
Locally Duplicated Ohnologs Evolve Faster Than Nonlocally

Duplicated Ohnologs in Arabidopsis and Rice

Yupeng Wang*

Computational Biology Service Unit, Cornell University

*Corresponding author: E-mail: wyp1125@gmail.com.

Accepted: January 22, 2013

Abstract

Whole-genome duplications (WGDs) have recurred in the evolution of angiosperms, resulting in many duplicated chromosomal

segments. Local gene duplications are also widespread in angiosperms. WGD-derived duplicates, that is, ohnologs, and local dupli-

cates often show contrasting patterns of gene retention and evolution. However, many genes in angiosperms underwent multiple

geneduplicationevents,possiblybydifferentmodes, indicatingthatdifferentmodesofgeneduplicationarenotmutuallyexclusive. In

two representative angiosperm genomes, Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa), we found that 9.6% and 11.3%

of unique ohnologs, corresponding to 15.5% and 17.1% of ohnolog pairs, were also involved in local duplications, respectively.

Locally duplicated ohnologs are widely distributed in different duplicated chromosomal segments and functionally biased. Coding

sequence divergence between duplicated genes is denoted by nonsynonymous (Ka) and synonymous (Ks) substitution rates. Locally

duplicated ohnolog pairs tend to have higher Ka, Ka/Ks, and gene expression divergence than nonlocally duplicated ohnolog pairs.

Locally duplicated ohnologs also tend to have higher interspecies sequence divergence. These observations indicate that locally

duplicated ohnologs evolve faster than nonlocally duplicated ohnologs. This study highlights the necessity to take local duplications

into account when analyzing the evolutionary dynamics of ohnologs.

Key words: local gene duplication, whole-genome duplication, ohnolog, divergence, colinearity.

Introduction

With tens of plant genomes sequenced, it is now clear that

whole-genome duplications (WGDs) are widespread in

angiosperm (flowering plant) genomes (Bowers et al. 2003;

Paterson et al. 2010). WGDs resulted in many duplicated chro-

mosomal segments. However, computational identification of

duplicated chromosomal segments is a challenging task.

Besides phylogenomics methods (Bowers et al. 2003), detec-

tion of synteny (homologous genes remaining in correspond-

ing chromosomal regions) is often adopted (Wei et al. 2007;

Tang et al. 2008a, 2008b, 2010). One general method for

synteny detection is the clustering of neighboring matching

gene pairs (Vandepoele et al. 2002; Hampson et al. 2003; Luc

et al. 2003; Ling et al. 2009; Vergara and Chen 2009).

However, gene losses, tandem duplicates, and chromosomal

rearrangements often complicate synteny detection.

Collinearity, a more specific form of synteny that requires con-

served gene order, can facilitate more accurate detection of

synteny. Thus, another general method for synteny detection

uses dynamic programming to chain pair-wise collinear genes,

often based on a certain scoring scheme that rewards

adjacent collinear genes and penalizes the distance difference

between them (Haas et al. 2004; Soderlund et al. 2006; Wang

et al. 2006, 2012; Tang et al. 2008b; Rodelsperger and

Dieterich 2010).

In angiosperm genomes, the duplicated genes located at

syntenic/collinear positions between duplicated chromosomal

segments were thought to arise from WGDs (Bowers et al.

2003; Paterson et al. 2004) and often referred to as ohnologs

(Wolfe 2000). Single-gene duplications including local

(tandem or proximal), transposed, and dispersed duplications

are also widespread in angiosperms (Freeling 2009; Wang Y,

et al. 2011; Wang Y, Wang X, et al. 2012). Indeed, the dif-

ferent modes of gene duplication represent different evolu-

tionary origins of duplicated genes, depending on which,

duplicated genes often show different evolutionary patterns

and consequences (Wang Y, Wang X, et al. 2012). The

retention of ohnologs and local duplicates is functionally

biased and often reciprocal in many gene families: WGDs

tend to retain transcription factors, whereas local duplicates

tend to retain the genes functioning in stress response

(Freeling 2009; Rodgers-Melnick et al. 2012). Single-gene
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duplications frequently result in more divergent gene expres-

sion between duplicated genes than WGDs (Casneuf et al.

2006; Ganko et al. 2007; Wang Y, et al. 2011). Moreover,

local duplicates were suggested to be important for

lineage-specific adaptive evolution to rapidly changing envi-

ronments (Hanada et al. 2008).

However, the evolutionary origins of many duplicated

genes are not unique. In many synteny detection tools,

tandem duplicates are collapsed before synteny detection

(Lyons et al. 2008; Tang et al. 2008b; Proost et al. 2012;

Wang et al. 2012), which indicates that in a genome, dupli-

cated genes may be simultaneously located within syntenic

positions and tandem arrays, further suggesting that dupli-

cated genes may have undergone both WGDs and local du-

plications. The MCScanX software has enabled the recovery of

“collinear tandem arrays” after synteny detection (Wang et al.

2012). However, a genome-wide evolutionary analysis of the

duplicated genes with multiple origins has yet to be reported.

In two representative angiosperm genomes, Arabidopsis

(Arabidopsis thaliana) and rice (Oryza sativa), we identified

the ohnologs that were also locally duplicated, which were

named locally duplicated ohnologs (the remaining ohnologs

were named nonlocally duplicated ohnologs). We examined

whether locally duplicated and nonlocally duplicated ohnologs

have different levels of coding sequence and expression diver-

gence. The evolutionary impact of local duplications of ohno-

logs was investigated.

Materials and Methods

Genome Annotations

Genome annotations for A. thaliana (Swarbreck et al. 2008),

B. rapa (Wang X, et al. 2011), O. sativa (Ouyang et al. 2007),

and Bra. distachyon (International Brachypodium Initiative

2010) were obtained from Phytozome 8.0 (http://www.phy

tozome.net, last accessed February 6, 2013). Transposable

element-related genes in rice were removed. If a gene has

multiple transcripts, only the first transcript in the genome

annotation was used in related analyses.

Homology Search

To search for potential duplicated genes (i.e., the homology

input of MCScanX) in Arabidopsis and rice, the protein-coding

genes were compared against themselves within their

genomes using BLASTP (Altschul et al. 1990). For a protein se-

quence, the best five nonself-hits that met an E-value thresh-

old of 10�10 were kept. For each Arabidopsis or rice gene, to

search for its closest ortholog in an outgroup species, the best

BLASTP hit with E value� 10�10 was retained.

Coding Sequence Divergence

Coding sequence divergence was measured by nonsynon-

ymous (Ka) and synonymous (Ks) substitution rates.

To generate a coding sequence alignment for a pair of ho-

mologous genes, an alignment of their protein sequences was

first generated using Clustalw (Thompson et al. 1994) with

default parameters. Then, the protein alignment was trans-

formed into a coding sequence alignment using the “Bio::

Align::Utilities” module of the BioPerl package (http://www.

bioperl.org/, last accessed February 6, 2013). Ka and Ks were

computed using Nei–Gojobori method (Nei and Gojobori

1986), available in the “Bio::Align::DNAStatistics” module of

the BioPerl package. Note that extremely high levels of

sequence divergence between homologous genes may

cause the “Bio::Align::DNAStatistics” module to generate

invalid Ka or Ks, which were excluded from related analysis.

Ks<3.0 were involved in related statistical analyses.

GO Term Enrichment Analysis

GO term enrichment analysis was performed using Fisher’s

exact test. The P value was corrected with the total number

of terms (i.e., Bonferroni correction) to account for multiple

comparisons. GO terms with corrected P value< 0.05 were

returned.

Gene Expression Data

Processed Arabidopsis and rice microarray data measured by

the Affymetrix Arabidopsis ATH1 Genome Array (GEO plat-

form GPL198) and GeneChip Rice Genome Array (GEO plat-

form GPL2020), respectively, were obtained from a previous

study (Wang Y, et al. 2011). The microarray data contained

4,566 and 508 samples in Arabidopsis and rice, respectively.

To avoid the expression values generated by cross-

hybridization, probe sets that were mapped to multiple

genes were excluded from analysis. (Note that the probe

sets that were mapped to multiple transcripts of the same

gene were kept.) For a gene, there may be multiple probe

sets available on the array, and the first probe set according to

alphabetic sorting was used to represent its expression profile.

In Arabidopsis, 448 (60.4%) locally duplicated ohnolog pairs

and 3,015 (74.7%) nonlocally duplicated ohnolog pairs have

expression profiles. In rice, 419 (70.4%) locally duplicated

ohnolog pairs and 2,373 (82.1%) nonlocally duplicated ohno-

log pairs have expression profiles. Similarity between the

expression profiles of two genes was initially measured by

Pearson’s correlation coefficient (denoted by r). Their corre-

sponding expression divergence was measured by 1� r

(Liao and Zhang 2008; Liao et al. 2010).

Results

Identification of Locally Duplicated Ohnologs

BLASTP (Altschul et al. 1990) was used to generate the whole

set of duplicates in Arabidopsis and rice (see Materials and

Methods). MCScanX (Wang et al. 2012) was then imple-

mented (parameters set as default except maximum
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gaps¼40) to detect gene synteny/collinearity and duplicated

chromosomal segments. A total of 4,775 and 3,484 ohnolog

pairs, corresponding to 7,839 and 5,968 unique ohnologs,

were identified in Arabidopsis and rice, respectively.

To detect locally duplicated ohnologs, local gene duplica-

tions, defined as two duplicated genes within 20 annotated

genes of each other on the same chromosomes without any

paralog (BLASTP hit) between them, were identified. If an

ohnolog was involved in a local duplication, it was classified

as a locally duplicated ohnolog. If at least one ohnolog in an

ohnolog pair was locally duplicated, this ohnolog pair was

deemed a locally duplicated ohnolog pair. A total of 754

(9.6%) and 675 (11.3%) ohnologs, corresponding to 741

(15.5%) and 595 (17.1%) ohnolog pairs, were identified as

locally duplicated ohnologs in Arabidopsis and rice, respec-

tively (listed in supplementary table S1, Supplementary

Material online).

For locally duplicated ohnologs, it would be interesting to

distinguish between ohnologs that were locally duplicated

after WGDs and locally duplicated genes that were retained

following WGDs. Synonymous (Ks) substitution rates are often

used as a proxy of time since divergence (Li 1997). However,

using Ks as a proxy of time has great uncertainty. For example,

although ohnologs belonging to the same WGD event were

created simultaneously, their Ks indeed have a wide range

(Zhang et al. 2002; Blanc and Wolfe 2004b). In addition,

Ks increase approximately linearly with time only for relatively

low levels of sequence divergence (Li 1997). Thus, for two

gene duplications, the order of their Ks levels is not a reliable

indicator of the sequence of the duplications. However, it

may be reasonable to compare the relative ages between

large groups of genes based on Ks because the variances of

Ks can be estimated. For locally duplicated ohnologs, lo-

cal duplications have significantly smaller Ks than ohnolog

pairs in both Arabidopsis and rice (P value� 1.875�10�6,

two-sample t-test), suggesting that local duplications are

relatively younger than WGDs, which is consistent with

previous studies (Blanc and Wolfe 2004b; Yu et al. 2005).

Note that this observation may not suggest that the rate of

local duplications increases after WGDs but rather confirm the

fact that the turnover rate of duplicates following local

duplications is much higher than that following WGDs,

making a very small portion of local duplicates survive over

long evolutionary times (Lynch and Conery 2000; Blanc and

Wolfe 2004b).

Between the syntenic positions defined by a locally dupli-

cated ohnolog pair, there may be multiple duplicate pairs. For

each locally duplicated ohnolog pair, the best duplicate pair,

defined as the one with the smallest Ks among all possible

duplicate pairs between its syntenic positions, was also re-

corded. The terms describing different relationships among

the duplicated genes in duplicated chromosomal segments

are explained in figure 1.

Chromosomal Distributions of Locally Duplicated
Ohnologs

Genome circle plots were made to visualize the chromosomal

distributions of locally duplicated ohnologs. In both

Arabidopsis and rice, locally duplicated ohnologs are widely

distributed in different duplicated chromosomal segments

that cover all chromosomes (fig. 2), suggesting that local du-

plications of ohnologs are not specific to certain chromosomal

regions.

Locally Duplicated Ohnologs Are Functionally Biased

The retention of duplicated genes following WGDs in terms of

gene functions has been extensively studied. There is a con-

sensus that WGDs tend to retain genes involved in transcrip-

tion regulation and signal transduction (Blanc and Wolfe

2004a; Maere et al. 2005). Some studies also reported that

metabolic genes are likely to be over-retained following WGDs

(Rensing et al. 2007; Gout et al. 2009). To evaluate the func-

tional characteristics of locally duplicated ohnologs, GO term

enrichment analysis was performed using all ohnologs as the

reference database. In Arabidopsis and rice, there were 22

and 26 enriched GO terms in locally duplicated ohnologs, re-

spectively (supplementary table S2, Supplementary Material

online). The common enriched GO terms between

Arabidopsis and rice included heme binding (GO:0020037),

electron carrier activity (GO:0009055), iron ion binding

(GO:0005506), oxidation–reduction process (GO:0055114),

monooxygenase activity (GO:0004497), and recognition of

pollen (GO:0048544). This analysis suggests that locally dupli-

cated ohnologs are functionally biased.

When all local duplicates were used as the reference data-

base, there were no enriched GO terms in Arabidopsis locally

FIG. 1.—Different relationships among the duplicated genes in dupli-

cated chromosomal segments and their terms in this study.
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duplicated ohnologs but 21 enriched GO terms in rice locally

duplicated ohnologs (supplementary table S3, Supplementary

Material online). Thus, in Arabidopsis, the functional biases of

locally duplicated ohnologs reflect the general trend of local

duplicates, while in rice, locally duplicated ohnologs show a

high level of functional specificity.

Locally Duplicated Ohnologs Evolve Faster Than
Nonlocally Duplicated Ohnologs

To study the evolutionary impact of local duplications of ohno-

logs, we first compared the divergence of ohnologs between

locally duplicated and nonlocally duplicated ohnolog pairs. To

ensure reliable comparison, the divergence of duplicates in the

best duplicate pairs between the syntenic positions defined by

locally duplicated ohnolog pairs and the local duplications of

ohnologs was also assessed. In both Arabidopsis and rice, lo-

cally duplicated ohnolog pairs have significantly higher non-

synonymous (Ka) substitution rates than nonlocally duplicated

ohnolog pairs (fig. 3A), indicating that locally duplicated ohno-

log pairs tend to have more divergent protein sequences.

Locally duplicated ohnolog pairs also show higher Ka/Ks

(fig. 3B), suggesting that purifying selection acting on locally

duplicated ohnologs is relatively relaxed. Comparison of gene

expression divergence shows that locally duplicated ohnolog

pairs have more divergent expression profiles than nonlocally

duplicated ohnolog pairs (fig. 3C). The divergence of dupli-

cates is comparable between locally duplicated ohnolog pairs

and the best duplicate pairs between the syntenic positions

defined by locally duplicated ohnolog pairs (fig. 3A–C),

indicating that the higher divergence between locally dupli-

cated ohnologs was not caused by incorrect selection of ohno-

log pairs between the syntenic positions with local

duplications. The divergence of duplicates in local duplications

of ohnologs is higher than that in nonlocally duplicated ohno-

log pairs (fig. 3A–C), implying that local duplicates, though are

in general younger, tend to evolve faster than ohnologs.

Next, we compared interspecies divergence between

locally duplicated and nonlocally duplicated ohnologs. To

this end, the Ka and Ks values between each Arabidopsis or

rice ohnolog and its closest ortholog in Brassica rapa or

Brachypodium distachyon, respectively, were computed. In

both Arabidopsis and rice, locally duplicated ohnologs have

significantly higher Ka and Ka/Ks than nonlocally duplicated

ohnologs (fig. 4), suggesting that locally duplicated ohnologs

also show higher levels of interspecies sequence divergence. In

partial summary, locally duplicated ohnologs tend to have

higher levels of sequence and expression divergence than

nonlocally duplicated ohnologs, indicating that locally dupli-

cated ohnologs evolve faster than nonlocally duplicated

ohnologs.

Discussion

Previous studies for comparing different modes of gene

duplication often assigned a unique origin to each duplicate

gene (Guan et al. 2007; Hakes et al. 2007; Wang Y, et al.

2011). Although WGDs and local duplications were found to

have different functional biases and evolutionary patterns

(Freeling 2009; Rodgers-Melnick et al. 2012), this study

FIG. 2.—Genomic distributions of locally duplicated ohnologs in Arabidopsis and rice. At, Arabidopsis thaliana; Os, Oryza sativa.
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FIG. 3.—Comparisons of divergence of duplicates between locally duplicated and nonlocally duplicated ohnolog pairs in Arabidopsis and rice. Statistical

comparisons between locally duplicated and nonlocally duplicated ohnolog pairs were performed using two-sample t-test, whose P values are indicated. The

divergence of duplicates in the best duplicate pairs between the syntenic positions defined by locally duplicated ohnolog pairs and the local duplications of

ohnologs is also shown. (A) Comparison of Ka. (B) Comparison of Ka/Ks. (C) Comparison of expression divergence.
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showed that approximately 10% of ohnologs have also expe-

rienced local duplications and the ohnologs that underwent

local duplications have different evolutionary patterns

than those that did not. In Arabidopsis and rice, local

duplicates account for approximately 18.5% of the genes in

the genome. The fact that approximately 10% of ohnologs

also experienced local duplications might not indicate

that ohnologs are less likely to be locally duplicated. If all

duplicates in the local duplications of ohnologs are counted

in ohnologs similar to a previous study (Bowers et al. 2003),

the percentage of locally duplicated ohnologs increases to

approximately 18%, suggesting that ohnologs and other

types of genes may have comparable probabilities of being

locally duplicated. Thus, to analyze the evolutionary dynamics

of ohnologs, it is necessary to take local duplications into

account.

Higher levels of Ka/Ks in locally duplicated ohnologs than

nonlocally duplicated ohnologs can be explained by the gene

balance hypothesis, which postulates that any successful

genome has evolved an optimal balance of gene products

that bind with one another to form protein complexes or

are involved in multiple steps of biological pathways (Birchler

and Veitia 2007; Freeling 2009). WGDs duplicate all nuclear

genes at once, and dosage balance among genes is not al-

tered. To maintain proper gene networks following WGDs,

the dosage balance constraints impose strong purifying selec-

tion on dosage-sensitive ohnologs. Thus, among different

types of duplicated genes, ohnologs tend to have smaller

FIG. 4.—Comparisons of interspecies divergence between locally duplicated and nonlocally duplicated ohnologs. Arabidopsis and rice ohnologs were

compared with their closest orthologs in Brassica rapa and Brachypodium distachyon, respectively. Statistical comparisons between locally duplicated and

nonlocally duplicated ohnologs were performed using two-sample t-test, whose P values are indicated. (A) Comparison of Ka. (B) Comparison of Ka/Ks.
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Ka/Ks values. In contrast, local duplications create only one

more duplicated gene each time, and dosage imbalance is

likely to occur. Thus, the local duplicate has a higher chance

of being removed through accumulation of degenerative mu-

tations, which implies a higher level of Ka/Ks. However, during

accumulation of degenerative mutations, the local duplicate

may occasionally evolve modified/new functions, rendering it

finally preserved. If an ohnolog is locally duplicated, its dosage

balance is broken and the evolutionary fate of the ohnolog

becomes similar to local duplicates, resulting in an elevated

level of Ka/Ks. Elevated Ka/Ks levels for local duplicates may

provide them with greater potential of evolving lineage-

specific functions (Hanada et al. 2008). Thus, there is a possi-

bility that a part of ohnologs contribute to lineage-specific

evolution by undergoing additional local duplications.

Supplementary Material

Supplementary tables S1–S3 are available at Genome Biology

and Evolution online (http://www.gbe.oxfordjournals.org).
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