Journal of Integrative Plant Biology 2011, 53 (8): 682–693

Research Article

Evolutionary History and Complementary Selective
Relaxation of the Duplicated PI Genes in Grasses
∗

Ruo-Xun Wei1,2 and Song Ge1
1 State

Key Laboratory of Systematic and Evolutionary Botany, Institute of Botany, the Chinese Academy of Sciences, Beijing 100093,
China
2 Graduate University of the Chinese Academy of Sciences, Beijing 100049, China
∗
Corresponding author
Tel: +86 10 6283 6097; Fax: +86 10 6259 0843; E-mail: gesong@ibcas.ac.cn
Available online on 26 May 2011 at www.jipb.net and www.wileyonlinelibrary.com/journal/jipb
doi: 10.1111/j.1744-7909.2011.01058.x

Abstract
Gene duplication plays an important role in the evolution of organisms by allowing functional innovation
and the divergence of duplicate genes. Previous studies found two PI-like genes in grass species, suggesting functional divergence between the paralogous copies. Here, we reconstructed the evolutionary
history of two PI genes from major lineages of grasses and other monocot species, and demonstrated
that two PI genes (PI1 and PI2) arose from a whole genome duplication that occurred in a common
ancestor of extant grasses. Molecular evolutionary analyses at the family and tribal levels found strong
purifying selection acting on two genes in grasses, consistent with the conserved class B function of the
PI genes. Importantly, we detected different patterns of selective relaxation between the duplicated PI
genes although no signature of positive selection was found. Likelihood ratio tests revealed that the ω
ratio for M domain is significantly higher in PI1 than in PI2 but that for K domain is significantly higher in
PI2 than in PI1. These findings imply that complementary selective relaxation occurs in two PI genes after
duplication, and provide additional molecular evidence for the subfunctionalization of the duplicated PI
genes in grasses.
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Introduction
Gene duplication plays an important role in the evolution of
organisms by allowing functional innovation and the divergence
of duplicate genes (Ohno 1970; Hughes 1999). Classic models
of gene duplication predict that one of the duplicate genes might
either acquire a new function because of positive Darwinian
selection (neofunctionalization) (Ohno 1970; Hughes 1994)
or becomes a pseudogene by accumulation of deleterious
mutations (nonfunctionalization or pseudogenization) (Nei and
Roychoudhury 1973; Li 1980; Lynch and Conery 2000). Additional possible fates of duplicate genes have been proposed,
including maintenance of the ancestral function by maintaining
both copies (redundancy) and by subdivision of the ancestral
function between copies (subfunctionalization and subneofunc
C
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tionalization) (Hughes 1994; Force et al. 1999; Lynch et al.
2001; Zhang 2003; Innan and Kondrashov 2010). Given the
important effect of gene duplication on evolutionary novelties,
studies aiming at understanding the fates of duplicate genes
and the evolution of gene families may shed important light on
the association between molecular evolution and morphological novelty.
In angiosperms, the ABC model of floral development is a
complex regulatory network that shows multiple gene duplications and different protein-protein interactions. According to
the classic ABC model of floral development, three classes
of homeotic genes (A, B, and C) determine the identity of
the four whorls of floral organs in a combinatorial manner
(Bowman et al. 1989; Coen and Meyerowitz 1991), i.e. class A
genes alone specify sepal formation, classes A and B genes
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together determine petal identity, classes B and C genes
together regulate stamen development, and class C
genes alone control carpel formation. Additional two classes
of genes (D and E) were found to specify ovule identity and
to be involved in the formation of petal, stamen, and carpel,
respectively (Colombo et al. 1995; Pelaz et al. 2000; Theissen
and Saedler 2001). All the genes involved in the flower identity
except for AP2 and its orthologs, belong to the MADS-box gene
family (Theissen 2001). Of them, class B genes include two
members, APETALA3-like (DEFICIENS-like) (AP3-like) and
PISTILLATA-like (GLOBOSA-like) (PI-like) genes based on
their functional characterization in Arabidopsis or Antirrhinum
(Schwarz-Sommer et al. 1992; Davies et al. 1996; Riechmann
et al. 1996). Previous studies showed that AP3/PI-like genes
played conserved roles in identities of petal and stamen during
floral development (Jack et al. 1992; Ambrose et al. 2000;
Whipple et al. 2004, 2007) and that gene duplication and functional variation of AP3/PI-like genes have occurred frequently
in the evolutionary history of angiosperms (Kramer et al. 1998;
Lamb and Irish 2003; Kim et al. 2004, Stellari et al. 2004,
Kanno et al. 2007; Kramer et al. 2007; Mondragón-Palomino
and Theissen 2008). A recent study showed genome synteny
at AP3 and PI containing loci from various species in dicots,
revealing the evolutionary pattern of B-function genes (Causier
et al. 2010).
The grass family (Poaceae) has morphologically unique floral
structure termed the spikelet, with the specialized lodicule occurring after the divergence of the subfamily Anomochlooideae
and other grasses (GPWG 2001; Kellogg 2001, 2009). Evidence showed that morphological transition in the spikelet
happened recurrently in the evolutionary history of grasses,
including variation of the number and morphology of lodicules
and stamen (GPWG 2001; Kellogg 2009). Previous molecular
studies suggested that two class B MADS-box genes (AP3
and PI) involving the identity of petal and stamen had conserved B-function on lodicule and stamen identity in Poaceae
(Ambrose et al. 2000; Nagasawa et al. 2003; Whippel et al.
2004). It is noted, however, that two PI-like genes (PI1 and
PI2) were found in grass species relative to a single copy in
Arabidopsis (Kang et al. 1998; Münster et al. 2001; Yadav
et al. 2007). In particular, recent studies demonstrated that
functional divergence occurred between the paralogous PI
genes in grasses (Whipple et al. 2007; Yadav et al. 2007;
Yao et al. 2008). These observations raise a few interesting
questions regarding the evolution and functional divergence of
the PI-like genes. First, when did the PI duplication happen
in history and what mode of duplication (tandem, segmental
or whole-genome duplication) is involved? Reconstructing the
phylogenetic relationships between the PI genes will help elucidate their duplication history and generation mode. Second, we
were interested in the relative importance of positive selection
and relaxation of purifying selection in evolution of the PI genes.
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Previous studies have revealed positive Darwinian selection
on the genes after their duplication (e.g. Zhang et al. 1998;
Bielawski and Yang 2003; Shiu et al. 2006) but empirical study
is scarce in plants (see reviews by Hughes 1999; Zhang 2003;
Yang 2006). Finally, we ask what model (neofunctionalization,
nonfunctionalization, and subfunctionalization) fits the evolutionary fate of the duplicated PI genes. Although studies on
grass PI genes revealed that two PI genes might have gained
either divergent functions (Münster et al. 2001; Lee et al. 2003;
Yadav et al. 2007) or unequal redundancy of class B function
(Yao et al. 2008), implicative of subfunctionalization, evidence
of molecular evolution of the two genes is still lacking. Analyzing
molecular evolution of duplicate genes will contribute to a
better understanding of their evolutionary fates and functional
divergence after duplication.
Molecular evolutionary analyses, in combination with phylogenetic reconstruction, have been successfully used to uncover
the duplication history of gene family and to test the alternative
explanations for retention and evolution of duplicate genes (e.g.
Kramer et al. 1998; Bielawski and Yang 2004; Kim et al. 2004;
Stellari et al. 2004; Hernandez-Hernandez et al. 2007; Sun and
Ge 2010). In the present study, we investigate the molecular
evolution of the PI genes in grasses at the family and tribal levels. We confirmed that the duplication of an ancestral PI into PI1
and PI2 happened in the common ancestor of extant grasses
through whole genome duplication. In particular, we found
different patterns of selective relaxation across four domains of
two PI genes and demonstrated that complementary selective
relaxation happened during the evolution of the PI genes after
duplication. These results provide additional molecular evidence for the subfunctionalization of the duplicated PI genes in
grasses.

Results
Characteristics of sequences
We cloned and sequenced 31 PI-like sequences from 12
species in the subfamily Ehrhatoideae, and one species in
the subfamily Bambusoideae (Table S1). These sequences
consist of all introns and most of the coding region including partial MADS-box, complete I, K, and C domains, and
partial 3 intergene region, ranging from 1 725 to 3 353 bp in
length, with the exception that four sequences (Phyllostachys
propinqua PpPI1B Luziola leiocarpa LlPI1B, Luziola leiocarpa
LlPI2B and Zizania latifolia ZlPI2B) had shorter sequences
due to the failure of PCR amplification. In some cases, we
found multiple copies within species for a given gene (Table
S1), but phylogenetic analyses demonstrated that they were
either recent duplicates occurring within species (e.g. Luziola
leiocarpa) or polyploidy species (e.g. Zizania latifolia and

684

Journal of Integrative Plant Biology

Vol. 53

Phyllostachys propinqua). In these cases, one sequence with
the average branch length across multiple copies was used in
our subsequent analyses. In addition, based on BlastN search
in GenBank, we obtained 33 PI-like sequences from 18 grass
species, 26 sequences from 17 monocot species and four
sequences from three dicots. In total, 94 PI-like sequences
were used in the present study and their names and GenBank
accession numbers are listed in Table S1.

Phylogeny and duplication patterns of PI-like genes
We aligned all the PI-like sequences and generated a phylogeny of the PI-like sequences of monocots using sequences
of dicots as the outgroups. As expected, all monocot PI-like
sequences formed one monophyletic clade, and all grass PIlike sequences, as one monophyletic group, divided into two
subclades (Figure S1). To better resolve the phylogenetic
relationship of grass species, we further reconstructed the
phylogeny of the PI-like sequences of the Poaceae species
using Joinvillea and Elegia species as the outgroups. As shown
in Figure 1, all grass sequences formed two independent clades
(PI1 and PI2), with each clade consisting of a majority of the
Poaceae species sampled, although some branches were not
fully resolvable within the PI1 and PI2 clades. BI generated a
tree with similar topologies with some modification of minor
branches (Figure S2). The phylogenetic analysis indicated
clearly that a duplication event giving rise to two PI genes
occurred in an ancestor of grasses.
To determine the pattern of the PI duplication in grasses,
we aligned flanking sequences of the PI genes (PI2 on
chromosome 1 and PI1 on chromosome 5 of rice) using
70% cumulative identity percentage (CIP) and 70% cumulative
alignment length percentage (CALP) criterions and found high
homology between the two chromosome regions (Figure 2). By
screening the rice genome, we found a conserved colinearity
at the PI1 and PI2 region in rice, and confirmed that the
duplicated segments belong to the duplicated regions between
chromosomes 1 and 5, which arose from the whole genome
duplication identified in previous studies (Wang et al. 2005; Yu
et al. 2005; Salse et al. 2008), i.e. the two PI genes arose from
a whole genome duplication. Therefore, in conjunction with
phylogenetic analysis, we concluded that the PI-like paralogs
in grasses originated from a whole genome duplication prior
to the common ancestor of extant grasses and posterior to
divergence of Poaceae and Joinvilleaceae.

Selective relaxation and positive selection of PI genes
after duplication
We used a site-specific model and branch-site model (Yang
et al. 2000; Yang and Nielsen 2002; Bielawski and Yang 2004;
Yang et al. 2005) to detect the signatures of selective relaxation
and positive selection following the PI duplication in Poaceae.
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In these analyses, we used a pruned phylogenetic tree in which
16 species from eight subfamilies were selected, with no more
than five species from one subfamily to keep a balanced sample
from the subfamilies (Figure 1 and Table S1).
We first used the site-specific models to evaluate the positive selection and variation of selective pressure among sites
(Table 1). Both one ratio model (M0) and the discrete models
(M3a and M3b) show that purifying selection dominates the
evolution of two PI genes, with ω = 0.008–0.392. The selection
model (M2a) does not have significantly higher likelihood
scores than the neutral model (M1a), indicating no signature
of positive selection across sites. However, model M1a fits the
data significantly better than model M0 (P < 0.001), suggesting
relaxation in some sites across the genes. Similarly, likelihood
ratio tests (LRTs) of M0 against M3a (k = 2) and M3b (k = 3)
also indicate significant variation in selective pressure among
sites for both genes (Table 1). These models provide strong
evidence of variable selective pressure among sites across the
genes without positive selection involved.
To detect the signatures of positive selection following the duplication, we compared selective pressures of the two branches
(B1 and B2), in which PI1 or PI2 evolved from ancestral species
of single-copy PI to common ancestors of extant grasses, with
remaining branches based on branch model and branch-site
models (Table 1). LRTs of branch model against M0 (P = 0.68
for B1; P = 0.63 for B2) and model A against M1a (P = 0.14 for
B1; P = 0.32 for B2) show no significant difference of ω ratios
between either branch B1 or B2 and background branches,
indicating no evidence of positive selection in the two branches.
We then used the branch-site models A and D to detect the
heterogeneity of selective constraint between two PI clades.
As shown in Table 1, model A is a significantly better model
than M1a (P < 0.01) for both PI1 and PI2 clades, implicative
of potential positive selection. However, estimated ω values
(ω 3b = 1.000) and no significant difference between models
A and A0 (P = 1) suggest that selective relaxation rather
than positive selection is more likely to result in such an
increase of ω values. For PI2 clade, model D is significantly
better than M3a (P = 0.05), indicating significant relaxation
on partial codons (14.3%) in PI2 clade (ω 3b = 0.509) relative
to background clade (ω 3a = 0.294). For PI1 clade, however,
there is no significant relaxation on codons of the PI1 gene
compared to the background clade (P = 0.27). These results
indicate different evolutionary patterns acting on the two PI
genes, with the PI2 but not PI1 invoking significantly selective
relaxation.

Comparisons of selective pressure among domains
and between genes
To investigate the heterogeneity of selective pressure across
four domains for two PI genes, we conducted likelihood ratio
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Figure 1. Phylogenetic tree of the Poaceae PI-like sequences inferred by maximum likelihood (ML) under GTR+I+G model.
Bootstrap values (≥75%) are shown above the branches. “” and “ ” indicated that these sequences were selected to evaluate the molecular
evolution of duplicated PI genes at the family and tribal level, respectively.

tests using fixed-site models and found that similar evolutionary
patterns are found at either the family or the tribal level although
no significant difference is found among four domains for PI1
at the tribal level (Figure 3). Of the four domains, M domain

possesses the lowest ω ratio, with the PI2 M domain suffering
stronger purifying selection than that of PI1. It is noted that
different evolutionary patterns among domains were found for
two PI genes. For PI1, the ω ratio is significantly lower in
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Figure 2. Duplicated genes identified in the flanking regions of PI1 and PI2.
Dotted lines indicate duplicated gene pairs. Black arrows indicate the chromosomal locations of PI1 (OsMADS4) and PI2 (OsMADS2),
respectively.

Table 1. Parameters and likelihood ratio test (LRT) for the PI genes
Model

P



LRT

Estimate of parameters

Divergent or positively

Comparison

P

selective sites

Site-specific models
M0

1

−5 835.546

ω = 0.097

M1a

2

−5 794.295

ω 1 = 0.086, p 1 = 0.927; ω 2 = 1, p 2 = 0.073

M0

<0.01∗∗

-

M2a

4

−5 794.295

ω 1 = 0.086, p 1 = 0.927; ω 2 = 1, p 2 = 0.073;

M1a

1.00

No

-

-

-

ω 3 = 17.165; p 3 = 0.000
M3a (k = 2)

3

−5 732.397

ω 1 = 0.029, p 1 = 0.647; ω 2 = 0.252, p 2 = 0.353

M0

<0.01∗∗

-

M3b (k = 3)

5

−5 721.096

ω 1 = 0.008, p 1 = 0.417; ω 2 = 0.121, p 2 =

M3a

<0.01∗∗

-

0.449; ω 3 = 0.392, p 3 = 0.134
Branch models and Branch-site models
Foreground branches: PI1 clade (all PI1 lineages)
Branch model

2

−5 835.127

ω 1 = 0.104, ω PI1 = 0.091

Model A

4

−5 785.877

ω 1 = 0.081, p 1 = 0.896; ω 2 = 1, p 2 = 0.060;
ω 3b = 1.000, p 3 = 0.044

Model A0

4

−5 785.877

ω 1 = 0.081, p 1 = 0.896; ω 2 = 1, p 2 = 0.060;

M0
M1a
Model A0

0.36
<0.01∗∗

161A, 185D

1

-

-

-

ω 3b = 1, p 3 = 0.044
Model D

6

−5 719.787

ω 1 = 0.007,p 1 = 0.406; ω 2 = 0.115,p 2 = 0.451;

M3b

0.27

ω 3a = 0.461, ω 3b = 0.317, p 3 = 0.144

129Q, 146L, 147R, 148R,
150G, 169V, 184P, 185D,
189A, 190P

Foreground branch: B1 (PI1 branch in which PI1 evolved from ancestral species of single-copy PI to common ancestor of extant grass species)
Branch model

2

−5 835.459

ω 1 = 0.097, ω 2 = 0.140

M0

0.68

Model A

4

−5 792.309

ω 1 = 0.085, p 1 = 0.912; ω 2 = 1, p 2 = 0.073;

M1a

0.14

208N

ω 3b = 13.240, p 3 = 0.015
Foreground branches: PI2 clade (all PI2 lineages)
Branch model

2

−5 834.814

ω 1 = 0.090, ω PI2 = 0.106

Model A

4

−5 769.986

ω 1 = 0.076, p 1 = 0.877; ω 2 = 1, p 2 = 0.034;
ω 3b = 1.000, p 3 = 0.088

Model A0

4

−5 769.986

ω 1 = 0.076, p 1 = 0.877; ω 2 = 1, p 2 = 0.034;

Model D

6

−5 718.116

ω 1 = 0.007, p 1 = 0.407; ω 2 = 0.115, p 2 = 0.450;

M0
M1a
Model A0

0.23
<0.01∗∗

136R, 147R, 167Q, 177D, 209K

1

ω 3b = 1.000, p 3 = 0.088
M3b

0.05∗

ω 3a = 0.294, ω 3b = 0.509, p 3 = 0.143

6

47I, 129Q, 146L, 147R, 148R,
150G, 169V, 184P, 189A, 190P

Foreground branch: B2 (PI2 branch in which PI2 evolved from ancestral species of single-copy PI to common ancestor of extant grass species)
Branch model

2

−5 835.432

ω 1 = 0.098, ω 2 = 0.075

M0

0.63

Model A

4

−5 793.144

ω 1 = 0.086, p 1 = 0.920; ω 2 = 1, p 2 = 0.073;

M1a

0.32

ω 3b = 11.261, p 3 = 0.008

Note: Bold letters indicate the sites that are involved in selective relaxation or positive selection.
∗

0.01 < P ≤ 0.05; ∗∗ P ≤ 0.01.
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Figure 3. The difference of dN/dS ratios (ω) among the four domains of PI genes in Poaceae and Oryzeae.
The letters above the columns stand for the significance of difference in ω between the domains, with the same letters indicating no significant
difference and different letters, significant difference.

K domain than in C domain, suggesting stronger purifying
selection on K domain. For PI2, on the contrary, higher ω ratio
was found for K domain relative to C domain, implying stronger
purifying selection on C domain. These observations provide
new evidence of domain divergence due to different selective
pressures on different domains of two PI genes.
We further evaluated the difference of selective pressure on
each of four domains between two PI genes (Table 2). Similar
to the model tests above, strong purifying selection acts on two
genes for M domain (ω < 0.05), consistent with its functional
importance (Riechmann et al. 1996; Kim et al. 2004). It is

evident that difference of the ω ratio is not significant between
two genes for the I and C domains. However, significantly
different ω ratios were detected between two genes for M and
K domains at both taxonomic levels (P < 0.05). Interestingly,
the ω ratio for M domain is significantly higher in PI1 than in
PI2 (P < 0.05), suggestive of selective relaxation of PI1 relative
to PI2 in M domain. On the contrary, the ratio for K domain is
significantly higher in PI2 than in PI1 (P < 0.01), implicative of
selective relaxation of PI2 relative to PI1 in K domain (Table 2).
These observations indicate that complementary selective relaxation occurs in the M and K domains of two PI genes.

Table 2. Difference of selective constraint on each of four domains and the entire region between genes using fixed-site models
Domain
Total

M

I

Level

C

ω

P

Model C

50

−6 444.860

ω = 0.088

Model E

52

−6 442.504

ωPI1 = 0.078, ωPI2 = 0.099

Oryzeae

Model C

40

−3 908.358

ω = 0.079

Model E

42

−3 905.051

ωPI1 = 0.066, ωPI2 = 0.096

Poaceae

Model C

48

−1 353.645

ω = 0.020

Model E

50

−1 350.476

ωPI1 = 0.029, ωPI2 = 0.010

Oryzeae

Model C

40

−767.564

ω = 0.014

Model E

42

−760.993

ωPI1 = 0.034, ωPI2 = 0.004

Poaceae

Model C

50

−539.392

ω = 0.064

Model E

52

−537.622

ωPI1 = 0.047, ωPI2 = 0.111

Model C

40

−327.432

ω = 0.025

Model E

42

−325.958

ωPI1 = 0.026, ωPI2 = 0.027

Poaceae

Model C

50

−3 001.465

ω = 0.109

Model E

52

−2 995.947

ωPI1 = 0.078, ωPI2 = 0.155

Oryzeae

Model C

40

−1 914.919

ω = 0.106

Model E

42

−1 907.862

ωPI1 = 0.067, ωPI2 = 0.168

Poaceae

Model C

50

−1 412.664

ω = 0.143

Model E

52

−1 411.399

ωPI1 = 0.164, ωPI2 = 0.117

Model C

40

−796.186

ω = 0.089

Model E

52

−795.798

ωPI1 = 0.079, ωPI2 = 0.115

Poaceae

Oryzeae
K



Model

Oryzeae

2

P

4.712

0.09

6.614

0.04∗

6.338

0.04∗

13.142

<0.01∗∗

3.540

0.17

2.948

0.23

11.036

<0.01∗∗

14.114

<0.01∗∗

2.530

0.28

0.776

0.68

Note: 2 shows twice the difference of likelilood ratios between Model C and Model E. ∗ 0.01 < P ≤ 0.05; ∗∗ P ≤ 0.
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Discussion
This study identified two copies of the PI genes for all grass
species, which formed two monophyletic groups corresponding
to the rice PI1 and PI2 genes; whereas a single copy was
detected for the majority of remaining species outside the grass
clade in monocots. Phylogenetic reconstruction of all PI-like
sequences demonstrated that the duplication event giving rise
to PI1 and PI2 occurred in the common ancestor of extant
grasses and after the divergence of the families Poaceae and
Joinvilleaceae (Figure 1). In addition, our colinearity analysis
based on the comparison of rice genome sequences further
confirmed that the PI duplication originated from a whole
genome duplication, which occurred in a common ancestor of
extant grasses (Wang et al. 2005; Yu et al. 2005; Salse et al.
2008).
Molecular evolution analyses indicated that strong purifying
selection acted on two PI genes in grasses, consistent with
previous conclusions that the PI-like genes performed the
conserved class B function through the protein heterodimer
between PI and AP3 in plants (Moon et al. 1999; Nagasawa
et al. 2003; Whipple et al. 2004; Yadav et al. 2007; Yao
et al. 2008). Theoretical and empirical studies showed that
selective relaxation or positive selection might occur after
gene duplication (Lynch and Conery 2000; Yang 2006; Innan
and Kondrashov 2010). Although we were unable to detect
signature of positive selection for both genes, different model
tests detected significant heterogeneity in selective pressure
among sites for both genes. Interestingly, model tests based
on domains showed that the ω ratio was significantly different
across four domains for both genes, with the lower ω value
in K domain than in C domain for PI1 gene but the higher
value in K domain than in C domain for PI2 gene (Figure 3).
More importantly, model tests comparing two genes revealed that the ω ratio for M domain is significantly higher
in PI1 than in PI2 but that for K domain is significantly
higher in PI2 than in PI1. These findings imply that complementary selective relaxation occurs in two PI genes after
duplication.
It has been well established that duplicate genes possess
three different fates: non-, neo- and sub-functionalization (see
reviews by Zhang 2003; Lynch 2007; Innan & Kondrashov
2010). Previous studies showed that rice PI1 (OsMADS4) and
PI2 (OsMADS2) were expressed in lodicule (the second whorl
floral organ) and stamen (the third whorl) although two genes
showed slight divergence at the tissue level (Yadav et al. 2007;
Yao et al. 2008). In addition, several lines of evidence showed
that rice PI2 could alone perform the function of PI-like gene
based on the phenotypes of OsMADS4 RNAi plants (Yoshida
et al. 2007; Yao et al. 2008), and rice PI1 could bind with
OsMADS16 (rice AP3) by protein–protein interaction (Moon
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et al. 1999; Lee et al. 2003; Yoshida et al. 2007; Yao et al. 2008)
and was sufficient for normal stamen development (Prasad and
Vijayraghavan 2003; Yoshida et al. 2007). It is worth noting
that stamen and lodicule were transformed into carpel and
palea-like organ in OsMADS2 RNAi and OsMADS4 RNAi double knockdown lines (Yao et al. 2008). Therefore, an ancestral
B function that is conserved in angiosperms, is shared by two
duplicated PI genes (Yoshida et al. 2007; Yao et al. 2008).
These observations indicated that two duplicated PI genes
possessed conserved B-class function, and thus nonfunctionalization seems an unlikely explanation for the evolution of the PI
genes in grasses. The hypotheses of neofunctionalization is not
supported either by our molecular evolution analyses in which
no signature of positive selection was detected by various
models (Table 1). Consequently, subfunctionalization might be
involved in the PI evolution in grasses. The case of grass PI
genes agrees well with previous observations that divergent
expressions between two PI genes occurred at specific cells
and tissues, and different phenotypes were invoked when PI1
and PI2 were knocked out, respectively (Münster et al. 2001;
Lee et al. 2003; Prasad and Vijayraghavan 2003; Yadav et al.
2007).
Based on the duplication-degeneration-complementation
(DDC) model, preservation of duplicate genes by subfunctionalization is driven by complementary degenerative mutation or
selective relaxation (Force et al. 1999; Zhang 2003). Selective
relaxation or degenerative mutation might result from alternative splicing or mutation in regulatory and coding regions of
proteins (Zhang 2003; Lynch 2007). Although alternative splicing and mutation in regulatory regions have been reported to
explain subfunctionalization (Force et al. 1999 and see review
by Lynch 2007), subfunctionalization arising from the mutation
in coding regions has rarely been observed (Korswagen et
al. 2000; van Hoof 2005). Previous studies revealed that M
and K domains of MADS-box gene were highly conserved in
angiosperms (Riechmann et al. 1996; Kim et al. 2004) and very
strong negative selection acted on M domain and K domain in
dicots (Jaramillo and Kramer 2007). The present study detected
significantly higher selective pressure on M domain of PI1 than
PI2 at two taxonomic levels; on the contrary, K domain of PI2
possessed significantly higher d N /Ds ratios than PI1 (Table 2).
These observations indicated selective relaxation that occurs
simultaneously on M domain of PI1 and K domain of PI2
in grasses in addition to the mutations in regulatory regions.
Consistent with the DDC model, this finding provides clear
evidence that complementary relaxation on different domains
or sites of proteins might lead to subfunctionalization of duplicate genes. For MADS-box genes, M domain is responsible for
DNA binding, while K domain participates in the interaction with
AP3 gene (Riechmann et al. 1996; Theissen 2001). Therefore,
it is of great interest to ask how the duplicated PI genes
retain protein-protein interaction with both downstream genes
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Isolation and sequencing of the PI-like genes

and AP3 gene in grass. The answer will require substantial investigation through multiple functional and evolutionary
approaches.

Total genomic DNA was extracted from silica gel-dried leaves,
using the hexadecyltrimethylammonium bromide method as
described in Ge et al. (1999). Based on the PI-like sequences
of the Poaceae species, we designed three pairs of polymerase
chain reaction (PCR) primers to amplify the PI-like genes.
For grass species, M and C domains were highly conserved
between the two genes but K domain was very divergent
between them. Therefore, we first designed a pair of universal
primers M4F4 (M domain) and M4R5 (C domain) for obtaining
all PI-like sequences. Then, an additional two pairs of specific
primers, M4F2 (K domain) and M4R1 (K domain) for PI1,
and M2F2 (K domain) and M2R1 (K domain) for PI2, were
designed for amplifying the two genes separately (Table 3).
To obtain the entire C domain, we designed another universal
reverse primer HouR1 on the conserved coding-regions on 3 downstream of the PI genes and two specific forward primers
M4F11 of PI1 (K domain) and M2F11 of PI2 (K domain).
Based on the combinations of these primers, we generated
the sequences that spanned all seven exons and introns as
well as the downstream of two PI genes. The regions amplified
and locations of all the amplifying and sequencing primers are
shown in Figure S3.
All PCR amplifications were performed in a total volume
of 25 uL on a Tpersonal thermocycler (Biometra, Germany).
The reaction mixture contains 50 mM KCl, 1.5 mM MgCl 2 ,

Materials and Methods
Species samples
We sampled 31 species that represent the major lineages of Poaceae, including eight subfamilies: Ehrhatoideae
(13 species), Pooideae (eight species), Panicoideae (four
species), Bambusoideae (two species), Anomochlooideae
(one species), Pharoideae (one species), Arundinoideae (one
species), and Chloridoideae (one species). To facilitate the
molecular analyses at the tribal level, we densely collected
12 species from the rice tribe (Oryzeae, Ehrhatoideae) representing 10 genera. To infer the evolutionary history of the PI
genes, we selected additional 17 monocots and three dicots
to generate the phylogenetic tree. In total, 31 sequences from
13 species in Ehrhatoideae (12 species) and Bambusoideae
(one species) were isolated and sequenced here and the remaining 63 sequences were retrieved from GenBank by BLAST
searches (Altschul et al. 1990). All information concerning the
species sampled, the PI-like sequences and their GenBank
accession numbers is listed in Table S1.

Table 3. Summary of the genes sequenced and the primers used for polymerase chain reaction (PCR) and sequencing
Gene

Chromosome

Region

Primer name
Exon

PI1

PI2

5

1

Lengtha (bp)

M4F4

exon1

M

M4R1

exon6

K

M4F2

exon4

K

M4R5

exon7

C

1 125

gCggSAAgATCgAgATCAAg
gYCARYATCTTgTgYTCgTCCT

1 083

CAgRCCAAYCTgCgSgASAAgA
ASCCKgAAggTgAACggCAT

M4F11

exon6

K

HouR1

3

downstream

PIR1

exon3

K

–

gCTSRATCTgCATRTTRYCRTTCT

M4R10

exon2

I

–

KCTCgATCTgCATgTTgTCRT

M4F4

exon1

M

1 174

M2R1

exon6

K

M2F2

exon4

K

M4R5

exon7

C

1 417

gCTSSAggAYgARCAYAARAT
HYggMgAYATgCTCMgRTgA

gCggSAAgATCgAgATCAAg
TCTCRTCTTCCAgCATCTTAYC

1 401

AgYgCGgAgATTgATCgAA
ASCCKgAAggTgAACggCAT

M2F11

exon6

K

HouR1

3

downstream

PIR1

exon3

K

–

gCTSRATCTgCATRTTRYCRTTCT

M2R6

exon2

I

–

CRgARTTSgTCTggTACTTCT

Note: all parameters are identified based on the information of rice genome database.
(PCR) products in rice.

Primer sequence

Domain

1 601

RTAAgATgCTggARgAYgAgA
HYggMgAYATgCTCMgRTgA

a

indicates the length of polymerase chain reaction
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10 mM Tris-Cl (pH = 8.3), 0.2 μM of each primer, 200 μM
of each deoxyribonucleotide triphosphate, 10–25 ng genomic
DNA, and 0.75 U exTaq polymerase (TaKaRa, Otsu, Shiga,
Japan)). A hot-start step, 2 min incubation at 94 ◦ C was followed
by 35 cycles at 94 ◦ C (35 s), touchdown from 57 ◦ C to 50 ◦ C
(35 s) for promoting PCR efficiency, 72 ◦ C (2 min) and a final
extension step of 10 min at 72 ◦ C. The PCR products were
cleaned with DNA purification kit (Tiangen, Beijing, China) and
directly sequenced. In cases where direct sequencing failed or
multiple copies occurred, the products were ligated into pGEMT easy vector following manufacturer’s protocols (Promega,
Madison, WI, USA) and at least six independent clones were
sequenced.
Sequencing reactions were performed by a MegaBACE
1000 automated sequencer (Amersham Pharmacia Biotech,
Piscataway, NJ, USA) or an ABI3730 automated sequencer
(Applied Biosystems, Foster City, CA, USA). All sequences
were aligned using Muscle 3.6 (Edgar, 2004) and then manually
adjusted. Exons, introns and intergenic regions were identified
based on the cDNA and genome sequences of rice, maize and
sorghum.

Phylogenetic reconstruction and colinearity analysis
Phylogenetic trees were reconstructed using maximum likelihood (ML) method, implemented in PhyML 2.4.4 (Guindon
and Gascuel 2003), and Bayesian inference (BI) with MrBayes
v.3.12 (Huelsenbeck and Ronquist 2001). Heuristic searches
were run for ML analyses, with random taxon addition, tree
bisection reconnection swap for 100 replications. Reliability
of branches was evaluated by 1 000 bootstrap replications.
For BI, Markov chain Monte Carlo (MCMC) analysis was run
for 1 000 000 generations, sampled very 10 generations with
the first 50 000 generations set as burn-in. For both ML
and BI analyses, GTR+I+G model of nucleotide evolution
was determined using jModelTest 0.1 (Posada 2008). Three
angiosperm species (Table S1) were used as outgroups when
phylogenetic trees of all PI-like sequences were generated to
explore the duplication history of the PI genes.
Duplicate genes can be generated by different modes
such as crossing over, retroposition and chromosomal or
genome duplication (Zhang 2003). Thus, we conducted a
colinearity analysis to clarify the generation of the duplicated PI genes. Based on the Rice Annotation Project
(http://rice.plantbiology.msu.edu/), we first identified the chromosomal position and the flanking genes of OsMADS2 (PI2)
and OsMADS4 (PI1) in rice. Then we compared these genes
with all other genes in the rice genome by BLASTN. Three
parameters, including aligned length (AL), cumulative identity
percentage (CIP) and cumulative alignment length percentage
(CALP), were used to increase the stringency and significance
of BLASTN (Salse et al. 2008). We finally used the stringent
values (70% CIP and 70% CALP) in identification of the
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duplicate genes and the homology of flanking genes in the
rice genome.

Tests for selection
To characterize variation of selective pressure and positive selection, we estimated the ratios of nonsynonymous to synonymous substitution rates (dN/dS or ω) using the codeml program
of PAML version 4 (Yang 2007). If the ω ratio is significantly
less than 1, purifying selection is evoked, whereas neutral
evolution is likely to occur if the ratio is approximately equal to
1. Positive selection is inferred if nonsynonymous substitution
rate is significantly larger than synonymous substitution rates
(ω > 1).
To evaluate variation of selective pressure among sites, we
first used the site-specific models, where ω ratios are assumed
to be the same for all branches but an independent ω ratio is
estimated for each site (Yang and Swanson 2002; Yang 2006).
The nested models include M0, one-ratio model assuming
equal κ (ratio of transition to transversion substitutions) and
a single ω ratio for all codons and all branches; M1a, a neutral
model assuming two classes of sites that are either constrained
(0 < ω < 1) or neutral (ω = 1); M2a, a selection model that
adds a third class of sites with positive selection (ω > 1)
comparing with M1a; M3, a discrete model that assigns all sites
into several categories, each with a different ω ratio. Positive
selection is indicated if M2a is significantly better than M1a
and the estimated ω ratios for individual sites were > 1. A
comparison between M3 and M0 indicates whether the ω ratio
is homogeneous across different parts of the genes.
Because selective pressure is commonly variable among
sites and positive selection may act only on a few sites of a
specific branch, it is of little power to detect positive selection
using an average ω ratio for all sites or an identical ω value for
all branches (Yang 2006). Therefore, we further used modified
branch-site models to detect positive selection on sites in
specific branches (Bielawski and Yang 2004). The modified
branch-site model A0 and model A add a third class sites with
ω = 1 and ω > 1, respectively, in special branches, and
are compared with M1a and A0, respectively. To compare
the difference of selective constraint between branches we
used modified clade model D (Bielawski and Yang 2004) that
extends M3 by adding one class of sites that assume different
ω ratios between branches.
For evaluating heterogeneity of selective pressure among
domains, we used the fixed-site models of Yang and Swanson
(2002). We first estimated the ω values of each domain using
model C that assumes the same ω ratio but different substitution rates (rs) and variant codon frequencies (πs) among
domains, and model E allowing different parameters (ω, rs
and πs) among domains. Thus, a significant degree of the
heterogeneity in selective pressure among domains can be
inferred through likelihood ratio test (LRT) between models
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C and E. Similarly, we used the same models to evaluate
the difference of selective pressure on each of four domains
between genes.
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variation within and between natural populations of wild rice (Oryza
rufipogon) from China and Brazil. Heredity 82, 638–644.
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