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ABSTRACT

The availability of completely sequenced genomes
from eight species of nematodes has provided an
opportunity to identify novel cis-regulatory elements
in the promoter regions of Caenorhabditis elegans
transcripts using comparative genomics. We deter-
mined orthologues for C. elegans transcripts in
C. briggsae, C. remanei, C. brenneri, C. japonica,
Pristionchus pacificus, Brugia malayi and
Trichinella spiralis using the WABA alignment
algorithm. We pooled the upstream region of each
transcript in C. elegans with the upstream regions of
its orthologues and identified conserved DNA
sequence elements by de novo motif discovery. In
total, we discovered 158 017 novel conserved motifs
upstream of 3847 C. elegans transcripts for which
three or more orthologues were available, and iden-
tified 82% of 44 experimentally proven regulatory
elements from ORegAnno. We annotated 26%
of the motifs as similar to known binding sequences
of transcription factors from ORegAnno, TRANSFAC
and JASPAR. This is the first catalogue of annotated
conserved upstream elements for nematodes and
can be used to find putative regulatory elements,
improve gene models, discover novel RNA genes,
and understand the evolution of transcription fac-
tors and their binding sites in phylum Nematoda.
The annotated motifs provide novel binding site
candidates for both characterized transcription fac-
tors and orthologues of characterized mammalian
transcription factors.

INTRODUCTION

The binding of transcription factors (TFs) to DNA
sequences upstream of a gene is an important element in
transcriptional control (1). The genome of the nematode

Caenorhabditis elegans is well characterized and almost all
of its genes have been identified (2), including 664 genes
predicted to encode TFs (3). However, binding sites have
been identified for less than 50 of these TFs, and transcrip-
tional regulation is understood for only a few genes.
Because regulatory elements are shared among the
upstream regions of orthologous (4,5) and coexpressed
(6,7) genes, computational methods involving DNA
sequence motif discovery among upstream regions of
putative co-regulated (orthologous or coexpressed) genes
have been used to direct laboratory experiments such as
reporter gene and gel shift assays (5,8). Recently, the pace
of genome sequence generation has increased and the
assembled sequences of eight nematode species have
become publicly available. Here, we take advantage of
this information and attempt to predict regulatory ele-
ments in upstream regions of C. elegans genes by compar-
ing these regions to orthologous regions in other
nematode genomes. We hypothesized that most regulatory
elements are conserved between many of the eight species,
and conversely, that many conserved promoter elements
have regulatory function.
To find novel regulatory elements in the C. elegans

genome using a comparative genomics approach, we
used eight sequenced nematode genomes that were avail-
able from either the WormBase (2) or Washington
University Genome Sequence Center public FTP servers
(Supplementary Table S1). These included the genome
sequences or assemblies of C. elegans (9), C. briggsae
(10), C. remanei (unpublished), C. brenneri (11),
C. japonica (unpublished), Pristionchus pacificus (12),
Brugia malayi (13) and Trichinella spiralis (14).
The first five of these species are in the same genus as

C. elegans (15) (Figure 1). C. elegans diverged from the
other species in genus Caenorhabditis between 18 and 100
million years ago (10,16). P. pacificus is similar to
Caenorhabditis species in that it is also a free-living soil
bacteriovore, and is classified in the same clade; C. elegans
and P. pacificus diverged between 280 and 430 million
years ago (12). B. malayi and T. spiralis are mammalian

*To whom correspondence should be addressed. Tel: +1 604 877 6083; Fax: +1 604 876 3561; Email: sjones@bcgsc.ca

� 2009 The Author(s)
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



parasites from different clades (17), and are therefore
much more remotely related. C. elegans and B. malayi
diverged between 350 and 540 million years ago (12),
while C. elegans and T. spiralis diverged more than 600
million years ago (14).
Of the eight nematode genomes, only C. elegans has

been extensively characterized in terms of gene location,
expression, and function. Given this, we first identified
orthologues for C. elegans protein-coding genes in the
other seven genomes using WABA (Supplementary
Figure S2) (18). Although genes have been predicted for
some of the species, and orthologues from C. elegans to
C. briggsae and C. remanei have been inferred, we chose to
use a single consistent orthologue prediction method
for all species. We included alternative transcripts for
C. elegans genes because such transcripts frequently have
different translation start sites (ATG) and transcripts with
the same ATG can have different predicted orthologues if
the coding exons vary widely.
We then assembled sets of orthologous upstream

sequence regions (Supplementary Figure S2). To do this,
we pooled the upstream region of each C. elegans tran-
script with that of its predicted orthologues, extending
each upstream region to the next protein-coding sequence,
to a maximum of 1500 base pairs (bp). We used the Gibbs
sampler MotifSampler (19) to find conserved DNA
sequence motifs in each set of upstream region sequences.
All motifs were loaded into the C. elegans cisRED data-
base (20) and are publicly available via the database web
interface at www.cisred.org. We used 44 experimentally
proven transcription factor binding sites (TFBSs) from
ORegAnno (21), found in 28 of the upstream regions, to
validate the motif discovery process. Lastly, we compared
motif sequences to TF-binding sequences from
TRANSFAC (22), JASPAR (23) and ORegAnno, and
annotated a motif as similar to a binding sequence if the
comparison was statistically significant.

METHODS

Orthologue identification

Genome sequences were obtained from the WormBase
and Washington University FTP servers (Supplementary

Table S1). WS170 was used because the cisRED web inter-
face makes extensive use of the UCSC Genome Browser
and that was the version of the C. elegans genome at
UCSC as of May 2008. WABA (18) was used to find
one or more orthologous sequences in each of the other
genomes for each of the 23 212 chromosomal protein-
coding transcripts in WormPep. Only single alignments
from WABA that aligned beginning at the ATG of the
C. elegans sequence (i.e. ‘high-quality orthologues’) were
retained.

Orthologous upstream sequence regions

The upstream region of each C. elegans WormPep tran-
script was combined with the upstream regions of its
orthologues in the other nematode genomes to form an
orthologous upstream sequence region set. Only tran-
scripts that had at least three out of a possible seven
high-quality orthologues were used. Of the 192 curated
C. elegans TFBSs in ORegAnno, 83% were within
1500 bp of the ATG. The remaining TFBSs were sparsely
distributed up to 9-kbp upstream and up to 9-kbp down-
stream of the ATG; the region further upstream than
1500 bp was not enriched for TFBSs. Half of C. elegans
transcripts had another gene within 1500 bp of the ATG.
The upstream sequence used was defined as 1500 bp
upstream of the ATG (including the 50 UTR, if present)
or up to the end of the nearest protein-coding transcript,
WABA match or end of contig. The 1500 bp excluded
masked repeats and undefined sequence (Ns), and was
limited to a maximum total length of 3000 bp. A minimum
of 100 bp was required for C. elegans to avoid transcripts
whose upstream region was too short to analyse efficiently.
We excluded 59C. elegans transcripts for this reason; of
these the closest upstream transcript was on the same
strand for 28 and on the opposite strand for 31.

Motif discovery

We applied the motif discovery algorithms MEME (24),
CONSENSUS (25) and MotifSampler (19) to the
upstream sets and compared their relative performance
in detecting a set of experimentally discovered TFBSs
obtained from ORegAnno. Of the three methods, only
MotifSampler could detect the positive controls with
greater than 25% sensitivity and combining the results
of two or more methods did not improve the sensitivity.
Consequently, we used only MotifSampler to detect
motifs in the orthologous upstream sets. For each ortho-
logous upstream sequence region set, a background
sequence set was generated that contained randomly
selected upstream sequences from each species in the
same proportions as the foreground sequences. A third-
order Markov background model was then generated
from each background sequence set.

MotifSampler was run using the following parameters:
-p 0.3 -s 1 -n 25 -r 30. The ‘r’ parameter specifies 30 itera-
tions on each sequence set; we used the score assigned to
each motif by MotifSampler to retain the top 30% of
motifs from each sequence set. Motif discovery was per-
formed using target widths of 6, 8, 10, 12 and 14 bp
because 86% of C. elegans TFBSs in ORegAnno are in

Figure 1. Phylogenetic tree of species. C. briggsae, C. remanei
and C. brenneri are all more closely related to each other than they are
to C. elegans, while C. japonica is an outgroup within genus
Caenorhabditis. Pristionchus pacificus, like C. elegans, is a hermaphroditic
bacteriovore and belongs to the same clade of nematodes asC. elegans, but
Brugia malayi andTrichinella spiralis are mammalian parasites from other
clades in phylum Nematoda. Evolutionary distances are not to scale.
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this width range. Motifs that overlapped consistently on
all sequences on which they were found were merged into
one motif. Motifs for which MotifSampler returned mul-
tiple instances on the C. elegans sequence were separated
and matched with the most conserved instance of that
motif on each orthologous sequence. Motifs that occurred
on the orthologous sequences but not on the C. elegans
sequence were discarded. Each motif in the cisRED data-
base is an aligned collection of sequences containing one
sequence from the C. elegans upstream region and not
more than one sequence from each orthologous upstream
region.

Validation

Experimentally proven TFBSs from ORegAnno (21) were
used as positive controls for motif discovery. ORegAnno
contains 192 TFBSs for C. elegans, of which 44 were
found in 28 of the upstream regions of this analysis. An
experimentally proven TFBS from ORegAnno was con-
sidered to be discovered when the predicted motif over-
lapped at least 50% of the site. The average information
content (IC) of each motif was calculated as described by
Hertz and Stormo (25).

Annotation to show similarity to known TFBSs

Binding sequences for characterized TFs were obtained
from TRANSFAC (version 9.2) (22), JASPAR (version
4) (23) and ORegAnno. Each TF in these databases was
associated with a set of between 1 and 179 sequences that
had been experimentally shown to bind that TF.

The C. elegans sequence of each motif was compared
with each database TF and scored as follows. The score
between the C. elegans sequence and a single binding
sequence was the number of mismatches between the
two sequences divided by the width of the binding
sequence. We required a minimum overlap of 5 bp
between the motif and the binding sequence; flanking
genomic sequence was included as needed. We retained
the minimum score with respect to relative strand orien-
tation and position of the two sequences, and the mini-
mum such score over all of the TF’s binding sequences.

We assigned a P-value to the retained score for each
motif-TF pair based on the background score distribution
of that TF, which we generated by scoring 1000 randomly
chosen C. elegans upstream sequences that were not
covered by motifs. Motifs were annotated as similar to
a binding site if the P-value of the motif-TF score was
below a threshold as follows: ORegAnno binding sites:
P-value threshold=0.00015; TRANSFAC-binding
sites: P-value threshold=0.00001 and JASPAR-binding
sites: P-value threshold=0.0001.

RESULTS

Orthologue identification

For each of the 23 212C. elegans chromosomal protein-
coding transcripts, we used the WABA algorithm (18) to
identify putative orthologues in the other seven genomes.
WABA is similar to BLAST and was originally designed

for use in nematodes (10,26). We found WABA to be par-
ticularly useful for our purposes because it finds putative
orthologues for protein-coding DNA sequences from an
annotated genome to a newly assembled, unannotated
genome without intermediate gene prediction and transla-
tion steps.
WABA and InParanoid results were concordant. In

order to determine whether WABA results were reliable
compared to protein-level orthologue determination, we
compared its output to the InParanoid database (27).
We found that InParanoid identified 12 197 one-to-one
orthologues between C. elegans and C. briggsae genes,
while WABA identified single orthologues for 12 326
C. elegans transcripts (Figure 2). Of these 12 326,
InParanoid also had identified single orthologues for
11 231 (91% of 12 326 and 92% of 12 197). Of the
11 231C. elegans transcripts with both a single WABA
orthologue and a single InParanoid orthologue, the
WABA orthologue overlapped the InParanoid orthologue
for 11 104 (98.9%), and the start site of the WABA ortho-
logue was within 750 bp of that of the InParanoid ortho-
logue for 9645 (86%).
C. brenneri had two matches for many C. elegans tran-

scripts. All four species from genus Caenorhabditis had at
least one match for 14 000–18 000 of the C. elegans tran-
scripts (Figure 2). C. briggsae and C. remanei both had
single matches for about 12 000C. elegans transcripts and
two matches for approximately 3000 additional tran-
scripts. However, for C. brenneri, a disproportionately
small number of C. elegans WormPep sequences had one
match and a large number had two matches. The result
was that far fewer C. elegans transcripts had suitable
orthologues in C. brenneri (<4500) than in the other two
Caenorhabditis species (>6000), even though all three spe-
cies are the same evolutionary distance from C. elegans.
As expected, the three more distant nematode species

Figure 2. Number of WABA matches for 23 212 chromosomal
C. elegans WormPep transcripts. The number of C. elegans transcripts
with exactly one match starting from the ATG (‘high-quality ortholo-
gues’) is shown at the bottom, in dark blue. The number of remaining
C. elegans transcripts with exactly one match is shown in light blue.
The number of C. elegans transcripts with two matches in the compar-
ison genome is shown in yellow, and the number of C. elegans trans-
cripts with three or more matches is shown in green.
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(P. pacificus, B. malayi and T. spiralis) had far fewer
WABA-predicted orthologues than the more closely
related nematodes.
Because the analysis described in this paper involved

regions directly upstream of ATGs, it was important to
accurately identify the N-terminal of each orthologue.
Therefore, only high-quality orthologues, i.e. single
WABA matches that started at the ATG of the C. elegans
transcript, were used for the next step of the analysis.

Orthologous upstream sequence regions

Orthologous upstream sequence region sets were formed
by pooling the upstream region of each C. elegans tran-
script with that of its orthologues from the other genomes.
Only transcripts with at least three out of a possible seven
high-quality orthologues were retained. The resulting
collection contained upstream sets for 3847 C. elegans
transcripts, but was somewhat redundant due to both
transcripts from the same gene that shared the same
ATG and transcripts on bidirectional promoters that
shared the same upstream region; 3544 different transcript
upstream regions and 3458 genes were represented. Taking
orthologous sequences into account, the collection con-
tained 3551 unique upstream sets. WABA identified a
unique region of each unannotated genome as an ortho-
logue 96% of the time. Only 141 transcripts had ortholo-
gues that overlapped those of another transcript. These
may be a result of a gene duplication event that occurred
in C. elegans after it diverged from the other species.
Bidirectional promoters were highly conserved among

nematodes. We identified 132C. elegans bidirectional pro-
moters shorter than 1500 bp, of which 25 (19%) were

perfectly conserved among all species for which ortholo-
gues were found and another 89 (67%) were conserved
among orthologues from other species in genus
Caenorhabditis. Only 10 (8%) bidirectional promoters
were not conserved in any of the species. We also noted
that 5 (4%) of the transcript pairs on bidirectional pro-
moters had similar or identical protein-coding sequences
and as a result had the same orthologues.

Most transcripts only had orthologues in other species
of genus Caenorhabditis; only 14% had orthologues in
P. pacificus, B. malayi or T. spiralis. There were 1027
(27%) C. elegans transcripts with orthologues in all four
of the other Caenorhabditis species, and another 2298
(60%) transcripts had orthologues in three out of four
of these species (Figure 3). Only 202 (5%) transcripts
had orthologues in P. pacificus as well as in some
Caenorhabditis species, 188 (5%) transcripts had ortholo-
gues from at least one of the two parasitic nematodes but
not P. pacificus, and 116 (3%) transcripts had orthologues
from both P. pacificus and a parasitic nematode. Only
three transcripts had orthologues from P. pacificus and
both parasitic nematodes but not from any species in
Caenorhabditis. Finally, 13 transcripts had orthologues
in all seven nematode species: rpl-2 (B0250.1), cyn-10
(B0252.4b), rps-13 (C16A3.9), phi-18 (C37C3.2 transcripts
b&c), D1054.14, rps-9 (F40F8.10), rpn-6 (F57B9.10b),
T10C6.5, cdc-37 (W08F4.8a), W09G12.5 (now known as
F38A1.8), rab-30 (Y45F3A.2) and aps-3 (Y48G8AL.14).

Chromosomes III and X were overrepresented
among the transcripts in the set, while Chromosomes IV
and V were underrepresented (Pearson w2P-value <10–15).
In contrast, the proportion of transcripts on

Figure 3. Species composition of orthologous upstream sequence region sets. The upstream regions of C. elegans transcripts were pooled with the
upstream regions of their orthologues from the other seven genomes to form orthologous upstream sequence region sets. Only C. elegans transcripts
with at least three high-quality orthologues were used, resulting in a total of 3847 sets. Of these, 1027 contained sequence from all four species in
genus Caenorhabditis (dark blue), while a total of 2298 of the sets contained sequence from all but one of the four Caenorhabditis species (various
shades of light blue). Only 522 of the sets contained sequence from Pristionchus pacificus, Brugia malayi, or Trichinella spiralis; 13 sets contained
sequence from all seven species (purple).
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Chromosomes I and II was not significantly different
(Supplementary Figure S3).

Motif discovery

A multi-species high-order Markov background model
improved MotifSampler’s specificity. MotifSampler can
use a high-order Markov background model to reduce
the probability that it will return unmasked repeats
and other low-complexity sequences as a motif (28). This
was important for nematode genomes because they are
57–70% AT and contain much low-complexity sequence.

Extensive testing was done to determine settings for
MotifSampler parameters that maximized the sensitivity
while minimizing the total number of motifs. We found
that the sensitivity was >80% when we retained motifs
with MotifSampler scores above the 70th percentile but
decreased rapidly for score thresholds above the 80th per-
centile. The coverage (proportion of bases covered by at
least one motif) decreased linearly as we increased the
motif score threshold from the 50th to the 90th percentile.
Therefore, we retained only the top 30% of motifs found
by MotifSampler.

A substantial number of motifs were very wide. Of the
total of 158 017 motifs found, 14 bp motifs were the most
common of the five widths (Supplementary Figure S4).
After overlapping motifs were merged, the distribution
of motif widths developed a long tail: many of the
motifs were much wider than 14 bp, nearly 4000 motifs
were �30 bp wide, and the widest motif was 212 bp.

Most motifs were found in all sequences of the ortho-
logous upstream sequence region set. The majority of the
upstream sequence region sets consisted of C. elegans and
three or four sequences from other Caenorhabditis species
(Figure 3). The motif discovery algorithm found 84% of
motifs in all species of the sequence set, with the result that
most motifs had a species depth (i.e. the number of species
in which the motif was found) of four or five, including
C. elegans. Four percent of motifs had a depth less than
four, 59% of motifs had a depth of four, 33% had a depth
of five and 4% had a depth greater than five. All but 20 of
the motifs had a depth of at least three. Motifs that were
not found in all sequences came from upstream sequence
sets in which one or more of the sequences were very dif-
ferent from the others. For example, the motifs were not
found on a sequence from one of the more distant species
or on a sequence that was highly repetitive.

The conserved proportion of upstream regions varied
widely. Of all unmasked bases of C. elegans upstream
regions, 45% were covered by at least one motif. The
interquartile range of coverage of upstream regions was
36–58%, while a few upstream regions were nearly com-
pletely covered with motifs and other upstream regions
were only 8% covered. There was a weak negative corre-
lation (r=�0.43) between coverage and upstream length:
shorter upstream sequences tended to have higher cover-
age (i.e. be more highly conserved). The spatial distribu-
tion of motifs across the upstream regions was uniform.
No significant difference was seen between the distribution
of motifs with respect to the ATG and the distribution of

motifs with respect to the opposite end of the sequence
(KS test, P> 0.2).

Validation

Discovered motifs were compared to experimentally
proven TFBSs from the literature to gauge the success
of the motif discovery process. For the 44 experimentally
proven sites in the upstream regions under examination,
36 (82%) overlapped with motifs by at least 50% of the
TFBS width, and 29 (66%) overlapped a motif comple-
tely. A complete list of experimentally proven sites and all
cisRED motifs that overlapped them is shown in
Supplementary Table S5. For example, the following
sites were found: the PHA-4 site near tph-1 (ZK1290.2b)
(29) (Figure 4A), a DAF-12 site near lit-1 (W06F12.1c)
(30) (Figure 4B) and an ‘Early-2’ motif near K07C11.4
described by Gaudet et al. (4) (Figure 4C). Of the eight
known sites that were not found, seven were poorly con-
served and one was a low-complexity PHA-4 site.
Motif P-values and information content were uncorre-

lated with motif function. We assigned a preliminary score
to each motif using a simplified version of the scoring
function described by Robertson et al. (20) in an attempt
to evaluate its significance with respect to gene regulation.
This score measured two parameters: depth of the motif
(relative to the depth of the input set, which was from four
to eight), and the average conservation of the bases
(weighted by evolutionary distance, with more distant spe-
cies weighted more heavily). The width of the motif was
not included in the scoring function because experimen-
tally proven TFBSs are as narrow as 6 bp and as wide as
16 bp. Each motif was then assigned a P-value indicating
its rank in the distribution of scores of all 158 017 motifs.
However, we found no relationship between the P-values
and the functionality of the motifs; motifs overlapping
experimentally proven sites were as likely to have a high
P-value as a low P-value.
Motif information content [IC; a measure of the degree

of conservation (25)] ranged from 0.7 bits to a perfectly
conserved 2 bits with an interquartile range of 1.45–1.75
(Supplementary Figure S6). As was the case for the scor-
ing function, IC was not useful in discriminating motifs
that overlapped TFBSs; we observed no difference in the
distribution of average IC between motifs overlapping
experimentally proven sites and all motifs.
Functional regulatory elements were not the most highly

conserved portions of the upstream regions. For example,
we found 20 motifs in the 371 bp upstream region of xbx-1
(F02D8.3) and its orthologues in C. briggsae, C. remanei,
C. brenneri and C. japonica, resulting in a coverage of 62%
(Figure 5). This upstream region also contained an exper-
imentally proven DAF-19 site (31), which was found by
our method. However, five of the other motifs were more
strongly conserved than the DAF-19 site (indicated by
consensus sequence logos (32); average IC also shown
for each).

Annotation to reveal similarity to known TFBSs

Five percent of the motifs were similar to TFBSs pre-
viously characterized in C. elegans. Motifs for which the
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Figure 5. Example of high-coverage upstream sequence region with an experimentally proven site. The upstream regions of xbx-1 (F02D8.3) and its
orthologues in C. briggsae, C. remanei, C. brenneri and C. japonica are indicated by black lines. The ATG of each transcript or putative orthologue is
at the right edge of the figure. The logos of the top six most-conserved motifs and their IC are shown; the locations of these motifs in each upstream
sequence are indicated by coloured bars. The locations of the remaining motifs are indicated by grey bars. Motifs are sorted by IC with the most
conserved motif at the top. The experimentally proven DAF-19 site is indicated. The cisRED URL is indicated in Table 1.

Figure 4. Examples of experimentally proven sites. (A) A motif that overlaps a PHA-4 site upstream of tph-1 (ZK1290.2b). (B) A motif that overlaps
a DAF-12 site upstream of lit-1 (W06F12.1c). (C) A motif that overlaps an ‘Early-2’ site upstream of K07C11.4. Locations of experimentally proven
sites are indicated by black boxes. cisRED URLs are indicated in Table 1.
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C. elegans sequence displayed some similarity to one of
13 sets of TFBSs in C. elegans were identified and assigned
a P-value indicating the significance of the similarity.
We found that 36 of the motifs that overlapped experi-
mentally proven sites by at least 5 bp could be annotated
using this procedure. These could be separated into two
groups: 20 motifs had very significant annotation P-values
of <0.00015, and the other 16 had less significant annota-
tion P-values (P> 0.0009). Given this, the stringent
threshold of 0.00015 was used for the ORegAnno binding
sequence annotations. Four of the TFs had no annotated
motifs below this threshold; sequences that were the same
as or similar to these TFBSs appeared frequently enough
among the non-conserved parts of the upstream regions
that they could not be applied to the motifs with confi-
dence. The TFs that were not annotated successfully were:
PHA-4, DAF-12, the ‘Heat Shock Element’ described by
GuhaThakurta et al. (33), and the ‘Late-2’ element
described by Gaudet et al. (4). A total of 7650 TF-motif
combinations were annotated, representing 7449 different
motifs; several motifs were annotated as similar to more
than one TFBS. The most commonly annotated TFBS
was DAF-19: 1305 motifs were annotated as similar to a
DAF-19 site (Supplementary Table S7).

Eleven percent of the motifs were similar to TFBSs
from TRANSFAC; 15% were similar to TFBSs from
JASPAR. In order to determine whether any of the
motifs were similar to binding sequences identified in spe-
cies other than C. elegans, the same procedure was used to
annotate the motifs using binding sequences from
TRANSFAC and JASPAR. TRANSFAC contained
binding sequences for 319 different TFs, which were
mainly characterized in mammalian species. We chose a
stringent threshold (P< 10�5) and annotated 17 740
(11%) motifs as similar to 221 TRANSFAC TFBSs.
The most commonly annotated TFBS was PAX5/BSAP:
969 motifs were similar to this site (Supplementary
Table S7).

The annotation results using TFBSs from JASPAR
overlapped substantially with the TRANSFAC results
because the two databases use some of the same sources
(34). However, because the binding sequences in JASPAR
were non-redundant, we chose a higher P-value threshold
(P< 10�4) for the JASPAR annotations, and annotated
23 331 (15%) motifs as similar to binding sites of
39TFs. As with the TRANSFAC results, the most com-
monly annotated TFBS was BSAP/PAX5: 2041 motifs
were similar to this site based on JASPAR binding
sequence examples (Supplementary Table S7). In total,
40 396 (26%) motifs were annotated with at least one
TFBS from one of the three databases.

cisREDweb interface

All data and results discussed here, including orthologous
upstream sequence region sets for each transcript, motifs
found, and annotations, are available via the web interface
at www.cisred.org (20) (Supplementary Document S8).
URLs for motifs in figures are shown in Table 1.
Additionally, all WABA and MotifSampler data are avail-
able on request.

Applications

Several examples of applications of the information in the
cisRED C. elegans database to current questions in nem-
atode genomics, gene annotation, evolution, and gene reg-
ulation are illustrated below.
Some wide motifs were unannotated protein-coding

exons. There were 3918 motifs �30 bp wide. While many
of these were in coding exons belonging to other tran-
scripts of the same gene, others represented novel findings.
Some of the wide motifs resembled protein-coding exons
even though no coding exon was annotated by WormBase
in that location. For example, a 120 bp motif was found
immediately upstream of the ATG of Y73B3A.12, a
member of the Calmodulin family (Figure 6A). It had a
depth of six species, occurring in all species except
C. briggsae and P. pacificus. A BLASTX (35) search for
the C. elegans motif sequence returned many matches to
Calmodulin genes of various species, which indicated that
this region of the C. elegans genome is likely to be a coding
exon that was not annotated by WormBase.
Some highly conserved wide motifs may be noncoding

RNA genes. A 143 bp motif was found upstream of grd-7
(F46H5.6) (Figure 6B), and all but five of the bases were
perfectly conserved among four species of Caenorhabditis
(this transcript had no acceptable C. japonica orthologue).
The C. briggsae sequence included a 1 bp insertion, caus-
ing a shift in the consensus sequence logo (32) at the 125th
base of the motif. A BLAST search for this sequence
returned no matches. However, WormBase indicated
that the motif overlapped a predicted noncoding RNA
gene near the 30 UTR of unc-10 (T10A3.1b). This finding
provides support for the predicted RNA gene in that loca-
tion and its strong conservation in three other species
suggests that it is functional. It also provides a hypothet-
ical function for other very wide motifs that do not appear
to be protein-coding.
Several very highly conserved motifs occurred in all

eight nematode species. Thirteen transcripts had high-
quality orthologues in all seven non-annotated species,
and were associated with 115 motifs that occurred in all
eight species. For example, a highly conserved motif was
found in the 50 UTR of rps-13 (C16A3.9) (Figure 6C). Of
the 12 bases that make up the motif, seven bases were
perfectly conserved in all eight species.
Annotated motifs provided new information regarding

TFBS locations and evolution of TF binding and func-
tion. The motif annotation process, which used TF bind-
ing sequences for both mammalian and C. elegans TFs,
returned many novel binding site candidates. For exam-
ple, a motif similar to a DAF-19 binding site was found
near kin-2 (R07E4.6b; Figure 6D). The annotation results
can also be used to suggest novel binding site candidates
for uncharacterized TFs that are orthologues of character-
ized mammalian TFs. For example, a human ATF4-like
motif was found near Y34B4A.10 (Figure 6E). Finally, the
annotation process revealed information concerning the
conservation of TFBSs in the more distant nematode spe-
cies. For example, a DAF-19-like site near the uncharac-
terized gene C54C6.6 (Figure 6F) showed that the site was
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strongly conserved in P. pacificus and weakly conserved in
B. malayi.

DISCUSSION

The application of WABA to the seven non-C. elegans
genomes revealed information about the recently
sequenced genomes of C. brenneri and C. japonica. All
four species in genus Caenorhabditis had similar overall
numbers of matches to C. elegans WormPep sequences
(Figure 2). However, compared to C. briggsae and
C. remanei, there was a disproportionately small number
of WormPep sequences that had one match and a large
number with two matches in the C. brenneri genome. This
anomaly may be because the draft genome sequence of
C. brenneri is derived from a strain that was inbred and
yet heterozygous over 30% of its genome. As alleles are
highly differentiated in this species, the genome assembly
contains alternative forms of many genes that were
assembled independently (36). C. japonica had 16%
fewer matches to C. elegans WormPep protein-coding
sequences than the other Caenorhabditis species, and
had fewer high-quality orthologues. This may have been
due to both the greater evolutionary distance between
C. elegans and C. japonica and the poorer genome assem-
bly of C. japonica, which was released very recently and
was still in draft stages (Supplementary Table S1). High-
quality orthologues among the more distant nematode
species were even more rare; only 14% of examined

C. elegans transcripts had high-quality orthologues in
Pristionchus pacificus, Brugia malayi or Trichinella spiralis.
In addition to interference from the low quality of these
genome assemblies, the WABA algorithm may be too
stringent to find orthologues if the genomes are too dis-
tant. In order to minimize the impact of genomic anoma-
lies and maximize the likelihood of finding evolutionarily
conserved upstream motifs, we limited this investigation
to transcripts with at least three high-quality orthologues.
The resulting collection of orthologous upstream sequence
region sets was strongly conserved and included only 17%
of WormPep transcripts.

Figure 6. Examples of applications. (A) A 120 bp motif upstream of Y73B3A.12, a member of the Calmodulin family. (B) A 143-bp motif upstream
of grd-7 (F46H5.6). (C) A deeply conserved element upstream of rps-13 (C16A3.9) with a table showing motif sequences in all eight species. (D) A
DAF-19-like site upstream of kin-2 (R07E4.6b). (E) An ATF4-like site upstream of Y34B4A.10. (F) A DAF-19-like site upstream of C54C6.6 with
a table showing motif sequences in four species from genus Caenorhabditis, plus B. malayi and P. pacificus. cisRED URLs are indicated in Table 1.

Table 1. Figure URLs

Figure URL

4A http://www.cisred.org/c.elegans4/siteseq?fid=157071
4B http://www.cisred.org/c.elegans4/siteseq?fid=130462
4C http://www.cisred.org/c.elegans4/siteseq?fid=92832
5 http://www.cisred.org/c.elegans4/gene_view?ensembl_id=

F02D8.3
6A http://www.cisred.org/c.elegans4/siteseq?fid=151292
6B http://www.cisred.org/c.elegans4/siteseq?fid=71907
6C http://www.cisred.org/c.elegans4/siteseq?fid=17781
6D http://www.cisred.org/c.elegans4/siteseq?fid=102892
6E http://www.cisred.org/c.elegans4/siteseq?fid=136618
6F http://www.cisred.org/c.elegans4/siteseq?fid=37257

All results are available via the cisRED web interface. URLs of motifs
in figures are indicated.
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Of the 132 bidirectional promoters examined in this
study, 86% were conserved among the species of genus
Caenorhabditis. The majority of bidirectional promoters
in C. elegans have previously been found to be conserved
in C. briggsae (37); given the high rate of conservation,
bidirectional promoters must be an important mechanism
for controlling gene regulation among gene pairs. Some
gene pairs on bidirectional promoters are coexpressed
while others have a mutually exclusive gene expression
pattern (37). Documentation of the conserved elements
in these promoters, in combination with the examination
of the expression patterns of the transcripts involved, may
help to clarify these mechanisms of gene regulation.

While the large majority of orthologous regions in the
other species were associated with only one C. elegans
transcript, some functionally related groups of C. elegans
transcripts had fewer orthologous representatives in the
unannotated nematode genome sequences. Most cases of
overlapping orthologues in the unannotated genomes
belonged to large gene groups such as serpentine recep-
tors. This may be because the four other species of
Caenorhabditis are associated with different types of
decaying matter (38); C. elegans may have more of these
types of receptors to help it find its specific type of food
while the other species may have expanded different recep-
tor families. In some cases, two C. elegans genes with over-
lapping orthologues were side by side (on the same or
opposite strand), which suggests that a gene duplication
event occurred in C. elegans after C. elegans diverged from
the other Caenorhabditis species.

The transcripts that had a sufficient number of ortholo-
gues to be used in this analysis had a different chromo-
somal distribution from the entire set of WormPep
transcripts, suggesting that certain regions of the genome
are more highly conserved than others (Supplementary
Figure S3). Chromosome III is known to be rich in
genes with yeast orthologues (9) and essential genes (39)
such as those required for cell division (40). A detailed
analysis of synteny in the C. elegans and C. briggsae
genomes has previously revealed that orthologues are
overrepresented on Chromosomes III and X and under-
represented on Chromosome V (41).

Because regulatory elements are not readily distinguish-
able from other conserved upstream elements, the primary
goal of this study was to catalogue all conserved elements
of the upstream regions. We did not preface the motif
discovery procedure with a multiple sequence alignment
so as to avoid the preconditions that conserved elements
be in the same order (with respect to the distance from the
ATG) and contained within alignable sequence. We tested
several motif discovery algorithms and found that while
MotifSampler was the most suitable program for this pur-
pose, a high-order background model was essential
because nematode intergenic sequence frequently contains
low-complexity sequence.

In order to assess the effectiveness of the motif discovery
procedure, we compared discovered motifs to experimen-
tally proven TFBSs from ORegAnno. The motif discovery
algorithm was highly successful at finding experimentally
proven sites, with a sensitivity of 82%. The upstream
regions of the positive controls were only characterized

with respect to locations of TFBSs (or predicted TFBSs;
in some cases, the binding TF is not known). No sections
of these upstream regions have been definitively shown not
to have regulatory function. Because it is not possible to
estimate the false positive rate without true negatives, we
only used sensitivity and coverage to choose the threshold
for motif inclusion.
We found 20 motifs upstream of xbx-1 (F02D8.3), of

which five were more highly conserved than the one cor-
responding to the DAF-19 site (Figure 5). Because func-
tional analyses of promoter sequences tend to reveal only
a few short TFBSs [see for example (4,6,29,33)], it seems
unlikely that all of this conserved sequence has regulatory
function. However, because the upstream sequence of
xbx-1 is uncharacterized other than the DAF-19 site, it
is possible that some of the other motifs also have regula-
tory function.
While this study has focused on characterizing con-

served elements, there is clearly much more to what con-
stitutes a regulatory element than just conservation. Both
TFBSs (42) and TFs (43) have been shown to be conserved
among C. elegans, C. briggsae and C. remanei. For the
highly conserved transcripts studied here, we did not
find regulatory elements to be more conserved than
other portions of the upstream regions. There was no dif-
ference in the distribution of average IC between motifs
overlapping experimentally proven sites and all motifs
(Supplementary Figure S6). Thus, attempts to assign a
score to each motif indicating the probability that it had
regulatory function were unsuccessful. In light of these
results, we decided to retain all motifs that we identified,
regardless of their conservation score.
Experimentally proven sites that were not found were

poorly conserved or highly degenerate, and so were not
reported by the motif discovery algorithm. Not all TFBSs
were conserved; many of the experimentally proven sites
had low IC while others were not found at all using our
parameters for motif discovery. Additionally, some of the
experimentally proven sites that our method did not iden-
tify may have been outside of the region we examined on
the orthologous sequences, and there may be other ways
to regulate transcription of the orthologues, perhaps using
different TFs with a parallel function. The AT-rich sites
such as PHA-4 (29) are highly degenerate and extremely
common in the genome. Nematodes must have a way to
distinguish functional from non-functional sites in vivo,
perhaps via histone modifications (44).
In a preliminary comparison of conserved regions in

C. elegans and C. briggsae, Siepel et al. (45) found that
18–37% of the genomes were conserved, but considered
this to be an underestimate because they used phastCons-
aligned regions. They anticipated that improved results
could be generated by using additional nematode gen-
omes. They suggested that highly conserved elements
may contain multiple overlapping binding sites, be under
protein-coding or RNA structural constraints, or have ‘as-
yet-undiscovered functions’. They also suggested that
some conserved regions may have ‘mutational rather
than selectional explanations’ and may be ‘shielded from
mutations or subjected to hyperefficient repair’. The
results described here were generated with eight nematode
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genomes. Consistent with their suggestion that alignment
might underestimate conservation, we found that con-
served elements identified using motif discovery resulted
in a median coverage of 45% of the upstream regions.
This proportion represents the amount of upstream
sequence that was conserved to approximately the same
degree as TFBSs, some of which are highly degenerate.
Again consistent with their discussion, many wide motifs
were in annotated or unannotated protein-coding exons
belonging to the same gene. Protein-coding motifs can
often be recognized by their codon-like conservation pat-
tern in which every third base is poorly conserved because
it can be substituted by several different nucleotides with-
out changing the amino acid sequence (Figure 6A);
protein-coding regions also tend to have significant results
following a BLASTX (35) search. Motifs that appear to be
protein-coding but are not annotated could be used to
refine C. elegans gene models. Some wide non-protein
coding motifs were in 50 and 30 UTRs and may be target
sites of RNA binding proteins or microRNAs, while
others may represent noncoding RNA genes (Figure 6B).
Most motifs were found in all sequences of the input set,

with the result that most motifs have a species depth of
four or five including C. elegans. The motif discovery algo-
rithm preferred depth over conservation; if the best avail-
able version of the motif on one of the sequences was quite
different from the others, it was included rather than
excluded. This provided us with an opportunity to observe
the evolution of conserved upstream elements among the
more distant nematode species. Several motifs were found
in all eight species and were very highly conserved
(Figure 6C), suggesting the presence of ancient genomic
elements near essential genes.
Motifs for which the C. elegans sequence displayed a

significant similarity to a characterized TFBS were anno-
tated as such. We observed that conserved sequences sim-
ilar to a wide variety of mammalian TFBSs appeared in C.
elegans upstream regions. This annotation is preliminary
and the intention was not to exhaustively annotate occur-
rences of TFBSs from TRANSFAC or JASPAR, but
merely to assess which ones seemed to occur frequently
among conserved parts of upstream regions as compared
to non-conserved parts of upstream regions. There was
substantial overlap between the annotation results using
TRANSFAC and JASPAR, as JASPAR is a more thor-
oughly curated subset of TRANSFAC. The results from
the two databases were consistent. For example, the most
commonly annotated TF was the same for TRANSFAC
and JASPAR (PAX5/BSAP) (Supplementary Table S7).
Similarly, CREB was the fourth most commonly anno-
tated TF from JASPAR and the third most commonly
annotated TF from TRANSFAC.
Because certain characterized TFs in JASPAR,

TRANSFAC and ORegAnno had strongly variable
or very few binding sequences, we chose to require a
C. elegans sequence to be similar to a specific binding
sequence rather than generate binding models such as posi-
tion weight matrices for each TFBS. The limitation of this
method was that all mismatches between the C. elegans
sequence and a binding sequence were treated equally,
which may have generated false positive annotations.

Estimating the false positive rate requires a set of true
negatives, and such a set is not available. Not all binding
sites could be annotated using this method—some TFs,
such as PHA-4 and DAF-12, had so many variations in
their binding sequences and were so common in the
upstream regions that none of the motifs could be anno-
tated with that TFBS at a P-value below the threshold.
Motifs were much more likely than non-conserved
upstream sequence to be similar to a TFBS. The distribu-
tion in scores between the motifs (by definition evolutio-
narily conserved) and non-conserved upstream sequence
was different for most TFs.

A DAF-19-like site was found upstream of kin-2
(R07E4.6b) (Figure 6D). In addition to the high conserva-
tion of this site and its strong similarity to a DAF-19
binding site, we have further supporting evidence of its
functionality. First, DAF-19 is known to regulate gene
expression in ciliated neurons, and kin-2 is expressed in
ciliated neurons (46). Secondly, KIN-2 is known to inter-
act with RIC-8 (47), and ric-8 (Y69A2AR.2) has been
shown to be regulated by DAF-19 as well (42).

A human ATF4-like motif was found near Y34B4A.10
(Figure 6E). According to WormBase, the C. elegans
homologue of the human atf4 gene is atf-5 (T04C10.4)
(2). The binding site of C. elegans ATF-5 is uncharacter-
ized; perhaps conserved elements that are similar to the
human ATF4 site could be tested for binding with, and
regulation via, C. elegans ATF-5.

A DAF-19-like site was found upstream of the unchar-
acterized transcript C54C6.6 (Figure 6F). This site was
shown to have substantial similarity in the more distant
nematode species P. pacificus and B. malayi. The conser-
vation of the site in these species suggests that they also
have the DAF-19 TF and may use it to regulate the
expression of some of the same genes. This example illus-
trates that annotated motifs can increase our understand-
ing of gene regulation in these species.

CONCLUSIONS

We have shown that WABA is an effective tool for finding
orthologues for highly conserved transcripts among nem-
atode genomes. We applied WABA to all annotated
protein-coding transcripts from C. elegans; however,
only transcripts with at least three high-quality ortholo-
gues were included in the motif discovery step. We identi-
fied conserved elements in the upstream regions of 3847
C. elegans transcripts (17% of all C. elegans transcripts).

We found that identification of putative regulatory ele-
ments via motif discovery among orthologous upstream
regions resulted in a sensitivity of 82%, which suggests
that most regulatory elements are conserved. However,
we also found that the upstream regions also contain
numerous other conserved elements, and that regulatory
elements are not the most highly conserved elements in
these upstream regions. Therefore, while conserved
motifs are enriched for regulatory elements, conservation
alone can not be used to distinguish regulatory elements
from other conserved elements.
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All of our results are publicly available via the web
interface at www.cisred.org. Gene regulation researchers
can use the web interface to see all conserved elements and
their annotations for any gene of interest. For work invol-
ving laboratory methods such as reporter gene assays and
gel shift assays to investigate the regulation of these genes,
the cisRED data can immediately focus the search onto
conserved and possibly annotated elements in upstream
regions.

Many of the conserved elements in the cisRED database
are in 50 and 30 UTRs of different transcripts; some of
these may be candidate targets for RNA binding proteins.
Additionally, some of the wide, highly conserved motifs
may serve as novel noncoding RNA gene candidates.
Those motifs that appear to be protein-coding can be
used to refine and expand existing gene models.

Twenty-six percent of the conserved elements were
found to be similar to known TFBSs and were annotated
as such. These annotations are useful in three important
ways. First, they provide novel candidate binding sites for
TFs that are already characterized in C. elegans. These
sites could be tested by researchers who are interested in
targets of the TFs. Secondly, the annotations provide
novel binding site candidates for uncharacterized TFs
that are orthologues of characterized mammalian TFs.
This takes advantage of existing information about TF
binding in mammals to expand our understanding of
gene regulation in C. elegans. Lastly, the annotations
make it possible to assess evolution of TFs, their binding
sites, and the process of gene regulation in general by
comparing both the TF protein sequence and their pre-
dicted binding sites across the different nematode species.
The conservation of annotated sites in more distantly
related nematodes implies that they have the same TFs
as C. elegans and use them to regulate some of the same
genes.
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