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A Phylogeny of Caenorhabditis Reveals Frequent Loss
of Introns During Nematode Evolution
Soochin Cho,1 Suk-Won Jin,1 Adam Cohen,1 and Ronald E. Ellis2,3

1Department of Molecular, Cellular and Developmental Biology, University of Michigan, Ann Arbor, Michigan 48864, USA;
2Department of Molecular Biology, School of Osteopathic Medicine, University of Medicine and Dentistry of New Jersey,
Stratford, New Jersey 08084, USA

Since introns were discovered 26 years ago, people have wondered how changes in intron/exon structure occur, and
what role these changes play in evolution. To answer these questions, we have begun studying gene structure in
nematodes related to Caenorhabditis elegans. As a first step, we cloned a set of five genes from six different Caenorhabditis
species, and used their amino acid sequences to construct the first detailed phylogeny of this genus. Our data
indicate that nematode introns are lost at a very high rate during evolution, almost 400-fold higher than in
mammals. These losses do not occur randomly, but instead, favor some introns and do not affect others. In contrast,
intron gains are far less common than losses in these genes. On the basis of the sequences at each intron site, we
suggest that several distinct mechanisms can cause introns to be lost. The small size of C. elegans introns should
increase the rate at which each of these types of loss can occur, and might account for the dramatic difference in
loss rate between nematodes and mammals.

[Supplemental material is available online at www.genome.org.]

Soon after the discovery of introns, Gilbert (1978) realized that
they could speed up the origin of new genes during evolution. He
reasoned that introns are often much longer than exons, and
thus should increase the rate of homologous recombination
within genes. In addition, imprecise recombination involving
introns would allow “exon shuffling”—the creation of new genes
from pieces of several pre-existing ones. Soon afterward, Doolittle
(1978) suggested that exon shuffling might have been respon-
sible for the origin of many genes in the period prior to the
divergence of prokaryotes and eukaryotes. He explained the ab-
sence of introns in present-day prokaryotes as a result of a
“streamlining” process caused by the pressure for fast genome
replication. Finally, Blake (1978) noted that this model implied
that exons should correspond to units of protein structure, or
domains, which would be required for the combinatorial assem-
bly of new genes. Taken together, these ideas defined the “in-
trons-early” theory of gene evolution—introns date to the origin
of many eukaryotic genes and were instrumental in their cre-
ation.

Cavalier-Smith (1978, 1985, 1991) strongly disagreed with
these arguments. On the basis of the unique functions and re-
quirements of the eukaryotic nucleus, as well as on phylogenetic
considerations, he suggested that the original genes were unin-
terrupted, like those in present-day bacteria, and that introns
were inserted into them during the course of eukaryotic evolu-
tion. Since then, several papers have documented the recent in-
sertion of introns into genes, which strongly supports this theory
(e.g., Giroux et al. 1994; Hankeln et al. 1997). However, one of
the primary pieces of evidence for the introns-late theory—the
observation that introns were absent from basal groups of eu-
karyotes, and thus, must have been created later during eukary-
otic evolution (Logsdon Jr. 1998)—now appears to be wrong
(Nixon et al. 2002).

Although the introns-early/introns-late debate still contin-

ues, a synthesis that combines both theories is becoming promi-
nent (Gilbert et al. 1997; de Souza 2003). This “synthetic theory”
of intron evolution emerged from evidence showing that a subset
of present-day introns might have ancient origins, and that these
ancient introns have a biased distribution in eukaryotic genes.
For example, in genes conserved between prokaryotes and eu-
karyotes, there is a large excess of phase 0 introns (which break
between two codons) over what one would expect by chance
(Long et al. 1995). Furthermore, there is a small, but significant
excess of symmetric exons—ones whose flanking introns have
the same phase number (Long et al. 1995). Both of these traits are
predicted by the hypothesis that symmetric exons of phase 0
were originally required to allow exon shuffling. Most impor-
tantly, these ancient introns seem to be located more frequently
at the boundaries of units of protein tertiary structure than
within units of tertiary structure (de Souza et al. 1996, 1997,
1998; Roy et al. 1999; Fedorov et al. 2001). Because these char-
acteristics apply only to genes whose origin predates the diver-
gence of prokaryotes and eukaryotes, the synthetic theory pro-
poses that a subset of present-day phase 0 introns are ancient,
and that these introns are associated with protein modules that
were assembled into the first genes by exon shuffling (de Souza
2003). Most other introns, especially those in phase 1 or phase 2,
arose later during eukaryotic evolution.

An important effect of this debate is that most research has
focused on dating the first appearance of introns during evolu-
tion, thereby drawing attention away from the host of micro-
evolutionary and mechanistic questions that introns pose. For
example, how frequently are introns gained or lost during recent
evolution, and what consequences do these events have? What
mechanisms are responsible for the loss of some introns and the
acquisition of others? And, are these processes universal, or do
they vary from one group of eukaryotes to another?

How Are Introns Lost or Gained?
The most popular model to explain how introns are lost involves
homologous recombination between the genomic copy of a gene
and an intronless cDNA copy produced by reverse transcription
(Fink 1987; Long and Langley 1993). Because retrotransposons
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can reverse-transcribe the cell’s own mRNA, the required cDNA
templates are expected to be present in eukaryotic cells (Esnault
et al. 2000). Furthermore, Derr (1998) showed that a cDNA could
recombine with its corresponding gene, resulting in intron loss.
However, other researchers have suggested that the loss of in-
trons most often occurs by a simple deletion, caused by imprecise
recombination (e.g., Robertson 1998).

The most common mechanisms proposed to explain intron
gain are the insertion of mobile genetic elements that contain
splicing signals into a gene (Giroux et al. 1994), “reverse splicing”
(Bonen and Vogel 2001), or recombination between homologous
copies of a gene (Venkatesh et al. 1999). Finally, recent work
indicates that some introns might be created by the activation of
new splice sites in a degenerate coding region (Wang et al. 2004).

Gene Structure in C. elegans
In Caenorhabditis elegans, splicing occurs much as in other ani-
mals. However, it has a few unusual aspects that are peculiar to
nematodes. First, introns in C. elegans tend to be much shorter
than those in vertebrates, or even in the yeast Saccharomyces cer-

evisiae. More than half of all C. elegans introns are shorter than 60
nucleotides (Blumenthal and Steward 1997), which is too small
for splicing in vertebrates (Ogg et al. 1990). However, the C.
elegans splicing machinery retains the ability to splice very long
introns (Starich et al. 1993), and long introns are occasionally
found in nematode genes. Second, although C. elegans introns
obey the GU-AG rule (almost all eukaryotic introns have a GU at
the 5� end and an AG at the 3� end), they use an extended 3�

splice site, UUUCAG; Blumenthal and Steward 1997). Third,
nematodes also use trans-splicing, in which a short leader se-
quence, the spliced leader (SL), is attached to the 5� end of many
mRNAs (Krause and Hirsh 1987; Davis 1993). Finally, genes lo-
cated in a cluster with the same 5� to 3� orientations are often
transcribed together as an operon, and each message is separated
from the others by trans-splicing (Spieth et al. 1993). These
unique features might allow these animals to develop some
nematode-specific ways of constructing and altering genomes.

To learn how intron/exon structure changes during evolu-
tion, we compared genomic and cDNA sequences for fog-3 and
the CPEB genes fog-1, cpb-1, cpb-2, and cpb-3 from several species
in the genus Caenorhabditis. These comparisons elucidiate the

Figure 1 Each Caenorhabditis species has four CPEB genes. (A) CPEB domain structures. Each protein is depicted as a white box, with the amino
terminus at the left. The RNA recognition motifs (RRMs) are dark gray and the C-H domain is light gray. Insertions within the first RRM are horizontally
striped, and insertions within the C-H domain are diagonally striped. (Xl) Xenopus laevis; (Cb) Caenorhabditis briggsae; (Cr) C. remanei; (CB5161) C. sp.
CB5161; (Ce) C. elegans; (Cj) C. japonica; (PS1010) C. sp. PS1010. (B) Neighbor-joining tree showing the relationships among CPEB genes. This tree is
based on an alignment of sequences from the conserved RRM1, RRM2, and C-H domains. Each nematode gene family is circled in gray. Nematodes are
listed in A, but also include Oscheius tipulae (CEW1). Other animals are as follows: (Dm) Drosophila melanogaster; (Ag) Anopheles gambiae (malaria
mosquito); (Ss) Spisula solidissima (Atlantic surf clam); (Ac) Aplysia californica (California sea hare); (Ci) Ciona intestinalis (ascidian tadpole); (Dr) Danio rerio
(zebra fish); (Ca) Carassius auratus (gold fish); (Hs) Homo sapiens.

Cho et al

1208 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 21, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


recent history of each intron. Furthermore, because the four
CPEB genes we studied were formed by earlier duplication events,
comparisons between them reveal information about ancient
changes in intron structure.

RESULTS

Each Caenorhabditis Species Has Four CPEB Genes
and One FOG-3 Gene
We used degenerate primers to clone homologs of FOG-3 and the
CPEB gene FOG-1 from five species of nematodes: C. briggsae,
C. remanei, C. japonica, and the unnamed species C. sp. CB5161

and C. sp. PS1010. Supplemental Table 2 lists the GenBank Ac-
cession numbers for these cDNAs. In each species, we identified
a single fog-3 gene and four different CPEB genes, just as in C.
elegans (Chen et al. 2000; Luitjens et al. 2000; Jin et al. 2001).
These CPEB genes can be assigned to the same family groups as in
C. elegans, both by structural considerations (Fig. 1A) and by phy-
logenetic analysis (Fig. 1B).

What relationships do these nematode families have to the
CPEB proteins of other animals? Our analyses extend those of
Luitjens et al. (2000) and Mendez and Richter (2001) and confirm
that the CPB-3 family is most closely related to Xenopus CPEB
protein, which is also expressed during oogenesis. In contrast,

Figure 2 PS1010 is an outgroup for C. elegans and its close relatives. (A) Percent identity values for the FOG-1 and FOG-3 proteins of each species.
(B) Neighbor-joining tree of nematode FOG-1 sequences. Because they were hard to align, we excuded the amino terminus of each FOG-1 protein from
this analysis; these excluded sequences totaled 60–128 amino acid residues per protein. (The total size range for the FOG-1 proteins was 564–653
residues). We chose the Oscheius tipulae CEW1 CPEB-A protein as our outgroup, and used PAUP* 4.0b10 for the calculations. Bootstrap confidence values
are presented at each node, and were based on 10,000 replications.

Figure 3 Phylogeny of the genus Caenorhabditis. (A) Neighbor-joining tree. The FOG-1, CPB-1, CPB-2, CPB-3, and FOG-3 sequences were concat-
enated, giving a total of 2839 characters for each species. We aligned the sequences using ClustalX, with final adjustments by hand, and used PAUP*
4.0b10 to build the tree. After 10,000 bootstrap replications, only segregations with a support value higher than 60% were accepted as significant. (B)
Maximum Parsimony tree. We used PAUP* 4.0b10. Only segregations with a support value higher than 60% after 500 bootstrap replications were
accepted as significant. (C) Maximum Likelihood tree. We used the Phylip software package and the JTT amino acid change model for these calculations.
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the FOG-1, CPB-1, and CPB-2 families are more closely related to
a group of mammalian and insect proteins that have only re-
cently been identified (Fig. 1B). One member of this family,
CPEB2, is expressed during spermatogenesis in mice (Kurihara
et al. 2003), just as FOG-1, CPB-1, and CPB-2 are in C. elegans
(Luitjens et al. 2000; Jin et al. 2001). Thus, these CPEB proteins
might descend from an ancestral form that functioned during
spermatogenesis. However, all known rodent CPEB proteins
are also expressed in the brain (Wu et al. 1998; Theis et al.
2003), which suggests an ancient role for CPEB proteins in nerve
cells.

C. sp. PS1010 Is an Outgroup for the Elegans Subgroup
of Nematodes
Because all species in the elegans subgroup of Caenorhabditis are
closely related, previous attempts to determine their phylogeny
were hindered by the limited sequence data available (Fitch et al.
1995). We hoped that analysis of amino acid sequences from five
different proteins for each species would provide enough infor-
mation to resolve the phylogeny. However, to do this, we also
needed a closely related outgroup. Molecular data had placed the
strain PS1010 within the genus Caenorhabditis, although its males
have very distinctive tails (Baldwin et al. 1997). We found that
the sequences of FOG-1 and FOG-3 from PS1010 were also dra-
matically different from those of other Caenorhabditis species

(Fig. 2A). Furthermore, the phylogeny shown in Figure 1B sug-
gested that C. sp. PS1010 might serve as an outgroup for other
members of this genus. To confirm this hypothesis, we used the
CPEB-A protein from the related genus Oscheius to root a phy-
logeny based on FOG-1 sequences (Fig. 2B). The bootstrap repli-
cation values for this tree, and its congruence with a tree based
on morphological traits (Sudhaus and Kiontke 1996), confirm
that C. sp. PS1010 is indeed an outgroup for C. elegans and its
close relatives.

C. briggsae and C. remanei Are Likely to Be Sister Species
We used three different methods to reconstruct the phylogeny of
the elegans group of nematodes. For each calculation, we used C.
sp. PS1010 to root the tree, and based our calculations on a se-
quential, continuous alignment of FOG-3 and all four CPEB pro-
teins. To filter out weakly supported relationships, we ignored
any results whose bootstrap support was below 60%. Because of
this criterion, our Neighbor-Joining tree was unable to resolve
the relationships among three species—C. remanei, C. briggsae,
and C. sp. CB5161 (Fig. 3A). However, it did show that these three
species form a clade, whose sister is C. elegans. Furthermore, the
branch lengths suggest that all members of the elegans subgroup
originated in an ancient burst of speciation, which explains why
it is hard to determine their relative relationships. Maximum
Parsimony calculations were consistent with these results, and,

Figure 4 (A) The fog-1 gene family. (B) The cpb-2 family. Changes in splicing structure in the fog-1 and cpb-2 genes. We cloned cDNAs as described
in the Methods section, and determined gene structures by comparing cDNA and genomic DNA sequences. Protein-coding regions are shown as black
boxes, noncoding regions as gray boxes, and introns as thin lines. The SL1 leader sequence is shown as a small exon located above the line. All genes
were drawn to scale.
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furthermore, placed C. briggsae and C. remanei as sister species
(Fig. 3B). Finally, Maximum Likelihood calculations gave the
same results, with >95% confidence for each branch of the tree
(Fig. 3C). Our phylogeny also agrees with one based on an en-
tirely different set of genes (Kiontke et al. 2004). Thus, C. elegans
and C. briggsae could not be sister species, despite the fact that
both have male/hermaphrodite mating systems. Instead, our
data suggested that the male/hermaphrodite species C. briggsae
and the male/female species C. remanei were sisters.

The Intron/Exon Structures of the fog-3 and cpb Genes
To learn how the intron/exon structures of fog-1, cpb-1, cpb-2,
cpb-3, and fog-3 had changed during evolution, we used the PCR
to clone the corresponding genomic DNAs. These sequences
have been deposited with GenBank (Supplemental Table 2). By
comparing genomic sequences with each cDNA, we determined
the splicing patterns for each gene. Although most genes did not
produce alternatively spliced products, a few did (Fig. 4 A,B). For
our studies, we selected only the longest transcript from each of
these genes. We then identified homologous introns by compar-
ing insertion sites, and plotted the locations of these sites on
diagrams of the proteins (Fig. 5A–E). Our results show that that
the sizes of these introns are very small in each nematode species,
with the median value always close to 50 bp (Table 1). However,
the average sizes of the C. elegans, C. japonica, and C. sp. PS1010

introns are higher than for the other
species, because a few introns appear to
have expanded significantly in size
(Fig. 5; Table 1).

Many of the introns were present
in all six species, but we also observed
numerous sites for which one species
was missing an intron, although the
flanking sequences had been conserved
(Fig. 6A). We also observed a few in-
stances in which the site flanking a
missing intron had changed dramati-
cally in sequence (Fig. 6B,C), or in
which the position of an intron might
have ‘slid’ relative to that of its relatives
(Fig. 6D). Both potential cases of intron
sliding involved an integral number of
codons, so they were probably caused
by a nearby insertion or deletion. Alter-
natively, these cases of sliding might
have been caused by the deletion of the
original intron, followed by the inser-
tion of a novel intron in the same vi-
cinity.

Introns Are Lost Frequently
During Nematode Evolution
Using C. sp. PS1010 as an outgroup,
and our phylogeny (Fig. 3), we identi-
fied introns that were present in the
ancestor of C. remanei, C. briggsae, C. sp.
CB5161, C. elegans, and C. japonica (Fig.
5A–E). Most of these assignments were
obvious, but three required further
analysis. First, fog-1 intron 10 is found
only in C. briggsae, and intron 11 only
in C. japonica. Although their insertion
sites are close to each other, the amino
acid sequences cannot be aligned (Fig.
6E), and we believe they were formed

by separate insertion events. This hypothesis was confirmed by
comparing the nucleotide sequences of C. briggsae, C. sp. CB5161,
and C. elegans (Fig 6E, bottom). Our alignment implies that the C.
briggsae intron was inserted into this sequence along with addi-
tional nucleotides that caused a shift in the reading frame. Be-
cause fog-1 intron 10 was created after the split between C. brigg-
sae and C. sp. CB5161, it cannot be related to fog-1 intron 11,
which must have been created independently during C. japonica
evolution.

Second, fog-3 intron 7 could have been lost in the common
ancestor of C. briggsae and C. remanei, or it might have been lost
independently in the two lineages. Because these species di-
verged from one another shortly after separating from C. sp.
CB5161, and have since undergone extensive evolutionary
change, we favor the latter hypothesis, but consider both possi-
bilities in our analyses. Third, cpb-2 intron 2 might have been
present in the ancestor of all five species and then lost in C.
briggsae and C. japonica, or been created in the ancestor of the C.
elegans portion of the lineage, and subsequently been lost in C.
briggsae. Either explanation is equally parsimonious, and we con-
sider both possibilities.

Because of these ambiguities, four different models can ex-
plain the history of intron losses in our data set (Table 2). These
models differ in only a few details, and lead to similar conclu-
sions. Whichever one is correct, our results show that intron
losses have been far more common than insertions during recent

Figure 5 (Continued on next page)
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nematode evolution. Furthermore, these losses occur at a high
rate.

Intron Losses Make Poor Traits
for Constructing Phylogenies
Although one might expect that deletions, like the intron losses
we observe in these lineages, would make excellent traits for cla-
distic analysis, it is clear from our data that these events occur
independently at a high enough frequency to make them useless
for building phylogenies. We observed six cases in which an an-
cestral intron had been lost in exactly two of the five species we
were studying, and only the loss of fog-3 intron 7 in C. briggsae

and C. remanei could have been due to a
single event occurring in a common an-
cestor.

Intron Losses Are Not
Randomly Distributed
Are these intron losses random events
that affect all introns equally, or are
some introns more likely to be lost than
others? To answer this question, we used
the Poisson Distribution to calculate the
number of introns expected to show no
losses, a single loss, two independent
losses, or three independent losses,
given the assumption that these losses
occur randomly. The crucial parameter
for these calculations is µ, the average
number of losses for each intron. For ex-
ample, in Model 1, there were four single
losses, seven double losses, and 34 ances-
tral introns, so µ = (4 + 2*7)/34 = 0.53.
Because µ is ∼0.5 for each model, the
largest class should be introns that show
no losses, followed by those that show
only one, and so on. However, this is not
what we see (Fig. 7). Instead, the number
of introns that show two independent
losses is greater than or equal to those
showing only one loss. This distortion is
so large that a �2 test shows that models
in which all losses occur randomly are
unlikely to explain our data (Fig. 7).

Some Introns Might Have
Conserved Functions
One explanation for this nonrandom
pattern is that some introns have a very
low chance of being lost, because they
perform important functions, and that
these introns contribute to an unexpect-

edly large class that are never lost. For example, if we assume that
19 of the introns in our data set cannot be lost, and that losses for
the remaining introns are distributed randomly, the probability
of explaining our results rises to �0.05 for each model.

Is there other evidence that some of these introns are essen-
tial? Of the 24 introns that were not lost in any of the species we
studied, 10 were also present in the outgroup C. sp. PS1010. Fur-
thermore, three of these 10 conserved introns must have arisen
before the duplication and divergence of the CPEB genes, as they
are present in more than one CPEB gene (introns B, C, and D,
Fig. 5). However, another intron that has occasionally been de-
leted in the genes we studied also arose before the divergence
of the CPEB genes (intron A, Fig. 5), so great age alone is not
proof that an intron has an essential function. Because these
introns do not appear to have conserved nucleotide sequences,
these essential functions are probably related either to their sec-
ondary structures, or to the influence of their positions within
the transcript.

Adjacent Introns Are Not More Likely
to Be Lost Together
The leading hypothesis for how introns are lost is homologous
recombination between a gene and a reverse-transcribed copy of
its message. One prediction of this hypothesis is that adjacent
introns should frequently be lost together, as recombination in a

Table 1. Intron Sizes for the fog and cpb Genes
of Caenorhabditis

Species Median Size Average Size

C. remanei 47 51
C. briggsae 46 51
C. sp. CB5161 48 85
C. elegans 52 181
C. japonica 63 341
C. sp. PS1010 59 146

Figure 5 (Continued on next page)
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region flanking two or more introns would eliminate all of them
in a single step (Fig. 8A). Considering Model #1, for example, we
observed 16 events in which a single intron had been lost, and
only a single instance in which two adjacent introns had been
lost — introns 2 and 3 from C. sp. CB5161 fog-1 (Fig. 5A). Is this
frequency of adjacent losses more than one would expect from
chance alone? In this model, there were 34 ancestral introns in
each of the five species we examined (Table 3), yielding a total of
170 introns. Of these, 18 were lost, so the chance that a particular
intron in a single species would be lost is 10.6%. Thus, we predict
that the number of events in which two adjacent introns would
be lost equals (0.106)2*(29*5) = 1.6, as there are 29 adjacent sets
of introns among these genes, and five different species. Clearly,
the number of adjacent losses is no more than predicted by
chance. The other models listed in Table 2 yield similar results.

We were concerned that including essential introns in our
calculations might alter the number of adjacent losses we should
expect. Thus, we considered only introns 2, 3, 4, 8, and 9 from
fog-1, as these have all had at least one loss among the species we
studied, and also formed three adjacent groups (introns 2 and 3,
3 and 4, and 8 and 9). The rate of loss for these five introns is
7/25 = 28%, so we would expect the number of events in which
two or more adjacent introns would be lost equals
(0.28)2*(3*5) = 1.2. Thus, these calculations also provide no sup-
port for models in which the loss of adjacent introns is favored.

Recently, Mourier and Jeffares (2003) showed that the in-

trons in unicellular eukaryotes are pre-
dominantly located at the 5� ends of
genes. They suggested that this cluster-
ing is due to preferential loss of introns
at the 3� ends of genes by homologous
recombination, as partial cDNAs pro-
duced by reverse transcription might
contain a preponderance of DNA from
3� ends. Although this effect is most pro-
nounced in unicellular animals that
have few remaining introns, one might
expect that direct measurements of in-
tron loss in higher eukaryotes would re-
veal the same bias. However, of the 18
introns lost in Model #1, 10 were elimi-
nated from the 5� half of a gene, one
from the center, and seven from the 3�

half. Thus, we see no positional bias.

DISCUSSION

Nematode Mating Systems Change
Often During Evolution
To analyze changes in gene structure
during nematode evolution, we began
by preparing the first detailed phylogeny
of the elegans group (Fig. 3). Surpris-
ingly, this phylogeny also shows that
mating systems have changed multiple
times during the evolution of this small
group within the genus Caenorhabditis.
This result dramatically extends previ-
ous analyses of the entire phylum Nema-
toda (Fitch et al. 1995; Blaxter et al.
1998), which showed that mating sys-
tems had changed many times during
the long evolutionary history of the
nematodes.

The fact that most species in this
genus use male/female mating systems

suggests that the ancestor of the elegans group was male/female.
Thus, if our phylogeny is correct (Fig. 3), the simplest model is
that C. elegans and C. briggsae each evolved hermaphroditism
separately. However, it remains possible that the common ances-
tor of C. briggsae, C. remanei, C. sp. CB5161, and C. elegans ac-
quired a male/hermaphrodite mating system, and this system
then reverted to a male/female one in C. remanei and C. sp.
CB5161. Although the second scenario involves more steps than
the first one, it might be equally probable, because we do not
know the relative likelihood of switching from a male/female
mating system to a male/hermaphrodite one, or vice versa.

In the past few years, a major effort has been launched to
determine the molecular changes that have influenced the con-
trol of sex determination during nematode evolution (Kuwabara
and Shah 1994; de Bono and Hodgkin 1996; Kuwabara 1996;
Hansen and Pilgrim 1998; Haag and Kimble 2000; Chen et al.
2001; Wang and Kimble 2001; Haag et al. 2002; Luz et al. 2003).
Our phylogeny provides a framework for interpreting these stud-
ies, and will allow us to infer the direction of each regulatory
change that is detected.

The Rate of Intron Loss is Very High in Nematodes
From an evolutionary perspective, changes in intron/exon struc-
ture might be an important force for generating differences in
gene function. However, a recent study showed that such

Figure 5 (Continued on next page)
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changes are rare in mammalian evolution (Roy et al. 2003). For
example, of 10,020 introns considered in a comparison between
humans and mice, only five were lost in the mouse lineage, and
none were lost in humans.

Gene structures change much more rapidly in nematodes.
First, a direct comparison of the C. elegans and C. briggsae ge-
nomes showed that they have significant differences in intron/
exon structure (Kent and Zahler 2000; Stein et al. 2003). In the
latter study, of 60,275 introns that were examined, 4379 were
unique to C. elegans, and 2200 were unique to C. briggsae. Because
no outgroups were considered, it was unclear if these differences
were caused by losses or gains. Second, several studies have docu-
mented dramatic changes in intron/exon structure within large
C. elegans gene families (Gotoh 1998; Robertson 1998, 2000).
These data showed that intron losses were more common than
gains, just as we observed, but could not determine the rate of
loss, as the dates of each gene duplication were unknown.

Because we established a phylogeny for these nematodes, we
could measure loss rates directly. We found that individual in-
trons had roughly a 10% chance of being lost since the diver-
gence of the five species we studied. This number is based on
direct sequence analysis of the relevant genomic DNAs and
cDNAsanddoesnotdependoncomputerpredictionsofgenestruc-
ture. By comparison, the data from humans and mice showed a
loss rate of 0.025%, which is 400-fold lower. This comparison
depends on the assumption that the last common ancestor of
humans and mice lived at roughly the same time as the last
common ancestor of these nematodes (Stein et al. 2003), which
would be true if the rate of molecular evolution were constant.
However, if the rate of genome evolution is faster in nematodes,

as seems likely, then the rate at which
introns are lost in worms exceeds that
of mammals by more than 400-fold.

Why such a high loss rate in
nematodes? Roy et al. (2003) found
that the deleted introns in mammals
were probably much smaller than the
average human size of 2500 bp. In C.
elegans, most introns are about 50-bp
long (Blumenthal and Steward 1997),
and we found small introns in each of
the other nematode species we exam-
ined (Table 2). Thus, it seems possible
that the frequency at which introns
are lost is inversely proportional to
their size. Because nematodes also
have some large introns, this hypoth-
esis can be directly tested when addi-
tional genome sequences from Cae-
norhabditis are finished.

The rate at which introns are
gained might also be higher in worms.
No insertions were found in any hu-
man, mouse, or rat genes (Roy et al.
2003), whereas we observed either
two or three insertions in the nema-
tode genes we analyzed. However, in
the mammalian study, 16 introns in
coding regions of low amino acid se-
quence conservation were not consid-
ered, and some of these excluded
cases might have involved insertions.
For comparison, the two recently in-
serted introns we detected in fog-1 are
both located in a poorly conserved re-
gion that would have been excluded

from the mammalian study.

How Do Intron Losses Occur?

Recombination With cDNA
The most common hypothesis for how introns are lost is by
recombination with reversed-transcribed copies of a message,
which should lack all introns (Fig. 8A). In its simplest form, this
model implies that adjacent introns have a high probability of
being lost together in a single event. Some data strongly support
this model. For example, five adjacent introns seem to have been
lost simultaneously during the evolution of the catalase 3 gene in
Zea mays (Frugoli et al. 1998), and all of the introns in the Oiko-
pleura longicauda EP-1� gene might have been lost in a single
event (Wada et al. 2002).

However, adjacent losses like these are rare in our data and
in data from plants (Frugoli et al. 1998), insects (Krzywinski and
Besansky 2002), and deuterostomes (Wada et al. 2002). One po-
tential explanation is that the cDNA templates that recombine
with genomic DNA are usually small fragments rather than com-
plete genes. For each species, the size of these fragments would
determine which introns could be lost together. If so, in worms,
these cDNA fragments are unlikely to be formed by partial reverse
transcription starting from the 3� end, as has been hypothesized
for unicellular eukaryotes (Mourier and Jeffares 2003), as we see
no bias toward loss of introns at the 3� ends of genes (Fig. 5). A
more plausible model is that the enzymes responsible for recog-
nizing and degrading aberrant DNA control the formation of
these cDNA fragments, and thus influence the rate of intron loss.
Alternatively, recombination might favor individual short in-

Figure 5 (Continued on next page)
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trons, because the cDNA and genomic DNA sequences should
align more easily if smaller loops are involved (Roy et al. 2003).
In either case, shorter introns are more likely to be eliminated by
recombination than longer ones.

It is also possible that adjacent in-
trons are rarely lost together, because re-
combination with cDNA is not the pri-
mary cause of loss. Two other consider-
ations support this idea. First, a crucial
prediction of this model is that intron
losses should be restricted to genes that
are actively transcribed in the germ line,
like those in our current study. However,
Robertson (1998; 2000) observed a large
number of intron losses in a family of
putative odor receptor genes in C. el-
egans. If these genes are indeed odor re-
ceptors, they are unlikely to be expressed
in germ cells, so their introns must have
been lost by other means. Second, al-
though nematodes have a large number
of pseudogenes (Mounsey et al. 2002),
most of these are not processed pseudo-
genes (Mounsey et al. 2002; Nieduszyn-
ski et al. 2002), so it seems unlikely that
there is an unusually high rate of cDNA
production in worms.

Deletions
Introns could also be lost by spontane-
ous genomic deletions (Fig. 8B). In
theory, these deletions could either be
precise, which would yield a product in-
distinguishable from an intron lost by
recombination, or imprecise. Such
events are known to occur, as the jingwei
gene of Drosophila teissieri has two alle-
les, one of which is an imprecise dele-
tion that did not remove 12 nucleotides
of the original intron 2 (Llopart et al.
2002). Similarly, intron #1 of the C. el-
egans cpb-1 gene might have been
formed by imprecise deletion, as it ap-
pears to have been lost along with some
adjacent coding sequence (Fig. 6C). Be-
cause the probability of a 2500-bp intron
being exactly deleted is much lower
than it is for a 50-bp intron, this mecha-
nism should also favor the loss of short
introns.

Changes in Splice Doner Sites
In regions that are tolerant of changes in amino acid sequence,
one might also expect some introns to be lost by the mutation of
a splice donor site. If this were to happen and no cryptic donor

Table 2. Intron Losses are More Frequent Than Insertions

Model

Features of Model Number of Introns Lost Total Introns
Ratio of

Loss/Gainfog-3 In # 7 cpb-2 In # 2 Never Once Twice Lost Gained

1 Independent Ancestral 23 4 7 18 2 9.0
2 Independent Inserted 23 5 6 17 3 5.7
3 Ancestral Ancestral 23 5 6 17 2 8.5
4 Ancestral Inserted 23 6 5 16 3 5.3

Because there are two ambiguities in the phylogeny of these introns, four different models that explain the pattern of intron
evolution are possible.

Figure 5 Alignment of conserved intron positions. The coding region of each gene is shown as a
rectangle drawn to scale. (A–D) The RNA recognition motifs (RRMs) are dark gray, the C-H domain is
light gray, insertions within the first RRM are horizontally striped, and insertions within the C-H domain
are diagonally striped. (E) The BTF domain is dark gray, and the TF domain is light gray (Chen et al.
2000). Introns are shown as vertical lines within each gene, with size above, and number below. The
introns used in our data set are colored blue, red, or green to make it easy to compare homologs
between species. Phase 0 introns lie between codons, phase 1 introns after the first nucleotide of a
codon, and phase 2 introns after the second nucleotide. Ancient introns A, B, C, and D were found in
more than one CPEB gene.
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Figure 6 (A) Perfect deletions. (B) Deletion with 3� insertion. (C) Deletion with associated mutation. (D) Intron sliding. (E) Intron insertions. Sequences
of selected intron sites. The starting position of each sequence follows the species name. Identical amino acids are shaded black, similar ones are shaded
gray, and intron sites are colored blue. A “-“ is used for amino acid gaps, and a “.” for intron gaps. Phase 0 introns lie between the indicated codons,
and phase 1 or 2 introns lie within the codon to the left. The bottom half of E contains nucleotide sequences, with the translation above the line. (Cb)
C. briggsae; (Cr) C. remanei; (CB) C. sp. CB5161; (Ce) C. elegans; (Cj) C. japonica; (PS) C. sp. PS1010.
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sites were activated, the associated intron would become part
of the coding region (Fig. 8C). This mechanism could explain
how intron #3 was lost from the fog-1 gene of C. sp. CB5161 (Fig.
6B). Because longer introns are more likely to contain in-frame
stop codons, this mechanism should only work for very short
introns.

We suspect that all of these mechanisms contribute to in-
tron loss during evolution, but that spontaneous genomic dele-
tions are far more important than previously suspected. Once
additional nematode genome sequences become available, we
plan a global comparison of the loss rate for introns in germ-line
and somatic genes to test this hypothesis. Because of the high
loss rate for nematode introns, such a comparison could also test
the hypothesis that all mechanisms for intron loss favor the
elimination of short introns over longer ones.

Are the Rates of Intron Loss and Gain Constant
During Evolution?
We observed a much higher rate of intron loss than of insertion
(Table 3), and this observation also appears true for other organ-
isms (Krzywinski and Besansky 2002; Wada et al. 2002; Roy et al.
2003). However, if the rate at which new introns are created has

always been much lower than that of losses,
then the number of introns must have been
much higher in the distant past. In fact,
rough estimates suggest that this number
should once have been high enough that
introns occurred every few codons, which
seems ridiculous. Alternatively, the rate of
either insertions or losses might vary over
time.

Examination of the cpb-3 gene suggests
one intriguing possibility for such variation
(Fig. 5D; Table 3). In this gene, five introns
are present in C. sp. PS1010 that are not
found in other cpb-3 genes (introns 2, 3, 6,
8, and 9). Of these introns, four are not
found in any other CPEB genes and might
have been formed by insertion events in the
C. sp. PS1010 lineage. Because none of the
other genes we examined could have had a
high number of insertion events (Table 3), it
is possible that such insertions affect spe-
cific genes only at certain times during evo-
lution. If insertions are often accompanied
by mutation (as in Fig. 6E), these differences
might reflect changes in selective pressure
over time. Alternatively, they might be
caused by changes in the rate of transposi-
tion or DNA duplication. Because of differ-
ences in chromatin structure, such changes
might preferentially affect specific regions
of the chromosome. Of course, it is also pos-
sible that these four introns were ancestral
and have been lost in the other cpb-3 genes.
Additional sequence analyses from a more
distant relative could resolve this question.

If the high rate of intron loss in the
elegans group is true of nematodes in gen-
eral, then it must have been matched by a
relatively high rate of intron creation in
worms, as the number of introns in worm
genes is similar to that found in their insect
or mammalian counterparts. This observa-
tion implies that introns play a crucial role

in gene function, even when their sequences are not conserved
and, in the long run, losses must be offset by gains. Given the
important role of splicing in nonsense-mediated decay and
mRNA processing and export (Lynch and Richardson 2002), this
observation is not surprising.

Have Introns Facilitated Changes in Protein Structure
During Nematode Evolution?
In nematodes, about 70% of messages are trans-spliced to a short
leader sequence (Blumenthal and Steward 1997). We observed
two examples in which a trans-spliced leader had been added to
a transcript in one species, or eliminated from it in another, and
only one case in which internal splicing patterns had changed.
On the one hand, in C. elegans, a novel trans-splice helped create
the fog-1S transcript, which lacks exons 1 through 4 (Fig. 4A). In
addition, the C. japonica cpb-2C transcript lacks exons 1 and 2
because of a novel trans-splice (Fig. 4B). In contrast, the only
internal change involves C. japonica fog-1S, which lacks part of
exon 2, all of exons 3–5, and part of exon 6 (Fig. 4B).

These results suggest that changes in the pattern of trans-
splicing provide an important mechanism for generating new
transcripts in nematodes. Although some of these changes

Figure 7 (A) Model 1. (B) Model 2. (C) Model 3. (D) Model 4. Introns are not lost randomly. The
four models are described in Table 3. However, as Models 2 and 4 assume that cpb-2 intron #2 was
created sometime after the split between the ancestor of C. japonica and that of the other species,
this intron was excluded from the calculations, leaving only 33 ancestral introns in the data set for
these two models. This correction allowed us to consider only introns that have existed for the same
length of time.
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merely alter a few residues, in other cases they produce much
shorter transcripts that lack conserved domains. Many other
genes in C. elegans and C. briggsae are also known to produce
short transcript variants that are spliced to the SL1 leader se-
quence. Unfortunately, little is known about the functions of
these variants.

Future Prospects
Recent proposals have been made to sequence the genomes of C.
remanei, C. sp. CB5161, and C. japonica. When these projects are
completed, analyses of intron gains and losses can be carried out
on a genomic scale for five related species of nematodes. If this
work is combined with similar studies that should soon be pos-
sible in insects and vertebrates, the statistical analyses used here
should provide a definitive picture of the pattern of intron gains
and losses during evolution.

METHODS

Genetic Nomenclature
We use the genetic nomenclature described by Horvitz et al.
(1979) with some modifications. First, we use Cb-fog-1 and Cr-
fog-1 to refer to the fog-1 homologs from C. briggsae and C. rema-
nei, respectively. Second, capital letters in plain font indicate the
proteins that are encoded by each gene; for example, fog-1 en-
codes the protein FOG-1.

Genetic Methods
and Nematode Strains
We used the techniques for culturing worms described by Bren-
ner (1974), and raised all animals at 20°C. Wild-type refers to the
Bristol strain N2 for C. elegans (Brenner 1974), AF16 for C. briggsae

(Fodor et al. 1983), EM464 for C. rema-
nei (Baird et al. 1992), SB339 for C. ja-
ponica (Kiontke et al. 2002), CB5161 for
C. sp. CB5161 (Baird et al. 1992),
PS1010 for C. sp. PS1010 (Baldwin et al.
1997), and CEW1 for Oscheius tipulae
(Evans et al. 1997).

Cloning cDNA Copies
of the CPEB Genes and fog-3
The central portions of each CPEB tran-
script were obtained by RT–PCR, using
degenerate primers designed by the CO-
DEHOP method (Rose et al. 1998). In an
attempt to isolate all CPEB genes from a
single amplification, we began by using
general primers that targeted regions
shared by these genes (Supplemental
Table 1). Afterward, we used more spe-
cific primers to clone those genes we
did not recover in our initial experi-
ments. Finally, we cloned the 3� ends of
each cDNA by RACE (Frohman et al.
1988), using Primers Q0n for primary
amplifications, and Q1n for secondary
amplifications. We cloned the 5� ends
either by RACE or by RT–PCR, using a
primer homologous to the SL1 or SL2
leader sequences. We followed a similar
strategy to clone and characterize the
fog-3 genes from CB5161, C. japonica,
and PS1010 with degenerate primers
specific to fog-3 (Supplemental Table 1).

All PCR products were subcloned
into the pGEM-T easy vector (Promega),
and both strands were sequenced using
the di-deoxy nucleotide method

(Sanger et al. 1977) with fluorescently labeled terminators (Hal-
loran et al. 1993). These experiments identified four CPEB genes
from each Caenorhabditis species, but only two from Oscheius
tipulae. These two genes are more closely related to the fog-1/cpb-1
group than to cpb-2 or cpb-3, but their exact orthology is uncer-
tain. Thus, we call these genes CEW1 cpeb-A and cpeb-B.

Phylogenetic Analyses
We used CLUSTAL X version 1.81 (Jeanmougin et al. 1998) to
prepare alignments, and adjusted them by hand before using
them for phylogenetic analyses. To carry out Neighbor-Joining
(Saitou and Nei 1987) and Maximum Parsimony analyses, we
used the PAUP* 4.0b10 software package (Swofford 2000). We
used PHYLIP (Felsenstein 1993) for Maximum Likelihood analy-
ses, and followed the amino acid change model of Jones et al.
(1992).

To develop a phylogeny of the elegans group, we prepared
an alignment using concatemers of the four CPEB proteins (FOG-
1, CPB-1, CPB-2, and CPB-3) and FOG-3 for each Caenorhabditis
species. These concatenated sequences had a total of 2839 char-
acters.

Table 3. Novel Introns in C. sp. PS1010 Genes

Gene
Present in PS1010 and

Other Nematodes Unique to PS1010

fog-1 3 1
cpb-1 4 0
cpb-2 1 1
cpb-3 2 5
fog-3 6 0

Figure 8 Mechanisms of intron loss. (A) Loss by recombination with cDNA. In the genomic DNA,
coding sequences are shown as gray boxes. Sites of recombination are marked with an X. (B) Loss
by deletion. Only one of several possible mechanisms for deletion is shown. (C) Loss by mutation
of the donor site. (*) The site of a point mutation that destroys the donor site. The dark gray box
indicates in-frame intron sequences that have become part of the coding sequence.
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Cloning and Characterizing Intron Sequences
To prepare genomic DNA, we used populations of animals grown
on single 100-mm culture plates. We harvested the worms in M9
buffer and pelleted them by centrifugation at 2000g for 3 min,
followed by one rinse with water. We then purified genomic
DNA using the PUREGENE DNA isolation Kit (Gentra Systems).

For each gene, we cloned genomic DNA by the PCR using
primers based on cDNA sequences, and sequenced both strands
of each purified PCR product. For genes whose genomic sequence
was too long for a single amplification, we used overlapping sets
of primers to obtain the entire sequence. Finally, we determined
the positions and sequences of introns by comparing each ge-
nomic sequence with its corresponding cDNA.

The Poisson Distribution Test for Intron Loss
To see whether introns were lost randomly, we used the Poisson
Distribution test. The average number of intron losses (µ) for
each model was calculated as the number of intron losses divided
by the total number of ancestral introns (N). For the Poisson
Distribution, the number of introns showing x losses equals
P(x) = (e�µ * µx)/x!. Finally, we used the �2 test to calculate the
probability that deviations between the expected and observed
distributions could be produced by chance. The probabilities
were calculated assuming two degrees of freedom.
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