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Abstract Gene duplication and diversification is a significant aspect of gene and genome evolution, even though the
evolutionary mechanism following duplication almost certainly varies by genes or gene families. We have identified
three PISTILLATA (PI)‐like genes, HoPI_1, HoPI_2, and HoPI_3, from basal angiosperm Hedyosmum orientale
(Chloranthaceae) and found a functional divergence of these duplicate paralogs in the B‐function process. However,
the mechanism underlying the divergence of the three HoPI copies remains unclear. In this study, we carefully
compared the coding sequence of the three duplicateHoPI paralogs, and investigated their evolutionary process after
duplication. Molecular evolutionary analyses suggested that the coding sequence of the relatively recent duplicate
paralogs HoPI_1 and HoPI_3 may evolve under purifying selection, but the functional constraint that acted on the
coding sequence of HoPI_2 may have been relaxed. Domain swapping and site‐directed mutagenesis experiments
further showed that HoPI_2 has lost class B‐function activity through a gradual process of mutational degradation in
MADS and I domains. Although we currently have no direct in vivo evidence that HoPI_2 has lost function in floral
development, the relaxed selection, in combinationwith its inability to rescue pi‐1mutant phenotype, indicate that this
distant paralogHoPI_2might have been converted to be functionless in the B‐function process. This study provides a
detailedmolecular characterization of duplicate PI lineage gene divergence in a single individual level, and our results
suggest that mutations in the MI region are more likely to have negative effects on the biochemical activity of PI‐like
proteins.
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Duplication has long been thought to be a primary
driving force in the evolution of genes and genomes
(Ohno, 1970; Gu et al., 2003). It can provide the raw
genetic material for mutation, drift, and selection to act
upon, resulting in increased diversity and functional
innovation (Lynch & Conery, 2000; Wagner, 2001;
Zhang, 2003; Irish & Litt, 2005). Gene duplications are
prevalent in eukaryotic genomes in general (Lynch &
Conery, 2000) and in flowering plants in particular
(Blanc & Wolfe, 2004; Moore & Purugganan, 2005;
Shiu et al., 2005; Cui et al., 2006). The genomes of most
extant angiosperm species are the result of a series of
short segmental/whole genome and individual gene
duplication events (Soltis et al., 2009; Jiao et al., 2011;
Proost et al., 2011). These processes have created many
of the large gene families, such as the MIKC‐type

MADS‐box gene family whose members have been
shown to be the key regulators throughout plant
development, especially in reproductive development
(Sommer et al., 1990; Coen & Meyerowitz, 1991;
Theissen et al., 2000; Theißen & Saedler, 2001; Becker
& Theißen, 2003).

The sequence of MIKC‐type MADS‐box gene
products consists of four distinct regions with specific
functions: the MADS domain (M) that is essential for
binding DNA to CarG promoter sequences; the
intervening region (I) that is involved in determining
the specificity of protein dimerization; the keratin‐like
domain (K) that folds into three amphipathic a‐helices
(K1, K2, and K3) with different roles in protein–protein
interactions (dimerization); and the most variable
C‐terminal region (C) that is involved in multimeric
complex formation and in transcriptional activation
(Riechmann et al., 1996a, 1996b; Egea‐Cortines
et al., 1999; Honma & Goto, 2001; Lamb &
Irish, 2003; Jack, 2004; Yang & Jack, 2004; Kaufmann
et al., 2005).
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Within the MIKC‐type MADS‐box gene family,
floral homeotic class B genes constitute one of the best‐
studied subfamilies (Kramer et al., 1998; Stellari
et al., 2004; Zahn et al., 2005). It comprises APETALA3
(AP3) and PISTILLATA (PI) sublineages whose
products form obligate AP3–PI heterodimers to
promote petal and stamen identities in eudicot flower
development (Jack et al., 1992, 1994; Goto &
Meyerowitz, 1994; Riechmann et al., 1996a; Theissen
et al., 2000). The evolutionary history of class B genes
involves multiple gene duplication events (whole
genome or localized duplication) and subsequent
divergence at different taxonomic levels. Especially
in basal groups, including basal eudicots, monocots,
magnoliids, and the ANITA grade, more than one PI
and/or AP3 members have been isolated, and most of
these duplicate paralogs show differential expression
and interaction patterns (Kramer et al., 2003, 2007; Tsai
et al., 2004; Kim et al., 2005; Mondragón‐Palomino &
Theißen, 2011; Sharma et al., 2011). Class B genes of
angiosperms provide an excellent model system for
investigating the evolutionary mechanism following
duplication events.

After a duplication event, duplicated genes
accumulate changes in coding regions and/or regulatory
regions, and they can generally lead to one of four
possible fates: retaining the original function (func-
tional redundancy); becoming silenced by degenerative
mutations (non‐functionalization/pseudogenization);
acquiring a novel function (neofunctionalization); or
retaining different subfunctions of the original gene
(subfunctionalization) (Force et al., 1999; Lynch &
Conery, 2000). Considerable theoretical works have
been carried out concerning the mechanisms behind
evolution by gene duplication and diversification
(Force et al., 1999; Lynch & Conery, 2000; Lynch &
Force, 2000; Lynch et al., 2001; Wagner, 2001; Gu
et al., 2002, 2005; Lynch, 2002; Moore & Purugganan,
2003; Zhang, 2003; Blanc & Wolfe, 2004; Lynch &
Katju, 2004; He & Zhang, 2005; Li et al., 2005b; Innan
& Kondrashov, 2010; Liu & Adams, 2010; Qian
et al., 2010), but it is notable that each gene or gene
family has its own evolutionary history and could be
affected by duplication in specific ways that cannot be
described by globally observed patterns. Therefore,
exploration of an appropriate model for specific genes is
necessary for direct consideration of a specific gene or
gene family. As more precise data accumulate from
various plant model systems, we will better understand
the spectrum of genic effects of duplication events and
gain additional insight into the divergence patterns
following duplication at a gene‐specific or family‐
specific level.

We have isolated three PI‐like genes HoPI_1,
HoPI_2, and HoPI_3 from basal angiosperm Hedyos-
mum orientale (Chloranthaceae) and found a coding
sequence divergence between these duplicate paralogs:
overexpression of HoPI_1 or HoPI_3 in wild‐type
Arabidopsis promotes petaloid organs in the first floral
whorl and they can restore petal and stamen develop-
ment in Arabidopsis pi‐1 mutants, whereas HoPI_2
cannot induce any phenotype in transgenic Arabidop-
sis. However, it remains unknown which differences in
the coding region are the major contributors for the
observed divergence and how the differences were
accumulated. Here, we carefully compared the coding
sequence of the three duplicate HoPI paralogs, and
investigated their evolutionary process since gene
duplication. We used several different models of codon
evolution to assess what evolutionary forces are
associated with the evolution of coding regions of the
three duplicate HoPI paralogs following gene duplica-
tions. Our results suggested that HoPI_1 and HoPI_3
may be subject to purifying selection, whereas HoPI_2
may have been evolving under relaxed functional
constraint. Domain‐swapping and site‐directed muta-
genesis experiments further indicated that mutational
accumulation that occurred in theMADS and I domains
has contributed to the functional divergence of these
HoPI genes in the class B‐function process. The study
improves our understanding of functional divergence of
duplicate genes belonging to the floral homeotic PI
lineage in basal angiosperm H. orientale, and the
foundations may be laid for future evaluation of other
MADS‐box gene duplications in other angiosperms.

1 Material and methods

1.1 Sequence alignment and phylogenetic analysis
To investigate the evolutionary processes of three

HoPI genes, we first carried out phylogenetic analysis
using sequences from the present study and publicly
available databases (Table S1). Three AP3‐like gene
sequences of Chloranthaceae were used as the
representative of outgroups. Amino acid sequence
alignment was carried out with MUSCLE (http://www.ebi.
ac.uk/Tools/msa/muscle/) and then adjusted manually
using GeneDoc (Nicholas et al., 1997). The poorly
aligned positions were eliminated by the program
Gblocks in combination with manual edition. The
corresponding DNA matrix was generated on the basis
of the well‐aligned protein matrices and then used to
construct the maximum likelihood (ML) tree by the
program PHYML (Guindon & Gascuel, 2003). The
GTRþ IþG model was chosen and ML parameter
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values were estimated to optimize. One thousand
bootstrap replicates were carried out.

1.2 Selective pressure analysis
A total of 17 PI‐like sequences of basal angio-

sperms Chloranthaceae, Nymphaeaceae, Schisandra-
ceae, Cabombaceae, and Amborellaceae retrieved from
the NCBI database were used for selective pressure
analyses. The PI‐like gene AmbtPI from Amborella
trichopoda (Amborellaceae) was used as the outgroup
representative. Accession numbers as well as species
names and plant families for each gene are presented in
Table S1. The alignment result of full length coding
regions was used to calculate the pairwise synonymous
(dS) and non‐synonymous (dN) nucleotide substitution
rates and their ratios dN/dS (v) by the CODEML program
from PAML version 4 (Yang, 2007). We used several
different models of codon evolution to infer hypotheses
about the evolution forces. A likelihood ratio test (LRT)
calculated using 2D‘ was used to detect significant
differences in fit between nested models (Yang, 1998).
The branch‐specific models allow for variable v ratios
among branches but invariable v ratios in sites in the
tree and can be implemented for the study of changes in
selective pressures in specific lineages (Yang &
Nielsen, 2002). It involved the “free‐ratio”, “one‐ratio”,
and “two‐ratio” models to represent the different
presumed hypothesis. The free‐ratio model specifies
an independent v value for each branch in the
phylogenetic tree, the one‐ratio model assumes the
same v value for all branches, and the two‐ratio model
assigns different v values for the foreground (v1) and
background branches (v0), respectively.

To identify positively selected amino acid sites in
MADS, I, K, and C domains of PI proteins, three pairs
of comparisons were carried out in site‐specific models:
M1a (a nearly neutral model) versus M2a (a positive
selection model) was used to detect whether a positive
selection is present among the different amino acid
sites; M7 (beta) versus M8 (beta and v) was used to
identify specific amino acid sites that are potentially
under positive selection; and M0 (the one‐ratio model)
versus M3 (discrete) was used to test for selection
heterogeneity among amino acid sites. Two and three
site classes were used in M3. Positive selection is
indicated when a freely estimatedv is greater than 1 and
the LRT reaches a statistically significant level.

The branch‐site models (models A and B) allow
the v value to vary both among sites and among
lineages, and were used to detect the occurrence of
positive selection on individual codons within specific
branches (Yang & Nielsen, 2002). In model A, v0 was
assigned 0<v< 1, and v1 was fixed at 1; hence,

positive selection was permitted only in the foreground
branch (Zhang et al., 2005). In model B, v0 and v1 are
free and, thus, some sites may evolve by positive
selection across the entire phylogeny, whereas other
sites may evolve by positive selection in just the
foreground branch. Model A is compared with M1a
(nearly neutral) or model A null and model B is
compared with M3 (discrete).

1.3 Domain swapping and site‐directedmutagenesis
plasmid construction

Site‐directed mutagenesis was obtained using the
QuikChange site‐directed mutagenesis kit (Stratagene,
La Jolla, CA, USA). Domain swapping between
HoPI_1/3 and HoPI_2 was obtained by amplifying
separately of two cDNA fragments with primers that
have a 30–40 nucleotide overlap. Subsequently, the
products from the two polymerase chain reactions
(PCRs) were purified andmixed, then used as templates
for the second amplification. The gene‐specific forward
and reverse primers were added to amplify the full
fragment of cDNAs with 30 PCR cycles. The PCR
fragments were cloned into binary vector SN1301
(possessing CaMV 35S promoter) to drive nearly
ubiquitous expression. In complementation experi-
ments, the Arabidopsis PI promoter (pAtPI, from
position �1573 to �3 relative to the translation start
codon ATG of the Arabidopsis PI gene) was used to
replace the 35S promoter of SN1301 to drive expression
of constructs in Arabidopsis pi‐1 mutants. The final
constructs were verified by sequencing and restriction
analyses. Primers used are presented in Table S2.

1.4 Arabidopsis thaliana transformation and
genotyping

The plasmid constructs described above were
transformed into wild‐type A. thaliana (Landsberg
erecta), and heterozygous pi‐1mutants, respectively, by
the floral dip method (Clough & Bent, 1998). The seeds
of transgenic plants were selected on solid 0.6� MS
medium containing 25mg/L hygromycin B and 1 g/L
carbenicillin disodium salt and were genotyped by PCR
with transgene‐specific primers. Homozygous pi‐1
transformants were identified using the dCAPS finder
program as described previously (Lamb & Irish, 2003).
Then the homozygous mutant plants containing
transgenic cDNAs were analyzed.

1.5 Yeast two‐hybrid analysis
Yeast two‐hybrid assays were carried out using the

GAL4‐based MATCHMAKER Two‐Hybrid System (Clon-
tech, Mountain View, CA, USA). Saccharomyces
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cerevisiae strain AH109, GAL4 activation domain
(AD) expression vector pGADT7 and GAL4 DNA‐
binding domain (DNA‐BD) expression vector
pGBKT7 were used. The coding sequences of
A. thaliana AtAP1, AtAP3, AtPI, and Hedyosmum
orientale HoPIs, site‐directed mutagenesis HoPI_2‐
Q86 and HoPI_3þQ86 were amplified and fused into
the pGADT7 and pGBKT7 vectors, respectively.
All constructs were verified by restriction enzyme
analyses and sequencing. Primers used are listed
in Table S2. Yeast transformation and two‐hybrid
experiments were carried out as described elsewhere
(Shan et al., 2006). The transformants cotransformed
with plasmids encoding AtAP3 and AtPI from
A. thaliana without MADS domains were used as a
positive control, and the transformants containing
plasmids pGADT7 and pGBKT7 were used as a
negative control.

2 Results

2.1 Sequence and phylogenic analysis of PI‐like
genes

Phylogenetic analysis showed that the three HoPI
genes were most closely related toCsPI, thePI ortholog
of Chloranthus spicatus (Chloranthaceae) (Li et al.,
2005a), and all these PI‐like genes of the Chlorantha-
ceae family grouped together with PI homologs from
monocots (Fig. 1: A).

Sequence alignment of the three deduced HoPI
amino acid sequences showed that these HoPI proteins
display the typical MIKC domain structure of Type II
MADS domain proteins (Fig. 1: B). They share 70%–

80% identity over the whole length, including a
relatively high level of similarity in the MIK region
(>80%) and a low level of similarity in the C‐terminal
region (40%–70%; Fig. 1: C).

Fig. 1. Sequence alignment and phylogenic analyses of PISTILLATA (PI)‐like genes.A,Maximum likelihood phylogeny of PI‐like genes in angiosperms.
Bootstrap values greater than 50 are noted on the nodes. The APETALA3 (AP3)‐like genesCsAP3,HoAP3_1, andHoAP3_2 are used as representatives of
the outgroup. B, Alignment of the predicted PI‐like protein sequences. Codon changes in the MIK region among HoPI_2 and other proteins are indicated
with triangle and arrow. C, Level of protein sequence similarity among three duplicate HoPI paralogs.
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2.2 Selective pressure analysis acting upon HoPI
genes

We treated branch H (including HoPI_1, HoPI_2,
and HoPI_3, Fig. 2) as the foreground branch and all
other branches in the phylogeny as background
branches (Fig. 2). Likelihood values and parameters,
as well as LRT statistics, are shown in Tables 1 and 2.
The free‐ratiomodel was found to be significantly better
than the one‐ratio model (2D ln L¼ 45.05337; degree of
freedom (d.f.)¼ 30; P¼ 0.038< 0.05, Table 2), sup-
porting the hypothesis of variable selective constraints
across different branches in the phylogeny. Branch H
showed a v value higher than 1 (v1¼ 11.99823,
Table 1), but the M2‐M0 and M2‐null M2 comparisons
indicated that M2 for branch H was not significantly
better than M0 (2D ln L¼ 0.447228; d.f.¼ 1; P¼
0.504, Table 2) and null M2 (2D ln L¼ 0.013378;
d.f.¼ 1; P¼ 0.908, Table 2), suggesting that branch H
might be acted upon by relaxation of functional
constraint rather than positive selection.

In site‐specific models, the discrete model (M3)
with K¼ 2 or 3 site classes was used as an alternative
hypothesis against M0, and the LRT statistics were
significant (Table 2), suggesting a selection

Fig. 2. Maximum likelihood tree used in selection pressure analysis. The
number shown above each branch is the estimated ratio (v) of pairwise
synonymous (dS) and non‐synonymous (dN) nucleotide substitution
rates. Numbers below the branches are estimated bootstrap values.
Bootstrap values greater than 50 are noted.

Table 1 Likelihood values and parameter estimates for HoPI genes

Model Parameters ts/tv np ln L

Branch model
M0: one‐ratio v¼ 0.16171 1.65825 33 �4238.698849
M1: free‐ratio 1.66721 63 �4216.172164
M2: two‐ratio branch H v0¼ 0.16009, v1¼ 11.99823 1.65606 34 �4238.475235
M2: two‐ratio null branch H v0¼ 0.16033, v1¼ 1.00000 1.65642 33 �4238.481924
M2: two‐ratio branch C v0¼ 0.17060, v1¼ 0.05407 1.66750 34 �4235.443331
M2: two‐ratio null branch C v0¼ 0.15750, v1¼ 1.00000 1.66532 33 �4247.774873
Branch‐site branch H
Model A p0¼ 0.00013, p1¼ 0.00002 1.81410 36 �4219.897944

p2¼ 0.88976, p3¼ 0.11009
v0¼ 0.15222, v2¼ 1.00000

Model A null p2¼ 0.88989, p3¼ 0.11011 1.81410 35 �4219.897939
Model B p0¼ 0.39190, p1¼ 0.60810 1.73252 37 �4193.160657

p2þ p3¼ 0, v0¼ 0.04297
v1¼ 0.27788, v2¼ 0.00000

M3 (K¼ 2) p0¼ 0.40715, p1¼ 0.59285 1.68317 35 �4193.160657
v0¼ 0.04427, v1¼ 0.26968

Site models
M1a: nearly neutral p0¼ 0.88832, p1¼ 0.11168 1.81981 34 �4220.157576

v0¼ 0.15350, v1¼ 1.00000
M2a: positive selection p0¼ 0.88832, p1¼ 0.10926 1.81981 36 �4220.157576

p2¼ 0.00242, v0¼ 0.15350
v1¼ 1.00000, v2¼ 1.00000

M0: one ratio v¼ 0.16171 1.65825 33 �4238.698849
M3: discrete (K¼ 3) p0¼ 0.24295, p1¼ 0.57267 1.68315 37 �4186.975626

p2¼ 0.18438, v0¼ 0.01929
v1¼ 0.16812, v2¼ 0.46679

M7: beta p¼ 1.03493, q¼ 4.43917 1.68412 34 �4188.208895
M8: beta and v p0¼ 0.99999, p¼ 1.03493 1.68413 36 �4188.210435

q¼ 4.43917, v¼ 22.94430

ln L, log likelihood; np, number of parameter estimates for the v ratios; p0, p1, p2, proportions for site classes v0, v1, v2, respectively; ts/tv, transition/
transversion ratio; v, substitution rate ratio calculated under each model. In M7 (beta) andM8 (beta and v), the beta distribution forv is determined by the
parameters p and q.
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heterogeneity among codon sites. However, positive
selection was not detected at any of the sites. The M2a
and M8 models were not significantly better than the
M1a or M7 models, respectively. As the more complex
models did not fit the data better for either M2a‐M1a or
M8‐M7 comparisons, M1a and M7 were accepted,
respectively.

Branch‐site models that allow positive selection
only in the foreground branches (Model A) did not
result in a better fit than the null Model A or M1a.
Moreover, the LRT statistic of comparison of Model B
versus M3 (K¼ 2) was not significant (Table 2). These
comparisons further suggested that no positive selection
pressure acted on the HoPI coding sequences.

The branch model tests without HoPI_2 were
carried out and the result showed that whenHoPI_2was
eliminated from the matrix, a mean v value of 0.336
was detected for branch H’ (including HoPI_1 and
HoPI_3, Fig. S1), but the LRT statistic comparisons did
not show significant statistical support (Tables S3 and
S4). One possible explanation is that the species of basal
magnoliids and ANITA grades we sampled in molecu-
lar evolution analyses are relatively distant from
Chloranthus and Hedyosmum of Chloranthaceae, and
there is a low sampling number of species included in
the current alignment file. Successive evolutionary
analyses have shown that both AP3 and PI loci are
subjected to strong purifying selection in the evolution
of the class B MADS‐box gene subfamily, even though
relaxation of constraint or even positive selection were
also inferred on particular internal branches or in certain
lineages within the phylogeny across major angio-
sperms (Hernández‐Hernández et al., 2007; Mondra-
gón‐Palomino et al., 2009; Shan et al., 2009). It is
possible that the observedv< 1 of the branch leading to
HoPI_1 and HoPI_3 likely reflects purifying selection

dominating the evolution of these genes. In both site‐
specific and branch‐site models, no positive selection
sites were detected (Fig. S1; Tables S3 and S4).

2.3 Point mutations accumulated in MADS and
I domains influence the B‐function activity of
HoPI_2 protein

In transgenic analyses, HoPI_1, HoPI_2, and
HoPI_3 show different abilities to promote petal and
stamen development when expressed under the same
constitutive 35S or Arabidopsis PI (pAtPI) promoters,
clearly suggesting that their differences in biochemical
activity are driven by changes in their protein sequences
(Tables 3 and 4). Protein sequence alignment shows that
the most distinct difference between HoPI_2 and
HoPI_1 (or HoPI_3) is at position 86 (Fig. 1: B,
triangle). There is a single glutamine amino acid residue
(Q86) present in putative HoPI_2 protein but absent in
both HoPI_1 and HoPI_3 as well as all other PI‐like
proteins. It is reasonable to propose that the failure of
HoPI_2 to promote petals and stamens in transgenic
Arabidopsismay be due to the single Q86 insertion. We
tested this hypothesis by adding a Q at the appropriate
position in HoPI_1 or HoPI_3 (HoPI_1/3þQ86 in
Fig. 3: A) and, conversely, removing Q86 from HoPI_2
(HoPI_2‐Q86 in Fig. 3: A), and observed the con-
sequences of their expression in wild‐type Arabidopsis
and pi‐1 mutants. As shown in Tables 3 and 4, Q86

insertion resulted in the specific loss‐ability of HoPI_1
and HoPI_3 to induce petaloid organs in the first whorl
of wild‐type Arabidopsis flowers and to restore petal
and stamen identities in Arabidopsis pi‐1 mutants.
However, removing Q86 fromHoPI_2 did not switch its
inability to activate petal and stamen identities in
transgenic Arabidopsis. These experiments indicate
that the presence of Q86 causes a defect in biochemical
activity of HoPI proteins, and besides the Q86 insertion,
there must be other disablements accumulated in the

Table 2 Likelihood ratio tests between different models of codon
evolution

Compared models 2D ln L d.f. P‐value

Branch‐specific models
M1‐M0 45.05337 30 0.038�
M2‐M0 branch H 0.447228 1 0.504
M2‐M2 null branch H 0.013378 1 0.908
M2‐M0 branch C 6.511036 1 0.011�
M2‐M2 null branch C 24.663084 1 7E‐07�

Site‐specific models
M3 (K¼ 3)‐M0 103.446446 4 2E‐21�
M3 (K¼ 2)‐M0 91.076384 2 2E‐20�
M2a‐M1a 0 2 1
M8‐M7 �0.00308 2 N.A.

Branch‐site branch H
Model A‐Model A null �1E‐05 1 N.A.
Model A‐M1a 0.519264 2 0.771
Model B‐M3 (K¼ 2) 0 2 1

d.f., degree of freedom; N.A., not applicable; �Significant at P� 0.05.

Table 3 Summary of the overexpression phenotypes in domain
swapping and site‐directed mutagenesis analyses

Plant name No. of plants with
petaloid sepals (%)

No. of plants

35S::HoPI_2 0 (0) 51
35S::HoPI_2‐Q86 0 (0) 47
35S::HoPI_1 29 (74) 39
35S::HoPI_1þQ86 0 (0) 12
35S::HoPI_1(K138‐Q) 18 (58) 31
35S::HoPI_1(S161‐R) 44 (65) 68
35S::HoPI_1(2MI) 0 (0) 29
35S::HoPI_1(2C) 23 (87) 26
35S::HoPI_3 78 (66) 118
35S::HoPI_3þQ86 0 (0) 26
35S::HoPI_3(K138‐Q) 9 (35) 26
35S::HoPI_3(S161‐R) 15 (38) 39
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HoPI_2 coding region that compromise its B‐function
activity.

To further explore the regions of HoPI_2 protein
responsible for loss of B‐function activity, we created a
series of domain‐swapping and site‐directed mutagen-
esis constructs amongHoPI_1, HoPI_2, andHoPI_3 (as
shown in Fig. 3: A), and tested the consequences of their

expression in wild‐type Arabidopsis and pi‐1 mutant
backgrounds, respectively. A number of independent
transgenic lines were isolated for each of the constructs.
The results showed that HoPI_1 (2C), HoPI_1
(K138‐Q), and HoPI_1 (S161‐R) were able to induce
petaloid organs in the first whorl (Table 3; Fig. 3: C),
and almost fully rescued the petal and stamen

Table 4 Summary of rescue phenotypes in domain swapping and site‐directed mutagenesis analyses

Plant name Weak/no rescue (%) Medium rescue (%) Strong rescue (%) No. of plants

pAtPI::HoPI_2;pi‐1 38 (100) 0 (0) 0 (0) 38
pAtPI::HoPI_2‐Q86;pi‐1 9 (100) 0 (0) 0 (0) 9
pAtPI::HoPI_1;pi‐1 4 (21) 4 (21) 11 (58) 19
pAtPI::HoPI_1þQ86;pi‐1 8 (100) 0 (0) 0 (0) 8
pAtPI::HoPI_1(K138‐Q);pi‐1 3 (20) 2 (13) 10 (67) 15
pAtPI::HoPI_1(S161‐R);pi‐1 3 (20) 4 (27) 8 (53) 15
pAtPI::HoPI_1(2MI);pi‐1 16 (100) 0 (0) 0 (0) 16
pAtPI::HoPI_1(2C);pi‐1 3 (25) 3 (25) 6 (50) 12
pAtPI::HoPI_3;pi‐1 12 (21) 36 (62) 10 (17) 58
pAtPI::HoPI_3þQ86;pi‐1 15 (88) 2 (12) 0 (0) 17
pAtPI::HoPI_3(K138‐Q);pi‐1 2 (22) 5 (56) 2 (22) 9
pAtPI::HoPI_3(S161‐R);pi‐1 2 (17) 6 (50) 4 (33) 12

Fig. 3. PISTILLATA (PI) constructs used in transgenic experiments and phenotypes of transgenic Arabidopsis flowers.Fig. 3. A, PI constructs. Red
boxed sections represent the region of HoPI_1 protein, blue represents the region of HoPI_2 protein, and green represents the region of HoPI_3 protein.
HoPI_1þQ86 and HoPI_3þQ86 represent the variants of HoPI_1 and HoPI_3 where a single glutamine amino acid residue Q is inserted at position 86.
HoPI_2‐Q86 represents the variant of HoPI_2 where a single glutamine amino acid residue Q is removed from position 86; HoPI_1(K138‐Q) and HoPI_1
(S161‐R) represents the variants of HoPI_1 where a single lysine amino acid residue K is replaced by Q, and a single serine amino acid residue S is replaced
by arginine R at position 138 and 161, respectively. HoPI_1(2MI) andHoPI_1(2C) represent constructs that replace theMI region, or the C‐terminal region
of HoPI_1 with those from HoPI_2, respectively. B, Wild‐type flower. C, Flower of strong overexpression plants with petaloid sepals in the first whorl
(white arrows).D, pi‐1 homozygousflower.E–G, pi‐1 homozygousmutantflowers of transgenic plantswith different degrees of rescue.E, Flower of weak
rescue lines: no rescue of petals, and carpeloid stamens in the third whorl. F, Flower of medium rescue lines: white but often short petals, and mosaic
stamens. G, Flower of strong rescue lines: petals indistinguishable from wild‐type petals, mosaic stamens or pollen produced stamens. Bar¼ 1mm.
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development in pi‐1 mutants (Table 4; Fig. 3: G),
similar to the HoPI_1 transgenic plants. Likewise, most
of the HoPI_3 (K138‐Q) and HoPI_3 (S161‐R) comple-
mentation plants showed a medium rescue in Arabi-
dopsis pi‐1mutants, which was similar to that observed
in HoPI_3 complementation plants (Table 4; Fig. 3: F).
However, HoPI_1 (2MI) was not able to induce any
homeotic transformation in transgenic Arabidopsis
(Tables 3 and 4). These findings clearly indicated
that, in addition to the Q86 insertion, decisive changes in
the MADS and I domains (Fig. 1: B, arrows) also limit
the B‐function activity of HoPI_2 protein. Changes in
the K and C domains (Fig. 1: B, arrows) are not
deleterious to its B‐function activity.

2.4 Point mutations accumulated on coding region
of HoPI_2 do not affect its dimerization

Q86 is located in the 30‐terminus end of I domain
that spans the junction of I domain and the amphipathic
a‐helix K1 of the K domain. As the I and K domains of
MADS‐box proteins have been shown to be important
for dimerization (Riechmann et al., 1996a; Yang &
Jack, 2004), we speculated that the insertion of Q86

might alter the specificity and affinity of dimerization.
We tested the influence of the presence or absence of
Q86 on dimerization between HoPI and A. thalianaAP1
(AtAP1) and AP3 (AtAP3) proteins by yeast two‐
hybrid experiments. As the MADS domain has been
shown to interfere with detection of protein–protein
interaction of class B gene products (Lamb & Irish,
2003), we used class B gene constructs lacking this
domain. As shown in Fig. 4, MADS‐deleted HoPI_2

and HoPI_3 showed an almost identical strong
dimerization capability with AtAP1 and AtAP3
proteins in yeast two‐hybrid analysis. In addition,
the dimerization of chimeric HoPI_2þQ86 and HoPI_3‐
Q86 was not altered by removing or adding Q86. These
results suggest that the deleterious mutations accumu-
lated on coding region of HoPI_2 do not affect its
dimerization capability.

3 Discussion

We have isolated three PI‐like duplicate genes
from basal angiosperm Hedyosmum orientale. The
phylogenetic analysis showed that the three HoPI
paralogs likely resulted from two duplications (Fig. 1:
A). The first duplication gave rise to HoPI_2 and the
progenitor gene of HoPI_1 and HoPI_3, and the
second, more recent, duplication gave rise to the
duplicate gene pair HoPI_1 and HoPI_3. As there is no
molecular information of PI‐like genes in other species
of genus Hedyosmum, besides in H. orientale, we are
unable to determine whether the duplications are genus‐
specific or species‐specific. In addition, we also cannot
estimate the exact time the gene duplication events
occurred. However, the relatively high level of
sequence similarity (70%–80% identity with each other
at the protein level, Fig. 1: C) suggests that the two
duplications may be relatively recent events.

After duplication events, duplicate genes could be
expressed at equal levels, or there could be unequal
expression or silencing of one copy (Kashkush

Fig. 4. Influence of the presence or absence of Q86 on dimerization between PISTILLATA‐like protein from Hedyosmum orientale (HoPI) and
Arabidopsis thaliana AP1 (AtAP1), AP3 (AtAP3) by yeast two‐hybrid experiments. All of the class B proteins are MADS‐deleted. HoPI_2 and HoPI_3
show an identical strong dimerization affinity with Arabidopsis class A and B proteins. The dimerization of HoPI proteins is not altered by removing or
adding Q86.
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et al., 2002; Adams et al., 2003, 2004; Wang
et al., 2004). In H. orientale, HoPI_1 and HoPI_3 are
expressed at almost equally high levels, but the
expression of HoPI_2 is very low (Liu et al., 2013).
In addition, the coding sequence of HoPI_1 and
HoPI_3 could function as well as the Arabidopsis PI,
but HoPI_2 could not induce any phynotype in
transgenic analysis (Tables 3 and 4). These findings
suggest that in vivo the recent duplicate paralogs
HoPI_1 andHoPI_3may be preserved and functionally
redundant in specifying stamens by interacting with
HoAP3 genes, whereas the relatively distant paralog
HoPI_2 has been converted to be weak or functionless
in this process because we detected no B‐function
activity of the HoPI_2 coding sequence in transgenic
analysis. However, this duplicate copy has not been
completely silenced or even lost because we can still
detect its weak expression in H. orientale and have
obtained its DNA sequence (Doc. S1) by amplification
from the genome ofH. orientale. Alternatively, it is also
possible thatHoPI_2 has differentiated a novel function
in floral development by activating unique targets or
interacting with novel protein partners in H. orientale
(neofunctionalization), and these neofunctions would
be impossible to assess in the context of Arabidopsis.
This question can only be answered by further detailed
experimental characterization of this gene copy in vivo.

It has been postulated that initially after gene
duplication, one copy is redundant (not essential), and
as such, this copy will experience a phase of relaxed
selection (Lynch & Conery, 2000) or even be relieved
from functional constraint (neutral genetic drift)
(Ohno, 1973). In the present study, selective pressure
analysis showed that the HoPI branch has undergone
selective pressure that is significantly different from that
of other branches, and these HoPI paralogs have
accumulated more non‐synonymous than synonymous
mutations, but there is no evidence of positive selection
acting upon codon sites ofHoPI genes (Fig. 2; Tables 1
and 2). The coding sequences of duplicate HoPI_1 and
HoPI_3 may evolve under purifying selection, but the
functional constraint onHoPI_2may have been relaxed
(Fig. S1; Tables S3 and S4). Then the question arises as
to whether the relaxation of selection revealed in the
coding sequence of HoPI_2 reflects simply a long‐term
accumulation under a relaxed selection pressure, or an
abrupt increase in an episodic period for functional
divergence following the duplication event. Relaxed
purifying selection following gene duplication has been
reported in many studies (dePamphilis et al., 1997;
Yokoyama & Blow, 2001; Leebens‐Mack &
dePamphilis, 2002) and it seems to be a generalized
feature in the early stage of duplication evolution

(reviewed in Zhang, 2003), so the relaxed selection
we observe in HoPI_2 is to some extent due to the
occurrence of the first duplication event. It is notable,
however, that the relatively recent duplicate gene pair
HoPI_1 andHoPI_3 does not show evidence of relaxed
selection, as that ofHoPI_2. Therefore, the relaxation of
functional constraints observed in this relatively distant
copyHoPI_2may actually be a long‐term accumulation
under a relaxed selection. Nevertheless, we cannot rule
out the possibility that after the first duplication event,
HoPI_2 had been maintained in the genome for a long
time for functional redundancy, then maybe after the
HoPI_1/3 duplication event, becoming non‐functional
in the B‐function developmental process because of the
relaxation of functional constraints.

In principle, unless there is selection for their
products, one copy might eventually be led to complete
non‐functionalization by accumulating a sufficient
number of deleterious mutations, and be further set
on the course of pseudogenization (Lynch & Conery,
2000; Lynch & Katju, 2004). Based on our domain
swapping and site‐directed mutagenesis experiments,
we found that inactivating point mutations in the
MADS and I domains of the HoPI_2 coding sequence,
including the Q86 insertion mutation in the 30‐terminus
end of I domain, render it non‐functional in terms of B‐
function activity (Tables 3 and 4). Previous studies have
reported that in MADS and I domains, as well as in K1
and K2 subdomains involved in DNA binding and
dimerization, there may be functional constraints
greater than those acting on the K3 subdomain and
the C‐terminal region (Riechmann & Meyerowitz,
1997; Yang & Jack, 2004). Therefore, mutations in the
MI region aremore likely to have negative effects on the
biochemical activity of PI‐like proteins, making this
area the “hotspot region” that is susceptible to
deleterious mutations. However, the yeast two‐hybrid
results showed that the dimerization affinities to AP1‐
and AP3‐like proteins of HoPI proteins are almost
identical, and the dimerization is not affected by the
presence/absence mutation of Q86 (Fig. 4). These
findings suggest that mutations accumulated on the
coding region of HoPI_2 compromise the B‐function
activity of this protein, but do not affect its dimerization.
Perhaps these naturally occurring variations limit its
ability in the B‐function process by influencing DNA
binding, or protein complex formation between AP3‐PI
heterodimers and other MADS‐box proteins such as
SEPALLATA (de Folter et al., 2005; Immink et al.,
2009).

In this study, we revealed the evolutionary
mechanism underlying the coding sequence divergence
of three duplicate HoPI copies: the recent duplicate
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paralogsHoPI_1 andHoPI_3 under purifying selection
might have been fixed because of their beneficial
property of functional redundancy, whereas the
relatively distant copyHoPI_2might have accumulated
degenerative mutations in MADS and I domains as a
result of relaxed functional constraints. Although we
currently have no direct in vivo evidence that HoPI_2
has lost function in floral development, it is clear that
this copy has become non‐functional in the B‐function
developmental process, and deleterious mutations
accumulated in the MI region are responsible for the
loss‐of‐function of HoPI_2 in this process. However,
the three HoPI gene copies not only diverge in
biochemical activity, but also in expression levels
(Liu et al., 2013), which implies that the regulatory
regions may also be involved in their divergence.
Therefore, further detailed molecular study on their
regulatory regions is needed for a comprehensive
understanding of the mechanism underlying the
divergence of the three HoPI gene copies.
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