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Abstract Part of the challenge of the post-genomic
world is to identify functional elements within the wide
array of information generated by genome sequencing.
Although cross-species comparisons and investigation of
rates of sequence divergence are an efficient approach,
the relationship between sequence divergence and func-
tional conservation is not clear. Here, we use a com-
parative approach to examine questions of evolutionary
rates and conserved function within the guanine nucle-
otide-binding protein (G protein) gene family in nema-
todes of the genus Caenorhabditis. In particular, we
show that, in cases where the Caenorhabditis elegans
ortholog shows a loss-of-function phenotype, G protein
genes of C. elegans and Caenorhabditis briggsae diverge
on average three times more slowly than G protein genes
that do not exhibit any phenotype when mutated in C.
elegans, suggesting that genes with loss of function
phenotypes are subject to stronger selective constraints
in relation to their function in both species. Our results
also indicate that selection is as strong on G proteins
involved in environmental perception as it is on those
controlling other important processes. Finally, using
phylogenetic footprinting, we identify a conserved non-
coding motif present in multiple copies in the genomes
of four species of Caenorhabditis. The presence of this
motif in the same intron in the gpa-1 genes of C. elegans,
C. briggsae and Caenorhabditis remanei suggests that it
plays a role in the regulation of gpa-1, as well as other
loci.

Keywords Caenorhabditis elegans Æ Caenorhabditis
briggsae Æ G protein Æ Divergence Æ Gene regulation

Introduction

Recent whole genome sequencing projects have revealed
that a substantial portion of genome evolution consists
of divergence and diversification of gene families (e.g.,
Chervitz et al. 1998; Lander et al. 2001; Venter et al.
2001; Zdobnov et al. 2002). One of the primary chal-
lenges in this emerging field is to use information on
sequence similarity and divergence among genomes to
infer gene function. Very low rates of change might
suggest a critical function for a sequence, whereas more
rapid divergence could indicate relaxed selection or even,
potentially, strong selection for divergent function. In an
evolutionary context, these questions can be addressed
by comparing the rate of non-synonymous change (KA),
which leads to changes in protein sequence, to the rate of
synonymous change (KS) which does not (Graur and Li
2000). Might it be possible to tie these evolutionary rates
directly to the phenotypic effects or pattern of expression
of the genes? Although it is possible to perform an
evolutionary analysis for any set of genes, doing so
within the context of an entire gene family for which we
have a great deal of direct functional information allows
the evolutionary pattern to be tied to functional conse-
quences, while at the same time yielding significant
insights into the evolution of that gene family. Given
their central role within a wide variety of biological
systems and their broad diversity (Neer 1995), guanine
nucleotide-binding proteins (G proteins) make good
candidates for wide scale genomic analysis.

Signal transduction involving G proteins is a com-
mon and effective process in cell communication, and
mediates vision, smell, taste, neurotransmission and
various hormonal responses (reviewed in Clapham
1996). Here, using comprehensive comparative analyses
of G protein diversification within the nematode genus
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Caenorhabditis, we address questions of evolutionary
rates and conserved function within this important gene
family. Caenorhabditis elegans is especially useful in this
regard because of the existence of genetic knockouts for
every member of the family (Jansen et al. 1999), a rare
resource for a metazoan.

G protein function in C. elegans

At the molecular level, G proteins act as molecular
switches. G proteins are heteromeric proteins made of the
three subunits a, b and c. In an inactive form, these su-
bunits are bound to each other, with the a subunit bound
to GDP. Upon activation of a G protein-coupled recep-
tor by its ligand, the activated G protein exchanges GDP
for GTP, changing the conformation of Ga. In this con-
formation, the affinity for the Gb and Gc subunits is
weakened and the Gbc dimer is eventually released. Both
the GTP-bound Ga subunit and the Gbc dimer can acti-
vate their own effectors, thus allowing the transduction of
the signal in the cell. Hydrolysis of GTP into GDP by Ga

brings it back to its original conformation and promotes
its reassociation with Gbc, thus inhibiting Gbc signaling.

The well-studied nematode C. elegans lives in the soil
where it perceives its environment mainly by chemosen-
sation (Troemel 1999). Its repertoire of hundreds of G
protein-coupled receptors (Robertson 1998, 2000; Troe-
mel 1999) allows the worm to detect a wide array of
water-soluble and volatile compounds using mechanisms
analogous to those responsible for taste and smell in
higher organisms. G protein signaling regulates multiple
aspects of the worm’s life and allows C. elegans to locate
food and avoid toxins (reviewed in Troemel 1999), but is
also used in male-mating (Liu and Sternberg 1995), egg-
laying (Daniels et al. 2000) and locomotion (Mendel et al.
1995; Ségalat et al. 1995; Brundage et al. 1996). G protein
signaling is also important during embryogenesis, con-
trolling axon guidance and morphogenesis (Roayaie
et al. 1998), vulval fate (Moghal et al. 2003), and spindle
orientation during cell division (Zwaal et al. 1996; Gotta
and Ahringer 2001). During later development, G pro-
teins participate in regulating larval development in re-
sponse to food level, temperature and population density
(reviewed in Riddle and Albert 1997).

Analysis of the whole C. elegans genome (The C.
elegans Sequencing Consortium 1998) revealed twenty
Ga, two Gb and two Gc genes (Jansen et al. 1999).
Among the C. elegans G proteins, 15 Ga, both Gb and
both Gc genes are expressed in the amphid neurons
(Mendel et al. 1995; Ségalat et al. 1995; Zwaal et al.
1996, 1997; Korswagen et al. 1997; Park et al. 1997;
Jansen et al. 1999, 2002; Jiang and Sternberg 1999;
Chase et al. 2001; van der Linden et al. 2001). These
neurons are known to be involved in the perception of
water-soluble and volatile compounds, the dauer pher-
omone, thermal cues and touch avoidance (reviewed in
Bargmann and Mori 1997). Furthermore, while some G
proteins are expressed only in a small subset of neurons,

others show a broad pattern of expression in a wide
range of neural, muscle and epithelial cells (Mendel et al.
1995; Ségalat et al. 1995; Zwaal et al. 1996, 1997;
Korswagen et al. 1997; Park et al. 1997; Jansen et al.
1999, 2002; Lackner et al. 1999; Chase et al. 2001; van
der Linden et al. 2001, 2003).

In this study we center our investigation on two axes.
We first identify all members of the G protein family in
Caenorhabditis briggsae and examine the relationship
between genomic change and protein function by com-
paring the rates of divergence between G proteins with
obvious loss-of-function phenotypes and those without.
Second, we use ‘‘phylogenetic footprinting’’ to identify
novel putative regulatory sequences of the G protein
genes.

Materials and methods

Identification of G protein homologues

A search for G protein homologues in C. briggsae was
performed by systematically employing each of the
C. elegans G protein sequences to query the C. briggsae
whole genome assembly (version cb25.agp8; Stein et al.
2003) using the TBLASTN program (Altschul et al.
1997) from the Sanger Institute’s C. briggsae BLAST
server (http://www.sanger.ac.uk/cgi-bin/blast/submit-
blast/c_briggsae). Contig fragments giving significant
alignments by TBLASTN were pulled out of the contig
sequence. Exon/intron boundaries were then identified
using the gene structure prediction system GeneBuilder
(Milanesi et al. 1999), implemented as part of the Web-
Gene package (http://www.itba.mi.cnr.it/webgene) and
by aligned, this contig fragment with the nucleotide se-
quence of the C. elegans G protein but was by eye using
BioEdit (Hall 1999). C. briggsae G protein sequences
were confirmed with reference to the ORF using the
standard genetic code (Osawa et al. 1992 ; Jukes and
Osawa 1993) and homologues were then identified on the
basis of amino acid sequence identity. Orthology be-
tween C. elegans and C. briggsae G protein a subunits
was further compared by building a tree depicting the
relationships among the proteins. Ambiguous positions
were removed from the protein sequence alignment and a
neighbor-joining tree was built using MEGA version 2.1
(Kumar et al. 2001). Confidence was assessed using
bootstrapping (Felsenstein 1985) with 500 replicates.
Due to the early divergence of the G protein family
within the eukaryotes (results not shown) and the lack of
a suitable outgroup, the NJ tree is unrooted and the
relationships among paralogues remain uncertain.

We found a homologue for each the G proteins
except gpa-9 using this strategy. However, Cb gpa-2 and
Cb gpb-2 exon 1 could not be identified; moreover,
sequencing errors were found in Cb gsa-1 exon 7 and
intron 1, and in Cb gpa-1 intron 4. We used Rapid
Amplification of cDNA Ends PCR (RACE-PCR) to
amplify the 5¢ extremity of Cb gpa-2 and thus identify
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the first exon of the sequence. We successfully amplified
and sequenced Cb gsa-1 exon 7 and Cb gpa-1 intron 4;
however, RACE-PCRs failed to amplify Cb gpa-2 or Cb
gsa-1 intron 1. Cb gpb-2 exon 1 remains unidentified.
Because the 5¢ end of the Cb gpa-11 sequence was found
to be very divergent from that of Ce gpa-11 we used
reverse transcription-polymerase chain reaction (RT-
PCR) to confirm the cDNA sequence of Cb gpa-11 exon
1. A partial gpa-1 sequence from Caenorhabditis remanei
was obtained using degenerate primers.

Primers used for amplification and sequencing are
available on request from the authors. C. briggsae G
protein sequences were deposited in GenBank with the
partial sequence from C. remanei gpa-1 under the
Accession Nos. AY634285–AY634310. Cb odr-3 from
our previous study (Jovelin et al. 2003) was released
under Accession No. AY146578.

DNA and RNA extraction

Strains AF16, HK104, HK105, DH1300, N2, PB269
and CB5161 were maintained following standard pro-
tocols (Brenner 1974). Worms were harvested from
plates when the population grew to a large size and
washed twice in 1-ml aliquots of distilled water. Geno-
mic DNA was extracted using the CTAB protocol
(Winnepenninckx et al. 1993) and RNA was extracted
from plates containing worms at all stages of develop-
ment using TRI Reagent (Molecular Research Center)
following the supplier’s protocol.

Amplification, cloning and sequencing

Polymerase chain reaction and sequencing reactions were
processed as described in Jovelin et al. (2003). Primers
used for amplification were also used for sequencing;
sequences overlapped and thus were confirmed on both
strands. RNA extracted from the AF16 and N2 strains
was used for cDNA synthesis using the SMART RACE
cDNA amplification kit (Clontech), followed by ream-
plification by nested PCR. Following gel purification,
RACE-PCRs, RT-PCRs, PCRs using degenerate prim-
ers and PCRs of motif D1 were cloned in the vector
pGEM-T (Promega) and transfected into One Shot
Top10 competent cells (Invitrogen). Positive colonies
were visually screened and purified using QIAprep Spin
Miniprep kit (Qiagen). Sequencing was performed with
primers designed from the plasmid sequence.

Sequence analysis

As was found for intronic sequences within odr-3
(Jovelin et al. 2003), intronic sequences of the other G
protein genes are highly divergent. We therefore used the
cDNA sequences to assess the level of divergence
between G protein orthologues from C. elegans and
C. briggsae. Alignments were done by eye using Bioedit

(Hall 1999). We computed maximum likelihood (ML)
estimates of the rate of non-synonymous (KA) and syn-
onymous (KS) substitutions using a codon-based model
of sequence evolution. ML estimates of KA and KS were
calculated with the CODEML program implemented in
the PAML package (Yang 1997) with the transition/
transversion ratio (j) being estimated by iteration from
the data and codon frequencies estimated from the
products of the average observed nucleotide frequencies
in the three codon positions (F3X4 model, Goldman and
Yang 1994). The ratio KA/KS and KA alone were used as
measures of divergence. In addition, KA and KS were
computed using MEGA version 2.1 (Kumar et al. 2001)
for each pair of orthologues using the method of Nei
and Gojobori (1986) with a p-distance. KA was also
calculated with a Jukes–Cantor distance (Jukes and
Cantor 1969). Similar results were found with these
values of KA/KS and KA (data not shown).

Results

G protein orthologues in C. briggsae

We identified C. briggsae homologues on the basis of
amino acid sequence identity. The C. briggsae genomic
sequence contains 19 Ga genes, 2 Gb genes and 2 Gc

genes, each of them having a clear orthologue in the C.
elegans genome (Table 1 and Fig. 1). However no
orthologue for gpa-9 was found in the C. briggsae gen-
ome. BLAST analyses performed with Ce GPA-9 re-
trieved only 15 contigs out of the 188 constituting the
assembly. Significant alignments within each of these
contigs corresponded to positions where the 15 other
Gagenes have been identified. Other alignments within
these contigs consisted of very short fragments. Fur-
thermore, none of these short alignments were located at
contig ends, eliminating the possibility that the Cb gpa-9
sequence might be truncated at a contig end and con-
sequently not be detected. Therefore it is reasonable to
conclude that gpa-9 is not present in assembly
cb25.agp8. Although the assembly is estimated to cover
98% of the C. briggsae genome (Stein et al. 2003), we
cannot totally rule out the possibility that Cb gpa-9
might be located in a region of the genome not yet se-
quenced. Nevertheless, two alternative hypotheses are
worth considering.

gpa-9 is flanked by gpa-8 and lin-25 in C. elegans
clone F56H9. Interestingly, gpa-8 and lin-25 are found in
synteny in C. briggsae contig FPC2051 (Fig. 2). Thus
two events could explain the absence of gpa-9 in C.
briggsae: the loss of gpa-9 in the briggsae lineage or the
duplication of gpa-8 in the elegans lineage. The distance
between Ce gpa-8 and Ce lin-25 in clone F56H9 is
9455 bp whereas the distance between Cb gpa-8 and Cb
lin-25 in contig FPC2051 is only 6,310 bp, and the
difference is approximately equal to the length of Ce
gpa-9 (2,475 bp). Synteny alone does not give more
weight to one hypothesis over the other, but it does
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argue strongly that either a gain or a loss did indeed
occur. However, if Ce gpa-9 was duplicated from Ce
gpa-8 after the species split, one would expect the rate of
synonymous substitution to be lower between Ce gpa-8
and Ce gpa-9 than between gpa-8 orthologues. The rate
of synonymous changes (KS) between Ce gpa-8 and Ce
gpa-9 is 1.53-fold greater than between gpa-8 ortho-
logues (KS=2.8 and 1.83, respectively) suggesting that
gpa-8 and gpa-9 are ancient duplicates and that gpa-9
was lost in the C. briggsae lineage. Final discrimination
between the gain and loss models will require investi-
gation of gpa-9 in additional Caenorhabditis species
within a phylogenetic context.g
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Fig. 1 Unrooted neighbor-joining tree derived from a protein
sequence alignment including all known C. elegans and C. briggsae
alpha subunits. All pairings of orthologues have 100% bootstrap
support. All other nodes with greater than 80% bootstrap support
are also indicated
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We also found an insertion of 16 bp in the first exon at
position +10 of our predicted Cb gpa-11. This insertion
leads to a shift in the reading frame, with consequent loss
of domains essential for guanine nucleotide binding
activity, and several stop codons. After re-sequencing
partial predicted Cb gpa-11 to ensure there was no
sequencing error in the genomic sequence, we tested
whether our prediction of Cb gpa-11 was correct by per-
forming a RT-PCR with a forward primer located at
position +1 in exon 1 and a reverse primer located in
exon 3. Sequencing of the RT-PCR product confirmed
thatCb gpa-11 is transcribed; however, the presence of an
insertion which alters the translation frame from the very
beginning of the sequence suggests that gpa-11 is not
functional and is probably not translated in C. briggsae
AF16. Sequencing of partial gpa-11 from three other wild
isolates of C. briggsae (DH1300, HK104 and HK105)
revealed the presence of the insertion in exon 1. These
findings suggest that the loss or severely alteration of gpa-
11 function is not unique to AF16 but is characteristic of
C. briggsae.

Divergence correlates with loss-of-function phenotypes

Using data for loss-of-function phenotypes in C. elegans
(Table 1), we tested three hypotheses of functional con-
straint and the degree of conservation of G proteins
within C. elegans and C. briggsae. First, loss-of-function
data were divided into two categories, presence or ab-
sence of an obvious phenotype. There is a highly signif-
icant relationship between the presence of a phenotype
and the ratio of the KA/KS ratio (t19=2.604, P=0.0174;
Wilcoxon two-sample P=0.0225). The ratio KA/KS is a
measure of selection: if KA/KS�1, no selection (neutral
evolution) is indicated; a KA/KS value of <1 indicates
purifying selection, and KA/KS>1 implies positive
selection. Because KS values may be underestimated due
to codon bias even with likelihood methods (Dunn et al.
2001) and because we did not see any significant differ-
ences in the rate of synonymous changes (KS: t19=1.443,

P=0.1652; Wilcoxon two-sample P=0.1376) (Fig. 3),
we also used values of KA as an index of divergence. The
results using KA are consistent with those using the KA/
KS ratio (KA: t19=3.098, P=0.0059; Wilcoxon two-
sample P=0.0186). Loci showing a loss of function
phenotype diverge on average three times more slowly
than those that do not show any phenotype (Fig. 3).

In the second test, the loss-of-function data was di-
vided into lethal and non-lethal effects (i.e. essential vs.
non-essential genes). Although essential loci tend to be
less divergent than non-essential loci, the difference is
not significant (KA/KS: t19=0.499, P=0.6237; Wilcoxon
two-sample P=0.3859; KA: t19=1.114, P=0.2792;
Wilcoxon two-sample P=0.3020).

Finally, we tested the relationship between the G
protein expression pattern and rates of evolutionary
change. Some G proteins, such as gpa-2, gpa-3 and odr-
3, show expression in the amphid neurons and are di-
rectly involved in chemosensation (Zwaal et al. 1997;
Royaie et al. 1998), while others, such as gpa-12 and
gpa-16, are not expressed in the amphid neurons but are
instead involved in developmental processes (Gotta and
Ahringer 2001; van der Linden et al. 2003). We therefore
used the expression data (Table 1) to test the hypothesis
that differential spatial expression underlies differential
functional constraints. We assumed that G proteins
showing restricted expression within the amphid or
phasmid sensory neurons are limited to the transduction
of external stimuli, whereas G proteins showing
expression in other types of cells might be involved in the
transduction of internal stimuli and play a role in more
central processes (e.g. development). We classified pat-
tern of expression data into two categories: narrow when
loci are expressed only in sensory neurons and broad
otherwise. However, we found no evidence that G
proteins showing narrow expression tend to be less
constrained (KA/KS: t20= �0.783, P=0.4428; Wilcoxon
two-sample P=0.4389; KA: t20= �1.065, P=0.2998,
Wilcoxon two-sample P=0.2688).

Conservation of a non-coding motif

As found previously in the genus Caenorhabditis (e.g.,
Kennedy et al. 1993; Shabalina and Kondrashov 1999;
Jovelin et al. 2003), non-coding regions of these genes
are extremely divergent. Thus, conserved motifs in those
regions are good candidates for promoters and regula-

Fig. 2 Schematic diagram of parts of the C. elegans clones F56H9
and W05B10 and the C. briggsae contig FPC2051. gpa-8 and lin-25
homologues are found in synteny but gpa-9 is absent from the C.
briggsae contig. The length between Cb gpa-8 and Cb-lin-25
corresponds approximately to the length between Ce gpa-8 and
Ce lin-25 minus the length of Ce gpa-9
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//
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tory elements of gene expression. In this respect genomic
comparison between C. elegans and C. briggsaemay give
useful insights into gene regulation and eventually
increase our knowledge regarding the function of a
particular gene within a given network. We found two
extremely conserved motifs located in introns 5 and 7 of
Ce gpa-1 (introns 4 and 6 of Cb gpa-1). The latter is
predicted to be a tRNA-Leu(CAG) when analysed using
the program tRNAscan-SE (Lowe and Eddy 1997;
available online at http://www.genetics.wustl.edu/eddy/
tRNAscan-SE) and shows strong similarities to the
previously characterized Drosophila melanogaster
tRNA-Leu(CUG) (Glew et al. 1986). However, the
motif located in Ce gpa-1 intron 5, here named D1,
showed no evidence of being a tRNA.

The approximately 280-bp motif D1 is more highly
conserved than any exon, or than the coding sequence
taken as a whole. However, amplification of cDNA both
in C. elegans and C. briggsae using primers targeted to
adjacent exons showed that motif D1 was effectively
spliced in both species and did not show any evidence of
alternative splicing. Furthermore, the predicted coding
sequence of Ce gpa-1 was confirmed in a recent study
(Cuppen et al. 2003). We also tested in silico the possi-
bility that motif D1 was an exon of another locus by
searching for expressed sequence tags (ESTs) containing
its sequence. None were found in the C. elegans ESTs
database. Similarly, analysis of the distribution of stop
codons and evolution at putative third position sites also
shows that this is not a previously unidentified gpa-1
exon, nor is it an exon from an overlapping locus
(Supplementary Fig. S1).

Interestingly, it appears that themotif located in intron
5 of Ce gpa-1 is also found in inverted orientation in Ce
gpa-1 intron 1. Thus we searched the C. elegans and
C. briggsae genomes for other occurrences of D1 using
the BLASTN program (Altschul et al. 1990) on the
C. elegans (http://www.sanger.ac.uk/cgi-bin/blast/
submitblast/c_elegans) and C. briggsae BLAST serv-
ers (http://www.sanger.ac.uk/cgi-bin/blast/submitblast/
c_briggsae) at the Sanger Institute. Highly conserved
sequences of thismotif were found in several copies within
the genomes of C. elegans and C. briggsae (Supplemen-
tary Fig. S2).

Nevertheless, conservation in non-coding sequences
between two species can simply be the result of shared
ancestry and heterogeneous rates of substitutions in-
stead of functionality. With the reasonable assumption
that sequence conservation across multiple species re-
flects functional constraints, we used degenerate primers
to amplify and sequence gpa-1 from a third species, C.
remanei (strain PB269). Sequencing of a partial Cr gpa-1
sequence (a fragment 909 bp long corresponding to 113
amino acids) revealed the presence of motif D1.
Remarkably, the location of D1 within the Cr gpa-1
sequence is also conserved: the motif is found adjacent
to the homologue of Ce gpa-1 exon 5. In addition, we
used specific primers designed to anneal within the D1
sequence of C. remanei and C. sp (strain CB5161). We

Fig. 3 Relationship between divergence and dispensability. No
significant difference was found for the rate of synonymous change
(KS) between G proteins that show a loss-of-function phenotype in
mutants and those that do not. The rate of non-synonymous
change (KA) is on average about three times lower for G
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randomly sequenced 10 clones in each species and found
respectively 7 and 5 haplotypes in PB269 and CB5161
(Supplementary Fig. S2). These results strongly suggest
that the degree of similarity observed for D1 across
species is not simply due to a lower rate of substitution
within this motif but rather to active conservation of its
sequence-probably in relation to a functional role of this
motif.

Discussion

G protein divergence and function

We found 19Ga genes, 2Gb genes and 2Gc genes in theC.
briggsae genome; however, we could not find an ortho-
logue of Ce gpa-9. The conserved synteny observed for
genes flanking Ce gpa-9 strongly suggests that gpa-9 was
either lost in the C. briggsae lineage or resulted from the
duplication of gpa-8 in the C. elegans lineage. Compari-
son of the rate of synonymous change between these
paralogues suggests that gpa-9 was indeed lost in C.
briggsae. In addition to this loss, the presence of an
insertion that alters the translation frame at the beginning
of the coding sequence suggests that gpa-11 is also not
functional in C. briggsae. A recent study shows that
olfaction in C. elegans is achieved by a balance of inhib-
itory and stimulatory signals through a complex network
of Ga subunits (Lans et al. 2004). In particular, Lans et al.
(2004) show that Ga ODR-3 and GPA-3 act redundantly
both in the AWA and AWC neurons for the detection of
odorants, with ODR-3 being the main stimulatory signal.
The redundancy in Ga subunit function is also suggested
by the overlaps in their patterns of expression (Table 1),
although it appears that some Ga have specific functions
despite having the same cellular localization (Lans et al.
2004). Interestingly, odr-3 and gpa-3 are relatively closely
related to one another (Fig. 1). It is possible that this type
of redundancy is a broader property of G-proteins in
general, setting the stage for relaxed selection and even-
tual loss of some components. Alternatively, in other
circumstances, this redundancy could allow the evolution
of novel functions.

Conservation of a functional non-coding motif

Because C. elegans and C. briggsae diverged 80–110
MYA (Stein et al. 2003) and are far enough apart that
most of the non-coding regions are extremely divergent
(Shabalina and Kondrashov 1999), our finding of a
widespread highly conserved element in non-coding re-
gions suggests that this motif, namedD1, may have a role
in gene regulation. An alternative explanation-that it is a
transposable element-seems quite unlikely, as one would
expect that homologues of D1 between C. elegans and
C. briggsae would acquire substitutions at a higher rate
than homologous coding sequences between these two
species. The highest number of substitutions in the core-
conserved motif between C. elegans and C. briggsae se-

quences (positions 57–259 in Supplementary Fig. S2) is
25 substitutions between Ce F43A11-D1 and Cb
FPC0053-D1. The average degree of conservation for all
G protein alpha subunits between C. elegans and C.
briggsae is 78.9% identity at the cDNA level; thus, in a
200-bp fragment of coding sequence we could expect 42
substitutions on average, 1.68-fold more than is found
between the most divergent pair Ce F43A11-D1 and Cb
FPC0053-D1. Furthermore, this non-coding motif is
found at the same position in the gpa-1 gene in three
species of Caenorhabditis, and its sequence is highly
conserved in four species. This finding is consistent with a
number of cross-species comparisons, which have iden-
tified functional non-coding conserved sequences (Frazer
et al. 2001, 2004; Chureau et al. 2002; Dermitzakis et al.
2002; Hare and Palumbi 2003). For a subset of these
there is evidence to support a regulatory activity (Loots
et al. 2000; Göttgens et al. 2000; Thomas et al. 2003).

If motif D1 is functional and has a regulatory activ-
ity, then we might expect orthologous genes to show an
association with motif D1 if they are in fact regulated by
this motif (Table 2). We have already shown an associ-
ation of motif D1 with gpa-1 across C. elegans, C.
briggsae and C. remanei. Although the exact location is
not preserved in C. elegans and C. briggsae, motif D1 is
also found in association with nlp-4, a member of the nlp
superfamily of neuropeptide genes (Nathoo et al. 2001)
(Table 2). A look at the activity of other nearby genes in
C. elegans and C. briggsae further suggests that motif D1
may play a role in the regulation of these genes
(Table 2). In C. elegans, motif D1 is found 13 bp
downstream of F43A11.1, a predicted G protein-cou-
pled receptor. The association of motif D1 with the
receptor F43A11.1, the G protein gpa-1, and the neu-
ropeptide nlp-4 suggests that these loci could be co-
regulated and suggests a possible pathway in which these
three loci could interact with each other. D1 is also
found in association with other genes known to affect
locomotion, egg laying, and defecation (Table 2; Schulze
et al. 2003), although these associations are not always
conserved across species. If motif D1 is confirmed to
have regulatory activity, our findings would suggest that
C. elegans and C. briggsae have common and unique
patterns of regulation through this motif.

Divergence correlates with phenotype in loss-of-function
mutants

Because the majority of amino acid substitutions are
likely to be deleterious, a classical prediction in protein
evolution is that the most dispensable proteins (i.e.
proteins that contribute least to fitness) should be sub-
ject to weaker purifying selection and therefore accu-
mulate slightly deleterious mutations at a faster rate
than essential proteins (Wilson et al. 1977). On average,
G proteins appear to be more conserved between C.
elegans and C. briggsae (mean, 89% amino acid identity)
than other C. elegans/C. briggsae orthologues (mean,
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75% identity) (Stein et al. 2003), suggesting that they
serve an essential role within these nematodes. Indeed, a
number of G proteins show 100% conservation across
species (Table 1). Similarly, we have shown that G
proteins whose loss of function leads to a phenotype
diverge on average three times more slowly than those
that do not show any phenotype (Fig. 3). A similar
correlation has been found between divergence and
RNA interference (RNAi) phenotype in C. elegans
(Cutter et al. 2003; Stein et al. 2003). It is noteworthy
that gpa-9 and gpa-11, which are, respectively, absent
and not functional in C. briggsae, do not show any
phenotype in loss-of-function mutants of C. elegans.
However, we did not see any significant relationship
between divergence and dispensability (Hurst and Smith
1999; Hirsh and Fraser 2001), despite the trend for
essential loci (i.e. those with a lethal phenotype) to be
less divergent than non-essential loci.

These results suggest that genes showing knock-out
phenotypes have important functions and therefore
evolve more slowly because of stronger selective con-
straints. However, there are exceptions within each class.
For instance, both the Ga gpa-2 and gpa-16 and the Gc

gpc-1 show a higher degree of divergence, although they
exhibit loss-of-function phenotypes. Although all KA/KS

ratios are very low and therefore do not suggest any
signal of positive selection for these genes, because the
fraction of sites potentially evolving by positive selection
is small and the total divergence at non-coding sites is
large, the effect of positive selection can be masked by
purifying selection (Fay et al. 2001). For example, Smith
and Eyre-Walker (2002) demonstrated an overall pattern
of adaptive evolution in Drosophila even though positive
selection was not evident for individual genes. Reanalysis
of divergence at gpa-2, gpa-16 and gpc-1 with the addi-
tion of information on polymorphism within each species
is worth pursuing (e.g., Smith and Eyre-Walker 2002;
Bierne and Eyre-Walker 2004). These are the most likely
candidates for positive selection within this group.

In contrast, gpa-12 is highly conserved despite
showing no obvious loss-of-function phenotype. In this
case, gpa-12 instead shows a strong gain-of-function
phenotype (van der Linden et al. 2003), and the full
consequences of its elimination might not be revealed
until other interacting genes are also knocked out (Yau
et al. 2003). Other, more conserved, genes with no
obvious phenotypes would probably benefit from char-
acterizing their knock-outs in a wider variety of envi-
ronmental circumstances. Overall, differences in
evolutionary rate are useful for indicating genes with
marked functional consequences, with exceptions to the
general pattern leading to further insights into the
functional role of those genes.

Unlike Duret and Mouchiroud (2000), who found
that tissue-specific expression influenced the rate of
molecular divergence among mice, rats and humans, we
did not see any significant difference in divergence
between G proteins that are narrowly versus broadly
expressed, despite the tendency for G proteins showing

narrow expression to be less constrained. One explana-
tion for this difference is that perception controlled by G
proteins restricted to sensory neurons is no less impor-
tant from a biological point of view than other processes
controlled by G proteins showing a broad pattern of
expression. This might not be true for every animal but
makes sense in the light of the life history of C. elegans,
in which perception controlled by G protein signaling is
directly involved in food detection and toxin avoidance
(see Troemel 1999), in male-mating (Liu and Sternberg
1995) and in regulating larval development in response
to food level, temperature and population density (re-
viewed in Riddle and Albert 1997). Because these pro-
cesses are likely to influence fitness, G proteins
controlling perception must be subject to selective con-
straints at levels comparable to those that act on G
proteins controlling other important processes such as
egg-laying (Daniels et al. 2000), locomotion (Mendel
et al. 1995; Ségalat et al. 1995; Brundage et al. 1996) and
development (Zwaal et al. 1996; Gotta and Ahringer
2001; Moghal et al. 2003). The central role of this per-
ception is supported by a recent mutation-accumulation
study, which shows that chemosensory behavior is sub-
ject to mutational pressure on the same order as that for
life history and morphological traits (Ajie et al. in press).
Thus, the diverse family of G proteins in this group of
nematodes is at the center of a wide variety of critical
functions, and the investigation of their evolution pro-
vides valuable insights into the broader patterns of
functional constraint within the genomes of these
organisms.
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Göttgens B, Barton L, Gilbert J, Bench A, Sanchez M, Bahn S,
Mistry S, Grafham D, McMurray A, Vaudin M, Amaya E,
Bentley D, Green A, Sinclair A (2000) Analysis of vertebrate
SCL loci identifies conserved enhancers. Nature Biotechnol
18:181–186

Graur D, Li W-H (2000) Fundamentals of molecular evolution,
2nd edn. Sinauer, Sunderland

Hall TA (1999) BioEdit: a user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symp Series 41:95–98

Hare M, Palumbi S (2003) High intron sequence conservation
across three mammalian orders suggests functional constraints.
Mol Biol Evol 20:969–978

Hirsh A, Fraser H (2001) Protein dispensability and rate of evo-
lution. Nature 411:1046–1049

Hurst L, Smith N (1999) Do essential genes evolve slowly? Curr
Biol 9:747–750

Jansen G, Thijssen KL, Werner P, van der Horst M, Hazendonk E,
Plasterk RH (1999) The complete family of genes encoding G
proteins of Caenorhabditis elegans. Nat Genet 21:414–419

Jansen G, Weinkove D, Plasterk R (2002) The G-protein gamma
subunit gpc-1 of the nematode C. elegans is involved in taste
adaptation. EMBO J 21:986–994

Jiang L, Sternberg P (1999) An HMG1-like protein facilitates
Wnt signaling in Caenorhabditis elegans. Genes Dev 13:877–
889

Jovelin R, Ajie BC, Phillips PC (2003) Molecular evolution and
quantitative variation for chemosensory behaviour in the
nematode genus Caenorhabditis. Mol Ecol 12:1325–1337

Jukes T, Cantor C (1969) Evolution of protein molecules. In:
Munro H (ed) Mammalian protein metabolism. Academic,
New York, pp 21–132

Jukes TH, Osawa S (1993) Evolutionary changes in the genetic
code. Comp Biochem Phys B 106:489–494

Kennedy BP, Aamodt EJ, Allen FL, Chung MA, Heschl MF,
McGhee JD (1993) The gut esterase gene (ges-1) from the
nematodes Caenorhabditis elegans and Caenorhabditis briggsae.
J Mol Biol 229:890–908

Korswagen H, Park J, Ohshima Y, Plasterk R (1997) An activating
mutation in a Caenorhabditis elegans Gs protein induces neural
degeneration. Genes Dev 11:1493–1503

Kumar S, Tamura K, Jakobsen I, Nei M (2001) MEGA2: molec-
ular evolutionary genetics analysis software. Bioinformatics
17:1244–1245

Lackner MR, Nurrish SJ, Kaplan JM (1999) Facilitation of syn-
aptic transmission by EGL-30 Gqa and EGL-8 PLCb:DAG
binding to UNC-13 is required to stimulate acetylcholine re-
lease. Neuron 24:335–346

Lander ES et al (2001) Initial sequencing and analysis of the human
genome. Nature 409:860–921

Lans H, Rademakers S, Jansen G (2004) A network of stimulatory
and inhibitory Galpha-subunits regulates olfaction in Caenor-
habditis elegans. Genetics 167:1677–1687

Liu KS, Sternberg PW (1995) Sensory regulation of male mating
behavior in Caenorhabditis elegans. Neuron 14:79–89

Loots G, Locksley R, Blankespoor C, Wang Z, Miller W, Rubin E,
Frazer K (2000) Identification of a coordinate regulator of in-
terleukins 4, 13, and 5 by cross-species sequence comparisons.
Science 288:136–140

Lowe T, Eddy S (1997) tRNAscan-SE: a program for improved
detection of transfer RNA genes in genomic sequence. Nucleic
Acids Res 25:955–964

Mendel J, Korswagen H, Liu K, Hajdu-Cronin Y, Simon M,
Plasterk R, Sternberg P (1995) Participation of the protein Go
in multiple aspects of behavior in C. elegans. Science 267:1652–
1655

Milanesi L, D’Angelo D, Rogozin IB (1999) GeneBuilder: inter-
active in silico prediction of gene structure. Bioinformatics
15:612–621

Moghal N, Garcia L, Khan L, Iwasaki K, Sternberg P (2003)
Modulation of EGF receptor-mediated vulva development by
the heterotrimeric G-protein Galphaq and excitable cells in C.
elegans. Development 130:4553–4566

Nathoo A, Moeller R, Westlund B, Hart A (2001) Identification of
neuropeptide-like protein gene families in Caenorhabditis ele-
gans and other species. Proc Natl Acad Sci USA 98:14000–
14005

Neer E (1995) Heterotrimeric G proteins: organizers of trans-
membrane signals. Cell 80:249–257

Nei M, Gojobori T (1986) Simple methods for estimating the
numbers of synonymous and nonsynonymous nucleotide sub-
stitutions. Mol Biol Evol 3:418–426
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