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Article

New Evidence for Genome-Wide Duplications
at the Origin of Vertebrates Using an Amphioxus
Gene Set and Completed Animal Genomes

Georgia Panopoulou,’* Steffen Hennig,? Detlef Groth,? Antje Krause,?
Albert |. Poustka,' Ralf Herwig,? Martin Vingron,* and Hans Lehrach'-2

"Evolution and Development Group, Department Professor H. Lehrach, Max-Planck Institut fiir Molekulare Genetik, D-14195
Berlin, Germany; 2Bioinformatics Group, Department Professor H. Lehrach, Max-Planck Institut fiir Molekulare Genetik,
D-14195 Berlin, Germany; 3Computational Molecular Biology, Department Professor M. Vingron, Max-Planck Institut fiir

Molekulare Genetik, D-14195 Berlin, Germany

The 2R hypothesis predicting two genome duplications at the origin of vertebrates is highly controversial.
Studies published so far include limited sequence data from organisms close to the hypothesized genome
duplications. Through the comparison of a gene catalog from amphioxus, the closest living invertebrate relative
of vertebrates, to 3453 single-copy genes orthologous between Caenorhabditis elegans (C), Drosophila melanogaster (D),
and Saccharomyces cerevisiae (Y), and to Ciona intestinalis ESTs, mouse, and human genes, we show with a large
number of genes that the gene duplication activity is significantly higher after the separation of amphioxus and
the vertebrate lineages, which we estimate at 650 million years (Myr). The majority of human orthologs of 195
CDY groups that could be dated by the molecular clock appear to be duplicated between 300 and 680 Myr
with a mean at 488 million years ago (Mya). We detected 485 duplicated chromosomal segments in the human
genome containing CDY orthologs, 331 of which are found duplicated in the mouse genome and within regions
syntenic between human and mouse, indicating that these were generated earlier than the human-mouse split.
Model based calculations of the codon substitution rate of the human genes included in these segments agree
with the molecular clock duplication time-scale prediction. Our results favor at least one large duplication event
at the origin of vertebrates, followed by smaller scale duplication closer to the bird~mammalian split.

[Supplementary material is available online at www.genome.org. The cDNA clones used in the EST sequencing
are available from http:/ /www.rzpd.de/. All ESTs are deposited in dbEST (accession nos. BI385298-BI388632,
BI378370-BI381823, BI381824-BI385297, and BI376198-BI378369). The consensus of the alignments of the C, D,
Y, orthologs included in the CD/CDY groups that we describe are available for similarity searches at

http:/ / www.molgen.mpg.de/~amphioxus.]

The eukaryotic genomes during almost 2 billion years of evo-
lution have been shaped by a large number of processes. An
understanding of these processes will be essential for unrav-
elling the multitude of biological processes encoded by the
genome. An important step in evolution seems to have taken
place at the boundary between cephalochordates with simple
body structures and the vertebrates. A plausible explanation
for the increase in phenotypic complexity at this point would
be a drastic increase in gene numbers, as it could be achieved
through the mechanism of a whole-genome duplication, a
theory introduced by Susumo Ohno (Ohno 1970). Gene du-
plications are now recognized as an important mechanism in
shaping eukaryotic genomes. However, the hypothesis pro-
posing two rounds of whole-genome duplication (2R hypoth-
esis) at the origin of vertebrates is under heavy debate (Hol-
land et al. 1994; Gibson and Spring 2000; Hughes et al. 2001).
Even after having the complete sequence of a vertebrate ge-
nome, opinions vary greatly (Friedman and Hughes 2001;
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McLysaght et al. 2002). As common estimates of the evolu-
tionary time that has elapsed since the speculated whole-
genome duplications range from 400 to 500 Myr (Skrabanek
and Wolfe 1998), it is expected that if such a phenomenon
had happened, most evidence will be fragmental.

The cephalochordate amphioxus, being the closest living
invertebrate relative of vertebrates (Wada and Satoh 1994) is a
crucial organism for resolving the question of gene/genome
duplications at the origin of vertebrates (Sidow 1996; Hughes
1999). The cloning of a number of amphioxus genes in the
past (the most prominent example being that of a single Hox
cluster [Garcia-Fernandez and Holland 1994]), most of them
identified as single copy (Holland 1996), has helped form the
idea that amplification of gene numbers in vertebrates has
occurred on the vertebrate lineage after its divergence from
amphioxus (for review, see Holland 1999). However, most
studies published so far include a rather limited number of
genes from organisms evolutionarily close to the point of the
postulated two-genome duplications, and, therefore, they
consider the duplication pattern of genes for which there is
no proof showing that they were duplicated at the respective
time period. Furthermore, most of the amphioxus genes that
have been cloned and used in gene duplications studies so far
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are mainly developmental genes that may be under different
selection constraints that could affect their duplication pat-
tern. Therefore, it is necessary to evaluate the 2R hypothesis
in light of a large and functionally broader range of genes
from amphioxus, but also taking advantage of the recently
completed human and mouse genomes. We have generated a
nonredundant catalog of genes from amphioxus (Branchio-
stoma floridae). To focus on genes that are likely to have been
duplicated during the duplication event predicted by the 2R
hypothesis, we constructed a set of groups containing or-
thologous genes that exist as single copy at least up to the
protostome-deuterostome split, namely, in the C. elegans, D.
melanogaster, and S. cerevisiae genomes. After assigning genes
from ciona, amphioxus, mouse, and human to the above or-
thologous groups, we tested the 2R hypothesis (1) by estimat-
ing the percentage of gene duplications that occurred after
the emergence of ciona and amphioxus, and (2) by examining
whether these gene duplications are due to a genome-wide
event.

RESULTS

An Amphioxus Gene Catalog and Its Complexity

A total of 14,189 5’ ESTs were generated from two amphioxus
cDNA libraries prenormalized by oligonucleotide fingerprint-
ing (see Methods), which were subsequently assembled to
9173 consensus sequences (see Methods). On the basis of
sample 3’ EST sequencing and the performance assessment of
the oligonucleotide fingerprinting, we expect ~15% redun-
dancy in our gene catalog. Selection of clones for sequencing
on the basis of the oligonucleotide fingerprinting results does
not compromise the use of the EST catalog for gene-
duplication studies, as oligonucleotide fingerprinting can dis-
tinguish between members of gene

families (see Methods). A total of

tween organisms that have branched off prior to the genome
duplications predicted by the 2R hypothesis, for which the
sequence of their complete genome was also available. One
set of groups includes orthologs that exist as single copy in C.
elegans (C), D. melanogaster (D), and S. cerevisiae (Y), or in C.
elegans (C) and D. melanogaster (D) only (from now on referred
to as single copy CD/CDY groups); one set includes ortholo-
gous groups containing more than a single ortholog in at least
one of the compared genomes (from now on referred to as
multicopy CD/CDY groups). The imposed condition of being
single copy in all of the compared genomes ensures that the
single-copy state is ancestral rather than due to secondary
gene loss of duplicates. We use the single-copy CD/CDY
groups to identify how many of the genes that exist as single
copy, at least up to the protostome-deuterostome split, have
single amphioxus and multiple vertebrate orthologs. This is
done by attaching the amphioxus, human, and mouse or-
thologs to the platform of single-copy CD/CDY groups, and
counting the copy number of the amphioxus and vertebrate
orthologs per group.

Finally, we use the multicopy CD/CDY groups to esti-
mate the percent of single gene duplications by counting the
percent of the multicopy CD/CDY groups that contain more
orthologs from one organism (e.g., D. melanogaster) rather
than from the other two organisms involved (C. elegans and S.
cerevisiae). The CD and CDY sets of single or multicopy or-
thologous groups do not overlap.

To define the groups of orthologous genes, we used the
best hit (BeT) method (Tatusov et al. 1997), in which pairwise
comparisons (using BLAST) between all of the participating
complete genomes are performed, and the best hit(s) of each
protein in each of the other genomes in both directions is
identified as its ortholog(s). Orthologs are genes that have

22% of the amphioxus sequence
clusters show similarity to mamma-
lian and 16% to zebrafish nonre-
dundant clustered EST sets, whereas
17% and 14% show similarity to fly
and worm-predicted proteins, re-
spectively, at a BLAST E-value
<10~ '°. The most abundant genes
of the EST catalog are enzymes
(14.6%) and genes involved in cell
growth and maintenance (14.4%),
whereas 16.2% are intracellular and
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(Suppl. Table S1).

A Set of Invertebrate
Single-Copy Orthologous
Genes as a Means for
Counting Gene Duplications
Single gene duplications have been
proposed as an alternative to the
whole-genome duplication sce-
nario (Hughes et al. 2001). To dis-
tinguish whether the gene duplica-
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tion rate was higher at the origin of
vertebrates rather than earlier in
evolution, we constructed two sets
of groups containing orthologs be-
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Outer circle: CD and CDY
containing 5 to 10 human orthologs
Middle circle: CD and CDY
containing 2 to 4 human orthologs
Inside circle: CD and CDY
containing a single human ortholog

Figure 1 (A) Differences in the type of genes included in the CD and CDY groups on the basis of their
functional classification in Gene Ontology-defined molecular function type classes. (B) Differences in
the functional classes of human orthologs according to whether they belong to single, 2-5, and 5-10
human member CD/CDY groups.
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evolved by vertical descent from a common ancestor, whereas
paralogs originate from gene duplications within a genome
(Fitch 1970). The simultaneous inter-relationship between
proteins in the compared genomes as a condition of their
assignment to the same orthologous group, a particularly
stringent criteria of assigning orthology, makes the BeT
method independent of similarity scores. This is the main
difference from other approaches that define orthologs as
those above a certain similarity threshold and/or threshold of
alignment length in reciprocal whole-genome comparisons
(Chervitz et al. 1998; Rubin et al. 2000). These two significant
methodological differences result in the identification of a
higher number of orthologous groups than reported previ-
ously, as well as to a different copy-rate distribution of or-
thologs within the groups.

We identified 1419 single-copy CDY groups and 2034
single-copy CD groups, and an additional 432 multicopy CD/
CDY groups. At least the number of single-copy CD/CDY
groups correlates to the number reported previously by Rubin
et al. (2000) (1833 yeast proteins in a set of orthologous genes
that also included 3303 fly and 3229 worm proteins). How-
ever, it is much higher than the number of orthologous
groups reported by Friedman and Hughes (2001) (they report
only 716 orthologous families between human and S. cerevi-
siae, whereas we find that 1265 CDY groups contain human
orthologs, see below).

Because it has been suggested that the preservation of
gene duplicates can vary according to the function that they
assume, we were interested in whether the CD/CDY groups
represent all functional classes of genes. We found that the
most frequent classes in both CD and CDY groups are en-
zymes, ligand binding or carriers, and transporters if classified
by Gene Ontology (Ashburner et al. 2000) molecular function
classes (Fig. 1A). This distribution is similar to the distribution
reported for the whole-human genome (Venter et al. 2001),

which indicates that the CD/CDY groups represent funda-
mental genes, and are not biased toward a specific functional
class.

Counting Gene Duplications at the Transition

From Invertebrates to Vertebrates

To estimate the extent of gene duplications at the origin of
vertebrates, we have subsequently identified the human,
mouse, ciona, and amphioxus orthologs for each of the
single-copy CD/CDY groups. We identified human orthologs
for 3044 of the single-copy CD/CDY orthologous groups (2.6
times more than reported previously [Lander et al. 2001]),
mouse orthologs for 2671 of the single-copy CD/CDY groups,
and amphioxus orthologs for 773 single-copy CD/CDY or-
thologous groups (1248 genes; Table 1A). If one or more large-
scale gene duplication event(s) have occurred at the origin of
vertebrates, one would expect that the majority of the single-
copy CD/CDY groups will contain a single amphioxus ortho-
log as opposed to multiple human and mouse orthologs. Our
results show that this is the case.

We find an average of 1.6 amphioxus gene copies per
group as compared with 4.2 for human in the 711 CD/CDY
groups that contain orthologs from both species (Table 1A).
Similar ratios are found between amphioxus and mouse.
Overall, the majority of the single-copy CD/CDY orthologous
groups contain human (62%) or mouse (56.2%) genes in mul-
tiple copies, whereas in 70.9% of the groups with an amphi-
oxus ortholog, these exist as single copy (Table 1B). The num-
ber of cases in which the opposite is true, that is, the number
of single-copy CD/CDY groups that contain multiple amphi-
oxus and single human (32 groups) or mouse (40 groups)
orthologs is statistically significantly lower, as indicated by
the paired signs test (P =7.386e-9). A detailed inspection of
the groups shared between amphioxus/human and amphi-

Table 1A. Comparison of Gene Copy Number Per Single Copy CD/CDY Orthologous Group Between Amphioxus and Ciona,

Mouse, or Human

Amphioxus (A) Ciona (C) Mouse (M) Human (H)

N G N/G N G N/G N G N/G N G N/G
All 1248 773 1.6 2685 1679 1.6 7384 2671 2.8 10209 3044 3.4
(=1) 548 548 1 1133 1133 1 1173 1173 1 1156 1156 1
1) 700 225 3.1 1552 546 2.8 6211 1498 4.1 9053 1888 4.8
(=NA:(=1)C 945 546 1.7 1094 546 2
1A:1C 237 237 1 237 237 1
1A:(>1)C 128 128 1 330 128 2.5
GhHA:IC 197 75 2.6 75 75 1
CGhHA:(1)C 383 106 3.6 452 106 4.2
(=DHA(=1)M 1115 676 1.6 2427 676 3.6
1A:TM 192 192 1 192 192 1
1A:>1)M 277 277 1 1114 277 4
(>)A:IM 109 46 2.4 46 46 1
CGHA:CTHM 537 161 3.3 1075 161 6.7
(=DA:(=1)H 1164 711 1.6 2917 711 4.2
1A:TH 180 180 1 180 180 1
1A:(>T)H 319 319 1 1465 319 4.6
GhA:TH 106 46 23 46 46 1
CGDA:(>1)H 559 166 3.4 1226 166 7.4

The number N of genes assigned into G groups (single copy CD/CDY) and the corresponding copy ratio N/G is shown for various cases. (All)
The number of all groups containing genes from a specific organism; (>1) Groups have more than one gene from a specific organism. The
fourth (light gray), the fifth (dark gray), and the sixth row (light gray) each compare various cases for only those groups in common between
amphioxus (A) and ciona or amphioxus and mouse (M) or amphioxus and human (H).
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Table 1B. Size Distribution of the Single Copy CD/CDY Orthologous Groups According to the Number of Amphioxus, Ciona,

Mouse, and Human Genes They Contain

Amphioxus Human Amphioxus Mouse Amphioxus Ciona
N/G G % of all G % of all G % of all G % of all G % of all G % of all
A. All group members counted
1 548 70.9% 1156 38% 548 70.9% 1173 43.9% 548 70.9% 1133 67.5%
2 128 16.6% 615 20.2% 128 16.6% 592 22.2% 128 16.6% 341 20.3%
3 49 6.3% 366 12% 49 6.3% 334 12.5% 49 6.3% 120 7.1%
4 17 2.2% 249 8.2% 17 2.2% 167 6.3% 17 2.2% 46 2.7%
>4 31 4.0% 658 21.6% 31 4.0% 405 15.2% 31 4.0% 39 2.3%
B. Only groups common between amphioxus-human, amphioxus-mouse, and mouse-ciona are counted
1 499 70.2% 226 21.8% 469 69.3% 238 35.3% 365 66.8% 312 57.1%
2 121 17.0% 131 18.4% 119 17.6% 134 19.8% 103 18.7% 129 23.6%
3 45 6.3% 91 12.8% 44 6.5% 94 13.9% 36 6.6% 46 8.4%
4 16 2.3% 69 9.7% 15 2.2% 42 6.2% 15 2.7% 28 5.1%
>4 30 4.2% 194 27.3% 29 4.3% 165 24.4% 27 4.9% 31 5.7%

The top half of the table lists the groups according to the number of genes from each organism separately; the bottom half lists the respective

ratios for the groups common between two species.

oxus/mouse (Table 1A) shows clearly that the copy ratios are
correlated, that is, on an average higher gene-copy rates in
amphioxus (>1, rate 3.4) give increased gene copy rates in
human/mouse (>1, rate 7.4/6.6), which is a strong argument
for a coherent duplication mechanism like whole-genome du-
plication. Finally, it is worth stressing that the distribution of
the single-copy human orthologs in functional classes is simi-
lar to that of multicopy orthologs (Fig. 1B).

A minority of the single-copy CD/CDY groups contains
multiple amphioxus genes (225 groups, 29.1%; Table 1A).
This could be due to the estimated 15% redundancy in our
catalog (as discussed above), or the counting of splice variants
as duplicated genes, or due to misassignment of multiple 5’
ESTs representing the same transcript in the same ortholo-
gous group, or to single gene duplications that occurred either
in the common ancestor of chordates or within the amphi-
oxus lineage.

Because oligonucleotide fingerprinting recognizes splice
variants as different transcripts, we expected that a high per-
cent of the orthologous groups with multiple amphioxus or-
thologs represent alternative spliced products. However,
sample 3" EST sequencing showed that only 1 of 15 of the
orthologous groups that we tested contained splice variants.
Another misclustering effect can result from the presence of
long domains or multiple copies of short domains. However,
as 81% of the amphioxus consensus sequences included in
the single-copy CD/CDY groups have at least 100 amino acids
overlap with the rest of the genes in the same group, we ex-
pect that this has a limited effect in our analysis.

Thus, we believe that most of the multiple-copy amphi-
oxus orthologs represent true gene duplicates. To trace when
these duplications happened, we assembled a consensus EST
catalog from 88,418 publicly available ESTs of Ciona intestina-
lis (Satou et al. 2001) into 17,492 sequence clusters, which we
included in the single-copy CD/CDY groups (Tables 1A and
1B). A total of 237 (43%) of 546 CD/CDY groups that contain
orthologs from both amphioxus and ciona include 1 ortholog
from both species. A total of 75 (13%) of 546 of the CD/CDY
groups common between the two species contain 1 ciona or-
tholog, and >1 amphioxus ortholog, whereas in 40 (7.32%) of
the common CD/CDY groups, the opposite is true. Finally,
106 (19.41%) of the common groups contain more than a

single ortholog from both species. On the basis of this and our
estimation of the rate of single gene duplications via the multi
CD/CDY groups (see below), we conclude that the amphioxus
duplicates that we observe are the result of duplications that
occurred at the common ancestor of ascidians and cephalo-
chordates (this is also supported by the similarity in the du-
plication rates between amphioxus and ciona [Tables 1A and
1B]) and lineage-specific duplications.

The 432 groups with multiple copies in C, D, and Y show
little correlation in the rates of duplicates. In 89% (Y vs. C and
D) or 83% (C vs. D) of the respective common groups, extra
copies are observed only in one of the species, so that lineage-
specific single gene duplications are the most likely mecha-
nism. In total, only 5%-6% of all CD/CDY groups (single and
multicopy) contain >1 copy from either C, D, or Y, which is
very small as compared with the 44.7% of the CD/CDY groups
with a single amphioxus ortholog containing multiple hu-
man/mouse orthologs. This emphasizes that the gene dupli-
cations that occurred at the origin of vertebrates were the
result of a large-scale gene duplication event rather than
single gene duplications.

There are 2551 CD/CDY groups that contain orthologs
from both human and mouse. A total of 20% of these are
common between the two organisms’ groups and contain
more than four orthologs in both human and mouse (Table
1B). In 50% of those cases, the same number of extra copies
occurs in both mouse and human, indicating that they are the
result of duplications common to both species that predated
the human-mouse split (>100 Mya).

Evidence for a Complete Genome Duplication Versus
Alternative Mechanisms

Four criteria have been most commonly used to evaluate the
2R hypothesis.

The Number of Duplicates Per Gene Family

We find that the majority of duplicated genes in both human
(20.2% of the single-copy CD/CDY orthologous groups) and
mouse (22.2% of the single-copy CD/CDY orthologous
groups) genomes are organized in orthologous groups of two
members (Table 1B). Although this finding is in qualitative
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agreement with recent publications (Friedman and Hughes
2001; Lander et al. 2001), the number of orthologous groups
shared between human and invertebrates that contain mul-
tiple copies in human is significantly higher in our study. As
an example, we find that 21.6% of the orthologous groups
with members from both species contain two human or-
thologs and a single S. cerevisiae ortholog, as opposed to Fried-
man and Hughes (2001), who report that 11.0% of the groups
shared between the two organisms have a 2:1 human-S. cer-
evisiae copy rate.

In addition, a high proportion of the single-copy or-
thologous groups contain a single human (38%, 1156 groups)
or mouse (43.9%, 1173 groups) ortholog. This family-size dis-
tribution is not altered if single exon genes (which comprise
7.86% of all the predicted human genes [ENSEMBL build 28]
assigned to the CD/CDY groups) that might represent pro-
cessed pseudogenes that do not result from gene duplications
are excluded (Suppl. Table S2). The presence of a large pro-
portion of human genes as single copy or in two-member
families is not in contradiction with the 2R hypothesis, as
extensive gene loss is known to happen after duplication
(Lynch and Conery 2000; Lynch 2002). In addition, we expect
that the number of single-copy genes is lower than antici-
pated at present, as silenced genes have not been included. As
an example, we found additional GENSCAN (Burge and
Karlin 1997) predicted human orthologs of single-copy CD/
CDY groups that do not exist in the ENSEMBL set (422 of 616
single-copy CD/CDY groups that have no ortholog in the
ENSEMBL set, match 3001 human GENSCAN predicted pro-
teins [April 2001, freeze]), which might represent pseudo-
genes (Suppl. Table S3). The addition of these genes can in-
crease the number of multimember orthologous groups at the
expense of the single-copy groups (Suppl. Fig. S1).

The Branching Pattern of Phylogenetic Trees of the Duplicated Genes

Although the presence of the (AB)(CD) topology has been
used as a means for evaluating the 2R theory (Burge and
Karlin 1997; Hughes 1999; Wang and Gu 2000; Hughes et al.
2001; Lander et al. 2001) or even to resolve the timing of gene
duplications (Friedman and Hughes 2001), this criterion is
highly disputed as the topology of, for example, closely timed
duplications cannot be easily resolved with the current phy-
logenetic methods (Gibson and Spring 2000). We find that
even including the amphioxus orthologs, which, because
they are evolutionarily much closer to vertebrate than the fly
or worm genes, offer better resolution in the phylogenetic tree
and avoid potential artifacts (e.g., long branch attraction),
results in very few trees (one of nine of the four-member and
three of five of the five-member groups) with the topology
expected by the 2R hypothesis. The above observation is
based on the phylogenetic trees of 62 CD/CDY groups (in-
cluding 34 amphioxus genes available from GenBank) (Suppl.
Table S4 and Fig. S4). In conclusion, the phylogenetic analysis
has resulted in findings similar to other studies, that is, al-
though a higher number of amphioxus genes was used, al-
most all of the tree topologies could agree with one round of
genome duplication, followed by additional duplications or
two rounds of genome duplications followed by gene loss.

Identification of Duplicated Segments in the Human Genome

The identification of duplicated segments in the human ge-
nome that could have been derived from a duplication event
at the origin of vertebrates has been addressed for either spe-
cific regions in the human genome such as the Hox cluster-
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bearing chromosomes (Hughes et al. 2001; Larhammar et al.
2002) or the entire human genome (McLysaght et al. 2002). A
central issue in the above studies that is debatable is whether
all genes that are included in the segments are the result of the
same duplication event, and furthermore, whether this event
was the one predicted by the 2R hypothesis. The classification
of human genes to orthologous groups, which are known to
have invertebrate genes only in single copy, at least up to the
protostome-deuterostome split prior to finding whether they
are organized in duplicated segments in the human genome is
an important difference of our approach to the method of
McLysaght et. al. (2002). We identified duplicated segments
by using each chromosome as query to investigate whether
the human orthologs of a series of single-copy CD/CDY
groups on the query chromosome are also found in a specific
order and neighborhood on another chromosome (target). To
compensate for genomic rearrangements, for example, chro-
mosome inversions, translocations, tandem duplications, and
gene loss, we started from the smallest unit (pairs of CD/CDY
gene groups) that could be conserved, which we then ex-
tended to larger segments, while we also allowed for undupli-
cated genes to intervene between the duplicated CD/CDY
pairs (Fig. 2A). We found that only specific chromosomes
share CD/CDY pairs that are significant (e.g., Chromosomes 2
and 12, 1 and 6, 1 and 9, 1 and 4, etc.; Fig. 2B). Furthermore,
by comparing the frequency of the segment sizes from all
human chromosomes with those of a randomized human
chromosome set (genes positioned randomly), we found clear
significance for only those CD/CDY gene pairs that are not
separated by more than four unrelated CD/CDY groups’ genes
(Suppl. Fig. S3). Therefore, we excluded from further analysis
all pairs with more than four intervening genes that belong to
other than the query CD/CDY pairs. As each CD/CDY group
gene is separated, on average, by 1.3 genes that are not related
to a CD/CDY group, this in extent means that the maximum
number of genes allowed between CD/CDY pairs is around 10
genes (4 CD/CDY group genes plus 1.3 X 5=6.5 non-CD/
CDY genes). Thus, as opposed to McLysaght et al. (2002), who
allow for 30 unduplicated genes between 2 duplicated genes
in each paralogon, we found that much less intervening un-
related genes can be allowed if one wants to avoid inclusion of
segments that contain duplicated genes found as neighbor by
chance. We finally extended the identified pairs of genes by
joining neighbor pairs that had one CD/CDY group in com-
mon. Overall, we detected 1872 CD/CDY group gene pairs
(961 of which had zero intervening unduplicated CD/CDY
group genes) containing 2511 genes, when 0-4 unrelated CD/
CDY group genes are allowed. The above 1872 CD/CDY hu-
man gene pairs (or pair combinations) are included in 656
CD/CDY groups. A total of 192 of these CD/CDY groups with
a human ortholog contained within a detected duplicated
segment also include an amphioxus ortholog. Neighbor mini-
mal size units (pairs) were subsequently joined in 485 larger
segments (extended segments) containing 1611 genes (Table
2). As an example, 21 segments are shared between chromo-
somes 2 and 12, two of the most frequently quoted chromo-
somes (Hox-containing chromosomes) in gene duplication
studies (Fig. 4). The largest duplicated segment containing 5
genes is located on 1 (46.119 Mb), with its duplicon on chro-
mosome 12 containing 6 genes (5.519Mb). However, the ma-
jority of the extended segments contain 2-3 CD/CDY group
genes (Table 2).

A first rough estimate of the age of these duplicated seg-
ments can be performed by using the known synteny rela-


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

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

An Amphioxus Gene Catalog and the 2R Hypothesis

In between unduplicated CD/CDY groups

co1 cp2  cD3
[ | [ |
CRIOM 1 o e i Query
/\
cp1  CD2 co3
Chrom2 o e e o Target
/—\
co2 cD3
Chrom3 e Target

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19 20 21 22 2324

= ‘-'—-_"—‘—l_-———--——_———-—-—-—--——-———————-
e ——— o WW
L T L ueme— B Sk S S————
L~ S NPT ‘.._.._________.___________Al____-_-_-_____-___A_,-_.__— _________
0 "'-_'--—--l-——-—-—————"-——r——--'—'—---————-——-—P'———'-—'-‘-'
- -
Bt e socmm—— i I s e s T gl S e S gt St e i e e I s e gl
b oo rmmm—— L et S e i = e = g e = = e N W e e o i o e 5 Iy o g S
o [---WB____ ___ e W
- i — s
2 |
B T b s L s —— e — e = | i e s L o s e e B W
g ~————--<——_‘_u-—-——-—-—————-——-—————-—————:v--'
£
2 (50 [ - — S g WS l__-. _______ B o g T S O S S S I S i S e agix B o e
5
j=2]
a o T < — g — ! — ) _-__A_-_.__-.—---___.____________—_-l__________.
= L) R [ TR [
_____ ———e e _ . ____ W _ oo em o o - __]
I= .___.____—______,________-_______‘_._-__,_.___—-______r_____-__._____
____________________________________________________ Y (R
@ | — e T e e ]
Q& F-=== _4<-._.'-—~~—--_———'—_——-—--—_—_i-—_-————l--——--q—“!m—w-_--_----w---—-
B Damvm am o simes momin mmmscs e mis e 5 S S S S S5 s o St B T i S S i o o e ]
boo o s S SR s ST B Y g T .____,---___l_-_.___._-______________J_--A
& ______________________ i = sescemTas HEsE 55 5 SeRE SESESTE. SRS IE S SRS 5iE SeEE B B iz ==
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2324
query chromosome
Figure 2 (A) A pair of orthologs, each included in one of the CD1 and CD2 orthologous groups located on Chromosome 1 have their orthologs

arranged in the same order on Chromosome 2. The CD1 and CD2 are identified as a duplicated pair between Chromosomes 1 and 2. Another
duplicated pair are the CD2-CD3 on Chrom1, Chrom2, and Chrom3. Because pairs CD1-CD2 and CD2-CD3 on Chrom1 have the CD2 group
in common, they have been joint (named extended segments in our analysis). (B) Cohen-Friendly association plot of all-vs-all human chromosomes
on the basis of detected duplicated segments. The width of each block indicates the number of pairs of CD/CDY groups shared between the
respective pair of chromosomes, whereas the block height indicates the significance (as compared with a normal distribution). Black bars denote
highly significant association; red bars denote cases in which the normal distribution shows higher association levels.

tionships between human and mouse genes. We found that
the majority (331) of the duplicated extended segments in the
human genome are also duplicated in the mouse genome and
within described syntenic regions between human and mouse.
A total of 142 extended segments and their paralogous region
were both found intact (they are located within the same syn-

tenic region) in the mouse genome; in another 189, only one of
the paralogous segments is intact in mouse genome, and in 58
cases, both the segment and its duplicon are broken (i.e., they
are located in different syntenic regions) in the mouse genome.
Thus, we conclude that the traces of those duplications point to
a time period before the human-mouse split (>100 Mya).

Genome Research 1061
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Table 2. Number and Size of the Duplicated Extended
Segments Detected in the Human Genome Ranked
According to the Number of CD/CDY Group Genes
They Contain

Mean size of

No. of CD/CDY extended
genes included No. of extended segments
in a segment segments (Mb)
2 485 0.717
3 72 1.554
4 37 3.438
5 8 6.918
6 3 1.879
8 1 0.715
9 1 1.499
10 1 5.573

A more precise estimate of the duplication time of these
segments can be achieved via the calculation of the duplica-
tion times of the genes included in the segments. We find that
the majority (91% of 195 orthologous groups) of the human
orthologs included in CD/CDY groups that could be dated via
the molecular clock method (see Methods) were duplicated
between 300 and 680 Myr, with a mean at 488 Myr. Further-
more, on the basis of a large number of amphioxus genes (28),
we estimate that the cephalochordate-vertebrate split oc-
curred around 647-654 Mya (Fig. 3; Suppl. Fig. S2 and Table
S5). This result shows that a high percentage of human du-
plicates originated from an event after the cephalochordate-
vertebrate split. Similar results for the estimation of the du-
plication times of human orthologs were obtained by Gu et al.
(2002). However, due to the inherent disadvantage of the mo-
lecular clock approach, which allows the dating of genes that
evolve at constant rate, very few genes can be dated by this
method. This, in extent, limits the number of genes included
in the detected segments that we can link to a date. Only 90
genes of 1611 human orthologs included in the duplicated
segments are among those dated by the molecular clock
method. To be able to estimate the duplication time of a larger
number of human genes, we estimated the codon substitution
rate of pairs of human orthologs included in CD/CDY groups,
which are contained within the detected duplicated seg-
ments.

Calculation of substitution rates can be misleading in the
case of genes that have been duplicated a long time ago as
silent substitutions that can be saturated, thereby not reflect-
ing the real number of substitutions. Most programs deal with
this problem by using various models of sequence evolution.
Despite this, we believe that even if some genes may not be
reliable indicators of age due to saturation, using a large
sample can overcome this bias. We calculated the rate of
codon substitutions for 1414 gene pairs included in the seg-
ments, and we found that the time calculated on the basis of
this rate reproduces the duplication time curve based on the
molecular clock (Fig. 3).

DISCUSSION

Due to the paucity of data from organisms that are phyloge-
netically close to the origin of vertebrates, most studies ad-
dressing whether extensive gene duplications have happened
early in chordate evolution, and, furthermore, whether these
duplications were due to complete genome duplication(s) as

1062 Genome Research
www.genome.org

opposed to segmental or even sequential single gene duplica-
tions, base their results on one-to-one comparisons of human-
to-fly or human-to-nematode genomes. Furthermore, they in-
clude either very limited or no data from organisms that are
phylogenetically very close to the origin of vertebrates.
Through a large catalog of genes from amphioxus, the closest
invertebrate relative of vertebrates, we provide the first evi-
dence for a large-scale gene duplication immediately after the
separation of cephalochordates and vertebrates at 650 Mya.
The main difference in our study from those published re-
cently on the 2R hypothesis, is that we use a more stringent
method to define orthology prior to comparing gene copy
rates, while we also include in our analysis a large novel gene
dataset from amphioxus. In light of these differences, we also
search for traces of duplications that were potentially created
around the origin of vertebrates in the human and mouse
genomes. Our conclusions can be summarized as follows:

1. On the basis of orthologous groups of genes that exist as
single copy in the genomes of two invertebrate proto-
stomes (C. elegans and D. melanogaster) and in yeast (S.
cerevisiae) and in one or more copies in amphioxus, ciona,
mouse, and human, we could derive detailed duplication
rates showing that, on an average, the number of dupli-
cates has increased more than twofold after the emergence
of amphioxus. The number of gene duplications that we
observe in the amphioxus catalog are significantly lower,
and they represent either small-scale gene duplications
that occurred prior to the urochordate-cephalochordate
split or lineage-specific duplications.

2. The pattern of gene duplications as determined via a large
number of phylogenetic trees that also included amphi-
oxus genes was not conclusive of the mechanism of dupli-
cation, that is, under the assumption of extensive gene loss
and gain by single gene duplications subsequent to ge-
nome wide duplication, both models of one or two rounds
of whole-genome duplication would fit with our results.

3. A significant number of human orthologs included in the
CD/CDY groups (21.6% of all of the CD/CDY groups that
contain a human ortholog and 24.5% of all human or-
thologs included in the CD/CDY groups) are organized in
segments found to be duplicated within the human ge-
nome. The majority of these duplicated segments are also
duplicated in the mouse genome and within regions syn-
tenic between the two species. The latter is evidence that
these segments resulted from a common duplication
mechanism.

4. The majority of human orthologs are found to be dupli-
cated around 488 Mya, when the estimation is carried out
either by the molecular clock or the rate of codon substi-
tutions. Both methods give very consistent results and
show no evidence for a bimodal distribution as expected
by the 2R hypothesis.

5. A significant number of human and mouse orthologs ap-
pears in high-copy number (>4) simultaneously in both
species, which insinuates that these are due to duplications
common to both organisms (perhaps segmental duplica-
tions), which are additional to the duplications at the ori-
gin of vertebrates.

Although none of the results (1-5), if considered alone,
provides full support for the 2R hypothesis, when combined,
they provide strong evidence for a duplication event at 300-


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

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

An Amphioxus Gene Catalog and the 2R Hypothesis

14

150 200 250
1

frequency

100
1

50

12

o]
L

T gene duplications. However, they cannot
explain our principal results in 1,3-5
shown above. Segmental duplications as
another mechanism of gene duplications
have been discussed recently as one of the
- major driving forces of evolution (Lynch
2002), and the number of extra duplicates
that are common to both human and
mouse indicate that this is the case. Ac-
cording to Bailey et al. (2002), segmental
- duplications are expected to happen at a

10 |-

mol.clock

8 | i dS based time

frequency
I

1]

ds

1 n

rate of 0.4% per gene per Myr in human
with a duplicon size of 100-200 kb. At the
moment, it is unclear whether these fea-
tures are unique to mammalians. How-
ever, if a similar rate of segmental dupli-
cations were assumed for the vertebrate
lineage, it would be sufficient to destroy
the original gene order, so that only traces
of an ancient genome duplication would
be detectable. This is in qualitative agree-
ment with our results. We find duplicons
that range in size from 0.7-5.5 Mb (Table
2) and, therefore, they cannot be regarded
as standard segmental duplicates, as they
exceed the expected sizes for those by far,
I and they originate mainly from an an-
cient time period. Thus, the most likely
explanation is that they are remainders of
at least one round of a genome-wide du-
plication event.

=1 Further insights into the mechanisms
of genome duplication may be gained
from the study of genomes of species phy-
logenetically closer to cephalochordate—
vertebrate split than human and mouse,
— for example, zebrafish and fugu, which are
also believed to have undergone more re-
cent genome duplications.

METHODS

200 400 600 800

time [myr]

Figure 3 Distribution of the duplication times of the human orthologs of 195 CDY/CD groups
calculated by the molecular clock approach (red line). The times were averaged over intervals
of 50 Myr. The mean value of 91% of all duplication times is at 488 Myr. Cephalochordates
have diverged from vertebrates around 650 Mya (see Suppl. Fig. S2 and Table S5). The dupli-
cation time measured as the expected number of nucleotide substitutions per codon (blue line)
follows the distribution of the molecular clock duplication times. The distribution of synony-
mous substitutions per synonymouse site (the top right corner of the plot) shows 3 peaks, at 4
(the majority of the values of 1414 pairs of human genes), at 2 and at 0-0.2.

680 Mya that affected either a complete or significant parts of
an ancestral genome.

The large number of gene duplicates and segments pre-
sent in the human and mouse genomes containing genes that
we found to be preferentially duplicated after the cephalo-
chordate-vertebrate split is a strong argument for a genome-
wide duplication. Single gene duplications are estimated to
occur at a rate of 1% per gene per Myr (Lynch and Conery
2000). Some fraction of our duplicates might be due to single

1000

Normalization of the
cDNA Libraries

The 5" EST sequencing was based on two
amphioxus oligodT primed embryonic
cDNA libraries that were normalized by
oligonucleotide fingerprinting (OF). OF is
based on the hybridization of 200 10 mers
on cDNA arrays, and the subsequent clus-
tering of the hybridization fingerprints
(Clark et al. 1999). Clones sharing the
same oligo hybridization pattern (finger-
print) and therefore, sequence, are
grouped to clusters, whereas unique
clones remain unclustered (singletons; Herwig et al. 1999).
One clone per fingerprinting cluster was selected for 5’ EST
sequencing. Oligonucleotide fingerprinting can distinguish
with the same efficiency between members of the same gene
family, but also splice variants. We found that in silico clus-
tering using 100-200 of the oligonucleotides that have been
used for the experimental normalization of the amphioxus
cDNA libraries on sequences of human genes resulted in the
accurate assignment of members of gene families or splice
variants in different clusters (we tested 190 members of 10
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Genome Research 1063

www.genome.org


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

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Panopoulou et al.

Chromosome 2

ROTE N RAB.
ENSG00000144045 ATP DEPENDEN | ANA HELIGASE DEAD BOX PROTEINQrom17)
TICAL 29.2 KDA PROY

ENSGO0000T63545. I
5

ENSG0000015: H
PEPTIDYL PROLYL C1 TRANS ISOMERASE £C 5.2 1.3 PRIASE \§
s

ENSGO0000 087 ZING F T |

ENSGO00001 53083
NG FINGER PROTEIN GLI2 (TAX HELPER PROTEIN),

ISCRIPTION FACTOR LBP-4.
MYC BOX DEPENDENT INTERACTING PROTEIN 1 Bﬂlﬂﬁllﬁ INTEGRATOR

ENSGI0000162957(Cheun1 7)
TICAL 4.6 KDA PRO

RHO-RELATED GTP-BINOING PROTEIN FHOE (RHOS)
ENSGO0000152980

3-RELATED GTR-GINOIN
ENSG00000162980/Chvorn 7).

ENSGOD00080297 NEBULINGIvom 7).

VOUTAGH BETA=4 SUBUNIT|Chromi7)

mscmomm

ENSG000001 u-mun
ENSG0000121595 FAS-LIGAND ASSOCIATED FACTOR 1(Qvem(7)
ENSGO0000157827(Civorm17)
EN 162983 Crvom1 7)
'ENSG0000016654 NY-EN- ANTIGEN (Crwom17)
S-UIGAND ASSCCIATED FAGTOR 1 (FRAGMENT) \
ORPHAN NUGLEAR FlE(;EP‘VOﬂWm‘ (IMMEDIATE-EARLY RESPONSE .. \

AECEPTOR TYPE PRECUASOR EC 271,37 SEAINE THAEOME .
AGTIVIN RECEPTOR TYPE | PRECURSOR

ENSG000001 1820 GRO

CONA FLUIO405 IS, CLONE NTZRINADODS6, WEAKLY SIMILAR

SODIUM CHANNEL PROTEIN, BRAIN 1 ALPHA SUBUNIT

‘SODIUM CHANNEL PROTEIN, BARAIN 1!
HYPOTHETICAL

TOSAMINYL 1.41) (PROTEN-LIDP
CHANNEL ALPHA

ENSG00000173600 CONA FLII 084 FIS. (Ghvam 1 7)
ENSGO0000071967 CONA: FLI23462 FIS{Chvom 7]

o)

HOMEOBOX PROTEIN HOX- D3 (HOX-4C) (HOX-5. 21
HOMEOBOX PROTEIN HOX-D3 (HOX~4E)
PW!OB)?WNVEIH HOX-D4 (HOX—JB)(HOX—S |)
HOMEQBOX PROTEIN

HOX-D3 (HOX-44)
PROTEIN HOX-D1.
mmmmmmmzwmvswumuwm
6000001634 W
"Sm
WCLEARFACTOR ERYTHION ZRELATED PAGIOR .
INTEGRIN ALPHA-2 PRECURSOR (INTEGAIN ALPHA-IV)
NUCLEAR FACTOR ERYTHROID 2 1) EAZTOR 2avomT
50000153 18 O,

3 ERASETA (EC
NCK-ASSOCIATED PROTEIN | (NAP 1)
INTEGRIN ALPHA-V PNECUW (VITRONE RECEPTORALPHA

ENSGUI0S3ES CAL GENE-FEL
NS00 ekt

NGFI-A BINDING PROTEIN 1 EGA-1 BINDING PROTEIN 1)
SIGHAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION
‘SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION 4. \
ENSGI00 62325,
HYPOTHE TICAL 8 6 KDA PROTEIN (FRAGMENT) \
CONAFLIISISFIS CLONE PLACETOO098 |
ENSG00000162345

TV ———
URSORCreomT

ECEP!
3001 ACvomi?)
YCAIN UGHT CHAIN 1, SKELE! CLF ISOFORM

FGERTON PROTEIN-TYROSINE FRECURSOR
s O 15t 1YROSIKE NASE(Grvem1T)
T KGER PROTER HELIOS(GhvomiT)
115525698 MYOSIN LIGHT AN (Crvom17]
W ICAL 21.9 KOA PROTEINChvom17)

OE TYPE (v
RECURSOR IO

e
v

5u

NPREC
WNT-5 PROTEIN PRECURSOR.

WINT~10A PROTEIN PRECURSOR. —/
ENSGM0001630¢

FNSGI00001 15257 ATP. BINIING CASSETTE SUB. FAUKY 8

13Cvomi7)
ENSG0000163302 (Chom! 7)
ENSGO0000066248 GUANINE HUCLEOTIDE EXCHANGE FACTOR|Chrom 7|

ENSGOO00NIS

Chromosome 12

RETINOL-BINDING PROTEIN Il, CELLULAR (CRER-4))
FORKNEAD BOX PROTEIN J2 (FORK HEAD HOMOLOGOUS X).

ENSGO0000!391£2 GANGLIOSIDE EXPRESSION FACTOR 7 GEF 2Chvom17)
ENSG000000E015 DA BINDING PROTEIN A (COLD SHGCK DOWAIN PROTEI AChcr7)

RHO-RELATED GTP-BINDING PROTEIN RHOS {RND!)
\0P-AIBOSYLATION FACTCA &

ADP-RIBOS YLATICN FACTCR 3.

ENSG00000167535 ADP-FIBOSYLATION FACTOR XCvomi 7)

ENSGXI0001 34287 ADP-RIBOSYLATION FACTOR XCvom17)
1)

RHO. EINDING
ENSGO0000134304 ADP-RIBOSYLATION FACTOR 3(Givom17)
WHT-108 RO 12 Chrom17)
i 2 7

WINT-108 PROTEIN PRECURSOR le |z|
WNT-108 PROTEIN PRECURSOR (W
DESERT HEDGEMOG PROTEIN| PREWRSONDHW

HYPOTHETICAL 43.7 KOA PROTEIN (FRAGMENT)
NSGO0000161791

TICAL 487 KDA

NSG00000161750 (Crvei )
ENSGAO000T2301 1 HUNTINGTIN= INTERACTING PROTEIN HYPC(ChronisT)
ENSGXI000161791 (Cheom17)

437 KDA
ENSGO0000110844 CONA FLIZM&1 FIS(Chaom1 7)
TRANSCRIPTION FACTOR LSF-ID.
ENSGO0D00167552
BADGING INTEGRATOR-2
(CONA FLIZ3464 FIS, CLONE HSI09275.
OHPNM M)GIEAR RECEFTOHNW! (EARLY RESPONSE PROTEIN

'RECEPTOR HMR (EARLY RESPONSE PROTEIN

Sﬂll“ll mANNEl PROTEIN, CARDIAC MUSCLE ALPHA- SUBUNIT
IYPOTHETICAL 536 KDA PACTEIN.

UDP-GALNAG POLYPEPTIDE N-ACETYLGALAGTOSAMINYLTRANSFERASE
sinwﬁmﬁzmms PHOTEIN KINASE RECEP TOR F3 PRECURSOR
[INETHREONINE-FROTEIN KINASE RECEPTOR A2 PRECURSOR

ENSGo000137%1 POMECOOX PROTE HON-o, (Chromi7)
ENSG00000167805 (Chom 7)
ENSGO0000157805 (Chrom17)

HOMEOBOX PROTEIN HOX-CS {HOX-20) (CP11).
'HOMEOBOX PROTEIN HOX-C8 (HOX-3C) (HHO Ca)
'HOMEOBOX PROTEIN HOX~C8 {HOX-34)

ENSG0000012:3405 TRANSCRIPTION FACTOR NF-E2 (Chvomi7)

ENSGH00001 11481 COATOMER ZETA SUBINIT (Chomy7)

NEUROGENIC DIFFERENTIATION 4

CALCIUM CALUDDULIN-DEPENDENT ¥ 5'-CYCLIC NUCLEOTIDE PHOSPHODIES TERASE 18 (EC
MEMBRANE-ASSOCIATED PROTEIN HELL- 1 (HENATOROIETIC RROTEIN

MYGSINLIGHT CHAIN 1. SLOW-TWITCH MUSCLE A ISOFORM .

ENSGO0000167632

AMBIGUOUS
ENSG00000139645

HYPOTHE TICAL 22.4 KDA PROTEIN (FRAGMENT)
ENSGO00001678%

INN[EINBE(ACDWN PRECUFSG\
INWBINBETA E

oo

ELONGATION FACTOR { ALPHA EF 1 ALPHA ELONGATION FACTCR
PEPTIDYL PROLYL CIS TRANS ISOMERASE EC 5218 PPIASE

ENSG000001 10880 CORONN 16 (Chvomi1)
ENSGI0000084112 KIAA 256, PROTEIN (Chromi7)
ENSIG00000076555 ACETYL-COA CARBOXYLASE 2(Crvom1

ARF GIPASE
ENSG00000076513 NY-REN-25 ANTIGEN(Chvom1 )
ENSG00000089225 T-BOX TRANSCRIPTION FACTOR TBXS (Chami7)
ENSGO0000123066 K23A 1725 PROTEINChrom17)

1-BOK

53 Grromaz)

////////\\N\\

[0

NUCLEAR RECEPTOR G
ENS600000150991 POLYUBIQUITIN UBCChvom17)

ZING FINGER PROTEIN 10 (ZING FINGER PROTEIN KOX1)
FRIZZLED 10 PREGURSOR (FRIZZLED-10) §F2-10)

Figure 4 Segments shared between two of the four Hox-bearing chromosomes (Chrom2 and Chrom12). Each connecting line represents one
segment. Red and Green-colored segments are those shared between the marked chromosome and the chromosomes 17 and 7, respectively.

human gene families (e.g., paired box containing homeobox
genes like Ptx, Sox, zinc finger, Notch), as well as 200 splice
variants of human genes and 200 randomly selected human
genes.

Processing of ESTs

Consensus sequences of 5’ ESTs are built by a procedure de-
scribed in Haas et al. (2000). After a preclustering step based
on pairwise all-versus-all sequence comparisons using BLAST
(Altschul et al. 1997), the ESTs are grouped into the final
clusters by sequence assembly. The amphioxus consensus se-
quences are available for similarity searches at http://www.
molgen.mpg.de/~amphioxus.
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Building Procedure of Orthologous Groups

The CD/CDY groups were constructed by reciprocal searches
of the whole genomes of the C. elegans (19,099 predicted
genes, Wormpep20, Sanger Centre), D. melanogaster (13,675
genes, GadFly release 1), and S. cerevisiae (6,358 genes, MIPS)
based on the principle of the BeT method using gapped
BLASTP and imposing the condition of each ortholog being
single copy in the respective organism.

To preserve the sensitivity (that might be compromised
by the large evolutionary distance between the CD/CDY and
chordate genes) while avoiding false positives, we introduced
a modification in the BeT method for appending the chor-
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dates genes. The reciprocal searches of the CD/CDY genes
versus the human (29,076 proteins ENSEMBL build 28),
mouse (20,652 proteins ENSEMBL, January 2002 release),
and amphioxus (9173 consensus of 14,000 5'ESTs) and
ascidian (17,492 sequence clusters of 88,418 publicly avail-
able 5’ and 3’ ESTs) genes were carried out using con-
sensus sequences of Hidden Markov Model (HMM) profiles
(HMMBUILD [-f option for the local model configuration]
and HMMCALIBRATE programs [HMMER2.1.1 package, S.
Eddy, http://hmmer.wustl.edu]) of the ClustalW (Higgins et
al. 1996) alignments of the C. elegans, Drosophila, and S.
cerevisiae predicted proteins included in each CD/CDY group.
The consensus sequences of the profiles were extracted with
HMMEMIT (HMMER2.1.1 package, S. Eddy, unpubl.). A list of
the accession nos. of the C, D, Y genes assigned to the CD/
CDY groups can be retrieved at http://www.molgen.mpg.de/
~amphioxus. The CD/CDY groups were classified in Gene On-
tology-defined functional classes through the INTERPRO (Ap-
weiler et al. 2001) domains contained in the HMM consensus
of their HMMprofiles. Functional classification of the CD/
CDY groups was also performed through the already existing
annotation of the C. elegans, D. melangaster, and S. cerevisiae
genes that are included in the CD/CDY groups. The func-
tional classification of the amphioxus ESTs was performed via
homology searches against the GO-annotated entries in
SWISS-PROT/TrEMBL.

Tree Building and Estimation of Gene Duplication
and Species Divergence Time

We have constructed a ClustalW alignment for each of the
orthologous groups. Translation of the amphioxus ESTs prior
to their alignment with the orthologs from the rest of the
organisms included in the same CD/CDY group was carried
out using the Framefinder program (G. Slater, http://
www.hgmp.mrc.ac.uk/~gslater/estateman/framefinder.html).
This program uses log odds hexamer frequency statistics and
multiple dynamic programming frameshift models to predict
the extend and the reading frame of coding sequence from
EST-derived consensus sequences. Because the translation of
sequences depends on codon frequency, the program, when
translating, takes into account a reference database that is
specified by the user. We found that using a human dataset
(14,000 human full-length mRNAs from RefSeq) as reference
database gives the best (i.e., the longer predicted and correct
as judged by the strigency of their BLAST result frames) am-
phioxus EST translation results. Subsequently, the divergent
parts of the alignments were eliminated using the Gblocks
program (Castresana 2000).

Phylogenetic Tree Analysis

For the phylogenetic tree analysis, we used the alignments of
groups that included an amphioxus ortholog that were at
least 100 amino acids in length. For assessing the branching
pattern and in order to make sure that the above alignments
were long enough to recover the right branching order, we
thought of the following test. We prepared the alignments for
the above groups without including the amphioxus sequence,
but cut the length that they had when the amphioxus se-
quence was included (reduced alignment). Furthermore, we
prepared the alignment for the same groups without includ-
ing the amphioxus sequences and without cutting the align-
ment at the length that was imposed by the amphioxus se-
quence (full-length alignment). Cases in which the four-
cluster test (Phyltestprogram [Kumar 1996]) was supporting a
different topology for the tree, generated by the full-length
alignment rather than for the reduced length tree were not
used in our study for counting branching topologies (Suppl.
Table S4).

Estimation of the Divergence Time
of Cephalochordates and Vertebrates
and the Duplication Times of Human Orthologs

The estimation of the divergence time of cephalochordates
from vertebrates was based on neighbor-joining trees (with a
v distribution [a = 2] using the MEGA software [Kumar et al.
1994]) of alignments of C, D, Y, or C, D and single-copy hu-
man and amphioxus orthologs that were longer than 100
amino acids. The trees were tested for their rate constancy
(Phyltest program) and the estimation of the divergence time
was carried out using the average distance method (Kumar
and Hedges 1998). We used as calibration points the chor-
date-arthropod (993 Myr) and chordate-nematode (1173 Myr)
molecular data-based estimates (Wang et al. 1999).

The estimation of the duplication times of human genes
was based on CD/CDY groups that include from 2-4 human
orthologs. Multimember families tend not to evolve at a con-
stant rate and, therefore, cannot be used for the estimation via
the molecular clock approach. The codon substitution rates of
the human genes included in the detected segments was car-
ried by the yn0OO programme that is included in the PAML
package (Yang 1997).
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