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Summary

This paper proposes the sequencing of 8 additional fruitfly and 7 nematode species
sd ected specifically for their potential to el
annotation of DNA elements in the genome®uadsophila melanogastaandCaenorhabditis
elegans While the modENCODE Project is pursuing that goal primarily by syaie, large
scale experimental analyses, those experiments are already being guided and enhanced by
available comparative genomics data. It is our thesis that additional sequencing will greatly
improve our ability to identify functional elements in themelanogasteandC. elegans
genomes especially in conjunction with experimental data being generated by modENCODE.
These species were chosen ftheabsenkcdofsBqudngeldaiag e n et
at critical evolutionary distances identdi®y recent theoretical and empirical studies ideal
for functional annotation. We present evidence for the need for additional species, the rationale
for our particular choice of evolutionary distances and species and an analysis of the likely
benefitof these sequences to mModENCODE.

Background and Justification

Every type of DNA element leaves a record of its existence in the history of natural
selection that can be recovered from the genomes of closely related species. These evolutionary
fingerprints have been exploited to annotate genomes in many contexts, including recent work in
both of the modENCODE target species. Both the benefits of comparative annotation and the
need for additional species are exemplified by analyses of the now 1-2dgllgnced
Drosophilagenomeg1, 2].

One of the principal motivations for the sequencing projects that led to the4@phila
genomes was tdevelop general methodologies to discover and refine functional elenants fr
comparative data that would be applicable to humans, and to empirically investigate how
discovery power scaled with evolutionary distance for different classes of functional elements.
TheDrosophilal2 Genomes Consortium used the new sequences andtthete@volutionary
signatures of different functional elements to confirm, refine and augment annotated collections
of proteincoding exons and transcripts, RNA genes and structures, miRNAsnoreost
transcriptional regulatory motifs and regulattaygets. Many of the new annotations have been
validated by cDNA sequencing, human curation, small RNA sequencing, and other methods.

Specifically, the analysis identified thousands of novel functional elemebts in
melanogasterincluding: (a) 1,193 newroteincoding exons, of which 948 were assessed by
manual curation and directed cDNA sequencing, validating 83% of those and leading to the
creation of many new genes; (b) 394 new RNA structures, with candidate roles in post



transcriptional and translatal control; (c) 41 novel microRNAs, of which 24 were validated
experimentally; (d) 145 regul atory moti fs
intergenic regions, most of which show tissyecific expression and strong functional
enrichments;(e) 46,525 binding sites for transcription factors and microRNAs, whose high
confidence was validated by correlation with ChIP binding and experimentally confirmed
microRNA targets.

In addition, the analysis revealed many new insights on the biologeguathtion of
animal genomes, including: (a) 149 genes with apparentcsibgn readthrough, 123 novel
polycistronic transcripts, and several candidate programmed frameshifts with potential roles in
regulation, localization and function of the correspogdgirotein products; (b) evidence of post
transcriptional regulation of many regulators, suggesting abundant feedback loops, and many
new RNA structures involved in-fo-I RNA editing; (c) evidence that some miRNA loci yield
multiple functional productsyédm both hairpin arms or from both DNA strands, increasing the
versatility and complexity of miRNAnediated regulation, and with important implications for
Hox regulation; (d) evidence of redundancy betweertnarescriptional and postanscriptional
reguation, with particularly heavy targeting of transcription factors, by both miRNAs and
transcription factor motifs.

From these analyses, it is clear that comparing genome data at different evolutionary
distances has provided a significant amount of foneti information for the reference species.
It worth noting that the distances frdin melangasteof the 11 other genomes is from about 0.1
to over >2 subs/d¢]. TheCaenorhabditigenomes currently being completed will result in 5
Caenorhabditispecies that will span a similar evolutionary distgd¢eDespite this
tremendous success, it is clear that we have not yet fully exploited the power of comparative
genomics to aid in the annotation®f melanogster or C. elegansStark et al[2] investigated
the likely benefit of additional sequencing by analyzing the gisgopower of subsets of
available data. As expected from earlier theoretical stydjesecovery consistently increased
with the total evolutionary distance spanned by the comparison:spelkties comparisons
outperformed pairwise comparisons at the same total evolutionary distance; and the total
evolutionary dstance needed to identify specific classes of functional elements scaled inversely
with the size of the element. Long proteins coding exons (greater than 300 nucleotides) were
recovered at high rates with even small numbers of closely related speciestisggtpat there
is little room for improvement in their identification. In contrast, the recovery of most other
classes of functional elements has not yet saturated even when all available species are included.
Several types of very small elementsuchas specific instances of transcription factor binding
sitesi were not as weliecovered as longer elements even when all available sequences were
included, and their reliable discovery would particularly benefit from the additional species.
While thesestudies have been done most extensivelpfasophilg similar patterns have been
seen within the currently available genomes surroun@irglegangP. Sternberg, unpublished).

These analyses demonstrate that additional sequence data will contribete to t
annotation of functional elements using multiple closely related species. Particularly in the
context of mModENCODE, these types of analyses can help shed light on every aspect of the
biology of D. melanogasteandC. elegansand provide a powerful corfgment to the various
modENCODE projects, including for the identification of novel genes and transcripts, the
discovery and characterization of small regulatory RNAs, the annotation of large and small
chromatin domains of developmental importance, andé¢hemewide binding of sequenee
specific transcription factors. In each case, evaluating the level of conservation of each candidate



region, and the particular intensity and type of selection it is under, will be invaluable in
recognizing functionally imprtant sequence elements associated with each type of element,
increasing the resolution with which we can identify the DNA sequence elements responsible for
each biochemical event, and distinguishing important functional elements under selection from
biochemicallyactive but selectivelypeutral region$7].

But which species will provide the most useful data? Because recovery power scales with
evolutionary distance, the naive answer is simply to choose speciagiatahevolutionary
distance. However, two factors argue against selecting species that are too distant from the
targeted species: Alignment error Comparative methodsespecially the evolutionary
signaturebased methods shown by Stark et al. to beffeativei depend upon accurate
alignments. However, alignment accuracy, and ultimately the ability to make alignments at all,
decays with evolutionary distance, and Pollard et al. have demonstrated that there is a critical
evolutionary distance beyond gh alignment error precludes the effective use of comparative
methods to recover functional elemej8k 2) Functional divergenceComparative annotation
requires thathe targeted element be present in the species being compared, and the probability
that a functional element is present and has retained its function decays with evolutionary
distance.

Several factors argue that the best strategy is to obtain data fesgeaof evolutionary
distances with respect to the reference species. First, scaling analyses dbtbsophila
genomes data and of mammals suggest that the optimal distance for comparative identification of
exons is approximately 0.5 subs/ss. Secemdylations suggest that the accuracy of alignments
of noncoding DNA, and the ability to recover transcription factor binding sites and other short
functional elements, decays after a distance of8].0rhird, empirical studies show that optimal
pairwise distance for proteiooding gene identification is in the range of 0.5 to 1.0 sup4/ss
Fourth, preliminary results from a nGASP competition (to annotate gene mo@elsleggany
show that algorithms that combine transcriptional data and comparative genomic data from the
currently availabl€Caenorhabditispecies significantly outperform in sensitivity and specificity
algorithms that only use one or the other types of data (going from a maximum
sensitivity/specificity of 63.6/40.6 to 84.3/59.1. L. Stein, unpublish&tth, as seen in the
Drosophilacase, the additional sequences continued to provide useful comparative data and the
discovery power continued to scale with each additional species without apparent sg#jration
Finally, the bulk of the eutherian mammals are at an evolutionary distance of 0.2 to 0.5 subs/ss
from humans, and thus analyses of the proposed spe@essuphilaandCaenorhabditis
species will provide valuable experience for the comparative annotation of the human genome.

Given the above considerations, our strategy here is to span a range of distances rather
than focusing on a single distance. Boosophilaspecies, there is a paucity of data ranging
between 0.2 and 0.8 and 0r eleganghe gap is on either side of ~1 subs/ss. Spanning a range
of distance also helps alleviate a number of challenges. 1) There is a fair amount of ambiguity in
estimdes of the optimal evolutionary distances. 2) Different types of functional elements have
different optimal distances for a combination of reasons involving the size of the element and the
precise nature of purifying selection on the element. 3) Funtétements are gained at lost at
varying rates, and spanning a range of evolutionary distances maximizes the number of
functional elements from the reference species that have orthologs in at least one comparative
species

Unfortunately, for bottD. melargasterandC. elegangic o mpar ati ve sweet
remain largely uncovered by sequenced species. The species targeted by the 12 genomes project
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left a large gap around the 0.5 subs/ss distance we now believe to be optimal for many
comparative analyses. Thpecies of the melanogaster subgrddpyakubaandD. erectg are
approximately 0.2 subs/ss frdin melanogastgrwhile the next closest speci€s, ananassae

(is approximately 1.0 subs/ss frddn melanogastgr Fortunately, the remarkable diversity of
Drosophilaallows us to select additional species at the appropriate evolutionary distances from
D. melanogaster

For example, inclusion of additional speci
increased discovery power for short protekons(50-150 nucleotides). A comparison of all
melanogastesubgroup species (total neutral branch length 0.4 substitutions per site) recovered
75% of exons at 99% specificity, while inclusionfaofananassaé the comparison (increasing
the total branch lerg to 1.3) recovered 90% of exons at the same specificity (a pairwise
comparison oD. melanogastewith D. ananassaalone, at branch length 1.0, led to 85%
recovery)[4].

These results are even more pronounced for the discovery of individual motif instances
(typically 6-8 nucleotides), which we evaluated by comparing the conservation of known motifs
to that of andomly shuffled control motifs. We found that for both transcription factor and
microRNA motifs, the average sigA@-noise ratio increased from 2:1 to 3:1 for transcription
factor motifs, and from 2.5:1 to 8:1 for microRNA motifs with the inclusiondofittonal species
(from 6 to 12 specieg$®]. Moreover, as distant species may typically lose individual motif
instances due to evolutionary divergence, we expect these results to further improve with the
addition of multipl esweeetcisemotad afhicso mseerrov auttiic

For C. eleganghe challenge has been in having access to species in the evolutionary
vicinity of C. elegans Recently, four related species have been selected to add a comparative
dimension to the functional and evolutionanalysis of th&. eleganggenome. Ideally, more
than four species would have been selected. However, at that time, no other known species
within a useful genetic distance frd elegansvere available. Over the last three years, due to
a surge in céécting activity, a set of several new culturaBGlgenorhabditispecies have been
discovered (MA Felix et al., unpublished). Molecular analysis place four of these species close
to each other and ne@r elegas within the secalledElegansgroup and te remainder outside
this group (K. Kiontke et al., unpublished, see Figure 2). Notably, the two most distant of these
Elegansgroup species are as divergenDasnelanogasteandD. anannasagwell within the
range of genetic distances among the 12 esecpoDrosophilagenomes and are thus expected to
be as useful in analyzing tla2 elegangienome as has already been amply demonstrated in
Drosophila The additional four species selected outside the Elegans group will add additional
points currently mising in the phylogenetic space surroundihglegansTogether, these
species are chosen as the most valuable among all available species to help antate the
eleganggenome.

So far, our justifications for including additional genomes for comparaéigaencing
relative toC. elegan$iave derived from the additional differences that accumulated in the
evolution of additional species lineages. Additionally, a finer phylogenetic resolution increases
the accuracy of assigning orthology and paralogy @&terchining which elements have been lost
or gained. For example, many genes inGhelegangienome exist in multigene families
making orthology assignment challenging (see[@@®]). Thus, to allow accurate fational
predictions, it is important to elucidate when gene duplications occurred relative to species
divergences to identify orthologous genes/elements (thus likely to share function) and paralogous
genes/elements (thus likely to diverge in function).



Species choice for Drosophila:

We have selected 8 additional species representing the major unsequenced lineages of the
melanogaster group. These species are listedwo priority groups- in Table 1. Their
relationships to the already sequencgecesc i es and t he Aphyl ogenetic
in Fig. 1.
We also request, in Priority group 1, sequencinB.ahelanogasterstrain Oregon R a

Dist* | subgroup | Artyom Kopp (UC -Davis) Tucson Drosophila
Stock Center
Priority 1. available? | isofemale? | inbreed? | available? | isofemale?
(full -sib)
D. ficusphila 0.80 | ficusphila X X X
D. biarmipes 0.70 | suzukii X X X
D. elegans 0.72 | elegans X X
D. kikkawai 0.89 | montium X X X
D. melanogaster,| See explanation X
OregonR below
Priority 2.
D. eugracilis 0.76 | eugracilis X X X X
D. takahashii 0.65 | takahashii X
D. rhopaloa 0.66 | rhopaloa X X
D. bipectinata 0.99 | ananassae X X X X X

Table 1.
* substitutions per neutral site with respecbtomelanogastef3]. Note:D. ananassae 0.151.

standard strain that is being used by experimentalists in several modENCODE projects. Oregon
R isbeing used in those projects because it is healthier and-@asteing than the sequenced

strain. Initial transcriptional profiling indicates the two strains are very similar, but clearly
identification of elements will be enhanced by sequencing of @rBgo

Notes on the species:

1 D. ficusphila. An old, probably inbred line is available from the TDSC, and additional
isofemale lines are available. The species is Southeast Asiafgédihg, ecology not well
studied. It is Moderately easy to maintaiof sure if it will tolerate much inbreding. There is
some history of evalevo work.



Figure 1. The figure shows the ditbution of sequenced species and new requests amoSgh@phora.
Note the clusters of black dots (sequenced species) in the immediate vicDitgnefanogasteand at the
extremes of the tree. Note also how the requested species (red and ggelisdbe gaps at the most
informative distances from. melanogaster.

1

D. biarmipes.An isofemale line is available from TucscoD. biarmipess Part of a
morphologically diverse lineage, mainly South Asian; ffagding, ecology not weditudied.

It is very prolific and easy to maintain, should tolerate inbreeding. There is some some
genetic and ewdevo literature.

D. elegansA 40 yearold line is available from Tucson. It is a southeast Asian; flower
feeding in the wild, some ecolagil information is available. It is Moderately easy to
maintain, morphologically variable and has close relatives with which it can hybridize. A
genetic map exists and there is a history of some genetic ardbegavork. Additional

lines are available .

D. kikkawai. An isofemale line is available from Tucson This is one of the best studied
species in the montium subgroup. It is a widespread tropical species, originally from SE
Asia, invasive in Africa and S. America. It is prolific and easy to maintalierates fullsib
inbreeding, and is morphologically variable. There is some history of genetic adé\evo
work. Inbred lines are available.



