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Polyploidy has been widely appreciated as an important force

in the evolution of plant genomes, but now it is recognized as a

common phenomenon throughout eukaryotic evolution.

Insight into this process has been gained by analyzing the

plant, animal, fungal, and recently protozoan genomes that

show evidence of whole genome duplication (a transient

doubling of the entire gene repertoire of an organism).

Moreover, comparative analyses are revealing the

evolutionary processes that occur as multiple related

genomes diverge from a shared polyploid ancestor, and in

individual genomes that underwent several successive rounds

of duplication. Recent research including laboratory studies

on synthetic polyploids indicates that genome content and

gene expression can change quickly after whole genome

duplication and that cross-genome regulatory interactions are

important. We have a growing understanding of the

relationship between whole genome duplication and

speciation. Further, recent studies are providing insights

into why some gene pairs survive in duplicate, whereas others

do not.
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Introduction
A change in ploidy is typically expected to be deleterious

and an evolutionary dead-end [1]. Despite the problems

that might arise in early polyploid generations, the hall-

marks of whole genome duplication (WGD) are evident

in many sequenced genomes. The prevalence of poly-

ploidy varies across eukaryotic lineages, but evidence of

WGD is particularly rampant in plants. It has been

demonstrated recently that most eudicot plants des-

cended from an ancient hexaploid ancestor [2��], followed

by lineage-specific tetraploidizations in some taxa: one in

Populus [3�], two in Arabidopsis [4–6], one in legumes [7],

but none in Vitis [2��]. Consequently, a gene that was

single-copy in an ancestral angiosperm about 200 million
www.sciencedirect.com
years (Myr) ago could, in principle, have turned into a

12-member family in Arabidopsis by means of polyploi-

dizations alone. In practice, of course, each round of

polyploidization was followed by many gene deletions,

and gene duplications have also happened by mechan-

isms other than polyploidization.

Detecting natural polyploidization events can be challen-

ging, especially if the events are ancient. Recent dupli-

cations can be detected by the identification of species

whose karyotypes contain twice as many chromosomes as

those of closely related species. Time erases this signal,

however: WGD is typically followed by a period of diploi-

dization, at the end of which the genome looks like a

diploid. This period involves extensive gene loss, genomic

rearrangements, and distinctive modes of evolution of the

genes retained in duplicate. The diploidization process has

been extensively studied using whole genome data in

different paleopolyploid plants [2��,3�,8�,9–11], teleost

fishes [13�,14], yeasts [15��], Paramecium [12��], and basal

vertebrates [16]. Here we review some of these studies,

from a wide range of eukaryotic taxa, with emphasis on the

consequences of WGD for speciation and the diversifica-

tion of gene families.

Genomic changes after WGD
Genomic modifications that occur in the first few gener-

ations after WGD can be monitored in synthetic poly-

ploid plants (reviewed in reference [17]). For example,

Brassica napus genomes in the first polyploid generation

[18] display few rearrangements but numerous and recur-

rent CpG methylation changes. To study the longer term

evolutionary effects of WGD, however, comparative

genomic analyses are required.

Interchromosomal rearrangements are a frequent feature

of post-WGD evolution. In a recent elegant study, Kasa-

hara et al. [19] reconstructed the chromosomal content of

the teleost fish ancestor from the genome sequences of a

pufferfish, zebrafish, and medaka, allowing the subsequent

history of rearrangement in each lineage to be inferred.

They found that eight major interchromosomal rearrange-

ments occurred soon after the fish-specific WGD, but then

no further major rearrangements occurred in the medaka

lineage. This result suggests that the process of WGD

caused a transient increase in the rate of chromosomal

rearrangement in the common ancestor of teleosts [19].

Similarly, the frequency of disruption of linkage between

adjacent genes increased after the fish WGD [20]. Future

comparative genome analyses in plants could address a

more challenging problem, the evolution of rearrange-

ments after multiple successive WGDs. A good start in
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this direction was recently made by Jaillon et al. [2��] who

were able to infer the approximate chromosome set of the

common ancestor of eudicots, thanks to the remarkably low

level of subsequent rearrangement that happened in the

Vitis genome. Vitis, medaka, and Paramecium (see below) all

illustrate how the fortuitous discovery of genomes that

have undergone little rearrangement can assist greatly in

reconstructing ancient karyotypes and detecting very old

polyploidization events.

We are also beginning to gain an understanding of the rate

at which genes are lost from polyploid genomes. The

process of gene loss is illustrated neatly by the ciliate

Paramecium tetraurelia whose genome underwent at least

three successive rounds of WGD, obscured by very few

other interchromosomal rearrangements [12��]. In Para-
mecium, the frequency of duplicate gene survival is high-

est for the most recent WGD (51%), intermediate for the

second one (24%), and much smaller for the most ancient

WGD (8%). This result led Aury et al. [12��] to suggest

that the rate of gene loss in Paramecium had been slow and

relatively constant. By contrast, comparative genomics

studies on yeast species have suggested that the rate of

paralogous gene loss is very rapid shortly after WGD,

subsequently slowing down [21��].

Duplicate gene fate(s) and speciation

Most gene pairs formed by a WGD have only a brief

lifespan before one copy becomes deleted, leaving the

other to survive as a single-copy locus. We might expect

that the probability of retention is initially equal for both

duplicates following WGD, but recent results have

suggested that the one duplicate may be more susceptible

to loss than the other. It was shown that in Arabidopsis
thaliana, one paralogon (duplicated genomic region) tends

to contain significantly more genes than the other [22�].
This bias was interpreted as the consequence of an

initial inequality between the two paralogons, possibly

due to epigenetic marks. If this hypothesis is true,

epigenetic marks before WGD, or epigenetic changes

occurring immediately after WGD, can influence the lo-

ng-term fates of duplicated genes. In yeast species, the

choice of survivor appears to have been arbitrary for two

species that diverged soon after the WGD, but non-random

for gene losses that happened at later time points [15��].

These observations are consistent with a model where,

soon after an autopolyploidization (WGD due to doubling

of a single genome), the two copies of any particular gene

are equally likely to be lost because few sequence differ-

ences exist between the duplicates. After more time

elapses, however, differences between copies emerge

as their sequences diverge. The selective consequences

of deleting one copy may become different from those of

deleting the other copy, with the result that we observe

non-random survivor choice: in situations where the same

gene pair has sustained a gene deletion in two indepen-
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dent lineages, we tend to see the same copy surviving in

both lineages [15��,21��]. Such a distinction between

early and late gene losses is expected after autopolyploi-

dization, but not necessarily after allopolyploidization

(WGD caused by merging two divergent parental gen-

omes), where the copies are already different by the time

the new polyploid is formed.

An increase in species diversity (in teleost fishes [23], see

also reference [24]) or even a radiation (in Paramecium
[12��]) has often been noticed in clades that have a WGD

at their base. WGD has been proposed to be a lineage-

splitting force because of the subsequent occurrence of

gene losses independently in different populations

[23,25,26]. In particular, reciprocal gene loss (RGL)

occurs when two paralogs created by WGD are retained

until speciation, after which each species loses a different

copy (Figure 1a). Hybrid fitness diminishes exponentially

with the number of RGL loci, and the neutral loss of

alternate copies of duplicated genes therefore contributes

to speciation. We expect that the rate at which RGL

occurs, and hence the rate of lineage splitting, will be

highest immediately after WGD for two reasons: first, the

overall rate of gene loss is maximal at this point [21��] and

second, gene copy choice is more likely to be arbitrary for

early gene losses, as discussed above. However, RGL can

continue to occur for tens to hundreds of millions of years

after a WGD [21��,27] and can therefore promote specia-

tion over a long timeframe. The potential influence of

ancient polyploidy events on the origin and diversification

of angiosperms – thanks to the duplicate retention of

genes involved in development, transcriptional regulation

and signaling – has already been discussed [28], but RGL

has not yet been documented on a whole-genome scale in

plants. In view of the numerous WGDs that have

occurred during angiosperm evolution, the inevitable

RGLs that can be inferred to have happened afterwards

must be considered as prime suspects for agents of plant

speciation. Hard evidence implicating RGLs as a cause of

speciation is, however, still lacking in both plants and

fishes, in contrast to Drosophila [29].

Rapid functional divergence as an explanation
for duplicate gene retention
After duplication, one of the two redundant copies of a

gene should theoretically be free to degenerate and

become lost from the genome without consequence. As

we have seen, contrary to this prediction some genes

survive in duplicate long after WGD. Several models,

some implying a functional divergence between the two

copies, have been proposed to account for these obser-

vations. We summarize these models in Figure 2 and

discuss them briefly below.

In plants, it is possible to quantify the immediate impact

of WGD by studying gene expression changes in recent

natural or artificial polyploids (reviewed in reference
www.sciencedirect.com
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Figure 1

WGD contributes to speciation by the neutral loss of genes or by neutral changes in expression pattern. (a) After WGD, different populations may

retain a different copy of the same essential gene. 1/16 of the F2 individuals obtained after crossing these two populations do not carry any copy

of the essential gene. F1 fitness decreases exponentially with the number of RGLs (n) and therefore multiple RGLs favor speciation. An even

greater effect on fitness is expected if the lost gene is essential for gamete survival (1/4 of the F1 gametes are inviable) or in the case of

reciprocal subfunctionalization as presented in (b). Subfunctionalization is the complementary loss of different subfunctions of an ancestral

gene, in each of the duplicate copies. The subfunctions are represented by the colors blue and red, and the full ancestral function is purple. A

phenomenon similar to RGL is expected after reciprocal subfunctionalization, which occurs when an essential gene undergoes

subfunctionalization in each of the populations, but the same copy retains a different subfunction in each population.
[30]). One analysis performed just after artificial allopo-

lyploidization in cotton found that one paralog is silenced

or downregulated in 5% of the gene pairs and that silen-

cing is often organ-specific [31]. Another method of

analysis involves testing whether the total expression

of a gene pair in a polyploid deviates from the average

expression level of the corresponding genes in the two

parents. In Arabidopsis, deviations like this occur at many

loci after allopolyploidization but are much rarer after

autopolyploidization [32��]. They are most frequently

observed in genes whose expression differs between

the parental lines [32��]. The underlying mechanism

for these transcriptional changes may involve regulatory

proteins encoded by one genome acting in trans on the

other genome, as illustrated by the way that a cross-

genome interaction between the FRI and FLC loci affects

flowering time in a natural Arabidopsis allotetraploid

([33��]; Figure 3). Polyploidy also doubles the quantity

of DNA and therefore increases volume of the cell: even

if doubling the number of genes simply doubled the

amount of proteins, the consequences on protein concen-

tration would not be straightforward [34].
www.sciencedirect.com
These rapid changes in expression between gene dupli-

cates in polyploid plants are compatible with one group of

models to explain the retention of two copies after WGD

(presented in Figure 2a). This group includes the familiar

neofunctionalization and subfunctionalization models of

Lynch and Force [35,36], as well as the recent subneo-

functionalization model (that is, neofunctionalization of a

gene pair after its initial preservation in duplicate by

subfunctionalization) of He and Zhang [37]. Several

clear-cut examples of subfunctionalization have been

described in plants, including the case of the duplicated

genes PLENA and FARINELLI in Antirrhinum (Arabidop-
sis orthologs SHATTERPROOF1&2 and AGAMOUS,

respectively) [38]. This case is even an example of

differential subfunctionalization, because one subfunc-

tion (the C-function) has been retained in paralogous

copies in Arabidopsis (AGAMOUS) and in Antirrhinum
(PLENA). Differential subfunctionalization is expected

to promote speciation, just like RGL (Figure 1b).

Subfunctionalization and neofunctionalization models

make different predictions about the rates of sequence
Current Opinion in Genetics & Development 2007, 17:505–512
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Figure 2

Simplified examples of several models to explain the retention of both copies of a gene after WGD. The situation before duplication is shown on

the left of each panel (before the star), the polyploid state just after WGD is shown in the middle, and possible outcomes after diploidization are

shown on the right. Cases in green represent non-viable outcomes. (a) Rapid functional evolution is responsible for duplicate retention, either

because of acquisition of new function in one duplicate (neofunctionalization), or because of the complementary loss of the subfunctions of the

ancestral gene in each of the duplicate copies (subfunctionalization), or a mix of both (subneofunctionalization). Diamond, circle and triangle

represent regulatory regions driving expression in distinct tissues, considered as subfunctions. (b) Essential genes are maintained in duplicate

while their sequences are sufficiently similar (young duplicates). Without duplication, a deleterious mutation (red cross) is lethal (in green on

the left). After duplication, a deleterious mutation in one of the duplicates is buffered by the presence of the other paralog. (c) Example of a

backup circuit involving negative feedback between duplicates that explains the redundancy between a1 and a2. a2 represses a1 in normal

conditions, and both a2 and a1 regulate the same genes b1 and b2. When a2 is deleted a1 is more expressed, so b1 and b2 are still regulated

and the deletion is not lethal. (d) The numbers of copies of all the genes in a complex or a metabolic pathway are correlated, at least for

recent duplications; subsequently either all the genes in a pathway return to a single-copy state, or regulatory modifications can occur that

Current Opinion in Genetics & Development 2007, 17:505–512 www.sciencedirect.com
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Figure 3

Flowering time in the natural allopolyploid Arabidopsis suecica is more extreme than in either of the two parents, A. thaliana and A. arenosa

(from reference [33��]). A. suecica is a natural allopolyploid that was formed 0.02–1.5 Myr ago between A. thaliana and A. arenosa. The two

parental lines diverged 6 Myr ago. FRI and FLC are two of the genes responsible for the flowering time in Arabidopsis. In A. arenosa, FRI

activates FLC (red arrow), which delays flowering (red bar). In A. thaliana (Ler ecotype), FRI is not functional, so FLC is not activated and

flowering is early. In A. suecica, the combination of the two parental genomes is responsible for FLC upregulation and very late flowering.
evolution of the duplicates (summarized in reference

[39]). In the tetraploid frog Xenopus laevis, for example,

6% of duplicated gene pairs have asymmetrical rates of

protein sequence evolution, which may indicate neofunc-

tionalization in the accelerated copy [39]. Similarly, evol-

utionary rate asymmetry has been reported in 11–16% of

duplicated pairs in Paramecium [12��], 25–36% in fish

[13�,14], and >20% in Arabidopsis [10]. Subfunctionaliza-

tion has been detected by complementary amino acid

substitutions in protein pairs [39] and by differential loss

of regulatory regions [40�]. Divergence of gene expression

between duplicates has been reported in many studies

[3�,9,10,41], but because the pattern of expression before

duplication is unknown, these comparisons cannot differ-

entiate between subfunctionalization and neofunctiona-

lization. The problem was solved recently in yeast species

by comparing the patterns of expression in an outgroup

(Candida albicans, whose genome is not duplicated and

therefore can be used to approximate the ancestral

expression state) to those of Saccharomyces cerevisiae gene

pairs that were formed by WGD [42]. In any case, the

models of subfunctionalization and neofunctionalization

are not incompatible (Figure 2a; [37]).

Results from recent polyploid plants and ancient WGDs

suggest that subfunctionalization and neofunctionaliza-

tion were responsible for the retention of many loci in
(Figure 2 Legend Continued ) maintain the dosage when imbalanced numb

hypothesis. Retention of regulatory genes in two copies is necessary, becau

which is not true for target genes.
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two copies after WGD. Rapid functional divergence may

not be the only explanation, however, and we discuss

some alternatives below. Moreover, the relative import-

ance of different mechanisms may differ among taxa,

depending on factors such as population size or the mode

of reproduction.

Other models for duplicate gene retention

Buffering of the genome against the consequences of

mutations that would otherwise be deleterious has been

suggested as a mechanism for duplicate gene retention.

The idea is that if one gene is knocked out, the other

provides a backup (Figure 2b). Chapman et al. [8�] found

that genes with a recent WGD paralog in rice and

Arabidopsis tend to show lower levels of within-species

non-synonymous nucleotide polymorphism than do sin-

gleton genes. Similar observations were made in poplar

[3�]. This result is inconsistent with the prediction of

rapid sequence evolution during neofunctionalization

and, together with the observation that retained dupli-

cate genes tend to be large and to encode multidomain

proteins, led Chapman et al. [8�] to propose instead that

selection for a buffering effect was a mechanism for

duplicate gene retention after plant WGDs. There are,

however, theoretical arguments why buffering alone

should only rarely lead to the preservation of a pair of

genes that are completely redundant in function (see
ers of the genes are lost. (e) One possible circuit for the balance

se deletion of one copy is lethal (in green on the extreme right),

Current Opinion in Genetics & Development 2007, 17:505–512
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discussion of Model 1 in reference [43]). In our view

the low non-synonymous polymorphism seen in retained

duplicates is another manifestation of the phenomenon

first noted in yeast and in nematode by Davis and

Petrov [44] (see also, in fish [13�]) that genes with

inherently slow rates of protein sequence evolution

(and hence expected to have low levels of non-synon-

ymous polymorphism) tend to survive more often after

duplication. A variety of hypotheses have been posed for

the mechanisms responsible for the association between

duplicate gene retention and low rates of non-synon-

ymous substitution. The association may be due to the

fact that a slow rate of evolution correlates with other

factors predisposing genes to be preserved in duplicate,

like the number of regulatory regions, the number of

protein–protein interactions, or a high level of expression

[44,45].

In addition to the buffering hypothesis, there are several

other models explaining why gene pairs having redun-

dant functions can be retained. One reason why some

gene pairs have been retained despite having apparently

redundant functions is that their redundancy could be an

illusion caused by our incomplete knowledge of their

full repertoire of functions. In yeast, numerous ancient

paralogous gene pairs can back each other up: one copy

compensates for the loss of the other if knocked out.

However, this sort of backup may only occur in particular

growth conditions [46], or alternatively it may be the

result of transcriptional changes caused by the knockout

itself [47]. Many WGD paralogs in yeast have different

patterns of expression under normal conditions and

most of their regulatory motifs differ, but in circum-

stances where one copy is knocked out, ‘responsive

backup circuits’ [47] can permit the transcriptional

reprogramming of one paralog to compensate for the

loss of the other (Figure 2c). Some examples of these

circuits, involving feedback loops and trans-regulation

between the two copies, are listed in reference [48].

Similarly, half of the WGD gene pairs in yeast tend to

belong to the same protein complexes, and these func-

tionally overlapping pairs show more divergence in

expression than do duplicates that do not belong to

the same complex [49].

Another model is related to the fact that the relative

stoichiometry of proteins belonging to the same complex

or to the same metabolic pathway must be maintained

after the duplication (Figure 2d). The model proposes

that interacting duplicates are retained for stoichiometry

just after WGD, but that gene regulation later evolves and

eventually allows one copy to be lost without affecting

protein levels. This effect is illustrated neatly in Para-
mecium [12��]. After the most recent WGD, there is a

strong pattern of retention of both copies of genes belong-

ing to known protein complexes (or metabolic pathways),

but this is not true of the older duplications.
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A final model attempts to explain the finding that tran-

scription factors and genes involved in signal transduction

are over-retained in duplicate after WGD, but not after

smaller scale DNA duplication events [11,16]. To explain

this, the balance hypothesis proposes that regulatory

genes are retained in duplicate because a change in their

relative number modifies the expression of the target

genes ([50], Figure 2e). Freeling and Thomas [51]

extrapolated these observations to make a chain of argu-

ments that we summarize as: (i) WGD tends to cause

complete sets of regulatory genes and of genes whose

products participate in protein–protein interactions to be

retained in duplicate, because of the need for balance; (ii)

the retention of these particular types of genes after each

successive WGD can be viewed as a ‘drive’, similar to

meiotic drive in the sense that it is inevitable and not

adaptive; (iii) these retained genes may have been used

for new purposes; and hence (iv) the increases in morpho-

logical complexity that occurred during the evolution of

both plants and animals may therefore have been passive

consequences of this ‘drive’, caused by WGD. Freeling

and Thomas are not arguing that morphological evolution

is non-adaptive, but that the limits to the amount of

complexity that an organism can attain were pushed

upwards by this process. Unfortunately, this model will

be very difficult if not impossible to test.

Conclusion
The plant kingdom is the uncontested big kahuna of

polyploidization, but simpler non-plant systems still offer

many lessons that can help us understand the waves of

successive WGDs that have washed over angiosperm

evolution. Recurrent trends can be observed in very

different taxa, such as the tendency to retain regulatory

genes in duplicate in many paleopolyploid genomes. It

would be a mistake, however, to think that the outcomes

of all WGDs are the same. (i) Different models of dupli-

cate gene retention are favored depending on the biology

of the species in question; for example, subfunctionaliza-

tion should be rare in species with large population sizes

[36]. (ii) Different processes are expected to be at work

depending on the age of the WGD as well. For example

genetically based functional divergence between gene

copies is expected to increase with time since WGD,

whereas epigenetic effects such as transcriptional silen-

cing are immediate. (iii) Differences are expected be-

tween autopolyploidization and allopolyploidization.

Most discussions of the process of duplicate gene reten-

tion have assumed that the two copies are identical at

birth, but this is untrue in the case of allopolyploidization.
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