
It has been 30 years since it was first proposed that the verte-
brate genome evolved through several rounds of genome-wide
duplications (polyploidizations)1. Despite rapid advances in
genetics, including sequencing of the complete genomes of sev-
eral divergent species, this hypothesis has not been tested rigor-
ously and is still a matter of debate2. If polyploidizations
occurred during chordate evolution, there should be a network
of paralogous regions in the present-day jawed vertebrate
(Gnathostomata) genomes3. Here we present an  investigation
of the major histocompatibility complex (MHC) paralogous
regions, which we accomplished by characterizing the corre-
sponding region in amphioxus by identifying nine anchor genes
and sequencing both the anchor genes and the regions that
flank them (a total of 400 kb). Phylogenetic analysis of 31 genes
(including the anchor genes) in these regions shows that duplica-
tions occurred after the divergence of cephalochordates and ver-

tebrates but before the Gnathostomata radiation. The distribu-
tion of human and amphioxus orthologs in their respective
genomes and the relationship between these distributions sup-
port the en bloc duplication events. Our analysis represents the
first step towards demonstrating that the human ancestral
genome has undergone polyploidization. Moreover, reconstruc-
tion of the pre-duplicated region indicates that one of the dupli-
cated regions retains the ancestral organization.
The genomic region in amphioxus that is equivalent to the
human MHC paralogous regions has been defined through sev-
eral steps, including: (i) choosing anchor genes, (ii) cloning their
amphioxus equivalents, (iii) isolating the corresponding
amphioxus genomic regions and analyzing neighboring genes
(especially their phylogenetic relationships to the human genes)
and (iv) studying the distribution of the human genes that are
orthologous to the amphioxus genes.

We hypothesized that the MHC paralogous regions are the
result of en bloc duplications that occurred before the Gnathos-
tomata radiation. After these large-scale duplications, some of
the duplicated genes probably returned to single-copy status or
translocated to other chromosomal regions. We therefore used
two approaches to select the anchor genes. The first approach is
based on the analysis of the MHC paralogous regions. To identify
paralogous genes that could result from these events, we selected
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Fig. 1 Definition of the anchor genes. Two main approaches were used: the
analysis of the human MHC paralogous regions and establishing the preserved
syntenies between human and bony fishes (Actinopterygii). a, If the paralogous
regions are the result of en bloc duplications, the observed conserved syntenies
were present in the ancestral genomic region before the en bloc duplication. In
the case of the MHC paralogous regions, this event probably occurred at least
420 Myr ago; thus, these syntenies are also at least this old. We expanded upon
previous work13 by searching the paralogous regions to find new paralogous
genes in the databases and investigating the phylogenetic relationships for all
the paralogous genes. To eliminate duplications that would have occurred
either too late or too recently, we kept only paralogous genes for which dupli-
cation occurred after the divergence of protostomes and deuterostomes and
before the Osteichthyes radiation. The four human MHC paralogous regions
are presented with the estimated sizes (according to the UCSC database; see
Methods). The genes are ordered for the MHC (according to the UCSC data-
base), but the position is arbitrary for the three other MHC paralogous regions.
The borders for these last three regions are indicated in the square brackets.
Genes of the human chromosome 1 paralogous region are dispersed in two
regions on the short and long arms. This split is probably a late event, and the
regions were probably linked in an ancestral state14. b, We analyzed sequences
from the Human Genome Mapping Project (HGMP) fugu-sequencing project
to determine which genes were present in both the human and pufferfish
MHC genomic regions. The observed conserved syntenies probably repre-
sented an Osteichthyes ancestral state. These conserved syntenies have now
been reported15 and have also been found in other teleostean16–17. We also
selected the PSMB7,10 family, even though PSMB10 is not located in the
human MHC region. It is nevertheless located in the teleost MHC15 and PSMB7
is in a MHC paralogous region, and so it is possible that PSMB10 has been
translocated in the human phylum. The distances between the different genes
are not shown to scale.
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only genes that duplicated in the expected window of time (to
avoid having to work with paralogous genes that have different
evolutionary histories). The second approach is designed for
genes that have returned to single-copy status; this strategy is
based on ancient conserved syntenies. Only the MHC region was
used for this approach, owing to the lack of information for the
other regions in nonmammalian vertebrate species.

For the first approach, we chose 13 gene families, including
AGPAT1,2; BAT1, DDX39; BRD2,3,4,T; C3, C4, C5; CACNA1A,B,E;
COL11A2, COL5A1, COL11A1; NOTCH1,2,3,4; PBX1,2,3,4;
RAB2L, RALGDS; RXRA,B,G; TNXB, HXB, TNR; VAV1,2,3 and
ZNF297, ZNF297B (Fig. 1a). For the second approach, we chose
five genes: PSMB8, PSMB9, PSMB10, TAP1 and TAP2 (Fig. 1b).

We carried out PCR amplification and cloning of amphioxus
orthologs of 11 of 18 of the chosen anchor genes families (BAT1,
DDX39; BRD2,3,4,T; C3, C4, C5; CACNA1A,B,E; NOTCH1,2,3,4;
PBX1,2,3,4; PSMB7; PSMB8; PSMB9; RAB2L, RALGDS and
RXRA,B,G). In each case, we cloned a single amphioxus gene
homologous to the vertebrate gene family. We used the PCR prod-
ucts as probes to clone the corresponding genomic region from a
Branchiostoma floridae cosmid library, and thus obtained nine

genes (amphioxus RAB2L/RALGDS and PSMB8 genes were not
present in the library). One cosmid clone for each anchor gene was
completely sequenced (except for RXR, with two sequenced cosmid
clones) and analyzed for gene content. Forty-one genes were pre-
dicted from the ten sequenced cosmid clones (Table 1).

We used the sequences of each predicted gene or gene fragment
to search for similar sequences in databases. We observed signifi-
cant similarity with known genes, expressed-sequence tags (ESTs)
or genomic sequences for 34 genes, 33 of which included human
sequences. We built data sets with all available sequences, including
ESTs and gene predictions (based on genomic sequences). We then
carried out phylogenetic analysis and assigned orthology to 31
amphioxus genes: 9 anchor genes and 22 surrounding genes (see
Fig. 2 and Web Fig. A online). All the data sets were treated to elim-
inate reconstruction biases. This was especially relevant, as several
biases led to classical artifacts in phylogenetic reconstructions. It
should be noted that the phylogenetic reconstructions which we
believe to be false were supported by high bootstrap proportions,
indicating that in the case of phylogenetic reconstructions that
involve paralogous genes, bootstrap proportion may not be a good
indicator of the validity of the analysis.

Table 1 • Analysis of the amphioxus genomic regions

Clone name (length) CDS Position (bp) Exons Size (aa) Complete

BAT1/DDX39 1 426–1537 2 90 yes
MPMGc117C0356 (38,554 bp) 2 3228–13485 10 427 yes

3 15611–22002 7 435 yes
4 24732–28761 6 397 yes
5 33220–38521 9 664 no

BRD2,4,4,T 1 10–837 2 180 unknown
MPMGc117G0971 (39,023 bp) 2 2068–2815 2 235 yes

3 5531–9963 5 494 yes
4 14079–19868 13 353 yes
5 30071–39023 12 664 no

C3,C4,C5 1 1–5781 8 468 no
MPMGc117B2065 (34,544 bp) 2 6992–11242 7 522 yes

3 11840–14978 6 253 yes
4 17025–19176 4 363 yes
5 20714–34544 19 905 no

CACNA1A,B,E 1 1–19134 15 754 no
MPMGc117C0472 (47,933 bp) 2 24167–28098 5 517 unknown

3 30635–38927 15 509 yes
4 40560–40868 1 102 yes
5 42815–43441 2 164 unknown
6 46566–46829 1 87 unknown

NOTCH1,2,3,4 1 1–3834 4 195 no
MPMGc117E1080 (42,894 bp) 2 4566–41303 30 2524 yes
PBX1,2,3,4 1 1–37382 8 319 no
MPMGc117N2261 (45,750 bp) 2 43481–45007 3 130 unknown
PSMB5,PSMB8 1 1015–20831 8 379 yes
MPMGc117K0849 (36,049 bp) 2 24581–28344 6 275 yes

3 31841–35938 5 194 unknown
PSMB7,PSMB10 1 1–404 1 32 no
MPMGc117K0348 (36,609 bp) 2 5298–14706 15 600 yes

3 20148–26530 8 299 yes
4 29824–36590 5 171 no
5 33095–35995 2 940 yes

RXRA,B,G (1) 1 23–5526 10 569 unknown
MPMGc117C2425 (35,861 bp) 2 6262–7680 4 158 yes

3 8800–13794 6 365 yes
4 14882–19000 8 651 yes
5 21501–25635 7 283 yes
6 29003–35861 4 232 no

RXRA,B,G (2) 1 1–9505 4 182 no
MPMGc117H1057 (40,987 bp) 2 11049–35235 8 415 unknown

3 39643–40862 2 309 no

To predict potential genes and exon–intron structures, we used the programs Genscan26 and FGENE27. Predicted sequences were searched against databases with
the NCBI BLAST program28. Depending on the results, the predictions were corrected (potential missing exons were searched, wrong exons eliminated; for details,
see the Université de la Méditerranée website). In addition, homology-based gene structure prediction approaches were used in some cases, using Procrustes29

and the HMMER package (see Methods). This approach is known to give better results than ab initio gene-finding programs for well conserved families30.
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Fig. 2 Analysis of amphioxus anchor-gene phylogenetic relationships; phylogenetic reconstructions for the nine amphioxus anchor genes. Data sets were created
using all available sequences, including EST and gene predictions (from genomic sequence). We constructed multiple alignments using ClustalX18 with the
default parameters. When possible, the analysis was made at the domain level (Pfam domains). We used the partition homogeneity test19 to assess the congru-
ence of two (or more) domains constituting two molecular data sets. When domains were not described, we conserved only the nonambiguous positions of the
alignment. The paralogous groups were then analyzed separately using Gu’s program20, and the predicted critical amino-acid sites responsible for the functional
divergence between two (or more) paralogous genes were removed. We also tested potential amino-acid composition bias (χ2 test with α=0.05). For the final
reconstruction, three methods were used: maximum parsimony using PAUP*4.0 (ref. 21), neighbor-joining22 using MEGA v. 2.0, which is an updated version of
MEGA23, and maximum likelihood using Tree-Puzzle 5.0 (ref. 24). The three topologies were compared using the Templeton test. All the trees are rooted at the
midpoint unless indicated. Numbers indicate the bootstrap proportions25 (for 1,000 replicate data sets) in the following order (from upper values to lower ones):
neighbor-joining, parsimony and maximum likelihood (the values correspond in this case to Quartet Puzzling support values, but they can be interpreted in
much the same way as bootstrap proportions). Values less than 50 are indicated with an asterisk. An amphioxus picture represents an amphioxus sequence.
Species names represent different groups: Actinopterygii: Cau, Cca, Dre, Ipu, Ola, Omy, Pfl, Pol, Tru; Amphibia: Ame, Rni, Xla; Bacteria: Bfr, Cte, Mvi, Ppr; Chon-
drichthyes: Dom, Gci; Echinodermata: Lva, Spu; Fungi: Sce, Spo; Hyperortia: Lja, Pma; Hyperotreti: Ebu, Mgl; Mammalia: Bta, Cgr, Chi, Cpo, Hsa, Mfa, Mmu, Ocu,
Ptr, Rno, Rra, Ssc; Plants: Ath, Car, Mcr; Protostomians: Aam, Bma, Bmo, Cel, Der, Dme, Dsi, Lbl, Lcu, Lst, Ovo; Sauropsida: Cco, Gga; Nna; and Urochordata: Bsc,
Cin, Hro, Pmi. EC, EST contig. Accession numbers of sequences used in this analysis are available at the Université de la Méditerranée website.
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From the analysis of the phylogenetic relationships of the nine
amphioxus anchor genes (Fig. 2), we conclude that the duplications
that gave rise to the different anchor-gene families in vertebrates
always occurred after the divergence of cephalochordates and verte-
brates, estimated here at 766 Myr ago, but before the bony verte-
brate (Osteichtyes) radiationthat is, 420 Myr agowith two of
them having a more restricted duplication range of between 766
Myr and 528 Myr ago (divergence time for the split between carti-
laginous fishes (Chondrichthyes) and Osteichtyes4).

To better characterize the duplication process that led to the
emergence of the MHC paralogous regions, we mapped the
human orthologs of the genes surrounding the amphioxus
anchor genes (Fig. 3) and analyzed the statistical significance of
their distribution in the four human MHC paralogous regions
on chromosomes 1, 6, 9 and 19. We did not include the human
orthologs of the amphioxus anchor genes, to eliminate potential
bias. Of the 32 genes predicted to be adjacent to the amphioxus
anchor genes, 22 have at least one human ortholog. These 22
amphioxus genes have a total of 42 human orthologs. Of these 42
genes, 16 map in an MHC paralogous region. We estimate that
the MHC paralogous regions contain 1,240 genes.  Distribution
of human orthologs to the amphioxus genes neighboring the
anchor genes is significantly different (statistical test 1) from a
random distribution for these four regions, indicating that there
is an evolutionary link between the amphioxus genomic regions
and the four human genomic regions. The same observation is
reached when we remove the effect of the number of duplications
in each gene family (for example, one human ortholog gene for
the GPR54 family, five ortholog genes for the SIAT8 family). This
observation suggests that the MHC paralogous regions derive
from a single genomic region that duplicated en bloc after the
cephalochordate/vertebrate split. Nevertheless, one could still
argue that the MHC paralogous regions arose from independent
duplications followed by independent gene re-localizations,
from one genomic region to three others.

To test this possibility, we evaluated the gene duplication his-
tory by examining the distribution of the human orthologs of the
amphioxus genes that have at least two orthologs, one of which is
in an MHC paralogous region (including the anchor genes). This
would represent 25 independent duplications. Of the 25 dupli-
cated genes, 19 map within a MHC paralogous region. If the
probability of duplication in a given genomic region is the same
for all the genomic regions, this possibility is rejected (statistical
test 2). Thus, the most likely explanation of the link between the
amphioxus genomic regions and the human MHC paralogous
regions is that the four human genomic regions have a common
genomic region ancestor that has duplicated en bloc after the
divergence between cephalochordates and vertebrates. In addi-
tion, as the lower boundary for some of the anchor genes is the
Gnathostomata speciation, this limit also constitutes the en bloc
duplication lower bound. Thus, the MHC paralogous regions are
genomic regions that duplicated en bloc between 766 Myr and
528 Myr ago.

Taking into consideration the most likely model to explain the
link between the amphioxus regions and the human MHC paral-
ogous regions, and using information from the organization of

these genomic regions, we reconstructed the Gnathostomata
ancestor proto-MHC region (Fig. 4a). To do this, we used all of
the amphioxus cosmid clones sequences (because the duplica-
tion between all the anchor genes was compatible with an en bloc
duplication process and the significance of the link between the
amphioxus regions and the human MHC paralogous regions was
calculated using all the genes from all the cosmid clones). None
of the initially chosen anchor genes that have not been cloned in
the amphioxus have been used, however, as their duplication his-
tory could not be established.

The most striking aspect of the evolution of the duplicated
regions is the number of fixed genes. Indeed, the genomic region
of chromosome 9 contains twice as many genes derived from the
ancestral genomic region than any of three other regions (17 ver-
sus 7, 8 and 8 for the regions on chromosome 1, 6 and 19 respec-
tively), and this is particularly true for the single-copy genes (9
versus 1, 2 and 1 for the regions on chromosome 1, 6 and 19
respectively). Thus, in terms of gene organization, the region on
chromosome 9 is much more similar to the predicted ancestral
genomic region than the three other MHC paralogous regions.

The plesiomorphy of the region on chromosome 9 is also notice-
able at the gene level. Indeed, analysis of the substitution pattern of
gene families having more than two paralogs in the MHC paralo-
gous regions (six paralog families) shows that the genes in the
region on chromosome 9 have lower substitution patterns than the
three other paralogous regions (six genes over six; Fig. 4b). This is
statistically significant (statistical test 3). The genes having fast sub-
stitution patterns are spread evenly over the other three regions.

Fig. 3  Summary of the cosmid gene organizations. The ten sequenced clones
are shown. A box represents each gene locus with the arrow indicating the
direction of transcription. The introns are not shown. For the PSMB7,10 cosmid
clone, two genes are overlapping, as the amphioxus TLR1,2,4,6 gene lies in an
intron of the amphioxus PSMB7,10 gene. For each gene, the human orthologs
to the amphioxus gene are shown with their respective chromosomal localiza-
tions. Anchor genes are indicated in blue and human genes that map in a MHC
paralogous region are indicated in green.
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Our study provides strong support for the hypothesis of en bloc
duplication of the MHC paralogous regions and provides initial
evidence that polyploidization occurred in our genome ancestor
between 766 and 528 Myr agothat is, after the split between
cephalochordates and vertebrates and before the Gnathostomata
radiation. Moreover, by reconstructing the region ancestral to
the four MHC paralogous regions, we have uncovered an unex-
pected feature of the evolution of the duplicated regions: one
region retains an ancestral state both in terms of organization
and gene substitution patterns. Thus, the genome contains a
large region apparently under negative selection, a concept usu-
ally applied to individual genes or gene segments; it will be useful
to determine whether this finding can be extended to other
regions of the genome. Our analysis underlines the importance
of phylogeny and comparative genomics, not only for revealing
the evolutionary history of our genome but also for increasing
our understanding of genomic organization.

Methods
Definitions. Two genes are orthologs if they diverged as a result of a speci-
ation event; they are paralogs if they diverged because of a duplication
event5. The term ‘paralogous regions’ refers to genomic regions that con-
tain paralogous genes. The ratio [number of paralogous genes:size of the
considered regions] had to be statistically significant so that the genomic
regions could be considered paralogous regions (but as this ratio is rarely
evaluated, this term is generally vague). Plesiomorphy means close to the
ancestral state. Anchor genes are genes that are conserved between distant
species and were used in this analysis to define the amphioxus region
orthologous with respect to the presumed MHC paralogous regions.

Cloning of the anchor genes. Adult Branchiostoma lanceolatum were col-
lected near Marseilles, France and adult B. floridae were obtained from G.

Fig. 4 Evolution of the chordate proto-MHC region and its genes. a, Putative reconstruction of the
MHC paralogous genomic region evolution. By comparing the amphioxus regions and the human
MHC paralogous regions and by using the available information described in the text, it is possible
to reconstruct the Gnathostomata ancestor proto-MHC. Because the amphioxus regions were not
linked, the state of the genomic region in a chordate ancestor is still unknown. The anchor genes
are indicated in blue, and the amphioxus anchor-gene surrounding genes and their human
orthologs are indicated in green. b, Substitution patterns among the human MHC paralogous
genes. We used only the genes that have at least three copies in the MHC paralogous regions. For
each of the genes, we compared the substitution rates of the different paralogous genes. The
genes indicated in green have a substitution pattern that is significantly slower than the genes
indicated in red. The hatched boxes correspond to missing paralogs. The relative position of the
genes in the human MHC paralogous region is arbitrary.

Luke (Univ. of Reading, UK). Total RNA was provided by F. Coulier
(INSERM U119, France) and used for cDNA synthesis by random prim-
ing. We prepared DNA with classical protocols6. Branchiostoma belcheri
genomic DNA was provided by H. Saiga (Tokyo Metropolitan Univ.,
Japan). For each selected family, we aligned sequences from all available
species and designed degenerate oligonucleotide primers based on the
conserved regions. We used the primers to amplify the homologs of these
genes from either the Branchiostoma lanceolatum (Bla), floridae (Bfl) or
belcheri (Bbe) genomic DNA or from the Bla RNA. In the case of the
NOTCH1,2,3,4 family, we used a probe from M. Lardelli (Univ. of Ade-
laide, Australia), Bfl Amph26 cDNA, to clone the corresponding cosmid
clones. For the C3,C4,C5 family, we designed oligonucleotides on a 500-bp
EST from Bbe (obtained from S. Miho and N. Satoh, Kyoto University,
Japan). For the PSMB7,10 family, we obtained the primer sequence from B.
Magor (University of Alberta, Canada). PCR conditions and primer infor-
mation are available upon request. PCR products at the expected size were
gel-purified and directly sequenced with the degenerate oligonucleotides
(Genome Express S.A.). We analyzed sequences by phylogenetic analysis or
by direct comparison, depending on the sequence sizes.

Cloning of the genomic regions. We used the B. floridae cosmid genomic
DNA library no. 117 from the Resource Center of the German Human
Genome (RZPD, Berlin, Germany)7. The library was hybridized accord-
ing to the RZPD protocols. We confirmed positivity of the clones by
colony hybridizations, PCR amplification on purified insert DNA, South-
ern blots of insert digestions and partial sequencing of the insert with the
degenerate oligonucletides. The positive clones are MPMGc117C0356 for
BAT1, DDX39; MPMGc117 (G0971, D1293 and A156) for BRD2,3,4,T;
MPMGc117C0472 for CACNA1A,B,E; MPMGc117B2065 for C3,C4,C5;
MPMGc117 (E1080 and A2375) for NOTCH1,2,3,4; MPMGc117 (N2261,
F1971, E1113, I0640, K1330 and H0247) for PBX1,2,3,4;
MPMGc117K0849 for PSMB5,8; MPMGc117 (K0348 and N1476) for
PSMB7,10; MPMGc117 (C2425 and D1853) for RXRA,B,G(1) and
MPMGc117H1057 for RXRA,B,G(2).
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Clone sequencing. Cosmids were sequenced according to previously
described protocols8. The names of the sequenced clones are given in Table 1.

Sequence analysis. The gene nomenclature was set according to NCBI
LocusLink and the HUGO gene nomenclature committee. We used the
Blast Search Updater perl script9 to search against databases (NR, dbEST
and HTGS). We clustered ESTs using the CAP3 sequence assembly pro-
gram10. We predicted domains using Pfam11 protein search. Transmem-
brane domains were evidenced using TMHMM12. Details of the phyloge-
netic analysis, the description of the analysis of each data set and the diver-
gence time estimation are available on the Université de la Méditerranée
website (see below). Human gene mapping was achieved by comparing
data from the NCBI LocusLink and from the Draft Human Genome
Browser of UCSC (University of California of Santa Cruz; 7 October 2000
assembly). For all the analyzed genes, the mappings were compatible
(except for GPR54; see the Université de la Méditerranée website).
Although the two mappings were closely related, we used the UCSC map-
ping as it comes from an assembly and is, in most cases, more accurate. The
mapping was generally obtained by searching with the official gene sym-
bol, except for several genes for which accession numbers were used (see
the Université de la Méditerranée website).

Statistical significance. All of the genomic regions were defined using the
UCSC browser (both for the size and the gene number). We mapped all of the
human orthologs to the amphioxus genes. The more distant genes were used
to define the genomic region. To get a more accurate estimate for the gene
number of each genomic region, we summed the human genome browser
known genes and predicted genes. The detail of the estimation as well as all
the statistical tests are available at the Université de la Méditerranée website.

GenBank accession numbers. BAT1, DDX39 cosmid clone, AF391287;
BRD2,3,4,T cosmid clone, AF391288; C3,C4,C5 cosmid clone, AF391289;
CACNA1A,B,E cosmid clone, AF391290; NOTCH1,2,3,4 cosmid clone,
AF391291; PBX1,2,3,4 cosmid clone, AF391292; PSMB5,8 cosmid clone,
AF391293; PSMB7,10 clone, AF391294; RXRA,B,G(1) cosmid clone,
AF391295; RXRA,B,G(2) cosmid clone, AF391296.

URLs. HMMER package, http://hmmer.wustl.edu/; Vector NTI Viewer
4.0.1, http://www.informaxinc.com; Université de la Méditerranée web-
site,  http://evolution.luminy.univ-mrs.fr/duplications/.

Note: Supplementary information is available on the Nature
Genetics website.
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