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Are We Polyploids? A Brief History of One Hypothesis
Wojciech Makałowski
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Formulation of the 2R Hypothesis

The late Susumu Ohno was one of the
most prolific and influential modern bi-
ologists. “He has thought at least half of
the thoughts that form the basis for the
work being carried out all over the world
in respect to genetic analysis.” In 1970,
Ohno published his seminal Evolution by
Gene Duplication (Ohno 1970). The book
brought (in addition to the now widely
accepted title hypothesis) another in-
triguing thought, namely the hypoth-
esis of two or more full genome duplica-
tions in early stages of vertebrate evolu-
tion. Interestingly, Ohno regarded
tetraploidization as a more important
evolutionary mechanism than tandem
gene duplication: “ . . . tandem duplica-
tion is meaningless unless supple-
mented periodically by simultaneous
duplication of all gene loci by tetra-
ploidy” (Ohno 1970). He based this sug-
gestion solely on genome size differ-
ences in different chordates and evi-
dence of recent tetraploidization in
some fish lineages. In fact, he was not
quite sure how often and when verte-
brate genome duplications occurred. “I
venture a guess that paedomorphosis
from tunicate-like creatures to amphi-
oxus-like creatures [. . .] was accompa-
nied by a two to threefold increase in
the genome size [. . .]. Whether this in-
crease was accomplished exclusively by
tandem duplication or by combination
of tandem duplication and tetraploidy
cannot be resolved at the moment”
(Ohno 1970). Later, in the same chapter,
he wrote: “It is our contention that the
ancestors of reptiles, birds, and mam-
mals have experienced at least one tet-

raploid evolution either at the stage of
fish or at the stage of amphibians”.

Three years later, the same author
proposed “at least one round of tetra-
ploid evolution” at the stage of fish or
amphibian (Ohno 1973). This time the
supportive evidence was the fact that, in
mammals, many paralogous genes are
unlinked. Such a situation would be ex-
pected in the case of whole chromosome
duplication, as opposed to tandem du-
plications, which should result in
closely linked paralogous genes. Of
course, with time and chromosomal re-
arrangements one can expect deviations
from this ideal picture, and in today’s
mammalian genomes some paralogs re-
main linked when others are unlinked.

In the last decade, the “two rounds
of genome duplication in vertebrate
evolution hypothesis” (2R hypothesis)
resurfaced and gained in popularity, es-
pecially among developmental biolo-
gists. A series of articles have proposed
different numbers and timing for the
whole genome duplication (Fig. 1). The
most popular version of the 2R hypoth-
esis suggests one genome duplication at
the root of the vertebrate lineage, fol-
lowed by another around Agnatha and
Gnathostomata. Some extreme propos-
als include the first genome duplication
at the root of Chordata lineage and the
last one at the amphibian lineage (Lun-
din 1993).

Arguments for the 2R Hypothesis

Gene numbers in different animal lin-
eages were very often used in support of
the 2R hypothesis. It seems that many
invertebrates have gene number close to
15,000 (Table 1). With the initially ac-
cepted human gene number ∼80,000,
the fourfold ratio between mammalian
and invertebrate gene numbers was in
good agreement with the 2R hypothesis.

There is only one problem: The current
mammalian gene number estimations
based on both ESTs and draft sequence
of the human genome reveal that our
genome hosts much fewer protein cod-
ing genes than anticipated (Ewing and
Green 2000; Roest Crollius et al. 2000;
Lander et al. 2001; Venter et al. 2001).
The 35,000 genes in the human genome
means that, on average, for every inver-
tebrate protein gene there are only two
mammalian orthologs.

Of course one can argue that many
redundant genes have been lost during
vertebrate evolution. If this were true,
we should be able detect gene loss by
simply plotting phylogenetic trees for
different vertebrate gene families. Two
rounds of the whole genome duplica-
tion would result in four vertebrate gene
clusters of (AB) (CD) tree topology. This
topology should be easily detectable
even in incomplete data or after a gene
loss in specific lineages. Figure 2
presents a hypothetical phylogenetic
tree for a vertebrate gene family, assum-
ing some gene loss or incomplete data
and additional gene duplication in spe-
cific lineages. This simple test was re-
cently applied extensively by A.L.
Hughes (1999). Hughes constructed
phylogenies for nine protein families in-
volved in development. Only one of the
trees, for dpp protein, exhibited the (AB)
(CD) topology that would support the
2R hypothesis.

This issue of Genome Research brings
more tests of the 2R hypothesis. First of
all, Hughes and colleagues scrutinize the
hypothesis with a series of the most rig-
orous tests to date. As his (Hughes 1999)
previous approach has been subjected to
some critique (or rather, doubt) regard-
ing the final inference (Gibson and
Spring 2000), Hughes has come out with
even more sophisticated tests. This time
Hughes and colleagues analyzed a set of
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42 gene families that reside on human
chromosome 2, 7, 12, and 17, the very
same chromosomes that host the Hox
clusters. The fact that two or more para-
logs of several mammalian gene families
are linked with Hox genes has been seen
as a strong argument supporting the 2R
hypothesis. It seems logical that those
paralogs were created along with the
Hox cluster during polyploidization; but
very often what is obvious is not neces-
sary true. To support the 2R hypothesis,
clustered paralogous genes not only
have to exhibit (AB) (CD) tree topology
(Fig. 2), but additionally they ought to

diverge in concordance with the Hox
family and by the proposed 2R hypoth-
esis genome duplication time. Hughes et
al. applied four different methods: con-
struction of phylogenetic trees, estima-
tion of the divergence time of paralo-
gous genes, consistency of the phyloge-
netic trees, and, finally, the parsinomy
test (e.g., estimation of the minimum
number of genetic events, like gene du-
plications, deletions, or translocations,
required to explain the genes’ current
distribution on human chromosomes
under two competing hypotheses [that
is, independent duplication(s) of each

gene family and whole genome duplica-
tion(s)]). The results of their analysis did
not support the 2R hypothesis. Thirty-
five gene families provided evidence re-
garding the hypothesis, and in 29 cases
the results were inconsistent with the
hypothesis.

Nonetheless, the most intriguing re-
sults come from the parsimony analysis.
Only 20 out of 42 gene families had an
estimated genetic events number that
differed for the two hypotheses. Al-
though tandem duplication was the
more parsimonious explanation in 14
cases (2 : 1 ratio against the 2R hypoth-

Figure 1 A schematic representation phylogeny of main vertebrate groups. Timescales are based on molecular clock (Kumar and Hedges 1998). Some
of the proposed vertebrate whole genome duplications are marked by asterisks. The connected asterisks denote the range of the proposed genome
duplication time. The references are as follows: 1, Ohno 1970; 2, Ohno 1973; 3, Lundin 1993; 4, Holland et al. 1994; 5, Sidow 1996; 6, Kasahara et al.
1996; 7, Spring 1997; 8, Ohno 1998; 9, Meyer and Schartl 1999; 10, Amores et al. 1998 and Mayer and Schartl 1999.

Table 1. Gene Number in Selected Animal Genomes

Species Group Gene number Reference

Drosophila melanogaster Arthropoda 13,500 Adams et al. 2000
Caenorhabditis elegans Nematode 19,000 The C. elegans Sequencing Consortium 1998
Ciona intestinalis Urochordata 15,500 Simmen et al. 1998
Fugu rubipiens Actinopterygii “similar to mammals” Elgar 1996
Homo sapiens Mammalia 80,000 Antequera and Bird 1994

35,000 Ewing and Green 2000; Roest Crollius et al. 2000;
Lander et al. 2001; Venter et al. 2001
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esis), the fact that, for more than half of
the gene families, both hypotheses give
equally parsimonious explanations
leaves some hope for 2R hypothesis sup-
porters. We shall definitely see more dis-
cussion on the subject when more com-
plete vertebrate genomes are available.

Two other articles in this issue refer
to vertebrate genome duplications.
Ledent and Vervoort analyzed the basic
Helix-loop-Helix (bHLH) protein family.
As expected, most of the bHLH families
comprise more members in vertebrates
than in invertebrates. Ledent and Ver-
voort constructed phylogenetic trees for
more than 40 gene families. Nine of
them had four or more vertebrate mem-
bers but only five resulted in reliable
trees, none of which had (AB)(CD) to-
pology. Once again, careful phyloge-
netic analysis did not support the 2R hy-
pothesis.

Ledent and Vervoort also noticed

the existence of extra closely-related
genes in the tetraploid Xenopus and in
Actinopterygia phyla (ray-finned fishes
such as the zebrafish). Although no phy-
logenetic analysis was presented, they
state that this observation supports an-
other genome duplication hypothesis,
namely the hypothesis of whole genome
duplication in the Actinoperygian lin-
eage (euteleost fish) just after the Acti-
nopterygia-Sarcopterygia divergence.
Interestingly, this hypothesis is a subject
of yet another study reported in this is-
sue (Robinson-Rechavi et al. 2001). Rob-
inson-Rechavi and colleagues compared
251 gene families with at least one copy
in mouse and zebrafish. Although the
majority (80%) had just one copy in
each species, for the rest duplicated
genes were more frequent in fish (a 2 : 1
ratio). This is an impressive finding, tak-
ing into account the fact that the mouse
genome is 25 times more extensively

sampled than the zebrafish. Further-
more, they found that this gene number
expansion is not specific to the zebrafish
nor to its order. Although all major Ac-
tinoperygian groups have an elevated
number of gene paralogs, phylogenetic
analysis showed that these gene dupli-
cations occurred after the divergence of
different Actinoperygian lineages. Con-
sequently, the hypothesis of whole ge-
nome duplication in the evolution of
Actinoperygia must seemingly be re-
jected. This has some implication for the
2R hypothesis, because the idea of a
whole genome duplication in fish is in-
voked as an argument for possible ge-
nome duplications in early stages of ver-
tebrate evolution; in other words, if
whole genome duplications occurred re-
cently in the fish lineage, it could hap-
pen in early vertebrate evolution as well
(Ohno 1970).

Conclusions

Reconstruction of the history of living
organisms is a very difficult task. We are
not able to reconstruct it with certainty
because of its complexity. Many evolu-
tionary events become obscure with the
time; hence, inferences about early evo-
lution of vertebrate genome remain in a
scientific “gray zone”. It is probable that
we never will be able to say how this hap-
pened but only how it could have hap-
pened. Among proposed scenarios we
ought to choose the most likely, apply-
ing some rules of demarcation. One
such rule, the principal of parsimony,
was formulated six centuries ago: “Plu-
ralitas non est ponenda sine neccesitate”
(William of Ockham 1957).

Formulated three decades ago, the
hypothesis of whole genome duplica-
tions in the early stages of vertebrate
evolution has as many adherents as op-
ponents. It seems that the current data
do not support the 2R hypothesis, and
the existence of more paralogs in verte-
brates than in invertebrates can be ex-
plained by waves of tandem duplica-
tions of single genes or larger chromo-
somal fragments. Applying “Ockham’s
Razor”, we must refute the 2R hypoth-
esis, at least for now. However, the his-
tory of science teaches that falsification

Figure 2 A hypothetical phylogenetic tree of vertebrate gene family according to the 2R hypoth-
esis. The Ascidian gene represents an outgroup, and four clusters of a gene family are encircled. An
asterisk (*) marks the first genome duplication and a hash sign (#) marks points of second genome
duplication. Different branch lengths suggest different evolutionary rates after ancestral gene dupli-
cation.
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of a hypothesis does not always lead to
its refutation, especially if the hypoth-
esis was put forward by an influential
personality. Supporters very often bring
ad hoc adjustments to a hypothesis and
the 2R hypothesis is no exception. For
example, Gibson and Spring in their re-
cent review wrote: “Although gene trees
have been held as evidence against the
octaploidy because they often do not
show the expected topology, they can-
not be used to assess the evolutionary
history of an octavalent octaploid. The
sequence trees can be taken as evidence
against models with a long period of
diploidization between genome duplica-
tions or models of allooctaploidy (inter-
specific hybrization), unless the parental
species were so close that octavalents re-
sulted. (. . .) We conclude, therefore,

that there is still no strong evidence
against the ancestral octaploidy, but
that the second round of genome dupli-
cation must have followed rapidly upon
the first” (Gibson and Spring 2000).

“If it is to form a part of science, an
hypothesis must be falsifiable” (Chalm-
ers 1999). Is the 2R hypothesis falsifi-
able? Is it scientific? The answer is not
very simple; most likely the 2R hypoth-
esis is not falsifiable directly. It is not a
question of available data; I don’t think
that mammalian comparative genomics
by itself will solve the problem. Long
syntenic regions could be created by lo-
cal chromosome duplications just before
mammalian radiation, and the human
genome analysis showed that local chro-
mosome duplications have occurred
even recently (Venter et al. 2001). The
hope is in sequencing one of the inver-
tebrate chordates. We, the evolutionary
community, need full genomic informa-
tion at the root of the vertebrate phyla.
The small tunicata, Ciona intestinalis
(Fig. 3), seems to be an ideal candidate
for this effort. Its 15,500 genes are coded
by a genome similar in size to one of
Drosophila (165Mb). Moreover, there are
>10,000 ESTs already deposited in Gen-
Bank. Complete information on tuni-
cata and other chordate genomes would
enable us to address many evolutionary
questions, including the frequency and
extent of genomic duplications. In the
meantime, we are restricted to the level
of anecdote and we shouldn’t make,
from a few case studies, far-ranging in-
ferences about entire genomes and their
evolutionary history.
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Figure 3 The invertebrate chordate Ciona in-
testinalis is a small marine creature. Its 165-Mb
genome codes for ∼15,500 protein genes.
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