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Polyploidization, the addition of a complete set of chromosomes to the genome, represents
one of the most dramatic mutations known to occur. Nevertheless, polyploidy is well toler-
ated in many groups of eukaryotes. Indeed, the majority of flowering plants and vertebrates
have descended from polyploid ancestors. This Review examines the short-term effects
of polyploidization on cell size, body size, genomic stability, and gene expression and the

long-term effects on rates of evolution.

One of the most striking features of genome structure
is its lability. From small-scale rearrangements to large-
scale changes in size, genome comparisons among
species reveal that variation is commonplace. Even over
the short time course of laboratory experiments, chro-
mosomal rearrangements, duplications/deletions of
chromosome segments, and shifts in ploidy have been
observed and have contributed to adaptation (Dunham
et al.,, 2002; Gerstein et al., 2006; Riehle et al., 2001).
Changes in genome structure typically have immediate
effects on the phenotype and fithness of an individual.
Beyond these immediate effects, changes in genome
structure might allow evolutionary transitions that were
previously impossible. For example, by introducing an
additional complement of chromosomes, polyploidiza-
tion might release gene duplicates from the constraints
of having to perform all of the functions of a gene (pleiot-
ropy), providing extra “degrees of freedom” upon which
selection can act to favor new functions. Polyploidiza-
tion can also stimulate further structural changes in the
genome, providing polyploid lineages with genomic vari-
ation not available to diploid organisms. Indeed, it has
been proposed that tetraploidy may be an intermediate
stage in some cancers, facilitating a cascade of struc-
tural changes that disrupt normal controls to cell growth
(Storchova and Pellman, 2004). Here, | discuss the evo-
lutionary impact of polyploidization, beginning with the
prevalence of polyploidy, and then | explore the longer-
term consequences of polyploidy on the rate and nature
of evolutionary transitions.

Incidence of Polyploidization

Polyploidization is the increase in genome size caused by
the inheritance of an additional set (or sets) of chromo-
somes (Figure 1). The duplicated sets of chromosomes
may originate from the same or a closely related indi-
vidual (“autopolyploid”) or from the hybridization of two
different species (“allopolyploidy”). When polyploidiza-
tion involves duplicated sets of chromosomes that share
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homology but are sufficiently distinct due to their sepa-
rate origins, these pairs of chromosomes are referred
to as homeologs (see Figure 1). Polyploidy is especially
prevalent among hybrid taxa, an association thought
to be driven by problems with meiotic pairing in diploid
hybrids, which are solved if each homeologous chromo-
some has its own pairing partner. Additionally, diploid
hybrids form unreduced gametes (which have the same
number of chromosomes as somatic cells) at unusually
high rates (Ramsey and Schemske, 2002), increasing the
rate of formation of polyploids from hybrid lineages. By
combining traits from two parental species and ensuring
fair segregation of these traits, allopolyploids potentially
benefit from “hybrid vigor” (where hybrids have charac-
teristics that make them superior to both parental spe-
cies) and an altered ecological niche without the prob-
lems associated with segregation and breakdown at the
F, generation that occurs among diploid hybrids.
Chromosomes that have previously diverged and been
brought together by hybridization typically segregate
as bivalents (Figure 1C; Ramsey and Schemske, 2002).
Genomic analyses have begun to unravel the genes
responsible for bivalent pairing, ensuring that homologs
rather than homeologs pair during meiosis (e.g., at the
Ph1 locus in polyploid wheat; Griffiths et al., 2006). In
contrast, autopolyploids more often exhibit multivalent
pairing than allopolyploids (Figure 1B), ~3.5 times more
so in plants (Ramsey and Schemske, 2002). In most
cases, descendants of a polyploidization event in the
distant past (“paleopolyploids”) exhibit bivalent pairing
of chromosomes and disomic inheritance (as if diploid).
This observation has traditionally led to the conclusion
that autopolyploids are ephemeral whereas allopoly-
ploids give rise to the majority of long-lasting lineages
(Grant, 1971; Stebbins, 1950). Bivalent pairing, however,
can occur and is even more prevalent (63.7%) than mul-
tivalent pairing (28.8%) among newly formed autotetra-
ploid plants (Ramsey and Schemske, 2002). Although
bivalent pairing is initially nonpreferential in autopo-



lyploids, leading to tetrasomic
inheritance (Figure 1), segregating
polymorphisms, especially rear-
rangements and indels (insertions
and deletions), may increase pair-
ing fidelity over time ultimately
yielding disomic inheritance.
Increased pairing fidelity may
also stem from genetic changes,
such as at the Ph7 locus in wheat
(Griffiths et al., 2006). Thus, one
cannot assume that a paleopoly-
ploid is necessarily allopolyploid
solely because it exhibits disomic
inheritance; additional evidence
is needed, such as phylogenetic
evidence that different genomic
regions are more closely related
to different parental species.
Autopolyploids are also less fre-
quently recognized as distinct
species than allopolyploids, even
when they are reproductively iso-
lated and morphologically differ-
entiated from their diploid parents
(Soltis et al., 2007). Thus, recent
papers have argued that autopo-
lyploidy may contribute more to
evolution and species diversifi-
cation than traditionally thought
(Soltis et al., 2007).

Mutations  affecting  ploidy
occur relatively frequently in both
plants and animals. Plants pro-
duce unreduced gametes, a com-
mon route to polyploidization,
at an average rate of ~0.5% per
gamete (Ramsey and Schemske,
1998). Both unreduced gametes
and polyspermy contribute to the
production of polyploid animals.
Among chicken embryos, 0.9%
are triploid or tetraploid (Bloom,
1972), and among spontane-
ous human abortions, 5.3% are
triploid or tetraploid (Creasy et
al., 1976). Placing these rates in
context, gene duplication events

are much rarer, with a roughly 10-% chance of occurring
per gene copy per generation (Lynch, 2007). Conversely,
aneuploidy, the gain or loss of a single copy of a chromo-
some, can be much more frequent; for example, aneu-
ploids were four times more common than polyploids
among the aborted fetuses examined by Creasy et al.

(1976).

Theevolutionary contribution of structural alterations to
the genome depends on their ability to persist. Although
the probability of a gene duplication is low, the half-life of
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Figure 1. Polyploidy Terminology

Two nonhomologous chromosomes are shown (long and
short), with each X-shaped chromosome representing a
pair of sister chromatids joined at the centromere. In dip-
loids (A), each chromosome consists of a homologous
pair, with one chromosome inherited from the mother and
one from the father. In tetraploids (B and C), the chromo-
somes are further doubled. When the duplicated chromo-
somes are very similar to one another, they might align
randomly in pairs during meiosis (bivalent pairing; not
shown) or all align together (multivalent pairing; B). In ei-
ther case, gametes may inherit any combination of paren-
tal chromosomes (multisomic inheritance), and mutations
that arise on one chromosome can spread to all other
copies, inhibiting their divergence. When polyploidization
involves chromosomes that are sufficiently distinct (that is,
“homeologs”; differentiated by blue and purple), the more
similar pair of chromosomes tend to align together to the
exclusion of the other pair (C). With strict bivalent pairing,
the homeologs behave as distinct chromosomes and seg-
regate independently (disomic inheritance), allowing their
divergence. Newly formed autopolyploids typically exhibit
multisomic inheritance, whereas newly formed allopoly-
ploids exhibit a variety of patterns of inheritance, depend-
ing on the cross (Ramsey and Schemske, 2002).

gene duplicates is very long
(over a million generations;
Lynch, 2007). Conversely,
aneuploids often have low
fitness and, in mammals,
rarely survive to reproduce.
Indeed, it is exceedingly rare
for a homologous chromo-
some pair to be lost or dupli-
cated among all members of
a population. In mammals
and birds, ploidy changes
are also typically fatal, with
polyploids dying early during
development. Interestingly,
polyploidy is lethal regard-
less of the sexual phenotype
of the embryo (e.g., triploid
XXX humans, which develop
as females, die, as do triploid
Z7Z7 chickens, which develop
as males), and polyploidy
causes much more severe
defects than trisomy involv-
ing the sex chromosomes
(diploids with an extra X or Y
chromosome). Thus, in mam-
mals and birds, evidence
suggests that a general dis-
ruption of development—not
problems restricted to sex
determination—is the root
cause of the failure of poly-
ploids to persist. Specific
developmental problems in
human polyploid aborted
fetuses have been attributed
to abnormal imprinting and
placental development (see
references in Otto and Whit-
ton, 2000).

In many taxa besides
mammals and birds, how-
ever, polyploidy is surpris-
ingly well tolerated. Poly-
ploid lineages often persist
in plants, which is imme-
diately apparent from the

excess of even over odd chromosome numbers (Figure
2). Because doubling a number always generates an
even number, this excess of even chromosome numbers
is a predictable consequence of polyploidization. By
contrast, the fusion or fission of chromosomes simply
switches whether a cell has an even or odd number of

chromosomes. The excess of even chromosome num-

bers can be used to infer how often changes in chro-
mosome number are due to polyploidization (42% of
the time in ferns, 32% in monocots, and 18% in dicots;
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Figure 2. Widespread Polyploidization in Plants

The saw-toothed pattern in the distribution of chromosome numbers provides evidence for widespread polyploidization in plants. Because doubling
a number always generates an even number, an excess of even numbers of chromosomes is a predictable consequence of polyploidization. The
percentage of plant species with even numbers of chromosomes is greater than expected and can be used to infer how often changes in chromo-
some number are due to polyploidization. In each case, the proportion of even-numbered chromosomes is significantly different from 50% (binomial
test p < 0.0001; Otto and Whitton, 2000). Fern data from Léve et al. (1977). Angiosperm data from Grant (1971).

Otto and Whitton, 2000). In various plant genera, the
rate at which polyploids arise and persist is on the order
of 0.01 per lineage per million years, roughly 1/10t" the
rate of speciation (Meyers and Levin, 2006). With such
a high rate of polyploidization per speciation, we would
expect a large fraction of plant species to have under-
gone polyploidization at some point in their evolutionary
past. Previous studies had suggested that polyploidy
occurred sometime in the past of 57% (Grant, 1963) to
70% (Goldblatt, 1980; Masterson, 1994) of flowering
plants, based solely on chromosome numbers among
extant species. Recent genomic analyses indicate that
an early polyploidization event may predate the radia-
tion of flowering plants (Bowers et al., 2003), suggesting
that 100% of angiosperms are paleopolyploid. Unfor-
tunately, evidence for such ancient polyploidization
events is almost always tentative because of the loss
of sequence homology and synteny over evolutionary
time. Although polyploidization is less prevalent in ani-
mals, nearly 200 independent examples of polyploidy
have been reported in insects and vertebrates (Table 1),
with many more cases known among other invertebrate
groups (Gregory and Mable, 2005).

If polyploidy were an evolutionary dead end, we would
expect polyploid taxa to be near the tips of the tree of
life and to be relatively species poor. Instead, several
polyploidization events are ancient, and several of these
events gave rise to species-rich groups. For example,

multiple independent polyploidization events occurred
early in the evolution of plants (Freeling and Thomas,
2006), fish (the diverse group of ray-finned fishes, Catos-
tomidae, Salmonidae, and different groups of Cyprini-
dae), and amphibia (Syrinidae), with evidence for two
additional rounds of genome duplication at the base of
the vertebrate tree of life (Dehal and Boore, 2005), as
proposed by Ohno (1970; see Otto and Whitton, 2000 for
additional examples). This data is sufficient to conclude
that polyploidy is not an evolutionary dead end, but it
does not prove that polyploidization contributes to evo-
lutionary success. Whether polyploidization increases
the longevity and species richness of a group relative to
taxa that have not undergone polyploidization is a ques-
tion that has yet to be answered.

Why is it that the duplication of a whole genome often
gives rise to lineages that persist over evolutionary time
whereas the duplication of a single chromosome virtu-
ally never does? One plausible explanation is that poly-
ploidization preserves the balance of gene products (Guo
et al., 1996; Papp et al., 2003). This “balance hypothesis”
is an old idea that traces back to the pre-genomics era;
for instance, Haldane (1932) pointed out that morpholog-
ical changes were more marked in trisomic than in trip-
loid plants, arguing that “In the latter case the number
of genes of all sorts is increased equally, in the former
the balance is upset” (p. 29 in Haldane, 1990). Consis-
tent with the balance hypothesis, genes duplicated by

Table 1. Polyploidization in Insects and Vertebrates

Reproduction Insects Fish Amphibia Reptiles Birds Mammals Total
Parthenogenesis 89 9 3 15 0 0 106
Sexual 2 23 26 1 0 e 54

? 0 18 1 0 0 0 19

A summary of data on the number of polyploidzation events. (Data derived from Otto and Whitton, 2000, online Table 1; and
Gregory and Mable, 2005, Table 1). Mode of reproduction of the polyploid is specified, where known.
aThe only reported case of polyploidization in mammals involves the related red and golden viscacha rats (Gallardo et al., 2004).
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polyploidization persist longer, on average, than genes
duplicated individually (Lynch, 2007). Another explana-
tion is that organisms have evolved mechanisms to cope
with changes in ploidy because of the natural variation
in genome copy number associated with mitotic and
meiotic cell cycles (as DNA replicates and cells divide).
According to this “evolved-robustness hypothesis,”
organisms with a regular alternation of generations,
with mitoses in both haploid and diploid phases, are
predicted to be especially tolerant of shifts in ploidy. In
addition, somatic variation in ploidy (“endopolyploidy”)
is a normal part of development in many animals as
well as plants (Gregory, 2005). Most famously, the chro-
mosomes of the salivary gland are highly replicated in
flies, leading to visible polytene chromosomes. In mam-
mals, multinucleate cells are found in hepatocytes and
osteoclasts, whereas megakaryocytes, trophoblasts,
and hepatocytes display endopolyploidy (that is, have a
nucleus with multiple copies of the normal complement
of DNA). In summary, the existence of regular mitotic cell
cycles, an alternation of generations, as well as endopo-
lyploidy ensures that organisms have experienced, and
survived, an evolutionary history at different ploidy lev-
els. The balance hypothesis and the evolved-robustness
hypothesis are not opposing explanations. Instead, they
may serve as proximate and ultimate explanations for
the same phenomenon—present-day organisms func-
tion better with a balanced set of chromosomes because
their evolutionary past involved changes in ploidy that
preserved the balance, but not the absolute number, of
chromosomes.

Immediate Effects of Polyploidization

At a phenotypic level, the effects of polyploidization
are often mild and idiosyncratic. Cell volume generally
rises with increasing genome size (Cavalier-Smith, 1978;
Gregory, 2001), although the exact relationship between
ploidy and cell volume varies among environments and
taxa. In yeast, for example, the volume of diploid cells in
rich media is 2.4 times that of haploid cells at 30°C but
only 1.1 times at 37°C (Mable, 2001). Larger cells tend
to have smaller surface area to volume ratios, a phe-
nomenon thought to lower the growth rate of polyploid
cells. Whether or not cell geometry affects growth rate
depends on the environment (Adams and Hansche, 1974;
Mable, 2001), as expected given that transport across
the membrane limits growth only under certain circum-
stances (Weiss et al., 1975). Perhaps as a consequence
of a slower metabolism, polyploids tend to exhibit slower
development (Levin, 1983), but this pattern is not uni-
versally true and can be reversed (e.g., in groups where
polyploid eggs or seeds are larger). Interestingly, not all
features of a cell scale with ploidy level, which can have
important side consequences. For example, Storchova
et al. (2006) showed that kinetochore size and length of
the pre-anaphase spindle do not scale with ploidy level,
whereas the spindle pole body does. These authors
argue that changes in ploidy thus upset geometric rela-

tionships among key components of the machinery used
to segregate chromosomes during meiosis, potentially
explaining the higher rate of chromosome nondisjunc-
tion in tetraploids. To prevent the detrimental effects of
genomic instability, animals may have evolved mecha-
nisms limiting the proliferation of tetraploid cells (see
Essay by N.J. Ganem and D. Pellman on page 437 of
this issue), which would present another barrier to the
establishment of polyploid lineages.

Although cell size typically is larger in polyploids,
adult size may or may not be altered; as a rough gener-
alization, polyploidization is more likely to increase adult
body size in plants and invertebrates than in vertebrates
(Gregory and Mable, 2005; Otto and Whitton, 2000).
The poor correlation between cell size and organismal
size was even remarked upon by Albert Einstein, who
wrote “Most peculiar for me is the fact that in spite of
the enlarged single cell the size of the animal is not cor-
respondingly increased” (Fankhauser, 1972). The key to
accurately predicting the effects of ploidy on body size
must come from developmental biology. In cases where
morphogen gradients guide development, ploidy need
not affect adult body size (Day and Lawrence, 2000)
because ploidy need not alter the overall density of cel-
lular material, only how it is packaged (i.e., into cells that
are twice as large and carry twice as much DNA). By
contrast, where growth is determined by cell-cell inter-
actions or where there is a fixed number of cells in the
adult, ploidy, by altering cell size, should directly influ-
ence adult size (Gregory et al., 2000).

A surprising feature of many newly formed polyploids
is that their genomes are unstable and undergo rapid
repatterning (Wendel, 2000). For example, Song et al.
(1995) observed extensive genomic rearrangements and
fragment loss within five generations in newly created
polyploid Brassica hybrids, and more recent studies
have documented genomic changes soon after forma-
tion of wheat and Arabidopsis allopolyploids (but not in
cotton or Spartina; Chen and Ni, 2006). In most examples
studied to date, rapid genomic repatterning has been
observed in allopolyploids, and there are many reasons
to expect that hybridization may be causally responsible.
Transposable elements that are repressed within each
parent lineage but activated in hybrids can facilitate the
movement of genes and promote unequal crossing over.
For example, Josefsson et al. (2006) found that mater-
nally derived siRNAs are not sufficient to repress ret-
rotransposons in the paternal genome of Arabidopsis
thaliana x A. arenosa hybrids. Divergence of centrom-
eres and centromeric histones can lead to segrega-
tion distortion and nondisjunction in hybrids (Malik and
Bayes, 2006). In addition, nonhomologous recombina-
tion and nonreciprocal exchanges are particularly likely
among homeologous chromosomes that bear structural
rearrangements. Nevertheless, genomic repatterning
in polyploids is not entirely driven by hybridization. In
autotetraploids of both Candida albicans (Bennett et al.,
2003) and S. cerevisiae (Gerstein et al., 2006), reduc-
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tion in genome size through chromosome loss has been
observed, largely restoring the diploid complement.
The exact mechanism by which this reduction occurs is
unknown, but similar reductive divisions (termed “neo-
sis”) have been observed in human cell lines that have
undergone endopolyploidization in response to carcino-
gens (Rajaraman et al., 2005).

By altering the genomic context of genes, genomic
repatterning can increase the genetic variability avail-
able to newly formed polyploid populations. This vari-
ability might be especially important given the bottle-
neck in population size associated with the founding
of new polyploid lineages. That said, genetic variability
can only fuel the evolution of a polyploid population if
individuals can survive the onslaught of genomic muta-
tions. If the genomic mutation rate is too high and the
fitness effects of mutations too severe, extinction is the
likely outcome. Polyploid lineages that have survived are
almost certainly a biased subset of those that have been
generated; we only witness those lineages that chanced
upon a particularly fit and stable genomic configuration
soon after polyploidization.

In addition to structural changes, polyploids often
exhibit changes in gene expression (Liu et al., 1998; see
reviews by Chen and Ni, 2006 and Adams and Wendel,
2005). This is especially true of allopolyploids, which
exhibit changes in methylation (e.g., 30% of the methy-
lation patterns were altered in allopolyploids of Spartina;
Salmon et al., 2005), disruption of heterochromatin (poten-
tially explaining activation of the retrotransposon ATHILA
in Arabidopis thaliana x A. arenosa allopolyploids; Josefs-
son et al., 2006), alterations in imprinting (Josefsson et al.,
2006), and biased expression of homeologs (e.g., 43% of
genes exhibited biased expression in allopolyploid cot-
ton; Udall et al., 2006). These changes in gene expres-
sion are strikingly idiosyncratic and tissue specific. For
example, among newly formed cotton allopolyploids,
Adams et al. (2003) found that alleles from the two hybrid-
ized genomes (designated A and D) differ in expression
patterns among the tissues examined for 11 out of the 18
genes considered. In the most extreme case, adhA was
entirely expressed from the A gene in carpels but from
the D gene in petals and stamen. In some cases, it has
been shown that the majority of changes in gene expres-
sion are due to hybridization, rather than ploidy changes
per se (Albertin et al., 2006; Salmon et al., 2005). Even
where ploidy matters, disruptions in gene regulation have
been associated with divergence between the paren-
tal species (e.g., A. thaliana contains fewer ATHILA ele-
ments and these elements differ in sequence from those
in A. arenosa; Josefsson et al., 2006). Consequently, we
would expect much smaller effects on gene expression in
autopolyploids. Indeed, microarray analysis has revealed
relatively few changes in the relative expression of genes
in autotetraploids, for example in maize (Guo et al., 1996)
and in yeast (Galitski et al., 1999), and proteomic analy-
sis has similarly revealed few changes (e.g., in cabbage;
Albertin et al., 2005).

456 Cell 137, November 2, 2007 ©2007 Elsevier Inc.

Although genomic repatterning and gene expres-
sion changes are more extensive in studies of allopo-
lyploids, we have only limited information about how
the extent of change depends on the genetic dis-
tance between the parental genomes. It may be that
the changes in expression observed are particularly
dramatic when the allopolyploids studied involve very
divergent genomes (e.g., 7.5 million years [MY] in the
case of the cotton studied by Adams et al., 2003; 11
MY between the Brassica rapa and B. nigra studied
by Song et al.,, 1995, as estimated by Shavorskaya
and Lagercrantz, 2006). Indeed, Song et al. (1995)
observed that less extensive genomic rearrangements
occurred in the allopolyploid formed from the more
closely related B. rapa and B. oleracea (separated by
~6 MY, based on Figure 1 of Shavorskaya and Lager-
crantz, 2006). There remains a need to explore how the
extent of genomic repatterning and changes in gene
expression depend on the divergence between the
parental genomes. It is possible that autopolyploids, if
formed from distantly related individuals within a spe-
cies, might also exhibit rapid genomic repatterning
and gene expression changes. Alternatively, dramatic
changes might be limited to allopolyploids formed
from distantly related lineages.

Establishment of Polyploidy

What allows a polyploid lineage to become established
once it has arisen? Although many potential evolution-
ary advantages and disadvantages of polyploidization
have been proposed (reviewed below), they pale in
significance relative to the immediate ecological dif-
ferences between a newly formed polyploid and its
diploid relatives. The reason has to do with timing: a
polyploid lineage must survive long enough for evolu-
tion to act, and it will do so only if it is not immediately
outcompeted by its diploid relatives. Like most muta-
tions that affect fitness, polyploidization often reduces
fertility and/or survival; Ramsey and Schemske (2002)
found, on average, a 20% reduction in pollen viability
and a 50% reduction in seed production in their sur-
vey of newly formed plant polyploids. However, occa-
sionally, the altered suite of characters displayed by a
polyploid—for instance, drought tolerance or pathogen
resistance—might better suit the environment or shift
a polyploid into a distinct ecological niche (Jackson
and Tinsley, 2003; Levin, 1983; Ramsey and Schemske,
2002). As argued by Stebbins (1984), polyploidy can
permit ecological traits from two parental species to
be combined together and stabilized as fixed heterozy-
gotes (assuming the hybridizing genomes are suffi-
ciently distinct that disomic inheritance occurs; Figure
1). This advantage may partially account for the unusu-
ally high proportion of polyploidy plants in previously
glaciated regions, where the hybridization of previously
isolated populations may be frequent, where new envi-
ronments are common, and where competition may be
limited (Brochmann et al., 2004; Stebbins, 1984).



Figure 3. Polyploidization Decreases
Mean Fitness at Equilibrium
By doubling the number of gene copies, tet-
raploids undergo twice as many mutations as
diploids. This can be visualized as doubling the
flow rate from nonmutant individuals (top tanks)
to mutant individuals (bottom tanks). Ultimately,
the flow rate out of the mutant class must equal
the flow rate into it; this balance of flow rates
o5 o is accomplished by a higher equilibrium level of
mutant individuals in tetraploids (bottom right
1 1 tank), resulting in twice the number of deaths

Rate of mutation Rate of mutation due to mutation (“mutation load”) in tetraploids
2y 4p compared to diploids.
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AAAa
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Evolution of Polyploids

It is often thought that polyploids have
an advantage over diploids via their
greater ability to mask deleterious
mutations. It is true that a deleterious
Deaths mutation is more likely to be masked
in individuals with more nonmutant
alleles, but this masking only serves to

One hurdle to the establishment of polyploids is repro-
ductive: mating between a newly formed tetraploid and a
diploid relative produces triploids with low fitness. Triploid
seeds often have lower germination rates. Interestingly,
germination success often depends on the source of the
haploid versus diploid gamete. Data reviewed by Ram-
sey and Schemske (1998) indicate that triploid seeds are
19.9% as viable as diploid seeds when the ovule is diploid
but only 4.8% as viable when the pollen is diploid. It has
been argued that these failures result from an imbalance
of maternally and paternally imprinted genomes in the
endosperm (Haig and Westoby, 1991), a hypothesis that is
supported by the effects on seed development observed
when imprinted genes are disrupted (e.g., the MEDEA
mutation in Arabidopsis; Grossniklaus et al., 1998). Even if
they reach maturity, triploid individuals also have severely
reduced fitness in most sexual taxa because of the fertility
problems associated with producing aneuploid gametes;
on average, pollen fertility of triploids is only 31.9% (Ram-
sey and Schemske, 1998). Several factors enable polyploid
plants to overcome the hurdle posed by triploidy, including
the ability to self or asexually reproduce, the ability to per-
sist for long periods of time until a suitable mate is found
(perenniality), or the tendency to mate assortatively (e.g.,
according to body size, flowering time, or habitat). More-
over, both genetic and environmental factors are known to
alter the frequency at which polyploids are formed, making
it more likely that where there is one new polyploid, others
will be found. Finally, even the production of triploids is no
longer considered to be the death knell of new polyploid
lineages: of the viable gametes produced by triploids, a
disproportionately high fraction are euploid (having one or
more full sets of chromosomes) and can contribute to the
production of polyploid offspring (Henry et al., 2005; Ram-
sey and Schemske, 1998).

allow the mutation to persist and reach
a higher frequency (Figure 3). At equilibrium, the benefits
of masking are overwhelmed by the higher frequency
of mutant alleles. If mutations occur at rate p per gene
copy and each individual carries ¢ gene copies (c =2 in
diploids; ¢ = 4 in tetraploids), the equilibrium fitness of
a population is reduced by cu. Thus, eventually, poly-
ploids suffer more from recurrent deleterious mutations
than diploids. A newly formed polyploid, however, may
gain a transitory benefit by masking mutations, before
mutant alleles reach the higher equilibrium frequency
expected in a polyploid (Otto and Whitton, 2000). In addi-
tion, polyploids tend to suffer less of a fitness reduction
upon inbreeding (“inbreeding depression”) because they
are less likely to form fully homozygous offspring than
diploids (Ronfort, 1999). For precancerous cells repro-
ducing mitotically, similar temporary benefits of endo-
polyploidy arise from masking somatic mutations (akin
to Orr, 1994) and from reducing the loss of heterozygos-
ity due to mitotic recombination (which, like inbreeding,
exposes deleterious recessive alleles to selection). How-
ever, these benefits will be offset if polyploid cells are
less stable genetically and prone to mutation (Storchova
et al., 2006). In short, masking deleterious mutations
and ameliorating inbreeding depression should, in the-
ory, provide immediate advantages that can help newly
formed polyploid lineages become established, but
these advantages diminish over time due to the accumu-
lation of mutations.

Once established, the long-term fate of a polyploid
lineage depends on its ability to adapt. One benefit of
a higher ploidy level is that it increases the number of
gene copies that can harbor a new beneficial mutation.
On the other hand, as Stebbins (1971) argued, polyploidy
“dilutes the effects of new mutations” because of mask-
ing by nonmutant alleles. Consider the rate at which fit-
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ness rises due to the accumulation of beneficial alleles at
a single gene. Fitness will increase at a rate equal to the
rate at which beneficial mutations appear within a popu-
lation, v ¢ N (where v is the beneficial mutation rate per
gene copy, c is the number of gene copies per individ-
ual, and N is the population size) times the chance that a
newly arisen mutation survives stochastic loss, P, times
the proportional increase in fithess once the mutation is
fixed, s (if the beneficial mutation causes a fitness change
fromW  toW ., s=W_, —-W, )W, ). The probability,
P, that a beneficial mutation establishes is approximately
2 h,_ s (Haldane, 1927), where h_s is the selective ben-
efit of the mutation discounted by the dominance of the
mutation when in a single copy, h_. Altogether, the mean
fitness of a population is expected to rise at a rate equal
to AW, = (veN)(2h s)s (assuming sexual reproduction and
multisomic inheritance, see Otto and Whitton, 2000 for
other cases). Thus, all else being equal, tetraploid popu-
lations (c = 4) should evolve faster than diploid popula-
tions (c = 2) as long as h, > h,/2. This requirement can be
satisfied if beneficial alleles are partially dominant over
wild-type alleles, but not if they are partially recessive.
This back-of-the-envelope calculation emphasizes the
key insight that populations at a higher ploidy level may
adapt faster or slower than populations at a lower ploidy
level, depending on the degree to which mutant alleles
are masked.

In asexual populations, including precancerous poly-
ploid cells, there is an additional complication that arises
because beneficial mutations that occur in different cells
cannot be combined together by sex and recombination.
Thus, only beneficial mutations that arise in already fit cell
lineages are likely to survive. Theory tailored to asexuals
(Orr and Otto, 1994; Otto and Whitton, 2000) indicates that
the population size must be sufficiently small and benefi-
cial mutations must be partially dominant for higher ploidy
organisms to evolve faster than lower ploidy organisms. In
very large populations, beneficial mutations arise often,
regardless of ploidy, and their spread is slowed in poly-
ploids due to masking, so that the fastest rate of adaptation
should occur in haploids. In small populations, beneficial
mutations arise rarely, but they are more likely to arise in
polyploids; as long as the fitness advantage of a mutation is
not too masked (i.e., as long as dominance is high enough),
the fastest rate of adaptation should occur at higher ploidy
levels. Two key predictions of this theory have been con-
firmed experimentally in the budding yeast Saccharomy-
ces cerevisiae. Relative to haploid cells, diploid cells evolve
more rapidly when population size is decreased (Zeyl et al.,
2003) and when response to selection requires dominant
mutations rather than recessive mutations (Anderson et
al., 2003, 2004). This theory also suggests that, relative to
diploid cells, precancerous polyploid cells (whose popula-
tion sizes are small, at least initially) are more likely to accu-
mulate mutations, especially partially dominant mutations
that increase cell growth, predicting a positive association
between ploidy level and dominance level of mutations that
accumulate in key oncogenes.
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The above discussion assumes that “all else is equal,”
which arguably never holds. Following a change in
ploidy, mutation rates per gene may be altered (Mayer
et al., 1992). Polyploids may also exhibit higher rates of
segregation errors, especially when centrosomes are
duplicated, causing an aneuploid cascade, which has
been shown to facilitate tumorigenesis (Fujiwara et al.,
2005; Storchova and Pellman, 2004).

In addition, selective forces experienced by poly-
ploids may be altered relative to their diploid progeni-
tors. As mentioned above, gene expression can differ
between homeologs, even among newly formed allopo-
lyploids, with relative expression varying from tissue to
tissue (Adams et al., 2003). Thus, even from the begin-
ning, polyploids need not be simply doubled diploids.
Whenever tissue-specific (or stage-specific) patterns
of gene expression are altered, duplicated genes face
different selective pressures, with each gene copy
being selected to improve function when and where it
is expressed. Tissue- or stage-specific expression pat-
terns can also arise via mutations that knock out dif-
ferent subfunctions of a gene (Force et al., 1999; Lynch
and Force, 2000). Either through immediate specializa-
tion or mutational subfunctionalization, the end result is
that the fitness landscape faced by a polyploid is differ-
ent than that faced by the diploids from which it arose,
with selection acting to fine tune one or both gene cop-
ies for more specialized functions.

Maintenance of Duplicated Genes

Genomic analyses of paleopolyploids have revealed
that duplicated genes can persist for millions of years,
allowing a long-term contribution of these gene pairs
to the evolution of a lineage. For example, ~8% of
duplicated genes have remained in yeast over ~100
MY following polyploidization (Seoighe and Wolfe,
1999), ~72% in maize over ~11 MY (Ahn and Tanksley,
1993; Gaut and Doebley, 1997), ~77% in Xenopus
over ~30 MY (Hughes and Hughes, 1993), ~70% in
salmonids over 25-100 MY (Bailey et al., 1978), ~47%
in catastomids over ~50 MY (Ferris and Whitt, 1979),
and ~33% in vertebrates over ~500 MY (Nadeau and
Sankoff, 1997).

If duplicated genes were free to accumulate muta-
tions (that is, if their integrity were not actively main-
tained by selection), it is very likely that a mutation
that eliminates function would accumulate in one of
the copies before a beneficial mutation arises that dif-
ferentiates, and preserves, the gene duplication. Mod-
eling this process, Walsh (1995) showed that inacti-
vation was more likely than the evolution of a novel
function (“neofunctionalization”), unless both the
population size and proportion of beneficial mutations
were high. For example, inactivation is 25 times more
likely than neofunctionalization if mutations eliminat-
ing function occur 1000 times more frequently than
beneficial mutations, assuming that beneficial alleles
increase fitness by 0.1% and that the population size
is 10000.



Why then are so many duplicated genes preserved
when the inactivation of one copy is so likely? Either
immediate specialization (Adams et al., 2003) and/
or subfunctionalization (Force et al., 1999; Lynch and
Force, 2000) of gene expression can prevent duplicated
genes from accumulating mutations that eliminate func-
tion because the function of each gene copy is neces-
sary at some time or place within the organism. Other
mechanisms that preserve newly duplicated genes
include the requirement for gene balance, heterozy-
gote advantage, and selection for higher levels of gene
expression (see references in Otto and Yong, 2002 and
Kondrashov et al., 2002). A new hypothesis has argued
that duplicated genes can, if crossregulated, serve to
filter out environmental noise and to buffer the end
product of transcriptional networks (e.g., the duplicate
genes Hxt1 and Hxt2 buffer glucose concentrations
in yeast by inducing the “back-up” copy in response
to a drop in glucose levels), which would account for
the maintenance of functionally redundant gene cop-
ies (Kafri et al., 2006). Analyses of the rate of silent and
replacement substitutions among recently duplicated
genes confirm that selection generally preserves both
gene copies (Hughes, 1994; Kondrashov et al., 2002),
but not necessarily for every one of the original func-
tions of the gene (He and Zhang, 2005). That selection
acts to preserve newly copied genes is perhaps not
too surprising; mutations eliminating function typically
exhibit some reduction in fitness in heterozygous dip-
loids (one mutant: one wild-type allele; Szafraniec et al.,
2003), so why would they be entirely neutral at dupli-
cated loci (one mutant: three wild-type alleles)? In fact,
experiments with the mutagen ethyl methyl sulfonate
(EMS) have indicated that mutations do cause a sub-
stantial reduction in fitness in heterozygous tetraploids
(Mable and Otto, 2001). Because EMS might have
had unintended effects (including direct toxicity) and
because rapid evolution of EMS-treated populations
biases fitness estimates, more direct fitness assays of
polyploids bearing mutations are needed (as in Szaf-
raniec et al., 2003).

The Long-Term Evolutionary “Success” of Polyploids
Although the relative importance of the various pro-
cesses preserving gene duplicates is under debate,
everybody agrees that duplicated genes—whether
produced by polyploidization or by single gene dupli-
cation—take on a variety of new functions over the
long term. Humans have a three-color visual system
because of gene duplication (Tan and Li, 1999). Our
immune systems are based on highly duplicated gene
families (including the major histocompatibility complex
and immunoglobulin gene family; Nei et al., 1997), as
are the antigenic repertoires of many of our parasites
(e.g., Donelson, 1995; Svard et al., 1998). At a broader
scale, duplicated gene pairs in yeast are involved in
almost twice as many protein-protein interactions as
singletons (He and Zhang, 2005). Consequently, the
simultaneous input of an entire genome of duplicated

genes following polyploidization is thought to be a
major facilitator of evolutionary change (e.g., Freeling
and Thomas, 2006).

Is there, then, strong evidence that evolution has been
facilitated by polyploidization? This is a vexingly hard
question to answer. It is not sufficient to point to a par-
ticular set of duplicated genes, such as the four HOX
clusters that arose at the base of the vertebrate tree
of life, as proof that the morphological shifts observed
in vertebrates could not have happened without poly-
ploidization. Facing the same selective pressures but
without polyploidized genomes, our ancestors may well
have undergone similar evolutionary transitions via other
means (evolution of regulatory elements, alternative splic-
ing, tandem duplications, etc.). The morphological diver-
sity observed in flies (diptera) and beetles (coleoptera)
is tremendous, despite the lack of duplicated HOX clus-
ters (Beeman, 1987; Devenport et al., 2000; Powers et
al.,, 2000), and there is no evidence for a difference in
the rate of species diversification between invertebrates
and vertebrates (McPeek and Brown, 2007), despite two
rounds of genome duplication early in the evolution of
vertebrates.

Given the large amount of speculation on the role
of polyploidy in evolutionary diversification, there are
remarkably few quantitative analyses. Surveying 200 gen-
era of dicots, we found a weak but positive relationship
between the percentage of polyploid species (defined as
in Stebbins, 1938) and the total number of species (Otto
and Whitton, 2000). A similar pattern was found in the
flora of the Pyrenees (Petit and Thompson, 1999). Yet
these correlative studies are inadequate because larger
genera are expected to be older and to have had time to
undergo more polyploidization (Meyers and Levin, 2006;
Otto and Whitton, 2000). To date, only one study has
examined the relationship between polyploidy and spe-
cies diversity in a manner that corrects for the age and
phylogenetic relationships of a group (Vamosi and Dick-
inson, 2006). This study found that clades with a greater
proportion of polyploids indeed had a greater number of
species than clades of equal age with a lower proportion
of polyploids. Does this mean that polyploid lineages are
evolutionarily more successful (increasing speciation
rates and/or decreasing extinction rates)? The authors
argued against this explanation because a comparison
of groups descended from a single polyploidization
event and their sister groups failed to show any differ-
ence in the number of species (admittedly, with a small
sample size). Instead, the authors favored two alternative
explanations. First, the process of polyploidization can
itself generate species that are reproductively isolated
from their diploid progenitors, increasing the number of
species as a by-product of polyploidization but without
a subsequent effect on diversification rates. Second, an
entirely different trait can result in both increased rates
of polyploidization and increased evolutionary “suc-
cess” (as measured by the number of species) without
polyploidy being causally involved.
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The study by Vamosi and Dickinson (2006) is a step
in the right direction, suggesting polyploidy is simply a
common mutation, which occasionally spawns ecologi-
cally distinct lineages that are able to persist. But more
phylogenetic analyses are sorely needed to assess the
long-term consequences of polyploidization in a statisti-
cally rigorous manner, involving a large number of inde-
pendent polyploidization events. At present, we lack evi-
dence that polyploidy has altered the rate of evolutionary
diversification by promoting speciation or preventing
extinction in lineages descended from a polyploidiza-
tion event. Similarly, we lack evidence that polyploidy
has increased the rate of morphological diversifica-
tion by providing greater genetic flexibility, by releasing
constraints due to pleiotropy, or by facilitating genomic
restructuring. There are, however, plenty of reasons to
believe that changes in ploidy should alter evolution-
ary processes, including theoretical studies of the rate
of adaptation (Orr and Otto, 1994; Otto and Whitton,
2000), evolutionary experiments (Anderson et al., 2003,
2004; Zeyl et al., 2003), and evidence for altered pat-
terns of genomic and molecular evolution (Adams and
Wendel, 2005; Blanc and Wolfe, 2004; Chen and Ni,
2006). These studies demonstrate that under the right
conditions (such as when beneficial alleles are dominant
to currently wild-type alleles) polyploids can evolve at
faster rates. Whether the conditions have been “right”
in the evolutionary history of eukaryotes, however, and
whether shifts in ploidy have increased the rate of spe-
ciation or morphological diversification remain to be
demonstrated.

ACKNOWLEDGMENTS

| thank K. Adams, E. Baack, T.R. Gregory, D. Pellman, M. Whitlock, J.
Whitton, and the anonymous reviewers for helpful comments. Sup-
port was provided by the Natural Sciences and Engineering Research
Council (Canada) and by the National Evolutionary Synthesis Center
(NESCent; NSF EF-0423641).

REFERENCES

Adams, J., and Hansche, PE. (1974). Population studies in microor-
ganisms |. Evolution of diploidy in Saccharomyces cerevisiae. Genet-
ics 76, 327-338.

Adams, K.L., and Wendel, J.F. (2005). Novel patterns of gene expres-
sion in polyploid plants. Trends Genet. 27, 539-543.

Adams, K.L., Cronn, R., Percifield, R., and Wendel, J.F. (2003). Genes
duplicated by polyploidy show unequal contributions to the transcrip-
tome and organ-specific reciprocal silencing. Proc. Natl. Acad. Sci.
USA 100, 4649-4654.

Ahn, S., and Tanksley, S.D. (1993). Comparative linkage maps of the
rice and maize genomes. Proc. Natl. Acad. Sci. USA 90, 7980-7984.

Albertin, W., Brabant, P., Catrice, O., Eber, F.,, Jenczewski, E., Chevre,
A.M., and Thiellement, H. (2005). Autopolyploidy in cabbage (Brassica
oleracea L.) does not alter significantly the proteomes of green tis-
sues. Proteomics 5, 2131-2139.

Albertin, W., Balliau, T., Brabant, P, Chevre, A.M., Eber, F., Malosse,
C., and Thiellement, H. (2006). Numerous and rapid nonstochastic
modifications of gene products in newly synthesized Brassica napus

460 Cell 137, November 2, 2007 ©2007 Elsevier Inc.

allotetraploids. Genetics 7173, 1101-1113.

Anderson, J.B., Sirjusingh, C., Parsons, A.B., Boone, C., Wickens,
C., Cowen, L.E., and Kohn, L.M. (2003). Mode of selection and ex-
perimental evolution of antifungal drug resistance in Saccharomyces
cerevisiae. Genetics 163, 1287-1298.

Anderson, J.B., Sirjusingh, C., and Ricker, N. (2004). Haploidy, dip-
loidy and evolution of antifungal drug resistance in Saccharomyces
cerevisiae. Genetics 168, 1915-1923.

Bailey, G.S., Poulter, R.T., and Stockwell, PA. (1978). Gene duplication
in tetraploid fish: model for gene silencing at unlinked duplicated loci.
Proc. Natl. Acad. Sci. USA 75, 5575-5579.

Beeman, R.W. (1987). A homoeotic gene cluster in the red flour beetle.
Nature 327, 247-249.

Bennett, R.J., Uhl, M.A., Miller, M.G., and Johnson, A.D. (2003). Iden-
tification and characterization of a Candida albicans mating phero-
mone. Mol. Cell. Biol. 23, 8189-8201.

Blanc, G., and Wolfe, K.H. (2004). Functional divergence of duplicated
genes formed by polyploidy during Arabidopsis evolution. Plant Cell
16, 1679-1691.

Bloom, S.E. (1972). Chromosome abnormalities in chicken (Gallus do-
mesticus) embryos: types, frequencies and phenotypic effects. Chro-
mosoma 37, 309-326.

Bowers, J.E., Chapman, B.A., Rong, J.K., and Paterson, A.H. (2003).
Unravelling angiosperm genome evolution by phylogenetic analysis of
chromosomal duplication events. Nature 422, 433-438.

Brochmann, C., Brysting, A.K., Alsos, |.G., Borgen, L., Grundt, H.H.,
Scheen, A.-C., and Elven, R. (2004). Polyploidy in arctic plants. Biol.
J. Linn. Soc. 82, 521-536.

Cavalier-Smith, T. (1978). Nuclear volume control by nucleoskeletal
DNA, selection for cell volume and cell growth rate, and the solution
of the DNA C-value paradox. J. Cell Sci. 34, 247-278.

Chen, Z.J., and Ni, Z. (2006). Mechanisms of genomic rearrange-
ments and gene expression changes in plant polyploids. Bioessays
28, 240-252.

Creasy, M.R., Crolla, J.A., and Alberman, E.D. (1976). A cytogenetic
study of human spontaneous abortions using banding techniques.
Hum. Genet. 37, 177-196.

Day, S.J., and Lawrence, P.A. (2000). Measuring dimensions: the regu-
lation of size and shape. Development 127, 2977-2987.

Dehal, P, and Boore, J.L. (2005). Two rounds of whole genome dupli-
cation in the ancestral vertebrate. PLoS Biol. 3, €314. 10.1371/journal.
pbio.0030314.

Devenport, M.P,, Blass, C., and Eggleston, P. (2000). Characterization
of the Hox gene cluster in the malaria vector mosquito, Anopheles
gambiae. Evol. Dev. 2, 326-339.

Donelson, J.E. (1995). Mechanisms of antigenic variation in Borrelia
hermsii and African trypanosomes. J. Biol. Chem. 270, 7783-7786.

Dunham, M.J., Badrane, H., Ferea, T., Adams, J., Brown, P.O., Rosen-
zweig, F., and Botstein, D. (2002). Characteristic genome rearrange-
ments in experimental evolution of Saccharomyces cerevisiae. Proc.
Natl. Acad. Sci. USA 99, 16144-16149.

Fankhauser, G. (1972). Memories of great embryologists. Reminis-
cences of F. Baltzer, H. Spemann, F. R. Lillie, R. G. Harrison, and E. G.
Conklin. Am. Sci. 60, 46-55.

Ferris, S.D., and Whitt, G.S. (1979). Evolution of the differential regula-
tion of duplicate genes after polyploidization. J. Mol. Evol. 72, 267-
317.

Force, A., Lynch, M., Pickett, F.B., Amores, A., Yan, Y.L., and Postleth-
wait, J. (1999). Preservation of duplicate genes by complementary,



degenerative mutations. Genetics 157, 1531-1545.

Freeling, M., and Thomas, B.C. (2006). Gene-balanced duplications,
like tetraploidy, provide predictable drive to increase morphological
complexity. Genome Res. 16, 805-814.

Fujiwara, T., Bandi, M., Nitta, M., lvanova, E.V., Bronson, R.T., and
Pellman, D. (2005). Cytokinesis failure generating tetraploids pro-
motes tumorigenesis in p53-null cells. Nature 437, 1043-1047.

Galitski, T., Saldanha, A.J., Styles, C.A., Lander, E.S., and Fink, G.R.
(1999). Ploidy regulation of gene expression. Science 285, 251-254.

Gallardo, M.H., Kausel, G., Jiménez, A., Bacquet, C., Gonzdlez, G.,
Figueroa, J., Kéhler, N., and Ojeda, R. (2004). Whole-genome duplica-
tions in South American desert rodents (Octodontidae). Biol. J. Linn.
Soc. 82, 443-451.

Gaut, B.S., and Doebley, J.F. (1997). DNA sequence evidence for the
segmental allotetraploid origin of maize. Proc. Natl. Acad. Sci. USA
94, 6809-6814.

Gerstein, A.C., Chun, H.J., Grant, A., and Otto, S.P. (2006). Genomic
convergence toward diploidy in Saccharomyces cerevisiae. PLoS Ge-
netics 2, e145. 10.1371/journal.pgen.0020145.

Goldblatt, P. (1980). Polyploidy in angiosperms: monocotyledons. In
Polyploidy: Biological Relevance, W.H. Lewis, ed. (New York: Plenum
Press), pp. 219-239.

Grant, V. (19683). The Origin of Adaptations (New York: Columbia Uni-
versity Press).

Grant, V. (1971). Plant Speciation (New York: Columbia University
Press).

Gregory, T.R. (2001). Coincidence, coevolution, or causation? DNA
content, cell size, and the C-value enigma. Biol. Rev. Camb. Philos.
Soc. 76, 65-101.

Gregory, T.R. (2005). The evolution of the genome (Burlington, MA:
Elsevier Academic).

Gregory, T.R., Hebert, PD., and Kolasa, J. (2000). Evolutionary im-
plications of the relationship between genome size and body size in
flatworms and copepods. Heredity 84, 201-208.

Gregory, T.R., and Mable, B.K. (2005). Polyploidy in animals. In The
Evolution of the Genome, T.R. Gregory, ed. (San Diego: Elsevier), pp.
427-517.

Griffiths, S., Sharp, R., Foote, T.N., Bertin, I., Wanous, M., Reader, S.,
Colas, I., and Moore, G. (2006). Molecular characterization of Ph1 as
a major chromosome pairing locus in polyploid wheat. Nature 439,
749-752.

Grossniklaus, U., Vielle-Calzada, J.P., Hoeppner, M.A., and Gagliano,
W.B. (1998). Maternal control of embryogenesis by MEDEA, a poly-
comb group gene in Arabidopsis. Science 280, 446-450.

Guo, M., Davis, D., and Birchler, J.A. (1996). Dosage effects on gene
expression in a maize ploidy series. Genetics 742, 1349-1355.

Haig, D., and Westoby, M. (1991). Genomic imprinting in endosperm:
Its effect on seed development in crosses between species, and be-
tween different ploidies of the same species, and its implications for
the evolution of apomixis. Philos. Trans. R. Soc. Lond. B Biol. Sci.
333, 1-13.

Haldane, J.B.S. (1927). A mathematical theory of natural and artificial
selection, Part V: Selection and mutation. Proc. Camb. Philol. Soc.
23, 838-844.

Haldane, J.B.S. (1990). The Causes of Evolution (Princeton, NJ: Princ-
eton University Press).

He, X., and Zhang, J. (2005). Rapid subfunctionalization accompanied
by prolonged and substantial neofunctionalization in duplicate gene
evolution. Genetics 169, 1157-1164.

Henry, I.M., Dilkes, B.P,, Young, K., Watson, B., Wu, H., and Comai,
L. (2005). Aneuploidy and genetic variation in the Arabidopsis thaliana
triploid response. Genetics 7170, 1979-1988.

Hughes, A.L. (1994). The evolution of functionally novel proteins after
gene duplication. Proc. R. Soc. Lond. B. Biol. Sci. 256, 119-124.

Hughes, M.K., and Hughes, A.L. (1993). Evolution of duplicate genes in
a tetraploid animal, Xenopus laevis. Mol. Biol. Evol. 70, 1360-1369.

Jackson, J.A., and Tinsley, R.C. (2003). Parasite infectivity to hybridis-
ing host species: a link between hybrid resistance and allopolyploid
speciation? Int. J. Parasitol. 33, 137-144.

Josefsson, C., Dilkes, B., and Comai, L. (2006). Parent-dependent
loss of gene silencing during interspecies hybridization. Curr. Biol. 16,
1322-1328.

Kafri, R., Levy, M., and Pilpel, Y. (2006). The regulatory utilization of
genetic redundancy through responsive backup circuits. Proc. Natl.
Acad. Sci. USA 7103, 11653-11658.

Kondrashov, F. A., Rogozin, I. B., Wolf, Y. I., and Koonin, E. V. (2002).
Selection in the evolution of gene duplications. Genome Biol. 3, RE-
SEARCHO0008.

Levin, D.A. (1983). Polyploidy and novelty in flowering plants. Am. Nat.
122, 1-25.

Liu, B., Vega, J.M., and Feldman, M. (1998). Rapid genomic changes
in newly synthesized amphiploids of Triticum and Aegilops. Il. Chang-
es in low-copy coding DNA sequences. Genome 417, 535-542.

Love, A., Love, D., and Pichi Sermolli, R.E.G. (1977). Cytotaxonomical
Atlas of the Pteridophyta (Vaduz, Germany: J. Cramer).

Lynch, M. (2007). The Origins of Genome Architecture (Sunderland,
MA: Sinauer Associates, Inc.).

Lynch, M., and Force, A. (2000). The probability of duplicate gene
preservation by subfunctionalization. Genetics 154, 459-473.

Mable, B.K. (2001). Ploidy evolution in the yeast Saccharomyces cer-
evisiae: A test of the nutrient limitation hypothesis. J. Evol. Biol. 74,
157-170.

Mable, B.K., and Otto, S.P. (2001). Masking and purging mutations
following EMS treatment in haploid, diploid and tetraploid yeast (Sac-
charomyces cerevisiae). Genet. Res. 77, 9-26.

Malik, H.S., and Bayes, J.J. (2006). Genetic conflicts during meiosis
and the evolutionary origins of centromere complexity. Biochem. Soc.
Trans. 34, 569-573.

Masterson, J. (1994). Stomatal size in fossil plants: Evidence for poly-
ploidy in majority of angiosperms. Science 264, 421-423.

Mayer, V.W., Goin, C.J., Arras, C.A., and Taylor-Mayer, R.E. (1992). Com-
parison of chemically induced chromosome loss in a diploid, triploid, and
tetraploid strain of Saccharomyces cerevisiae. Mutat. Res. 279, 41-48.

McPeek, M.A., and Brown, J.M. (2007). Clade age and not diversifica-
tion rate explains species richness among animal taxa. Am. Nat. 769,
E97-E106.

Meyers, L.A., and Levin, D.A. (2006). On the abundance of polyploids
in flowering plants. Evolution Int. J. Org. Evolution 60, 1198-1206.

Nadeau, J.H., and Sankoff, D. (1997). Comparable rates of gene loss
and functional divergence after genome duplications early in verte-
brate evolution. Genetics 7147, 1259-1266.

Nei, M., Gu, X., and Sitnikova, T. (1997). Evolution by the birth-and-
death process in multigene families of the vertebrate immune system.
Proc. Natl. Acad. Sci. USA 94, 7799-7806.

Ohno, S. (1970). Evolution by Gene Duplication (London: George Allen

and Unwin).

Cell 131, November 2, 2007 ©2007 Elsevier Inc. 461



Orr, H.A. (1994). Somatic mutation favors the evolution of diploidy.
Genetics 139, 1441-1447.

Orr, H.A., and Otto, S.P. (1994). Does diploidy increase the rate of
adaptation? Genetics 136, 1475-1480.

Otto, S.P,, and Whitton, J. (2000). Polyploid incidence and evolution.
Annu. Rev. Genet. 34, 401-437.

Otto, S.P, and Yong, P. (2002). The evolution of gene duplicates. Adv.
Genet. 46, 451-483.

Papp, B., Pal, C., and Hurst, L.D. (2003). Dosage sensitivity and the
evolution of gene families in yeast. Nature 424, 194-197.

Petit, C., and Thompson, J.D. (1999). Species diversity and ecologi-
cal range in relation to ploidy level in the flora of the Pyrenees. Evol.
Ecol. 13, 45-66.

Powers, T.P, Hogan, J., Ke, Z., Dymbrowski, K., Wang, X., Collins,
FH., and Kaufman, T.C. (2000). Characterization of the Hox cluster
from the mosquito Anopheles gambiae (Diptera: Culicidae). Evol. Dev.
2,311-325.

Rajaraman, R., Rajaraman, M.M., Rajaraman, S.R., and Guernsey,
D.L. (2005). Neosis-a paradigm of self-renewal in cancer. Cell Biol.
Int. 29, 1084-1097.

Ramsey, J., and Schemske, D.W. (1998). Pathways, mechanisms, and
rates of polyploid formation in flowering plants. Annu. Rev. Ecol. Syst.
29, 467-501.

Ramsey, J., and Schemske, D.W. (2002). Neopolyploidy in flowering
plants. Annu. Rev. Ecol. Syst. 33, 589-639.

Riehle, M.M., Bennett, A.F,, and Long, A.D. (2001). Genetic architec-
ture of thermal adaptation in Escherichia coli. Proc. Natl. Acad. Sci.
USA 98, 525-530.

Ronfort, J. (1999). The mutation load under tetrasomic inheritance and
its consequences for the evolution of the selfing rate in autotetraploid
species. Genet Res. Camb 74, 31-42.

Salmon, A., Ainouche, M.L., and Wendel, J.F. (2005). Genetic and epi-
genetic consequences of recent hybridization and polyploidy in Spar-
tina (Poaceae). Mol. Ecol. 14, 1163-1175.

Seoighe, C., and Wolfe, K.H. (1999). Yeast genome evolution in the
post-genome era. Curr. Opin. Microbiol. 2, 548-554.

Shavorskaya, O., and Lagercrantz, U. (2006). Sequence divergence at
the putative flowering time locus COL1 in Brassicaceae. Mol. Phylo-
genet. Evol. 39, 846-854.

Soltis, D.E., Soltis, P.S., Schemske, D.W., Hancock, J.F., Thomp-

son, J.N., Husband, B.C., and Judd, W.S. (2007). Autopolyploidy
in angiosperms: have we grossly underestimated the number of

462 Cell 137, November 2, 2007 ©2007 Elsevier Inc.

species? Taxon 56, 13-30.

Song, K., Lu, P, Tang, K., and Osborn, C.T. (1995). Rapid genome
change in synthetic polyploids of Brassica and its implications for
polyploid evolution. Proc. Natl. Acad. Sci. USA 92, 7719-7723.

Stebbins, G. (1984). Polyploidy and the distribution of the arctic- al-
pine flora: new evidence and a new approach. Botanica Helvetica 94,
1-13.

Stebbins, G.L. (1938). Cytological characteristics associated with the
different growth habits in the dicotyledons. Am. J. Bot. 25, 189-198.

Stebbins, G.L. (1950). Variation and Evolution in Plants (New York:
Columbia University Press).

Stebbins, G.L. (1971). Processes of Organic Evolution, Second Edi-
tion (Englewood Cliffs, N.J.: Prentice-Hall).

Storchova, Z., and Pellman, D. (2004). From polyploidy to aneuploidy,
genome instability and cancer. Nat. Rev. Mol. Cell Biol. 5, 45-54.

Storchova, Z., Breneman, A., Cande, J., Dunn, J., Burbank, K.,
O’Toole, E., and Pellman, D. (2006). Genome-wide genetic analysis of
polyploidy in yeast. Nature 443, 541-547.

Svard, S.G., Meng, T.C., Hetsko, M.L., McCaffery, .M., and Gillin,
F.D. (1998). Differentiation-associated surface antigen variation in the
ancient eukaryote Giardia lamblia. Mol. Microbiol. 30, 979-989.

Szafraniec, K., Wloch, D.M., Sliwa, P., Borts, R.H., and Korona, R.
(2003). Small fitness effects and weak genetic interactions between
deleterious mutations in heterozygous loci of the yeast Saccharomy-
ces cerevisiae. Genet. Res. 82, 19-31.

Tan, Y., and Li, W.H. (1999). Trichromatic vision in prosimians. Nature
402, 36.

Udall, J.A., Swanson, J.M., Nettleton, D., Percifield, R.J., and Wendel,
J.F. (2006). A novel approach for characterizing expression levels of
genes duplicated by polyploidy. Genetics 173, 1823-1827.

Vamosi, J.C., and Dickinson, T.A. (2006). Polyploidy and diversifica-
tion: A phylogenetic investigation in Rosaceae. Int. J. Plant Sci. 167,
349-358.

Walsh, J.B. (1995). How often do duplicated genes evolve new func-
tions? Genetics 139, 421-428.

Weiss, R.L., Kukora, J.R., and Adams, J. (1975). The relationship be-
tween enzyme activity, cell geometry, and fitness in Saccharomyces
cerevisiae. Proc. Natl. Acad. Sci. USA 72, 794-798.

Wendel, J.F. (2000). Genome evolution in polyploids. Plant Mol. Biol.
42, 225-249.

Zeyl, C., Vanderford, T., and Carter, M. (2003). An evolutionary advan-
tage of haploidy in large yeast populations. Science 299, 555-558.



	The Evolutionary Consequences of Polyploidy
	Acknowledgments
	References


