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Abstract

The complete genomic analysis of Arabidopsis thaliana has shown that a major fraction of the genome consists
of paralogous genes that probably originated through one or more ancient large-scale gene or genome duplica-
tion events. However, the number and timing of these duplications still remains unclear, and several different
hypotheses have been put forward recently. Here, we reanalyzed duplicated blocks found in the Arabidopsis
genome described previously and determined their date of divergence based on silent substitution estimations
between the paralogous genes and, where possible, by phylogenetic reconstruction. We show that methods based
on averaging protein distances of heterogeneous classes of duplicated genes lead to unreliable conclusions and
that a large fraction of blocks duplicated much more recently than assumed previously. We found clear evidence
for one large-scale gene or even complete genome duplication event somewhere between 70 to 90 million
years ago. Traces pointing to a much older (probably more than 200 million years) large-scale gene duplication
event could be detected. However, for now it is impossible to conclude whether these old duplicates are the
result of one or more large-scale gene duplication events.

Abbreviations: dA, fraction of amino acid substitutions; Kn, number of nonsynonymous substitutions per non-
synonymous site; Ks, number of synonymous substitutions per synonymous site; MYA, million years ago

Introduction

For over 30 years, geneticists, evolutionists and, more
recently, developmental biologists have been debating
on the number of genome duplications in the evolu-
tion of animal lineages and its impact on major evo-
lutionary transitions and morphological novelties.
Thanks to the recent progress made in gene mapping
studies and large-scale genomic sequencing, the
debate has been livelier than ever before. Indeed,
huge amounts of sequence data have become avail-
able, amongst which the complete genome sequences
of invertebrates, such as Drosophila melanogaster,
Caenorhabditis elegans, and vertebrates, such as
pufferfish and human, while others are being final-
ized. With these data at our disposition, we expect to

address the ancient questions and hypotheses regard-
ing genome duplications, as formulated by pioneers
like J.B.S. Haldane (who already contemplated the
benefits and evolutionary impact of polyploidy events
in 1933) and S. Ohno. However, a great deal of con-
troversy still exists on the prevalence of genome
duplications in certain lineages. For example, the
classic hypothesis of Ohno (1970) that at least one
genome duplication occurred in the evolution of the
vertebrates has not been evidenced yet. Several theo-
ries, which differ in the proposed number of duplica-
tions as well as in their timing, have been proposed,
but without confirmation (Skrabanek and Wolfe,
1998; Hughes, 1999; Wolfe, 2001). More recently, a
putatively ancient fish-specific genome duplication
before the teleost radiation has been the subject of
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lively debate (Robinson-Rechavi et al., 2001; Taylor
et al., 2001a, 2001b; Van de Peer et al., this issue).
Given the already controversial nature of the occur-
rence and date of these genome duplications in ver-
tebrates, their precise role in the evolution of new
body plans (Holland, 1992) or in speciation (Lynch
and Conery, 2001; Taylor et al., 2001c) remains even
more speculative.

For plants, controversy about ancient genome du-
plications has long been nearly nonexisting. Poly-
ploidy seems to have occurred frequently in plants.
Up to 80% of angiosperms are estimated to be poly-
ploid, with variation from tetraploidy (maize) and
hexaploidy (wheat) to 80-ploidy (Sedum suaveolens)
(for a review, see Leitch et al., 1997). Because of the
complexity of many plant genomes and lack of
sequence data, research on plant genome evolution
was basically restricted to experimental techniques
(Wendel, 2000) and, until very recently, few compu-
tational analyses had been performed to investigate
the prevalence and timing of older large-scale dupli-
cations and their impact on plant evolution.

In 1996, the plant community decided to determine
the complete genome sequence of Arabidopsis
thaliana. This model plant was chosen because it has
a small genome with a high gene density and seemed
to be an ‘innocent’ diploid. However, during and even
before this huge enterprise, some indications were
found that large-scale duplications had occurred
(Kowalski et al., 1994; Paterson et al., 1996; Terryn
et al, 1999; Lin et al., 1999; Mayer et al., 1999). After
bacterial artificial chromosome sequences represent-
ing approximately 80% of the genome had been ana-
lyzed, almost 60% of the genome was found to con-
tain duplicated genes and regions (Blanc et al., 2000).
This phenomenon could only be explained by a com-
plete genome duplication event, an opinion shared by
the Arabidopsis Genome Initiative (2000). Previously,
comparative studies of bacterial artificial chromo-
somes between Arabidopsis and soybean (Grant et
al., 2000) and between Arabidopsis and tomato (Ku
et al., 2000) had led to similar notions. In the latter
study, two complete genome duplications were pro-
posed: one 112 and another 180 � 106 years ago
(MYA). Vision et al. (2000) rejected the single-
genome duplication hypothesis by dating duplicated
blocks through a molecular clock analysis. Several
different age classes among the duplicated blocks
were found, ranging from 50 to 220 MYA and at least
four rounds of large-scale duplications were postu-
lated. One of these classes, dated approximately 100

MYA, grouped nearly 50% of all the duplicated
blocks, suggesting a complete genome duplication at
that time (Vision et al., 2000). However, the dating
methods used for these gene duplications were based
on averaging evolutionary rates of different proteins,
which was later criticized because of their high sen-
sitivity to rate differences (Sankoff, 2001; Wolfe,
2001). Because the same methodology was also used
by Ku et al. (2000), their results should also be con-
sidered with caution. On the other hand, Vision et al.
(2000) discovered overlapping blocks, a phenomenon
that can be explained only by multiple duplication
events. Neither Blanc et al. (2000) nor the Arabidop-
sis Genome Initiative (2000) detected these overlap-
ping blocks.

Using a different method of dating based on the
substitution rate of silent substitutions, Lynch and
Conery (2000) discovered that most Arabidopsis
genes had duplicated approximately 65 MYA, which
brings us back to a single polyploidy event. However,
no duplicated blocks of genes, but only paralogous
gene pairs were taken into account.

Apparently, the evolutionary history of the first
fully sequenced plant seems a lot more complex than
originally expected. There is no clear answer on
whether one single or multiple polyploidy events took
place nor when they occurred. The results of the dif-
ferent analyses seem to be highly dependent of the
methods used. For this reason, we reinvestigated the
ancient large-scale gene duplications described by
Vision et al. (2000) by applying two alternative dat-
ing methodologies on several of the more anciently
duplicated blocks found in their study. Furthermore,
we compared the results obtained to pinpoint the
strengths and weaknesses of the methodology used in
the two studies.

Materials and methods

Strategy

The original goal was to reinvestigate whether one or
several ancient large-scale gene duplication(s) had
occurred in the evolution of Arabidopsis thaliana.
Furthermore, because Vision et al. (2000) dated one
of the large-scale duplication events as approximately
200 � 106 years old, we were curious to see whether
this event pre- or postdated the monocot-dicot split,
which is estimated to have occurred at about that
time: 170−235 MYA (Yang et al., 1999) and
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143−161 MYA (Wikström et al., 2001). We focused
on the blocks that according to Vision et al. (2000),
originated during this ancient round of duplication
and consisted of six regions in the genome (class F).
We mapped these regions to a more up-to-date data
set (see below) and subjected them to two dating
methodologies: dating based on synonymous substi-
tution rates and molecular phylogeny. The former was
done with three different approaches to estimate syn-
onymous substitution rates, namely those of Li
(1993), of Nei and Gojobori (1986) and of Yang and
Nielsen (2000). Molecular phylogeny-based dating
was performed through the construction of evolution-
ary trees by the Neighbor-joining method (Saitou and
Nei, 1987). By using these different approaches, the
possibility of drawing wrong conclusions caused by
weaknesses of one particular method is minimized.

However, during the course of this study, it
became clear that the most ancient blocks described
by Vision et al. (2000) contained genes that had
duplicated much more recently. Because the dating
methodology of Vision et al. (2000) had been criti-
cized before (Sankoff, 2001; Wolfe, 2001), we subse-
quently focused on two sets of 10 blocks of two
younger age classes, D and E, estimated to be 140 and
170 � 106 years old, respectively. These data sets
were chosen in such a way that they represented a
wide distribution in block size (number of anchor
points) as well as amino acid substitution rate (dA)
within each age class.

Data set of duplicated genes

From the complete set of segmentally duplicated
blocks defined by Vision et al. (2000) that consisted
of 103 regions with seven or more duplicated genes,
we analyzed selected blocks covering the three oldest
classes. This selection consisted of all six blocks from
class F (200 � 106 years old), 10 from class E
(170 � 106 years old) and 10 from class D (140 � 106

years old). Because the original data set (i.e., the
chromosomal DNA sequences) represented a prelimi-
nary version of the Arabidopsis genome sequence
(incomplete and not always correctly assembled), the
positions of these duplicated blocks were transferred
to a data set that had been built recently. This new
data set consisted of a genome-wide non-redundant
collection of Arabidopsis protein-encoding genes,
which were predicted with GeneMark.hmm (Lukash-
in and Borodvsky, 1998; genome version of January
18th, 2000 (v180101), downloaded from the Institute

for Protein Sequences center [Martiensried, Germany;
ftp://ftpmips.gsf.de/cress/]). In addition to the protein
sequence, the position and orientation of the genes
within the Arabidopsis genome were determined.

Within this protein set, all pairs of homologous
gene products between two chromosomes were deter-
mined and the result stored in a matrix of (m, n) ele-
ments (m and n being the total number of genes on a
certain chromosome). Two proteins were considered
as homologous if they had an E-value � 1e−50 within
a BLASTP (Altschul et al., 1997) sequence similarity
search (Friedman and Hughes, 2001).

The synchronization of our data set with the blocks
detected by Vision et al. (2000) was done using their
supplementary data (website: http://www.igd.
cornell.edu/˜tvision/arab/science_supplement.html).
Initially, for a set of anchor points (i.e. pairs of
duplicated genes), defining a duplicated block (Vision
et al., 2000), the corresponding protein couples were
detected in our data set and then these protein couples
were localized in the matrix. To check whether these
proteins were indeed part of a segmentally duplicated
block, an automatic and manual detection was per-
formed. The automatic detection was done with a new
tool (Vandepoele et al., 2002), primarily based on
discovering clusters of diagonally organized elements
(representing duplicated blocks) within the matrix of
homologous gene products. Similar to the strategy of
Vision et al. (2000), tandem repeats were remapped
before defining a duplicated block. An overview of
blocks analyzed in this study, together with the num-
ber of anchor points per block, is presented in Table 1.

Dating based on Ks

Blocks of duplicated genes were dated using the
NTALIGN program in the NTDIFFS software pack-
age (Conery and Lynch, 2001). This package first
aligns the DNA sequence of two mRNAs based on
their corresponding protein alignment and then calcu-
lates Ks by the method of Li (1993). We calculated
Ks also with two alternative dating methodologies
(Nei and Gojobori, 1986; Yang and Nielsen, 2000)
based on the same alignments. These two methods are
implemented in the PAML phylogenetic analysis
package (Yang, 1997). The time since duplication was
calculated as T � Ks/2�, with � being the mean rate
of synonymous substitution; in Arabidopsis the esti-
mation is � � 6.1 synonymous subsitutions per 109

years (Lynch and Conery, 2000). The mean Ks value
(average of the estimates obtained by the three
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methods) for each block was derived for each dupli-
cated pair. These values were then used to calculate
the mean Ks for each block, excluding outliers using
the Grubbs test (Grubbs, 1969; Stefansky, 1972) with
a 99% confidence interval.

Phylogenetic analysis

The public databases (PIR, GenBank/EMBL/DDBJ,
Swiss-PROT) were scanned for homologues of the
anchor points using BLASTP (Altschul et al., 1997).

When homologues were found in other species next
to the Arabidopsis paralogues, the gene family was
selected for phylogenetic analysis. Protein sequences
were subsequently aligned with ClustalW (Thompson
et al., 1994). Duplicates or sequences that were too
short were removed from the data set. After manual
optimization of the alignment and reformatting using
BioEdit (Hall, 1999) and ForCon (Raes and Van de
Peer, 1999), the more conserved positions of the
alignment were subjected to phylogenetic analysis.
Trees were constructed based on Poisson or Kimura

Table 1. Re-analysis of the duplicated blocks as described by Vision et al. (2000)

Vision et al. (2000) This study

Block

number

Chr1a Chr2a Anchors dA Age

class

Age in

MY

Anchorsb Ksc Ksd Kse Mean

agef

StdDev

15 1 3 7 0.8975 F 200 7 1.8641 2.5378 2.1679 213 92

25 1 5 7 0.8012 F 200 6 1.6757 1.7008 2.5515 160 27

37 1 5 11 0.8146 F 200 17 0.8386 0.8138 0.9698 72 19

39 1 3 8 0.8375 F 200 7 1.6053 1.9744 1.8768 170 62

57 2 3 7 0.8521 F 200 7 2.9251 3.2702 2.4395 269 64

59 2 5 15 0.8473 F 200 18 1.8078 2.3744 2.0642 191 70

34 1 5 23 0.7165 E 170 27 0.8723 0.8308 0.8900 71 18

71 3 5 31 0.6814 E 170 70 0.7933 0.8262 0.8312 67 19

100 4 5 20 0.6899 E 170 15 1.8656 1.9727 2.1682 170 45

78 3 5 26 0.701 E 170 35 0.7382 0.7551 0.8475 64 11

47 2 5 8 0.7397 E 170 8 1.8475 3.0169 2.1072 218 87

16 1 3 8 0.6562 E 170 7 0.8390 0.8536 1.0224 74 19

55 2 5 14 0.685 E 170 9 1.7585 2.0966 1.8341 162 32

9 1 3 24 0.6947 E 170 20 0.9098 0.9966 1.1350 83 20

87 3 4 11 0.7231 E 170 8 1.6049 1.8936 2.1889 164 67

48 2 3 11 0.7045 E 170 8 1.7175 1.9716 2.0465 162 56

6 1 5 30 0.6106 D 140 30 0.7754 0.8138 0.9228 69 17

30 1 3 92 0.5262 D 140 106 0.8047 0.8325 0.9668 71 20

95 4 5 88 0.5592 D 140 61 0.7337 0.7884 0.8707 65 10

17 1 1 153 0.5684 D 140 167 0.8110 0.8175 0.8983 69 18

92 4 5 97 0.6064 D 140 107 0.8741 0.8849 1.0507 77 25

33 1 4 18 0.5381 D 140 11 1.6283 1.6707 1.5669 133 26

5 1 4 13 0.5631 D 140 6 1.5232 1.5657 1.5324 126 16

73 3 5 26 0.5855 D 140 25 0.7965 0.8187 0.9105 69 15

93 4 5 42 0.6263 D 140 28 0.7719 0.8174 0.9010 68 16

26 1 4 35 0.5273 D 140 42 0.8719 0.8946 1.0867 78 23

a Chromosome numbers on which the two duplicated blocks are found.
b Number of anchor points in blocks detected in this study.
c Ks values calculated according to Li (1993).
d Ks values calculated according to Nei and Gojobori (1986).
e Ks values calculated according to Yang and Nielsen (2000).
f Mean age of the block was derived from the mean Ks, excluding outliers (see Materials and Methods).
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distances using the Neighbor-joining algorithm as
implemented in the TREECON package (Van de Peer
and De Wachter, 1997).

Supplementary data such as sequences, accession
numbers, alignments, and trees can be obtained from
the authors upon request.

Results

Dating based on Ks

In contrast to mutations that result in amino acid
changes (nonsynonymous substitutions), silent or
synonymous substitutions do not affect the biochemi-
cal properties of the protein. As such they are gener-
ally believed not to be subjected to natural selection
and, consequently, to evolve in a (nearly) neutral,
clock-like way (Li, 1997). Absolute dating based on
synonymous substitution rates (Ks) should be more
accurate than dating based on the estimation of
genetic distances between duplicated protein se-
quences. However, because of rapid saturation of syn-
onymous sites, dates of older (Ks � 1) divergences/
duplications will become unreliable (Li, 1997).

We calculated Ks values with three different meth-
ods for all pairs of duplicated genes in 26 old blocks
(classes D, E, and F, estimated to have originated
between 140 and 200 MYA; Vision et al., 2000).

From these values we calculated the duplication date
of each block. The results of this analysis are given
in Table 1.

Interestingly, several block duplications were
dated to be much younger than what was found by
Vision et al. (2000). For example, a duplication
between chromosome 1 and 5, denoted as block 37
and based on 11 gene pairs (17 in our study; Table 1),
was found to have occurred 72 MYA, and not
200 MYA. The distribution of the Ks values of the
duplicated pairs in this block, calculated with the
three different methods, confirmed our hypothesis that
this is a younger block. With only a few exceptions,
almost all duplicated pairs seemed to have Ks values
between 0.5 and 1 synonymous substitutions per syn-
onymous site, and this for the three methods used
(Fig. 1). For three pairs of genes within the duplicated
block, the situation is less clear (Fig. 1). No results
were obtained with the method of Li (1993), probably
because the duplicated gene sequences are too diver-
gent to calculate a Ks value using this method,
whereas the two other methods gave extremely high
or no Ks values. One possible explanation is a higher
synonymous mutation rate specific for these genes,
because fluctuations in Ks have been reported before
(Li, 1997; Zeng et al., 1997). Another possible expla-
nation could be that these genes originated earlier
than the other genes in that block and that the situa-
tion observed is due to differential deletions of alter-

Figure 1. Distribution of Ks values for duplicated genes as found in block 37, and calculated with the methods of Li (green bars), Nei and
Gojobori (blue bars) and Yang and Nielsen (yellow bars).
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nate members of duplicated tandem pairs (Friedman
and Hughes, 2001). For this reason, these gene pairs
were not included in the calculation of the duplica-
tion date of the whole block (see Materials and Meth-
ods).

However, most blocks of age class F had signifi-
cantly higher Ks values and consequently older diver-
gence dates, which indeed points to a more ancient
large-scale duplication event. This observation was
strengthened by the fact that, with a few exceptions,
duplicated blocks of this age class had less anchor
points (Table 1) and Ks values seemed to fluctuate
more between members of the same block (see, for
example, the distribution of block 59, estimated to
have duplicated approximately 190 MYA; Fig. 2).
The latter is probably due to saturation of synony-
mous substitutions, by which larger errors in Ks esti-
mation are introduced, causing values of Ks � 1 to
be unreliable.

In our evaluation of class E blocks (170 MYA;
Vision et al., 2000), the situation is even more pecu-
liar. From the 10 blocks we selected, a large part
again seemed to be much younger than what was de-
rived based on dA values. Five out of 10 blocks seem-
ingly originated only approximately 70 MYA, less
than half the age calculated by Vision et al. (2000).
Here also, the distribution of Ks values clearly
showed that a large majority of duplicated pairs in
these blocks belonged to the same, much younger, age

class, with only a few exceptions (data not shown).
However, the other half of the 10 selected blocks
seem to be older.

In the class D sample, dated 140 � 106 years old
by Vision et al. (2000), 8 out of 10 blocks seemed to
have duplicated approximately 70 MYA. The distri-
bution of Ks values within one block again gave sim-
ilar results as above: most pairs had Ks values
between 0.5 and 1, with a minor fraction of excep-
tions (data not shown).

Although only a subset of the complete set of
duplicated blocks of age classes D and E were ana-
lyzed, many blocks appeared to be much younger
than proposed by Vision and et al. (2000). Prelimi-
nary results of a more rigorous analysis seem to con-
firm our findings (unpublished results).

Dating by phylogenetic analysis

Absolute dating methods based on substitution num-
bers per site are very useful in high-throughput anal-
yses, such as those by Lynch and Conery (2000) and
Vision et al. (2000), but they have some serious draw-
backs. Inferred divergence dates based on amino acid
substitutions are not as quickly underestimated due to
saturation, although saturation at the amino acid level
has been demonstrated (Van de Peer et al., 2002).
However, when using this technique, there is a seri-
ous risk of overestimating the age of more rapidly

Figure 2. Distribution of Ks values for duplicated genes found in block 59, and calculated with the methods of Li (green bars), Nei and
Gojobori (blue bars) and Yang and Nielsen (yellow bars).

122



evolving blocks, or underestimating the age of blocks
containing more slowly evolving proteins. The use of
synonymous mutation rates is probably favorable
because these positions evolve at nearly neutral rates
and, so, give a more reliable estimate in the case of
fast or slowly evolving genes. Unfortunately, these
analyses are compromised for older duplications
because of the rapid saturation of these sites.

To validate the results, an alternative technique
was applied, namely relative dating using phyloge-
netic methods. If a duplication occurred before the
monocot-dicot split, this could be proven by a tree
topology (Fig. 3a), in which the two dicot members

of a gene family each group with a monocot
sequence. If, however, the two Arabidopsis duplicates
originated more recently, i.e. after the dicot-monocot
split, the two dicot branches should be sister
sequences, outgrouped by their monocot orthologue
(Fig. 3b). Even if certain sequences are still missing
from the databases (because of gene loss or nonde-
tection), conclusions can be drawn. For example, the
tree topology presented in Figure 3c could only be
explained by a duplication that occurred before the
monocot-dicot split.

For all the anchor points of the oldest blocks (F),
we searched the protein databases for homologues in
other plant species to construct evolutionary trees.
Unfortunately, it was impossible to construct trees for
many of the duplicated genes, the main reason being
the absence of homologues from plant species other
than Arabidopsis in the databases. Furthermore, the
sequences often contained too few conserved posi-
tions to get statistically significant results (i.e. high
bootstrap values).

An overview of constructed trees and conclusions
is presented in Table 2. Gene families for which no
homologues from other species than Arabidopsis
thaliana could be found in the databases are not
shown.

Although we could not draw conclusions on many
of the genes/blocks, we would like to consider some
of the constructed trees. A first interesting result was
obtained from the analysis of the gluthatione synthase
gene family; it has two members on chromosomes 1
and 5 that are part of block 37, which is a duplicated
block of class F (200 MYA; Vision et al., 2000); but,
according to our estimation, it had duplicated approx-
imately 72 MYA. The tree topology (Fig. 4) for this
family clearly showed that the duplication that
yielded the two duplicates occurred before the diver-
gence of Arabidopsis and Brassica, but after the split
between Asteridae and Rosidae. In consequence, the
duplication between these two genes must have hap-
pened between 15−20 (Yang et al., 1999; Koch et al,
2001) and 135 MYA (the latter value being the mean
of two estimations, 112−156 MYA [Yang et al.,
1999]) and 114−125 MYA [Wikström et al., 2001]),
which is in accordance with our findings for this
block.

A second tree of interest is that of the GATA tran-
scription factor family with a pair of duplicates on
chromosomes 2 and 3 that belong to block 57, also of
age class F. It was very hard to date this block with
our dating methods, because the sequences were

Figure 3. a) Expected tree topology for genes formed by a gene/
genome duplication event prior to the split of monocots and dicots.
b) Expected tree topology for genes formed by a gene/genome du-
plication event that occurred after the split of monocots and dicots
and specific to Arabidopsis. c) Even if only one of the paralogues
is known, due to gene loss or absence in the databases, the gene
duplication can be inferred.
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apparently saturated for synonymous substitutions.
However, all Ks values calculated for pairs in this
block were above 2.2 synonymous substitutions per
synonymous site (see Table 1), suggesting that this
block is genuinely old. When we investigated the
topology of the GATA family (Fig. 5), we observed a
topology similar to that described in Figure 3c:
although there is only one monocot sequence, this
topology could be only explained if the duplication
that gave rise to the two Arabidopsis genes occurred
before the monocot-dicot split. This would mean that
this block occurred at least 190 MYA (Yang et al.,
1999; Wilkström et al., 2001).

In some cases, evolutionary distances can be infor-
mative of duplication dates. As illustration, an exam-
ple from the age class D (140 MYA; Vision et al.,
2000) is given. Figure 6 shows the topology of the
casein kinase gene family that has two members on
both chromosomes 1 and 5, all four of them belong-
ing to the same duplicated block 6.

Using Ks-based dating, we determined that this
block had duplicated approximately 70 MYA, with

approximately 80% of the Ks values in this block
being smaller than 1. As can be seen from the tree
topology, the two members of block 6 first originated
(probably) through tandem duplication (arrow 1) and
then through a larger-scale duplication including the
other members of that block (arrow 2). Both these
events happened after the monocot-dicot split, as can
be derived from the fact that the group containing
these four proteins is outgrouped by a rice sequence.
The evolutionary distance from each of the duplicates
to the block duplication point is approximately
0.025 amino acid substitutions per site, whereas the
evolutionary distance between the genes originating
by tandem duplication is approximately 0.158 amino
acid substitutions per site. The average evolutionary
distance between the sequences of rice and Arabidop-
sis is approximately 0.206 amino acid substitutions
per site, meaning that, if a divergence date for mono-
cots and dicots of 190 MYA (Yang et al., 1999; Wilk-
ström et al., 2001) and a molecular clock-like evolu-
tion of this protein were assumed, the block
duplication would have happened somewhere

Table 2. Gene families selected for phylogenetic analysis for each paralogous block, belonging to age class F (Vision et al., 2000; 200 MYA)

Blocka Familyb Sitesc Conclusion Reason

15 Unknown 279 None No statistical support

25 - None No trees possible due to the absence

of sequences from other species

37 Calmodulin 105 None No statistical support

Calmodulin-like 112 Probably younger than the split be-

tween eurosids I and eurosids II

Genetic distance

Glutamine synthase 314 Younger than the split with asteridae

and older than the Arabidopsis-

Brassica divergence (see Fig. 3)

Topology with statistical support

39 Unknown 287 None Too few monocot sequences for this

family

57 DOF Zinc-finger 85 None Highly inequal rates of evolution be-

tween duplicates

GATA transcription factor 148 Older than the monocot-dicot split

(see Fig. 4)

Topology with statistical support

Apetala 2 81 None No statistical support

Expansin 180 None No statistical support

59 Protein phosphatase 2C 174 None Too few monocot sequences available

Putative Rab5 interacting protein 100 Probably younger than the monocot-

dicot split

Genetic distance

Cyclophilin 141 None No statistical support

Phosphoprotein phosphatase 1 305 None No statistical support

Apetala 2 (see also B57) 81 None No statistical support

a Block number as defined by Vision et al. (2000).
b Name of the family analyzed, as far as could be deduced from the description line of the entries.
c Length of sequence alignment used for tree construction.
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46 MYA (with � � K/2T � 0.206 substitutions per
site/380 MY � 5.42 � 10−4 substitutions per site/
MY). This value is much closer to our estimation
based on Ks than that of 140 MYA obtained by Vision
et al. (2000).

Discussion

Currently, three different methods to date gene dupli-
cation events are generally used: absolute dating

based on synonymous substitution rates, absolute dat-
ing based on nonsynonymous substitution rates or
protein-based distances, and relative dating through
the construction of phylogenetic trees. Here, we pro-
vide some evidence that protein distances are not very
reliable for large-scale dating of heterogeneous
classes of proteins. For example, classes containing
blocks of the same age based on mean protein dis-
tance (classes D, E, and F; Vision et al., 2000) seem
to be very heterogeneous in age when dating is based
on synonymous substitution rates. Protein-based dis-

Figure 4. Neighbor-joining tree of the glutamine synthase family, inferred from Poisson-corrected evolutionary distances. Sequences that
belong to the analyzed duplicated blocks are indicated with their chromosome number. Bootstrap values (above 50%) are shown in percent-
ages at the internodes. Scale � evolutionary distance in substitutions per amino acid.

Figure 5. Neighbor-joining tree of the GATA family of transcription factors, inferred from Poisson corrected evolutionary distances. Se-
quences that belong to the analyzed duplicated blocks are indicated by their chromosome number. Bootstrap values (above 50%) are shown
in percentages at the internodes. Scale � evolutionary distance in substitutions per amino acid.
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tances are known to vary considerably among pro-
teins (e.g. Easteal and Collet, 1994); therefore, dupli-
cated blocks that contain a larger fraction of fast-
evolving genes will have a relatively high mean
protein distance between the paralogous regions and
appear older than they actually are. In our opinion,
the use of synonymous and, consequently, neutral
substitutions for evolutionary distance calculations is
more reliable. However, there is one important
caveat: dating based on silent substitutions can only
be applied when Ks � 1. A Ks � 1 points to satura-
tion of synonymous sites and can no longer be used
to draw any reliable conclusions regarding the origin
of duplicated genes or blocks. In this case, a solution
could be relative dating with phylogenetic means.
Although the dating is rather crude, it offers a way of
determining duplication dates relative to known
divergences. The main problem here, however, is the
availability of plant sequence data. Only a few dupli-
cated pairs had enough orthologues in the public
databases to allow any conclusions to be drawn. Fur-
thermore, if orthologues would be found, the
sequences may not be very suitable for phylogenetic
analysis. Consequently, it seems that phylogenetic
inference cannot yet be as widely applied to plant as
to animal genomes (e.g., Wang and Gu, 2000; Fried-
man and Hughes, 2001; Van de Peer et al., 2001).

However, as soon as more sequence data from key
species such as mosses, ferns, and monocots, become
available, this approach may become more useful.

From the three oldest age classes defined by Vision
et al. (2000), only one (F) seems to contain many old
duplicated blocks, whereas several blocks of the two
other age classes have seemingly been duplicated
approximately 70−90 MYA. In our opinion, the hypo-
thesis of Vision et al. (2000) that at least four large-
scale duplications have occurred is far from being
proven. In contrast with the multimodal distribution
of large-scale gene duplication, our results show that
a major fraction of blocks has duplicated approxi-
mately at the same time and has probably originated
by a complete genome duplication. On the other hand,
a fraction of block duplications seems much older
than the others. Unfortunately, because synonymous
sites were saturated and trees were not reliable
enough, these duplications could not be dated more
accurately. Although these old duplicated blocks are
scattered throughout the genome (Table 1), it is hard
to prove that they are the result of a single duplica-
tion event.

The question of whether large-scale gene duplica-
tions have occurred before the divergence of mono-
cots and dicots still remains to be answered. Some of
these events are probably anterior to the monocotyl-

Figure 6. Neighbor-joining tree of the casein kinase family, using Poisson correction for evolutionary distance calculation. Sequences that
belong to the analyzed duplicated blocks are indicated by their chromosome number. Arrows indicate (1) a tandem duplication and (2) the
block duplication. Bootstrap values (above 50%) are shown in percentages at the internodes. Scale � evolutionary distance in substitutions
per amino acid.
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dicotyl split, as suggested by the GATA transcription
factor topology (Fig. 5). Large-scale gene duplication
events prior to the monocot-dicot split may have led
to the origin of flowering or even of seed plants:
Duplications of (sets of) developmentally important
genes could have given the opportunity to develop
new reproductive organs and strategies and conse-
quently cause reproductive isolation, which may have
resulted in speciation. The ongoing accumulation of
sequence data delivered by several plant expressed
sequence tags and genome sequencing projects will
provide the means to answer the questions regarding
the prevalence and timing of gen(om)e duplications
in the evolution of plants and will hopefully help elu-
cidating the role of these events in the diversification
and evolution of plant species.
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Note added in proof

Since acceptance of this paper, novel tools to identify
heavily degenerated block duplications allowed us to
find evidence for the recent genome duplication
described in this study. The occurrence of two addi-
tional, but probably no more, ancient genome dupli-
catons in Arabidopsis was also demonstrated [Simil-
lian, C., Vandepoele, K., Van Montagu, M.C.E.,
Zabeau, M., and Van de Peer, Y. (2002). The hidden-
duplication past of Arabidopsis thaliana. Proc. Natl.
Acad. Sci. USA 99, 13627–13632].
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