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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 contigs 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 ciones 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
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 (1). 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(11;
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),

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 22q11, 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 1.

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 1.
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, C1-9/GM05878 (38); Rad-110a; Rad 37a
(39); GMI11220 = X/22 33-TG. GM11224C = 1/22AM-6.
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GM11223C = 1/22AM-27 (40): GM11685 (41): Cl-4/GB. ClI-
1-1/TW {42); AJO 9. APR 8.5 (43): 514 AA2 (44): WESP-
2A-TG8 = GM11221 (45): RAISBE (46). D6S5 (47). There
are eight additional members of the hybrid panel (CI-3/5878:
CI-1/5878: C1-2/5878: C1-8/5878: Cl-15-1/PB: CI-21-2/PB: Cl-
2/DIBA: CI-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. 1). 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 1.1
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 10 intervals which
represents a subset of this mapping panel. The hybrids defining
the . anchor points are: GMI11220. GMI11685. GM1122],
GM11222C. GMI11224C, GM11223C, D6Ss. Cl-15-1/PB
(GM13498), CI-21-2/PB (GM 13499), CI-2/DIBA (GM13501)
and CI-8-1/AMB6 (GM13500). 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 (31), and from a
chromosome 22 specific YAC library constructed with DNA
from hybrid cell line GM 10888 (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 1X 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 llya Chumakov
and Daniel Cohen, identified by hybridization of Alu-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 | 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 1. 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 1) refer to probes con-
taining sequences homologous to y-glutamyl transpeptidase 1

(GGTI) (49). These three GGT-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 22q11 (50). These BCR-like sequences contain
polymorphic HindIIl sites and thus can be distinguished from
each other (51), allowing assignment of the YACs detected by
the GGT1 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.eduw/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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Figure 2, Estimated coverage of the chromosome in contigs. The horizontal
lines are the boundaries separating 25 intervals. Contigs are shown as blocks.
The stippled block shows the location of a cosmid contig encompassing the
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 the CEPH/Genethon genome
mapping project were confirmed and included in Table 1.

Bins:
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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 22q11.23—q12.31 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 toci 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 minimum number of gaps is computationally intractable. but
STS order within the largest of these islands. and a clear clone several approaches have been developed to finding approximate
tiling path, even with deep YAC coverage of the area and solutions. A simulated annealing (52.53) program we developed
many STSs. In the central portion of the chromosome YAC employs a random search strategy that seeks local energy
connectivity has been achieved over a distance exceeding 10 minima in the space of all possible orderings, where energy
Mb., vet an unbroken clone tiling path remains elusive despite is defined in terms of numbers and sizes of gaps (see Materials
extensive testing of YACs versus STSs in that region. This and Methods). This approach can be expected to yield some-
may be due in part to false positive and negative YAC/ what different results for multiple runs, both because there
STS results (although results have been carefully confirmed), may be more than one valid ordering even for ideal data, and
internal deletions within YAC clones, and sequences present because for ‘noisy’ data the search may find different local
at more than one location on thé chromosome. Given these energy minima which are near the actual optimum. In practice,
problems. the objective becomes to find an ordering of STSs the results of multiple runs of simulated annealing are generally

that minimizes gaps. In ideal data, there should be an order similar, although not identical. We refer to these orderings of
of STSs. comresponding to a true YAC contig, such that there STSs and YACs as contigs. though it should be emphasized

are no such gaps. However, in our data all postulated orders that the larger islands should be viewed as putative contigs
of STSs in an island result in some number of ‘gaps’ within at present.

YACs in the island, defined as cases where a YAC is negative A schematic representation of the coverage of the chromo-
for some STS but positive for STSs located to both the left some in contigs is shown in Figure 2. The chromosome is
and right in the ordering. shown divided into 25 intervals derived from the somatic cell

For very large islands, finding the STS order with the absolute hybrid map of Budarf et al. (26). Bin ! 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 D22S1, 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.



short arm 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 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 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 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 22q11.2—ql3.1 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 22q12 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-



66 Human Molecular Generics, 1995, Vol. 4, No.‘1

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), PI1 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 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 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 D22833 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
YAC:s 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-1
tiling paths present in the November 1993 CEPH-Genethon
data release (60). We extracted a few YAC addresses derived

by Alu-PCR hybridizations in 22q11.2—q13.1 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
22ql1.2—ql3.1 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 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 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
| and 2 (22q11.1—ql1.2) form 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 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, 22q11.2, 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 (63). 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" veast. 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
oest the presence of other low-copy repeat families that
e the construction of a contiguous clone map of 22qll
icularly challenging. The largest contig, connecting bins
and 15 (22q11.2—ql3.1) 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 B-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 of 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 microtiter plates at 30°C. 50-75 ul of each clone was
110 a | ml deep-well plate (Beckman Instruments) in which spheroplast
dion and lysis were performed as described elsewhere (69). The
was extracted twice with Strataclean resin (Stratagene) according
wanufacturers recommendations. The DNA was then precipitated with
opanol and the peilet was allowed to dry. After resuspension in TE (10
Tris=HCl pH 8.0, 1 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
ased DNA pools constructed in three dimensional blocks equivalent to
microtiter plates each (Research Genetics, Huntsville, Albama).
R was performed in 20 I reactions using approximately 20 ng of pooled
DNA in standard PCR buffer (1Xbuffer (Boehringher-Mannheim): 10
Tris—HCl, 1.5 mM Mg?**, 50 mM KCI, pH 8.3) with 20 nM (final
entration) primers and 0.5 U Tag 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, 72°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 cyclers. Products were analyzed by gel
rophoresis 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
el Cohen. The YAC library was screcned by a two-level pooling scheme.
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At the first level, there are 32 superpools consisting of DNA from the 768
YAG:s 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
[AS (Intelligent Automation Systems, Inc., Cambridge, MA). PCR was
performed in 20 pl volumes containing |0 ng target DNA, 1 XPCR Buffer
(10 mM Tris—HCI, 50 mM KCL 1.5 mM Mg"", and 0.001% gelatin), 4 nmol
dNTP, 5 pmol each primer, and 0.5 U Tag. PCRs were completed on custom
built thermocyclers (locally called waffle irons, by LAS) 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, | min at 72°C, and a final extension period of 10 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 (LAS) 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 ovemight 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-gencthon 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 173 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 chromosorne 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 (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 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 C,tl 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 Tel/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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dara: 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 graduaily ‘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 contigs 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 contigs,
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 cioning 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 myelogenous
leukemia and acute lymphocytic leukemia (2,3), the 1(8;22)
variant translocation of Burkitt’s lymphoma (4) and the t(11;
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),

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 22q11, 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

*To whom correspondence should be addressed

Present addresses: * Walter and Eliza Hall Institute of Medical Research, PO Royal Melbourne Hospital, Parkville 3050, Australia and ¥Genetic Disease Research

NCHGR/NIH, 9000 Rockville Pike, 49/4A72, Bethesda, MD 20892, USA



60 Human Molecular Genetics, 1995, Vol. 4, No. 1

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.

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).

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.

RESULTS

Marker generation

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

Bin
interval LOCI AND NUMBER OF YACS DETECTED

1.1 | ATPGE(S), D22S9(9), D225789(1), D225795(5), D22S24(7), D22550(3), FSVWPF(3), IGKVP3(3)

12 | D22543(3)

2 | D22557(2), D225137(3), D225420(5), D22S111(1)

3.5 | COMT(8), D225139(2), D225255(2) D225556(3),

6 | D225184(9), KI-1547(5) D225605(1),

, D225626(2)

7 BCRLX(1), GGTX(1)

8.1 | CRKL(1), D22S117(1), D225264(4), D22S30&(5), D225308(7), HCF2(11), MEST39(4)

9 BCRLA(3), D225303(4), D225425(2), D225563(1), D228655(7), GGTY(3), ]
GNAZ(4), IGL@(2), IGLC2(4),

10| BCRE) D228567(14)

11 | ADORAI1(10), D225156(1), D225794(3), MMP11(2)
BCRL(3), CRYBB2(6), D22S301(7),
D2251(8), D22S33(16), IGLLbb1(12)
D22D42(20), D22556(20), g,
D22572(12) D225186(8), D225541(2), D225557(2), D22556009), 2|=

12 | D22515((16), D225192(11), D225564(7), D225566(20), D22S568(6), =z 8
D225193(4), D22531((14), D225569(15),D225570(22), D225571(12), g a
D225315(7), D22S351(15), D225572(6),D228574(5), D225576(19), Fre
D228419(7), D225431(4), D225582(1), D225584(3), D225588(1), g
EWSex5(1), GGTZ(3), D225589(5), D225591(3), D225594(14), &
TOP1P2(5), YESP(7), D2S596(4), D22S604(4),D225615(8), g
D225268(12), D225300(9), D225631(1), D225635(9), D225638(11),

3 mrsmis).)swss'(g?() D225642(9),D225650(4), D225653(3),
LIF(4), MEST14(1), NEFH(7). D225669(14), D228745(12)
OSM(1), TCN2(4)

14 | D22537(6), D225776(3), EN33(5)

15

22-5(2), D22S15(7), D22528(4), D22S29(15), D22S38(13),
D22544(14), D22847(9), D22551(4), D22558(2), D22560(13),
D22561(3), D22591(1), D225102(3), D225273(1), D115277(4),
D225278(5), D22528(5), D225281(8), D225283(2), D225292(2),
D225304(7), D225412(1), D225778(1), D225792(1), D225793(3),
D225799(1), IL2RB(1), PYALB(2), SGLT1(13), TIMP3(1)

D225540(9), D225544(4), D225552(4),
D22§554(8),D225561(10),D228577(7),
D22§579(6), D225595(12), D225607(4),
D225617(6),D225620(1), D225623(4),
D225624(5), D225629(7), D225630(2),
D225633(7), D225639(8), D225644(1),

16.1 | D22§295(12), D225302(6), PDGFB(1)

D225652(9), D225739(10), D22574&(7)

162 | D225279(9)
17| CYPZDBP(6), D225307(5), G22P1(17), NAGA(6)
18 | D225417(1), DIAI(9), D22S5653) | .
19 | ACR(TD225270(2), D228418(2) g
20 | BZRP(S), D22S64(3), D225282(1), D225297(5) 2
21 | D22540(S). D225274(6), D22S294(4), D22ST81(1), FIBB(2), Z1@| D2SU@ | B
22 | ARSA(1), CBI0(1), D22523(1), D22545(3), D22555(2), D22563(7), D225295(9)

Not | Cos7-1(5), D22527(T), D225427(2), D225543(12), D225553(1), D225559(13), D225562(6), D225618(2),
Binned | D225627(1), D22S656(d), GGT1(16)**

*The bins defined by the somatic cell hybrid panel are indicated on the left. Loci localized to bins or ranges of bins
are shown in boxes. The vertical extent of each box indicates the bin interval to which the loci were mapped. In

parentheses

are the numbers of YACs detected at each locus.

**GGTI-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 .

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 1.
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, CI-21-5/CV, CI-9/GM05878 (38); Rad-110a; Rad 37a
(39); GM11220 = X/22 33-TG, GM11224C = 1/22AM-6,

Human Molecular Genetics, 1995, Vol. 4, No. 1 61

GMI11223C = 1/22AM-27 (40); GM11685 (41): CI-4/GB, CI-
1-1/TW (42); AJO 9, APR 8.5 (43); 514 AA2 (44); WESP-
2A-TG8 = GMI11221 (45). RAJ5BE (46): D6SS5 (47). There
are eight additional members of the hybrid panel (C1-3/5878:
Cl-1/5878: Cl-2/5878: C1-8/5878: CI-15-1/PB; CI-21-2/PB; CI-
2/DIBA: CI-8-1/AMBG6) 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. 1), 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 1.1
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 10 intervals which
represents a subset of this mapping panel. The hybrids defining
the anchor points are: GM11220, GMI11685, GM1122],
GM11222C, GM11224C, GM11223C, D6SS, CI-15-1/PB
(GM13498), C1-21-2/PB (GM13499), CI-2/DIBA (GM13501)
and CI-8-1/AMB6 (GM13500). 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 (31), and from a
chromosome 22 specific YAC library constructed with DNA
from hybrid cell line GM 10888 (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 1X 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 Alu-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 1 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 1. 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 1) refer to probes con-
taining sequences homologous to y-glutamyl transpeptidase |

__itedu.__

(GGT1) (49). These three GGT-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 22q11 (50). These BCR-like sequences contain
polymorphic HindlII sites and thus can be distinguished from
each other (51), allowing assignment of the YACs detected by
the GGT1 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://fwww.cis.upenn.edu/~cbil/
chr22db/chr22dbhome.html and HTTP://www-genome.wi.m-

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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Figure 2. Estimated coverage of the chromosome in contigs. The horizontal
lines are the boundaries separating 25 intervals. Contigs are shown as blocks.
The stippled block shows the location of a cosmid contig encompassing the
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 the CEPH/Genethon genome
mapping project were confirmed and included in Table 1.

Bins:

Human Molecular Genetics, 1995, Vol. 4, No. 1 63
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 22q11.23—q12.31 region
{bins 12-15; see below) has much deeper coverage than

/ 15 / 16 /

D225557

D228552

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

YAC:s 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, ) o
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 ez al. (26). Bin | 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 D22S1, 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.



short arm 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 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 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 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 22q11.2—q13.1 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 22q12 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), P1 phage clones
(57), P1 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 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 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 D22833 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
YAGC: 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-1
tiling paths present in the November 1993 CEPH-Genethon
data release (60). We extracted a few YAC addresses derived

by Alu-PCR hybridizations in 22q11.2—q13.1 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
22q11.2—q13.1 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 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 22ql11.2—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
| and 2 (22q11.1—ql1.2) form 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 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, 22q11.2, 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 22ql1
icularly challenging. The largest contig, connecting bins
and 15 (22q11.2—q13.1) 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 B-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 of YAC libraries

he Philadelphia genome center, two dimensional pools of the CEPH/
ethon YAC libraries were constructed as described (68). A Biomek 1000
:'¢ workstation (Beckman Instruments) was used for yeast DNA isolation
- oling. In brief, yeast clones were grown to saturation in ura- trp-
- medium in microtiter plates at 30°C. 50-75 pl of each clone was
- mtoa I ml deep-well plate (Beckman Instruments) in which spheroplast
-ation and lysis were performed as described elsewhere (69). The
- was extracted twice with Strataclean resin (Stratagene) according
manufacturers recommendations. The DNA was then precipitated with
ropanol and the pellet was allowed to dry. After resuspension in TE (10
Tris—HCI pH 8.0, | 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 pl reactions using approximately 20 ng of pooled
t DNA in standard PCR buffer (1 Xbuffer (Boehringher-Mannheim): 10
Tris—HCI, 1.5 mM Mg?*, 50 mM KCI, pH 8.3) with 20 nM (final
entration) primers and 0.5 U Tag 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 cyclers. 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 pl volumes containing 10 ng target DNA, 1 XPCR Buffer
(10 mM Tris—HCIl, 50 mM KCI, 1.5 mM Mgz*’, 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, | min at 72°C, and a final extension period of 10 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 GM10888 (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 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 Ctl 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/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

g
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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-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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A yeast artificial chromosome library containing 33,000 clones with an average Insert size of
cne megabase of human genomic DNA was extenslvely analysed by several different procedures
for detecting overlaps and positional Information. We developed an analysls strategy that
resulted, after confirmatory tests, in a YAC contlg map rellably covering about 75% of Lhe
human genome In 225 contigs having an average size of about ten megabases.

PHyYsicAL maps of the human genome are essential tools for
unravelling the genetic basis of disease’, localizing the complete
inventory of human genes, understanding the principles of
genome organization and achieving other objectives of the
- Human Genome Project. Physical maps consist of ordered, over-

lapping cloned fragments of genomic DNA covering each
chromosome.

Given the large size of the mammalian genomes, physical map-
' ping of the entire human genome requires using clones with
extremely large inserts, of the order of 1 megabase (Mb). Yeast
artificial chromosomes (YACs)® are currently the only cloning
system capable of propagating such large DNA fragments.
Indeed, YACs have provided the basis for the first two physical
maps of entire human chromosomes: 21q (ref. 3) and Y (ref.
4). More generally, YACs have been crucial tools in clomng
. Such posi-

gene to a region of a few centiMorgans by tracing its inheritance

A relative to polymorphic DNA markers, a task made feasible by

3 (PCR)-typeable markers™
" tandem repeat polymorphisms or simple sequence length poly-
#4 'morphisms. One must then analyse the entire chromosomal
75 region between the closest flanking genetic markers to identify
“ . the disease gene. YACs are invaluable for the purpose of cover-

.- ing such large regions, although their utility for detailed genomic

> a high frequency of chimaeric clones'*
> from more than one genomic region)—and instability of some -~

% the recent availability of a complete genetic map® containing

thousands of highly polgmorphlc polymerase chain reaction
known as microsatellites, simple

analysis is somewhat limited by, problems of infidelity-notably,

regions. In addition, YAC-based physical maps are important

2 lntermedlates in producing a ‘sequence-ready’ physical map con-
il sisting of smaller and more stable clones.

Here we report our progress towards making a physical map
of the human genome consisting of overlapping YACs anchored

- 10 a comprehensive set of genetic markers.
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(containing fragments .

General strategy

To construct a physical map, we analysed a large-insert YAC 2
library providing tenfold coverage of the human genome by
three different experimental procedures: (1) sequence-tagged
sites (STSs)'? content mapping, involving PCR-based screening
with genetically-mapped microsatellite markers: YACs identified
as containing such markers were referred to as ‘genetically-
anchored YACs’; (2) cross-hybridization, involving hybridizing
the library with probes derived from individual YACs; and (3)
fingerprinting, involving characterizing each YAC in terms of
the pattern of restriction fragments detected by two human
repetitive sequence probes.

These three procedures provide different ways of establishing
‘links’, representing potential overlaps between clones. In the
case of STS content mapping and cross-hybridization, the
experiment yields a binary result from which links can be imme-
diately deduced. In the case of fingerprinting, links between
YAGCs are inferred statistically'® when the fingerprint patterns
are sufficiently similar, as described below.

It is not possible to construct a physical map based solely on
the complete collection of links: most YACs aggregate into a
few huge, branched, artefactual contigs. This can be expected
because of the high rate of YAC chimaerism (40-50%), intra-
or interchromosomal sequence similarities in the human genome,
and the possibility of laboratory errors.

To circumvent this problem, we sought to build only short
‘paths’ between genetically anchored YACs. Paths connecting
nearby points are less likely to be affected by false connections

.within or between the intervening YACs (such a false connection
“would require two chimaeric clones: one leaving away from the

region and another returning to it). We also obtained partial
information about the chromosomal origin(s) of many YACs
through our cross-hybridization procedure and used this infor-
mation to choose between paths.

We have previously given a brief descnptlon of this general
strategy'® 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
YAC 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.

The CEPH YAC llbrary

The entire CEPH YAC library comprises 98,208 clones rep-
resenting about 17 genome equivalents. It was derived from a

human male lymphoblastoid cell line, Boleth'®, and is arrayeq
in 1,023 96-well microtitre plates. Inserts consist of EcoRI partia]
digested human genome fragments cloned into the pYAC4
vector® and transfected into the host strain AB1380, as previ.
ously described'S. (The sole exception is a set of 237 clones, in
plates 2001-3, for which a recombination deficient host Rad5).
3a was used'”.)

The first portion of the library, termed Mark I (containing
52,992 clones in plates 1-551) has an average insert size of 43]
kilobases (kb). By using different size fractionation conditions,
a Mark II library (containing 17,760 clones in plates 552-736.

CLONE SIZE DISTRIBUTION (platéls'zis-n_ss)'l
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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), AIn-PCR probe YACs (pink), YACs with in-
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formative fingerprint (purple). The distribution of chimaeras among A
PCR probe YACs Is shown In yellow.
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+ was produced with an average insert size of 600 kb. A still larger
’ Mega-YAC library (containing 24,288 clones in plates 737-989)
* was produced with an average insert size of 1,054 kb.

> The YACs used in this project consisted of 10,752 clones from
- the Mark II library (plates 625-736) and all of the Mega-YAC
library, for a total of 34,560 YAC clones providing tenfold
coverage of the genome. The size of each clone was determined
by field inverted gel electrophoresis (FIGE)'® followed by South-
. ern blotting and hybridization with a labelled probe containing
 pB8R322 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
in a certain proportion of the YACs (12% from Mark II and
© 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 YACs from Mark I and the first part
i of Mark II were also used. Specifically, some YACs that had
" previously been anchored by STS were used as hybridization
- probes.

5 STS screening

Methodology. The YAC 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 individually'®.

The library was divided into 43 ‘blocks’, each corresponding
tc eight microtitre plates (containing 8 X 96=768 clones). For
each 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
~ 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
reactions); (2) for each positive superpoo), identifying the posi-
- tive plate, row and column subpools to obtain the address of
tke positive clone (28 reactions); and (3) directly confirming the
- PCR assay on the identified clone (1 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 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 part of the QUICKMAP software, to display the local
contig attached to the STS and the YAC:s linked to it to identify
other clones likely to contain the STS; such YACs 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 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, checking (3hen
possible) ﬁngerprint or hybridization information before inciud-
ing such YACs 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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177



GENOME DIRECTORY

markers, all generated and mapped by genetic linkage analysis
as part of the Généthon 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 YAC 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),s oligonucleotide (which hybridizes to the
CA repeat contained within the polymorphic locus).

Complete screening was performed for the first 8§14 markers,
those of the first Généthon 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, 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 YACs, 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. YAC 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 1p, 19, the distal part of 17q,
and most of the telomeric regions.

In addition to data generated at CEPH/Généthon, 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-
nology'®, 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/Généthon, Each group found an average of
1 definite YAC address per 2 genome equivalents screened: 5.1
YAC:s in 10 genome equivalents screened at CEPH/Généthon,
and 4.1 YACs 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 YACs
were found in common, three only by CEPH/Généthon, 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 YAC library by hybridization,
using individual probes derived from individual YACs 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 genome®®?!, This was
achieved by PCR amplification from total yeast clone DNA with
a single primer? 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-YACs.

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 useq

for STS screening, but in this case all subpools were simuyl.
taneously screened by hybridization. In the pooling scheme, .
‘blocks’ consisted of 4 microtitre plates which were conceptually
divided into 8 half-plates. From these 8 half-plates, a total of .
22 subpools were prepared, consisting of 8 subpools containing
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 library
(plates 734-989) represents 64 blocks, the total number of sub.
pools to screen is 64 x 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 YACs identified by a
single signal in each dimension were called ‘unique positives’. If
two candidate clones are present in a block, more than three
signals will 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 linked 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 YAC
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 YAC 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 $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 **P-labelled
mixture of phage $X DNA and Alu PCR products of individual
YACs. A high-throughput protocol that included labelling in
microplates and washing membranes in batches allowed a team
of two people to hybridize 200 YAC 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 analysis
and the interpreted results checked (positive YACs deducec
from the subgroups and chromosomal assignment) during the
analysis. The software for this semiautomatic procedure was
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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- Generally, hybridization to somatic cell hybrid inter-Alu PCR
products was less effective than to YAC targets. In pilot experi-
ments, only 80% of successful probes gave a signal to at least one
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 YACs of the Mega-YAC library (about eight human
genome equivalents) to be used as targets for hybridization.
Probes were selected by various criteria.
. The first 2,000 probes were YACs belonging to chromosome-
specific sublibraries generated according the procedure described
to obtain the chromosome 21-specific, YAC subset?. Briefly,
‘Alu-PCR products of clones from a four-genome equivalent por-
tion of the Mega-YAC library were individually spotted on
membranes and hybridized successively with chromosome-speci-
fic probes obtained with inter-Alu PCR DNA products from the
pzanel of somatic cell hybrids.

We also used as probes 200 YACs cloned in Rad52- yeast
strain'”. According to the chromosomal assignment results from

[,

YAGs.

- The rest of the probes were chosen using the QUICKMAP
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 YACs that were not genetically anchored. Finally,
about 2,000 YACs 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,
:} 50 we kept only the clearest signals during the image analysis.
“k:  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 YAC 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
YACs 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.
ilowever, 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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hybridization, this set appeared to contain only 8% of chimaeric

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 YACs, 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 YACs (Fig. 1). The Mark II library
contains a greater proportion of chimaeric YACs 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-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 YACs, we performed
fingerprint analysis as previously described”. Each YAC DNA
was digested with three enzymes: EcoRI, Poull and Pstl. after
agarose gel electrophoresis; the fragments were transferred onto
nylon membranes using a robot. Membranes were then hy}g‘ﬁd-
ized successively with two probes: human repeated sequences
LINE-1 (LI)*, and THE-LTR (transposon-like human-element
long terminal repeat: THE)*. The corresponding patterns were_x
captured automatically after scanning each film. The size of each |
fragment was extrapolated from the migration length of refer- A
ence markers with known sizes which were run in parallel.

The L1 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)® 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 508 (ref. 28), but these
were poorly reproducible.
Results. A total of 31,392 YACs were successfully fingerprinted.
Of these, 12.5% gave no bands for L1, 7.3% gave no bands for
THE, and 4% were negative for both. When hybridized with an
Alu consensus probe, one-third of these L1/THE-negative
clones gave no Alu bands. The remaining clones (L1/THE-nega-
tive clones with Alu bands) contained inserts half the size of L1/
THE-positive clones.

Pairwise comparisons were performed among all the finger-

- prints as described previously'?, 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 L1 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®. We considered
all possible pairs of YAC probes for which a chromosomal
assignment was obtained by hybridization on somatic cell hybrid
DNA. In this set, 70% of YAC 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
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showed 82% concordant assignment. As a control, random YAC
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 YACs was associated with 5.8 YACs. The size distribu-
tion of these 17,006 YACs is shifted significantly towards larger
sizes (1,119kb 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 Généthon 1993-1994 linkage map®. 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 YACs (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 2 minimal path between two STSs, S; and S, as
an ordered list of YACs (Y, ...,Y,) that satisfy the following
conditions: (1) Y; and Y, contain S, and S,, respectively; (2)
for each i=1,..., n—1, the YACs Y, and Y,., are linked by
one of the three mapping methods; and (3) there is no link
between YACs that are not consecutive in the list. The number
n of YACs 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 YACs artefactu-
ally join distant segments of genomic DNA, establishing connec-
tions between pairs of distant STSs. Such YACs 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 YACs 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

1
4
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s

FIG. 3 Construction of a level 1 path between two locl A and B. Stage
1 is the construction of the first-degree nelghbour set for each locus. In
stage Il, 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 |, no common clones
are found. Stage Il 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 leve!l 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,, of second-degree
neighbours consisting of YACs linked to those in Nyi; the set
N3 of third-degree neighbours consisting of YACs 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 YAC present in both N, and N, , 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 YACs 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 {+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

RN - RPN

FIG. 5 Construction of a level 3 path. After stage Il, clone 8 is found in
common between the two second-degree nelghbour sets. The level 3
path s 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 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.
. After 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
- additional STS screening to test the paths further.
% 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-
:f:; 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
searched for paths linking different STSs within a bin. Many
bins were covered by paths of level 1. For the remaining bins,
. we tested YACs positive for one of the STSs in a bin with the
AF. other STSs in the bin. In some cases, we used the locus program
. F=. 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+ 1 with i+ 3. This
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
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 Généthon 1994 linkage map.
. Integration of other STSs. In addition to the backbone STSs
taken from the 1994 Généthon genetic linkage map, we also
integrated some additional STSs that improved paths in the map.
.i;t These markers came from two sources. First, WI/MIT had
- screened 3,419 STSs against the YACs by June 1994, From this
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f overlap between the two YACs is detected), as shown in part Il. In such
+ @ case, we would have tested A against 2 and B against 1 and reduced
;" the level to the actual value.
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FIG. 7 Part | 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 Il
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/Généthon group screened STSs from 445 unpublished
genetic markers from Généthon (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 YACs, 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 telométes
and lower frequencies near centromeres. For example, the
genetic distance between the centromeric markers D1S440 (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 D6S411
(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 YAC of these regions in our physical map.

Presentation of the map

For each chromosome, the atlas following thxs 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 flgure. Each chromosome is presented at the same
genetic scale as an ideogram® 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 YACs that are anch-
ored to the bins and have been used in FISH hybridization. Each
of those YACs 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 Généthon linkage map, used as a2 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.

Detalled 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 YACs; sizes of the
YACs; overlap relationships between YACs based on Alu-PCR
hybridization and fingerprint data; chromosomal assignment for
YAC:s used as probes for Alu-PCR hybridization; and indication
of YACs 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 YAC:s (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 YACs 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 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, 732A10 and 752E3; they
contain, respectively, the second, the first, and both STSs, and
are given the lists 2’, ‘1’ and ‘1 2’, For stacks between bins, we
represent the position of the STS for which the YAC 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 YAC 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 I, 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, 763B12, 830E7 and 940C1. No Alu-PCR hybridization
or fingerprint linkage is involved in establishing paths of level 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 YACs 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 912G11 and the
second to the YAC 957A9, because the black box lies on the
left of the column. The YAC 912G11 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, 800E10 and 943A2 as hybridizatior
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 YAC 927C3. It also overlaps by fingerprint data
with YAC 927C3.

Map rellabllity and coverage

All YAC paths covering genetic intervals have been inspected
and checked, as described above. Contigs cover 75% of the
genetic intervals, which together comprise 66% of the tota
genetic length of the genome (based on the sex-averaged meiotic
map). The proportion of the genetic length covered in paths of
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 YAC 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 lp, 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
J* with YAC probes derived from path extremities. In many cases,
;.. nov STSs were derived from those YAC probes creating new
;' paths.
-§ P Inferring the actual proportion of the physical length of the
“§ 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 recombinationally inseparable markers. But
7 it may underestimate the coverage because the density of YACs
appears to be sparsest in the telomeric regions, which are pre-
cisely those regions in which the ratio of genetic to physical
_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 YACs identi-
fied by the genetic markers would contain about half of the
genome®™, Although the AFM markers are known to be not
ccmpletely 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 map®* 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
. YACs 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 YACs 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 YAC
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

_used to assess coverage were predominantly tetra-nucleotide

* repeats, whose regional biases may differ from the CA repeats
-t in the Généthon genetic map.

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 avallability of the map

Clone availability. Primary copies of CEPH YAC 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, Thnestrasse 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 CB10 1RQ, UK.; K.
Gibson; tel: (44) 1223 494 500; fax: (44) 1223 494 512.

Clones can be obtained also from Foundation Jean-Daussst-
CEPH, 27 rue Juliette Dodu, 75010 Paris, France; D. Le Pasticr;
e-mail; denis@ceph.cephb.fr.

Data distrlbution
Anonymous ftp server:
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 D12S§76.

other YAC or STS names.

QUICKMAP (developed by P. Rigault and E. Poullier at
CEPH) is a mapping tool containing all the CEPH/Généthon
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/Généthon data accessible to the scientific com-
munity. QUICKMAP allows both navigation within CEPH/
Généthon map and dynamic construction of contigs to integrate
further datasets. QUICKMAP has been publicly available since
February 1993 on our ftp site. O

ftp://ceph-genethon-map.cephb.fr/
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‘§ A yeast artificial chromosome library containing 33,000 clones with an average insert size of
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-

" PHYsICAL maps of the human genome are essential tools for ~ General strategy

unravelling the genetic basis of disease', localizing the complete
inventory of human genes, understanding the principles of
genome organization and achieving other objectives of the

w1 Human Genome Project. Physical maps consist of ordered, over-

lapping cloned fragments of genomic DNA covering each
chromosome.

Given the large size of the mammalian genomes, physical map-
ping of the entire human genome requires using clones with
extremely large inserts, of the order of 1 megabase (Mb). Yeast
artificial chromosomes (YACs)® are currently the only cloning
system capable of propagating such large DNA fragments.

Indeed, YACs have provided the basis for the first two physical

maps of entire human chromosomes: 21q (ref. 3) and Y (ref.

A " <). More generally, YACs have been crucial tools in clomng

disease genes based on their chromosomal location®®. Such posi-
tional cloning’ projects begin by genetically mapping a disease

&2 gene to aregion of a few centiMorgans by tracing its inheritance
1= relative to polymorphic DNA markers, a task made feasible by
=2 the recent availability of a complete genetic map* contammg

thousands of highly polxmorphxc polymerase chain reaction
(PCR)-typeable markers™'® known as microsatellites, simple

£3- tandem repeat polymorphisms or simple sequence length poly-

'morphisms. One must then analyse the entire chromosomal

region between the closest flanking genetic markers to identify
_ the disease gene. YACs are invaluable for the purpose of cover-
- ing such large regions, although their utility for detailed genomic
analysis is somewhat limited by, problems of infidelity-notably,
a high frequency of chimaeric clones'' (containing fragments

¢ from more than oné¢ genomic region)—and instability of some

regions. In addition, YAC-based physical maps are important

Z. intermediates in producing a ‘sequence-ready’ physical map con-

" sisting of smaller and more stable clones,
Here we report our progress towards making a physical map
of the human genome consisting of overlapping YACs anchored

- to a comprehensive set of genetic markers.
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To construct a physical map, we analysed a large-insert YAC Y
library providing tenfold coverage of the human genome by

" three different expenmental procedures: (1) sequence-tagged

sites (STSs)'? content mapping, involving PCR-based screening
with genetically-mapped microsatellite markers: YACs identified
as containing such markers were referred to as ‘genetically-
anchored YACs’; (2) cross-hybridization, involving hybridizing
the library with probes derived from individual YACs; and (3)
fingerprinting, involving characterizing each YAC in terms of
the pattern of restriction fragments detected by two human
repetitive sequence probes.

These three procedures provide different ways of establishing
‘links’, representing potential overlaps between clones. In the
case of STS content mapping and cross-hybridization, the
experiment yields a binary result from which links can be imme-
diately deduced. In the case of fingerprinting, links between
YACs are inferred statistically'’ when the fingerprint patterns
are sufficiently similar, as described below.

1t is not possible to construct a physical map based solely on
the complete collection of links: most YACs aggregate into a
few huge, branched, artefactual contigs. This can be expected
because of the high rate of YAC chimaerism (40-50%), intra-
or interchromosomal sequence similarities in the human genome,
and the possibility of laboratory errors.

To circumvent this problem, we sought to build only short
‘paths’ between genetically anchored YACs, Paths connecting
nearby points are less likely to be affected by false connections
within or between the intervening YACs (such a false connection

- “ would require two chimaeric clones: one leaving away from the

region and another returning to it). We also obtained partial
information about the chromosomal origin(s) of many YACs
through our cross-hybridization procedure and used this infor-
mation to choose between paths.

We have previously given a brief descnptlon of this general
strategy'® 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
YAC 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.

The CEPH YAC library

The entire CEPH YAC library comprises 98,208 clones rep-
resenting about 17 genome equivalents. It was derived from a

human male lymphoblastoid cell line, Boleth'?, and is arraye
in 1,023 96-well microtitre plates, Inserts consist of EcoRI partia
digested human genome fragments cloned into the pYAC.
vector” and transfected into the host strain AB1380, as prev-
ously described'®. (The sole exception is 2 set of 237 clones, ::
plates 2001-3, for which a recombination deficient host Rads:
3a was used'’.)

The first portion of the library, termed Mark I (containin
32,992 clones in plates 1-531) has an average insert size of 4
kilobases (kb). By using different size fractionation condition:
a Mark II library (containing 17,760 clones in plates 552-73¢

" CLONE SIZE DISTRIBUTION (plate szs-7ss)l
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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), Ain-PCR probe YACs (pink), YACs with In-
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formative fingerprint (purple). The distribution of chimaeras among ¢
PCR probe YACs is shown in yellow.
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% was produced with an average insert size of 600 kb. A still larger
7 Mega-YAC library {containing 24.288 clones in plates 737-989)
K - was produced with an average insert size of 1,054 kb.

“® The YACs used in this project consisted of 10,752 clones from
‘¥ the Mark II library (plates 625-736) and all of the Mega-YAC
> library, for a total of 34,560 YAC clones providing tenfold
coverage of the genome. The size of each clone was determined
% by field inverted gel electrophoresis (FIGE)'® followed by South-
k. o blotting and hybridization with a labelled probe containing
" p5R322 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
i size distribution is shown in Fig. 1. Multiple bands were detected
i 7 in a certain proportion of the YACs (12% from Mark II and
b2 6.8% from the Mega-YACs), which miay result from clone re-
arrangements. In addition to these 34,560 clones used to con-
struct the map, some YACs from Mark I and the first part
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 YAC 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 individually''.

The library was divided into 43 ‘blocks’, each corresponding
tc eight microtitre plates (containing 8 x 96=768 clones). For
each 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
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
reactions); (2) for each positive superpool, identifying the posi-
tive plate, row and column subpools to obtain the address of
. the positive clone (28 reactions); and (3) directly confirming the
PCR assay on the identified clone (1 reaction). Unique addresses
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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 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 part of the QUICKMAP software, to display the local
contig attached to the STS and the YACs linked to it to identify
other clones likely to contain the STS; such YACs 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 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, checking (s:hen
possible) fingerprint or hybridization information before inciud-
ing such YACs 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)/Généthon, we examined a total of 2,890 polymorphic
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markers. all generated and mapped by g genetic hnkaze analysis
as part of the Généthon 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 YAC 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),s 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 Généthon 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, 261 failed to detect any YAC, and
the remaining 1,315 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 YACs, 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. YAC 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 1p, 19, the distal part of 17q,
and most of the telomeric regions.

In addition to data generated at CEPH/Généthon, 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-
nology'®, 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/Généthon. 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/Généthon,
and 4.1 YACs 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 YACs
were found in common, three only by CEPH/Généthon, 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 YAC library by hybridization,
using individual probes derived from individual YACs 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 genome®?!, This was
achieved by PCR amplification from total yeast clone DNA with
a single primer® 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-YACs.

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 useg
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 conceptually
dmded into 8 half-plates, From these 8 half-plates. a total o

subpools were prepared. consisting of 8 :ubpools containing
clones in the same half-plate, 3 subpools contammg clones ir,
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 64 x 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 YACs identified by =
single signal in each dimension were called ‘unique positives’, I
two candidate clones are present in a block, more than thre:
signals will be observed. In general, the addresses of the positivc
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. Onc
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 YAC
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 onl:
one or two human chromosomes. These hybridization target
provided information about the likely chromosomal localizatior
of the YAC 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-oni:
G418-resistant monosomic cell hybrid DNA was provided b:
C. Smith. GM10791, a chromosome 7-only somatic cell hybric
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 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 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 **P-labelle:
mixture of phage $X DNA and Alu PCR products of individua
YACs. 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 store
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 YAC probes produced an effectivc
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 amoplificatior
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 YAC targets. In pilot experi-
§>” ments. only 80% of successful probes gave a signal to at least one
- 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.
Resuits. We derived inter-Alu PCR products for each of the
E: 22 76 YAGCs of the Mega-YAC library (about eight human
#- genome equivalents) to be used as targets for hybridization.
£« Probes were selected by various criteria.
%, The first 2,000 probes were YACs belonging to chromosome-
SRS specific sublibraries generated according the procedure described
‘B> to obtain the chromosome 21-specific, YAC subset™. Briefly,
“§& Alu-PCR products of clones from a four-genome equivalent por-
tion of the Mega-YAC library were individually spotted on
membranes and hybridized successively with chromosome-speci-
fic probes obtained with inter-Alu PCR DNA products from the
penel of somatic cell hybrids.

We also used as probes 200 YACs cloned in Rad52- yeast
-+ strain'”. According to the chromosomal assignment results from
hybridization, this set appeared to contain only 8% of chimaeric
YAGCs.

The rest of the probes were chosen using the QUICKMAP
v software. The first objective was to obtain for each genetic locus
. two YAGCs successfully used as probes. For this about 2,500
- YACGs were chosen with the ‘locus’ function. We also used the
2,000 largest YACs that were not genetically anchored. Finally,
about 2,000 YACs 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,
. <o we kept only the clearest signals during the image analysis.
Tne 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 YAC 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
YACs 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.
Towever, 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 YACs. 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 YACs (Fig. 1). The Mark II library
contains a greater proportion of chimaeric YACs 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-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 YACs, we performed
fingerprint analysis as previously described'?. Each YAC DNA
was digested with three enzymes: EcoRI, Puull and Pstl. after
agarose gel electrophoresis, the fragments were transferred onto
nylon membranes using a robot. Membranes were then hyb‘rid-
ized successively with two probes: human repeated sequences
LINE-1 (L)*, and THE-LTR (transposon-like human-element
long terminal repeat: THE)®. The corresponding patterns were. %
captured automatically after scanning each film. The size of each ,
fragment was extrapolated from the migration length of refer- 5
ence markers with known sizes which were run in parallel.

The L1 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)® 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 50S (ref. 28), but these
were poorly reproducible.
Results. A total of 31,392 YACs were successfully fingerprinted.
Of these, 12.5% gave no bands for L1, 7.3% gave no bands for
THE, and 4% were negative for both. When hybridized with an
Alu consensus probe, one-third of these L1/THE-negative
clones gave no Alu bands. The remaining clones (L1/THE-nega-
tive clones with Alu bands) contained inserts half the size of L1/
THE-positive clones.

Pairwise comparisons were performed among all the finger-
prints as described previously'?, 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 L1 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®, We considered
all possible pairs of YAC probes for which a chromosomal
assignment was obtained by hybridization on somatic cell hybrid
DNA. In this set, 70% of YAC 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
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showed 82% concordant assignment. As a control, random YAC
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 YACs was associated with 5.8 YACs. The size distribu-
tion of these 17,006 YACs is shifted significantly towards larger
sizes (1,119kb 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 Généthon 1993-1994 linkage map®. 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 YACs (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, S, and S; as
an ordered list of YACs (Y,,...,Y,) that satisfy the following
conditions: (1) Y, and Y, contain S; and S., respectively; (2)
for each i= n—1, the YACs Y, and Y. are linked by
one of the three mapping methods; and (3) there is no link
between YACs that are not consecutive in the list. The number
n of YACs 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 YACs artefactu-
ally join distant segments of genomic DNA, establishing connec-
tions between pairs of distant STSs. Such YACs 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 YACs 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

1
4
2 6
3
s

FIG. 3 Construction of a level 1 path between two loci A and B. Stage
| is the construction of the first-degree nelghbour set for each locus. In
stage Il, 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 |, no common clones
are found. Stage il 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 NV, of first-degree neigh-
bours consisting of anchored YACs (that is, YACs containing
at least one STS in the locus); the set N,, of second-degres
neighbours consisting of YACs linked to those in N, ; the set
Ny of third-degree neighbours consisting of YACs linked tc
those in V,.; and so on. Any overlap between the neighbour-
hoods of loci x and y clearly yields a path connecting them.
(More precisely, a YAC present in both Ny, and ¥, yield:
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-s.

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-degres
and higher neighbourhoods, we excluded YACs exclusively
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 likels
genetic order, some local marker orders may be inverted.
Accordingly, we searched not only for paths between immedi-
ately consecutive STSs (such as { and i+ 1), but also betweer
nearby but non-consecutive STSs (such as { and i+2). For suct
non-consecutive STSs, the genetic distance and the number o:
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 pati
was then subjected to several types of checking. The first ster
involved graphical inspection using the ‘CLONESPATH’ par:

- FIG. 5 Construction of a level 3 path. After stage I, clone 8 is found ir
common between the two second-degree nelghbour 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 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
rej=ct cases in which two independent paths linked the two STSs.

- . Alter such visual inspection, we could reject candidate paths,
s ¢ try to generate a new candidate path (by trying new parameters

in the algorithm or changing the order of STSs), or perform
;¢ additional STS screening to test the paths further.

% We tried to improve candidate paths that were judged satisfac-

“. tory after graphical analysis. We derivéd 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-
'g 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
searched for paths linking different STSs within a bin. Many
bixs were covered by paths of level 1. 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 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 / with i+2 and markers i+ 1 with i+ 3. This
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
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 Généthon 1994 linkage map.

. Integration of other STSs, In addition to the backbone STSs

taken from the 1994 Généthon genetic linkage map, we also

::i integrated some additional STSs that improved paths in the map.
s These markers came from two sources. First, WI/MIT had
7% screened 3,419 STSs against the YACs by June 1994, From this

‘ Overlap between the two YACS Is detected), as shown In part Il. In such
@ case, we would have tested A against 2 and B against 1 and reduced
" th2 level to the actual value.

FIG. 7 Part | 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 Il
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/Généthon group screened STSs from 445 unpublished
genetic markers from Généthon (C. Dib er 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 YACs, 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 telome2es
and lower frequencies near centromeres. For example, the
genetic distance between the centromeric markers D1S440 (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 D65272 (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 D6S411
(at 173 cM) and D6S5281 (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 YAC 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 flgure. Each chromosome is presented at the same
genetic scale as an ideogram® 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 YACs that are anch-
ored to the bins and have been used in FISH hybridization. Each
of those YACs 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 Généthon 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 YACs; sizes of the
YACs; 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 YACs 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 (D15473)
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 YACs 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 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, 732A10 and 752E3; they
contain, respectively, the second, the first, and both STSs, and
are given the lists “2’, ‘1’ and ‘1 2’. For stacks between bins, we
represent the position of the STS for which the YAC 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 YAC 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 1, the path is established througr
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 YAC
752E3, 763B12, 830E7 and 940C1. No Alu-PCR hybridizatior
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 an¢
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 (respectivels
right) of the column, this column refers to the clone of the ler
(respectively, right) stack that is vertically in the same place a
the box. We call this clone the attached clone. The three sut
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 YAC 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 highes
probability.

As an example, in the path between 1.08 and 1.10 on chromc
some 1, the first column refers to the YAC 912G11 and th
second to the YAC 957A9, because the black box lies on th
left of the column. The YAC 912G11 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, 800E10 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 a
Alu-PCR target, it is hit by the probe 927C3. As an Alu-PCE
probe, it hit YAC 927C3. It also overlaps by fingerprint dat
with YAC 927C3.

Map rellablilty and coverage

All YAC paths covering genetic intervals have been inspecte
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, whick
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% o
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 YAC 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 screéning efficiency
with backbone STSs from lp, 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
* with YAC probes derived from path extremities. In many cases,

nev STSs were derived from those YAC probes creating new
aths.

d 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 YACs
appears to be sparsest in the telomeric regions, which are pre-
cisely those regions in which the ratio of genetic to physical
distance appears to be greatest.

[f 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 YACs identi-
fied by the genetic markers would contain about half of the
genome™, 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 map® 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
YACs 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 YAC
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
used to assess coverage were predominantly tetra-nucleotide
rcpeats, whose regional biases may differ from the CA repeats

. in the Généthon genetic map.

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 availability of the map

Clone availability. Primary copies of CEPH YAC 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, Thnestrasse 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 >449 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 Abblategrasso 207, 27100 Pavia, Italy,
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 07s.

Human Genome Mapping Project Resource Centre, (HGMP)
Hinxton Hall, Hinxton, Cambridge CB10 1RQ, UK.; 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 Pasher;
e-mail: denis@ceph.cephb.fr.

Data distribution
Anonymous ftp server:
pub/ceph-genethon-map.
World Wide Web server: URL address: http://www.cephb.fr/
bio/ceph-genethon-map.html. ‘
Mail server: ceph-gzenethon-map@cephb.fr.

How to use it: $ mail ceph-genethon-map@cephb.fr. Subject:
infoclone. 755_f_4 672_a_3 D12§76.

other YAC or STS names.

QUICKMAP (developed by P. Rigault and E. Poullier at
CEPH) is a mapping tool containing all the CEPH/Généthon
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/Généthon data accessible to the scientific com-
munity. QUICKMAP allows both navigation within CEPH/
Généthon map and dynamic construction of contigs to integrate
further datasets. QUICKMARP has been publicly available since
February 1993 on our ftp site. O

ftp://ceph-genethon-map.cephb.fr/
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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.
[llustration: Steve Keller]
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An STS-Based Map of the Human Genome

Thomas J. Hudson,* Lincoln D. Stein, Sebastian S. Gerety, Junli Ma, Andrew B. Castle,
James Silva, Donna K. Slonim, Rafael Baptista, Leonid Kruglyak, Shu-Hua Xu, Xintong Hu,
Angela M. E. Colbert, Carl Rosenberg, Mary Pat Reeve-Daly, Steve Rozen, Lester Hui,
Xiaoyun Wu, Christina Vestergaard, Kimberly M. Wilson, Jane S. Bae, Shanak Maitra,
Soula Ganiatsas, Cheryl A. Evans, Margaret M. DeAngelis, Kimberly A. Ingalls, Robert W. Nahf,
Lloyd T. Horton Jr., Michele Oskin Anderson, Alville J. Collymore, Wenjuan Ye,
Vardouhie Kouyoumijian, Irena S. Zemsteva, James Tam, Richard Devine, Dorothy F. Courtney,
Michelle Turner Renaud, Huy Nguyen, Tara J. O’Connor, Cécile Fizames, Sabine Fauré,
Gabor Gyapay, Colette Dib, Jean Morissette, James B. Orlin, Bruce W. Birren, Nathan Goodman,
Jean Weissenbach, Trevor L. Hawkins, Simon Foote, David C. Page, Eric S. Lander*

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, 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 (I1). An international collaboration
among the Centre d’Etude du Polymor-
phisme Humain (CEPH), Généthon, 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 YAC 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 G3 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 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.

simply adopted the genetic order. It is also
problematic to compare the specific YACs
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

STs- STS Contigs YAC  STSs

content spacing No. of hits per

Chr. mapped (kb/ YACs* ngc:)re ’ggf)r ’;\IVZ% per con-
loci STS) closuret closuret (Mb)$§ STSl tgT
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 1 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
g 394 347 675 28 12 1.4 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 6 146 8.0 58.7
15 301 279 439 16 10 8.4 7.0 3041
16 255 362 308 26 16 5.8 6.0 15.9
17 267 325 330 27 17 5.1 58 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 1 3.7 5.4 16.5
X 408 379 406 53 46 3.4 47 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. FNumber
of contigs based only on STS-content data. $Number 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 ali YAC hits in the library screen (not limited to YACs having multiple STS
hits on the chromosome) and thus reflects coverage by the library. 9Reflects 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
BAGCs 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 (I7). 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 YACs (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 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 Généthon (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
Généthon 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-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 YAC,
the row, column, and plate subpools should
specify the precise address of the YAC
(“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

[ N [/ /| N i
STSs

! | L | | | i —

1 | ) [l | 4 ¢ | YACs

| [ —] — | | o—

ANAVNAUUAN NN St ANAANNNAN! 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 No. of loci
STS-content map 10,850
RH map 6,193
Genetic map 5,264
Intersection of

STS-content and RH maps 4,036
STS-content and genetic maps 3,106
RH and genetic maps 887
All three maps 807
Total loci 15,086

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

mation Systems, Incorporated, (IAS) 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-
stvely parallel factory-style automation sys-
tem nicknamed the Genomatron (Fig. 2).
The Genomatron was also developed in col-
laboration with IAS 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

[} li
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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 YAC:s were hit by at least one STS.
For these YACs, the average hit rate was
3.8 STSs per YAC. The average size of the
YACGC:s hit by the STSs was about 1.1 Mb

(~10% greater than for the library as a

D e —— o

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
YAGCs, 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 14g. 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
anearby 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 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 YAC 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 (10) 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 Généthon 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 Genetic vs. Frame- Total RH RH vs.
(Mb)* ng‘ciOf Lr(e:a;h physical work map RH length Physical
(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 41
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 4 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).
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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 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 YAC occurring
as a false positive in a given screen is about
1.5 X 107>, False positive addresses thus will
rarely create false links among STSs known
to lie in the same genomic region. The false

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 Généthon
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-

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 lod 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
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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 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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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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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
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single linkages among loci, which could

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

i
provide connections between nearby dou- =
bly linked contigs in the course of integrat- o Total  Random Genes Genetic markers Other ESTs v

ing the top-down and bottom-up maps. Of ' §TSs STS* a . loci (obs/exp)t §
the 11,750 STSs successfully screened ESTs enBank  Généthon ~ CHLC i
against the YAC library, 10,850 (92%) 1 1,374 252 275 106 460 153 128 14 e
showed single linkage to other STSs on the 2 1,275 307 181 67 452 146 122 0.8 iw_ ;
same chromosome. The remaining 8% were 3 1,097 269 181 64 353 134 96 0.9 ; —: —_—
not included in the STS-content map. ‘5‘ g;g ?2)(6) 1;2 3(5) :23513; 15; 1gg 8; 5— :— ; -

Integrated map. dWe “et’)“ Sougl}:.t PO U 858 181 114 39 312 108 104 038 i i
struct an integrated map by combining the 7 781 168 141 39 572 83 73 11 — :
STS-content, RH, and genetic linkage in- 8 739 183 104 35 048 104 65 07 T - . ;
formation. Each chromosome was treated g9 577 132 106 30 188 68 53 11 I I - | 3 0 (T .
separately: Only loci that had been as- 10 719 154 131 26 281 60 67 1.1 L f_ T 3_. | — L
signed to the chromosome were used. Pos- 1; ;83 gg 182 2‘21 32(2) S? gg ]8 Y B ;___ §_ P i . 3__ ) P 93__ ;
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means of a linear scoring function, wit 14 489 106 95 07 163 53 5 12 p = — . = E = L = = —
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the loci were present in the same YACs; 17 447 66 97 39 186 34 25 1.9 Lo i i i H PR i1 S T | LA N S
(ii) continuity of RH linkage, reflecting 18 403 91 46 18 136 64 48 07 ' i 2 S N S uy N S b o L
whether the loci were present in the same 19 246 23 45 20 121 15 22 26 Pk § i P { i1 [ i it i i i i
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RH hybrids; and (iii) consistency with ] ;] @ : g i i ] i1 i g B | § i
: , 21 156 28 18 12 61 13 24 08 | I N U, S i i L o= : i— i

top-down maps, incorporating a modest 29 274 19 38 17 67 12 192 26 i B i i i i3 I g 1 I N U B i

enalty for each violation of the genetic X 587 145 63 28 216 28 107 0.6 § i i 1 i s B 3 R R 13 ] g i
p y i ! & (N H N SN S B S S S S S
order or RH framework order. The specific Yi 207 0 0 0 0 0 207 H 1 TR i N A 1 T T T e N T T
parameters were chosen on the basis of the ~ Total 15086 3,154 2,408 827 5,264 1,505 1,838 1.0 i § P il L 1 it N N i
expected chance of coqcordance and dis- *Unbiased STSs, generated by sequencing from a random genomic library. tRatio of observed {obs) number of 3_ i §_ i H i i E__ ?__ ¢ HE_ ) - § i i i [ 3__
cordance for nearby loci, so that the over- ESTs divided by expected (exp) number, assuming that ESTS follow the same distribution as random STSs.  {From 3 H i i g i | H i B i
all scoring function approximated a loga-  our previously reported work (3). T g i y 3 1 ¢t P2 z 1
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

a
were closed only when there were at least The physical map contains a wealth of by rodent background.) All 100 loci could:be ?:
seven hybridization links between adjacent  information, which is ill-suited for presen-  positioned on the RH map with a lod =8, on H
contigs. Such closures should usually be cor-  tation in traditional printed form. The com-  the correct chromosome as determined by the MERREA (A8 da S 4 A eSS dddsd IO b
rect, because only 3% of pairs of distant con-  plete physical map—including the STS se-  polychromosomal hybrid panel (41). The RH i § § il § f1it § § H § ! § 3 é H g § ; é Yig § 4 ; il g ! i § § 5 i i i i ;

tigs meet this criterion. The data indicate
overlap for about 50% of adjacent contigs.
These gaps were declared tentatively closed,
pending direct evaluation.

10,850 loci mapped on YAC:s fall into 653
contigs connecting an average of 17 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
1p36, 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).

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

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

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

STS Content Map

Radiation Hybrid Map

/

l

g
shown in Fig. 3, to illustrate the general  in the library, consistent with previous ob- 3
. . ! H .
Descrlptlon Of the Map nature of the map. The Complete data for servations that about 2% of DNA sequences §5§§5§§§55§§?E 13 élﬂ;gggsg—g ﬂgggﬁgg%@gigéwé 5Ssﬁgggégggsgggagggggséggﬁﬁgggigsgé
the map can be freely accessed through a  appear to be absent from the CEPH Mega- peieiie iy Brisd R R e L i S §5§
n

The final map contains 15,086 loci, distrib-
uted across the 22 autosomes and two sex

chromosomes (Tables 2, 3, and 4). The

World Wide Web server at the Whitehead
Institute {http://www-genome.wi.mit.edu/),
which includes various tools for analysis.
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YAC 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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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.
[Nustration: Steve Keller]
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An STS-Based Map of the Human Genome

Thomas J. Hudson,” Lincoln D. Stein, Sebastian S. Gerety, Junli Ma, Andrew B. Castle,
James Silva, Donna K. Slonim, Rafael Baptista, Leonid Kruglyak, Shu-Hua Xu, Xintong Hu,
Angela M. E. Colbert, Carl Rosenberg, Mary Pat Reeve-Daly, Steve Rozen, Lester Hui,
Xiaoyun Wu, Christina Vestergaard, Kimberly M. Wilson, Jane S. Bae, Shanak Maitra,
Soula Ganiatsas, Cheryl A. Evans, Margaret M. DeAngelis, Kimberly A. Ingalls, Robert W. Nahf,
Lloyd T. Horton Jr., Michele Oskin Anderson, Alville J. Collymore, Wenjuan Ye,
Vardouhie Kouyoumijian, Irena S. Zemsteva, James Tam, Richard Devine, Dorothy F. Courtney,
Michelle Turner Renaud, Huy Nguyén, Tara J. O’Connor, Cécile Fizames, Sabine Fauré,
Gabor Gyapay, Colette Dib, Jean Morissette, James B. Orlin, Bruce W. Birren, Nathan Goodman,
Jean Weissenbach, Trevor L. Hawkins, Simon Foote, David C. Page, Eric S. Lander”

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, 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), Généthon, 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 YAC 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 G3 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 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.

simply adopted the genetic order. It is also
problematic to compare the specific YACs
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

STS- STS Contigs YAC  STSs

content spacing No. of hits per

Chr. mapped (kb/ YACS" Before After A_vg. per con-
loci STS) gap 9ap SIZ€ STyl tigq

closuret closuret (Mb)§

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 7N 255 1,192 46 30 6.7 7.5 26.4
4 718 267 1,272 42 1" 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 1 13.3 8.0 50.2
9 394 347 675 28 12 1.4 8.0 32.8
10 519 262 750 36 26 52 6.8 20.0
1 490 277 696 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 58 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. Number of contigs after gap closure by Alu-PCR hybridization and
fingerprint data. §Average contig size estimated by assuming that 94% of the chrormosome 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. TReflects 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
BAGs 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 YACs (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 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 Généthon (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
Généthon 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-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 YAC,
the row, column, and plate subpools should
specify the precise address of the YAC
(“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
assernbly 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
! | L 1 | 1 L |
1 b I 1 : A | YACs
) I —— — | | —
ANANUANUAANN NN EIM NN NAAAANN 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 No. of loci
STS-content map 10,850
RH map 6,183
Genetic map 5,264
Intersection of

STS-content and RH maps 4,036
STS-content and genetic maps 3,106
RH and genetic maps 887
All three maps 807
Total loci 15,086

mation Systems, Incorporated, (IAS) 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 1AS 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

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 (€) 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
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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 YACs, the average hit rate was
3.8 STSs per YAC. The average size of the
YAC:s hit by the STSs was about 1.1 Mb
(~10% greater than for the library as a

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
YAC:s.

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 ling, 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 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 YAC 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 (10) 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,
AFM263WHI1. Our map shows tight STS-
content linkage of this locus to genetic
markers at 91 ¢cM on the Généthon 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  Lenath Genetic vs. Frame- Total RH RH vs.

(Mb)* Io.ci (cla) physical work map RH length Physical

(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 41
3 202 353 233 1.2 g5 475 801 4.0
4 191 280 212 1.1 80 370 552 29
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 25
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).
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iTotal length of the RH framework map, omitting the large interval at the centromere.



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

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 Généthon

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 lod score > 10 (lod
score is the logarithm of the likelihood ratio
for linkage), and the order was better than
all local altemnatives 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-

L | the chance of any particular YAC occurring  linkage map of the human genome, contain-  tiRays (cR) (cR is a measure of distance that
b (i L as a false positive in a given screen is about  ing 5264 polymorphic markers (24). Genet-  is analogous to centimorgans but depends on
L H i 1.5 X 107>, False positive addresses thus will  ic linkage information was not incorporated  the radiation dose). There were, however,
i i i i i rarely create false links among STSs known  for the 1722 CHLC genetic markers studied.  large intervals across most centromeres (37),
I I I I (. E to lie in the same genomic region. The false Chromosomal assignment. Before under-  a phenomenon that has been previously seen
I i P i i ' negative rate cannot be computed directly,  taking map construction, we attempted to  for chromosome 11 (38). The total length of
i [ b 2 BN I B but the fact that an average of 6.4 hits was  assign all loci to specific chromosomes by  the map is 11,042 cR (omitting the centro-
L I i i - i i seen in 8.4 genome equivalents suggests a  multiple, independent methods. Most STSs  meric intervals), corresponding to a fairly
I H i i i - 1 I rate of about 20%. False negatives pose aless  were screened against the NIGMS 1 poly-  uniform average of about 300 kb/cR across

‘ i SR | CE i b b1 i serious problem than false positives (which  chromosomal hybrid panel (33), resulting  most chromosomes.
R I I T 1L i 3 join incorrect genomic regions), but they  in unambiguous chromosomal assignment We then localized the remaining mark-
i : !t L P can lead to incorrect local ordering of STSs.  in about 75% of the cases (with the remain-  ers relative to the framework map. These
i ! g P B The false positive and negative rates were  der having high background from the host  loci could not be uniquely ordered, either
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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 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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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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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 ¢R 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 YACs;
(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.

hr. Total Ran do'm Genes Genetic markers Othgr ESTs
STSs STS'  EsTs  GenBank  Généthon CHLC  0¢i  (obs/exp)t
1 1,374 252 275 106 460 153 128 14
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
Yi 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. 1From

our previously reported work (3).

10,850 loci mapped on YAC:s fall into 653
contigs connecting an average of 17 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
1p36, 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 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 =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-
YAC 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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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
C57B1/6]. 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 pRML1 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 Urat 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, pRML1 carries a yeast centromere with an
adjacent GALI 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 digestioh with NotI and EcoRI. The ligation product
was again size-selected to be greater than 800 kb. The 1% Seaplaque GTG



(FMC) agarose sizing gels were run in 0.5X TBE buffer on a Bio Rad CHEF
apparatus at 140C, 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, trpl ade2-101 can1-100
leu2-3, 112 his3-6, a gift from Vladimir Larionov). YACs possessing both
vector arms were doubly selected as Trp* Urat transformants. Agarase
treatment of the ligation product prior to yeast transformation was at 400-
420C 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 inténsity) 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.



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
YAC:s 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 (37/42). 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.



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. Histogram 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

DIMit464 1 7
D2Mitlod 2 4
D3Mit60 3 11
D4Mit182 4 11
MPC18% 5 | 9
D6Mit133 6 11
D7Mit270 7 7
D8Mit64 8 7
DIMit227 9 1
D10Mit152 10 9
D11Mit173 11 8
DI2Mit37 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



Table 2. Analysis of chimerism in YACs by FISH.

" YAC clone size (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
360A1 1200 no
360A9 915 no
360A10 945 no
361A8 1300 yes
362A1 920 no
362A2 920 no
362A8 1100 -no -
362A9 980 no
362A10 870 no
387A1 920 no
387A2 680 no
387A9 1200 no
387A11 600 yes
388A7 1000 no
388A8 730 yes



(continuation of Table 2)

388A10 920
397A8 : 1000
405A12 900

407A1 | 915

no
no
no
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
C57B1/6]. 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 pRML1 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, pRMLI1 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/6]
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 NotI and EcoRI. The ligation product
was again size-selected to be greater than 800 kb. The 1% Seaplaque GTG



(FMC) agarose sizing gels were run in 0.5X TBE buffer on a Bio Rad CHEF
apparatus at 149C, 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, trpl ade2-101 can1-100
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 40°-
420C 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.



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 (37/42). 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.



The entire libraty, 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. Histogram showing the sizes of 550 randomly selected YAC clones. |



=780

00s1

550

Mean size = 820

Median size
N

g
YAC size, kb

SOV A Jo JoqunN



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

DIMitd64 1 7
D2Mit104 2 4
D3Mit60 3 11
D4Mit182 4 1
MPC18% 5 9
D6Mit133 6 11
D7Mit270 7 7
D8Mit64 8 7
D9Mit227 9 1
D10Mit152 10 9
D11Mit173 11 8
DI2Mit37 12 7
DI13Mit78 13 7
D14Mit80 14 5
D15Mit56 15 7
D16Mit138 16 3
D17Mit177 17 3
D18Mit177 18 5
DI9Mit36 19 12
DXMit166 X 10
Average 7.2



Table 2. Analysis of chimerism in YACs by FISH.

YAC clone size (kb) chimeric
02-1 945kb no
029 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
. 054 750 no
05-5 2000 (unstable) yes (three signals)
05-7 750 no '
360A1 1200 no
360A9 915 no
360A10 945 no
361A8 1300 yes
362A1 920 no
362A2 920 no
362A8 1100 no
362A9 980 no
362A10 870 no
387A1 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 range of studies, including posi-
tional cloning of monogenic traits, genetic dissection of polygenic
traits, construction of genome-wide physical maps, rapid marker-
assisted construction of congenic strains, and evolutionary com-
parisons'?, 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 7,377 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.

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
polvmorphism by measuring the allele sizes in 12 inbred mouse
strains, Of the successtul PCR assays, we genotyped 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’®.

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 1.1cM 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) mapping®*'. 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 1.1cM. 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 (%)§}| SPR or CAST (%)]|
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 93 829 48 95
6 368 349 19 74 59.1 46 94
7 357 341 16 89 59.8 48 94
8 350 345 5 81 720 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 o3
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 mqbility 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 enougj to allow selection of markers for crosses, but geneticists
wishing to know every polymorphic marker in a namow region (for fine-structure genetic mapping and positional cloning, for example) are advised to recheck each locus.

+ Based on ‘consensus’ genetic map In Encyclopedia of the Mouse Genome, httpz/www.informatics. jax.org.encyclo.htmi (1993).

$ Distance between most proximal and most distal markers in the map reported here.

§ Pairwise comparisons of OB, B6, DBA, A, C3H, BALB, AKR, NON, NOD and LP.

|| Standard error of the mean for each chromosome depends on number of markers studied, but is < 1% in all cases,
9 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 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 rat (62% of expecta-
tion), and Weissenbach and colleagues
report a slightly less pronounced deficit
in the human genome® (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 report® and
are not presented here, Interestingly,
the distribution of polymorphlsm
across the genome is not uniform',
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

NATURE - VOL 380 + 14 MARCH 1996

TABLE 3 Clusters of consecutive crossovers and markers

(a) Number of crossovers between consecutive random markers*

No. of :

crossovers Observed Expectedt

perinterval  No.  (percentage) No. (percentage) P(longestrun >n) (%)+
0 5,095 (83.85) 5,035.5%29.6 (82.59)

1 784 (12.90) 876.7+27.4 (14.38) 100.0
2 151 (2.49) 1526+122 (2.50) - 100.0
3 27 (0.44) 26651 (0.44) 100.0
4 14 (0.23) 46+2.2 (0.08) 99.6
5 4 0.07) 0.8+£09 (0.01) 62.2
6 0 (0.00) 0.1+04 (<0.01) 15.6
7 0 (0.00) 0.0+02 (< 0.01) 2.9
8 1 (0.02) 0.0x01 (<0.01) 0.5
Total 6,076

(b) Random markers occuning between consecutive crossoversf

No. of
markers Observed Expected§
per block No. (percentage) Number (percentage) P(longestrun >n) (%)§
0 288 (22.3) 2279+137 (17.4) 100.0
1 208 (16.1) 188.2+£127 (14.4) 100.0
2 126 (9.8) 1555+=117 (11.9) 100.0
3 111 (8.6) 1284108 (9.8) 100.0
4 84 (6.9) 106.0+£9.9 (8.1) 100.0
5 73 (5.7) 87.6%+90 6.7) 100.0
6 62 4.8 72.3+:83 (5.5) 100.0
7 51 (4.0 59,7+ 7.6 (4.6) 100.0
8 36 (2.8) 49369 (3.8) 100.0
9 38 (2.9) 40.7 =6.3 (3.1) 100.0
10 32 (2.9) 33.7+57 (2.6) 100.0
11 37 2.9 27.8%52 2.1) 100.0
12 19 (1.95) 23.0%£4.7 (1.8) 100.0
13 28 2.2) 19.0+£43 (1.4) 100.0
14 18 (1.4) 15.7 £3.9 (1.2) 100.0
15 7 (0.9) 12936 (1.0) 100.0
16 12 0.9) 10.7 £33 (0.8) 100.0
17 5 0.4) 88+3.0 (0.7) 100.0
18 5 0.4) ‘73+27 (0.6) 100.0
19 6 (0.5) 6.0+£24 (0.5) 100.0
20 10 0.8) 50+£22 (0.4) 100.0
21 3 0.2) 41420 (0.3) 100.0
22 5 0.4) 34+18 {0.3) 100.0
23 7 0.5) 28+17 (0.2) 100.0
24 4 0.3 23%15 (0.2) 100.0
25 0 (0.0) 19+14 0.1) 100.0
26 5 (0.4) 16+13 (0.1) 99.9
27 1 0.1) 13+11 0.1) 99.8
28 1 (0.1) 11410 (0.1) 99.3
29 0 . (0.0) 0.9+0.9 0.1 98.4
30 1 (0.1) 0.7+£0.9 (0.1) 96.7
31 1 (0.1) 06+0.8 (<0.1) : 94.0
32 0 (0.0) 0.5+0.7 (<01 90.3
-~ 33 0 (0.0) 0.4+06 (<0.1) 85.4
34 1 (0.1) 03+06 (<0.1) 79.6
35 1 (0.1) 0.3+05 (<0.1) 73.1
38 1 (0.1) - 02+04 (<0.1) 52.2
- 40 1 (0.1) 0.1£03 (<0.1) 39.6
54 1 (0.1) <0.1+01 (<0.1) 3.4
Total 1,289

*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,

+The probability of the longest run is calculated in ref. 6. Briefly, if a coin with heads probability P is
tossed n times, the length R, of the fongest head run has expected value u = log, ,,[(n — 1)(1 —p) + 1
and the distribution of R, is given approxlmately by Prob(R, — p > t) = 1 - exp(—p"). In this case,
p=017.

$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 of monogenic traits, genetic dissection of polygenic
traits, construction of genome-wide physical maps, rapid marker-
assisted construction of congenic strains, and evolutionary com-
parisons'?, 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 7,377 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.

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 genotyped 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™®,

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 1.1cM 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) mapping®''. 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 Potymorphism among Lab strains versus
markers markers GENBANK genetic lengtht lengtht labstrains (%)8|| SPR or CAST (%)}
1 511 494 17 98 109.9 57 92
2 507 491 16 107 95,7 49 a4
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 Q5
6 368 349 19 74 59.1 46 94
7 357 341 16 89’ 59.8 48 a4
8 350 345 5 81 72.0 44 94
9 336 318 18 70 62.9 - 52 a5
10 293 286 7 78 73.0 35 96
11 350 326 24 78 82.0 53 94
12 278 268 10 68 615 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 1 88 73.5 33 a5
Total 6,336 6,111 225 1,503 1,360.9¢ 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 individuai pairvise comparisons were repeated. Some 6% of reported potymorphic 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 selection of markers for crosses, but geneticists
wishing to know every polymorphic marker in a namrow region (for fine-structure genetic mapping and positional cloning, for example) are advised to recheck each locus.

+Based on ‘consensus’ genetic map in Encyclopedia of the Mouse Genome, http:/www.informatics.jax.org.encyclo.html (1993).

tDistance between most proximal and most distal markers in the map reported here.

§ Pairwise comparisons of OB, B6, DBA, A, C3H, BALB, AKR, NON, NOD and LP.

|| 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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TABLE 2 Distribution of random markers based on cytogenetic length of chromosomes

Based on cytogenetic length®

Chromasome No. of random markerst Percentage of total length Expected number of markers} 2Z-score§
Autosomes only
1 494 7.68+.15 452.7+22.4 1.84
2 491 742+.15 437.0+219 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
6 349 590 +.12 347.7+194 0.07
7 341 554 +.11 326.4+18.7 0.79
8 345 530+.11 3125+ 183 1.78
9 318 5.114.10 3012+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
12 268 521+.10 306.9+18.1 -2.14
13 293 4.67+.09 2754+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
16 214 407 +.08 239.6 +15.9 -1.60
17 239 412 +.08 242.7+16.0 -0.22
18 226 . 414 +.08 2440+ 16.0 -1.11
19 131 291+.06 1717+ 134 -3.04
Total 5,892 100.0 5,892.0
Autosomes versus X chromosome
Autosomes 5,892 93.76 +.12 5,729.7+ 204 7.96
X ) 219 6.24 +.12 381.3+204 -7.96
Total 6,111 100.0 6,111.0

* Cytogenetic length taken from previous measurements'®, Standard efror of the }nean 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.

} 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 efror 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 undemrepresenting 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 < 1074,

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 assessment®®, All obligate
double crossovers were identified and rechecked. The final data
set contained no obligate double crossovers involving markers
separated by less than 21cM, 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 1.1cM. 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 (D5Mit198, D7Mit173, DIMit132, DIMit150 and D19Mit61),
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. _ i

We used several criteria to analyse the genomic distribution of
loci. The spacing between SSLPs agrees reasonably well with
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 ‘mmccemmmeccmemcenm...’, with each m and ¢ 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

Po =M /(M + C), where M is the number of markers and C the

number of crossovers®. 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 rat'? (62% of expecta-
tion), and Weissenbach and colleagues
report a slightly less pronounceéd deficit
in the human genome® (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 report® and
are not presented here. Interestingly,
the distribution of polymorphism
across the genome is not uniform',
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

NATURE - VOL 380 - 14 MARCH 1996

TABLE 3 - Clusters of consecutive crossovers and markers

(a) Number of crossovers between consecutive random markers*

No. of

crossovers Observed ) Expectedf .
perinterval No.  (percentage) No. (percentage) P(longestrun >n) (%)t
0 5,095 (83.85) 5,035.5+29.6 (82.59) :

1 784 (12.90) 876.7+274  (14.38) 100.0

2 151 (2.49) 1526 +12.2 (2.50) 100.0

3 27 (0.44) 266+5.1 (0.44) - 100.0

4 14 (0.23) 46+£22 (0.08) 99.6

5 4 (0.07) 08+09 (0.01) 62.2

6 0 (0.00) 01+04 (<0.01) 15.6

7 (0] (0.00) 00+£0.2 (<0.01) 29

8 1 (0.02) 00+£01 (<0.01) 0.5

Total 6,076 .

(b) Random markers occurring between consecutive crossoversi

No. of
markers Observed Expected§ :
per block No. (percentage) Number (percentage) P(longestrun >n) (%)§
0 288 (22.3) 2279+£13.7 (17.4) 100.0
1 208 (16.1) 188.2 +12.7 (14.4) 100.0
2 126 (9.8) 1555+ 11.7 (11.9) 100.0
3 111 (8.6) 1284+ 108 9.8) 100.0
4 84 (6.5) 106.0£9.9 (8.1) 100.0
5 73 (5.7) . 87.6+9.0 6.7) 100.0
6 62 (4.8) 723+83 - (5.5) 100.0
7 51 (4.0) 597+7.6 (4.6) 100.0
8 36 (2.8 493+6.9 (3.8) 100.0
9 38 (2.9) 40.7 +6.3 (3.1) 100.0
10 32 (2.5) 33.7+£57 (2.6) 100.0
11 37 (2.9) 278+5.2 2.1) 100.0
12 19 (1.5) 230+4.7 (1.8) 100.0
13 28 (2.2) 19.0+£4.3 (1.4) 100.0
14 18 (1.4) 157 +£3.9 (1.2) 100.0
15 7 (0.5) 129+3.6 (1.0) 100.0
16 12 (0.9) 10.7 £3.3 0.8) 100.0
17 5 (0.4) 881+3.0 0.7) 100.0
18 5 (0.4) ‘7327 (0.6) 100.0
19 6 (0.5) 60+24 (0.5) 100.0
20 10 (0.8) 50£22. 0.4) 100.0
21 3 0.2) 41+20 (0.3) 100.0
22 5 (0.4) 34+18 {0.3) 100.0
23 7 (0.5) 28+1.7 (0.2) 100.0
24 4 (0.3) 23+15 0.2) 100.0
25 0 (0.0) 19+14 0.1) 100.0
26 5 (0.4) 16+13 0.1) 99.9
27 1 0.1) 13+11 0.1) 99.8
28 1 0.1) 11+10 0.1) 99.3
29 0 (0.0) 09+09 . (0.1) 98.4
30 1 0.1) 0.7+£09 . (0.1) _ 96.7
31 1 0.1 06+0.8 (<0.1) ) 94.0
32 0 0.0 0.5+0.7 (<01) 90.3
33 0 (0.0) 0.4+£06 (<0.1) 85.4
34 1 (0.1) 0.3+06 (<0.1) 79.6
35 1 0.1) 0.3+05 (<0.1) 73.1
38 1 0.1) - 02+04 (<0.1) 52,2
40 1 (0.1) 0.1+£0.3 (<0.1) 39.6
54 1 0.1 <01+01 (<0.1) 3.4
Total 1,289 '

* 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. Briefty, if a coin with heads probability P is
tossed n times, the length R, of the longest head run has expected value p = logy,[(n - 1)(1 — p) + 1]
and the distribution of R, is given approximately by Prob(R, — > t) = 1 — exp(~p'). In this case,
p=017, o :

$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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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 interest*®,
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'*"* having a mean insert
size > 750kb, 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'é, .

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'’ and the European
Collaborative Interspecific Backcross' (EUCIB)®, The EUCIB
project (http://www.hgmp.mrc.ac.uk/MBx/MBxHomepage.htmi)
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?3, this
paper marks the close of the first phase of the Human Genome

Project: the construction of dense genetic maps of mouse and
man. ’ d
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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 maps'™,
which at present consist of short tandem repeat polymorphisms
of simple sequences or microsatellites’®. We report here the last
version of the Généthon human linkage map®. This map consists
of 5,264 short tandem (AC/TG), 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 of 2 cM at most and
1% remains in intervals above 10 cM.

Microsatellite markers were obtained as described previously®S.
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 version®, Average heterozygosity per chromosome
varied from 0.65 (chromosome X) to 0.73 (chromosome 19), with
amean value of 0.70 for the entire collection of markers (Table 1).
Database sequence comparisons and searches detected matches
of AFM (Association Frangaise 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 meioses™ (304
individuals and 291 meioses for the X chromosome). Genotypes
were submitted to the same error-checking procedures as
reported earlier®. 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 CILINK algorithm’ is 3,699 cM (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 10cM 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 2cM at most,
and 92 per cent by intervals of 5cM 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-
zZygosity, 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® show only slight variations when compared to the
lengths of the previous map®. 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 backeross. 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 function®. Map scale is shown to the side of the map of chromosome 1. One anomaly should be noted: in the (B6 x SPRET) backcross,
an SSLP (D9Mit33) derived from the sequence of the Crabp1 gene maps to a different region of chromesome 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@genome.wi.mit.edu), and anonymous fip (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 tum 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 -21MI13
sequences. TGTAAAACGACGGCCAGT (18 nt).

PCR reagents.

1. 10x PCR buffer [100 mM Tris-HCI (pH 9.3); S00 mM KCl;
15 mM MgCly; 0.01% gelatin].

2. 10 mM dNTPs.

3. 10 pM forward and reverse primers.

4. 20 ng/ul genomic DNA.

M123 4567 8M

Figure 1. This gel shows an example of PCR products before and after
purification using SPRI. Lanes M are 200 ng $X174 Haelll digest, lanes 1 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 100 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 100
nmol excess primer (36 nt) before and after purification using SPRI.

Standard PCR reaction (50 pl).

1. 6.5 ul PCR MIX [10x PCR buffer, 5 pl; 10 mM dNTPs, 0.5
ul; Taq, 1 U; dH20 to add up to 6.5 pl].

2. 41 pl primer dilution [10 pM F&R primers, 0.5 pul; dH,0,
40.5 pl].

3. 2.5 pl 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-well format). ,

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 pl), add 10 l of washed particles
and 50 pl of HYB BUFFER (2.5 M NaCl/20% 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 pl of 70% EtOH.

4. Air dry for 2 min, and resuspend the particles in 20 pl 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,

* To whom correspondence should be addressed
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Figure 2, Sequencing traces derived from three related individuals are ahgned to show the reliability of calling heterozygous bases. The cycle sequencing reactions
of punﬂed double-stranded SPRI purified PCR products were performed using AmpliTaq FS DNA polymerase (Applied Biosystems Division of Perkin Elmer, CA)
using dye-labeled —21M13 primers. The reactions were then run on an ABI 373A following the manufacturers protocols.

2730

1451

—

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, allowmg the
identification of single base pair polymorphisms.
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Thermal Cycle DNA

Sequence Setup Using a
Modified Lab Workstation

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

Mve] 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.

*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-
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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

SUSTITIRATITNY -3
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Single tip ) Multichannel tip
wash reservoir wash reservoir
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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 uL of sample: 2 minutes
Transfer: 35 seconds
Tip washing: 1 minute, 25 seconds

Dispensing 100 uL of reagent into microtiter plate:
20 seconds

Sequencing Setup

Transferring 50 uL of sample by aliquoting 10 and

15 pL volumes into cycle plates: 4 minutes,
30 seconds

2 minutes

2 minutes, 30 seconds

Transfer:
Tip washing:

Adding 10 pL 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
Width (mm) Depth (mm) Height (mm)
Overall dimensions 770 647 500
Common workspace (two arms) 434 300 160
X (mm) Y (mm) Z (mm)
Smallest addressable move 0.229 0.127 0.100
Maximum velocity 0.92 m/s 0.64 m/s 0.6 m/s
ficient. The INTEGRATOR package included low 250 uM dCTP 62.5 uM dCTP
level procedures such as ‘“movetopos (rack, posi- 250 uM dGTP 250 uM dGTP
tion)” to which parameters could be passed in the 250 uM dTTP 250 uM dTTP
normal manner. Racks such as microtiter arrays were 1.5 mM ddATP 0.75 mM ddCTP
defined using the INTEGRATOR teach mode. The . .
teach mode allowed users to define positions such Mix Mix
: . : Postio G: 250 uM dATP T: 250 uM dATP
as maximum z displacement, dispensing height, and
: ) : 250 uM dCTP 250 uM dCTP
travel height. A series of racks (e.g., rectangular, cir-
cular, discrete) together comprised a layout. 62.5 uM dGTP 250 uM dGTP
’ 250 uM dTTP 62.5 uM dTTP

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 uM dATP C: 250 uM dATP

0.125 mM ddGTP 1.25 mM ddTTP

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

Thermal Cycling

Reaction mix for 96 reactions. This required the fol-
lowing:

A Stock C Stock G Stock T Stock

400 pL buffer 400 uL buffer 400 uL buffer 400 uL buffer
104 pL A mix 104 pL Cmix 200 pL G mix 200 gL T mix
104 pL Taq mix 104 pL Taq mix 200 pL Taq mix 200 pL Taq mix
32 pL primer 32 pL primer 64 pL primer 64 pL primer
340 pl water 340 pL water 100 pL water 100 pL water

Taq mix: 120 pL Taq, 96 uL buffer, 480 uL water.

These mixes were placed on the robot which added
the following to each well:

Reagent A C G T
Stock solution 10 uL. 10 L. 10 uL. 10 pL

Then the following was added using the 12-channel
manifold:
DNA template 10 uL. 10 uL

15 uL. 15 pL

After completion, the cycle plates were removed from
the Tecan, capped, and then placed on Techne GeneE
thermal cyclers, 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; 51°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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Software Developments
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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 uL 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, 5]). 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

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 cyclers. We decided not to inte-
grate thermal cyclers 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-

TTCA TGCTNAGGTCGACTC TAGAGM TCCCCCCAG TTCA mCTCCTYA YCC TccAQ TACTCGOAA TCCA TC TAGGGT ANCC TCA TA GAA TACANGOCAO TTTCTACNTCA CNTGTTTCAACA TCACCCCCAAAA

GCCTYTTA QTCA TCTCTTCTCA TAC TCCACC TCCCAAA TCTOGCTAGCTTGTAAAOCA CGTaA AGATTGGGTGA TT TATGOGAATGACGA TACIAGAAOGAAGATAATGTAAAAGGATGA caar

il

FAGCAAGCTAGTTTTTNATCTTAGTAAGACATCTAGAACTTTGTAATACAGATCCAAGTTCACATAACAGAATGTAAAATAGTATGOGCTCAGTTAGATTAGTTAGAQAACAGTAGCTTCTCAM
200 a7 280 20 %0 30 320 0 340 %0 380 o

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 (1, 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), DNA 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 gM 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 Eppendorf™ tube.

2. Create a cleared lystate.

Centrifuge for 2 minutes to pellet the cells.

Pour off the supernatant and resuspend the pellet in 30ul
Solution 1 (50mM Glucose, 25mM Tris.Cl pH 8§, 10mM
EDTA pH 8, 100ug/ml RNase).

Add 60yl Solution 2 (0.2N NaOH, 1% SDS) and mix by
shaking. Leave at room temperature for 5 minutes.

Add 45l Solution 3 (3M KOAc), mix by shaking and leave
on ice for 10 minutes.

Centrifuge for 10 minutes and remove 100l of the supernatant
to a new Eppendorf tube.

3. Take 10ul (@20mg/ml) carboxyl coated magnetic particles,
wash three times in 0.5M EDTA pH 7.2 and resuspend in
10ul 0.5 EDTA. Add to the cleared lysate.

4. Add 100l 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 SM NaCl and once

with wash buffer (25SmM Tris.Acetate pH 7.8, 100mM
KOAc, 10mM Mg,0Ac, ImM DTT). There is no need to
resuspend the particles during each wash.

7. Resuspend the particles in 50ul 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 HindIII marker. Lane 1 shows the
pUCI18 supernatant after DNA binding to the solid-phase,demonstrating 100%
binding. Lane 2 shows uncut pUCI18, lane 3 SmalA cut pUCI1S, lane 4 uncut
PWEI1S5 cosmid with 30kb insert, lane 5 cosmid cut with BamHI, 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.
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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. We 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.

PerSeptive Diagnostics offers an
extensive line of BioMag® DNA
purification kits and reagents for
Molecular Biology. BioMag Cell
Biology products are also available
to facilitate simple, efficient, cost-
effective cell sorting, lymphocyte
isolation and stem cell purification.
Additional product information and
technical applications may be easily
obtained by calling Customer Service
or Technical Support.
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in staggerer mice
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Homozycous staggerer (sg) mice show a characteristic severe
cerebellar ataxia due to a cell-autonomous defect in the develop-
ment of Purkinje cells'?, These cells show immature morphology,
synaptic arrangement, biochemical properties and gene expres-
sion, and are reduced in numbers>'% In addition, sg hetero-
zygotes show accelerated dendritic atrophy and cell loss®,
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 ¢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 10FDFoD;
Fig. 1), there is only one allele of sg. We mapped this allele relative
to simple sequence length polymorphisms (SSLPs) from the
Whitehead/MIT map" 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)".
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 RORx gene was at least partially contained in
BAC28A1 anda 135-kb BAC, 287ES5. RORu 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'*"5,
Although RORx 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 287ES5. In addition, we isolated and
sequenced a complementary DNA clone that contains the entire
coding region for the mouse ROR«1 isoform. A full description of
these sequences will be presented elsewhere. Comparison of the
¢DNA and genomic sequences revealed that 1,370 base pairs (bp)
of the 1,566-bp coding region is spread over ~ 35kb of BAC
287ES and provided the complete exon—intron structure of this
portion of the gene. The 5’ end extends some 20kb further,
beyond BAC 28A1. .

Because chimaera experiments have shown that sg affects
Purkinje cells in a cell-autonomous fashion'?, 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 RORx by these
criteria (Fig. 2), we first hybridized northern blots to a probe
from the hinge and ligand-binding domains of RORa. Of three
transcripts seen in wild-type cerebellum (~ 10.5, 6.5 and 2.4 kb),
the larger two were of approximately normal length but greatly
reduced abundance in sg/sg cerebella. Analysis using reverse
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