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Episodes of whole-genome duplication (WGD) followed by gene loss dominate the evolutionary history of flowering plants.
Despite the importance of understanding gene evolution following WGD, little is known about the evolutionary dynamics of
this process. In this study, we analyzed duplicated genes from three WGD events in the Arabidopsis (Arabidopsis thaliana) lineage
using multiple data types. Most duplicated genes that have survived from the most recent WGD () are under purifying
selection in modern Arabidopsis populations. Using the number of identified protein-protein interactions as a proxy for
functional divergence, approximately 92.7% of a-duplicated genes were diverged in function from one another in modern
Arabidopsis populations, indicating that their preservation is no longer explicable by dosage balance. Dosage-balanced
retention declines with antiquity of duplication: 24.1% of a-duplicated gene pairs in Arabidopsis remain in dosage balance
with interacting partners, versus 12.9% and 9.4% for the earlier B-duplication and y-triplication. GO-slim (a cut-down version of
gene ontologies) terms reinforce evidence from protein-protein interactions, showing that the putatively diverged gene pairs are
adapted to different cellular components. We identified a group of a-duplicated genes that show higher than average single-
nucleotide polymorphism density, indicating that a period of positive selection, potentially driving functional divergence, may
have preceded the current phase of purifying selection. We propose three possible paths for the evolution of duplicated genes

following WGD.

With a growing number of genome sequences avail-
able, whole-genome duplication (WGD) has been found
to be widespread in the evolutionary history of many
species (Wolfe and Shields, 1997; Lynch and Conery,
2000; Bowers et al., 2003; Dehal and Boore, 2005).
WGD survives more frequently in plants than in an-
imals (Li, 1997), and most evidence comes from the
study of angiosperm (flowering plant) genomes (Tang
et al., 2008). In the eudicot lineage, an ancient whole-
genome triplication event predates the split of Arabi-
dopsis (Arabidopsis thaliana; Bowers et al., 2003), papaya
(Carica papaya; Ming et al., 2008), soybean (Glycine max;
Schmutz et al., 2010), poplar (Populus trichocarpa; Tuskan
et al., 2006), and grape (Vitis vinifera; Jaillon et al., 2007).
Following this ancient hexaploidy, two additional WGDs
occurred independently in both the Arabidopsis and
soybean lineages, and one in the poplar lineage, but
none in grape or papaya. In the monocot lineage, an
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ancient WGD estimated at approximately 70 million
years ago predated the divergence of the cereals (Paterson
et al., 2004), with a more ancient duplication also evi-
dent (Tang et al., 2010). Besides the two ancient WGDs,
a more recent WGD (approximately 11.9 million years
ago) was found in maize (Zea mays; Blanc and Wollfe,
2004a; Swigonova et al., 2004), and many additional
grasses are neopolyploids or recent paleopolyploids.
Two additional ancestral WGDs may have contrib-
uted to the rise of seed plants and flowering plants
(Jiao et al., 2011).

Gene duplication has been widely accepted as an
important factor in evolution. Many models have
been proposed to account for this process, including
neofunctionalization (Ohno, 1970), subfunctionalization
(Force et al., 1999), adaptive conflict (Hughes, 1994; Des
Marais and Rausher, 2008), dosage balance (Papp et al.,
2003; Birchler and Veitia, 2007; Liang et al., 2008), benefit
of increasing dosage (Romero and Palacios, 1997), paral-
ogous heterozygote advantage (Spofford, 1969; Proulx
and Phillips, 2006), and adaptive radiation (Francino,
2005), which have been reviewed in detail (Zhang, 2003;
Van de Peer, 2004; Conant and Wolfe, 2008, Ponting,
2008; Innan and Kondrashov, 2010). Early study of gene
duplications rarely discriminated between duplication
types and treated all duplicated genes as homologous
gene sets. More recent studies generally differentiate be-
tween genes derived from small-scale duplication and
WGD (Davis and Petrov, 2005; Hakes et al., 2007).
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Genes duplicated by WGD experience a variety of
fates, with the most frequent being nonfunctionalization
and/or the loss of one member of such gene pairs.
Genes retained in duplicate for long periods after
WGD show greater than average representation of
members of signal transduction and transcription factor
gene families, and genes involved in DNA repair have
been preferentially lost in Arabidopsis and rice (Oryza
sativa; Blanc and Wolfe, 2004b; Maere et al., 2005;
Freeling and Thomas, 2006; Paterson et al., 2006). By
one estimate, approximately 57% of the retained du-
plicated genes are diverged in function following the
most recent WGD in Arabidopsis (Blanc and Wolfe,
2004b). Analysis of very recent WGD gene pairs from
Arabidopsis reveals reduced levels of nucleotide poly-
morphism, indicating a possible selective sweep soon
after duplication (Moore and Purugganan, 2003). In
modern populations, the coding regions of WGD
duplicated genes appear to be more evolutionarily
constrained than those of singleton genes, perhaps
suggesting that some paralogous genes may buffer
essential functions at an early stage of duplication
(Chapman et al., 2006).

A particularly important model underlying gene
evolution following WGD is the dosage-balance model
(Birchler and Veitia, 2007), based on the hypothesis
that retained duplicated genes are dosage sensitive
and depend on each other. Under this model, gene
pairs that are retained tend to be balanced in dosage
with each other. Loss of only one such gene causes
imbalance and decreases fitness. Gene pairs may be
duplicated or lost synchronously.

The primary assumption of the dosage-balance
model, that the functions of retained genes should re-
main unchanged throughout evolutionary time, is
problematic. For example, this contradicts the finding
that 57% of the recent WGD gene pairs have diverged
in function in Arabidopsis (Blanc and Wolfe, 2004b).
Under the dosage-balance model, retained duplicated
genes might also be predicted to have protein inter-
action partners that are also retained as duplicated
genes from the same WGD event, a prediction that can
now be tested. Although the dosage-balance hypoth-
esis applies well in gene family evolution in yeast
(Saccharomyces cerevisiae; Papp et al., 2003), it has been
used widely to account for the preservation of WGD
genes in plants (Freeling and Thomas, 2006; Birchler
and Veitia, 2010). The much smaller effective popula-
tion size of plants than yeast, and the associated greater

tolerance of mutations that are initially slightly delete-
rious, may lead to profound differences in the fates of
genes and mutations in yeast and higher plants, re-
spectively (Lynch et al., 1995). Furthermore, the dy-
namics of gene evolution following WGD is not well
understood.

Could the dosage-balance hypothesis explain the
pattern of retention of duplicated genes following
WGD? Do the functions of genes diverge after du-
plication? Does this process follow genetic drift or is it
driven by selection? In this study, we used multiple
types of genome-wide data in Arabidopsis to (1)
further evaluate the dosage-balance hypothesis; (2)
reevaluate gene functional divergence following WGD
using protein-protein interaction data; and (3) analyze
selection pressure in gene pairs formed by WGD. We
propose a model that reconciles these findings with
prior theory and results in three general evolutionary
paths that may be taken by duplicated genes follow-
ing WGD.

RESULTS
Gene Function Divergence following WGD

The functional relationship between gene pairs is an
important factor in studying gene evolution following
WGD. A total of 13,568 nonredundant protein-protein
physical interaction pairs involving 5,531 genes to date
are verified by various experiments in Arabidopsis
(Stark et al., 2006; Arabidopsis Interactome Mapping
Consortium, 2011). Based on these data, there are
464 (12.8%), 162 (11.2%), and 76 (14.6%) duplicated
gene pairs that are known to have interaction partners
for a-, B-, and y-WGD events, respectively (Table I). To
investigate functional divergence between members of
duplicated gene pairs, we define a function index
based on the genes that they interact with (see “Ma-
terials and Methods”). The function of a gene could be
indicated by the genes it interacts with. We assume
that two duplicated genes share the same group of
interaction partners immediately following duplica-
tion (Zhang, 2003). As function diverges, we expect the
members of a duplicated gene pair to acquire new
interaction partners and/or lose original partners. The
number of different interaction partners would thus be
a measure of the function divergence between dupli-
cated gene pairs (Supplemental Fig. S1).

Table 1. Statistics of protein-protein interaction data in different WGD categories

No. of Genes No. of Gene Pairs in Which

No. of Gene Pairs

Total No. of ) No. of Gene Pairs in Which  No. of Duplicate Gene Pairs ;
web Gene Pairs That Have Only a Single Gene Has Both Genes Have Interactors Interacting with Each Other Showing Doasage
Interactors Interactors Balance
a 3,614 1,822 894 464 69 871
B 1,451 721 397 162 24 187
b7 521 285 133 76 17 49

“The number of gene pairs whose interaction partner maintains the duplication status from the same WGD event.
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Using protein-protein interaction as a proxy for
function, we studied functional divergence between
duplicated genes. Figure 1 shows the degree of func-
tional divergence of gene pairs derived from three
WGD events in Arabidopsis plotted against putatively
neutral sequence divergence measured by the synon-
ymous substitution rate (Ks). Gene pairs from y-WGD
show significantly higher function index than a- and
B-WGD gene pairs (Student’s ¢ test, P = 0.0278 and P =
0.0116). Almost all gene pairs are diverged in function
at Ks > 2. This trend is also exemplified in that most
duplicated genes from the y-WGD event are diverged
in function (Supplemental Fig. S2). Random sampling
of functionally nonrelated gene pairs (Blanc and Wolfe,
2004b) found 57% of recent duplicated gene pairs to
show function divergence with a correlation coefficient
cutoff of r = 0.52, with a 5% false-positive rate. Our
findings suggest that their estimation might be conser-
vative: of 464 gene pairs derived from the most recent
WGD, 92.7% had different interaction partners, indicat-
ing the divergence of function, compared with 97.3% for
the more ancient y-WGD. There is a subset of duplicated
gene pairs that are completely diverged in function (i.e.
with no shared interaction partners), unexpectedly faster
than other gene pairs produced at the same time, which
indicates selection driving them to diverge in function.

Strong evidence of a trend toward function diver-
gence contrasts with the central assumption of the
dosage-balance hypothesis as a mechanism to explain
duplicate retention for these genes. In this respect, we
further divided duplicated gene pairs from WGDs into
three groups according to their function-divergence
status: conserved gene pairs (numbering 52) that share
all interaction partners, partially diverged gene pairs
(166) that share some interaction partners, and fully
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Figure 1. Function divergence between duplicated Arabidopsis genes
on the time scale measured by Ks. Blue dots represent duplicated gene
pairs from the a-WGD event (most recent), green dots from the B-WGD
event, and red dots from the y-WGD event (most ancient). ppi, Protein-
protein interaction.
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Figure 2. Categories of WGD-duplicated genes based on the diver-
gence of protein interaction partners. Blue circles represent WGD-
duplicated paralogous gene pairs. Orange squares are the original
interacting partners shared by both copies. Red triangles are newly
gained interacting partners indicating function divergence. Arrows
suggest the process of function divergence of WGD-duplicated genes.
The top and bottom paths refer to divergence by loss and gain of in-
teraction partners, respectively.

diverged gene pairs (211) that share no interaction
partners (Fig. 2).

Conserved, partially diverged, and fully diverged
gene pairs differ in several important ways. First, the
three groups differ by the types and proportions of
protein domains that they contain (Supplemental Fig.
S3). We searched the Pfam protein domain database
for each pair of genes in all three groups (Finn et al.,
2010). Genes in the fully diverged group show signif-
icantly higher numbers of protein domain types than
genes in the other two groups (Mann-Whitney U test,
P = 0.000175 and P = 0.0072). Second, there is a dif-
ference of gene function enriched in each group, as
indicated by GO-slim terms, a subset of the terms in
the whole gene ontology. Genes functioning in mito-
chondria and involved in electron transport or energy
pathways are significantly enriched in the conserved
and partially diverged groups (Supplemental Table
S1). The enriched gene functions also differ in signifi-
cance between partially and fully diverged groups,
although they overlap. Genes responsive to abiotic or
biotic stimulus and stress and involved in signal
transduction are enriched in partially diverged groups
at a higher significance level. Genes functioning as
protein binding and working in the cytosol and plasma
membrane are most enriched in the fully diverged
group. Third, gene coexpression correlation also differs
between the three functional groups (Supplemental Fig.
54), with the conserved group showing a higher level
of correlation in expression profiles and the partially
and fully diverged groups showing progressively lower
correlations. The difference between the fully diverged
group and the other two groups reaches statistical
significance (Mann-Whitney U test, P = 0.0357 and
P = 0.0123), but this trend clearly parallels protein-
protein interaction data, suggesting that the three
function-divergence groups reflect different evolutionary
dynamics.
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Gene Function Divergence According to GO-slim Terms

To further investigate the functional divergence be-
tween the three groups, we studied the gene anno-
tation of duplicated gene pairs. We classified gene
annotation divergence in each of three function cate-
gories defining different aspects of the function of a
gene (Harris et al., 2004), namely cell component,
molecular function, and biological process, for each
function-divergence group (Fig. 3). If we consider
members of duplicated gene pairs differing in at least
one function category to have experienced function
divergence, then 73% of the most recent WGD genes
show function divergence compared with 77% for S
and 82% for 7.

A
Cellular Molecular
Component Function
15(28.8) 2(3.8)
2(3.8)
3(5.8)
9(17.3) AR
13(25.0) 6(11.5)
Biological
Process
C
Cellular Molecular
Component Function
37(17.5) 11(5:2)
7(3.3)
45(21.3)
45(21.3) 14(6.6)
34(16.1
( ) 18(8.5) Biological
Process

A total of 84% of genes differ by at least one of three
function categories in the fully diverged group, 77% for
the partially diverged group, and 75% for the conserved
group. A higher proportion of duplicated gene pairs in
the fully diverged group show divergence in the cell
component function category than the other two groups
(Fig. 3D). For example, AT2G16600 and AT4G34870
both function in chloroplast, cytosol, and plasma
membrane, but AT4G34870 also functions extracellu-
larly. Likewise, genes AT1G16030 and AT1G79930 de-
rived from WGD both function in cytosol and plasma
membrane. However, AT1G16030 also functions in cell
wall and chloroplast, while AT1G79930 functions in the
nucleus. Many such cases are identified in the fully

B
Cellular Molecular
Component Function
28(16.9
( ) 8(4.8)
5(3.0)
23(13.9)
25(15.1) 16(9.6)
38(22.9) 23(13.9)
Biological
Process
D
0.8
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Figure 3. Function divergence indicated by GO-slim terms. Venn diagrams show the numbers of diverged gene pairs in three
Gene Ontology (GO) function categories. The integer indicates the number of gene pairs that shows diverged GO annotations
in the function category. The number in parentheses shows the percentage. The numbers outside all three circles represents the
number (percentage) of nondiverged gene pairs in all three GO function categories. A, Conserved. B, Partially diverged. C, Fully
diverged. D, Proportion of diverged gene pairs in each GO category.
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diverged group (Supplemental Table S2). It is important
to note that protein interactions that happen within
plasma membranes are harder to recover in screens like
yeast two-hybrid analysis, perhaps contributing to the
enrichment of these gene pairs in the fully diverged
category.

Dosage Balance and Retention of Duplicated Genes

According to the dosage-balance hypothesis, inter-
acting genes should remain at the same level of du-
plication; that is, if one gene retains a duplicated copy,
then its interacting gene(s) should also be retained in
duplicate. To test this, we searched all the interactive
gene pairs (based on 13,568 interactions available) in
each of three WGDs in Arabidopsis and found 871,
187, and 49 duplicated pairs from a-, 8-, and y-WGDs
that have the same copy number as their interaction
partners from the same WGD event, consistent with
the dosage-balance hypothesis (Table I). In contrast,
1,046, 436, and 170 duplicated gene pairs have lost/
gained an interacting partner following WGD, in
conflict with the dosage-balance hypothesis. Dosage-
balanced retention declines steadily with the antiquity
of duplication: 24.1% of duplicated gene pairs from
the most recent WGD in Arabidopsis have remained
in dosage balance with interacting partners, versus
12.9% and 9.4% for the earlier B-duplication and
y-triplication.

Selection Underlying the Divergence of Functions of
Duplicated Genes

The study of protein-protein interaction data above
suggests that 92.7% of the paralogous gene pairs may
have diverged in function since the most recent WGD
event in Arabidopsis. Evidence from an analysis of
protein functional domains and GO-slim annotation
terms shows that patterns of functional divergence
have not been random but have differentially af-
fected gene functional groups, implying the action of
selection.

To investigate the nature of the selection pressure
contributing to functional divergence between dupli-
cated gene pairs, we first compared the ratio of the
number of nonsynonymous substitutions per non-
synonymous site (Ka) to the number of synonymous
substitutions per synonymous site (Ks) of duplicated
gene pairs among the three function-divergence groups
(Fig. 4). Duplicated genes from all three groups have
low Ka/Ks ratios, indicating that they are generally
under purifying selection. The fully diverged group
shows the lowest Ka/Ks ratio (i.e. strongest evidence of
purifying selection), although it could not be distin-
guished statistically from that of the conserved group.
Curiously, the Ka/Ks ratio of the partially diverged
group is marginally larger than that of the fully di-
verged group (Mann-Whitney U test, P = 0.0934), sug-
gesting that the genes in this group are experiencing
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Figure 4. Comparison of Ka/Ks ratios among function-divergence
groups. The mean Ka/Ks ratio in each group is shown with a black bar,
with error bars indicating se. Two-sample independent t tests show that
there is significant difference between partially and fully diverged
groups (P = 0.0371). [See online article for color version of this figure.]

weaker purifying selection or an averaging of stronger
positive and negative selection.

Single-Nucleotide Polymorphism

Selection commonly affects the density of single-
nucleotide polymorphism (SNP) near loci under se-
lection. Low SNP frequency in a population indicates
loci that have recently experienced strong positive se-
lection (Hartl and Clark, 2007). Indeed, loci that are
under diversifying selection usually exhibit lower SNP
density than the average across the genome (Moore
and Purugganan, 2003).

We compared the coding SNP density of duplicated
genes from the three function-divergence groups (Fig.
5). The SNP density of all three groups is significantly
lower than genome-wide coding SNP density. This is
not readily explained by traditional evolutionary the-
ory, which predicts an increase in polymorphism be-
tween duplicated genes due to function redundancy.

A recent study shows that nonreciprocal DNA ex-
changes, such as “illegitimate recombination” or “gene
conversion,” might be a major driver of concerted
evolution, reducing the polymorphism rate between
duplicated genes (Wang et al., 2009). To test this, we
performed a phylogenetic comparison of gene quartets
from Arabidopsis and Arabidopsis lyrata, which di-
verged more recently than the a-WGD. Among 39,
125, and 141 gene quartets from conserved, partially
diverged, and fully diverged groups that could be
tested, only one case (from the partially diverged
group) shows evidence of gene conversion, reflected as
greater similarity of a-WGD paralogs within a nucleus
than orthologs between the species (Fig. 5). Therefore,
we conclude that the low SNP rate in WGD-duplicated
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Figure 5. Comparison of coding SNP density in modern Arabidopsis
populations among different function-divergence groups. Black bars
indicate means of coding SNP density, with error bars indicating st.
Mann-Whitney U tests show that the SNP density of gene pairs in the
partially diverged group is significantly lower than that of fully di-
verged and conserved groups (P=2.619e-11 and P=0.000349). There
is no significant difference between the fully diverged and conserved
groups. The red line indicates the genome-wide average of coding SNP
density. [See online article for color version of this figure.]

genes could not be explained by gene conversion. In-
stead, the data indicate that positive selection might
have affected most of the a-WGD-duplicated genes.
However, the significantly lower SNP density of du-
plicated gene pairs of the partially diverged group
than the fully diverged and conserved groups (Mann-
Whitney U test, P = 2.619e-11 and P = 0.000349) sug-
gests that selective sweeps may have affected the
partially diverged group more recently than the other
groups.

BLOSUMS0 Score

To further study the nature of selection pressure
acting on duplicated gene pairs, we compared the se-
verity of nonsynonymous SNPs among the three
function-divergence groups. We used the BLOSUMS80
amino acid substitution matrix, which assigns each
amino acid substitution a score according to its fre-
quency of occurrence in protein sequence alignments
that are more than 80% identical. Less frequent
substitutions are inferred to represent more severe
changes to protein function. Loci that have experi-
enced positive selection would be expected to have
increased average severity of nonsynonymous SNPs
relative to others in the population. Figure 6A shows
that in the modern Arabidopsis population, there are
significantly larger numbers of severe nonsynonymous
substitutions in the fully and partially diversified
groups than in the conserved group (Mann-Whitney
U test, P = 0.00183 and P = 0.00233). It also shows that
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nonsynonymous SNPs cause more severe changes
to protein functions in the fully diversified group
than the genome-wide average. In contrast, most
nonsynonymous SNPs in genes of the conserved
group have relatively minor effects on protein function,
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Figure 6. Comparison of the severity of nonsynonymous nucleo-
tide polymorphism in modern Arabidopsis populations among
function-divergence groups. Average BLOSUMS8O0 score over all
nonsynonymous SNPs in each duplicated gene is calculated as a mea-
sure of the severity of amino acid changes, with smaller BLOSUM80
scores indicating greater severity. The red lines indicate the genome-
wide average of BLOSUMS80 scores. A, Comparison of the mean
BLOSUMB80 scores among function-divergence groups, with error bars
indicating se. Mann-Whitney U tests show that there are significantly
larger numbers of severe nonsynonymous substitutions in the fully and
partially diversified groups than in the conserved group (P = 0.00183
and P =0.00233). B, Comparison of coding SNP severity and degrees
of expression divergence for each duplicated gene pair. Linear re-
gression of the mean BLOSUMS8O0 score is shown as a broken line
with the function of the regression line. [See online article for color
version of this figure.]
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lower than the genome-wide average. These obser-
vations provide further evidence that duplicated gene
pairs from the fully diversified groups have been or
are under diversifying selection.

SNP severity is directly related to gene expression
divergence. We plotted the BLOSUMS80 score against
coexpression correlations between duplicated gene
pairs from the most recent WGD (Fig. 6B). Duplicated
gene pairs with lower expression correlation contain
more severe amino acid substitutions than those with
higher expression correlation, consistent with the in-
ference that function divergence between duplicated
genes has been driven by diversifying selection. The
most recent WGD duplicated genes show less severe
amino acid substitutions than the average of all genes
in the genome. This indicates that most beneficial
nonsynonymous SNPs have been driven to high fre-
quency in the population sometime in the past and
that purifying selection is now generally purging se-
vere nonsynonymous SNPs.

DISCUSSION

Interrelationships among several different data
types relating to gene function, considered in the
context of three different episodes of duplication sep-
arated by tens of millions of years, illustrate divergent
paths for the retention of duplicated genes following
WGD. While paleoduplicated genes still present in
Arabidopsis are generally under purifying selection,
consistent with prior findings (Chapman et al., 2006),
many show evidence of having experienced a diver-
sifying selection phase before returning to purifying
selection in modern populations. Populations of du-
plicated genes that formed at the same time now range
from being “fully diverged” in protein-protein inter-
action partners and expression patterns across cell
components to being “conserved,” retaining similar
protein-protein interaction partners and closely corre-
lated expression patterns.

The Dosage-Balance Hypothesis

Dosage balance has been used to explain the pref-
erential retention of duplicated genes after WGD
(Birchler and Veitia, 2007). Some authors suggest that
gene-balanced duplications provide a sufficient ex-
planation for the morphological complexity of both
plant and animal eukaryotic lineages (Freeling and
Thomas, 2006). However, a key assumption of the
dosage-balance hypothesis is that both members of
duplicated gene pairs should retain original gene
functions. Many studies show that the functions of
genes retained in duplicate for long time periods are
generally diverged (Gu et al., 2002; Wagner, 2002;
Makova and Li, 2003; Blanc and Wolfe, 2004b; He and
Zhang, 2005). This study suggests that approximately
90% of these genes have diverged in protein interac-
tion partners. The dosage-balance hypothesis and its
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assumption of conserved gene function are quite rea-
sonable immediately after WGD, particularly under
autopolyploidy, in which two duplicated genes are
nearly if not fully identical. However, it is problematic
to apply the dosage-balance hypothesis to explain
retained duplicated genes that have substantially di-
verged in function, as appears to be the case for most
genes after a long evolutionary time. Another predic-
tion of the dosage-balance hypothesis is that both
members of protein interaction pairs should have the
same duplication status, which now only holds true
for approximately 24% of duplicated gene pairs from
the most recent Arabidopsis WGD (i.e. the majority of
retained duplicated genes are no longer in dosage
balance with their interaction partners). These obser-
vations might be reconciled if dosage balance is a
major player in duplicate retention soon after WGD,
with its effect gradually declining in the long term.

Our findings are essentially consistent with the
recently proposed “two-phase adaptation process” of
WGD gene evolution (Bekaert et al., 2011). The dosage
balance of regulatory genes might contribute to many
biological processes (Birchler et al., 2005), a hypothesis
also supported by our analysis (Supplemental Table
S1).

We note that a small but distinctive group of genes
show no functional divergence (function index = 0)
even after extensive neutral sequence divergence.
Genes with kinase and transcription factor activity are
among the most significantly enriched functions in this
group, although they are also enriched in partially and
fully diverged groups. Genes functioning in mitochondria
and involved in electron transport or energy pathways
are enriched only in the conserved group (Supplemental
Table S1), suggesting that genes involved in energy
production are particularly unlikely to experience
subfunctionalization/neofunctionalization when com-
pared with all duplicated genes in the Arabidopsis
genome.

Function Divergence by Microadaptation

Through the analysis of protein-protein interaction
data, we identified a group of genes that are fully di-
verged in interaction partners identified to date be-
tween members of duplicated gene pairs. Population
SNP patterns indicate that these genes might have
been affected by ancient selective sweeps (Figs. 4-6).
Analysis of GO-slim annotations shows that a higher
proportion of fully diverged than partially diverged or
conserved duplicated genes are diverged in the cell
component category (Fig. 3D). For most diverged gene
pairs, one member is adapted to at least one unique
compartment (Supplemental Table S2).

These lines of evidence support the notion that
purifying selection on both genes is relaxed following
WGD, allowing either member to accumulate func-
tional mutations that sometimes result in the explora-
tion of new biochemical niches. Higher SNP density in
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gene pairs of the fully diverged group may indicate
that they experienced positive selection earlier than the
partially diverged duplicated genes, with the popula-
tion SNP density now restored and purifying selection
(observed by Ka/Ks ratio) acting to preserve the new
functions indicated by GO-slim annotation. This in-
ference is consistent with their greater divergence in
protein interaction partners. If the new biochemical
niche enhances the fitness of an organism in its envi-
ronment, the causal mutation should spread rapidly in
the population. We call this process microadaptation,
due to its being vividly similar to conventional adap-
tation selection.

What forces drive microadaptation? In most cases,
WGD causes the instability of neopolyploids and re-
duces the fitness of the host (Comai, 2005, Mayrose
et al, 2011). However, genome sequence data show
that all flowering plant species can be traced to a
polyploid ancestor. Appropriate molecular mecha-
nisms that contribute to the occasional survival of
polyploid plants are not clear yet. Our discovery of a
group of duplicated genes that show extensive func-
tion divergence driven by microadaptation might have
contributed to this process. For example, many fully
diverged gene pairs now working in different cell
components (i.e. with different GO-slim annotations;
Fig. 3D; Supplemental Table S2) may reflect greater
fluidity of cellular membrane systems and may have
conferred increased survival at low temperatures. In-
deed, polyploid plants are more abundant in cold than
in warm environments, for example, increasing from
31% in Sicily to 54.5% in Iceland (Tischler, 1935) and
showing similar patterns in other areas (Johnson and
Packer, 1965; Soltis and Soltis, 1999; Brochmann et al.,
2004). The Cretaceous-Paleogene extinction event,
suggested by some to be associated with a selective
advantage for polyploids (Fawcett et al.,, 2009), may
have been due not only to asteroid impact but to cli-
mate change, having been preceded by several million
years of global cooling (Raup, 1986).

Gene Evolution after WGD in Plants

The dosage-balance hypothesis stresses that purify-
ing selection on dosage balance determines the reten-
tion of duplicated genes. The dosage-balance model
per se does not address the mechanisms of evolu-
tionary innovation, although the preservation of some
genes in duplicate is an essential first step toward
permitting such mechanisms to operate. Many WGD
events in plants have been closely related to species
diversity and complexity (Swigonova et al., 2004; Jiao
et al.,, 2011). Freeling and Thomas (2006) noted that,
“In order to recruit a diverged, duplicate functional
module to a new boundary, gene dosage sensitivity
must be avoided or mitigated.” In this sense, dosage
balance may be regarded as a source of purifying se-
lection on the copy numbers of genes that are involved
in protein complexes rather than a general model for
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post-WGD gene evolution. Moreover, dosage balance
applies with less efficiency in plants than in single-
celled organisms, where the hypothesis was first
proposed. Microbes have vastly larger effective pop-
ulation sizes and more intense selection on genome
size, so only the few rare events that confer strong
advantages are likely to be maintained very long
(Lynch et al., 1995). Plant species usually have rela-
tively small effective population sizes, and duplica-
tions that are neutral or even slightly deleterious may
very well persist for some time, allowing subsequent
changes that either make them advantageous or purge
them.

Both the level of functional divergence between gene
pairs and the percentage of gene pairs that have di-
verged increase with time since duplication. However,
rather than being a continuous process, our findings
suggest that divergence occurs in a more episodic
manner, by one of three evolutionary paths. In path I,
purifying selection protects both gene copies from
functional divergence immediately following a WGD
until purifying selection is reduced or removed. The
source of purifying selection could be, for example,
dosage balance. When purifying selection is removed,
one or both duplicated genes may follow path II, with
relaxed selection. The speed of functional divergence
may depend on the rates of single-nucleotide muta-
tion, unequal crossover, transposable element visita-
tions, gene conversion, and other factors. These factors
may vary widely among lineages or even among lo-
cations within a genome; for example, euchromatin is
substantially different from heterochromatin. Once
mutagenesis alters the function of one copy, purifying
selection may immediately act on the other copy. The
divergence of function between the two copies may
continue to grow unless/until the new function be-
comes fixed. In path III, purifying selection on each
member of a duplicated gene pair is relaxed immedi-
ately following a WGD. Many such genes may simply
be lost, as are the vast majority of duplicated genes,
but a few may now follow path II. If an altered func-
tion of one copy is beneficial, becoming fixed and then
subjected to purifying selection, microadaptation has
taken place. In partial summary, different sets of WGD-
duplicated genes may follow different evolutionary
paths following a WGD. In the context of our three
proposed paths, it important to note that purifying
selection is not a binary trait but can occur to varying
degrees; indeed, any nonpseudogene experiences some
level of purifying selection.

Genetic drift and diversifying selection are the two
ways by which polyploidy can be fixed in a popula-
tion. Plant species usually have relatively small effec-
tive population size (e.g. compared with microbes),
which makes genetic drift relatively more effective.
However, some evidence suggests that the survival of
polyploid plants may often coincide with the occur-
rence of extreme environments (Raup, 1986; Crow and
Wagner, 2006, Fawcett et al., 2009), suggesting that
adaptive selection might play a key role in fixing
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paleopolyploidy in the population. In conclusion, we
suggest that it may be of singularly high importance to
the evolution of natural polyploid plants that at least a
subset of genes experience path III.

MATERIALS AND METHODS
Duplicated Genes

Duplicated genes from three WGDs in Arabidopsis (Arabidopsis thaliana)
were defined as described (Bowers et al., 2003).

Protein-Protein Interaction Analysis

To investigate gene functions, we used empirical protein-protein interaction
data for Arabidopsis from BioGRID version 3.1.76 (Stark et al., 2006) and an
interactome study (Arabidopsis Interactome Mapping Consortium, 2011). All
nonphysical interactions are excluded. A total of 13,568 physical interaction
gene pairs are used after further removing redundant pairs. Data are derived
from one of the following experiments: affinity-capture (mass spectrometry,
RNA, and western), biochemical activity, cocrystal structure, cofractionation,
colocalization, copurification, far western, fluorescence resonance energy
transfer, protein-fragment complementation assay, protein-peptide, protein-
RNA, reconstituted complex and two-hybrid analyses.

Function index is defined by proportions of unique interactions divided by
the total number of interactions of duplicated gene pairs. For example, for
duplicated gene pair A and B: 4, as the number of interactions of gene A; b, as
the number of interactions of gene B; s, as the number of common interaction
partners shared by A and B; u, as the number of unique interaction partners of
gene A; v, as the number of unique interaction partners of gene.

The function index of gene pair A and B is given by

flu+0)
a+b—s

where f is a weighting factor defined as (a + b)/max(t) and ¢ is a vector of the
number of interaction partners for all gene pairs from three WGDs. f gives
different weight to gene pairs, as it is more informative for gene pairs with a
larger number of interaction partners than for those with fewer partners.

Gene Coexpression Analysis

Arabidopsis gene expression data obtained with the Affymetrix ATHI1
Genome Array (GPL198) were downloaded from the National Center for
Biotechnology Information Gene Expression Omnibus database (Suyama et al.,
2006). There are 65 data sets and 7,421 samples. Data were normalized using
the robust multiarray average algorithm implemented in the Bioconductor
packages of statistical computing language R (Gentleman et al., 2004). We fur-
ther filtered the data set to remove outlier data points using arrayQualityMetrics
in the Bioconductor packages (Kauffmann et al., 2009). Each gene expression
profile was compared with all other genes using the standard Pearson correla-
tion coefficient.

SNP Analysis

Genome-wide SNP data from Arabidopsis were downloaded from Biomart
(release 5) in the Ensembl plants database (http://plants.ensembl.org/index.
html). To assess the severity of nonsynonymous SNPs, an average BLOSUMS80
score over all nonsynonymous polymorphisms for each gene is calculated
based on the BLOSUMBS0 protein substitution matrix (Henikoff and Henikoff,
1992).

Gene Ontology Analysis

In order to get a functional overview of the genes, the GO-slim classification of a
gene was determined (Larkin et al., 2007). All records are derived from literature-
based annotations and protein domain-based electronic annotations. Gene function
divergence in each Gene Ontology function category is defined by the number of
differential annotation terms between duplicated gene pairs in each category.
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Calculation of Ka and Ks Values

Protein sequences were aligned using ClustalW (Larkin et al., 2007). Coding
sequence alignments were guided by protein sequence alignment using
PAL2NAL (Suyama et al., 2006). Ka and Ks values were calculated using the
Nei-Gojobori method implemented in the yn00 program in the PAML package
(Yang, 2007).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Distribution of unique protein-protein interac-
tion partners in duplicated gene pairs.

Supplemental Figure S2. Comparison of the distribution of protein-protein
interaction categories in duplicated gene pairs.

Supplemental Figure S3. The number of unique protein domain in three
functional groups.

Supplemental Figure S4. Gene expression correlations among three func-
tional groups.

Supplemental Figure S5. A gene quartet from Arabidopsis and Arabidopsis
lyrata suggests gene conversion.

Supplemental Table S1. Function enrichment of three functional groups
indicated by GO-slim terms.

Supplemental Table S2. Cell component divergence between duplicated
gene pairs in the fully diverged group.
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