF3.1 contains 10 whole or truncated 
Alus in 18.5 kb (i.e., 0.54 Alus/kb. This figure does not 
include the Alu that was inserted at the pseudoautoso­
mal boundary (Ellis et al., 1990). and is 39.1% G/C. 
The pseudoautosomal portion has higher Alu and G/C 
content; it has 19 whole or truncated Alus in 22. 7 kb 
(0.84 elements/kb) and is.4 7 .5% G/C. The contrast lends 
support to the notion that the pseudoautosomal bound­
ary was generated by a chromosomal rearrangement. 
There is as yet insufficient evidence to say whether 
the pseudoautosomal boundary also marks the junction 
between the light and the dark bands observed at the 
tip of Yp; Alu density and G/C content can vary greatly 
within a chromosome band; the ,8-globin cluster on 
llp15.5 (EMBL entry HSHBB), for example, has a low 
G/C and Alu content (39.5% G/C and 0.1 Alus/kb) but 
is located in a Giemsa light band. 

Tandem repeats. Although microsatellites and 
minisatellites have been sought on the Y chromosome 
as potentially highly polymorphic markers for Y-spe­
cific population studies, those detected seem to be al­
most exclusively pseudoautosomal. The pseudoautoso­
mal portion of cAMF3.1 is indeed much richer in tan­
dem repeats than the Y-specific region. It contains five 
regions of tandem repeats totaling 1.2 kb. The largest 
is a minisatellite sequence located 8 kb from the bound­
ary. It is composed of 45 copies of a 16-bp element, with 
sequence similarity between elements averaging 81 %, 
and it does appear to be polymorphic (data not shown). 
A region ofrelated sequence occurs 4 kb further toward 
the telomere. It is composed of 3 copies of a 16-base 
element with 88% sequence conservation. Two other 
tandem arrays close to the telomeric end of cAMF3.1 
are composed of elements that have compositions simi­
lar to each other. It is not known whether any of these 
sequences are polymorphic. The Y-specific portion of 
cAMF3.1 contains a single, short microsatellite repeat 
sequence, 17 kb from the pseudoautosomal boundary. 
Unfortunately it did not show any repeat number vari­
ation in a sample of 42 males, which included represen­
tatives from a variety of ethnic groups (data not 
shown). 

Total repetitive sequence content of cAMF3.1. 
cAMF3.1 contains two known repeat sequences in addi­
tion to those discussed above: first, the sequence of the 
human sex chromosome repeat pDP316 (Fisher et al., 
1990) (EMBL Accession No. HSSEXRPA) matches 
cAMF3.1, 5 kb from the telomeric end of the clone, 
with only a single difference, suggesting that this is 
the genomic origin of pDP316; second, 248 bp ofpseudo­
autosomal sequence located approximately 5 kb from 
the boundary are 85% similar to part of the Yp pseudo­
autosomal telomere clone HSTARS7A (Brown et al., 
1990). When this sequence was used to probe Southern 

. blots of digested genomic DNA, multiple copies were 
detected (data not shown). 

In total, 12.7 kb or 30.9% of cAMF3.1 is repetitive 
sequence. Alu, LINE, and MER elements account for 
10.4 kb of sequence. The pseudoautosomal portion is 
particularly rich in repetitive sequence: 42.5% of this 
area but only 16.8% of the Y-specific region is composed 
of repetitive DNA. It is likely that the totals will in­
crease as the more rare repetitive elements are charac­
terized. Many of the matches already noted between 
cAMF3.1 and noncoding portions of nucleotide data­
base entries may be caused by this type of sequence. 
The sequence at the pseudoautosomal boundary (not 
including the Alu element) makes one such match. 

CONCLUSION 

The sequence of the cosmid cAMF3.1 has been deter­
mined with high accuracy. The cosmid straddles the 
Yp pseudoautosomal boundary, and the sequence is ap­
proximately half pseudoautosomal and half Y specific. 
The Y-specific sequence is from the genetically defined 
sex-determining region of the Y chromosome but does 
not appear to contain any coding sequences other than 
SRY. This supports the conclusion that SRY alone is 
necessary and sufficient for the sex-determining func­
tion of the Y chromosome. Moreover, there is no evi­
dence that the genomic structure of SRY is other than 
that which has been previously described (Behlke et 
al., 1993). 

The Y-specific and pseudoautosomal portions of 
cAMF3.1 seem to differ dramatically in both GC con­
tent and repeat content; the pseudoautosomal sequence 
has a much higher GC content and is much richer in 
repetitive sequences than is the Y-specific region. This 
may indicate that a chromosomal rearrangement gen­
erated the pseudoautosomal boundary at this location 
and may further reflect differences in the processes 
of sequence evolution in nonrecombining regions. It is 
hoped that this project has generated materials with 
which this and other questions might be addressed. 
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ABSTRACT 

Detailed physical maps of the human genome are important resources for the identification and 

isolation of disease genes and for studying the structure and function of the genome. We used 

data from STS content mapping of YA Cs and natural and induced chromosomal breakpoints to 

anchor contigs of overlapping yeast artificial chromosome (Y AC) clones spanning extensive 

regions of human chromosome 22. The STSs were assigned to specific bins on the chromosome 

using somatic hybrid mapping panels defining 6 and 25 intervals respectively. YAC libraries 

were screened by PCR amplification of hierarchical pools of yeast DNA with 235 STSs, and a 

total of 575 YAC clones were identified. These YACs were assembled into contigs based upon 

their shared STS content using a simulated annealing algorithm. Fifteen contigs, containing 

between 2 and 74 STSs were assembled, and ordered along the chromosome based upon the 

breakpoint, meiotic and PFG maps. Additional singleton YACs were assigned to unique 

chromosomal bins. These ordered YAC contigs will be useful for identifying disease genes and 

chromosomal breakpoints by positional cloning and will provide the foundation for higher 

resolution physical maps for large scale sequencing of the chromosome. 



INTRODUCTION 

Human chromosome 22 constitutes approximately 1.9% of the haploid autosomal 

genome (1). Clinical disorders associated with this chromosome include several acquired, tumor­

related translocations such as the t(9;22) of chronic myelogenic leukemia and acute lymphocytic 

leukemia (3,4), the t(8;22) variant translocation of Burkitt's lymphoma (5) and the t(l1;22) of 

Ewing sarcoma (6,7). Deletions of all or part of chromosome 22 are associated with 

meningiomas (8,9), acoustic neuromas (10,11), Neurofibromatosis type 2 (NF2) (12,13), and 

rhabdoid tumors (14, 15). Chromosome 22 is also involved in the only recurrent constitutional 

chromosomal translocation in humans (16,17). In addition, a number of syndromes are caused by 

microdeletions or duplications of portions of 22qll, including DiGeorge syndrome (18-21), 

velo-cardio-facial syndrome (22), and cat-eye syndrome (23). Chromosome 22 has a high gene 

density and contains many duplicated sequences and gene families, which makes it an interesting 

model for mapping studies. The identification of new disease genes will be facilitated by the 

integration of detailed genetic and physical maps of this chromosome. Moreover, integrated 

maps can be used to make sequence-ready DNA templates, to facilitate the identification of 

novel structural elements and the study of chromosome structure. 

We used STS-content mapping (24-26) to assemble contigs representing the majority of 

the chromosome. 313 STSs and 22 hybridization probes were developed from chromosome 22. 

Markers suspected of containing repeats, and others giving unsatisfactory results in control 

experiments were eliminated, and the remainder were localized by PCR or Southern 

hybridization to unique "bins", which are defined by hybrid mapping panels (27,4 7). These 

markers were used to identify YACs (28) in three libraries: the CEPH/Genethon YAC libraries 

(29,30), a chromosome 22-only hybrid cell line derived YAC library, and the Washington 

University Y AC library (31 ). 213 STS s and 22 hybridization probes identified a total of 575 

individual Y ACs which were then assembled into 15 contigs containing between 2 and 196 

YACs. 



RESULTS 

Marker generation 

The STSs and hybridization probes used in this study were derived-from genes -and other 

publicly available sequences, STRPs (simple tandem repeat polymorphisms) (32), expressed 

sequence tags (ESTs) (33,34), YAC vector-insert junction fragments (35), inter-Alu PCR 

fragments (36) and randomly sequenced plasmid clones (27,47). Table 1 lists the STSs and 

hybridization probes that were used. Also shown are the individual probes/STSs used at each 

locus, and the source laboratory of each. GGTX, GGTY and GGTZ refer to probes containing 

sequences homologous to y-glutamyl transpeptidase 1 (GGTl) (60). These three GGT-like 

sequences have been shown to be physically linked to the BCR (break point cluster) -like 

sequences BCRL2 and BCRL4, and BCR itself, respectively, in 22ql 1 (unpublished 

observations). These BCR-like sequences can be distinguished from each other by HindIII 

polymorphisms (61), allowing assignment of the YACs detected by the GGTl STS to be 

allocated to unique bins. Details of this study will be presented in a separate publication. Primer 
.. 

sequences for each STS may be found in the public FTP (file transfer protocol) sites of the 

Philadelphia (cbil.humgen.upenn.edu /pub/22/) and the Whitehead Institute / MIT 

(genome. wi.mit.edu /pub/human_STS_releases/) Genome Centers. Further details of the origin 

and primer sequences of the STSs are also presented in a separate publication (27). 

Y AC identification 

Most YACs in the study were identified in the CEPH/Genethon libraries (original library 

(29) with an average insert size of 470 kb and mega YAC library with an average insert size of 

0.9 megabases (30)) by PCR screening of yeast DNAs pooled in two or three dimensions. 

Additional YACs were isolated from the Washington University YAC library (31), and from a 



chromosome 22 specific YAC library constructed with DNA from hybrid cell line GM10888 

(chromosome 22 in a Chinese hamster background). The chromosome 22 specific YAC library 

contains approximately 300 YACs with an average insert size of 200 kb, equivalent to lX 

coverage of the chromosome. YACs isolated from the Washington University library were 

kindly provided by Collaborators. In addition, limited use was made of a subset of YA Cs, kindly 

provided by Ilya Chumakov and Daniel Cohen, identified by hybridization of Alu-PCR products 

of a chromosome 22-only somatic cell hybrid to the CEPH megaYAC library. YACs from this 

subset, and from the chromosome 22-specific library were identified by colony hybridization. 

Table 2 is a summary of the Y AC/STS screening results, listed in order of cytogenetic 

"bin", and within each bin, ordered alphabetically by GOB locus name. The YACs that were 

found at each locus are listed. YAC addresses preceded by "A", "B", "C" or "D" are from the 

Washington University library. YAC addresses preceded by "l" are from the chromosome 22-

specific (local) library constructed in the Philadelphia Genome Center. The remaining YACs are 

from the CEPH libraries. The majority of these results are YA Cs identified to single microtiter 

plate addresses, either from unequivocal PCR results in two or three dimensional screens, or 

from confirmatory PCR tests done on individual YA Cs. A Y AC address consists of three 

dimensions: plate, row, and column. In initial screening of YAC pools, many of the addresses 

were incomplete (missing a dimension), or else had more than one possible value in a dimension, 

which occurs when there is more than one positive Y AC per block of 8 microtiter plates (see 

materials and methods), or from false positive results. Such ambiguous addresses were resolved 

by several means including fingerprint analysis, comparison with verified Y AC addresses of 

adjacent STSs, or PCR of all possible clones in the degenerate set of addresses. After preliminary 

contig assembly, most of the clones identified as well as the pufative adjacent YACs were 

individually tested with each STS in the contig. 

In order to resolve confusion caused by possible cross-contamination among microtiter 

plate wells we adopted two approaches. The first approach compared the CEPH/Genethon 



fingerprints, where available, of the putative YAC positives with the fingerprints of other YACs . 
known by STS content to overlap the Y AC to be resolved. Shared fingerprint bands among these 

YACs identified with a high degree of confidence the true positive YAC address among several 

neighboring candidates in several cases. The second approach was based on a calculation of the 

actual distances between wells of two Y AC addresses sharing STSs, divided by the number of 

STS hits in common; when this measure fell below a certain threshhold for any pair of addresses, 
~ 

they were consolidated into a single address. This heuristic in all cases corresponded well to 

human judgements about likely cross-contamination, and was shown to be justified in cases that 

were checked experimentally. Level 1 data from the CEPH/Genethon genome mapping project 

were confirmed and included in the table. 

YAC Contig Assembly 

To date, we have used 235 markers to identify 575 YA Cs. Although the number of YA Cs 

we identified indicates nearly 5X coverage of the chromosome, the depth of coverage is uneven: 

all somatic cell hybrid bins contain YACs, but the 22ql 1.23 to ql2.31 region (bins 12-15; see 

below) has much deeper coverage than elsewhere. The YACs and STSs fall into 15 islands, 

defined as sets of STSs and sets of YA Cs all of which can be reached from each other by 

following a path of connectivity alternating between STSs and YA Cs. Singleton YA Cs detected 

by one STS each, numbering 25, are omitted from this total. We had difficulty obtaining 

unequivocal clone and STS order within the largest of these islands, and a clear clone tiling path, 

even with deep clone coverage of the area and many STSs. In the central portion of the 

chromosome Y AC connectivity has been achieved over a distanc"e exceeding 10 Mb, yet an 

unbroken clone tiling path remains elusive despite extensive testing of YA Cs versus STSs in that 

region. This may be due in part to false positive and negative Y AC/STS results (although results 

have been carefully confirmed), internal deletions within YAC clones, and sequences present at 

more than one location on the chromosome. Given these problems, the objective becomes to find 
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an ordering of STSs that minimizes gaps. In ideal data, there should be an order of STSs, 

corresponding to a true Y AC contig, such there are no such gaps. However, in our data all 

postulated orders of STSs in an island result in some number of "gaps" within YACs in the 

island, defined as cases where a YAC is negative for some STS but positive for STSs located to 

both the left and right in the ordering. 

For very large islands, finding the STS order with a the absolute minimum number of 

gaps is computationally intractable, but several approaches have been developed to finding 

approximate solutions. A simulated annealing (39,40) program we developed employs a random 

search strategy that seeks local energy minima in the space of all. possible orderings, where 

energy is defined in terms of numbers and sizes of gaps (see Materials and Methods). This 

approach can be expected to yield somewhat different results for multiple runs, both because 

there may be more than one valid ordering even for ideal data, and because for "noisy" data the 

search may find different local energy minima which are near the actual optimum. In practice, 

the results of multiple runs of simulated annealing are generally similar, although not identical. 

We refer to these orderings of STSs and YACs as contigs, though it should be emphasized that 

the larger islands should be viewed as putative contigs at present. 

A schematic representation of the coverage of the chromosome in contigs is shown in 

Figure 1. The chromosome is shown divided into 25 intervals derived from the somatic cell 

hybrid map of Budarf et al (27). Bin 1 formally includes the short arm of the chromosome but, 

since very few single copy sequences have been dett;cted there ( 42), we consider bin 1 

effectively to begin on the 22q side of the centromere. The contigs, based on the bin assignment 

of the STSs that detected the Y ACs in each, are shown as dark blocks. Since STS content 

mapping provides only limited information on contig size, the true' extent of coverage and the 

sizes of the gaps separating the contigs are unknown. The stippled block represents a contig of 

cosmids in a region that proved difficult to clone in YA Cs. YA Cs detected by STSs in this part 

of the chromosome were unstable, and were underrepresented in the libraries screened (M. 

Budarf, unpublished observations). The cosmid map of this region will be described in a separate 

-· 
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publication. Figure 1 makes clear the low coverage of the distal portion of the chromosome, 

which arises from the lower density of markers and underrepresentation of the region in the 

mega-YAC library. 

Figure 2 shows simulated annealing results for the largest contig, using a novel method of 

representing such data to which we have given the name 'Searls plot', after the author of the 

program. As noted, results of simulated annealing tend toward local minima of the objective 
-

function that may differ among runs. The relative merits of these STS orderings and implied 

YAC contigs cannot be judged with confidence on the basis of the STS data alone. On the other 

hand, a number of such orderings independently arrived at may be expected to represent a 

reasonable sampling of the contours of the search space of possible STS orderings. If the 

predicted orderings do not resemble each other, then little can be said about which is closest to 

the true optimum, but if they are all similar, one may be more confident in their consensus. 

Figure 2 shows the degree and nature of the consensus for multiple simulated annealings. The 

minimum energy ordering among all runs is indicated by the list of STSs running down the left 

hand side. The gray boxes in the diagram show the positions along the horizontal axis at which 

the indicated STS occurs in a run, so that the major diagonal denotes complete agreement with 

the minimum energy run. Other gray boxes indicate other positions at which that STS occurred 

in other runs, and the shading of a box reflects the number of times a panicular STS occurred at 

the same position in a run. If the predictions for an STS tend to cluster at more than one position 

in multiple runs, one may infer that the evidence is not strong enough to greatly favor one 

position over another, though it may be possible to narrow the possibilities to a few regions. 

As noted above, even with ideal data it may be possible to have more than one ordering, 

panicularly over subregions of the contig. Obviously, a given ordering of STSs may be reversed 

in its entirety, without changing the apparent fit to the YAC data in isolation, and for that reason 

each simulated annealing run is reversed if necessary to more closely approach the consensus. 

However, there may also be subregions over which the STSs can be reversed without affecting 

the energy materially, and in this case the Searls plot will display a characteristic 'X' pattern 

0. 
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across the diagonal, representing the alternative orderings. Another characteristic pattern is a 

displacement of a subregion laterally on the plot, with either a forward or reversed directionality, 

indicating parts of the contig that display local integrity but which can be moved elsewhere in the 

larger scheme of things, with little or no penalty. Finally, there are subregions where STSs tend 

to be 1n proximity to each other, but where there is little suppon for ordering them with respect to 

each other. This may occur, for example, where there are multiple YACs with the same STS hits, 

but no Y ACs with only panial overlap to split the STSs and provide order information. These 

appear as "clouds" of points at or near the diagonal; it can be seen that with a sufficient sample 

size such regions would approach a uniform distribution of points within a diffuse "superblock". 

Figure 2 shows a major "X" indicating that the ordering in the distal half of the contig was 

invened in a significant number of the simulated annealing runs. We interpret this to mean that 

the link between D22S591 and D22S47 should be viewed with caution and we have yet to 

- confirm by other means whether actual continuity of Y AC coverage exists in this region. 

Figure 2 shows that our data suggest, with some confidence, a general ordering of STSs 

in most sections of this region of the chromosome, but in some areas there is significant scatter. 

Some of this deviation is systematic in nature, as described in the previous paragraph, and some 

in all likelihood merely reflects regions where the data is error-prone. An external test of the 

accuracy of this method is provided not only by bin information but by the meiotic and pulsed­

field gel maps ( 43-46) of the region; the orders of the subsets of markers in both of these maps 

are similar in the converged order arrived at by simulated annealing, which in this case was done 

without regard to information from any of these other methods. Figure 3 shows a single 

simulated annealing solution to the largest contig. 



DISCUSSION 

We used physical, meiotic, and breakpoint maps of human chromosome 22 to localize 

contigs of overlapping Y AC clones that provide extensive coverage of the long arm of the 

chromosome. The physical map is developing rapidly due to considerable new data obtained by 

screening Y AC libraries with STSs. The contigs, most of which are anchored by landmarks that 
- -

have been ordered by meiotic or hybrid mapping, provide extensive coverage of the long arm of 

the chromosome. Although long range continuity of the clones is not yet complete, the present 

information is of immediate use to the gene mapping community for identifying disease genes 

and chromosomal breakpoints. The current state of th_e physical map reported here reflects the 

fundamental characteristics of the reagents and methods used, as well as the inherent nature of 

chromosome 22 itself. 

STSs that were developed for chromosome 22 are not randomly distributed along the 

chromosome. The contig(s) spanning interval 42ql l.2-22q13.1 is(are) the most evolved as the 

result of the high density of markers in this region and greater than average representation of the 

region in the Y AC libraries. The distribution of markers shows a bias towards the center of the 

l~ng arm of the chromosome (27,47). This is partly because many STRP markers were used as 

STSs, and these are known to be ~oncentrated in the 22q12 G-dark chromosomal band (52). 

However, it is not known why other randomly chosen STSs generated from flow-sorted material 

should also be biased in this way. The distal third of the long arm is correspondingly poor in 

STSs, and appears to be underrepresented in the Y AC libraries, and as a consequence, contains 

only 2 small contigs and 7 singleton Y ACs. Interestingly, the distal portion of the long arm 

appears to be resistant to cloning in both plasmid and YAC libraries~· and the consequent paucity 

of mapping information indicates the need for alternative strategies for covering this region. 

Currently, we are targetting the region by generating STSs from inter-Alu plasmid libraries made 

from radiation hybrid cell lines that retain only the distal ponion of the chromosome. Success in 

developing new STSs in this way has shown that YA Cs, not markers, are likely to be limiting for 



STS-YAC contig mapping, and that complete coverage of this region will probably depend on a 

different cloning vehicle. Current candidate systems are bacterial artificial chromosomes (BACs) 

(48), Pl phage clones (49), Pl artificial chromosomes (PACs) (50), and cosmids. 

Screening multi-dimensional pools of YA Cs was the only practical way to test all 25,000 

Mega-YA Cs for the presence or absence of a given STS, but created several types of problems. 

Contamination of adjacent wells during preparation of the pools, absence of amplification in one 

dimension, or the presence of more than one Y AC in the same pool were examples of difficulties 

that are inherent to pooling schemes which can result in false positive, false negative, and 

ambiguous YAC addresses. Most of the results obtained from the pool screenings have been 

resolved by a variety of methods, including analysis of YACs seen with adjacent STSs, 

fingerprint analysis of selected YACs, and ultimately, the verification of the PCR on the 

individual YAC. To decrease the errors caused by false negatives on STS order, most STSs were 

screened on adjacent YA Cs as well. 

The CEPH mega-Y ACs, which have an average insert size of 0.9 Mb (30), provided the 

best tool for linking STSs and assembling contigs, and were screened with all available markers. 

By requiring double linkage before declaring contiguity among STSs in the largest contig, large 

ciones were required, and YACs from the other libraries, while contributing to deep coverage in 

most regions, did not, in general, contribute to contig assembly. However, in some notable cases 

contig construction was dependent upon the smaller clones, and as the map matures, they will be 

useful in resolving the order of closely spaced STSs, and as tools for isolating cosmids or other 

smaller clones as the map moves towards a higher level of resolution for eventual sequencing. 

In addition to the known families of chromosome 22 specific repeats on long arm, such as 

the BCR, immunoglobulin and GOT gene families, we observed sevc!'ral markers which appear to 

behave as low copy repeats. In such cases, the PCR assay amplifies two identical or related 

sequences with products of similar molecular weights. Examples of this were D22S33 and 

D22S275, which gave several bands of similar size, and detected 15 and 14 YACs respectively. 

Repetitive STSs created inconsistencies in the data, manifested as large apparent gaps in YAC 



clones, since contig assembly software tries to assign them single contig locations. In fact, they 

may be present at two or more locations. Repeats therefore artificially connect YA Cs at disparate 

locations. We arbitrarily decided that STSs detecting 14 or more megaYACs would be declared 

potentially repetitive and excluded them form contig construction. 

The. CEPH-Genethon tiling paths (38), provided relatively little additional information 

because the areas covered by tiling paths coincided with the region where the STS physical map 

was already well covered. We independently screened the mega-Y AC library for the same 

Genethon genetic markers (55,59), and confirmed the Y AC addresses and the level- I tiling paths 

present in the November 1993 CEPH-Genethon data release (38). We extracted a few YAC 

addresses derived by ALU-PCR hybridizations in 22ql 1.2- q13.1 region that were missed during 

YAC pool screening. Unfortunately, the areas where the STS content map was poor was also not 

represented in the tiling paths, or present only in higher level paths that could not be confirmed. 

Fingerprint analysis on the mega YA Cs generated by CEPH (51,38), was utilized to resolve 

ambiguous addresses derived from screening pools of YACs. This method, successful in one 

third of ambiguous addresses tested, reduced the number of alternate addresses that need to be 

verified for YAC determination. We did try to assemble the 22q 11.2-q 13.1 by fingerprint 

analysis alone using only the fingerprints of YACs that were previously identified to this region. 

The results had only limited success, yielding small contigs with less than 10 YACs that were 

already shown to have extensive overlap in STS content. 

We chose to represent the data for the large contig in two ways: a single simulated 

annealing solution , and the Searls plot, derived from multiple runs of simulated annealing. These 

representations, combined with the YAC-STS results shown in Table 1, provide an objective and 

useful means of using these data. Previous localization of markers by recombination or 

breakpoints greatly facilitated the evaluation of the STS content map. The marker order in region 

22q 11.2-q 13.1 spanning more than 11 cM, was broadly consistent with the orders of subsets of 

markers arrived at by meiotic and pulsed-field gel mapping (43-46). The smaller contigs contain 

at most two genetically ordered markers, which does not allow real comparisons of marker order 



with the meiotic map. In essence, we have made the assumption that the framework linkage map 

(52) is correct, and used it to anchor and orient the smaller contigs. The best validation of the 

smaller contigs came from concordance with the somatic cell hybrid binning results. 

It is clear that due to biological problems with YACs, the STS-content mapping results 

from the large contig did not allow us to obtain a fine structure order of the region. This may well 

be true for many other regions in the genome. The need for additional methodologies to obtain a 

finer scaffold map of STSs is evident. Radiation hybrids, which allow the study of multiple, 

larger DNA fragments at a higher redundancy will provide more confidence in generating a high 

resolution STS order. They will also allow contiguity of the STS map in regions where YAC 

clones are few or absent. 

In conclusion, the physical map of human chromosome 22 has advanced considerably, 

due to the large scale screening of the CEPH Mega-YAC library with chromosome 22 specific 

STSs. Current efforts to achieve a complete set of overlapping clones for the long arm of the 

chromosome are directed at the generation of additional STSs for clone screening, as well as 

targeted strategies for the distal third of the chromosome using ALU-PCR hybridization 

strategies. 

MATERIALS AND METHODS 

Pooling of Y AC libraries 

For use in the Philadelphia genome center, two dimensional pools of the CEPH/Genethon 

YAC libraries were constructed as described (53). A Biomek·' 1000 robotic workstation 

(Beckman Instruments) was used for yeast DNA isolation and pooling. In brief, yeast clones 

were grown to saturation in ura- trp- dropout medium in microtiter plates at 30C. 50-75 ul of 

each clone was pooled into a 1 ml deep-well plate (Beckman Instruments) in which spheroplast 

preparation and lysis was performed as described elsewhere (54). The lysate was extracted twice 
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with Strataclean resin (Stratagene) according to manufacturers recommendations. The DNA was 

then precipitated with isopropanol and the pellet was allowed to dry. After resuspension in TE 

(10 mM Tris-HCl pH 8.0, 1 mM EDTA, pH 8.0) and treatment with DNAase-free RNAase, the 

DNA was precipitated with isopropanol and the pellet was dried and resuspended in water. 

Limited use was also made of commercially purchased DNA pools constructed in three 

dimensional blocks equivalent to eight microtiter plates each (Research Genetics, Huntsville, 

Albama). 

PCR was performed in 20 ul reactions using approximately 20 ng of pooled yeast DNA in 

standard PCR buffer (IX buffer (Boehringher-Mannheim) : lOmM Tris-HCl, 1.5mM Mg2+, 

50mM KCl, pH 8.3) with 20 nM (final concentration) primers and 0.5U Taq polymerase (Perkin 

Elmer Cetus or Boehringher Mannheim). PCR conditions were: a five minute denaturation step 

at 92·. C followed by fony five cycles of 94"C/20 seconds, annealing for 20 seconds, 72"C/80 

seconds and a 7 minute extension at 72"C. Suitable annealing temperatures were determined for 

each STS. The majority of the PCR assays were performed on MJ Research PTC-100 thermal 

cyders. Products were analyzed by gel electrophoresis using 1.5 % agarose. 

STSs screened at the Whitehead Institute/MIT Center for Genome Research were 

analyzed using a semi-automated system. The STSs were screened on plates 709 to 972 of the 

CEPH megaYAC library, generously provided by Daniel Cohen. The YAC library was screened 

by a two-level pooling scheme. At the first level, there are 32 superpools consisting of DNA 

from the 768 YACs in a block of eight 96 well plates. Corresponding to each block, there are 8 

row, 12 column, and 8 plate subpools. STSs positive at the superpool screen were then screened 

on the corresponding subpools to identify YAC addresses. 

PCRs were prepared by a robotic station built by ROSYS and modified by IAS 

(Intelligent Automation Systems, Inc., Cambridge, MA). PCR was performed in 20 ul volumes 

containing 10 ng target DNA, IX PCR Buffer (lOmM Tris/HCl, 50 mM KCl, 1.5 mM Mg++, 

and 0.001 % gelatin), 4 nmol dNTP, 5 pmol each primer, and 0.5 units of Taq. PCRs were 

completed on custom built thermocyclers (locally called waffle irons, by IAS) each having a 
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capacity of 16 192 well plates (Costar, Cambridge MA). PCR conditions were: an initial four 

minute denaturation at 94°C followed by 30 cycles of 50 sec at 94°C, 1.5 minutes at 58°C, 1 

minutes at 72°C, and a final extension period of 10 minutes at 72°C. 

STSs were screened by either standard agarose gel stained with ethidium bromide or by 

high throughput chemi-luminescence dot-blot analysis: The PCR products were transferred from 

the 192 well plates to nylon membranes using a custom built 96 pin pipettor (IAS) and a 6,144 

reaction capacity dot-blotting apparatus (96 X 16 X 4X well density, IAS). Subsequent 

hybridization and detection of the Hybond N+ membrane (Amersham) membranes was done 

using the ECL kit (Amersham). Hybridization occurred overnight using non-radioactive probes 

designed from PCR products. STSs known to contain an internal repeat sequence such as CA or 

AGAT were probed with a molecule containing the repeat structure which had also been labeled 

with horseradish peroxidase (HRP). All blots were stringently washed with Urea, 2X SSC and 

SDS at 42" and detected using the standard ECL reagents. Computer images of each 

autoradiography were obtained using a CCD camera. The VIEW software (Carl Rosenberg, 

Whitehead Institute) can locate and identify the positive dots, as well as generate an intensity 

reading. 

Fingerprint Resolution Of Degenenerate Addresses. 

The STS screening on Y AC pools yielded many degenerate Y AC addres_ses, which occur 

as a result of having more than one positive Y AC per block of 8 microtiter plates, from having 

one dimension in a two or three dimensional screen consistently fail to amplify, and from false 

positive results. These degenerate addresses represent a small set of ·addresses (2 to 12) of which 

usually one or two addresses are contain the specific STS. We used fingerprint data to establish 

overlaps between the set of ambiguous Y ACs and the set of definite YA Cs. We applied a simple 

band-matching test to the CEPH-genethon fingerprint dataset; we declared pairs of clones with a 

statistically significant number of matching bands as overlapping. We promoted ambiguous 



YACs overlapping one or more definite YACs to "disambiguated" status, denoted in table 2 with 

a superscript "4". Parameters for declaring overlap are stringent, allowing resolution of only 1/3 

of degenerate addresses. However, empirical testing of over 500 fingerprint resolved addresses 

from random STSs has demonstrated that greater than 95 % can be confirmed by testing the 

individual YAC DNAs. 

Most YAC addresses obtained by screening the Y AC pools , fingerprint analysis, and 

those derived from adjacent STSs during contig building were verified by testing DNA prepared 

from individual YACs in the library. 

Construction of a chromosome 22 specific YAC library. DNA from hybrid cell line 

GM10888 (chromosome 22 in a Chinese hamster background) was used to create a chromosome 

22 specific YAC library essentially as described (56). In brief, high molecular weight DNA from 

this cell line was partially digested with Eco RI and after ligation to p YAC4 was size selected on 

- a 1 % FMC Seaplaque GTG low melting agarose gel in a CHEF-DRII apparatus (BioRad). YA Cs 

containing human chromosome 22 DNA were identified by colony hybridization using total 

human DNA or human Cotl DNA as probes. 

Contig assembly was performed using a new software package written for use on 

SPARCstation Unix workstations (Sun Microsystems, Mountain View CA) in a combination of 

'C', the logic programming language Prolog (SICStus Prolog, Swedish Institute of Computer 

Science, PO Box 1263, S-164 28 KISTA, Sweden), and the graphical user interface language 

Tcl/fk [57]. The algorithm is based on the technique of simulated annealing, used by a number 

of others for contig assembly [39,58]; our implementation in particular is similar in broad outline 

to one developed by CEPH for this purpose [40]. Briefly, in this technique a search space of 

probe (STS) order permutations, which would be intractable to explore exhaustively, is randomly 

reordered by selecting from a set of operations such as movement of single probes, swapping of 

probes, moving of clusters, and inversion of clusters. Any ordering is assigned a notional 

"energy" that reflects its fit to the STS-YAC data; our energy function involves examining the 

number and size of apparent gaps required in YACs to account for an ordering of STSs, i.e. 



positions where an expected STS hit is not observed, as well as arbitrary other objectives 

reflecting additional sources of information about probe order. The objective is to minimize this 

energy by accepting moves that reduce the overall energy. In order to avoid being trapped in a 

local energy minimum, the process takes place in the context of an abstract "temperature;" a 

good energy minimum is sought by gradually "cooling" the random search, so that the entire 

search space is accessible and poor local minima can be escaped, yet there is a gradual 

convergence (though it cannot be guaranteed that any one solution is optimal). The graphical 

user interface was designed for maximum interaction with the user, who has the option of 

reordering probes manually by any of t~e operations described above, or of asking the program 

to do so via simulated annealing, for the entire working probe set or any subregion. Islands of 

connected probe sets can be accumulated in a controlled fashion and with varying stringency as 

to degree of connectedness. These sets may then be winnowed based on a variety of heuristics to 

eliminate non-informative or doubtful probes, clones, or points. For example, adjacent or nearby 

wells with similar reactivities, likely to be due to cross-contamination, may be automatically 

combined, or YACs that appear to span noncontinuous bins may be removed, etc. 
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Footnote to Table 2 

1, verified by PCR on purified DNA or a single yeast colony 

2, clear positive by PCR on DNAs pooled in two or three dimensions 
-

3, found positive by colony or Southern hybridization 

4, disambiguated by restriction fingerprint data. 

e, YACs kindly provided by Dr. Glen Evans 

r, YACs taken from ref. 13 

,•'; I 



Figure legends 

Figure 1. Estimated coverage of the chromosome in contigs. The horizontal lines are the 

boundaries separating 22 bins. Contigs are shown as blocks. The stippled block shows the 

location of a cosmid contig encompassing the Di George critical region (DGCR). 

Figure 2. Searls Plot of simulated annealing data for the largest contig accumulated from 

multiple runs of the program. The list of loci down the left of the figure is the "minimum energy" 

ordering of markers (see the text for detailed explanation). Gray boxes indicate the position on 

the horizontal axis at which the indicated STSs occurred during individual runs. Darker boxes 

indicate that an STS was positioned in the same location in multiple runs. Boxes falling 

repeatedly on the diagonal indicate high confidence in the minimum energy ordering. Horizontal 

dotted lines indicate the chromosomal bin location of each STS. The bin intervals are shown at 

the top of the figure. Circles indicate the consensus positions of markers that are present on the 

meiotic map. 

Figure 3. A single solution for the largest contig in the central region of chromosome 22q. The 

contig was contructed as follows: YA Cs and STSs were selected by connectivity to D22S 1, 

obeying the double linkage rule. Singletons (YACs detected by one STS only) were then 

eliminated, as were markers that detected more the 14 YACs. Singletons were eliminated a 

second time, and the resulting set of markers and Y Acs were subjected to simulated annealing. -

Marker order is shown along the top of the figure. Above each marker name is the bin interval 

that the marker was mapped to, e.g. 15/16 indicates the marker is in ·bin 15-16. YACs are shown 

as heavy horizontal black lines. 



Table titles: 

Table 1. Loci used for YA C identification 

Table 2. YACs localized on chromosome 22 



Locus Probe Source Type Locus Probe Source Type 

none 22-5 Bell sts D22Sll7 KI-153/4.9KB Bell sts 

ACR ACR Trofatter- sts D22S119 KI-189 Bell sts 
Maccollin D22S137 KI-222 Bell sts 

ADORA! ADORA! Budarf sts D22S156 Mfd33 Weber sts 

ARSA CP8 Gieselmann clone D22S184 N885 Budarf sts 
ARSA Gieselmann sts D22S186 NB14 Budarf ~ts 

ATP6E ATPa.seP31 Bell sts D22S190 N862 Budarf sts 
ATPa.seP31-2 Bell sts D22S192 NB97 Budarf sts 

BCR 5'BCR Canaani clone D22S193 D22S193 Dunham sts 
BCR Dunham sts NB129 Budarf sts 
GB21 Hudson sts D22S258 Mfd162 Weber sts 

BCRL2 BCRL2 Budarf clone D22S264 COS39 Rouleau sts 
BCRL3 BCRL3 Budarf clone D22S268 D22S268 Rouleau sts 
BCRL4 BCRL4 Budarf clone D22S270 Mfd204 Weber sts 
BZRP pPBSll Strauss clone D22S2i2 AFM024xc9 Weissenbach sts 

BZRP-2 Bell sts D22S273 ADH06xd2 Weissenbach sts 
none CBlO Bell sts D22S274 AFM164th8 Weissenbach sts 
none COS7-1 Bell sts D22S277 AFM168xa.l Weissenbach sts 

COS7-1-2 Bell sts D22S278 AFM182xdl2 Weissenbach sts 
CRKL CRKL3pr Bell sts D22S279 AFM205ycll Weissenbach sts 
CRYBB2 CRYB2 Haines sts D22S280 AFM225xf6 Weissenbach sts 

CRYB2A Dunham sts D22S281 AFM238wcll Weissenbach sts 
CYP2D8F CYP2D8P Buetow sts D22S282 AFM26lye5 Weissenbach sts 
D22S1 D22S1 Denny sts D22S283 AFM262vh5 Weissenbach sts 
D22S9 D22S9 Gusella. sts D22S292E D22S292£ Polymeropoulos sts 
D22S15 D22S15 Denny sts D22S294 4.11 Puck sts 
D22523 D22S23 Gusella. sts D22S295 9.11 Puck sts 
D22S24 D22S24 Unknown sts 9.11-2 Puck sts 
D22S28 W23C Bell sts D22S297 27.7 Puck sts 
D22S29 D22S29 Gusella. sts D22S299 35.12 Puck sts 
D22S33 PHl4 Hudson· sts D22S300 42.13 Puck sts 
D22S37 pH13 Buda.If clone D22S301 45.4 Puck sts 

pH13 Budarf sts D22S302 51.3 Puck sts 
D22S38 plil5 Buda.rf clone D22S303 68.12 Puck sts 

PHI15 Hudson sts D22S304 76.1 Puck sts 
D22S40 PH61 Buda.rf sts D22S306 80.1 Puck sts 
D22S42 O22s42•1 Gusella. sts D22S307 82.1 Puck sts 
D22S43 PHl32 Hudson sts D22S308 99.1 Puck sts 
D22S44 PHl35 Hudson sts D22S310 114.1 Puck sts 
D22S45 pH4la. Rappaport sts D22S315 AFM183xe9 Weissenbach sts 
D22S47 pH59 Buda.rf clone D22S351 22TG1 Mcphail sts 

pH59 Buda.rf sts D22S412E D22S412E Maglott sts 
D22S50 pli74-2 Buda.rf sts D22S417 D22S417 Gerken sts 
D22S51 pE6 Rappaport sts D22S418 AFM03lybl0 Weissenbach sts 
D22S55 pli91 Budarf sts D22S419 AFM21lyfl0 Weissenbach sts 
D22S56 pH97b Buda.rf clone D22S420 AFM217xf4: Weissenbach sts 

D22S56 Gusella. sts D22S425 AFM265yf5 Weissenbach sts 
D22S57 PHl86 Hudson sts D22S427 AFM288we5 Weissenbach sts 
D22S58 PHI102 Hudson sts D22S•l31 UT582 White sts 
D22S60 pH109a Buda.rf sts D22S447 59.1 Puck sts 

D22S61 pH109b Budarf sts D22S540 PB14 Hudson sts 

D22S63 pH120a Budarf sts D22S541 PH31 Hudson sts 

D22S64 pH130 Buda.rf sts D22S543 PH863 Hudson sts 

D22S72 LN15 Buda.rf sts D22S5•l4 PB257 Hudson sts 

LN15-2 Buda.rf sts D22S546 PB1185 Hudson sts 

D22S91 KI-211 Bell sts D22S552 PH1362 Hudson sts 

D22S102 O22s102•1 Gusella. sts D22S553 PC39 Hudson sts 

D22S111 KI-197 Bell sts D22S554 ·PH1364 Hudson .. sts 



Locus Probe Source Type Locus Probe Source Type 

D22S556 PH136i Hudson sts D22Si39 25.4 Hudson sts 
D22S557 PH13i9 Hudson sts D22Si45 GBX56 Hudson sts 
D22S559 PC106 Hudson sts D22S746 GBX61 Hudson sts 
D22S560 PB216 Hudson sts D22S776 LN86 Budarf clone 
D22S561 PB282 Hudson sts D22S778 LN89-2 Bell sts 
D22S562 PB287 Hudson sts D22Si81 LN98 Budarf sts 
D22S563 PH476 Hudson sts D22S789 LN44 Budarf sts 
D22S564 PB379 Hudson sts D22S792 LNSO Budarf clone 
D22S565 PB422 Hudson sts D22S793 LN53 Budarf clone 
D22S566 PB426 Hudson sts D22S794 LN55 Budarf clone 
D22S567 PB22 Hudson sts D22S795 LN63 Budarf sts 
D22S568 PB606 Hudson sts D22Si99 LNi7 Budarf clone 
D22S569 PBi28 Hudson sts DIAl S'DIA Leroux clone 
D22S570 PH5i0 Hudson sts DIAl Dunham sts 
D22S5il PB1024 Hudson sts none EN38 Budarf sts 
D22S5i2 PB1033 Hudson sts none EWS3' Giovannini sts 
D22S5i4 PB1045 Hudson sts none EWSex5 Giovannini sts 
D22S5i6 PB1068 Hudson sts EWSRl EWSRl Delattre sts 
D22S577 PB1069 Hudson sts FSVWFP FSVWFP Buetow sts 
D22S5i9 PB1073 Hudson sts FIBB FIBB Bell sts 
D22S582 PB1130 Hudson sts G22Pl G22Pl Dunham sts 
D22S584 PB1144 Hudson sts G22Pl Hudson sts 
D22S588 PB987 Hudson sts GGT GGTX Budarf clone 
D22S589 PH138 Hudson sts GGTY Budarf clone 
D22S591 PB876 Hudson sts GGTZ Budarf clone 
D22S594 PB918 Hudson sts GGTl GGTl/2 Dunham sts 
D22S595 PB931 Hudson sts GGTl Hudson sts 
D22S596 PB552 Hudson sts GNAZ GNAZ Budarf sts 
D22S604 PH518 Hudson sts HCF2 HCF2 Dunham sts 
D22S607 PH621 Hudson . sts HCF2 Hudson sts 
D22S609 PH672 Hudson sts IGKVP3 IGKVP3.2 Budarf sts 
D22S611 PH176 Hudson sts IGL@ IGLC7 sts 
D22S615 PH808 Hudson sts IGLLbbl Bauer sts 
D22S61i PH917 Hudson sts IGLC2 IGLC2 Dunham sts 
D22S618 PH927 Hudson sts IGLC2 Naylor sts 
D22S620 PH937 Hudson sts IL2RB IL2RB Buetow sts 
D22S623 PH951 Hudson sts none KI-1547 Bell sts 
D22S624 PH955 Hudson sts Kl-1547-2 Bell sts 
D22S626 PH1006 Hudson sts LIF p3.1-5' Lowe clone 
D22S627 PH1027 Hudson sts LIF Denny sts 
D22S629 PH1051 Hudson sts none MEST14 Meese sts 
D22S630 PH604 Hudson sts none MEST39 Meese sts 
D22S631 PH608 Hudson sts MMPll STROM-F2 Emanuel sts 
D22S633 PC295 Hudson sts NAGA GB26 Hudson sts 
D22S635 PH831 Hudson sts NAGA Dunham sts 
D22S638 PH964 Hudson sts NEFH HWlO Lees clone 
D22S639 PH965 Hudson sts NEFH Gusella. sts 
D22S642 PH843 Hudson sts OSM OSMl Bruce sts 
D22S644 PC273 Hudson sts PDGFB PDGFB Dunham sts 
D22S650 PH1247 Hudson sts PVALB PVALB Berch told sts 
D22S652 PH1104 Hudson sts GB2i Hudson sts 
D22S653 PH1131 Hudson sts SGLTl SGLTl Hudson sts 
D22S655 IGJ2 Dunham sts SGLTI-2 Bell sts 
D22S656 PB266 Hudson sts TCN2 TCN2 Quadros clone 
D22S659 PB739 Hudson sts TCN2 Dunham sts 

D22S663 PH710 Hudson sts TIMP3 TIMP3 Buda.If sts 

D22S666 PH1036 Hudson sts TOP1P2 TOP1P2 Ha.ines sts 

D22S669 GB31 Hudson sts YESP GB32 Hudson sts 
D22S715 WI-1905 Hudson sts YESP Dunham sts 

D22S718 WI-254i Hudson sts none Z7 Taub sts 



Bin Locus Positive YACs 

n.d. COSi-1 36LD-9 1, 744_.13-111, s73_c-41, 91uL11 1, 957-13-11 

n.d. D22S272 211..0-42 , 336..ILs2, 522...A_u 2, I:602_c_31, I:603_C_41, s49_L1 1, 93_a_f! 

n.d. D22S427 884..E_l 1, 908..IL91 

n.d. D22S543 723..B_61, 734..IL101, 745_a-11, 765...E..21, 771..IL41, 776..II..21, 792..IL101, 800 .... ,L44 , 

829..D_ll 1, 829...E_ll 1, 878.J)_31, 92L.F _91 

n.d. D22S553 966 .... 1L81 

n.d. D22S559 1s2_c_91, 781.J)_51' 789.J)_91, 791..IL121, 798.J)_41, 804..F ..21 , 905..F-41, 921..IL51, 

922..H-1>1, 942_c_61, 942_c_11, 95o_o_111, 964..B_11 , 967_c_121 

n.d. D22S562 741...8_31, 744..F _61, 750..B-41 , 763...A_31, i93...E_91, 856_C_l 1 

n.d. D22S618 763-A._34 , 856_C_l 4 

n.d. D22S627 803_G-91 

n.d. D22S656 746..B..21, 814...A_ll 1, 917 _G_l21, 959...A_71 

n.d .. D22S659 798_A_l 4, 939-G-94 

n.d. ·D22S663 119_c_11, 744.13_s1 , 111..H_41, 1ss_c-1>1, 792..F_91,so6...E_s1,s23..0_1 1, s55.13_s1 , s93_o_s4 , 

906..IL121, 91l...A_24, 911-A.-74, 91 LH_84, 914...A_54 

n.d. D22S666 776-A..21, 796_c_101 

n.d. D22S715 803..D_ll 4, 902...E_l 4 

n.d. D22S718 882_A_64 

lA ATP6E 422_a-41, 504..H..21 , 1ss.11-111, 11o_c_41, so3_G-91, sso..F _101, 924_c_121, 924_c..21 

lA D22S9 172_G_72, 264..F-42, 42...E_l22, 734.13_101, 765...E..21 , 803-G-91, 829.J)_ll 1, 829..E_ll 1, 

925_G_l21 

lA D22S789 925_Q_l22 

lA D22S795 734...8_101, 781...E-31, 813...A-31, 816...A_31, 973...A_61 

'1A FSVWFP 385..B_l21,.453_Q_61, l:603..IL91 

lA-lB D22S24 1QQ_G_72, 204...A_62 , 204...A_92 , 734.13_101, 829.J)_ll 1, 891..F _121, 925_G_l22 

lA-lB. D22S50 745_a-12 , 116..11..22 , s29_o_112 

lA-lB IGKVP3 210..E_122,4s1..II_62, s91_c_s1 

lA-9 D22S556 784_C_lQ1, 884...E_l1, 908..11_91 

lA-9 D22S609 966-A._81 

lA-9 D22S626 788_CJ>1, 908..H-91 

1B D22S43 765..E..21 , 924-C..21, 925_G_l21 

2 D22S57 765_E_21, 803-G-91 

2 D22S137 685..E..22 , 749.JI_61, 803_Q_gl 

2 D22S420 730.JI_41, 749..IL61, 765...E..21, 803-G-91, 925_G_l21 

2 D22S111 791..F _92 

6 D22S184 759..E_lQl, 766.13_61 , 792..F _92 , 814..F_ll 1, 861.J)_gl, · 875.13_31 , 893..II_61, 953..F _31, 

977_GJ>1 

6 KI-1547 684_G_62 , 729..F _91, 787...A_l22 , 849...E_92 , 861.J)_91 

7 BCRL2 266_A_43 

7,9,12 GGTl 74LG_71 , 749..IL101, 759..F _81
' 1s4_c_101, 785...E_41, 792_F_9l 1 831.13_61, 849.£_91, 

858..F _111, 861..D-91, 874...E_21, 884...E_l1, 891..F-121, 908..11_91, 916...A_31, 924_E_l21, 

951..F _ll 1 

7 GGTX 266...A-43 

SA CRKL 859...A-42 

SA D22S117 623..B_l 1 . - ·-
SA D22S264 199..E_62 , 295_Q_92 , 549.J)-42, 67...A_32 .. 



Bin Locus Positive YACs 

SA D22S306 lLF-10 1, 27..1)_11, 366-F..51, 509-G..51, 872_F_91 

SA D22S308 ll_F_l0 1, 27..1)_11, 283_H_71, 398 .. G-51, 872-F .. 82, 872_F_91, 974_F_l12 

SA HCF2 118.J)..32 
I 248..E_ll 2 ' 30LG..82 , 412.J)..52 , l:60LG-91, 742..13-51, 792_F _9l I 944_cA1, 

944_c_11, 952-F-51, 966..A_s1 

SA MEST39 742...B_51, 192..F .. 91, 944_c-41, 944_c_11 

9 BCRL4 147 _D..33 , 188..A-53 , 191..A_l13 

9 D22S303 267.J)..31, 272..A_l21, 417..H_71, 974..F_ll2 

9 D22S425 884..E_l 1, 908..H-91 

9 D22S563 884-.E_11 

9 D22S655 191..A_111, 212..A._121, 417..H_11 , 1:503_r_101, s25_c_s2 , S36..H_112 , 974..F_112 

9 GGTY 147-D_33 , 188..A_53 , 191...1Ll13 

9 GNAZ 11s...B_112 , 361..D-92, 54_c .. s2 , 111-c_12 

9 IGL@ 272..A .. 122, 417..H_72 

9 IGLC2 191..A_111, 212..A._122 , 1s4_c_101, s,4..A._41 

9-13 D22S119 s73_c-41 

10 BCR 361.J)-91, 446_13-51, 449..E .. 61, 874...A-41, 874_C-41 

10-11 D22S567 741-F _31, 778..IL71, 789 .. E-61, 820..IL41, 861..E-81 , 869-G..81, 873...0_121, 895_F _121, 

904_G_61, 901 _c_11, 921 ...o_s1, 938..F _91, 958.J)..l 1 , 958..F _11 

11 ADORAl 1s2...B_91, 24.JI_101,24..H_31,339..A..22 ,339_c_92,s1s..E_121,s23_u..2 1, sas..E_42 ,877...B_42 , 

877..E..22 

11 D22S156 765..E_31 

11 D22S791 l:60LG_l13 , 765..E_33 , 767..B..23 

11,12 IGLLbbl aa..11-121, 34_u_11 , 355_u_s1, 357..A_61 , 546_G_u 1, 545_a_121 , 546.JI_ll 1 , l:601..F _101, 

l:604-1)..31, 784_C_l01, 874..A_41, 883..H .. ll 1 

11 MMPll 346_H_l01, 768.JI_32 

11-12 D22S301 1a1-F -41, 1a1-F _51 , 19..H_31, l:6oa_GA1, 1s4_c_101, s29_a_91, 874..A-41 

12 BCRL3 200_C_93 , 220_G_33 , 273..E_43 

12 CRYBB2 200-G-42 
I 2oo_G_62 

I 495..A_lQl I 78..F ..21, 78_G..22 
I 904..B_l02 

12 D22S1 119..1)_62 , 263 .. G-72 , 445..ILS2 , 786..F _41, 797...A..21, 825..A..21, s2·s..A_92 , 935..H_s1 

12 D22S33 119_c_52 , 190...0_62 , 229..B .. 62 , 445..H .. 82, I:601_u_11, I:603..H_11 , 739...B .. 91, 786_c_122 , 

786..F_41, 788...8_121, 788-C .. 122 , 797..A..21, 801..B_31, 825..A..21, 923..A_ll1, 935_H_81 

12 D22S42 269_G..72 , 302_G..22, 302_G_32, 444..B..22 , l:603_G..81, 789..E_61 , 79_cA2 , 808_G_l 1 , 

812_c_111, s20.JI_41, s24..E_81, s61..E_s1, s69_G..s1, 873...0_121 , 895..F _121 , 904_G_61, 

901 _c .. 11, 921 _n..s1 , 938..F _91 , 958..F _11 

12 D22S56 179..H_lQ,., 365-1)_32, 449..E_ll 2 , 460...A-72 , 715...B..21, 789..E_61•3 , 817..F _71, 820..H_41, 

927.J)..81, 938-F-l 1, 938..F _gl I 958.J)_l 1, 958..F _l 1, A40 .. C_9'", A86 .. G_l 1 , D60.J)-41, 

D64..F _81, D98.JI_21 

12 D22S72 153..B_ll 2 , 200 .. G-62 , 324.J)..32 , 778..E .. 62 , 808_G_l2 , s12_c_112 , 817..F-71, 861..E_82 , 

873-C..22 
I 927.J)..82 ' 938..F _12 

I 938..F _92 

12 D22S186 22o_c..22 , 786_c_111, 786..F -41, 797...A..21, s2s...A..21 , 923..A_ll 1, 935..H_s1, 949..E_61 

12 D22S190 218...0_102, 239_G_22, 398..E..22, 773 .. G .. 12, 778 . .11-71, 786 .. C-111, 786-C .. 121, 797..A_21, 

799..B_91, 806...A_l 1, 839_G_41, 887 _B_81, 887..D..41, 904..B .. 102 , 928 .. H .. 101, 953-1)_101 

12 D22S192 229..B_62, 330..IL52, 43_G .. 12, 445..B .. 92 , 739..B_91, 786..F -41, 797..A .. 21, 825...A-21, 935..H_81, 

99..A_U 2 
I 99 .. C .. 62 

12 D22S193 815..E .. 71, 820..H-41, 927..1)_81, 949..E_61 

12 D22S310 205..A..71, 239_G..21, 398..E .. 21, 739..B .. 91, 786 .. C .. ll 1, 797..A .. 21, 806...A_l 1, 839_G_41, 

887 ...B_81, 887..D..41, 904...8_101, 928.JI .. 101, 935..H_81, 953..D .. 101 -
12 D22S315 395..H_92 , 537 _c .. 82, 111-0_11 , s11..F _11, 904..B .. 101, 953-1)_101, 95s_E_101 



Bin Locus Positive YACs 

12 D22S351 205..A-72 , 239-G.22
, 398..E..22, 773_G_l2 , 1s5_c_111, 786_G_l2 , 797..A..21, 806..A_l 1 , 

839-G..41, 887.JL81 , 887-1)_41 , 904J3_102 , 928.JL101, 935.JL81, 953_o_101 

12 D22S419 111 _o..11, 806..A._11 , 824..E_s1, 839-G..41, 953_o_101, 953..E_61, 965..E_101 

12 D22S431 102 .. IL62, 50LC .. 82 , 832..A .. ll 2, 832.JL32 

12 EWSex5 418..A..2e 

12 -GGTZ 200 .. C .. 93 
I 220-G..33 

I 273..E..43 

12 TOP1P2 148 .. H .. 62 , 251..F..22, 354-13 .. 72, 512J3_102 , 1:603..F-81 

12 YESP 159..E .. 102 , 182 .. G _12, 188J3_72 , 395...H .. 92 , 777 -1)_11, 953_o_101 , 965..E .. 101 

12-13 D22S258 129_c_102, 222_c_s2, 341..E..22 , 402_G_fl, 1n _o_11, 953_E-61, 965_E_101 

12-13 EWSRl 210.JL72 

12-14 D22S541 s13_c..21, 951-13..24 

12-14 D22S557 953..E_61, 965..E_lQl 

12-14 D22S560 786_C_ll 1, 797..A._21, 825..A..21, 839 .. G..41, 887 J3_81, 923..tLll 1, 928..H_101, 935.IL81, 

949..E-61 

12-14 D22S564 786_C_ll 1' 797..A..21, 806..A_l 1, 887 J3_81' 904J3_101' 953-1)_101' 965..E .. 101 

12-14 D22S566 778..H .. 71, 789..E-61, 808_G .. 11 , 312 .. c .. 111, 820.IL41 , 824..E .. 81 , 828__E_8l 
1 839_G..41, 

861..E .. 81, 869_G .. 81, s13_o_u 1, 813_o_121, s31 _o_41, 895_L121, 904_G_61, 901 _c_11, 

927-1)-81 , 927-1)_91 , 938..F_91, 958-1)_11 

12-14 D22S568 715-13..21, 820...H..41 
I 927 _j)_gl I 938..F _9l I 958-1)..11, 958..F _11 

12--14 D22S569 744 .. F .. 61, 750-13..41, 759..E_61, 763..A._31, 773_G_l 1, 7i4_G_l 1, 793..E_91 , 856_C_l 1, 858.IL81, 

873_c..21, s80..E_101, ss2..A_61, 925_a_s1, 935..H_s1, 939_o_51 

12-14 D22S570 710_G_61 , 728-13..41, 739-13 .. 91 , 750-13 .. 41, 778..F_l 1, 782..H_71, 789..E_61 ' 808_G_l 1, 

812_C_ll 1, 820...H .. 41, 825..A..21 , 830..H_81, 858..H_81, 861..E .. 81 , 869 .. G-81 , s1a_c..21, 

873-1)_ll 1, 873-1)_121, 927 -1) .. 81, 938..F _91, 958.D_l 1, 958..F _l 1 

12-14 D22S571 778..H .. 71, .789..E .. 61 , 812 .. C .. ll 1, 820...H .. 41 , 873.D .. 121, 895..F _121 , 

927-1)-81 , 928..H_l01 , 938..F .. 91 , 958..F .. 11 
904 .. G_61, 901_c_11, 

12-14 D22S572 739-13_91, 786..F ..41, 788J3_121 , 923..A_ll 1, 935..H-81, 94LC_51 

12-14 D22S574 1s5_c_u 1, 797..A..21 , 806..A .. 11 , 927 _o_s1, 938..F _91 

12-14 D22S576 741..F .. 31, 778..H .. 71 , 789..E_61, 808_G..l 1, 812 .. c .. 111, 820...H .. 41, 861..E .. 81 
I 869_G_81, 

s1a_o_u 1, s13_o_121, 895..F .. 121 , 899-G..41, 904_G_61, 907 _c .. 11 , 927 _o_s1, 928...H .. 101, 

938..F .. 91 , 958_D_l 1, 958..F .. 11 

12-14 D22S582 769..B_ll1 

12-14 D22S584 750..B .. 41, 763..A._31' 769J3_111 

12-14 D22S588 803-1)..31 

12-14 D22S589 739..B_91, 786..F .. 41, 788J3_121, 923..A .. 111, 935..H_81 

12-14 D22S591 788..B .. 121, 801..B .. 31 , 949..E .. 61 

12-14 D22S594 789..E_61, 808_Q_l 1, 812 .. C .. ll 1, 820..H .. 41 , 824_E_81 
I 861..E .. 81 , 869_G-81, 895..F .. 121, 

904_G_61, 907 _c_11, 927 _o_s1, 938..F .. 91, 95g_o_11, 958..F _11 

12-14 D22S596 817..F .. 71, 927-1)-81, 938..F .. 91 , 954..A .. 11 

12-14 D22S604 786-F ..41 
I 797..A..21, 825..A..21, 958..F .. 11 

12-14 D22S615 786 .. c .. n 1, 735_c .. 121, 797..A..21, 825..A..21, 339_a..41, 92s.1L101, 935..H .. s 1, 949 .. E-61 

12-14 D22S631 949..E_61 

12-14 D22S635 786_C_ll 1, 797 ..A._21, 806..A .. 11, 825..A..21, 839-G .. 41, 887 J3 .. 81 , 928-H .. 101, 935...H .. 81, 

953_o_101 

12-14 D22S638 1s5_c_111, 786 .. c .. 121, 788-13 .. 121, 797..A..21, so6..A._11, s39_a..41, ss1 J3_s1 , 887-1) .. 41, 

904..B .. 101, 928...H .. 101, 953_o_101 

12-14 D22S642 739_B_91, 786_c_u 1, 1s5_c_121, 797..A..21, so6..A .. 11, 887 J3_81 ' 904..B:.101, 953J)_1Q1 , 

965..E_l01 ·• 



Bin Locus Positive YACs 

12-14 D22S650 817..F _71, 904...B_101, 953..1)_101, 965..E .. 101 

12-14 D22S653 788...B .. 121, 905.JL84, 907 _C .. 71 

12-14 D22S669 715...B..21, 778..F .. 11, 782 . .IL71, 789 .. E-61, 808 .. G .. 11
, 812_c .. 111 , 820 . .IL41, 830..H .. 81, 

858..H .. 81, 861..E-81, 869 .. G..81, 873 .. C..21, 958..F _11 , 962..D..41 

12-14 D22S745 731..G..94 , 739...B .. 91, 778.JL71, 812_c_111, 820..H .. 41, 861..E .. 81 
I 869 .. G..81, 873 .. C_21, 

.. 895..F .. 121, 904 .. G_61, 907-C .. 71, 927..D..81 

13 D22S268 179..H .. 102, 285...B_l 1, 414..F _92, 710 .. G .. 61, 817..F .. 71, 873 .. G..81, 927 ..D..81, 927..D .. 91
' 

938..F .. 11, 938..F .. 91, 954..A .. 11, A226_C_4 e 
13 D22S300 185..A .. 81, 387..F-11, 429..F .. 101

, 797..A .. 21, 817..F .. 71, 825..A..21, 945_c_11, 974..H..82 , 9 .. G..21 

13 D22S447 306 .. E .. 31, 768_C_61, 779 .. C .. 71 

13 EWS3' B84..D..4e 

13 LIF 911..F .. 122 , A226 .. C_41, Bl25..A .. 91, D45...B .. 101 

13 MEST14 504...B .. 102 

13 NEFH 104..H .. 62, 799...B_93 , 799...B .. 92 , 817..F .. 71, 922..1)_82 , Bl86..A_7e, B63 .. F .. 6e 

13 OSM A226 .. C .. 4e 

13 TCN2 351..D..82 ' 419..E .. 62 
I l:601..F _91

' 768_C..61•
3 

14 D22S37 284..B .. 112 , 358 .. G .. 62, 393..E .. 72
, 1:604...B .. 63 , 769...B .. l 1, 776..A-21•3 

14 D22S776 l:604...B .. 113 , l:604...B .. 63 , 776..A..23 

14 EN38 740..E .. 101, 778..E_l 1, 880..E .. 101, 880..E .. 121, 949 .. C..51 

15- 22-5 744..E .. l 2, 769...B .. 52 

15 D22S15 315..F _102 , 447..D .. 42 , 72..F .. 82 , 774 .. G .. 11, 880..E_l01, 949 .. C .. 51, 954..A .. l 1 

15 D22S28 809 .. C_61, 844..H_71, 908 .. C .. 61, 912..F .. 51 

15 D22S29 738..E .. 31, 744..F .. 61 , 750...B..41 , 759..E .. 61, 763..A._31 , 793..E .. 91, 799...B .. 91, 801...B .. 31, 839 .. G .. 41, 

856_C_l 1, 858..H_81, 873..D .. 121, 880..E .. 101, 925 .. G..81, 939..D .. 51 

15 D22S38 l:601..c..23 , 741...B .. 31•3 , 744..F _61, 750...B .. 41, 763..A._31•3 , 783 .. G .. 111,3 , 793..E_91•3 , 828..E_81, 

853..F _121, 856 .. c .. 11 , 858..H .. 81 , 880..E_101, 935..H_81 

15 D22S44 233...B .. 101, 264..E_41, 425_c_81 , 434..E_ll 1, 438..H .. 101, 462..E_ll 1, 462..E .. 121 , 462..F .. 51, 

754..E .. 41, s23..E_81, 846..D_11, 882..A-21, 882..A .. 61, 882..D..21 

15 D22S47 l:603...B .. 43 , 1:603 .. C..43 , 744..A._72, 763..A .. 33 , 794..H .. 32, 815..E .. 72 , 853..F .. 122 , 934..E .. 12 , 

943..E .. 12 

15 D22S51 768...B .. 71, 768 .. C .. 61, 769..A .. 91 , 848..D_31 

15 D22S58 826..D .. 122 
I 891..D .. 122 

15 D22S60 180-C .. 62, 416..F _81, 439..A._101, 465 .. G-101, 487..D .. 101, 523..F .. 51, 541..G..21 , 728...B..41, 

741...B .. 31, 783 .. G_ll 1 , 786 .. G .. l 1, 793..E .. 91, 925-G..81 

15 D22S61 366 .. B .. 42 , 488...B .. 72 , 769...B-112 

15 D22591 981..A._12 

15 D22S102 151..C .. 52, 525...B .. 112 , 75 .. G .. 42 

15 D22S273 949..E .. 61 

15 D22S277 444..F .. 32 , 529..A .. 102 , l:602...B .. 101, l:602...B .. 51 

15 D22S278 107..F -22 , 114..E .. 52, 124..F -22 , 506-C .. 62, 59...B .. 122 

15 D22S280 754..E .. 41, 775..E-71, 823..E .. 81 , 882..A._61, 882..D .. 21 

15 D22S281 741...B .. 31, 744..F_61, 750...B..41 , 763..A._31 , 793..E_91, 802...B .. 114, 856_C .. 11 , 925-G .. 84 

15 D22S283 712..A .. 31, 881..G..41 

15 D22S292E 849..E_l 1, 854..E..42 

15 D22S304 157..1)_41, 204..F .. 81, 366...B .. 41, 402..E .. 51, 488...B .. 61, 741...B .. 31, 769...B_ll 1 

15 D22S412E 849..E .. l 2 .. --
15 D22S778 897..A .. 102 



Bin Locus Positive YACs 

15 D22S792 849..E_l 1•3 

15 D22S793 l:603JL9 3 , l:603_G _83 , 1:603..ILl l 3 

15 D22S799 1:602..A._83 

15 IL2RB 206..E_71 

15 PVALB 858.JL81, s82_c_92 

15 SGLTl 134_G..31, 32.JL111, 335_,L31, 416..E_l11, 740..E_l01, 754..E_41, 79L.F_41, 846J)_71 
t 

880..E_101, 882..A._61, 902..A._11, 909_c_81, 949_c..s1 , 954_,L11 

15 TIMP3 233.13-101 

15--16B D22S540 122.JI_14 , 13s..E_31,744..F_61 , 150.13_41 , 763..A._31, 763..A._42, 759.13_111,355_c_11,939J)_5 1 

15--16B D22S544 728.13-41 
t 778_G_94 , 783_G_l1 l t 882J)..24 

15--16B D22S552 754..E_41, 823..E_81, 882..A._61, 882J)..21 

15--16B D22S554 741.JL31, 744..F .. 61, 750..B_41, 759..E_61 , 763..A._31, 793..E_91, 856 .. C_l 1, 925_G..81 

15--16B D22S561 163_E_92 , 738..E_31, 744..F _61, 750...B-41, 763..A._31, 793.£_91 , 856 .. C_l 1, 91..A._42 , 925_G_81 , 

939_0..51 

15--16B D22S577 741..B...31, 744..F _61, 763..A-31, 783_G .. 111, 793..E .. 91 , 853..F _121 , 858.JL81 

15--16B D22S579 741..B..31, 744..F _51, 763 .. JL31, 1s3_a_111, 793..E .. 91 , 858..H_81 

15--16B D22S595 744..F_61, 750..B-41 , 755..E_l21, 763..A._31, 773_G_l 1, 774_a_11 , 793..E_91, 801..B_31, 

856_C_l 1 , 858.JL81, 880..E_l01, 925-G..81 

15--16B D22S607 823..E_81, 846J)_71, 882..A._61, 882J)..21 

15--16B D22S617 754..E-41 
t 775..E-71, 823..E_81 

t 882..A._61 
t 882J)-2 1, 882J)_61 

15--16B D22S620 ss2_a_41 

15--16B D22S623 715..B..21, 763..A._31, 783_G_ll 1, 793..E_91 

15--16B D22S624 744..F _61, 763..A._31, 769..B_l11, 776..E_l01, 856_C_l 1 

15-16B D22S629 744..F _61, 750.13-41, 763..A._34, 793..E_91 , 856_C_l 1, 925 .. G_81 , 939J)_51 

15--16B D22S630 803J)..31 , 948..B_21 

15--16B D22S633 159J)-42 , 366..B-42 , 488..B_62 , 526..A._92 , 7 44..E_l 2 , 769..B_l 2 , 769.13_111 

15--16B D22S639 722..H_l\ 738..E_31, 744..F _61, 750...B-41 , 763..A._31, 769..B_ll 1, 856_C_l 1, 939..0_51 

15--16B D22S644 882-G-41 

15--16B D22S652 740..E_lQl, 754..E-41, 791..F _41, 846..D-71 , 880..E_101, 882..A._61 , 909_c_s1, 949_c .. s 1, 

954..A_l 1 

15--16B D22S739 . 724..A._94, 728..B-41, 7 40..E-101, 781..F _11 , 783_G_l11, 882..A..21 , 882..A._61 , 8s2..o..21, 

925-G..81 , 939..0_51 

15--16B D22S746 740..E_l01, 754..E_41 , 791..f_41 , 846..0_71, 880..E_l01 , 882..A._61 , 882..0..21 

16A D22S299 159..F _l 1, 251..E_41 , 409..E .. 51, 414..F_l 1, 419..E-92 , 496..B-72 , 514.JL102 , 532..H .. 52, 

t:603..B..21, so3..0_31, 924_c..21 , 948..B..21 

16A D22S302 409..E_s1, 419..E .. 91, 1:603..B..21 , 303..0_31, 924_c..21, 948...B_..21 

16A PDGFB 207_B_l2 

16B D22S279 140..E_122, 238..B..22 ,310..E_12 ,428..F..22,494..0_92 , 793..F_62,803J)_3 1, 807..F_12 ,893J)_5 2 

17 CYP2D8P 148.JLll 1, 15L.C_61 , 177..A._81 , l:603..B_93 , 730.13_71, 803..0_31•3 

17 D22S307 61..E_61 1 755.£_121
1 759..E_fil, 803..0_311 84_C_71 

17 G22Pl 375.13_32 , 375 .. G-42 , 435_c_92 , 435..D .. 32, l:603 .. c_91, l:604_c-41, 1s2_c __ 94, 181..o .. s 1, 

789..0_91 , 791..B-121, 850..0_122 , 884JL2 4 , 905..F-42 , 912_G_l14, 950J)_l14, 967-C_l24, 
957_c_122 

17 NAGA 181-.c_92 , 19o_c-92 , 253.13_72 , 130..B_11, 803..0_31, 84_c_11 

17--19 D22S565 774..E_51, 930 .. ,L111 , 961..D-41 

17-22 D22S546 766_G_64 . - -.. -
18 D22S417 894..F _92 



Bin Locus Positive YACs 

18 DIAl 39LC-61, l:604_C..23 , 666..f _92 , 675-G-92 

19 ACR 124_c..22 , 22o_n..22 , 508..D-42, 508..0_52 , 80.JL62, 896-A._82, 918..E_82 

19 D22S270 825-A..21 , 836..E_ll 2 

19 D22S418 871-1)_101, 930_A_ll 1 

20 BZRP 127-C-41, 243_G_l 1, 273_G_l01 , 1:601..B_l 3, 954..D-72 

20 D22S64 314..E_102 , 316..E_l02 , 844..E-102 

20 D22S282 736..A_31 

20 D22S297 13..A_31, 149-A..21, 16..F ..21 , 170..A_ll 1, l:603_G_l 1 

20-22 D22S611 715_c_11, 715_c..21 

21 D22S40 523-1)_62 , 523_Q_52 , 778..F _102 , 778..F _112 , 778_F_92 

21 D22S274 131..A_52, 411-c_102, 501_c_112 , 53_c_12 , 775..13_92 , S95..E_122 

21 D22S294 120..E..22 , 253_c_122, 335..A_102, 453_c_102 

21 D22S781 262..F _91 

21 FIBB 740_B_l22 , 891..0-122 

21-22 Z7 120..E-41, 140..F _41, 253_c_122 , 293..A_101, 790..F _92 , 854..0_11, 91s-B_92 , 915..0_91 

22 ARSA 1:603..F -31•3 

22 CBlO 370_B_62 

22 D22S23 765..F _61 

22 D22S45 1s6..A_122, 318.£_102, 318..E_42 , 545_c_122 

22 D22S55 17 _I)_8l I 412..H_31 

22 D22S63 22s..E_121, 337_a_11, 36LG_11, 36LG_121, 35s_c_s1, 421-a_11, 61..B_111 

22 D22S295 ns_c_1 1, ns_c..2 1, 715_c_11, 724..B..21 , 74LC-11
, 774_.E_5l I 786_G_l01 , 809_B_51 ' 

930..A_ll 1 
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Bins: / 12 / 13 / 14 / 15 / 16 / 
D22S557 ■····························································· 
D22S258 · ·• · · · • · · • • O· · • · · · · · · · · • · · • · · • · · • · · · · · · · · · · · · · · 
D22S419 · · ·· ·■ ··· · · · ··· ··· · ·· ·· · · ·· ··· ·· · ·· · · 

YESP •····•· ■····························· 
D22S315 · ··· ·•· · • · · · •· ·· · · · · ·• · ••· ·· · · ·· · · · · 
D22S650 ···········•················································· 
D22S642 ··············ii■ · ······································· ·· 
D22S564 · · · · · · · · • • · · • ·■ :B · · • · · • · • • · • • · · • · · · · · · · · · · · • · · • · · • · · · · • • · · · 
D22S638 ·····•·••··•··•··· ■··· ····································· ·· 
D22S635 · · · · · • · • • • · • · · • · · · · • ■· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
D22S615 ······················•·· ···•··•··•········•··•··••····•· ·• 
D22S560 ·•········••·•·•·••·•··•·■·· ······························ ·· 
D22S186 · •·· ·•·····•·••··•• •••·••·• ■·· · ···· · 
D22S192 · ·· · ·•· ·•• ·• ··•· ·•• ·•• ·• · ·•· · ■·· · · · 
D22S589 ·······························•■·· · ····················· 
D22S572 ·······························-it■ ··· ··················· 

D22S1 ··•··•· ····•··•··•········•····· ·••■ 
D22S604 · · • · · · · · · · · • · · • · · • · · · · · • · · • · • • · · • · · • ■· · · · · · · · · · · · · · · · · · · · · · 
D22S300 0 · ■········ 
D22S574 ··•··•·····•··•• · ····•··•·••··•··········■ ················ 
D22S596 ··•· ·•· ·•··•··•··•· ····•········•·· ····· ··· ·•■ ····· 
D22S268 ·········• 
D22S72 ··•· ·•· ··· ·•···· ··· ··· ··· · ····· ······ · ■ ~,, 

D22S745 · ··· · ·· ·•· ·· · ·•• ·• · •·· ·· · · · · ··· · ·· · ·· ··· ·· · ·••· · -a-:c ·· ··· ·· 
D22S571 ·········--··········--·······--············· ··· ·■ ·.-.... . 
D22S568 · ··· ·•··•··•···· ··· ··· ····•········•· ··· ····· •·· ····· ■ -.. . 
D22S193 · · ·· ·•· · ·· ·· · · ·• ··· ·· ·· ·· · · · ·· · · · · ·•· · ■ l:-. 
D22S591 ···•···•••·•··•··········•······•··· ····· · ·•••···•·•· • 
D22S47 ■·················· .";'~ ···· ·· ... 

D22S618 ""' 
D22S624 · · · • ·IW ■ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ;ij 
D22S584 · · · • · · · · • · · • · • • · · · · · · • · • · · · · · · • · · · · · · · · · · · · • • • • • • · · · · · · · • · • · · • • .? :IDB .!J? 
D22S639 · · • · • · · • · ■· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · -5 · · · · · · · · · 
D22S540 ···········•········································ll······· 
D22S561 ·············•·································31············ 
D22S629 · • · · • · • • · • • · · · • ·■ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · iB· · · · · · · · · · · · · · 
D22S281 ·················•iia-:·;••······ 0. .' 
D22S554 · · · • • • • · · · · · · · · · • ·::'.!;II-ii · · · · · · · · · · · · · · · · · '":'-"·" · · · · · · · · · · · · · · · · D22S562 ■ : B !3 ..... , 
D22S595 • • • • • • • • · • • ~-,~ • • • · · • · · • ·■ · · · · · · · · · · · ::::. · · · · · · · · · · · · · · · · · · · · · · 
D22S38 · • · • • • · • · ;::• · · • · • · · • · · • · · ■ · · · :~ 

D22S577 · · · • • • • "L}· • · · • • · • • · • · • • · · • • ■· · ·:7 · · · · · · · · · · · · · · · · · · · · · · · · · · · 
D22S579 ······"! ····· ······ ······ ····• •·· ········· ·•· ·· ···· ········· 
D22S623 · · • i", • • • · · • · • • · · • • • • · • ~"':· • • • • · • • ·■ · · · · · · · · · · · · · · · · · · · · · · · · · · · 

· D22S60 ·······•·················•··· ·"'"'· ■ 9 
D22S739 ·•·····•··•····••········•• :•···· ."; ■•······················ 
D22S544 · · · · · · · · · · • · · • · · • · · · · · • · •· 'i · • · · · · ·~ · · • • · · · · · · · · · · · · · · • · · · · 
D22S15 · ·· · · · · · · · •· ·· : t: · ··· · · · · · · · · ■ 

EN38 · · · · · · · · ·· · · • ;rr;-; ■ 
D22S652 · • · · · · · · · · · · · .:::t. • • -:,,. • • • • • • • • • • • • • • • • • • • • • • • • • • ■· · · · · · · · · · · · · · 
D22S746 · • · · ········:!I-·· ... ·. ;:· .. · · · ..................... ■· .......... . 
D22S44 · • • ·; • • • · E· · · · · · · · · · · · · · · · · · ·:• ■ 

D22S607 · · · • · · ·.15 · • · • • • · • • • • • • • · · • · · • • • • • • • • · • · · • • · · • · • · · • · ■ · · · · · · · 
D22S280 ·•·••· ··· ·•· ······ · · ·· 0 ·: ■ 
D22S617 · · · · · · · · · · · · · · · · · · · · · • · · • · · • · · · · · · · · · · · • · · · · · · :11 ;1· · 
D22S552 ·· · · · · · • ·· ·· · · • · · ·· ·• · · · · ·· · · ·· · · · · · · · •· ·· · · • · · ····.,.,.·:ft 
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DEPARTMENT OF HEALTH &. HUMAN SERVICES 

JUN 9 1993 

MEMO 

TO: Members of the Scientific Community 

FROM: NCHGR Staff 

Public Health Service 

National Institutes of Health 
National Center for Human 
Genome Research 
Bethesda, Maryland 20892 

Building 38A, Room 610 
(301) 496-7531 
(301) ~2770 (Fax) 

RE: Summary of goals for the Whitehead Institute {Eric Lander, Pl) and 
University of Iowa {Jeff Murray, Pl) Centers grants 

In response to requests from the scientific community, NCHGR is providing the 
attached summaries, as prepared by the grantees themselves, of the goals and 
organization of the centers recently established at the Whitehead Institute 
{Eric Lander, P.I.) and the University of Iowa {Jeff Murray, P.I.). 

Consistent with their policies of releasing data to the genomics community and 
to facilitate a fast start and rapid integration of the maps, these two 
mapping groups have already discussed and identified many existing markers and 
resources that will be exchanged and mapped in both systems. The two centers 
will exchange data {which will also be publically available) to ensure that 
they efficiently use new markers as they are developed {for example, the low 
heterozygosity STRPs that the Iowa group will develop, but not map, will be 
placed on the physical map by the Whitehead group). The use of similar PCR 
conditions and consistency,in the manner in which oligonucleotide primers are 
distributed should also facilitate the dissemination of useful reagents to 
each other and to the community. 

The names, addresses, and telephone and fax numbers of the P.I.s are provided 
and we suggest that you contact them if you have specific questions. We hope 
you will find this information useful. 



4/93 
Whitehead/MIT Center for Genome Research 

This report briefly summarizes the goals and organization of the Whitehead/MIT Center 
for Genome Research (CGR), with the aim of assisting colleagues interested in obtaining 
information or materials generated by the Center. 

Organization. The CGR formally commenced under a grant starting on March 1, 1993. A 
renewal of a previous genome center grant focusing solely on the mouse genome, the new 
center has expanded its scope to include both the mouse and human. Laboratory space is 
currently under renovation with expected completion by June 1, 1993. CGR will begin full. 
scale operations at this time, with smaller scale efforts underway until then. 

The Center involves five institutions: Whitehead Institute for Biomedical Research, 
Massachusetts Institute of Technology, Princeton University, The Jackson Laboratory, and 
the Centre d'Etude de Polymorphisme Humaine. 

Personnel. CGR is overseen by Eric Lander (Director), David Page (Associate Director) 
and Nat Goodman (Associate Director). The other members are Daniel Cohen (CEPH), 
Nie Dracopoli (MIT), Rudolf Jaenisch (Whitehead/MIT), Paul Matsudaira 
(Whitehead/MIT), Joseph Nadeau (JAX), James Orlin (MIT), and Shirley Tilghman 
(Princeton). . 

Overall Goals. CGR's principal goals are (1) to construct a genetic and physical map of the 
mouse genome and physical map of the human genome, and (2) to make these maps readily 
accessible to the scientific community. 

Specific Plans: Mouse Genome. The Mouse Genome Mapping project is funded for five 
years and involves both genetic and physical mapping. 

The five-year goal for genetic mapping is (i) to create a genetic map with 6,000 simple 
sequence length polymorphisms (SSLPs) based on a low resolution cross with crossovers at 
an average spacing of 1 cM; (ii) to integrate our SSLP map with the gene-based map, by 
typing one-quarter of the SSLPs in a subset of the interspecific backcross of Copeland and 
Jenkins; and (iii) to carry out finer resolution mapping in cross with crossovers at an average 
spacing of 0.1 cM. 

The five-year goal for physical mapping is (i) to produce a YAC library providing >8-fold 
coverage of the mouse genome in clones of average size 700 kb ( our current library provides 
roughly 4-fold coverage); (ii) to construct an STS content map of the mouse genome 
consisting of 10,000 STSs (consisting of the 6,000 SSLPs and 4,000 random STSs); and (iii) 
to achieve sufficient closure that the physical map consists of average contigs of 
approximately 10-20 Mb. 



We will initially focus our attention on increasing the density of the genetic map and 
expanding the YAC library. These priorities are based on extensive conversations with the 
mouse community. (In short, for positional cloning, it is more valuable to have a closer 
genetic marker that has not yet been screened against the YAC library than a more distant 
genetic marker that has been screened.) 

We have set the following tentative goals: 

Year 
Year 1 
Year2 
Year 3 
Year 4 

Year 5 

Genetic Goal 
2800 SLLPs total 
4600 SLLPs total 
6000 SLLPs total 
integration/ 

fine structure 
integration/ 

fine structure 

Physical Goal 
0 STS total 

1500 STS total 
4500 STS total 
8500 STS total 

10,000 STS total/ 
closure 

Thus, we will initially serve the mouse community by disseminating genetic markers and 
YAC libraries. We will start to screen SSLPs in the YAC library in year 2 and should be 
able to provide the corresponding addresses beginning in the middle of year 2. We will 
integrate and disseminate this information through the public databases (e.g., the Jackson 
Lab databases). If there is community interest, we are also prepared to set up an on-line 
local database as well as to serve as a clearinghouse for other information about STS-YAC-
contig data. , 

Specific Plans: Human Genome. The Human Genome Mapping project is funded for three 
years and involves physical mapping. 

The three-year goal for physical mapping is to construct an STS content map of the human 
genome consisting of at least 8500 STSs. These STSs will consist of some 4250 SSLP genetic 
markers (from among those being developed by Jean Weissenback's group at Genethon, Jeff 
Murray's Genome Center, and the general community) and some 4250 random STSs (which 
we are generating and assigning to chromosomes by means of somatic cell hybrids). The 
STSs will be initially typed in the CEPH megabase YAC library. (In addition, we are 
currently attempting to develop a large-insert YAC library with significantly reduced 
chimerism. H we are successful, we expect to screen this library as well.) 

We have set the following tentative goals: 

Year 
Year 1 
Year 2 
Year 3 

Physical Goal 
1500 STS total 
4500 STS total 
8500 STS total 

ff the project is successful, we hope to continue for an additional two years to achieve 
essentially complete closure. 



We will initially serve the community by screening known SSLPs and random STSs against 
the YAC library and providing addresses. We will clearly .not have large contigs based on 
STS content mapping until a high density of STSs are screened ( certainly not before the 
middle of year (2). In addition, we will have no information about subchromosomal 
localization of the random STSs until then. 

Because the same YAC library has· been fingerprinted by Daniel Cohen's group at 
Genethon, however, it should be possible to use the SSLPs as anchors for fingerprint-based 
contigs. Together with Cohen, we will integrate and disseminate this information through 
the public databases (e.g., GDB). If there is community interest, we are also prepared to 
set up an on-line local database as well as to serve as a clearinghouse of other information 
about STS-Y AC-contig data. Discussions are currently underway concerning setting up such 
a database. We would hope to have it available by the end of summer 1993. 

Data Release. CGR is committed to prompt release of map data. Data will be released 
in batches as soon as it has been confirmed. We expect to make data releases for the end 
of each calendar quarter--with the first release being June 30, 1993. We invite suggestions 
about how to make data release and distribution most useful to the community. 

Access to Materials. We will continue to devise arrangements to ensure accessibility of 
materials to the community. All STSs (including SSLPs) are made available under an 
arrangement with Research Genetics, Inc. designed to ensure inexpensive access to PCR 
primer pairs. We have also arranged for distribution of our mouse YAC library and the 
CEPH mega-Y AC to interested companies willing to provide any of the following services: 
library replication; sale of DNA pools for PCR screening; and contract screening services. 
To date, several companies have expressed interest. In addition, Shirley Tilghman's lab at 
Princeton maintains a core facility providing DNA pools for PCR screening of the mouse 
YAC library. 

Commercialization Policy. CGR has adopted a strict policy governing the 
commercialization of the genomic maps (including all clones, genetic markers, primers and 
sequences) developed under its auspices. The policy states that: (a) The maps will be made 
promptly available to the scientific community, will be placed in the public domain, and will 
not be patented; and (b) No advance access to the maps will be granted to any commercial 
entity in advance of public access. 

Commercial arrangements to ensure distribution of STSs and YACs are entered into 
on a non-exclusive basis and involve no license fee or other financial compensation to CGR 
or its personnel. · 

For Additional Information: Please write to: Eric Lander, Center for Genome Research, 
Whitehead Institute for Biomedical Research, 9 Cambridge Center, Cambridge, MA 02142. 
Fax: (617) 258-6505. Phone: (617) 258-5192. 

) 



■ COOPERATIVE HUMAN LINKAGE CENTER ■ 

CHLC REPORT 

INTRODUCTION 

Jeffrey C. Mumzy, M.D. 
Principal lnvestiga:or 

This newslencr represents the first report 
from the Cooperative Human Linkage 
Center (CHLC) established by the 
NCHGR in Fall, 1992. We have included 
shon descriptions of each of the involved 
projects. which are located at The Uni­
versity of Iowa. Fox Chase Cancer Cen­
ter, Marshfield Medical Research 
Foundation and Harvard Medical 
School. In addition to short project 
descriptions. we have included the first 
round of genetic maps developed by the 
center. 

The long-range goal of the center is to 
develop high heterozygosity genetic 
maps that are greatly enriched for the 

· presence of easy-to-use PCR-formancd 
microsatellite markers, with a particular 
emphasis on tri- and tetranucleotide 
repeats that are easy to genotype. The 
grant will synthesize published geno­
typic data developed on the CEPH fami­
lies by outside investigators, as well as 
genotypic information generated from 
marker development in on.c core lab­
oraoti.res. The center is also open to 
assisting outside investigators who 
would like incorporation of their own 
genotypic information into these maps, 
as well. 

The maps presented here are a prelimi­
nary synthesis of publicly available 
genotypic information existing in the 
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CEPH database and are sccdcd with the 
first sets of markers developed through 
our own efforts. We provide information 
for online access to a CHLC database of 

· these markers and maps which will be 
revised collectively at approximately six 
month intervals. In addition, information 
and access to markers will be provided, 
both as an online service and through 
direct reagent access facilitated through 
primer availability at Research Genetics. 

We will continue to work with others to 
bring genetic maps to a high degreee of 
resolution and to facilitate disease gene 
mapping using a variety of strategics that 
benefit from the availability of highly 
polymorphic markers. Such strategics 
include not only linkage analysis, but 
also studies of non-traditional inherit­
ance such as imprinting, locus expan­
sion. and loss of heterozygosity studies. 
In addition, the markers developed in 
this center will also provide STSs for 
physical mapping efforts currently 
underway. All markers developed will be 
assigned chromosomal localizations, and 
although only those markers with het­
crozygositics above 0.7 will initially be 
genotyped and entered into the linkage 
maps, all markers with chromosomal 
assignments will be made available for 
efforts by other laboratortics for genetic 
or physical mapping. 

We welcome comments and suggestions 
pertaining to the newslencr and our plans 
and these can be communicated directly 
by e-mail. phone or fax to any of the rel­
evant co-investigators or contacts listed 
atrigbL 

· Jeffnr C. Murray, M.D. 
Assistant Professor of Pedwrics 
The University of Iowa 
Iowa City, IA 52242 
TEL:(319)356-3508 
FAX:(319)335-6970 
E-mail: jcff-murray'itumuc.weeg.uiowLedu 

Geoffrey M. Duyk. M.D .. Ph.D. 
Depanment of Genetics. EQRF Room 447 
Harvard Medical School. 200 Lonpood Ave. 
Boston. MA 02115 
TEL:(617)432-6072 
FAX: (617) 432-7663 
E-mail: duylt'itrascal.med.harvard.edu 

Val C. SbdllekL M.D .. Pb.D. 
Assiswlt Professor of Pedwrics 
The University of Iowa 
Iowa City. IA 52242 
(319) 356-2674 
FAX: (319) 356-3347. 
E-mail: sheffield(lvuL weeg.uiowLedu 

JUIII L Weber, Ph.D. 
Senior Scientisl. Human Genetics 
Marshfield Medical Research Foundalion 
Marshfield. WI 54449 
TEL: (715) 387-9179 
FAX: (715) 389-3808 
email: webaj(ldpbby.mftdclin.edu 

ICmDldl B. Buetow, Pb.D. 
Fox Chase Cancer Cenier 

· 7701 Bumolme Avenue 
PhiladelpbiL PA 19111 
TEL: (215) 721-3152 
FAX: (215) 721-3574 
E-mail: kh_buetow(ifccc.edu. 

Robert F. Weir, Pb.D. 
Professor of Pediaaics 
University of Iowa 
Iowa City, IA 52242 
TEL: (319) 335-6705 
FAX: (319) 335,8318 

NIDCJ Newllln 
CHLC AdminisUmon 
The University of Iowa 
TEL:(319)335-6899 
FAX: (319) 335-6970 

• nm UNIVERSITY OF IOWA. IOWA CITY. IOWA, FOX CHASE CANCER CENTER. PHILADELPHIA. PA 
MARSHFIELD MEDICAL RESEAROI FOUNDATION, MARSHFIELD, WI, HARVARD MEDICAL SCHOOL. BO51'0N, MA 



PROJECT 1 
Geoff Duyk. M.D., Ph.D. 

Our marker selection approach has been 
to develop technology which enables us 
to rapidly accumulate small insert clones 
from all classes of trinuclcotide and tct­
ranucleotide STRs. The basic strategy, 
termed marker selection, requires the 
construction of high complexity, small 
insert libraries essentially free of chime­
ras or clones without· inserts. 

This choice reflects the prior existence of 
large efforts to develop dinuclcotide 
repeat markers, the general perception 
that these classes of markers result in 
more readable amplification products 
and the possibility that the availability of 
STRPs from multiple repeat classes will 
permit hybridization- based multiplex 
genotyping. In addition. with the 
increasing recognition that trinuclcotide 
repeat expansion may be an important 
m.echanism underlying human genetic 
disease, the availability of a large num­
ber of trinucleotide STRPs may provide 
an impon.ant resource for disease gene 
identification. 

Other activities of Project 1 include stud­
ies devoted to increasing genotyping 
throughput as well as the development of 
efficient methods for recovery of STRs 
from large insert clones. Such methods 
will be essential for gap filling. As the 
project matures, the availability of a 

.. large set of STRPs will permit the inves­
tigation of the basis for repeat variability 
and explosion. help establish a set of 
cDNAs maintaining STRP sequences 
and further exploration of the role of 
repeat expansion in mutation. Investiga­
tors interested in additional information, 
detailed protocols, vectors or bacterial 
strains should contact: 

Geoffrey M. Duyk, M.D., Ph.D. 
Depanment of Genetics 
East Quad Research Facility, Room 447 
Harvard Medical School 
200 Longwood Avenue 
Boston. MA 02115 
TEL:(617)432-6072 
FAX: (617) 432-7663 
E-mail: Duylt@rascaLmcd.harvard.edu 

PROJECT 2. 
Val C. Sheffield, M.D., Ph.D. 

Project 2 of the Cooper-1tive Human 
Linkage Center has as its primary goal 
the development of a minimum of 2,000 
new. highly polymorphic (>0.70 het­
erozygosity) short tandem .repeat poly­
morphisms (STRPs) with an emphasis 
on developing tri- and tetranuclcotide 
repeat markers. The strategy for marker 
development consists of sequencing 
marker-selected clones obtained from 
Dr. Duy k's laboratory {Project 1 ), select­
ing PCR primers flanking the repeat and 
testing the PCR product for polymorphic 
information contenL All markers arc 
assigned to a specific chromosome using 
monochromosomal somatic cell hybrids. 
and all highly polymorphic markers arc 
sent to Dr. Jeffrey Murray's (Project 3) 
and Dr. James Weber's (Project 4) labo­
ratories for high resolution genetic map­
ping. 

In the past f cw months. Project 2 has 
developed over 300 tetranuclcotide 
markers. These markers are highly poly­
morphic, assayable using a standardized 
PCR condition, and have readily inter­
pretable alleles. In addition to the goal of 
developing new STRPs. SSCP and 
DGGE arc being used to identify poly­
morphisms in the 3' untranslated region 
of cDNA sequence. The identification of 
polymoprphisms in cDNA sequence 
allows placement of cDNAs on the 
genetic map. 

Another goal of Project 2 is to develop a 
set of approximately 200-300 uniformly 
distributed STRPs which can be used for 
primary disease linkage studies. To this 
end. a primary linkage set of approxi­
mately· 200 markers wu developed, 
which were assayable using a single 
PCR condition. These markers, most of 
which arc dinuclcotide repeats. have 
proven extremely useful for disease link­
age studies. For example, in collabora­
tion with others, Project 2 has used the 
primary linkage set of markers to iden­
tify five hereditary eye disease loci. In 
order to improve the efficiency of pri­
mary linkage studies. the dinuclcotide 
repeat markers arc gradually being 
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replaced with tctranuclcotide repeat 
markers. 

An underlying theme of the CHLC is the 
distribution of its resources to the user 
community. To this end, the CHLC will 
distribute STRP primers through 
Rcscan:h Genetics and other interested 
companies. In addition. arrangements 
can be made for investigators working 
on disease families to bring their family 
resources to the University of Iowa to 
perform linkage studies on a collabora­
tive basis. 

Val C. Sheffield. M.D .. Ph.D. 
Assistant Professor of Pediatrics 
University of Iowa 
Iowa City, IA 52242 
(319) 356-2674 
FAX: (319) 356-3347 
email: sheffield@vaxa.wceg.uiowa.edu 

PROJECTJ 
Jeffrey C. Mu"ay. M.D. 

The primary goal of Project 3 is to gen­
eraie genotypes for the STRPs devel­
oped through Projects I and 2. These 
genotypes are then fed to Project 4 for 
incorporation into the developing link­
age maps. Project 3 focuses around gen­
erating high quality, reliable genotypes 
using a variety of robotic assists, on a 
subset of the 60 CEPH families . Geno­
types are currently generated by body­
labelling PCR products using 35s. and 
analysis of fragments on sequencing 
gels. 

Genotypes are set up from formaned 96-
well titre plates that include vacant wells 

· at intervals to allow for controls and gel 
alignmenL Multiplexing is currently 
done at the level of gel loading. Geno­
types arc scored and entered by hand in 
duplicate. with a subset of those gener­
ated also typed in duplicate through 
Project 4 to allow for data validity 
checks. 

The project also has a limited ability to 
assist outside investigators in their own 
genotyping efforts. This would include 
hosting two-day to two-month visits for 
investigators who wish to carry out 



genotyping on their own samples, geno­
typing of newly-generated anonymous 
markers or shotgun linkage searches in 
familial disorders. 

Jeffrey C. Murray, M.D. 
Cooperative Human Linkage Center 
The University of Iowa. #440 EMRB 
Iowa City, IA 52242 
TEL: (319) 356-3508 
FAX: (310 335-6970 
E-mail: jcff-murray@umaxc.weeg.uiowa.edu 

PROJECT4 
James L Wtbtr. Ph.D. 

The major goals of Project 4 are to type 
newly developed STRPs through the 
GEPH families. to improve STRP geno­
typing technology, to collaboratively 
inap disease genes. and to analyze sev­
eral human meiotic parameters such as 
interference and sexual differences in 
recombination. 

Typing of new STRPs will initially 
involve use of about 210 individuals 
from 14 of the largest CEPH families. 
Emphasis will be placed upon reduction 
of typing errors through the use of stan­
dard arrays of DNA templates within 
microtiter plates and 12 channel pipet­
ting devices. Alleles will be assigned 
consistently among. different families 
leading to useful estimates of allele fre­
quencies. 

Improving STRP genotyping technology 
will initially involve effons to maximize 
the numbers of genotypes obtained per 
sequencing gel. Routinely three to six 
markers will be amplified . simulta­
neously and electrophoresed together on 
144 lane gels. In this way, up to 850 gen­
otypes will be obtained per gel. Image 
analysis software specifically designed 
for STRPs will be used to speed the scor­
ing of the markers and to avoid inconsis­
tencies in allele assignment among 
families. Hardware and software for ftu­
orcsence-based sizing of alleles will 
gradually be developed to decrease the 
amount of labor required for genotyping. 

Collaborative disease gene mapping 

efforts which have already resulted in the 
localization of a dozen genes will be con­
tinued through the CHLC. Visitors will 
come to Marshfield for periods of up to 
two months to engage in concentrated 
genotyping efforts. Because of limited 
amounts of available equipmeni gener­
ally only one visitor will be accepted at 
one time. Visitors are responsible for all 
travel costs and living expenses in 
Marshfield, bui all supplies will be pro­
vided by the CHLC. Interested individu­
als should contact Jim Weber at the 
address below. Groups working on disor­
ders prevalent in minority groups or dis­
orders that primarily affect women are 
especially encouraged to apply. 

As many as 106 new genotypes will be 
determined by the CHLC over the next 
f cw years. These data represent an enor­
mous new resource of human meiotic 
information. Distributions of crossovers 
along the chromosomes, crossover inter­
ference, sex-specificity in recombination 
rates, recombination hotspots. and rela­
tionships between genetic and physical 
distances arc among the meiotic parame­
ters that will be analyzed. 

· James L Weber, Ph.D. 
Senior Scientist. Human Genetics 
Marshfield Medical Research Foundation 
Marshfield. wt 54449 
TEL: (715) 387-9179 
FAX: (715) 389-3808 
email: weberj@dgabby.mfldclin.edu 

PROJECTS 
KtnMrh H. ButtoW, Ph.D. 

It is the primary goal of this project to 
use the marker and genotype data gener­
ated in Projects 1-4 to consttuct a high 
integrity, fine strUcture, meiotic map of 
each human chromosome. Map con­
struction will be conducted in a two­
tiered manner. Fmt. a high beterozygos­
ity 10 cM resolution index map of PCR­
detcctable markers will be constructed. 
Next. likelihood and crossover minimi­
zation techniques will be used to inte­
grate additional points to achieve a 2..5 
cM resolution index map. These tech-

. niques will also be applied to obtain 
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likely locations for previous RFLP typ­
ing from the CEPH panel and lower het­
erozygosity gene loci. It is recognized 
the map constrUction here will parallel 
efforts in progress in other gene mapping 
laboratories. The centralized effort con­
ducted in this investigation will be com­
plementary to these investigations. 

As the first step toward accomplishing 
the above goals, a collection of maps 
have been generated that combine pub­
licly available data with new genotype 
data generated by CHLC investigators. 
These maps integrate the genetic maps 
generated by the NCHGR Index Map 
Consortium and Genethon. They are 
augmented by data on additional mark­
ers provided by CHLC and CEPH inves­
tigators. The datasets are available 
through anonymous FI'P (see below). 

To generate the maps. the CHLC is using 
a new, semi-automated, map construc­
tion algorithm. The mapping algorithm 
is a stepwise constrUction procedure that 
utilizes the program CRIMAP as its ana­
lytic engine. The dataset is intially 
diagnosed for pairwise observations that 
show heterogeneity in pairwise recombi­
nation estimates by family. Such loci are 
excluded from primary constrUction. 
Loci are initially added to the map in 
order of information contenL As each 
locus is added. support for the map and 
map expansion is re-evaluated. Loci that 
expand the map and/or are not supported 
by lod 3 criteria arc removed. Loci dem­
onstrating map expansion are moved to 
the end of the list for consideration in 
locus placemenL The process is repeated 
until no loci can be added to the map at 
tod 3 support. The maps built by this 
alogrithm arc somewhat more sparse 
than maps built by more traditional map­
ping algorithms (average marker density 
is 6.7 cM). However, they have very high 
confidence, and low enor rates. These 
maps, called skeletal maps. and their cor­
responding error profiles arc available 
through anonymous FI'P. . 

The Clll.C group has also generated a 
more highly annotated collection of 
maps. These maps were constructed 
using the STRP-based skeletal inaps as 
starting points and expanded using the 



CRIMAP-BUILD procedure with 
framework selection criteria for locus 
inclusion. These framework maps, their 
diagnostics. and likely locations for 
points that do not meet framework crite­
ria. are also available through anony­
mous FTP. The sex-averaged version of 
these framework maps is included with 
this newsletter. 

The map construction in this project will 
proceed simultaneously with develop­
ment of statistical tools that allow the 
assessment of map quality and integrity. 
The primary focus of these efforts will be 
the development of statistical diagnostic 
methods for the evaluation of mapping 
outcomes. It is the goal of such diagnos­
tics to identify error typings and biologi­
cally interesting observations. 

Two concurrent approaches to the devel­
opment of these tools will be taken. The 
first will use computational methods to 
assess the relative contributions to the 
final outcome of individual observations. 
These tests will be conducted at the level 
of individual typing. gamete, locus and 
family levels. As these methods are com­
puter intensive, paralleVdistributed algo­
rithms for analysis/re-analysis of 
multipoint data are under development. 
In addition to these methods, explicit 
tests which are extensions of the statisti­
cal methods used in regression diagnos­
tics will be explored. 

Finally. means of applying goodness-of­
fit tests will be evaluated. These will 
include the contrast of outcomes based 
on pairwise analysis (multiple pairwise 
likelihood analysis and seriation) as well 

· as the use of empirical Bayes methods 
for assessing fit. The efficacy of using 
empirical Bayes methods to update link­
age maps will also be examined. 

Kenneth H. Buetow, Ph.D. 
Fox Chase Cancer Center 
Division of Population Science 
7701 Burholme Ave. 
Philadelphia. PA 19111 
TEL: (215) 728-3152 
FAX: (215) 728-3574 
E-mail: kh_buetow@fccc.edu 

INFORMATICS Core 
Roben K. Stodola 
KeMerh H. Buerow. Ph.D 

The objective of the lnfonnatics Core is 
provision of computer based tools that 
facilitate scientific aims of the Center. Its 
responsiblities include the storage, 
retrieval, and interpretation of the map 
reagents and data generated in the pro­
posed research. The lnfonnatics Core is 
charged with the management of Center­
generated mapping reagents (sequence 
infonnation. primers, genotypes, etc.), 
distribution and storage of protocols, and 
management and distribution of map­
ping outcomes (chromosome maps, mei­
otic breakpoint locations, etc.). 

The primary purpose of this core is to 
generate and maintain a "production," 
database. This database will provide 
access to common resources and infor­
mation within the Center. As CHLC 
efforts are proceeding at four geographi­
cally disparate locations (Harvard, Uni­
versity of Iowa. Marshfield, and Fox 
Chase) the current strategy is to build cli­
ent-server based applications using the 
internet as a medium of communication 
between the four sites. Work is currently 
proceeding in the areas of database con­
struction. distributed applications. and 
Graphical User Interface (GUI} tools. 

The preliminary database has been con­
structed and a number of graphical inter­
faces to the database have been 
developed. We have selected Sybase as 
the database system and are currendy 
using it with DECStation 5000 series 
computers. Several DEC AXP systems 
running OSF/1 have been purchased. and 
we plan to port the database when 
Sybase becomes available on this plat­
form. To avoid dependence on Sybasc, 
we have isolated the applications from 
the database with a database-indepen­
dent interface, and used code generation 
techniques to reduce the complexity of 
~uilding this interface library. 

We have created several interesting dis­
tributed applications. One such is a dis­
tributed Primer Pipeline. Marker 

. generation is currendy underway at Har­
vard and the University of IowL Raw . -
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sequences are produced using ABI 
sequencers with Macintosh interfaces. 
The raw sequence files are copied 
directly onto a CHLC DECStation at 
these sites, and transferred to Fox Chase 
for processing. . The PipeLine then 
assembles, strips cloning vector. identi­
fies repeat regions, selects primers using 
PRIMER. verifies uniqueness. applies 
user selection criteria. and generates 
primer synthesis orders. At each stage 
data and user selections are stored in the 
production database for further infonna­
tion and use. 

We arc also developing a distributed 
linkage analysis program. Using the 

_ DCE (Distributed Computing Environ­
ment) component of OSF/1, we arc par­
titioning the linkage analysis into a 
number of pieces which can be submit-· 
ted to any available processor in the 
project. We anticipate making use of 
spare CPU cycles on all of the CHLC 
computer systems. including those at the 
remote sites by running linkage servers 
as a background process. 

The CHLC Infonnatics Core is also 
responsible for the development and 
maintenance of a public access informa­
tion system. This system will provide 
tools that facilitate the communication of 
the Center's mapping resourses to the 
outside genetics communities. Primary 
assistance in gaining access to infonna­
tion or services beyond those described 
here can be requested via electranic mail 
at help@chlc.org. It is anticipated that 
the Clll.C public access database server 
will not become operational until FalV 
Winter of 1993. In the interim, CHLC 
data will be available via anonymous 
FTP to ftp.chic.ors and through a CHLC 
Gopher Server addressed gopher.chlc.org. 
Described below is the infonnation cur­
rendy available. 

README 
A file describing the current contents. 

Each of the folders below also may 
include a README file describing the 
contents 

cltldnewsktt~n 
The CHLC newsletters in plain text and 
postscript 



chlc/genorypesltables 
Tabular descriptions of marker systems 
in the chromosome specific datasets 

chlclgenotypes/typing 
Chromosome-specific genotype sets in 

CRIMAP file fonnat chic/maps/frame­
work 

chlclmaps/framework 
Framework maps of all markers cur­

rently mapped by CHLC (including 
markers from other sources) 

chlclmapslskeletal 
Maps generated using the sttingent map 
build algorit!un described above 

Each map, follur contains three folders: 

• ldiq,u,1ria Diaposuc dara on maps. 

./fipn, Postscnpt figures. 

.Jtabu1 Map information in rcxt form. 

chlclmarkers/chlc 
Clll.C-produced marker data 

chlclmarkerslmanhjkld 
Marshfield-produced marker data 

A collection of public analytic services 
will also be supponed by the lnfonnatics 
Core. These services will be a subset of 
the analysis and evaluation tools used 
within the project which do not require 
exceptional computational resources. 

·· This will be provided free of charge and 
without any implied commitment to any 
level or service. accuracy or usefulness. 

These servers will be provided via auto­
mated electtonic mail servers. · and we 
can ta1ce no responsibility for the privacy 
or confidentiality of these channels. The 
services provided will often include pro­
cedures developed by people outside the 
Clll.C group. When these have not been 
placed in the public domain. we have 
asked permission to use these programs 
and procedures and kindly thank these 
indivduals and groups for their use. In all 
cases. each autoawed response will 
include attribution supplied by the 
author for his or her wort. lnsuuctions 
for each automated service can be found 

by sending any electronic mail message 
to the server address. 

An infonnation server has been placed in 
service that provides QCSCriptive infor­
mation about the CHLC project and data. 
It can be reached by sending e-mail to: 

info-s•nn-@ehlc.org 

Mail to servers other than the info-server 
will reply with insuuctions on how to 
correctly structure messages to receive 
service and describe the services pro­
vided. It is anticipated that as of June 1. 
1993 a server to perform linkage map­
ping will be in place. Initially, this server 
will take an individual marker system's 
genotype data and return markers from 
the CHLC data sets that show linkage. 
This information will include recombi­
nation fraction and lod scores. Later ver­
sions will provide map position 
information. To check the status of the 
linkage server send e-mail to: 

Questions about CHLC services may be 
directed to /Nlp@ehlc.orr. Since there 
are. people on the other end of this 
address, please be patienL There aren't a 
lot of people on the other end. and all 
have lots to do! 

In order to make it convenient to have 
CHLC announcements delivered via 
either USENET News or via electronic 
mail. and to avoid adding to the confu­
sion of how to subscribe to yet another 
mail service, all CHLC postings will be 
presented via an appropriate BIOSCI 
newsgroup (cum:ndy, via BIOSCI/ 
GENETIC-LINKAGE). If you have 
access to USENET news, this is the 
newsgroup: 

ilouunolbio.1111HU11f1 

If you don't have access to USENET 
news or prefer u, subscribe via electron­
iCll mail. the following instructions 
talcea from Dave Kristofferson 's .. B10-
SCI/bionet Frequently Asked Qua• 
ti0111" pos1ed to bioneunnounce on May 
1.1993): 

-~­OILC IEPORT S 

"For those who nttd t•mail subscrip­
tions or who wam to canc•l culffnt e­
mail subscriptions, please send a request 
to ou of tM following addresses. Please 
chaos• tM site that s•rvu your location. 

. Simply pic/c tM newsgroup(s) from the 
list above that you wish to subscribe to 
and mp,ut that your address be added 
to tM chosen mailing lim. Please rue 
plain English: no sptcial nwssage synta% 
is required in your subscriprion or can­
cellalion request. 

Address Seniq 
,._..._..... The Americas 

and Pacific Rim 

~-- Europe, Africa. · 
and Cenlral Asia . 

U you are cb■nging e-mail addresses. 
please be sure to send a message to your 
request. that your subscriptions · be 
changed or canceled!!" 

Dave also sttongly recommends that all 
participants su_bscribe to the BIOSCI/ 
ANNOUNCE group (USENET bioneL• 
announce). 

Robert K. Stodola 
KmaetbB.Buetaw 
Fox Chase Cancer Center 
7701 Bumolme Ave. 
Philadelphia. PA 19111 
TEL: (215) 728-3660 
FAX: (215) 728-2513 
E-mail: rlc_stodola@fccc.edu 

ELSI Core 
Rol#rt F. Wtir, Ph.D. 
Jama W. Hanson, M.D. 

The ELSI ( ethical, legal. and social 
impliCllions) core is funded to cany out 
two projects: an IRB-type committee on 
1enetics research and a p0lldacroral fel­
lowship program. The ELSI Committee 
Chair and Core Direcmr, Dr. Roben Weir 
is the Director of the Prop-am in Bio­
medical Ethics at the Univenity oflowa. 
Current committee members are listed 
below. 
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ELSI CQMMirnE MEMBERS 

Rol,c,r Wtir. Ph.D. 

J,Jf Mumi,, M.D. 

Jama Htu11011. M.D. 

Kalla1 Ma1MW1, M.D. 

Sma Jol,n,on M.D. 

lAwa Han. R.N., Ph.D. 

S11111111 Grant. R.N. 

EL.SI Core Chair 
Bionwdlcai Ethicist 

P.J .• CHLC 

Mtdicai Gtneticut 

Ptdialnc Ntumlogur 
G,nencs Rt1tarcMr 

08-Gynecologut 
U of I /RB Chmr 

Coll,g, of Nursing 
IRBM,mbtr 

OB-GYN 
Prrnatai Diagno111 

Still to be added to the committee are a 
consumer of genetics services and a 
health-law attorney. 

The ELSI committee has undertaken an 
analysis of the consent documents cur­
rently being used in genetics research. A 
written request for examples of these 
documents has been mailed to 150 genet­
ics researchers nationwide. who were 
selected at random from the American 
Society of Human Genetics (ASHG) 
membership directory. Part of the com­
mittee's long-range plan is to develop 
one or more consent fonn models for 
genetics research that will prove helpful 
to both scientific investigators and to 
persons who participate as subjects in 
genetics-related research. nie ELSI 
committee also plans to provide educa­
tional materials to be used by IRBs when 
they consider proposals for genetics 
research. We will coordinate our work 
with some of the work already done by 
the ASHG. the Alliance of Genetic Sup-

port Groups. and the Poynter Center at 
Indiana University. 

The ELSI Core's postdoctoral fellowship 
program will be advertised nationally in 
the near future. This program will be 
directed at professionals outside the bio­
logical sciences who teach courses, give 
presentations, publish articles or books, 
or do other work pertaining to the ethical 
and legal issues of modem genetics. 
Such individuals would include persons 
in the fields of philosophy, history, law, 
journalism or religion. They will be at 
the University of Iowa for 2-4 months. 
During that time they will have a variety 
of work-related experiences in a molecu­
lar genetics lab. one or more other genet­
ics labs. and several clinical genetics 
settings. On completion of this fellow­
ship program, participants will have 
achieved a broader understanding of the 
challenges, technical vocabulary and 
problems regularly confronted by per­
sons who work in molecular genetics 
and/or clinical genetics settings. 

Rohen F. Weir. Ph.D. 
Professor of Pediatrics 
University of Iowa 
Iowa City, IA 52242 
TEL: (319) 335-6705 
FAX: (319) 335-8318 

James W. Hamon. M.D. 
Professor of Pediatrics 
University of Iowa 
Iowa City, IA 52242 
(319) 356-2674 
FAX: (319) 356-3347 

ADMINISTRATIVE Core 
Jeffrey C. Mu"ay. M.D. 

The Administrative Core serves as a 
focus for the overall center activities and 
also includes wicnin it an educational 
component designed to cstalbish out­
reach to the lay puclic. 

Stco"""'1 Sc/aooi Edu&azional Outna&h 

The Administrative co·re is currently 
exploring ~!veral mechanisms to· 
improve the knowledge base of second­
ary school students in relationship to the­
Human Genome Project. Funding is 
available for mini-sabbaticals by second­
ary school teachers to spend 1-2 months 
in the laboratory in a combination of 
didactic involvement related to human 
genetics and hands-on laboratory experi­
ence in genetic linkage analysis. In addi­
tion, collaborations are being developed 
with a number of external organizations. 
both in the development . of textural 
materials related to teaching of second­
ary school students about the Human 
Genome Project in both its scientific and 
ethical implications. and also in direct 
ouaeach to such schools. The CHLC 
also participates in programs to have 
high school and undergradUate college 
students spend time in the laboratory. as 
well, again in a combination of didactic 
and hands-on laboratory experiences. 

Jelfrey C. Murray, M.D. 
Cooperative Human Linkage Center 
The University of Iowa 

If you would lib ta r,c1iY1 juran iuua of ta·CHLC Ripon in lull"ll cop,, plnl, complnl and 11ntl in th, followinr form: 

On completion. return to: CHLC Administration, #440 EMRB, The Univenity of Iowa, Iowa City, IA S2242 

Name 

lnsatution 

Depanment 

Street/Building 

City, Stare. Zip (COUNTRY) 
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VS3000TM 
High Throughput Vacuum Blotter 

i#!ld!l//f/!J//1/iillll Uii · ,, \ 

'.l!!#lllllllllill )tm/11 llllil1\\\\\ 

D Uses Eight Microplate-Sized Membranes with 384 Dots per 
Membrane, Total of 3072 Dots 

D Uses 96-Tipped Si>LATT™ Pipetter for Fast, 
Accurate Blotting for pipetting 0.8 to 50 µliters Per Dot 

D High Throughput Without Expensive Robotic Systems 

S..P.LA.TT™Pipetter Also Available from IAS Products, Inc. 

IAS Products, Inc. 
142 Rogers Street, Cambridge, MA 02142 
Phone: 617-354-3830 Fax: 617-547-9727 





si-.LATTTM 
SIMULTANEOUS PLATE LOADING AND TRANSFER TOOL 

Patent Pending 

S~TttA.TT™is a high precision 96-tip pipetter 
S..E».LA.TT™means high throughput without expensive 
robotic hardware 
S..E».LA.T'T™pipettes to and from any combination of 
96, 192, and 384-well microplates or a vacuum blotter 

IAS Products, Inc. 
142 Rogers Street, Cambridge, MA 02142 
Phone: 617-354-3830 Fax: 617-547-9727 



Si:>~ 7'7:'TM 
SIMULTANEOUS PLATE LOADING AND TRANSFER TOOL 

System Specifications 

SJ:>LA.TT™Features 

□ 96 washable pipette tips - no expensive 
disposables 

□ Interchangeable, autoclavable tip cartridges 
□ Precision greater than 2% at all volumes 
□ Pipetting volumes from 0.8 to 50µ1 per tip 

SJ:>LA.TT™Operation 

Aspirate Dispense 
(Tip Submerged) (No Sample Contact) 

Microplate 

The patent pending SJ:>LA.TT™design 
allows all 96 samples to be transferred without the 
need for physical tip touch-off to the plate. A high 
fluid velocity combined with an abrupt deceleration 
of the plungers within the tips "flings" even the 
smallest drops from the tips into the wells of the 
microplate below. 

Example SJ:>LATT™ Assisted Tasks 

• Fill multiple plates from a master 
• Copy a library of plates 
• Transfer samples from four 96-well plates to one 

384-well or 192-well plate 
• Transfer oil to the top of all samples in a plate 
• Add enzyme to hot plates in a thermal cycler 
• Blot samples to a membrane using IAS 

Product's VC3000 Vacuum Blotting System 

SJ:>LATT™ Specifications 

60-80 psi (4-5.5 Bar) 
(Optional External Pump Available) 

2 lbs. (0.9 Kg) 
7.5H X 6.5L X 3.6W !nches 
190H X 165L X 92W mm , 

SJ:>LATT™ Plate Tray Options 

SJ:>LA.TT™Cartridge Options 

IAS Products, Inc. 
142 Rogers Street, Cambridge, MA 02142 
Phone: 617-354-3830 Fax: 617-547-9727 



• r-l Intelligent Aut9mation System~ Inc.__ 

Developers of Automated Instrumentation for Genetic Research 

D Automated process development 

D Custom instrumentation design 

D Laboratory robotic systems 

D Machine vision system development 

Intelligent Automation Systems, Inc. is a group of MIT-trained engineers 
committed to helping scientists and manufacturers develop advanced 
instrumentation. 

142 Rogers Street, Cambridge, MA 02142 US}\ Phone: 617-354-3830 Fax: 617~547-9727 



TC 1600 THERMOCYCLER * 
High-speed thermal cycling for large 

numbers of biological and chemical samples 

-..:- -----! Wl!! 
'Ill' -u,l! -ifi! -iir 
'Ill' 'Ill' 'Ill' 'Ill' 
'Ill' 'Ill' 'Ill' 'Ill' 
'Ill' 'Ill' 'Ill! .. ,. 

□ Uses 16 standard PVC or polycarbonate microtitration plates 
(96 or 192 wells) 

Cl Runs four quadrants (4 plates each) with different 
heating and cooling profiles 

Cl Stores and recalls predefined profiles 

□ Allows up to ten set point temperatures from 30°C to 100°c 
with looping and pausing 

Cl Records log file of actual temperature profiles 

Cl Requires 208, 220 or 240 volts single phase at 70 amps -
60 or 50Hz and cold water hookuo 

Cl Specifications : 
Heating Rate: 1.3°C/sec Uniformity: +/- .5°C at 60°C 
Cooling Rate: 3.7°C/sec +/- 1°c at 95°C 
* Patent Pending 

IAS Products, Inc. 

142 Rogers Street Cambridge, MA02142 USA Phone: (617) 354-3830 Fax: (617) 547-9727 
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SIZE RANGE 
~ LOCUS ~ J::!§I ~ M!ti ~ REFERENCE 

01 ACTN2 CA4 0.50 0.47 91 107 GOB 
01 NS'f2B NA 0.70 0.63 76 86 ORACOPOLl,N.& MEISLER,M.(1990) GENOMICS7,97-102. 
01 ANGIOTEN NA 0.75 113 133 KOTELEVTSEV,Y.V. ET AL(1991) NAR19,6978. 
01 APOA2. MFO 3 0.74 0.65 131 145 GENOMICS 15:251-258, 1993 
01 AT3 NA 0.78 277 316 PERRY,O.J. (1993) HMG 2,618. 
01 ATP1A2 NA 0.72 397 405 UM,L& GILL,M.(1993) HMG 2,616. 
01 C4BPNB NA 0.74 130 142 VELASCO.E. ET AL(1992) HMG 1,552. 
01 CLN1 HY-TM1 0.87 140 209 GOB 
01 CRP MF057 0.60 0.53 127 145 GLATT,K. ET AL(1992) HMG 1,348. 
01 CRTM NA 0.67 .. 102 · 110 GOB 
01 01S102 MF052 0.63 0.50 186 204 GLATT,K. ET AL(1992) HMG 1,348. 
01 01S103 MF064 0.88 0.78 82 102 GLATT,K. ET AL(1992) HMG 1,348. 
01 01S104 MF067 0.76 0.66 152 168 GLATT,K. ET AL(1992) HMG 1,348. 
01 01S116 NA 0.00 0.62 89 101 SHARMA,V. ET AL(1991) NAR 19,1169. 
01 01S1167 NIB1152 0.86 163 187 GOB 
01 01S117 NA 0.77 0.77 100 132 SHARMA V.& LITT M. (1991) NAR19,1168. 

· - 01 01S158 ---· -NA·-···· -o.89 - 0.88 137 - 163 OVERBECK.LO.ET AL(1992)HMG 1,141. 
01 01S1586 ACT1B03 0.56 91 118 GOB 
01 01S1587 ATA1D01 0.44 144 168 GOB 
01 01S1588 ATA2E04 0.63 118 139 GOB 
01 01S1589 ATA4E02 0.73 199 220 GOB 
01 01S159 MIT-MX4 0.67 147 147 HUDSON,T. ET AL(1992) GENOMICS 13,622-29. 
01 01S1590 ATA5E03 0.67 148 169 GOB 
01 01S1591 GMT2B03 0.73 86 86 GOB 
01 01S1592 GMT4010 0.67 232 244 GOB 
01 01S1593 GATA13G07 0.87 209 209 GOB 
01 01S1594 GATA22012 0.60 104 128 GOB 
01 NIA GATA25 0.57 NIA NIA GOB 
01 01S1595 GATA25B02 0.77 265 297 GOB 
01 01S1596 GATA26G09 0.73 105 125 GOB 
01 01S1597 GATA27E01 0.70 155 179 GOB 
01 01S1598 GATA27F07 0.56 111 139 GOB 
01 01S1599 GATA31H02 0.79 230 230 GOB 
01 01S160 MIT-MS48 0.72 150 150 HUMAN GENET 87:401, 1991 
01 01S1600 GATA3B11 0.81 148 164 GOB 
01 01S1601 GATA3D01 0.75 220 220 GOB 
01 01S1602 GATA42A04 0.73 295 295 GOB 
01 01S1603 GATA42F05 0.77 196 196 GOB 
01 01S1604 GATA43010 0.82 203 203 GOB 
01 01S1605 GATA45A06 0.67 390 390 GOB 
01 01S1606 GATA46C02 0.92 287 287 GOB 
01 01S1607 GATA48C11 0.69 269 269 GOB 
01 01S1608 GATA49A06 0.83 269 269 GOB 
01 01S1609 GATA50F11 0.91 196 196 GOB 
01 01S161 MIT·E112 0.84 159 159 HUMAN GENET 87:401, 1991 
01 01S1610 GATA50H07 0.50 169 169 GOB 
01 01S1611 GGM10G11 0.81 217 217 GOB 
01 01S1612 GGM3A07 0.50 121 121 GOB 
01 01S1613 GGM7C04 · 0.80 304 304 GOB 

- 01- 01S1614-- GGM8F12 0.56 .. -- 210 - 245- GOB 
01 01S1615 GGAT3G04 0.63 265 265 GOB 
01 01S1616 GGAT4C11 0.44 137 145 GOB 
01 01S162 MIT-MS154 0.91 134 134 HUMAN GENET 87:401, 1991 
01 01S163 MIT-MS217 0.68 200 200 HUMAN GENET 87:401, 1991 
01 01S164 MIT-MS165 0.83 229 229 HUMAN GENET 87:401, 1991 
01 01S165 MIT·A115 0.71 156 177 GENOMICS 8:400- , 1990 
01 01S167 NA 0.74 159 183 BOWCOCK.A ET AL.(1992) HMG 1,138. 
01 01S170 COS370 0.79 217 217 GOB 
01 01S175 MF096 0.80 145 165 GENOMICS 8:400- , 1990 
01 01S176 MF0197 107 107 GLATT,K. ET AL(1992) HMG 1,348. 
01 01S177 MF0160 0.55 92 92 GENOMICS 8:400- , 1990 
01 01S178 MF089 0.50 142 148 GLATT,K. ET AL.(1992) HMG 1,348. 
01 01S179 MF0174 0.70 163 193 GLATT,K. ET AL(1992) HMG 1,348. 
01 01S180 MF0126 0.90 163 189 GLATT,K. ET AL.(1992) HMG 1,348. 
01 01S184 MFD211 0.53 0.47 77 85 GLATT,K. ET AL.(1992) HMG 1,348. 
01 01S185 MF0215 0.50 0.47 114 136 GLATT,K. ET AL.(1992) HMG 1,348. 
01 01S186 MF0217 0.84 0.82 82 106 GLATT,K. ET AL(1992) HMG 1,348. 
01 01S187 MF0227 0.71 0.68 83 103 GLATT,K. ET AL.(1992) HMG 1,348. 
01 01S188 MF0246 0.86 0.85 149 173 GLATT,K. ET AL(1992) HMG 1,348. 
01 01S189 AFM036xc5 0.78 124 136 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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01 D1S190 AFM046xc11 0.94 293 331 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S191 AFM046xh10 0.75 153 169 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S192 AFM051xh8 0.67 203 211 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S193 AFM057xf4 0.78 94 106 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S194 AFM057xf8 0.67 233 239 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S195 AFM063xb6 0.31 183 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S196 AFM063xg9 0.74 267 279 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S198 AFM074za5 0.81 308 322 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S199 AFM078yg5 0.84 94 116 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S200 AFM093xf3 0.80 154 ·· 178 - WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S201 AFM094tb7 0.73 186 204 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S202 AFM095ta5 0.77 77 91 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S203 AFM095wc9 0.64 123 129 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S204 AFM102xe3 0.46 248 252 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S206 AFM113xf6 0.82 206 218 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S207 AFM116xb2 0.85 142 170 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S208 AFM120xa5 0.78 134 152 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S209 AFM120xcl4 0.81 69 169 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S210 AFM122xa3 0.64 117 125 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S211 AFM122xe1 0.86 1n 198 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S212 AFM142xc9 0.80 105 125 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S213 AFM147xf8 0.87 104 124 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S214 AFM147yf8 0.79 120 142 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S215 AFM150xh4 0.73 189 207 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S216 AFM154xc7 0.90 228 260 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S217 AFM156xg7 0.66 130 142 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S218 AFM157xe7 0.84 266 286 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S219 AFM161xb2 0.83 154 176 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S220 AFM162xg3 0.83 231 251 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S221 AFM164xe1 0.63 215 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S222 AFM164yg1 0.72 258 276 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S223 AFM168yb2 0.77 252 264 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S224 AFM179yg3 0.66 120 130 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S225 AFM184xa9 0.80 111 131 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S226 AFM184xa11 0.84 90 106 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S227 AFM184yf6 0.68 111 125 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S228 AFM196xb4 0.78 117 129 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S229 AFM196xh4 0.78 191 207 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S230 AFM197xb6 0.79 177 189 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S231 AFM198wa3 0.85 158 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S232 AFM198ya9 0.53 184 202 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S233 AFM199zd2 0.85 102 132 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S234 AFM200yf12 0.83 226 238 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S235 AFM203yg9 0.69 175 195 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S236 AFM205ta11 0.80 190 218 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S237 AFM205xd8 0.77 172 192 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S238 AFM205xg1 0.87 272 302 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S239 AFM205yg3 0.70 242 258 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S240 AFM207vh8 0.63 236 242 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S241 AFM211xa1 0.52 218 226 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S242 AFM212xb10 0.85 213 227 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S243 AFM214yg7 0.87 142 170 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S244 AFM220yf4 0.82 285 296 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S245 AFM224xc1 0.83 235 253 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S246 AFM225zg7 0.72 200 224 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S247 AFM234tb6 0.87 243 263 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S248 AFM234vb4 0.82 191 211 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S249 AFM234wf6 0.88 155 185 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S250 AFM240yg1 0.78 133 147 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S251 AFM248ya5 0.83 249 271 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S252 AFM249zg9 0.83 99 119 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S253 AFM254wb9 0.48 164 172 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S254 AFM260xf1 0.66 198 208 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
01 D1S255 AFM260zg5 0.77 74 88 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S303 AFM081zc5 0.53 181 191 ··WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S304 AFM116xf8 0.61 168 174 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S305 AFM220xf8 0.83 156 176 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S306 AFM238xd10 0.62 261 281 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
01 D1S318 MFD147 0.74 0.71 154 180 GLATT,K. ET AL.(1992) HMG 1,348. 
01 D1S319 MFD252 0.70 0.65 151 161 GLATT,K. ET AL.(1992) HMG 1,348. 
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01 D1S320 MFD255 0.70 0.65 191 205 GLATT,K. ET AL(1992) HMG 1,348. 
01 D1S322 MFD 60 0.70 90 110 GENOMICS 8:400- , 1990 
01 D1S333 MFD275 0.84 0.82 155 199 GENOMICS 8:400- , 1990 
01 D1S334 MFD293 0.55 0.49 305 333 GENOMICS 8:400- , 1990 
01 D1S399 MFD186 0.60 110 128 GENOMICS 8:400- , 1990 

Research Genetics 

01 D1S412 AFM031xd12 ·o.70 185 207 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S413 AFM165xc9 0.79 246 262 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S414 AFM179xg5 0.62 185 205 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S415 AFM183yg7 0.42 197 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S418 AFM185xd8 ·· · -0.88 -- 146 162 ·· ·-- WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S417 AFM192xg3 0.73 189 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S418 AFM197yg1 0.80 178 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S419 AFM199wh2 0.73 162 194 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S420 AFM199xb8 0.88 199 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S421 AFM199zb12 0.70 146 152 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S422 AFM200ve3 0.23 157 187 WEISSENBACH J: NATURE GENETIC, JUNE 1994._._ ________ _ 

---01-D1S423--AFM042xe3--0.56------162-188--WEISSENBACH"J:NATURE-GENET1C;-JONE-1994 
01 D1S424 AFM203vd4 0.75 197 229 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S425 AFM203zb8 0.86 92 108 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S428 AFM205xh2 0.81 132 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S427 AFM205zc11 0.71 275 297 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S428 AFM208xd8 0.83 181 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S430 AFM210vc9 0.87 187 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S431 AFM212xl6 0.60 207 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S433 AFM217xe11 0.77 140 150 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S434 AFM217yh8 0.73 240 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S435 AFM217zb2 0.75 157 177 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S438 AFM217zc3 0.36 200 240 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S437 AFM220xe1 0.65 133 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S438 AFM220yc7 0.86 158 174 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S439 AFM225xe11 0.53 243 265 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S440 AFM234wc9 0.65 135 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S441 AFM234xb2 0.71 184 178 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S442 AFM234zd12 0.62 230 236 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S443 AFM238vg3 0.63 310 328 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D18444 AFM078xh3 0.71 172 180 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S445 AFM238xf10 0.52 146 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S448 AFM238ya7 0.78 89 132 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S447 AFM024xd2 0.72 123 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D18448 AFM240wb4 0.42 209 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S449 AFM240za9 0.54 221 245 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S450 AFM247te9 0.71 243 287 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S451 AFM248tl9 0.85 174 188 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S452 AFM248wg5 0.63 217 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S453 AFM248zh9 0.78 217 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S454 AFM080xd3 0.73 155 163 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S458 AFM024xf8 0.78 197 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S457 AFM084xb3 0.88 199 214 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S458 AFM113xc7 0.75 154 184 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S459 _ .AFM119yh10 - 0.66-- 177 - - 193 - WEISSENBACH J: NATURE GENETIC,JUNE 1994--
01 D1S480 AFM123yc5 0.87 145 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D18481 AFM123yc7 0.43 234 246 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S462 AFM128xa1 0.79 238 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D18483 AFM154xg11 0.63 223 233 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S484 AFM270vc9 0.71 101 121 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D18485 AFM270zf5 0.84 207 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S488 AFM275xe1 0.65 155 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 018487 AFM277yf9 0.78 187 177 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 018488 AFM280we5 0.54 173 191 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S489 AFM280za5 0.88 289 333 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S470 AFM281xg9 0.58 155 185 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S471 AFM281yg1 0.84 187 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S472 AFM282zd1 0.88 228 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S473 AFM288xd9 0.75 235 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S474 AFM286yc1 0.82 108 114 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S478 AFM289yc1 0.74 159 171 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S477 AFM289ye9 0.89 216 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S478 AFM290vb9 0.49 155 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S479 AFM290wd1 0.62 102 128 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S480 AFM290yf9 0.77 198 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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01 01S481 AFM294wg1 0.58 235 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S482 AFM294zd1 0.69 177 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S483 AFM296zc9 0.71 222 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S484 AFM297wb9 0.47 136 142 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S485 AFM297ld9 0.82 157 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S486 AFM297zg1 0.71 214 222 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S487 AFM298vc5 0.81 260 266 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S488 AFM299ze9 0.52 181 205 · WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S489 AFM309ve9 0.76 141 153 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S490 AFM309yd1 , .. 0.11 .. 195 .. 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S491 AFM310vb1 0.85 171 183 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S492 AFM310xh9 0.76 94 98 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S493 AFM311ve1 0.61 132 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S494 AFM319zh9 0.69 177 187 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S495 AFM323ya5 0.96 138 164 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S496 AFM329xd5 0.77 213 239 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S497 AFM331vb1 0.71 250 276 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S498 AFM336xb1 0.74 183 205 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S499 AFM338wb5 0.49 194 206 WEISSE~BACH J: NATURE GENETIC, JUNE 1994 
01 01S500 AFM343vt9 0.77 167 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S501 AFM359tb5 0.83 172 178 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S502 AFM361td9 0.66 252 286 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S503 AFMa123ya9 0.74 203 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S504 AFMa123yf1 0.73 124 138 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S505 AFMa127wbS 0.58 145 167 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S506 AFMa127wh9 0.72 123 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S507 AFMa127zc9 0.81 183 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S508 AFMa128ye9 0.56 73 85 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S509 AFMa132wa9 0.47 69 77 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S510 AFMa132yc9 0.79 173 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S511 AFMa133xc5 0.81 218 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S512 AFMa134vb1 0.60 102 124 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S513 AFMa134ld9 0.84 179 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 01S514 AFMa151za5 0.74 145 157 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S515 AFMa152yg9 0.63 198 222 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
01 D1S518 GATA7C01 0.88 191 223 GOB 
01 01S519 GATA2B02 0.71 123 453 GOB 
01 01S520 GATASA06 0.57 172 172 GOB 
01 01S526 wg2c9 0.83 187 247 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
01 01S53 pl673 0.91 171 201 NISHIMURA,O. ET AL.(1992) NAR 20,1167. 
01 01S532 GAAT1D9 0.50 117 133 GOB 
01 01S533 GATA10C02 0.86 193 225 GOB 
01 01S534 GATA12A07 0.94 205 207 GOB 
01 01S535 GATA2H05 0.56 174 174 GOB 
01 01S540 GATA4H05 0.17 140 156 GOB 
01 01S547 GATA4A09 0.68 282 308 GOB 
01 01S548 GATA4H04 0.76 148 172 GOB 
01 01S549 GATA4H09 0.82 157 193 GOB 
01 01S550 GATASG07 0.82 169 189 GOB 
01 01S551 GATA6A05 0.73 166 186 GOB 
01 01S552 GGAT2A07 0.81 244 256 GOB 
01 01S556 NA 0.83 109 139 WESTON, M. ET AL. (1994) HMG 3, 1211. 
01 F13B NA 0.65 169 185 NISHIMURA,0.& MURRAY,J.(1992) NAR 20,1167. 
01 FGR NA 0.63 135 143 PATEL,M. ET AL.(1992)HMG 1,65. 
01 FLER16 NA 0.70 143 165 BRINl,A. ET AL(1993) HMG 2,619. 
01 HLX1 NA 0.82 150 172 GOB 
01 HSD3B2 PCR1 0.58 281 372 GOB 
01 LAMB2 NA 0.89 134 150 GOB 
01 MYCL1 HYTM1 0.87 0.87 140 209 GOB 
01 PKLR NA 0.72 316 331 GOB 
01 SPTA1 NA 0.81 0.77 128 146 GOB 
02 APOB GZ9/10 0.66 143 152 GOB 
02 CDSA NA 0.71 0.66 138 170 POLYMEROPOULOS,M. ET AL(1991) NAR 19,1718. 
02 CRYG1B NA 0.69 0.61 117 126 POLYMEROPOULOS,M. ET AL(1991) NAR 19,4571. 
02 CTLA4 NA 0.92 0.91 92 130 · 'POLYMEROPOULOS,M. ET AL(1991) NAR 19,4307. 
02 02S100 MIT-MH105 0.52 143 143 HUMAN GENET 87:401, 1991 
02 D2S101 MF0115 0.58 0.59 86 100 JONES,M. ET AL.(1992) HMG 1,131-33. 
02 02S102 MF0128 0.85 0.86 138 162 JONES,M. ET AL.(1992) HMG 1,131-33. 
02 02S103 MF0145 0.82 0.77 109 125 JONES,M. ET AL.(1992) HMG 1,131-33. 
02 02S104 MF0149 0.72 0.57 114 132 HAUGE)(. ET AL(1991) NAR 19,4308. 
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02 02S105 MF0156 0.69 0.63 107 125 JONES,M. E1' Al.(1992) HMG 1,131-33. 
02 02S106 MFO 70 0.70 102 102 GENOMICS 8:400- , 1990 
02 D2S107 MFD 82 0.30 85 85 GENOMICS 8:400- , 1990 
02 02S108 2CA12AC 0.76 388 400 GOB 

Research Genetics 

02 D2S110 AFM016yc5 0.73 153 167 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S111 AFM021tc1 0.81 126 140 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S112 AFM032xg5 0.72 136 150 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S113 AFM052xb4 0.78 206 230 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S114 AFM052xf8 0.87 214 236 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S115 AFM058ye3 · 0.72 ·· · 106 126 ··WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S116 AFM064xh7 0.79 134 150 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S117 AFM065yf11 0.83 186 212 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S118 AFM066xc1 0.79 169 191 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S119 AFM077yb7 0.81 214 232 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
02 02S120 AFM077yc5 0.77 187 211 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S121 AFM087xa1 0.83 156 184 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 

----02-D2S122--AFM087xg9--0.91------92-110--wEISSENBACH;JETAl:(1992)NATURE359:79<f.:.801~------
02 02S123 AFM093xh3 0.77 197 227 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S124 AFM094zc9 0.69 157 163 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S125 AFM112Yd4 0.83 88 100 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S126 AFM119xc7 0.82 141 161 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
02 02S127 AFM119xd2 0.86 283 303 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S128 AFM143xd12 0.80 146 164 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S129 AFM143xa11 0.79 162 180 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S130 AFM150xf2 0.76 196 214 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
02 02S131 AFM155yd2 0.86 229 247 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S132 AFM157xa3 0.79 189 213 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S1321 ATA1801 0.57 225 225 GOB 
02 02S1322 ATA3G09 0.67 126 141 GOB 
02 02S1323 GAAT1802 0.57 324 328 GOB 
02 02S1324 GAAT1F2 0.69 202 210 GOB 
02 02S1325 GATA22E06 0.63 107 131 GOB 
02 02S1326 GATA26804 0.83 232 268 GOB 
02 D2S1327 GATA26D05 0.83 143 171 GOB 
02 02S1328 GATA27A12 0.83 142 166 GOB 
02 02S1329 GATA28H06 0.63 191 207 GOB 
02 02S133 AFM165zh8 0.69 283 301 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S1330 GATA32E03 0.57 262 262 GOB 
02 D2S1331 GATA41E01 0.92 302 302 GOB 
02 D2S1332 GATA42B12 0.36 126 126 GOB 
02 D2S1333 GATA49F04 0.62 301 301 GOB 
02 D2S1334 GATA4D07 0.71 266 310 GOB 
02 D2S1335 GATASOE04 0.60 148 148 GOB 
02 D2S1336 GATA8G06 0.68 241 261 GOB 
02 D2S1337 GATA9A11 0.66 143 143 GOB 
02 D2S1338 GGAA3A09 0.92 168 168 GOB 
02 D2S1339 GGAA9802 0.74 263 263 GOB 
02 D2S134 AFM168xg11 0.78 196 216 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S135 AFM172xc3 0.62 129 135 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S136 AFM172xa7 0.75 103 990 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S137 AFM172xg3 0.69 140 158 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S138 AFM176xd4 0.68 111 125 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S139 AFM177xh4 0.82 175 197 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S140 AFM182ya5 0.78 151 167 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
02 02S1400 GGAA20G10 0.50 188 208 GOB 
02 D2S141 AFM183xc3 0.88 152 178 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S142 AFM191wg9 0.77 254 266 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S143 AFM191xb8 0.84 109 132 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02S144 AFM193yb4 0.85 152 200 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801. 
02 02S145 AFM198ta1 0.60 248 275 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S146 AFM198wc5 0.58 188 198 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
02 D2S147 AFM199vb6 0.73 126 144 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S148 AFM200wa11 0.63 180 200 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S149 AFM200yg11 0.74 210 228 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S150 AFM205tg1 0.84 218 242 ·· WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S151 AFM207vf8 0.83 211 229 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S152 AFM207xg1 0.77 269 285 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S153 AFM207ye11 0.81 253 361 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 02S154 AFM210yc11 0.65 314 326 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S155 AFM210yf10 0.82 163 171 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
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02 D2S156 AFM211yd6 0.86 168 198 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S157 AFM212ze9 0.76 104 122 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S158 AFM217xh8 0.67 266 278 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S159 AFM218zg3 0.77 165 177 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S160 . AFM220ze3 0.79 204 218 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S161 AFM224zf4 0.61 220 232 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S162 AFM225zg5 0.75 120 144 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S163 AFM234wa9 0.80 213 231 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
02 D2S164 AFM234xb8 0.84 265 303 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S165 AFM234ya9 0.86 81 111 · WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S166 AFM234zh2 0.58 236 246 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S168 AFM240vf6 0.83 196 216 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S169 AFM240vh12 0.57 194 202 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S170 AFM240yf8 0.89 203 225 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S171 AFM242yd8 0.87 253 281 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S172 AFM248wc5 0.94 258 296 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S173 AFM249wg9 0.70 117 125 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S174 AFM254vc9 0.80 203 221 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S175 AFM260xc5 0.60 133 145 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S176 AFM262xb5 0.70 240 250 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S177 AFM267zc9 0.85 276 302 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 02$205 AFM240yc3 0.56 148 166 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S206 AFM259yc9 0.81 123 151 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S207 AFM263zh9 0.72 144 156 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
02 D2S211 NA 0.83 126 140 BARBER,T. ET AL.(1993) HMG 2,88. 
02 D2S218 MFD270 0.53 0.43 267 277 GENOMICS 8:400- , 1990 
02 D2S219 MFD291 0.57 0.50 146 154 GENOMICS 8:400- , 1990 
02 02S220 MFD292 0.79 0.76 157 177 GENOMICS 8:400- , 1990 
02 02S221 MFD294 0.58 0.51 190 200 GENOMICS 8:400- , 1990 
02 02S222 MFD301 0.77 0.75 118 138 GENOMICS 8:400- , 1990 
02 02S223 MFD307 0.74 0.71 233 253 GENOMICS 8:400- , 1990 
02 02S224 MFD266 0.64 0.58 165 185 GENOMICS 8:400- , 1990 
02 02$230 NA 0.83 146 160 BYERLEY,W. ET AL(1993) HMG 2,1329. 
02 02S280 AFM155ye1 0.73 133 143 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S281 AFM168xg3 0.72 243 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S282 AFM184yc1 0.59 200 212 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S283 AFM191vg11 0.74 244 294 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S284 AFM192yd2 0.80 228 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S285 AFM038xh8 0.60 189 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S286 AFM200xb2 0.62 134 150 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S287 AFM200zc11 0.53 353 367 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S288 AFM200ze3 0.65 276 284 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S289 AFM044xa1 0.60 183 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S290 AFM203wb6 0.77 197 223 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S291 AFM203xc3 0.83 180 202 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S292 AFM203yb6 0.53 180 192 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S293 AFM205xa1 0.62 165 191 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S294 AFM205xf12 0.69 184 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S295 AFM205yb4 0.73 203 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S296 AFM205yg7 0.68 156 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S297 AFM207vc7 0.63 98 112 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S298 AFM210xb2 0.57 133 147 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S299 AFM212zh10 0.60 196 204 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S300 AFM214xc3 0.71 86 90 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S301 AFM214ye1 0.69 224 240 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S302 AFM218xa1 0.72 96 102 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S303 AFM220xa11 0.70 132 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S304 AFM224xb10 0.72 177 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S305 AFM073ya5 0.73 269 283 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S306 AFM225zd8 0.69 219 243 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S307 AFM074xg9 0.52 205 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S308 AFM234te1 0.66 228 234 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S309 AFM234vg5 0.64 176 204 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S310 AFM234xe3 0.48 139 145 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S311 AFM234zh6 0.65 185 · 207 - WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02$312 AFM242xf10 0.84 234 240 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S313 AFM079za5 0.82 149 155 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S314 AFM248za9 0.56 255 271 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S315 AFM081yg5 0.74 114 130 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S316 AFM092yd11 0.56 140 154 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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02 D2S317 AFM094xf11 0.53 250 256 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S318 AFM105xc1 0.80 212 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S319 AFM108xh8 o.n 124 134 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S320 AFM137xg11 0.80 175 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S321 AFM144yf8 0.73 140 156 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S322 AFM262xe5 0.53 191 209 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S323 AFM263wb5 0.45 1n 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S324 AFM263xe1 0.68 265 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S325 AFM266vc5 0.86 190 214 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S326 AFM266ve1 0.43 · . · 156 · 174 --- WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S327 AFM267ve9 0.76 123 133 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S328 AFM268va5 0.70 209 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S329 AFM268xg5 0.65 232 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S330 AFM269xd9 0.60 227 237 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S331 AFM269yd9 0.69 252 266 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S332 AFM270xh9 0.51 148 162 WEISSENBACH J: NATURE GENETIC, JUNE.1994 

----02-02s333--AFM210ze9--o.65------184-202 ___ WEISSENBACl--fJ: NATURE GENETIC, JUNE 1994 
02 D2S334 AFM273va9 0.57 119 127 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S335 AFM275yd5 0.81 98 114 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S336 AFM275yf5 0.46 107 139 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S337 AFM275za9 0.71 233 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S338 AFM276zf5 0.78 273 291 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S339 AFM2nvb9 0.66 123 133 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S340 AFM2nwr:9 0.73 149 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S342 AFM280wd5 0.76 231 247 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S343 AFM281yd5 0.76 187 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S344 AFM284vd9 0.43 296 302 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S345 AFM288vb1 0.76 249 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S346 AFM289vl5 0.76 141 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S347 AFM289xb1 0.58 264 292 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S348 AFM289xd9 0.60 249 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S349 AFM290ye9 0.67 129 135 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S350 AFM292wd1 0.78 152 180 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S351 AFM294yf5 0.73 166 1n WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S352 AFM296vg9 0.54 186 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S353 AFM296vh9 0.82 287 301 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S354 AFM296xa5 0.74 175 183 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S355 AFM296xb9 0.52. 102 112 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S356 AFM297wc1 0.79 184 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S357 AFM297we1 0.60 198 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S358 AFM297xh5 0.54 147 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S359 AFM298xb9 0.84 214 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S360 AFM301wg1 0.62 106 126 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S361 AFM301za5 0.68 240 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S362 AFM302vh9 0.79 102 116 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S363 AFM303wc5 0.59 252 264 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S364 AFM303ya9 0.86 226 248 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S365 AFM303yc1 0.64 164 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S367 AFM303ze1 0.88 137 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S368 AFM304ta9 0.81 218 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S369 AFM304tb5 0.63 153 167 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S370 AFM310xf5 0.53 214 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S371 AFM311vg9 0.71 148 156 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S3n AFM312vf1 0.61 296 308 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S373 AFM316tg5 0.41 218 238 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S374 AFM318wf1 0.64 114 136 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S375 AFM318za9 0.86 173 183 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S376 AFM319xg1 0.80 266 270 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S3n AFM319zt9 0.42 158 164 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S378 AFM320yb9 0.65 203 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S379 AFM320yd9 0.79 178 188 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S380 AFM321xd9 0.73 229 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S381 AFM321yg5 0.82 298 312 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S382 AFM321zl9 0.69 156 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S383 AFM323wc5 0.76 1n · 186 -WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S384 AFM323zd5 0.47 241 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S385 AFM326yl9 0.17 162 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S386 AFM326zh9 0.84 210 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S387 AFM331zg5 0.78 191 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S388 AFM333vh5 0.38 254 266 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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02 02S389 AFM333wl9 0.73 189 219 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S390 AFM337yl9 0.79 179 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S391 AFM337yh5 0.62 142 152 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S392 AFM347ya5 0.76 218 224 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S393 AFM348tf1 0.56 84 103 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S394 AFM350td1 0.57 119 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S395 AFM356te5 0.70 144 166 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S396 AFM361ta5 0.89 230 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S397 AFM362td9 0.46 198 210 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S398 AFMa127xb9 0.50 ·113 139 · WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 02S399 AFMa131wb9 0.86 205 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S400 AFMa132zc9 0.73 186 194 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S401 AFMa140yg9 0.71 105 121 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
02 D2S402 AD17A 0.75 o.n 131 147 GOB 
02 D2S405 GATABF07 0.64 240 256 GOB 
02 D2S407 GATASH02 0.73 194 194 GOB 
02 D2S408 GATA2E04 0.64 287 291 GOB 
02 02S410 GATA4E11 0.81 163 163 GOB 
02 D2S414 MF0325 0.77 0.73 206 222 GENOMICS 8:400- , 1990 
02 D2S415 MF0328 0.21 0.21 · 198 204 GENOMICS 8:400- , 1990 
02 02S416 MFD330 0.59 0.55 135 143 GENOMICS 8:400- , 1990 
02 D2S417 MF0337 0.76 0.73 191 211 GENOMICS 8:400- , 1990 
02 D2S418 MFD350 0.52 0.48 216 226 GENOMICS 8:400- , 1990 
02 02S422 ATC3E01 0.44 145 154 GOB 
02 02S423 GAAT1A5 0.62 111 131 GOB 
02 02S424 GAAT1C10 0.62 158 194 GOB 
02 D2S425 GATA11H04 0.56 294 306 GOB 
02 D2S426 GATA12B05 0.50 152 164 GOB 
02 D2S427 GATA12H10 0.56 244 254 GOB 
02 02S428 GATA14B12 0.94 145 159 GOB 
02 02S430 GGAT2F11 NIA 340 340 GOB 
02 02S433 GATA3F05 0.77 179 199 GOB 
02 D2S434 GATA4G12 0.82 262 286 GOB 
02 02S435 GATA5807 0.80 192 212 GOB 
02 02S436 GATA5G02 0.90 179 202 GOB 
02 02S437 GATA6A03 0.81 185 221 GOB 
02 D2S438 GATA6C12 0.67 147 159 GOB 
02 02S439 GATA6E08 0.50 165 193 GOB 
02 02S440 GATA6F08 0.60 187 207 GOB 
02 02S441 GATABF03 0.75 127 159 GOB 
02 02S442 GATABH05 0.81 196 208 GOB 
02 02S443 GGAA4D07 0.81 223 255 GOB 
02 D28444 GGAT4C08 0.56 110 126 GOB 
02 02S71 MF019 0.59 138 154 NAR 18(8):2203, 1990 
02 02sn MF036 0.83 0.71 159 173 NAR 18(8):2200, 1990 
02 02S73 MF054 0.70 0.52 140 150 JONES,M. ET AL.(1992) HMG 1,131-33. 
02 02S93 MIT-G105 0.83 146 146 HUMAN GENET 87:401, 1991 
02 02S94 MIT•MS153 0.75 150 150 HUMAN GENET 87:401, 1991 
02 D2S95 MIT·A119 0.85 146 146 HUMAN GENET 87:401, 1991 
02 D2S96 MIT•N118 0.78 178 178 HUMAN GENET 87:401, 1991 
02 02S97 MIT•MS211 0.81 105 105 HUMAN GENET 87:401, 1991 
02 02S98 MIT•MS222 0.71 131 131 HUMAN GENET 87:401, 1991 
02 02S99 MIT-F6 0.73 192 192 HUMAN GENET 87:401, 1991 
02 GCG NA 0.82 125 125 WU,S. ET AL.(1991) NAR 19,1163. 
02 HOX4E NA 0.88 104 130 ROSEN,D.& BROWN,JR.,R.(1993) HMG 2,617. 
02 IL1A MF068 0.75 0.67 131 145 JONES,M. ET AL.(1992) HMG 1,131-33. 
02 PAX3 NA 0.89 310 336 WOOO,S.&SCHERTZER,M.(1992)GENOMICS13,232. 
02 TPO NA 0.67 0.61 106 130 GENOMICS 8:400- , 1990 
03 ACPP NA 0.69 0.65 260 280 POLYMEROPOULOS,M. ET AL.(1991) NAR 19,4792. 
03 AGTR1 ATCA · 0.73 140 146 DAVIES, E. ET AL. (1994) HMG 3, 838. 
03 D3F122S1E CTG-33 0.70 116 116 GOB 
03 D3S1007 NA 0.70 81 81 JOROAN,S.A.ET AL.(1991)NAR 19,1171. 
03 D3S1029 Cl3-917 0.62 168 168 JONES,M. ET AL.(1992) HMG 1,131-33. 
03 0351038 NA 0.80 115 115 JOROAN,S.A.ET AL.(1991)NAR 19,1171. 
03 D3S1067 NA· 0.86 ·95 95 - ·· JOROAN,S.A.ET AL.(1991)NAR 19,1171. 
03 0351076 Cl13-1126 0.59 119 119 JONES,M. ET AL.(1992) HMG 1,131-33. 
03 0351100 3GTABB 0.82 154 170 GOB 
03 0351110 Cl3-1169 0.67 66 66 JONES,M. ET AL.(1992) HMG 1,131-33. 
03 0351209 MIT-MS24 0.75 156 156 HUMAN GENET 87:401, 1991 
03 0351210 MIT-MS140 0.71 157 157 HUMAN GENET 87:401, 1991 
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03 D3S1211 MIT-1106 0.88 181 181 HUMAN GENET 87:401, 1991 
03 D3S1212 MIT•E109 0.75 193 193 HUMAN GENET 87:401, 1991 
03 D3S1214 MIT•E144 0.60 151 151 HUMAN GENET 87:401, 1991 
03 D3S1215 MIT-MS207 0.78 101 101 HUMAN GENET 87:401, 1991 
03 D3S1216 MIT•K117 0.86 '170 170 HUMAN GENET 87:401, 1991 
03 D3S1217 MIT•F8 0.83 190 190 HUMAN GENET 87:401, 1991 
03 D3S1227 MIT-MS238 0.61 190 190 HUMAN GENET87:401, 1991 
03 D3S1228 NA 0.77 84 84 JORDAN,S.AET AL(1991)NAR 19,1171. 
03 D3S1229 NA 0.84 0.83 109 127 XIAO,H. ET AL.(1992)HMG 1,290. 
03 D3S1232 MFO 16 • 0.75 .. 0.75 148 176 GOTO,J. ET AL(1992) HMG 1,350. 
03 D3S1233 MF053 0.45 0.40 143 151 GOTO,J. ET AL.(1992) HMG 1,350. 
03 D3S1234 MF076 0.66 0.54 99 121 GOTO,J. ET AL(1992) HMG 1,350. 
03 D3S1235 MF093 0.44 0.38 133 137 GOTO,J. ET AL.(1992) HMG 1,350. 
03 D3S1236 MF099 0.50 0.55 69 85 GENOMICS 8:400- , 1990 
03 D3S1237 MFD124 0.76 0.72 176 198 GOTO,J. ET AL(1992) HMG 1,350. 
03 D3S1238 MFD125 0.73 0.68 118 146 GOTO,J. ET AL(1992) HMGJ,350. 
03-D3S1239-MFD173 0.21--0.33 189-193--GENOMICSS:~ , 1990 
03 D3S1241 LIB3-15 0.84 191 207 SCHMIDT, LET AL (1993) HMG 2, 817-818. 
03 D3,S1243 MFD182 0.66 0.50 177 185 GENOMICS 1993, SUBMITTED 
03 D3S1246 NA 0.82 110 128 XIAO,H. ET AL(1992) HMG 1,652. 
03 D3S1247 NA 0.80 153 173 XIAO,H. ET AL.(1992)HMG 1,290. 
03 D3S1251 MFD201 0.77 0.74 . 125 139 GOTO,J. ET AL(1992) HMG 1,350. 
03 D3S1252 MFD203 0.67 0.62 164 184 GOTO,J. ET AL(1992) HMG 1,350. 
03 D3S1253 MFD205 0.48 0.45 77 89 GOTO,J. ET AL(1992) HMG 1,350. 
03 D3S1254 MFD233 0.46 0.43 212 220 GOTO,J. ET AL(1992) HMG 1,350. 
03 D3S1255 R7K110 0.86 156 168 KLAUKS, S. ET AL (1994) 3,840. 
03 D3S1258 AFM031yc5 0.50 165 177 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1259 AFM036yb8 0.84 184 206 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1260 AFM038xc1 0.66 254 276 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1261 AFM057xc5 0.85 185 217 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1262 AFM059xa9 0.81 112 126 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1263 AFM079yg5 0.87 231 249 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1264 AFM081yh3 0.80 253 263 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1265 AFM087yb7 0.86 212 236 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1266 AFM095xc1 0.74 289 299 WEISSENBACH,J ET AL.(1892) NATURE 359:794-801 
03 D3S1267 AFM116xh2 0.88 129 167 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1268 AFM116xh4 0.87 123 145 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1269 AFM119yh2 0.84 198 216 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3$1270 AFM122xb6 0.75 164 186 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1271 AFM126zc5 0.75 146 158 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1272 AFM136xc1 0.79 262 276 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1273 AFM151yf2 0.81 100 122 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1274 AFM154xa7 0.61 128 136 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1275 AFM157xb4 0.74 257 281 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1276 AFM161xg11 0.72 190 202 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1277 AFM164we1 0.82 260 280 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1278 AFM164xc5 0.88 203 231 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1279 AFM164yg9 0.86 264 282 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3$1280 AFM177xe9 0.76 250 264 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1281 AFM177xh8 0.67 114 132 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1282 AFM179xh10 0.80 140 154 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1283 AFM183yc3 0.71 150 160 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 03$1284 AFM184yb2 0.75 155 177 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1285 AFM191yg5 0.74 232 242 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1286 AFM197xg11 0.89 119 153 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1287 AFM198te7 0.69 255 263 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1288 AFM198ya3 0.75 233 249 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1289 AFM198yt2 0.82 197 215 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 03$1290 AFM198yh6 0.82 210 230 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 03$1292 AFM199xd6 0.85 142 166 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1293 AFM200za1 0.80 116 144 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 03$1294 AFM207yd8 0.74 181 213 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1295 AFM210yc5 0.63 126 146 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1296 AFM211we3 0.74 176 186 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1297 AFM217xd2 0.83 116 • 144 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1298 AFM220yb8 0.88 194 220 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1299 AFM220yh12 0.62 218 228 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1300 AFM220yh4 0.83 217 241 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1301 AFM224xf10 0.78 187 197 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1302 AFM225xb12 0.65 127 143 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
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03 D3S1303 AFM225yd6 0.78 196 220 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1304 AFM2341f4 0.81 253 269 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1305 AFM234tg3 0.74 189 198 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1306 AFM234wa1 0.74 156 170 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1307 AFM238wb12 0.81 237 251 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1308 AFM240ve1 0.70 104 112 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1309 AFM240ya11 0.75 132 150 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
03 D3S1310 AFM242xh2 0.68 137 147 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1311 AFM254ve1 0.84 134 152 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1312 AFM256ya9 0.77 · 215 225 · • · WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1313 AFM259zg5 0.69 228 238 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1314 AFM260yb1 0.87 144 170 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1315 AFM263zc9 0.55 238 250 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1316 AFM268vc9 0.71 273 293 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
03 D3S1317 NA 0.68 159 171 LIM,L& GILL,M.(1993) HMG 2,616. 
03 03S1339 LIB45-17 0.70 128 140 SCHMIDT, L ET AL (1993) HMG 2, 817-818. 
03 D3S1340 LIB 23-42 0.89 113 145 SCHMIDT, L ET AL (1993) HMG 2, 817-818. 
03 D3S1349 NA 0.79 118 142 GOB 
03 D3S1350 NA 0.70 208 232 GOB 
03 D3S1352 NA 0.76 108 132 LINARES-RUIZ,A(1993) HMG 2,1508. 
03 D3S1358 NA 0.78 97 121 LINARES-RUIZ,A.(1993) HMG 2,1508. 
03 D3S1359 NA 0.89 213 257 Ll,H. ET AL(1993) HMG 2,1327. 
03 D3S1417 GT01 0.65 208 220 THISELTON,D. ET AL(1993)HMG 2,613. 
03 D3S1418 GT06 0.84 222 242 TALBOT,C. ET AL(1993) HMG 2,1325. 
03 D3S1432 NA 0.67 86 94 LI, H. ET AL (1994) HMG 3, 837. 
03 D3S1434 NA 0.75 90 106 LI, H. ET AL (1994) HMG 3, 837. 
03 D3S1435 NA 0.79 154 164 Ll,H. ET AL(1993) HMG 2,1326. 
03 D3S1439 MFD303 0.55 0.51 170 180 GENOMICS 8:400- , 1990 
03 D3S1447 NA 0.77 121 137 GOB 
03 D3S1448 NA 0.64 192 204 GOB 
03 D3S1449 NA 0.63 173 185 GOB 
03 D3S1450 NA 0.55 244 258 GOB 
03 D3S1480 3051 0.78 174 174 GOB 
03 D3S1481 1116 0.83 104 104 GOB 
03 D3S1483 NA 0.89 270 290 LI, H. ET AL (1994) HMG 3, 837. 
03 D3S1484 NA 0.77 180 188 LI, H. ET AL. (1994) HMG 3, 837. 
03 D3S1485 NA 0.81 180 192 LI, H. ET AL (1994) HMG 3,837. 
03 D3S1489 NA 0.76 126 136 LI, H. ET AL (1994) HMG 3,837. 
03 D3S1490 NA 0.77 132 144 LI, H. ET AL (1994) HMG 3,837. 
03 D3S1497 NA 0.82 128 142 LI, H. ET AL (1994) HMG 3,837. 
03 D3S1498 NA 0.75 136 150 LI, H. ET AL (1994) HMG 3, 837. 
03 D3S1547 AFM162xc9 0.63 93 100 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1548 AFM164tc7 0.76 165 171 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1549 AFM182yc5 0.61 212 232 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1550 AFM184yf4 0.82 142 150 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1551 AFM198yc1 0.57 241 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1552 AFM200xg5 0.55 130 138 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1553 AFM200ze11 0.62 163 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1554 AFM205va9 0.81 133 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1555 AFM056lCf12 0.79 221 237 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1556 AFM210va7 0.76 248 262 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1557 AFM210ve7 0.74 177 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1558 AFM057xa5 0.68 152 166 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1559 AFM023xg1 o.n 137 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1560 AFM217xd6 0.59 235 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1561 AFM220xg3 0.69 226 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1562 AFM220ze1 0.64 168 192 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1563 AFM224xc9 0.67 216 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1564 AFM224ya3 0.72 176 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1565 AFM224zb12 0.80 239 245 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1566 AFM234tb8 0.68 225 247 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03S1567 AFM234ya11 0.56 241 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1569 AFM240xb2 0.26 277 297 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1570 AFM242xc3 0.52 259 271 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1571 AFM242yc9 0.62 160 · .. 184 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1572 AFM259va9 0.72 244 266 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1573 AFM126xg7 0.76 136 154 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1574 AFM155xd6 o.n 103 127 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1575 AFM263yh5 0.55 258 264 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1576 AFM267xd9 0.84 189 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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03 D3S15n AFM267zl9 0.69 221 235 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1578 AFM268wg9 0.60 140 166 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1579 AFM270yc5 0.76 151 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1580 AFM270zg9 0.69 139 155 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1581 AFM273ve9 0.80 78 102 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1582 AFM274yd5 0.58 154 178 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
03 03$1583 AFM276vc9 0.64 149 173 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1584 AFM277wf9 0.70 148 162 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1585 AFM283vb5 0.63 126 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1586 AFM284xl9 0.70 291 -309 - - WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1587 AFM284ze5 0.73 215 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1588 AFM287yd9 0.80 212 236 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1589 AFM290zf1 0.56 159 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1591 AFM292xg5 0.66 241 251 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 03$1592 AFM292xh1 0.63 281 287 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1593 AFM292ye5 0.74 137 153 WEISSENBACH J: NATURE GENETIC,JUNE_1994 _______ _ 

----03- D3S1594-AFM292ze1-- 0.46·-------266-334--WEISSENSACHJ:NATURE-GENETIC, JUNE 1994 
03 D3$1595 AFM294zl9 0.72 295 317 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3$1597 AFM295yc9 0.67 162 180 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1598 AFM296Vd5 0.83 290 316 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1599 AFM301ze9 0.77 134 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1600 AFM308xc9 0.61 182 198 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1601 AFM308yf1 0.63 184 214 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1602 AFM308zh9 0.81 275 297 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3$1603 AFM311vh1 0.58 159 177 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1604 AFM316vc1 0.73 247 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1605 AFM317xe1 0.68 141 163 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1606 AFM318wc5 0.66 236 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1607 AFM319yb1 0.71 230 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3$1608 AFM319zf1 0.70 184 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1609 AFM320wc9 0.76 253 269 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3$1610 AFM321xl5 0.81 171 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3$1611 AFM338xe5 0.79 252 268 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1612 AFM339xh1 0.83 206 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1613 AFM340xf1 0,49 225 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1614 AFM345th5 0.74 143 157 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1615 AFM347yg1 0.60 170 186 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1616 AFM348te9 0.83 101 107 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1617 AFM349xc5 0.80 250 254 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1618 AFM350te5 0.75 150 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3$1619 AFM350tf1 0.74 161 171 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1620 AFM351wc1 0.66 239 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1621 AFMa133wh1 0.74 97 139 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
03 D3S1744 GATA3C02 0.80 131 167 GOB 
03 D3S1745 GATA8A06 0.58 213 213 GOB 
03 D3S1746 GATA8F01 0.76 248 284 GOB 
03 D3S1752 ATC3D09 0.81 181 208 GOB 
03 D3S1753 GATA11F06 0.50 300 300 GDB 
03 D3S1754 GATA14G12 1.00 187 187 GDB 
03 D3S1759 GGAT2A01 0.68 280 280 GOB 
03 D3$1763 GATA3H01 0.50 260 280 GOB 
03 03$1764 GATA4A10 0.69 225 253 GOB 
03 D3S1765 GATA4G01 0.82 192 212 GOB 
03 D3S1766 GATA6F06 0.86 208 232 GOB 
03 D3S1767 GATA7A01 0.68 244 264 GOB 
03 D3S1768 GATA8B05 0,75 186 206 GOB 
03 D3S1769 GATA8D02 0.71 249 277 GOB 
03 D3S1776 F127F91 0,75 205 217 TODD, S. ET AL (1994) 3,841. 
03 D3S192 LIB 49-63 0.86 96 118 SCHMIDT, LET AL. (1993) HMG 2, 817-818. 
03 03$196 MFD 17 0.67 0.68 86 98 NAR 18(15):4635, 1990 
03 03$2384 ATA4D09 0.80 115 133 GOB 
03 D3S2385 GAAT3E04 0.57 142 154 GOB 
03 03$2386 GATA13H08 0.88 274 310 GOB 
03 D3S2387 GATA22G12 0.83 177 213 GOB 
03 D3S2388 GATA24E11 0.63 101 125 GOB 
03 D3S2389 GATA29C03 0.69 268 268 GOB 
03 03$2390 GATA31E08 0.83 247 247 GOB 
03 03$2391 GATA31G11 0.64 186 186 GOB 
03 03$2392 GATA41H09 0.75 132 132 GOB 
03 D3S2393 GATA43D03 0.67 398 398 GOB 
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03 D3S2394 GATA43D09 0.50 257 257 GOB 
03 D3S2395 GATA49D12 1.00 196 196 GOB 
03 D3S2396 GATA4F11 0.87 183 183 GOB 
03 D3S2397 GATA51A05 0.62 200 200 GOB 
03 D3S2398 GATA6G12 0.83 266 298 GOB 
03 D3S2399 GCT3C11 0.18 183 183 GOB 
03 D3S240 MFD30 0.28 0.30 83 99 NAR 18(8):2203, 1990 
03 D3S2400 GCT4B10 0.46 209 209 GOB 
03 D3S2401 GCT5E11 1.00 254 254 GOB 
03 D3S2402 GGAA13D09 ·· 0;73 250 · 250 GOB 
03 D3S2403 GGAA4B09 0.75 248 292 GOB 
03 D3S2404 GGAA6B07 0.91 106 158 GOB 
03 D3S2405 GGAT2A11 0.85 109 109 GOB 
03 D3S2406 GGAT2G03 0.88 306 350 GOB 
03 D3S587 NA 0.77 125 143 LIM,L.& GILL,M.(1993) HMG 2,616. 
03 D3S621 NA 0.79 208 212 GOB 
03 D3S643 NA 0.77 113 113 JONES,M. ET AL.(1992) HMG 1,131-33. 
03 D3S647 NA 0.73 102 102 JORDAN,S.A.ET AL(1991)NAR 19,1171. 
03 D3S656 Cl3-326 0.57 96 96 JONES,M. ET AL(1992) HMG 1,131-33. 
03 D3S659 NA 0.73 113 113 JORDAN,S.A.ET AL(1991)NAR 19,1171. 
03 D3S663 NA 0.73 92 92 JORDAN,S.A.ET AL.(1991)NAR 19,1171. 
03 D3S688 NA 0.73 110 110 JORDAN,S.A.ET AL.(1991)NAR 19,1171. 
03 D3S769 LIB44-36ca 0.84 158 174 SCHMIDT,L. ET AL.(1993) HMG 2,89. 
03 D3S966 NA 0.77 147 147 JORDAN,S.A.ET AL.(1991)NAR 19,1171. 
03 GLUT2 NA 0.75 116 124 PATEL,P. ET AL(1991) NAR 19,4017. 
03 HRG NA 0.82 233 267 HENNIS,B. ET AL.(1992) HMG 1,781. 
03 IL5RA NA 0.78 90 104 GOB 
03 RHO MFD 2 0.34 0.31 118 124 AM J HUM GEN 44:388-396, 1989 
03 SST MFD 4 0.51 0.46 163 175 AM J HUMAN GENET, 1993, IN PRESS 
03 THRB NA 0.50 197 209 SAKURAI.A.ET AL(1991) NAR 19,6661. 
03 THRB-5 THRB-5 0.66 189 201 GOB 
04 ADRA2C NA 0.73 179 193 193 RIESS,O. ET AL.(1992) HMG 1,452. 
04 NIA GATA29 0.71 NIA NIA GOB 
04 0451089 MFD268 0.69 0.65 117 133 GENOMICS 8:400- , 1990 
04 0451090 MFD258 0.85 0.84 192 216 GENOMICS 8:400- , 1990 
04 0451091 MFD281 0.53 0.47 127 137 GENOMICS 8:400- , 1990 
04 045126 C102 0.81 155 177 GOB 
04 D4S127 NA 0.71 0.70 143 159 GUSELLA,J.F. ET AL.(1992)NAR 1,142. 
04 0451534 AFM155xe11 0.51 146 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451535 AFM165zf8 0.65 177 191 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1536 AFM168xa5 0.79 262 272 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451537 AFM031yc7 0.70 121 133 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451538 AFM036xg3 0.67 149 161 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451539 AFM185xe1 0.45 221 229 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451540 AFM185xf8 0.56 185 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451541 AFM036yb2 0.48 151 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451542 AFM189yc3 0.80 215 219 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451543 AFM191xh2 0.65 144 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451544 AFM197ya5 0.81 243 251 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451545 AFM198xf10 0.83 199 209 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451546 AFM200wc11 0.78 146 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451547 _AFM200tc7 0.62 224 238 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451548 AFM200zh12 0.77 245 271 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451549 AFM045xc1 0.58 203 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451550 AFM203yd4 0.72 206 212 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451551 AFM207we11 0.81 172 186 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451552 AFM210Nd2 0.74 171 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451553 AFM210wh8 0.70 202 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451554 AFM218yb4 0.70 184 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451555 AFM220za3 0.61 275 283 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451556 AFM225zb2 0.70 157 171 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451557 AFM077yf11 0.59 140 148 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451558 AFM238xf6 0.69 274 292 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451559 AFM238zf10 0.86 259 269 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451560 AFM242xd8 0.55 250 270 - WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451561 AFM242ye9 0.63 294 306 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451562 AFM248td5 0.73 102 114 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0481564 AFM248zg9 0.70 220 242 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451565 AFM261zg5 0.81 134 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 0451566 AFM025xd2 0.60 197 209 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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04 D4S1567 AFM109xd12 0.80 100 114 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1569 AFM135xe1 0.88 279 291 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1570 AFM150yh6 0.76 181 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1571 AFM263yh9 0.64 163 166 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1572 AFM265va9 0.67 135 151 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1573 AFM266vl9 0.57 101 113 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1574 AFM267zc5 0.69 186 194 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1575 AFM268yb1 0.57 219 223 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1576 AFM273yg9 0.82 237 251 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1577 AFM274xb9 0.81 119 125 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1578 AFM274zc5 0.77 210 232 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1579 AFM275yc1 0.79 142 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1580 AFM277ye1 0.68 268 278 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1581 AFM280115 0.74 210 220 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1582 AFM283zl5 0.77 112 126 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1583 AFM284vc5 0.77 219 239 WEISSENBACH J: NATURE GENETIC, JUNE 1994. _______ _ 

--- 04-D4S1584-AFM284vh5--0.6Q------121-131--wEISSENBACH'J:NATURE-GENETiC, JUNE-1994 
04 D4S1585 AFM284xh1 0.81 131 147 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1586 AFM288vb9 o.n 103 117 WEISSENBACHJ: NATUREGENETIC,JUNE 1994 
04 D4S1587 AFM288yb5 0.62 234 246 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1589 AFM290vc5 0.89 207 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1590 AFM290zg5 0.83 98 116 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1591 AFM291zd1 0.88 110 124 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1592 AFM292xe1 0.75 170 196 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1593 AFM294vb1 0.56 138 154 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1594 AFM294vb9 0.65 237 247 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1595 AFM294zh9 0.46 197 207 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1596 AFM295xd5 0.67 213 223 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1597 AFM295ye5 0.64 273 293 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1598 AFM296vd1 0.87 262 276 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1599 AFM296Wb1 0.82 142 156 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1600 AFM297za5 0.55 129 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1601 AFM299zl5 0.85 124 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1602 AFM303xe5 0.80 222 233 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1603 AFM304vc9 0.69 190 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1604 AFM304wb9 0.78 254 260 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1605 AFM304xa5 0.44 127 133 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1607 AFM310wl5 0.77 160 184 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1608 AFM312wb1 0.81 231 247 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1609 AFM312wc9 0.78 163 177 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1610 AFM318xg9 0.55 169 183 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1611 AFM319yg9 0.75 277 285 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1612 AFM319zc1 0.61 160 186 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1613 AFM329vg1 0.34 257 263 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1614 AFM331xh5 0.79 · 143 149 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1615 AFM336xh5 0.37 115 125 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1616 AFM343wt9 0.80 245 257 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1617 AFM345wh9 0.65 181 191 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1618 AFM345xa5 0.76 241 273 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1619 AFM356tc5 0.83 145 153 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S1625 GATA107 0.76 182 210 GDB 
04 D4S1626 GATA4C05 0.82 170 170 GDB 
04 D4S1627 GATA7D01 0.57 177 201 GDB 
04 D4S1628 GATA6D11 0.76 149 165 GDB 
04 D4S1629 GATA8A05 0.68 151 151 GDB 
04 D4S1630 GATA8D12 0.76 139 155 GDB 
04 D4S1631 GATA2C02 0.92 131 145 GOB 
04 D4S1632 GATA3A12 0.80 268 276 GDB 
04 · D4S1634 MFD206 0.64 0.59 168 184 GENOMICS 8:400- , 1990 
04 D4S1635 MFD222 0.70 0.67 99 129 GENOMICS 8:400- , 1990 
04 D4S1636 MFD223 0.80 0.78 118 140 GENOMICS 8:400- , 1990 
04 D4S1637 MFD315 0.73 0.68 120 132 GENOMICS 8:400- , 1990 
04 D4S1638 MFD324 0.77 0.74 138 150 GENOMICS 8:400- , 1990 
04 D4S1643 GATA11D07 0.73 174 190 GDB 
04 D4S1644 GATA11E09 0.81 186 "206 GDB 
04 D4S1645 GATA11F12 0.81 225 257 GDB 
04 D4S1646 GATA2F08 0.44 163 183 GDB 
04 D4S1647 GATA2F11 1.00 132 156 GDB 
04 D4S1651 GATA4C04 1.00 194 206 GOB 
04 D4S1652 GATA5B02 0.56 136 148 GOB 
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04 D4S1653 GATA5B09 0.88 216 228 GOB 
04 D4S1654 GATA6F07 . 0.59 147 167 GOB 
04 D4S171 MF022 0.75 0.67 143 161 GENOMICS 14:209-219, 1992 
04 D4S174 MF059 0.92 0.86 175 195 GENOMICS 15:251-258, 1993 
04 D4S175 MF038 0.82 0.82 112 134 GENOMICS 15:251-258, 1993 
04 04S179 MF083 0.23 0.20 220 222 GENOMICS 15:251-258, 1993 
04 D4S188 MF071 0.07 0.11 98 103 GENOMICS 15:251-258, 1993 
04 D4S189 MF074 0.78 0.69 174 194 GENOMICS 15:251-258, 1993 
04 D4S190 MF0106 0.55 0.55 148 164 GENOMICS 15:251-258, 1993 
04 D4S191 MF0138 ·0.67 ··0.57 86· 96 •· GENOMICS 15:251-258, 1993 
04 D4S192 MF0140 0.80 0.73 85 97 GENOMICS 15:251-258, 1993 
04 D4S193 MF0142 0.69 0.71 101 111 GENOMICS 15:251-258, 1993 
04 D4S194 MF0146 0.66 0.78 97 115 GENOMICS 15:251-258, 1993 
04 D4S230 MF0194 0.84 0.83 · 191 217 . GENOMICS 15:251-258, 1993 
04 D4S231 NA 0.71 157 169 MOORE,B. ET AL(1992)NAR 20,929. 
04 D4S2361 ATK2.AD3 0.62 149 164 GOB 
04 D4S2362 GAAT101 0.31 146 154 GOB 
04 D4S2363 GAAT1E01 0.57 121 129 GOB 
04 D4S2364 GAAT1F09 0.44 120 128 GOB 
04 D4S2365 GATA10A12 0.47 296 296 GOB 
04 D4S2366 GATA22G05 0.83 120 144 GOB 
04 D4S2367 GATA24H01 0.77 127 147 GOB 
04 D4S2368 GATA27G03 0.70 304 328 GOB 
04 04$2369 GATA29G09 0.71 240 240 GOB 
04 D4S2370 GATA30B10 0.75 253 253 GOB 
04 D4S2371 GATA31H04 0.46 184 184 GOB 
04 D4S2372 GATA32A10 0.86 165 165 GOB 
04 D4S2373 GATA32A12 0.86 134 134 GOB 
04 D4S2374 GATA42E01 0.89 220 220 GOB 
04 D4S2375 GATA42E03 0.56 288 288 GOB 
04 D4S2376 GATA44B07 0.50 201 201 GOB 
04 D4S2377 GATA48006 0.50 158 158 GOB 
04 D4S2378 GATASOC05 0.50 240 240 GOB 
04 D4S2379 GGAA16B09 0.79 319 319 GOB 
04 D4S2380 GGAA18A06 1.00 194 194 GOB 
04 D4S2381 GGAA6H08 0.62 256 288 GOB 
04 D4S2382 GGAT2C10 0.81 230 246 GOB 
04 D4S243 MIT-MH43 0.67 173 173 HUMAN GENET 87:401, 1991 
04 D4S244 MIT•MS176 0.83 148 148 HUMAN GENET 87:401, 1991 
04 D4S245 MIT-N133 0.52 107 107 HUMAN GENET 87:401, 1991 
04 D4S246 MIT-MS205 0.67 163 163 HUMAN GENET 87:401, 1991 
04 D4S247 MIT-MS240 0.82 173 173 HUMAN GENET 87:401, 1991 
04 04S250 MIT-N136 0.83 215 215 HUMAN GENET 87:401, 1991 
04 D4S251 NA 0.83 100 124 PETRUKHIN,K. ET AL (1992) HMG 1,349. 
04 D4S349 MF0202 0.56 109 117 JONES,M. ET AL.(1992) HMG 1,131-33. 
04 D4S350 MF0208 0.34 233 243 JONES,M. ET AL.(1992) HMG 1,131-33. 
04 D4S391 AFM016xt3 0.86 165 185 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 04$392 AFM022xc1 0.84 93 107 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S393 AFM036xg11 0.73 104 118 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S394 AFM037yg1 0.78 89 215 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S395 AFM046xd4 0.85 113 137 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S396 AFM057xe5 0.56 227 235 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S397 AFM123xa9 0.66 192 214 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S398 AFM135xc3 0.84 125 147 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S399 AFM142xd4 0.87 128 150 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S400 AFM143xh10 0.64 169 179 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 048401 AFM150xe5 0.56 187 193 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 048402 AFM151xc3 0.92 287 323 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S403 AFM157xg3 0.78 217 231 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S404 AFM158xc7 0.79 89 101 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S405 AFM161yf6 0.87 279 299 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S406 AFM164tf6 0.88 234 258 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 04S407 AFM164wd10 0.87 111 135 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S408 AFM165xc:11 0.77 229 243 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S409 AFM183xd6 0.76 275 · 305 · WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S410 AFM183xh4 0.53 214 220 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S411 AFM186xa7 0.67 135 143 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S412 AFM196xb6 0.77 237 249 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S413 AFM196xe1 0.86 128 166 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S414 AFM196xf4 0.89 227 242 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
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04 D4S415 AFM197xa11 0.81 1n 202 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S416 AFM198we3 0.47 211 215 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S417 AFM200vb10 0.45 174 186 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 048418 AFM203xa9 0.78 210 226 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S419 AFM207wa11 0.78 222 238 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S420 AFM211zc7 0.60 196 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
04 D4S421 AFM218xh8 0.70 105 113 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 048422 AFM224xa9 0.80 75 97 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 048423 AFM224xd6 0.84 103 125 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 048424 · AFM225xb10 · 0.84 · 178 192 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 048425 AFM234va1 0.76 178 192 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 048426 AFM238ve3 0.77 177 191 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 048427 AFM249ve1 0.84 142 166 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 048428 AFM255zf1 0.77 187 203 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 D4S429 AFM256za9 0.73 193 207 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 D4S430 AFM260za5 0.82 119 141 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04- D4S431--AFM262vg9--0.84 246-270--WEISSENBA.Ci-i;S ET-Al.(1992) NATURE 359:794-801 
04 048432 AFM266Wb9 0.74 224 2n WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 048620 AFM067xa5 0.65 109 121 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 048621 AFM070ya9 0.64 253 261 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
04 048622 AFM186xd2 0.65 84 92 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
04 DRD5 PCR1 0.77 134 156 GDB 
04 EGF NA 0.67 197 197 MURRAY, J. ET AL (1992) NATURE GENETICS 2, 46-49. 
04 F11 NA 0.45 3n 376 BODFISH,P. ET AL(1991)NAR 19,6979. 
04 FABP2 NA 0.64 99 117 POLYMEROPOULOS,M. ET AL(1991) NAR 19,7198. 
04 FGA NA 0.86 256 284 MILLS,K. ET AL(1992) HMG 1,779. 
04 GABRB1 NA o.n 0.68 91 99 POLYMEROPOULOS,M. ET AL(1991) NAR 19,6345. 
04 HD L191F1 0.80 247 247 GDB 
04 HOX7 NA 0.62 169 175 MILLS,K. ET AL.(1992) GENOMICS 14,209-219. 
04 IL2 NA 0.89 115 147 GDB 
04 PDEB E24 0.75 203 215 HMG,IN PRESS. 
05 CFS1R NA 0.86 0.85 95 127 POLYMEROPOULOS,M. ET AL.(1991) NAR 19,1160. 
05 CRTL1 NA 0.85 222 240 HECHT,J.T. ET AL(1991)NAR 19,6666. 
05 CSF1R•T PCR4 0.73 180 204 GDB 
05 NIA GATA43 0.85 GDB 
05 NIA GATA45 0.83 GDB 
05 D5S107 MFD27 0.82 0.78 133 155 NAR 18(13):4035, 1990 
05 D5S108 MFD34 0.51 0.45 83 93 NAR 18(13):4037, 1990 
05 D5S111 MFD40 0.53 0.51 167 171 NAR 18(13):4037, 1990 
05 D5S117 MFD48 0.55 0.62 147 163 NAR 18(13):4037, 1990 
05 D5S118 MFD63 0.56 0.48 78 92 NAR 18(13):4037, 1990 
05 D5S119 MFD 6 0.49 0.50 190 202 AM J HUMAN GENET, 1993, IN PRESS 
05 D5S1356 NA 0.73 107 129 VELASCO, E. ET AL (1994) HMG 3, 1441. 
05 D5S1357 NA 0.67 123 153 VELASCO, E. ET AL. (1994) HMG 3, 1441. 
05 D5S1452 ATA3F07 0.50 102 117 GDB 
05 D5S1453 ATA4D10 0.70 139 163 GDB 
05 D5S1454 ATA4F06 0.70 184 208 GDB 
05 D5S1455 GAAT1A12 0.44 141 149 GDB 
05 D5S1456 GATA11A11 0.88 191 211 GDB 
05 D5S1457 GATA21D04 0.77 97 127 GDB 
05 D5S1458 GATA22C12 o.n 178 190 GDB 
05 D5S1459 GATA23G12 0.73 90 110 GDB 
05 D5S1460 GATA2A03 0.52 301 301 GDB 
05 D5S1461 GATA30B07 0.70 201 201 GDB 
05 D5S1462 GATA3H06 0.86 217 241 GDB 
05 D5S1463 GATA41D11 0.86 194 194 GDB 
05 D5S1464 GATA41G03 0.70 254 254 GDB 
05 D5S1465 GATA47H08 0.78 262 262 GDB 
05 D581466 GATA49C05 0.83 304 304 GDB 
05 D5S1467 GATA49E12 0.92 157 157 GDB 
05 D5S1468 GATA50C10 0.62 314 314 GDB 
05 D5S1469 GATA51B01 0.62 179 179 GDB 
05 D5S1470 GATA7C06 0.85 197 197 GDB 
05 D5S1471 GATA7H10 0.71 152 1n GDB 
05 oss14n GCT5E05 0.46 133 133 GDB 
05 D5S1473 GGAA11C04 0.88 250 250 GDB 
05 D5S1474 GGAA9A12 0.50 248 268 GDB 
05 D5S1475 GGAT4A03 0.63 154 154 GDB 
05 D5S178 NA 0.93 98 120 SZUBRYT,S. ET AL (1993) HMG 2,90. 
05 D5S207 MFD43 0.69 0.63 135 143 GENOMICS 11:695-700, 1991 
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05 D5S208 MFD88 0.69 0.73 140 158 GENOMICS 12:607-609, 1992 
05 D5S209 MFD116 0.71 0.67 194 214 GENOMICS 12:607-609, 1992 
05 D5S210 MFD122 0.75 0.75 212 232 GENOMICS 12:607-609, 1992 
05 D5S211 MFD154 0.72 0.69 186 204 GENOMICS 12:607-609, 1992 
05 055253 NA 0.77 0.00 102 128 BERNARO,L.& WOOO,S.(1992)HMG 1 :455. 
05 D5S260 NA 0.74 0.69 146 154 BERNARD,L.E. ET AL(1991)NAR 19,6970. 
05 D5S268 NA 0.00 0.68 112 124 BERNARD,L ET AL.(1991) NAR 19,5794. 
05 055299 NA ·o.oo 0.66 156 182 VAN LEEUWEN,C. ET AL(1991) NAR 19,5805. 
05 D5S318 NA 0.76 0.78 176 188 WIJNEN,J. ET AL(1991) NAR 19,6965. 
05 D5S346 NA. 0.83 - 96 122 ,,.,, SPIRIO,L ET AL.(1991) NAR 19,6348. 
05 D5S349 MIT·A127 0.81 140 140 HUMAN GENET 87:401, 1991 
05 D5S350 MIT•MS131 0.61 136 136 HUMAN GENET 87:401, 1991 
05 D5S351 MIT-1105 0.75 197 197 HUMAN GENET 87:401, 1991 
05 D5S352 MIT-MS158 0.96 149 149 HUMAN GENET 87:401, 1991 
05 D5S353 MIT•MH98 0.83 133 133 HUMAN GENET 87:401, 1991 
05 D5S354 MIT-MH96 0.76 135 135 HUMAN GENET 87:401, 1991 
05 D5S355 MIT•MH91 0.67 194 194 HUMAN GENET 87:401, 1991 
05 D5S356 NA 0.90 0.89 94 132 POLYMEROPOULOS,M. ET AL(1992) HMG 1,290. 
05 D5S357 MFD151 0.64 0.71 154 168 GENOMICS 8:400- , 1990 
05 D5S365 2C7 0.76 75 105 GOB 
05 D5S373 NA 0.70 88 100 GOB 
05 D5S385 MFD234 0.63 0.57 145 157 GENOMICS 8:400- , 1990 
05 D5S39 NA 0.78 212 220 MANKOO,BS. ET AL(1991)NAR 19,1963. 
05 D5S392 AFM028xb12 0.92 83 117 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S393 AFM042xd12 0.84 162 182 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S394 AFM057xh8 0.72 141 153 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S395 AFM063yb6 0.82 189 213 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S396 AFM066xf11 0.66 122 136 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S397 AFM080xh11 0.65 267 281 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S398 AFM095zb7 0.82 109 121 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S399 AFM108xe3 0.80 116 132 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S400 AFM112yb6 0.83 218 236 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 05S401 AFM116xe1 0.63 193 199 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 05S402 AFM127xh4 0.63 165 169 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S403 AFM136xd2 0.65 155 163 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S404 AFM144yf4 0.73 180 198 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S405 AFM154xa3 0.66 119 137 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 05S406 AFM154xg3 0.79 160 186 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 05S407 AFM163xa11 0.87 107 127 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S408 AFM164xb8 0.74 247 265 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S409 AFM184yb6 0.69 138 154 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S410 AFM191xd8 0.78 159 177 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S411 AFM193xe11 0.47 142 162 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S412 AFM198we11 0.84 166 182 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S413 AFM198zh6 0.70 264 276 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S414 AFM200ya9 0.83 186 206 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S415 AFM203xa7 0.85 115 147 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S416 AFM205wh10 0.78 207 292 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 05S417 AFM205wh8 0.75 90 104 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S418 AFM205zh4 0.82 207 223 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S419 AFM207yc1 0.82 204 226 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S420 AFM207yg5 0.58 151 159 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 05S421 AFM210vd6 0.83 152 172 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 05S422 AFM211yc7 0.85 114 134 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S423 AFM214za9 0.77 179 191 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S424 AFM214zg9 0.77 116 146 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S425 AFM225xt2 0.77 224 248 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 D5S426 AFM238we11 0.79 183 209 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 05S427 AFM238xa3 0.84 280 302 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 05S428 AFM238xf4 0.77 241 255 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 05S429 AFM242xb10 0.82 160 186 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S430 AFM248wd5 0.69 256 270 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 05S431 AFM254yb5 0.71 169 185 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 05S432 AFM255xb9 0.67 109 120 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
05 05S433 AFM273yf1 0.87 192 220 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S434 AFM276wd5 0.71 246 258 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 05S436 AFM263wg5 0.87 234 254 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
05 D5S455 AFM016yg5 0.64 170 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 05S456 AFM022te3 0.53 103 109 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 05S458 AFM042xf8 0.70 282 290 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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05 D5S460 AFM07'1z.f1 0.62 129 147 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S462 AFM102xc1 0.73 135 143 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S466 AFM122xe5 0.71 175 187 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S467 AFM127xd10 0.76 155 163 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S469 AFM137xf8 0.81 142 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S470 AFM144zh4 0.62 236 254 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S471 AFM151xe7 0.68 236 248 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S474 AFM164yg5 0.76 87 97 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S476 AFM176xa7 0.76 167 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S477 AFM177xb4 0.70 · ···· 167 185 · "'WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S478 AFM179xd10 0.78 257 273 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S479 AFM196xc7 0.72 130 150 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S484 AFM203va3 0.78 261 281 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S486 AFM206zc1 0.61 163 191 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S487 AFM210vg3 0.80 253 267 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S488 AFM211yh6 0.73 221 243 WEISSENBACH J: NATURE GENETIC, JUNE 1994 _______ _ 

----05-D5S489--AFM212yb8--o.ss------154-192--WEISSENBACH J: NATURE-GENETIC, JUNE 1994 
05 D5S490 AFM214yg1 0.58 92 114 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 05$491 AFM218xf12 0.74 161 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S492 AFM220xg9 0.74 248 260 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S494 AFM220yg5 . 0.56 112 134 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S495 AFM234vc1 0.66 219 241 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S496 AFM234vh4 0.50 188 194 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S497 AFM234yh8 0.67 193 223 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S498 AFM238xe11 0.64 171 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S500 AFM240xg3 0.71 188 214 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S501 AFM242xc5 0.77 208 214 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S502 AFM242yc1 0.46 282 296 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S504 AFM265vg5 0.74 167 183 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S505 AFM268vb1 0.75 117 137 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S519 IG90-3 0.82 99 113 OIXON,M. ET AL.(1993) AM.J.HUM.GENET.52,907-914. 
05 D5S524 COS2 0.76 174 186 GOB 
05 D5S529 MFD269 0.74 0.71 188 208 GENOMIC$ 8:400- , 1990 
05 D5S530 MF0264 0.24 0.23 173 181 GENOMIC$ 8:400- , 1990 
05 D5S556 NA 0.72 119 149 BURLET,P. ET AL.(1993) HMG 2, 1328. 
05 D5S560 MS62 0.86 151 169 GOB 
05 D5S616 AFM164zc5 0.68 197 229 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S617 AFM190xc11 0.85 171 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S618 AFM198wg9 0.53 165 185 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S619 AFM200vf6 0.58 250 262 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S620 AFM200wa5 0.69 191 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S621 AFM200za11 0.74 211 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S622 AFM205zd4 0.70 187 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S623 AFM207yg11 0.78 143 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S624 AFM207yh2 0.90 146 166 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S625 AFM210vf12 0.48 224 238 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S626 AFM214xe9 0.77 192 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S627 AFM217ye1 0.61 253 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S628 AFM254wf1 0.65 103 127 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S629 AFM265wf5 0.62 233 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S630 AFM268zd9 0.81 229 333 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S631 AFM270ve9 0.63 193 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S634 AFM276vb1 0.39 178 192 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S635 AFM276yb9 0.79 160 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S636 AFM277vf5 0.76 130 152 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S637 AFM281yh9 0.34 246 254 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S638 AFM282wd5 0.67 133 145 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S639 AFM283vb9 0.79 124 136 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S640 AFM283wb5 0.64 85 105 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S641 AFM284vd1 0.51 251 281 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S642 AFM286xg9 0.59 183 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S643 AFM287W99 0.45 134 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S644 AFM288va9 0.70 81 101 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S645 AFM289wl9 0.86 170 184 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S648 AFM290vf5 0.86 271 293 · -WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S647 AFM292ve1 0.80 128 156 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S648 AFM292yg5 0.86 116 132 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 05$649 AFM292ze9 0.74 171 185 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S650 AFM294wd1 0.81 204 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S651 AFM302wd5 0.75 177 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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05 D5S652 AFM302yg5 O.ffl 202 222 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S653 AFM304xd5 0.47 133 137 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S654 AFM304zb5 0.87 241 265 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 0SS655 AFM308vf9 0.75 254 266 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 0SS656 AFM308wa9 0.74 185 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S657 AFM308xf1 0.85 138 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S658 AFM308za9 0.66 264 282 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S659 AFM309vd5 0.59 207 231 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S660 AFM309vd9 0.60 240 260 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S661 AFM311vb9 0.62 117 .•. 131 -WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S662 AFM311vf9 0.74 91 111 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 0SS663 AFM311wh9 0.73 205 238 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S664 AFM311yd1 0.54 119 143 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S666 AFM317x15 0.69 231 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S667 AFM318zh5 0.66 285 315 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S668 AFM319yc1 0.66 255 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S669 AFM321yb5 0.57 190 210 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S670 AFM323we1 0.84 155 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S671 AFM324td5 0.64 197 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S672 AFM324wh1 0.85 172 178 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S673 AFM329115 0.67 260 288 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S674 AFM331ze9 0.86 266 276 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S675 AFM336tc1 0.82 155 173 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S676 AFM347yg9 0.67 229 239 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S677 AFM350xh1 0.46 214 222 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S678 AFMa139ya9 0.71 252 264 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 D5S683 JS1 0.91 119 157 GOB 
05 D5S76 NA 0.77 97 109 GOB 
05 D5S804 GATASG04 0.81 241 241 GOB 
05 D5S805. GATA5D11 0.73 156 156 GOB 
05 D5S806 GATA5E10 0.67 196 196 GOB 
05 D5S807 GATA3A04 0.76 161 161 GOB 
05 D5S808 MF0213 0.74 0.70 116 132 GENOMICS 8:400- ,1990 
05 D5S809 MF0247 0.52 0.49 89 107 GENOMICS 8:400- , 1990 
05 0SS810 MF0317 0.64 0.57 192 200 GENOMICS 8:400- , 1990 
05 D5S811 MFD343 0.79 0.76 216 248 GENOMICS 8:400- , 1990 
05 D5S812 GAAT108 0.62 154 162 GOB 
05 D5S813 GATA11G08 0.84 228 240 GOB 
05 D5S814 GATA12A08 0.75 174 190 GOB 
05 D5S815 GATA12G02 0.94 252 296 GOB 
05 D5S816 GATA2H09 0.95 225 253 GOB 
05 D5S817 GATA3E10 0.62 260 272 GOB 
05 D5S818 GATA3F03 0.75 138 162 GOB 
05 D5S819 GATA5C10 0.93 262 286 GOB 
05 D5S82 NA 0.76 0.70 169 179 BREUKEL,C. ET AL.(1991) NAR 19,5804. 
05 D5S820 GATA6E05 0.73 190 218 GOB 
05 D5S821 GGAT3H04 0.50 162 170 GOB 
05 D5S822 AFM224zh2 0.80 240 254 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
05 FBN2 NA 0.87 110 155 BIDDINGER.A. ET AL.(1993) HMG 2,1323. 
05 FGFA NA 0.88 0.61 245 259 GOB 
05 GABRA1 NA 0.76 0.78 180 206 GOB 
05 IG22 NA 0.79 142 159 GOB 
05 IL9 NA 0.80 0.79 102 130 MOUT,R. ET AL PERS. COMM. TO GOB. 
05 IRF1 NA 0.74 174 184 HMG (1993) IN PRINT. 
05 MCC MBD 0.55 168 176 GOB 
05 SPARC SPARC 0.80 157 179 DRACOPOLl,N.& MEISLER,M.(1990) GENOMICS7,97•102. 
05 TCOF1 IG52 0.89 196 236 DIXON,M. ET AL(1992) HMG 1,249-253. 
06 ACTBP2 NA 0.93 0.93 234 318 POLYMEROPOULOS,M. ET AL(1992) NAR 20,1432. 
06 ARG1 MF091 0.50 84 104 GENOMICS 1993, SUBMITTED 
06 COL9A1 509-8B2 0.95 171 191 WARMAN, M. ET AL. (1993) GENOMICS 17, 694-698. 
06 D1S1649 GATA30 0.71 NIA NIA GOB 
06 06S1003 ATA1F08 0.83 292 319 GOB 
06 06S1004 ATA1F12 0.56 217 217 GOB 
06 06S1005 ATA2C11 0.54 178 187 GOB 
06 06S1006 ATC4D09 0.56 194 203 GOB 
06 06S1007 GATA22G09 0.60 283 303 GOB 
06 06S1008 GATA31F06 0.77 246 246 GOB 
06 06S1009 GATA32B03 0.69 242 242 GOB 
06 06S1010 GATA41E03 0.75 228 228 GOB 
06 06S1011 GATA46H02 0.93 160 160 GOB 
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06 D6S1012 GATA49A10 
06 D6S1013 GATA52B08 
06 D6S1014 GCT4B05 
06 D6S1015 GCT5E07 
06 D6S1016 GGM10G12 
06 D6S1017 GGAT3H10 
06 D6S1018 GGAT4C01 
06 D6S1019 GTAT1H06 
06 D6S105 MFD61 
06 D6S109 NA 
06 D6S202 NA 
06 D6S220 MIT-G119 
06 D6S223 NA 
06 D6S224 MIT-MS135 
06 D6S225 MIT-E116 
06 D6S226 MIT-MS238 
06- D6S238-- NA 
06 D6S239 NA 
06 D6S243 NA 
06 D6S244 NA 
06 D6S248 NA 
06 D6S248 NA 
06 D6S249 MFD97 
06 D6S250 MFD118 
06 D6S251 MFD131 . 
06 D6S252 MFD171 
06 D6S253 MFD181 
06 D6S254 MFD183 
06 D6S255 MFD226 
06 D6S257 AFM025te5 
06 D6S258 AFM031yh12 
06 D6S259 AFM035wc1 
06 D6S260 AFM056xe1 
06 D6S261 AFM059xh8 
06 D6S262 AFM059yd6 
06 D6S263 AFM066xf7 
06 D6S264 AFM079zb7 
06 D6S265 AFM101xa1 
06 D6S266 AFM102xf12 
06 D6S287 AFM114xd12 
06 D6S268 AFM115xh2 
06 D6S289 AFM123xe1 
06 D6S270 AFM127xb2 
06 D6S271 AFM136yf8 
06 D6S2n AFM142xe7 
06 D6S273 AFM142xh6 
06 D6S274 AFM144yf2 
06 D6S275 AFM158ya11 
06 D6S276 AFM158ye9 
06 D6S277 AFM158yh2 
06 D6S278 AFM162xc3 
06 D6S279 AFM163xa1 
06 D6S280 AFM168xh10 
06 D6S281 AFM176xh8 
06 D6S282 AFM184xa11 
06 D6S283 AFM190yf10 
06 D6S284 AFM191xa3 
06 D6S285 AFM192yf2 
06 D6S286 AFM198yc11 
06 D6S287 AFM19&:e1 
06 D6S288 AFM199ye5 
06 D6S289 AFM200wc9 
06 D6S290 AFM200yb6 
06 D6S291 AFM203yg7 
06 D6S292 AFM203za9 
06 D6S294 AFM205yc7 
06 D6S295 AFM206xc11 
06 D6S296 AFM207xh2 
06 D6S297 AFM212yf6 
06 D6S299 AFM217xg7 

HsI 

0.57 
0.60 
0.64 
0.48 
0.87 
0.89 
0.45 
0.70 
0.87 
1>.78 
0.68 
0.68 
0.79 
0.59 
0.79 
0.70 
0.64 
0.78 
0.53 
0.74 
0.68 
0.80 
0.50 
0.80 
0.88 
0.70 
0.70 
0.70 
0.74 
0.88 
0.81 
0.74 
0.85 
0.83 
0.84 
0.82 
0.71 
0.79 
0.64 
0.76 
0.75 
0.00 
0.77 
0.87 
0.73 
0.77 
0.00 
0.74 
0.84 
0.80 
0.66 
0.81 
0.89 
0.68 
0.88 
0.85 
0.73 
0.77 
0.79 
0.88 
0.64 
0.80 
0.71 
0.73 
0.83 
0.83 
0.74 
0.79 
0.87 
0.00 

~ 

0.77 
0.78 

Comprehensive Human 
MapPairsTII Ust 

SIZE ANGE 
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311 311 GOB 
187 187 GOB 
139 139 GOB 
179 179 GOB 
232 256 GOB 
151 171 GOB 
148 156 GOB 
212 234 GOB 
116 138 NAR 19:(4):968, 1991 

REFERENCE 

169 ·· 193 · RANUM LP.W. ETAL.(1991)NAR 19,1171. 

Research Genetics 

130 154 LE BORGNE•DEMARQUOY F.ET AL(1991)NAR 19,6060. 
175 175 HUMAN GENET 87:401, 1991 
185 201 BOWCOCK.A. ET AL(1992) HMG 1,66. 
245 245 HUMAN GENET 87:401, 1991 
132 132 HUMAN GENET 87:401, 1991 

______ 206 206 HUMAN_GENET_87:401, 1991 ______________ _ 388_404 ___ GDB 

0.64 
0.55 

0.71 

162 176 GOB 
170 250 GOB 
362 368 GOB 
220 230 GOB 
289 287 GOB 
146 164 WILKIE,P. ET AL(1993) GENOMICS 15,225-227. 
150 174 GENOMIC$ 1993, SUBMITTED 
144 162 GENOMIC$ 1993, SUBMITTED 
142 168 GENOMIC$ 1993, SUBMITTED 
287 291 GENOMIC$ 15:225-227, 1993 
250 276 GENOMICS 1993, SUBMITTED 
163 175 GENOMIC$ 1993, SUBMITTED 
164 186 . WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
189 207 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
287 285 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
155 189 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
101 129 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
187 183 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
90 114 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 

108 122 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
122 138 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
268 284 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
235 245 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
88 100 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 

178 192 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
141 157 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
166 208 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
180 196 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
130 140 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
171 193 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
207 219 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
198 226 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
98 120 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 

125 139 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
279 307 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
150 164 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
203 219 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 

· 108 126 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
255 291 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
233 251 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
207 221 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
206 232 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
143 171 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
232 239 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
215 227 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
253 263 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
198 210 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
141 161 · WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
88 108 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
93 107 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 

260 300 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
210 224 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
206 226 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
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06 06S300 AFM218xg1 0.77 189 207 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S301 AFM220zf6 0.77 221 251 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S302 AFM224yb4 0.72 185 207 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S303 AFM225ya11 0.70 225 235 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S304 AFM238zd4 0,77 228 250 WEISSENBACH,J ET AL,(1992) NATURE 359:794-801 
06 06S305 AFM242zg5 0.84 204 230 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S306 AFM248xh1 0.65 230 248 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S308 AFM262xa9 0.75 193 203 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S309 AFM265zh9 0.85 254 272 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S310 AFM267zg5 0.80 159 183 ·- ·WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S311 AFM276xf1 0.92 230 276 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S313 AFM191xcl6 0.68 279 285 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S314 AFM254xh1 0.81 243 259 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S334 NA 0.89 178 190 GOB 
06 06S344 AFM092xb7 0.74 139 159 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
06 06S348 MK6A 0.75 142 168 KANSARA, M. & ATHWAL, R. (1993) HMG 2, 1085. 
06 06S355 NA 0.65 348 362 GOB 
06 D6S357 NA 0.80 264 272 GOB 
06 D6S359 NA 0.78 181 193 GOB 
06 06S361 MF0284 0.00 125 135 GENOMICS 8:400- , 1990 
06 06S362 MFD312 0.72 0.70 174 194 GENOMICS 8:400- ,1990 
06 06S363 MF0314 0.63· 0.57 110 130 GENOMICS 8:400- , 1990 
06 06S366 NA 0.82 138 162 GOB 
06 06S402 AFM190ye1 0.77 108 126 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S403 AFM190yg1 0.74 223 237 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S404 AFM190yg5 0.79 197 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S405 AFM036ye1 0.74 216 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S406 AFM038xc:3 0.22 186 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S407 AFM198wg11 0.80 174 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S408 AFM199zh10 0.46 177 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S409 AFM200we11 0.78 164 180 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S410 AFM203xe11 0.72 243 251 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S411 AFM207wa1 0.78 151 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S412 AFM207xb6 0.74 192 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S413 AFM210vf8 0.71 184 196 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S414 AFM211xa11 0.64 104 108 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S415 AFM211yb10 0.66 261 277 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S416 AFM211ze5 0.77 255 263 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S417 AFM212zf10 0.33 237 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S418 AFM067xh3 0.67 162 176 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S419 AFM218xb6 0.72 129 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S420 AFM220yc9 0.85 180 192 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S421 AFM220zr2 0.65 103 117 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S422 AFM234xa3 0.67 191 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S423 AFM234xd8 0.58 197 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S424 AFM234ya7 0.66 247 263 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S425 AFM238yh10 0.55 142 152 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S426 AFM238zf4 0.58 203 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S427 AFM079xa5 0.70 182 200 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S428 AFM240yd6 0.48 229 247 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S429 AFM242za5 0.72 222 238 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S430 AFM254vb1 0.82 207 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S433 AFM260zb5 0.70 288 312 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S434 AFM123ya7 0.84 193 234 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S435 AFM135xh2 0.55 134 198 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S436 AFM029yd4 0.77 183 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S437 AFM266yb5 · 0.74 129 163 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S438 AFM268wa9 0.88 178 196 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S439 AFM268xe1 0.74 272 292 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S440 AFM268yf5 0.90 269 285 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S441 AFM269ze1 0.69 162 186 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S442 AFM277vf1 0.78 259 271 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S443 AFM277wb5 0.71 149 161 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S444 AFM278yd1 0.75 137 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S445 AFM286za5 0.62 205 ·233· • WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S446 AFM290xf5 0.79 201 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S447 AFM290zd9 0.68 196 212 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S448 AFM292yd5 0.77 169 183 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S449 AFM296ze5 0.80 193 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 06S450 AFM297zd5 0.42 227 239 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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06 D6S451 AFM298we1 0.71 128 138 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S452 AFM301wb9 0.70 264 280 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S453 AFM301ya5 0.68 180 192 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S454 AFM301zb1 0.78 132 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S455 AFM303zd9 0.86 151 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S456 AFM308wf1 0.65 232 248 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S457 AFM310wg1 0.76 197 207 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S458 AFM311wa5 0.71 224 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S459 AFM312xc5 0.90 98 114 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S460 AFM312yb9 0.74 144 166 ··WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S461 AFM316zg5 0.95 246 268 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S462 AFM317zb1 0.69 277 291 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S463 AFM319vh5 0.79 131 133 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S464 AFM323vb5 0.59 202 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S465 AFM323xd5 0.87 184 198 WEISSENBACH J: NATURE GENETIC, JUNE 1994 

----06-D6S466--AFM331vh1--0.64------107-119--WEISSENBACHJ:NATUREGENETIC,JUNE1994--------
06 D6S467 AFM331yh1 0.67 246 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S468 AFM345vd9 0.87 148 162 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S469 AFM347yf1 0.51 170 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S470 AFM349xh5 0.52 120 134 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S471 AFMa123xh1 0.59 108 116 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S4n AFMa128yd9 0.81 173 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S473 AFMa133xa5 0.57 166 196 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
06 D6S474 GATA31 0.64 165 170 GOB 
06 D6S475 GATA44 0.89 139 167 GOB 
06 D6S476 GATA2E07 0.50 187 187 GOB 
06 D6S477 GATA3H05 0.90 239 239 GOB 
06 068478 GATA4A03 1.00 287 287 GOB 
06 068482 MFD348 o.n 0.67. 113 125 GENOMICS 8:400- , 1990 
06 D6S492 GATA108 0.55 200 212 GOB 
06 D6S493 GATA11B08 0.71 236 240 GOB 
06 D6S494 GATA2B06 0.43 169 193 GOB 
06 D6S495 GATA2E12 0.65 177 183 GOB 
06 D6S497 GATA14A08 0.89 260 260 GOB 
06 D6S499 GATA7A07 0.00 183 183 GOB 
06 D6S500 GATA7B06 0.00 286 286 GOB 
06 D6S501 GATA5C03 0.75 166 182 GOB 
06 D6S502 GATA7B06 0.85 NIA NIA GOB 
06 D6S503 GGAA8008 0.00 248 260 GOB 
06 D6S510 NA 0.84 178 196 GOB 
06 D6S87 MFD 47 0.60 0.53 137 155 NAR 18(15):4636, 1990 
06 D6S89 NA 0.92 0.88 199 227 LITT,M.&LU"N,J.(1990) NAR 18,4301. 
06 DHFRP2 NA 0.70 0.66 157 173 POLYMEROPOULOS,M. ET AL.(1991) NAR 19,7198. 
06 EDN1 NA 0.78 197 217 PAGES,J. ET AL (1993) HMG 2,90. 
06 F13A1 NA 0.78 0.75 180 230 POLYMEROPOULOS,M. ET AL.(1991) NAR 19,4306. 
06 FTHPI NA 0.90 171 181 MAUVIEUX,V. ET AL(1991)NAR 19,6969. 
06 IGF2R MFD 56 0.70 99 101 GENOMICS 8:400- , 1990 
06 IGF2R-3 NA 0.58 164 164 GOB 
06 IGF2R•II NA 0.00 0.41 158 166 GOTO,J. ET AL.(1992) NAR 20,923. 
06 11D NA 0.81 0.78 · 185 206 POLYMEROPOULOS,M. ET AL.(1991) NAR 19,4307. 
06 RDS NA 0.00 0.57 96 98 GOB 
06 SCA1 CAGa/b 0.84 119 287 GOB 
06 TCTE1 NA 83.30 171 171 KWIATKOWSKl,T. ET AL.(1991) GENOMICS10,921·26. 
07 CD36 13-GT 0.84 68 80 GOB 
07 CFTR 17B 0.89 414 414 ZIELENSKI, J (1991) AM. J. HUM. GENET. 49, 1256-1262. 
07 COL1A2 NA 0.73 100 200 GOB 
07 D7S1480 NA 0.74 98 120 VELASCO, E. ET AL (1994) HMG 3, 1441. 
07 07S1789 ACT3E08 0.69 128 149 GOB 
07 D7S1790 ATA1A10 0.31 242 257 GOB 
07 D7S1791 ATA1B04 0.81 160 184 GOB 
07 D7S1792 ATA3A10 0.31 206 206 GOB 
07 D7S1793 ATA5H04 0.76 230 248 GOB 
07 D7S1794 CTT8 0.29 221 221 GOB 
07 07S1795 GATA21B01 0.60 195 211 GOB 
07 D7S1796 GATA21C11 0.86 · 288 304 · GOB 
07 D7S1797 GATA21008 0.60 220 244 GOB 
07 D7S1798 GATA23F01 0.60 245 257 GOB 
07 D7S1799 GATA23F05 0.76 171 199 GOB 
07 D7S1800 GATA2G07 0.50 193 201 GOB 
07 D7S1801 GATA31D01 0.75 227 227 GOB 
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07 D7S1802 . GATA41G07 0.73 187 187 GOB 
07 D7S1803 GATA42A01 0.88 381 381 GOB 
07 D7S1804 GATA43C11 0.86 258 258 GOB 
07 D7S1805 GATA4H10 0.92 198 223 GOB 
07 D7S1806 GGAA11C11 0.40 195 195 GOB 
07 D7S1807 GGAA2B12 0.78 286 286 GOB 
07 07S1808 GGAA3F06 0.81 252 276 GOB 
07 D7S1809 GGA/JSC07 0.76 200 228 GOB 
07 D7S1810 GGAT2B11 0.56 226 226 GOB 
07 D7S1830 GATA4E04 0.82 200 224 GOB 
07 D7S1843 GTAT1A10 0.00 GOB 
07 07S23 NA 0.82 109 127 RICHARDS,B. ET AL(1991) NAR 19,5798. 
07 078435 MFD20 · 0.59 0.53 122 134 NAR 18(13):4039, 1990 
07 D7S440 MFD50 0.75 0.70 169 191 NAR 18(15):4636, 1990 
07 D7S460 MIT•MH26 0.95 180 196 HUMAN GENET 87:401, 1991 
07 D7S461 MIT•MS97 0.87 177 177 HUMAN GENET 87:401, 1991 
07 D7S462 MIT•MS262 0.52 150 150 HUMAN GENET 87:401, 1991 
07 D7S463 MIT-0111 0.70 159 159 HUMAN GENET 87:401, 1991 
07 D7S466 MIT-COS43 0.83 244 244 HUMAN GENET 87:401, 1991 
07 D7S471 MFD123 0.80 181 199 HAUGE)C. ET Al.(1991) NAR 19,4308. 
07 D7S4n MFD172 0.70 114 129 HAUGE)C. ET Al.(1991) NAR 19,4308. 
07 D7S473 MFD148 0.85 126 148 H DONIS-KELLER ET AL, J. WEBER 
07 D7S474 MFD107 0.80 120 144 GOB 
07 D7S476 NA 0.79 186 210 XIAO,H. ET Al.(1992) HMG 1,549. 
07 D7S477 AFM030xb4 0.71 175 185 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
07 D7S478 AFM032xa1 0.70 118 130 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S479 AFM036xg5 0.84 105 135 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S480 AFM042xh10 0.87 189 206 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S481 AFM049xe3 0.85 186 204 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S482 AFM070yc1 0.74 166 198 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S483 AFM074xg5 0.83 166 188 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S484 AFM087yd11 0.75 99 113 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S485 AFM095xe9 · 0.79 244 256 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S486 AFM098xg9 0.81 133 146 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S487 AFM107yb6 0.75 174 188 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S488 AFM113xc11 0.85 136 156 WEISSENBACH,J ET AL(1992) NATURE359:794-801 
07 078489 AFM1~e3 0.38 140 144 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S490 AFM150yg7 0.79 92 106 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 D7S491 AFM151xf10 0.75 115 131 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 07S492 AFM158xa1 0.78 145 155 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S493 AFM162xa7 0.89 194 224 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S494 AFM165zf4 0.79 173 191 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S495 AFM168xc3 0.82 150 168 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 D7S496 AFM172xa1 0.76 129 141 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 D7S497 AFM177xf10 0.53 101 111 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 D7S498 AFM183ya3 0.63 137 153 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S499 AFM191xh6 0.84 236 252 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 D7S500 AFM198zh8 0.88 188 210 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 07S501 AFM199vb2 0.82 163 179 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S502 AFM199vh8 0.85 273 291 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S503 AFM199xc3 0.88 148 180 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 D7S504 AFM199xh12 0.80 145 159 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S505 AFM199zd4 0.70 262 278 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S506 AFM200wc7 0.88 117 143 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S507 AFM200we7 0.90 148 168 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S509 AFM203wg1 0.73 203 225 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S510 AFM207wb2 9.80 252 264 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S511 AFM210xc7 0.80 207 225 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S512 AFM214yb2 0.72 160 190 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 07S513 AFM217yc5 0.84 173 201 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S514 AFM218xf10 0.72 147 157 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S515 AFM220xc11 0.82 128 190 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S516 AFM224xg5 0.76 254 266 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 07S517 AFM225xa1 0.84 239 257 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
07 D7S518 AFM225xg9 0.88 179 201 ·· WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S519 AFM238vb12 0.82 256 268 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S520 AFM240ve9 0.70 79 97 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S521 AFM240yh4 0.71 285 303 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
07 D7S522 AFM242yc3 0.67 217 229 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
07 D7S523 AFM242ye3 0.81 224 240 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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rI7 D7S524 AFM248ta5 0.75 
rI7 D7S525 AFM248tc5 0.66 
rI7 D7S526 AFM248vc9 0.72 
07 D7S527 AFM248vd9 0.76 
07 D7S528 AFM248ve5 0.73 
07 D7S529 AFM248zd1 0.70 
rI7 D7S530 AFM249x19 0.79 
07 D7S531 AFM254yc9 0.77 
rI7 D7S547 NA 0.94 
07 D7S550 AFM224xh4 ·· 0.83 
07 D7S555 MFD253 0.80 
07 D7S558 MFD267 0.58 
07 D7S559 MFD265 0.81 
07 D7S594 sAVH-6 0.84 
rI7 D7S629 AFM165xb10 0.76 

~ 

0.77 
0.50 
0.78 
0.82 

----rI7~D7S630--AFM165yh12--0.77-----
07 D7S631 AFM183xe11 0.89 
07 D7S632 AFM198ze5 0.65 
rI7 D7S634 AFM203vb6 0.73 
07 D7S635 AFM206xc1 0.56 
07 D7S636 AFM207za9 0.61 
07 D7S637 AFM211xc3 0.85 
07 D7S638 AFM217yb6 0.76 
07 D7S639 AFM220ya3 0.88 
07 D7S640 AFM220yg1 0.69 
07 D7S641 AFM224yb6 0.69 
07 D7S642 AFM074wc12 0.54 
07 D7S644 AFM234xc7 0.64 
07 D7S645 AFM238zc9 0.68 
07 D7S646 AFM240ve3 0.33 
07 D7S647 AFM240vh4 0.43 
07 D7S648 AFM078ze1 0.65 
07 D7S649 AFM240xe9 0.84 
07 D7S650 AFM240zh10 0.57 
07 D7S651 AFM249za5 0.88 
07 D7S652 AFM254xd5 0.92 
07 D7S653 AFM259zc1 0.51 
07 D7S654 AFM102xg7 0.63 
07 D7S655 AFM263wg9 0.76 
07 D7S656 AFM263xe9 0.58 
07 D7S657 AFM263yd9 0.61 
07 D7S658 AFM269zg1 0.88 
07 D7S659 AFM276yg1 0.69 
07 D7S660 AFM277vd5 0.79 
rI7 D7S661 AFM277zl5 0.77 
07 D7S662 AFM280vh9 0.76 
07 D7S663 AFM280zc5 0.71 
07 D7S664 AFM281vc9 0.76 
07 D7S665 AFM283xc5 0.66 
07 D7S666 AFM283za9 0.80 
07 D7S667 AFM284xg5 0.79 
07 D7S668 AFM284zl9 0.82 
07 D7S669 AFM286Xl9 0.70 
07 D7S670 AFM288vb5 0.77 
07 D7S671 AFM288yg9 0.67 
07 D7S672 AFM289ve9 0.55 
rI7 D7S673 AFM290vg9 0.80 
rI7 D7S67 4 AFM294wf1 0.86 
rI7 D7S675 AFM295yg9· 0.78 
07 D7S676 AFM302za5 0.63 
07 D7S677 AFM303vh9 0.69 
07 D7S678 AFM308wc5 0.78 
07 D7S679 AFM308zg1 0.77 
07 D7S680 AFM309yf1 0.80 
07 D7S681 AFM310yl9 0.71 
rI7 D7S682 AFM311xc5 0.73 
07 D7S683 AFM311zc5 0.60 
07 D7S684 AFM312wb5 0.67 
07 D7S685 AFM317yc5 0.73 
rI7 D7S686 AFM323wd5 0.45 
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REFERENCE 

234 246 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
219 235 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
125 135 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
273 297 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
108 116 WEISSENBACH,J ET AL(1992) NATURE359:794-801 
218 226 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
106 255 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
225 255 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
117 135 GREGG,R.& PARKER,M.(1992)HMG 1,659. 
177 · 200 -· WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
110 134 GENOMICS 8:400- , 1990 
95 119 GENOMICS 8:400- , 1990 

196 216 GENOMICS 8:400- , 1990 
. 217 235 HING,A. ET AL.(1993) AM.J.HUM.GENET. 53,509-517. 
249 263 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
198-222--WEISSENBACH J: NATURE GENETIC, JUNE-1994--------
108 124 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
209 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
136 148 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
216 234 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
130 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
222 232 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
194 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
260 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
114 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
84 100 WEISSENBACH J: NATURE GENETIC, JUNE 1994 

191 2rI7 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
194 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
197 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
179 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
143 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
194 204 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
275 281 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
265 289 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
173 191 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
269 281 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
201 229 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
207 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
251 269 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
243 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
246 264 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
264 272 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
191 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
189 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
252 282 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
204 234 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
153 173 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
203 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
204 224 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
155 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
116 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
257 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
123 139 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
100 110 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
136 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
132 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
118 148 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
139 155 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
201 209 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
148 166 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
275 295 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
166 180 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
140 164 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
119 131 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
249 261 · WEISSENBACH J; NATURE GENETIC, JUNE 1994 
271 283 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
258 264 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
169 187 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
178 192 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
254 266 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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07 07S687 AFM323yg5 0.69 238 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
07 07S688 AFM324zl9 0.61 147 161 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
07 07S689 AFM333wf5 0.86 125 135 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
07 07S690 AFM338wh1 0.71 264 274 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
07 07S691 AFM350va9 0.73 128 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
07 07S692 AFM357te1 0.64 161 171 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
07 07S793 GATA3B01 0.86 146 154 GOB 
07 07S794 GATA2C04 0.79 168 168 GOB 
07 07S795 GATA4B03 0.67 230 230 GOB 
07 07S796 GATA4E02 · 0.91 162 · 198 GOB 
07 07S798 AFM205va3 0.55 200 218 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
07 07S799 MF0225 0.87 0.86 83 113 GENOMICS 8:400- , 1990 
07 07S800 MF0327 0.52 0.47 158 176 GENOMIC$ 8:400- , 1990 
07 07S801 MFD329 0.82 0.80 1n 201 GENOMICS 8:400- , 1990 
07 07S802 MF0340 0.82 0.80 220 250 GENOMICS 8:400- , 1990 
07 07S803 MF0358 0.85 0.84 126 152 GENOMIC$ 8:400- , 1990 
07 07S804 PYS-18 0.78 123 141 GOB 
07 07S808 wg1a2 0.79 435 480 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
07 07S809 wg1g9 0.86 241 289 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
07 07S813 MSS-170 0.73 96 110 GOB 
07 07S814 ATC6 0.54 105 105 GOB 
07 07S815 GATA2G04 0.50 149 169 GOB 
07 07S817 GATA13G11 0.72 157 1n GOB 
07 07S818 GATA6G06 0.00 155 155 GOB 
07 07S820 GATA3F01 0.86 204 240 GOB 
07 07S821 GATA5008 0.62 238 270 GOB 
07 07S822 wg1e12 0.82 266 298 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
07 EGFR NA 0.72 0.67 114 128 CHI, 0. ET Al.(1992) HMG 1,135. 
07 ELN NA 0.00 100 200 GOB 
07 TCRB VB6.7 0.83 127 153 GOB 
08 CRH NA 0.72 128 156 GU,J. ET AL.(1993) HMG 2,85. 
08 06S502 GATA7G07 0.82 162 194 GOB 
08 08S1098 ATA1G10 0.67 134 143 GOB 
08 08S1099 ATA3A02 0.59 249 262 GOB 
08 08S1100 ATC2012 0.56 183 192 GOB 
08 08S1101 ATC2F06 0.40 165 168 GOB 
08 08S1102 GAAT1C11 0.60 184 200 GOB 
08 08S1103 GAAT2A02 0.31 313 313 GOB 
08 08S1104 GAAT2F03 0.80 129 145 GOB 
08 08S1105 GATA23C09 0.63 241 257 GOB 
08 08S1106 GATA23006 0.80 127 151 GOB 
08 0851107 GATA29008 0.69 296 296 GOB 
08 08S1108 GATA50010 0.71 256 256 GOB 
08 08S1109 GATA52F11 0.92 240 240 GOB 
08 08S1110 GATA8G10 0.85 262 286 GOB 
08 0851111 GGAA2H06 0.00 146 146 GOB 
08 08S1112 GGAA8A04 0.62 206 234 GOB 
08 0851113 GGAA8G07 o.n 217 245 GOB 
08 08S133 c24E10 o.n 0.74 94 112 WOOO,S.&SCHERTZER,M.(1992)GENOMICS13,232. 
08 08S136 NA 0.88 71 85 GOB 
08 08S137 NA 0.67 0.61 150 162 WOOO,S.& SCHERTZER,M.(1991)NAR19,6664. 
08 08S161 NA 0.75 o.n 151 165 COUCH,F. ET AL(1991) NAR 19,5093. 
08 08S164 MF0104 0.86 0.79 165 199 GENOMICS 14:144-152, 1992 
08 08S165 MF0117 0.54 0.50 138 152 GENOMIC$ 15:225-227, 1993 
08 08S166 MFD159 0.88 0.83 110 132 GENOMIC$ 15:225-227, 1993 
08 08S167 MFD185 0.84 0.86 105 135 GENOMIC$ 15:225-227, 1993 
08 D8S198 MFD169 0.83 0.81 155 173 GENOMICS 15:225-227, 1993 
08 08S199 MF01n 0.83 0.81 204 230 GENOMICS 15:225-227, 1993 
08 08S200 MFD196 0.76 0.67 184 196 GENOMICS 15:225-227, 1993 
08 08S201 MF0199 0.92 0.89 178 178 GENOMIC$ 15:225-227, 1993 
08 08S205 MIT-MS45 0.78 108 108 HUMAN GENET 87:401, 1991 
08 08S206 MIT•MS61 0.67 127 127 HUMAN GENET 87:401, 1991 
08 08S207 MIT•MS142 0.74 142 142 HUMAN GENET 87:401, 1991 
08 08S208 MIT·MS91 0.75 155 155 HUMAN GENET 87:401, 1991 
08 08S251 MFD229 0.83 0.80 153 · 181 - GENOMICS 8:400- , 1990 
08 08S254 MFD210 0.58 0.49 65 75 GENOMICS 8:400- , 1990 
08 08S255 AFM023xc1 0.74 107 129 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
08 08S256 AFM073yb7 0.84 210 232 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
08 08S257 AFMOnya5 0.73 106 122 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
08 08S258 AFM107xb6 0.71 144 154 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
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08 08S259 AFM107yb2 0.60 200 216 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
08 08S260 AFM114xe7 0.83 187 213 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 

· 08 08S261 AFM123xg5 0.78 128 144 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S262 AFM127xh2 0.72 114 128 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S263 AFM141xa5 0.76 275 289 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S264 AFM143xd8 0.85 121 145 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S265 AFM144zb2 0.79 208 231 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S266 AFM151ye3 0.53 153 165 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S268 AFM156xa3 0.61 255 265 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S269 AFM156xc3 0.49 215 · 221 · · WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S270 AFM165xh4 · 0.80 181 195 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
08 D8S271 AFM165yb10 0.78 192 271 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S272 AFM175xb4 0.82 192 239 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
08 D8S273 AFM179yf6 0.81 127 139 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S274 AFM182xa3 0.78 108 118 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S275 AFM185xe9 0.76 139 157 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
08 D8S276 AFM192xc5 0.66 239 245 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S277 AFM198wd2 0.74 148 180 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 D8S278 AFM200ye1 0.65 232 240 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S279 AFM203wc1 0.88 229 273 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S2B0 AFM205wc5 0.54 224 232 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S281 AFM205yh4 0.65 112 124 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S2B2 AFM234vf4 0.73 260 272 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 D8S283 AFM238yh12 0.80 103 129 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S284 AFM248td9 0.84 243 273 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S285 AFM255yb9 0.79 108 124 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
08 08S286 AFM268ve9 0.82 220 238 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
08 08S296E FB12B7 0.81 102 114 KHAN, A. ET AL (1992) NATURE GENETICS 2, 180-185. 
08 08S298 AFM234yh10 0.70 155 167 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
08 D8S306 KW97 0.78 244 297 NELSON, LET AL (1994) HMG 3, 1209. 
08 D8S307 NA 0.80 337 418 WARD,K. ET AL(1993) HMG 2,615. 
08 08S315 KW328 0.73 336 384 GOB 
08 08S320 KW205 0.84 386 420 GOB 
08 08S322 KW218 0.76 210 238 GOB 
08 D8S339 WT251 0.30 162 176 GOB 
08 D8S344 KW371 0.75 292 328 WARD, K. ET AL. (1993) HMG 2, 1087. 
08 08S346 KW400 0.63 232 252 GOB 
08 08S347 KW426 0.79 322 382 GOB 
08 08S350 MF0287 0.45 0.36 158 164 GENOMICS 8:400- , 1990 
08 08S351 MF0295 0.84 0.82 109 127 GENOMICS 8:400- , 1990 
08 08S373 UT721 0.80 194 218 GOB 
08 08S439 MFD280 0.84 0.82 115 133 GENOMICS 8:400- , 1990 
08 08S474 KW401 0.71 355 373 GOB 
08 08S501 AFM172xf10 0.72 197 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S502 AFM182xh12 0.52 211 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S503 AFM193xh4 0.84 212 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S504 AFM197xg5 0.57 193 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S505 AFM19Btb2 0.45 203 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S506 AFM200wb6 0.78 121 127 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S507 AFM203wh10 0.63 155 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S508 AFM203xd10 0.62 214 232 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S509 AFM203zc1 0.73 269 277 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S510 AFM203zg1 0.68 217 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S511 AFM205tb10 0.76 133 143 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S513 AFM211wa9 0.52 194 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S514 AFM212we1 0.78 209 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S515 AFM214ya7 0.74 268 276 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S516 AFM214zb4 0.74 158 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S517 AFM224xh6 0.42 212 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S518 AFM234ve1 0.69 229 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S519 AFM234vh8 0.61 116 130 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S520 AFM234ye5 0.68 179 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S521 AFM078za9 0.60 118 128 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S522 AFM240wc9 0.35 203 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S523 AFM240zb4 0.67 243 .. 257 .. WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S524 AFM242zf6 0.73 248 272 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S525 AFM244td1 0.81 149 267 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S526 AFM255yb1 0.81 233 239 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 D8S527 AFM259vb1 0.65 272 284 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S528 AFM080xh7 0.65 166 180 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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08 08S529 AFM259xc5 0.7-4 2,4,4 262 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S530 AFM259yg5 0.7,4 201 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S531 AFM081xe9 0.84 11-4 126 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S532 AFM081yd11 0.58 239 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S533 AFM088xb3 0.61 159 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S534 AFM1,4,4xh-4 . 0.7-4 176 210 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S535 AFM265zc9 0.81 168 180 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
08 08S537 AFM269zh1 0.23 1-46 176 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 088538 AFM27-4ve5 0.53 169 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S539 AFM277yc1 ·· 0.58 190 200 • · ·WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S5"'0 AFM281yb9 0.57 112 118 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S5"'1 AFM286xf1 0.68 194 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S5"'2 AFM287we5 0.-49 229 249 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S543 AFM289ye5 0.65 116 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S5""" ·AFM294vd5 0.85. 132 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S5"'5 AFM294we9 0.67 183 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S546 AFM295xh5 0.67 162 178 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S5"'7 AFM295xh9 0.80 185 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S548 AFM301zc9 0.38 228 248 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S549 AFM303zc1 0.75 166 1n WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S550 AFM304ze9 0.77 249 277 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 088551 AFM308ze5 0.81 253 285 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
08 08S552 AFM320yf1 0.80 168 182 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S553 AFM326te5 0.67 221 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S55"' AFM337wg5 0.71 161 177 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S555 AFM337xe1 0.43 165 177 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S556 AFM343xa5 0.64 161 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S557 AFM347zg1 0.64 233 251 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S558 AFM351zh1 0.71 160 180 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
08 088559 AFM352td9 0.51 218 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S560 AFMa127ye5 0.79 131 156 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S561 AFMa132xe5 0.83 172 182 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S565 GATA8G03 0.67 252 252 GOB 
08 08S566 GATA8H08 0.87 152 152 GOB 
08 08S568 GATA2E01 0.83 255 259 GOB 
08 08S569 GATA3H11 0.76 179 179 GOB 
08 08S570 MF0311 0.63 0.60 153 167 GENOMICS 8:400- , 1990 
08 · 08S571 MF0333 0.10 0.10 136 158 GENOMICS 8:400- , 1990 
08 osssn MF0352 0.57 0.48 143 151 GENOMICS 8:400- , 1990 
08 08S580 wg1c4 0.90 187 272 ARMOUR, J. ET AL. (1994) HMG 3, 599-605. 
08 088586 GATA11E08 0.86 2,4,4 2,4,4 GOB 
08 08S587 GATA11G11 0.81 15"' 186 GOB 
08 088588 GATA12F02 0.75 177 197 GOB 
08 088589 GATA12H01 0.50 137 149 GOB 
08 088591 GATA4E09 0.84 150 162 GOB 
08 088592 GATA6B02 0.62 150 162 GOB 
08 088593 GATA6F11 0.94 194 194 GOB 
08 088594 GATA8A03 0.75 201 204 GOB 
08 088601 AFM276xe9 0.68 223 236 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
08 08S602 NA 0.80 289 315 GOB 
08 088639 KW413 0.73 331 331 NELSON, L. ET AL. (1994) HMG 3, 1209. 
08 088640 KW306 0.75 448 480 LU, J. ET AL. (1994) HMG 3, 839. 
08 08884 MFO 8 0.58 0.58 181 195 GENOMICS 15:225-227, 1993 
08 08885 MF018 0.79 0.69 73 83 GENOMICS 15:225-227, 1993 
08 08S87 MF039 0.71 0.65 145 157 GENOMICS 15:225-227, 1993 
08 08888 MF0-45 0.88 0.82 76 100 GENOMICS 15:225-227, 1993 
08 FGFR1 FGFR1CA4 0.69 159 173 YU, C. ET AL (1994) HMG 3, 212. 
08 LPL c114C11 0.83 0.81 118 142 TOMFOHROE,J. ET AL(1992) GENOMICS14,144-152. 
08 LPL-TET GZ14/15 0.71 0.66 119 135 ZULIANl,G.& HOBBS,H.(1990)NAR 18,4958. 
08 MYC PCR3 0.86 0.85 87 125 POLYMEROPOULOS,M. ET AL.(1992) HMG 1,65. 
08 NEFL NA 0.81 0.00 137 147 ROGAEV,E. ET AL.(1992) HMG 1,781. 
08 PENK MF031 0.60 0.43 75 83 NAR 14:144-152, 1992 
08 PLAT NA 0.77 0.75 105 149 OAIGER,SP.ET AL.(1991)NAR 19,6058. 
08 PLAT2 NA 0.69 108 138 W. THOMAS & D. ORAYNA (1992) HMG 1, 138. 
09 ABL1 NA 0.67 0.64 89 117 - l<WIATKOWSKl,O.J.(1991) NAR 19,967 
09 ABO NA 0.67 0.00 220 220 GOB 
09 ASS NA 0.64 0.00 121 147 YUILLE,MAR. ET AL.(1990)NAR 18,7472. 
09 098103 MFD77 0.58 0.46 89 97 GENOMICS 14:144-152, 1992 
09 09S104 MFD121 0.81 0.79 181 199 GENOMICS 14:144-152, 1992 
09 09S105 - MF0178 0.77 0.78 187 203 GENOMICS 14:144-152, 1992 
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09 09S106 MF0189 0.74 0.75 99 111 GENOMICS 14:144-152, 1992 
09 09S109 NA 0.70 219 229 FURLONG,R. ET AL.(1992) NAR 20,925. 
09 09S112 NA 0.85 115 135 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,932. 
09 095113 5B1 0.82 118 132 GOB 
09 D9S114 5B11 0.79 93 111 GOB 
09 09S115 NA 0.78 115 141 KWIA TKOWSKl,D.&GUSELLA.J.(1992) NAR20,930. 
09 09S116 NA 0.85 88 112 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,931. 
09 D9S117 NA 0.78 106 120 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,933. 
09 09S118 NA 0.83 69 93 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,932. 
09 095119 NA 0.52 130 138 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,934. 
09 D9S12 PCR2 0.92 126 129 YUILLE,M. ET AL.(1992) HMG 1,351. 
09 09S120 NA 0.76 141 155 KWIATKOWSKl,D.&GUSELLA.J.(1992) NAR20,933. 
09 D9S121 NA 0.79 126 142 KWIATKOWSKl,D.ET AL(1992) GENOMICS 12,229-240. 
09 D9S122 10011 0.78 146 160 GOB 
09 D9S123 NA 0.55 74 92 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,934. 
09 09S125 3AB12 0.85 113 155 GOB 
09 09S126 NA 0.68 238 248 GOB 
09 D9S127 NA 0.72 149 159 LYALL,J. ET AL(1992)NAR 20,925. 
09 D9S129 MIT-MS47 0.67 135 135 HUMAN GENET 87:401, 1991 
09 09S12II 2635 0.83 67 91 KWIATKOWSKl,T. ET AL(1991) GENOMICS10,921·26. 
09 09S130 MIT-E117 0.58 184 184 HUMAN GENET 87:401, 1991 
09 09S131 MIT-MS202 0.83 100 100 HUMAN GENET 87:401, 1991 
09 09S132 MIT-0115 0.75 156 156 HUMAN GENET 87:401, 1991 
09 D9S133 MIT-MS67 0.63 150 150 HUMAN GENET 87:401, 1991 
09 D9S135 MIT-MS93 0.63 99 99 HUMAN GENET 87:401, 1991 
09 D9S143 9CMP3 0.54 111 123 GOB. 
09 D9S144 NA 0.72 137 155 FURLONG,R. ET AL(1992) HMG 1,447. 
09 D9S146 NA 0.74 80 104 FUTREAL,PA,ET AL(1992) HMG 1,66. 
09 D9S147E NA 0.78 189 201 POLYMEROPOULOS,M. ET AL(1992) HMG 1,549. 
09 D9S148 C10 0.61 99 123 GOB 
09 D9S149 03 0.88 146 176 GOB 

. ,. 
•' 

09 09S15 NA 0.74 197 205 KWIATKOWSKl,D. ET AL.(1992)GENOMICS12,229-240. 
09 D9S150 81 0.72 87 99 GOB 
09 D9S151 NA 0.75 293 442 GOB 
09 D9S152 AFM015ya5 0.84 120 136 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S153 AFM025yb2 0.77 143 155 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S154 AFM028ye5 0.85 139 171 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S155 AFM042xh4 0.74 120 129 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S156 AFM051xd6 0.80 133 155 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S157 AFM067xd3 0.85 133 149 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S158 AFM073yb11 0.70 213 231 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S159 AFM077xa9 0.78 293 309 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S160 AFM079ze1 0.64 136 146 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S161 AFM087yd3 0.78 119 135 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S162 AFM115yb4 0.75 172 196 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 095163 AFM120xf6 0.71 271 279 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 095164 AFM122xf4 0.80 187 199 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S165 AFM136xc5 0.76 202 226 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S166 AFM144zg7 0.82 233 261 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S167 AFM157xb12 0.00 260 286 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S168 AFM158xf12 0.76 227 275 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S169 AFM164xg7 0.84 259 275 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S170 AFM164ya11 0.75 108 126 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S171 AFM186xc3 0.80 159 177 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S172 AFM199xf10 0.53 291 305 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S173 AFM200vd6 0.51 242 250 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S174 AFM207xa1 0.67 147 159 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
09 09S175 AFM224zh10 0.86 200 230 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S176 AFM225xf10 0.82 129 147 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S177 AFM234yc5 0.87 211 237 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
09 09S178 AFM242xh6 0.68 93 99 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 D9S179 AFM248wf1 0.77 231 251 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
09 09S180 AFM168xb6 0.64 220 230 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
09 09S195 AFM193yg5 0.75 204 240 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
09 09S196 AFM212yb4 0.65 · • 254 260 ·WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
09 09S197 AFM238va7 0.68 199 215 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
09 D9S199 NA 0.75 144 164 GRIMSBY,J. ET AL(1992)NAR 20,924. 
09 09S200 NA 0.83 107 127 GRAW,S.& KWIATKOWSKl,0.(1993) HMG2,614. 
09 09S205 MF0271 0.47 0.43 199 207 GENOMICS 8:400- , 1990 
09 09S256 AFM161xd6 0.67 166 178 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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09 095257 AFM183xh10 0.33 259 285 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S258 AFM185xe3 0.64 155 167 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
09 D9S259 AFM186xc7 0.54 130 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S260 AFM206za9 0.75 182 186 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
09 09S261 AFM210ze7 0.73 90 104 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S262 AFM211wc9 0.63 153 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S263 AFM212yg1 0.55 177 185 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
09 09S264 AFM218xh10 0.79 153 171 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S265 AFM220zd4 0.68 84 94 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S266 AFM225yh2 0.53 240 · 268 •· WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 095267 AFM248wc9 0.72 163 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S268 AFM259ya5 0.82 240 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 095269 AFM261zh9 0.61 171 183 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
09 D9S270 AFM123xd10 0.86 87 101 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
09 D9S271 AFM263zf1 0.72 199 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S272 AFM276ye1 0.79 195 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S273 AFM280th5 0.73 199 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S274 AFM282zh9 0.71 157 171 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S275 AFM286yc5 0.71 190 200 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S276 AFM287xd1 0.74 178 186 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S277 AFM291xc5 0.85 167 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S278 AFM295ye1 0.76 247 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S279 AFM297wb1 0.64 244 254 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S280 AFM304td9 0.66 140 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S281 AFM304th1 0.68 188 212 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 D9S282 AFM308vb1 0.68 231 242 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
09 095283 AFM318xc9 0.63 179 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 095284 AFM331yh5 0.78 136 150 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S285 AFM339xd9 0.69 107 129 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S286 AFM344yc9 0.86 139 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S287 AFM347zl5 0.74 168 180 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 09S288 AFMa123xg1 0.66 124 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 095289 AFMa131yc1 0.77 75 87 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 095290 AFMa131yg9 0.29 148 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
09 095299 GATA27 0.70 216 216 GOB 
09 095301 GATA7012 0.73 234 234 GOB 
09 09S301 GATA7012 0.75 NIA N/A GOB 
09 095302 GATA4D10 0.89 294 294 GOB 
09 D9S303 GATA3004 0.86 163 163 GOB 
09 D9S304 GATA5E06 0.85 164 164 GOB 
09 D9S306 MFD220 0.87 0.85 102 136 GENOMIC$ 8:400- ,1990 
09 D9S307 MFD308 0.65 0.63 166 178 GENOMIC$ 8:400- , 1990 
09 D9S318 GATA11A07 0.50 272 292 GOB 
09 D9S319 GATA12C06 0.88 166 179 GOB 
09 D9S322 GGAT2B03 0.38 207 207 GOB 
09 D9S324 GATA8E06 0.75 236 260 GOB 
09 D9S328E 220 0.84 175 203 GOB 
09 D9S43 MFD14 0.83 0.74 . 80 102 NAR 18:( ):6465, 1990 
09 09S50 MFD85 0.47 0.56 76 100 GENOMIC$ 12:607-609, 1992 
09 D9S51 MF094 0.84 0.78 135 159 GENOMIC$ 14:144-152, 1992 
09 D9S52 MF0110 0.59 0.55 213 229 GENOMIC$ 14:144-152, 1992 
09 D9S53 MF0135 0.87 0.82 116 150 GENOMIC$ 14:144-152, 1992 
09 09S54 MF0141 0.54 0.52 110 126 GENOMIC$ 14:144-152, 1992 
09 D9S55 NA 0.00 0.75 165 197 SHARMA,V. ET Al.(1992) NAR 19,1722. 
09 09S58 NA 0.83 105 137 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,930. 
09 D9S59 NA 0.86 94 116 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,930. 
09 D9S60 NA 0.80 136 154 KWIATKOWSKl,O.&GUSELLA,J.(1992) NAR20,930. 
09 D9S61 NA 0.80 112 150 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,930. 
09 D9S62 2BH10 0.85 156 188 GOB 
09 D9S63 NA 0.80 116 142 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,930. 
09 D9S64 NA 0.93 99 117 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,930. 
09 D9S65 NA 0.71 151 161 KWIATKOWSKl,T. ET AL(1991) GENOMICS10,921·26. 
09 D9S66 NA 0.87 109 135 KWIATKOWSKl,D.ET AL.(1992) GENOMIC$ 12,229-240. 
09 D9S67 NA 0.72 71 113 KWIATKOWSKl,D.&GUSELLA,J.(1992) NAR20,930. 
09 D9S741 MF0361 0.79 ·0.11 188 206 • WEBER, J. PERSONAL COMMUNICATION 
09 D9S749 9CMP9 0.86 246 280 GOB 
09 D9S903 ATA2G03 0.07 264 264 GOB 
09 D9S904 ATA3H11 0.40 196 202 GOB 
09 D9S905 GAAT1C06 0.36 289 301 GOB 
09 D9S906 GATA46C09 0.64 132 132 GOB 
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09 D9S907 GGAA16D02 0.87 270 270 GOB 
09 OBH NA 0.69 0.69 253 276 NAHMIAS,J. ET AL(1992) HMG 1,286. 
09 OBHII OH59AC 0.54 170 180 PORTER, C. (1992) NAR 20, 1429. 
09 GSN NA 0.70 0.76 111 147 KWIATKOWSKI D.J.&PERMAN,S.(1991)NAR 19,967. 
09 HXB NA 0.79 107 117 OZELIUS,L ET AL(1992) NAR 1,141. 
09 IFNA NA 0.72 138 150 KWIATKOWSKl,D.& OIAZ,M. (1992) HMG1,658. 
09 RPS6 SACA 0.91 119 135 GOB 
10 D105107 MF078 0.53 0.46 155 167 GENOMICS 13:532-536, 1992 
10 D105108 MFD100 0.64 0.55 117 147 GENOMICS 13:532·536, 1992 
10 D105109 MFD150 0.71 · 0.73 ·82 98 ·- GENOMICS 13:532-536, 1992 
10 D1051099 sSS0-2 0.78 194 228 CARLSON, K. ET AL (1994) HMG 3, 1207. 
10 D10S110 MFD157 0.58 0.55 184 194 GENOMICS 13:532-536, 1992 
10 D105111 MF0164 0.67 0.62 144 154 GENOMICS 12:604-606, 1992 
10 D1051207 ATA1F04 0.58 107 107 GOB 
10 D10S1208 ATASA04 0.67 179 200 GOB 
10 D10S1209 GAAT2G10 0.26 262 262 GOB 
10 D10S1210 GAAT4C01 0.35 . 266 266 GOB 
10 D10S1211 GATA47G05 0.73 140 140 GOB 
10 D1051212 GGAA3D10 0.56 175 175 GOB 
10 D10S1213 GGAA5D10 0.73 93 133 GOB 
10 D1051214 GGAA6E04 0.97 320 432 GOB 
10 D1051215 GGAA7H02 0.81 243 243 GOB 
10 D10S1216 GGAA8G02 0.69 211 231 GOB 
10 D10S1217 GGAA9B08 0.53 143 179 GOB 
10 D10S141 PCR1 0.85 118 139 GOB 
10 D105168 MFD175 0.44 0.57 159 175 GENOMICS 13:532-536, 1992 
10 D10S169 MFD187 0.73 0.68 99 117 GENOMICS 13:532-536, 1992 
10 D105172 MIT-MXS 0.64 152 152 HUMAN GENET 87:401, 1991 
10 D105173 MIT-MX6 0.81 155 155 HUMAN GENET 87:401, 1991 
10 D105174 MIT•MS88 0.75 150 150 HUMAN GENET 87:401, 1991 
10 D10S175 MIT-MSn 0.70 233 233 HUMAN GENET 87:401, 1991 
10 D105179 NA 0.82 0.80 117 141 COUCH,FJ.ET AL(1992) NAR 20,1431. 
10 D10S183 MFD200 0.83 0.80 124 158 GENOMICS 8:400- , 1990 
10 D105184 MFD214 0.63 0.60 174 186 GENOMICS 8:400- , 1990 
10 D105185 AFM019th6 o.n 143 159 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105186 AFM023xc3 0.81 147 163 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105187 AFM042xa9 0.84 92 114 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D1DS188 AFM063xc5 0.57 121 127 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D10S189 AFM063xf4 0.73 180 188 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D10S190 AFM065yh11 0.84 203 219 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
10 D105191 AFM066xa1 0.82 124 152 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D10S192 AFM094tc9 0.78 180 198 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105193 AFM095zh7 0.82 213 231 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105195 AFM098xg1 0.69 170 184 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105196 AFM11Sxt2 0.79 101 990 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 · D105197 AFM119xh12 0.75 161 173 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105198 AFM126yd6 0.70 185 203 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D10S199 AFM137xh4 0.86 171 183 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D10S200 AFM151xcl2 0.00 291 303 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D105201 AFM155zc3 0.83 281 305 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D105202 AFM161xc1 0.68 83 93 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D10S203 AFM162xf8 0.56 231 239 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D10S204 AFM164tg9 0.75 290 330 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D105205 AFM164yd8 0.90 224 244 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D105206 AFM168xe1 0.58 254 268 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105207 AFM175xh10 0.51 108 114 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105208 AFM183xg1 0.80 170 186 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105209 AFM185xe11 0.75 181 216 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105210 AFM186xe5 0.80 130 140 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D10S211 AFM198wf8 0.84 195 211 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105212 AFM198zb4 0.71 189 201 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105213 AFM199zb6 0.83 173 191 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D10S214 AFM200yh8 0.50 110 118 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D105215 AFM205wd12 0.81 152 208 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
10 D105216 AFM205zd8 0.62 202 223 -· wEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
10 D10S217 AFM212xd8 0.82 196 212 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D1DS218 AFM22Dxe5 0.67 239 248 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105219 AFM240wg7 0.78 89 103 WEISSENBACH,J ET AL.(1992) NATURE 359:794-S01 
10 D10S220 AFM24Dxa9 0.84 267 291 WEISSENBACH,J ET AL(1992) NATURE 359:794-S01 
10 D105221 AFM249vf1 0.81 95 115 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
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10 D10S222 AFM249wc5 0.72 264 276 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
10 D10S223 AFM254wd9 0.67 221 231 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
10 D10S224 AFM254xb1 0.67 125 131 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
10 D10S225 AFM256yf9 0.72 262 278 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
10 D10S226 AFM260zc5 0.54 156 168 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
10 D10S245 MFD248 0.76 0.72 123 141 GENOMICS 8:400- , 1990 
10 D10S246 MFD228 0.44 0.42 106 122 GENOMICS 8:400- , 1990 
10 D10S247E FB7F11 0.85 179 197 KHAN, A. ET AL (1992) NATURE GENETICS 2, 180-185. 
10 D10S249 AFM207wd12 0.75 118 134 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
10 D10S254 MFD249 0.73 · 0.75 • 98 114 GENOMICS 8:400- , 1990 
10 D10S4121 8472/3 0.95 117 141 GOB 
10 D10S41211 8986/7 0.86 109 129 GOB 
10 D10S463 SE3 0.65 90 102 GOB 
10 D10S464 MFD274 0.78 0.75 130 146 GENOMICS 8:400- , 1990 
10 D10S465 MFD277 0.61 0.54 110 118 GENOMICS 8:400- , 1990 
10 D10S466 MFD289 0.78 0.75 120 140 GENOMICS 8:400- , 1990 
10 D10S467 MFD296 0.56 0.51 147 155 GENOMICS 8:400- , 1990 
10 D10S468 MFD298 0.69 0.65 82 96 GENOMICS 8:400- , 1990 
10 D10S469 CRADO 0.87 128 146 GOB 
10 D10S505 UT517 0.00 247 247 GOB 
10 D10S507 UT539 0.00 148 148 GOB 
10 D10S521 UT5027 0.00 155 215 GOB 
10 D10S522 UT1270 0.00 341 341 GOB 
10 D10S525 UT1357 0.00 347 347 GOB 
10 D10S526 UT1699 . 0.00 270 270 GOB 
10 D10S527 UT1729 0.00 268 268 GOB 
10 D10S529 AFM162xa1 0.69 144 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S530 AFM177xe3 0.78 182 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S531 AFM185yc9 0.64 190 198 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S532 AFM192xa5 0.59 265 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S533 AFM038xe9 0.85 114 116 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S534 AFM198yh8 0.63 220 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S535 AFM200wf4 0.66 126 136 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S536 AFM022xe3 0.57 126 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S537 AFM203xc5 0.55 136 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S538 AFM203zf8 0.67 190 196 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S539 AFM205tg11 0.79 96 114 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S540 AFM205xe11 0.78 255 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S541 AFM205xe3 0.85 247 273 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S542 AFM052xg5 0.79 225 231 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S544 AFM210we3 0.53 274 290 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S545 AFM211we7 0.51 232 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S546 AFM063xb4 0.28 148 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S547 AFM214yc9 0.81 236 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S548 AFM220xd4 0.66 140 148 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S549 AFM234wh6 0.77 177 191 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S550 AFM238we5 0.73 246 260 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S551 AFM240vf10 0.79 119 127 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
10 D10S552 AFM240wg5 0.62 85 103 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S553 AFM240xd6 0.46 205 235 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S554 AFM240yc7 0.77 150 162 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S555 AFM242yc7 0.71 229 233 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S556 AFM242zg7 0.61 191 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S557 AFM079ya1 0.69 139 147 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S558 AFM248vb9 0.32 192 212 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S559 AFM248vg1 0.55 180 192 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S560 AFM248ze1 0.79 184 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S561 AFM254xd9 0.52 265 315 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S562 AFM259xg5 0.65 185 205 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S563 AFM084xf11 0.72 135 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S564 AFM029xh12 0.72 252 262 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S565 AFM137xb8 0.48 109 120 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S566 AFM154xh2 0.78 200 212 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S567 AFM263yd5 0.81 192 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S568 AFM265vd9 0.72 147 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S569 AFM265zg5 0.82 138 154 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S570 AFM268zh1 0.68 287 305 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S571 AFM269xg9 0.46 187 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S572 AFM269yb9 0.72 275 283 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S573 AFM269zd1 0.75 167 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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10 D10S574 AFM269zd9 0.86 124 135 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108575 AFM270xb1 0.77 251 269 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S576 AFM275yg9 0.88 172 174 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S577 AFM276xb5 0.83 199 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108578 AFM282ya9 0.59 160 184 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108579 AFM282yc1 0.86 260 276 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108580 AFM284vf5 0.75 91 105 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108561 AFM287yl9 0.55 129 155 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S562 AFM289zd1 0.84 114 138 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108583 AFM289zh5 0.74 201 · 219 .. WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108584 AFM294wh9 0.62 182 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S585 AFM294zd9 0.74 233 249 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S586 AFM295th1 0.59 124 132 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S567 AFM296zg9 0.78 172 186 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S588 AFM298zl5 0.75 136 142 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108589 AFM302wb5 0.42 173 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108590 AFM304wh1 0.74 241 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108591 AFM309yd9 0.72 212 232 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108593 AFM311yb1 0.84 126 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S594 AFM317zd9 0.77 100 108 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 010S595 AFM324xc1 0.81 185 207 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108596 AFM329xa9 0.82 262 274 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108597 AFM331xa9 0.64 206 222 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S599 AFM337ya5 0.78 209 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S600 AFM338ta5 0.85 175 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108601 AFM342xe9 0.73 216 232 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108602 AFM343vd9 0.63 233 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108603 AFM350wa5 0.56 232 256 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108604 AFM362tb1 0.62 177 187 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108605 AFMa120xc5 0.63 90 110 . WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 D10S606 AFMa131yc5 0.82 216 240 WEISSENBACH J: NATURE GENETIC, JUNE 1994 •.. 
10 0108607 AFMa133zg5 0.64 166 178 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
10 0108608 C10-GT02 0.80 166 190 GOB 
10 0108609 GATA2G08 0.68 240 242 GOB 
10 0108610 GATASA02 0.46 268 272 GOB 
10 0108611 GATA3G07 0.79 NIA NIA GOB 
10 0108611 GATA3G07 0.80 151 151 GOB 
10 0108674 GATA6E06 0.73 218 254 GOB 

. ... 
10 0108675 GATA6H05 0.62 102 122 GOB 
10 0108676 GATA7B01 0.77 175 199 GOB 
10 0108677 GGAA2F11 0.86 197 225 GOB 
10 0108681 JY4Q69.9 0.85 157 183 GOB 
10 D10S88 MFD 7 0.54 0.51 205 217 GENOMICS 13:532-536, 1992 
10 D10S89 MFD28 0.80 0.71 142 156 GENOMICS 13:532-536, 1992 
10 010S91 MFD29 0.67 0.60 115 125 GENOMICS 13:532-536, 1992 
10 D1S537 ATC3 0.62 156 156 GOB 
10 GLUOP2 PCR1 0.78 191 203 GOB 
10 GLUOP5 C10-GT01 0.71 286 340 GOULIELMOS,G. ET AL(1993) HMG 2,1328. 
10 RBP3 NA 0.79 355 387 PAPl,L. ET AL(1992) HMG 1,450. 
10 RBP3-2 sJRH•1 0.90 274 308 HOWE, J. AM. J. HUM. GENET. 51, 1430-1442. 
10 RET STCL 0.71 NIA NIA GOB 
10 TCFB NA 0.73 135 149 GOB 
10 ZNF22 NA 0.84 151 175 GOB 
11 CD30 MFD69 0.74 0.69 85 99 NAR 18(13):4036, 1990 
11 D11S1240 ms73 0.82 160 160 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1242 ms65 0.71 170 170 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1244 ms61 0.68 270 270 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1245 ms60 0.73 180 180 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1246 ms58 0.77 190 190 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1247 ms52 0.69 200 200 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1249 ms44 0.68 190 190 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1250 ms42 0.70 200 200 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1251 ms39 0.80 150 150 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1253 ms31 0.78 160 160 IIZUKA, M. ET AL. (1994) GENOMICS 19, 561-584. 
11 D11S1256 nrms1 0.91 200 ·200 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1257 nrms2 0.72 150 150 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1256 nrms4 0.70 220 220 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1259 nrms7 0.70 270 270 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1263 c4 0.81 200 200 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
11 D11S1264 rms7 0.68 500 500 IIZUKA, M. ET AL (1994) GENOMICS 19, 561-584. 
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11 D11S1294 UT928 0.83 VANGAITE, L ET AL. (1994) GENOMICS 22, 231-233. 
11 D11S1300 UT1004 0.75 VANGAITE, L ET AL. (1994) GENOMICS 22, 231•233. 
11 D11S1307 AFM166ze1 0.63 120 138 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1308 AFM189xc1 0.50 233 239 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1309 AFM200vg5 0.59 237 249 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1310 AFM200zf10 0.79 222 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1311 AFM203ve1 0.70 127 147 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1312 AFM045xr2 0.35 197 233 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1313 AFM211xe1 0.81 184 204 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1314 AFM212xe3 0.79 209 ··227 -WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1315 AFM212yf12 0.57 158 162 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1316 AFM214xg7 0.81 200 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1317 AFM214xh6 0.63 214 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1318 AFM218xe1 0.67 123 145 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1319 AFM234wd2 0.51 182 198 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1320 AFM234yf10 0.61 225 233 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1321 AFM238xe7 0.62 197 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1322 AFM248tg9 0.81 224 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1323 AFM248xf9 0.83 201 207 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1324 AFM079zd3 0.58 110 128 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1325 AFM254zc:15 0.50 80 84 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S1326 AFM255zg1 0.84 247 255 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1327 AFM256Vc1 0.51 248 254 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1328 AFM265wa9 0.83 151 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1329 AFM269za5 0.73 257 269 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1330 AFM270vb1 0.83 156 160 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1331 AFM277wg1 0.72 191 205 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1332 AFM281wl9 0.47 182 204 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1333 AFM282we5 0.84 254 274 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1334 AFM283wg1 0.79 134 150 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1335 AFM284xd9 0.65 172 183 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1336 AFM286ld5 0.80 232 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1337 AFM289ya9 0.72 279 295 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1338 AFM289yc:5 0.75 255 265 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1339 AFM291yh1 0.71 120 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1340 AFM295xg5 0.78 188 200 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1341 AFM295yd5 0.83 167 . 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1342 AFM296xg9 0.56 257 267 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1343 AFM296yd9 0.87 226 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1344 AFM298vc9 0.76 273 293 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1345 AFM302xb9 0.71 232 240 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1346 AFM319wa9 0.64 263 281 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1347 AFM320xh1 0.81 177 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1348 AFM323vc1 0.46 172 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1349 AFM323wf5 0.75 260 280 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1350 AFM323ye1 0.61 201 219 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1351 AFM324zh9 0.72 252 270 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1352 AFM329wb5 0.61 231 249 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1353 AFM331yc5 0.54 196 209 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1354 AFM338xe1 0.66 167 179 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1355 AFM344tb9 0.88 141 147 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1356 AFM344zc1 0.87 193 213 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1357 AFM344zg1 0.83 134 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1358 AFM345zd1 0.66 138 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1359 AFM347tc5 0.68 210 234 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1360 AFM362tb9 0.75 103 117 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1361 AFMa131xd5 0.75 206 220 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1362 AFMa132xh9 0.56 187 207 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1363 AFMa134wh5 0.86 242 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1364 AFMa139yg1 0.63 134 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1365 AFMa141xcl1 0.79 98 124 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S1366 GATA3B05 0.71 241 241 GOB 
11 011S1367 GATA7A03 1.00 220 244 GOB 
11 011S1368 GATA8A08 0.67 178 198 GOB 
11 011S1369 GATA5C04 0.86 179 179 GOB 
11 011S1377 MF0316 0.78 0.76 128 146 GENOMICS 8:400- , 1990 
11 011S1378 MF0322 0.68 0.65 149 160 GENOMICS 8:400- , 1990 
11 011S1383 26BH1 0.70 88 98 GOB 
11 011S1384 GATA11A02 0.76 288 300 GOB 
11 011S1385 GATA2A01 0.77 197 217 GOB 
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11 D11S1386 ATC3C12 0.00 166 166 GOB 
11 D11S1390 GATA4B05 0.64 145 165 GOB 
11 D11S1391 GATA4E01 0.86 158 178 GOB 
11 D11S1392 GATA6B09 0.80 200 220 GOB 
11 D11S1393 GATA6C04 0.64 198 210 GOB 
11 D11S1394 GATA6C11 0.81 222 238 GOB 
11 D11S1395 GATA6G03 0.70 220 232 GOB 
11 011S1396 GGAA2C10 0.73 136 176 GOB 
11 D11S1397 GGAT1C7 0.68 142 150 GOB 
11 D11S1974 ACT2E05 0.25 · 116 125 GOB· 
11 D11S1975 GAAT1B01 0.47 104 112 GOB 
11 011S1976 GAAT2C05 0.57 172 172 GOB 
11 D11S1977 GAAT2008 0.90 110 110 GOB 
11 D11S1978 GATA22005 0.77 250 298 GOB 
11 D11S1979 GATA45H10 0.85 246 246 GOB 
11 D11S1980 GATA47F03 0.79 197 197 GOB 
11 D11S1981 GATA48E02 0.83 160 160 GOB 
11 D11S1982 GATA49B02 0.60 133 133 GOB 
11 D11S1983 GATA5G01 0.90 208 255 GOB 
11 D11S1984 GGAA17G05 0.77 166 206 GOB 
11 D11S1985 GGAA5C04 0.73 234 286 GOB 
11 D11S1986 GGAA7G08 0.79 176 252 GOB 
11 D11S1987 GTAT1D06 0.57 185 209 GOB 
11 D11S29 NA 0.83 0.77 143 163 GOB 
11 D11S35 NA 0.88 0.79 152 162 LITT,M. ET AL (1990) NAR 18,5921. 
11 D11S387 1H2 0.85 168 196 GOB 
11 011S419 MF058 0.49 0.43 112 118 NAR 18(13):4039, 1990 
11 D11S420 NA 0.66 188 208 LUO,X. Y. ET AL(1990) NAR 18,5920. 
11 D11S436 NA 0.68 176 188 GUO.Z. ET AL(1991) NAR 19,6981. 
11 D11S439 NA 0.80 160 188 HAUGE)(. ET AL(1992) HMG 1,548. 
11 D11S480 MF 0.60 189 201 GOB 
11 0115488 NA 0.87 243 295 BROWNE,O. ET AL(1993) HMG 2,89. 
11 D11S490 NA 0.72 147 167 LUO,X. Y. ET AL(1990) NAR 18,7470. 
11 D11S527 NA 0.88 142 166 BROWNE,O. ET AL(1991) NAR 19,4790. 
11 D11S528 NA 0.60 73 91 HAUGE.X. Y. ET AL(1991) NAR 19, 1964. 
11 D11S534 NA 0.74 228 244 HAUGE.X. ET AL(1991) NAR 19,4308. 
11 D11S554 38811 0.84 174 254 GOB 
11 D11S569 434 0.84 139 158 GOB 
11 D11S614 8011 0.85 160 178 GOB 
11 D11S787 NA 0.79 164 182 OVERBECK,L, ET AL(1993)HMG 2,611. 
11 D11S809 C43 0.91 200 232 GOB 
11 D11S836 MFD108 0.70 0.62 66 80 J. WEBER, PERS. COMM. 
11 D11S860 BS48 0.80 154 196 MCNODE,L ET AL(1992) NAR 20,1161. 
11 D11S861 MIT-A136 0.70 154 154 HUMAN GENET 87:401, 1991 
11 D11S862 MIT-MS7 0.83 152 152 HUMAN GENET 87:401, 1991 
11 D11S863 MIT-MS20 0.65 133 133 HUMAN GENET 87:401, 1991 
11 D11S865 MIT•E137 0.81 170 170 HUMAN GENET 87:401, 1991 
11 D11S870 MFD90 0.60 154 160 GENOMICS 8:400- , 1990 
11 D11S871 MFD132 0.77 0.65 188 194 GENOMICS 8:400- • 1990 
11 D11S872 MFD105 0.50 158 166 GENOMICS 8:400- , 1990 
11 011S873 MFD127 0.90 176 204 JONES,M. ET AL(1992) HMG 1,131-33. 
11 011S874 MFD161 0.75 158 170 JONES,M. ET AL(1992) HMG 1,131-33. 
11 D11S875 MFD166 0.90 103 125 GENOMICS 8:400- , 1990 
11 D11S876 MFD212 0.89 0.88 216 242 JONES,M. ET AL(1992) HMG 1,131-33. 
11 D11S896 MFD216 0.74 0.70 169 183 GENOMICS 8:400- , 1990 
11 D11S897 MFD231 0.84 0.83 98 120 GENOMICS 8:400- , 1990 
11 D11S898 AFM022te1 0.38 140 156 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 D11S899 AFM022th2 0.69 87 111 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S900 AFM059yc5 0.79 91 109 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S901 AFM063yg1 0.83 160 176 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S902 AFM072yd3 0.81 145 163 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S903 AFM077xe1 0.75 99 109 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S904 AFM081za5 0.83 185 201 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S905 AFM105xb10 0.75 208 228 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S906 AFM107xc7 0.75 291 303 .. WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S907 AFM109ya1 0.74 163 173 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 011S908 AFM120xe9 0.77 141 151 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S909 AFM154xb6 0.62 113 125 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S910 AFM154yh2 0.73 249 261 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S911 AFM155xh10 0.86 159 203 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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11 D11S912 AFM157xh6 0.82 101 123 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S913 AFM164zf12 0.00 221 227 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S914 AFM165yf10 0.73 275 285 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S915 AFM178xf12 0.82 254 274 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S916 AFM185ya1 0.74 135 153 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S917 AFM198yb4 0.81 143 157 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 011S918 AFM203vg1 0.63 181 199 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S919 AFM203vg7 0.81 245 261 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S920 AFM207ze3 0.64 243 253 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S921 AFM212xa11 ·· · · 0.71 243 255 · WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S922 AFM217yb10 0.94 88 138 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S923 AFM218ya7 0.72 201 225 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S924 AFM220xh6 0.73 245 253 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S925 AFM220yb6 0.85 173 199 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S926 AFM224zc7 0.74 135 145 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S927 AFM225yb4 0.85 129 149 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S928 AFM234wh12 0.71 277 289 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S929 AFM234xc3 0.88 218 240 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
11 D11S930 AFM238xe5 0.68 225 237 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S931 AFM238xh10 0.74 251 267 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S932 AFM240vh2 0.64 150 164 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S933 AFM240ye1 0.80 247 263 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S934 AFM248wf5 0.85 180 206 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S935 AFM254zb9 0.75 196 208 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S936 AFM256za5 0.42 250 256 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S937 AFM256zb5 0.88 230 264 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S938 AFM259yc:1 0.50 207 219 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S939 AFM267yh5 0.69 240 248 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 D11S940 AFM268vd5 0.74 163 185 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S956 SMSH3 0.88 247 303 GOB 
11 011S969 AFM205vf10 0.76 141 - 149 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
11 011S975 MF0251 0.75 0.72 216 242 GENOMICS 8:400- , 1990 
11 011S976 MF0254 0.83 0.81 117 139 GENOMICS 8:400- , 1990 
11 D11S982E NA 0.77 112 128 XAIO, H. ET AL. (1993) HMG 2, 1081. 
11 D11S986 AFM255ye1 0.68 137 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S987 AFMa131ye5 0.83 82 118 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
11 011S988 MFD257 0.83 0.81 112 138 GENOMICS 8:400- , 1990 
11 011S989 MF0282 0.00 144 156 GENOMICS 8:400- , 1990 
11 011S990 MF0290 0.79 0.76 73 89 GENOMICS 8:400- , 1990 
11 D11S991 MFD309 0.61 0.58 192 206 GENOMICS 8:400- , 1990 
11 011S992 MFD263 0.60 0.57 159 175 GENOMICS 8:400- , 1990 
11 D11S995 591/1 0.79 123 139 BROWNE,D. ET AL.(1993) HMG 2,1332. 
11 DR02 NA 0.00 0.76 80 86 HAUGE)(. Y. ET AL(1991) GENOMICS 27,527-30. 
11 FCERIB NA 0.69 112 128 GOB 
11 FGR3 PCR1. 0.82 161 177 POLYMEROPOULOS (1990) NAR 18, 7468. 
11 GSTP1 PCR1 0.79 190 235 HARADA. S. (1994) HUM. GENET. 93, 223-224. 
11 HBB NA 0.72 141 149 HAUGE)(.Y. ET AL(1991) NAR 19,1964. 
11 HBE1 NA 0.75 136 144 ROGAEV,E. ET AL.(1992) HMG 1,285. 
11 HRAS1 NA 0.52 106 118 TANCl,P. ET AL.(1992)NAR 20,1157. 
11 INT-2 NA 0.85 161 177 POL YMEROPOULOS,M. ET AL(1990} NAR 18,7468. 
11 NCAM 16-F 0.89 94 138 TELATAR, M. ET AL (1994) HMG 3, 842. 
11 PYGM(AT) NA 0.71 0.71 367 615 IN PREPARATION 
11 PYGM(CA) NA 0.89 0.89 162 188 IWASAKl,H. ET AL.(1992) GENOMICS13,7-15. 
11 TH NA 0.78 0.75 244 260 POLYMEROPOULOS,M. ET AL.(1991) NAR 19,3753. 
11 TH01 NA 0.79 183 207 FEENER,ET AL.(1991) AM.J.HUM.GENET. 48,621-627. 
11 TYR PCR6 0.58 0.52 286 298 GOB 
12 CACNL1A1 NA 0.75 0.73 210 214 POWERS,P. ET AL(1992) GENOMICS 14,206-207. 
12 CD4 PCR1 0.79 85 115 GOB 
12 012S100 AFM220zc:7 0.73 137 153 WEISSENBACH,J ET AL.(1992) NATURE 359:79+8()1 
12 D12S101 AFM234tg11 0.81 194 231 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 012S102 AFM238yb10 0.78 241 259 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S1022 GAAT1D02 0.40 169 193 GOB 
12 D12S1023 GATA27G11 0.67 153 169 GOB 
12 D12S1024 GATA30D01 0.54 147 147 GOB 
12 D12S1025 GATA31006 0.83 186 "186 GOB 
12 D12S1026 GATA31011 0.79 217 217 GOB 
12 D12S1027 GATA31F05 0.79 244 244 GOB 
12 D12S1028 GATA32A08 1.00 140 140 GOB 
12 D12S1029 GATA47G02 0.60 134 134 GOB 
12 012S103 AFM249vf9 0.37 267 273 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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12 D12S1030 GATA6H09 0.57 243 271 GOB 
12 D12S104 AFM259zc9 0.52 180 184 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
12 D12S105 AFM262xb9 0.72 137 155 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
12 D12S106 AFM262zd9 0.43 229 239 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
12 D12S1074 GGAA2G02 0.32 164 164 GOB 
12 D12S1075 GGAT1A12 0.45 189 205 GOB 
12 D12S129 NA 1.00 194 202 GOB 
12 D12S137 NA 0.76 416 424 GOB 
12 D12S161 NA 0.90 169 197 GOB 
12 D12S172 NA • 0.85 298 316 GOB 
12 D12S183 NA 0.80 164 176 GOB 
12 D12S188 NA 0.70 239 245 GOB 
12 D12S191 NA 0.80 303 311 GOB 
12 D12S218 NA 0.80 176 184 GOB 
12 D12S221 NA 0.82 270 290 GOB 
12 D12S234 NA 0.85 311 329 GOB 
12 D12S262 NA 0.76 223 235 GOB 
12 012S269 MFD259 0.80 0.78 107 131 GENOMICS 8:400- , 1990 
12 D12S270 MFD305 0.71 0.68 143 169 GENOMICS 8:400- , 1990 
12 D12S271 GT22 0.65 96 102 THISELTON,D. ET AL(1993)HMG 2,613. 
12 D12S305 AFM184yf2 0.58 119 131 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S306 AFM198wc3 0.87 200 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S308 AFM198yf6 0.78 222 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S309 AFM199wb10 0.75 136 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S310 AFM205xg3 0.61 243 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S311 AFM206yc1 0.72 199 207 · WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S312 AFM207va9 0.64 238 248 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S313 AFM207xr2 0.80 137 153 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S314 AFM207xf8 0.78 246 260 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S316 AFM210yc9 0.84 252 264 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S318 AFM214xc9 0.82 247 263 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S319 AFM217xd10 0.82 210 222 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S320 AFM073wh7 0.72 196 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S321 AFM220zf4 0.57 155 177 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S322 AFM224xf12 0.39 170 182 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S323 AFM224yf10 0.70 180 186 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S324 AFM234tb10 0.84 207 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S325 AFM234tf12 0.37 209 229 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S326 AFM238wa1 0.47 237 261 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12, D12S327 AFM248tg1 0.73 182 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S328 AFM248xc5 0.46 205 209 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S329 AFM249xh9 0.72 151 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S330 AFM086xd7 0.69 156 198 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S331 AFM092wd11 0.68 175 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 012S332 AFM263zd1 0.65 317 341 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 012S333 AFM265zb1 0.62 240 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S334 AFM269ya1 0.66 208 218 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S335 AFM273vg9 0.64 249 265 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 0125336 AFM273zc9 0.45 195 209 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S337 AFM283wl9 0.80 133 139 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S338 AFM291wd9 0.89 259 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S339 AFM294wc5 0.69 257 277 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S340 AFM294xg1 0.80 237 241 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S341 AFM294yd9 0.52 114 130 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S342 AFM294za9 0.83 217 237 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S343 AFM295ye9 0.73 111 123 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S344 AFM296xd9 0.73 132 138 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S345 AFM296yg5 0.42 210 238 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S346 AFM298xa5 0.62 154 174 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S347 AFM298zb1 0.51 96 114 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S348 AFM299zc5 0.77 286 296 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S349 AFM299zd5 0.76 165 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S350 AFM302wb9 0.76 179 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S351 AFM302wd9 0.67 151 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S352 AFM303xd9 0.67 148 164 · WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S353 AFM304wg5 0.65 89 105 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S354 AFM304wh5 0.50 187 205 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S355 AFM309xh1 0.65 172 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S356 AFM309zl9 0.77 205 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S357 AFM310vd5 0.67 193 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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12 D125358 AFM320xb5 0.79 238 270 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S359 AFM329zh9 0.82 210 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S360 AFM330yd5 0.79 187 223 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S361 AFM331lh9 0.80 244 258 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S362 AFM336yl9 0.33 155 163 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S363 AFM337zg5 0.84 205 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S364 AFM345we1 0.57 269 299 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S365 AFM345ze5 0.72 161 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S366 AFM351tb9 0.61 185 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S367 AFMa123xe1 · ·0.65 135 149 · ·· ··· WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S368 AFMa128yd5 0.67 200 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S369 AFMa142zc5 0.65 201 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
12 D12S371 Al4 0.84 153 171 GOB 
12 D12S372 GATA4H03 0.69 174 190 GOB 
12 D12S373 GATA6C01 0.82 209 217 GOB 
12 D12S374 GATA7F09 0.91 274 294. GOB 
12 D12S375 GATA3F02 0.91 175 176 GOB 
12 D12S376 GATA5F06 0.75 147 147 GOB 
12 D12S377 GATA4A06 0.93 224 224 GOB 
12 D12S378 GATA5H03 0.68 160 160 GOB 
12 D12S379 GATA4B09 0.70 196 212 GOB 
12 D12S385 MF0331 0.82 0.79 125 151 GENOMICS 8:400- , 1990 
12 D12S386 MF0353 0.73 0.68 209 249 GENOMICS 8:400- , 1990 
12 D12S388 M75886-1 0.70 89 131 GOB 
12 D12S389 M75886-21 0.80 139 159 GOB 
12 D12S390 GATA11B02 0.82 141 153 GOB 
12 D12S391 GATA11H08 0.88 225 233 GOB 
12 D12S392 GATA13D05 0.75 136 153 GOB 
12 D12S393 GATA15A03 0.69 243 247 GOB 
12 D12S395 GATA4H01 0.59 223 243 GOB 
12 D12S396 GATA6G11 0.00 200 212 GOB 
12 D12S397 GATABA09 0.93 194 206 GOB 
12 D12S398 GGAT2G06 0.62 120 144 GOB 
12 D12S43 MF084 0.72 0.71 99 113 NAR 18(15):4637, 1990 
12 D12S58 MF073 0.61 0.70 75 91 JANSEN,G. ET AL(1993) 2,333. 
12 D12S59 MF075 0.81 0.71 164 182 WEBER, J. PERSONAL COMMUNICATION 
12 D12S60 MFD109 0.77 0.75 67 85 WEBER, J. PERSONAL COMMUNICATION 
12 D12S61 MFD114 0.76 0.69 99 117 JANSEN,G. ET Al.(1993) 2,333. 
12 D12S62 MFD129 0.92 0.82 189 209 JANSEN,G. ET Al.(1993) 2,333. 
12 D12S63 MFD133 0.72 0.66 161 175 JANSEN,G. ET AL.(1993) 2,333. 
12 D12S64 MFD155 0.64 0.60 107 121 JANSEN,G. ET Al.(1993) 2,333. 
12 D12S68 MIT-G117 0.50 201 202 HUMAN GENET 87:401, 1991 
12 D12S69 MIT•MS6 0.56 214 214 HUMAN GENET 87:401, 1991 
12 D12S70 MIT•MS54 0.72 177 177 HUMAN GENET 87:401, 1991 
12 D12S71 MIT·MS159 0.78 179 179 HUMAN GENET 87:401, 1991 
12 D12S72 MIT-MS263 0.83 159 159 HUMAN GENET 87:401, 1991 
12 D12S75 MFD244 0.63 0.59 129 143 GENOMICS 8:400- , 1990 
12 D12S755E CTG-B37 0.85 141 141 GOB 
12 D12S76 AFM010th7 0.72 112 124 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S77 AFM026tb5 0.88 163 193 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S78 AFM026tt3 0.92 171 207 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
12 D12S79 AFM067yc5 0.00 155 179 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S80 AFM102xd6 0.79 207 223 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S81 AFM102xg9 0.82 146 166 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
12 D12S82 AFM107xc11 0.91 124 145 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S83 AFM112yf4 0.82 85 99 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
12 D12S84 AFM116xb8 - 0.00 199 219 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S85 AFM122xf6 0.69 105 125 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S86 AFM123xh2 0.90 124 160 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S87 AFM135xe3 0.80 142 168 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S88 AFM158yb4 0.85 217 255 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S89 AFM164ta5 0.79 254 288 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S90 AFM172xd8 0.75 166 182 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S91 AFM182xf10 0.70 176 181 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S92 AFM203va7 -0.77 188 204 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
12 D12S93 AFM205ve5 0.81 271 291 WEISSENBACH,J ET Al.(1992) NATURE 359:794-801 
12 D12S94 AFM206ze5 0.79 183 211 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S95 AFM207ve1 0.77 146 160 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S96 AFM207yh10 0.62 201 227 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 D12S97 AFM210zd6 0.00 265 279 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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12 012S98 AFM211wb6 0.61 228 238 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
12 012S99 AFM217xa7 0.84 208 232 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
12 F8WJF MFD92 0.75 0.71 115 129 J. WEBER, ET AL, GENOMICS, IN PRESS 
12 IFNG NA 0.67 122 134 LINARES-RUIZ,A.(1993) HMG 2, 1508. 
12 IGF1 MFD 1 0.54 0.53 176 196 AM J HUMAN GENET, 44:388-396, 1989 
12 NT3 NA 0.67 139 151 GOB 
12 PAH PCR9 0.80 229 257 GDB 
12 PLA2 NA 0.73 122 143 POLYMEROPOULOS,M. ET AL(1991) NAR 19,1718. 
12 WJF-DNR NA 0.77 176 190 GDB 
12 WJF-TNR NA 0.73 0.78 138 162 · KIMPTON,C. ET AL:(1992) HMG 1,287. 
12 Y21 pY21/1 0.83 193 217 BROWNE, D. & LITT, M. (1994) HMG 3, 842 
13 0138115 MIT-MS34 0.82 169 169 HUMAN GENET 87:401, 1991 
13 D138118 Utsw1312 0.73 0.67 187 201 BOWCOCK.A. ET AL(1993) GENOMICS 15,376-386. 
13 D138119 Utsw1310 0.72 0.74 124 140 BOWCOCK.A. ET AL(1993) GENOMICS 15,376-386. 
13 D138120 Utsw 1353 0.81 0.76 112 136 BOWCOCK.A. ET AL.(1993) GENOMICS 15,376-386. 
13 D138121 Utsw1305 0.73 0.74 160 178 BOWCOCK.A. ET AL.(1993) GENOMICS 15,376-386. 
13 0138122 Utsw1334 0.87 0.80 85 111 BOWCOCK.A. ET AL(1993) GENOMICS 15,376-386. 
13 D138124 MFD179 0.50 184 192 GENOMIC$ 8:400- , 1990 
13 0138125 Utsw1334 0.72 0.67 129 155 BOWCOCK.A. ET AL(1993) GENOMICS 15,376-386. 
13 0138126 Utsw1303 0.63 100 112 BOWCOCK.A. ET AL.(1993) GENOMICS 15,376-386. 
13 0138127 1341 0.61 130 142 GOB 
13 0138128 NA 0.90 144 178 GENOMICS 8:400- , 1990 
13 0138129 NA 0.88 414 434 GENOMICS 8:400- , 1990 
13 D138130 NA 0.85 165 189 PHILLIPS,H. ET AL(1991)NAR 19,6664. 
13 D138131 NA 0.71 156 180 PETRUKHIN,K. ET AL (1993) GENOMICS15,76-85. 
13 D138132 NA 0.84 141 163 GENOMICS 8:400- , 1990 
13 D138133 ca006 0.83 130 187 PHILLIPS,H. ET AL(1991)NAR 19,6664. 
13 0138134 NA. 0.82 168 188 GENOMIC$ 8:400- , 1990 
13 0138135 NA 0.82 168 184 GENOMIC$ 8:400- , 1990 
13 0138136 NA 0.80 124 152 GENOMIC$ 8:400- , 1990 
13 0138137 ca010 0.72 113 135 PHILLIPS,H. ET AL(1991)NAR 19,6664. 
13 0138138 ca011 0.69 102 110 PHILLIPS,H. ET AL(1991)NAR 19,6664. 
13 0138139 ca012 0.68 127 143 PHILLIPS,H. ET AL(1991)NAR 19,6664. 
13 0138140 NA 0.59 120 138 GENOMIC$ 8:400- , 1990 
13 0138141 CU13 0.60 115 131 GDB 
13 0138142 NA 0.52 163 171 PHILLIPS,H. ET AL(1991)NAR 19,6664. 
13 0138144 Utsw1348 0.72 0.76 183 199 BOWCOCK.A. ET AL(1993) GENOMICS 15,376-386. 
13 0138147 NA 0.90 93 107 GENOMICS 8:400- , 1990 
13 0138148 NA 0.82 123 139 GENOMIC$ 8:400- , 1990 
13 0138152 AFM037xa1 0.78 133 143 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138153 AFM058xd6 0.82 212 236 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
13 0138154 AFM065xe9 0.00 243 277 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
13 0138155 AFM070xb7 0.83 204 218 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
13 0138156 AFM093ye1 0.81 272 286 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
13 0138157 AFM095wh3 0.73 250 264 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
13 0138158 AFM135xb8 0.82 99 113 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138159 AFM155yb6 0.91 169 203 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138160 AFM157xa11 0.81 229 241 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138161 AFM184xf12 0.58 88 100 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138162 AFM190xa1 0.86 182 202 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
13 0138163 AFM190ya3 0.70 198 204 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138164 AFM198yd4 0.73 208 219 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138165 AFM203xa1 0.75 183 195 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 D13S166 AFM205wg3 0.76 115 125 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138167 AFM207wb8 0.59 184 192 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138168 AFM210wa5 0.77 173 197 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138169 AFM210xc11 0.48 183 189 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138170 AFM240wh2 0.90 113 137 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 D138171 AFM255ze9 0.73 227 241 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138172 AFM259zg1 0.63 131 141 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138173 AFM261yg5 0.83 166 178 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138174 AFM248tf1 0.00 175 199 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138175 AFM249xb1 0.77 101 113 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138176 AFM263yd1 0.80 211 227 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138192 HKCA3 0.90 88 124 HONG,H. ET AL(1993) HMG 2,86. 
13 0138193 HKCAS 0.75 129 149 HUDSON,T. ET AL(1992) GENOMICS 13,622·29. 
13 0138197 HKCA1 0.86 97 142 HONG,H. ET AL.(1993) HMG 2,337. 
13 0138217 AFM205xh12 0.68 160 174 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138218 AFM210zb2 0.68 187 195 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0138219 AFM225xe5 0.64 117 127 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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13 0135220 AFM234yb8 0.67 191 203 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0135221 AFM248wc1 0.83 223 243 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
13 0135225 MF0250 0.80 0.77 150 168 GENOMICS 8:400- , 1990 
13 0135231 NA 0.75 208 224 SAKSOVA, L ET AL (1993) HMG 2, 1082. 
13 0135232 MFD299 0.76 0.73 108 126 GENOMIC$ 8:400- , 1990 
13 0135233 MF0262 0.75 0.72 89 109 GENOMICS 8:400- , 1990 
13 0135251 UT329 0.75 212 212 GOB 
13 0135259 AFM164zf4 0.75 139 155 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135260 AFM177lCf4 0.41 158 173 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135261 AFM200yh8 0.64 166 172 , WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135262 AFM205vh2 0.84 285 303 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135263 AFM210yg11 0.77 145 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135264 AFM218xd12 0.78 103 117 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135265 AFM218yf10 0.65 104 132 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135266 AFM224za11 0.64 125 135 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135267 AFM234ve3 0.75 148 162 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135268 AFM238vc3 0.72 296 312 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135269 AFM240xg5 0.34 116 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135270 AFM084xc5 0.20 79 99 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135271 AFM115xa11 0.80 120 142 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135272 AFM120xa3 0.86 131 143 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135273 AFM126za5 0.49 235 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135274 AFM126zg5 0.55 208 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135275 AFM263zb5 0.65 236 242 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135276 AFM269yb1 0.75 203 219 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135277 AFM282wa5 0.63 171 173 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135278 AFM283wf5 0.43 195 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135279 AFM284za9 0.57 241 257 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135280 AFM286zh5 0.60 226 256 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135281 AFM288yc:1 0.62 170 176 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135282 AFM289za9 0.76 235 241 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135283 AFM296vb9 0.68 128 155 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135284 AFM303zg5 0.81 197 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135285 AFM309va9 0.81 92 106 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135286 AFM310yd5 0.62 175 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135287 AFM317wa9 0.76 139 153 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135288 AFM318xa9 0.80 224 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135289 AFM321xb1 0.81 260 276 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135290 AFM323vh1 0.76 176 194 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135291 AFM330ya5 0.60 241 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135292 AFM351xd9 0.85 201 207 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135293 AFMa127xh5 0.76 92 96 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 0135308 EST00444 0.71 147 147 GOB 
13 0135309 AD2C 0.81 0.79 165 185 GDB 
13 013S310 AD13J 0.70 0.65 142 162 GDB 
13 0135312 AD11C 0.84 0.82 148 170 GDB 
13 0135313 AD23J 0.79 0.75 126 138 GDB 
13 0135317 GATA7G10 0.87 175 199 GDB 
13 0135318 GATA5H09 0.83 283 283 GDB 
13 0135321 GATA10D05 0.79 186 200 GDB 
13 0135328 AFM098xd3 0.57 265 283 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
13 013564 NA 0.70 174 190 PHILLIPS,H. ET AL(1991)NAR 19,6664. 
13 013571 MF044 0.76 0.67 67 79 NAR 18(15):4638, 1990 
13 0135762 GATA30G10 1.00 315 315 GDB 
13 D135763 GATA44G10 0.50 221 221 GDB 
13 D135764 GATA46C12 1.00 323 323 GDB 
13 0135765 GATA47C08 0.75 192 192 GOB 
13 0135766 GATA48F08 0.45 128 128 GDB 
13 0135767 GATASOD02 0.83 158 170 GDB 
13 0135768 GGAT2A09 0.57 144 156 GDB 
13 ERCCS NA 0.84 245 277 GDB 
14 AACT NA 0.72 999 999 BYTH,B & COX,D (1993) HMG 2, 1085. 
14 AACT NA 0.72 141 173 GOB 
14 0145118 UT562 0.00 248 274 GOB 
14 0145241 ms54 0.69 183 203 , IIZUKA, M. ET AL. (1993) HMG 2, 1979. 
14 0145244 ms46 0.75 215 237 IIZUKA, M. ET AL. (1993) HMG 2, 1979. 
14 0145245 ms68 0.81 164 176 IIZUKA, M. ET AL. (1993) HMG 2, 1979. 
14 0145250 AFM203ve5 0.56 157 179 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 0145251 AFM203zb2 0.81 298 318 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D145252 AFM207xb12 0.66 247 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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14 D14S253 AFM212ze3 0.67 141 151 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S254 AFM214xf8 0.51 123 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S255 AFM220zh4 0.61 197 207 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S256 AFM224xb4 0.27 134 156 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S257 AFM224yb8 0.68 174 194 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S258 AFM224zf12 0.21 · 170 182 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S259 AFM225yb10 0.56 252 270 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S260 AFM238wa7 0.59 188 202 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S261 AFM238yd6 0.65 169 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S262 AFM240ve5 0.83 196 206 · - -WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S263 AFM254xa9 0.66 148 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S264 AFM084ya1 0.73 216 234 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S265 AFM136yb4 0.26 148 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S266 AFM150xa7 0.81 132 138 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S267 AFM263wh9 0.69 193 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S268 AFM265vb9 0.73 91 128 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S269 AFM267zd5 0.57 213 229 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S270 AFM270zh1 0.49 214 224 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S271 AFM277xe9 0.69 226 246 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S272 AFM281wg1 0.76 224 232 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S273 AFM283va9 0.59 179 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S274 AFM288vg1 0.63 114 134 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S275 AFM291za9 0.67 195 205 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S276 AFM292we1 0.70 86 98 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S277. AFM295zd5 0.76 140 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S278 AFM296zd5 0.51 150 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S279 AFM301wh9 0.62 196 212 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S280 AFM304ya5 0.75 229 241 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S281 AFM309xh5 0.75 173 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S282 AFM311wd1 0.64 164 174 WEISSENBACH J: NATURE GENETIC, JUNE 1994 .. 
14 D14S283 AFM312xh1 0.82 125 153 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S284 AFM318th1 0.79 156 180 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S285 AFM319vf5 0.31 171 191 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S286 AFM324tb1 0.81 157 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S287 AFM324va9 0.79 240 254 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S288 AFM328yc5 0.82 189 209 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S289 AFM330za9 0.78 192 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S290 AFM343ze5 0.81 233 253 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S291 AFMa120xc1 0.68 210 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S292 AFMa120xg5 0.40 110 118 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S293 AFMa143xb5 0.64 153 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
14 D14S297 GATASH04 0.68 99 99 GDB 
14 D14S298 GATA2B03 0.62 201 201 GDB 
14 D14S299 wg1c5 0.86 294 318 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
14 D14S301 GATA10H04 0.75 265 277 GDB 
14 D14S302 GATA13806 0.62 178 182 GDB 
14 D14S304 GGAT2D06 249 249 GDB 
14 D14S306 GATA4B04 0.85 190 210 GDB 
14 D14S34 MFD42 0.59 0.59 107 117 NAR 18(15):4640, 1990 
14 D14S42 NA 0.65 115 133 JORDAN,SAET AL(1991)NAR 19,1171. 
14 D14S43 NA 0.72 152 190 SHARMA,V. ET AL(1992) NAR 19,1722. 
14 D14S45 NA 0.79 0.74 79 95 LUTY,J.& LITT,M. (1991) NAR 19,4308. 
14 D14S47 MFD86 0.70 0.58 75 89 GENOMICS 13:532-536, 1992 
14 D14S48 MFD101 0.82 0.73° 259 277 GENOMICS 14:209-219, 1992 
14 D14S49 MFD119 0.81 0.84 168 179 GENOMICS 14:209-219, 1992 
14 D14S50 MFD130 0.77 0.73 166 180 GENOMICS 14:209-219, 1992 
14 D14S51 MFD165 0.77 0.80 131 149 GENOMICS 14:209-219, 1992 
14 D14S52 MFD167 0.68 0.58 79 99 GENOMICS 14:209-219, 1992 
14 D14S53 MFD190 0.71 0.68 135 161 GENOMICS 14:209-219, 1992 
14 D14S54 MFD192 0.77 0.72 254 258 GENOMICS 14:209-219, 1992 
14 D14S55 MFD198 0.48 0.51 123 129 GENOMICS 14:209-219, 1992 
14 D14S57 MIT-MS16 0.63 135 151 HUMAN GENET 87:401, 1991 
14 0148579 ATA3806 0.73 292 316 GDB 
14 D14S58 MIT-MS162 0.63 205 205 HUMAN GENET 87:401, 1991 
14 D14S580 ATA4810 0.45 208 232 GDB 
14 D14S581 GAAT1B03 0.50 191 199 GDB 
14 D14S582 GATA29G12 0.62 204 204 GDB 
14 D14S583 GATA46A06 0.92 265 265 GDB 
14 D14S584 GATA48E09 0.69 284 284 GDB 
14 D14S585 GATA49810 0.57 247 247 GDB 
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14 014$586' GATA51F02 0.58 214 214 GOB 
14 014$587 GGAA10C09 0.94 263 263 GOB 
14 014$588 GGM4A12 0.69 117 141 GOB 
14 D14S59 MIT•MH90 0.88 99 111 HUMAN GENET 87:401, 1991 
14 D14S61 AFM025lc9 0.81 197 227 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S62 AFM027xb3 67.00 118 127 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
14 014$63 AFM058yh2 0.77 199 217 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
14 014$64 AFM079ze5. 0.77 126 136 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 014$65 AFM093yg5 0.80 125 149 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 014$66 AFM109ya3 0.67 ·186 · 194 - WEISSENBACH,J ET AL(1992) NATURE359:794-801 
14 D14S67 AFM137xh12 0.00 133 167 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 014$68 AFM164tb12 0.89 148 203 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 014$69 AFM164xf10 0.70 205 213 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S70 AFM191ve1 0.77 212 220 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
14 D14S71 AFM197xf12 0.75 191 211 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S72 AFM199zf4 0.83 257 273 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S73 AFM203za11 0.63 99 119 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S74 AFM210zh4 0.80 291 313 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S75 AFM214yg5 0.77 184 202 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S76 AFM214zg3 0.70 167 207 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S77 AFM218zh4 0.94 207 247 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S78 AFM234we5 0.68 211 233 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S79 AFM240zd4 0.67 81 89 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 014$80 AFM242xa9 0.84 132 160 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
14 D14S81 AFM260xb1 0.84 175 209 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
14 D14S99E NA 0.75 142 168 GOB 
14 MYH6 NA 0.81 0.79 108 132 FOUGEROUSSE,F. ET AL.(1992) HMG 1,64. 
14 MYH7 NA 0.82 0.80 130 158 WARLICK,C. ET AL.(1992) HMG 1,136. 
14 P1 NA 0.65 101 113 ROGEAV,E.&KERYANOV,S.(1992) HMG 1,657. 
14 P1·5 NA 0.90 155 189 GOB 
14 PCI NA 0.80 115 139 GOB 
14 PCl-11 NA 0.80 128 156 GOB 
14 Pl-1 NA 0.83 225 239 GOB 
14 SSTR1 NA 0.84 185 211 GOB 
14 TCRA NA 0.77 186 200 CORNELIS,F.ET AL.(1992) GENOMICS13,820-825. 
14 TCRD NA 0.00 0.74 118 128 JORDAN,SAET AL(1991)NAR 19,1959. 
15 ACTC NA 0.41 219 239 WATKINS,C. ET AL(1991) NAR 19,6980. 
15 AS/PWS NA 0.74 0.70 243 263 MUTIRANGURA,A. ET AL(1992)HMG 1,139. 
15 CYP19 NA 0.91 168 192 POLYMEROPOULOS,M. ET AL(1991) NAR 19,195. 
15 0155100 MIT-MS164 0.79 183 183 HUMAN GENET 87:401, 1991 
15 0155101 MIT-MS178 0.83 104 104 HUMAN GENET 87:401, 1991 
15 D155102 MIT•N130 0.85 217 217 HUMAN GENET 87:401, 1991 
15 0155103 MIT-G113 0.58 233 233 HUMAN GENET 87:401, 1991 
15 0155104 MIT·M131 0.83 170 170 HUMAN GENET 87:401, 1991 
15 0155106 MFD81 0.24 0.21 101 109 GENOMICS 8:400- , 1990 
15 0155107 MFD87 0.77 0.63 132 146 JONES,M. ET AL(1992) HMG 1,131-33. 
15 0155108 MFD102 0.52 0.52 185 205 JONES,M. ET AL(1992) HMG 1,131-33. 
15 015511 NA 0.74 243 263 GOB 
15 0155111 Utws 1513 0.75 143 157 BECKMAN, J. ET AL. (1993) HMG 2, 2019-2030. 
15 D155112 Utsw 1547 0.70 133 151 BECKMAN, J. ET AL. (1993) HMG 2, 2019-2030. 
15 0155113 NA 0.73 130 140 SUBMITTED 
15 0155114 AFM019lc9 0.71 177 187 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155115 AFM029yg1 0.55 172 200 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155116 AFM07BzJ7 0.84 164 184 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155117 AFM098yg1 0.79 132 150 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155118 AFM112xa1 0.76 218 230 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155119 AFM150xf4 0.73 185 197 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155120 AFM164zc9 0.75 150 174 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 D155121 AFM189yc1 0.67 258 264 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155122 AFM200wb4 0.79 143 159 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155123 AFM205ye1 0.81 191 207 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155124 AFM207xa3 0.35 99 107 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155125 AFM214xd10 0.80 157 169 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155126 AFM218yf12 0.83 188 218 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155127 AFM224xe11 0.87 114 147 ·- WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155128 AFM273yf9 0.79 193 209 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155129 AFM-Z1280 0.84 208 224 GOB 
15 0155130 AFM072yb11 0.71 218 232 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155131 AFM262xb1 0.84 238 274 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 0155132 AFM265xt9 0.76 69 83 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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15 01SS143 AFM01Byg1 0.80 189 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS144 AFM019tf8 0.85 156 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS145 AFM046xc9 0.78 84 104 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS148 AFM135yc1 0.72 134 142 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS151 AFM182yb4 0.73 253 261 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 015S152 AFM200zg11 0.78 200 234 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS153 AFM205ye3 0.68 194 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS155 AFM211zc1 0.74 237 269 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS156 AFM214xg11 0.54 217 229 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 01SS157 AFM217zg1 0.23 115 125 · WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 015S158 AFM234vf12 0.75 85 99 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 015S159 AFM234zd6 0.81 163 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS160 AFM248yh1 0.66 143 159 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS161 AFM261xb9 0.82 2n 291 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS165 AFM248ve5 0.80 184 208 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
15 01SS169 UTSW1591 o.n 142 158 GOB 
15 01SS170 Utsw1560 0.69 216 226 BECKMAN, J. ET AL (1993) HMG 2, 2019-2030. 
15 01SS172 MH22 0.68 123 159 BECKMAN, J. ET AL. (1993) HMG 2, 2019-2030. 
15 01SS175 MF0288 0.78 0.74 165 1n GENOMICS 8:400- , 1990 
15 01SS197 AFM200ve9 0.71 144 148 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS198 AFM234ye11 0.78 204 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS199 AFM107xg7 0.73 100 108 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS200 AFM265vb1 0.75 190 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS201 AFM281yh1 0.71 212 224 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS202 AFM282wg5 0.66 226 247 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS203 AFM286zb5 0.87 116 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS204 AFM290ya5 0.47 116 134 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS205 AFM291zh5 0.81 128 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS206 AFM299yf9 0.68 267 279 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS207 AFM309vg9 0.78 160 174 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS208 AFM310we1 0.82 224 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS209 AFM312wd1 0.56 190 212 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 015S210 AFM320vd9 0.64 124 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS211 AFM323yd9 0.67 207 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS212 AFM331vb5 0.71 203 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS213 AFM350vh1 0.75 186 194 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 015S214 AFMa123xc5 0.76 266 276 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS215 AFMa132yb1 0.73 243 249 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS216 AFMa143xc5 o.n 225 233 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
15 01SS217 GATA8B06 0.91 191 191 GOB 
15 01SS219 MFD209 0.48 0.46 145 185 GENOMICS 8:400- , 1990 
15 01SS220 MFD351 0.60 0.52 139 145 GENOMICS 8:400- , 1990 
15 01SS221 M770F4-12 o.n 149 173 GOB 
15 015S222 T38 0.78 184 198 GOB 
15 01SS230 GATA8C05 0.89 196 196 GOB 
15 01SS231 GTAT1B2 0.44 100 112 GOB 
15 01SS233 wg1d1 0.78 186 218 ARMOUR, J. ET AL. (1994) HMG 3, 599-SOS. 
15 01SS234 M770F4-12 0.85 149 173 GOB 
15 015S519 CYP11A 0.63 170 180 BECKMAN, J. ET AL (1993) HMG 2, 2019-2030. 
15 01SS641 ATA3E11 0.53 96 108 GOB 
15 01SS642 GATKJ.7A03 0.87 200 218 GOB 
15 01SS643 GATA50G06 0.80 211 211 GOB 
15 01SS644 GGAASFOS 0.73 204 204 GOB 
15 01SS87 MF049 0.87 0.85 78 98 NAR 18(15):4640, 1990 
15 01SS95 MX8 0.79 140 150 BECKMAN, J. ET AL (1993) HMG 2, 2019-2030. 
15 01SS96 G127 0.83 148 174 BECKMAN, J. ET AL (1993) HMG 2, 2019-2030. 
15 01SS97 MIT-MS14 0.75 159 159 HUMAN GENET 87:401, 1991 
15 01SS98 MIT-MS112 0.81 152 152 HUMAN GENET 87:401, 1991 
15 015S99 MIT-MS149 0.50 135 135 HUMAN GENET 87:401, 1991 
15 FES NA 0.75 0.70 142 158 POLYMEROPOULOS,M. ET-AL.(1991) NAR 19,4018. 
15 GABRAS NA 0.78 137 149 GLATT,K. ET AL.(1992) HMG 1,348. 
15 GABRB3 NA 0.82 0.83 181 201 MUTIRANGURA,A. ET AL(1992)HMG 1,67. 
15 IGF1R NA 0.44 0.35 90 96 MELONl,R. ET AL(1992)NAR 20,1427. 
16 0168186 NA 0.57 130 178 PHILLIPS,H. ET AL(1991)NAR 19,6964. 
16 0168260 MF012 . 0.57 · ·o.43 . 234 240 NAR 18(13):4036, 1990 
16 016S261 MF024. 0.67 0.66 88 100 NAR 18(13):4034, 1990 
16 016S265 MF023 0.73 0.75 89 117 NAR 18(13):4036, 1990 
16 0168266 MF062 0.59 0.54 94 104 NAR 18(13):4036, 1990 
16 0168267 MF065 0.47 0.45 154 170 NAR 18(13):4036, 1990 
16 0168283 NA 0.63 81 107 HARRIS,P. ET AL.,(1991) LANCET 338,1484-86. 
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16 0165285 NA 0.82 105 129 KONAROl,C. ET AL(1991) NAR 19,5449. 
16 0165287 NA 0.78 201 225 PHILLIPS,H. ET AL(1991)NAR 19,6664. 
16 0165288 NA 0.73 0.69 154 166 SHEN,Y. ET AL.(1991) NAR 19,5545. 
16 0165289 NA 0.77 156 1n GENOMICS 8:400- , 1990 
16 0165291 NA 0.79 0.76 154 170 THOMPSON,A. ET AL(1992) GENOMICS13,402-08. 
16 0165292 NA 0.74 0.71 180 198 TROFATTER,J.A. ET AL (1991) NAR19,2802. 
16 0165295 16AC62F3 0.66 110 124 GOB 
16 0165298 NA. 0.79 0.77 1n 192 TROFATTER,JA ET AL (1991) NAR19,2802. 
16 0165299 NA o.n 0.69 110 124 TROFATTER,JA ET AL (1991) NAR19,2802. 
16 0165305 NA 0.82 0.80- 1n 200 TROFATTER,JA ET AL (1991) NAR19,2802. 
16 016S308 NA 0.77 0.73 137 167 TROFATTER,J.A. ET AL (1991) NAR19,2802. 
16 0165310 MIT•MH20 0.67 162 162 HUMAN GENET 87:401, 1991 
16 0165312 MIT-1103 0.75 176 176 HUMAN GENET 87:401, 1991 
16 0165313 MIT-MS79 0.57 141 141 HUMAN GENET 87:401, 1991 
16 0165320 NA 0.86 151 175 SHEN,Y. ET AL.(1992) HMG 1,773. 
16 0165347 16AC12F8 0.76 186 206 GOB 
16 0165363 A6AC51G1 0.78 242 258 GOB 
16 0165389 16AC10B3 0.77 90 114 GOB 
16 0165390 16AC10F5 0.80 177 197 GOB 
16 0165392 16AC305E9 0.78 113 151 GOB 
16 0165393 16AC323H4 0.87 130 158 GOB 
16 0165395 16AC33G11 0.69 98 124 GOB 
16 0165397 MF098 0.70 104 112 GENOMICS 8:400- ,1990 
16 0165398 MF0168 0.90 180 196 GENOMICS 8:400- , 1990 
16 0165400 AFM024xg1 0.62 192 202 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165401 AFM025tg9 0.00 166 180 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165402 AFM031xa5 0.87 161 187 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165403 AFM049xd2 0.86 134 152 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165404 AFM056yf6 0.82 117 137 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165405 AFM070ya1 0.78 116 150 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 016S406 AFM079yh3 0.82 180 198 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165407 AFM113xe3 0.86 150 170 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165408 AFM137xf8 0.69 241 251 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165409 AFM161xa1 0.71 135 147 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165410 AFM165yb6 0.57 134 140 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165411 AFM186xa3 0.79 209 229 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165412 AFM191wb10 0.76 101 125 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165413 AFM196xg1 0.85 131 149 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165414 AFM205za11 0.61 152 161 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165415 AFM205ze5 0.74 208 234 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165416 AFM210yg3 0.43 217 223 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165417 AFM220xb10 0.73 124 142 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165418 AFM225xd2 0.83 166 188 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165419 AFM225zf2 0.76 146 164 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165420 AFM238xb2 0.82 179 201 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165421 AFM240yh6 0.57 206 216 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165422 AFM249xc5 0.80 188 212 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
16 0165423 AFM249yc5 0.75 121 139 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
16 0165446 MF02n 0.31 0.28 225 229 GENOMICS 8:400- , 1990 
16 0165449 16AC51A4 0.85 183 201 GOB 
16 0165451 16AC69F12 0.84 83 113 GOB 
16 0165452 16AC33A4 0.68 132 144 GOB 
16 0165454 16AC45G5 0.75 175 193 GOB 
16 0165468 C28 0.90 198 208 GOB 
16 0165494 AFM193xh10 0.74 171 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165495 AFM199zb10 0.54 136 142 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165496 AFM214zg5 0.37 209 226 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165497 AFM218ya11 0.68 150 174 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165498 AFM218yb10 0.86 208 246 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165499 AFM259xb9 0.80 209 217 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165500 AFM112xg5 0.56 187 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165501 AFM113xa9 0.70 122 130 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165502 AFM266xg9 0.79 253 265 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165503 AFM274ya5 0.80 221 235 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165504 AFM292xh5 0.73 .. 268 284 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165505 AFM296tb1 0.74 239 261 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165506 AFM297yg5 0.75 146 162 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165507 AFM301zb9 0.74 175 195 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165508 AFM304xf1 0.80 89 93 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0165509 AFM308yl9 0.84 207 223 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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16 0168510 AFM312vd5 0.24 271 287 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168511 AFM312xd1 0.82 182 222 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168512 AFM320wf1 0.76 201 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168513 AFM321th5 · 0.74 244 274 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168514 AFM330vd9 0.71 117 129 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168515 AFM340ye5 0.82 222 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168516 AFM350vd1 0.60 164 176 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168517 AFMa132we9 0.50 257 277 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168518 AFMa132xg9 0.66 272 290 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168519 AFMa133xl5 · · · 0.77 •. 135 · · 157 · WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168520 AFMa135xg5 0.87 181 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168521 AFMa139wg1 0.58 156 172 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
16 0168522 16AC8.21 0.69 103 119 GOB 
16 0168523 16AC13H1 0.68 77 87 GOB 
16 0168524 16AC40A7 0.76 143 169 GOB 
16 0168525 16AC308G7 0.91 143 175 GOB 
16 0168531 16AC8.15 0.86 116 154 GOB 
16 0168533 NA 0.78 199 215 GOB 
16 0168539 GATA11C06 0.60 148 172 GOB 
16 0168540 GATA7B02 0.68 232 248 GOB 
16 0168541 GATA7E02 0.77 144 164 GOB 
16 0168543 wg1f2 0.83 280 502 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
16 0168663 CW2 0.83 113 129 PERAL, B. ET AL (1994) AM. J. HUM. GENET. 54, 899-908. 
16 0168665 SM6 0.69 86 140 PERAL, B. ET AL (1994) AM. J. HUM. GENET. 54, 899-908. 
16 0168668 MF0180 0.70 117 127 AM J HUM GEN 44:388-396, 1989 
16 0168747 ATA2009 0.42 270 270 GOB 
16 0168748 ATA3A07 0.80 187 214 GOB 
16 0168749 GAAT1E9 0.69 138 150 GOB 
16 0168750 GAAT2B10 0.47 109 117 GOB .""i'i 

16 0168751 GATA49B09 1.00 223 223 GOB 
16 0168752 GATA51G03 0.92 101 276 GOB _.:-) 

16 0168753 GGAA3G05 0.88 252 276 GOB 
16 HBAP1 NA. 0.76 0.73 95 107 FOUGEROUSSE,F. ET AL.(1992) NAR20,1165. 
16 SPN NA 0.96 145 185 ROGEAV,E.&KERYANOV,S.(1992) HMG 1,657. 
17 CACNLB1 PCR2 0.82 0.80 81 121 GOB 
17 CHRNB1 c15F4 0.88 165 165 GUZZETTA,V. ET AL(1992) GENOMICS13,551-559. 
17 017S107 VAW134 0.72. 234 246 BARKER, 0. ET AL. (1993) HMG 2, 1086. 
17 017S113 NA 0.64 146 160 BARKER,O. ET AL(1992) NAR 20,923. ,,;; 

17 017S122 pRM11-GT 0.74 157 167 HARRIS,P. ET AL,(1991) LANCET338,1484-86. 
17 017S1288 ATA1H07 0.93 160 216 GOB 
17 ·017S1289 GATA41E09 0.58 148 148 GOB 
17 017S1290 GATA49C09 0.92 199 199 GOB 
17 017S1291 GCT1E1 0.31 147 147 GOB 
17 017S1292 GCT8D06 0.62 96 96 GOB 
17 017S1293 GGAA7D11 0.88 262 290 GOB 
17 017S1294 GGAA9D03 0.70 248 272 GOB 
17 017S250 MF015 0.91 0.81 151 169 NAR 18(8):2200, 1990 
17 017S25011 MF046 0.94 0.82 144 160 GENOMICS 8:400- , 1990 
17 017S261 MFD41 0.43 0.44 157 171 NAR 18(8):2200, 1990 
17 017S379 NA 0.74 342 362 CARROZZO,R.& LEDBETTER,D.(1993) HMG2,615. 
17 017S513 NA 0.89 183 203 OLIPHANT,A. ET AL(1991) NAR 19,4794. 
17 017S518 NA 0.76 0.67 88 100 COUCH,F. ET AL(1991) NAR 19,5093. 
17 017S520 MFD144 0.77 0.83 130 144 IN PREPARATION 
17 017S525 cCl17-453 0.72 101 107 STACK, M. ET AL (1994) HMG 3, 1443. 
17 017S559 cCl17-713 0.70 110 135 STACK, M. ET AL (1994) HMG 3, 1443. 
17 017S578 MF0152 0.63 0.65 148 174 GENOMICS 8:400- , 1990 
17 017S579 MF0188 0.87 0.79 111 133 J. WEBER, ET AL, GENOMICS, IN PRESS 
17 017S581 MIT-MS52 0.75 155 155 HUMAN GENET 87:401, 1991 
17 017S582 MIT-MS105 0.63 123 123 HUMAN GENET 87:401, 1991 
17 017S583 MIT•N127 0.54 178 178 HUMAN GENET 87:401, 1991 
17 017S584 MIT-MS246 0.52 139 139 HUMANGENET87:401, 1991 
17 017S588 4206 0.85 154 174 GOB 
17 D17S740 2KZ14-B4 0.77 103 151 O'CONNELL,P. ET AL.(1993) GENOMICS 15,38-47. 
17 017S776 MFD191 0.40 111 129 GENOMICS 8:400- , 1990 
17 017S783 AFM026vh7 0.71 · · 241 255 - · WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 017S784 AFM044xg3 0.79 226 238 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 017S785 AFM049xc1 0.84 181 207 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 017S786 AFM051xd10 0.77 135 157 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S787 AFM095tc5 0.82 138 166 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 017S788 AFM095zd11 0.70 186 198 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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17 D17S789 AFM107yb8 0.83 154 170 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 D17S790 AFM151xa11 0.79 187 201 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 D17S791 AFM155xd12 0.88 165 199 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 D17S792 AFM158xc3 0.60 190 200 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 D17S793 AFM165zd4 0.70 95 109 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S794 AFM168xd12 0.00 226 236 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 D17S795 AFM175xg3 0.82 105 121 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S796 AFM1nxh6 0.82 144 174 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S797 AFM179xa1 0.59 198 204 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S798 AFM179xg11 0.00 209 229 ... WEISSENBACH,.J ET AL(1992) NATURE 359:794-801 
17 D17S799 AFM192yh2 0.69 186 200 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S800 AFM200zf4 0.74 168 178 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S801 AFM203xg5 0.86 258 336 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S802 AFM210xa5 0.83 166 188 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S804 AFM225zc1 0.62 156 170 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S805 AFM234ta1 0.59 216 228 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 017$806 AFM234td2 0.91 153 185 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
17 017$807 AFM234xc9 0.86 114 138 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S808 AFM238yf8 0.68 147 161 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S809 AFM248tb9 0.72 229 247 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S810 AFM248yg1 0.51 236 242 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S836 AFM163yg1 0.48 202 210 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 017$839 AFM200yb12 0.56 155 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S840 AFM207vf4 0.59 238 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S841 AFM238vb10 0.42 253 273 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S842 AFM240xe5 0.64 112 122 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S846 227 0.83 215 255 GOB 
17 D17S849 AFM234wg3 0.68 251 261 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
17 D17S855 248yg9 0.82 145 145 ANDERSON, L. ET AL (1993) GENOMIC$ 17, 618-623 
17 D17S856 OF2 0.39 260 260 ANDERSON, L. ET AL (1993) GENOMICS 17, 618-623 
17 D17S857 OF1 0.81 106 122 GOB 
17 D17S858 OF3 0.63 113 127 GOB 
17 D17S859 OF4 0.78 133 133 ANDERSON, L ET AL (1993) GENOMICS 17, 618-623 
17 D17S920 AFM186xa1 0.68 97 109 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S921 AFM191xh12 0.62 169 185 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S922 AFM197xh6 0.61 178 192 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S923 AFM200va9 0.76 285 291 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S924 AFM203wh4 0.66 124 132 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S925 AFM206yh8 0.60 151 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S926 AFM207xa11 0.62 243 260 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S928 AFM217yd10 0.30 135 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S929 AFM074zf1 0.61 217 229 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S930 AFM240yg7 0.74 104 110 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S931 AFM248tg5 0.53 218 238 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S932 AFM248yg9 0.66 185 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S933 AFM254vg5 0.52 188 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S934 AFM256vb9 0.48 170 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S935 AFM260yd5 0.80 150 156 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S936 AFM260yg5 0.78 93 103 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S937 AFM107ye3 0.73 125 149 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S938 AFM263wh5 0.90 164 182 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S939 AFM267xh1 0.54 191 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S940 AFM268yd5 0.67 207 215 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S941 AFM269xd1 0.74 269 277 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S942 AFM269yf1 0.77 168 176 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S943 AFM269zb1 0.65 181 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S944 AFM2nvg9 0.69 212 224 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S945 AFM282yd1 0.62 186 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S946 AFM283zb9 0.79 128 142 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S947 AFM290vc9 0.87 250 282 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S948 AFM291ve9 0.76 125 149 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S949 AFM292vh9 0.67 207 221 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S950 AFM298wa5 0.67 174 198 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S951 AFM298wg5 0.58 170 188 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S952 AFM302wh9 0.71 129 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S953 AFM304xh5 0.69 119 131 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S954 AFM316vg1 0.85 218 281 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S955 AFM317yg1 0.68 181 189 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S956 AFM319wc1 0.47 162 174 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S957 AFM323wd9 0.67 128 134 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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17 D17S958 AFM323yg9 0.75 101 115 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S959 AFM350zb1 0.81 127 137 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S960 AFMa120xd5 0.74 127 135 . WEISSENBACH J: NATURE GENETIC, JUNE 1994 
17 D17S968 GATA10F10 0.75 163 163 GOB 
17 D17S969 GATA10H07 0.72 127 127 GOB 
17 D17S974 GATA8C04 1.00 201 217 GOB 
17 D17S975 GGAT2C07 0.70 256 264 GOB 
17 HGH NA 0.83 201 253 POLYMEROPOULOS,M. ET AL(1993) HMG 2,689. 
17 HOX2B NA 0.74 0.70 130 140 DEINARD,A. ET AL(1992)NAR 20,1171. 
17 KRT9 K9CA14F 0.78 .. 182 198 GOB 
17 MPO NA 0.55 0.45 104 110 POLYMEROPOULOS,M. ET AL(1991) NAR 19,1961. 
17 NF1 NA 0.82 171 187 GOB 
17 NF1-TET NA 0.72 235 274 ANDERSON, LET AL (1993) HMG 2, 1083. 
17 SCN4A PCR2 0.79 357 377 GOB 
17 SSTR2 NA 0.88 132 148 GOB 
17 THRA1 NA 0.81 158 176 FUTREAL,P.A.,ET AL(1992) HMG 1,66. 
17 TP53 NA 0.90 103 135 JONES,M.& NAKAMURA, Y.(1992) GENES,CHROM.& CANCER 5,89-90. 
18 D18819 NA 0.73 104 128 BARE,J. ET AL. (1992) HMG 1,553. 
18 D18834 MFD26 0.81 0.78 103 119 NAR 18(8):2201, 1990 
18 D18835 MFD32 0.72 0.65 104 124 NAR 18:():6465, 1990 
18 D18836 MIT-MS156 0.75 146 146 HUMAN GENET 87:401, 1991 
18 D188363 MFD273 0.87 0.86 177 247 GENOMICS 8:400- , 1990 
18 D188364 MFD261 0.76 0.74 112 136 GENOMICS 8:400- , 1990 
18 D18837 NA 0.63 0.56 98 108 SZUBRYT,S. ET AL (1993) HMG 2,90. 
18 D188379 UT574 263 323 GOB 
18 D18838 MFD153 0.53 0.52 162 172 GENOMICS 8:400- , 1990 
18 D18839 MFD193 0.65 0.70 204 222 GENOMICS 8:400- , 1990 
18 D188391 UT1302 0.75 182 182 GOB 
18 D18840 CU18-001 0.80 0.78 79 109 STRAUB,R. ET AL.(1993) GENOMICS 15,48-56. 

.. 

·--
18 D18841 CU18-002 0.72 0.69 185 209 SZUBRYT,S. ET AL (1993) HMG 2,90. 
18 D18842 NA 0.78 180 196 ROJAS,KATHERINE ET AL(1992)GENOMICS 14,1095-97. 
18 D18S43 NA 76.00 68 88 ROSEN.D.& BROWN,JR.,R.(1993) HMG 2,617. 
18 D18S44 NA 0.79 95 111 ROSEN,D.& BROWN,JR.,R.(1993) HMG 2,617. 
18 D18S45 CU18-006 0.62 0.57 181 203 SZUBRYT,S. ET AL (1993) HMG 2,90. 
18 D188450 AFM191vc7 0.79 266 278 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18S451 AFM199zg7 0.53 · 89 99 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188452 AFM206xf4 0.00 123 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188452 AFM206xh4 0.00 123 141 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188453 AFM214xcl2 0.65 135 165 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188454 AFM217ya9 0.69 142 148 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18S455 AFM070yd11 0.64 136 150 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188456 AFM234zb6 0.72 233 243 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18S457 AFM238vb6 0.77 114 126 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188458 AFM238xc11 0.78 208 218 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188459 AFM238yd8 0.66 137 151 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18846 CU18-007 0.80 0.78 129 153 SZUBRYT,S. ET AL (1993) HMG 2,90. 
18 D188460 AFM240xa7 0.80 183 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18S461 AFM240ycl2 0.56 160 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188462 AFM079xb3 0.62 179 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188463 AFM242zh6 0.63 172 184 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188464 AFM259vh9 0.69 283 291 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188465 AFM260yh1 0.84 233 251 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188466 AFM094ye5 0.83 212 216 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188467 AFM107xh6 0.72 168 180 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188468 AFM116ye9 0.65 273 285 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188469 AFM116yg11 0.61 234 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18847 CU18-008 0.60 0.56 197 211 SZUBRYT,S. ET AL (1993) HMG 2,90. 
18 D188470 AFM276za9 0.81 270 292 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188471 AFM283xg9 0.80 251 264 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188472 AFM284ve1 0.73 149 163 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188473 AFM292wg1 0.75 231 243 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188474 AFM295xh1 0.66 119 139 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188475 AFM298wl9 0.77 158 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18S476 AFM299yf1 0.74 263 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188477 AFM301xf5 0.60 244 254 · WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188478 AFM311we5 0.83 240 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188479 AFM312vc5 0.72 204 304 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188480 AFM320yc9 0.62 120 142 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18S481 AFM321xc9 0.81 183 203 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D188482 AFM323ze9 0.70 295 311 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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18 0185483 AFM324wc9 0.63 197 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 0185484 AFM326tc9 0.84 260 266 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18S485 AFM330yd9 0.78 176 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 0185486 AFM333wd5 0.65 105 109 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 0185487 AFM344ta9 0.51 115 127 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 0185488 AFM344zf1 0.67 239 264 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18S49 MFD245 0.73 0.69 102 118 GENOMICS 8:400- , 1990 
18 0185498 CU1B-014 0.75 171 191_ GOB 
18 D185499 MIT•T38 0.71 150 178 GOB 
18 018550 CU1B-009 0.73 0.69 176 190 .. SZUBRYT,S. ET AL (1993) HMG 2,90. 
18 D18551 UT574 0.86 0.85 267 319 SZUBRYT,S. ET AL (1993) HMG 2,90. 
18 D18552 AFM020tf12 0.77 116 130 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 D18553 AFM036ya1 0.80 159 179 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 D185535 GATA13 0.92 150 150 GOB 
18 D185536 GATABE05 0.72 146 170 GOB 
18 D185537 GATA2E06 0.74 190 190 GOB 
18 D18S539 GATA3G05 0.63 252 252 GOB 
18 D18554 AFM080xd7 0.82 205 221 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 D185541 GATA10A09 0.79 272 283 GOB 
18 D185542 GATA11A06 0.88 182 194 GOB 
18 D185548 GATA4H06 0.78 212 224 GOB 
18 018555 AFM122xc1 0.78 134 152 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 0185554 AFM296wd5 0.64 212 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D185556 PCR1 0.88 172 202 GOB 
18 D18556 AFM123ya1 0.75 197 209 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 D18557 AFM147yg7 0.88 88 110 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 D18558 AFM164xe3 0.74 144 160 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 018559 AFM178xc3 0.82 148 164 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 D18560 AFM178xe3 0.38 156 172 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 D18561 AFM193yf8 0.88 157 183 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 D18562 AFM197xh12 0.67 187 195 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 018563 AFM205td6 0.80 255 279 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 018564 AFM212xg5 0.75 188 209 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 D18565 AFM240vh6 0.73 168 178 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 018566 AFM240xc7 0.86 244 262 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 018567 AFM248te1 0.82 113 129 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 D18568 AFM248yb9 0.80 . 270 290 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 D18569 AFM248yf1 0.79 194 210 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 D18570 AFM254vd5 0.84 111 126 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 D18571 AFM254yd5 0.82 252 282 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
18 018572 AFM256vd5 0.54 193 203 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
18 D18573 AFM266wa5 0.71 140 144 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
18 D18574E NA 0.82 119 137 POLYMEROPOULOS,M. ET AL.(1992) HMG 1,779. 
18 D18578 MFDBO 0.47 0.47 151 163 GENOMICS 8:400- , 1990 
18 D185843 ACT1A01 0.80 179 191 GOB 
18 0185844 ATA1H06 0.77 182 200 GOB 
18 0185845 ATA5B08 0.60 218 236 GOB 
18 0185846 GAAT1E07 0.38 162 166 GOB 
18 0185847 GATA25H01 0.87 212 236 GOB 
18 0185848 GATA27H10 0.63 87 115 GOB 
18 0185849 GATA30B03 0.80 269 269 GOB 
18 018$850 GATA53B01 0.67 202 202 GOB 
18 018$851 GATA6D09 0.55 256 276 GOB 
18 018$852 GCT5D07 0.58 117 117 GOB 
18 NIA GATA24 0.72 NIA NIA GOB 
18 DCC NA 0.82 106 160 RISINGER,J.& BOYD,J. (1992) HMG 1,657. 
18 FECH NA 0.68 225 261 GOB 
18 MBP NA 0.80 208 232 POLYMEROPOULOS,M. ET AL.(1992) HMG 1,658. 
18 PACAP NA 0.78 101 125 GOB 
19 NIA GAAT1C6 0.62 144 152 GOB 
19 NIA GAAA1B03 0.81 204 228 GOB 
19 APOC2 MFD 5 0.70 129 155 AM J HUM GEN 44:388-396, 1989 
19 ATP1A3 NA 0.57 0.54 164 176 GOB 
19 BCL3 NA 0.47 127 139 ST GEORGE-HYSLOP,P.H. ET AL.(1992)NAR 20,927. 
19 CEA MFD113 0.75 0.71 95 111 ·AM J HUMAN GENET, 44:388-396, 1989 
19 CEAII NA 0.65 104 120 KEIRNAN,E.C.ET AL(1991 )NAR, 19,3160. 
19 019$112 PCR1 0.86 120 142 GOB 
19 D19S112 PCR1 0.86 120 142 JANSEN, G. ET AL. (1992) GENOMICS 13, 509-517. 
19 D19S113 MFD111 0.50 92 100 GENOMICS 8:400- , 1990 
19 019$114 MFD112 0.60 85 95 AM J HUMAN GENET, 44:388-396, 1989 
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19 D19S177 MFD120 0.82 0.77 159 177 WEBER, J. PERSONAL COMMUNICATION 
19 D19S178 MFD139 0.80 0.74 143 189 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S178B NA 0.75 NIA NIA GOB 
19 D19S179 MFD176 0.68 100 700 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S180 MFD195 0.72 0.71 148 172 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S191 NA 0.81 103 125 GENOMICS 8:400- , 1990 
19 D19S197 MIT-G116 0.92 153 153 HUMAN GENET 87:401, 1991 
19 D19S198 MIT-M198 0.87 115 115 HUMAN GENET 87:401, 1991 
19 D19S199 MIT•MS231 0.83 150 150 HUMAN GENET 87:401, 1991 
19 D19S200 MIT-MS265 0.88 138 138 · ·· HUMAN GENET 87:401, 1991 
19 D19S204 ZHC32 0.58 147 172 GOB 
19 D19S206 NA 0.93 118 146 PETRUKHIN,K.& GILLIAM,T.(1992) HMG1,454. 
19 D19S207 GJ-VSSM2 0.77 135 157 JANSEN,G. ET AL.(1993) 2,333. 
19 D19S208 AFM116xc7 0.73 167 175 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S209 AFM116xe9 0.78 260 272 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S210 AFM119xh6 0.75 165 177 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S211 AFM126zc1 0.57 193 207 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S212 AFM143xe9 0.68 195 213 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S213 AFM158ye3 0.69 174 184 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S214 AFM163x18 0.64 163 183 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S215 AFM164za7 0.34 245 263 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S216 AFM164zb8 0.76 179 191 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 D19S217 AFM165xa9 0.77 219 233 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S218 AFM207Wl:3 0.61 240 256 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 D19S219 AFM210yg9 0.63 160 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S220 AFM214yf12 0.85 265 283 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 D19S221 AFM224ye9 0.87 191 211 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 019$222 AFM234vb2 0.67 233 241 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 D19S223 AFM238wf10 0.82 228 246 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 D19S224 AFM240vc1 0.80 240 262 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 D19S225 AFM248zc1 0.73 170 180 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 D19S226 AFM256yc9 0.86 235 263 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
19 D19S228 AFM238xc7 0.64 201 209 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
19 D19S244 MFD238 0.85 0.83 96 144 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S245 MFD235 0.68 0.63 187 211 AM J HUMAN GENET, 1993, IN PRESS 
19 D19S246 MFD232 0.84 0.82 185 233 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S247 MFD219 0.79 0.76 219 275 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S248 MFD218 0.60 0.53 131 151 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S249 MFD243 0.64 0.57 195 211 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S250 MFD242 0.66 0.61 267 291 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S251 MFD241 0.66 0.60 228 248 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S252 MFD240 0.70 0.66 107 128 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S253 MFD239 0.78 0.75 212 244 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S254 MFD238 0.78 0.75 110 150 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S255 MFD237 0.58 0.52 117 137 AM J HUMAN GENET, 44:388-396, 1989 
19 D19S384 MFD283 0.56 0.51 99 107 GENOMICS 8:400- , 1990 
19 D19S385 MFD285 0.63 0.60 138 162 GENOMICS 8:400- , 1990 
19 D19S386 NA 0.90 129 158 IIAUKE, J. ET AL (1993) HMG 2, 1981. 
19 D19S391 UT486 0.67 124 178 GOB 
19 D19S394 UT705 0.92 219 267 GOB 
19 D19S404 AFM161ld6 0.75 96 116 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S405 AFM205yf10 0.66 100 120 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S406 AFM205zt2 0.81 207 229 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S407 AFM214yf6 0.51 203 237 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S408 AFM238vg11 0.53 122 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S409 AFM269xg5 0.79 167 177 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S410 AFM278xc5 0.43 156 174 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S411 AFM283yc5 0.73 145 157 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S412 AFM284yg5 0.81 89 113 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 019S413 AFM292wd9 0.77 69 91 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 019S414 AFM295xg9 0.82 163 187 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S415 AFM302yb9 0.81 251 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S416 AFM304xl5 0.75 165 185 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S417 AFM304zg1 0.71 222 236 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S418 AFM319vb5 0.82 81 ,, 93 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S419 AFM326xb1 0.76 165 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S420 AFM326xh9 0.55 251 267 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S421 AFMa123xe5 0.80 188 220 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S422 AFMa123xe9 0.86 183 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S423 AFMa131wl5 0.48 175 196 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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19 D19S424 AFMa132zb9 0.51 141 161 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
19 D19S425 AFMa139we9 0.71 252 280 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
19 D19S426 MFD318 0.70 0.65 99 113 GENOMICS 8:400- , 1990 
19 D198427 MFD319 0.75 0.72 113 129 GENOMIC$ 8:400- , 1990 
19 D19S428 wg1g5 0.87 301 374 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
19 D19S431 GATA6001 0.73 288 304 GOB 
19 D198432 GATA9B02 0.69 184 204 GOB 
19 D19S433 GGAA2A03 0.86 199 221 GOB 
19 D198434 GGAT4B07 0.31 264 280 GOB 
19 D19S460 SSLP-19 0.83 101 123 GOB 
19 D19S47 MFD 9 0.72 0.69 88 106 AM J HUMAN GENET, 1993, IN PRESS 
19 D19848 MFD10 0.39 0.42 130 144 AM J HUMAN GENET, 1993, IN PRESS 
19 D19S49 MFD11 0.78 0.71 106 122 NAR 18(7):1927, 1990 
19 D19S535 SSLP-199 0.85 139 163 GOB 
19 D19S536 SSLP-1910 0.76 121 133 GOB 
19 D19S582 GATA50C01 0.60 135 135 GOB 
19 D19S75 MFD13 0.60 0.61 136 152 NAR 18(15):4639, 1990 
19 D19S76 MFD37 0.52 0.40 66 70 NAR 18(9):2835, 1990 
19 OM NA 0.73 72 144 GOB 
19 EPO NA 0.74 173 232 GOB 
19 EPOR NA 0.87 236 268 MCDONALD,M. ET AL.(1993) HMG 2,619. 
19 HRC PCR2 0.70 110 120 GOB 
19 INSR INSRE3 0.58 129 151 GOB 
19 KLK NA 0.66 176 202 RICHARDS,R. ET AL.(1991) GENOMICS 11,77-82. 
19 LDLR NA 0.49 106 112 ZULIANl,G & HOBBS,H.H.(1990) NAR18,4300. 
19 LIPE NA 0.73 0.77 150 162 LEVITT,R. ET AL(1992) HMG 1,139. 
19 RFX1 NA 0.72 186 194 GOB 
20 NIA GAAT1F1 0.69 141 157 GOB 
20 ADA ADA8PR 0.77 170 182 ROUSTAN,P. ET AL.(1992) HMG 1,778. 
20 CST3 NA 0.64 124 130 GOB 
20 CSTP1 NA 0.61 0.58 123 141 GOB 
20 D20S100 AFM057xa3 0.77 194 218 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S101 AFM058xa1 0.64 136 150 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S102 AFM066xh3 0.65 169 177 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S103 AFM077xd3 0.71 92 106 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S104 AFM102xa7 0.79 144 192 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S105 AFM123xh12 0.68 232 246 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S106 AFM123yf8 0.71 316 332 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S107 AFM142xh4 0.80 262 278 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S108 AFM163yh8 0.78 182 208 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S109 AFM165xh2 0.89 106 133 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S110 AFM182xg9 0.82 139 151 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S111 AFM190xg1 0.64 227 235 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S112 AFM197xb12 0.82 199 221 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S113 AFM205th8 0.50 178 188 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S114 AFM210vb4 0.78 253 269 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S115 AFM218yg3 0.67 232 238 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S116 AFM248td1 0.80 107 117 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S117 AFM248yc5 0.85 150 182 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S118 AFM260xg5 0.82 169 179 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S119 AFM273yh9 0.82 104 118 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
20 D20S120 AFM276xh1 0.87 213 241 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S169 AFM189ya7 0.45 193 201 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S17 NA 0.71 130 140 IWASAKJ,N.ET AL(1991)NAR 19,6970. 
20 D20S170 AFM193xc9 0.59 230 254 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S171 AFM046lCl6 0.63 123 149 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S172 AFM211yb8 0.56 162 176 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S173 AFM218xe7 0.58 137 193 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S174 AFM224yc1 0.17 277 305 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S175 · AFM234zb12 0.71 166 174 WEISSENBACH J; NATURE GENETIC, JUNE 1994 
20 D20S176 AFM238vh6 0.80 167 187 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S177 AFM238zc11 0.77 94 102 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S178 AFM240vd6 0.75 244 256 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S179 AFM240wb8 0.72 136 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S180 AFM240wg1 0.53 151 · 157 .... WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S181 AFM240zf4 0.85 156 166 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S182 AFM242yf8 0.74 197 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S183 AFM248wb9 0.55 253 263 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S184 AFM248xb9 0.49 246 252 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S185 AFM262vl9 0.65 196 214 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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20 D20S186 AFM120xc7 0.47 113 135 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S187 AFM262xl9 0.57 155 169 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S188 AFM288zl5 0.83 141 147 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S189 AFM292xb5 0.73 285 309 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S190 AFM294vb5 0.39 235 243 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S191 AFM294zc5 0.71 201 211 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S192 AFM299xd1 0.76 287 299 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S193 AFM308we1 0.79 136 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S194 AFM317te5 0.58 178 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S195 AFM321xc1 0.76 237 - 261 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S196 AFM321xd1 0.85 145 176 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S197 AFM326xd5 0.79 187 205 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S198 AFM333xe5 0.60 225 243 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S199 AFMa131wf1 0.67 108 126 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S200 AFMa141xd9 0.43 253 269 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S206 GATA11A04 0.63 125 125 GDB 
20 D20S211 AFM080ya1 0.69- 134 158 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
20 D20S212 wg1a3 0.83 414 462 ARMOUR;J. ET AL. (1994) HMG 3, 599-605. 
20 D20S25 IP20M61 0.84 0.82 158 190 HAZAN,J. ET AL(1992) GENOMICS 12, 183-189. 
20 D20S27 MFD25 0.65 0.64 128 138 NAR 18(8):2202, 1990 
20 D20S41 IP20M57 0.83 128 128 HECHT,J.T. ET AL.(1991)NAR 19,6666. 
20 D20S42 62 0.84 129 149 GDB 
20 D20S45 IP20M83 0.72 129 129 HECHT,J.T. ET AL.(1991)NAR 19,6666. 
20 D20S468 ACT1A04 0.81 194 212 GDB 
20 D20S469 GGAA11E12 0.53 210 210 GDB 
20 020S470 GGAA7E02 0.94 266 314 GDB 
20 D20S471 GGAA9H11 0.87 290 330 GDB 
20 020S48 IP20M12 0.83 0.81 200 216 HECHT,J.T. ET AL(1991)NAR 19,6666. 
20 020S50 IP20M29 0.74 116 140 GDB 
20 020S52 IP20M48 0.82 0.79 210 226 HECHT,J.T. ET AL.(1991)NAR 19,6666. 
20 020S54 85 0.75 188 198 GDB 
20 020S55 IP20M3 0.79 0.76 108 124 HAZAN,J. ET AL(1992) GENOMICS 12,183-189. 
20 D20S56 NA 0.69 97 107 GDB 
20 020S57 IP207 0.69 0.64 119 135 HECHT,J.T. ET AL(1991)NAR 19,6666. 
20 020S58 IP20M14 0.64 0.57 146 152 HAZAN,J. ET AL(1992) GENOMICS 12, 183-189 •. 
20 D20S59 IP2017 0.76 0.73 245 261 HECHT,J.T. ET AL.(1991)NAR 19,6666. 
20 020S60 IP20M1 0.68 0.64 128 142 HECHT,J.T. ET AL(1991)NAR 19,6666. 
20 D20S61 23a/m 0.73 84 96 GDB 
20 D20S64 IP20M5 0.88 0.87 216 288 HAZAN,J. ET AL.(1992) GENOMICS 12,183-189. 
20 020S65 MFD134 0.47 0.45 102 114 JONES,M. ET AL.(1992) HMG 1,131-33. 
20 D20S66 MFD136 0.78 0.75 129 141 JONES,M. ET AL(1992) HMG 1,131-33. 
20 D20S75 MIT-M127 1.00 173 173 HUMAN GENET 87:401, 1991 · 
20 D20S95 AFM023ta1 0.84 82 100 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S96 AFM029yc3 0.82 99 133 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S97 AFM036ya3 0.64 262 288 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S98 AFM044xb4 0.81 259 275 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 D20S99 AFM051xf12 0.50 150 168 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
20 GNAS1 NA 0.58 217 220 GRANQVIST,M.ET AL(1991)NAR 19,4569. 
20 NEC2 PC2S2 0.76 178 200 GDB 
20 PCK1 NA 0.88 209 225 STOFFEL,M. ET AL(1993) HMG 2,1-4. 
20 PLC1 NA 0.72 156 182 ROTHSCHILD,CB.ET AL(1992)GENOMICS13,560-64. 
20 PPGB PPGBPR 0.65 191 209 ROTHSCHILD,C.ET AL(1993)AM.J.HUM.GENET.52, 110-123. 
20 RPN2 NA 0.93 160 184 STOFFEL,M. ET AL(1992) HMG 1,656. 
20 SRC NA 0.71 193 207 XIANG,K.ET AL(1991)NAR 19,6967. 
21 APP NA 0.81 167 205 TUPLER,R. ET AL.(1993)HMG 2,620. 
21 021S11 NA 0.90 0.82 204 240 SHARMA,V.& LITT,M.(1992) HMG 1,67. 
21 021S120 NA 0.75 0.71 330 330 BURMELSTER,M.ET AL(1990)NAR18,4969. 
21 D21S1235 ABM-C75 0.80 104 144 GDB 
21 D21S1252 AFM261zg1 0.75 231 251 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1253 AFM270xc1 0.58 174 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1254 AFM276za5 0.79 262 270 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1255 AFM283xh9 0.76 112 126 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1256 AFM284xe9 0.61 182 190 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1257 AFM294we1 0.76 151 175 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1258 AFM295yg5 0.65 139 157 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1259 AFM326tf1 0.55 208 228 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1260 AFMa152wd1 0.63 200 214 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
21 D21S1265 MFD338 0.69 0.67 101 133 GENOMICS 8:400- , 1990 
21 D21S1268 M815H10 0.74 178 198 GOB 
21 D21S1270 GATA8G04 0.86 174 198 GOB 
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21 D21S13E NA 0.69 111 115 GUO,Z. ET AL.(1990) NAR 18,4no. 
21 021S1431 ACT2E10 0.56 168 1n GOB 
21 D21S1432 GATA11C12 0.64 127 155 GOB 
21 021S1433 GATA31C01 0.83 247 247 GOB 
21 021S1434 GATA43F04 0.67 187 187 GOB 
21 D21S1435 GATA49E01 0.67 172 172 GOB 
21 021S1436 GGAA2E02 0.73 160 196 GOB 
21 021S1437 GGAA3C07 0.93 119 143 GOB 
21 021S145 P1.44 0.71 168 180 GOB 
21 021S156 MF055 0.92 0.79 -n 107 GENOMICS 8:400- , 1990 
21 D21S167 NA 0.81 156 182 GUO,Z. ET AL(1990) NAR 18,4967. 
21 021S168 NA 0.73 104 118 GUO,Z. ET AL(1990) NAR 18,5924. 
21 021S171 MF095 0.66 0.69 111 133 HUMAN GENET 87:401, 1991 
21 021S172 NA 0.58 145 161 SHARMA,V. ET AL(1992) HMG 1,289. 
21 D21S198 NA 0.81 112 128 SHARMA,V. ET AL.(1991) NAR 19,4023. 
21 021S210 NA 0.86 140 190 ANTONARAKIS,S. GENOMICS IN PRESS 
21 021S211 MF0163 0.53 0.48 93 103 GENOMICS 8:400- , 1990 
21 D21S212 NA 0.84 414 462 GENOMICS 8:400- , 1990 
21 D21S213 JHU21-GTOS 0.74 152 164 GOB 
21 D21S214 NA 0.82 240 256 GENOMICS 8:400- , 1990 
21 021S215 JHU21-GT14 0.68 168 180 GOB 
21 021S217 21-GT11 0.72 276 286 WARREN.A.ET AL.(1992)GENOMICS 14,818-19. 
21 D21S219 NA 0.76 167 181 GOTO,J. ET AL(1992) HMG 1,782. 
21 D21S222 MIT-G121 0.88 131 131 HUMAN GENET 87:401, 1991 
21 021S223 NA 0.80 n 91 ROSEN,O. ET AL. (1992) HMG 1,547. 
21 D21S224 NA 0.74 119 137 ROTHSCHILO,C.ET AL.(1993)AM.J.HUM.GENET.52, 110-123. 
21 D21S228 JHU21-GT25a 0.58 168 174 GOB 
21 021S232 21-GT09 0.68 118 124 WEBER,C. ET AL.(1993) HMG 2,612. 
21 021S235 NA o.n 134 186 DONALOSON,O. ET AL(1992) HMG 1,651. 
21 021S236 NA 0.71 0.65 104 128 SHARMA,V. ET AL.(1992) HMG 1,289. 
21 D21S258 NA 0.87 184 206 WEHNERT ,A. ET AL.(1992)HMG 1,449. 
21 021S259 AFM016xe5 0.80 117 131 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
21 D21S260 AFM147xb12 0.52 267 2n WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
21 021S261 AFM193xf10 0.51 296 304 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
21 021S262 AFM198tc5 0.67 142 152 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
21 021S263 AFM211zg9 0.75 175 201 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
21 021S265 AFM234wa5 0.85 244 258 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
21 021S266 AFM234xg9 0.60 153 173 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
21 021S267 AFM238wc3 0.88 175 203 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
21 021S268 AFM260ze9 0.88 226 250 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
21 021S269 AFM263xf5 0.73 235 255 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
21 021S270 AFM031xc5 0.86 199 223 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
21 021S370 NA 0.73 207 221 GOTO,J. ET AL.(1993) HMG 2,616. 
21 D218416 ABM-C19 0.79 99 129 GOB 
21 021S49 NA 0.70 152 162 BESPALOVA,I. ET AL.(1993)HMG 2,613. 
21 D21S65 NA 0.83 184 206 GOTO,J. ET AL.(1992) HMG 1,350. 
21 HMG14 NA 0.69 0.67 69 93 POLYMEROPOULOS,M. ET AL(1991) NAR 19,4306. 
21 IFNAR IOWA21-07 0.83 462 480 MCINNIS,M. ET AL.(1991) GENOMICS 11,573-576. 
21 PFKL NA 0.70 0.66 129 145 POLYMEROPOULOS,M. ET AL(1991) NAR 19,2517. 
22 CRYB2 NA 0.60 200 212 MARINEAU,C.& ROULEAU,G.(1992) NAR20, 1430. 
22 CRYB2A NA 0.75 1n 193 BUETOW, K. ET AL. (1993) GENOMICS 18, 329-339. 
22 CYP20 NA 0.80 0.78 98 116 POLYMEROPOULOS,M. ETAL.(1991) NAR 19,3753. 
22 CYP2D(q13) NA 0.70 108 130 TROFATTER,J.A. ET AL. (1991) NAR19,2802. 
22 D22S156 MF033 0.78 0.63 96 110 NAR 18(7):1927, 1990 
22 022S257 MF051 0.67 0.46 125 133 J. WEBER, CEPH, V. 5 
22 022S258 MF0162 0.82 0.78 183 195 J. WEBER, ET AL, GENOMICS, IN PRESS 
22 022S264 NA 0.80 190 210 MARINEAU,C.ET AL.(1992)NAR 20,1430. 
22 022S268 COS75 0.60 244 252 GOB 
22 022S270 MF0204 0.78 0.74 128 148 GENOMICS 8:400- , 1990 
22 022S272 AFM024xc9 0.70 132 150 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
22 022S273 AFM106xd2 0.73 194 206 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
22 D22S274 AFM164th8 0.78 202 214 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
22 D22S275 AFM164ze3 0.82 160 174 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
22 D22S276 AFM165za5 0.74 241 263 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
22 022s2n AFM168xa1 0.85 .. 140 170 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
22 022S278 AFM182xd12 o.n 231 245 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
22 022S279 AFM205yc11 0.75 249 258 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
22 D22S280 AFM225xf6 0.83 208 220 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
22 D22S281 AFM238wc11 0.83 135 151 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
22 022S282 AFM261ye5 0.84 144 164 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
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22 D22S283 AFM262vh5 0.89 126 152 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
22 D22S284 · AFM078wc5 0.77 86 102 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
22 022S298 NA 0.74 123 123 RAM,K. ET AL.(1992) NAR 20,1428. 
22 022S299 NA 0.79 192 192 RAM,K. ET AL(1992) NAR 20, 1428. 
22 022S300 42.13 0.87 214 232 GOB 
22 022S300 NA 0.87 214 232 BUETOW, K. ET AL (1993) GENOMICS 18, 329-339. 
22 022S301 NA 0.71 205 205 RAM,K. ET AL.(1992) NAR 20,1428. 
22 022S302 NA 0.75 218 218 RAM,K. ET AL.(1992) NAR 20,1428. 
22 022S303 NA 0.68 220 220 PORTER,J. ET AL(1993) GENOMICS 15,57-61. 
22 022S304 NA 0.65 133 133 · ·· RAM,K. ET AL(1992) NAR 20,1428. · 
22 D22S306 NA 0.61 105 105 RAM,K. ET AL(1992) NAR 20,1428. 
22 022S307 NA 0.63 136 136 RAM,K. ET AL.(1992) NAR 20,1428. 
22 022S310 NA 0.90 174 196 BUETOW, K. ET AL (1993) GENOMICS 18, 329-339. 
22 022S311 NA 0.81 262 262 RAM,K. ET AL(1992) NAR 20,1428. 
22 022S315 AFM183xe9 0.80 177 203 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
22 022S343 pN92 0.95 169 193 BUETOW, K. ET AL. (1993) GENOMICS 18, 329-339. 
22 022S345 MFD313 0.73 0.69 119 129 GENOMICS 8:400- , 1990 
22 022S351 22TG1 0.76 145 163 GOB 
22 022S418 AFM031yb10 0.72 137 161 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S419 AFM211yf10 0.34 257 273 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S420 AFM217xf4 0.73 148 164 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 0225421 AFM234vh2 0.54 159 173 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S422 AFM256vd1 0.56 120 140 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S423 AFM261xd9 0.80 215 235 ~ WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S424 AFM112yb4 0.58 156 168 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S425 AFM265yl5 0.64 192 202 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S426 AFM273vd9 0.88 215 225 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S427 AFM288we5 0.74 96 110 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S428 AFM321yb9 0.61 147 155 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S429 AFM343ye9 0.82 253 259 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S430 NA 0.68 84 98 GOB 
22 0225442 wg1d5 0.84 210 234 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
22 D22S444 GGAT3A11 0.56 124 132 GOB 
22 D22S445 GGAT3C10 0.77 110 130 GOB 
22 D22S446 AFM292va9 0.82 198 232 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
22 022S448 164.1 0.86 186 208 GOB 
22 022S683 GATA11B12 0.94 160 196 GOB 
22 022S684 GATA4F03 1.00 230 230 GOB 
22 022S685 GATA6F05 0.90 172 196 GOB 
22 D22S686 GGAA10F06 1.00 180 180 GOB 
22 F8VWFP NA 0.61 329 349 GOB 
22 F8VWFPII PCR2 0.57 130 150 GOB 
22 IL2RB lowa22-02 0.91 149 163 BREWSTER,E. ET AL.(1992) NAR 19,4022. 
22 TOPIP2 NA 0.91 113 155 TROFATTER,J.ET AL(1992) HMG 1,455. 
X GATA3B02 1.00 NIA NIA GOB 
X 0185543 GATA2A12 0.77 230 250 GOB 
X OXS6786 ATA4A02 0.64 227 227 GOB 
X OXS6787 ATA4H10 0.48 261 261 GOB 
X OXS6788 ATA5G11 0.71 178 178 GOB 
X OXS6789 GATA31F01 0.92 148 148 GOB 
X OXS6790 GATA31H06 1.00 290 290 GOB 
X OXS6791 GATA42D03 0.77 166 166 GOB 
X OXS6792 GATA48012 0.85 240 240 GOB 
X SOMO NA 0.78 88 108 HUGNOT,J.P.ET AL(1991)NAR 19,3159. 
X ALAS2 NA 0.78 149 167 COX,T. ET AL (1992) HMG 1,639-641. 
X AR NA 0.89 195 195 SLEOOENS,H.ET AL(1992) NAR 20,1427. 
X ARA NA 0.91 261 312 FEENER,ET AL.(1991) AM.J.HUM.GENET. 48,621-627. 
X CD40 HIGM1 0.70 197 231 CUTLER, R. ET AL (1993) HMG 2,828 
X CD40 NA 0.70 197 231 GOB 
X CYBB NA 0.76 154 160 GOB 
X OMD-44 STR44 0.87 174 204 GOB 
X OMD-49 STR49 0.93 227 257 GOB 
X OMD-YS 5'•5n3ca1 0.78 96 116 GOB 
X OXS1000 AFM248te9 0.35 230 236 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X OXS1001 AFM248we5 .. 0.81 197 · 215 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X OXS1002 AFM249vh5 0.71 266 274 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
X OXS1003 AFM276xl5 0.80 169 195 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X OXS101 NA 0.76 185 230 GOB 
X OXS102 CX38.1 0.71 145 163 GOB 
X OXS1036 AFM072zh3 0.82 145 151 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
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X DXS1039 AFM119xd6 0.78 89 103 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1043 AFM126zd2 0.69 148 162 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1047 AFM150xf10 0.74 196 210 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1048 AFM151xg11 0.75 162 172 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1053 AFM164zd4 0.50 194 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1055 AFM168ya3. 0.66 81 93 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1058 AFM200ye7 0.39 275 283 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1059 AFM203yd8 0.83 180 200 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS106 NA 0 •. 81 87 103 FAIRWEATHER,N. ET AL (1993) HMG 2,607-608. 
X DXS1061 AFM205yd2 0.87 224 -- 242 ···WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X OXS1062 AFM207xb8 0.79 222 248 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X OXS1065 AFM224zt2 0.76 160 164 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X OXS1066 AFM234tf8 0.82 257 269 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X OXS1067 AFM234vg7 0.81 214 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X OXS1068 AFM238yc11 0.82 245 259 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
X OXS1072 AFM276Wa5 0.53 271 285 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X OXS1105 AFM263wc1 0.41 208 226 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
X OXS1106 AFM263we1 0.00 175 185 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
X OXS1108 SDF 0.75 165 177 GOB 
X OXS1110 NA 0.68 252 268 GOB 
X OXS1111 NA 0.69 119 129 BROWNE,D. ET Al.(1993) HMG 2,611. 
X OXS1113 NA 0.75 154 178 WEBER,C. ET AL(1993) HMG 2,612. 
X OXS1123 41ADF 0.68 168 178 GOB 
X OXS1126 EAO 0.68 230 252 GOB 
X OXS1191 AFM191za11 0.71 237 245 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X OXS1192 AFM196xa1 0.70 121 135 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1193 AFM199wc7 0.85 134 146 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1194 AFM203wa5 0.73 261 283 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1195 AFM207zd6 0.81 235 239 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X OXS1196 AFM056yb8 0.78 209 227 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1197 AFM072za5 0.50 240 248 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1199 AFM248wl9 0.75 277 291 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1200 AFM254wh1 0.46 275 281 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1201 AFM256ze5 0.69 267 287 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1202 AFM260ye5 0.60 265 285 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1203 AFM262vg1 0.50 210 220 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1204 AFM106xa3 0.44 237 249 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1205 AFM265va5 0.84 184 198 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1206 AFM269ya5 0.77 167 181 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1209 AFM273zd5 0.75 106 116 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1210 AFM274zb5 0.77 194 206 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1211 AFM276v19 0.50 159 173 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1212 AFM280vl5 0.76 230 238 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1213 AFM282za9 0.73 230 244 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1214 AFM283wg9 0.81 210 220 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1215 AFM287ze5 0.61 246 250 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1216 AFM287zg1 0.85 244 248 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1217 AFM288ye9 0.55 231 243 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1218 AFM292wb9 0.42 261 275 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1219 AFM297yd1 0.60 230 246 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1220 AFM302xc9 0.58 192 218 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1221 AFM303wd1 0.73 149 161 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1222 AFM308xb9 0.72 234 240 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1223 AFM309yc1 0.75 158 170 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1224 AFM311vt5 0.65 157 167 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1225 AFM311vg5 0.66 194 218 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1226 AFM316yf5 0.72 201 223 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1227 AFM317ye9 0.45 174 186 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1229 AFM337wd5 0.74 202 230 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1230 AFM337zb1 0.62 189 199 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1231 AFM340ye1 0.80 202 208 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1232 AFMa123yb5 0.51 163 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1233 AFMa141xe5 0.80 191 197 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1235 DMD-50 0.70 233 251 CLEMENS,ET Al.(1991) AM.J.HUM.GENET. 49,951-960. 
X OXS1237 DMD-45 ... 0.87 154 184 .. CLEMENS,ET AL.(1991) AM.J.HUM.GENET. 49,951-960 • 
X DXS1254 MFD207 0.79 0.76 99 113 GENOMICS 8:400- , 1990 
X DXS1255 MFD279 0.27 0.26 95 115 GENOMICS 8:400- , 1990 
X DXS1275 AFM261zh5 0.75 206 220 WEISSENBACH J: NATURE GENETIC, JUNE 1994 
X DXS1283E PRGS20 0.88 145 167 GOB 
X DXS1356 wg1e1 0.83 195 233 ARMOUR, J. ET AL (1994) HMG 3, 599-605. 
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X DXS1367 ds-1 0.72 107 135 SCHINDELHAUER, D. ET AL HMG 3, 1027 
X DXS16 16CA 0.85 88 114 CHANG, Y. ET AL. (1994) HMG 3, 1029. 
X DXS1683 A0563ME 0.67 142 174 GOB 
X DXS1684 NA 0.82 130 148 GONG. W. ET AL (1994) HMG 3, 1442. 
X DXS178 NA 0.65 174 200 GOB 
X DXS207 PCR1 0.85 115 137 GOB 
X DXS227 NA 0.85 174 194 FOUGEROUSSE,F. ET AL.(1992) HMG 1,64. 
X DXS292 VK14 0.58 66 76 GOB 
X DXS294 NA 0.75 0.75 122 148 GEDEON,A. ET AL.(1991) NAR 19,5087. 
X DXS297 VK23 0.66 .... · 179 · · 195 GOB 
X DXS3 NA 0.64 175 181 STANIER,P. ET AL(1991) NAR 19,4793. 
X DXS337 RX9H6 0.73 139 145 GOB 
X DXS418 P122 0.83 140 158 GOB 
X DXS424 NA 0.83 126 142 HUANG,T. ET AL(1992) GENOMICS 13,375-380. 
X DXS43 43CA 0.86 86 130 CHANG, Y. ET AL. (1994) HMG 3, 1029. 
X DXS441 NA 0.76 173 189 RAM,K. ET AL.(1992) NAR 20,1428. 
X DXS443 RX324 0.60 204 210 GOB 
X DXS451 KQST80 0.80 182 204 GOB 
X DXS453 MFD66 0.72 160 183 NAR 18(13):4037, 1990 
X DXS454 MFD72 0.75 144 152 NAR 18(15):4635, 1990 
X DXS458 MFD79 0,58 178 190 NAR 18(15):4635, 1990 
X DXS538 NA 0.72 154 184 BROWNE,D. ET AL.(1991) NAR 19,1161. 
X DXS548 RS46 0.65 190 206 RIGGINS, GJ. (1992) AM J MED GENET 44, 237-243. 
X DXS556 NA 0.73 176 192 THISELTON,D. ET AL.(1993)HMG 2,613. 
X DXS559 NA 0.63 230 248 ROUSTAN;P. ET AL(1992) HMG 1,778. 
X DXS571 NA 0.46 130 148 CURTIS.A. ET AL(1992) HMG 1,776. 
X DXS573 NA 0.72 137 145 ROUSTAN,P. ET AL(1993) HMG 2,92. 
X DXS7 NA 0.00 157 167 MOORE,B. ET AL.(1992)NAR 20,929. 
X DXST.:lO MIT-MS21 0.63 192 192 HUMAN GENET 87:401, 1991 
X DXS731 MIT-MS266 0.74 100 100 HUMAN GENET 87:401, 1991 
X DXS737 MIT-MS120 0.60 167 167 HUMAN GENET 87:401, 1991 
X DXS738 MIT-E114 0.71 144 144 HUMAN GENET 87:401, 1991 
X DXS85 85CA 0.79 0 0 CHANG, Y. ET AL. (1994) HMG 3, 1029. 
X DXS981 STRX1 0.86 182 199 GOB 
X DXS983 AFM078za1 0.63 173 183 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS984 AFM105xc5 0.72 154 184 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS985 AFM112xt2 0.60 133 139 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS986 AFM116xg1 0.76 149 173 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
X DXS987 AFM120xa9 0.84 206 224 WEISSENBACH,J ET AL(1992) NATURE 359:794-801 
X DXS988 AFM123xd4 0.62 134 144 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS989 AFM135xe7 0.82 173 199 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS990 AFM136yc7 0.76 172 180 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS991 AFM151xt6 0.82 266 290 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS992 AFM184xg5 0.87 201 211 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS993 AFM203wf4 0.79 292 312 , WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS994 AFM205wd2 0.00 212 220 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS995 AFM207zg5 0.61 193 199 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS996. AFM212xe5 0.82 153 171 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS997 AFM217xa5 0.65 109 117 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS998 AFM224zg11 0.57 113 119 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DXS999 AFM234yf12 0.75 260 276 WEISSENBACH,J ET AL.(1992) NATURE 359:794-801 
X DYS-II NA 0.82 0.77 214 228 FEENER,ET AL.(1991) AM.J.HUM.GENET. 48,621-627. 
X DYS-Ill NA 0.54 0.58 219 225 FOUGEROUSSE,F. ET AL(1992) NAR 20,1165. 
X F8C NA 0.69 133 149 GOB 
X FMR-1 NA N/A NIA NIA PERGOLIZZl,R.G., ET AL. (1992)LANCET 339,2271-72. 
X HPRT NA 0.70 151 163 HEARNE,C.& TODD,J. (1991) NAR 19,5450. 
X HPRTB NA 0.75 263 299 EDWARDS.A. ET AL(1992)GENOMICS 12,241-253. 
X KAL NA 0.61 0.72 179 187 BOULOUX,P.ET AL(1991)NAR 19,5453. 
X MAOA NA 0.75 285 388 HINDS,H. ET AL.(1992) GENOMICS 13,896-97. 
X MAOB NA 0.64 0.73 285 388 GRIMSBY,J. ET AL.(1992)NAR 20,924. 
X PFC NA 0.65 224 224 COLEMAN,M.ET AL(1991) GENOMICS 11,991-996. 
y DYS388 ATA10F11 NIA 127 127 GOB 
y DYS389 GATA30F10 NIA 248 256 GOB 
y DYS390 GATA31E10 NIA 205 221 GOB 
y DYS391 GATA32C10 · ·NIA 285 293 ··GOB 
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Abstract 

We have constructed a genetic map of the mouse genome containing 3,012 

SSLPs. The map provides an average spacing of 0.5 cM between markers, 

corresponding to about 1 Mb. Approximately 88% of the genome lies within 

1.1 cM of a marker and 98% lies within 2.2 cM. The markers have an average 

polymorphism rate of 50% in crosses between laboratory strains. The markers 

are distributed in a relatively uniform fashion across the genome, although 

some deviations from randomness can be detected. In particular, there is a 

significant underrepresentation of markers on the X chromosome. This map 

represents the halfway point toward our goal of developing a mouse genetic 

map containing 6,000 SSLPs. 
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Introduction 

Dense linkage maps are an invaluable tool for genetic and genomic analysis. 

They facilitate high resolution genetic mapping and positional cloning of 

· monogenic traits, allow genetic dissection of polygenic traits, permit fine­

structure linkage disequilibrium studies, assist in evolutionary comparisons, 

and provide an ordered scaffold on which complete physical maps of 

genomes can be assembled. The power of genetic maps increases with their 

density. For key organisms such as the human and mouse, extremely dense 

genetic maps are essential. 

The discovery of simple sequence length polymorphisms (SSLPs) or 

microsatellites has greatly accelerated genetic map constructionl-4. SSLPs 

occur at high frequency throughout mammalian genomes, tend to be highly 

polymorphic, are easily assayed by the polymerase chain reaction (PCR), and 

can be disseminated simply by publishing the sequence of their PCR primers. 

Several projects are underway to build dense SSLP maps of the human 

genome, notably by Weissenbach and colleagues3,S, 

For the past three years, the Whitehead Institute/MIT Center for Genome 

Research (CGR) has been developing an SSLP map of the mouse4,6-9. In 1992, 

we reported an initial map consisting of 317 markers4. In October 1993, we 

reported a 1518 marker map, integrated into the mouse gene map8,9. Here, 

we report the construction of a genetic map of the mouse genome containing 

3,012 SSLPs. Markers are distributed at an average spacing of 0.5 cM, 

corresponding to about 1 Mb. The map represents the halfway point toward 

our goal of developing a mouse genetic map containing 6,000 SSLPs. 
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Construction of genetic map 

The mouse genetic map was constructed essentially as previously described 4• 

Briefly, random clones containing the simple sequence repeat (CA)n were 

identified by oligonucleotide hybridization from total mouse genomic 

libraries with size-selected inserts and their DNA sequence was determined by 

single-pass automated sequencing. In addition, mouse DNA sequences 

containing a variety of simple sequence repeats were identified in known 

gene sequences, primarily from GenBank. A PCR assay encompassing each 

simple sequence repeat was designed based on computer analysis. The PCR 

assays were tested for polymorphism on 12 inbred mouse strains. Those that 

defined different alleles in the OB and CAST strains-about 92% of the total­

were genotyped in 46 progeny from an (OB x CAST) F2 intercross. Because 

the cross involves 92 meioses, there is a crossover every 1.1 cM on average 

and markers can be ordered to this resolution. (See Materials and Methods 

for further details.) 

The genetic map is shown in Figure 1. The map contains 3012 SSLPs, of 

which 2798 were derived from anonymous clones and 214 were taken from 

known gene sequences reported in GenBank and elsewhere. The map 

densely covers all 20 mouse chromosomes and has a total genetic length of 

1405 cM (Table 1). Because the markers were genotyped in an F2 intercross, 

the map represents sex-averaged genetic distance. The observed genetic 

distances agree reasonably well with previous consensus estimates based on 

data from various mouse crosses. 
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A full description of the markers-including primer sequences, complete locus 

sequence, allele sizes in characterized inbred strains, and genotypes in the 

cross-would require more than 200 journal pages and is thus omitted. 

Instead, this information can be obtained for any subset of markers by sending 

queries to an automatic electronic mail server maintained by CGR To obtain 

a query form, send electronic mail consisting of the single word "help" to 

genome_database@genome.wi.mit.edu. Over the Internet, queries are 

typically answered in under two minutes. 

Our SSLP map has recently been integrated with the mouse gene mapB,9, 

Over 250 SSLPs were genotyped in a B6 x (B6 x SPRET) backcross in which 

Copeland, Jenkins and colleagues have genetically mapped RFLPs for about 

1000 genes. 

Distribution of genetic markers 

A key issue in evaluating a map is the distribution of markers throughout the 

genome. Analysis of our initial 317 marker mouse map suggested that SSLPs 

were distributed in a relatively uniform fashion. With more than 3000 

markers on the current map, it is possible to reinvestigate this question with 

greater precision. 

There are a variety of ways to study whether the distribution of markers is 

uniform. One approach is to ask whether the observed m.imber of markers 

on each chromosome agrees with expectation assuming that markers are 

uniformly distributed with respect to cytogenetic length 10. For the autosomes, 

the chromosomal distribution of the random markers agrees remarkably well 
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with expectation (Table 2). There are no statistically significant deviations 

(after accounting for multiple hypothesis testing). 

By contrast, the X chromosome shows a clear deficit of random markers 

(Table 2). In examining the proportion of markers from the X chromosome, a 

small correction is required inasmuch as the first 12% of the random markers 

were isolated from male DNA4 while the remaining 88% were isolated from 

female DNA. After adjusting for this slight systematic underrepresentation, 

the X chromosome contains only 54% as many markers as expected under the 

assumption of a uniform distribution across cytogenetic length. Possible 

explanations for the striking deficit include: (1) a lower density of (CA)n repeat 

sequences on the X chromosome or (2) a lower rate of polymorphism among 

(CA)n repeats present on the X chromosome. (The trivial explanation that 

our "female" DNA source was actually from a male was excluded on two 

grounds. We confirmed the sex of the DNA sources by using PCR assays for 

the mouse Zfx and Zfy loci on the X and Y chromosomes, respectively11. We 

also noted that the proportion of markers on the X chromosome was two-fold 

higher among those markers isolated from the female DNA than the known 

male DNA.) 

Another way to study the distribution of genetic markers is to examine the 

occurrence of clusters of crossovers and clusters of markers in the map. In 

our data, the position of every marker relative to every crossover can be 

identified. By ordering all crossovers (occurring in any ofthe meioses 

studied) and all markers relative to one another, the map of each 

chromosome can be reduced by a long string of the form "mm:mmccmmmcc . 

• • 
11

, where each m denotes the occurrence of a marker and each c denotes the 
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occurrence of a crossover (in one ·of the meioses studied). The string above, 

_for example, indicates a succession of a block of four markers which showed 

no recombination in the meioses studied, an interval of two crossovers, a 

block of three markers which showed no recombination, and so on. Runs of 

many consecutive e's correspond to large genetic intervals, while runs of 

many consecutive m's correspond to large blocks of recombinationally 

unseparated markers. 

If genetic markers are uniformly distributed with respect to crossovers, then 

the string should correspond to tossing a coin with probability 7tm of being 

"m" and probability 7tc (= 1-7tm) of being "c". Here, 7tm = M/(M+C) where Mis 

the total number of markers and C is the total number of crossovers. The 

expected proportion of genetic intervals containing ~ i consecutive crossovers 

is easily seen to be 7tci (i.e., the probability that an mis followed by at least i 

consecutive e's). The distribution of the length of the longest genetic interval 

(i.e., the longest run of e's) can also be calculated 12 (see Methodology). 

Similarly, the expected proportion of blocks containing~ i recombinationally 

unseparated markers is 7tmi and the distribution of the longest such block can 

be calculated. To avoid bias due to the distribution of gene sequences, the 

analysis was performed using only the randomly generated markers. 

With a single exception, the observed distribution of interval lengths fits 

expectation reasonably well (Table 3 and Figure 2). The longest run of 

consecutive crossovers has expected length 5.9, with a 95o/d confidence 

interval of roughly 5.0 - 8.5. The single outlier is the distalmost interval on 

Chromosome 19 between D19Mit33 and D19Mit6, which had 11 crossovers or 

about 13 cM. The probability that such a large interval would occur by chance 
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anywhere in the map is only 0.003. (Genotypes were carefully reconfirmed to 

ensure that the crossovers did not result from mistyping.) The data suggest 

the possibility of a recombinational hotspot near the telomere of 

Chromosome 19, at least in (CAST x B6) F2 crosses. Interestingly, there does 

not appear to be enhanced recombination in a (SPRET x B6) x B6 backcross: 

Eicher and Shown13 reported that the interval D19Mit1-D19Mit33-D19Mit6 

measured only 5 cM. This might be due to a difference between the strains or 

to enhanced recombination being present only in male meiosis (which 

contributes to recombination frequency in F2 intercrosses but not in M. 

spretus backcrosses in which only the female parent segregates for 

polymorphisms). 

The distribution of the number of markers occurring between consecutive 

crossovers shows some modest evidence of clustering (Table 4 and Figure 3). 

There are significantly more occurrences of two consecutive crossovers 

without an intervening marker than expected by chance (485 vs. 425.3 ± 17.0; 

Z-score = 3.5). These data are consistent with the presence of recombinational 

hotspots in some regions. Adjusting for this excess, the remainder of this 

distribution is not a bad fit to expectation. The largest block of 

recombinationally unseparated markers would be expected to contain about 

18 markers, with a 95% confidence interval of 15 - 25. In fact, the largest 

observed block is 24 which falls within the expected range. 

The map appears to provide convenient entry points for nearly the entire 

genome. Approximately 88% of the map lies within 1.1 cM of a marker and 

98% lies within 2.2 cM. The coverage is only slightly less than the expectation 
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for randomly spaced markers, which is 91 % and 99%, respectively (based on 

expectations in Tables 3 and 4). 

Polymorphism among mouse strains. 

SSLPs are particularly useful for mouse genetics because they are highly 

variable even among•inbred laboratory mouse strains, making it possible to 

genotype virtually any cross of interest4. For the SSLPs in the map, allele 

sizes were determined in 12 inbred strains (10 laboratory strains, which are 

derived from M. m. domesticus andM. m. musculus progenitors; the 

different subspecies M. m. castaneus; and the different species M. spretus). 

The SSLPs in the map are necessarily variant between OB and CAST, since 

this was a prerequisite for genetic mapping in the cross. 

The average number of alleles per SSLP was 6.0 ± 1.0 (Figure 4). 

Conveniently, over 75% of the pairwise allele difference are ~ 4 basepairs 

- making it possible to score the difference on high percentage agarose gels. 

The polymorphism rate between laboratory strains and the different species 

M. spretus or the different subspecies M. m. castaneus was about 94%, while 

the polymorphism rate among laboratory strains averaged about 50% (Table 

5). In only five of 45 pairwise comparisons among the 10 laboratory strains 

was the polymorphism rate below 44%: C3H-DBA (38%), C3H-BALB (37%), 

C3H-A (33%), BALB-A (32%), and OB-B6 (11 %). (The last case is expected 

since OB and B6 are a congenic pair, witrh OB having been' derived by 

repeated backcrossing to B6 with selection for the ob mutation.) 

9 



Interestingly, the polymorphism rate among laboratory strains was not 

constant across chromosomes (Table 6). The most extreme deviation was for 

the X chromosome, which showed a polymorphism rate of only 29% · as 

compared to 50% for the autosomes. In addition, Chromosome 10 showed a 

significantly lower rate of polymorphism (35%). The rate of polymorphism 

between laboratory strains and M. spretus or M. m. castaneus did not vary 

significantly across chromosomes. 

Discussion 

The 3,012 marker genetic map of the mouse constructed here constitutes the 

densest SSLP map constructed in any organism to date. The total genetic 

length has not grown significantly with the addition of the last 1500 markers, 

suggesting that the map covers essentially the en~ire mouse genome. 

Interestingly, the genetic length of 1405 cM measured in our (CAST x OB) F2 

intercross is significantly larger than the length of 1224 cM in a (SPRET x B6) 

backcross. (For this comparison, the genetic length of the SPRET x B6 

backcross was recalculated using the Kosambi map function. The 

corresponding lengths are 1437 and 1344 cM with Haldane's map function8.) 

The discrepancy is more striking than it may appear, since the F2 intercross 

reflects sex-averaged genetic distance while the backcross measures female 

genetic distance, which is generally thought to be substantially larger than in 

males. The difference may reflect crossover-suppression caused by local 

inversions between laboratory mouse and the evolutionary more distant M. 

spretusB. 
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By a number of tests, the markers appear to be relatively uniformly 

distributed across the genome, although some modest evidence of clustering 

is present. There is only one suprisingly large gap, a 12 cM interval at the 

distal end of chromosome 19. Increased recombination in subtelomeric 

regions has been suggested for some human chromosomes14. More 

generally, there is an slight overall excess clustering of crossovers, which 

could reflect non-uniformity in the distribution of recombination or (CA)n 

repeats with respect to physical distance. Recombinational hotspots and 

co~dspots are certainly known to exist in many organisms including the 

mousetS, but the relative uniformity of marker distribution indicates that 

their effect is not dramatic on maps of the density and resolution reported 

here. Studies involving much denser maps may reveal greater clustering of 

recombination at a finer level, while studies involving many more meioses 

might reveal greater clustering of markers. 

An unexpected observation was the nearly two-fold underrepresentation of 

markers on the X chromosome. The deficit could be due either to a deficit of 

(CA)n repeats on the X chromosome or a lower polymorphism rate among 

those (CA)n repeats on the X chromosome. In principle, these alternatives 

could be distinguished by determining the chromosomal distribution of the 

(CA)n repeats that were not polymorphic between OB and CAST. 

It is also striking that the rate of polymorphism among laboratory strains was 

significantly lower on the X chromosome than for other chromosomes, 

although there was no difference for the rate of polymorphism between 

laboratory strains and the more distant CAST or SPR In the human, the X 

chromosome has been reported to have a three-fold lower rate of RFLP 
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polymorphism 16. The effect has been attributed to the different genetic and 

population genetic forces acting on the X chromosome as compared to the 

autosomes. For example, the mutation rate is thought to be higher in the 

male germline than the female gennline. Since X chromosomes pass 

through only 2/3 as often as do autosomes, the mutation rate may be 

correspondingly lower. Also, the fact that X chromosomes function in the 

haploid state in males implies that selection acts differently, which may 

diminish polymorphism. Our data suggest that the presence of reduced 

polymorphism on the X chromosome may be general, at least in mammals. 

The 3,012-marker SSLP map should facilitate a wide range of biological 

studies. For initial genetic mapping studies, one can select about 100 markers 

spaced at 15 cM intervals. It may be convenient to use polymorphisms that 

are easily resolved on agarose gels (about 75% of the total). To map a 

polygenic or quantitative trait17, one would genotype each progeny for each 

marker, a task that might take a few months or less. To map a monogenic 

trait, one can proceed even more rapidly by using 'phenotyping pooling•l8 in 

which one initially genotypes only two samples-containing pooled DNA 

from affected progeny and unaffected progeny, respectively. The two samples 

should show similar proportions of the two parental alleles at markers 

unlinked to the trait, but quite different proportions for linked markers. In 

this manner, one can initially localize a trait with only about 200 PCR 

reactions, a task that can be accomplished in a few days. Once initial linkage is 

detected, individual progeny should be genotyped using afl markers in the 

region to identify the closest flanking markers. Since a typical gene should lie 

at an average distance of 500 kb of a marker and since YAC lbraries with 

average insert size of 700 kb are available19,20, chromosomal walking to the 
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gene should be rapid. In addition to its application in positional cloning, the 

map should be valuable for evolutionary studies as well21. 

For the purpose of constructing a physical map of the mouse genome with 

overlapping YACs, an even denser genetic map would be desirable. With a 

map consisting of 6,000 SSLPs, the average spacing between markers would be 

500 kb and the typical gene would be at an average distance of 250 kb, both 

distances being smaller than the average size of current YACs. Given the 

presence of 50,000-100,000 (CA)n repeats in the mouse genome and the 

availability of streamlined methods for genetic map construction, such a goal 

should be feasible19. 
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Methodology 

Construction of genetic map. Briefly, (1) sequences containing simple 

sequence repeats (almost all (CA)n) were obtained, either through sequencing 

of genomic clones that hybridize to (CA)1s or (GT>1s, or by searching sequence 

databases; (2) PCR primers flanking the simple sequence repeat were selected; 

(3) the PCR assays were used to characterize allele sizes in twelve mouse 

strains: CS7BL/ 6J-ob/ ob, CS7BL/ 6J, DBA/2J, A/J, C3H/HeJ, BALBI cJ, AI<R/J, 

NON /Lt, NOD /MrkTacBr, LP /J (all laboratory strains, derived from M. m. 

domesticus and M. m. musculus), SPRET/Ei (a strain of the species M. 

spretus), and CAST/Ei (a strain of the subspecies M. m. castaneus); (4) for 

those assays detecting variation between OB and CAST, 46 progeny from an 

(OB x CAST)F2 intercross were genotyped; and (5) genetic maps were 

constructed by using the MAPMAKER computer package22, incorporating a 

mathematical error-checking procedure23. These steps were performed 

essentially as previously described, with the following modifications. The OB 

and B6 strains are a congenic pair, with OB having been constructed by 

repeated backcrossing to B6 with selection for the ob mutation. 

Genomic Libraries. The short-insert total genomic libraries were constructed 

by using a variety of different procedures: complete single digestion with 

Mbol, Alul, Haelll, and complete triple digests using Alul, Haelll, and Rsal. 

Digests were fractionated on 4% NuSieve GTG agarose and fragments 

between 200 and 500 bp were selected for ligation into M13mp19. (Some 
7 

libraries were also prepared by ligation into the plasmid pcDNAII, but this 

vector was eventually abandoned in favor of M13mp19 due to the superior 

sequence quality obtained from the single stranded template.) All libraries 

were transformed into XLl-Blue cells (Stratagene). DNA was prepared from 
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M13 clones by using a magnetic bead miniprep, essentially as previously 

desaibed 24• 

Length Screen of Oones: In some proportion of clones, the (CA)n repeat is too 

close or too far from the cloning site to allow PCR primers to be selected on 

both sides. To avoid sequencing such clones, a preliminary screening step was 

used to determine the size of the insert and the position of the repeat relative 

to the vector sequence. Miniprepped DNA was diluted 30-fold in distilled, de­

ionized H20, and 1 µI of this dilution was used as the template in a 15 µI PCR 

reaction using AmpliTaq DNA polymerase (Perkin-Elmer Cetus) set up 

according to the manufacturer's specifications. Three PCR reactions were 

performed on each miniprep: (1) with primers flanking the M13 cloning site 

("Forward": 5'-TGTAAAACGACGGCCAGT-3' and ''Reverse": 5'­

CAGGAAACAGCTATGACC-3'); (2) with the ''Forward" primer and a primer 

complementary to a (CA)n-repeat (5'-CCCGGATCC(GT)~3'); and (3) with the 

''Forward" primer and a primer complementary to a (GT)n-repeat (5'­

CCCGGATCC(CA)g-3'). Reaction 1 is designed to measure the length of the 

insert, while Reaction 2 or 3 is designed to measure the distance from the 

Forward primer to the repeat. Reaction 1 and a pool of reactions 2 and 3 were 

electrophoresed on a 2% Metaphor agarose gel (FMC Bioproducts). Clones 

with insert size less than 700 bp and with the repeat within a range of 50 - 500 

bp from the Forward primer were sequenced. Length screening was carried 

out in high throughput in 96-well microtiter plates. 

7 
Duplicate Checking. To avoid mapping previously encountered simple 

sequence repeats, a computer program was used to compare newly 

determined DNA sequences to previously sequenced clones. The proportion 

of duplicates remained in the range of 5-10% throughout the project, owing to 
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periodic substitution of new libraries constructed with different restriction 

enzymes. 

Genotyping: To genotype F2 progeny for SSR polymorphisms, PCR reactions 

were performed with one radioactively labeled primer and one unlabelled 

primer and the products were visualized upon autoradiography of 

polyacrylamide gels. Primers were end-labeled with [y-32P]ATP (RediVue, 

Amersham) according to standard protocols25. A 20 ng aliquot of genomic 

DNA was amplified in a 10 µI PCR reaction using AmpliTaq DNA 

polymerase (Perkin-Elmer Cetus) according to manufacturer's specifications. 

The primer concentrations were 75 nM end-labeled forward primer, and 75 

nM unlabeled reverse primer. The reactions were overlaid with 40 µ1 of light 

mineral oil (Sigma). Reactions were amplified on a TC1600 thermal cycler 

(Intelligent Automation Systems, Cambridge, MA) using the following 

protocol: 30 cycles of 92 °c for 30 seconds, 55 oC for 30 seconds, and 72 °c for 30 

seconds. Gels and autoradiography were as previously described (Dietrich, et 

al. 1992). 

Analysis of clusters of crossovers and markers. As noted in the text, the 

assumption that markers are randomly distributed with respect to genetic 

distance implies that the sequence of markers and crossovers occurring in the 

map should follow the expected behavior of coin flips. The expected behavior 

of head runs in coin flipping has been well studied 12• If the probability of 

heads is p, the expected proportion of tails followed by at I.east i consecutive 

heads is pi. If Rn denotes the longest run of consecutive heads when the coin 

is flipped n times, the expected value of Rn isµ= logt/p((n-1)(1-p) +1) and the 
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distnoution of Rn is given approximately by Prob(R- µ > t) = exp(-pt). These 

formulas are used in computing the expectations in Tables 5 and 6. 

7 
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Figure Legends 

Fig. 1 SSLP genetic map of the mouse. For the 99% of markers that were 

· developed at the Whitehead Institute/MIT Center for Genome Research, 

formal locus names have been abbreviated. For example, the locus D7Mit3 is 

simply denoted by 3 on chromosome 7. For loci developed elsewhere, the 

laboratory designation is retained (e.g., D4Nds1 is denoted Ndsl). For loci 

developed from genes for which an gene symbol has been assigned by the 

mouse nomenclature committee, the gene symbol is given in parentheses to 

aid in correlation with the mouse gene map. Linkage groups are represented 

by lines, with the centromere at the top. Each linkage group consists of 

markers that are linked to each other by a LOO score of at least 5. The type 

face of marker names indicates the statistical support for the genetic order 

shown. Markers whose order relative to the rest of the map is supported by a 

LOO of 2.5 or higher are indicated in bold face type; these are referred to as 

"framework" markers. Markers whose order is supported by a LOO between 

1.0 and 2.5 are indicated in plain face type. Markers in italics have a LOO in 

support of order of 1.0 or less; these markers represent ambiguities with 

regard to the flanking markers only, but their placement LOO score relative to 

the rest of the map is greater than 2.5. Ambiguities can arise either because 

genotypes were not obtained for a few progeny or because the marker is 

dominant rather than codominant (about 5% of the total). Distances in 

centiMorgans between markers are indicated to the left of the line and were 

calculated using Kosambi's map function. Where multipl~ markers did not 

recombine in the 92 meioses studied, they are listed together in a block. 
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Fig. 2 Observed proportion of genetic intervals in the map having ~ i 

crossovers compared to the expected proportion of 7rci (where 7tc = 0.32). Data 

are plotted on a logarithmic scale, for which the expected data fall on a line. 

Observed data are plotted as points. Solid line contains expected values, with 

dotted lines indicating upper and lower confidence intervals corresponding to 

2 standard deviations. 

Fig. 3 Observed proportion of blocks in the map containing ~ i 

recombinationally unseparated markers compared to the expected proportion 

of 1tm1 (where 1tm = 0.68). Data are plotted on a logarithmic scale, for which the 

expected data fall on a line. Observed data are plotted as points. Solid line 

contains expected values, with dotted lines indicating upper and lower 

confidence intervals corresponding to 2 standard deviations. 

Fig. 4 Histogram showing number of distinct allele sizes among 12 strains 

characterized for 3012 SSLPs reported here. 

7 
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Table 1. Genetic Markers and Genetic Length by Chromosome 

Chromosome Number of Number of Number of 'Consensus' Observed 
Markers Random Markers Genes Genetic Lengtha Genetic Lengthb 

1 236 220 16 98 114.4 
2 223 208 15 107 95.5 
3 160 149 11 100 67.8 
4 177 171 6 81 74.7 
5 174 162 12 93 84.4 
6 169 153 16 74 63.9 
7 175 160 15 89 69.4 
8 161 155 6 81 75.3 
9 158 141 17 70 71.1 

10 142 136 6 78 73.6 
11 172 149 23 78 84.8 
12 140 130 10 68 61.9 
13 157 152 5 72 62.6 
14 139 126 13 53 65.9 
15 131 123 8 62 63.7 
16 97 96 1 59 54.8 
17 130 114 16 53 51.1 
18 110 105 5 57 40.1 
19 65 62 3 42 57.6 
X 96 86 10 88 72.3 

Total 3012 2798 214 1503 1404.9 

a. Based on 'col_lSensus' genetic map in Encyclopedia of the Mouse Genome (1993). 
b. Distance between most proximal and most distal markers in the map reported here. 



Table 2. Distribution of Random Markers based on Cytogenetic Length of Chromosomes 

Based on cytogenetic lengtha 
Chrom. Number of % of total Expected Number Z-scored 

Random length of Markersc: 
Markersb 

Autosomes only 
1 220 7.7% 208.4 ± 13.9 0.84 
2 208 7.4% 201.2 ± 13.6 0.50 
3 149 6.4% 173.4 ± 12.7 -1.91 
4 171 6.3% 170.5 ± 12.6 0.04 
5 162 6.1% 164.4 ± 12.4 -0.19 
6 153 5.9% 160.1 ± 12.3 -0.58 
7 160 5.5% 150.2 ± 11.9 0.82 
8 155 5.3% 143.8 ± 11.7 0.96 
9 141 5.1% 138.6 ± 11.5 0.21 

10 136 5.1% 137.2 ± 11.4 -0.10 
11 149 5.0% 136.6 ± 11.4 1.09 
12 130 5.2% 141.2 ± 11.6 -0.97 
13 152 4.7% 126.8 ± 11.0 2.29 
14 126 4.8% 129.1 ± 11.1 -0.28 
15 123 4.3% 117.2 ± 10.6 0.55 
16 96 4.1% 110.3 ± 10.3 -1.39 
17 114 4.1% 111.7 ± 10.3 0.22 
18 105 4.1% 112.3 ± 10.4 -0.70 
19 62 2.9% .... 79.0 ± 8.8 -1.94 

Total 2712 100.0% 2712.0 



Table 2 (continued) 

Autosomes vs. Xf 
Autosomes 2712 93.7% 2640.7 ± 12.0 5.94 
X 86 6.3% 159.3 ± 12.0 -5.94 
Total· 2798 100.0% 2798.0 

a. Cytogenetic length taken from Evans (1989). 
b. Only random markers are considered to avoid biases in chromosomal distribution of known genes. 
c. Mean± standard deviation. 
d. Z-score = (observed-expected)/ standard deviation. 
e. None of the Z-scores are significant at the p=0.05, after correction for multiple testing (Bonferroni correction for 
19 tests). · 
f. Expectation reflects the fact that 12% of the random markers were derived from male DNA (thus 
underrepresentingthe X chromosome by a factor of two) and 88% from female DNA. Z-score is significant at p < 
0.0001. 



Table 3. Distribution of number of crossovers between consecutive random markersa 

Crossovers 
per Interval 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Total 

Observed 

Number Percentage 
1928 69.9% 
542 19.7% 
185 6.7% 

61 2.2% 
26 0.9% 
8 0.3% 
5 0.2% 
1 <0.1% 
0 0.0% 
0 0.0% 
0 0.0% 
1 <0.1% 

2757 

Expectedb 

Number 
1878.1 ± 24.5 
598.7 ± 21.6 
190.9 ± 13.3 
60.8 ± 7.7 
19.4 ± 4.4 
6.2 ± 2.5 
2.0 ± 1.4 
0.6 ± 0.8 
0.2 ± 0.4 
0.1 ± 0.3 
0.0 ± 0.1 
0.0 ± 0.1 

P(longest run:?! n)b 

Percentage 
69.7% 100% 
21.1% 100% 

6.4% 100% 
1.9% 100% 
0.6% 100% 
0.2% 95% 
0.1% 61% 

<0.1% 26% 
<0.1% 9% 
<0.1% 3% 
<0.1% 1% 
<0.1% 0.3% 

a. Only random markers are considered to avoid biases in distribution of known genes. 
b. See methodology concerning calculation. 



Table 4. Distribution of number of random markers occurring between consecutive crossoversa 

Markers · 
per Block 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Total 

Observed 

Number Percentage 
485 36.4% 
284 21.3% 
170 12.7% 
105 7.9% 
80 6.0% 
58 4.3% 
44 3.3% 
36 2.7% 
23 1.7% 
14 1.0% 
13 1.0% 
6 0.4% 
8 0.6% 
4 0.3% 
0 0.0% 
2 0.1% 
0 0.0% 
0 0.0% 
0 0.0% 
0 0.0% 
1 0.1% 

~, 0 0.0% 
0 0.0% 
0 0.0% 
1 0.1% 

1334 

Expectedb 

Number 
425.3 ± 17.0 
289.7 ± 15.1 
197.3 ± 13.0 
134.4 ± 11.0 
91.6 ± 9.2 
62.4 ± 7.7 
42.5 ± 6.4 
29.0 ± 5.3 
19.7 ± 4.4 
13.4 ± 3.6 
9.2 ± 3.0 
6.2 ± 2.5 
4.2 ± 2.1 
2.9 ± 1.7 
2.0 ± 1.4 
1.3 ± 1.2 
0.9 ± 1.0 
0.6 ± 0.8 
0.4 ± 0.7 
0.3 ± 0.5 
0.2 ± 0.4 
0.1 ± 0.4 
0.1 ± 0.3 
0.1 ± 0.2 
0.0 ± 0.2 

POongest run~ n)b 

Percentage 
31.9% 100% 
21.7% 100% 
14.8% 100% 
10.1% 100% 
6.9% 100% 
4.7% 100% 
3.2% 100% 
2.2% 100% 
1.5% 100% 
1.0% 100% 
0.7% 100% 
0.5% 100% 
0.3% 100% 
0.2% 100% 
0.1% 98% 
0.1% 94% 
0.1% 85% 

<0.1% 73% 
<0.1% 59% 
<0.1% 45% 
<0.1% 34% 
<0.1% 24% 
<0.1% 17% 
<0.1% 12% 
<0.1% 8% 

a. Only random markers are considered to avoid biases in distribution of known genes. 
b. See methodology concerning calculation. 



Table 6. Polymorphism rate for 3,012 markers by chromosome 

Chromosome 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 . 
17 
18 
19 
X 

Genome-wide 

Among lab 
strainsa,b · 

54% 
45% 
50% 
53% 
47% 
47% 
45% 
42% 
50% 
35% 
54% 
49% 
47% 
48% 
51% 
43% 
57% 
51% 
49% 
29% 
49% 

Lab strains vs. 
SPRorCASTC 

94% 
93% 
94% 
94% 
96% 
94% 
93% 
93% 
94% 
96% 
95% 
92% 
94% 
94% 
93% 
95% 
92% 
95% 
93% 
94% 
94% 

a. Pairwise comparisons of OB, B6, OBA, A C3H, BALB, AKR, NON, NOD, and LP. 
b. Standard error of the mean for each chromosome depends on number of markers studied, but is approximately 
0.6% for typical chromosomes and 0.1 % for the genome-wide average. 
c. Standard error of the mean for each chromosome depends on number of markers studied, but is approximately 
1.7% for typical chromosomes and 0.4% for the genome-wide average. 



Table 5. Rate of polymorphism for 3,012 markers among 12 mouse strainsa,b 

OB B6 OBA A C3H BALB AKR NON NOD LP SPR CAST 
OB 
B6 10% 
OBA 54% 51% 
A 55% 53% 47% 
C3H 55% 52% 38% 33% 
BALB 53% 51% 46% 32% 37% 
AKR 54% 52% 48% 45% 44% 44% 
NON 55% 52% 52% 48% 48% 48% 49% 
NOD 56% 53% 49% 51% 49% 50% 49% 45% 
LP 56% 54% 51% 53% 50% 49% 52% 51% 52% 
SPR 93% 93% 92% 93% 93% 93% 93% 92% 92% 93% 
CAST 100% 98% 94% 94% 95% 95% 95% 95% 95% 94% 95% 

a. Strains designations are: OB= C57BL/6J-ob/ob, B6 = C57BL/6J, OBA= DBA/2J, A= A/J, C3H = C3H/HeJ, 
BALB = BALB/cJ, AKR = AKR/J, NON= NON/Lt, NOD= NOD/MrkTacBr, LP= LP/J, SPR = SPRET/Ei, CAST= 
CAST/EL 
b. Standard error of the mean is approximately 0.9% for rates near 50% and 0.4% for rates near 95%., 
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One hundred highly informative simple sequence re­

peat (SSR) polymorphisms have been isolated and 
mapped to specific human chromosomes by somatic cell 
hybrid analysis. These markers include 97 (CA)n, 2 
(AGAT)n, and a single (AACT),. repeat. All the SSRs 
have heterozygosities > 0.50 and can be amplified us­
ing identical PCR conditions. At least one SSR was de­
tected on every chromosome, except for chromosomes 
22 and Y. The frequency of (CA),. repeats on each chro­
mosome was proportional to the relative chromosomal 
length, except for chromosome 15, on which a substan­
tial excess of markers was identified. (o 1992 Academic 

Press. Inc. 

INTRODUCTION 

The development of genetic maps of eukaryotic ge­
nomes has always been limited by the availability of 
markers. The earliest maps of human autosomes were 
developed using a variety ofphenotypic markers, includ­
ing blood group antigens, serum protein polymorphisms, 
and erythrocyte isozymes (Mohr, 1954; Giblett, 1969). 
These markers were generally quite uninformative and 
required a diverse range of biochemical and immunologi­
cal techniques for their analysis. This situation changed 
rapidly after Botstein et al. (1980) observed that DNA 
sequence polymorphisms provided an enormous, un­
tapped source of variation in eukaryotic genomes. 
Markers based on restriction site polymorphisms prolif­
erated rapidly during the early 1980's and were soon sup­
plemented by the more informative minisatellites (Jeff­
reys et al., 1985) or variable number of tandem repeat 
(VNTR) polymorphisms (Nakamura et al., 1987). Low­
resolution maps of the human genome (Donis-Keller et 
al., 1987) have been completed using RFLPs and mini­
satellites, but these maps are limited in their usefulness 
because of the relatively low informativeness of most 

1 Present address: Collaborative Research, Inc., 2 Oak Park, Bed­
ford, MA 01730. 

2 To whom correspondence should be addressed. 

RFLPs (H < 0.50), and the nonrandom distribution of ·:, 
the minisatellites in the telomeric regions of human i 
chromosomes (Royle et al., 1988). The recent discovery Ut 
that simple sequence repeats (SSRs), or microsatellites, ':i 
are highly informative has provided another source of ·fl 
DNA polymorphisms (Weber and May, 1989). SSRs are':_ 
widely dispersed throughout eukaryotic genomes (Ha- -~ 
mada et al., 1982; Stallings et al., 1991), highly polymor-1_· 
phic (Weber and May, 1989; Weber, 1990), and easily '.i~ 
typed using the polymerase chain reaction (PCR). These f!· 
characteristics make them ideal markers for the con- !f$ 
struction of high-resolution maps of the human genome ·:, 
(White et al., 1990; Dracopoli et al., 1991). In this article, !f 
we report the development of 100 highly informative "j 
markers (H > 0.50) in the human genome that can all be ·:~-ij. 

analyzed using identical PCR conditions. :1 
METHODS AND MATERIALS 

,:,;\' ..... 

'J Construction of small insert genomic libraries. Human female geno- . ~ 
mic DNA was digested with R.~aI and Haelll. Fragments in the 300- to • 

d • 500-bp range were isolate after electrophoresis in a 1 % low-melting• 1' 

temperature agarose gel and purified by phenol extraction. The size- •fi 
fractionated human genomic DNA was ligated into 10 multiplex se- :f 
quencing vectors (Church and Kieffer-Higgins, 1988) and into i 
M13mp19. Both the multiplex plasmid and M13mp19 vector DNA fi 
were prepared by digestion with Smal and dephosphorylated by treat- 'ii 
ment with calf intestinal alkaline phosphatase (Sambrook et aL, . ;j 
1989). -,~ 

-.a 
Library screening for clones containing (CA). and tetranucleotide ':j 

repeats. The multiplex plasmid libraries were plated at low density -:i.:. 
(100-500 colonies per 150-mm plate) on LB plates with tetracycline -:I. 
(50 µg/ml). Colonies were replicated onto nylon filters and autoclaved ·J 
for 3 min before prehybridization at 65°C in 1.0 M sodium phosphate .. ~ 
(pH 7.2), 0.5 M EDTA, 20% SDS, 10% BSA (Church and Gilbert, ;;¥, 

ff 

1984) for 1-4 h. Labeling reactions using T4 polynucleotide kinase & 
were carried out as described in Sambrook et al. (1989), and the unin- . .._ 
corporated [')'·32P]ATP was removed on a Nuctrap probe purification :I 
column (Stratagene Inc., La Jolla, CA). The filters were hybridized ·:i 
overnight at 65°C in the same buffer after the addition of 1 X 108 

c~ 

cpm/ml of end-labeled (CA)15 oligonucleotides. The filters were "-:i; 
washed at room temperature in two changes of lX SSC/0.1 % SDS for -;~ 
30-60 min and then for 60 min in two changes of the same buffer at :;:;: 
65°C. The washed filters were exposed to X-ray film overnight, and ·:1 
positive colonies were picked onto a secondary plate for rescreening. _ ·-. _ 

The M13mp19 libraries were also plated out at low density on LB ."\ 
plates by standard methods (Sambrook et al., 1989). Replica filters of /: _ · 
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the M13mp19 plaques were hybridized with both the (CA)15 and its 
reverse complement (GT) 15 oligonucleotides under the same condi­
tions as the multiplex library colony lifts. Replica filters of the 
M13mp19 library were also hybridized at 50°C to a pool of la­
beled oligonucleotides containing tetranucleotide repeat sequences 
((AATT) 8 , (AAAT)s, (AACT)8 , (AAGT)8 , (AGAT)8 , and (ACAT)8) 

and washed in lX SSC/0.1 % SDS at a maximum temperature of 50°C. 

DNA sequencing. M13mp19 phage clones were prepared by stan­
dard methods, and DNA was purified by phenol extraction (Sambrook 
et al., 1989) or on Qiagen columns (Qiagen Inc.) and sequenced using 
the Taq dye primer cycle sequencing kit on the ABI 373A DNA se­
quencing system (Applied Biosystems Inc.). All Ml3mp19 clones are 
designated 'MH' (Table 3). The multiplex vector clones were prepared 
and sequenced by standard multiplex sequencing methods (Church 
and Kieffer-Higgins, 1988) and are designated MS (Table 3). All 
clones with any other designation are multiplex vector clones se­
quenced using a custom-labeled primer with the Taq dye primer cycle 
sequencing kit on the ABI 373A DNA sequencing system or by manual 
dideoxy sequencing with Sequenase (US Biochemicals Inc.). 

Primer selection. The sequence data were analyzed using 
PRIMER (M. J. Daly, S. Lincoln, and E. S. Lander, unpublished). 
PRIMER is a computer program for selecting PCR primer pairs to 
amplify regions of genomic DNA flanking specified target sequences, 
such as (CA). repeats. PRIMER analyzes potential primer sequences 
on each side of the target, calculates annealing temperatures, deter­
mines homology to Alu or LINE repetitive elements, determines 
whether primers have significant complementarity to themselves or 
each other. and determines the total size and GC content of the PCR 
product. 

Primer pairs were selected using the automatic function of 
PRIMER, where the optimal oligonucleotide Tm was set at 60°C, and 
the range for the PCR product size was set from 100 to 250 bp. In some 
cases alternate primers were selected because of the presence of an Alu 
repeat close to the SSR that prevented the selection of primer pair 
within the default size range. 

The PRIMER program can be obtained directly over the Internet 
by using anonymous ftp to GENOME. WI.EDU and copying the pro­
gram from the folder DISTRIBUTION/PRIMER.0.4. The program 
may also he obtained from Dr. Eric S. Lander at the Whitehead Insti­
tute for Biomedical Research (9 Cambridge Center, Cambridge, MA 
02142). 

l'Cll typin#. PCR was performed using a single ['y-32PJATP end­
labeled primer under conditions described previously (Dracopoli and 
Meisler, 1990), except that all reactions were carried out in 96-well 
plate format. The 20-µl PCR reactions contained 100 ng template 
DNA, 2 pmol of the end-labeled forward primer, 8 pmol unlabeled 
forward primer, 10 pmol reverse primer. 0.2 mM dNTPs, and 0.5 U of 
Taq DNA polymerase. To increase specificity, 0.2 µI Perfect Match 
polymerase enhancer (Stratagene, La ,Jolla, CA) was added to the am­
plifications containing somatic cell hybrid template DNA. PCR reac­
tions were carried out in Perkin-Elmer/Cetus 9600 thermal cyders 
using the following cycling conditions: Initial denaturation at 94 °C for 
5 min, followed by 30 cycles of 94 °C for 10 s, 55°C for 30 s, and 72°C 
for 30 s, and a final extension of 5 min at 72°C. The PCR reactions 
were then mixed with an equal volume of deionized formamide con­
taining bromophenol blue (0.25%) and xylene cylanol (0.25%), dena­
tured at 100°C for 5 min, rapidly cooled on ice and loaded onto 6% 
denaturing polyacrylamide gels. The gels were run for 3 h at 120 W, 
covered with a thin plastic film, and exposed to X-ray film at -70°C 
for 2-24 h. 

Somatic cell hybrid panels. The analysis of the somatic cell hybrid 
panels was completed in two phases. Preliminary assignments were 
made by analysis of the 18 samples in the NIGMS human/rodent 
somatic cell hybrid mapping panel 1 (Taggart et al., 1985; Mohandas 
et al., 1986). These assignments were independently confirmed by 
analysis of the appropriate monochromosomal hybrids from the 

i NIGMS human/rodent somatic cell hybrid mapping panel 2. 
I . Panel 1 consists of 15 somatic cell hybrids derived from the fusion of 
l~ hum~n male_ fibroblast cells (IMR-91) with mouse B-8~ cells. These 15 

1---==-hybrids, derived from the same human parental cell hne, are supple• 
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mented with two mouse/human monochromosomal hybrids for chro­
mosomes 16 and X and a single Chinese hamster/human monochro­
mosomal hybrid for chromosome 9. These three monochromosomal 
hybrids are all derived from a different human parental cell line. 

Panel 2 consists of 23 hybrids containing a single human chromo­
some and one hybrid containing human chromosome 1 and X. The 
monochromosomal hybrids that contain human chromosomes 9 and 
16 are the same as those in the NIGMS panel 1. 

Preliminary chromosomal assignments for each SSR were obtained 
by comparing the distribution of human-specific PCR products with 
the pattern of human chromosomal distribution in the NIGMS panel 
1. The assignments based on the analysis of panel 1 were all indepen­
dently confirmed by analysis of the appropriate monochromosomal 
hybrids from NIGMS panel 2. PCR amplification of hybrid cell DNAs 
resulted in specific amplification of the predicted human band and in 
some cases the amplification of additional human and rodent bands. 
Preliminary chromosomal localizations were only determined for 
those systems that generated a distinct human PCR product with 
identical allele sizes to the parental IMR-91 cell line in NIGMS panel 
1. In most cases, complete concordance was detected between the pres­
ence of the human PCR product and a specific chromosome in panel 1. 
Complex systems with multiple nonspecific bands that often resulted 
in discordancies were abandoned at this point. However, a few sys­
tems with relatively clean amplification of the human bands from the 
hybrid cell DNA gave minor discrepancies resulting in their tentative 
assignment to > 1 chromosome. These systems were subsequently re­
solved by the analysis of the appropriate monochromosomal hybrids 
or they were also abandoned. 

Mendelian inheritance of SSR polymorphisms. The Mendelian in­
heritance of each of the SSRs was determined by analysis of two ex­
tended families containing a total of 34 individuals. 

RESULTS 

(CA)n Repeats 

Sequence data were obtained from 417 short insert 
genomic clones containing a (CA)n repeat. These se­
quences included perfect, imperfect, and compound dinu­
cleotide repeats (Weber, 1990). The repeat element 
lengths are defined as the longest, uninterrupted se­
quence of (CA)n dinucleotides. A total of 265 (64%) se­
quences contained a (CA)n repeat, where n ;;;,, 14, 115 
(28%) sequences contained a (CA)n repeat, where n < 14, 
and 37 (9%) did not contain a (CA)n repeat within the 
region that was sequenced._One additional (CA)n repeat, 
D7S466, was derived from an M13mp19 library contain­
ing genomic DNA from the hybrid cell line A9/1492-37, 
which was previously thought to be monochromosomal 
for chromosome lp (Dracopoli et al., 1988). The com­
plete nucleotide sequences for all the (CA)n repeats in 
Table 3 have been deposited in GenBank and the Acces­
sion Nos. are listed in Table 3. 

Tetranucleotide Repeats 

Sequence data were obtained for eight clones contain­
ing tetranucleotide repeats after hybridization of a pool 
of six oligonucleotides to the low-density filters used for 
the isolation of (CA)n repeats from the M13mp19 li­
brary. 'Fhe complete nucleotide sequences for the tetra­
nucleotide repeats in Table 3 have been deposited in 
GenBank and the Accession Nos. are listed in Table 3. 



624 HUDSON ET AL. ~ 
-~ 

TABLE 1 

Chromosomal Assignment of 124 (CA)n Repeat 
Blocks Derived from a Genomic Library of Human Fe­
male DNA 

No. (CA)" 
Relative expected 

Chromosome length" ± 1 sob No. (CA)" z-score' 

1 8.0 10.0 ± 3.0 7 -1.0 
2 7.6 9.5 ± 3.0 10 0.2 
3 6.5 8.1 ± 2.7 10 0.7 
4 6.0 7.4 ± 2.6 7 -0.2 
5 5.8 7.2 ± 2.6 8 0.3 
6 5.6 7.0 ± 2.6 8 -0.4 
7 5.1 6.3 ± 2.4 6 -0.1 
8 4.7 5.8 ± 2.4 5 -0.3 
9 4.6 5.7 ± 2.3 9 1.4 

10 4.4 5.4 ± 2.3 4 -0.6 
11 4.4 5.4 ± 2.3 8 1.1 
12 4.4 5.5 ± 2.3 6 0.2 
13 3.6 4.4 ± 2.1 2 -1.l 
14 3.4 4.2 ± 2.0 4 -0.1 
15 3.3 4.1 ± 2.0 12 4.0 
16 3.2 4.0 ± 2.0 2 -1.0 
17 3.1 3.8 ± 1.9 4 0.1 
18 2.8 3.5 ± 1.8 1 -1.3 
19 2.5 3.1 ± 1.8 4 0.5 
20 2.4 3.0 ± 1.7 1 -1.2 
21 1.8 2.2 ± 1.5 1 -0.8 
22 1.9 2.4 ± 1.5 0 -1.6 
X 4.9 6.0 ± 2.4 5 -0.4 

0 The relative chromosomal length was obtained from Ott (1985). 
b Calculated assuming that the frequency of (CA)" repeats is pro­

portional to chromosome length. 
'z-score, (observed - expected)/standard deviation. 

Primer Selection 

The 265 sequences containing an uninterrupted run of 
;;,.14 dinucleotides and the eight tetranucleotide repeats 
with more than eight uninterrupted repeats were se­
lected for further analysis. Primer pairs were chosen 
from 166 (63%) of the 265 (CA)" sequences analyzed by 
PRIMER. Primer pairs were not chosen from 99 (37%) 
of the sequences because the (CA)n repeat was too close 
to the cloning site in 55 (21 % ) clones, was flanked by an 
Alu repeat in 22 (8%) clones, or was flanked by a region 
of low G/C content in 5 (2%) clones or because these­
quence was ambiguous or incomplete in 17 (6%) clones. 

Five of the eight tetranucleotide repeats were located 
adjacent to Alu repetitive elements. Primers were se­
lected from the three sequences without Alu and were 
only selected from 2/5 sequences containing the Alu re­
peat. 

Chromosomal Assignments 

A total of 124 (75%) of the 166 (CA)n repeats and 4 
tetranucleotide repeats were mapped to specific chro­
mosomes'. Chromosomal assignments were not deter­
mined for 42 (25%) of these (CA)n repeats because they 
either had very low heterozygosities or because they am­
plified poorly. At least one (CA)n repeat was detected on 
every chromosome except for 22 (Table 1). Since the 

library was constructed from female genomic DNA, no 
markers were expected on the Y chromosome. The ob­
served assignment of the (CA)" repeats was compared to 
the expected distribution if (CA)n repeats are randomly 
distributed in the human genome. The expected fre­
quencies for each chromosome were calculated by assum­
ing that the frequency of ( CA) n repeats is proportional to 
the relative chromosomal length (Table 1). The ob­
served frequency of (CA)n repeats agrees with that pre­
dicted by the model of random distribution, except on 
chromosome 15, which has a substantial excess of 
markers. The data describing the chromosomal assign­
ment of each of the 100 markers in Table 3 have been 
deposited in the Genome Database (GDB). 

H eterozygosity 

The 166 (CA)n·repeats and 4 tetranucleotide repeats 
were tested for heterozygosity against 24 unrelated 
CEPH parents (12 male and 12 female). The heterozy­
gosity of the 5 (CA)n repeats assigned to the X chromo­
some were reanalyzed on a panel of 24 unrelated females 
from the CEPH reference families. Heterozygosities 
were determined for 136 (82%) of the (CA)n repeats and 
4 (80%) tetranucleotide repeats. Thirty (18%) of the 
(CA)n repeats and 1 (20%) tetranucleotide repeat were 
abandoned for a variety of reasons, including poor am­
plification, extreme stuttering, or the amplification of 
multiple secondary bands. The heterozygosity varied be­
tween 0.00 and 1.00 in the screening panel of 24 individ­
uals (Fig. 1). Eighty percent of the (CA)n repeats had 
heterozygosities > 0.50, and 49% had heterozygosities > 
0. 70 (Table 2). The data describing the polymorphism at 
each of the 100 markers in Table 3 have been deposited 
in the GDB. 

Mendelian Inheritance of SSR Polymorphisms 

Mendelian inheritance of all the SSRs listed in Table 
3 was tested by coamplifying pairs of markers in the 
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FIG. 1. Heterozygosity at 136 human (CA)" repeats as a function c;,;:: 
of the maximum length of the uninterrupted dinucleotide repeat in the -~~ 
sequenced alleles. The relationship between heterozygosity and dinu- · 2~ 
cleotide repeat length was estimated by fitting a second-order polyno- .-: /1;;"§ 
mial curve to the data using an iterative least-squares method. ?I: 
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TABLE 2 

Heterozygosity at 136 Human (CA)n Repeats 

Heterozygosity 

. 1.00-0.90 
· 0.89-0.80 
· 0.79-0.70 

0.69-0.60 
·. 0.59-0.50 
. 0.49-0.40 

0.39-0.30 
0.29-0.20 
0.19-0.10 
0.09-0.00 

Number of SSRs 

3 
25 
39 
18 
24 
6 
7 
7 
2 
5 

Cumulative % 

2.2 
20.6 
49.3 
62.5 
80.1 
84.6 
89.7 
94.9 
96.3 

100.0 

same 20-µl PCR reaction. Marker pairs were selected for 
coamplification so that the PCR product sizes differed 
by >50 hp. In almost all cases, the pairs of SSRs coam­
plified without problems, although the relative signal 
strength was often reduced. Mendelian inheritance for 
the 100 SSRs listed in Table 3 was observed in 2 ex­
tended families containing DNA samples from 34 indi­
viduals. 

DISCUSSION 

We describe the development of a cohesive panel of 
human genetic markers in which every SSR can be ana­
lyzed using identical PCR conditions. This panel in­
cludes highly informative markers from every chromo­
some, except 22 and Y. The primer sequences of the 100 
SSRs with confirmed chromosomal assignments and 
with heterozygosities ~ 0.50 are given in Table 3. Most 
of these highly informative markers are being typed on 
the CEPH reference families by several collaborating 
laboratories. 

Analysis of (CA)n repeats derived from mouse geno­
mic libraries (Love et al., 1990; Dietrich et al., 1992) and 
RFLPs defined by probes derived from a human geno­
mic library (Donis-Keller et al., 1987) demonstrates that 
total genomic libraries are a relatively unbiased source 
of clones. In contrast, the isolation of markers from li­
braries derived from somatic cell hybrids is often com­
plicated by the nonrandom distribution of clones, and by 
contamination with other human chromosomal DNA or 
rodent DNA (Dracopoli et al., 1988; Hazan et al., 1992; 
Kwiatkowski et al., 1992). (CA)n repeats have been re­
ported to be relatively uniformly distributed throughout 
eukaryotic genomes (Hamada et al., 1982; Hamada and 
Kakunaga, 1982; Stallings et al., 1991), and linkage 
mapping of human (CA)n repeats (Decker et al., 1992; 
Dracopoli et al., 1991; Wilkie et al., 1992) and mouse 
(CA)n repeats (Dietrich et al., 1992) derived from total 
genomic libraries have not identified any evidence of 
clustering. The frequencies of (CA)n repeats on each 
chromosome were, with a single exception, not signifi­
cantly different from that expected by a model of ran­
dom distribution (Table 1). However, the detection of 12 

·· (CA)n repeats on chromosome 15 is significantly greater 

than that predicted for a chromosome of this size. The 
reason for the excess of (CA)n repeats on this chromo­
some is not apparent, and previous studies have not dem­
onstrated an abnormal number of (CA)n repeats on 
chromosome 15. Analysis of the single-copy sequence 
flanking each (CA)n repeat on chromosome 15 demon­
strates that 11 of the 12 different clones are unique. 
Therefore, the excess of markers on this chromosome is 
not due to the biased amplification of a single clone in 
the multiplex plasmid library. 

The heterozygosities observed at (CA)n repeats have 
been shown to increase with the length of the dinucleo­
tide repeats (Weber, 1990). Since we were attempting to 
identify highly informative markers, PCR assays were 
only developed for the repeats with at least 14 unin­
terrupted dinucleotides in the sequenced allele. The dis­
tribution of heterozygosities for these 136 (CA)n repeats 
(Fig. 1) is very similar to that described by Weber ( 1990). 
There is a gradual increase in the average heterozygosity 
with increasing length of dinucleotides, but the range of 
heterozygosity remains wide in the interval from 14 to 22 
uninterrupted dinucleotides, which includes the great 
majority of (CA)n repeats identified in this study (Fig. 1). 
A total of 67 ( 49%) of these SSRs have heterozygosities 
> 0.70 (Table 2) and are therefore suitable for inclusion 
in the "index maps" of human chromosomes. 

Weber (1990) has estimated that there are approxi­
mately 35,000 (CA)n repeat blocks with > 12 unin­
terrupted dinucleotides in the human genome. Between 
5 and 10% of human genomic DNA is recovered in the 
300- to 500-bp fraction after digestion with restriction 
enzymes with four-base recognition sites that do not 
contain a CpG sequence. Therefore, the Hae III and RsaI 
fractions should each contain approximately 3500 (CA)" 
repeats with> 12 uninterrupted dinucleotides. In the ab­
sence of extensive cloning biases, it should be possible to 
isolate many more (CA)" repeats and other SSRs from 
these libraries without encountering many duplicate 
clones. Only 7 duplicated sequences were identified after 
analysis of the first 417 sequences. Five of these were 
sequentially numbered clones that presumably resulted 
from duplicate picking of the same colonies. The sixth 
duplicated sequence consisted of 2 independently de­
rived clones that mapped on chromosome 15. The sev­
enth duplicated sequence consisted of two indepen­
dently derived clones that mapped on chromosome 1. 
Although the sequence flanking the dinucleotide repeat 
was identical, the two clones contained a (CA)19 and 
(TG) 17 repeat, demonstrating that they were derived 
from different alleles in the heterozygous genomic DNA 
used to construct the library. Surprisingly, this (CA)n 
repeat has also been isolated a third time from the A9/ 
1492-37 hybrid library. At this time, it is not possible to 
systematically compare these 100 highly informative 
SSRs with those developed in other laboratories because 
the sequence data for most of the clones are not available 
in GenBank. However, it is unlikely that many SSRs 
have been duplicated because of the very large number of 
(CA)n repeats in the human genome, and because the 
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TABLE3 

Description of 100 Highly Informative Human SSRs 

GenBank 
Accession Primer sequences 

Locus Marker No. (5'-3') hp Repeat Chromosome H 

D1S159 MJT-MX4 M87710 TCCTTTACATAAATCATTGTCGTG 147 (CAll9 0.67 
CGACTCTGCATTACCTTGATAGC 

D1S160 MIT-MS48 M87711 GGTGAAACTAACACTCAACCTGG 150 (CA)19 o.n 
GCATCTAGCAAACAGCATGTG 

D1S161 MIT-E112 M87712 CAGGCTTCCAGTTGTCTTCC 159 (CAll7 0.84 
CTTCCTGGAATCCAGATGGA 

D1S162 MIT-MS154 M87713 GGGGGAAGAAGTCCGAGTAG 134 (GT)22 0.91 
ATAAGGGGAACAGGTCTGGG 

D1S163 MIT-MS217 M87714 TCTTCGTGTGTGGAACCGTA 200 (GT)18 0.68 
GCGAGAAATGAACTTGGCTC 

D1S164 MIT-MS165 M87715 TATTTGGGGCAATAAATCAACC 229 (GT)20 0.83 
CTCAGCTCGTTCATTAAATCCC 

D2S93 MIT-GI05 M87720 ATGGTGTCATGGTGTTTTGTG 146 (GTl16 2 0.83 
GCACATTAAAAATTGCAAAATG 

D2S94 MIT-MS153 M87721 AGCCTTGGGGAAAACTGG 150 (GTl17 2 0.75 
AACTGGCACAAAGATGCTCC 

D2S95 MIT-A119 M87722 GACAGAGCAACACCCCAACT 146 (GTl17 2 0.85 
TCATCACTCACCCAGACCAA 

D2S96 MIT-NHS M87723 TTCCCCTGGTTCTCTCCC 178 (GT)14 2 0.78 
GATCTGCTAGAATGAAGAAAACACA 

D2S97 MIT-MS211 M87724 GAAAAAGCAGAGAAAAAGACCG 105 (GT)IS 2 0.81 
TCAAGGGAAAAAACAGCGTT 

D2S98 MIT-MS222 M8772S TGTTCAGGATAAATGTACCCCC 1:ll !C'Al:!4 2 0.71 
GAGCACAGAGGCAGGAAGTC 

D2S99 MIT-F6 M87726 ACTGCTATTCACAGTTCAGGGA 192 (TC.):!:! 2 0.7:l 
TTTCTGGAAGGTTCTTCAGAGC 

D2S100 MIT-MH105 M87719 AGGCTCTTGCCATTCTGAAA 14:l !C'Allll :! 0.52 
GTATGTCAACCATCCTCTTCCA 

D3S1209 MIT-MS24 M8772i GCTCTTCCTCTCCCTGCC IS6 <CAl:!2 :1 0.75 
TACAAGGGGTGGGAGGTACA 

D3S1210 MJT-MS140 M87728 GGGCTATTTTGCAACTTACTCG 157 <CAl17 :l 0.71 
ATCCTGATGGCAATATGAAATG 

D3S1211 MIT-1106 M87729 CAGGGCTTGTGGGATTAGAA 181 ICAll.5 :l 0.88 
ATTTCAGATTTCAGGACAAGGG 

D3S1212 MIT-El09 M877:l0 GGTACTTTCCACCTAGTCAAAACA 1!):l !CAl16 :l 0.75 
TGTAGGGTTTGCAATGTCCA 

D3S1214 MIT-E144 M87731 TCTCCACTTTTCCACCCTA 151 <CA)15 :1 0.60 
TTCGGTCAGGAGCTGCTG 

D3S1215 MIT-MS207 M87732 ATATTTCAGCGTGTGAGATACACA 101 (CAl16 3 0.78 
CATCTCACTCTGGAAGAGAAAATG 

D3S1216 MIT-Kll7 M87733 CTACTGAGGGATGTTGATGGC 170 <GT)23 3 0.86 
TTGTTTAAGCCATTCAGTCTATGG 

D3S1217 MIT-FB M87734 TGACAAGTTTAAAGGGTCCCA 190 (GTll7 3 0.83 
TGTCAAAGTCCCCTTCCTTG 

D3S1227 MIT-MS238 M87735 TAACAGGAGGAATTTTTCTTCTGG 149 <GT)17 3 0.61 
GCAAACTGGGTCCTACCCTT 

D48243 MIT-MH34 M87736 TCAGTCTCTCTTTCTCCTTGCA 173 (AGAT)IO 4 0.67 
TAGGAGCCTGTGGTCCTGTT 

D48244 MIT-MS176 MB7737 CGTTTAAGGCCACTTTGCTT 148 (CA)lB 4 0.83 
AAAATTGCAAGAAGGCTAATGG 

D48245 MIT-N133 M87738 TGCAAGTAAACAGTGACCAAAG 107 (CA)16 4 0.52 
TTTGGATATTTGCATTCAAAAA 

D4S246 MIT-MS205 M87739 TGAATATCCCAGCTTTAGAAAAGA 163 (GT)14 4 0.67 
CCAGCTGTCACTGAGTCAGTT 

D4S247 MIT-MS240 M87740 AATGAGTGGGAAGGTTGCAG 173 (GT)14 4 0.82 
TATACCTATTTCCAGGCATAAGCA 

D4S250 MIT-N136 M87686 TGGACTTGAACTAGTTCTCCAGC 2rn (CA)17 4 0.83 
AGGTTCTCCAGAGAAACAAAACC 

D5S349 MIT-A127 M87741 ATTTGGTTTCCATAGAATCTGAGA 140 (CA)27 5 0.81 -. 
TTACACCCACCAGATTAAGCG 

D5S350 MIT-MS131 M87742 CTCACTCACTTCTCTCTCTGCG 136 (GT)18 5 O.Gl 
TTCAAGCGCGAGAAGAATTT 

D5S351 MIT-1105 M87743 ACCAGTCTATGGCAACACAGC 197 (CAJ17 5 0.75 
GATGAGCATTGCCACTTTAGC "'· D5S352 MIT-MS158 M87744 CCACCGCAGCCAGCTAAT 149 (GT)21 5 0.96 
GAGGTGGGTAGATTACTTGAGTCC 

D5S353 MIT-MH98 M87745 ATACACTGGAAATCCACATTGTG 133 (GT)IS 5 0.83 
ATCCCACACACAGTGCAGAA -?~. 

D5S354 MIT-MH96 M87746 CCGAATTGGTCTATAGGTACGC 135 (GT)19 5 0.76 -TCTCATATTGAAGCACAGAAAAAA ·~~-
. , .. -

D58355 MIT-MH91 M87747 GATGTCTTTCCATTGTCTTCTGG 194 (GTJ14 5 0.67 .~ 
ATAGAAAACCCAGCAAGATAAACA ~---

:Z.-... 
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TABLE 3-Continued 

GenBank 
Accession Primer sequences 

Locus Marker No. (5'-3') hp Repeat Chromosome H 

D68220 MIT-Gl19 M87748 ACCAGGCACCCAAAACTGT 175 (GT)18 6 0.68 
TTGGGATT'ITGGCTGAGATC 

D68224 MIT-MS135 M87749 AAAAACTAGCCCAGCTCGGT 245 (GT)16 6 0.59 
AGAAGTIGTCTGCCCATTTCA 

D68225 MIT-E116 M87750 ACAGTTTCTGGATCAGCTATTTCC 132 (CA)18 6 0.79 
AGAAGAGCTGATAATGTTGAGTGC 

D68226 MIT-MS236 M87751 CCAGTCACCCTGCTAACCAT 206 (CA)14 6 0.70 
CCGCAGCAAATTTATGTCAG 

D7S460 MIT-MH26 M87752 AATACCCCAAGGGGTGGTAA 188 (AACT)8 7 0.95 
CATIGATGAACAGTICAAGCA 

D7S461 MIT-MS97 M87753 GGGAAACTCAAAGGCAGAGA 177 (CA)20 7 0.87 
AAACTCAGCATTGTCCTGCC 

D78462 MIT-MS262 M87754 CCACAAGCCTGGATTTGG 150 (GT)17 7 0.52 
GTCTTCTACTIGGTTTGCACAGG 

D78463 MIT-Glll M87755 AGTTGGAGCCCAGCTTGC 159 (CA)19 7 0.70 
GCAGTCTTCCCTCCTCAGC 

D78466 MIT-COS43 M87756 TGGGCCACCATAGTATAGCC 244 (GT)23 7 0.83 
TGACCACACGTCCACTGG 

D88205 MIT-MS45 M87757 ATTCTCTCGTCCTTTCTTGGG 108 (GT)19 8 0.78 
ACAAATTTCCGTGTAAGGTAGAGG 

D8S206 MIT-MS61 M87758 GAAAACCATGGCTGGGTG 127 (GT)16 8 0.67 
ACATGCATTAGCACTACCATGC 

D8S207 MIT-MS142 !\187759 TCTCCCATAGGGTCCTGTCA 142 (GT)20 8 0.74 
ACACATACCATTGGAAACTCCC 

D8S208 MIT-!\1S91 M87760 AGCCTCATCACTCCCCTCTT 155 (CA)20 8 0.75 
ACAGCAGCGATAAGGAATTAGC 

D98129 MIT-!\1S47 M87761 TICAGAAATTCTTTCTTCTGCTTG 135 (GTl16 9 0.67 
TAATGAAACAAATCTTGAAACCAA 

D9S130 MIT-E117 M87762 AACTGGAGGGGGAAAATACG 184 (GT)15 9 0.58 
TTGTGTAGGCAAACTTGAGTGC 

D98131 MIT-MS202 M8776:l CCAGCGTGGCATGTCTCT 100 (GT)17 9 0.83 
TCATCTCATAACCCTCTGACCC 

D98132 MIT-G115 M87764 CTCGGGACTTTTCAGCCTC 156 (GT)14 9 0.75 
TGAAAGTIGAATGATGTTCACG 

D98133 MIT-MS67 M87765 ATCGCAAACTGCTTCCTTTT 150 (GTll5 9 0.63 
TCACAAGGCCCATTACAGTG 

D9S135 MIT-MS93 M90976 TTTCAGGTCTCTT'ITCTGTAGGG 99 (GT)21 9 0.63 
CCAACAGAAAAGATACCAGAAATC 

D10S172 MIT-MX5 M87670 TATTTTGATTTTGCATGTGTGAA 151 (GT)22 10 0.64 
TTTGCTGAGAGAGTAGATTTCAGG 

DIOS17:l MIT-MX6 M871l71 GCTGATTTTTCCTGCTGGTC 155 (CA)19 10 0.81 
TGTTTCTGAAGCATTTTCCTTG 

D10S174 MIT-MS88 M87672 TTCTGTGAGCATCTGTACAGCT 150 (CA)20 10 0.75 
TATGAGCCATCCCTAGCCAG 

D10S175 MIT-MS77 M87673 CCATAGCCATTCTTCCTCCA 233 (CA)17 10 0.70 
GTGGTGACAACTCTGAGCCA 

D11S861 MIT-A136 M87674 CTGAAACCAAGTGAAAAGGAGA 154 (CA)16 11 0.70 
AAGCTCCATTGTCTTCTGGC 

D11S862 MIT-MS7 M87675 TACCATATTAAATCACCCACATGG 152 (CA)16 11 0.83 
GGAATCAGGATTCAAACTCTGG 

D11S863 MIT-MS20 M87676 GCAACATGGTAAGAGTCCAGC 133 (CA)15 11 0.65 
GTAGCTGGGACCAGAGGGAT 

D11S865 MIT-E137 M87677 CTTTTTGTTGCCCATTGCTT 170 (CA)22 11 0.81 
GTAAAGGATAAAAACTCTGCAGGC 

D11S866 MIT-A106 M87678 TCTGCTCTICCAGGTGCC 178 (CA)17 11 0.78 
TGCAGGCTGGTCTTCAGTC 

D12868 MIT-Gl17 M87679 TCCTGGAACCTTGCTTGC 201 (GT)21 12 0.50 
CCACCTCCAAGTCATCCAGT 

D12S69 MIT-MSG M87680 GGATCATAATGTAGGTTCACCTCC 214 (GT)16 12 0.56 
~;. GCAAGACCCCCATCTCTACA 

D12S70 MIT-MS54 M87681 TGTAGAAAAGAGAATGATGATGCC 177 (GT)21 12 0.72 
TTACTATCTACCCCCTGACTGACA 

D12871 MIT-MS159 M87682 CTGGTACCCCTTGTCAGCAT 179 (GT)l5 12 0.78 
TTAAAGCTGGGGAGAGGGAT 

D12872 MIT-MS263 M87683 CATCATCCCATGGTCGAAG 159 (GT)22 12 0.83 
GAGAGTAGGTTCCTTATCCTGGG 

D12874 MIT-Al18 M87684 CAACTCTTCCCATTTTIGAAGG 175 (CA)l9 12 0.54 
GGGCTTGGAAAACCAGCT 

013S115 MIT-MS34 M87685 TGTAAGGAGAGAGAGATTTCGACA 169 (CA)l9 13 0.82 
TCTTAGCTGCTGGTGGTGG - D14S57 MIT-MS16 M87687 TGATACCTATGCAAGTATGTTTGC 141 (GT)17 14 0.63 ..,.... 
GTGGATGAGAGTTTGATTGTGTG 

D14858 MIT-MS162 M87688 ATTTCTCTCATTAAATCTGCTCCG 205 (GT)26 14 0.63 
-" TCAGCCCAGGAGGTTGAG 

•. c· 
~-
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--=----
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TABLE 3-Continued 

GenBank 
Accession Primer sequences 

Locus Marker No. (5'-3') bp Repeat Chromosome H 

D14S59 MIT-MH90 M87689 CTTTTGCTTTCCCAGGAGG 107 (GT)18 14 0.88 
GTGCTGATGCAAGAAGGTGA 

Dl5S97 MIT-MS14 M87695 CTTCTAGCCTCAGGTTCCCC 159 (GT)22 15 0.75 
ATTCACTTTTCAAACCACCCC 

D15S98 MIT-MS112 M87696 CATGTGAAACTGCAAAAGCTG 152 (CA)20 15 0.81 
AAAAGTCGCATTTGGTCGTT 

Dl5S99 MIT-MS149 M87697 GGGTGAGAAGTTTGTCCTTCC 135 (GT)19 15 0.50 
ATGCAGAGCCCCTGTGAG 

D15S100 MIT-MS164 M87690 CTTTCCAATTCACCCCCAC 183 (GT)17 15 0.79 
ATCCAGCTCCCCCAAATATT 

D15S101 MIT-MS178 M87691 GCTGCATICCAGCCTAAAAG 104 (CA)19 15 0.83 
GCCCACTAGTTTGAGACAGAGA 

Dl5S102 MIT-N130 M87692 TCAATAACTCCATIGCTCAGTCC 217 (CAl18 15 0.85 
TAGGGCCAATGGAGAGAGC 

D15S103 MIT-Gll3 M87693 GTICAAAAGGCTCATCATGTAGC 233 (CA)17 15 0.58 
TICCTGAGTCCTIATAGCTICCA 

Dl5S104 MIT-M131 M87694 ATGCAGAGCCCCTGTGAG 170 (CAl18 15 0.83 
CCACTCTGTAGGGTTTCACTCC 

D16S310 MIT-MH20 M87698 GGGCAACAAGGAGAGACTCT 162 (ATAG)12 16 0.67 
AAAAAAGGACCTGCCTTTATCC 

Dl6S312 MIT-1103 M87699 CTAGGGGGACACACGCAC li6 (CA)23 16 0.75 
CTGTCCACCCTGTGACCC 

D16S313 MIT-MS79 M87700 TGACTCTTTTCGTCAACACAGC 141 (CAl20 16 0.57 
TATICAAATACAAGCAACCGTG 

D17S581 MIT-MS52 M87701 CAAGAGTGGAAATTGACCTCG 155 (CA)16 Ii 0.75 
TAAGATTTTCTCTCAGAGTGCACC 

D17S582 MIT-MS105 M87702 GCTGTTTCAAAAGGCTTTGG 123 (GT)15 Ii 0.63 
GGAGGGACTCAGTCAGAAAGG 

D17S583 MIT-Nl27 M87703 TTCCCTIAAGCCCAGGAGTT 178 (CA)14 17 0.54 
CCACGTCAAATACTTGGGCT 

D17S584 MIT-MS246 M87704 CATATCAATGCACTGATAAAACCC 139 (GT)20 Ii 0.52 
GGTGGGGAGATGGTTTCTCT 

D18S36 MIT-MS156 M87705 TICAGTITITCACATGCATAAAA 146 (GT)21 18 0.75 
TCTICCATIGATCCCAAAATG 

D19S197 MIT-Gl16 M87706 TCCTCAGCAGGTCTCCTCAT 153 (GT)28 19 0.92 
CACCAGGGAAATGCCAAG 

Dl9S198 MIT-M!33 M87707 GAAAGTGTCCACAACGGTAGC 115 (CA)18 19 0.87 
AAAGGGGTIAGAGGAGAAGGC 

D19S199 MIT-MS231 M87708 TGGATTIGTGCTTIATTTTACATI 150 (CAl17 19 0.83 
GAAAAAGTIGAATCAACCCTGG 

Dl9S200 MIT-MS265 M87709 GGAGTIGCTICGCTIGTAGC 138 (GT)26 19 0.88 
TAAAAAGAAGATAGCCATGTGAGG 

D20S75 MIT-M127 M87717 GCTGAAATGGGAGGATCG 173 (CA)17 20 1.00 
GCTGCAGTGAGACATGATCA 

D21S222 MIT-G121 M87718 CACTTTCTGCAGAGGAAAAGC 131 (CA)21 21 0.88 
ATCTTCCCAATTTTACAATGATCT 

DXS730 MIT-MS21 M87766 CCTGATCATCCCTGAGGCTA 192 (GT)21 X 0.63 
TIAGTCCCAGGGGGGAGAG 

DXS731 MIT-MS266 M87767 CTCACCATIGGGTCTICATACA 100 (CA)22 X 0.74 
TATGATAGGCATGAATIGTGTCTG 

DXS737 MIT-MS120 M87768 GAGGAAAAAATCAAGTCCATGT 167 (CA)21 X 0.60 
TGTCTAGTGTATGACTCATCTCCA 

DXS738 MIT-Ell4 M87769 CCAGCAATAACCATAAGTAAAACC 144 (CA)17 X 0.71 
AATGTGTIGTTGTATTCACCTIGC 

Note. The chromosomal assignment for each locus was determined by somatic cell hybrid analysis. Heterozygosities were determined after 
analysis of 24 unrelated genomic DNA samples. The length of the PCR product of the sequenced allele is defined in base pairs, and the number 
and type of repeated elements on the sequenced strand is defined. The primer sequences all have a Tm between 58 and 62°C and may be 
amplified using identical PCR conditions described in the text. The complete sequence data for each locus have been deposited in GenBank and 
may be accessed using the GenBank Accession No. 

libraries used by Weber (1990) to isolate many (CA)n human (CA)n repeats in different laboratories will be a 
repeats were constructed from different restriction di- rare event that can be quickly resolved as the repeats are 
gests. Similar analyses of 303 (CA)n repeats from an ,. added to the human genetic map. 
Mbol-digested and size-fractionated mouse genomic li-
brary identified only 6 duplicates (Dietrich et al., 1992). 
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The Whitehead Instit~te/MIT Cente; for Genoriie R~~~~rch:(CGR) ·ope.~ed iri\J~l~;f~93 -~t ·one 
Kendall Square in Cambridge, supported by a grant from the Nationai'Center for Human Genome 
Research. The major goals of the Center are: (1) to construct genetic and physical maps of the mouse 
genome; (2) to create a physical map of the human genome; and (3) to ensure that these resources are 
distributed to the scientific community in a timely and convenient fashion. These maps and others like 
them provide crucial infrastructure for the study of mammalian genetics and should be valuable in the 
identification of disease genes. · 

In order to accomplish its goals,GG.R is organized in project teams and cores. At present, they 
are: Mouse, Hurtlan, Informatics, Sequencing and YAC. · ,~ 

Thfo i::; tho fh-:::t issu!) of our Centr.r new:;letter, which fa pformn::l to c~pcar quarterly. Its gcal is 
to provide up-to~date information about progress and to clescribe resources available from the Center. 
We solicit your suggestions about ways to improve the utility of this newsletter in subsequent editions. 

MOUSE GENETIC MAP 
REACHES 4537 SSLPs 

HUMAN PHYSICAL MAP 
TOPS 3419 STSs 

The Mouse Genome Mapping Project aims . _The Human Genome Mapping Project aims 
at building genetic and physical maps covering at constructing a physical map of the human 
the entire mouse genome ... Such maps should genome by the strategy of STS content mapping. 
makeitrapidandsimpleforanymousegeneticist '11he goal is to screen a total of 10,000 sequence 
to map monogenic or polygenic traits and to tagged sites (STSs) by mid-1996 on 25,000 YACs 
obtain cloned DNA spanning the-region of inter- from the CEPH mega-YAC library (average size 
est. In this way, tedious mapping and w~lking .. 1 Mb), iri order to identify the YACs containing 
efforts should become unnecessary~ . · . '· , . ' \ each STS .. In addition; the STSs \vill be ·screened 

The first step is 'the construction of~: high·.. on'a Pf:\!}el of.'wh~le~g~noµi~~i'adi~#oh _liybrid~~to 
density genetic-· ma'p con.sif~ipg:of, 6,q_9_0· simple/.,:· P}'O~<Wa.~.-i~p~~~~})n~~s~~:*'fJop~_tl,§'.~~:~t~~r~ 
sequence length polymo·rphisms (SSLPs). These·· ,. The STSs :wilt cons11;t~f: aboµt 5,000 genetically 
markers are easily typ~-1~y:l'c~· ~ndh,~~e·;a: .lrfg~ :· , !ll,afo5_e:c1!·~tmP,!.~i~ci~~jj{eJ~hi~1t -~OlYJP!iri>~!~n~s 
polymorphism rate- iri both interspecies and in-. · (SStPs):: frc>m'.· othe1•:'_ groups: (principally; :Jean 
traspecies crosses.:· The:vast majority of these . _Welssenb.ach'sgrotlp at'Gcnethon and theCHLC 
markers are anonymous CA~-repeat loci, isolated . consor~ium).hiitl':5~000 comple.tely random STSs 
and sequenced from a whole genomic library. · de,~eloped at Cd-R. · · · 

(continued on page 2J (continued on page 2) 
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\., MOUSE GENETIC MAP 
(continued from page 1) 

The genetic markers are all genotyped in a single ( OB x CAST) F 2 intercross with 46 progeny, for a total 
of 92 informative meioses. With this cross, genetic markers can thus be placed in "bins" with an 
average size of 1.1 centiMorgans (cM). The genetic markers are also tested in twelve inbred mouse 
strains, to determine their allele sizes. 

AB of the July 1994 data release, the genetic map contains 4537 SSLPs-with an average spacing 
of 0.30 cM or 660 kb. The SSLP map is also being closely integrated into the mouse gene map. 
Approximately one-quarter of the SSLP markers will be genotyped in DNAB from a (B6 x SPRET) x 
B6 backcross ofN. Copeland and N. Jenkins, which has been scored for RFLPs in more than 1000 genes. 
To date, some 250 markers have been typed in this cross. In addition, CGR entered'into a collaboration 
with the European Collaborative Interspecific Backcross (EuCIB) to map the SSLPs at higher 
resolution, by typing them in a 1,000-progeny backcross. 

Once the genetic map is complete, the project will tum to physical mapping. The initial goal is 
to construct a physical map by STS-content mapping of mouse YAC libraries. A total of 10,000 STSs 
will be used, consisting of the 6,000 SSLPs and some 4,000 random STSs. This collection will provide 
anchor points with an average spacing of 300 kb. Using these STSs, we plan to screen YAC libraries 
with an average size of about 700kb. CGR has already constructed a 4.3-fold coverage mouse YAC 
library, most of which has an average insert size of about 700 kb. Additional YAC libraries are under 
construction. Once the initial STS content mapping is completed, we hope to close as many gaps as 
possible in a directed fashion. 

HUMAN PHYSICAL MAP 
(continued from page 1) 

Over the past year, we have been developing methods to scale up physical mapping, which 
includes an automated PCR setup process which generates 18,000 PCR reactions per day. The 
detection of these PCR products is done by a chemiluminescent hybridization assay, and data capture 
using CCD cameras. 

YAC screening is currently carried out by a two-level scheme. At the top level, we screen 
superpools from eight microtiter plates. From each positive superpools, we then screen 28 subpools 
corresponding to t~9,}ows, columns and plates of a block. These coordinates should provide a unique 
address provided that the block contains only a single YAC containing the STS; the address can be 
ambiguous (i.e., have more than one row, column or plate) if the block has two or more YA Cs containing 
the STS. 

To date, we have identified YACs for 3419 STSs which fall into the following categories: 
(i) 1427 Genetically mapped polymorphic STSs, which: allow contigs to be anchored to the genetic map; 
(ii) 838 Random genome-wide STSs, of which approximately 75% are unambiguously assigned to a 
chromosome using the NIGMS Human/Rodent Somatic Cell Hybrid Mapping Panel #1; (iii) 857 
unpublished CA-repeat-containing STSs generously provided by J. Weissenbach. These CA-repeats, 
which were not sufficiently polymorphic to be genotyped for the Genethon human genetic map, are an 
additional source of random STSs; (iv) 114 new chromosome 22 STSs generated from sequences 
· derived from flow-sorted chromosome libraries, in collaboration with the Human Genome Center for 
· Chromosome 22 in Philadelphia.-These STSs and the corresponding YACs already provide consider­
able coverage of the long arm of chro-mosome 22; and (v) 253 STSs from public data bases. 

• With the current data, the average spacing between· STSs is about 875 kb. This is still not 
sufficient to allow the assembly of a comprehensive and reliable STS content map. AB additional STSs 
are added, contigs covering substantial portions of the genome are expected to fall together. 
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CGR~Resources · 
CGR strives to ensure rapid and convenient access by the scientific community to information, reagents, and 
software tools developed by our mapping projects. 

Databases 
Human physical mapping and mouse genetic 

mapping data are released on a quarterly basis in 
January, April, July, and October. The data is 
available in a number of ways. 

Via ftp - You will need access to an ftp program 
such as Fetch on the Macintosh. Set your program 
to log into genome.wi.mit.edu. Use "anonymous" 
for the user name, and use your e-mail address for 
the password. Data files are stored in /distribu­
tion/mouse_sslp_releases and /distribution/ 
human_STS_releases. 

Via e-mail - Send e-mail to the address 
genome_database@genome.wi.mit.edu, with the 
word "help" appearing as the first word on the 
subject line or body text. You will receive instruc­
tions for accessing the data by return mail. As of 
spring 1994, only the mouse genetic mapping 
information is available via this route. 

Via World Wide Web - You will need a World 
Wide Web client, such as Mosaic (widely nvailable · 
for niiiltiple platforms). Tell your client to connect 
to http://www-gcnome.wi.mit.edu, and follow the 
links to the data directories. 

For further help with database services, call 
Lincoln Stein, Assistant Director of Informatics, 
617-252-1916, lstein@genome.wi.mit.edu. 

Softwar.e .. 
Software.is available via World Wide Web and 

ftp. All software is stored in the directory /distri­
bution/software. 

The programs currently available are as 
follows: 

MAPMAKER-an interactive computer pack­
age for construction of genetic maps in experimental 
crosses and human reference families. 

MAPMAKER/QTL-an interactive computer 
package for genetic mapping of quantitative trait 
loci (QTLs) in experimental crosses, using LOD 

· scores. 
PRIMER-a computer program for selection of 

PCR primers satisfying specified conditions. 
EXCEL TCP/IP PLUGIN- a Microsoft Excel 

add-on that allows regions of the spreadsheet to be 
sent to and received from UNIX hosts on the 
Internet. 

Distribution of Biological Reagents 
CGR tries to promote broad and immediate 

access to biological reagents, by encouraging and 
assisting distribution services by the private sector. 

• To ensure access to mouse and human STSs, 
. CGR pioneered in 1990 an arrangement under 
which Research Genetics, Inc. retains a portion of 
all PCR primer pairs synthesized for our use and 
sells aliquots to the scientific community at discount 
prices, under the name "MapPairs." The arrange­
ment has since been extended to include PCR 
primers from other genome centers, as well. 

• To ensure access to mouse and human 
YACs, CGR distributed copies of its mouse YAC 
library ( 4.3-fold coverage in YACs of about 700kb; 
Kusumi et al. Mammalian Genome, 4:391-2 (1993)) 
and the CEPH mega-YAC library (plates 613-984) to 
both Research Genetics, Inc. and Genome Systems, 
Inc. These companies provide library services, 
including: screening service for individual STSs; 
purcb,ase of YAC DNA pools for PCR screening of 
STSs; and purchase of a·copy of the entire library. 
For more information contact: 

Research Genetics, Inc. 
2130 Memorial Parkway, SW 
Huntsville AL 35801 
Phone: (800)-533-4363 
Fax: (205},536-9016 

. -~::.:. 

Genome Systems, Inc. 
7166 Manchester Road 
St. Louis MO 63143 
Phone: (800)-248-7609 
FAX: (314)-647-4134 

CGR receives no royalties from distribution of 
reagents by private companies. 

Policy on Data Release and Patents 
To promote the broadest possible use of the 

biological tools developed under the Human Genome 
Project, Whitehead Institute has adopted a policy 
that: 

• Genetic and physical maps (including all 
clones, genetic markers, primers and sequences) 
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CGR Resotirces,Continued 

will be made promptly available to the scientific 
community, will be placed in the public domain, and 
will not be patented. 

• No access to maps will be granted to any 
commercial entity in advance of public release. 

Data releases are scheduled every 90 days. At 
the end of each calendar quarter, all genomic 
mapping data are reviewed and prepared for distri­
bution via CGR's electronic databases. Data re­
leases typically occur within two weeks of the close 
of the quarter (i.e., in mid-January, mid-April, mid­
July and mid-October). Releases are announced by 
electronic messages posted to the following two 
newsgroups: "bionet.genome.chromosomes" and 
"bionet.announce". 

The purpose of CG R's data release policy is to 
ensure that scientific colleagues have immediate 
access to information that may assist them in the · 
search for genes. Data releases do not constitute 
scientific publication of CG R's work, but rather 
provide scientists with a regular look into our lab 

notebooks. For projects aimed at the analysis of 
particular genes or small subchromosomal regions, 
permission is hereby granted to use our data with­
out the need for a formal collaboration, subject only 
to appropriate acknowledgement. For projects 
aimed at large-scale mapping of entire chromosomes 

. or entire genomes, use of the data and markers 
should be on a collaborative basis. The information 
for the mouse genetic map should be cited as: 

Whitehead Institute/MIT Center for Genome 
Research, Genetic Map of the Mouse, Data Release 
7 (July 1994) 

Dietrich, W.F. et al. A genetic map of the 
mouse with 4,006 simple sequence length polymor­
phisms. Nature Genetics 7:220-245 (1994). 

The information for the human genome map­
ping project should be cited as: 

Whitehead Institute/MIT Center for Genome 
Research, Human Genetic Mapping Project, Data 
Release 2 (July 1994). 

..------------ ........ ----,---------~',..;:_;._.:~:t~--•-~·-------..;, .... _...,.... _______ _, 

If you would like to receive future issues of the Whitehead Institute/MIT Center for Ge­
nome Research Newsletter in hard copy, please complete and send in the following form: 

*Issues are also available on the World Wide Web. Our URL is 
http:/ /www-genome.wi.mit.edu/ 

· Name 

Institution 

Department 

Street/Building 
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HUMAN GENOME 
--- ------. 

Geriethon to Sequence Promoters 
In its short 4-year life, the Genethon ge­
nome center, in Evry, near Paris, has carved 
out a position as a world leader in human 
genome mapping. Now, it is hoping to move 
into the front ranks of another area of human 
genomics: large-scale DNA sequencing. To 
do this, it is embarking on its first major 
collaboration with a for-profit company-a 
potentially controversial move for a lab 
funded through public donations. Last week, 
Genethon's paymaster, the French Muscular 
Dystrophy Association (AFM), announced 
an $11-million, 2-year joint initiative with 
Genset, a Paris-based genomics company, to 
establish an independent lab within Gene­
thon. Dubbed the Tres Grand Sequem;age 
(TGS) laboratory, it will employ some 25 
staff members at Evry and operate a battery of 
more than 20 automated DNA sequencers, 
working around the clock. 

Several labs worldwide are planning simi­
lar-sized sequencing efforts, but the TGS 
project is unique because it is targeted at the 
promoter sequences that regulate gene ex­
pression. When proteins called transcription 
factors bind to these promoter sequences, the 
sequences trigger the production of messen­
ger RNA (mRNA)-genetic messages cop­
ied from stretches of DNA that code for pro­
teins. Several major sequencing labs are 
working on complementary DNA-DNA 
copies derived in the lab from this mRNA­
to identify the coding regions of the roughly 
100,000 genes contained in the human ge-

nome. Marc Vasseur, Genset's chief scien­
tist, argues that by targeting the sequences 
that regulate mRNA production, TGS will 
complement these efforts. 

Collaborating with Genset was a neces­
sity for AFM: It could not have afforded to 
launch the project alone, given that it is also 

planning a major effort, dubbed Genethon 
II, to clone the genes underlying neuromus­
cular disease (Science, 18 March, p. 1554). 
Nevertheless, AFM general secretary Pierre 
Birambeau is confident that the terms of the 
agreement with Genset will deflect any criti­
cism of Genethon's new link with the world 
of commerce: Sequence data derived from 
the project will be made public 6 months 
after collection, and any revenues that subse­
quently accrue to AFM will be plowed back 
into research on neuromuscular diseases. 

TGS's main strategy, says Vasseur, will be 
to make multiple copies of the beginning of 
each mRNA protein-coding message. These 
amplified sequences will then be used to 

probe th·e gen~~e," binding tp the DNA from 
which they were transcribed. By sequencing 
about 1000 bases of DNA upstream from that 
point, Vasseur claims, it should be possible to 
hit the majority of the corresponding pro­
moter sequences. "I think \t's a worthwhile 
thing to try," agrees gene cqntrol expert Rob­
ert Tjian of the University of California, 
Berkeley. But for a given gene, he warns, the 
sequences that bind to transcription factors 
may be spread over many thousands of bases 
of DNA and are not afways easy to identify 
merely by examining the raw sequence data. 
Nevertheless, other researchers are more op­
timistic that the TGS project will yield use­
ful information. "It certainly will be interest­
ing in discovering connections between 
genes," says gene expression researcher Moshe 
Yan iv of the Pasteur Institute in Paris. Com­
parison of promoter sequences from different 
genes, he says, should indicate which genes are 
controlled by the same transcription factors. 

Both Genset and AFM also hope the 
TGS project will lead to clinical advances. 
For Genset, the targets are conditions such as 
cancer and inflammatory disease, including 
arthritis. The company is developing "tran­
scription factor decoys"-short pieces of 
DNA that mimic the promoter sequences of, 
say, cancer-causing oncogenes. These should 
bind to the relevant transcription factor and 
so "mop them up" and prevent the genes 
from being activated. AFM, meanwhile, has 
its long-term sights set on gene therapy for 

. neuromuscular disorders and hopes to find 
promoter sequences that could be used to 
control the expression of therapeutic genes .. 

-Peter Aldhous 

--------U.S. R&DPoucy __________________ _ 

Clinton Inaugurates Science Council 
Last week, U.S. science and technology pol­
icy stood at the top of the President's agenda 
-for about 30 minutes. That's how long Bill 
Clinton presided over the first meeting of the 
National Science and Technology Council 
(NSTC). The council was created by execu­
tive order last November, but it wasn't until 
30 June, at 11:30 a.m., that its 24 members­
Cabinet secretaries, agency heads, and senior 
White House officials-finally got together 
to discuss efforts to coordinate the govern­
ment's $75-billion R&D portfolio. 

The 75-minute session in the Roosevelt 
Room of the White House (Vice President 
Al Gore took over after Clinton departed in 
midmeeting) didn't alter the course of U.S. 
policy toward research. Rather, its major pur­
pose was to tell the President about the ac­
tivities of the nine committees that serve as 
the operating units of the NSTC. These 
committees, which together form what Gore 
described at the meeting as "a virtual 
agency," are supposed to set spending priori-
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ties within nine areas that stand at the inter­
section of science and society-from health, 
transportation, education, and the environ­
ment to national security and civilian tech­
nologies. The first tangible results of their 
labor, which began over the winter and in­
cluded two large conferences (Science, 4 Feb­
ruary, p. 604, and 25 March, p. 1675), will 
appear in the President's 1996 budget request 
to Congress next February. 

The President opened the meeting by 
stressing the importance of the federal in­
vestment in both fundamental and applied 
research. Then he went around the room, 
asking each participant to describe his or her 
activities on behalf of science and technol­
ogy. "The discussions were strategic, not tac­
tical," said a White House aide. 

The NSTC is, in theory, on a par with the 
National Security Council in the White 
House hierarchy. But there's little chance 
the two councils will be equal in influence. 
The security council meets frequently, and 
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its members place a high priority on attend­
ing. Last week's NSTC meeting took 7 
months to arrange, in part because of the 
difficulty of finding time on the President's 
schedule. Even so, the meeting was called 
with less than 2 days' notice, and some of the 
members were forced to send stand-ins: Nine 
of the 24 principals dispatched their deputies 
or lower ranking officials. Among the no­
shows was National Institutes of Health 
(NIH) Director Harold Varmus, who had 
lobbied hard for NIH membership on the 
council. Varmus and his family were bicy­
cling through France as part of a long­
planned vacation, and NIH's seat was occu­
pied by deputy director Ruth Kirschstein. 

There was no mention at the meeting of 
the President's Committee of Advisors on 
Science and Technology, created last fall but 
yet to be formed. Its 15 members are sup­
posed to provide the president with input 
from the academic and private sectors on 
science and technology matters; the com­
mittee's charter expires in November 1995. 

· -Jeffrey Mervis 
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The Whitehead Institute/MIT Center for Genome Research (CGR) opened in July, 1993 at One 
Kendall Square in Cambridge, supported by a grant from the National Center for Human Genome 
Research. The major goals of the Center a.re: (1) to construct genetic and physical maps of the mouse 
genome; (2) to create a physic.al map of the human genome; and (3) to ensure that these resources are 
distributed to the scientific community in a timely and convenient fashion. These maps and others like 
them provide crucial infrastructure for the study of mammalian genetics and should be valuable in the 
identification of disease genes. 

In order to accomplish its goals, CGR is organized in project teams and cores. At present, they 
are: Mou.set Human, Informatics, Sequencing and YAO. 

This is the first issue of our Center newsletter. which is planned to appear quarterly. Its goal is 
to provide up-to•date information about progress and to describe resources available from the Center. 
We solicit your suggestions about ways to improve the utility of this newsletter in subsequent editions. 

MOUSE GENETIC MAP 
REACHES 4537 SSLPs 

The Mouse Genome Mapping Project aims 
at building genetic and physical maps covering 
the entire mouse genome. Such maps should 
make it rapid and simple for any mouse geneticist 
to map monogenic or polygenic traits and to 
obtain cloned DNA spanning the region of inter­
est. In this way, tedious mapping and walking 
efforts should become unnecessary. 

The first step is the construction of a high 
density genetic map consisting of 6,000 simple 
sequence length polymorphisms (SSLPs). These 
markers are easily typed by PCR and have a high 
polymorphism rate in both interspecies and in­
traspecies crosses. The vast majority of these 
markers are anonymous CAn -repeat loci, isolated 
and sequenced from a whole genomic library. 

(continued on page 2) 

HUMAN PHYSICAL MAP 
TOPS 3419 STSs 

The Human Genome Mapping Project aims 
at constructing a physical map of the human 
genome by the strategy of STS content mapping. 
'l'he goal is to screen a total of 10,000 sequence 
tagged sites (STSs) by mid•l996 on 25,000 YACs 
from the CEPH mega-YAC library (average size 
1 Mb), in order to identify the YACs containing 
each STS, In addition, the STSs will be screened 
on a panel of~hole-genome' radiation hybrids to 
provide an important measuxe of top-down order. 
The STSs will consist oi about 5,000 genetically 
mapped simple sequence length polymorphisms 
(SSLPa) from other groups (principally, Jean 
Weissenbach's ifOUp at Genethon and the CHLC 
consortium) and 5,000 completely random STSs 
developed at CGR. 

(continued on page 2) 
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MOUSE GENETIC MAP 
(continued from page 1) 

GENOME CENTER ~003 

The genetic markers are all genotyped jn a single (OB x CAST) F 2 intercross with 46 progeny, for a total 
of 92 informative meioses. With this cross, genetic markers can thus be placed in 11bins" with an 
average size of 1.1 centiMorgans (cM). The genetic markers are also tested in twelve inbred mouse 
strains, to determine their allele sizes. 

As of the July 1994 data release, the genetic map contains 4537 SSLPs-with an average spacing 
of 0.30 c.:.'1: or 660 kb. The SSLP map is also bei.ni closely integrated into the mouse gene map. 
Appro:ximately one-quarter of the SSLP markers will be genotyped in DNAs from a (B6 x SPRET) x 
B6 backcross ofN. Copeland and N. Jenkins, which has been scored for RFLPsin more than 1000 genes. 
To date, some 250 markers have been typed in this cross. In addition, CGR entered into a collaboration 
with the European Collaborative Interspecific Backcross (EuCIB) to map the SSLPs at higher 
resolution, by typing them in a 1,000-progeny backcross. 

Once the genetic map is complete, the project will turn to physical mappinii. The initial goal is 
to construct a physical map by STS-content mapping of mouse YAC libraries. A total of 10,000 STSs 
will be used, consisting of the 6,000 SSLPs and some 4,000 random STSs. This collection will provide 
anchor points with an average spacing of 300 kb. Using these STSs, we plan to screen YAC libraries 
with an average size of about 700kb. CGR has already constructed a 4.3-fold coverage mouse YAC 
library, most of which has an average insert sjze of about 700 kb. Additional YAC libraries are under 
construction. Once the initial STS content mapping is completed, we hope to close as many gaps as 
possible in a directed fashion. 

Hm1AN PHYSICAL MAP 
(continued from page 1) 

Over the past year, we have been developing methods to scale up physical mapping, which 
1ncludes an automated PCR setup process which generates 18,000 PCR reactions per day. The 
detection of these PCR products is done by a chemiluminescent hybridization assay, and data capture 
using CCD cameras. 

YAC screening is currently carried out by a two-level scheme. At the top level, we screen 
superpools from eight microtiter plates. From each positive superpools, we then screen 28 subpools 
corresponding to the rows, columns and plates of a block. These coordinates should provide a unique 
address provided that the block contains only a single YAC containing the STS; the address can be 
ambiguous (i.e., have more than one row, column or plate) if the block has two or more YA Cs containing 
the STS. 

To date, we have identified YACs for 3419 STSs which fall into the following categories: 
(i) 1427 Genetically mapped polymorphic STSs, whicli allowcontigs to be anchored to the genetic map; 
(ii) 838 Random genome-wide STSs, of which approximately 75% are unambiguously assigned to a 
chromosome using the NIGMS HumantRodent Somatic Cell Hybrid Mapping Panel #1; (iii) 857 
unpublished CA-repeat-containing STSs generously provided by J. Weissenbach. These CA-repeats, 
which were not sufficiently polymorphic to be genotyped for the Genethon human genetic map, are an 
additional source of randolll. STSs; (iv) 114 t1ew chromosome 22 STSs generated from sequences 
derived from flow-sorted chromosome libraries, in collaboration with the Human Genome Center for 
Chromosome 22 in Philadelphia. These STSs and the corresponding YACs already provide consider• 
able coverage of the long arm of chromosome 22; and (v) 253 STSs from public data bases. 

With the current data, the average spacing between STSs is about 875 kb. Thia is still not 
sufficient to allow the assembly of a comprehensive and reliable STS content map. As additional STSa 
are added, contigs covering substantial portions of the genome are expected to fall together. 
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CG R Resottrces 
CGR strives to ensure rapid and convenient access by the scientific community to information, reagents, and 
software tools developed by our mapping projects. 

Databases 
Human physical mapping and mouse genetic 

mapping data are released on a quarterly basis ill 
January, April, July, and October. The data is 
available in a number of ways. 

Via ftp - You will need access to an ftp program 
such as :Fetch on the Macintosh. Set your program 
to Jog into genome.wi,mit,edu. Use "anonymous" 
for the user name, and use your e-mail address for 
the password. Data files are stored in /distribu­
tion/mouse_sslp_releases and /distribution/ 
humau_STS_releases. 

Via e-mail • Send e-mail to the address 
genome_database@genome.wi.mit.edu, with the 
word "help" appearing as the first word on the 
subject line or body text. You will receive instruc­
tions for accessing the data by retum mail. As of 
spring 1994, only the mouse genetic mapping 
information is available via this route. 

Via World Wide Web • You will need a World 
Wide Web client, such as Mosaic (widely available 
for multiple platforms). Tell your client to connect 
to http://www-genome,wi,mit.edu, and follow the 
links to the data directories. 

For further help with database services, call 
Lincoln Stein, Assistant Director of Informatics, 
617-252-1916, lstein@genome.wi.mit.edu. 

Software 
Software is available via World Wide Web and 

ftp. All software is stored in the directory /distri­
bution/software. 

The programs currently available are as 
follows: 

MAPMAKER-an interactive computer pack­
age for construction of genetic maps in experimental 
crosses and human referen.ce families. 

MA.P~IAEER/QTL-an interactive computer 
package for genetic mapping of quantitative trait 
loci (QTLs) in experimental crosses, using LOD · 
scores. 

PRIMER-a computel' program. for selection of 
PCR p:i:'llllers satisfying specified conditions. 

EXCEL TCP/IP PLUGIN- a Microsoft Excel 
add-on that allows regions of the spreadsheet to be 
sent to and received from UNIX hosts on the 
Internet. 

Distribution of Biological Reagents 
CGR bies to promote broad and immediate 

access to biological reagents, by encouraging and 
assisting distribution senic:es by the private sector. 

• To ensure access to mouse and human STSa, 
CGR pioneered in 1990 an anangement under 
which Research Genetics, Inc. retains a portion of 
all PCR primer pairs synthesized for our use and 
sells aliquots to the scientific community at discount 
prices, under the name "MapPairs. 11 The arrange­
ment has since been extended to include PCR 
primers from other genome centers, as well. 

• To ensure access to mouse and human 
YACs, CGR distributed copies ofits mouse YAC 
library (4.3-fold coverage in YACs of about 700kb; 
KUSllIIli et al. Mammalian Genome, 4:391-2 (1993)) 
and the CEPH mega-YAC library (plates 613-984) to 
both Research Genetics, Inc. and Genome Systems, 
Inc. These companies provide library services 1 

including: screening service for individual STSs; 
purchase of YAO DNA pools for PCR screening of 
STSs: and purchase of a copy of the entire library. 
For more information contact: 

Research Genetics, Inc. 
2130 Memorial Parkway, SW 
Huntsville AL 35801 
Phone: (800)-533-4363 
Fax: (205) 536-9016 

Genome Systems, Inc. 
7166 Manchester Road 
St. Louis MO 63143 
Phone: (800)-248-7609 
FAX:(314)-647-4134 

CGR receives no royalties from distribution of 
reagents by private companies. 

Policy on Data Release and Patents 
To promote the broadest possible u$e of the 

biological tools developed under the Human Genome 
Project, Whitehead Institute has adopted a policy 
that: 

• Genetic and physical maps (including all 
clones, genetic markers, primers and seq1,11mces) 
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· CGR Resot1rces Co11ti11t1ed 

will be made promptly available to the scientific 
community, will be placed in the public domain, and 
will not be patented. 

• No access to maps will be granted to any 
commercial entity in advance of public release. 

Data releases are scheduled every 90 days. At 
the end of each calendar quarter, all genomic 
mapping data are reviewed and prepared for distri­
bution via CGR's electronic databases. Data re­
leases typically ocCUI within two weeks of the close 
of the quarter (i.e., in mid-January, mid-April, mid­
July and mid-October). Releases are announced by 
electronic messages posted to the following two 
newsgroups: "bionet.genome.chromosomes" and 
'"bionet.announce". 

The purpose of CG R's data release policy is to 
en.sure that scientific colleagues have immediate 
access to information that may assist them in the 
search for genes. Data :releases do not constitute 
scientific publication ofCGR's work, but rather 
provide scientists with a regal:tr look into our lab 

notebooks. For projects aimed at the analysis of 
particular genes or small subchromosomal regions, 
permission is hereby granted to use our data with­
out the need f'or a formal collaboration, subject only 
to appropriate acknowledgement. For projects 
aimed at large-scale mapping of entire chromosomes 
or entire genomes, use of the data and markers 
should be on a collaborative basis. The information 
for the mouse genetic map should be cited as: 

Whitehead Institute/MIT Center for Genome 
Research, Genetic Map of the Mouse, Data Release 
7 (July 1994) 

Dietrich, W.F. et al. A genetic map of the 
mouse with 4,006 simple sequence length polymor• 
pbisms. Naturt Genetics 7:220-245 (1994). 

The information for the human genome map­
ping project should be cited as: 

White~ead Institute/MIT Center for Genome 
Research, Human Genetic Mapping Project, Data 
Release 2 (July 1994). 

If you would like to receive future issues of the Whitehead Institute/MIT Center for Ge­
nome Research Newsletter in hard copy, please complete and send in the following form: 

*Issues are also available on the World Wide Web. Our URL is 
http;/ /www-genome.wi.mit.edu/ 
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Street/Building 

City, State, Zip (Country) 
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Abstract 

Cohen and colleagues fl] recent! described a project to c:hatacterize a 

human yeast artificial-chromosome Cf A ) library and offered a 'proposed data 

analysis strategy' that was said to yield physical map covering 87°/4 of the 

human genome. ~e authors provided analytical evaluation to test the 

validity of their novel strategy for co ctmg 'paths' in the genome. We have 

2 

.now examined the proposed method in etaiL .Analytical studies show that most 

paths with at most two i'ACs or sp · less than 5 cM are valid., but most 

paths involving four or more YACs or · g 5 cM or more are invalid. After 

restricting the map to paths with a high robability of being valid, we conclude 

that the remaining map properly covers t most 36% of the genome. 

..... 



Cohen et al [1] recently reported. 

1.first generation' physical map of the hum 

large-insert yeast artificial chromosome 

mapping data involved screening the 33,0 

results of their efforts to construct: a. 

genome, based on the analysis of a 

C) librazy. Briefly, the physical 

one CEPH mega-Y • .\C liDraiy by 

two different methods, srs content mapp g and Alu-PCR probe hybridization. 

Jn the first method., 2100 genefically-ma sequence-mgged sites (STSs) [2] 

3 

were screened against the YAC library ( half of the STSs saeened completely 

and half screened partially to obtain 1-2 p sitives). In the second method, Alu• 

· PCR products were prepaxed from 6900 · · · dual YACs and were screened by 

hybriclization against spotted Alu-PCR pr ucts from a subset of 25,000 of the 

YACs and from monochromoscmal hybri cell lines. (In addition, many YACs 

wrw-ere also subjected to hybridization-base "'fingerprinting' [3], but these data 

played only a :mmor role in the analysis d do not significantly affect the 

coverage; we omit them in the discussion elow.) 

Based on these data, Cohen et at [1 offered a 'proposed data analysis 

strategy' that was said to yield a physical p covering 87% of the human 

genome. The proposed data analysis strat gy involved creating paths between 

Sl'Ss. A ptlih of length k between two S · , s1 and.s2, is defined as a series of 

YAC.S, Yl, y2, ... , Yk such that (1) s1 lies in and s2 lies in Yk by SIS content 

mapping and (2) for each step (y-11 Yi+V, at east one of the two YACs was used as 

an Alu•PCR probe and hybridized to the YAC. Paths of length 1 

mrrespond to traditional STS content ma: ing, while longer paths depend on 

the Alu-PCR hybridization data. A r'"1Mnnsamally allowable path is defined to be 

one with the property that (1) the starting d ending srss, s1 and 52, lie on the 

same cluomosome c, and (2) each Yi that as used as an Alu-PCR probe either 

gave no signal when.hybridized to the m,....,..,."'"omosomal hybrid panel or 

hybrlc:lized to a set of chromosomes that · duded chromosome c. (N.B. For 

' .. 
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hybridized_ to a set of c:hrcmosor:nes tha included chromosome c:. (N.E. Por 

be assigned to a single chromosome, l o hybridized to multiple chromosomes., 

and 33% could.not be assigned to any 

The fiist generation physical ma proposed in [1] was.defined to be the set 

of an chomosomally allowable pat:ra of gth s 7 connecting pairs of S'I'5s with 

genetic distance S 10 cM. The authcm o ered no experimental or analytical 

justification for the choice of path Jen nor any analysis to suggest that most 

such paths are co:rect. !hey simply no that as longer paths are allowed, tbe 

ccverage of the genome iru;reased. With aths of length one, three, .five, and 

· seven, the strategy covered 11%, 300/o, 70 o and 87%, respectively, of the total 

genetic length of the genome. 

Th.ere is a serious issue to be ad ~sed: Using the proposed approach, 

utterly random data might also appear cover the genome. Specifically, it is 
. 

well-lcnown in random graph theory [4]. t., .in certain random structures, paths 

of bounded length suffice to connect ess · y all pms·of points. This 

phenomenon has recently gained popul attention through the award-winning 

play., "Six Degrees of Separation", in w. • it is asserted that any two people in 

the world can be connected through a pa of at mast six acquain:tances. Itis 

il:nportant to evaluate whether the same 

apparently complete coverage of human 

We set ou.t to evaluate the prQpose data analysis strategy usmg the data 

from the March 30., 1994 CEPH data rel e. We first constt:ucted the mimm.um~ 

length chrornosomally allowable path [5] onnect:ing every pm of STSs located 

on the same chromosome-regardless of genetic: distance between them. 

Pigure la shows the proportion of STSs t could be connected, as a function of 

the path length and the genetic distance b een them. We were interested to 

.. -. 



detemrine -y.,hat fraction of these paths 

co:mec:t:ions. 

. A shnple way to determine the oportion of false cormections is t-o 

consider apparent short paths between :rss separated by~ 50 cM. Such paths 

must surely be sputious inasmuch as average YAC length is only l Mb, . 

5 

corresponding to only about 1 cM in the an genome. The proportion of such 

distant STSs connected. by chromo_,.w,~ allowable paths of length 1, 3, 5, and 7 

is 0.05%., 2%, 18% and 61%. In p · the c:w:ve rises dra:mati.c.ally for path·· 

lengths exceeding four-:indicatingtha random amnec:tions dominate at these 

lengths. Interestingly, the proportion of ormected S!Ss at distances 5-10 cM, 

10-20 cM, and 20-50 cM was no higher for S1'Ss at distances.> 50 c:M.. This 

suggested that most paths connecting at distances~ 5 cM are also false. 

To test whether these apparent pa were nothing mme than would be 

expected in an equivalent random graph 4J, we performed a sim.ple 

randomization experiment: We left un ged the genetic map, the STS content 

data, and the chromosomal assignment o Alu-PCR probes, butrmd.onrlzed the 

hybridizaticnresulfs of the Alu•PCR pro es agamst the YAC libraxy, p~ 

only the correct number of hits for each p obe. Consider, ior example, an Alu-

PCR probe that hybridized. to chromoso 3·and 7 and detected four YACs m 

the libnuy. In the randomized data, it still assigned to the same · 

chroJ:rt,osomes but the four YAC.S that it d c:ted were selected using a random 

number generator. With these random d , we again constructed minimum 

length paths between all mtra-chromogww,~ pairs of STSs following the strategy 

of C9hen et al (rigure lb). Paths of Jen 1 remain unchanged m the 

:rmdomized data, since they depend only the STS content data. However, 
. 

longer paths are entirely spu:cious. 



.• .. ·: 
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In~y., SIS pails at~ 5 cM w the same d~ of c:onned:Mo/ in 

the random data as in the real data.--c · · g our suspicion that sputious 

connections a:re the ptincipal · lmkmg such STSs. By conmst, SIS 

pairs at< 5 cM show significantly high connectivity forpaihlength < 3 in the 

real data than in the :randomized data, "th the difference attributable to valid 

short paths between nearby S1Ss. 

Based on this analysis, itfa possib e to estimate the proportion of STSs 

connected by valid patru; (Egure 2) and probability that a path of a given 

length is valid (Figure 3). The results m c.a.te that paths of length s:2·canneding 

STS at< 5 cM are mostly valid, whereas aths having length~ 4 or joi:nmg Sl'Ss 

at~ 5 cM are generally spurious. Consid · g only paihs oflengths 2. 

connecting SISs within 5 cM, the paths · the CEPH-Genethon data cover about 

36% of the genetic length of the human me. (The percentage coverage is 

defined as theproporl:ion of total centiM rgans lying between connected SISs. 

This may somewhat overestimate the al proportion of the physical length 

covered, inasmuch. the covered genetic in ervals of any given size would be 

expected to be biased to those with ~l:'?=::;:ed recombination :relative to physic:a.l 

dismnce.) 

!nsummazy., the 'proposed data :fSis strategy' of Cohen et al [1] works 

well when restricted to short paths, but is · le'for longerpaths. Restricting 

the physita:i map to analytically valid pa: , the CEPH-Genethon physical :map is 

estimated to cover about one-third of the mnan genome. To obfain reliable 

coverage of the entire human genome · g the sf:ra'tec,ay of .Cohen et al [1], one 

would require many more genetically :ma ped (or otherwise ordered) STSs. Not 

withstanding this revised assessment, the ;.Genethon data represent a large 

and impressive resource of great value to human gen~tics commtmi~. It will 

clearly play an jmportant role in the ass ly of a comprehensive physical map • 

. ·. 
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Figure Legends 

Figme 1. Cumulative proportion of c ec:ted S'IS pairs, by inter-STS distance 

iUld path length, for (A) .real data and (B randomized data Mmimal paths were 

constracted between all intra-chromoso pairs of STSs. STSs hitting no YACs 

were excluded, as these could never fo 

8 

Figure 2. .Estimated cumulative proport:i of valid SI'S connections, by infer-SI'S 

distance and path len~ The proportio of spuriously connected SiS pa:i:Es for 

eac:h. path.length was estimated based on ·~ 50 cM'" c:mve in.Figure la. This 

proportion was subtracted from~ ob ed proportion of connected STS pairs 

to yield the estimated proportion of truly on:nected pms. 

Figure 3. Estimated probability that a pa connecting two STSs is valid, by mter­

S'IS distance and path 1~ The probab ·:ty a path.is valid was approximated • 

by max[(po-p 8)/po, OJ, where p 0 is the ob ed proportion of connected S1'Ss 

and p 5 is the proportion of spuiiously co cted STSs estimated from the 

randomized data. The results are similar Psis estimated from the "~ SO cM" 

curve in Figure la. 
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Human Physical Mapping Project 
Whitehead Institute/MIT 

Center for Genome Research 

Phase 1- Primary Semi-automated YAC Screening 

Goal: 3000 STSs 
Methods: Rosys Runs (192 well plates, 8 head pipettor) 

Waffle Irons (192 well plates) 
6144-Spotter 
Image capture of Autoradiography 

Results: 2555 markers to date 
5.5 hit rate f. 1- t,,s 
65% definite addresses 
6% apparent false positive rate 
200 double-linked contigs, mostly with 2 STSs 

Phase 2 - High Throughput YAC Screening 

Goal: 10,000 STSs (and beyond) 
Methods: Genomatron 

CCD capture of chemiluminescent signal 
Computer Analysis of images 
Radiation hybrid mapping of 5000 genome wide STSs 

Phase 3 - Map Assembly and. Validation 

Goal: Closure 
Methods: Verification of YAC addresses using 

semiautomated set-up 
Rapid recovery of Y AC ends for STS generation 
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TOOLS & TECHNOLOGY 
Supporting PCR, New Thermal Cyclers Find Diyer~e Laboratory Uses 
BY~ D.Punm 

Thermal cyclers--or automatic tem­
perature cyders-have not been 
around very long. but. having ridden 
to popularity on the coattails of the 
polymerase chain reaction (PCR), 
they are fast becoming essential lab­
oratory instruments for many bio­
logical researchers. 

- PCR is the DNA amplification 
process introduced in the 1980s that 
has revolutionized genetics-related 
research. PCR replicates a small 
amount of DNA in a series of heating 
and cooling steps and has been used 
in diverse research applications, in­
cluding molecular biology, epidemi­
ology, and paleontology. Reflecting 
the importance of the innovative 
process, PCR' s inventor Kary Mullis 
was awarded this year's Nobel Prize 
in chemistry (see story on page 1). 
Thermal cyders, for their part, have 
cut the time needed to run PCR by as 
much as two-thirds. 

"In the 2 ½ years I've been in this 
industry, I've seen the uses for PCR 
and the market for thermal cyclers­
expand dramatically," says Karen 
Studer-Rabeler, director of new 
product development at Coy Corp., · . 
a thermal cycler manufacturer lo- • 
cated in Grass Lake, Mich. "PCR is 
used in anything from the study of 
fossil ambers to genetic engineering 
of corn." 

throughput (since thermal 
cyders are designed to reach 
target temperatures as quickly 
as possible), and enhanced tem­
perature control to provide uni­
form heating and cooling over 
the entire body of samples. 

Capacity Range 
One of the most striking 

ways in which the thermal g 
cyders · now available differ 
from each other is in the number ~~~,,.i'I£ 
of samples they are designed to 
process at once. At one end of 
the spectrum is a small, light­
weight model called the Mini­
Cycler, from M.J. Research in 
Watertown, Mass., that has a capac-
ity of 16 0.5-ml tubes or 25 0.2-ml even greater capacity, he adds. 
tubes. At the other end is what is Some thermal cycler&, the waffie 
commonly known as "the waffle iron included, offer researchers the 
iron" because the honeycomb pat- ability to divide the instrument's ca­
tern ofits large well plates resembles pacity into independently cycling 
the surface of that appliance. The sections. For example, the waffle . 
official name of this instrument is the iron can process four different heat­
TC 1600 Thermocycler, and it is ingandcoolingprofiles,oneforeach 
made by IAS Products Inc. of Cam- · quadrant of the device. A smaller, 
bridge, Mass. Depending on the con- more affordable model called the 
figuration chosen by the researcher, TwinBlock System from Ericomp 
it can process simultaneously up to : Inc., San Diego, has the ability to run 
3,072 samples (16 microtitration two different cyclirig programs si­
plates times 192 wells). multaneously. David Brown, a re• 

"The waffle iron was spun out of . search coordinator who works with 
a custom project we did for the a TwinBlock in a University of 
Whitehead Institute to help them au- Georgia in Athens genetics lab, 
tomate their work on the Human Ge- praises this feature. 
nome Project," says Steven Gordon, "Aside from the confidence that 
presidentofIAS Products. This ther- the instrument reliably produces the 
ma! cycler is the most expensive on- . -temperatures you expect froiifapar-. 
the market at $45,000, but, as Gor- · ticular program, the ability to run 

of a clothes dryer or oven, about I 0 
amps each.) IAS Products built live 
redundant safety systems into the 
waffle iron, Gordon adds. 

Another technology used in ther­
mal cyders is an electronic process 
called the Peltier effect. Depending 
on the direction of the electrical cur­
rent in a Peltier unit-two ceramic 
outer layers ~andwiching an inner 
layer of semi'conductor material-it 
can actively transport heat either into 
.or out of a sample block. As current 
passes· through the semiconductor 
material, electrons migrate from one 
surface of the sandwich to the other, 
dragging a small amount of heat with 
them. This effect can cause a temper­
ature differential between the top 
and bottom of the unit of as much as 
70 degrees C. Reversing the flow of 
the current reverses the flow of heat 
as well. 

WAFFLE IRON: The TC 1600 
Thermocycler from IAS 
Products-<:ommonly called the 
"waffle iron• because It resembles• 
that appliance-is capable of· 
processing 3,072 samples at 
once, says company president 
Steven Gordon. 

Discovered in 1834 by Jean Pel­
tier of France, this electronic means 
of pumping heat remained a lab cu­

use water for cooling the samples. . riosity until the 1930s, when Maria 
"You can get much more efficient. Telkes, a solid-state physicist at 
cooling out of water because there is Westinghouse Research Labora­
a physical mass that absorbs the heat tories, discovered how to use a crys­
and pulls it away," says Gordon. ta! instead of a bi-metallic junction 

Efficient cooling is a must for a in the device, according to Hansen of 
unit that generates as much heat as MJ. Research. "Telkes's findings 
the waffle iron. Because it handles increased the efficiency of Peltier 
such a large number of samples, this units an order of magnitude." 
device requires a tremendous Today's Peltier units are efficient 
amount of power. "When you start · semiconductor heat pumps that in­
multiplying things by 16 [the num- volve no moving parts or 
her of microtitration plates in the chlorofluorocarbons . 
. waffle ironJ,,you .start.getiini;lO::::-~-Rh? iii Ii i\ii3 CoyC'"-orp:-\n~"---- --­
numbers like . 200 volts times 70 traduced thermal cyclers based on 
amps," says Gordon. ''This becomes the Peltiet effect in 1988. Thermal 

Thermal cyders allow the PCR 
process to proceed automatically by 
subjecting the reagents-DNA nu­
cleotides and a heat-tolerant poly­
merase, among others-to a 
user-specified heating and cooling 
sequence. In PCR, a thermal cycler 

two independent programs was a 
real selling point," he says. ''Often 
two people in our lab run different 

. a potentially dangerous device." cyders fr<Jm M.J. Research have bi-
(Compare this with the requirements (C,mtinu,don Pag, /9) 

heats samples to open the 
double helices of DNA, 
lets the temperature drop 
to bind primers, increases 
the temperature some­
what to build new strands, 
then heats up again to 
begin a new cycle. 

The development of . i 

thermal cyders lagged , 
1 

behind that of PCR itself 
because the first enzymes 
used for PCR were ther­
molabile (unstable when 

· programs on the TwinBlock. If you 
had another machine with the same 
capacity but only one cycling pro­
gram, others would have to wait until 
the first person was finished." 

Heating And Cooling 

heated, and therefore un- ,__ ___ ___, ....... ,.__..u...,a 

Thermal cyclers must reach ap­
propriate temperatures quickly and 
provide a uniform temperature over 
all samples. To achieve these objec­
tives, manufacturers of thermal . 
cyclers have turned to different tech­
nologies for heating the samples and 
then cooling them down. Most, but 
not all, use an electrically heated el­
ement to deliver heat to a metal plate 
(usually aluminum) that surrounds 
the sample tubes. 

usable after one cycle), TWIN USES: One virtue of the 
explains Simon Foote, senior re- Ericomp TwinBlock thermal 
search scientist at the Whitehead In- cycler, says David Brown of the 
stitute for Biomedical Research in University of Georgia, Athens, 

is that it can run two experiment 
Cambridge, Mass. PCR had to be programs at once. 
done manually by placing sample 

For cooling, several approaches 
are used. Some models do not offer 

tubes in water baths set at various 
temperatures. then adding new en­
zymes to the tubes after each heat 
cycle. "'There was no way to auto­
mate the process with a device such 
as a thermal cycler until thermosta­
ble enzymes became available," 
Foote says. . 

Such enzymes are now available, 
making the use of thermal cyders a 
significant improvement over the 
manual method. The most signifi­
cant benefits of thermal cyders are 
unattended operation, faster 

active control when it comes to cool­
don says, "It's cost-effective if you ing, •they simply let excess heat es­
need that kind of throughput." The cape into the ambient air. ''These.are 
MiniCycler, by contrast, sells for the cheapest to manufacture, but 

· $2,795. theycanhaveuniformityproblems," 
Four waffle irons equipped with says John Hansen, director of special 

sixteen 96-well plates are in constant · projects at M.J. Research. 
use at the Whitehead Institute, sup- Another method of cooling is that 
porting the institute's work of map- used by Perkin-Elmer, the largest 
ping the complete human genome. manufacturer of thermal cyders. 
"We average three runs per waffle ·. This approach relies on a vapor com­
iron per day," says Foote. The . i pression heat pumping, which is · 

. Whitehead lab is in the process of similar to a typicalrefrigeration unit,' 
converting to 192-well plates for .. Other devices such as the waffle iron 

I· 

i~Waffle Iron 
t--;,,'.l°•·:,.,~l~.-\•: 
♦ ~ 6 standard 96 or 192 well plates 
~,•.,. ,.,,, cc~ 

~Stores·'thousands of programs, runs ft,ur simultaneously 
11:y,_;;,J'} ;J:_; 
:.f~ ~iform heating (1.6°1sec heating)~ coofing (4.5°/sec) 
♦60 plate, cooled pipetter robot availat\le 
~:)~i ._--t;/; _: -~ ~ 
t"•TC1600 Thennoc 

l t , . r / • ' • 

• 1• 1;. l • ~ ' -' '~' J : f i . 1~rr:f , -l ~. • . , " . 

.IASJProducts, Inc. 
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Thermal Cyclers 
'. TOUGH iN THE '": · With in situ DNA amplification, 

FIELD: The rugged · . sections of tissue are put on glass 
PTC-100 thermal slides and the process is carried out 

(C0111i1111edfrom Page /7) ~~iM~~ ~s!l:O while the DN~ is still inside the cell. 
directional Peltier control (that is, the battlefield in the ''This technique has not been per-

phologicaly intact cells, making the 
process JIPre useful in ~pplicati_ons 
such as clinical diagnostics, part1cu­
larly viro·ogy, hi~topatho~ogy. and 
detection :if genetic mutat10ns. 

the Peltier effect is used for both Gulf War to perform fected, and there are some who doubt 
heating and cooling); models from PCR testing for blo- its ultimate validity, but others con-

For a detailed protocol for in situ 
amplifica1ion, see 0. Bagasra, et al.. 
Journal oJ Immunological Methods. 
158:131-45, 1993. Also, Coy Corp. 

Coy use the Peltier effect only for logical warfare sider in situ DNA amplification to be 
cooling. agents, says spe- the most significant breakthrough in 

cial projects director . 
Initially, the materials used in John Hansen. It ac- molecular biology since the devel-

Peltier units proved problematic for cepts tubes or opment of PCR," says Hansen. 
· offers a technical brochure on the 

procedure. Even before these in situ 
units became available, innovative 
researchers were taking matters into 
their own hands and modifying their 
traditional tube thermal cyders with 
aluminum foil · to accommodate 
slides. , 0 

thermal cycling applications. "They ~~~~~ . microassay plates Since in situ amplification still 
were designed for steady-state con-. ...:....:..:.o.....,...;;:: 0

~·, for In situ PCR. · requires temperature cycling, ther-
ditions where the temperature ma! cyders can automate the proce-
doesn 't vary," says Hansen. "If you · Although thisttlethod is unquestion- of interest: With traditional DNA dure in much the same way they 
put these modules into a· thennal :. ably a powerful tool fof molec\llar · amplification procedures, they may . automate the process when it takes 
cycler they wouldn't last very long, · biologists and related researchers;-- knoY{ that there was at least one tern- · place in· tubes. Several vendors have 
which is why many manufacturers· · those who deal with whole organ- plate i1i"the tu~ when they started._ already adapted their instruments to 
have shied away from them. We've . isms often need to know the location the process, but ·not· whc;i:e it came , handle slides.· With these devices, Caren D. Potterisafreelance science 
devoted years ofresearch to building : . within the cell of the DNA sequence - from. , ·: --~----.::~ PCR can now be performed in mor- fruerbased uiMcKinleyville, Calif. 
better Peltier units specifically for a. 0 · • • • • · •• - •- ---- •- • . • • , • 

temperature cycling process." · ·, ·--~----- · · I 
Using the Pettier effect for both . i ,.· ··. , ADVERTISEMENT -. - --.. 

heating and cooling makes thennal. ~------------ ···,_ , 

~~~~~~bi:°t~ ~lei :~!~~~s~it~~ .· .. THE·: MJ.:_· ... R, ·E.· :SE.A.Re .. tt·· NoTE·. B .. ·. o· ··o·. K~·,i_-._-~]i ·. 
research team took MiniCyclers to · 
the McMurdo Sound region of Ant­
arctica to investigate genetic diver- . 
sity in moss. "Preliminary isozyme · 
and morphological studies gave no· 
conclusive clues, but with our little•, 
MiniCyclers we were able to con- : 
duct DNA amplification at two sites· 
in the field," says Dieter Adarri, prin- · 
cipal investigator from the Univer- · 
sity of Waikato in New Zealand. '.'.A 
little gas generator could run both a . 
Mini Cycler and a gel box simulta-. 
neously and the speed of the ma­
chine allowed us to run several 

I .. 

amplifications a day." 

In Situ Amplification 
DNA amplification was, until re­

cently, always perfonned in tubes. 
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HOT BONNET™.HEATEb ·· .. : Neiv. Slide Griddlenl Accessory 
LIDS FOR THEP'fC.;lOO .: Unleaslies the Sizzle of In Situ 

·No. Need to Chad< Oil Under These Bonnets 

Heated lids are now available to fit most PI'C- • 
100 instruments, to allow the thennal cycling of 

aqueous solutions without an 
oil overlay. These lids main­

tain higher tempera-
. tures in the upper parts 

of0.2inlor0.5mlre­
action tubes, thereby 
prcyenting the con­
densation of water 

vapor in the tubes. Solution concentrations remain 
consistent through many thennal cycles-even 
without a vapor banter of mineral oU or wax.~-

A heated-lid apparatus includes an independent 
powersupply/electroniccontroller. Theunitsenses 
the temperature of the sample block by plugging 
into the chart recorder output, and the controller 
adjusts lid temperature accordingly. Lids can~ 
retrofitted by the user, and they are available for 

· both PTC-100-96V & PTC-100-60 instruments. 

MJ RESEARCHNow 
¼nds Disposables Too 

It's Quality Stuff & Economical . 

No longer is there need to shop around trying to 
find the right tube to fit this cycler or the proper 

· microassay plate to fit that cycler. 
Now, all of the necessary vessels 
can be purcliased directly from 
MJ REs!lARCH, with the assurance 
that each tube and every plate will 

· fit snugly into the precisely-milled 
block of an MJ machine. One-stop 

shoppingforeconomicalhardwareand 
plasticware is now available. 

As l.1J REsEARCH is primarily a manufacturer of 
electronic instruments, the disposables in question · 
are purchased i!l, quantity from high-quality sup­
pliers, then resold at low ·mark-up. We do this to 
make our line ofthennal cyders more attractive to 
potential customers aru1 more useful to existing 

· patrons. • Our engineers work closely with the 
plasticware manufacturers to assure the proper 
specs are met-we know exactly what matters­
then we procure our supply. For the end-user, this 
results in quality vessels that work well & cost Jess. 

FOR MORE INFORMATION, PLEASE CONTACT 

.. ~ MJ REsEARCH, INC •. 
.Manv~rer of Peltier-qfecl Thnmal C,Cler• 

149 Grove St.• Watertown, MA 02172 U.S.A. 
(8~) 729-2165 • Fax (617) 923-8080 . 

· . Thermal Cycler Alternatives 
for Using_Glass Slides 

. · In the original protocol of Bagasra ( see J.I.M. 
reference to right), ·an MJ REsEARCH PI'C-100-60 
with its block covered in aluminum foil was used. 
Subsequently,MJRdevelopedthePTC-100-12MS 
machino-<ledicated to slides-as well as the Slide 
Griddle™ adapter plate for PI'C-100-60 cyders. 

.. SINGLE COPIES OF DNA NOW 
DETECTABLE IN· FIXED TISSUE 

Actively-Controlled Plate Fits 
Existing· PTC-100-60 Cycle rs 

MJ RESEARcrr has introduced a new thcnna1 
cycle_r accessory to help researchers perfonn one 

· :~ ,th~ most promisi11g_._..,_,iqaes In molecu­
lar biology .. Called ~in-situ amt,Iification•", this · 
new protocol synergically comblnes the extraordi­
nary sensitivity of DNA amplification with the 
pinpointing precision of in-situ hybridization: 

With DNA amplification alOf\e, it Is often diffi­
cult to detem:une_the exact ori~_n of amplified gene 
products; with m-sltu hybndiZl!tion. it is often 
impossible to distinguish a weak hybridized signal 
from background noise. But thtc combination of 
these two techniques-atop glas1; slides which are 
subjected to thennal cycling-<reates a new tool 
that is so powerful that It aclufllly allows a re­
searcher to view in tissues or cclts the signal from 
a single copy of DNA or RNA licuJm. 

This new technique has myril\d applications in 
humanpathology,incytologicst\idy,andindevel­
opmental biology. A detailed Pl'btocol of an early 
pioneer of in situ--0. Bagasra--js published in 
the lour. oflmmun.Methods, l5!'Cl993) 131-145. 

Griddling Glass Slides: Performance Thru Feedback 

Engineers Hearken the Call of 
-Science & Use Feedback Control 

For nearly two years, the engineers of MI RE­
SEARCH explored methods to thennally cycle glass 
slides. Working alongside several researchers 
developing in-situ amplification•, the MIR team 
built and tested a number of different designs, 
However, the need for precision denaturation­
whole cells or tissues cannot withstand as much 
"cooking" as oligonucleotides-helped to focus 
engineering efforts. It soon became apparent that 
in-situ protocols require both accuracy and speed 
to achievedenaturation without degrading cells, as 
well as good unifonnity so that amplification is 
consistent and glass cover slips do not crack. The 
only way to achieve these goa!s'is through active 
thennal control-but that requires a feedback loop. 
. Fortunately, all PI'C-100-60 thennal cyders 

built since Dec. '89 already have an external feed­
back circuit, for use with the in-sample probe. 

. Clrcle No. 21 O on Reader Service Card 

The Slide Griddle™ Acu:essory 

Utiiizi!'g this feature, the MIR~ designed an 
inexpensive four-slide adapter pllate for this stan­
dard thennal cycler. The plate lnas a range of 5°-
96°C, and it delivers the precisio>n needed for in­
situ protocols. Better yet, this Sli1dc Griddle TM fits 
a cycler that otherwise holds sixty• 0.5ml tubes, and 
it makes a powerful new techniique available to 
thousands of labs that already owm a PI'C-100-60 . 

*Thepolymerasechainreaction(P(CR) is covered by 
U.S. patents owned by Hoffmann-}La Roche., Inc • 
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ABSTRACT 
We report the construction of a genetic linkage map of the mouse, consisting entirely of genetic 

markers that can be rapidly typed by polymerase chain reaction and that show a high degree of 
polymorphism among inbred laboratory strains. Specifically, the map contains 317 simple sequence 
length polymorphisms at an average spacing of 4.3 cM and is detectably linked to approximately 99% 
of the mouse genome. In typical crosses between inbred laboratory strains, about 50% of the markers 
are polymorphic, making it straightforward to follow inheritance in almost any cross. 

T HE mouse is a powerful genetic system for the 
study of mammalian biology: a century of work 

has yielded thousands of mutants defining single gene 
variation and scores of inbred strains defining poly­
genie variation affecting physiology, development ~nd 
behavior (GREEN 1989; fESTING 1979). Because most 
of these genes are known only by their phenotypic 
effect, detailed study requires cloning the genes based 
on their chromosomal position relative to a genetic 
map. The ideal genetic map for this purpose would 
consist of genetic markers that were ( 1) highly abun­
dant and evenly distributed, so that the entire genome 
could be simultaneously followed in a cross; (2) highly 
polymorphic, so that one could study any cross be­
tween laboratory strains; (3) rapidly typed, so that 
scoring a cross would be short relative to generation 
time; and (4) easily disseminated, so that any labora­
tory would have ready access to them. Such a genetic 
map would allow initial localization of genes and then 
provide starting points for chromosomal walks to 
clone them. 

The first genetic map of the mouse was .based on 
visible mutant phenotypes. Given the difficulty of 
isolating large numbers of mutants and the consider­
able effort needed to map two mutations relative to 
one another, this work proceeded slowly. Although 
the first linkage group in the mouse was found (HAL­
DANE, SPRUNT and HALDANE 1915) soon after the 
notion of linkage was first elucidated in Drosophila 
(STURTEVANT 1913), it took more than 60 years be­
fore linkage groups were found corresponding to all 
20 mouse chromosomes in the mid-l 970s (EICHER . 
1981; DAVISSON, RODERICK and DOOLITTLE 1989). ' 
Moreover, this map was tedious to apply in practice 
because at most a few visible markers could be used 
simultaneously in a cross. 

Genetics ISi: 423-447 Uune, 1992) 

The situation was transformed by the recognition 
that minor variations in DNA sequence provide a 
virtually inexhaustible supply of genetic markers that 
can be used to follow inheritance (BOTSTEIN et al. 
1980). At the time, such variations could be most 
conveniently detected as restriction fragment length 
polymorphisms (RFLPs). In the mouse, the RFLP 
approach proved to be extremely powerful in inter­
species crosses (ROBERT et al. 1985; AVNER et al. 
1988). Comparing the laboratory mouse Mus musculus 
and the exotic species Mus spretus, a typical DNA 
probe had greater than 90% probability of detecting 
an RFLP with only a handful of enzymes. Using such 
interspecific crosses, detailed genetic maps have been 
constructed showing the positions of hundreds of 
genes (BUCHBERG et al. 1989; KINGSLEY,jENKINS and 
COPELAND 1989; CECI et al. 1989, l 990a,b; JUSTICE 
et al. l 990a,b; SIRACUSA et al. 1990; BAHARY et al. 
1991; COPELAND and JENKINS 1991). 

Notwithstanding the great utility of RFLPs, they 
still have several major limitations. (1) The rate of 
polymophism is considerably lower among inbred lab­
oratory strains, making it difficult to type crosses 
between such strains. (2) Typing RFLPs is time-con­
suming and difficult to automate. (3) Disseminating 
RFLPs involves managing and distributing large num­
bers of DNA probes. The first limitation is especially 
serious. Although interspecies crosses,,are quite useful, 
there are many circumstances in which it is preferable 
to use crosses between two inbred IJboratory strains­
including mapping of many mutations whose pheno­
types are affected by genetic background, mapping of 
modifier genes, and mapping of polygenic factors 
underlying physiological differences between strains. 
Ideally, crosses should be designed according to phe-
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primer 1 

ttcgagatgtcgccttcgtg ...... (cacaca) ...... aggaacctgaaactccccag 
n 

FIGURE 1.-Illustration of a sim­
ple sequence length polymorphism 
D3Mit21. (A) Diagram of PCR 
primers flanking region containing 
CA-repeat; (B) characterization of 
SSLP alleles in 12 inbred strains (left 
to right: LP/J, NOD/MrkTacBr 
NON/Lt, AKR/J, BALB/cj, DBAi 
2J, C3H/HeJ, C57BL/6J, A/J, 
SPRET/Ei, CAST/Ei, and C57BL/ 
6J-ob/ob), showing four distinct al­
lele sizes: (C) segregation of SSLP 
alleles in 21 progeny from the OB x 
CAST intercrciss used for construct­
ing the genetic map. 

primer 2 

CJ F2 Cross Progeny 

• "· .• ••• ~•:·:-:.-:;/·•~· . .:: ·- _<.¾ __ '-.;_J.,~~--:.-:.~ C'--~~ 

OB 

notypic and biological considerations, rather than to 
maximize polymorphism for mapping. 

An alternative source of DNA polymorphism has 
recently been described (WEBER and MAY 1989), 
based on variation in the length of simple sequence 
repeats (SSRs) (also called microsatellites) that occur 
frequently in most eukaryotic genomes (HAMADA, PE­
TRINO and TAKUNAGA 1982; STALLINGS et al. 1991). 
Such simple sequence length polymorphisms (SSLPs) 
can be easily typed by using the polymerase chain 
reaction (PCR) with primers flanking the SSR (Figure 
l ). Recent studies show that SSRs show extraordinar­
ily high rates of polymorphism in both human (WEBER 
and MAY 1989; WEBER 1990) and mouse (LOVE et al. 
1990; CORNALL et al. 199 l; HEARNE et al. 199 l ). 
Moreover, the typing of SSRs is rapid and automata­
ble and the genetic markers are easily disseminated 
simply by publishing the primer sequences. 

Here, we report the construction of a complete 
genetic linkage map of the mouse consisting entirely 
of SSLPs. The map contains 317 SSLPs at an average 
spacing of 4.3 cM and is detectably linked to about 
99% of the mouse genome. In typical crosses between 
inbred laboratory strains, about 50% of the markers 
are polymorphic, making it straightforward to follow 
inheritance throughout the genome in almost any 
cross. 

MATERIALS AND METHODS 

Overview: Briefly, the map was constructed as follows. 
( I) Random clones containing SSRs (specifically, (CA).· 
(GT). repeats) were isolated from an M 13 library of mouse 
genomic DNA containing small inserts and their DNA se­
quences were determined. (2) Public computer databanks 
were searched to find the sequence of known genes contain­
ing SSRs. (3) From each such DNA sequence, PCR primers 
were selected using a computer program to generate assays 
designed to work under a single uniform set of experimental 
conditions·. (4) Each PCR assay was tested to determine 
whether it revealed an SSLP between the two parental 

CAST 

strains, OB and CAST (see below), used in the mapping 
cross and, if so, to measure the allele sizes generated in each 
of 12 inbred strains. (5) To construct a genetic linkage map, 
the SSLPs were used to genotype the progeny of an F2 

intercross between OB and CAST and linkage analysis was 
carried out using a computer program. (6) The newly gen­
erated map was then anchored relative to the existing ge­
netic map by two methods: those markers that were poly­
morphic between the strains C57BL/6J and DBA/2J were 
typed in the BXD recombinant inbred lines so as to compare 
them with known strain distribution patterns and those 
markers that were chosen from the DNA sequences of genes 
with known chromosomal positions were assigned accord­
ingly. 

Isolation of clones containing simple sequence repeats: 
Random genomic libraries were constructed by digesting 
male C57BL/6J DNA to completion with Mbol (New Eng­
land Biolabs), fractionating the DNA on a 4% NuSieve GTG 
Agarose gel (FMC Bioproducts), and cloning the fragments 
in the size range 250-500 bp into the BamHI site of M 13 
mp19 (Boehringer Mannheim). (The use of male DNA was 
inadvertent: we had intended to use female DNA so that 
the X chromosome would have been equimolar with the 
autosomes, rather than half-molar.) The libraries were 
plated at low density of about 500 plaques per 150-mm 
plate so that individual clones could be picked without the 
need for secondary purification. Duplicate plaque lifts (Col­
ony /Plaque Screen, Du Pont) were prepared, simultaneously 
hybridized with end-labeled (CA)1s and (GT)1s oligonucle­
otides (T4 polynucleotide kinase, New England Biolabs; [-y­
:i2P)ATP, 5000 Ci/mmol, New England Nuclear) at 65° in 
hybridization solution as described by CHURCH and GILBERT 
(1984) and washed in 0.1 X SSC/0.1% SDS at 65° four 
times for 5 min each. We screened for (CA).·(GT). repeats 
because they are the most frequent simple sequence repeat 
in the mouse genome (HAMADA, PETRINO and T AKUNAGA 
1982; J. SEGRE, personal communication). Strongly hybrid­
izing plaques were picked into l ml Luria broth (LB). 

Length screen of clones: Clones were screened prior to 
sequencing to determine the length of the insen. Using 5 
µl of the supernatant from the plaque picked into LB, phage 
DNA was amplified in a 50-µl PCR reaction (Amplitaq DNA 
polymerase, Perkin Elmer Cetus) with the primers flanking 
the Ml3 cloning site (5'-TGTAAAACGACGCGGAGT-3' 
and 5'-CAGGAAACAGCTATGACC-3'). Phage contain­
ing inserts greater than 500 bp were discarded, because 
they could not be sequenced in a single pass. 
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.Sequencing: Phage DNA was prepared essentially as de­
.'S(ribed (SAMBROOK, FRITSCH and MANIATIS 1989) and the 
~ NA sequencing was carried out according to Applied 
· 'Biosystem's Taq Cycle Sequencing protocol using an ABI 
. S73A DNA sequencing apparatus. DNA sequences contain-
~ ing SSRs with at least IO repeat units were used in subse-
~ quent steps. 
- Database searches: GenBank was searched to find DNA 

_:· sequences containing SSRs, using a variety of computer 
~-:programs including FASTN and BLAST (ALTSCHUL et al. 
· · I 990). Specifically, we searched for all occurrences of at 

least IO repeats of a dimer, trimer or tetramer. 
PCR primer selection: PCR primers flanking the SSRs 

_,__ were selected, using a computer program called PRIMER 
-~ (M.j. DALY, S. E. LINCOLN and E. S. LANDER, unpublished). 
Ji The primers were chosen to have a target melting temper­
~;I ature of 60 ° (BRESLAUER et al. 1986; RYCHLIK and RHOADS 

1989) and a target length of 20 bases. In addition, primer 
pairs were chosen to avoid significant homology to one 
another or to the murine repeat elements LI, Bl and B2 
(KRAYEV et al. I 980, I 982; LOEB et al. 1986). Primer pairs 

,, were tested under a single set of PCR conditions; the use of 
~ the computer program greatly increased our success in 

.;:;_ creating PCR assays that satisfied this rigorous requirement. 
~-~_';_,'.· PCR primers were obtained commercially (RESEARCH GE-

NETICS, HUNTSVILLE, ALABAMA). 
Mapping cross, recombinant inbred panel and mice: 

PCR assays were first tested to determine whether they 
revealed SSLPs between a C57BL/6J-ob/ob (OB), a congenic 
line carrying the recessive obese mutation, and an inbred 
strain of M. musculus castaneus (CAST /Ei). If so, allele sizes 
were determined in female DNA from 12 inbred strains: 
OB, CAST, C57BL/6J,SPRET/Ei, DBA/2J, A/J, C'H/Hej, 
BALB/cj, AKR/J, LP/J, NOD/MrkTacBr and NON/Lt. 
To construct the genetic map, the assays revealing polymor­
phism between OB and CAST were then genotyped in 46 
non-obese F2 progeny of an OB X CAST cross; this mapping 
panel provides 92 informative meioses corresponding to 
about l crossover per 1.1 cM. To anchor the map using 
recombinant inbred (RI) strains, the BXD RI lines 2, 5, 6, 
8, 9, 11, 12, 13, 14, 15, 16, 18, 19, 20, 21, 22, 23, 24, 25, 
27, 28 and 29 were used. (The remaining four BXD RI 
lines were omitted in the interests of streamlining proce­
dures: the 22 strains used together with the two parental 
controls correspond to one-quarter of a microtiter plate and 
thus permit four markers to be genotyped per microtiter 
plate.) All DNA was prepared according to standard proto­
cols (SAMBROOK, FRITSCH and MANIATIS 1989). 

Genotyping by PCR: To genotype F2 progeny for SSR 
polymorphisms, PCR reactions were performed with radio­
actively labeled primer and products were visualized on 
acrylamide gels. Primers were end-labeled with [-y-'2P]ATP 
(specific activity 6000 Ci/mmol, Du Pont/NEN) using T4 
kinase (NEB) according to standard protocols (SAMBROOK, 
FRITSCH and MANIATIS 1989). A 20-ng aliquot of genomic 
DNA was amplified in a 10-µl PCR reaction using AmpliTaq 
DNA polymerase (Perkin Elmer Cetus) according to manu­
facturer's specifications. The primer concentrations were: 
I 00 nM of each of the two primers unlabeled and 20 nM of 
one primer end-labeled. The reactions were overlaid with 
40 µl oflight mineral oil. Reactions were amplified on either 
an MJ Research PTC96 Thermal Cycler (MJ Research) or 
the GeneMachine 2 (USA Scientific Products) using the 
following thermocycling protocol: initial denaturation at 
94 ° for 3 min, followed by 25 cycles of 94 ° for l min, 55 ° 
for 2 min and 72° for 3 min. (Recently, we have successfully 
used an alternative amplification protocol which may yield 
cleaner results for some markers: initial denaturation at 94 ° 

for 3 min, followed by 25 cycles of 94° for 15 sec, 55° for 
2 min and 72° for 2 min, and finally followed by a single 
cycle of 72 ° for 7 min.) PCR products were diluted twofold 
with loading buffer consisting of xylene cyanol and bromo­
phenol blue dyes in 100% formamide, denatured for 5 min 
on a 100° heating block and electrophoresed on 7% dena­
turing polyacrylamide gels (SequaGel, National Diagnostics) 
for 3 hr at 20 V/cm (120 W). Gels were wrapped in Saran 
Wrap (Dow Chemical) and exposed directly to film for 4-
16 hr at -80 °. Autoradiographs were independently scored 
twice. 

Streamlining of genotype analysis: Considerable atten­
tion was devoted to streamlining the procedures, so that a 
single person could process some 800 PCR samples each 
day. Reactions were set up in flexible 96-well plates (Becton 
Dickinson Labware) using a Biomek 1000 Workstation 
(Beckman Instruments). In some cases, we coamplified two 
SSLPs known to yield substantially different product sizes 
in the same reaction, thereby increasing efficiency. In other 
cases, we combined two SSLPs that gave substantially dif­
ferent products sizes after amplification but before gel analy­
sis. Loading of the gels was streamlined by using an array 
of 12 10-µI syringes (Hamilton, Reno, Nevada) spaced to fit 
into 96-well microtiter plates. The gel combs were hand­
made sharkstooth combs designed so that the syringe array 
loaded every other well (G. CHURCH, personal communica­
tion). 

Linkage analysis: Linkage analysis was performed using 
the MAPMAKER computer package, essentially as de­
scribed (LANDER et al. 1987; LINCOLN and LANDER 1987: 
DONIS-KELLER et al. 1987; CHANG et al. 1988). Markers 
were assigned into linkage groups based on pairwise LOD 
scores of at least 5.0. For each linkage group, a "framework" 
map was constructed consisting of a subset of markers that 
could be ordered with a LOD score of at least 3.0. Some 
66% of the markers easily fell into framework maps. The 
remaining markers were then mapped relative to the frame­
work maps. Some 92% of the markers could be ordered 
with a LOD score of at least 2.0. 

Error checking: To maximize the accuracy of our data, 
we developed a new mathematical method for identifying 
potentially erroneous genotypes. Briefly, the approach is as 
follows. Rather than assuming that the observed data rep­
resents the true genotype, we considered it a phenotype 
caused by the genotype, according to a penetrance function: 
phenotype reflected the true genotype with probability I -
E, but differed from it (i.e., was erroneous) with probability 
E. Genetic linkage analysis was then carried out under this 
assumption, which explicitly allows for the possibility of 
error throughout the data. For each typing (i.e., each obser­
vation of an individual at a locus), we calculated under this 
model the LOO score, LODmor = log1o(P..,o,/Pcorr«1), where 
P~rro, is the probability of the overall data set arising if the 
given typing is erroneous and Pcorroc, is the probability of the 
overall data set arising if the given typing is correct. For the 
most part, the potential errors correspond to apparent dou­
ble crossovers in a relatively small region and instances in 
which a single crossover apparently occurs in a small interval 
rather than in a much larger adjacent interval. For LOO 
scores 2:1.0, the autoradiograms were independently re­
read and, if there was any ambiguity, the typing was re­
peated. In our analysis, we used a value of E = 0.007 based 
on empirical studies of our error rate (see RESULTS). This 
method will be described in more detail elsewhere (E. S. 
LANDER and S. E. LINCOLN, in preparation). 

Recombinant inbred analysis: Data from the recombi­
nant inbred strains were analyzed with the RI Manager 
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computer program (MANLEY and Eu.JOT 1991) using the 
"find" function to detect linkage. 

Mathematical analysis of distribution of interval sizes: 
To test whether the genetic markers were randomly distrib­
uted in the genome, we examined the observed distribution 
Lot.. of distances between adjacent markers and compared it 
to the expected distribution L~P under the assumption of 
random distribution of markers. We calculated the distri­
bution L.-p as follows. For a map with an average spacing of 
d cM and a cross with n informative meioses, the probability 
Pd.n(k) that two adjacent markers will recombine in exactly 
k meioses was calculated as: 

P, .• (k) = 1• [ (:) O(x)' (I - O(x))•-•] e~'' dx 

where O(x) is an appropriate mapping function. We used 
Kosambi's mapping function for this calculation. (Although 
no simple mapping function perfectly fits the recombina­
tional data from the mouse, the choice is adequate for the 
purpose inasmuch as the same mapping function was used 
in the construction of the map.) To understand the equa­
tion, observe that the last term in the integral is the proba­
bility density that the two adjacent markers lie at a distance 
of x cM apart while the preceding bracketed term is the 
probability that two markers at x cM will recombine in k of 
n meioses. Here, we have an average spacing of d = 4.3 cM 
and the 46 animal F 2 intercross provides n = 92 informative 
meioses. 

Nomenclature: Loci defined by SSLPs are named accord­
ing to standard convention-e.g., D1Mit7 refers to a locus on 
chromosome I isolated at the MIT Center for Genome 
Research, with arbitrary reference number 7. We have used 
this nomenclature both for SSRs in anonymous sequence 
and also for SSRs occurring within known gene sequences. 
By distinguishing between a gene and a particular SSR 
within the gene, the nomenclature remains unambiguous 
even for situations in which a single gene contains multiple 
SSRs, as happens in a number of cases. J. Toon has con­
curred in this decision and has assigned such designation to 
SSLPs in genes previously published by his group; these 
names are given in the tables. Similarly, a single SSR might 
be studied with various different PCR assavs. To avoid 
ambiguity, we also distinguish between the SSR locus (locus 
name) and the panicular PCR assay (assay name) used to 
study the locus. This is especially useful in the case of the 
six SSLPs which were independently identified twice (see 
below). Several SSRs previously published by J. Toon were 
renamed, with his permission, based on newly determined 
or revised chromosomal location: D0Nds25 was renamed 
D2Nds2, D8Ndsl was renamed D4NdsJO, D0Nds27 was re­
named D6Nds4, D0Nds22 was renamed DJONds3, D4Ndsl 
was renamed D6Nds5, D0Ndsl9 was renamedDJ2Ndsl, and 
D1Nds3 was renamed Dl5Nds2. 

Finally, we refer for simplicity to laboratory mouse as M. 
musculus, although these strains represent a combination of 
genomes from M. musculus and Mus domesticus. 

RESULTS 

Screen for polymorphism: Primer pairs flanking 
SSRs were first tested to determine whether they 
revealed polymorphism between OB and CAST, the 
strains used for genetic mapping. These strains were 
chosen because they belong to different subspecies 
and thus were likely to show a high rate of polymor­
phism, but they are sufficiently closely related that F 1 

progeny of both sexes are fertile (unlike hybrids with -
the distinct species M. spretus, in which males are 
sterile). This allowed us to use an F2 intercross rather 
than a backcross for genetic mapping-providing twice 
as many informative meioses per progeny. 

Overall, we designed and tested 455 primer pairs, 
with 394 obtained from sequencing random clones 
containing CA- or GT-repeats and 61 obtained from 
searching GenBank for SSRs. Of these, 393 (86%) 
produced working PCR products of the expected size 
under the single uniform set of PCR conditions em­
ployed. This success rate increased steadily over the 
course of the project as the PRIMER program was 
refined, so that the success rate near the end of the 
project exceeded 90%. Of these 393 assays, 303 (77%) 
yielded SSLPs between OB and CAST. To this collec­
tion, we added 34 SSLPs previously described by J. 
TODD and colleagues (LOVE et al. 1990; CORNALL et 
al. 1991; HEARNE et al. 1991) for a total of 33 7 SSLPs. 
Of these, 18 produced patterns that we found difficult 
to interpret reliably. The remaining 319 produced 
easily scored polymorphisms (accompanied, in some 
cases, by background bands). These 319 SSLPs were 
used for genetic mapping; the primers are listed in 
Table 1. 

To facilitate the use of these markers in other 
crosses, we determined the allele sizes in twelve com­
monly used inbred laboratory strains (Table 2). The 
typical rate of polymorphism between an inbred lab­
oratory strain and either M. musculus castaneus or M. 
spretus was about 90% and, more remarkably, the 
typical rate of polymorphism between inbred labora­
tory strains was about 50% (Table 3). For relatively 
short CA-repeats, the length of the SSR is known to 
be correlated with its rate of polymorphism in humans 
(WEBER 1990); we saw no such correlation in our 
data, however, probably because the vast majority of 
the SSRs used were very long (85% had more than 
15 repeats). 

Genetic map construction: To construct the ge­
netic linkage map, we typed the 319 SSLP markers in 
46 progeny from an OB X CAST F2 intercross. The 
primary genetic data is available by request from the 
authors. Based on linkage analysis, 31 7 of the 319 
markers fell into 20 linkage groups. These markers 
defined a genetic map of the mouse genome, with an 
average spacing of about 4.3 cM (Figure 2). The 
remaining two loci show no significant linkage to other 
markers in the map; these markers were retyped sev­
eral times to confirm the data but no errors were 
found. We estimate that the map is linked to some 
99% of the mouse genome. 

Error checking: Given the large size of our data set 
(nearly 15,000 genotypes), some errors are bound to 
occur. Such errors pose problems for the construction 
of dense genetic maps: they spuriously inflate appar-
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er sequences for simple sequence repeats 

Locus naine Gene name Assay name teft primer Right primer 

DIMitl L33 GATCCTCAGATTGAAGAATC GAGCCACCAGAGATGTAAGA 
D1Mit2 A26 TTGAATTCAAACATCATCAGGC CTATCTGTAACCCCAGCTCCC 
DIMitJ M253 IIIIIGIIII~"TITI'CTTITCCC CCCTCTTCTGGTITCCACAT 
D1Mit4 M46 GCTACTGCTITGGAGTCAGT ATGACTTGAGCTCAGTCTCTG 
D1Mit5 L20 AGATAGCAGAGCCTGAGCCA CCTGAACTCCACCATTTAGC 

.'ff'· D1Mit7 ABO TGGTAGAGGAAGGTGCACG GCAGGGGAGTAGTACCACCA 

.:&-. D1Mit8 L31 CTGAAAATCGTCCC'ITGACC CAGGAGCATGAAATGGGGAT 
~ DIMit9 Mill AACTGCAGGCTAGAGACCCA ATGTGCACATACCAAAGGCA 
<I!"';• DIMitlO Al 17 AAACCATGCAGGTACTGATATGG GAAGAAATTAACTGAGAGCAAGGC ·~ ., .. DIMitl J Ml7 GATCAGATTAAGATGTATATTATAA GAACCCCAAAAAGAAATCTG ;;~ ., .. DIMitl2 M93 ACCATATCTCTACATGCTTGTGC GCATTTGGTTTATTTTTCCACG ;;a.. 
·It!::-

DIMitlJ .;,. L30 TGATGCTTGCACGTTGAGAT AAAACTGGTTCCTGGTTCCC ~.,: 
DIMitl4 1\1193 GCCAGACAGGGCTACATTGT AGACTGAACTCTGGCCTCCA 
DIMit15 1\1146 TCCACAGAACTGTCCCTCAA ATACACTCACACCACCCCGT 
DIMit/6 L46 AGAGTTAGCTGCCTAGCITGAGTG TGGAAAGATCTAGGGTTGTCAAAA 
DIMitli 1\141 GTGTCTGCCTTTGCACCTTT CTGCTGTCTITCCATCCACA 
DIMitl8 A77 TCTGGTTCCAGGCTTGATTC TCACMGTGAGGCTCCAGG 
DIAfitl9 L86 GATCCCAGCCAATAGAAGTACA GAAAGGTTTCCTATCCTATGGC 
DJNds2 Tl7 ACATATATGGACTACATACATAC AGACACATACAACATAGAATTGTT 
D2Mitl :1.1128 CTTTTTCGTATGTGGTGGGG AACATTGGGCCTCTATGCAC 
D2Mit2 Mll2 AGTCCTCCTTGGACTTCCATTAG TGGATTATATTTTCAAGACCAGA 
D2.\litJ Ml 16 GGGTATCTTCATGCCAGTGG GGTGAGGACACGAGGCTATG 
D2.\lit-1 ~152 ACACCAACCCAAGCAATTGT GAGCACGGAACAGGCATAAC 
D2,\lit5 ,\-ti CCGGGGATCATCTTAGGACT CCCCCTCTACACACTTGCAT 
D2.\lit6 LIS AACAAACAAACCCCTTGCCC CTCTAACACAGCCCCAGGTG 
IJ2Mit7 L44 AAGGCAAGCATTCTGCCACT CTCCCGGCAAGAACTGTTTT 
D2Mit8 Ml99 CTTCATTGCCMTGCTCTCA TGAAGGTGAAAACAGAGGCA 
D2Mit'J M85 GTCTGCACTCTCACCAGCAA CAGCTTGAAATGCCTITGAG 
D2Mitl/J M39 CATCAGGAAACACAGGACCA ACCTAACCCTAATGATGGGG 
D2Mitll 1\1134 CAAACCCCCAGCTCTCTCTT CCATACCCAGGCTCCATCTA 
D2,\lit 12 Ml79 CTACTTCCCAGGTGCTIGGA TCCAAAGAACTGAATGGACA 
D2.\lit J 3 1\1130 AGGACCAGMGGACAGACCTATC AAATCTCACAGGGAAAAAAAAGC 
1>2Mitl4 1\1163 CAACACAAATGTGAGCATGC TGCTCACCTGCCTAGTACTT 
1>2Mit 15 A61 ATGCCTTAGAAGAATTTGTTCCC CTTGAAAAACACATCAAAATCTGC 
1>2.\fit/6 l\1186 CTTGGATAGGGATGGAGGGT ACAGACATGTAGGCACACCA 
1>2.\litli M246 AGGCAATTACAAGGCCTGG CACCCATCTCCCTCAGTCAT 
D2.\litl9 ,\83 TGCTAAAAGTCTGGCATTTGG CAAATGTTTGTCTTTCAAAAGCC 
D2.\lit21 Ml84 GGCTTAGGCCCAAATT'ITCT TGGAAAGCTCATCTCTTCCT 
1>2.\fit22 :1.1167 GCTCCCTITCCTCTTGAACC GGGCCCTTATTCTATCTCCC 
D2Mit24 M75 ACTTGGCTTACAGGGGACCT TACCAGTCCCTITCCACCTG 
D2Mit25 A67 TATGCCACTCAGAAGAGGTCG ATATGTGCATTGCATGAACTCC 
IJ2Mit26 M37 TGTTCTTTGCTCATCCACCA AGGCTGATGGTAACAGTGGG 
IJ2.\lit27 M106 AGGCTAAGCCTTGCATCAAA GTCGCAAAATGTGGATGATG 
/)2.\lit28 Snap D25 TGCTTCTCTCATGGTATTACCTAG ACAAACCACACAGACATTTACAAT 
IJ2.\lit29 Svp-4 Dll5 CGGTGACGMGCTTCTGAG CTTTGAATATGAACTCTCACCTTCC 
D2Mit3/J Trh-1 Dll l CATCCAAGCAGTMCGTAGACG AAATGTTACACCCTCTGCGG 
IJ2Ndsl Tl9 CTGCATGCACTGTATTTGTAT ACTCATGGGTTGTGCATATGG 
D2Nds2 T57 AACATTGAGGACATTTGGTGA CGCTGTATGCATCCTTAAGAA 
D2Nds3 11-IB Tl5 CCAAGCTTCCTTGTGCAAGTA MGCCCAAAGTCCATCAGTGG 
DJ,\.fitl M28 TGTGCACAGGGGTACATACA TCATTTTCTTCCTCCCCCTC 
DJMitJ M250 CCTTTTGAGGCAAAGCTCC CTAAGTCCTGCACCTGCCTC 
D3Mit4 L40 TGTGCCTGCAAGTTGTTCTT CTACAGTGGGGGCAGAAGGT 
D3Mit5 Ml23 AGCCCCTTCCAAGTGTCTCT GGTTTCGGAATGAGATGAGC 
D3Mit6 Ml49 AACTTCAACATGTGAGGGGC CCTGAAACAAAGCAACAGCA 
lHMit7 M74 ATGCAACTAACTTTATTGAAAATC TACAATTATCCGGGAGCTA 
D3Mit9 A85 AACTTCATTTGCTTGGAAACTACC TGTTTTATATTGCCCTGTATGTGC 
DJMitlU A34 CTGGCTTGGTGGAAGTCCT CCTAAGCCAGCTACCACCAC 
DJiHitll L38 CCAACCACAGTAACACATGT TGGAGACCAATGCGAACAAC 
D3Mitl2 A60 TAGACCMTCTTGGGAGTGTCC GGAAAAGCATAAGAAACMCCG 
D3Mitl3 L37 TTTCTGCATTATGTGGGCTT AACCACAGATGACMTTGAA 
DJMitlJ LS CCTITCTGATTATGTGGGCT CCACTGAAGGATAACCACAG 
D3Afit14 M206 ATTGCGGTTAAAGTTTGCTT TCCTGCAAATTGTCCTCTGA 
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DJMit15 A55 M'ITIGCATTCCAGGACCAC AGGMGTGACG'ITGGG1TI'G 
DJMit16 Ml59 TGCITGTCCTGTGTI'MTGA TGAGMTGGAGGTGMCAGC 
DJMit17 M235 CATGGCTCCATGGTTCITG CCACGGAGMCMCTGMGA 
DJMitlB A96 GMCAGTTCCCAGGTCCTCA CTGCCTTTAMTTCTGTCACCC 
DJMit19 Ml41 CAGCCAGAGAGGAGCTGTCT GMCATI'GGGGTGTTTGCTT 
DJMit21 ll-2 D31 MGCTCTACAGCGGMGCAC CTGGGGAGTTTCAGGTTCCT 
DJMit22 Rp1J2-ps Dl22 MGGATTGMGMTGG'ITGGG MTCAGCGATTTCAGCACG 
DJNds2 T21 ACACAITGGAGATGCACAGCG TCTGCATGCCAGGGTTGTGAT 
D4Mitl A73 ATGATGTACACTTAGGCATTGCA AGAMTATGGCMGCMMTGG 
D4Mit2 L67 GCACTCACACACTCACATGC TGCACCAGTGACITTACCCC 
D4Mit2 L6 GGATTTCil'GGGCACTCACA GCACCAGTGACTTTACCCCA 
D4Mit4 M31 CGGMTAGGCAGCTATGCTC TCCATAGACCCTGCATGTGA 
D4Mit5 Al CGCCTCTGTCTCTACCTCTCA CCTMMAGTGTCTTCTGACCTCC 
D4Mit6 M64 TGTGGGCAGTGTMGCACTC CTITCCTCTGTGCTCGTGTG 
D4Mit7 A71 CCGGGGATCATGITTAGAGA AGAGGGATMITTTTGMTTGCC 
D4Mit9 M241 GGCTTTGGMTGCTATGCAT TGGCAGGAGGTATGACAGM 
D4Mitll MB GGITCACCAMGGACTTCGA CCTGTGACCCCTTGGMGTA 
D4Mitl2 Ml5 GCTTGCTTTAGGAGTGTGCC TATTTGCTCTCCATTTCCCC 
D4Mit1J Ml69 GCTGGTAGCTGGCITTTCTC CAGATGITCCTACTGCTTGG 
D4Mitl4 A69 TACMTAGTTAGCTCAGGCCAGC GGGGTGAGGAGAGTGACTCA 
D4Mitl5 Al22 AGGMTACTGMTGTGGACTTTCC TCCCTTGATTMCAGMGACCTG 
D4Mit16 A65 GATCACCCMGGCTGGC TCCCCGTGMCTTCCATC 
D4Mitl7 Orm-I DI TGGCCMCCTCTGTGCTTCC ACAGITGTCCTCTGACATCC 
D4Mit205 M205 TGTGTGMCATGTCTACCCC GGGGACCGMGTMCAGTGA 
D4Wsml Ifa Fl TCAGTATGTACATCCATGCC TMMATGATMGTTGllllATGM J 
D4Nds2 T24 CTTCTGTCTGCTGAGGATACC CCATGATGAGCCMMTGMT 4 

' D4Ndsl0 T29 TGTMGCCATTCTMTAGATC GAGGGMTAGMCTGACTGGT 
D5Mitl A82 MTAMGCTGTGAGGTAMCCCC GAMCAMTGATTGTTTTGAGCC 
D5MitJ MI97 MGGGCMGCCATTTMGGT GCCCCMTCTAGGAGGCTAC 
D5Mit4 Ml89 CTAGTCATTGGCTCCMGGG ATGCACTGGGAGAGTGMGG 
D5Mit5 All TGAGTGAGGTGTGGTGATMCC TGTGTCTTCCCCITTCMCC 
D5Mit6 L42 CTCCAAATGGAACTATGGAA CATGATATTMGCAGCTGTG 
D5Mit7 Ml54 AAAGGGGGTCTTCTTTGGM TCTCCTGTAGTGGGTGGTTT 
D5Mit9 A9 TTCCTAGCATTTCCCTGGG ATCTGGAGAGMTTGTA~TCTGGG 
D5Mitl0 M207 CGAGMGTI'GGMAGACCCA GGCACCCATGCCTCTATG 
D5Mitll M97 GATCTTCCTACCTTCTTACCCAC CATGATTTTATTTGGGGGG 
D5Mit12 Csnb Dl28 TTAGGCMGTGTI'AGACTMMGGG GGAMTCCTCTTAGACCTTAMTGC 
D5Nds2 T26 TMTCTATTGTTTGTGGAMG GTATCAGGCAMCTGGACC 
D5Nds4 :\fp T61 AGCAGGGCTACACAGAGAMC ATTCCCATATTTGCATCTCCA 
D6Mitl AI0 GGCACATTTGCCTTTGTTTT TCTCCTATCTCTCCACCTTTTCC 
D6MitJ L59 ATGGGTACCACCCTATCATACCTA TTATACACTGATATCTTGATAGCC 
D6Mit4 M239 ACTAGGAMCACACTGATTCATATG GAGGTGACAAAATTTTCAAMA 
D6Mit5 Ml61 CACGGAGAGGACCTACATGC AGCTGCTCGTCTCCACACTT 
D6Mit6 M259 TTCTCTCAGTCTTGTCTGTGTACA GTGAGGCTCAAAGAAAGGGC 
D6Mit6 M227 GAGGCTCAAAGAMGGGCTT TICTCTCAGTCTTGTCTGTGTACA 
D6Mit8 M240 TGCACAGCAGCTCATTCTCT GGMGGMGGAGTGGGGTAG 
D6Mit9 L23 GTCTGTTTTGGCATATGGCA TCTGGGTANCCMCCATGIT 
D6Mitl0 M78 TCAGAGGMCAMGCAGCAT CCTGTGGCTMCAGGTMM 
D6Mitl I MI70 ACTGGCCTCllllATGTGCA TGTGAGTGTGAGTI'CAGGGG 
D6Mitl2 Ml I CCACATCCATGTAAAAGCTG TGGTTCMTGAMGTTGCCA 
D6MitlJ Prp D34 IIIIGlll~CTTTCAGCATG GGGAGCCATTGTCCTATTCA 
D6Mitl4 Ml90 ATGCAGAAACATGAGTGGGG CACMGGCCTGATGACCTCT 
D6Mitl5 Ml48 CACTGACCCTAGCACAGCAG TCCTGGCTTCCACAGGTACT 
D6Mitl6 Ly2 DI I AGGCTITGATGCTGTATAGG CACCAGGMCGTMGTGAGC 
D6Rckl cpa F3 CAGCTGAGTCATTAGAGCACTTACC CTCAGACCTACTAGAGMGTGCAGAGC 
D6Rclt2 Mirp F2 GMCACCCCTGGACCGTATTCTCA GATCGCTGGACACTTCTCTGAGTG 
D6RckJ Fl03 GACAAGAGGACGCATCTTTTG CTACGMMGTCMCCTCGAGG 
D6Nds4 T59 ACCTCAGCGG'ITCTTTATGAG TGGTCCACCCTGMTGAGTCC 
D6Nds5 T23 GGMTGTCTTATTTMGTCAG AGTGGAGTMTATTTGMCAA 
D7Mitl M208 GTCCCAGTGTGTATATATMTCCAG GGATTATACACACAGATGTI'GGG 
D7Mit5 Ml87 TCGTGTCAAATTGCTTATGC ACTGTGTGTGCCTGTGTTTG 
D7Mit7 Ll2 ACTCAMGG'ITGTCCTGGCA TGGTAGTGGTGGCTNCGGTG 
D7Mit8 Ml83 TTGGCCTTTATAGGCACCTG TMGGCACCATGATATGGCA 
D7Mit9 A89 GACAGGTGG'ITCTTTMTMTCCG GGAGCTTTAMGGACAATTTTCA 
D7Mitl0 L72 GTTGTTCGGGMGGGMGAT CCTTGGCACGAGATGMCTG 
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D7Mit10 L25 GAAGA'ITGGGCTGTCTGCAC TGAAGCTGATGGAGCTGATG 
D7Mitl2 M23 GCTGGGTI'TATTCATTGCAA TCCAGCTCATGGGTAGAAGA .. D7Mit1J All3 ATGGGGAAAGTGACTGAGGA AlllllGTAGCTTGAAGGTATGGC 
D7Mit14 L79 TCCCTCCTCATGTTTTCATG GATGATTGGGAGAAGCAAGG 
D7Mit15 M47 GTGTGCACCCACATGGATAC AGGGAAAGCACTTGACCATG is: D7Mitl6 Al3 CTGGTCTCTGTCCTTGGAGC AAAGAAAATATTCTTGTTGCCAGC 

~;,,r., D7Mitl7 M91 CTGGCATTTATGTrGCTTCA AAC'ITGCCTTCTGTCCTCCA 

~· 

D7Mit18 Gas-2 0117 GGGAGCCCAGCTTCTACTG TCCTAACACCCITCCTGGTG 
D7Mitl9 Tyr 0108 GCTGCAGCTCTCTCTGGG GATGGCTCTGATACAGCMGC -· D7Mit20 Mb-1 0103 GTGTAGCMTGGTGTCGGTG AAGCCTGCCTCCAGATGTAA 

~ D7Ndsl T27 GAGATC'ITCCATACTCATATT TAGATAGTGTTAACAGTGACC 
T, D7Nds2 T28 CAGACTTTCATTTCIIIGGATAC ATGCCATCATGTGTTGAAGCA :z D7Nds4 /7it-2 T63 GTGACAATACATTCCTGCTGT CTCAGATC'ITATCTCTAGCAC 
:3f~· D7Nds5 Ngfg T62 CTCCACATGTGTATGTGTATG ATGGAGGCCGAAGAAAGAATC 

~c:-· 

D8Mitl M70 T'ITl'GCTGTCTAGGTCCTGACTC CAGCCTCATTAGTAAGGGACC'IT 
DBMitJ Ml95 TCCCATTCTCGCATAAGTCC GATGGGAAGACAGGGTAGCA 
D8Mit4 M71 CCAACTCATCCCCAAAGGTA GTATGTTCAAGGCTGGGCAT 
D8Mit5 Ml76 TCCCTTITCCCTGTGCTATG GCCGTTCATTI'AACCCTTCA 
D8Mit6 Ml58 CAGGCAGCTTGCTAGGACIT TACTGCCTTTAGCCCAGTGG 
D8Mit7 Ml38 TTGGTGAACACCAGGTTCAA ATGATGTTAGTGGTCTGGGG 
D8Mit8 M257 GAGGGGCTGGAAGAAAGAAC AGCCCAGACTGC'ITCCTTIT .,_ 
D8Mit9 A62 ATTTGAATTGTGCAGACCTGG CTGCTTGIIIIIATCTCCTGGG 
DBMitll Al05 GCAGCAGTGGTAGCMATAGC CTTAATCAGCAATCCITGACACC 
D8Mit12 Lil GATCTCTACATCAAAAGGGA TTCAGIIIIGIIICTGAAAC 
DBMitIJ M77 CCTCTCTCCAGCCCTGTAAG AACGTTTGTGCTAAGTGGCC 
D8Mit14 L34 TTTTCACACTCACGTGTGCG GTCTCTCCTTCCTGGCGCTG 
D8Mit15 Mt2 020 AGCTGAATTTGAGCTAGTCG AAGCTTACGGTTTAATCCCC 
D8Mit16 Polb 0100 GCCTGGATTTCCTCATTGAA AGTTGGTTATCCCTGAAAATATACA 
D9Mitl M88 GAGCTGTAACACTGACAATGTGC TATCTCAATGCACACTTTTGTGC 
D9Mit2 L32 GTGGTCTGCCCTC'ITCACAT CAAAGCCAGTCCAACTCCAA 
D9Mit4 Ml51 TGCTGAGCAAGCTATGAGGA GACAGCCCATCACAGCTACA 
D9Mit6 A78 GTACCCGGGGATCTGGTG CTGAGAAATGGAAACGTTGTTG 
D9Mit8 M211 GATGAAGACAATAAAGAACCTTAAA AAGAGCTAACCCATTGCTGC 
D9Mit9 A72 TACCCGGGGATCTTCTTTCT AGAGCTJTCCCGCTACACAA 
D9Mitl0 M86 TAACCAACCCTTCAAGGCAC AATCCTTGGCTGAAGGGAAT 
D9Mitl 1 L60 GCCTTCATGTGTACCTGAATGCAC GGCTCTGTAATCACTGAAGCTGGT 
D9Mit12 M73 ATTCAAGGGGCAGTACACAT TGGTCCTGGTAAAACTGCCT 
D9Mit14 M236 CCAAAGGACTGCTATTTGCG GTAATATTGCTACACTCATGCACA 
D9Mit15 Ml60 TTCAGTCCAGTCTGGGGGTA CCCCCAGTTTTGTTGTTTTG 
D9Mit16 A5 TCTGTGCCTCTTGGAGTGTG AGGATTGGGGCTTTGTTC'IT 
D9Mit17 Ll9 GCCAAGGCTGTCTCTTAGCC GAGAGAAGGGTTCTGGGCAG 
D9Mit18 MIO TCACTGTAGCCCAGAGCAGT CCTGTTGTCMCACCTGATG 
D9Mit19 Ml57 CCAAACACAACCCCTCAGM TCATGGCTTCMGACTGCTT 
D9Mit20 L64 CCCTTGCAGCCCATCGCCTA TAGACACATAGCTGGAGGTTTTCT 
D9Mit21 Cypla2 015 CAGTCCCTGGTTAATAACMCMC TATAGTCCATTGTGGCAGAGGAGT 
D9Mit22 Ncam 0134 ATTGCATMCACCCCCACAT CAGTGCTTMCTGCTCMATGC 
D9Mit2J TJd 04 MGAAGTTTCCATGACATCATGM AGMGAAMTTCTTGACAGCTCTG 
D9Mit24 Trf 026 CCTTCTAAACACAGGCTTITTGAG CTGATGATCACCTCATTTCCTGAG 
D9Nds2 T30 TCCTTGGAGTTAAAACTTGGA AGATAAATTCAATGAGTCCTA 
DIOMitl Ml53 GGAGMAACCAACTCCTGCA MTGTGAAAATGTGGAGTGG 
D10Mit2 M24 CTGCTCACMCCCATTCCTT GTTCATTTGAGGCACMGCA 
DIOMitJ All4 GTTGATAGTCCCACCTCACTCA TGAGAAATTCCATCTGTGGC 
D10Mit4 Ml39 TAGGATTACMCCTTGCCCC CACAAGGGAAAGTCTCCAGC 
Dl0Mit5 M67 AAGTGMGGTGCTGGTCACC GGGMTTI'CACAAAGACAGC 
D10Mit7 L62 GATCTATGTGAGTGCGAGGCTAGC TCAAACCAGATGGCACTGAAGACT 
Dl0Mit8 M3 AGTGTTAGTGGCTGGGGTTG TGAACGTTTCAGTTGGTCCA 
Dl0Mit9 A37 ATTTGGAGCACGCATC'ITCT AGGCCCACC'ITGTACTTGTG 
DlOMitlO M7 CCAGTCTCAAAACAACAACAMC TTGCACCTAGATTGCCTGA 
DlOMitl I ABB GAGAAGTCACTGGGAGCTGG TTGCCAGGTTGCTC'ITCTTT 
Dl0Mit12 Ml72 ATGTCCAMACACCAGCCAG GGAAGTGATGGAGCTCTGTT 
DIOMitlJ A63 GATGGAGCTTCTATGTCAACCC TTATTTCCACTGMC'ITCCTTTCC 
D10Mit14- Ml75 AGAGGGGACMGGAGAGACC AAGGTTTGGGTTCAGTTCCC 
DIOMitl5 SqrJ 030 ATGCGTACAGGCAAAACACC GCTACATTGGTCTGTGACGC 
DIONdsl T31 TGCACACCCACAGCACACATG AAGGTTTMGMGGTCAMTCATA 
DIONds2 T32 CTATTI'AC'ITAACTCACAATT TGGTCTTTTGCTCCATMACT 
DIONdsJ T54 TGACATTTTGCGATTTTCATTTGT GACACATGGATCCTCACATGC 
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DllMitl M215 GGGTCTCTGAAGGCTITGTG TGAATACAGAAGCCACGGTG 
D11Mit2 Ll4 TCCCAGAGGTCTCCMGACA CCACAGTGTGTGATGTCTTC 
D11Mit4 Al24 CAGTGGGTCATCAGTACAGCA AAGCCAGCCCAGTCTTCATA 
Dl 1Mit5 A2 TTCTGTGAGCCTGGAGGAGT TACAGGACTAGTTTCCATTTGGG 
D11Mit7 Mll9 AGGGTATTCTCTAGCCTCCACAC TTTGAGGCMGATGTCATGTATG 
D11Mit8 M212 CTTTTCATGGAGGCACAGGT TGTGAACAGAGACACACATTCA 
DllMitJO Ml62 GAACCGCMGTCATGAATCA TGGTTTATTCCTGAAGCTGC 
DllMitll M43 .TATTCTCTCCTTCCCCCCAC TAGAGTTGGGACACCCAAGC 
D11Mitl2 L3 AGGGTTATGCTCTTGGCTGC GATTTTCCTAGGCTGGCTGG 
D11Mitl3 Act DACE ATAACACCAACATTACCATAGAGGG ATACTAAGTTCAGACTTTTCACCAATITr 
D11Mit14 AntP91a D2 CCACTTAGTATATCTTGTCC GCATGACTTGGCCTATCACC 
D11Mit15 Glut-4 D5 TGACATTTGGCGGAGCTAAC ACATGTACTTGCCAGGGTAC 
Dl 1Mit16 lif D133 CAGCTAGAAATGGCAATGAGG CTTGTTCTACACCCAGCAAGC 
DllNdsl T33 TAAGAACCTTCTGTAGTTATT ACCTTAGTTAGAGTTGGTCTC 
D11Nds7 Gfap Tl2 AACTGTTCAAAGCCATTTCG CTATGGACTCACAGCCAGGCT 
Dl 1Nds9 ll-5 Tl4 CCTTTCTGAAAGTATTAAGAGT ACMCCATCTGCATATCCAGC 
D12Mitl M50 TACCCGGGGATCTTTTGTTT AAGTGGACTGCCAGAGGATG 
D/2Mit2 M27 ACACAGGCTAAAACATGGGC GCATCTGTATTCCACAGGCA 
D12MitJ L41 TAAAGGGGTTTGCTTAAACA ATGCCACTGAATGTCAAATT 
Dl2Mit4 A64 ACATCCCCAGCTCTTGTTTG AAACCAAACCAAAGAAGCTTAGG 
Dl2Mit5 L58 CACATAGACCAGACAGGCATGCGT CAAGGTCACGTTGCTAGCTAGGAA 
D12Mit6 Ll6 ATGCTCGACATCAACCTTGG TATCTGTGTGGCTGGAACGA 
Dl2Mit7 M62 CCGGGGATCTAAAACTACAT TCTAATCTCAGCCCAATGGT 
D/2Mit8 lgh-C D7 TTGCCTAACCCACTCACACC TGGTGACTCCTTACAGAGGC 
D/2Nds/ T51 AGTGATGTGATTACAGGTTTG CACTCTATAAACCCACTGCAG 
Dl2Nds2 lgh-V Tl ACATGGTAATTTATGGGCM CTGGATACCTGCMTAGTAGA 
Dl2Ndsl I Ode T64 CATTTGAGGACAGTCAGGATC GGAACTTTCATGCAGTACTAG 
D/3Mitl A86 TCMCTCTTCTGTAAACCAGATGC u"IC"ltillluATTCCTGACCTCC 
D/3Mit3 M79 TCAGGCTCATCCCAGATACC TTTTGCAGAGAACACACACC 
D/3Mit4 M231 TGTGGGACMCTGTGACAAA CACCCMGGCCCACTTC 
D/3Mit5 M38 AGMGCCAGCAGGTGTTTTC CCAGGMGTMCCCCAAACA 
D13Mit7 A68 CGGTACCCGGGGATCTAC AGCCCAGCTTGTGMGTGTT 
D13Mit8 M61 GCCCCATTTCTGAAGTTTCA AATAGACTCTTCAGCCCCCC 
Dl3Mit9 Ml47 GGGTTCCAGATTGAGTGGAA TTGCCAAAGTGTCAAAATCA 
D13Mitl0 L61 AGTCCTGCCATTTGTCCTCTGACC ATGTCTTAGTCTCACATGCTGGGG 
D13Mitll A91 CATGGCTCCTTTAACCTGTTT CMTGATTAACCCTTGAAAAAACA 
D13Mit/3 ll-9 D24 CTGTGGTAAGTCCAGATTTG GGAAAGAGTAGGMGATGCC 
D13Mit/4 Sqr4 D29 GGAACAGCAAGCTCTAAGGG CTACCAGGCCTCCCMGATA 
D14Mit/ Al03 GATCTATATGTCCCAACTATAAAG ATTTTGACTAGGATTGTTTGAGGG 
D14Mit2 A24 TGTCTGACCCATTGGMTTATG TGAAGMGACACCTAACACTGACC 
D14MitJ M32 GCMTTACACCTCCTCGGAG CACMGGGCATATGGTACCC 
D14Mit4 M228 AGGCACCCCCTCACAGTAC TTCATTCCTCCTGCTGACCT 
D14Mit5 M214 CACATGMCAGAGGGGCAG GTCATGMGTGCCCACCTTT 
D14Mit6 All9 GACAAACGCTTTCATCTACMGG TGTGCACATTCATCCACATG :e-~~ 
D14Mit7 L27 GAGATAGTCAACCAAAACM 

~--
MTGTATGGGCATGTGCGTG . ~--

Dl4Mit8 A44 TCACAGGTGCTCTCAGTCATG GCAAATACTTCCCTTCTTGGG =--
i": 

D14Mit9 A93 AGGGGAAGGGAAGATGAAGA GGTGTGACCACTGCCTAGGT .-. 
D14Ndsl Plau TIO TGCTGGCTAGGMTAAACAGA AGGGMTTCATGTTCAGGATA .•, 
D15Mitl L29 AACATGGTCCCACAGGTGTC AGTAGMGCTGCAGCCCTGG ... ~ .,.,. 
D15Mit2 LIO AGAGCATGTCCTCACCCCTT CCTGGAAAGGTCTCAGGGAA r.; 

·~';. 

D15MitJ L78 TTTCCATTTTGGAGCCAGAG TATCCTTGTCCTGCCATCGT 
D15Mit5 LI CTTCCTAATTCCTGTCAAGCAAAT GTTTCATTGGTCMTGGAAACTTA 
D15Mit6 A59 CCTGGTCTGAAACACTTTTGC CTTGTGAGTGCTCCATGCC 
D/5Mit7 M30 TTTGCAGCTGTGTTCTGCAT GATTAGGCCACGTGAGCTTC 
D15Mit8 A79 GGAAAAGGGAAAAAGATGTGC TATATTACACTTTCCTTTGCTGCA 

M232 CCATGAGTCCTTCATGCCTT TGTATATGCAGMGCAGGCA 
·.., 

D/5Mit9 
D/5Mitl0 M76 GATCTATAACCAGGGCAGGG TTAATTCACGGAAATGTTTCMTTT ·• 

Dl5Mitl I M237 TGTGAGMAAATGACAGTMGGC TCACAGAAAGACAAGACAAAAGG -~ 

D/5Mitl2 M34 ATGGACACCTGACACTGCM AAGGGCTTTTACCTGGGAAT 
D15Mit13 A36 GGAGACMAAATGMCTCCTGG TTGTAAGACMGCATAGCTCMCA 
D15Mit/4 Gdc-1 D17 GAGGAAAACCATGTCMTCACTTC CCTCCTCTTAAACCMGATCTCTG .. 
D15Mit15 Hox3.l D6 AGCATACACTCTCTTGTTCCTGCT AATAAATACCAGAGAAGCACCGTG 
D/5Mit16 Hoxmaa D131 AGACTCAGAGGGCAAAATAAAGC TCGGCTTTTGTCTGTCTGTC -

~ 
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Gene name Assay name Left primer Right primer 

1,Mit17 Myc D22 GCGTCACTGATAGTAGGGAG GTACCCCAATCCTGAACCAC 
1,Ndsl T35 GAGTAGGTTGGAATTTCTCTC ACAAATATACACTACTGGACAA 

·jmNds2 Tl8 GCCTATITATTTCAAAGATATGAC TGATATCGAGGCATACATGAG 
pJ6Mitl A70 CGCCCTCTAAGGTGACTCAG AGAGAGGGGTTATGGGGTTG 

,;bJ6Mit2 LS0 CCAATGCCCTCTI'ATGACCT TTCTAGTGCGTCCTACCCAG 
.Dl6MitJ M127 TCTAACGCCCTCTCTCTACC CCAAATGTGA1TGCACAAGG 

~•016Mit4 M203 AGTI'CCAGGCTACTTGGGGT GAGCCCTCA1TGCAAATCAT 
~,-D16Mit5 A38 CGGGGATCATCCCTAAAAAC TCCCCAATTCCTCTTGTGTC 
- "'.016Mit6 L7 CAGGTCCAAGAGGAGAACCA TTTGACCTGTGAGCCTGTGG 
•·'D16Mit7 L39 CTGCCACCCCTGAACCATTA CTACAAGATGTGGOOCATGA 
z.· D16Nds2 T37 ATTGGTGAGCTTACAGAATAC GTGGTCATGATATTCGTAGAT 

·._ '•' D17Mitl Ml24 TGCTTGAAATCCTGGGTTCA TGCAAAAATGTATGTGCCTG 
u)'D17Mit2 Al8 ACAAACATGTTGGCCTAATTCC TTGAGTITAAGCCCCTAGAATCC 

D17MitJ L28 GA1CllllC'JTATTCTGGTT GCAAAGTCATGTACTCTGAG 
:-.' D17Mit4 Mll4 GCTGTGCTTCCACACTCAGT TTTCTGAAAAAGCCTCTCAA 
'--; D17Mit5 M92 TGGGAACTTTCCAGACTTCC CCCTTTCCTCCAAACTCTCA 

D17Mit6 M254 GTACATGTAGAGAAATGGAGGTG GCTTATGTTCTTTAACAAGAATGTG 
D17Mit7 L4 ACTCCTTNGGGACCTGCATT ACCGCTCAGGGAGTGCACTT 
D17Mit7 A23 TCTAATCCCATGTATATGTGGTGG TTCCTCTGGACTCCTTGGG 

.. D17Mit9 A51 TCAGCCCTTAAAAATTACTCTTGG CCCCACCAACTGTCCTCTAA 
D17Mitl0 L36 TGCACTTGCATAAGGAAAAC GACITTGGOOCCTACTTATG 
D17Mit11 M145 TGAATTTATGAGGGGGGTCA TGTCCCATATCTCTCTTTATACACA 
D17MitJJ L57 GATCCAGACCACACCCCCTCACCA TCCTTTGAGAGCCAAGCTTGAAGG -- D17Mit16 A25 CCAGAAGACAGCATTCCACA GTATGTCAGGGCTAGTTGACAGG 
D17Mit18 M33 . GCAGCTCATTCTTAGTCCCTAAT TCATGAGTCCCCAAACTAGC 
DJ7Mit19 M44 GAGCTGGTAAATGCTTTGGC TTGAGTACCCCGTACTTGCC 
D17Mit20 CJ D129 AGAACAGGACACCGGACATC TCATAAGTAGGCACACCAATGC 

":. 
DJ7Mit21 Mhcab2 D21 TAACACCAGACATTGACCTC AGTCTAGATATGTGTCTCCC :.;:-. 

.·-!-. D17Mit22 Mhctb2 D16 GGTAAGCATTAGATAGAGAG TTATGATCTCCACACACGTG --~ . D17Mit2J Piml D106 TCGAGCTGGTTGAACGAAC CGGGAAAGCATGGAATTTAA 
. 3i. D17Mit24 Thy19 D12 ACCTCTCACCTCTCTCTGTG TGGAGAGACGTCCTATGATG 
j' Dl7Nds2 Hsp68 T9 GTAATTGCGTTGACTGTTAAAT AGTGCTGCTCCCAACATTACT 
;.·:~ D17NdsJ Tnfb T68 TTCCTGTGGCGGCCTrATCAG AGACAATGGGTAACAGAGGCA 

D18Mitl M42 TGAGCAAAATACATTGCATG GGGATACCAGGCCAGACATA 
D18Mit2 L9 TTCCCTATCCAGTTGTGTGC CCCCTGTAGCTCAACCCACT 
DJBMitJ L76 TTCCCTATCCAGTTGTGTGC AGCAGAGAATGCACCACCTC 
DJ8Mit4 M51 ACTGTTGCTGGGGAATGG CCAAGTTCAAAGCTGCTGG 
D18Mit5 M57 TTGTCCACTGA'ITGCCACAT CGTATACCCCCACCATGTTC 
D18Mit6 Al04 GATGAGCTAGGAGGAGATATGAGC CATACTTACTACAGGGTTTTGGGC 
D18Mit7 MI0S ACAGGAGAACGGGAACTCAG GCCAGAGTGGACCAAGATGA 
DIBMitB L24 TTTGGAATCTGGCATGTTAC GTCTGAAATGAAGTGCCTGC 
Dl8Mit9 M209 AGAGGCATTGCACACACAAG GCCCCTTGGAGAGTTGGT 
D18Mitl0 AI00 TATCCACCCATTCCAACCTC GGATTGAGGTTGCTCTTGGA 
D18Mit12 A20 TTGTCAGIIICTTGTGAGGGG TGTTTAATAAGCCTTTTCCTGAGG 
D18Mit14 Ll3 GAGGTGATGTGGACACACTC ACACAGCCTAGAATGCACGG 
D18Mit15 L87 CAGACTTCATAGCAACACCCTG TAACATGAAAACAGAAACAGCCA 
D18Mit16 A35 TTCCCTTTGGAGACTGTGCT TGGAATTACAGGGCTTCCTG 
D18Mit17 Grl-1 D118 TCAGGCAGATTCCAAGCAG CTGTGGGTAGCCCAAGTCAT 
D18Ndsl Mbp Tll CAGTACAGCCAGGACACAGAA ATGGCTGACCAACTCTCTAGC 
D19Mitl Al7 AATCCTTGT£CACTCTATCAAGGC CATGAAGAGTCCAGTAGAAACCTC 
D19Mit2 Ml09 TGTTGATAGTGCAAGGTGCG CAAGGGGCCATACCTAGTGA 
D19MitJ Ml3 CTTCCCCTACTGCAGTGCTC TTGCATAGTTGGCCAAAGTG 
Dl9Mit4 M230 CGGCTACCCGACACTCTAAA ATTGGCTTGCCCTAACCC 
D19Mit5 A75 TGllllUACCTATTTGTTTCATGG GGTATCTCCTAGTTTTCCTGATTT 
DXMitl L43 CAAGCAACCGAGGAAGACAT CAGGATGCTAATCACCCTGC 
DXMitJ Ml31 AAAAGGTCATGGCAAAAGGA AGGAGAAAGTGCAGGGAGGT 
DXMit4 Mll8 TGGACAGTGCTTGAGGAATG GCAAAACAGCTACATTTGGG 
DXMit5 Al9 CAACCTCTGAGCTCTCCCAC TGTTGTCTAATTCCTTCAGGCA 
DXMit6 Zfx D28 ACCATTCAAATTGGCAAGGC GTGGCTCGACiTTGIIIGCAG 
DXNdsl Hprt TS TGACAACTTCTGTCCTCAACA ATGCCGTCCTTTATCTAGAAC 
DXNds2 Plp T4 TAATATAACAGATAACCAACCATT CATTTTGTAAGATGAGTTTCTA 
Unmapped A66 TCAGGGCTCTCTAAGGGACA ACTATGCAGCCACCAAATCC 
Unmapptd M251 TTCCTCAACTAAACGCTGGA CATTTTCCTGTATACCTGAATTTT 

The gene name given for SSLPs found in gene sequences from GenBank. The assay name refen to the specific assay used to genotype 
the locus; formal reference to the assay should be preceded by the symbol "Mit-". The primer sequences are given from 5' to 3'. 
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TABLE 2 

Allele sizes of simple sequence length polymorphisms in 12 inbred strains 

Locus Gene Assay 
name name name OB CAST B6 SPR DBA A C3H BALB AKR NON NOD LP 

D/Mitl L33 123 118 123 135 126 123 132 123 
D/Mit2 A26 172 150 172 185 
D/MitJ M253 160 185 160 200 160 185 185 185 206 185 185 187 
D/Mit4 M46 200 168 200 170 200 200 200 200 200 197 195 210 
D/Mit5 L20 148 126 148 150 152 152 152 148 150 150 152 152 
D/Mit7 ABO 108 156 108 125 125 125 125 108 108 125 108 108 
D/Mit8 L31 220 190 220 178 220 220 220 220 201 220 201 220 
D/Mit9 MIil 160 140 160 162 160 160 160 160 147 160 147 160 
D/Mit/0 Al 17 140 152 140 125 140 140 147 140 135 140 140 135 
D/Mitll M17 100 111 100 106 100 100 100 106 100 106 106 
D/Mit/2 M93 133 129 133 170 133 133 133 126 133 133 133 
D/Mit/J L30 202 207 202 202 210 211 202 202 202 202 202 
D/Mit/4 Ml93 180 200 180 170 215 215 215 205 215 175 175 190 
D/Mit/5 Ml46 160 188 160 154 160 186 183 160 183 183 183 183 
DIMit/6 L46 190 185 190 195 201 185 190 190 190 164 185 190 :2 D/Mit/7 M41 170 190 170 188 174 183 183 176 183 170 183 176 
D/Mit/8 A77 160 180 160 170 160 160 160 170 170 160 170 205 ·~ 

D/Mit/9 L86 113 148 l I 3 123 120 121 121 113 l 13 113 108 103 ~? 

D/Nds2 T17 180 167 180 123 180 158 159 158 190 178 159 158 l D2Mitl Ml28 124 140 124 96 120 120 120 120 120 120 120 124 
D2Mit2 Ml 12 147 129 129 138 129 129 129 129 129 135 135 129 
D2MitJ Ml 16 160 194 160 158 160 160 160 160 160 160 160 160 
D2Mit4 M52 190 166 190 176 190 190 190 190 190 190 190 190 
D2Mit5 A41 141 180 139 137 139 141 141 141 141 139 
D2Mit6 LIS 135 147 135 110 126 126 135 135 126 135 135 135 
D2Mit7 L44 150 122 150 148 145 147 145 150 147 145 143 145 
D2Mit8 Ml99 188 180 188 212 188 188 188 188 188 188 188 188 
D2Mit9 M85 190 195 190 174 195 187 190 190 190 185 185 190 
D2Mit/O M39 152 150 152 158 150 156 150 152 152 152 152 152 
D2Mitl I Ml34 226 232 226 264 226 232 226 232 232 226 232 232 
D2Mit/2 Ml79 201 194 201 189 189 200 200 189 200 189 201 189 
D2Mit/J Ml30 190 193 190 170 192 192 180 192 192 193 193 193 
D2Mit/4 Ml63 142 152 142 198 130 130 130 130 130 142 130 130 
D2Mit/5 A61 145 178 145 160 145 162 160 145 160 145 145 145 
D2Mit/6 Ml86 238 250 238 242 238 238 238 238 238 238 238 238 
D21Hitli M246 205 242 205 420 220 220 220 220 220 214 242 214 
D2Mit/9 A83 108 124 108 127 108 108 108 108 108 108 108 108 
D2Mit21 M184 260 250 258 250 250 260 258 258 258 258 256 256 
D2Mit22 M167 190 162 190 112 190 190 190 190 190 147 147 
D2Mit24 M75 180 183 180 180 180 180 180 180 180 180 180 180 
D2Mit25 A67 118 140 118 126 118 118 118 118 118 118 118 
D2Mit26 M37 195 210 195 190 195 195 195 195 195 210 210 210 
D2Mit27 Ml06 180 238 180 250 180 180 
D2Mit28 Snap D25 130 142 130 123 130 130 130 130 130 
D2Mit29 Svp-4 D115 115 120 115 110 115 115 115 115 115 115 115 115 
D2MitJ0 Trh-1 DI II 320 340 320 80 137 137 137 137 137 121 121 121 
D2Ndsl T19 178 158 178 182 185 182 182 185 182 152 188 185 
D2Nds2 T57 122 88 122 114 122 122 122 122 122 122 122 122 
D2NdsJ 11-IB TIS 280 190 280 140 280 280 280 400 270 270 280 270 
DJMitl M28 145 118 120 120 120 120 123 120 120 123 143 
DJMitJ M250 108 200 108 88 108 109 104 109 108 104 108 109 
DJMit4 L40 140 150 140 147 140 140 140 140 140 140 140 140 
DJMit5 Ml23 188 182 182 178 188 188 188 188 188 188 188 182 
DJMit6 Ml49 145 133 147 125 136 136 136 136 136 136 136 147 
DJMit7 M74 147 142 147 147 147 142 142 142 142 142 142 142 
DJMit9 A85 225 238 225 210 238 214 216 238 238 225 230 216 
DJMitlO A34 145 158 145 132 140 134 134 132 136 121 138 
DJMitll L38 147 204 147 152 147 165 165 165 165 163 147 147 
DJMit/2 A60 155 120 155 126 157 155 155 157 126 126 157 
DJMitlJ L37 220 225 220 236 220 220 220 220 220 220 235 237 
DJMitlJ LS 220 238 220 240 220 220 220 220 220 238 240 
DJMit/4 M206 170 127 170 132 198 198 198 198 198 198 198 170 
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Locus Gene Assay 
••· name name name OB CAST B6 SPR DBA A C3H BALB AKR NON NOD LP 

)DJMitl5 A55 145 185 145 175 212 145 145 145 145 145 145 
ttiL DJMitl 6 Ml59 188 194 188 220 186 186 186 186 186 186 

-- :'DJMit17 M235 208 200 208 180 180 180 180 180 180 208 188 
_. _ DJMitlB A96 235 242 235 192 235 214 214 214 214 214 235 214 

·_ ,ii'. DJMit IY Ml41 160 176 160 147 176 176 176 176 176 160 176 158 
5;"· DJMit21 /1-2 D31 236 216 236 208 218 218 218 236 218 236 218 218 
- ·.'' DJMit22 Rp/32-ps D122 240 265 240 207 238 255 240 220 238 240 245 220 
~~~- DJNds2 T21 115 147 115 133 122 115 115 115 115 115 115 115 
-~- D4Mitl A73 120 93 120 120 120 115 120 112 112 120 112 112 
~• 0 D4Mit2 L67 178 172 178 178 178 172 178 172 172 172 172 172 
,. . ., •.. D4Mit2 L6 195 185 195 195 195 185 195 185 185 185 185 185 
-:;~ D4Mit4 M31 165 169 165 158 165 163 167 163 163 165 163 163 
-i~ D4Mit5 Al 138 115 138 120 148 138 138 138 138 138 138 138 •,:Ar::_ 

T D4Mit6 M64 80 60 80 58 78 62 62 62 80 80 62 83 
D4Mit7 A71 151 147 151 160 151 151 151 151 151 151 151 149 

.. D4Mit9 M241 206 212 206 238 208 210 210 210 195 200 210 200 
D4Mitll '.\18 144 170 144 183 144 178 144 144 144 144 149 144 
D4Mit/2 Ml5 198 190 198 185 168 168 168 168 170 169 167 170 

,'f D4Mit/3 Ml69 92 88 92 106 97 92 108 92 111 108 108 92 
-~ D4Mit/4 A69 133 130 133 145 140 140 133 140 133 133 133 140 
..,.;,,;... D4,\fit 15 Al22 280 315 280 280 330 330 330 280 330 330 318 ~ 
;,;1.;&:~ D4.\/it 16 A65 220 245 220 226 239 239 239 239 220 239 220 239 
-~~ 

D4Mit/7 Orm-I DI 147 145 147 105 141 147 147 147 138 136 136 136 
D4iHit205 M205 1 !!5 197 190 197 204 204 204 202 200 201 202 
D4Wsml /fa Fl 160 185 
D4Nds2 T24 97 95 97 98 97 91 97 97 93 89 93 97 
D4Nds/O T29 90 80 90 90 90 90 90 90 90 90 
D5Mitl A82 137 145 137 149 129 137 137 137 129 137 137 129 
D5Mit3 Ml97 165 147 165 165 165 165 165 165 165 165 165 
D5Mit4 1\1189 195 238 195 250 195 195 195 195 195 195 195 195 
D5Mit5 Al I 145 166 145 163 145 145 145 145 145 160 145 145 
D5Mit6 l.42 135 125 135 108 135 135 135 135 135 135 135 131 
D5Mit7 '.\1154 160 147 160 160 147 160 147 147 147 147 147 147 
D5Mit9 A9 149 180 149 I :\8 149 149 149 149 149 149 149 149 
D5Mit/O M207 196 209 196 205 203 188 194 190 201 192 200 196 
D5Mitll M97 203 195 206 210 188 188 188 199 188 188 188 203 
J)'i,\fit/2 <:snb D128 120 85 120 115 115 120 115 120 120 115 115 110 
/J5Nds2 T26 168 175 168 I'''' 178 168 178 168 168 178 178 168 

, D5Nds4 .-\fp T61 90 85 90 97 90 97 97 90 86 97 85 
D6Mitl Al0 217 239 217 280 217 217 245 245 217 245 217 217 
D6Mit3 L59 :ms 236 :ms 308 300 308 300 239 308 308 236 
D6Mit4 M239 102 107 102 121 102 90 102 90 95 90 90 108 
D6Mit5 Ml61 168 158 168 168 168 168 168 168 168 168 168 168 
D6Mit6 M259 100 109 100 96 100 I 10 100 100 100 100 110 100 
D6Mit6 M227 100 110 100 100 113 100 100 100 100 113 100 
D6Mit8 M240 164 180 164 182 164 190 164 190 170 190 188 178 
D6Mit9 L23 143 138 143 152 123 123 123 143 143 123 123 123 
D6Mit/O M78 198 210 198 212 206 198 191 198 198 207 191 198 
D6Mitl I M170 94 127 94 98 94 94 94 94 94 94 94 94 
.D6Mit/2 Ml 1 123 147 123 170 123 123 123 123 123 123 123 123 
D6Mit/3 Prp D34 158 170 158 152 152 156 152 152 160 155 152 
D6Mit14 Ml90 160 172 160 174 149 156 149 152 149 174 174 168 
D6Mit15 Ml48 260 220 260 260 195 195 195 195 260 260 150 195 
D6Mitl6 Ly2 D11 155 167 155 152 147 157 147 155 130 155 130 155 
D6Rckl Cpa F3 250 230 234 250 
D6Rck2 Mirp F2 170 155 147 174 
D6Rck3 FI03 110 90 112 
D6Nds4 T59 91 114 91 112 91 91 91 91 91 91 91 91 
D6Nds5 T23 98 108 98 118 105 105 105 98 105 
D7Mitl 1\1208 298 309 298 298 298 298 298 298 298 298 301 298 
D7Mit5 Ml87 215 182 215 215 215 215 215 215 215 215 215 215 
D7Mit7 Ll2 80 90 80 90 77 90 77 80 80 80 90 
D7Mit8 1\1183 150 153 150 165 148 151 148 148 146 146 146 
D7Mit9 A89 130 145 130 130 130 130 130 128 128 128 130 
D7Mit/O L72 180 190 180 180 180 180 180 180 180 180 180 
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TABLE 2-Continued 

Locus Gene Assay 
name name name OB CAST B6 SPR DBA A C3H BALB AKR NON NOD 

D7Mitl0 L25 150 158 150 150 150 150 150 150 150 150 150 
D7Mitl2 M23 197 208 197 220 206 197 197 197 206 205 197 
D7MitJJ All3 195 200 195 210 195 195 195 195 200 195 195 
D7Mitl4 L79 147 142 147 147 147 147 147 137 147 147 147 
D7Mitl5 M47 138 127 138 129 138 138 138 123 123 138 138 
D7Mitl6 Al3 245 248 248 248 248 248 248 248 248 248 18 
D7Mitl7 M91 160 144 160 170 162 160 162 160 160 162 144 162 
D7Mitl8 Gas-2 D117 120 ·109 120 112 120 120 120 120 120 120 120 120 
D7Mitl9 Tyr D108 135 131 135 127 135 135 135 135 135 135 135 135 
D7Mit20 Mb-1 D103 107 100 107 80 107 107 107 107 107 107 95 107 
D7Ndsl T27 238 301 238 270 260 260 265 270 270 247 247 270 
D7Nds2 T28 118 114 118 97 112 116 112 119 119 114 114 114 
D7Nds4 Jnt-2 T63 168 145 166 175 160 160 160 166 166 166 166 160 
D7Nds5 Ngfg T62 145 150 145 157 142 143 140 145 143 143 143 
DBMitl M70 215 255 215 215 215 215 215 215 215 215 215 215 
DBMitJ Ml95 178 185 178 160 187 187 187 187 187 187 187 187 -~ 
D8Mit4 M71 157 191 157 170 195 200 195 200 195 195 200 160 :~ 

D8Mit5 Ml76 166 150 166 100 166 166 166 166 166 166 166 166 
D8Mit6 Ml58 170 201 170 195 170 170 170 170 170 170 170 170 

-! 

D8Mit7 Ml38 178 226 178 347 178 178 178 178 178 178 178 
~ 
..... 

D8Mit8 M257 125 93 125 110 116 118 116 116 116 116 116 116 
D8Mit9 A62 153 119 153 116 151 153 151 151 140 153 153 ! 
DBMitll Al05 215 203 215 195 213 215 213 217 215 214 213 21: --~ 

D8Mitl2 Lll 120 127 120 125 120 120 120 120 120 120 I I 7 120 
DBMitlJ M77 98 114 98 114 98 98 86 105 94 98 98 108 
D8Mitl4 L34 145 158 145 132 145 170 140 170 140 145 140 170 
D8Mitl5 Mt2 D20 180 187 180 160 180 180 180 180 178 180 185 178 
D8Mit16 Polb D100 310 315 310 325 300 310 300 310 300 310 310 310 
D9Mitl M88 110 132 110 110 110 I 10 110 110 110 110 110 110 
D9Mit2 L32 177 161 177 161 177 185 185 185 176 170 185 160 
D9Mit4 Ml51 124 131 124 120 138 138 140 138 124 138 138 136 
D9Mit6 A78 144 136 142 140 140 140 142 140 140 140 140 
D9Mit8 M211 185 180 185 210 193 195 193 193 193 193 178 
D9Mit9 A72 126 116 126 112 126 138 138 138 126 138 126 130 
D9Mitl0 M86 150 178 150 156 147 150 150 150 150 147 150 150 
D9Mitll L60 76 100 76 145 108 122 122 122 115 110 112 100 
D9Mit12 M73 93 100 93 88 82 82 82 88 91 91 93 
D9Mitl4 M236 78 92 78 95 78 80 70 
D9Mitl5 Ml60 160 166 160 138 155 155 155 155 157 155 155 155 
D9Mill6 A5 180 196 180 200 180 167 167 167 176 176 180 180 
D9Mitl7 Ll9 157 130 157 145 157 161 161 161 145 143 145 140 
D9Mit/8 MIO 180 210 180 180 204 210 210 213 204 204 180 180 
D9Mit/9 MI57 102 92 102 108 89 108 108 108 89 89 102 102 
D9Mit20 L64 114 108 114 106 106 117 117· 1 I 7 114 106 106 123 
D9Mit21 Cypla2 D15 187 210 187 168 180 187 187 187 189 187 180 180 
D9Mit22 Ncam D134 220 230 220 208 230 230 230 225 210 210 
D9Mit2J TJd D4 210 290 210 320 210 210 210 210 214 212 211 210 
D9Mit24 Trf D26 127 149 127 145 127 136 136 136 136 132 136 136 
D9Nds2 T30 121 130 121 110 125 125 125 125 125 127 125 130 
DJOMitl Ml53 100 112 100 100 87 87 110 60 
D10Mit2 M24 124 121 124 116 124 132 124 132 124 120 132 132 
DJOMitJ All4 245 210 245 205 215 245 215 245 215 245 245 245 
DJOMit4 Ml39 134 147 134 134 134 134 134 134 134 134 134 134 
DJOMit5 M67 190 201 190 210 190 190 190 190 190 190 190 190 
DJOMit7 L62 147 137 147 176 147 147 147 147 147 147 147 147 
DJOMitB M3 208 188 201 215 201 201 201 201 201 201 201 206 
D10Mit9 A37 159 155 159 155 159 159 159 159 159 159 159 
DJOMitJO M7 180 136 180 160 128 128 128 128 128 180 128 128 
DJOMitll A88 201 172 201 175 172 172 172 172 172 201 201 172 
D10Mitl2 Ml72 242 236 242 242 242 212 242 212 242 212 242 
DJOMitJJ A63 130 113 130 130 130 130 130 130 130 130 130 
DJOMit/4 Ml75 192 174 192 199 182 182 194 182 188 192 182 182 
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f-C.ontinued 

Gene Assay 
name name OB CAST B6 SPR OBA A C3H BALB AKR NON NOD LP 

JOMitl5 SqrJ D30 185 140 185 124 189 185 185 175 185 185 187 
·;bJONdsl T31 130 132 130 130 152 152 152 152 130 145 152 

·-'bJONds2 T32 145 127 145 138 150 145 145 145 145 145 145 145 
":_~DJONdsJ T54 94 89 94 94 94 94 94 94 94 94 94 94 

·r.;:.»UMitl M215 153 110 153 126 153 153 153 162 162 153 153 153 
..;c,;,-Dl1Mit2 L14 124 I 18 124 111 126 115 140 115 140 115 140 115 
? D11Mit4 Al24 250 246 246 238 300 307 242 242 307 242 244 306 
·r-oJJMit5 A2 220 144 220 189 213 188 188 213 178 185 185 
··;_ '=bJJMit7 Mll9 144 148 144 172 144 144 144 144 144 144 144 144 
.-;;~ DJJMitB M212 155 170 155 155 155 155 133 133 155 155 155 
- .:.:-----D1 lMitJO Ml62 100 125 100 116 100 132 100 100 100 100 100 100 
:-7: DllMitll M43 238 216 238 210 238 244 238 238 238 238 238 238 

~;;, DJJMitl2 L3 140 150 140 140 140 150 147 145 140 140 142 140 
·:?,:--DJJMitlJ :\ct DACE 161 165 

DJJMitl4 AntP9JA D2 158 148 158 146 161 158 167 158 139 161 158 161 
D11Mitl5 Glut-4 D5 147 143 147 143 143 147 147 147 147 151 147 151 
D11Mitl6 Lif D133 120 135 120 113 120 120 120 120 113 113 120 
DJJNdsl T33 102 132 102 100 108 102 108 108 108 108 108 108 
D11Nds7 Gfap Tl2 163 181 163 163 153 153 163 153 153 153 163 
D11Nds9 Il-5 Tl4 306 309 306 306 306 306 306 306 302 302 306 

.~ D12Mitl M50 255 230 255 250 244 244 244 244 244 244 244 270 
-.-;,z-. D12Mit2 M27 132 178 132 132 149 132 132 132 132 149 149 132 

D12Mit3 L41 123 112 123 130 127 123 123 123 127 123 123 127 
D12Mit4 A64 203 270 206 214 208 208 208 196 184 184 199 208 
D12Mit5 L58 180 163 180 144 163 163 163 163 163 182 180 163 
D12Mit6 L16 108 125 108 110 108 108 108 108 108 108 108 121 
D12Mit7 M62 108 130 108 121 108 108 123 123 106 123 123 
D12Mit8 lgh-C D7 172 180 172 148 181 148 174 174 185 174 170 170 
D12Ndsl T51 93 112 93 93 93 93 93 93 93 93 
D12Nds2 lgh-V Tl 155 159 195 195 162 193 178 165 170 183 195 165 
D12Ndsl I Ode T64 170 178 170 158 175 178 178 178 178 178 
DIJMitl A86 149 151 149 153 149 149 149 149 140 153 149 153 
DIJMitJ M79 159 196 159 178 196 188 196 188 164 188 164 163 
DIJMit4 M231 185 209 185 209 185 185 185 185 185 185 185 185 
DIJMit5 M38 194 190 194 194 194 194 194 194 194 194 194 
DIJMit7 A68 140 137 140 121 140 145 140 142 140 142 142 142 
DJJ.\lit8 M61 190 200 190 250 190 190 182 190 182 190 184 182 
DIJMit9 Ml47 126 116 126 132 145 126 145 126 126 126 145 126 
DI J.'ttitW L61 152 144 152 105 152 160 160 160 149 160 160 160 
DIJMitll A91 147 162 147 162 158 158 158 158 158 158 160 162 
DIJMitlJ 11-9 D24 151 142 151 145 145 140 140 140 151 151 145 140 
DIJMit/4 Sqr4 D29 150 120 150 156 150 146 146 146 150 143 150 146 
Dl4Mitl Al03 108 104 108 142 98 108 98 108 108 108 104 98 
Dl4Mit2 A24 144 146 144 153 146 144 144 140 144 144 146 146 
Dl4MitJ M32 236 225 236 245 236 236 236 236 236 236 236 240 
Dl4Mit4 M228 196 200 196 186 194 196 196 196 196 196 200 198 
Dl4Mit5 M214 178 182 178 156 164 178 164 178 164 178 178 178 
Dl4Mit6 All9 150 157 150 185 155 155 155 155 155 150 155 155 
D14Mit7 L27 109 91 109 107 99 99 99 99 99 112 109 112 
Dl4Mit8 A44 203 210 203 190 203 203 203 203 203 205 203 195 
D14Mit9 A93 238 245 238 238 238 238 245 245 238 238 238 
D14Ndsl Plau TIO 182 201 182 190 201 182 182 190 182 190 188 190 
DIJMitl L29 185 180 185 190 190 190 190 190 183 190 
Dl5Mit2 LIO 94 109 94 89 89 89 89 89 89 89 89 
Dl5MitJ L78 140 152 140 154 142 142 137 138 140 140 137 140 
Dl5Mit5 LI 100 123 100 118 118 118 100 118 123 118 132 
D15Mit6 A59 130 104 130 106 134 132 127 130 130 128 128 104 
Dl5Mit7 M30 109 115 109 126 100 109 100 109 109 109 109 129 
Dl5Mit8 A79 117 123 117 119 125 117 125 117 117 117 117 120 
D15Mit9 M232 138 153 138 300 138 138 138 138 138 138 138 138 
Dl5Mitl0 M76 222 242 222 178 222 220 222 222 222 236 236 
D15Mitl I M237 106 126 106 110 106 94 106 106 121 106 106 106 
Dl5Mitl2 M34 150 123 150 144 160 150 150 150 144 150 150 161 
DI5Mit/J A36 140 165 140 190 120 140 140 140 125 110 120 
Dl5Mitl4 Gdc-1 D17 190 270 190 188 190 183 183 195 190 188 190 230 
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TABLE 2-Continued 

Locus Gene Assay 
name name name OB CAST 86 SPR DBA A C3H BALB AKR NON NOD 

Dl5Mitl5 HoxJ.l D6 159 164 159 168 145 159 166 159 145 ----Dl5Mitl6 Hoxmaa Dl3l 120 145 120 155 145 126 120 126 145 126 159 . 
125 Dl5Mitl7 Myc D22 145 143 145 143 145 145 138 138 145 143 140 145 DJ5Ndsl T35 100 146 100 98 98 98 98 105 98 96 100 

Dl5Nds2 Tl8 122 l 15 122 115 11 I 122 115 122 122 120 
Dl6Mitl A70 106 94 106 140 106 106 106 106 106 106 106 
Dl6Mit2 L80 189 193 189 177 189 189 189 189 189 189 i \~!i 189 
Dl6MitJ Ml27 102 76 102 97 100 104 100 104 104 104 104 100 
Dl6Mit4 M203 132 130 132 145 123 147 123 149 126 149 149 149 
DJ6Mit5 A38 158 163 158 163 134 134 160 134 160 158 160 160 
Dl6Mit6 L7 190 175 190 212 195 190 190 190 195 190 190 185 
Dl6Mit7 L39 162 175 162 165 162 162 162 165 165 162 162 162 
Dl6Nds2 T37 98 88 98 103 90 103 90 88 88 88 103 
Dl7Mitl Ml24 201 208 201 201 195 195 195 193 193 201 201 
Dl7Mit2 Al8 230 250 230 230 220 230 230 225 230 230 230 
Dl7MitJ L28 130 128 130 120 123 132 123 130 130 128 130 
Dl7Mit4 Ml 14 95 98 140 95 95 95 95 95 95 95 95 '·~~ D/7Afit5 M92 260 250 260 242 260 260 260 260 260 260 260 260 
Dl7Mit6 M254 106 88 106 104 102 102 102 102 102 102 102 102 -~ 
D/7Mit7 L4 200 214 200 178 204 204 204 204 204 200 204 204 
D17Mit7 A23 145 170 145 152 152 152 152 154 146 154 152 
D/7Mit9 A5l 117 134 117 100 117 117 117 117 117 117 117 115 --~ 
Dl7Mit/O L36 159 133 159 165 150 150 150 159 159 150 l-l8 
D/7Mitl I Ml45 176 192 176 178 150 160 176 150 176 150 178 
D/7Mit/J L57 149 144 149 146 144 144 142 144 142 149 149 1-1:; 
D/7Mit/6 A25 123 92 122 98 109 94 94 109 94 110 90 122 
D/7Mit/8 M33 246 256 246 238 241 242 241 241 246 241 241 246 
Dl7Mitl9 M44 185 158 185 180 185 185 185 185 185 180 174 185 
Dl7Mit20 <:J D129 180 198 185 212 178 178 178 178 178 185 185 185 
D/7Mit21 .\1hcab2 D21 140 108 140 140 158 124 124 158 124 126 124 136 
D/7Mit22 .\fhctb2 Dl6 160 178 160 164 185 162 162 185 160 160 158 
D/7Mit2J Pim/ DI06 138 140 138 140 145 145 140 145 138 138 140 
D/7Mit24 Thy/9 D12 145 140 145 120 130 145 147 130 147 145 145 130 
D17Nds2 Hsp68 T9 110 105 110 80 105 105 105 105 110 125 110 
D/7NdsJ Tnfb T68 145 120 145 90 126 126 160 126 160 132 132 145 
DIBMitl M42 154 140 154 147 154 154 154 154 154 154 154 136 
D/8Mitl Al04 145 130 145 143 145 145 145 145 145 145 145 126 
D/8Mit2 L9 130 163 130 148 130 130 130 130 130 130 130 132 
D/8MitJ L76 216 158 189 213 207 207 189 218 189 216 218 
D/8Mit4 M51 212 180 210 188 195 188 195 195 195 170 180 1;:; 
D/8Mit5 M57 189 200 189 208 189 189 189 189 189 189 189 200 
D/8Mit7 M108 93 123 93 152 123 93 123 93 93 100 93 132 
D18Mit8 L24 77 90 77 88 80 74 80 74 80 80 
Dl8Mit9 M209 170 172 170 145 160 160 160 160 170 168 160 160 
D/8Mit/O AI00 108 117 109 109 108 108 108 108 108 108 108 108 
D/8Mit/2 A20 122 I IO 122 132 122 122 132 122 122 132 132 122 
D/8Mitl4 Ll3 108 130 108 103 103 103 I 10 103 103 110 110 108 
Dl8Mitl 5 L87 162 147 162 164 164 173 162 160 173 173 158 
Dl8Mitl6 A35 207 201 207 199 207 207 207 207 207 207 207 207 
Dl8Mitl7 Grl-1 DI 18 212 203 214 210 190 190 190 190 190 190 190 190 
DJ8Nds/ .\tbp Tl I 146 190 146 162 146 146 146 146 146 146 146 
Dl9Mitl Al7 123 138 123 162 145 145 145 145 _ 145 143 145 147 
Dl9Mit2 MI09 185 163 188 185 185 185 185 196 185 
D/9MitJ Ml3 200 218 200 206 200 200 200 200 205 200 200 215 
Dl9Mit4 M230 200 242 200 190 200 200 200 200 200 200 200 200 
Dl9Mit5 A75 214 195 214 205 214 214 214 214 214 214 214 214 
DXMitl L43 100 108 100 96 86 86 86 86 86 86 86 100 
DXMitJ Ml31 178 182 178 187 178 178 178 178 178 178 178 178 
DXMit4 Mll8 108 100 108 102 108 108 108 108 108 108 108 108 
DXMit5 Al9 150 145 150 150 150 150 150 140 140 150 150 150 
DXMit6 Zfx D28 208 204 208 204 208 208 208 208 208 208 
DXNdsl Hprt TB 108 120 108 II0 108 108 108 108 110 110 110 
DXNds2 Pip T4 178 181 178 178 178 178 178 178 178 
Unmapped M251 95 120 95 160 95 100 95 95 95 95 
Uninapped A66 242 206 242 245 202 230 206 202 230 206 206 242 

The strain designations are: 08 = C57 BL/6J-ob/ob, CAST= CAST/Ei, 86 = C57BL/6J, SPR = SPRET/Ei, DBA = DBA/2J, A= A/J, 
C3H = C3H/Hej, SALB= BALB/cj, AKR = AKR/J, NON= NON/Lt, NOD= NOD/MrkTacBr, LP= LP/J. All allele sizes are given in 
base pairs. Dashes indicate missing data. Allele sizes are determined relative to molecular weight standards run in another lane, and thus 
should be considered approximate. 
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TABLE 3 

437 

Polymorphism rates of simple sequence repeats 

-~~A 
'.'-' ~: CS H 

. ~,fBALB 
·~ :AKR 

.~;;:,;,. NON 
: .. ,;;;": NOD 

}~ LP 
~ 

OB 

100.0 
6.5 

90.7 
52.4 
53.2 
52.1 
50.6 
53.8 
50.5 
55.4 
58.7 

CAST 

98.6 
95.9 
92.5 
94.4 
95 
94.1 
94.4 
95.5 
92.9 
92.1 

86 

90.2 
51.4 
52.7 
50.5 
49.3 
52.4 
49.3 
54.5 
57.4 

SPR 

90.2 
92.8 
91.2 
93.2 
90.5 
88.9 
90.9 
91.3 

OBA 

45.8 
34.8 
45.2 
48.3 
50.8 
53.6 
53.4 

A 

35.1 
31.6 
46.2 
51.2 
51.2 
54.5 

C3H 

38 
43.9 
46.7 
48.1 
53.8 

BALB 

42.9 
47.1 
51.0 
49.3 

AKR 

53.6 
51.0 
56.7 

NON 

43.9 
55.4 

NOD LP 

55.9 

•~;;., The polymorphism rates were determined for those SSRs that were variant between OB and CAST, thus the rate for that strain 
. combination is necessarily 100% for the markers reported. Strain designations are: OB= C57 BL/6J-ob/ob, CAST= CAST/Ei, B6 = C57BL/ 

6j,SPR = SPRET/Ei, DBA = DBA/2J, A= A/J, C3H = C3H/Hej, BALB = BALB/cj, ,\KR= AKR/J, NON= NON/Lt, NOD= NOD/ 
. MrkTacBr, LP= LP/J. 

_·-;~. 
-~~~ 
:~ 

~ 

,;tnt map distances and can interfere with the ability to 
resolve genetic order accurately (BUETOW 1991 ). Ac­
cordingly, we developed a novel mathematical ap­
proach (see MATERIALS AND METHODS) for identifying 
the potentially erroneous data, so that they could be 
checked with special care. 

We first obtained an empirical estimate of the error 
rate in our data, by independently repeating the gen­
otyping of about I 0% of the loci. Comparing the 
duplicate typings, we found a discrepancy rate of 1.4% 
corresponding to an error rate of 0.7 ± 0.2%. Using 
this estimate, we used a computer program to identify 
all tvpings that were at least 10-fold more likely to 
have arisen if erroneous than if correct (i.e., LOD.-rror 
~ 1.0). Each such typing was checked by reinspecting 
the autoradiogram and, if there was any ambiguity, 
by repeating the typing from scratch. From among 
the typings identified as potential errors, actual errors 
were found in 72 cases or about 0.5% of the data. 
Simulation studies (not shown) showed that the ex­
pected number of actual errors that would fail to give 
rise to a LOD.-rro, ~ 1.0 was about 20. About half of 
these errors would be expected to occur at markers 
that were either at the ends of linkage groups or 
adjacent to large intervals (since the power to detect 
error by virtue of double crossovers is least in these 
cases). Accordingly, we retyped all such markers from 
scratch. Overall, we estimate that approximately 10 
errors may remain in the data-corresponding to a 
residual error rate of about 0.1 %. These data should 
provide a firm foundation on which to build an even 
denser map. 

Anchoring of the map: It was important to anchor 
our map relative to the existing mouse genetic map, 
in order to increase its utility for genetic studies. We 

used two methods. (1) Because 157 of the genetic 
markers are polymorphic in the BXD crosses, these 
markers co.uld be mapped in the BXD recombinant 
inbred lines (BAILEY 1971; TAYLOR, HEINIGER and 
MEIER 1973). We typed a well spaced collection of 
121 of these markers (Table 4), of which 100 could 
be unambiguously linked to known strain distribution 
patterns which then served as anchor points. Most 
anchors are indicated in Figure 2, although some are 
omitted when several anchors are present in the same 
region. (2) Because 32 of our SSLPs came from genes 
with previously known chromosomal positions, this 
provided a further collection of anchor points. [Con­
versely, our map provided chromosomal locations for 
10 genes which were previously unmapped or incor-
rectly mapped (Table 5).] · 

Further confirmation of our anchoring came from 
two sources: (1) W. FRANKEL andj. COFFIN (personal 
communication) mapped a number of RFLPs corre­
sponding to endogenous retroviruses segregating in 
our cross, six of which are shown; and (2) our map 
included 30 SSLPs whose positions had been previ­
ously determined in crosses by J. TODD and colleagues 
(LOVE et al. 1990; CORNALL et al. 1991; HEARNE et al. 
1991). 

Mutation rate: Studying the BXD recombinant 
inbred lines provided an excellent opportunity to 
measure the average mutation rate of SSLPs per 
generation, by looking for the occurrence of individ­
ual RI lines fixed for a nonparental allele. We ob­
served nine such· events, indicated in Table 4. Since 
we have typed 22 RI strains for 121 genetic markers 
and since the RI lines have been separated for about 
7 5 generations (TAYLOR 1989), we estimate that there 
were about 200,000 opportunities for mutational 
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FIGURE 2.-Genetic linkage map of the mouse. Chromosomes are represented by two diagrams, the left side being the map reponed in 
this paper, and right side being taken from the consensus map reponed in the October 1990 edition of the GBASE database. For the SSLP 
map, a length of five cM has been arbitrarily added to each end. For the GBASE map, map lengths are equal to the fractional cytogenetic 
length for the chromosome multiplied by 1600 cM (the estimated genetic length of the mouse genome). Centromeres are indicated by filled 
circles. SSLPs are defined in Table 2. Six retroviral markers (denoted by their usual locus names) were scored in the cross and are shown on 
the map. Symbols indicate the degree of support for the indicated genetic order. Markers whose order relative to the map is supponed by a 
LOD score ofat least 3 are shown in bold type; by a LOD score of between 2 and 3 in plain face type; and by a LOD score of between 1 and 
2 are marked with an asterisk (see MATERIALS AND METHODS). Markers listed on the same horizontal line did not recombine in the 46 animal 
F2 intercross studied here. Centimorgan distances between markers are indicated, except for those less than 2 cM. Centimorgans are based 
on Kosambi's map function. Although the appropriate mapping function for the mouse genome is not precisely known, this function 
should be adequate for the present purposes. In any case. the choice of mapping function only has a significant effect on the large intervals, 
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whose distances should necessarily be considered to be approximate. Maximum likelihood order for LOD l markers relative to flanking 
markers is indicated, but exact distances are not. Such markers are indicated by a horizontal tick mark that does not cross the chromosome. 
The lines connecting the two maps indicate anchor points: Lines with arrowheads indicate that identity between markers on the two maps. 
Lines without arrowheads indicate that an SSLP is genetically linked to the marker shown on the GBASE map, based on analysis of BXD 
recombinant inbred strains. Because lines with arrowheads indicate identity and lines without arrowheads simply imply linkage, two such 
lines may cross one another without implying inversion of gene order (as occurs on chromosome 8). (Figure 2 is concluded on page 440.) 

events. This corresponds to an average mutation rate 
of about 1/22,000 per locus per generation. 

'Repeat occurrence of SSRs: In selecting SSRs from 
the genome, it is possible that some loci will be sam­
pled more than once. Specifically, suppose that k 
objects are randomly chosen with replacement from 
a set of size N. For k2 > N > k312

, a simple Poisson 
approximation shows that about k(k - 1 )/2N objects 
will be chosen twice and few or no objects will be 
chosen three times. In the present case, our 319 clones 

containing CA-repeats were not selected at random 
from the genome, but rather from the set of CA­
repeats contained in Mbol fragments of between 250 
and 500 hp and positioned within the fragment so 
that we would have sufficient flanking sequence to 
choose PCR primers. The proportion of such CA­
repeats can be estimated to be about 17% (calculations 
not shown). If the total number of CA-repeats in the 
genome is M, we would expect to see about (319 X 
318)/(2 X 0.17 M) ~ 300,000/M duplicate clones 
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FIGURE 2.-Continued 
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Assay 
name 2 5 6 8 9 II 12 13 14 15 16 18 19 20 21 22 23 24 25 27 28 29 30 31 32 

J IMill L33 u u u D D B D D B B D D B D D D D B B D B D D u u u 
· tMilJ L20 u B B D D B B B B B D D B D B B B B B D D D D u u u 

<'$)IM~7 A80 u B B D D B u B D B D B B B u B B D B D D D B u u u 
~IMilll :--.117 u B D D B B D B D B D B D B D B D D D D B D B u u u 

/Mil/6 L46 u B D B B •• D B D B D B B B B B D D D D D D D u u u 
. .;,D/Mill7 :"-,{41 u B D D D D B B D D D B B B B D D D D B D B D u u u 
·iDIMil/9 L86 u B B D D B B B D B D B B B B B D D B D D D B u u u 
:_:; ~~i LIB u B u B D D B D D D B B D B B D D B D D B B 8 u u u 

L44 u B D B 8 D 8 8 D D B 8 8 D 8 D D 8 D D B 8 8 u u u 
➔·D2Mit9 M85 u D D B 8 D 8 8 D D 8 8 8 D D D 8 D 8 8 8 B 8 u u u 
'';D2Mi112 Ml79 u D D B D B D B D D 8 D D D D D 8 D D 8 D D D u u u 
. ·-'D2Mi114 M163 u 8 D 8 B •• D D D D 8 D D D D D 8 D D 8 8 8 D u u u 
J:D2Mill7 M246 u 8 8 8 D 8 D D B B D D D D D D 8 D D 8 D D D u u u 
·o7·D2MilJO D111 u 8 8 8 D 8 D D 8 8 D D D D D D u D D 8 D u D u u u 

~-fiDZNdsl Tl9 u D D 8 8 D D D D D 8 B D D D D 8 D D 8 D B D u u u 
4:DJMilJ Ml23 u D 8 8 D D D D 8 D 8 8 D D 8 D 8 8 8 8 D D 8 u u u 

:;:DJMit9 A85 u 8 D B 8 8 D B 8 8 D B B 8 8 D D 8 8 D 8 D 8 u u u 
·: DJMil/0 A34 u 8 8 B D B D B B B D B B 8 8 D D 8 B D 8 D 8 u u u 
:; ·DJMil/2 A60 u D 8 8 D 8 D 8 8 8 D •• B B B D D B B D 8 D 8 u u u 

DJMil1' A55 u D 8 B D 8 D D D 8 8 8 D D D D 8 D B D B D B u u u 
-· DJMit/7 M235 u B B D D D D B D 8 8 B D D D D 8 8 8 D 8 D B u u u 

~DJMil/9 Ml41 u D 8 D B B D D D B D 8 D B D 8 D 8 8 D 8 D B u u u 
· _..-11':DJMilZ I D31 u D 8 8 D 8 D D D D D 8 D D B D 8 B B B D D 8 u u u 
.:;,DJMilZZ D122 u 8 D 8 8 8 D D B 8 D 8 B B B D D B B D 8 D 8 u u u 

::i~i;DJN~sZ~ T21 u D B 8 D 8 D D D B 8 B D D D D B D B D B D B u u u 
.o,;_-D4Matt~ :"-,115 u B D B D D B D D D D D D D 8 D .. D B D D D D u u u 
'3'j;D4Mit1J Ml69 u B D B D 8 B D D I) D D D 8 8 D 8 D 8 8 B D 8 u u u 
:'D4Mitl·I A69 u 8 D B D B B D D D 8 D D 8 8 D 8 8 8 8 8 D 8 u u u 

- ·. D4Mitl6 A65 u 8 D 8 D D 8 D I) D 8 D D B B D B D B D D D B u u u 
D4Mitl7 DI u B B B 8 B B B D B D 8 B B 8 D D 8 D D D B B u u u 
D5Mill ,\!12 u D D D B D u D B B 8 D 8 D D 8 8 8 8 8 D B 0 u u u 
D5Mit7 :"-,{154 u D D B B 8 B 0 B 0 B 0 8 B 8 D D 8 0 B 8 8 D u u u 

• D5Mitl0 !\1207 u D D B 8 8 D D B D 8 0 D 8 8 D D 8 D u 8 8 D u u u 
.: D5Mitll M97 u u D 8 8 8 8 8 B 8 B D B D D D D 8 D B B D B u u u 
.' D6Mit9 1.23 u 8 D 8 D D D 8 I) 8 B 8 8 D 8 D D 8 D B D B B u u u 
';' D6Mit/O M78 u 8 D B 8 8 D 8 D B D B 8 D 8 8 8 8 D D D 8 D u u u 

-;;"• D6Mit/J 034 u B D 8 8 D D 8 D B D 8 8 D 8 8 8 8 D D 8 8 D u u u 
·;'; D6Mitl4 Ml90 u 8 D 8 D D B B I) 8 I) 8 D D B 8 8 D 8 D D 8 D u u u 
.-,. D6Mit/J M148 u 8 D 8 D D 8 8 I) 8 I) 8 D D B 8 B D B D D B D u u u 
'-:1' D6Mitl6 OIi u B D D D B D B D B B u B u 8 D D B D D D B B u u u 

0 
D7Mit7 1.12 u 8 I) 8 B D 8 B I) D 8 8 n 8 D 8 D 8 8 B B B 0 u u u _..,, 
D7Mitl2 M23 u D D B B B B D D B D 8 0 D D B B 8 8 B D I) I) u u u 
D7Mil17 M91 u 8 D u 8 I) B I) I) I) I) B B B B 8 8 u u I) u D u u u u 
D7Nds2 T2II u ** D 8 B I) B D •• D B B B B B B D B B 0 B B B u u u 
D8Mit4 M71 u B B 8 8 B D 8 I) B 8 D D B 8 8 D B I) B B B 0 u u u 
D8Mit8 M257 u B D 8 B D D B I) B B 0 D I) 8 8 8 B D B B B B u u u 
D8Mit<J A62 u 8 B B D I) I) B I) B B I) D D 8 8 D 8 D 8 u 8 8 u u u 
DH.\l:tl I .\ 105 l' B 0 D D I) I) B I) B B D D B D 8 B B D B D D 8 u u u 
D9Mtt4 :"-,1151 u D 8 D D D B D B 0 B I) D D 8 D B D D I) B B D u u u 

.,_ D9Mit8 :\1211 u B D D D D B D B B B D D D 8 D D B B D B B D u u u 
D9Mitll L60 u 8 B D D B B D B B B I) D B B D D 8 8 I) 8 B B u u u 
D9Mitl2 !\173 u 8 B D D 8 B D B B B B D 8 D D D 8 B D 8 8 8 u u u 
D9Mit1' !\1160 u D B B D B B 8 B B B B D B D B D D B I) D 8 B u u u 
D9Mit/8 !\110 u D B D 8 B B 8 8 B B D 8 B 8 D D D B B B B B u u u 
D9Mitl9 Ml57 u D B D B B 8 8 8 B B D 8 8 B D D D B B B B B u u u 
D9MitZO 1.64 u D B B D B B B B B B B D 8 D D D 8 8 D B B 8 u u u 
D9Mit21 015 u D D D D 0 B D B I) B D D D B D 8 D 8 D 8 8 D u u u 
D9Nds2 T:10 u 8 8 D D D B D B B B D D D B D D 8 8 D 8 8 D u u u 
DIOMitJ A 114 u D D 8 8 8 8 8 8 D D 8 8 B B D B D D D B D B u u u 
DIOMit/0 !\17 u D D D D 8 D 8 B D 8 D D 8 8 D B D D D D D B u u u 
DIOMitll ,\88 u D D D D B D B B D B D D 8 B D 8 D D D D D B u u u 
DIOMitl4 !\1175 u D 8 D B B B B B 8 B D D D D D 8 D D D D D 8 u u u 
DIOMit/5 030 u D D 8 D 8 8 B .. D B 0 D 8 8 D B D D 8 B D 8 u u u 
/>I IMitZ 1.14 u 8 8 D 8 D 8 8 0 D B u D B D B B D D 8 D D I) u u u 
Dl/Mit4 Al24 u D 8 D 8 8 B 8 D 8 8 D 8 I) 8 D 8 8 8 B 8 D D u u u 
DI IMit/4 1>2 u D D D 0 D B B B I) I) D 8 D D D D 8 D 8 8 8 0 u u u 
l)IIMit/5 1)5 u D B D 8 8 8 8 I) B D D 8 D u D 8 8 8 8 8 D D u u u 
/)12Mitl M50 u D 8 8 D D 8 I) D D B B B 8 D D D D D B D 8 8 u u u 
m2Mit2 !\127 u D 8 8 8 D 8 8 8 B D 8 8 D D D D D D B D 8 D u u u 
I>IZMitJ 1.41 u 8 8 8 D D 8 D B 8 D 8 8 B D 8 8 D D D D D D u u u 
1>12Mit5 1.58 u 8 B B D 8 8 D D B D 8 8 8 D 8 8 8 D D D D 8 u u u 
/)12Mit7 M62 u 8 8 D D D D 8 8 B D D 8 D D 8 8 8 D D D D 8 u u u 
I>12Mit8 1)7 u 8 8 D 8 D D D 8 B D D D B D B 8 B D B D D 8 u u u 
l}/2Nds2 Tl u B 8 D B D D D 8 8 D D D B D 8 8 8 D B B D B u u u 
l>IJMitJ M79 u B B B B B B D D D B B D B u 8 B D B D D B D u u u 
l>IJMit9 M147 u D B B B D D D D D D D 8 8 D D 8 D D 8 D D 8 u u u 
1)/JMitll A91 u D B D 8 D D D D D D D 8 B D D 8 D D 8 D 8 8 u u u 
/>I JMit/J 024 u D 8 D B D B D D D 8 D 8 8 D D 8 8 D D D D 8 u u u 
1)14Mitl AI03 u D 8 D 8 D D 8 B 8 D D D D 8 D D 8 D 8 B 8 D u u u 
l>l4Mit2 A24 u D 8 D B D D 8 8 B D 8 D D 8 D D 8 8 B 8 8 D u u u 
l>I4Mit5 M214 u D 8 D D D D B B D D D D D 8 B D 8 8 8 B 8 D u u u 
D/4Mit6 All9 u D 8 D D D I) B B D D D B D B B D B B I) B 8 D u u u 
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TABLE 4-COntinued 

Locus Assay 
name name 2 5 6 8 9 11 12 13 14 15 16 18 19 20 21 22 23 24 25 27 28 29 30 31 32 

Dl4Mil7 L27 u D B D D D D B B D D u B D B B B D B D B B D u u-nUNdsl TIO u D B D B D D B B B D B D D B D D B B B B B D u u lJ 
n15Mill L29 u B D B D D B B D D D B D B D D D B D B D D B u u ~ nJ5Mil2 LIO u D D B D D B B D D D B D D D D D B D B D D B u u lJ D1'Mi1J L78 u B B B D D B B D D B B D D B D B B D B D D B u u lJ n1'Mi15 LI u D B B B D B B B D B B D B B D B B D B D D B l' n lJ nJ5Mi16 A59 u D B B B D B B B D B B D B B D B B •• B D D B l' u nJ5Mil7 MS0 u D B B B D B B B D B B D B B D B B D B D D B u lJ tt~~ nJ5Mit8 A79 u D B B B D B B B D B B D B B D B B D B D D B u - lJ "ti'!_~~ 
D/5Mil/2 M34 u D B B B D B B B D B B D B B D B B D D D •• B u u u \\:~ 
nJ5Mit/J A36 u D B B B D B ·B B D B B D B B D B B D D D D B u u u ~~: 
n15Mit15 D6 u B D B D D B D D B B B D B D D B B D B D B D u u u -..-~----. 
n15Nds2 TIS u D D B B D B B B D B B D B B D B B D D D D B u u u -~,: 
nJ6MitJ Ml27 u B B B D B D B B B B D B D D B B u u D u B D u u ~:: 

u .,-:; 1 
nJ6Mit4 M203 u B B B D B D B B B B D B D D B B D D D D B D u u u 
nJ6Mit5 A38 u B B B D B D B B B D D B B D D B B D D D B u u u u U.:-:-"":. 
n16Mit6 L7 u B B B B D D B B D D B B D D B B B D D D B D u u u -:.:-.:.~, 
n17MitJ L28 u u D B B B D B D D B B D B D B D D D B D D B u u u }~·-! nJ7Mit6 M254 u D D D B B D B D B B D D B B B D B D D D D B u u u 
nl7Mit7 L4 u D D D B B D B D B B D D B B B D D D B. D D B u u u 
nJ7Mit7 A23 u D D D B B D B D B B D D B B B D D D B D D B u u u 
n17Mit10 L36 u D D D B B D B D B B D D B B B D B D D D D B u u u 
n17Mitll ~1145 u B D D B u D B B B B D D B B D D B D D D D B u u u 
n17Mit/J L57 u B D D B D D D B B B D D B B D D B D D D D B u u u 
n17Mi1/6 A25 u B D D B D D D B B B D D B B D D B D D D D B u u u 
nJ7Mit2/ D21 u B D D B D D D B B B D D B B D D B D D D D B u u u 
n17Mit22 D16 u B D D B D D D B B B D D B B D D B D D D D B u u u 
nl7Mit24 D12 u B D D B D D D B B B D D B B D D B D D D D B u t: u 
nJ7Nds2 T9 u B D D B D D D B B B D D B B D D B D D D D B u l" 
nJ8Mit4 M51 u B D D B u B D B B D D D B B B D B B B B D B u u 
n18Mit7 M108 u B B D B D B D B B D D D B D B D B D B B B B u u 
1>18Mit8 L24 u D B D B D B D B B D D D B D B D D D B B B B u u l" 
1>18Mit9 ~{209 u D B D B D B D D D D D D B B B D D D B B B B u u u 
1>18Mitl/J AIOO u D D D D D D D B D D D D B D D D B B B B B B u u u 
l>/8Mit/4 L13 u D B D B D D D D D B B D B D B D B B B B B B u u u 
l>l8Mi115 L87 u D B D B D D D D B D B B B D B D B B B B B B u u u 
1>18Mit17 D118 u D B D B D D D D D B D D B D B D B B B B B B u u u 
IH9Mitl Al7 u B B D D B D B B B B B B D B B B D B B B B B u u u 
DXMill L43 u B B D B D B B B B B B B B D B B B B B B D B u u u 

The strains carrying the C57BL/6J allele are denoted by Band those carrying the DBA/2J allele are denoted by D. Strains whose allele 
was not determined are denoted by U. Mutant alleles, differing from both Band D, are denoted by••. 

TABLE 5 

Locations for previously unmapped genes 

Name Sequence Chromosome Reference 

Trh-1 (D2MitJ0) His-t-RNA 2 MORRY and HARDING ( 1986) 
Act (DI /Mit/ J) Angiotensin converting enzyme II BERNSTEIN tt al. (1989); HOWARD tt al. (1990) 
Snap (D2Mit28) Synaptosomal associated protein 25 2 OYLERttal. (1991) 
Rpl-J2ps (DJMit22) Ribosomal protein L32' (pseudogene) J JACKS, POWASER and HACKETI" ( 1988) 
Sqr-J (D /OM it/ 5) Simple quadruplet repeat. pmlc3 JO SCIIAFER tt al. (1986) 
lif(DJ JMit/6) Leukemia inhibitory factor JJ STAHLtt al. (1990) 
Antp9la (DJ /Mit/4) Tum-P91A antigen II LURQUIN ti al. (1989) 
Sqr-4 (DJJMit/4) Simple quadruplet repeat. pmlc4 JJ SCHAFER tt al. ( 1986) 
Svp-4 (D2Mit29) Seminal vesicle secretory protein IV 2 CHEN tt al. (1991) 
Mb-J (D7Mit20) Murine b-cell I 7 KAsHIWAMURA ti al, (1990) 

arising. (Actually, a small proportion of the clones nation. The number of duplicates is consistent with 
were selected from GenBank and thus could not du- the genome containing about 50,000 distinct CA-
plicate one another. However, this affects the estimate repeat-containing SSLPs, which broadly agrees with 
only slightly.) previous estimates of the total number of CA-repeats 

After completing the map, we examined our data in the genome (HAMADA and T AKUNAGA 1982). Al-

and found, in fact, six duplicate SSRs, defining the though the number of duplicates is quite small, we 

loci: DJMitlJ, D4Mit2, D6Mit6, D7Mitl0, D17Mit7 plan to adjust our protocol in further work to check 

and D18Mitl. In at least three of these cases, we can 
for duplicates immediately after sequencing and to 
use randomly sheared DNA inserts to decrease their 

be certain that the clones were independent-either frequency. 
because they arose in libraries constructed at different 
times or because their sequences were from comple- DISCUSSION 

mentary strands. As should be the case, the independ- Utility of maps based on SSLPs: Simple sequence 
ent typings of the duplicate loci showed no recombi- length polymorphisms are rapidly becoming a method 
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of choice for genetic mapping in human, mouse and 
rat, due to their exceptionally high rate of polymor­
phism and their relative ease of use. In humans, the 
high degree of polymorphism helps overcome the 

. difficulties inherent in studying families in randomly 
breeding populations. In mouse and rat, the markers 
make it feasible to map the entire genome in any cross 
between laboratory strains; this has begun to allow 
genetic dissection of polygenic traits such as type I 
diabetes (Tooo et al. 1991) and hypertension QACOB 
et al. 1991; HILBERT et al. 1991 ). 

We have developed a genetic map of the mouse 
-= consisting of 317 SSLP markers, with an average 
· spacing of about 4.3 cM. Although the map was 

constructed in a cross between two divergent subspe­
cies of M. musculus (OB X CAST), it can now be 
applied to map genes in most intraspecific crosses. 
Some 50% of the markers are polymorphic in a typical 
cross between two inbred laboratory strains, providing 
a genetic map with an average spacing of less than 9 
cM. This is illustrated in Figure 3, showing the cov­
erage of chromosome 1 in various crosses. 

We hope that the map will prove useful to mouse 
geneticists. Because our map is anchored relative to 
the existing mouse map, it should be straightforward 
to identify the SSLPs in specific regions of interest. 
Additional anchor points will be added over time, by 
our laboratory and others. Because we have developed 
a dense collection of highly polymorphic SSLPs that 
work under a single set of PCR conditions, it should 
be possible to choose a relatively small subset of mark­
ers that are informative in any cross of interest and 
span the genome. In this fashion, it should be feasible 
for mouse gen~ticists rapidly to map any monogenic 

trait, as well as to undertake genetic dissection of 
polygenic traits. Indeed, all the laboratory work in­
volved in constructing the map reported here was 
accomplished by two of us (W. DIETRICH and H. KATZ) 
in less than 18 months, and we have been able to 
apply it to genotype new crosses for the entire genome 
in a few weeks per cross (W. DIETRICH, unpublished 
results). 

In addition to their utility in genetic mapping, the 
SSLPs should be valuable for studies of loss of heter­
ozygosity (LOH) in murine tumors. Apart from the 
fact that DNA polymorphisms are generally useful in 
recognizing LOH, SSLPs offer the advantage that 
only a small tissue sample is required for PCR typing. 
This may be especially valuable in the case of tumors 
that must be dissected carefully from surrounding 
tissue. 

Also, SSLPs may be useful in population genetic 
and evolutionary studies. For example, we note that 
the rate of polymorphism ranges from a low of about 
32% for closely related strains such as DBA/2J and 
C3H/Hej, A/J and C3H/Hej, or A/J and Balb/cj, to 
more than 50% for more distantly related strains such 
as C57BL/6J and AKR/J, or LP/J and A/J, to about 
90% for intersubspecific and interspecific compari­
sons. This suggests that SSLPs may offer considerable 
power in tracing gene flow in closely related popula­
tions and may also offer advantages over simple nu­
cleotide substitutions in reconstructing phylogenies 
(ATCHLEY and FITCH 1991) because they mutate more 
rapidly. 

Coverage of the genome: The map appears to cover 
the vast majority of the mouse genome. One way to 
assess the coverage of the map is simply to observe 

• 
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TABLE 6 

Genetic length of mouse chromosomes 

Consensus Map reponed in 

Chromosome 
genetic length this paper 

(cM) (cM) 

1 98 111 
2 IOI 90 
J 100 61 
4 81 67 
5 84 38 
6 74 71 
7 89 77 
8 81 67 
9 70 73 

JO 78 71 
11 78 89 
12 73 73 
JJ 72 65 
14 49 69 
/5 56 82 
16 58 37 
17 36 50 
/8 57 32 
/9 36 22 
X 88 33 

Total 1459 1267 

The lengths represent genetic distance between most proximal 
and most distal markers. The consensus genetic length is from 
consensus map in Encyclopedia of the Mouse Genome. 1990. See 
text for description. 

that only 2 of 319 markers failed to show linkage to 
our map. Another way is to compare our map to the 
consensus map reported in the GBASE database 
(Table 6). Of course, the two maps would not be 
expected to agree perfectly because genetic distance 
is known to be affected by strain background: our 
map is constructed in a single cross between two 
subspecies, while the GBASE consensus map repre­
sents a complex weighted average of a variety of 
different crosses. Nonetheless, the maps are colinear 
and the correspondence between them is good: our 
map shows a genetic length of 1267 cM contained 
between the most terminal markers, compared to a 
length of 1459 cM between the most terminal markers 
in the GBASE map. The difference amounts to an 
average of 5 cM lying beyond the most terminal 
marker at each end of the 20 mouse chromosomes. 

A few specific features deserve mention. 
The map has a few large intervals. Chromosome 15 

contains the largest interval, of about 34 cM. Inter­
estingly, the genetic length of this interval in the 
GBASE map appears to be only about 17 cM, sug­
gesting enhanced recombination in this interval in our 
cross. The next largest interval is about 28 cM on 
chromosome 11. Mathematically, an interval of this 
size would be expected by chance assuming a random 
distribution of markers. 

Comparison with the GBASE map suggests that the 
terminal regions of most chromosomes are well cov-

ered, with the exception _of the distal 20-25 cM -
chromosome 5 and the distal 15-20 cM on chro on :­
some 13. These intervals are not significantly la;: · ·· 
than would be expected by chance. g 

Although the total length of chromosome 3 agrees ~ 
well between our map and the GBASE consensus ma 
the region from 11-2 to Xmmv-65 seems to h.e co!: 
pressed. Our map shows about 15 cM betwel': .. hesc 
markers, compared to 40 cM on the GBASE map 
This might be due to structural heterogeneity be: 
tween OB and CAST chromosomes such as one or 
more inversions, although there is no large block of 
recombinationally inseparable markers as might be 
expected from a single large inversion. Additional 
anchors will be needed to resolve this. 

Chromosome 18 shows an unusually large cluster 
of recombinationally unseparated markers. This 
might be due to an inversion or to a heterogeneity in 
the distribution of SSRs. The anchoring information 
suggests that the entire chromosome is represented in 
the map. 

Random distribution of markers: Broadly sp, .. -
ing, the genetic markers appear to be randomly ci1s­
tributed throughout the genome. One way to assess 
this is to compare to the number of markers that 
would be expected to fall on each chromosome based 
on its physical size (estimated by cytogenetic length) 
to the number actually observed. (In this calculation, 
we must account for the fact that the genomic library 
used to isolated SSRs was made from a male mouse. 
We thus expect a twofold underrepresentation of the 
X chromosome.) The agreement is excellent (Table 
7). Only chromosome 17 shows a significant deviation 
from expectation. In fact, the deviation is explained 
by the disproportionate number of SSLPs deri\"t:, 
from cloned genes in Gen Bank on chromosome 1 i 
(specifically, 7 of the 54 SSLPs derived from GenBank 
sequences in our map) owing to the extensive study 
of this chromosome, which is the site of the major 
histocompatibility complex and the t complex. 

Another way to assess whether the markers are 
randomly distributed is to compare the observed dis­
tribution of distances between adjacent markers to 
that expected under the assumption that SSRs are 
randomly distributed across the genetic map (see MA­

TERIALS AND METHODS). The distributions agree quite 
well (Figure 4). There appears to be a slight excess of 
zero distances-the proportion of pairs of adjacent loci 
that showed no recombination in our cross was 25.1 % 
compared to an expectation of 20.3%±2.4%-but the 
deviation is just at the edge of statistical significance. 
This might hint at slight clustering of SSRs with 
respect to genetic distance, which could be due to 
uneven spacing of either SSRs or recombination along 
the physical map. 

In short, the assumption of random distribution of 
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TABLE 7 

Number of markers on each chromosome 

Percent of 
genome based No. marken 

on physical expect5,'1 Marken in 
map" ±1 SD this paper Z-score' 

7.20 23.6 ± 4.7 19 -0.98 
6.95 22.8 ± 4.6 30 1.58 
5.99 19.6 ± 4.3 21 0.32 
5.89 19.3 ± 4.3 19 -O.o7 
5.68 18.6 ± 4.2 12 -1.58 
5.53 18.1±4.l 20 0.46 

7 5.19 17.0 ± 4.0 20 0.75 
8 4.97 16.3 ± 3.9 14 -0.58 
9 4.79 15.7 ± 3.9 21 1.38 
0 4.74 15.5 ± 3.8 17 0.39 

11 4.72 15.5 ± 3.8 16 0.14 
12 4.88 16.0 ± 3.9 11 -1.28 
IJ 4.38 14.3 ± 3.7 11 -0.90 
14 4.46 14.6 ± 3.7 10 -1.23 
1, 4.05 13.3 ± 3.6 18 1.33 
16 3.81 12.5 ± 3.5 8 -1.29 
17 3.86 12.6 ± 3.5 22 2.69 
18 3.88 12.7 ± 3.5 16 0.94 
l!I 2.73 8.9 ± 2.9 5 -1.34 -~-... X 6.23 10.2±3.1 7 -1.02 

'.:.'· " Based on cytogenetic length Ev ANS ( 1989). 
.'!Ji· 6 Based on proportional size of each chromosome, adjusted for 
.·:;i:the X chromosome being at half-molar representation (since the 
j v-.ist majority of markers were isolated from a genomic library from 

>-i:i male DNA). 
~.: • Z-score = (observed-expected)/standard deviation. 

it" 
:~ SSRs fits the data reasonably well at this level of 
_.i. resolution, although there may hints of clustering. Of 

course, significant inhomogeneity may become appar­
ent at higher resolution. These findings bode well for 
the general usefulness of SSRs in the construction of 

;;_ genetic maps in other organisms, including the bu­
-' -- man. 
·· Toward a dense genetic map of the mouse: The 
:;. approach described here should allow the construc-

tion of much denser maps consisting of thousands of 
SSLPs. Indeed, SSLPs appear to be in abundant sup­
ply and to be randomly distributed throughout the 
genome-at least at the level of resolution examined 
here. With a genetic linkage map of 3000 SSLPs, one 
would have genetic landmarks at an average spacing 
of 1 million basepairs. Coupled with high quality yeast 
artificial chromosome libraries, such a dense collection 
of landmarks would permit rapid and straightforward 
cloning of the region containing any gene of interest 
and should greatly advance the genetic understanding 
of mammalian biology. 
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JIM HUDSON and the staff of Research Genetics, lnc. for consistent 
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FIGURE 4.-Cumulative probability distribution of interval sizes 
in the genetic map. Points show observed cumulative distribution 
for intervals in our map. The solid line represents the expected 
distribution, assuming that SSLPs are randomly distributed with 
respect to centimorgans (see MATERIAL AND METHODS for formula). 
Note that the distributions of interval sizes is expected to show 
discrete jumps. because only a finite number N of meioses are 
studied and thus recombination fractions will be approximately 
integr.11 multiples of I /N. 
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Note added in proof The locus DJ8Mit6 was omitted 
in Figure 2. It did not recombine with DJBMitl. 
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