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Summary

To augment the study of the extremely fragmented genomes of spirotrichous ciliates and to improve our
understanding and annotation of the Oxy#richa trifallax strain JRB310 genome, we propose the sequencing of a set
of additional genomes, to various depths. This work would be based on the already supported and ongoing
sequencing of the 50 Mb Oxytricha trifallax JRB310 macronuclear and (~50 Mb sample of the 1Gb) micronuclear
genome, being performed at the Washington University Genome Sequencing Center (PI Elaine Mardis).

MAC (~50Mb) | MIC (1Gb) cDNA
Oxytricha trifallax 310 Currently 5X 2X (1) in prog.
Oxytricha trifallax 510 (1~10%) 2X (39) - in prog.
Oxytricha trifallax JRB317 (1~10%) 2X (3”) - -
Oxytricha trifallax JRA55 (1~10%) 2X (3% . .
Oxytricha bifallax (3~15%) 2X (3) - -
Oxytricha fallax (3~15%) 2X (3) - 25,000 (3)
Stylonychia lemnae (45~75%) 5X (2) - 25,000 (2)
Euplotes crassus (>75%) 5X (4) - 25,000 (4)

Table 1. Requested WGS sequencing Notes: Priority 3 uses 454 or similar technology.

Priorities 2-4 each include 25K cDNAs for 1 genome.
a: higher status within priority 3 for shadowing
b: or a replacement at comparable distance.

coverage with priorities (1-4) and
expected neutral distances

We suggest (1) as a complement to the current sequencing of O. #rifallax, deeper coverage of its 1 Gb germline
micronuclear genome, to a full 2X coverage, rather than the mere 50 Mb of sequence that was originally approved
as a companion to the O. #rifallax macronuclear genome in March 2002 (5 years ago). At least this level of
resolution will be required to permit reasonable accuracy in assigning scrambled gene segments from the
micronucleus to a subset of genes from the macronucleus and allow us to study the general cellular and
evolutionary mechanism of its global DNA rearrangements. (2) We request high quality draft sequence of the
macronuclear genome of Stylonychia lemnae. S. lemnae is one of the most studied ciliates, and its evolutionary
distance from O. #rifallax is appropriate for efficient phylogenetic footprinting (see below for details). A
comparative study between S. lemnae and O. trifallax genomes would lead to a better deciphering of both genomes
in a synergystic manner, and lead to a better understanding of the genome unscrambling and DNA elimination
mechanism involving small RN As. (3) We suggest the sequencing of an additional five macronuclear genomes
within the O. #rifallax species complex, to generate data for phylogenetic shadowing. The proposed genomes
include two additional species (O. fallax and O. bifallax) and three additional strains (O. #réfallax JRB510, and
provisionally JRA55 and JRB317, or a replacement to be determined after pilot sequencing). These sequences will
be sufficiently similar to O. #rifallax JRB310 that we can treat them as re-sequencing projects, using the high
quality macronuclear genome sequence of O. #rifallax 310 as the reference, to assemble inexpensive 454 generated
data. Finally, (4) we request high quality draft sequence of the macronuclear genome of Euplotes crassus. Both E.
crassus and S. lemnae have been important study systems for a hundred years or more, and currently have a
community of molecular biologists using them as model systems for subjects such as chromatin remodeling,



telomere biology, translational frameshifting, and genetic code reassignment. Like O. #ifallax, both E. crassus and
S. lemnae have extensively fragmented macronuclear genomes of similar complexity to O. #rifallax. Thus the
ensemble of these spirotrich genomes creates an excellent model system for eukaryotic gene and regulatory
sequence annotation, with most of the gene-finding already performed by the drastic DNA elimination events
that form nanochromosomes. In addition, Euplotes is a deeply diverged spirotrich, whose evolutionary distance to
the other spirotrichs (Oxytricha and Stylonychia) and oligohymenophora (Paramecinm and Tetrabymena) makes it a
good candidate species to bridge these two well-studied groups. For both S. lemnae and E. crassus, the O. trifallax
macronuclear genome will most likely not serve as an effective aid in their assembly, so we suggest that these two
genomes be sequenced at high quality draft coverage (5X), taking advantage of the full range of methods that we
and our collaborators have explicitly developed for assembling and characterizing the O. #rifallax genome. Also
for these two species and for O. fallax, cDNA sequences (25,000 each) are requested. This would provide
approximately 1X average coverage per coding gene, which is expected to cover only a fraction of coding genes,
but would still provide a large dataset of confirmed gene structures for training computational gene-finding tools,
thus making comprehensive macronuclear genome annotation more accurate.

Unlike Paramecium and Tetrabymena, the macronuclear genomes of Oxytricha, Stylonychia and Euplotes all have
nano-chromosome structures formed by the most elaborate process of DNA elimination, genome rearrangement
and chromosome breakage known in biology. The condensation of all cis-regulatory elements and coding regions
into kilobase macronuclear nanochromosomes may be viewed as a sophisticated biological gene-finder.
Nanochromosomes that lack conventional genes provide a good source for the discovery of novel classes of
genes, including ncRNAs. A comparative study of these minimalist genome architectures that can pack over
30,000 genes in only 50 Mb will offer a unique power of resolution to zoom in on gene sequences and regulatory
elements, with conclusions that are likely to extend to much larger eukaryotic systems.

Introduction

Ciliates are single-celled eukaryotes of fundamental biological interest and hold a special place in modern
molecular biology. Ciliates were the birthplace of telomere biochemistry (e.g., Collins 1999). Cech (1990)
discovered the first known self-splicing intron in Tetrahymena. Ciliates radically illustrate the C-value paradox (Gall
1981). Classically they were premier genetic eukaryotes in the hands of Tracy Sonneborn, his contemporaries, and
his students (Sonneborn 1977, Nanney 1981).

Ciliates diverged from other microbial eukaryotes quite recently, as part of a monophyletic lineage (alveolates)
with apicomplexans (e.g., Plasmodium) and dinoflagellates (Wright & Lynn 1997; Baldauf et al. 2000). Therefore, as
a phylogenetic outgroup, ciliates provide a foil to studies of the crown eukaryotes: plants, animals, and fungi.
Ciliates indeed are some of the best studied protists. Ciliate molecular genetics has been concentrated in two of
the eleven ciliate classes, the oligohymenophorans, including Tetrabymena and Paramecinm, and the spirotrichs,
including some of the best studied ciliate species, in particular, the Euplotes lineage ("hypotrichs," Bernhard et al.
2001) plus several stichotrich species of the genera S#ylonychia and Oxytricha. Each is quite diverged from the next
and has its specific virtues; this diversity fuels comparative biology by a vigorous research community, focused on
cither the workings of ciliate germline/soma nuclear dimorphism, or on fundamental eukaryotic biochemical
pathways and cellular processes.

The macronuclear genome. Each ciliate carries in its single cell two kinds of nuclei: 1) a typical diploid, meiotic
germ-line nucleus (the micronucleus or MIC), and 2) a macronucleus (MAC), a highly differentiated organelle
that provides all the transcripts for cell function. The MAC develops from a mitotic copy of the MIC,
immediately after cell mating, haploid gametic nuclear exchange, and zygosis. Stichotrich MAC differentiation is
the premier showcase of somatic genome alterations (review: Jahn & Klobutcher 2002), and has been a major
focus of ciliate research since the discovery of these dramatic processes in S#ylonychia by Ammermann (1974).

MIC chromosomes polytenize, non-coding DNA sequences interrupting MAC-destined sequences are spliced out
as DNA, the MDS gene segments are unscrambled, polytene chromatids are fragmented and telomeres are added
de novo onto the new ends by telomerase, and finally the resulting MAC "chromosomes" are amplified to a level
scaled to the size of the ciliate. The old MAC is apoptotically destroyed as the new MAC differentiates.



MIC-limited and MAC-destined sequences are interspersed in the MIC genome. In Oxytricha >90% of the
sequences are MIC-limited, being destroyed in the developing MAC. The new MAC is entirely responsible for
vegetative, clonal growth of the exconjugant (Herrick 1994). Introns are effectively both rare and extremely short
(avg.=118 bp in stichotrichs) and subtelomeric non-coding sequences are short (Hoffman et al. 1995): i.e. there is
on average 100bp separating both the start and stop codons from the telomere addition site (Cavalcanti et al.
20044, 2004b). Thus, the MAC is neatly pure coding DNA.

Qualitatively, MAC differentiation is similar in most ciliates (Jahn & Klobutcher 2002, Yao et al. 2002), but the
number of DNA splicing events, break sites, and chromosome kinds are orders of magnitude higher in spirotrichs
than in oligohymenophorans. Oligohymenophoran MAC chromosomes contain hundreds of genes each,
whereas spirotrich MAC chromosomes contain one or a few genes each, making the spirotrich MAC genome
ideal for gene discovery. This spirotrich pattern seems to be shared with other less-studied classes of ciliates
(Riley & Katz 2001), suggesting that massive fragmentation may be both ancestral and more representative of
ciliate biology than the modest fragmentation in Tetrahymena and Paramecium.

MAC sequence complexity is surprisingly constant across the range of ciliates (most are ~50 Mb, although
Tetrahymena has ~100 Mb), while ploidy levels scale with the size of the ciliate (Soldo et al. 1981, Ammermann &
Muenz 1982). The mature Oxyrricha MAC genome consists of genes deployed on a collection of ~25,000
different chromosomes amplified to an average ploidy of ~1000/MAC. These linear "chromosomes" are tiny,
with an average length of ~2400 bp, ranging from ~0.25 to ~40 kb (Maercker et al. 1999); Figure 1 shows gel
analysis of O. trifallax MAC DNA, and the distribution of kinds of chromosomes across the size range. Ciliates
carry a large number of genes (=30,000), compared to gene counts for Drosophila melanogaster (~14,000) and
Caenorhabditis elegans (~18,500) (Rubin et al. 2000).

Internally eliminated sequences (IESs) and scrambled genes. During polytenization of the MIC genome,
many sequences internal to MAC-destined sequences are precisely excised and eliminated (Internal Eliminated
Sequences, or IESs; Klobutcher & Herrick 1997). Almost all spirotrich and Paramecium genes are interrupted by
multiple IESs. IESs are of two types: some are cut-and-paste transposons (~4-5 kb long, with thousands of
copies per haploid genome), while others are short (< 0.5 kb) AT rich non-coding sequences. Excision of IESs
precisely reverts the germline insertional mutation, enabling expression of the gene in the MAC, and allowing the
element to persist in the germline.

A related phenomenon is the exciting discovery of scrambled genes in the stichotrich MIC (reviewed in Prescott
2000). Again genes are interrupted by many IESs, but contiguous gene segments are no longer adjacent, nor
necessarily on the same strand ot even at the same locus in the MIC (Landweber et al. 2000), and the order of
gene segments is permuted in both seemingly random patterns as well as clearly nonrandom patterns, like 1-3-5-7-
2-4-6-8. IES removal permits linking of coding segments in the correct, translatable order and orientation. A
well-studied example, the DNA polymerase alpha gene, is scrambled into 51 segments (Hoffman & Prescott
1997), dispersed on both strands of two unlinked MIC loci. While many cases ate less scrambled, the Landweber
lab has found at least one locus that is present in over one hundred scrambled MDSs (Maquilan et al.,
unpublished). As many as 20-30% of Oxytricha genes are estimated to be scrambled in the MIC genome.
Traditionally, the study of scrambled genes has been laborious, and until recently most cases were discovered by
chance. The modest amounts of MIC sequence coverage that we propose (2X) will provide enough data to reveal
many hundreds of patterns and features of scrambled genes, permitting their rigorous study in an unbiased
fashion.

How will additional spirotrich genomes inform our understanding of eukaryotic biology and human
disease?

* Ciliates form a highly diverse clade of microbial eukaryotes that diverged just before the crown taxa of plants,
animals, fungi, and stramenopile algae (Fig. 2), and their genes find homologs in crown eukaryotes, including
metazoans, plants and fungi, equally well. The identification of protein products often depends on the availability
of orthologs in other genomes: these are sequenced both directly and economically in large numbers from



spirotrich MAC DNA, because the DNA contains little more than coding regions plus short regulatory DNA
(introns are few and small, and alternative RNA splicing has not been observed). By comparison, the estimated
gene number of the compact vertebrate genome of Takifugu rubripes, originally selected based on its suitability for
the detection of genes and regulatory elements (Aparicio et al. 1995), is roughly the same as that for Oxy#richa
trifallax (30,000), but the fugu genome is ~8X larger (400 Mb vs. 50Mb) (Aparicio et al. 2002). The macronuclear
genomes of spirotrichs do not appear to contain "gene deserts" such as those found for fugu. The genomes of
ciliates also have the potential to greatly facilitate computational and experimental detection of eukaryotic cis-
regulatory elements, since only a tiny fraction of the Oxytricha macronuclear genome appears not to encode
protein or RNA products, and this small fraction is the most likely fraction to contain regulatory elements. The
“regulatory” genome portion of spirotrich macronuclear genomes, may be the smallest for known eukaryotes with
a comparable gene complement. In our original pilot project (Doak et al. 2003; Cavalcanti et al. 2004a,b) 9.2% of
the 553 reads with homologs in databases found a human homolog, but not one from yeast, fly, or worm (BLAST
E-value < e-15); extrapolating, ~2500 human genes have ciliate—but not yeast, worm, or fly—homologs. These
genes are cases where ciliates may be the only non-vertebrate model system available.

* Because of their deep diversity, members of different classes of ciliates provide different—though
complementary—information; thus, the MAC sequences of spirotrichs synergize strongly with
oligohymenophoran gene sequences, providing broader datasets for comparison against their parasitic alveolate
relatives and crown eukatyotes.

* Ciliate sequences will serve as a foil to the apicomplexan parasites (e.g., Plasmodinm, Toxoplasma, and Theileria),
their sister group within the alveolates. Plasmodinm, with only ~5300 genes (Gardner et al. 2002), likely lost
thousands of genes as it became host-dependent, perhaps in parallel gaining pathogenesis genes. Inferring events
during the evolution of parasitism will aid in designing therapies. Furthermore, over 2500 protein-coding genes in
Plasmodinm falciparum are still un-annotated. This poses a very serious problem for understanding the parasite’s
genome, probably exacerbated by its high A-T content, making orthologous relationships more difficult to
identify across distant taxa. By providing a broad set of close outgroups, the availability of many high quality and
well-annotated gene-rich ciliate genomes should help annotate a portion of these genes in Plasmodium.

* As complex unicellular eukaryotes with elaborate cellular processes, ciliates are strong research organisms for
cellular physiology. Their cellular organization is far more representative of metazoan cells than is that of yeast
(Orias 2000), and their large gene sets reflect this.

* Discoveries essential to understanding human biology and health have repeatedly been made in ciliates: e.g.,
telomere structure and telomerase, histone modifications, and many aspects of cytoskeletal structure. Critical
features of telomeres were first discovered in Oxy#richa: in particular, the identity of all ~40 million MAC
telomeres (Hetrick & Wesley 1978; Klobutcher et al. 1981), the 3' G-strand overhang (Pluta et al. 1982;
Klobutcher et al. 1981), and telomere-associated proteins and their interaction with the telomere sequence
(Gottschling & Cech 1984; Gottschling & Zakian 1986; Classen et al. 2001). Multiple complete ciliate genomes
will greatly facilitate the identification of complete enzymatic pathways and subcellular systems, allowing more
comprehensive studies. Ciliates will surely continue to be key unicellular model organisms for the study of
development, differentiation (especially gene/genome rearrangements), the cytoskeleton and cell motility,
electrophysiology, and chromatin structure and function.

* Epigenetic phenomena have a long history in ciliate biology and a recent resurgence, with new discoveries of
RNA’s role in guiding chromatin remodeling and DNA rearrangement (e.g. Mochizuki and Gorovsky 2005;
Juranek et al. 2005). An historical example is the maintenance/replication of cell-surface (cortical) structures and
patterns (Sonneborn 1975). Even aberrant cortical patterns created by microsurgery can be maintained, leaving
many questions open, such as pattern formation, organizing centers, propagation through cell division and even
encystment. These issues are televant to cytoskeletal function and the maintenance of cell differentiation in
general. Recent studies have rekindled intense interest in Sonneborn's demonstrations that the genotype of the
parental MAC can guide differentiation of the emerging MAC on a sequence-specific basis (Meyer & Garnier
2002). The epigenetic signals that pass from old to new MAC are now thought to be transferred via a novel twist



on an RNAi-type pathway. RNAi-based gene silencing also works on most ciliates (Bastin et al. 2001; Paschka et
al. 2003) and is even relatively straight-forward for spirotrichous ciliates, because they will eat E. co/, particularly if
supplemented with some of their regular food algae (Nowacki et al. in preparation).

* Many eukaryotic nuclear or mitochondrial genomes use alternative genetic codes, but the greatest code diversity
of all is known in ciliates, where the use of either the standard code or one of four alternative codes is
polyphyletic. For example, UAR encodes Gln in both oligophymenophorans and stichotrichs, while UGA encodes
Cys in Euplotes but encodes Ttp in two independent lineages. Possibly an evolutionary intermediate, the
anaerobic ciliate Nyctotherus altogether avoids one of the three stop codons (Liang et al. 2005); tracing co-evolution
of the code in ciliates and its associated translation components, such as release factors, currently offers the best
model system for probing the selective and biochemical forces that drive code evolution (Lozupone et al. 2001).

* The biology of ciliate transposons is especially rich. The relationship of Mariner/Tcl and Pogo-like transposases
to retroviral integrases was first recognized because of new transposons discovered in ciliates (Doak et al. 1994).
But in addition to transposase, ciliate transposons encode novel protein kinases and tyrosine recombinases (Doak
et al. 1997; Doak et al. 2003). Also, the population dynamics of ciliate transposons is novel: genes evolve under a
purifying selection for protein function (Klobutcher & Herrick 1997). This could be unique to ciliates, but more
likely it is an extreme on a continuum of different transposon-host relationships. We expect that understanding
the ciliate case will illuminate the coevolution of hosts—such as humans—and of their transposon parasites.
Ciliate transposons ate also the likely ancestors of IESs (see above), an evolutionary transition analogous to that
proposed for Group II self-splicing introns as ancestors of splicesomal introns (Cavalier-Smith 1985).

Current status of the Oxytricha genome project.

Currently, we have a rather extensive analysis of a 5x coverage assembly of the macronuclear genome, and
200K additional reads are being generated. In addition, we have generated 1.3M 454 reads from a developmental
series of cDNAs, isolated through conjugation and MAC development, plus ~1500 longer cDNA reads generated
by the Canadian PEP project (Mike Gray and colleagues). This has allowed us to extend the preliminary analyses
dating from eatlier pilot projects (Cavalcanti et al. 2004a,b, Doak et al. 2003), and to monitor how our approaches
to the fragmented MAC genome are progressing.

We have addressed three general questions: given the current coverage, 1) how completely has the
macronuclear genome been sequenced; 2) how well is heterozygosity treated in the assembly; and 3) how severely
do highly redundant sequences affect the sequencing effort? These issues are not entirely independent.

1) In the current assembly, 475,700 reads have been assembled into 50,014 contigs, which can be further
grouped into 35,607 super-contigs based on homology, while we anticipate ~27,000 nanochromosome types. The
consensus sequences of the current assembly sum to 75Mb, while the reported MAC sequence complexity is
50Mb, and there are relatively few singletons, indicating decent coverage. To assess the completeness of the
genome, we used several different measurements. First, by the number of telomeres, we would expect at least
54,000 telomeres, and we now accounted for only 41,081 telomeres, so we are clearly lacking a large part of the
genome, by this measure at least~20%. Second, we find that of 1069 EST clusters (>50bp), 951 can be mapped to
WGS and singleton data, while 118 (~11%) cannot be mapped and are not likely to be contaminants. Third, Jung
and Eddy find 93 tRNA genes, with 36 different anti-codons. Considering the wobble position, there are 12
(~18.8%) anti-codons missing. When singletons are included, the number of missing anti-codons decreases to 5
(~8%). In summary, these different measures suggest the current assembly is probably about 10~20%
incomplete, but a new assembly incorporating 30% more reads is currently in progress.

2) The fact that the sequenced Oxytricha strain is a diploid wild isolate, heterozygous at many loci, presents
both challenges to the genome project and offers additional information about the organism. At extremely high
heterozygosity levels, the size of the genome to be sequenced effectively doubles, to 100Mb. Using a small but
well-studied dataset of MAC sequences, the results showed that the divergence rate (including substitutions and
indels) between highly similar MAC sequences (possible alleles or very recent paralogs) is on average ~2.2%, with



3.6% in the subtelomeric regions and 1.88% in the non-subtelomeric regions. As expected, we found that the
assembler may segregate allelic or very recent paralogous sequence into different contigs when the divergence
level is high enough (>3.5%), while the reads with lower divergence levels tend to be placed in common contigs.
We conclude from this analysis that heterozygosity is inflating the effective size of the genome to be sequenced
(the consensus sequences of the current assembly sum to 75Mb). This is therefore reducing the current effective
coverage of each haploid genome., and more sequences will produce a better coverage of the haploid genome.

3) Hundreds of chromosomes are over-represented in the reads, presumably because they have a higher copy
number in the macronucleus; however, these account for only 20% the total reads. There is no subgroup of highly
repetitive sequences that result in a bi-modal distribution of coverage depth, and when we examined the identity
of the top contigs, they shared no common features. There is no obvious way to exclude high copy number
chromosomes, but nor is it a significant problem. Given that this is a diverse class of sequences, the only obvious
way to eliminate them would be via Cot renaturation/fractionation. There are also many contigs that are
underrepresented for reads — presumably the low copy nanochromosomes.

The need for additional comparative genome sequencing

In order to provide a broader spectrum of sequence conservation than that provided by Drosophila melanogaster
and D. psendoobscura alone (50 MyA divergence time), the genomes of D. yakuba and D. simulans, two species which
have diverged comparatively recently from D. melanogaster, have been sequenced [see: Proposal for the Sequencing
of Drosophila yakuba and D. simulans - Begun, Langley 2003]. Currently, Paramecium and Tetrahymena, two deeply
diverging lineages within the Oligohymenophora, are the only two completely sequenced ciliate genomes (Aury et
al. 2000, Eisen et al. 2006). However, preliminary ortholog group identification among Paramecinm, Tetrabymena
and Oxytricha, using only sequences from the latter’s pilot project, suggests that only ~22% of the Oxytricha
trifallax sequences have orthologs in either/both of the other two ciliates (see Figure 3). The DNA sequences ate
not alignable and the protein sequences align pootly between Oxy#richa and the other two ciliates due to high
divergence (see Figure 4). These results are not surprising given that both Paramecium and Tetrahymena diverged
from Oxytricha >1 billion years ago (a distance similar to that between human and yeast). In addition, Oxytricha’s
MAC genome is more extensively fragmented and the chromosome copy numbers are more variable than that of
either Paramecium ot Tetrahymena, indicating that many basic cellular mechanisms may be highly diverged.
Therefore, although the availability of Paramecium and Tetrahymena genome sequences enhances many aspects of
ciliate research, to reach a better understanding of the nearly completed O. #rifallax genome, comparative genomic
studies among more closely related species are essential. In a similar manner to the Drosophila species, the addition
of sequence data for relatively recently diverged S#ylonychia as well as closely related Oxytricha species and O.
trifallax isolates will enable identification of both rapidly and slowly evolving genes and other functional elements
within these genomes. Euplotes will serve as a more distant relative and will assist in bridging the distance between
Tetrahymena and Paramecium and the spirotrichs.

Proposed genome sequences

It is well-established that the rate of substitution of different genomic regions is not constant (for instance,
Waterston et al. 2002); this is illustrated in the context of Oxy#richa and related ciliates by Seegmiller et al. (1996),
as well as the estimates of neutral rates we present in Table 2. Variability in genomic substitution rates leads to
trade-offs between the ability to align different genomic portions and the ability to detect sequence motifs (Eddy
2005; Stone, et al. 2005). These trade-offs can be overcome by careful selection of genomes of organisms at
appropriate evolutionary distances from each other. For the purpose of exploring some of these trade-offs in the
context of the genomes we propose to sequence, we will refer to estimates shown in Table 2.

1. Proposed additional O. #rifa/lax micronuclear sequence

The originally approved Oxytricha whitepaper included sequencing a portion of the MIC genome equivalent to the
MAC genome, that is, 50Mb. The total MIC sequence complexity is ~1Gb, so this original modest proposal
requested only 1X coverage of 5% of the genome. This was with the goal of sequencing a small portion of the



MIC loci that give rise to MAC chromosomes, to generate an unbiased view of the extent of gene scrambling in
the MIC. We are currently generating libraries for this project and have performed survey sequencing of some
MIC clones, but, five years after the original Oxy#richa whitepaper proposal, we would like to request the addition
of slightly deeper coverage of the Oxytricha MIC, to permit reasonable accuracy in assigning MDSs (gene
segments) from the MIC to a subset of genes from the MAC. Our simulations (Yi Zhou et al.) suggest that 2X
coverage of the MIC genome would permit recovery of ~70% of the MDSs for at least one allelic type (whereas
we can only expect to recover <5% in the currently proposed 50Mb survey coverage). In addition, depending on
the sequencing strategy (fosmid or shot-gun), at 2X coverage, roughly 25%-50% of the genes can be almost
(>85% of their length) completely covered in the MIC sequence. (Simulations were based on the expectations
that the MDS portion is 5% of the MIC, and that roughly 20% of the intragenic regions are 1ES.)

We suggest that the 2X MIC sequence be produced by a standard combination of shattered shotgun libraires, and
fosmid or BAC clones. Up to now, we have concentrated on generating BAC or fosmid clones of MIC DNA,
which has been difficult, given problems in generating large amounts of megabase sized MIC DNA. We remark
that only 1% of the cellular DNA is MIC, and the rest is MAC, so that even a 100x purification strategy leaves
50% MAC contamination, and handling leads to additional breakage of MIC chromosomes. We are now working
closely with Lucigen to produce "small insert" BAC libraries, and are optimistic that this will yield usable libraries
very soon. In addition, other approaches in the Landweber lab have yielded several MIC clones in the 10-20 Kb
range, currently in the sequencing and assembly pipeline. Shatter libraries of the MIC will be easier to generate:
the DNA doesn't need to be intact, and a small level of MAC contamination will just contribute to the MAC
assembly effort by providing resequencing (see the companion Tetrabymena comparative genomics whitepaper).

2. Proposed macronuclear sequence of Szylonychia lemnae, both as an important experimental model and
for phylogenetic footprinting

Like Oxytricha, Stylonychia is a stichotrich, and its biology is thus comparable to that of Oxy#richa. Because it is
physically larger, it was used extensively in eatly cytogenetic studies of macronuclear development. More recently,
it has been used to develop RNAi and transformation methods, and as a comparative model for gene scrambling
— it shares many scrambled genes with Oxytricha, but their scrambled germline architectures can strikingly differ
(Méllenbeck et al. 2006). We collected 80 S. lemnae protein sequences and 115 cDNA sequences that are non-
redundant from the NCBI database. Approximately 64% of the . /emnae cDNA sequences have blastn hits with
E-value<le-3 in the current O. #ifallax macronuclear genomic DNA assembly. The alignable regions usually
extend to most of the sequence lengths and the average identity level peaks at 70% (as seen in Figure 5, A, where
identity level=[matched bp/cDNA length]). Almost all of the . Jemnae protein sequences (~95%) find blast hits
(E-value<le-3) in O. trifallax. The proteins in these two species are highly similar (identity level peaks at ~90%, as
seen in Figure 5, B). These preliminary analyses, together with the estimates of neutral evolutionary distance listed
in Table 2, suggest that the divergence between Oxytricha and Stylonychia is appropriate for phylogenetic
footprinting (Eddy 2005), which can efficiently identify longer functional segments (~50bp) including protein-
coding genes and non-coding RN As. Furthermore, the nanochromosome architecture in S#ylonychia and Oxytricha
compresses all cis-regulatory elements into typically less than 150bp subtelomeric regions (~100 bp average)
flanking each gene sequence, effectively shrinking the search space for phylogenetic footprinting and enabling the
identification of even smaller functional motifs, such as those that regulate RNA transcription or DNA copy-
number in the macronucleus (see Figure 6).

3. Proposed Macronuclear sequence of O. fz//ax and multiple O. #¢rifallax strains, for phylogenetic
shadowing.

Although we expect the comparative study between the S. lemnae and O. trifallax genomes to help us identify most
of the functional units in both species, additional effort is needed to produce a high quality annotation of the
Oxytricha genome, to resolve alleles in the current genome assembly, and to identify other unique biological
features that are specific to Oxytricha.

Following Eddy (2005), we propose to re-sequence five additional genomes in the Oxy#richa species complex to
provide enough data for phylogenetic shadowing. All of the proposed genomes in this set are roughly 5%



divergent at the DNA sequence level from Oxytricha trifallax and should be easily aligned to the O. #rifallax
assembly, therefore; they are appropriate for "resequencing” projects, relying primarily on 454 pyrosquencing or
other current technology. Compared to conventional sequencing, a 454 approach currently reduces the cost per
base ~9-fold, making it a cost-effective method to gather data for phylogenetic-shadowing. To our benefit, the
compression of cis-regulatory elements onto nanochromosomes may dramatically reduce false positive levels
relative to those for genomes with larger conventional chromosomes. We hope that this will lead to the
requirement of fewer genomes for phylogenetic shadowing. In addition, the partitioning of the macronuclear
genome into nanochromosomes may facilitate data aggregation strategies, resulting in a higher effective sequence
element length. Therefore, these five genomes should not only provide statistical power to help us analyze large
conserved sequences (>50 nt, like exons) similar to the comparison to S#ylonychia, but we also hope they will
provide a glimpse at shorter conserved sites (~10bp, like transcription-factor binding sites) because of the
reduced space for regulatory sequences.

The #rifallax species complex was originally identified in a search for O. fallax-like representatives (Bob
Hammersmith, Ball State University). The large collection of cell lines that we call Oxytricha trifallax (most also fall
in the recently renamed group Sterkiella bistriomuscoruns; Foissner and Berger, 1999) were isolated from over 500
individual strains from different limonitic sites in Indiana, during fall-winter 1985-6. ~60 clones obtained were
morphologically indistinguishable from O. fallax. By pairwise crosses these were divided into a small number of
mating complexes. Following Sonneborn’s example of Paramecium anrelia syngens, these mating complexes were
provisionally given species names O. bifallax, trifallax, etc. These isolates were further characterized at the
molecular level via dot blots against O. fallax (Hammersmith and Herrick, unpublished). More recently, a subset
of these were characterized by full-length small- and large-subunit tDNA sequencing (Doak et al., in preparation).
Phylogenetic analysis of both datasets indicates that O. fa/lax and #rifallax are closely related species, and that there
is a fair degree of variation among O. #rifallax isolates (see Figure 7).

Allelic divergence within O. #rifallax is at the appropriate distance for phylogenetic shadowing. Seegmiller et al.
(1996) specifically looked at the divergence between alleles within and between O. fa/lax and trifallax in coding,
non-coding, and MIC limited sequences, for a specific locus. They estimated intraspecies (i.e. interallelic)
divergence, D, to be <0.1 at synomomous sites and non-coding divergence, D, to be <0.2 at non-coding sites,
while interspecies divergences were ~0.2 and ~0.4 respectively. These intraspecies divergences are an order of
magnitude greater than those estimated for Ciona intestinalis, and two orders of magnitude greater than estimates
tor Homo sapiens (Dehal et al. 2002; Boffelli et al. 2004). The divergence between alleles within trifallax species
therefore suggests that they are suitable for phylogenetic shadowing,.

While we have #éfallax isolates from more than a dozen geographical locations, JRB510 (isolated from the
same location as JRB310, the strain being used for the current genome sequence) does not share alleles with
JRB310 at the few loci examined, and RNA from JRB310 x JRB510 crosses have been used for all Oxy#richa EST
and cDNA sequences (as well as all matings used in the literature), such that the addition of the JRB510 genomic
sequence will provide cognate genomic sequence for all mRNA/EST sequences available. Therefore we suggest
that JRB510 is certainly our first choice of O. #réfallax strain to use for resequencing. In addition, we would like to
sequence at least 2-5 more O. #rifallax strains, taken from widely separate locations, with precise strain selections
determined by pilot sequencing to confirm allelic distances.

We also include O. fallax, a sister species to O. frafallax, in the dataset for shadowing. O. fallax is by far the
closest species to O. #rifallax, and historically O. #rifallax was even isolated in an effort to reisolate O. fallax. All
other species named Oxytricha are very divergent—clearly the Oxy#richa genus is polyphyletic, which is generally
recognized. The divergence between O. fallax and trifallax (3-15%, see Seegmiller et al. 1996 and Table 2) is
optimal for phylogenetic shadowing. (The divergence between O. fallax and #rifallax was estimated to be about 0.2
in Seegmiller et al., and about 0.05 in our estimate. This may simply reflect that their locus is more divergent than
those we present in Table 2.) We request pilot sequencing to confirm whether O. bifallax is at the appropriate
distance for phylogenetic shadowing, and we would be open to replacing this species with another taxon, even O.
nova, if a greater neutral distance is sought, since O. nova is a current laboratory model for telomere biology.



4. Proposed macronuclear sequence of E#plotes.

Since researchers collaborating at Princeton and at the GSC at Wash U have developed successful approaches
for sequencing ciliate macronuclear genomes with nanochromosomes typically less than 10 kb (usually just one
gene on an approximately 2 kb chromosome), the opportunity is ripe to extend all of the molecular approaches
and bioinformatic methods that we have developed for Oxytricha (including an Oxytricha-specific gene finder from
Sean Eddy's 1ab) to a small group of other ciliates with similar genome atchitecture but different biological
features that make them attractive to study. Together, Wash U, Princeton, and the Eddy lab have developed a
strong arsenal of molecular and bioinformatic tools for sequencing and interpreting spirotrichous ciliate genomes.

In addition to the Oxytricha and Stylonychia species, Euplotes has also played a pivotal role in spirotrich research.
Of the various Euplotes species studied, Euplotes crassus has been the most frequently used subject. Euplotes is the
organism where telomerase was originally discovered (Lingner et al. 1997) and continues to serve as a very active
model organism for telomerase studies (e.g. Fouche et al. 20006). Furthermore, in conjunction with other ciliates,
Euplotes has led to characterization of the reverse transcriptase activity of this enyzme (Lingner and Cech 1996;
Linger et al 1997), and the proposal of universal telomerase activity in all eukaryotes (Bryan et al. 1998). In
addition to the use of alternative codes within the euplotids (see below), as many as 10% of its genes contain
programmed frameshifts. The excision of both short and transposon IESs is well studied, but like Paramecinm and
Tetrahymena there is no indication of micronuclear genome scrambling to date.

While Tetrabymena, Paramecinm, Oxytricha, and Stylonychia share the same UAR=GIn stop codon assignment in
their genetic code, Euplotes has evolved one or more orthogonally distinct variants of the code, reassigning the
stop codon UGA to an amino acid instead (and there are hints that E. focardii may also reassign UAG; Miceli et al.
1994). This in itself makes a Euplotes genome attractive to sequence, since no organism with this genetic code has
been sequenced yet, and there is a tremendous interest in understanding the rewiring mechanisms that lead to
genetic code change and the resulting impact it has upon the entire genomic landscape. Perhaps reflecting its
possible status as an evolutionary intermediate state in genetic code change, Euplotes crassus displays frequent use
of alternate translational decoding, including translational frameshifting. Its abundant reassignment of UGA from
stop to glutamine represents only one of numerous independent lineages containing stop codon reassignments in
ciliates; therefore the comparative genomics of Euplotes and its relatives (that use UGA as stop but use UAR as
glutamine) provide an excellent model system to understand the evolutionary transitions between genetic codes.
Secondly, ~10% of Euplotes genes require a +1 translational frameshift to produce the correct protein product
(Klobutcher 2005). While programmed translational frameshifting is observed in a wide range of organisms, its
abundance in Euplotes is unprecedented. Availability of the genome will help determine whether a specialized
mechanism evolved to facilitate frameshifting in Euplotes or whether other aspects of Euplotes genetics have
somehow fostered a tolerance for—or relaxed negative selection against—genes that require frameshifts for their
expression.

A high quality draft of a Euplotes genome will uniquely allow inference of the global patterns of codon
reassignment and +1 translational frameshifting in this genome, as well as whether particular sequence contexts
are necessary for either or both of these processes. More generally, knowledge of the gene products encoded in
the genome will aid in developing testable models, and, as in other model systems, availability of the sequences of
relevant genes will permit experiments to test models. Developing Euplotes as a model system to study
programmed ribosomal frameshifting, which is also found in other Eukaryotes (Namy et al. 2004; Baranov et al.
2002), and especially their retroviruses (Brietley 1995; Dos Ramos et al. 2004), will be an important impact of the
genome sequence. Euplotes has also been developed as a genetic system, including artificial MAC chromosomes
(Bender et al 1999; Erbeznik et al. 1999) and RN Ai (Mé6llenbeck et al. 2003).

In the context of comparative genomics, the distance between E. crassus and O. frifallax is similar to that
between Paramecium and Tetrahymena. Hilary Morrison and Mitch Sogin at the Marine Biological Laboratory have
sequenced 6000 EST's (~1800 clusters) from vegetative mRNA provided by Larry Klobutcher. Our preliminary
analysis of these E. ¢rassus EST data shows that in most coding regions E. crassus and O. trifallax are unalignable at
the DNA sequence level (see Figure 8, A.). Only 16% of the E. crassus EST sequences have blastn hits with E-
value<le-3 in the O. #rifallax macronuclear genomic DNA assembly. The alignable regions are usually small and



highly divergent (as seen in Figure 8, A. where identity level=[matched bp/EST length]). Howevet, mote E.
crassus sequences (~60%) find blast hits (E-value<le-3) in the O. #ifallax genome at the protein sequence level,
with identity level around 45% (as seen in Figure 8, B.). This identity level may be an overestimate due to the lack
of knowledge of full protein lengths in either species. Although the average divergence level of Euplotes is beyond
the regular range for phylogenetic footprinting, its genome is possibly even more fragmented than either Oxytricha
ot Stylonychia, resulting in smaller average nanochromosome size, and more extensive delimitation of functional
units on the nanochromosomes. These features makes it possible to use comparisons among Euplotes, Stylonychia
and Oxytricha to detect highly conserved functional elements in spirotrichs (see Figure 6 (tDNA footprinting)).

In addition, since Euplotes is a deeply rooted spirotrich, the sequencing of a Euplotes species would provide a
broader species coverage in ciliates to help “bridge” the two best-studied ciliate groups, Oligohymenophorea
(Paramecinm and Tetrabymena) and Spirotrichea (Euplotes, Stylonychia and Oxytricha), the only two classes with well
developed genetic and molecular tools. The inclusion of Euplotes in ortholog group analysis will help reach a much
higher resolution within the ciliate/alveolate clade, revealing important events that might have previously been
undetected in the ancestral lineages among these alveolates, and this will assist identification of orthologs in
Plasmodinm.
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Figure and Table Legends

Fig. 1. Estimated distributions of MAC chromosome sizes for O. #rifallax, S. lemnae, E. crassus, and E. aediculatus.
Chromosome sizes were estimated from densitometry of EtBr post-stained whole cell DNA gel electrophoresis
lanes. Background fluorescence was subtracted before normalizing raw image pixel intensities by the total sample
DNA concentration, and chromosome length. The left graph indicates intensity following normalization for total
sample DNA concentration; the right graph is fully normalized. Estimates of chromosome length were calculated
for the region corresponding to 160 to 750 pixels from the wells, to exclude the MIC fraction and possible
degradation products. 95% confidence interval levels (indicated by *) were estimated via a boostrapping
approach. The median chromosome length for O. trifallax is in good agreement with estimates derived from full-
length chromosomes from the current O. #ifallax coverage. The range for E. aediculatus may be slightly
underestimated, because of a different method of purification.

Fig. 2. Concatenated protein tree for selected ciliates and reference species. Modified from Baldauf et al. (2000).
Fig. 3. Preliminary ortholog group identification among Paramecium, Tetrahymena and Oxytricha.
Fig. 4. Protein alignment and maximum likelihood tree for vacuolar ATP synthase orthologs.

Fig. 5. Distance comparisons between . lemnae and O. trifallax. We collected 80 . lemnae protein sequences and
115 cDNA sequences that are non-redundant from the NCBI database. Approximately 64% of the S. lemmnae
cDNA sequences have blastn hits with E-value<le-3 in the O. #7fallax macronuclear genome assembly. The
alignable regions usually extend to most of the sequence lengths and the average identity level peaks at 70% (as
seen in A, where identity level=[matched bp/cDNA length]). Almost all of the S. /ewnae protein sequences
(~95%) can find blast hits (E-value<le-3) in the O. #ifallax genome. The proteins in these two species are highly
similar (identity level peaks at ~90%, as seen in B). The average divergence level between . lemnae and O. trifallax
is somewhat comparable to that between mouse and human or C. elegans/ C. briggsae, making S. lenmae a good
choice for phylogenetic footprinting,.

Fig. 6. Identification of a 10-bp modf in spirotrich tDNA 5'-flanking sequence using footprinting
Fig. 7. Small-subunit rtRNA PAUP Neighbor-joining tree for O. #rifallax isolates. Bootstrap % shown.

Fig. 8. Distance comparisons between E. crassus and O. trifallax. Our preliminary analysis of 1820 E. ¢rassus EST
sequence clusters shows that for most coding regions the two species are mostly unalignable at the DNA
sequence level. Only 16% of the E. ¢rassus EST sequences have blastn hits with E-value<le-3 in the O. #ifallax
macronuclear genome assembly. The alignable regions are usually small and highly divergent (as seen in A, where
identity level=[matched bp/EST length]). However, more E. crassus sequences (~60%) have blast hits (E-
value<le-3) in the O. #rifallax genome at the protein sequence level, with identity levels near 45% (as seen in B).
This identity level may be overestimated due to the lack of knowledge of full protein lengths in either species.

Table 2. Neutral divergence data (mean * standard deviation) for pairwise alignments of orthologous coding and
noncoding regions. For protein coding genes, the divergences were calculated from comparable 4-wobble codon
positions of HSP70; eukaryotic release factor 1 (eRF1); alpha telomere binding protein (alpha-TBP);
phosphoglycerate kinase (PGK); and ribosomal protein S21. The noncoding region included is the 5-flanking
sequence upstream of the ribosomal DNA transcription starting site ({DNA 5’-TSS). All divergence data were
calculated relative to O. #rifallax 310, and are corrected using the Kimura two-parameter model. Any of the
alignments with a divergence level >75% should be treated with caution due to complete saturation.

[footnote 1: There are at least two cases where the neutral divergence rates for synonymous sites have been found to be
substantially higher than those obtained for noncoding sites (Subramanian and Kumar 2003; Neafsery, Hartl, and Berriman
2005). If the situation is similar for the organisms we propose to sequence, then the estimates based on calculations from the
coding sequence regions used may be too high.]
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Figure 3
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Figure 5

A. S. lemnae cDNA vs. O. trifallax assembly
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Figure 6
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Figure 7
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Figure 8
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Table 2

HSP70 eRF 1 alpha-TBP PGK S21 rDNA (5'-TSS)
Oxytricha fallax - - - - [ 0.036 + 0.026 0.052 + 0.006
Stylonychia lemnae 0.40 + 0.05 0.61 £ 0.10 0.88 £ 0.15 - 0.16 £+ 0.06 0.75 £ 0.04
Stylonychia mytilus - 0.67 £ 0.23 0.66 + 0.10 - 0.16 = 0.06 0.75 + 0.04
Oxytricha nova 0.71 £ 0.08 - 0.88 + 0.15 0.91 £ 0.17 | 0.056 £+ 0.032 -
Paraurostyla weissei - 0.86 £ 0.16 0.77 £ 0.12 - - -
Paramecium tetraurelia 0.66 + 0.09 - - 0.83 +£ 0.18 - -
Tetrahymena thermophila 1.22 £ 0.26 - - 1.12 £ 0.28 - -
Euplotes crassus 0.75 £ 0.10 - 1.27 £ 0.51 1.22 £ 0.30 - 0.82 £ 0.05
Euplotes octocarinatus - 0.93 £ 0.22 - - - -
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