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In Arabidopsis, tandemly arrayed genes (TAGs) comprise .10% of the genes in the genome. These duplicated genes
represent a rich template for genetic innovation, but little is known of the evolutionary forces governing their
generation and maintenance. Here we compare the organization and evolution of TAGs between Arabidopsis and rice,
two plant genomes that diverged ;150 million years ago. TAGs from the two genomes are similar in a number of
respects, including the proportion of genes that are tandemly arrayed, the number of genes within an array, the
number of tandem arrays, and the dearth of TAGs relative to single copy genes in centromeric regions. Analysis of
recombination rates along rice chromosomes confirms a positive correlation between the occurrence of TAGs and
recombination rate, as found in Arabidopsis. TAGs are also biased functionally relative to duplicated, nontandemly
arrayed genes. In both genomes, TAGs are enriched for genes that encode membrane proteins and function in ‘‘abiotic
and biotic stress’’ but underrepresented for genes involved in transcription and DNA or RNA binding functions. We
speculate that these observations reflect an evolutionary trend in which successful tandem duplication involves genes
either at the end of biochemical pathways or in flexible steps in a pathway, for which fluctuation in copy number is
unlikely to affect downstream genes. Despite differences in the age distribution of tandem arrays, the striking
similarities between rice and Arabidopsis indicate similar mechanisms of TAG generation and maintenance.
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The evolution and organization of TAGs have been studied
in Arabidopsis. TAGs are underrepresented in centromeric
regions relative to non-TAG genes, and their prevalence
relative to non-TAG genes is positively correlated with
recombination rates along chromosomes [11]. The evolutionary processes contributing to this correlation are unclear.
The correlation could reﬂect the generation of TAGs via
recombination-mediated processes such as unequal crossingover (UCO), or it could be produced indirectly by interplay
among selection, recombination, gene gain, and gene loss. It
is also unclear whether the TAG organization in Arabidopsis is
representative of other plant genomes.
TAGs are also likely to differ from dispersed (i.e., nonclustered) gene families in their process of divergence. The
close physical proximity of TAGs facilitates gene conversion, as

Introduction
The genomes of Arabidopsis thaliana (Arabidopsis) and Oryza
sativa (rice) contain substantial proportions of duplicated
chromosomal segments, presumably reﬂecting ancient polyploidy (paleopolyploid) events. In Arabidopsis, for example,
there have been at least three paleopolyploid events [1], with
the most recent occurring ;25 million years ago [2]. The
duplicated chromosomal regions retain ;25% of their genes
as duplicates [3], with the remaining duplicate pairs having
lost one copy to deletion or pseudogenization. Surprisingly,
the process of gene loss is nonrandom with respect to
function, because genes that are retained as duplicates are
enriched for functions related to transcription, signal transduction, and development [1,2]. Like Arabidopsis, rice also has
a history of extensive duplication [4], with up to ;60% of the
genome apparently duplicated by paleopolyploid events [5]
and up to ;50% of genes retained as duplicates on
duplicated chromosomal segments [6].
Although there have been numerous studies to identify
genes duplicated via paleopolyploidy, one important source
of duplication in plant genomes has not been studied in great
detail: tandemly arrayed genes (TAGs). TAGs are gene family
members that are tightly clustered on a chromosome, and
they are frequent in plant genomes. In A. thaliana, TAGs
comprise almost as many genes (up to 18%) as those
duplicated by paleopolyploid events (;25%) [7]. They also
represent a broad functional component of the genome,
ranging from genes that encode secondary metabolites [8], to
disease resistance genes [9], to regulatory genes [10].
PLoS Computational Biology | www.ploscompbiol.org
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Synopsis

on the criteria used to deﬁne homologous gene sets—of
which TAGs are a subset—and the number of gene spacers
allowed between TAGs. Because of this dependency on
deﬁnition, we analyzed two groups of four datasets in both
rice and Arabidopsis. The ﬁrst group corresponds to a ‘‘low
stringency’’ (L) criterion, corresponding to .30% identity
and .70% alignment length, to identify sets of homologous
genes. We refer to these homologous sets as superfamilies (see
Materials and Methods). TAGs are physically adjacent genes
within superfamilies. We deﬁned four sets of TAGs corresponding to zero, one, ﬁve, and up to ten intervening spacer
genes. The second group of datasets was based on high
stringency (H) criteria (.50% identity and .90% alignment
length), again with four spacer lengths. Hereafter, the datasets
are named by stringency and spacer—e.g., the low stringency
dataset with zero spacer genes is L/0.
Based on our analyses, genes within superfamilies compose
from 40% to 67% of A. thaliana genes and 19% to 45% of O.
sativa genes (Table 1). Both species contain substantial
proportions of TAGs; up to 16% of Arabidopsis genes are
TAGs, but the maximal proportion of rice genes is ;14%.
These values are slightly lower than previous studies in
Arabidopsis [11,18] and rice [16,17], because our deﬁnition of
homology is more stringent. Rice also has a lower proportion
of TAGs relative to Arabidopsis for all TAG deﬁnitions.
For all datasets, most tandem arrays contained very few
genes. For example, with the H/0 data set, 75% of Arabidopsis
TAG arrays contained only two genes, and 79% of rice arrays
contained only two genes (Figure 1; Table S1). The number of
tandem arrays with three genes decreased sharply (to 17% of
Arabidopsis and 14% in rice), and tandem arrays with more
than three members were very rare (8% in Arabidopsis, with a
maximum size of 12; 7% in rice, with a maximum size of
nine). The size distributions of tandem arrays in rice and
Arabidopsis are very similar (Figure 1) and statistically
indistinguishable for several datasets (e.g., H/0: v2 ¼ 3.9, p ¼
0.14; H/10: v2 ¼ 1.81, p ¼ 0.41), suggesting similar evolutionary
constraints on array size in the two diverse lineages.
Both TAGs and non-TAG genes are physically clustered
along each of the rice chromosomes (TAGs: maximum p-value
of 12 tests ¼ 0.0025; non-TAGs: maximum p-value of 12 tests ¼
1.49 3 10–10), even after Bonferroni correction for 12 tests.
Both TAGs and non-TAGs have a strong tendency to cluster
near the end of chromosomal arms (unpublished data).

The nuclear genomes of higher plants vary tremendously in size and
gene content. Much of this variation is attributable to gene
duplication. To date, most studies of plant gene duplication have
focused on whole genome duplication events, which duplicate all
genes simultaneously. Another prominent process is single gene
duplication, which often results in duplicated genes arranged in a
tandem array. Here Rizzon, Ponger, and Gaut identify tandem arrays
in rice and their genome organization between Arabidopsis and rice,
two plant species that diverged ;150 million years ago. The two
genomes contain a similar proportion of genes that are tandemly
arrayed, with a similar number of genes within an array. Moreover,
tandemly arrayed genes are most common in genomic regions of
high recombination in both species. This organization appears to be
a general feature of eukaryotic genomes, perhaps because
duplication rates are higher in high recombination regions.
Tandemly arrayed genes of rice and Arabidopsis also represent a
biased gene set with regard to function. In contrast to genes
duplicated through whole genome events, tandemly arrayed genes
are enriched for genes that encode membrane proteins and genes
that function in response to environmental stresses. Taken together,
these observations suggest that tandemly arrayed genes represent a
rich and relatively fluid source for plant adaptation.

recently demonstrated in both yeast [12] and Arabidopsis [13].
One practical ramiﬁcation is that the synonymous distance (Ks)
between TAGs cannot be easily used as a proxy for the time of
the duplication event that gave rise to the two genes [14].
Instead, Ks provides insight into either the age of the duplication
event or the age of homogenizing gene conversion events [12].
Nonetheless, careful study of Ks values among clustered genes
could uncover clues to TAG maintenance and diversiﬁcation.
The completion of the rice genome sequence provides the
ﬁrst opportunity to compare the structure and evolution of
TAGs between two plant genomes, Arabidopsis and rice. The
two species diverged ;150 million years ago [15] but are
similar in that they have relatively small genomes and
reproduce predominantly by selﬁng. Genomic analyses of
the rice sequence have already revealed some properties of
TAGs—i.e., that TAGs compose between 16% [16] and 29% of
rice genes [17] and that the preponderance of tandemly
duplicated genes are differentiated by relatively low (,0.2) Ks
values [16]. Nonetheless, TAGs in rice have not been studied in
a comparative context nor in the context of genomic features
such as chromosomal location and recombination.
In this paper, we address several basic questions about the
organization, evolution, and function of TAGs. First, does the
number and distribution of TAGs differ substantially between
rice and Arabidopsis? Second, are TAGs more frequent in high
recombination regions in rice, as they are in Arabidopsis?
Third, do the two species exhibit clear similarities or differences in the distribution of Ks among TAGs? Fourth, do genes
in TAGs represent functional biases relative to non-TAG
genes? Finally, can we infer any general mechanisms that
contribute to similarities and differences between the
distribution of TAGs in the Arabidopsis and rice genomes?

Estimated Recombination Rates (^c) along Rice
Chromosomes and Correlation with TAG Density
In Arabidopsis, there is a dearth of TAGs within pericentromeric regions, and the distribution of TAGs is positively
correlated with recombination rate even when pericentromeric regions are removed from analysis [11]. To assess
whether the rice genome is organized similarly, we ﬁrst
estimated recombination rates (^c) by comparing physical and
genetic maps. Average ^c ranged from 3.58 cM/Mb to 4.46 cM/
Mb for all chromosomes, with an average of 4.12 cM/Mb
across chromosomes (Table S2). Ignoring telomeres, where
there may be some statistical artifact in estimation of c, most
chromosomes had peak recombination rates ;9 cM/Mb and
minimum rates approaching 0 cM/Mb. For several chromosomes (6, 7, 9, and 11), there was a pronounced region of low
recombination, which we attributed to centromeric suppression and therefore deﬁned as pericentromeric regions

Results
The Number, Size, and Physical Distribution of TAGs
The number of TAGs identiﬁed in Arabidopsis and rice
depends on the TAG deﬁnition. The deﬁnition depends both
PLoS Computational Biology | www.ploscompbiol.org
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Table 1. Identification of TAGs in the A. thaliana and O. sativa Genomes
Genomic Feature

A. thaliana

O. sativa

Genome size in Mb
Number of genes
Number (percent) duplicate genes

119.2
25,972
17,406 (67.0)
10,483 (40.4)
0
1,210
847
3,050
2,044
11.7
7.8

367.9
42,534
19,322 (45.4)
8,244 (19.4)
0
1,195
552
2,859
1,291
6.7
3.0

Number of allowed spacers
Number of TAG arrays
Number of TAGS
Percent genes being TAGs

L
H
L
H
L
H
L
H

1
1,315
938
3,469
2,349
13.4
9.0

5
1,412
994
3,814
2,515
14.7
9.9

10
1,497
1,029
4,043
2,652
15.5
10.2

1
1,523
723
3,968
1,803
9.3
4.2

5
1,887
950
5,397
2,505
12.7
5.9

10
2,013
1,029
5,955
2,776
14.0
6.5

L, low stringency homology definition.
H, high stringency homology definition.
DOI: 10.1371/journal.pcbi.0020115.t001

(Figure 2). Other chromosomes had less exaggerated regions
of low recombination, and we thus deﬁned centromeric
regions on these chromosomes as low ‘‘points’’ of recombination rather than ‘‘regions.’’ Our resulting centromeric
deﬁnitions corresponded closely to those reported previously
[16,19]. Because most chromosomal arms had more than one
apparent peak of recombination, a pattern that does not
mimic other species closely, we also veriﬁed estimates of ^c
with an alternative method that considered chromosomal
arms separately (see Materials and Methods). The two
methods gave highly correlated results (Spearman rank
correlation: for all 12 chromosomes q  0.70; p , 2.2 3 1016).
We next determined if TAGs were underrepresented in
centromeres. The physical distribution of TAGs relative to
the total number of genes along O. sativa chromosomes is
shown in Figure 2 for the H/0 and H/10 datasets. The
distribution suggests a lower density of TAGs around
centromeres compared with other chromosomal regions for
a few chromosomes (1, 2, 3, 4, 6, 7, 8, and 11; see Figure 2). The
trend is not readily obvious on all chromosomes, but we
tested this more formally. We were able to deﬁne centromeres as regions (rather than single points) on chromosomes 6,
7, 9, and 11. When the data were combined across these four

chromosomes, TAGs were signiﬁcantly underrepresented in
centromeres for TAG deﬁnitions L/0, L/1, L/5, L/10, H/5, and
H/10 (v2minimum ¼ 29.3, pmaximum ¼ 6.1 3 1008). We did the
same analyses considering also 2-Mb regions around the
‘‘point’’ estimates for centromeres, and thereby combined
information across all 12 chromosomes. TAGs were signiﬁcantly underrepresented in centromeres relative to non-TAG
genes for all eight TAG deﬁnitions (v2minimum ¼ 30, pmaximum ¼
4.3 3 1008 ). These results remained signiﬁcant after
Bonferroni correction. It is thus very clear that TAGs are
underrepresented in centromeres relative to non-TAG genes
in O. sativa, as they are in A. thaliana.
Finally, we assessed the correlation between TAG density
and ^c. For ﬁve of 12 chromosomes tested separately (1, 6, 7, 8,
and 11), correlations were positive and still signiﬁcant after a
Bonferroni correction for at least one of the eight TAG
deﬁnitions (Table S3). The remaining chromosomes (3, 4, 5, 9,
and 10) exhibited a range of correlations, both positive and
negative, that were not statistically signiﬁcant after Bonferroni correction (Table S3). However, when TAG density was
plotted again for the entire rice genome (Figure 3), there was
a positive but weak correlation for all eight TAG deﬁnitions
(pmaximum ¼ 7.7 3 1007), with q ranging from 0.26 to 0.41

Figure 1. Distribution of the Size of TAGs for the H/0 Dataset
(A) A. thaliana. (B) O. sativa.
DOI: 10.1371/journal.pcbi.0020115.g001
PLoS Computational Biology | www.ploscompbiol.org
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Figure 2. Recombination Rate Estimates and Density of TAGs (Number of TAGs/Total Number of Genes) along O. sativa Chromosome
Recombination estimates are represented by the black lines. Density estimates are based on the H/0 dataset (blue lines) and H/10 dataset (pink lines).
Centromere positions are marked in orange.
DOI: 10.1371/journal.pcbi.0020115.g002
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Figure 3. TAG Gene Density Plotted against Recombination Rate in O. sativa for the L/0 Dataset and the H/0 Dataset
DOI: 10.1371/journal.pcbi.0020115.g003

These Ks peaks in duplicated non-TAG genes have been
interpreted as evidence for ancient polyploid events [2,6].
The most notable feature of Arabidopsis Ks values is that the Ks
peak for TAGs has a lower value than duplicated non-TAGs,
as noted previously [2,20]. In contrast to Arabidopsis, the rice
Ks distributions were not nearly as dramatic: across datasets,
neither TAGs nor non-TAGs produced consistent Ks peaks
(Figure 4).
Because the density of TAGs is correlated with recombination rate and because recombination could play a role in
the production and divergence of TAGs, it is reasonable to try
to assess whether Ks is correlated with ^c. To assess this
correlation, we focused on TAG arrays with only two genes,
because the Ks distribution of TAGs with more than two
members is biased toward overrepresentation of older pairs.
We found no signiﬁcant relationship between ^c and Ks values
for any dataset (Spearman rank Correlation, qminimum ¼0.08,
qmaximum ¼ 0.09, qminimum ¼ 0.05), just as there was no
correlation between molecular divergence and ^c in Arabidopsis
[11].

(Table 2). The correlation remained signiﬁcant when regions
with recombination estimates of 0.0 (i.e., pericentromeric
regions and other low recombination regions) were removed
from the analysis (q ranged 0.23 to 0.37 across TAG
deﬁnitions, with pmaximum ¼ 2.5 3 1005). When regions
lacking TAGs (i.e., regions with 0.0 values in the y-axis of
Figure 3) were also removed from analysis, the correlation
remained signiﬁcant for six of eight TAG deﬁnitions (q
ranged from 0.16 to 0.26; pmaximum ¼ 0.007). We thus conclude
that the density of TAGs is positively, but weakly, associated
with recombination rate along rice chromosomes.

Pairwise Ks Distributions
Pairwise Ks distributions of duplicated genes have been
used to infer the polyploid origin of plant genomes [2,6] and
also to study the tempo and mode of gene duplication [14].
Here we compare the Ks distribution for TAGs and
duplicated non-TAG genes between species, for two reasons.
The ﬁrst is to determine whether the pairwise Ks distribution
for TAGs is similar between species. The second is to
determine whether Ks is also correlated with ^c.
In Arabidopsis, the pairwise Ks distribution for TAGs deﬁnes
a clear peak around Ks ; 0.3 in all of the L and H datasets
(Figure 4A and 4C). The Ks distribution for duplicated nonTAG genes was markedly different but varied by dataset. In
the H datasets (Figure 4A), the Ks distribution peaked in the
range of 0.6 to 0.9 with another peak .1.5. With the L dataset,
the Ks distribution shifted markedly toward higher Ks values
(Figure 4C), reﬂecting less stringent deﬁnition of duplicates.

TAG Functional Specificities
Previous studies have shown that genes retained as
duplicates after polyploidy events represent a biased subset
of molecular functions (MFs). To examine the functional
speciﬁcities of TAGs, we identiﬁed Gene Ontology (GO)
terms and compared TAGs with non-TAG (duplicated) genes
and also with singleton genes that could not be assigned to a
superfamily. For each term, we identiﬁed GO-slim terms in
three categories: MF, biological process (BP), and cellular
component (CC) [21] (see Materials and Methods). Our
primary motivation for this analysis was to evaluate whether
TAGs, like genes retained after polyploidy duplication, are
biased toward particular functions.
For simplicity we explored the speciﬁcity of function for
TAGs only for the H/0 (Table 3) and H/10 (Table S4) datasets.
For A. thaliana, at least one GO term was associated with each
gene. For TAGs, non-TAG genes, and singletons, in any of the
MF, BP, and CC categories, at least 78% of the genes were
linked to one or several GO terms. In O. sativa, we were able to
associate at least one GO term to only ;68% (H/0 dataset)
and ;66% (H/10 dataset) of the TAGs, to ;64% of duplicated
non-TAG genes, and to ;28% of the single genes (see

Table 2. Spearman Rank Correlation Tests Comparing Recombination and Gene Density over All Chromosomes for Each Rice
Dataset
Dataset 0

L
H

1

5

10

q

P

q

P

q

P

q

P

0.41
0.29

1.05E-15
4.02E-08

0.38
0.28

3.48E-13
9.45E-08

0.33
0.27

5.78E-10
2.81E-07

0.30
0.26

3.146E-08
7.761E-07

DOI: 10.1371/journal.pcbi.0020115.t002
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Figure 4. Distribution of Ks Values between TAG Pairs and between Duplicated Non-TAG Gene Pairs
Histogram of the distribution of Ks values for TAG pairs (dots) and duplicated non-TAG gene pairs (bars) in Arabidopsis and in rice for the H/0 dataset are
in panels (A) and (B), respectively. Results for the L/0 dataset are provided in panels (C) and (D).
DOI: 10.1371/journal.pcbi.0020115.g004

Materials and Methods). Thus, functional assignment is more
complete for the Arabidopsis data.
Numerous differences were evident across the three gene
categories (TAG, non-TAG, and singleton; Figure 5, Table 3,
Table S5). The results were qualitatively consistent across
datasets for A. thaliana but differed somewhat according to
the TAG deﬁnition for O. sativa. Here, for simplicity, we limit
our discussion to results for which there was a signiﬁcant
under- or overrepresentation of TAGs in Arabidopsis with a
similar, signiﬁcant (after Bonferroni correction) trend in one
of the two rice datasets. Our reasoning is that results
consistent across species are more likely to provide general
insights into TAG evolution.
In the MF category, there was a relative dearth of TAGs
relative to non-TAGs in the ‘‘DNA or RNA binding,’’
‘‘transcription factor activity,’’ and ‘‘structural molecule
acitivity’’ categories. For one of these categories (‘‘DNA or
RNA binding’’), duplicate genes as a whole are also
signiﬁcantly underrepresented relative to singleton genes,
but TAGs are even more underrepresented than duplicate
non-TAG genes (Figure 5 and Table 3). In contrast, duplicate
genes were overrepresented in the ‘‘other enzyme activity’’
category, with TAGs signiﬁcantly overrepresented related to
duplicate non-TAGs.
Our analyses were hampered by the relatively low number
PLoS Computational Biology | www.ploscompbiol.org

of GO annotated rice genes in the CC and BP GO categories.
Nonetheless, for CC functions, TAGs were underrepresented
in the nucleus ribosome, mitochondrion, and ‘‘other intracellular’’components compared with duplicate non-TAGs
and singleton genes, but overrepresented for ‘‘other membranes’’ components. For BP functions, TAGs were underrepresented in the ‘‘transcription’’ category relative to both
non-TAGs and singletons. In contrast, all duplicate genes
(TAGs and non-TAGs) were overrepresented in the ‘‘response
to biotic and abiotic stimulus’’ and ‘‘electron transport and
energy pathways’’ categories, and TAGs were even more
overrepresented relative to duplicated non-TAGs in these
categories. The abiotic stress response category includes
genes such as those in the mitogen-activated protein kinase
pathway (e.g., MAPKK; MKK1; MEK1), which are known to
process a wide range of external stimuli. The biotic stress
category includes, among other things, disease resistance
proteins of the TIR–NBS–LRR class.

Discussion
Arabidopis and rice are predominantly selﬁng plants with
small genomes, but they differ substantially in other aspects.
They differ in chromosome number (ﬁve versus 12), genome
size (the rice genome is ;3.7 larger than that of Arabidopsis),
polyploid history [22], and growth habit (weedy versus
0994
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Table 3. Proportion of TAGs, Duplicated Non-TAGs, and Singletons Genes in GO Slim Categories, Based on the H/0 Dataset
GO Slim
Category

MF

CC

BP

GO Slim
Term

Nucleotide binding
Other nucleic acid binding
DNA or RNA binding
Transcription factor activity
Receptor binding activity
Protein binding
Other binding
Hydrolase activity
Kinase activity
Transferase activity
Other enzyme activity
Transporter activity
Structural molecule activity
Other MFs
MF unknown
Chloroplast
Plastid
Mitochondrion
Endoplasmic reticulum
Golgi apparatus
Cytosol
Ribosome
Other cytoplasmic components
Nucleus
Other intracellular components
Plasma membrane
Other membranes
Cell wall
Extracellular
Other cellular components
Cellular component unknown
Electron transport and energy pathways
DNA or RNA metabolism
Transcription
Protein metabolism
Other metabolic processes
Transport
Signal transduction
Cell organization and biogenesis
Other cellular processes
Response to abiotic and biotic stimulus
Response to other stresses
Other physiological processes
Developmental processes
Other BPs
BP unknown

A. thaliana

O. sativa

Single

Non-TAG
Duplicates
(Percent)

TAG
(Percent)

P1

7.08
4.41
8.86
7.73
1.00
6.43
8.14
8.93
3.87
7.13
11.66
4.34
1.56
4.06
47.03
18.80
0.87
14.18
0.38
0.24
0.48
1.00
2.28
8.58
6.71
0.68
20.56
0.26
0.48
7.81
37.13
2.83
2.04
8.05
13.18
31.03
4.68
2.41
4.23
30.56
5.24
3.48
32.42
3.54
13.16
53.68

10.58
2.87
6.77
7.70
0.84
7.63
10.63
13.68
8.42
13.44
16.73
9.69
2.92
5.52
24.80
13.01
0.55
13.15
0.68
0.49
1.49
2.37
4.57
9.60
8.91
1.65
30.70
0.55
0.68
10.59
29.74
5.56
1.04
8.15
19.93
45.84
10.49
4.94
6.66
44.26
9.07
4.76
47.97
3.73
15.32
30.54

7.33
0.86
2.62
2.30
1.28
5.13
12.25
18.40
8.24
14.17
20.64
8.61
0.86
5.35
26.20
6.74
0.48
9.02
0.53
0.11
1.01
0.42
3.61
3.13
4.19
0.96
47.88
1.11
1.01
4.72
29.03
8.84
0.66
3.29
17.24
43.60
7.80
2.86
2.42
35.31
14.55
7.47
36.13
2.47
12.30
30.31

2.9E-05
7.9E-07
1.5E-11
6.1E-17
1.0E-01
2.1E-04
5.0E-02
2.7E-07
8.4E-01
4.3E-01
7.5E-05
1.7E-01
5.0E-07
8.1E-01
2.2E-01
5.0E-14
8.2E-01
1.2E-06
5.7E-01
3.4E-02
1.3E-01
9.7E-08
7.7E-02
1.3E-19
1.7E-11
3.5E-02
4.4E-45
1.1E-02
1.9E-01
8.2E-15
5.6E-01
2.5E-07
1.8E-01
9.1E-13
1.0E-02
9.1E-02
6.9E-04
1.6E-04
6.0E-12
5.0E-12
5.1E-12
4.6E-06
1.2E-19
1.1E-02
1.2E-03
8.7E-01

**
***
***
***
NS
*
NS
***
NS
NS
**
NS
***
NS
NS
***
NS
***
NS
NS
NS
***
NS
***
***
NS
***
NS
NS
***
NS
***
NS
***
NS
NS
NS
*
***
***
***
***
***
NS
NS
NS

Single

Non-TAG
Duplicates
(Percent)

TAG
(Percent)

P1

0.01
6.36
18.29
0.00
2.31
0.01
23.21
21.46
16.10
25.26
18.53
8.71
1.87
36.95
0.00
0.00
11.54
5.13
5.96
0.62
4.36
4.12
4.96
19.41
9.85
18.69
50.33
8.87
5.10
4.93
0.00
5.81
3.02
11.91
30.41
34.34
10.00
17.42
5.85
37.68
28.45
18.29
28.89
16.91
3.61
0.00

0.00
2.27
7.13
4.20
3.70
0.00
25.88
21.05
18.58
30.33
21.97
11.79
3.75
34.56
0.00
0.00
9.18
4.67
12.52
0.78
6.90
6.79
4.67
8.74
9.24
22.20
54.37
9.79
2.23
9.74
0.00
7.98
1.14
4.94
34.68
43.74
13.55
21.55
5.09
46.87
36.63
21.25
37.75
18.99
3.61
0.00

0.00
1.32
3.48
1.44
4.32
0.00
28.69
20.89
16.33
35.29
27.85
8.88
1.20
29.77
0.00
0.00
8.36
1.15
16.71
0.00
3.75
2.88
4.61
1.73
5.76
22.77
58.21
7.20
11.24
15.27
0.00
10.28
0.30
0.75
32.49
50.22
8.94
20.72
4.62
50.82
49.63
23.85
45.90
23.25
0.89
0.00

–
1.1E-01
1.4E-04
1.9E-04
4.5E-01
–
1.0E-01
9.5E-01
1.4E-01
5.4E-03
2.7E-04
1.8E-02
2.8E-04
8.7E-03
7.0E-01
4.0E-03
4.3E-02
2.0E-01
3.8E-02
8.0E-03
9.3E-01
1.1E-05
4.5E-02
8.7E-01
2.1E-01
1.6E-01
1.2E-15
3.0E-03
–
5.9E-02
7.3E-02
1.5E-06
3.0E-01
2.4E-03
1.4E-03
6.7E-01
6.8E-01
6.8E-02
4.0E-10
1.5E-01
9.5E-05
1.3E-02
3.8E-04
–

–
NS
*
*
NS
–
NS
NS
NS
NS
*
NS
*
NS
NS
NS
NS
NS
NS
NS
NS
***
NS
NS
NS
NS
***
NS
–
NS
NS
***
NS
NS
NS
NS
NS
NS
***
NS
**
NS
*
–

1

Test of equal proportions between TAG and nonduplicated non-TAG genes only. Significance shown considering Bonferroni correction for multiple tests (for 92 tests).
*, p , 0.05; **, p . 0.01; ***, p , 0.001.
GO numbers corresponding to these GO Slim terms are available at http://www.arabidopsis.org/help/helppages/go_slim_help.jsp#slim1.
DOI: 10.1371/journal.pcbi.0020115.t003

always has a slightly lower proportion of TAGs than
Arabidopsis (Table 1), but the estimates were similar for the
least strict TAG deﬁnition (16% for Arabidopsis and 14% for
rice). These values do not differ substantially from previous
reports in the plant literature (;14% to ;18%) [11,16,18],
with two exceptions. The ﬁrst exception is also based on
analysis of the ﬁnished rice genome. Using a sliding window
of ﬁxed length with less stringent homology deﬁnitions, the
International Rice Genome Sequencing Project reported that
up to 29% of rice genes are TAGs [17]. This high proportion

cultivated). They even differ in the timing of their shift from
outcrossing to selﬁng. Rice apparently became a selfer during
domestication ;10,000 years ago, but Arabidopsis may have
become selﬁng substantially earlier [23]. Their divergence
;150 million years ago [15] makes the two plant lineages as
old or older than placental mammals [24].
Despite these differences, our analyses reveal that TAGs in
Arabidopsis and rice are similar in at least four respects. The
ﬁrst is the proportion of TAGs relative to non-TAG genes.
Applying identical homology deﬁnitions to both datasets, rice
PLoS Computational Biology | www.ploscompbiol.org
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Figure 5. Frequency of Genes in the GO MF categories in Arabidopsis and Rice, Based on the H/0 Dataset
Only the H/0 datasets are shown.
The asterisks above the bars indicate significance of the v2 tests, under the null hypothesis that TAGs and duplicated non-TAG genes have the same
proportion.
*, p , 0.05; **, p . 0.01; ***, p , 0.001. Bonferonni-corrected for 92 tests.
DOI: 10.1371/journal.pcbi.0020115.g005

nation, again after correction for the density of non-TAG
genes. The correlation coefﬁcients are similar for Arabidopsis
[11]) and rice (q ¼ 0.26 to 0.41 depending on TAG deﬁnition).
Thus, to the extent that Arabidopsis and rice are representative, a positive correlation between TAG density and
recombination is a general feature of plant genomes. This
positive correlation has also been reported in nematodes [26]
and may therefore be a general feature of eukaryotic
genomes.
The ﬁnal similarity among the TAGs of Arabidopsis and rice
relates to functional biases. Caution must be urged interpreting GO-based results, for the following reasons: i) only a
relatively small proportion (,50%) of rice genes had GO
terms available; ii) there are inherent uncertainties and
difﬁculties with GO deﬁnitions, particularly the treatment of
paralogs that differ in GO categories, and iii) we emphasized
similarities between the two species. Nonetheless, TAGs
appear to be underrepresented in nucleic binding functions
(i.e., transcription and DNA or RNA binding functions) but
overrepresented for extracellular and stress functions. We
emphasize that these are TAG-speciﬁc biases and not biases
due to retention of non-TAG genetic duplicates after a
polyploid event. These functional biases have not been noted
previously on a genome-wide scale, but analysis of individual
gene families have provided circumstantial evidence about
such biases, particularly with regard to stress response. For
example, genes often found in tandem arrays include NBS–

does not correlate well with this and other analyses of rice
genome sequences. The second exception is maize, where
extensive analysis of BAC-end sequences suggests that onethird of maize genes are TAGs [25]. It remains to be seen if
the maize genome does contain a substantively larger
proportion of genes in tandem arrangement.
The second conserved feature of TAGs is the size
distribution of tandem arrays. Both genomes have a
preponderance of tandem arrays consisting of only two genes
(.62%), with far fewer arrays containing more than three
genes (Figure 1). The largest numbers of genes in an array
were 20 genes and 33 genes in Arabidopsis and rice,
respectively, under our least strict (L/10) deﬁnitions of TAGs.
Using a sliding window approach with unlimited numbers of
spacers, the International Rice Genome Sequencing Project
identiﬁed a putative TAG containing 134 members. Such
large clusters are clearly the exception rather than the rule,
and do not affect the conclusion that the distribution of TAG
size is similar between two plant species that are separated by
150 million years of evolution [15] and differ 3.7-fold in
genome size [16,18].
The third conserved feature between species is the
distribution of TAG density along chromosomes. In both
cases, the TAG density is low in centromeric and pericentromeric regions, even after correcting for the relatively low
proportion of non-TAG genes in these regions. For both
species, TAG density is positively correlated with recombiPLoS Computational Biology | www.ploscompbiol.org
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Evolutionary Forces Acting on TAGs

LRR disease resistance genes [27], genes that produce
secondary metabolites that function in herbivore resistance
[28,29], and glycotransferases that contribute to the ability to
cope with environmental challenges [30]. Moreover, a study of
50 Arabidopsis gene families showed that the two families with
the strongest bias toward tandem organization encoded plant
defense functions [31]. Perhaps the most compelling example
to date is that of the RLK gene family. Shiu et al. [32]
performed a comparative analysis of the receptor-like kinase
RLK gene family in rice and Arabidopsis. Their analyses
revealed an expansion of the RLK family in rice, much of
which could be attributed to tandem duplication. RLK genes
function in plant growth, development, and defense, but the
TAGs were overrepresented for RLK genes that function in
plant defense.

UCO is one of the major mechanisms that generates TAGs.
UCO events generate duplicate genes in direct orientation.
Tandem arrays can also be produced by intrachromosomal
recombination between direct and indirect repeats; these
intrachromosomal events tend to produce gene copies in
opposite orientation [34]. Our studies reveal that ;80% and
;88% of tandem arrays are in direct orientation in rice and
Arabidopsis, respectively. These numbers superﬁcially suggest
that UCO is the prominent mechanism of TAG generation.
In a study featuring an Arabidopsis synthetic tandem array,
UCO between sister chromatids generated copy number
variants at the rate of ;106 per plant per F1 meiosis [35]. To
put this rate in perspective, the rate of nucleotide substitution is ;108 or 109 substitutions per year in plants [36].
Assuming (for simplicity) one generation per year, copy
number mutations per TAG are thus three orders of
magnitude greater than mutations per nucleotide site. With
thousands of TAGs per genome (Table 1), the overall force of
mutation is undoubtedly high enough to result in substantial
copy number polymorphism among individuals. To date,
there is little information about structural and copy number
polymorphism in plants (but see [37,38]), but recent experiments have uncovered substantial copy number and structural polymorphism in humans [39].
Because UCO is a function of homologous recombination,
the rate of UCO should scale with recombination rates along
chromosomes. This leads to the prediction, as yet untested,
that copy number polymorphism also scales with recombination rate, purely as a function of the UCO process. A
corollary to this prediction is that TAGs should be clustered
at higher density in high recombination regions. We have
shown that this prediction holds in both Arabidopsis and rice,
suggesting that mechanisms of tandem duplication are not
homogeneous along chromosomes.
Is the distribution of TAGs shaped solely by rates of UCO? This
seems highly unlikely, for several reasons. First, the positive
correlation between recombinationand TAG density isrelatively
weak. The weak correlation could be a consequence of measurement error for c, but it suggests other factors help shape the
distribution of tandem arrays. Second, the distribution of array
sizes is remarkably consistent between rice and Arabidopsis, with a
preponderance of arrays consisting of only two genes. Left
unchecked,UCOwillresultineitherverylargearraysorcomplete
geneloss,leadingtorapidgeneturnover[40].Intheory,itwouldbe
possibletomaintainlowarraysizeintheabsenceofselectionwitha
delicatebalancebetweendeletionandduplicationrates,butunder
suchamodeltheTAGsshouldallberelativelynew,withlowKs.We
see no such Ks bias; in fact, the Ks bias in Arabidopsis is toward
relatively high (;0.3) Ks (Figure 3). The similarity in array sizes
betweenthesetwogenomes,withoutanobviousbiastolowKsTAGs,
pointstorelativelystrong(andsimilar)selectiveforcesonarraysize.
Viewedgenomewide,itmaybeaccuratetoviewselectiononTAGs
as stabilizing, where too few tandem copies (i.e., ,1) or too many
tandem copies(.2)ofmostgenes aredeleterious[11,41].
Yet, the selective forces acting on individual tandem arrays
must vary substantially. Functional annotations suggest that
certain functional classes, such as genes involved in ‘‘abiotic
stress,’’ are more likely to be found in tandem than as
nontandem duplicates or as singleton genes (Table 3).
Similarly, several functional classes, such as ‘‘transcription

The Pairwise Ks Distribution Differs between Rice and
Arabidopsis
Despite broad similarities, there are also marked differences between the TAGs of rice and Arabidopsis. Blanc and
Wolfe [2] originally observed the most striking difference: on
average, TAGs in the Arabidopsis genome have much lower Ks
values than TAGs in the rice genome. Further, as documented
previously [2,20], the Ks distribution for TAGs in Arabidopsis
has a pronounced peak near Ks ; 0.3 (Figure 4). Haberer et
al. [20] and Blanc and Wolfe [2] mention three processes that
could generate this peak: i) a recent decline in the rate of
generation of tandem arrays, ii) a burst of tandem duplication in the timeframe corresponding to Ks ; 0.3–0.4, or iii) a
recent and increased rate of DNA loss in Arabidopsis that
preferentially affected TAGs. Blanc and Wolfe [2] favored the
last explanation. A ﬁnal, previously unmentioned, explanation is that there was a substantial increase in homogenizing gene conversion events at the time, corresponding to Ks ¼
0.3, perhaps as a byproduct of modiﬁed patterns of gene
conversion during the post-polyploid, diploidization process.
None of these mechanisms have been documented, and all of
these explanations require further study.
In contrast, the Ks distribution for rice TAGs does not
contain an obvious peak [16]. Here it is worthwhile to
consider brieﬂy the limitations and pitfalls of pairwise Ks
distributions. The evidence for polyploidy in rice is convincing based on collinearity among chromosomes [5], but Ks
distributions initially failed to uncover a peak corresponding
to a whole genome duplication event [2]. Thus it is clear that
Ks distributions lack inferential power and are, at best,
inexact tools to infer genomic history [33]. More disturbingly,
the number and location of inferred Ks peaks vary
dramatically among studies, even when the studies use
identical homology deﬁnitions [1,2]. In Arabidopsis, for
example, the peak of the pairwise Ks distribution centers
on values as low as 0.45 in one study [1] to as high as 0.8 in
others [2,14]. Similarly, studies of the pairwise Ks distribution
in rice vary as to the existence of a peak and the Ks value of
the peak [2,6,16]. The take-home message is that Ks
distributions are remarkably imprecise, wholly dependent
on the homology deﬁnitions used to identify duplicated
genes, and in some cases misleading. Curiously, one of the few
robust inferences from studies of Ks distributions in plant
genomes has been the peak for Arabidopsis TAGs at Ks ; 0.3.
Yet at present it is not clear what evolutionary processes have
generated this peak.
PLoS Computational Biology | www.ploscompbiol.org
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factors’’ and ‘‘DNA binding factors,’’ are underrepresented as
TAGs. It is difﬁcult at this point to assess whether differences
among classes (e.g., abiotic stress versus transcription factor)
are primarily a function of retention rates, which would be
mediated by selection, or duplication rates, which are likely a
function of both genomic location (repeat structure, chromatin structure, and recombination rate) and gene structure
(some genes, such as LRR genes, may be more prone to
tandem duplication). Nonetheless, these results make sense
when interpreted in light of selection. Common duplication
and retention of ‘‘DNA binding factors’’ or ‘‘transcription
factors’’ is liable to affect adversely entire genetic networks,
particularly in the absence of commensurate duplication of
other members of the pathway. This is one crucial way in
which the evolution of tandem duplicates differs from gene
duplication via polyploidy. Polyploidy duplicates entire
networks, permitting the retention, evolution, and divergence
of redundant networks [42]. In contrast, tandem duplication
typically copies a single gene and thus a single component of
a pathway. Thus, the most evolutionarily successful tandem
duplication events are most likely to target genes at the end
of biochemical pathways, or genes representing ﬂexible steps
in a pathway, where ﬂuctuation in copy number is unlikely to
affect downstream genes. It may not be surprising that TAGs
are enriched for duplication of membrane proteins and
abiotic response genes, as these may provide a rich source for
environmental response, often without substantial damage to
critical steps in genetic networks.
Duplication by polyploidy is sporadic, and afterward genes
are either lost or retained as a duplicated pair. Although the
deletion process can be relatively rapid, it seems likely that
copy number variation due to polyploidy is not as ﬂexible or
variable as copy number derived from tandem duplication. If
changes in copy number provide an immediate source for
adaptation [43], tandem duplication represents a powerful
evolutionary force for plant adaptation. Much discussion has
centered on the fact that gene duplication due to polyploidy
provides a template for gene neofunctionalization and
subfunctionalization [14]. Although not studied in great
detail, it is clear that tandemly duplicated genes also diverge
in function [28], perhaps to a greater degree than duplicates
produced by polyploidy [44] and perhaps biased by gene
function [45].

was selected and merged with the next best hit between those two
proteins if the overlap between hits was 10 amino acids, iii) the
process moved to the next best hit, which was merged if it did not
overlap with previously selected hits by more than 10 amino acids,
and iv) the process was repeated until all blast hits between two
proteins were merged. When merging was complete, we calculated
the percentage of the protein length aligned and the average
percentage of identity over the aligned regions.
After merging BLAST results, two datasets were retained. The ﬁrst
retained protein pairs with 30% identity covering 70% of protein
length. The second set retained protein pairs with 50% identity
over 90% protein length. The two sets were denoted the low
stringency (L) dataset and the high stringency (H) dataset, respectively. For both datasets, homologous protein sets, which we call
‘‘superfamilies,’’ were deﬁned by the single-linkage criterion. TAGs
were identiﬁed as subsets of superfamilies. Genes were deﬁned as
TAGs if they belonged to the same superfamily and were either
physically adjacent or separated by a prescribed number of nonhomologous intervening ‘‘spacer’’ genes. We varied the deﬁnition of
TAGs to allow zero, one, ﬁve, or ten spacer genes. Superfamily and
TAG deﬁnitions for rice and Arabidopsis are available at http://titus.
bio.uci.edu/data.htm.
Estimation of rice recombination rates. A contrast between
physical and genetic distances was used to estimate recombination
rates (^c, measured in cM/Mb) along rice chromosomes. The average
genetic and physical position (on rice virtual chromosomes) of 3,192
BAC clones were downloaded from TIGR (www.tigr.org) in December
2005. For each chromosome, we calculated the best ﬁtting polynomial
curve between physical and genetic distances data using the R
statistical package. Polynomial curves with increasing order were
incrementally ﬁt to data from each chromosome, until an additional
order polynomial did not signiﬁcantly improve ﬁt to the data.
Recombination rate (^c) for a physical location on the chromosome
was estimated as the derivative of the polynomial. Because centromere positions were not known exactly, we estimated their position
from estimates of ^c. If a chromosomal region had ^c ¼ 0.0, this region
was denoted the centromere. If ^c . 0.0 along the entire chromosome,
the point with lowest ^c was deemed the centromere.
We also estimated recombination by calculating separately for
each chromosome arm. To deﬁne the arms, we ﬁrst deﬁned the
centromere at the midpoint of the largest group of ordered BACs
that showed no variability in genetic distance. We estimated ^c for
each chromosome arm with polynomial ﬁtting, as above.
TAG distribution. To analyze whether TAGs and genes are
clustered along rice chromosomes, we split the chromosomes into
10-kb fragments and coded each fragment as ‘‘1’’ or ‘‘0,’’ depending
on whether the fragment did or did not contain a TAG midpoint. We
then calculated the Multiple Pool statistic, which detects a nonuniform distribution along the chromosomes [48].
To study TAG density, chromosome sequences were split into 1.0Mb partitions. Density was calculated for each partition in two ways:
i) the number of TAGs divided by the total number of genes, and ii)
the number of TAGs divided by the total number of non-TAG genes.
The latter calculation of density was used to explore the relationship
between recombination rate and TAG distribution in rice in a
manner directly analogous to that completed for Arabidopsis [11]. The
relationship between TAG density and recombination rate was
assessed by Spearman rank tests. Telomeric regions were excluded
from these analyses, as they appeared to be subject to ‘‘boundary
effects’’ for estimation of c, but qualitative results did not differ
substantially when telomeres were included (unpublished data).
Ks Estimation. Nucleotide sequence data for Arabidopsis and rice
were downloaded from NCBI in November 2005 and TIGR in
September 2005, respectively. Pairs of homologous proteins within
superfamilies were aligned with CLUSTALW [49], using default
options, and these alignments were subsequently imposed on the
coding region of nucleotide sequences using a PERL script based on
Bioperl functions. For both species, we only considered the longest
alternatively spliced form of peptides in calculations.
For all pairwise alignments, the Ks substitution rate was calculated
using the PAML package and the YN00 program [50]. We only
retained pairwise distances for which Ks , 2.0 in analyses.
GO annotations and categories. GO annotations were downloaded
for Arabidopsis and rice from TAIR and TIGR, respectively, in
September 2005. We used plant-related GO Slim terms [51], as of 1
April 2005, to explore TAG functions. Each gene can be associated
with several GO Slim terms in the MF, CC, and BP GO functional
categories. We studied each GO Slim term category independently.
For each GO Slim term category, we counted the number of TAGs,
the number of duplicated non-TAG genes within a superfamily, and

Materials and Methods
Protein data. Predicted rice proteins (version 3.0) were downloaded from The Institute for Genomic Research (TIGR) Web site in
September 2005. Version 3.0 consisted of 61,251 putative proteins,
corresponding to 57,917 genes, including 14,198 genes annotated as
related to transposable elements (TEs). A. thaliana protein sequences
were downloaded from NCBI in September 2005. There were 28,860
annotated proteins in the dataset, corresponding to 26,359 genes. For
both species, protein sequences were screened for TE using a
TBLASTN search [46] against the Plant Repbase September 2005
update [47], with default settings and an E-value cutoff of 1.0. After
‘‘merging’’ (see below), genes encoding proteins with .50% identity
to a TE sequence more than .70% of their length were excluded
from further analyses. In total, 387 A. thaliana genes and 15,383 O.
sativa genes related to TEs were removed.
Identiﬁcation of TAGs. For each species, an all-against-all BLASTP
search was performed, using default parameters and an E-value cutoff
of 1.0. For each pair of genes, blast-hits were merged to compute the
total length and the global similarity of aligned regions. Merging was
an iterative process consisting of several steps: i) BLAST hits were
sorted according to their E-value, ii) the best hit between two proteins
PLoS Computational Biology | www.ploscompbiol.org
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Table S3. Spearman Rank Correlations Tests between Recombination
Rate and TAG Density for Each Chromosome and Each Dataset
(A) Telomeres taken into account. (B) Telomeres removed.
Found at DOI: 10.1371/journal.pcbi.0020115.st003 (124 KB DOC).

the number of singleton (not a member of a superfamily) genes linked
at least once with this GO Slim term category. We determined
whether proportions were equivalent among categories (i.e., TAG,
non-TAG, and singleton) with Pearson’s v2 test. The GO numbers
associated with each GO Slim category are listed at http://www.
arabidopsis.org/help/helppages/go_slim_help.jsp#slim1.
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