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Abstract. Oikopleura dioica is a pelagic tunicate
with a very small genome and a very short life cycle.
In order to investigate the intron—exon organizations
in Oikopleura, we have isolated and characterized
ribosomal protein EF-1a, Hox, and o-tubulin genes.
Their intron positions have been compared with
those of the same genes from various invertebrates
and vertebrates, including four species with entirely
sequenced genomes. Oikopleura genes, like Caenor-
habditis genes, have introns at a large number of
nonconserved positions, which must originate from
late insertions or intron sliding of ancient insertions.
Both species exhibit hypervariable intron—exon or-
ganization within their a-tubulin gene family. This is
due to localization of most nonconserved intron po-
sitions in single members of this gene family. The
hypervariability and divergence of intron positions in
Oikopleura and Caenorhabditis may be related to the
predominance of short introns, the processing of
which is not very dependent upon the exonic envi-
ronment compared to large introns. Also, both spe-
cies have an undermethylated genome, and the
control of methylation-induced point mutations im-
poses a control on exon size, at least in vertebrate
genes. That introns placed at such variable positions
in Oikopleura or C. elegans may serve a specific
purpose is not easy to infer from our current
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knowledge and hypotheses on intron functions. We
propose that new introns are retained in species with
very short life cycles, because illegitimate exchanges
including gene conversion are repressed. We also
speculate that introns placed at gene-specific posi-
tions may contribute to suppressing these exchanges
and thereby favor their own persistence.
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Introduction

The debate on intron evolution has strongly focused
on whether introns first appeared in prokaryotes or in
eukaryotes (Gilbert et al. 1986, 1997; Cavalier-Smith
1991; Logsdon et al. 1998). The hypothesis of an
eukaryotic origin is increasingly favored because in-
trons have not been found in sequenced bacterial ge-
nomes but have been discovered in a number of basal
eukaryotic taxons (Archibald et al. 2002; Nixon et al.
2002). The phylogeny of intron sequences is not easily
soluble due to their rapid evolution. The positions of
introns are, in contrast, fairly stable, and genes of
distantly related phyla indeed often have introns at
conserved positions. Conversely, introns occupying
nonconserved positions probably have been gained
relatively late (Logsdon et al. 1998; Robertson 2000),



or they may have moved from ancient intron positions
through so-called intron sliding (Rogozin et al. 2000).
Comparisons of genes between related taxons also
reveal intron losses (Robertson 1998, 2000). Several
mechanisms have been proposed to explain intron
gain, sliding, and loss. These include precise ““trans-
position-like” insertions or excisions, conversion be-
tween genes having different intron contents, and
conversion between genes and related transcripts
(Lynch and Richardson 2002).

The turnover of introns is generally slow, and in-
tron—exon organizations can be almost invariant in
large taxons, such as all vertebrates (Venkatesh et al.
1999). When modelized as a stochastic population-
genetic process, it is found to be dependent upon
effective population size and upon weak selective
pressures (Lynch 2002). Introns that have efficiently
colonized genes can be recruited into essential proc-
esses, with alternative splicing as the most speaking
example (Hanke et al. 1999). A phenomenon receiv-
ing increasing attention is the control of abnormal
transcripts through nonsense mediated decay (NMD)
(Hentze and Kulozik 1999; Lykke-Andersen 2001).
Ancient introns, especially those separating distinct
protein-coding domains, may have contributed to the
assembly of novel genes through exon shuffling (de
Souza et al. 2001).

Recent studies have revealed significant differences
in intron—exon organization between vertebrates and
invertebrate deuterostomes (Wada et al. 2002).
Genome sequencing of invertebrate deuterostomes,
initiated with the ascidian Ciona intestinalis (Uro-
chordata [Dehal et al. 2002]), will reveal the extent of
intron—exon remodelling that took place before and
after the emergence of chordates. We have under-
taken genome sequencing in Oikopleura dioica, which
belongs to larvaceans, another class of urochordates.
Oikopleura has a very short life cycle (4 days) and its
genome is remarkably small and compact (70 mega-
bases; Mb), with very short intergenic distances and a
majority of introns shorter than 50 bp (Seo et al.
2001). In this initial work, we observed that only a
minority of intron positions were conserved between
four genes of Oikopleura and their probable human
orthologs. In order to test whether these differences
are part of critical reorganizations after the diver-
gence of both lineages, we extended our comparisons
between Oikopleura and other animals to a variety of
genes and gene families, namely, ribosomal protein
genes, the elongation factor EF-1a gene, Hox genes,
and o-tubulin genes. These genes have been charac-
terized in a large number of animal phyla and they
are sufficiently conserved to allow unambiguous
comparisons of intron positions.

Here we report a considerable divergence and
variability of intron positions in Oikopleura dioica.
The nematode Caenorhabditis elegans is the only
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other species displaying such derived intron—exon
organization features. Our observations are discussed
using existing and novel hypotheses, in relation to the
strong genome compaction and the short life cycle of
these two species.

Materials and Methods

Oikopleura Culture

Methods for permanent culture of the species have been reported
elsewhere (Spada et al. 2001).

Isolation of o-Tubulin Genes

The first a-tubulin gene of Oikopleura (gene B) was revealed by
random sequencing of a cDNA library prepared at the adult stage,
and its genomic sequence was obtained through screening of a sperm
genomic library. Cloning of all other a-tubulin genes was started by
aligning this sequence with a data set of genomic sequences pro-
duced by whole-genome shotgun sequencing (Seo et al. 2001). This
data set consisted of 44,797 contigs representing a total of 4098 Mb
of nonredundant sequences. Alignments of 800 nonredundant ex-
pressed sequence tags (EST) with this shotgun data set showed an
average coverage of 65%, with 83% of ESTs matched on more than
one-quarter of their length and 48% covered on at least three-
quarters of it. Each BLAST hit sequence obtained with the tubulin
sequence was retrieved and allowed primer design for PCR ampli-
fication from genomic DNA and/or vector-anchored PCR on a
plasmid cDNA library. Almost full-length genes (amino acid 16 to
amino acid 412) were obtained from other species (hagfish Myxine
glutinosa, amphioxus Branchiostoma floridae, sea squirt Ciona
intestinalis, sea urchin Strongylocentrotus droebechiensis, lobster
Homarus gammarus) through PCR amplification of genomic
DNA  using  degenerate  primers (AlphaDeg-1fw  5-
CAYGTBGGBCAGGCTGG WGTYC AGAT-3, AlphaDeg-2rv
5-GCCTCRGAGAAYTCNC CYCCT CCAT-3, whereY = Cor
T,R=GorA,B=GorTorC,W = AorT, N = any).

Genomic Localization of Oikopleura o-Tubulin Genes

A BAC library containing 9216 clones (135-kb average insert size)
was screened with probes generated from the sequences of genes B,
D, F, H, and 1. Gene-specific primers were designed for tentative
PCR amplification of every known a-tubulin gene from positive
BAC clones (see Table S1, supplemental information).

Retrieval of Oikopleura EF-1a, Hox, and Ribosomal
Protein Gene Sequences

The Oikopleura shotgun data set was also used to retrieve se-
quences showing strong similarity to vertebrate and invertebrate
EF-1la, Hox, and ribosomal protein genes (see Table S2, supple-
mental information, for accession numbers).

Sequence Analysis

The initial sequence alignments were performed using ClustalX
version 1.81 (Jeanmougin et al. 1998) and visually inspected for
misalignments. Alignments of Oikopleura genomic and cDNA se-
quences, when available, easily revealed the presence of introns
interrupting the coding regions. The translated DNA sequences
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Table 1. Intron positions summed up for 12 ribosomal protein genes in five species
H. sapiens C. intestinalis 0. dioica D. melanogaster C. elegans
56 positions 37 2 12 13 H. sapiens
41 shared
48 positions 1 9 13 C. intestinalis
38 shared
30 positions 1 0 0. dioica
3 shared
17 positions 4 D. melanogaster
14 shared
28 positions C. elegans
15 shared

Note. The 12 genes analyzed were 60S ribosomal proteins LS, L11,
L19, L21, L23, L.24, L29, L30, and PO and 40S ribosomal protein
genes S2, S3, and S6. The total number of positions of each species
and the total number of positions shared with four other species are
indicated on the diagonal. Each cell contains the number of posi-

were first aligned using ClustalW 1.74 (Thompson et al. 1994).
After visual corrections using the sequence editor Seaview (Galtier
et al. 1996), the protein alignment was used as a reference in order
to keep the codon information when aligning the corresponding
DNA coding sequences. Trees were constructed using the neighbor-
joining method implemented in the Phylo_win program (Galtier et
al. 1996) on the nonsynonymous rate (K,)-based distances, codon
distances computed according to Li (1993), using the pairwise gap
removal option and with 500 bootstrap replicates. The analysis of
codon usage was performed according to Lerat et al. (2002), using
the relative frequency of the 59 degenerated codons. The Factorial
Correspondence Analysis (FCA), a multivariate analysis, using the
ADE-4 software package (Thioulouse et al. 1997), calculates the
position of each sequence in a multidimensional space according to
codon usage, allowing the detection of differences between se-
quences and identification of the codons involved. Potential con-
version events between distinct o-tubulin genes were searched using
Sawyer’s (1989) method and his program GENECONV
(www.math.wustl.edu/~sawyer/geneconv). The basis of the meth-
od is the identification of silent sites (synonymous codon substi-
tutions) at which two DNA sequences agree (but differ from other
sequences) and the segmentation of the sequences according to
contiguous stretches of these sites. Gene conversion increases the
lengths of these stretches. The significance of these lengths is then
estimated by comparison with values obtained from 10,000 artifi-
cial data sets constructed by randomly permuting the silent poly-
morphic sites.

Results

Ribosomal Protein Genes

Ribosomal protein genes are highly conserved across
distantly related phyla. Twelve distinct ribosomal
protein genes of Oikopleura dioica were retrieved
from the shotgun sequence dataset, each matching
one or several Oikopleura ESTs. Intron—exon organ-
ization of these genes was determined by gene—cDNA
alignment and compared with organization of their
orthologs in human, the sea squirt Ciona intestinalis,
the fruitfly Drosophila melanogaster, and the nema-
tode Caenorhabditis elegans. The total number of
introns of these 12 genes varied strongly between

tions shared between two species. For accession numbers see sup-
plemental information, Table S2. The Ciona intestinalis ribosomal
protein gene sequences were retrieved from http://genome.jgi-
psf.org/cionad/ciona4.home.html.

species, with the highest number in human and the
lowest number in the fruitfly (Table 1). Most intron
positions of the sea squirt were also found in human
genes, and most intron positions of the fruitfly were
found in human and/or the sea squirt. This suggests
that for these 12 genes of human, sea squirt, and fly,
most introns have an ancient origin.

In contrast, about half of the C. elegans intron
positions were not found in the respective gene or-
thologs of other species. As the fly and the C. elegans
lineages started to diverge from the chordate lincage
at the same time, either the fly genes have lost many
introns which are still found in C. elegans or most
C. elegans introns result from lineage-specific inser-
tions. A more extreme picture was observed for
Oikopleura genes, which displayed 27 specific intron
positions, for a total number of 30. Intron—exon
organizations of Oikopleura ribosomal protein genes
differed far more from those of human and
Ciona genes than  Drosophila and even
C. elegans genes did. This indicates a ““crisis” of gene
organization in the Oikopleura lineage, which prob-
ably involved numerous intron gains and/or sliding,
as well as numerous intron losses. At this point we
cannot rule out that some Oikopleura-specific introns
are ancient and were lost in other animal lineages.

Elongation Factor EF-lo Gene

Partial sequences of two distinct EF-1a genes were
also collected in the Oikopleura dioica genome data
set. As for the single EF-1a gene identified in another
Oikopleura species (Wada et al. 2002), their intron—
exon organizations markedly differed from those of
other deuterostome EF-la genes, including those
from ascidians (Fig. 1). The Oikopleura genes had
introns in at least eight positions, six were Oikopleura-
specific and one was found in urochordates only. The
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Fig. 1. Intron—exon organizations of animal elongation factor lo intron positions recorded in a single species and a single gene. Blue

genes. Intron positions in genes of each species are identified in the
protein sequence (amino acids 1 to 462). Black circles (phase 0),
squares (phase 1), and triangles (phase 2) represent intron positions
shared by at least two large animal groups. Red symbols represent

symbols represent intron positions recorded in several species of
one class. See accession numbers for O. dioica and C. elegans in the
supplemental information (Table S2), and Wada et al. (2002).

( DMABDB VRKKRKPYSKFQTLELEKEFLFNAYVSKQKRWELARNLQLTE YK IWFQNRRMENEENS
DMLAB NNSGRTNFTNKQLTELEKEFHFNRYLTRARRIEIANTLOLNETPMK IWFQNRRMKQKEKRV
D. melanogaster |_DMPRO PRRLRTAYTNTQLLELEKEFHFNKYLCRPRRIEIAASLDLTERMMKVWFQNRRMKHKRQT
1in-39 EKRQRTAYTRNQVLELEKEFHTHKYLTREKRRIEVAHSLMLTE! KIWFQNRRMKHKKEN
ceh-13 NGTNRTNFTTHQLTELEKEFHTAKYVNRTRRTEIASNLKLQ IWFOQNERMKEKKRE
mab-5 SKRTRQTYSRSQTLELEKEFHYHKYLTRKRRQEISETLHLTERMMK IWFQNRRMKHEEKEA
C. elegans | php-3 MRKKRKPYTKAQTLELEKEFLYNTYVSKQKRWELAKYLHLTERQVK IWFS DKKQK
> nob-1 GKKKRQPYKKDQISRLEYEY SVNQYLTNKRRSELSAQLMLDEKQVEVWE KDKKLR
loiko NGSGRTTFSTRQLTELEKEFHYNKYLTRARRVEIASNLALNETQVEIWF N'R'H(Q KKRD
2oiko SRRLRTAYTNTQLIELEKEF HFNKYLC"RRI EIASMLDLTERQVEVWFONRRMEKYKREQ
4o0iko NKRIRTAYTRHQTHE}LEKEFHFKRYLTRKRRIEIATTLQLSERQVK IWFQNERMKWKKEH
O. dioica | 9oiko QRKKRVPYSRTQLLELEKEFRFNOIIISRDRRLELASLVNL TDRIJGK TWFONRRMKWKRER
10o0iko GREKKRVPYTKFQLLE LE@‘ HFNQY LSRERRLEVAKNUGLTDRQVKItF‘QN'RRMKWKKER
lloiko ARKKRRPYTKQQIAELEKEYMSSTYIAREKRQELGDRLNLSDRQVEVWFQONRERMKEKKLQ
120iko GR@QR PYTKLQIQELETEFRRTEFVTREQRQEI SRRLNLTDRQVKIWFONRRMKEKLRL
13oiko IRKKRQPYSKQQTRQLEQEYAQNKF ITRQKREQISRDLSLTDRQVKIWFQNRRVK EK@R
CIHOX10 GRKKRVPYTKYQLLELEKEFHYNQYLSRERRL@KSVKLTDR VK IWFONRRMEWKKER
C. intestinalis CIHOX4 GERPRTAYTRHQVLELEKEFHYNRYLTRRRRIEIAHGLCLSER MUK TWFONRRMKWKKDH
CIHOX3 SKRERTAYTNSQLVELEKEFHFSHYLCRPRRIELAQGLGLTERDIKIWFQNRRMKFKKEQ
CIHOX2 SRRLRTAYTNTQLLELEKEFHYNKYLCRPRRIETATLLDLTERDVEVWFQNRRMEHKRQQ
CIHOX1 GNNGRTNFTTKQLTELEKEFHFNKYLTRARRVEIAAALRLNET IWFQNRRMKQKKRD
B. floridae AmpHox14 VRPKRRPYSKYQLNELENEYVONQY ISRDERLQLSQKLNLTER IWFQNRRIKQEKLL
AmpHox12 SRKKRCPYSKVQLLELEKEFLYNMY ITREQRGEIARKVNLTDR o3 TWFQNRRMEMERME
_ AmpHox11 TREKRCPYTKYQTLELEKEFLFNMFVTRERRQEIARQLNLTDR, IWFQNRRMEMERMEK
Fig. 2. Intron positions in the homeodomain of Hox proteins. C. intestinalis Hox5, Hox6, Hox12, and Hox13; H. erythrogramma

Black boxes around two amino acids indicate an intron in phase 0, Hox1, Hox6, Hox7, Hox9, and Hox10; and B. floridae Hoxl,

white boxes around single amino acids indicate an intron in phase
1, and black boxes around single amino acids indicate an intron in
phase 2. The following Hox genes have no introns in the homeobox
and are not included in the figure: D. melanogaster DMSCR,
DMANTP, DMABDA, DMUBX, and DMDFD, C. elegans egl-5;

intron distributions of the three Oikopleura genes were
markedly different from each other, suggesting that
gene organizations were remodeled until relatively
late. Apart from Oikopleura, C. elegans was the only
species displaying species-specific intron positions.

Hox Genes
Hox proteins bind DNA through a helix—turn—helix

(HTH) motif within the homeodomain, which is
encoded by a conserved region of the gene, the

Hox2, Hox3, Hox4, Hox5, Hox6, Hox7, Hox8, Hox9, Hox10
and Hox13. None of the H. sapiens genes have introns in their

homeobox. For accession numbers see supplemental information,
Table S2.

homeobox. We cloned eight Oikopleura Hox genes
and their cDNAs and localized their introns by gene—
cDNA alignments (unpublished). Hox genes identi-
fied in several vertebrates and invertebrates, including
human, the amphioxus Branchiostoma floridae, the
sea squirt Ciona intestinalis, the echinoderm Helio-
cidaris erythrogramma, Drosophila melanogaster, and
Caenorhabditis elegans were also retrieved from
public databases. The homeodomains of all genes
were aligned and intron positions in the homeobox
compared.
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Fig. 3. Intron—exon organizations of animal o-tubulin genes. In-
tron positions in genes of each species are identified in the protein
sequence by circles (phase 0 introns), squares (phase 1), and tri-
angles (phase 2). Black symbols represent intron positions shared
by at least two large animal groups. Red symbols represent intron
positions recorded in a single species and a single gene. Blue

No intron was found in the homeobox of any
human Hox gene. We also did not detect introns in
the homeoboxes of five Heliocidaris Hox genes. In-
trons were identified in Hox genes from the five other
species illustrated in Fig. 2. One intron position sep-
arated codons 44 and 45 of the homeobox in one or
several of their Hox genes. Twelve other intron po-
sitions were species-specific. One of them was found
in two genes of Caenorhabditis elegans, between co-
don 50 and codon 51. Two positions were found in
Ciona intestinalis, in Hox10 (between codon 33 and
codon 34), and in Hox2 and Hox3 (in codon 43).
Strikingly, 9 of the 12 species-specific intron positions
were found in Oikopleura dioica, with 2 in Hox10 and
2 in Hox4. The other five were found in five distinct
Hox genes. Species-specific positions were well dis-
persed all over the homeobox sequence. Only one of
the Oikopleura genes (Hox11) had no intron in the
homeobox.

o-Tubulin Genes

Twelve o-tubulin genes were cloned using specific
sequences of the Oikopleura genome data set and

Patella vulgata

symbols represent intron positions recorded in a single species but
in several genes. Intron positions common to distinct genes are
linked by vertical bars. Genes of hagfish, amphioxus, Oikopleura
dioica, sea urchin, and lobster have been cloned and characterized
in this work. For accession numbers see supplemental information,
Table S2.

were characterized in detail. Ten cDNAs matching
these genes were also isolated for determination of
intron positions and generation of RNA probes for
in situ hybridizations during larval development. A
variety of expression patterns, some fairly ubiqui-
tous and others clearly tissue-specific, was observed
(not shown). The 12 Oikopleura genes were com-
pared with those of other invertebrates and verte-
brates for their coding sequence and for their intron
content. Most genes from those species were re-
trieved from public databases, but we cloned several
of them from other invertebrate deuterostomes and
from the lobster. In total we examined 45 genes
from 10 invertebrate groups, as well as a large
number of vertebrate a-tubulin genes including all
mouse genes (Fig. 3).

Like in other gene families, distinct o-tubulin genes
of vertebrates shared similar intron—exon organiza-
tion: in each vertebrate species, all genes had three
introns, at positions 1/2, 76, and 125/126, with some
genes having an additional intron at position 352/
353. Each of these four positions was also found in
some invertebrate genes, suggesting an ancient origin.
Two other positions (176/177, 407) were also shared
between distantly related invertebrates. Altogether,
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Fig. 4. Tree obtained from the alignment of the nucleic coding
sequences of a-tubulin by the neighbor-joining method based on
the K, distance. Numbers given along the branches are the boot-
strap values after 500 replicates. Bf, Branchiostoma floridae; Ce,
Caenorhabditis elegans; Ci, Ciona intestinalis;, Dm, Drosophila

these six conserved positions accounted for the entire
intron content of 8 of the 11 animal groups studied
here.

In the three other species we identified no fewer
than 41 species-specific positions (3 in Ciona intesti-
nalis, 15 in Oikopleura dioica, and 23 in Caenorhab-
ditis elegans). The three specific positions of Ciona
were shared by four, six, and seven of its seven o-
tubulin genes. In contrast, most specific positions of
Oikopleura (9/15) and Caenorhabditis (17/23) were
found in only 1 of their 12 and 9 genes, respectively.

melanogaster, Dr;- Danio rerio; Hg, Homarus gammarus; Hs, Homo
sapiens; Mg, Myxine glutinosa; Mm, Mus musculus; Nc, Notothenia
coriiceps; Pv, Patella vulgata; Od, Oikopleura dioica Sd, Strongy-
locentrotus droebechiensis. The Ciona intestinalis sequences are
annotated using their genome scaffold number.

The majority of the remaining species-specific intron
positions were found in only two genes.

Intron positions shared by several a-tubulin genes
of a given species may have been multiplied along
with gene duplication events. Alternatively, introns
can be transferred from one gene to another, for ex-
ample, by gene conversion (Mange and Prudhomme
1999). Phylogenetic analyses were carried out to re-
veal the evolutionary relationship between the o-
tubulin coding sequences. Trees generated on the
basis of amino acid sequences were poorly resolved
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Table 2. Results of gene conversion analysis using o-tubulin coding sequences and the GENECONYV program

Species No. genes GS Genes involved SimP Begin End Length
Mus musculus 7 0 Mm-3; Mm-8 0.0071 592 644 53
Mm-4; Mm-8 0.0071 670 701 32
Mm-7; Mm-8 0.0097 592 644 53
Mm-1; Mm-6 0.0125 865 1310 446
Mm-6; Mm-2 0.0403 1 392 392
2 Mm-3; Mm-8 0.0066 592 644 53
Mm-4; Mm-8 0.0066 670 701 32
Mm-6; Mm-2 0.0088 1 861 861
Mm-7; Mm-8 0.0092 592 644 53
Mm-1; Mm-6 0.0294 865 1310 446
1 Mm-3; Mm-8 0.0131 592 644 53
Mm-4; Mm-8 0.0131 670 701 32
Mm-3; Mm-6 0.0148 70 134 65
Mm-7; Mm-8 0.0170 592 644 53
Mm-3; Mm-1 0.0205 70 134 65
Mm-3; Mm-2 0.0351 70 134 65
Drosophila melanogaster 4 0 Dm-1; Dm-3 0.0152 418 543 126
2 Dm-1; Dm-3 0.0065 388 543 156
1 Dm-1; Dm-3 0.0122 77 543 467
Strongylocentrotus droebechiensis 3 0 Sp-2; Sp-3 0.0487 397 476 80
2 Sp-2; Sp-3 0.0388 262 476 215
1 Sp-2; Sp-3 0.0076 262 476 215
Sp-2; Sp-3 0.0076 598 785 188
Ciona intestinalis 7 0 223-2; 631 0.0000 823 996 174
223-1; 631 0.0000 823 996 174
223-2; 631 0.0000 46 176 131
223-1; 631 0.0000 46 176 131
223-2; 631 0.0015 1048 1136 89
223-1; 631 0.0018 1048 1136 89
223-1; 223-2 0.0258 724 1223 500
2 223-1; 631 0.0000 823 1304 482
223-2; 631 0.0000 823 1223 401
223-1; 631 0.0000 46 224 179
223-2; 631 0.0000 46 176 131
223-1; 2 0.0000 55 197 143
223-2; 2 0.0000 55 188 134
1 223-1; 631 0.0000 773 1304 532
223-2; 631 0.0000 773 1304 532
223-1; 631 0.0000 46 224 179
223-2; 631 0.0000 46 224 179
223-1; 2 0.0000 55 206 152
223-2; 2 0.0000 55 206 152
223-1; 2 0.0002 949 1280 332
223-2; 2 0.0007 949 1280 332
Oikopleura dioica 9 0 0Od-B; 0Od-C 0.0245 151 197 47
2 0d-B; 0d-C 0.0390 151 197 47
1 0d-B; 0d-C 0.0079 25 296 272
Caenorhabditis elegans 9 0,1,2 None detected
Caenorhabditis briggsae 7 0,1,2 None detected

Note. Gene conversion events as detected by the GENECONV
program (method of Sawyer 1989). Oikopleura genes H, J, and 12
were omitted due to partial 5" sequences. No. genes, number of
genes used for each species; GS, g scale value, where 0 allows no
mismatch, 2 allows some mismatch, and 1 allows more mismatches

due to the high level of conservation of a-tubulins.
Trees constructed using coding nucleotide sequences
were far more robust and showed clustering of genes
by species, with no recognition of clear orthologs (not
shown). Codon usage differences between species
were examined in detail and proved not to be suffi-

in the conversion tracts; SimP, simulated p values based on 10,000
permutations. The converted region was considered significant at
p< 0.05. Begin, first nucleotide of converted region; End, last
nucleotide in converted region; Length, length of converted region.

cient to explain the observed clustering by species
(supplementary material, Fig. S1). Trees based on
nonsynonymous nucleotide substitutions also showed
the clustering for most species (Fig. 4): rather robust
clusters were found for all vertebrate, hagfish, am-
phioxus, sea urchin, lobster, fly, and Patella gene



complements. Another cluster contained five of the
seven Ciona genes. One of the two other genes of
Ciona was very weakly linked to this cluster. The way
in which these species-specific clusters were distrib-
uted relative to each other in the tree is unlikely to
reveal the true phylogeny, since the fly and the ver-
tebrate clusters fell into the same major branch of the
tree, and the lobster cluster was in another branch
together with three deuterostome clusters. The dis-
tribution of Oikopleura and Caenorhabditis a-tubulin
gene complements was somewhat different from
those of the other species: each of them was divided
into two clusters, with very low bootstrap values.
This can be explained by the larger diversity of Ca-
enorhabditis and Oikopleura genes, as shown by their
long branches in the tree (see Table S3, supplemental
information, for identity matrixes).

The fact that o-tubulin genes of most species
cluster together in phylogenetic analyses can indicate
that each gene complement has been generated
through an independent multiplication after the spe-
ciation events. Alternatively, o-tubulin genes may
have converged secondarily in each lineage through
concerted evolution. To test the latter possibility, the
coding sequences of six species were analyzed with
the GENECONYV program and putative conversion
tracts were detected in all species except C. elegans
(Table 2). Only one conversion tract was proposed
for Oikopleura, between two of its nine full-length
genes. The frequency of gene conversion is negatively
correlated with intergenic distance (at least in the
yeast; see Discussion). Therefore we started to phys-
ically map the Oikopleura a-tubulin genes by screen-
ing a BAC library with five gene-specific probes.
Approximately 200 positive clones were found, indi-
cating cross-hybridizations between distinct genes.
PCR amplification on 41 of these positive clones with
11 pairs of gene-specific primers allowed characteri-
zation of their gene content. Ten genes were found at
eight distinct genome locations (not shown). In one
location, gene B colocalized with gene 12 (10-kb dis-
tance), whereas gene H colocalized with gene Il in
another locus (intergenic distance not known). BAC
walking from both sides of a clone harboring genes B
and 12 revealed no common positive clones with BAC
walking from an H- and I1-containg clone. Interest-
ingly, genes 11 and 12, which were unlinked, were
almost identical, including within their intronic se-
quences, and were fairly divergent from genes H and
B, to which they were linked, respectively.

Discussion
This study shows that Oikopleura intron—exon or-

ganizations have diverged greatly from those of other
animals, including other chordates and other uro-
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chordates, in particular. Most Oikopleura introns
occupy nonconserved positions and probably origi-
nate from numerous late intron gains or sliding of
ancient introns. Oikopleura genes also have few con-
served intron positions, as if new introns have re-
placed the old ones. Intron positions also have
evolved rapidly in the lineage of Caenorhabditis ele-
gans. The genomewide organizations of C. elegans
and C. briggsae genes have been compared to esti-
mate the rate of intron turnover since the species
diverged (Kent and Zahler 2000; Coghlan and Wolfe
2002), revealing that most intron positions are com-
mon to both species. We made the same observation
with our sample of genes (not shown) and found that
the few differences are easier to explain by intron loss/
gain than with local intron sliding.

The literature offers several lines of interpreta-
tions for the strong divergence of intron positions
in O. dioica and C. elegans. First, O. dioica and
C. elegans have, compared to others species studied
here, very compact genomes and a majority of very
short introns (< 50 bp in Oikopleura). The splicing of
short introns begins with pairing of intron ends
(intron definition model), whereas the splicing of
large introns is thought to involve pairing of splice
sites across exons (exon definition model) (Berget
1995). Short introns from a variety of species seem to
possess all information required for their recognition
and splicing (Lim and Burge 2001), whereas the
excision of larger introns depends upon additional
signals from flanking exons (Blencowe 2000). Such an
“informational autonomy” of short introns could
give them more positional freedom within the coding
sequence. Second, a constraint on intron positioning
was proposed for vertebrate genes, as part of a
mechanism to control illegitimate exchanges (Kricker
et al. 1992). Interlocus recombination creates chro-
mosomal instability, and gene conversion from
pseudogenes to active genes can transfer undesirable
mutations. Illegitimate exchanges are reduced by se-
quence divergence, which is accelerated by the high
mutation rate at methylated CpG dinucleotides.
These mutations were found to preferentially affect
repeats, intronless pseudogenes, and large exons, but
not exons smaller than 300 base pairs (bp). This
constraint of exon size for mutational control should
not prevail in most invertebrates, since their genomes
are largely undermethylated (Tweedie et al. 1997).
Consistent with this, we found equal frequencies of
CG and GC dinucleotides in Oikopleura genes (not
shown). In summary, both the small intron size and
the undermethylation would relax some constraints
on the exon size and, consequently, on the position-
ing of introns.

The fact that Oikopleura and C. elegans genes
contain many more species-specific intron positions
than other species could indicate that a large number
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of new introns have invaded the genomes of their
ancestors and displaced the old introns and/or that
new introns installed at divergent positions have been
advantaged because they serve some unusual pur-
pose. This question is part of a more global and in-
completely resolved issue of whether and how introns
confer selective advantages that outweigh their extra
cost during gene replication and transcription (Duret
2001; Lynch and Richardson 2002). The functions of
introns that depend upon their position are naturally
our main focus here. Introns are instrumental for
generating a gene product diversity through alterna-
tive splicing (Hanke et al. 1999), but most, if not all,
genes examined here are not known to be subjected to
alternative splicing. Introns can harbor enhancers,
alternative promoters, or even entire genes (Maxwell
and Fournier 1995; Duret and Bucher 1997). How
important the positioning of introns containing such
elements is remains to be clarified in general. In the
present case, we do not see why this function would
require more variable intron positions in Oikopleura
and C. elegans. In fact, we expect fewer of the introns
in Oikopleura and C. elegans to harbor such elements
than in other species, since they are generally very
small. Introns also play essential roles for the elimi-
nation of aberrant transcripts through nonsense-me-
diated decay in providing spatial landmarks with
respect to termination codons (Hentze and Kulozik
1999; Lykke-Andersen 2001). This function may have
helped the proliferation of introns and, in addition,
may have constrained the intron—exon organization
in several fashions (Lynch and Richardson 2002).
Among predictions based upon the function of in-
trons in NMD, the exon size should be more uniform
than in a model of random insertion, and the number
of introns should increase with the gene size. Indeed,
these predictions have been successfully tested in
several genomes (Lynch and Kewalramani 2003). It
will be interesting to learn whether or not NMD also
occurs in Oikopleura and, when the genome sequence
becomes available, how NMD may have influenced
the intron—-exon organizations. At present, we have
no evidence for such an influence, since in all genes
studied here both the exon sizes and the density of
introns are actually more variable in Oikopleura than
in other species. Finally, introns can affect the fre-
quency of recombination and, via differential re-
combination rates, play on the selection of optimal
combination of genes (Duret 2001). However, the
influence of introns on recombination is essentially
viewed through the variation of their length and not
from the variation of their positions.

Though the literature provides possible explana-
tions for a relaxation of intron positions in Oiko-
pleura genes, there is as yet no clear indication on
how divergent and variable intron—exon organiza-
tions may be beneficial. New introns have been able

to replace most ancient introns but have remained
in single members a gene family (e.g., o-tubulin
genes). This could indicate that it is the variable
configuration of gene organization rather than some
particular positions that has been selected and/or
that the transfer of introns between well-related
genes has been severely limited. We provide indi-
cations for a concerted evolution of a-tubulin genes,
which had less impact on C. elegans and Oikopleura
gene complements than on those of other animals.
Since gene conversion is a good candidate mecha-
nism for the transfer of introns between genes
(Mange and Prudhomme 1999), a suppression of
conversion would explain both the greater diversity
of o-tubulin genes in Oikopleura and in C. elegans
and the heterogeneity of their intron—exon organi-
zations. A genomewide study has indeed concluded
that C. elegans has been little affected by gene
conversion (Semple and Wolfe 1999). This might
appear to be a paradox, since C. elegans has a very
short generation time and, consequently, highly
frequent meiotic cycles, unless specific mechanisms
counteract gene conversion in short-lived species.
Such mechanisms could also be operating in QOiko-
pleura. How conversion can be negatively controlled
is unclear. An examination of the C. elegans ge-
nome also shows that a minority of gene duplicates
are physically linked (Semple and Wolfe 1999), as if
they were quickly separated through fast genome
rearrangements (Coghlan and Wolfe 2002). Since
gene conversion rates, at least in yeast, correlate
negatively with the physical distance between genes
(Drouin 2002), a fast separation of related genes is
an attractive candidate mechanism for conversion
suppression. As an example, o-tubulin genes are
often found in clusters of almost-identical genes
(Table S4, supplemental information), but all C.
elegans o-tubulin genes are dispersed. Those of
Oikopleura are found in distinct genome locations
as well, except two pairs of genes, each of which is
composed of two fairly divergent genes. Finally, it is
tempting to speculate that introns placed at variable
positions in members of a gene family could them-
selves and directly hinder illegitimate exchanges.
One may argue that variation of intron length, and
not position, can produce the same effect. However,
the flexibility of intron length may be compromised
in Oikopleura and Caenorhabditis due to considera-
ble pressure for genome compaction, so that heter-
ologies must instead be obtained through a
diversification of intron positions.
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