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Abstract

One theory formalised in 1970 proposes that the complexity of vertebrate genomes originated by means of
genome duplication at the base of the vertebrate lineage. Since then, the theory has remained both popular and
controversial. Here we review the theory, and present preliminary results from our analysis of duplications in the
draft human genome sequence. We find evidence for extensive duplication of parts of the genome. We also ques-
tion the validity of the ‘parsimony test’ that has been used in other analyses.

The 2R hypothesis

In his 1970 book Susumu Ohno proposed that there
may have been one or more whole genome duplica-
tions in the lineage leading to vertebrates. He postu-
lated that genome duplication in the vertebrate lin-
eage provided a platform for increasing the
sophistication of the vertebrate genome and thus
increasing morphological complexity. Genome dupli-
cation may be particularly powerful because all genes
in a biochemical pathway will be duplicated simulta-
neously. Ohno was not specific about how many
events occurred. The most popular form of this hypo-
thesis is that there were 2 Rounds of genome dupli-
cation early in the vertebrate lineage, as proposed by
Holland er al. (1994). This has recently become
known as the 2R hypothesis, an abbreviation attribut-
able to Hughes (1999). There is no absolute consen-
sus on the timing of these events, but the majority of
references in the literature put one of these events
immediately before, and one immediately after the
divergence of agnathans from the lineage leading to
tetrapods (see Figure 1 in Skrabanek and Wolfe,
1998). These timings are speculative and were prob-
ably chosen to coincide with major evolutionary tran-
sitions that they were thought to have facilitated. The

lower limit on the timing of genome duplication is set
by the observation of only a single Hox cluster in the
invertebrate chordate amphioxus compared to four
clusters in vertebrates (Garcia-Fernandez and Hol-
land, 1994). As an upper limit, it seems unlikely that
genome duplications would be viable in the mamma-
lian lineage. Theory predicts that a genome duplica-
tion in an organism with a chromosomal basis of sex-
determination (such as that of mammals) will result
in sterility of the heterogametic sex, and thus invia-
bility (Muller, 1925). Indeed the only known tetrap-
loid mammal, a South American rodent, has dupli-
cated copies of every chromosome except the sex
chromosomes (Gallardo et al., 1999).

At the time of writing his book there was little
evidence to support Ohno’s claim. Very few protein
sequences were known, and the hypothesis was based
largely on genome size comparisons and matching
patterns of cytogenetic bands. Much of the evidence
which prompted Ohno to suggest a genome duplica-
tion event has lost merit in the light of our current
understanding of genetics and genomes (Skrabanek
and Wolfe, 1998). For example, differences in
genome sizes are largely due to increased amounts of
non-coding DNA rather than an increased number of
genes; and cytogenetic bands, whose patterns were
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used to list human chromosomes in pairs (Comings,
1972), are not indicative of the underlying gene con-
tent.

The debate on the 2R hypothesis to date has been
a war of words (and limited data) between the phy-
logeneticists and the cartographers. As a general rule,
analyses based on phylogenetic methods come out
against the genome duplication hypothesis (e.g.,
Hughes, 1998; Hughes, 1999; Martin, 1999; Hughes
et al., 2001; Martin, 2001), whereas map-based stud-
ies come out in favour (e.g., Lundin, 1993; Spring,
1997). Two main arguments have been advanced to
support the theory of genome duplication in an early
vertebrate: that there should be four vertebrate ortho-
logues of each invertebrate gene, the so-called ‘one-
to-four rule’ (Spring, 1997; Meyer and Schartl, 1999;
Ohno, 1999); and that paralogous genes are clustered
in a similar fashion in different regions of the genome
(e.g., Martin et al., 1990; Lundin, 1993).

The one-to-four rule

The one-to-four rule was first proposed by Jiirg
Spring (1997). He listed human paralogues present on
different chromosomes and their Drosophila ortho-
logues, and surmised that the maximum ratio of
human to Drosophila genes was four. These ‘tetra-
logues’ seemed to bear the hallmark of a genome-
wide event because they were discovered on all 23
female human chromosomes. The observation of
some gene families with ratios of 2:6 or 2:5 Droso-
phila:human genes contradicts this hypothesis and
Spring suggested that more complete genome
sequences would provide data that could split these
families into ‘tetrapacks’.

The first extensive examination of the one-to-four
rule using almost complete proteomes from D. mela-
nogaster, C. elegans, and human, showed no excess
of four-membered vertebrate gene families (see
Fig. 49 of International Human Genome Sequencing
Consortium [2001] and Fig. 12 of Venter et al.
[2001]). Furthermore, the observation of gene fami-
lies with five or more members directly contradicts
the expectations of Spring (1997) that membership
would be ‘maximally four’. It appears that the one-
to-four rule is an over-simplification of the history of
the vertebrate genome. These data can of course be
explained by hypothesising two genome duplications
on a background of independent gene duplication and
loss. However, as it is impossible to distinguish

genome duplication from gene duplication on the
basis of gene family size alone, this measure is sim-
ply uninformative.

Paralogous chromosomal segments

The analysis of paralogous regions of the human
genome is based on the assumption that, although it
is expected that many rearrangements will have
occurred in the time since the two duplication events
envisaged by the 2R hypothesis, there should still be
detectable remnants of the 4-way paralogy between
some chromosomes, i.e., some portions of some chro-
mosomes should remain almost intact in four copies.
This principle seems reasonable, though these studies
have suffered for want of extensive genomic data.
Finding as few as two genes in several linked clus-
ters in a genome of over 30,000 is hardly overwhelm-
ing evidence for a genome duplication event (e.g.,
Martin et al., 1990). Objections that these observa-
tions can easily be explained by regional duplications
of segments of chromosomes must be entertained.

HSA 1, 6, 9, and 19

The observation of paralogous regions (around the
MHC locus) on human chromosomes 1, 6, 9, and 19,
led to the suggestion that these were duplicated by
whole genome duplication events at the base of the
vertebrate lineage (Kasahara et al., 1996; Katsanis et
al., 1996; Kasahara, 1997). This was further sup-
ported by the finding of only a single related cluster
in amphioxus (Flajnik and Kasahara, 2001). Ten
members of particular gene families are present on
chromosomes 6 and 9, and four of these are also rep-
resented on chromosome 1. The claim that this
arrangement resulted from several rounds of polyp-
loidy was refuted by Hughes (1998) using phyloge-
netic analysis of the nine families with sufficient data
(Retinoid X receptor (RXR); a pro-collagen (COL);
ATP-binding cassette (ABC) transporter; Proteasome
component 3 (PSMB); Notch; Pre-B-cell-leukemia
transcription factor (PBX); Tenascin (TEN); C3/
C4/C5 complement components; Heat shock protein
70 (HSP70)). However, Hughes’ analysis did indicate
that this arrangement could be partly due to block
duplication. Trees of these families showed that five
(RXR, COL, PBX, TEN, C3/4/5) of the nine families
with sufficient phylogenetic information could have
duplicated simultaneously, and that this timing was



consistent with a duplication in early vertebrate his-
tory 550-700 Mya. The phylogenetic analysis indi-
cated that the four genes on chromosome 1 probably
duplicated as a block. Similarly, a phylogenetic anal-
ysis by Endo et al. (1997) rejected the hypothesis that
the 11 gene pairs on chromosomes 6 and 9 were
duplicated in a single event, but did support the si-
multaneous duplication of six of the pairs. However,
analysis of the remaining genes showed that the ABC
transporter genes diverged before the origin of
eukaryotes, the PSMB and the HSP70 gene families
both originated before the divergence of animals and
fungi, and the Notch genes diverged before the origin
of deuterostomes (Hughes, 1998). Obviously these
gene families did not arise as part of a block dupli-
cation event at the base of the vertebrate lineage.
However, it can still be argued that these results are
consistent with block duplication of this region if one
assumes that there was an ancient tandem duplication
of some of these genes, and after block duplication
there was differential loss of one of the tandems, so
that the divergence date of paralogues on two differ-
ent chromosomes is that of the tandem duplication
event rather than of the block duplication event
(Kasahara et al., 1996; Smith et al., 1999).

HSA 4, 5, 8, and 10

Pébusque et al. (1998) reported the presence of paral-
ogous genes on human chromosomes 4, 5, 8, and 10.
In contrast to the analysis of the genes around the
MHC discussed above, this study was based on a
combination of phylogenetic and map-based methods.
These genes are linked on the human chromosomes,
with the exception that there is one family member
on each of chromosomes 2 and 20, which require
genome rearrangements to be reconciled with a block
duplication event. The phylogenetic analyses consis-
tently showed that these gene family members
diverged in the vertebrate lineage and so are consis-
tent with the 2R hypothesis of genome duplication.
This conclusion was criticised by Martin (1999) who
pointed out that the gene trees of the ankyrin family
and the EGR (early growth response) family indicated
different histories for their host chromosomes. The
ankyrin gene tree groups chromosome 4 and 10 to the
exclusion of chromosome 8, whereas the EGR gene
tree groups 8 and 10 to the exclusion of all others.
This contradicts the expectation that the family mem-
bers on each chromosome have had a shared history
since the block duplication event.
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HSA 2, 7, 12, and 17

The quadruplication of the Hox cluster is the touch-
stone of the 2R hypothesis. There are four colinear
Hox clusters in the vertebrate genome (Kappen et al.,
1989), but only one in the invertebrate chordate am-
phioxus (Garcia-Fernandez and Holland, 1994). Phy-
logenetic analysis of the clusters showed that they
duplicated early in vertebrate history. It seems certain
that these clusters duplicated en bloc. The question is
whether they arose by genome duplication events, or
by sub-genomic duplication events, or a mixture of
both. In the analysis of Zhang and Nei (1996) Hox
clusters C and D were grouped with a high bootstrap,
but there is not enough information in the alignments
of the 61 amino acids of the homeodomain to resolve
the phylogeny further. Instead, Bailey er al. (1997)
analysed the relationship of the linked fibrillar-type
collagen genes, which presumably shared the same
duplication history. Assuming the collagen genes
have a shared history with the Hox clusters, then the
results can be interpreted as a topology (out-
group(HoxD(HoxA(HoxB,HoxC)))), which contra-
dicts the grouping of HoxC and HoxD found by
Zhang and Nei (1996). Furthermore, this is contrary
to the expectations of the 2R hypothesis, which pre-
dicts a symmetric topology, but may be explained by
three rounds of genome duplication with loss of 4
clusters, or by independent cluster duplications
(Bailey et al., 1997).

In a phylogenetic analysis of the human Hox-bear-
ing chromosomes (2, 7, 12, 17) Hughes et al. (2001)
examined 35 gene families with members on at least
two of the Hox chromosomes. 15 of these families
could be classified as either pre-vertebrate, or post-
mammalian duplicates and so are inconsistent with
the 2R hypothesis. For the remaining 17 gene fami-
lies the tree topologies did not exclude duplication at
the same time as the Hox clusters. There were 15 of
these for which the molecular clock was not rejected
and estimates for the divergence dates of these gene
families were calculated. Six of the gene families
were dated to within the time of divergence of the
Hox clusters, 528—750 Mya (as defined by lineage
divergences), and two others had divergence esti-
mates that were not significantly different from the
time of Hox duplication. Phylogenies of gene fami-
lies with members on at least three of the four Hox
bearing chromosomes did not reveal a common topol-
ogy for the relationship of these chromosomes.
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Other regions

Some of the supposed paralogous regions of the ver-
tebrate genome that can be found listed in the litera-
ture are based on rather sparse evidence. For example
Gibson and Spring (2000) list human chromosomes
X, 4,5, and 11 as a possible paralogous quartet based
only on the presence of members of two gene fami-
lies (alpha-amino—3-hydroxy—5-methyl—4-isoxazole-
propionic acid (AMPA) and androgen / mineralocortic-
oid / glucocorticoid / progesterone nuclear receptors)
on all of these chromosomes.

Testing the (AB)(CD) topology prediction

In its simplest form, the hypothesis of two rounds of
genome duplication predicts a symmetric (A,B)(C,D)
phylogenetic tree topology (where A, B, C, D, repre-
sent any four-membered gene family), with the age
of the AB split the same as the age of the CD split,
thus displaying the history of successive genome
duplications. The alternative hypothesis, that of
sequential gene duplication, will not always predict a
symmetric topology. Under a sequential duplication
model a four-membered family must arise from the
duplication of one member of a three membered fam-
ily. There is only one possible topology for three
sequences, namely (A(C,D)) (Figure 1). Duplication
of gene A will result in a symmetric topology, and
duplication of either C or D will result in an asym-
metric topology. Assuming that all three genes are
equally likely to be duplicated, sequential gene dupli-
cation will give rise to a symmetric (A,B)(C,D)
topology 1/3 of the time, and an asymmetric topol-
ogy (A((B,C)D)) or (A(C(B,D))) the remaining 2/3 of
the time. Thus, the null hypothesis is that the sym-
metric topology should be found in 1/3 of trees, and
not 1/5 as proposed by Gibson and Spring (2000).
Hughes (1999) and Martin (2001) employed simi-
lar methodologies to test the phylogenies of gene
families listed as exemplars of the one-to-four rule
(Sidow, 1996; Spring, 1997) for congruence with the
2R hypothesis (i.e., whether or not they displayed a
symmetric topology, and if they duplicated in the ver-
tebrate lineage). The symmetric topology was only
observed in a small minority of the cases (one out of
nine trees in Hughes [1999]; and two out of ten trees
in Martin [2001]), although in Martin’s analysis seven
of the eight minimum-length trees that were not sym-

metric were not significantly shorter than a symmet-
ric tree.

Variations on the 2R hypothesis result in different
predictions for the phylogenies of vertebrate gene
families. For example, if vertebrate genome doubling
occurred by allopolyploidy (i.e., hybridisation of two
species, as has been suggested; (Spring, 1997)) or by
segmental allopolyploidy (i.e., behaving as an auto-
polyploid at some loci, and as an allopolyploid at
others) then a single genome doubling event will pro-
duce paralogues with two different coalescence dates
(Gaut and Doebley, 1997; Wolfe, 2001). Alternative
models hypothesise that the two rounds of genome
duplication may have occurred in short succession
and thus not allowing the diploidisation procedure
time to complete before the second genome duplica-
tion event. This would result in some tetrasomic loci,
and some octasomic loci, in the quadruplicated ge-
nome (Gibson and Spring, 2000).

Diploidisation

Diploidisation is a natural consequence of polyploidy.
With some rare exceptions (e.g., some loci of recent
salmonid tetraploids; Allendorf and Thorgaard, 1984)
all hypothesised paleopolyploid genomes have
reverted to disomic inheritance at all loci. There is an
increased incidence of non-disjunction of chromo-
somes when they form multivalents rather than
divalents, so selection for increased fertility probably
causes the reinstatement of disomic inheritance
(Allendorf and Thorgaard, 1984).

Immediately after autotetraploidy all loci in the
genome will be tetrasomic. These duplicated genes
will not separate into two independently diverging
loci until disomic inheritance is established (Ohno,
1970). This is important for our interpretation of what
a paleopolyploid genome should look like because
one of the properties we test in assessing genome
duplication is the synchronicity of divergence of
duplicated loci. Depending on the manner and speed
of diploidisation this may or may not be an appropri-
ate test for a paleopolyploid genome. In a diploid
organism, chromosomes are arranged in pairs at mei-
osis (i.e., chromosomes are bivalent). These pairs can
exchange segments of DNA by recombination, and
drift and gene conversion maintain a high degree of
similarity between most alleles. In a tetraploid
genome, chromosomes are arranged in tetravalents,
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Figure 1. Alternative phylogenetic tree topologies of four-membered families resulting from sequential gene duplication or genome dupli-
cation. Grey arrows indicate the nodes that are critical to define the symmetry or asymmetry of the topology. (A) Phylogenetic tree topolo-
gies resulting from duplication of one member of a three-membered gene family. Three different trees result. The tree from the duplication
of gene C and that from the duplication of gene D have asymmetric topologies. (B) Phylogenetic tree topologies resulting from two whole
genome duplication (WGD) events. All genes are duplicated at each step, resulting in a symmetric tree topology.

rather than pairs, at meiosis. Diploidisation can be
reduced to a problem of chromosome association. By
what mechanism does a genome convert from form-
ing chromosome quartets to forming chromosome
pairs, i.e., from tetraploid to diploid behaviour?

The answer to this question probably lies in a
deeper understanding of the mechanisms of chromo-
some association. Is chromosome sequence diver-
gence a cause or a consequence of diploidisation? If
chromosome association occurs by homologous
sequence attraction, then sequence divergence (by
chromosome rearrangements) will cause diploidisa-
tion of chromosomes. On the other hand, if chromo-
some association is controlled by some other mecha-

nism, such as attraction of homologous centromeres
or telomeres, then chromosomal rearrangements may
allow the independent evolution of the relocated loci
and their previous partners in a tetrasomic locus, as
separate loci without actually causing the diploidisa-
tion of the chromosomes in question.

The mammalian Y chromosome may serve as a
model for this process. It is an unusual chromosome
because it is partially diploid (at the pseudoautosomal
region), and the rest is haploid. Lahn and Page (1999)
identified homologous genes on the human X and Y
chromosomes, which would have been part of the
same locus when these chromosomes behaved auto-
somally (the sex chromosomes are thought to have
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evolved from autosomes; (Graves, 1996)). They mea-
sured the amount of divergence at synonymous sites
(K,) between homologous gene pairs. From this they
found that the homologues were in four age classes
arranged sequentially along the X chromosome. They
interpreted this as the result of inversions of large
sections of the Y chromosome, leaving the X intact,
which had the effect of suppressing recombination
between these portions of the chromosomes. These
chromosomes have diverged substantially, and most
of the Y chromosome loci are haploid. The X and Y
chromosome still pair at meiosis (at the pseudoauto-
somal region), and thus behave like diploid chromo-
somes, yet most of the loci are haploid. It may be the
case that chromosomal tetravalency and locus tetra-
somy can be separated in the same way.

The wheat genome (Triticum aestivum) is hex-
aploid, with three contributory genomes (A, B, and
D). There is evidence for genetic control of chromo-
some association in wheat through the Phl locus on
chromosome V of the B genome (Riley and Kem-
panna, 1963). In the presence, but not the absence, of
a particular allele of this locus, non-homologous
associated centromeres separate at the beginning of
meiosis (Martinez-Perez et al., 2001). The Phl locus
probably acts to amplify the differences between non-
homologous chromosomes.

The most widely accepted hypothesis is that dip-
loidisation proceeds by structural divergence of chro-
mosomes. Allendorf and Thorgaard (1984) discuss a
model whereby some loci may appear disomic while
others apparently segregate tetrasomically. In their
model they assumed that chromosome pairing
occurred at the telomeres, but it can easily be modi-
fied to assume centromere association as indicated
from the wheat study (Martinez-Perez et al., 2001).
The model of residual tetrasomic inheritance hypoth-
esises that there are two stages of chromosome pair-
ing. The first stage will allow pairing between
homoeologous chromosomes (partially similar chro-
mosomes), thereby allowing recombination events
between paralogous loci on different chromosomes.
The second stage of pairing in this hypothesis
resolves non-homologous chromosome pairing, and
ensures that each gamete receives one copy of each
chromosome in the normal manner. Evidence in sup-
port of this model comes from the observation of
Martinez-Perez et al. (2001) that some non-homolo-
gous centromeres are associated just before the begin-
ning of meiosis. This model predicts that loci closer
to the point of association of the chromosomes (i.e.,

closer to the centromere) will retain residual tetra-
somic inheritance longer than others. For any locus,
the likelihood that it behaves disomically rather than
tetrasomically in a particular meiosis will be corre-
lated with its distance from the centromere.

Paralogon searches in the human genome
sequence

In our laboratory we have begun to analyse the draft
sequence of the human genome for evidence of
ancient large-scale duplications, such as might be
expected under the 2R hypothesis, and describe our
approach here. The detection of paralogous chromo-
somal blocks (termed ‘paralogons’ by Popovici et al.
(2001)) essentially involves the search for closely
grouped sets of genes with homologues that occur in
close vicinity in one or more other locations within
the genome. Thus, the basic requirements for paral-
ogon detection consist of the position and the
sequence information of all genes. For a thorough and
precise analysis the most complete and accurate set
of human genes together with their map position is
desirable. Further annotational data such as gene
descriptions can add valuable background informa-
tion, particularly about gene functions. A final version
of the human genome sequence will probably not be
available until 2003 (International Human Genome
Sequencing Consortium, 2001), but several groups
are striving to annotate the genome sequence in its
current state. We have chosen to use data releases
from Ensembl (Hubbard et al., 2002), a joint project
between EMBL-EBI and the Sanger Institute which
aims to develop a software system for automatic
annotation of eukaryotic genomes, because it stands
out in several respects:

— Ensembl employs an ‘open source’ philosophy,
which allows public insight into every detail of the
data assembly procedure. This can be very valuable
to trace back steps that lead to decisions in the gene
prediction process.

— Strategies and plans are discussed openly through
a mailing list. This offers the chance to receive
early information on data-related issues and also
allows for interaction with the developers.

— The data are provided in the common SQL data-
base format, which facilitates their integration into
a local computer system.

— Frequent version releases provide a constant update
of information.



— Most importantly, all data and programs are freely
available and can be used without any restrictions.
In the genome annotation process, Ensembl inte-

grates information of known proteins from SP-

TREMBL (Bairoch and Apweiler, 2000). The Gene-

Wise program (Birney and Durbin, 2000) converts

these to exon structures on the human sequence.

Additionally, new genes are detected ab initio through

the GenScan program (Burge and Karlin, 1997).

Functional annotation is derived from the InterPro,

OMIM and SAGE databases. This results in a set of

predicted and confirmed genes, the latter of which

numbered 27,615 in Ensembl data release version 1.0.

Since sequencing of the human genome is still in

progress, this also affects the annotation process,

which leads to regular data updates. Ensembl pro-
vides chromosomal locations for most of the con-
firmed genes through integration of mapping data
from the ‘Golden Path’, an arrangement of BAC-
cloned human sequences assembled and maintained
by the University of California at Santa Cruz (Kent
and Haussler, 2001). The underlying data comprise
approximately 830 Mb of finished sequences and

2,300 Mb of draft sequences. A further 100 Mb had

not been sequenced at the time of the data freeze.

Data in the draft stage have only been sequenced once

or twice and contain basepair ambiguities, gaps and

segments with unknown order or orientation. High
quality sequence data are expected from tenfold cov-
erage.

Sequence similarity search

Establishing homology relationships among genes in
an automated fashion is based on sequence similarity
searches. The first step in the analysis therefore
requires the comparison of all human proteins with
each other. We included invertebrate proteomes (nem-
atode and fly) in the search database to act as an
approximate natural orthology threshold (any human
proteins that are less similar than an invertebrate pro-
tein to the human query protein probably duplicated
before the invertebrate-vertebrate lineage divergence,
and so are not relevant to the 2R hypothesis). We car-
ried out BLASTP searches, running on a 20-node
Beowulf cluster, with the SEG filter to exclude low
complexity regions. For organising the large volume
of resulting query/hit pairings, we found the freely
available MySQL database system very useful.
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ORF collapsing

Tandem gene duplications are usually relatively
recent evolutionary events and occur quite frequently.
They can artificially inflate gaps between pairs of par-
alogues, and can inflate the number of hits reported
between different chromosomes (or chromosomal
regions). We therefore attempted to detect and col-
lapse tandem duplicates. Similar to the method
applied by Vision et al. (2000) in an analysis of the
A. thaliana genome, all genes within a close neigh-
bourhood that show strong sequence similarity to
each other were removed from the map and replaced
by a single representative, i.e., the longest peptide of
each group was retained. Any BLASTP hits to a gene
that is part of a tandem array were ‘redirected’ to the
single remaining gene representing the array.

Parameter optimisation

The paralogon detection process has to take into
account evolutionary events like inversions, rear-
rangements, deletions and mutations, which are likely
to obfuscate traces of genome duplication. A program
was developed that is controlled by parameters to deal
with gaps between pairs of duplicates, high-copy pro-
tein families, and the distinction between spurious
similarities and true homologies. The values for these
parameters greatly determine the outcome of the pro-
gram. Too strict a set of values will mostly show
highly conserved or recent blocks, where only closely
grouped genes with very strong similarity are
detected. By contrast, a relaxed definition of paral-
ogons can lead to inflated block sizes and numbers as
a result of inclusion of insignificant pairings. In the
end a trade-off between selectivity and sensitivity
must be chosen. We carried out extensive tests with
different combinations of parameters to determine
suitable parameter values.

Paralogon detection results

A paralogon was ‘built’ starting from an anchor: a
pair of homologous genes at different chromosomal
locations. This was extended by including protein
pairs on these chromosomes that were positioned no
further than 30 genes distance from another protein
included in the paralogon. Hits with a BLASTP
expectation threshold higher than 1le—7 where
excluded, as well as proteins with more than 20 hits.
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The resulting paralogons range in sizes from only two
pairs of duplicated genes to up to 29. Some of these
paralogons, particularly the smaller ones, might have
arisen from chance constellation of similar genes. To
determine statistical significance, the paralogon
detection method was applied to an artificial genome
in which chromosome number and size has been
retained but where genes have been assigned random
locations. Using the same sets of parameters and re-
peating the shuffling and detection 1000 times al-
lowed an estimation of significant block sizes. The
results indicate that paralogons occur much more fre-
quently in the real genome than expected by chance.
Paralogons defined by at least six duplicated genes
were in excess of 50 standard deviations more fre-
quent in the real genome than expected from the sim-
ulations. The only alternative hypothesis that could fit
these data is selection for clustering of these genes on
a chromosome, as has been suggested for the mam-
malian MHC gene complex and the Surfeit locus
(Hughes, 1999).

A web-based, interactive user interface was devel-
oped to allow navigation of duplicated regions and
zooming between chromosomal and gene level. An
example of the graphical presentation of a paralogon
is shown in Figure 2. The web graphic contains inte-
grated links that lead to more detailed information for
genes and their similarity search results, as well as to
external databases like Ensembl or GenBank. Only
the paired duplicates are shown but intermittent genes
can be switched on for closer inspection. The number
of paralogues within a block lies typically between 9
and 23 percent of the genes that are covered by the
region. This gives an indication of the large amount
of evolutionary changes that happened since the
occurrence of the duplication event.

Blocks with sizes of six or greater cover more than
44% of the human genome. Some of the largest
regions are found on the four Hox chromosomes 2/7/
12/17. This is also one of the few examples where
duplications among four locations were found. The
graphical overview of these chromosomes shown in
Figure 3 proves the effectiveness of the block detec-
tion algorithm: the paralogons exactly cover the po-
sition of the Hox clusters, which are often used as a
prime example of duplications within the human
genome. Additionally, the covered areas expand pre-
viously reported regions and indicate more extensive
duplications than formerly estimated.

Hughes et al. (2001) recently reported widely dif-
fering duplication dates for 42 gene families having

members on the Hox-bearing chromosomes. Com-
parison of their results to ours shows that 139 of the
175 genes used in their study were present in our
genome dataset, but only 31 of these genes (and a
further 9 associated tandem repeats) form links that
make up our paralogons; the other possible pairs were
removed by our chordate-specific filters. Our paral-
ogons (containing three or more duplicated genes) on
the Hox chromosomes include a total of 426 dupli-
cated genes (i.e., 395 genes not included in Hughes
et al.). There is no disagreement between the two sets
of observations; chromosomes 2/7/12/17 contain
some large paralogons formed by chordate-specific
duplications, as well as many members of gene fami-
lies formed by older duplications.

Beyond known examples, our analysis also uncov-
ered interesting new duplications such as a region
shared between chromosomes 8/14/16/20 in which
copines and matrix metalloproteinases are found in
close vicinity. Figure 4 provides a detailed view of the
core areas of the duplicated regions. Copines form a
recently discovered family of calcium-dependent,
phospholipid-binding proteins that are suggested to
be involved in membrane trafficking (Tomsig and
Creutz, 2000). The metalloproteinases found in their
vicinity are classified as the transmembrane subtype
of the membrane-type MMPs (MT-MMPs) (Sato et
al., 1997; Kojima et al., 2000). A literature search
produced no results that indicate a connection
between these two groups, which is not surprising,
considering that research on copines is in its early
stages. Their colocation in the same blocks, together
with their membrane-association, suggests some kind
of relationship, in particular because the copine and
transmembrane MT-MMPs gene families are both
small. These highly significant results provide an
interesting base for a separate research project.

Comparison with Celera data

The only equally comprehensive report on paralogous
blocks in human so far can be found in a study which
is part of the private-sector human genome project led
by Celera (Venter et al., 2001). A version of the pro-
gram MUMmer (Delcher et al., 1999), modified to
align protein sequences, was used to carry out
intragenomic comparison based on the Celera
sequence data. Results are presented as one large
graphic (Fig. 13 in Venter et al., 2001), which shows
paralogous regions for each chromosome. Blocks
were defined by at least three linked genes. Due to
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is the largest paralogous block detected in the human genome in-

cluding 29 duplicated genes. Blocks can be viewed at wolfe.gen.tcd.ie/dup.

lack of details a comprehensive comparison with our
paralogons is not possible. The only feasible method
consists of counting the presence or absence of links
between each pair of chromosomes for both data sets:
Of the 276 possible chromosome pairs, our method
detected 151. We detected 55 regions that were not
found in the analysis by Venter et al., and we did not

detect any relationship between 21 pairs of chromo-
somes for which they illustrated pairings. Pairings be-
tween chromosomes 18 and 20 were provided in more
detail and are shown in Figure 5 together with the
corresponding blocks detected by our method. The
overall appearance of cross-links seems to be the
same except for a region near the centre of chromo-
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Figure 3. Blocks between Hox chromosomes. All detected paralogous blocks containing 6 or more duplicated genes between human chro-
mosomes 2, 7, 12 and 17 are shown. Blocks can be viewed at wolfe.gen.ted.ie/dup.

some 20. The segment from gene ‘GATA rel’ to ‘Krup
rel’ on chromosome 20 in the MUMmer graph might
correspond to the far end of chromosome 20 (> 64
Mb) in our graph, because both seem to be connected
to roughly the same region on chromosome 18. A
translocation such as this could occur from differ-
ences in the assembly process. Large discrepancies
exist in the underlying data: Celera reports 217 pro-
tein assignments on chromosome 18 and 322 on chro-

mosome 20. This corresponds to 388 and 748 proteins
in the Ensembl data. Venter et al. state that their anal-
ysis found 64 protein pairs in the blocks between
chromosome 18 and 20, and that these blocks have a
duplicate gene density of 20-30%. In our case four
blocks of sizes 6, 7, 7 and 8 are detected which link a
total of 29 and 28 genes on chromosome 18 and 20,
respectively. The density of involved genes ranges
from 12-39% with a median at 19.7%. Unfortunately,
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only 7 of the reported gene names (TGIF, VAPA,
VAPB, NFATC1, NFATC2, KCNG2, KCNB1) match
between the two data sets so a more detailed com-
parison was not possible. A possible explanation for
differences between both graphs can be found in the
recent finishing of chromosome 20 by Deloukas et al.
(2001), where discrepancies between the private and
the public sequence affecting order of genes and chro-
mosomal blocks were discussed.

A question of parsimony

One way in which the genome duplication hypothesis
is more parsimonious than alternative hypotheses that

explain the distribution of paralogues in the genome
is in the number of words it takes to describe it, a fact
which may be related to its popularity as a hypothe-
sis. Austin Hughes has challenged the assumption that
block duplication is the most parsimonious way to
generate paralogous regions within a genome using a
parsimony statistic. The statistic considers the relative
parsimony of the hypothesis that paralogous regions
were made by a block duplication event (perhaps as
part of a whole genome duplication event), or the
alternative hypothesis that they are the result of tan-
dem duplication of genes followed by translocation
(Hughes, 1998; Hughes et al., 2001). Following Gu
and Huang (2002) we refer to these as the ‘BD’ (block
duplication) model and ‘TD’ (tandem duplication)
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ing may have been flawed as shown below. The
applicability of the parsimony statistic to the pale-

model, respectively. Hughes found for both the Hox

cluster regions and the chromosome 1/6/9/19 region
that the TD model was more parsimonious than the

opolyploid Arabidopsis genome has also been chal-

lenged by Gu and Huang (2002).

BD model as an explanation for the observed gene

orders and phylogenetic trees. However, his reason-



Here we consider the simple case of a single
genome duplication. The BD model has an inbuilt
disadvantage in the parsimony count method of
Hughes (1998; 2001). Each gene that is no longer
present in duplicate is counted as an individual dele-
tion event (or equally, as a single translocation event
removing it from the scope of detection as part of a
paralogous region). By contrast, the method is very
generous to the TD model, assuming that a single
translocation event brings each gene to its current po-
sition within a paralogous region. In fact, as shown
below, Hughes” TD model will always require fewer
events than a BD model, so long as fewer than 1/3 of
genes are retained in duplicate.

Let G be the number of genes in the pre-duplica-
tion genome. Let g be the proportion of the pre-dup-
lication genome retained in duplicate in the modern
genome, and p be the proportion in single copy.

Then g +p=1 (1
and Gg+Gp=G 2

Ggq is the number of genes retained in duplicate.

The TD model requires Gq tandem duplication
events and a further Gq translocation events, totalling
2Ggq events. The BD model requires one large dupli-
cation event (in this example, a genome duplication)
followed by Gp gene deletion events (the number of
genes seen in single copy). For these two hypotheses
to have an equal number of events (i.e., to be equally
parsimonious) then:

2Gg=1+Gp (3)
Replace p with /—q from Equation 1:

— 2Gg=1+G(1 - q) (4)
- q=13G+1/3 (5)

For genomes with a large number of genes (e.g.,
G = 6000 for yeast):

- g=~13 (6)

The TD model will be more parsimonious than the
genome duplication (BD) model if g <1/3, i.e.,
whenever the retention of genes in duplicate is less
than 1/3 of the pre-duplication genome. This result is
also apparent from the work of Gu and Huang (2002)
who separately analysed 103 duplicated blocks in the
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Table 1. Crossover values for g (proportion of genes retained in
duplicate) and d (average number of genes deleted in a single
event) at which the genome duplication and TD models are equally
parsimonious (calculated from equation 9).

q d
0.33 1.0
0.20 2.0
0.10 4.5
0.08 5.8
0.05 9.5
0.01 49.5

Arabidopsis genome. Their Figure 2 shows empiri-
cally that the TD model is more parsimonious in the
94 blocks having g < 1/3, whereas the BD model is
more parsimonious only in the remaining 9 blocks
with g > 1/3. A retention frequency (gq) of 1/3 corre-
sponds to a duplication level of 50% in the post-
duplication genome (i.e., 50% of genes in the modern
genome will have polyploidy-derived paralogues).

The above calculations were based on Hughes’
assumption that genes are deleted individually, i.e.,
that only one gene is deleted per deletion event. It
may be more biologically realistic to allow for sev-
eral neighbouring genes to be duplicated in a single
event. If d is the average number of genes deleted in
a gene deletion event, then Equation 4 can be re-
phrased as:

2g=1G+ (1 —qg)d (7
- 2g=(1—¢q)ld (3)
— d=1R2q— 112 9)

Solving Equation 9 for different values of g shows the
average size of a deletion event that is required for
the two hypotheses to have equal probability for dif-
ferent frequencies of duplicate gene retention
(Table 1).

One of the observations of the well-documented
case of paleopolyploidy in yeast was that only 8% of
the pre-duplication genome was retained in duplicate
(Seoighe and Wolfe, 1998). For g = 0.08 the average
size of a deletion event (d) needs to be 6 genes or
larger (Table 1) to favour the genome duplication
hypothesis by the simple parsimony statistic. Intu-
itively this seems like a biologically feasible size.
Indeed it seems more acceptable than another
assumption built-in to the alternative tandem-duplica-
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tion and translocation model, i.e., that selection can
create genomic regions with similar gene contents by
favouring particular translocations (Hughes, 1999).

We consider an example from the yeast genome.
Within a block first described by Pohlmann and Phil-
ippsen (1996), and later numbered block 39 by Wolfe
and Shields (1997) there are six duplicated genes and
20 unduplicated genes (eight on chromosome XIV
and 12 on chromosome IX). Under Hughes’ TD
model the formation of this block would require 12
steps (six tandem duplications, and six transloca-
tions). Under a whole genome duplication model,
with each gene deleted individually, the formation of
this block would require 21 events (one whole
genome duplication, and 20 gene deletions) and
would thus be less parsimonious by this statistic.
However, if each deletion event included on average
three genes then only seven deletion events would be
required to explain the current state of this paralogous
region, and the block duplication model would be
more parsimonious. Thus it appears that, even in the
well-documented case of yeast, which Hughes and
colleagues agree is a likely polyploid (Friedman and
Hughes, 2001), this simple parsimony statistic is not
appropriate to determine the relative probability of
paralogous region formation by block duplication ver-
sus tandem duplication and translocation.

Discussion

The approach described here acknowledges two im-
portant aspects of the genome duplication hypothesis.
Ones is that it proposes a whole genome event, and
anecdotal evidence for individual gene families is
unlikely to result in a firm conclusion — we have
therefore analysed the whole human genome. The
other important aspect is that genome duplication is
not proposed as the only mechanism of gene family
expansion — we have therefore removed obvious tan-
dem duplicates from the analysis, and deliberately
limited this study to look at the mechanisms of gene-
family expansion in the vertebrate lineage. Nobody
realistically expects that all gene families that exist in
the vertebrate genome were singletons before verte-
brate origins. What is detectable as a gene family, i.e.,
a group of paralogous genes, will often include mem-
bers representing a long evolutionary history, only
some of which is vertebrate specific. Studies where
gene families are included indiscriminately will
doubtless include diverse evolutionary histories, and

closer inspection will reveal a straw man easy to
knock down.

Our map-based method found paralogons covering
over 44% of the human genome. These are most
probably vertebrate specific, and are distributed
throughout the genome. This can be explained by ei-
ther extensive sub-genomic duplications, or by poly-
ploidy. An additional phylogenetic analysis carried
out recently on the same data set indicates a signifi-
cant accumulation of duplication activity during a rel-
atively short period between 350 and 650 Mya
(McLysaght et al., 2002). Both findings together lend
support to the hypothesis of one polyploidy event
early in the vertebrate lineage. There is no specific
evidence for two as opposed to one tetraploidy event,
or for auto- rather than allotetraploidy. Neither do
current findings from investigations of the one-to-four
rule or tree topologies give clear signals for any of
these scenarios. Further refinement of the human
genome sequence and complete gene identification
will hopefully enable more precise analyses in the fu-
ture. It is also likely that the genome sequencing
project for the tunicate Ciona will contribute useful
data in the near future. However, in view of the
immense time span under consideration and the huge
complexity of genomic changes that might have
occurred, it remains unsure if the complete history of
ancient duplication events that led to the current
shape of the human genome will ever be revealed.
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