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Recent analysis of complete eukaryotic genome sequences has
revealed that gene duplication has been rampant. Moreover, next
to a continuous mode of gene duplication, in many eukaryotic
organisms the complete genome has been duplicated in their
evolutionary past. Such large-scale gene duplication events have
been associated with important evolutionary transitions or major
leaps in development and adaptive radiations of species. Here, we
present an evolutionary model that simulates the duplication
dynamics of genes, considering genome-wide duplication events
and a continuous mode of gene duplication. Modeling the evolu-
tion of the different functional categories of genes assesses the
importance of different duplication events for gene families in-
volved in specific functions or processes. By applying our model to
the Arabidopsis genome, for which there is compelling evidence
for three whole-genome duplications, we show that gene loss is
strikingly different for large-scale and small-scale duplication
events and highly biased toward certain functional classes. We
provide evidence that some categories of genes were almost
exclusively expanded through large-scale gene duplication events.
In particular, we show that the three whole-genome duplications
in Arabidopsis have been directly responsible for >90% of the
increase in transcription factors, signal transducers, and develop-
mental genes in the last 350 million years. Our evolutionary model
is widely applicable and can be used to evaluate different assump-
tions regarding small- or large-scale gene duplication events in
eukaryotic genomes.

Arabidopsis | functional categories | gene retention

hirty-five years ago, Susumu Ohno (1) outlined the potential

role of gene duplication as the driving force behind the
evolution of increasingly complex organisms. Recent analysis of
complete eukaryotic genome sequences has revealed that gene
duplication has indeed been rampant (2-4). Furthermore, many
eukaryotic organisms had their whole genome duplicated, some-
times more than once (5, 6). In particular such large-scale gene
duplication events have been considered of major importance
for evolution and increase in biological complexity (1, 7-10).

Lynch and Conery (2) were among the first to investigate the
overall degree of gene duplication and gene loss in completely
sequenced genomes. When the number of duplicated pairs of
genes is plotted against their age, inferred from the number of
synonymous substitutions per synonymous site (Ks), the resulting
age distributions exhibit a typical L shape, with many recently
duplicated genes and much fewer older duplicates. Based on
these age distributions, Lynch and Conery (2) suggested a
steady-state stochastic birth—-death model for the dynamics of
duplicate populations, from which they inferred the overall rate
of gene duplication and gene loss. However, the gene birth and
death model proposed by Lynch and Conery (2) does not take
into account larger-scale gene duplication events, such as pa-
leopolyploidy events.

Here, we propose a generally applicable evolutionary model
that simulates the birth and death of genes based on observed
age distributions of duplicates, considering small-scale, contin-
uously occurring local duplication events (hereafter referred to

5454-5459 | PNAS | April 12,2005 | vol. 102 | no. 15

as OR) and duplication events affecting the whole genome. In the
present study, this model is applied to the Arabidopsis genome.
There is compelling evidence based on the identification and
delineation of intergenomic homology and phylogenetics that
the Arabidopsis genome has been duplicated three times (events
hereafter referred to as 1R, 2R, and 3R) during the last ~350
million years (11-14). Because Arabidopsis has undergone sev-
eral well documented rounds of genome duplication, it is an ideal
model system to study gene retention that occurs after ancient
polyploidy events versus small-scale gene duplication events.
Furthermore, by applying this computational model to different
functional categories of genes, we can assess the importance of
different gene duplication events for the evolution of specific
gene functions or biological processes and pathways.

The aims of our study were fivefold: (i) to develop an
evolutionary model that can take into account whole-genome
duplication events in addition to the continuous mode of dupli-
cation, (ii) to use this model to investigate whether there is a
difference in gene loss for genes created during small-scale
(continuous) or large-scale (global) duplication events, (iii) to
investigate whether duplicated genes indeed form a functionally
biased set in small-scale and large-scale gene duplication events,
(iv) to investigate whether gene decay and gene retention were
similar for the successive whole-genome duplication events in
Arabidopsis, and (v) to infer the number of Arabidopsis genes
before the gene and genome duplication events considered in the
present study.

Methods

Identification of Paralogs. An all-against-all protein sequence
similarity search was performed by using BLASTP (with an
E-value cutoff of e~19) (15). Sequences alignable over a length
of 150 amino acids with an identity score of 30% were defined
as paralogs, according to ref. 16. Gene families were built
through single-linkage clustering.

Dating of Paralogous Gene Pairs. Synonymous substitutions do not
result in amino acid replacements and are, in general, not under
selection. Consequently, the rate of fixation of these substitu-
tions is expected to be relatively constant in different protein-
coding genes and, therefore, to reflect the overall mutation rate.
As a result, the fraction of synonymous substitutions per syn-
onymous site (Ks) is used to estimate the time of duplication
between two sequences. All pairwise alignments of the paralo-
gous nucleotide sequences belonging to a gene family were made
by using CLUSTALW (17), with the corresponding protein se-
quences as alignment guides. Gaps and adjacent divergent
positions in the alignments were removed. Kg estimates were
obtained with the CODEML program (18) of the PAML package
(19). Codon frequencies were calculated from the average
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nucleotide frequencies at the three codon positions (F3 X 4),
whereas a constant Kn/Ks (nonsynonymous substitutions per
nonsynonymous site over synonymous substitutions per synon-
ymous site, reflecting selection pressure) was assumed (codon
model 0) for every pairwise comparison. Calculations were
repeated five times to avoid incorrect K estimations because of
suboptimal local maxima.

Building Age Distributions of Duplicated Genes in Arabidopsis. Only
gene pairs with a Kg estimate of <5 were considered for further
evaluation. Large gene families were subdivided into subfamilies
for which Kg values between genes did not exceed a value of 5.
It is assumed that a gene family of » members originates from
n — 1 retained single gene duplications, whereas the number of
possible pairwise comparisons (Ks measurements) within a gene
family is [n(n — 1)]/2. To correct for the redundancy of Ks values
when building the age distribution for duplicated genes, we use
an approach similar to that adopted by Blanc and Wolfe (20)
(Supporting Methods, which is published as supporting informa-
tion on the PNAS web site).

Functional Classification of the Paranome. The Gene Ontology
(GO) annotation for Arabidopsis thaliana was downloaded
from The Arabidopsis Information Resource (www.arabidop-
sis.org; version April 10, 2004) and remapped to the plant-
specific GO Slim ontology (www.geneontology.org) (21). A
few extra subdivisions were added to the GO Slim “structural
molecule activity” and “transporter activity” categories (see
Fig. 5, which is published as supporting information on the
PNAS web site). Genes mapped to a particular GO Slim
category were also explicitly included into all parental cate-
gories. Individual gene family K distributions were only added
to a particular GO Slim category Ks distribution if >20% of the
genes in the family were annotated to that category (Supporting
Methods, Figs. 5, 6, and 7, and Table 1, which are published as
supporting information on the PNAS web site). GO Slim
categories containing <50 retained duplicates (i.e., very sparse
distributions) were a priori discarded as candidates for further
modeling. After modeling, some other categories were re-
moved for interpretation and discussion because of low-
confidence parameter estimates (Supporting Methods and Ta-
ble 2, which is published as supporting information on the
PNAS web site).

Population Dynamics Model for Duplicate Genes in Arabidopsis. Our
model simulates the dynamics of a population of duplicated
genes, as reflected by their Kg age distribution, in 50 time steps,
each time step corresponding to an average Ks interval of 0.1
(Fig. 1). The principal equations of the model are summarized
below.

Do(1,8) = v| X Dylx’, t — 1) + G

x'=1

Dil,0)=| X Dyylx’, t = 1) + Gy |81, 1) i=1,2,0r3

x'=1
Dix,t)=D;x—1,t— Dx/c— 1] %x>1i=0,1,2,0r3
Dioilx, 1) = 2Dy(x, 1) ]

i

In this set of equations, D;(x, ¢) stands for the number of retained
duplicates in the ith duplication mode (i = O for the OR, i = 1,
2, and 3 for 1R, 2R, and 3R, respectively) having an age x
(measured in 0.1 synonymous substitutions per synonymous site

Maere et al.

10007 3R
900+ -

700+ i
600+
5001

400' -—

Number of duplicates

200+
100

T L e L e T

0+H+ =
0 05 1 15 2 25 3 35 4 45 5

Synonymous substitutions per synonymous site (Ks)

Fig.1. Agedistribution of the Arabidopsis paranome based on Ksvalues. 1R,
2R, and 3R refer to the three genome-wide duplication events that have
occurred in Arabidopsis or its predecessors (12, 13).

equivalents) at time step ¢ in the simulation. Dyo(x, t) is the total
number of duplicates of age x at time step ¢, which is fed back to
time step ¢ + 1. Gy represents the number of ancestral genes at
Ks = 5 (see Supporting Methods for details). The first equation
describes the birth of duplicates in the continuous mode at a birth
rate of v duplicates per gene and per time step. Because the birth
rate can be assumed to be the same for all GO categories, v was
estimated once from the category with the highest resolution,
namely the whole-paranome category (see Results and Discus-
sion). The same birth rate was then used throughout all simu-
lations for all functional categories, reducing the number of
parameters that needed to be optimized by one. The second
equation models the discrete (hence the & function) large-scale
duplication events at time steps ¢;. The third equation models the
loss of duplicates from one time step to the next, with power-law
decay constants «;. The last equation ensures the coupling
between all duplication modes.

The equations (Eq. 1) are recursively evaluated 50 times in the
course of a single simulation. The resulting distribution Dio(x,
50) is the simulated present-day age distribution of the duplicate
population for a given choice of parameters «;, which are the
parameters to be optimized. However, Dioi(x, 50) is an age
distribution featuring discrete large-scale duplication peaks as
opposed to the relatively wide peaks observed in the Kg distri-
butions. The modeled age distribution of retained duplicates
Dioi(x, 50) is converted to a Kg distribution by Poisson distrib-
uting the duplicate count of each age bin (see Supporting
Methods). The net effect is a broadening of discrete peaks in the
modeled age spectra, increasing with age, as observed in the
initially obtained Ks distributions (Fig. 1). The modeled Ks
distribution is calculated from the modeled age-distribution as
follows:

D'(x, @) = O, DA, 50)-A%e */x!, [2]

A=1

where x is the Ks bin, A is the age bin, Dio(A, 50) is the modeled
age-distribution after 50 time steps and D’(x, «) is the corre-
sponding model Kg distribution after Poisson smoothing, with
decay parameters & = (o, a1, a2, a3). The model parameters «;
are optimized to give the best possible fit of D'(x, &) to the
observed Ks distribution. A classic Monte Carlo Simulated
Annealing optimization strategy was used with an exponential
temperature decay (22, 23) (see Supporting Methods and Fig. 8,
which is published as supporting information on the PNAS web
site). The parameters «; were optimized 10 times for each
functional category to monitor the convergence of the parameter
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estimates. Confidence intervals for the parameters «; were
calculated based on the covariance matrix for the best fit (see
Supporting Methods and Table 2). GO Slim categories with more
than two low-confidence parameter estimates were discarded
in all further analyses (colored gray in Figs. 5 and 6; see also
Table 2).

Results and Discussion

The age distribution of all duplicated genes of Arabidopsis,
including all 3,472 gene families (see Table 1), clearly shows two
peaks or waves (Fig. 1), of which the youngest can be attributed
to the youngest duplication event (12-14), whereas the second
wave corresponds to the two older genome duplications (12, 13)
that have become almost indistinguishable (see below). In
previous studies, the second wave had been missing mainly either
because large multigene families had been excluded from the
analyses (2) or because only small K values had been considered
(20). As shown earlier, many of the genes in these waves lie in
so-called paralogons, i.e., intragenomic homologous segments
(12-14). However, many duplicates that originated from large-
scale duplication events are found outside those paralogons,
particularly for the older genome duplication events, because of
gene translocation events. These duplicates were largely ignored
in previous studies (24, 25) because they cannot be distinguished
from duplicates generated in the continuous mode. In our model,
this problem is circumvented by simulating, rather than enumer-
ating, the number of duplicates generated in each duplication
mode, regardless of whether they belong to paralogons.

The Functional Landscape of the Arabidopsis Paranome. To investi-
gate the relative impact of small-scale and large-scale gene
duplications on different functional categories of genes in Ara-
bidopsis, we subdivided the global Kg distribution according to
the GO Slim ontology (21). Based on the current status of the
GO annotations and on the robustness of the age distributions
for different thresholds (see Supporting Methods and Fig. 7), we
chose to add individual gene families to a particular GO Slim
category distribution if >20% of the genes in the family were
assigned to that category. Despite using a 20% threshold for
individual gene families, the minimum overall percentage of
genes in a GO Slim class distribution that are annotated accord-
ingly in GO is 58% (for the “carbohydrate binding” category)
(Table 1). We do recognize the risk of assigning gene families to
a particular GO Slim function or process that are only partially
involved in that function or process. Although we found no direct
evidence of such cases, the Ks distribution for, e.g., the “response
to abiotic stimulus” category should be considered as the Ks
distribution for gene families that during their history have been
important in the evolution of the response to abiotic stimulus
rather than the distribution for duplicate genes involved in the
response to abiotic stimulus sensu stricto. The size of the gene
families, the total number of genes ascribed to a functional
category based on these gene families, the proportion of those
genes directly annotated by GO to that functional category, and
the number of retained duplicates and the estimated number of
ancestral genes for that functional category can be found in
Table 1.

Modeling Gene and Genome Duplications. To quantify the differ-
ences in K distribution between the GO categories, a population
dynamics model was developed that is able to accurately repro-
duce the observed Kg distributions and characterize them in
terms of only a few parameters. The model itself is described in
detail in Methods, but the principal assumptions and potential
shortcomings of our model will be considered here. Because the
calibration of time since duplication versus Ks is controversial
[see, for example, Lynch and Conery (2) and Koch ez al. (26), who
propose quite different rates of synonymous substitutions in
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dicots], all calculations were performed based on Ks time
equivalents without explicit conversion to real time (Supporting
Methods). Throughout the manuscript, time since duplication is
therefore expressed in Ks time equivalents. The simulation starts
at time step 1 (5.0 Ks time equivalents ago) from a number of
ancestral genes Gy (Supporting Methods and Table 1) and evolves
this ancestral genome to the present-day size by gene duplication
and gene loss, thereby creating a simulated K distribution. Four
distinct modes of gene duplication are included, namely a
continuous mode of small-scale gene duplication (OR) and three
large-scale duplication modes (1R, 2R, and 3R). We assume that
small-scale duplications in the continuous mode occur at a
constant birth rate v (see Supporting Methods). Local fluctua-
tions of the birth rate v with time are averaged out over longer
time periods. Systematic deviations from a constant birth rate
(e.g., systematic increase of birth rate with time) or prolonged
time periods with a significantly altered birth rate would be
reflected by the inability of our model to reproduce the observed
Ky distribution. In our case, it proved to be unnecessary to make
more elaborate assumptions (Occam’s razor). The average birth
rate v of new duplicates was estimated to be 0.03 per gene and
per 0.1 Kg time equivalent based on optimization of the model
fit to the whole paranome K distribution for several values of v
(Fig. 9, which is published as supporting information on the
PNAS web site). Our estimate is about twice as high as the one
proposed by Lynch and Conery (27).

On top of the continuous duplication mode, we have modeled
three whole-genome duplications occurring at time steps ¢; = 20,
31, and 44 in the simulation (respectively 3.1, 2.0, and 0.7 Ks time
equivalents ago). These values correspond to the three previ-
ously described large-scale duplication events in the evolutionary
past of Arabidopsis (12, 13). The ages of the whole-genome
duplications were estimated through simulations of the dupli-
cation history of the whole paranome for different age values.
These ages were subsequently used throughout the simulations
for all GO Slim categories. A model based on only two large-
scale duplications, assuming that 1R did not take place, gave
considerably worse fits (Fig. 2 4 and B), again providing
evidence that three large-scale duplications have, indeed, oc-
curred in the evolutionary past of Arabidopsis. The model is able
to compensate in part for the lack of genes created by 1R by
increasing the retention of duplicates in the continuous mode
(lower decay parameters «y), especially for GO categories with
moderate to low retention after 1R, such as the “whole para-
nome” category. However, categories with a high retention
subsequent to 1R, such as “development,” show pronounced bias
in the residuals. We also assumed that the three large-scale
duplication events were complete genome duplications. Al-
though for the youngest event there is substantial evidence that
at least 80% of the genome was duplicated (12-14), it is very
difficult to assess whether the older large-scale duplication
events were also genome-wide. The validity of our assumption
can, at least to some extent, be examined by modeling alternative
assumptions. For example, if we assume that the second large-
scale event (2R) only affected half of the genome, the effects
thereof will propagate to later time points (smaller Kg), by means
of the coupling of all duplication modes. More specifically, the
continuous mode of duplication will then have acted on consid-
erably less genetic material right after 2R, resulting in the
inability of the model to reproduce the duplicate count observed
in the actual Kg distribution between Ks = 1.0 and 2.0, after 2R
(Fig. 2C). This effect is more pronounced for GO categories with
a low decay rate (or high retention) in the continuous mode. The
2R peak itself (Ks > 2.0) is still fitted reasonably well by lowering
the 2R decay parameter ax.

The duplicates created during the whole-genome duplication
events and the continuous mode of duplication are lost with
mode-specific time-dependent decay rates o;/f (i = 1 for 1R, i =

Maere et al.
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Optimal fits and parameters «; (Upper) and residual errors (Lower) for the ““whole paranome’ and “development’” GO categories, simulated under

various model assumptions. (Upper) The green curves show the observed Ks distributions, and the blue curves represent the simulated Ks distributions. (Lower)
The residual error is defined as the difference between the observed and the simulated distributions. Biased residual errors, meaning that they are consistently
positive or negative for prolonged Ks intervals, hint at unrealistic model assumptions. (A) Model fits under the assumption that there were three whole-genome
duplications and that gene decay follows a power law. The residual errors show very little bias. (B) Model fits under the assumption that 1R did not occur. (C)
Model fits under the assumption that 2R was partial and involved only 50% of the genome. (D) Model fits under the assumption that the number of retained

duplicates decays exponentially.

2 for 2R, and i = 3 for 3R) and «y/t (OR), respectively. A decay
rate o;/t leads to a decay of the power-law form: D;(¢t) = D;(0)t~,
where D;(t) represents the number of duplicates in the ith
duplication mode after a time ¢. Compared to an exponential
decay with a constant decay rate o, as suggested by Lynch and
Conery (2), a power-law decay exhibits a flattened tail. We
observed that an exponential decay model could not adequately
reproduce the observed Kg distributions, in particular for high K
values (Fig. 2D). Also, decay parameters «; obtained with the
exponential model steadily increase with the decreasing age of
the duplication mode (o1 < ez < a3 < ag), which cannot be
biologically motivated. Indeed, a constant decay rate is unreal-
istic from a biological viewpoint. If duplicates have been retained
for a longer time, it is more probable that they confer added
value or fitness to the organism, which reduces their chance of
being lost (28). In other words, the decay rate should asymptot-
ically tend to zero for increasing time since duplication. This
scheme allows for rapid initial gene loss that gradually evolves
toward a preferential retention of older duplicates under selec-
tive constraints.

Maere et al.

Small-Scale Versus Large-Scale Duplications and Biased Retention of
Duplicates. Gene decay rates were estimated by the model
through fitting of the age distributions drawn for the different
functional categories (Figs. 5 and 6). Fig. 3 shows examples of the
four different decay parameters, namely those for OR, 1R, 2R,
and 3R, for some specific GO classes, such as transcription,
development, and secondary metabolism. A table with the decay
parameters for other functional categories and for confidence
values for these parameters can be found in Table 2. A clustered
color representation of gene decay is shown in Fig. 4 for all GO
classes that could be modeled adequately (evaluated based on
confidence intervals; see Table 2).

One of the most striking observations is that, for many
functional categories, gene decay rates differ considerably for
genes created during large-scale (1R, 2R, or 3R) and small-scale
(OR) duplication events. As a matter of fact, for a majority of GO
Slim categories, an almost opposite picture is obtained for genes
created during whole-genome or small-scale duplication events.
Probably most prominently, gene decay is low for genes involved
in kinase activity, transcription, protein binding and modifica-
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areas) Ks distributions for some GO classes discussed in the text. The param-
etersinthe upperright corners of each graph specify the simulated decay rates
for the continuous mode of gene duplication (ag) and for the whole-genome
duplications 1R (a1), 2R (a2), and 3R (a3) and their confidence intervals (Table
2). The colored areas show the simulated fraction of retained duplicates
created by each duplication mode as a function of Ks. Similar graphs for other
functional classes can be found in Fig. 10, which is published as supporting
information on the PNAS web site.

tion, and signal transduction pathways when created in large-
scale gene duplication events, whereas gene decay is very high for
such genes when created by individual, small-scale duplication
events (Fig. 4). Accordingly, Blanc and Wolfe (24), considering
only the most recent polyploidy event in Arabidopsis, also
observed a high retention of genes with regulatory functions,
such as transcription factors, kinases, phosphatases, and calcium-
binding proteins. Seoighe and Gehring (25) also found that genes
involved in transcription regulation and signal transduction had
a significantly higher survivability after genome duplication than
other functional categories. Rapid loss of these duplicated genes
after small-scale gene duplication events may be explained by the
fact that regulatory genes involved in signal transduction and
transcription tend to show a high dosage effect in multicellular
eukaryotes (29). That transcription factors and kinases are often
active as protein complexes and need to be present in stoichio-
metric quantities for their correct functioning is congruent with
their high retention rate after whole-genome duplication events
in contrast to small-scale duplication events (30, 31). On the
other hand, genes belonging to other functional categories show
a markedly different behavior and are retained in excess after
large-scale and small-scale duplication events. Examples are
genes involved in secondary metabolism and response to biotic
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Fig. 4. Clustered color representation of the decay parameters for all
duplication modes and GO Slim categories. Light blue corresponds to high
gene decay or low retention, and bright yellow corresponds to low decay or
high gene retention. The numerical values and confidence intervals of the
decay parameters can be found in the supporting information. The decay
parameter of 0.70 (black) was chosen to match the continuous-mode decay for
the whole paranome. P denotes the Biological Process categories, and F
denotes the Molecular Function categories.

stimulus. Because plants are sessile organisms, secondary me-
tabolite pathways and genes governing the response to biotic
stimulus have been crucial to develop survival strategies against
herbivores, insects, snails, and plant pathogens (32). The low
decay rate of these genes in small- and large-scale duplication
modes (Fig. 4) furthers the evidence that secondary metabolites
represent important adaptive traits that are heavily selected for
during evolution to protect plants against a wide variety of
enemies imposing a constant need for adaptation. Genes in-
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volved in conserved biological processes are generally little
retained (Fig. 4). Examples are DNA metabolism genes (which
includes DNA repair, DNA replication, and DNA recombina-
tion), ribosomal genes (except for 3R), nucleases, RNA binding
genes, and (to a lesser extent) cell cycle genes and protein and
macromolecule biosynthesis genes. Our model also shows that
gene decay is not the same for different whole-genome dupli-
cation events, although the general trends are similar. For
instance, gene decay occurring after the youngest duplication
event (3R) seems to be higher (Fig. 4, blue coloring in the whole
paranome row at column 3R) and less biased toward functional
class (Fig. 4, less deviation from the mean reflected by an overall
darker coloring in column 3R) than for 1R and 2R. In particular,
genes encoding transcriptional regulators and genes involved in
development are better retained after the second genome du-
plication event than after the other duplication events. This
finding seems to be congruent with what is known about the rise
and early diversification of the angiosperms, but this result will
be discussed elsewhere.

The impact of small- and large-scale duplications on the
expansion of specific functional categories of genes becomes
even clearer when we consider the actual numbers of genes
retained subsequent to OR, 1R, 2R and 3R. Based on integration
of the mode-specific Ks distributions (Fig. 3, colored areas), we
estimate that the three genome duplication events are directly
responsible for ~90% of all transcription factors in higher plants
created in the last ~350 million years (roughly corresponding to
Ks = 5.0) (Table 3, which is published as supporting information
on the PNAS web site). Similarly, we estimate that 1R, 2R, and
3R taken together account for 92% of all developmental genes
and 99% of the kinases and genes involved in signal transduction
created since the time corresponding with a Kg value of 5.0. For
most categories related to metabolism, stress response, or cell
death, the percentage of large-scale gene duplicates ranges from
50% to 70%, reflecting the fact that these categories show
relatively higher gene retention after small-scale gene duplica-
tion events.

From the simulation results, we can also infer the number of
genes that was initially created in each mode. We estimate that
17,193 duplicates were created by 1R, of which 771 (or 4.4%)
duplicates have been retained; 20,316 duplicates were created by
2R, of which 2,765 (13.6%) were retained; and 24,351 duplicates
were created by 3R, of which 3,947 (16.2%) duplicates have
survived. In contrast, OR created 33,182 duplicates in the last
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350-400 million years (12, 13) and is responsible for 5,266
(15.8%) retained duplicates (see Table 3). It is clear from these
numbers that, although a considerable number of genes has been
retained after gene duplication, gene loss is by far the most likely
fate of duplicate genes. Overall, the three genome duplications
in Arabidopsis have been directly responsible for ~59% of the
total number of duplicates that have been retained during the
last =350 million years, which means that more than half of
the Arabidopsis genome expansion, from ~14,800 genes in the
ancestral genome at time point Ks = 5.0 (G for the whole
paranome in Table 1) to ~27,500 genes now (from GO; Table
1), is directly caused by genome duplications. Still, ~40% of the
genome expansion is caused by gradual accumulation of small-
scale gene duplicates.

In conclusion, we have developed an evolutionary model that
simulates the population dynamics of duplicate genes created by
small- and large-scale duplication events based on their age
distribution in a genome. One of the main advantages of our
modeling approach is that it provides a means to study gene
retention occurring after genome duplications without the need
to attribute every gene to a particular duplication event. Apply-
ing our model to the Arabidopsis genome shows that much of the
genetic material in extant plants, i.e., ~60%, has been created by
ancient genome duplication events. More importantly, it seems
that a major fraction of that material could have been retained
only because it was created through large-scale gene duplication
events (Figs. 3 and 4). In particular, transcription factors, signal
transducers, and developmental genes have been retained sub-
sequent to large-scale gene duplication events, in particular, to
the second genome duplication (2R), whereas the contribution
of small-scale gene duplications to the increase of regulatory and
developmental genes has been very limited. Because the diver-
gence of regulatory genes is being considered necessary to bring
about phenotypic variation and increase in biological complex-
ity, it is tempting to conclude that such large-scale gene dupli-
cation events have indeed been of major importance for evolu-
tion in general, as suggested in refs. 1, 7, 9, 10, and 33.
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