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Despite the prominence of Caenorhabditis elegans as a major
developmental and genetic model system, its phylogenetic rela-
tionship to its closest relatives has not been resolved. Resolution of
these relationships is necessary for studying the steps that underlie
life history, genomic, and morphological evolution of this impor-
tant system. By using data from five different nuclear genes from
10 Caenorhabditis species currently in culture, we find a well
resolved phylogeny that reveals three striking patterns in the
evolution of this animal group: (/) Hermaphroditism has evolved
independently in C. elegans and its close relative Caenorhabditis
briggsae; (ii) there is a large degree of intron turnover within
Caenorhabditis, and intron losses are much more frequent than
intron gains; and (iii) despite the lack of marked morphological
diversity, more genetic disparity is present within this one genus
than has occurred within all vertebrates.

Caenorhabditis elegans is an important model system that
allows great depth of study into how the genome is translated
into a developing, functioning animal (1). To generalize from
this model, a phylogenetic context and information about related
species are essential. The genome of a close relative, Caeno-
rhabditis briggsae, was recently sequenced, providing an impor-
tant comparative genomics tool for annotating the C. elegans
genome (2). However, genome comparisons for multiple species
that are closely related can provide substantially more analytical
power, as demonstrated recently by genome comparisons among
several closely related yeast species (3). A well resolved phylog-
eny for closely related species provides the basis for selecting
appropriate representatives for such comparisons, for distin-
guishing orthologous from paralogous genes, and for distinguish-
ing ancestral versus derived states for characters (4).

Comparisons among phylogenetically closely related species,
as opposed to comparisons among distantly related groups, are
more likely to reveal finer detail about the steps that underlie life
history, genomic, and morphological evolution. For example, in
the absence of a phylogeny that includes additional closely
related species, a feature that is actually convergent between two
species may appear to be homologous, as we show below for the
case of hermaphroditic reproduction. Also, the time and the
frequency at which evolutionary events occurred, like the loss
and gain of introns, may be obscured by comparing distantly
related species or anciently duplicated genes. We therefore
aimed to resolve the phylogenetic relationships of all Caeno-
rhabditis species currently in culture by using gene sequence data.

Previous analyses with morphological (5) and small subunit
(SSU) rRNA gene data (6) supported a monophyletic group
called the Elegans group, consisting of C. elegans, C. briggsae,
Caenorhabditis remanei, and an undescribed Caenorhabditis spe-
cies (strain CB5161). However, the relationships of the Elegans
group species to each other remained unresolved in these
studies. Other molecular analyses included only three of the
Elegans group species and no other Caenorhabditis species
(7-10). These studies showed that C. briggsae and C. remanei are
likely to be sister species, but the sister group of C. elegans
remained unknown.

Here we present a completely resolved phylogeny of all 10
Caenorhabditis species currently in culture and four representa-
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tive outgroup species from the closest species groups within
family Rhabditidae (Nematoda) (11), inferred from the se-
quences of five nuclear genes: nearly complete sequences from
SSU and large subunit (LSU) rRNA-encoding DNA (rDNA),
part of the gene for the largest subunit of RNA polymerase II
(RNAP2; also known as ama-1 in C. elegans), and portions of the
par-6 and pkc-3 genes. We used this phylogeny to reevaluate
the evolution of hermaphroditism within Caenorhabditis and the
evolution of introns in RNAP2. Our data also allowed us to
explore the range of genetic divergence that has occurred across
the genus of Caenorhabditis and compare it to that in other
organisms.

Materials and Methods

Strains. The following 12 nematode species were used in this
study: Caenorhabditis drosophilae (strains DF5077 and SB225),
Caenorhabditis japonica (SB339), Caenorhabditis plicata
(SB355), Caenorhabditis remanei (SB146 and EM464), Caeno-
rhabditis sp. (CB5161), Caenorhabditis sp. (DF5070), Caenorhab-
ditis sp. (PS1010), Caenorhabditis sp. (SB341), Prodontorhabditis
wirthi (DF5074), Protorhabditis sp. (DF5055), Oscheius myri-
ophila (DF5020), Rhabditella axei (DF5006). All nematode
strains were maintained by using standard methods (12), with the
exception of P. wirthi, which was cultivated on plates with 1.5%
agar in tap water supplied with a piece of brown algae.

PCR Amplifications and Sequencing. Genomic DNA was amplified
from worm lysates with primers for SSU rDNA, LSU rDNA, part
of RNAP2, the par-6 gene, and the pkc-3 gene. For amplification
of RNAP2 cDNA, total RNA was isolated (RNeasy mini Kkit,
Qiagen, Valencia, CA) and RT-PCR was performed with the
Qiagen OneStep RT-PCR kit. The primer sequences are avail-
able as Supporting Materials and Methods, which is published as
supporting information on the PNAS web site. PCR products
were sequenced directly by using the ABI BigDye Terminator
Version 3.0 or Version 3.1 cycle sequencing kit and an ABI 377
DNA Sequencer (Applied Biosystems). A list of primers used to
generate overlapping sequences of both strands can be obtained
from the authors. Sequences were assembled with SEQUENCHER,
Version 4.1.2 (Gene Codes, Ann Arbor, MI). The sequences for
C. elegans and C. briggsae genes were obtained from WormBase
(www.wormbase.org). A list of GenBank accession numbers for
the sequences obtained in this study and all other sequences used
are available in Table 1, which is published as supporting
information on the PNAS web site. Data files are also available
from TreeBase (www.treebase.org, accession no. SN1907), the
NemAToL database (http://nematol.unh.edu), and the authors
(www.nyu.edu/projects/fitch).

Abbreviations: SSU, small subunit; LSU, large subunit; rDNA, rRNA-encoding DNA; RNAP2,
largest subunit of the RNA polymerase Il gene; Ti/Tv, transition/transversion.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AY601770-AY601780, AY602167-AY602189, and AY604469—
AY604482).
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nyu.edu.
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Alignment and Identification of Introns. SSU rDNA sequences were
aligned manually by using secondary structure predictions as
described in ref. 6. LSU rDNA sequences were aligned with
CLUSTALX (13) and improved manually with MACCLADE 4.05 (14).
Previous analyses with rhabditid rDNA showed that alternative
alignments do not affect the phylogenetic conclusions, because
alignment ambiguous sites do not contribute greatly to the
phylogenetic signal (6). RNAP2, pkc-3, and par-6 sequences were
aligned manually. For all three protein-coding genes, the align-
ment was unambiguous and introns were easily recognized and
removed. Intron positions in RNAP2 genes of several species
were also confirmed by sequencing cDNA. For the purposes of
analysis, two introns were hypothesized to be homologous when
both occurred in the identical position in the coding sequence
alignment. Sequences of these introns varied greatly in size and
were unalignable, even between close relatives. All sequence
alignments with intron positions indicated for the protein coding
genes can be obtained from the authors.

Phylogenetic Analyses. Except as described, phylogenetic analyses
were performed by using weighted maximum parsimony as
implemented in PAUP* 4.0010 (15), where a transversion was
weighted twice a transition. This weighting scheme takes into
account the observation that transitions occur twice as fre-
quently as transversions in most eukaryote nuclear genomes (16)
This observation applies approximately to the nematode se-
quences analyzed here: Considering only the most closely related
five species (to reduce homoplasy effects) and all five genes,
excluding third codon positions from the protein-coding genes,
we obtained a likelihood-estimated transition/transversion (Ti/
Tv) ratio of 1.87 (under the HKY85+I+1I" model). Lower Ti/Tv
estimates are obtained when third-codon positions were in-
cluded (1.73) or when all taxa were included (1.49), probably
because of higher accumulation of superimposed substitutions in
the more divergent lineages or more quickly evolving sites. That
is, as sites become saturated with transversions and transitions,
the observed Ti/Tv ratio should decrease toward 0.5. Weighted
parsimony with such a weighted transformation scheme is more
computationally efficient than likelihood and has been shown to
perform considerably better than an equal-weighting scheme or
neighbor-joining (17). For rDNA, stem sequences and loop
sequences were both included and weighted equally. In previous
analyses of SSU rDNA for some of these and related nematodes,
differential weighting or exclusion of loops had no effect on tree
topology, and the information content of loops alone was low (6).

Two different analyses were performed with different taxon
and character sets. In the first, we aimed to resolve the rela-
tionships of all taxa, but sites likely to be saturated with
substitutions were excluded to minimize homoplasy. This anal-
ysis included the sequences of SSU rDNA, LSU rDNA, and
RNAP2 for all 14 species, but with the third-codon positions
from the latter gene excluded. Third-codon positions were
saturated with substitutions in pairwise comparisons involving
several species less closely related to C. elegans than Caenorhab-
ditis sp. PS1010. That is, some of these comparisons resulted in
undefined distance values with the Tamura-Nei method imple-
mented in PAUP*. In this analysis, O. myriophila and R. axei
together were treated as outgroup representatives. The second
analysis used all five genes and all positions but only from the
following most closely related species: C. briggsae, C. elegans, C.
japonica, C. remanei, and Caenorhabditis sp. CB5161, with C.
drosophilae and Caenorhabditis sp. PS1010 as outgroup repre-
sentatives. One indication that the third-codon positions were
not saturated for these comparisons was that the parsimony
Ti/Tv ratio was nearly 1.45 (unambiguous changes only, calcu-
lated using MACCLADE). However, substitutions appear to be
fully saturated at 4-fold synonymous sites, even for the most
closely related five taxa (Ti/Tv = 0.53). All bootstrap and
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jackknife analyses used at least 2,000 replications, with heuristic
searches in the first analysis and complete branch-and-bound
searches in the second analysis. The second dataset also was used
in a jackknife maximum likelihood analysis implemented in
PAUP*. Parameters for a general time-reversible model, account-
ing for invariant sites and rate variation across sites
(GTR+I+T), were estimated from the data by using the neigh-
bor-joining cladogram (which was identical to the most parsi-
monious cladogram) and used to evaluate trees in a jackknife
analysis employing 2,000 replications with branch-and-bound
searches.

Divergence Analysis. By using RNAP2, SSU rDNA, or LSU rDNA
sequence data, divergence analyses were performed separately
for the 14 nematode species, a selection of deuterostome species,
and a selection of protostome species, or for all species together.
There was hardly any difference between treating the groups
separately and treating them together, and only the separate
analysis is reported. (Taxa and GenBank accession numbers are
found in Table 1.) Likelihood, implemented by PAUP* 4.0b10 (15),
was used to reconstruct the amount of nucleotide change along
the lineages of an assumed phylogeny (18, 19) for each of the
three groups of taxa represented by each molecule (see Figs. 3-5,
which are published as supporting information on the PNAS web
site). For these estimations of evolutionary distance, likelihood
was used instead of parsimony to allow correction for superim-
posed substitutions. Separately for each gene, parameters for a
general time-reversible model of evolution were estimated from
the data, with corrections for nucleotide composition, propor-
tion of invariant sites, and differential rates at different codon
positions (GTR+I+SS). We used a phylogeny-based estimation
of divergences because it allowed us to determine which diver-
gence values were unusually large because of long-branch effects
(increased rate of accumulation of change). Such an effect was
not problematic for RNAP2, but it was problematic for Diptera
in rDNA comparisons, for example. Calculating pairwise diver-
gences alone does not allow such a distinction. The divergence
between a pair of species was calculated as the sum of branch
lengths separating them; the SD of a pairwise divergence was
calculated as the square root of the sum of the squares of the SDs
of these branches.

Results and Discussion

Taxon Representation. There are a maximum of 21 known (de-
scribed and undescribed) species in the Caenorhabditis clade;
possible synonymizations could reduce this number to 17 (5).
The group of 10 representatives we include in the present
phylogenetic analysis comprises all Caenorhabditis species cur-
rently in culture and encompasses the overall phylogenetic and
morphological diversity of this genus (cf. 5). As outgroup taxa,
we include two taxa, P. wirthi and Protorhabditis sp. (DF5055),
from a clade likely to be a sister taxon to Caenorhabditis based
on SSU rDNA data (11) and two taxa, O. myriophila and R. axei,
from less closely related groups within the “Eurhabditis” clade
of family Rhabditidae (6).

The Caenorhabditis Phylogeny. Weighted-parsimony analysis of
concatenated sequences of SSU rDNA, LSU rDNA, and the
single-copy nuclear gene RNAP2 resulted in a well resolved
phylogeny for all 10 Caenorhabditis species (Fig. 1). For this
analysis, the third-codon position of RNAP2 was not used
because substitutions at these sites between the more distantly
related taxa were close to saturation (see Materials and Methods).
Jacknife analysis with 2,000 replications resulted in high support
for most branches. The branching pattern of this tree agrees with
a previous phylogenetic tree based on morphological characters
(5), except for the position of C. plicata, which was uncertain in
that study.
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Fig. 1. Phylogenetic tree of all Caenorhabditis species currently in culture
and four outgroup representatives. The black numbers on the branches
denote percentage jackknife support from 2,000 replicates for an analysis
incorporating all taxa by using the two rRNA genes and RNAP2 with the
third-codon positions deleted. The red numbers denote jackknife support in
5,000 replicates for an analysis incorporating the seven most closely related
species and all nucleotide positions of five genes (including par-6 and pkc-3).
The colors of the branches represent the most parsimonious distribution of
reproductive modes in ancestral lineages (sex column: red for hermaphrodit-
ism and blue for gonochorism). Our analysis supports the hypothesis that
hermaphroditism evolved independently in C. briggsae and C. elegans from
gonochorism. This scenario (two changes represented by red blocks in the
left-hand tree of Inset) is more parsimonious than if, for example, hermaph-
roditism evolved once (red block in the right-hand tree of Inset) and was
reversed to gonochorism in C. remanei and Caenorhabditis sp. CB5161 (blue
blocks; three changes total). The presence (+) or absence (—) of introns at
particular orthologous sites in the RNAP2 gene are depicted as a matrix
(question marks indicate missing data). Under the conservative assumption
that gain and loss of an intron are equally likely, 12 intron losses (green
highlights) and 4 gains (orange highlights) were unequivocally inferred at 11
sites. At the other six sites, there are two or more ways that changes could be
distributed across the tree such that the total number of gains and losses
cannot be determined unambiguously at these sites.

When the different data partitions are analyzed separately,
they give incongruent results with regard to the relationship of
Caenorhabditis sp. PS1010 and the pair of sister species, C.
drosophilae and Caenorhabditis sp. DF5070. Whereas rDNA
supports the branching pattern shown in Fig. 1, RNAP2 supports
a sister group relationship between Caenorhabditis sp. PS1010
and the pair C. drosophilae plus Caenorhabditis sp. DF5070, with
a jackknife value of 97% (2,000 replications, data not shown).
This conflict is significant (P = 0.0001 in a partition homogeneity
test (20) implemented in PAUP* with 10,000 replicates), but only
because of these three taxa (P = 0.7827 in the homogeneity test
when these taxa are removed). Such conflicts are known to occur
(21), are likely due to homoplasy or lineage sorting, and can only
be resolved by adding data from other independently evolving
genes. Thus, only the relationship between Caenorhabditis sp.
PS1010 and C. drosophilae plus Caenorhabditis sp. DF5070
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remains ambiguous, but is not relevant to resolving the relation-
ships of the Elegans group. For the Elegans group itself, the data
partitions show no significant conflict in the partition homoge-
neity test (P = 1.000), although RNAP2 alone is unable to
resolve the relationships of this clade. Even when the genes are
concatenated and analyzed, the important branch leading to C.
remanei and C. briggsae has only low jackknife support (black
numbers in Fig. 1).

We therefore performed a second analysis, this time only
including the species of the Elegans group and C. japonica, with
C. drosophilae and Caenorhabditis sp. PS1010 as outgroup rep-
resentatives. For this reduced taxon set, we increased the number
of characters by adding partial sequences from the single-copy
nuclear genes par-6 and pkc-3, in addition to the other three
genes, and including all codon positions. A weighted-parsimony
jackknife analysis (5,000 replications with a branch-and-bound
search) resulted in the same branching pattern with robust
statistical support for each branch (red numbers in Fig. 1). That
third-codon positions provided additional phylogenetic infor-
mation and resolving power for this reduced set of taxa was
indicated by lower jackknife support values when third-codon
positions were excluded (e.g., 76% instead of 90% for the top
node in Fig. 1 and 82% and 92% instead of 92% and 100%,
respectively, for the next nodes down the tree). For this second
dataset as well, there was no significant incongruence between
protein-coding and rDNA data partitions (P = 0.99 for 1,000
replications). The inferred peptide sequences alone provide no
or very low resolution for relationships in the Elegans group
(bootstrap/jackknife values range 40-73% in a parsimony anal-
ysis with a BLOSUM62 stepmatrix; other standard stepmatrices
provided similar results).

Other methods confirm the robustness of these data. A
maximum likelihood jackknife analysis (GTR+I+I" model,
2,000 replications; see Materials and Methods) also provided
high support for the same nodes (from the top down in Fig. 1:
84%, 82%, 87%, and 100%), as did a neighbor-joining boot-
strap analysis [Tamura-Nei+I(I = 0.6)+I'(a = 0.6) model,
10,000 replicates] for the same nodes (89%, 91%, 100%, 100%,
respectively).

The phylogeny supports the monophyly of the Elegans group
and the position of C. japonica as its sister species, which was
proposed based on morphological characters (22). More impor-
tantly, the phylogeny shows that there is no single species most
closely related to C. elegans. Instead, C. elegans is the outsider to
the three other Elegans-group species; the most closely related
species are C. briggsae and C. remanei. These relationships are
consistent with studies of other genes that only included the
three species C. elegans, C. remanei, and C. briggsae (7-10). The
importance of including all Caenorhabditis species in this anal-
ysis, and Caenorhabditis sp. CB5161 in particular, becomes
evident when the phylogeny is used to investigate character
evolution, such as the evolution of reproductive modes.

Evolution of Hermaphroditism. Arguably the most important fea-
ture of C. elegans regarding its usefulness as a genetic model
system is its peculiar form of protandrous hermaphroditism,
which is quite different from the kind of hermaphroditism in
other animals like snails or earthworms. In C. elegans, the gonads
of individuals that are morphologically females first produce a
limited number of sperm and then switch to oogenesis (23). A
switch back to spermatogenesis never occurs. Hermaphrodites
use their sperm only to fertilize their own eggs. Because they lack
male organs, hermaphrodites cannot transfer the sperm to
cross-fertilize another hermaphrodite’s eggs. However, cross
progeny can be obtained when hermaphrodites mate with the
rarely occurring males. This sexual system, comprising self-
fertile hermaphrodites and males, is rare in animals (24). Be-
cause both C. elegans and C. briggsae are hermaphroditic species,
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one might expect this feature to be shared through common
ancestry. However, hermaphroditism probably evolved conver-
gently from gonochorism (a male—female mating system) in the
separate lineages to C. elegans and C. briggsae (Fig. 1). According
to the phylogeny, this scenario is more parsimonious than if, for
example, hermaphroditism evolved once and was reversed to
gonochorism in C. remanei and Caenorhabditis sp. CB5161 (see
Fig. 1 Inset). Note that it would not be possible to distinguish
whether hermaproditism evolved once or twice independently
without including Caenorhabditis sp. CB5161, thus suggesting it
will be important to include in future comparative research on
reproductive modes.

Consistent with our conclusion that hermaphroditism is con-
vergent in C. elegans and C. briggsae, the same type of hermaph-
roditism has evolved independently from gonochorism at least 10
times in rhabditid nematodes (e.g., in Oscheius; Fig. 1); con-
versely, there is only one instance in which gonochorism could
have evolved from hermaphroditism (D.H.A.F. and K.K., un-
published data). Recent molecular data suggest that the mech-
anisms producing hermaphroditism are different in C. elegans
and C. briggsae. First, fog-2, a gene required for making sperm
in C. elegans hermaphrodites, appears to be missing in C. briggsae
(S. Nayak and T. Schedl, personal communication). Second,
specification of sperm requires fem-3 in C. elegans hermaphro-
dites, but is independent of the orthologous Cbr-fem-3 in C.
briggsae (8).

Because changes in development can underlie homologous
features, differences in mechanisms by themselves cannot be
used to prove that hermaphroditism originated independently in
C. elegans and C. briggsae. A classic example for a homologous
feature with different underlying developmental mechanisms is
the amphibian lens. Despite the obvious homology of the lens in
all amphibians, its development is induction-dependent in some
species (e.g., Ambystoma maculatum and Rana fusca) and in-
duction-independent in other species, even close relatives (e.g.,
Ambystoma mexicanum and Rana esculenta) (25). In this case, as
in the case of hermaphroditism in Caenorhabditis, the phylogeny
provides the strongest evidence for homology or convergence.

Intron Evolution. Having sequences of the RNAP2 genes from
closely related species also allowed us to map the evolution of
introns on our phylogeny, revealing a striking picture of unusu-
ally frequent intron loss in Caenorhabditis. The 1,860-bp coding
region of the RNAP2 gene we sequenced from the Caenorhab-
ditis species and several outgroup representatives has 17 differ-
ent sites that are occupied by introns (Fig. 1, columns a-q), but
different sites are occupied in different species. The number of
introns present in a species ranges between 1 and 14. To evaluate
intron evolution, we first applied the most conservative a priori
assumption that intron losses and gains are equiprobable. Under
this simplistic assumption, we inferred the intron losses and gains
by using parsimony reconstruction in MACCLADE 4.05 (14). In-
trons were lost 12 times and gained 4 times at the 12 sites in which
all reconstructions are unequivocal (a—c, €, g, h, k-0, and q). At
the other five sites, there are two or more ways that changes
could be distributed across the tree such that the number of gains
and losses cannot be determined unambiguously. At these sites,
gains could have occurred between 4 and 11 times, and losses
could have occurred between 7 and 0 times, again assuming that
both are equally likely to occur. Overall, the maximum number
of intron gains could have been 15, and the maximum number
of losses could have been 19. Of all of the possible gains, only one
is in a unique position (site m in Caenorhabditis sp. CB5161) and
is thusly unambiguously a gain. All of the other intron gains must
have occurred at least twice in the exact same position. Whether
or not multiple intron gains can occur in the same position is a
matter of much debate (26, 27); a discussion of this subject is
beyond the scope of this study. Adopting a different view, we can
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apply the model that introns in one position can be gained only
once. Under this assumption, we infer at least 27 intron losses
and at most 3 gains over all 17 sites. Thus, no matter what a priori
assumption is used about relative probabilities of intron loss and
gain, we conclude that introns are lost in this region more
frequently than gained. More importantly, our analysis reveals a
striking degree of intron turnover within these phylogenetically
closely related species.

This phylogenetic analysis with orthologous genes from close
relatives allows us to assign intron evolution events to particular
species lineages in Caenorhabditis, which cannot be accom-
plished in two-taxon comparisons, in comparisons involving
paralogous genes, or in comparisons by using very distantly
related model systems. For example, frequent intron loss and
only a few gains were also observed within the large families of
chemoreceptor genes in C. elegans (28, 29). However, because
the gene duplications leading to these gene families were much
more ancient than the C. elegans—C. briggsae divergence, intron
losses could be “dated” relative to the species divergences only
in the few cases in which C. briggsae orthologs were available and
both differed in their introns. Comparisons of whole genome
data for distantly related model organisms suggested that many
introns were lost and gained in the nematode lineage (30).
However, this kind of data does not allow one to differentiate
whether the intron turnover happened early in the lineage
separating C. elegans from the other animals tested (Drosophila
melanogaster and Homo sapiens) or within Caenorhabditis. With
our RNAP2 dataset for many closely related species for which
the phylogenetic relationships are known, we can assign many
intron losses and gains to specific lineages. Our data suggest that
introns in this gene were lost gradually during the evolution of
Caenorhabditis, leading to strikingly few introns in the species of
the Elegans group.

A comparison of the C. elegans and C. briggsae genome
sequences revealed that in ~12,000 putative orthologous gene
pairs, there are twice as many C. elegans-specific introns as there
are C. briggsae-specific introns (2). Previous data (28, 29, 31) led
to the hypothesis that the “species-specific” introns in the C.
elegans and C. briggsae genomes were more likely to have resulted
from intron loss in one or the other ancestral lineage than from
species-specific intron gain. Our results for several closely re-
lated species support and further extend this interpretation to
additional species in the Caenorhabditis group.

Genetic and Morphological Divergence. When analyzing our se-
quence data, we were surprised to observe that genetic diver-
gences among these closely related Caenorhabditis species were
so large. Not only do the rRNA genes show a large degree of
divergence, as observed earlier (6), but RNAP2 also accumu-
lated a large number of substitutions. Thus, we were interested
to compare the range of genetic divergence that has occurred in
Caenorhabditis with that in vertebrates, other deuterostomes,
and in protostomes. As a measure of genetic divergence, we
determined the branch lengths on assumed phylogenies by using
maximum likelihood (Figs. 24, 3, and 5). We then plotted the
divergences between each of the nematode species and the
reference species C. briggsae, the divergences between each of
the deuterostome representatives and mouse, and the diver-
gences between each of the representative protostomes and D.
melanogaster (Fig. 2B and Fig. 6, which is published as supporting
information on the PNAS web site). We find that C. briggsae and
C. elegans are more divergent than are human and mouse at the
RNAP2 locus (likelihood distance estimates of 0.29 =+ 0.02
substitutions per site between these two Caenorhabditis species
and 0.14 = 0.01 substitutions per site between human and mouse;
Fig. 2B). Similar relative divergence comparisons have been
made with genome-wide data (2, 32). Here, we extend such
comparisons across the Caenorhabditis genus. For instance, the
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Fig.2. RNAP2divergences between pairs of taxa. (A) Likelihood estimates of
branch lengths in three assumed topologies for RNAP2 genes from the nem-
atodes considered in this paper (Top), representative deuterostomes (Middle),
and representative protostomes (Bottom). A general time-reversible model
was assumed with different rates for each of the three codon positions, as
detailed in Materials and Methods. Numerical values for branch lengths with
SDs are shown in Fig. 4. (B) Comparisons of evolutionary divergences in RNAP2
genes between species pairs within three different groups: nematodes (red),
vertebrates and other deuterostomes (green), and arthropods and other
protostomes (blue). Pairwise divergences were calculated by summing the
lengths of the branches between species in A; error bars show SDs calculated
as the square root of the sum of the squares of the SDs for each of the
component branches. Shown are divergences between C. briggsae (red icon at
bottom) and the other Caenorhabditis species (light-red icons) or related
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divergence between C. briggsae and C. japonica (0.35 * 0.02
substitutions per site) is comparable with that between mouse
and zebrafish (0.39 = 0.03 substitutions per site).

Perhaps even more unexpectedly, the genetic distances across
arthropods was less than the distances spanned by Caenorhabditis
alone. For example, the greatest genetic distance between the
arthropods compared (D. melanogaster and the brine shrimp
Artemia salina) was 0.65 = 0.03 substitutions per site, less than
the 0.75 = 0.04 divergence between C. briggsae and Caenorhab-
ditis sp. SB341 (Fig. 2). Divergences between the major taxo-
nomic groups (e.g., 1.27 = 0.05 substitutions per site for C.
briggsae—-mouse; 1.38 = 0.05 substitutions per site for C. brigg-
sae—D. melanogaster) are large enough to suggest that the smaller
divergences within the three major taxonomic groups are not
affected significantly by saturation effects. Very similar relative
divergences are obtained by using the SSU or LSU rRNA genes,
although some divergences are unusually high because of the
high rates of accumulation of substitutions in particular branches
(see Figs. 3, 5, and 6).

Surprisingly, the large genetic divergence in these nematodes
is not accompanied by large morphological divergence. Beyond
the difference in reproductive biology mentioned above, there
are only subtle morphological differences between most Caeno-
rhabditis species (5, 11, 33). In contrast, at similar genetic
divergences, deuterostomes and protostomes have evolved a
large range of different morphologies (indicated by icons in Figs.
2B and 6). It had been noted previously (34) that the genetic
distance between humans and chimpanzees seemed too small to
account for their substantial organismal differences. However,
the situation is strikingly reversed in Caenorhabditis.

One possible explanation for the remarkable differences in the
ratio of morphological to molecular change in deuterostomes
and protostomes versus Caenorhabditis is that stabilizing selec-
tion has prevented major changes to body plan in these nema-
todes. For example, the efficiency of their dispersal by using
insects or other small invertebrates may require these nematodes
to be small. Alternatively, developmental constraints may limit
the “evolvability” of Caenorhabditis. For example, the hydro-
static “skeleton,” a pressurized body cavity wrapped with a
flexible but inelastic cuticle, might prevent the evolution of
compartmentalization or the outgrowth of appendages. Cer-
tainly appendages and segmental modularity have been preadap-
tive to an astounding diversification of body plans in arthropods
and other animal groups.

Molecular Clocks and Estimations of Divergence Times. One possible
explanation for large genetic divergence between Caenorhabditis
species is that in these nematodes the molecular clock “ticks” at
a faster rate than in vertebrates or arthropods. Indeed, it has
been estimated that two-thirds of the genes in C. elegans evolved
more rapidly than their putative orthologs in D. melanogaster
(35). This rate difference calls into question molecular-clock
estimates for the date of the C. elegans—C. briggsae divergence.
Genetic divergence data have been used to calculate that C.
briggsae and C. elegans diverged 80-110 million years ago (2, 32).
This estimation assumed (/) an arthropod-nematode divergence
date of 800-1,000 million years ago, (if) the existence of an

rhabditid nematodes (dark-red icons), divergences between mouse (Mus mus-
culus, green icon at bottom) and other deuterostomes [green icons: Rattus
norvegicus (rat), Cricetulus griseus (Chinese hamster), H. sapiens, Danio rerio
(zebrafish), and Ciona intestinalis (ascidian)], and between D. melanogaster
(blue icon at bottom) and other protostomes [blue icons: Drosophila subob-
scura, Drosophila pseudoobscura, Anopheles gambiae (mosquito), A. salina
(brine shrimp), Helobdella stagnalis (leech), Crassostrea gigas (oyster), and
llyanassa obsoleta (snail)]. Note that the distribution of icons along the
horizontal axis is arbitrary.
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arthropod-nematode clade called Ecdysozoa (36), and (iii) a
universal molecular clock. However, there are problems with all
of these assumptions: (i) there is no nematode fossil record to
calibrate an accurate molecular clock for divergence times within
nematodes and especially within Caenorhabditis; (ii) support for
an Ecdysozoa clade is controversial (37-39); and (i) genes have
evolved at very different rates in different lineages of animals
and even within rhabditids (K.K., N.P.G., and D.H.A.F., unpub-
lished data). Considering all of these caveats, estimates for the
date of divergence between C. elegans and C. briggsae are very
unreliable. Thus, the best measure of taxonomic difference in
this group is simply the relative amount of sequence difference
(as in Fig. 2B), not the date of divergence.

By providing a fully resolved phylogeny for the closest avail-
able relatives of C. elegans, we now have a powerful new tool for
informed selection of taxa for comparative genome projects. In
fact, our phylogeny has been used as the basis for selecting C.
remanei, Caenorhabditis sp. CB5161, and C. japonica for com-
parative genome sequencing projects (P. Sternberg, personal
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