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Duplicated genes are a major contributor to genome evolution and phenotypic novelty. There are multiple possible evolutionary
fates of duplicated genes. Here, we provide an example of concerted divergence of simultaneously duplicated genes whose
products function in the same complex. We studied POLYCOMB REPRESSIVE COMPLEX2 (PRC2) in Brassicaceae. The
VERNALIZATION (VRN)-PRC2 complex contains VRN2 and SWINGER (SWN), and both genes were duplicated during a
whole-genome duplication to generate FERTILIZATION INDEPENDENT SEED2 (FIS2) and MEDEA (MEA), which function in
the Brassicaceae-specific FIS-PRC2 complex that regulates seed development. We examined the expression of FIS2, MEA, and
their paralogs, compared their cytosine and histone methylation patterns, and analyzed the sequence evolution of the genes. We
found that FIS2 and MEA have reproductive-specific expression patterns that are correlated and derived from the broadly
expressed VRN2 and SWN in outgroup species. In vegetative tissues of Arabidopsis (Arabidopsis thaliana), repressive methylation
marks are enriched in FIS2 and MEA, whereas active marks are associated with their paralogs. We detected comparable
accelerated amino acid substitution rates in FIS2 and MEA but not in their paralogs. We also show divergence patterns of
the PRC2-associated VERNALIZATION5/VIN3-LIKE2 that are similar to FIS2 and MEA. These lines of evidence indicate that
FIS2 and MEA have diverged in concert, resulting in functional divergence of the PRC2 complexes in Brassicaceae. This type of
concerted divergence is a previously unreported fate of duplicated genes. In addition, the Brassicaceae-specific FIS-PRC2
complex modified the regulatory pathways in female gametophyte and seed development.

Duplicated genes are continuously formed during
evolution by various types of gene duplication events in
eukaryotes, and they can have effects onmorphological
and physiological evolution (for review, see Van de
Peer et al., 2009; Soltis and Soltis, 2016). Gene du-
plication can happen at small scales, such as tandem
duplication, segmental duplication, and duplicative
retroposition. The largest scale of gene duplication is
whole-genome duplication (WGD), which gives rise to
thousands of duplicated gene pairs. The genetic model
plant Arabidopsis (Arabidopsis thaliana) has experienced
five rounds of WGD events in the evolutionary history
of seed plants (Jiao et al., 2011; Li et al., 2015). The most
recent polyploidy event, the a WGD, is specific to
the Brassicaceae family, which took place after the

divergence of the closest sister family, Cleomaceae
(Schranz and Mitchell-Olds, 2006). There are about
2,500 pairs of duplicated genes retained from thisWGD
in the Arabidopsis genome (Blanc et al., 2003; Bowers
et al., 2003).

Fates of duplicated genes vary during evolutionary
history. One duplicate may eventually be lost or be-
come a pseudogene; thus, the once duplicated pair
returns to a single-copy status. Several mechanisms
drive the retention of both copies. Duplicated pairs
could preserve similar functions to maintain dosage
balance (Birchler et al., 2005; Coate et al., 2016). Dupli-
cated pairs also can diverge through subfunctionaliza-
tion or neofunctionalization, where two duplicated
genes divide the ancestral function or gain a novel
function, respectively (Force et al., 1999; Moore and
Purugganan, 2005). These types of divergence also
could be inferred from expression patterns. For ex-
ample, two duplicates that together make up the
preduplicate expression profile is referred to as reg-
ulatory subfunctionalization, and regulatory neo-
functionalization indicates that one or both copies gain
a new expression pattern (Duarte et al., 2006; Liu et al.,
2011). Sometimes, these processes are difficult to dis-
tinguish, and there can be a combination of different
mechanisms, such as subneofunctionalization (He and
Zhang, 2005).

There are many protein complexes whose members
are encoded by different gene families. If multiple
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components in a complex are duplicated simulta-
neously, such as in a WGD, the doubled components
could redundantly cross-interact or go on to experience
subsequent divergence (Capra et al., 2012; Aakre et al.,
2015). Thus, a type of coevolution between the inter-
acting gene products is hypothetically possible, but this
has not been described in the plant kingdom. Extending
the concept of concerted divergence, which is discussed
in the context of coexpression patterns of duplicated
genes in the same metabolic or regulatory pathways
(Blanc and Wolfe, 2004), we here propose the evolu-
tionary scenario that simultaneous duplication of two
genes whose products function together in a complex,
followed by parallel evolution and the divergence of
each derived gene, can lead to functional divergence of
the complexes.
In this study, we focus on genes in POLYCOMB

REPRESSIVE COMPLEX2 (PRC2) in Brassicaceae spe-
cies as a potential example to demonstrate the proposed
scenario. Those complexes are histone modifiers and
regulate gene expression primarily by the trimethyla-
tion of Lys-27 on histone H3 (H3K27me3) associated
with target genes, which leads to transcriptional re-
pression (Hennig and Derkacheva, 2009; Mozgova
et al., 2015). One type of PRC2, the VERNALIZATION
(VRN) complex, regulates vegetative tissue differenti-
ation and, more importantly, the vernalization process
to control flowering time in Arabidopsis (Chen et al.,
2009; Hennig and Derkacheva, 2009; Mozgova et al.,
2015). This complex also represses autonomous seed
coat development (Roszak and Köhler, 2011), and it is
present across rosids. The VRN complex consists of four
subunits: REDUCED VERNALIZATION RESPONSE2
(VRN2), SET DOMAIN-CONTAINING PROTEIN10
(SWINGER [SWN]), and two WD-40 repeat proteins
that act as the scaffold of the complex assemblies,
FERTILIZATION-INDEPENDENT ENDOSPERM (FIE)
and MULTICOPY SUPRESSOR OF IRA1 (MSI1). In
Brassicaceae, theaWGDgave rise to a duplication ofVRN2
to create its paralog FERTILIZATION INDEPENDENT
SEED2 (FIS2) and a duplication of SWN to create its
paralog SET DOMAIN-CONTAINING PROTEIN5
(MEDEA [MEA]; Fig. 1; Spillane et al., 2007; Luo et al.,
2009). Substituting for their paralogous proteins, FIS2
and MEA, together with FIE and MSI1 (the a WGD
paralogs of these two genes were lost), make up a new

Brassicaceae-specific PRC2, referred to as the FIS com-
plex (Fig. 1). The FIS complex functions in gametophyte
and seed development, preventing female gamete
proliferation before fertilization and facilitating endo-
sperm cellularization after fertilization (Hennig and
Derkacheva, 2009). A typical fis phenotype, caused by
nonfunctional mutation in FIS2, MEA (also known as
FIS1), or FIE (also known as FIS3), shows fertilization-
independent embryogenesis, and other types of mu-
tants have abnormal seed development, even abolished
seeds (Hennig and Derkacheva, 2009).

The observed divergence in the functions of the two
kinds of PRC2 complexes leads to the hypothesis that
FIS2 and MEA have undergone divergence in a con-
certed way to give rise to the FIS complex. This study
aimed to evaluate this hypothesis by examining ex-
pression patterns, DNA and histone methylation, and
rates of sequence evolution in both genes compared
with their paralogs. We found evidence for the parallel
divergence of FIS2 and MEA from their paralogs in
multiple ways, which has accompanied functional di-
vergence of the two complexes. This study supports a
model of concerted divergence of simultaneously du-
plicated genes whose products function in a complex.
To our knowledge, this is a previously unreported fate
of duplicated genes.

RESULTS

FIS2 and MEA Have Specific and Similar Expression
Patterns in Reproductive Organs

FIS2 and MEA formed by the a WGD that is specific
to the Brassicaceae family after the divergence of the
Brassicaceae lineage from the Caricaceae lineage. After
gene duplication, duplicated genes may experience
expression divergence.We analyzedmicroarray data in
Arabidopsis to compare the expression profiles of
paralogous interacting gene pairs FIS2/VRN2 and
MEA/SWN. We obtained two sets of ATH1 microarray
data and analyzed them separately: 63 different organ
types and developmental stages (Schmid et al., 2005),
referred to as the ADA (Arabidopsis developmental
atlas) data set hereafter, and 42 different tissue types
during seed developmental stages (Le et al., 2010;
Belmonte et al., 2013), referred to as the ASA (Arabi-
dopsis seed atlas). We first calculated the expression
specificity (t) of the four genes defined by Yang and
Gaut (2011). VRN2 and SWN have expression specific-
ity values of 0.19 and 0.17, respectively, indicating that
both genes have relatively broad expression in nearly
all organ types included in the ADA data set (Fig. 2). In
contrast, FIS2 has an expression specificity value of 0.7
and that of MEA is 0.63, indicating an organ-specific
expression pattern. We observed that the expression
of FIS2 and MEA is restricted to flowers and siliques,
and the absence of vegetative expression explains the
high expression specificity. Yang and Gaut (2011) ana-
lyzed the ADA data set and found that the recent

Figure 1. Two PRC2 complexes in Brassicaceae, the VRN complex and
the Brassicaceae-specific FIS complex, arose by the a WGD, where
VRN2 duplicated to form FIS2 and SWN duplicated to form MEA.
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whole-genome duplicates have a median t close to 0.2.
Thus, what we observed for FIS2 and MEA is quite
high, and what we observed for VRN2 and SWN is
about average.

We also analyzed t in the ASA data set (Fig. 2A).
Similarly, the t of FIS2 is 0.48 and that of MEA is 0.56,
while VRN2 has t of 0.21 and SWN has t of 0.22. FIS2
and MEA turn out to show more tissue-specific ex-
pression in seed tissues. We broke down the ASA data
and observed that FIS2 and MEA tend to be expressed
in the triploid endosperm rather than in the diploid
embryo or maternally derived seed coat. We did a
1,000-replicate permutation test and gained statistical
support that the expression specificity differences in the
FIS2-MEA and VRN2-SWN comparisons are not sig-
nificant (Supplemental Fig. S1), indicative of the con-
certed divergence in their expression profiles. In
contrast, the tissue specificity expression profiles are
significantly different in the two duplicated pairs,
VRN2-FIS2 and SWN-MEA, indicative of their regula-
tory divergence.

Not only did we analyze the expression index for
those genes individually, we also performed a correla-
tion test to examine the association of the expression

profiles of the four genes, as their products function in a
complex (Fig. 2B). We found that the expression pat-
terns of FIS2 andMEA are positively correlated in both
the ADA and ASA data sets, while broadly expressed
VRN2 and SWN are coexpressed. However, the ex-
pression of both FIS2 andMEA is negatively correlated
to the expression of VRN2 and SWN. The negative co-
efficients are around 20.5 (Fig. 2B), which is below 1%
of the total a whole-genome pairs analyzed by Blanc
and Wolfe (2004). Overall, the FIS2-MEA expression
patterns indicate parallel divergence from the VRN2-
SWN expression patterns in a concerted manner.

FIS2 and MEA Acquired New Expression Patterns

As themicroarray data from the ADA indicated, FIS2
and MEA both have expression patterns that are re-
stricted to reproductive organs, such as flowers and
siliques, but not vegetative organs, including roots,
stems, and leaves. We confirmed this result with re-
verse transcription (RT)-PCR (Fig. 3). In contrast, their
paralogs, VRN2 and SWN, have a broad expression
pattern in both vegetative and reproductive organs,

Figure 2. A, Organ/tissue-specific expression indices based on two sets of microarray data. A high value indicates that expression
is restricted to fewer organ or tissue types, while a low value indicates broad expression. B, Correlation of the expression profile of
each gene pair. Left, ADA set (63 organ types and developmental stages); right, ASA set (42 seed tissue types and developmental
stages). Black arrows indicate a positive correlation, and gray arrows indicate a negative correlation. The thickness of the arrows
indicates the level of the correlation coefficient. The correlation coefficient and the P value of the expression profile of each gene
pair are labeled along the arrows. Boldface values indicate positive correlations.
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and they are expressed ubiquitously in all examined
organ types in our RT-PCR results (Fig. 3). To infer the
ancestral expression patterns of the two gene pairs, we
assayed the expression patterns of orthologs in Tarenaya
hassleriana (formerly known as Cleome spinosa), Carica
papaya, and Vitis vinifera. Among those species with
sequenced genomes, T. hassleriana belongs to Cleoma-
ceae, the most closely related sister group to Brassica-
ceae. Although T. hassleriana had its own genome
triplication after the divergence between Cleomaceae
and Brassicaceae (Cheng et al., 2013), only a single copy
each of the orthologous VRN2 and SWN has been
retained. C. papaya also is in the order Brassicales. V.
vinifera was chosen because its lineage has not experi-
enced any WGD events since the g WGD during early
eudicot evolution, which applies to C. papaya as well;
thus, genes are frequently single copy in these taxa.
These single-copy orthologs can facilitate the inference
of ancestral expression patterns. We confirmed that
these sequences are true orthologs of FIS2/VRN2 and
MEA/SWN by phylogenetic analysis of the gene families.
For both the FIS2/VRN2 andMEA/SWN pairs, their

orthologs in T. hassleriana, C. papaya, and V. vinifera are
widely expressed in all examined organ types, which is
the same asVRN2 and SWN in Arabidopsis (Fig. 3). The
absence of expression in vegetative organs is observed
only in FIS2 andMEA. Collectively, we inferred that the
preduplicated expression state is likely to be a broad
expression pattern, which is reflected by VRN2 and
SWN. The Brassicaceae FIS2 and MEA both lost ex-
pression in vegetative organs to become expressed
specifically in reproductive organs.

FIS2 and MEA Acquired Novel Epigenetic Modifications

The epigenetic features of cytosine methylation and
histone methylation often are associated with the ex-
pression or silencing of genes. To examine the patterns
of cytosine and histone methylation in organ types
where the expression of FIS2 and MEA was lost, we
investigated the epigenetic variation among these

genes in vegetative tissues, including leaves, roots, and
seedlings, of Arabidopsis (for details, see “Materials
and Methods”). For DNA methylation, we found that
cytosine methylation at CpG sites is enriched in the
promoter region (defined as 1,500 bp upstream of the
transcription start site) of the FIS2 genomic sequence
but not in the gene body (Fig. 4). The opposite is found
for VRN2, with the promoter region unmarked but the
gene body highly methylated (Fig. 4). The same diver-
gence of DNA methylation was found for MEA and
SWN (Fig. 4). Cytosine methylation is enriched in the
promoter region of MEA but only in the gene body of
SWN. The DNA methylation patterns in EMBRYONIC
FLOWER 2 (EMF2) and CURLY LEAF (CLF), the more
distant paralogs of VRN2 and SWN, respectively, are
also gene body enrichment, the same as VRN2 and
SWN, suggesting that the pattern of DNA methylation
for FIS2 and MEA changed after duplication. As pro-
moter cytosine methylation is associated with tran-
scriptional repression and gene body methylation is
indicative of expression activation (Suzuki and Bird,
2008), this finding is consistent with the expression

Figure 3. RT-PCR assays indicate that FIS2 andMEA have lost the ancestral vegetative expression pattern after duplication. Plus
signs indicate reactions with reverse transcriptase, and minus signs indicate controls with no reverse transcriptase. Species ab-
breviations are as follows: At, Arabidopsis; Th, T. hassleriana; Cp, C. papaya; and Vv, V. vinifera.

Figure 4. DNA methylation at the genomic region of the VEF domain
genes and SET domain genes. CLF and EMF2 are ancient paralogs of
SWN and VRN2, respectively. For each gene, four rows represent four
replicates, and the dashed line separates 1,500 bp upstream of the
transcription start site. Vertical bars in each row represent the level of
methylation.
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data. We did not examine methylation patterns in
whole endosperm, because in the ASA data set, FIS2
and MEA showed variable expression patterns in dif-
ferent parts of the endosperm and different develop-
mental stages.

We also examined histone methylation in the region
of these genes in the seedlings of Arabidopsis based on
the data generated by Roudier et al. (2011). Similar to
DNA methylation, we found that VRN2, SWN, EMF2,
and CLF have the same types of histone methylation,
which are different from FIS2 and MEA (Table I). We
noticed that FIS2 and MEA lost trimethylation of Lys-4
on histone H3 (H3K4me3), which is shared by all the
other genes. Instead, they gained a novel mark of
H3K27me3. H3K4me3 is an activating mark, while its
antagonistic mark, H3K27me3, is repressive. This could
help explain the expression of VRN2, SWN, EMF2, and
CLF in the vegetative tissue but the lack of expression of
FIS2 and MEA. It is also notable that, in the fie mutant,
where the PRC2 function was supposed to be abol-
ished, FIS2 andMEA lost their H3K27me3 but, instead,
VRN2, SWN, EMF2, and CLF were marked by
H3K27me3 (Bouyer et al., 2011). As H3K27me3 is reg-
ulated by PRC2 complexes, this finding suggests the
self- and cross-regulation among these genes. With
both DNA and histone modification comparative
analyses, we observed the convergent evolution of epi-
genetic features in FIS2 and MEA, divergent from their
preduplicated and postduplicated paralogs.

Gene Structural Changes in FIS2 and MEA

FIS2 formed from VRN2 by duplication, and MEA
duplicated from SWN, during the a WGD. FIS2 in
Arabidopsis lost three exons, called the E15-E17 region
(corresponding to the 15th to 17th exons in Arabidopsis
EMF2, not named after VRN2), compared with VRN2
(Supplemental Fig. S2A; Chen et al., 2009). FIS2 has a
large Ser-rich domain that is not shared with any other
VEF genes in any species, indicating gain of the domain
in Brassicaceae (Supplemental Fig. S2A; Chen et al.,
2009). Our sequence analysis showed that the Ser-rich
domain is highly variable among FIS2 sequences from
different Brassicaceae species (Supplemental Fig. S2A).
The lost E15-E17 domain and the gained Ser-rich

domain are both neighboring the VEF domain that in-
teracts with the C5 domain in MEA.

MEA is about 150 amino acids shorter than SWN,
and the deleted region is just downstream of the C5
domain that interacts with the VEF domain in FIS2, due
to a large shrinkage in a single exon (the ninth in Ara-
bidopsis MEA and SWN)where Brassicaceae SWN and
orthologous SWN-like sequences are not conserved
(Supplemental Fig. S2B). How the structural changes
affect the physical interaction of FIS2 andMEA remains
to be tested. In addition to the rearrangement of func-
tional domains, those shared domains show different
levels of amino acid sequence divergence. In contrast,
VRN2/EMF2-like sequences and SWN/CLF-like se-
quences show relative conservation across all flowering
plants in amino acid sequences and functional domains
(Chen et al., 2009; Qian et al., 2014).

FIS2 and MEA Show Accelerated Amino Acid Substitution
Rates and Evidence for Positive Selection

Duplicated genes diverge not only in expression
pattern but also in their sequences.We first analyzed by
Ka/Ks analysis (the ratio of the number of nonsynonymous
substitutions per non- synonymous site to the number of
synonymous substitutions per synonymous site) the full-
length coding regions of FIS2,VRN2,MEA, and SWN genes
(Supplemental Fig. S3). The Brassicaceae FIS2 clade had a
much higher average Ka/Ks than VRN2 lineages, 3.5-
fold greater than the paralogous Brassicaceae VRN2
clade and 10-fold greater than the orthologous pre-
duplicate VRN2 sequences. Similarly, the Brassicaceae
MEA clade had a high average Ka/Ks comparable to
the FIS2 clade, which is 3.5-fold greater than the paral-
ogous Brassicaceae SWN clade and 4.5-fold greater than
the orthologous preduplicated SWN sequences. We im-
plemented different models assuming similar versus
different Ka/Ks ratios in these clades, described in
“Materials and Methods,” and the likelihood ratio tests
indicated that the divergence in sequence rate is sig-
nificant (Supplemental Table S1). These analyses indi-
cate that, while the paralogous Brassicaceae VRN2 and
SWN lineages are under stronger purifying selection
along with the orthologous genes in outgroup species,
FIS2 and MEA in the Brassicaceae have experienced
relaxation of purifying selection. Asymmetric Ka/Ks
ratios are seen in a minority of duplicated gene pairs in
Arabidopsis; for example, Gossmann and Schmid
(2011) estimated that 7% of the duplicated pairs they
analyzed have asymmetric Ka/Ks ratios.

Additionally, among the branch-wise Ka/Ks of spe-
cific FIS2 and MEA sequences, we detected possible
positive selection, indicated by Ka/Ks greater than
1, acting on the sequences from certain lineages
(Supplemental Fig. S3). In order to distinguish certain
amino acid sites evolving under positive selection from
relaxed purifying selection, we also applied a branch-
site model, which suggested that both branches leading
to Arabidopsis FIS2 (P , 0.0001) and MEA (P = 0.007)

Table I. Histone methylation of the studied genes

An x indicates the presence of a particular type of histone methyl-
ation.

Gene Types Genes H3K27me3 H3K4me3 H3K4me2 H3K36me3

VEF genes FIS2 x
VRN2 x x x
EMF2 x x x

SET genes MEA x x
SWN x x x
CLF x x x

VEL genes VEL2 x x
VEL1 x x x
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have positively selected amino acid sites across differ-
ent functional domains (Supplemental Fig. S4).
Thus, we further studied the sequence evolution of

characterized functional domains of FIS2/VRN2 and
MEA/SWN genes, including the VEF and C2H2 do-
mains in the FIS2 and VRN2 genes and the C5, SET,
SANT, and CXC domains in the MEA and SWN genes
(Fig. 5; Supplemental Fig. S3). We observed that the
trend of acceleration in sequence evolution of FIS2 and
MEA, and the evolutionary constraint resulting in the
conservation of VRN2 and SWN, were reflected by all
the functional domains we analyzed individually. The
VEF domain in FIS2/VRN2 genes and the C5 domain in
MEA/SWN genes interact physically with each other;
thus, the comparison between the two sets of Ka/Ks
ratios best describes the coevolution between FIS2 and
MEA at the coding sequence level from a protein-
protein interaction perspective (Fig. 5). Consistent
with the full-length gene analyses, the VEF domain in
the FIS2 lineages and the C5 domain in the MEA line-
ages both have accelerated amino acid substitution
rates, with evidence (Ka/Ks . 1) suggesting positive
selection on a few branches (Supplemental Fig. S3;
Supplemental Table S1). Similar results were found in
the DNA binding-related domains, C2H2 in FIS2/VRN2
and CXC and SANT inMEA/SWN genes (Supplemental
Fig. S3), indicating that the PRC2 complexes with FIS2
and MEA may have affinity to specific DNA regions,
regulating a novel network of gene expression. The SET
domain plays the role of methyltransferase in the PRC2
complex and is usually highly conserved across eukary-
otes (Baumbusch et al., 2001). This is reflected by the
low Ka/Ks ratios detected in the SWN SET domains
(Supplemental Fig. S3). Instead, the SET domain in the

Brassicaceae MEA shows evidence for positive selection
(Supplemental Fig. S4). The rapid amino acid substitution
rates in the PRC2 functional domains together likely relate
to the functional divergence of the PRC2 complexes con-
taining FIS2 and MEA.

VEL2 and VEL1, Which Interact with PRC2 Complexes,
Show Corresponding Divergence Patterns to FIS2/VRN2
and MEA/SWN

A family of five PHD finger proteins is necessary for
the core PRC2 complex to maintain the repressed status
of chromatin (Kim and Sung, 2010, 2013). Among them,
VERNALIZATION5/VIN3-LIKE1 (VEL1) and VEL2 are
a pair of a whole genome duplicates. VEL2 is a mater-
nally expressed imprinted gene (Wolff et al., 2011). We
analyzed their expression profiles in the ADA and ASA
microarray data sets and detected that VEL1 shows a
coexpression pattern with VRN2 and SWN that is sim-
ilar to the broadly expressed VEL homologs, whereas
VEL2 has a similar expression pattern to FIS2 andMEA
due to the loss of vegetative expression (Fig. 6A; Qiu
et al., 2014). VEL2 has a higher specificity than its
paralog VEL1 (Fig. 6B). Thus, the observed concerted
divergence in expression pattern in the FIS complex is
not limited to the core complex but also includes other
associated proteins.

For cytosine methylation in the vegetative tissue,
VEL1 is marked through the coding exons but not the
promoter region, whereas VEL2 has cytosine methyla-
tion enriched in the upstream promoter region and the
first two introns located between the 59 untranslated
region exons (Schmitz et al., 2013; Stroud et al., 2013;

Figure 5. Ka/Ks values of the interacting domains: the VEF domain in FIS2/VRN2 and the C5 domain inMEA/SWN. The estimated
average Ka/Ks ratio of each clade is shown between the two trees. The values above branches are Ka/Ks ratios (where no value
suggests the lack of power to detect the accurate Ka/Ks ratio in the PAML analysis). The black dots indicate the aWGDat the base
of the Brassicaceae. The scale bars indicate 0.1 substitution per codon. Species abbreviations are as follows: At, Arabidopsis; Al,
Arabidopsis lyrata; Cr, Capsella rubella; Sp, Schrenkiella parvula; Es, Eutrema salsugineum; Br, Brassica rapa; Bo, Brassica
oleracea; Th, T. hassleriana; Cp,C. papaya; Gr,Gossypium raimondii; Tc, Theobroma cacao; Pt, Populus trichocarpa; Rc,Ricinus
communis; Me, Manihot esculenta; and Vv, V. vinifera.
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Figure 6. VEL2 andVEL1 expression and sequence evolution. A,Organ/tissue specificity ofVEL genes. B, Correlation of the expression profile
betweenVEL genes and PRC2 core components. Left, ADA set (63 organ types and developmental stages); right, ASA set (42 seed tissue types
anddevelopmental stages). Black arrows indicatepositive correlation, andgrayarrows indicatenegative correlation. The thickness of the arrows
indicates the level of thecorrelationcoefficient. Thecorrelationcoefficient and thePvalueof theexpressionprofileof eachgenepair are labeled
along the arrows. Boldface values indicate positive correlations. C,DNAmethylation at the genomic region of VEL genes (as in Fig.4). D, Ka/Ks
values of the VEL genes. The average Ka/Ks ratio of each clade is shown. The black dot at the node indicates a gene duplication event.
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Zemach et al., 2013). For histone methylation in the
vegetative tissue, VEL1 is marked by activating marks,
including H3K4me3, trimethylation of Lys-36 on his-
tone H3 (H3K36me3), and dimethylation of Lys-4 on
histone H3 (H3K4me2; Roudier et al., 2011). VEL2 has
lost the H3K4me3 and H3K36me3 but gained the re-
pressive mark H3K27me3. Those epigenetic features
not only correspond to the vegetative expression level
but also are consistent with the divergence of the core
PRC2 components FIS2 and MEA (Table I).
We further analyzed the sequence evolution of the

VEL genes. The VEL2 sequences have an elevated av-
erage Ka/Ks ratio compared with the Brassicaceae
VEL1 and orthologousVEL genes (Fig. 6B). WhileVEL1
and orthologous sequences have a low Ka/Ks ratio
close to 0, indicating strong purifying selection, a 3-fold
change in VEL2 sequences suggests the relaxation of
purifying selection. This coincides with the accelerated
amino acid substitution rates of FIS2 and MEA.

DISCUSSION

Concerted Divergence of FIS2 and MEA in the
FIS-PRC2 Complex

Upon gene duplication, hypothetically, two dupli-
cates are identical in function as well as expression
pattern if the cis-elements also are entirely duplicated.
Considering that many proteins function through in-
teractions with other proteins, in a regulatory or met-
abolic pathway, through protein-protein interaction, or
form an integral complex, either the duplicates are re-
dundant or both duplicates could integrate into either
complex and affect the function of the complex if they
have divergence. A shift in expression pattern would be
one way to avoid potentially disadvantageous cross
talk between interacting members (Aakre et al., 2015).
Blanc andWolfe (2004) described a process of concerted
divergence of gene expression in Arabidopsis, in which
pairs of duplicates, whose protein products interact,
diverge in a parallel manner in expression pattern.
However, as FIS2 and VRN2 were not identified as a
whole-genome duplicates by the genome-wide study
(Blanc et al., 2003), their concerted divergence in ex-
pression pattern withMEA and SWNwas not included.
Here, we show that FIS2 and MEA diverged in ex-

pression pattern in a concerted manner, modified from
coexpressedVRN2 and SWN, whose expression pattern
resembles the ancestral status. In addition, we show
that cytosine methylation and histone methylation
patterns in FIS2 and MEA also diverged in a concerted
manner. It is possible that the methylation change
contributed to the changes in expression patterns, al-
thoughmutations in regulatory elements alsomay have
played a role in the expression pattern changes. FIS2
and MEA are marked by H3K27me3 in the vegetative
tissue, suggesting they both became the targets of a
vegetative PRC2 complex after formation by gene
duplication (Bouyer et al., 2011). In addition to the

vegetative epigenetic divergence, FIS2 and MEA are
well known as imprinted genes during seed develop-
ment, both of which are maternally expressed genes
(Berger and Chaudhury, 2009). Based on the genome-
wide data sets from Hsieh et al. (2011) and Gehring
et al. (2011), we determined that VRN2 and SWN are
not imprinted, while the more distant relatives in their
gene families, EMF2 and CLF, also lack evidence for
imprinting. Thus, we infer that FIS2 and MEA became
imprinted genes after their divergence from VRN2 and
SWN. This concerted change in the regulation of both
genes ensures the dosage balance between the inter-
acting proteins. The concerted divergence of FIS2 and
MEA from their paralogs also is reflected by the ele-
vated Ka/Ks ratios in the coding sequences at compa-
rable levels, suggesting that similar relaxed purifying
selection is acting on the two genes. Altogether, these
changes indicate that FIS2 andMEA have been diverging
in concert in multiple ways, which likely contributed to
the divergence in functions between the FIS-PRC2 com-
plex and the VRN-PRC2 complex.

Functional Divergence in the FIS-PRC2 Complex

VRN2, SWN/CLF, FIE, and MSI1 form the VRN
complex, which regulates vernalization to control
flowering time in Arabidopsis (Fig. 1; Hennig and
Derkacheva, 2009). The complex also represses auton-
omous seed coat development (Roszak and Köhler,
2011). The FIS complex contains FIS2, MEA, FIE, and
MSI1. The FIS complex is important in gametophyte
and seed development and has two major functions. A
prefertilization role for the FIS complex is that it pre-
vents proliferation of the central cell of the female
gametophyte until after fertilization, so that seed
development does not start until after fertilization
(Hennig and Derkacheva, 2009). The FIS complex also
acts postfertilization. It is needed for regulating en-
dosperm cellularization during seed development
(Hehenberger et al., 2012). FIS2 mutants show a phe-
notype of abnormal female gametophyte development
into embryos and are defective in controlling central
cell proliferation in the female gametophyte, suggesting
that FIS2 is not redundant with VRN2 in the prefertili-
zation function (Roszak and Köhler, 2011). Thus, the
FIS complex function in the female gametophyte is
specific to the FIS complex and not the VRN complex.
MEA also was shown to not be redundant with SWN
(Roszak and Köhler, 2011). Unlike all the key compo-
nents in the FIS complex, a SWNmutant failed to lead to
autonomous seed development in the absence of fer-
tilization, nor to seed abortion with embryo and en-
dosperm overgrowth (Luo et al., 1999); thus, it is
possible that MEA is functionally specialized for the
prefertilization function of the FIS complex and cannot
be complemented by SWN. As for the postfertilization
function, SWN was shown to be not essential in seed
development (Spillane et al., 2007). Thus, it was pro-
posed that MEA underwent neofunctionalization to
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gain a postfertilization role in regulating seed devel-
opment after its duplication from SWN (Spillane et al.,
2007).

Taking the two parts of the FIS complex functions
together, it appears that the novel PRC2 made up by
FIS2 and MEA created a Brassicaceae-specific complex
for preventing seed development prior to fertilization
and facilitating seed development after fertilization in
Brassicaceae. This functional divergence complements
the concerted divergence of FIS2 and MEA in other
ways that we show in this study. The FIS complex also
plays an important role in establishing the imprinted
expression of many genes in the endosperm, especially
paternally expressed imprinted genes, as the differen-
tially methylated paternal or maternal allele can affect
the targeting by this complex (Wolff et al., 2011; Köhler
et al., 2012). The concerted divergence of FIS2 and
MEA in expression patterns, methylation patterns, and
accelerated sequence evolution may have contributed
to functional diversification or, potentially, neofunc-
tionalization of the FIS-PRC2 complex. An alternative
to neofunctionalization of the FIS-PRC2 complex is
subfunctionalization after the formation of FIS2 and
MEA from their paralogs. Without knowledge of the
ancestral function of the PRC2 complex in plants closely
related to the Brassicaceae, discussed below, we cannot
say for sure if there has been neofunctionalization or
subfunctionalization. We show in this study that there
has been regulatory neofunctionalization of FIS2 and
MEA, which leads us to favor the possibility of neo-
functionalization of the complex. Nonetheless, under a
scenario of subfunctionalization, FIS2 and MEA still
show concerted divergence in their expression patterns,
cytosine and histone methylation, and accelerated se-
quence evolution. In order to distinguish the two pos-
sible hypotheses, more research on VRN complexes in
rosid species will provide valuable information to in-
dicate the function of the ancestral rosid PRC2 complex.

How are the FIS complex functions performed in
other angiosperms outside of Brassicaceae? Some clues
come from studies of FIE, which is a member of the FIS
complex, in Hieracium piloselloides (Asteraceae). The
central cell proliferation phenotype of Arabidopsis fie
mutants is not seen in sexual H. piloselloides FIE RNA
interference lines; thus, a PRC2 complex does not reg-
ulate central cell proliferation in the female gameto-
phyte of H. piloselloides, in contrast to Arabidopsis
(Rodrigues et al., 2008). Thismight indicate that parts of
the prefertilization function of FIS-PRC2 in Brassicaceae
is an evolutionary innovation; at the same time, it is
possible that the unknown mechanism repressing cen-
tral cell proliferation is specific to the H. piloselloides
lineage. FIE down-regulation in H. piloselloides leads to
seed abortion (Rodrigues et al., 2008); thus, FIE is im-
portant for seed development, presumably as part of a
PRC2 complex. Asterids do not contain FIS2, VRN2, or
MEA. Thus, if there is a PRC2 complex regulating seed
development in asterids, it probably contains the pro-
duct of lineage-specific polycomb proteins and a mech-
anism independently evolved from Brassicaceae. In
maize (Zea mays) and rice (Oryza sativa), there has been
duplication of FIE (Luo et al., 2009; Li et al., 2014). Thus,
the grasses may have PRC2 complexes that are di-
vergent from the ancestral state. The requirement of
H3K27me3 in rice and maize endosperm for the es-
tablishment of imprinting suggests the functional con-
servation or convergence of a PRC2 complex in
Brassicaceae and Poaceae (Makarevitch et al., 2013;
Zhang et al., 2014).

Evolution of Protein Complexes after the Duplication
of Components

We propose a model of simultaneous gene duplica-
tion and concerted divergence of one copy of each

Figure 7. Schematic diagrams illustratingmodels of protein complex divergence. Colors indicate conservation versus divergence
(could be neofunctionalization, subfunctionalization, loss of partial function, and other types of divergence). A, Single-gene
duplication and divergence: a single gene (dark blue) in a complex is duplicated. After duplication, there is subsequent diver-
gence (light blue versus red) of the ancestral gene (dark blue) to give rise to divergent protein complexes. B, Simultaneous gene
duplication and concerted divergence: two (or more) genes (dark green + dark blue) were duplicated simultaneously. After
duplication, there is parallel divergence (light green + light blue versus yellow + red) to give rise to divergent protein complexes.
C, The PRC2 complexes in this study are an example of simultaneous gene duplication and concerted divergence.

1200 Plant Physiol. Vol. 174, 2017

Qiu et al.

 www.plantphysiol.org on June 10, 2017 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plantphysiol.org


duplicated pair (Fig. 7). Following formation by du-
plication, two genes whose products function together
in a complex diverge in similar ways, and the complex
diverges in function. This divergence pattern is not
limited to neofunctionalization/subfunctionalization
but includes some othermodifications of these scenarios,
such as escape from adaptive conflict. To our knowl-
edge, the PRC2 complexes in Brassicaceaewe examined
in this study provide the first example of this type
of divergence of duplicated genes. We contrast this
scenario with single-gene duplication and divergence,
where one component in the complex undergoes gene
duplication and then the paralog diverges, driving the
two complexes with either paralog to diverge in func-
tion as a result. Intuitively, many described functionally
divergent paralogs may contribute to this type of di-
vergence of their protein complexes. One example is the
centromere-defining histone variant CENH3 in the
histone core octamers that show duplication specific to
the genus Mimulus and sequence divergence, whereas
other components in the histone core octamers do not
show duplications specific to Mimulus (Finseth et al.,
2015). Another case is the telomere-associated proteins
POT1a and POT1b in the telomerase RNP complexes in
Brassicaceae, where POT1a experienced positive selec-
tion that enhanced its affinity with interacting proteins
(Beilstein et al., 2015). A variation on this model is when
there is a subsequent gene duplication at a later time of
another gene whose product functions in the complex,
followed by divergence. An example is the plant-
specific RNA polymerase IV and V, where rounds of
independent lineage-specific duplications and subse-
quent divergence of varying kinds of subunits have
increased RNA polymerase complexity and specificity
among different plant groups (Wang and Ma, 2015).

Concerted Divergence of the Functionally Associated VELs
and Some PRC2 Targets

The VEL genes, VEL1 and VEL2, which are required
to maintain and facilitate polycomb transcriptional re-
pression, interact with the PRC2 complex but are not
part of the complex itself. Our expression, methylation,
and sequence analysis results indicate that VEL2 has
similar patterns to FIS2 and MEA, whereas VEL1 has
similar patterns to VRN2 and SWN. Thus, VEL2 ap-
pears to be diverging in concert with FIS2 and MEA.
VEL2 also is a maternally expressed gene and regulated
by the FIS complex in the endosperm (Wolff et al.,
2011), and VEL2 works together with the FIS core
complex to impose maternal regulation in seed devel-
opment similar to FIS2 and MEA.
Several PRC2 targets duplicated through the aWGD

show similar patterns of divergence as well. PKR2 and
JMJ15 are FIS-PRC2-regulated imprinted genes (Hsieh
et al., 2011; Wolff et al., 2011), whereas their paralogs,
PKL and JMJ18, show broad expression, are not
imprinted, and are associated with a vegetative PRC2
complex (Aichinger et al., 2011; Yang et al., 2012; Zhang

et al., 2012). Out of 46 imprinted genes regulated by
FIS2 (Wolff et al., 2011), we identified 41 Brassicaceae-
specific duplicated genes. Some of those genes have
roles in seed development, such as PHERES1 (Köhler
et al., 2003; Villar et al., 2009) andADMETOS (Kradolfer
et al., 2013). Thus, there are new Brassicaceae-specific
genes involved in seed development that are regulated
by the FIS-PRC2 complex. The functional innovation of
the FIS complex appears to have rewired, to some ex-
tent, the regulatory pathway of seed development
specific to Brassicaceae.

Simultaneous gene duplication events, such as poly-
ploidy, give rise to pairs of duplicated genes that can
then codiverge (Shan et al., 2009). Many of the genes
that are PRC2 targets, included in the previous para-
graph, were derived by the a WGD. FIS2, MEA, and
VEL2 also were derived from that WGD. Thus, this
study illustrates the potential of concerted divergence
after simultaneous gene duplication to affect the func-
tions as well as the regulation of other genes.

MATERIALS AND METHODS

Comparing Expression Specificity and Detecting
Coexpression Using Microarray Data Analyses

Two sets of ATH1 microarray data from Arabidopsis (Arabidopsis thaliana)
were obtained: the ADA from the TAIR Web site (http://www.Arabidopsis.
org/), which included 63 different organ types and developmental stages
(Schmid et al., 2005), and the ASA from the Goldberg Lab Arabidopsis thaliana
Gene Chip Database (http://seedgenenetwork.net/arabidopsis), which in-
cluded 42 different tissue types from seed developmental stages (Le et al., 2010;
Belmonte et al., 2013). The data were GC-RMA normalized using the gcrma
package in R. We used the expression specificity (t) defined by Yang and Gaut
(2011) to describe the expression patterns of FIS2, VRN2, MEA, and SWN:

t ¼ ∑
n

j¼1

�½12 Sði; jÞ=Sði;maxÞ�
n2 1

�

where n is the total number of samples (63 or 42) and S(i,max) is the highest log2-
transformed expression value for gene i across the n organ types. High values of
expression specificity indicate genes with expression limited to few organ or
tissue types or developmental stages, while low values of expression specificity
indicate broad expression of genes with similar expression levels in most of the
organ or tissue types and developmental stages. To test if there is any significant
difference of expression specificity between any two of the four genes, we ap-
plied 1,000 Monte Carlo randomization tests to each two-gene comparison.
For the Monte Carlo randomization test, we computed the following statistic:
DIF = |tGENE1 2 tGENE2|, where DIF indicates the absolute difference of ex-
pression specificity between two genes. Then, we compared the observed value
(DIFobs) against the null distribution of simulated DIF value (DIFsim) from 1,000
randomized data. If the null hypothesis is rejected, the expression specificity of
any two compared genes is significantly different. The cutoff of the significant
P value was set to 0.05.

In addition to the comparison of expression specificity among gene pairs, we
applied the Pearson correlation analysis to determine if the expression profile
between any two genes showed any evidence of coexpression (i.e. correlated
expression across different organ types or tissue types). Coexpression is de-
termined when the Pearson correlation coefficient (r) is significantly positive,
and vice versa.

Inferring the Ancestral Expression States Using RT-PCR

Total RNA samples of Arabidopsis, Tarenaya hassleriana (formerly known as
Cleome spinosa), Carica papaya, and Vitis vinifera were extracted from liquid N2-
frozen tissue of five organ types: root, stem, leaf (rosette leaves in Arabidopsis),
flower, and seed (whole siliques in Arabidopsis and T. hassleriana). A modified
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CTAB method was used for RNA extraction (Zhou et al., 2011). The quality of
each RNA sample was checked on 2% agarose gels by electrophoresis, and the
amount of each RNA sample was determined by a Nanodrop spectropho-
tometer. After DNaseI (Invitrogen) treatment to remove residual DNA,M-MLV
reverse transcriptase (Invitrogen) was applied to the RNA samples to generate
cDNA, according to the manufacturer’s instructions. PCR was performed with
cDNA templates to detect the organ-specific expression of Arabidopsis FIS2/
VRN2 and MEA/SWN paralogous pairs as well as orthologous genes in out-
group species for inference of the ancestral, preduplication expression states.
Gene-specific primers were designed to amplify 250 to 1,000 bp of the cDNA of
targeted genes (Supplemental Table S2). For PCR, the cycling program was as
follows: preheating at 94°C for 3 min; 30 to 35 cycles of denaturing at 94°C for
30 s, annealing at 53°C to 56°C for 30 s, and elongation at 72°C for 30 s or 1 min;
and a final elongation at 72°C for 7 min. PCR products were checked on 1%
agarose gels and sequenced to confirm identity.

Identifying Epigenetic Marks Associated with the
Studied Genes

We investigated the epigenetic modifications around the genomic regions of
Arabidopsis FIS2, VRN2,MEA, and SWN. We also used EMF2 and CLF, which
are members of the FIS2/VRN2 and MEA/SWN families, respectively, to help
assess the ancestral state. For DNA methylation, we obtained data from
Schmitz et al. (2013), Stroud et al. (2013), and Zemach et al. (2013) from CoGe
(https://genomevolution.org/CoGe/), visualized by JBrowse in Araport
(https://www.araport.org/). Analyzed data included assayed genomic DNAs
from leaves from Schmitz et al. (2013) and Stroud et al. (2013) and assayed
genomic DNAs from seedlings and roots from Zemach et al. (2013), which were
all vegetative organs. Cytosine methylation at CpG sites was analyzed along
the genomic region of a target gene. For histone methylation, we extracted
tiling array data from seedlings from Roudier et al. (2011) and chromatin
immunoprecipitation-on-chip data from wild-type and fie mutant seedlings
from Bouyer et al. (2011). Four histone marks were analyzed: H3K27me3,
H3K4me3, H3K4me2, and H3K36me3. The epigenetic features in Arabidopsis
seedlings were compared among the paralogous genes in a family and between
the two interacting gene families.

Detecting Accelerated Sequence Evolution and Positive
Selection by Ka/Ks Analyses

To analyze the selection acting on the gene pairs FIS2/VRN2 and MEA/
SWN, several rate analyses were performed using Codeml in the PAML
package (Yang, 2007). We obtained the sequences of the four genes from Ara-
bidopsis as well as some other Brassicaceae species, includingArabidopsis lyrata,
Arabidopsis halleri, Capsella rubella, Brassica rapa, Brassica oleracea, Eutrema sal-
sugineum (formerly known as Thellungiella halophila), and Schrenkiella parvula
(formerly known as Thellungiella parvula). We also identified orthologous se-
quences, by reciprocal best BLAST hits, from species outside of the Brassicaceae,
including T. hassleriana (formerly known as C. spinosa), C. papaya, Gossypium
raimondii, Theobroma cacao, Citrus sinensis, Populus trichocarpa, Ricinus communis,
Manihot esculenta, and V. vinifera, from PLAZA version 3.0 Dicots (http://
bioinformatics.psb.ugent.be/plaza/versions/plaza_v3_dicots/; Proost et al.,
2015), Phytozome version 10 (http://phytozome.jgi.doe.gov/pz/portal.html;
Goodstein et al., 2012), the BRAD database (http://brassicadb.org/brad/;
Cheng et al., 2011), and NCBI’s GenBank. Gene orthology was later confirmed
by comparing the topology of the gene phylogeny with the species tree.
Alignments of amino acid sequences were generated using MUSCLE under
default parameters (Edgar, 2004) and then reverse translated into codon
alignments using the customized Perl script. We generated the alignments for
the full length of the two gene families as well as some documented functional
domains, including the VEF and C2H2 domains in the FIS2 and VRN2 genes
and the C5, SET, SANT, and CXC domains in the MEA and SWN genes. Phy-
logenies of the two gene families were analyzed by RAxML version 7.0.3 with
GTR as the substitution matrix (Stamatakis, 2006). Maximum likelihood trees of
the two gene families were generated based on codon alignments.

We first used a phylogeny-based free-ratio test to estimate branch-wise Ka/
Ks ratios along the phylogenetic tree branches. For the full-length FIS2/VRN2
genes, we implemented four different models to test if the Ka/Ks ratios of the
Brassicaceae FIS2 clade and the Brassicaceae VRN2 clade display an asym-
metric pattern and how conserved they are compared with the orthologous
genes. The first model (model I, one-ratio model) assumes that all the genes

have the same Ka/Ks ratio, bearing the hypothesis that all genes are under the
same level of selection. The second model (model II, two-ratio model-1) as-
sumes that the Brassicaceae VRN2 clade and the orthologous genes have the
same Ka/Ks ratio but the Brassicaceae FIS2 clade can have a different one,
suggesting that the Brassicaceae VRN2 clade reflects the ancestral selection but
FIS2 evolved in a different manner. The third model (model III, two-ratio
model-2) assumes that the duplicated FIS2 and VRN2 clades in Brassicaceae
have the same Ka/Ks ratio while the orthologs can have a different ratio, which
is a hypothesis that the two Brassicaceae copies evolved at the same rate. The
fourth model (model IV, three-ratio model) assumes that the two Brassicaceae
branches have different Ka/Ks ratios and, thus, the two genes evolved at dif-
ferent rates, with the third Ka/Ks ratio for the orthologous branches. A set of
likelihood ratio tests was applied, where twice the difference of likelihood
values was calculated and compared against a x2 distribution with the degrees
of freedom set at 1: comparison between model II and model IV can tell if the
selection on the Brassicaceae VRN2 is significantly different from the ortholo-
gous genes; and comparisons betweenmodel I andmodel II, as well as between
model III and model IV, are used to see if the selection on the Brassicaceae FIS2
is different from the Brassicaceae VRN2 and/or the orthologous genes. When
model II fits better than model I and model IV fits better than model III with
statistical support, the evolutionary rate of the duplicated pair in Brassicaceae is
considered to evolve asymmetrically. The same analyseswere performed on the
functional domains of the FIS2/VRN2 genes and the full-length MEA/SWN
genes and their functional domains (Supplemental Table S1). We also applied a
branch-site model to detect positively selected sites along FIS2 as well asMEA.
Test 2 of model A with the Bayes Empirical Bayes analysis was applied to
identify amino acid sites with a high posterior probability of positive selection
(Zhang et al., 2005).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Permutation test for microarray data to detect
the difference in expression profile for all sets of comparisons of gene
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 1

Fig. S1. Permutation test for microarray data to detect the difference in expression profile for all sets of comparisons of gene pairs in the ADA (A) and ASA (B) 1 
datasets. Dashed lines indicate the observed DIF. 2 

A                                                                                                                               B 3 
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Fig. S2. Structures of FIS2 and VRN2 (A), along with MEA and SWN (B) in Brassicaceae and other eurosids. Only coding regions are shown, and boxes indicate 5 
functional domains, not exons. Alignments of amino acid sequences are shown for domains analyzed in sequence rate evolution. The bars for the S-rich domain of 6 
FIS2 sequences are scaled by the length. Species abbreviations include: At - Arabidopsis thaliana, Al - Arabidopsis lyrata, Cr - Capsella rubella, Sp - Schrenkiella 7 
parvula, Es - Eutrema salsugineum, Br - Brassica rapa, Bo - Brassica oleracea, Th - Tarenaya hassleriana, Cp - Carica papaya, Gr – Gossypium raimondii, Tc - 8 
Theobroma cacao, Pt - Populus trichocarpa, Rc - Ricinus communis, Me - Manihot esculenta and Vv - Vitis vinifera. 9 
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Fig. S3. Ka/Ks ratios of full-length FIS2/VRN2 and MEA/SWN genes and functional domains. Estimated average Ka/Ks ratio of each clade is shown between the 23 
two trees. The values above branches are Ka/Ks ratios. The black dots indicate the alpha WGD at the base of the Brassicaceae. The scale bars indicate 0.1 24 
substitution per codon. Species abbreviations include: At - Arabidopsis thaliana, Al - Arabidopsis lyrata, Ah - Arabidopsis halleri, Cr - Capsella rubella, Sp - 25 
Schrenkiella parvula, Es - Eutrema salsugineum, Br - Brassica rapa, Bo - Brassica oleracea, Th - Tarenaya hassleriana, Cp - Carica papaya, Gr – Gossypium 26 
raimondii, Tc - Theobroma cacao, Cs - Citrus sinensis, Pt - Populus trichocarpa, Rc - Ricinus communis, Me - Manihot esculenta and Vv - Vitis vinifera.  27 
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Fig. S4. Positive selection on specific sites of MEA and FIS2 genes. Sequence alignments of the protein sequences of FIS2, VRN2 and orthologs (A); MEA, SWN 31 
and orthologs (B). Amino acid residues positively selected in the lineage leading to the MEA or FIS2 are pointed by open triangles (with a posterior probability of 32 
positive selection larger than 0.95), and solid triangles (with a posterior probability larger than 0.99). Species abbreviations include: At - Arabidopsis thaliana, Al - 33 
Arabidopsis lyrata, Gr – Gossypium raimondii, Tc - Theobroma cacao, Pt - Populus trichocarpa, Rc - Ricinus communis and Vv - Vitis vinifera. 34 
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Table S1. Ka/Ks ratios under different branch models for full-length FIS2/VRN2 and MEA/SWN genes and functional domains. Models are described in Methods. 42 

Full-length VEF genes           

    average Ka/Ks ratio likelihood likelihood ratio test 

    Brassicaceae FIS2 Brassicaceae VRN2 Orthologous VRN2 2ΔL p-value 

Model I one-ratio 0.21 -3444.244921 L2-L1 99.728182 0.00E+00 

Model II two-ratio-1 0.72 0.11 -3394.380830 L4-L3 28.163882 1.12E-07 

Model III two-ratio-2 0.41 0.08 -3398.101173 

Model IV three-ratio 0.71 0.20 0.07 -3384.019232 

Full-length SET genes           

    average Ka/Ks ratio likelihood likelihood ratio test 

    Brassicaceae MEA Brassicaceae SWN Orthologous SWN 2ΔL p-value 

Model I one-ratio 0.26 -14232.671512 L2-L1 255.012160 0.00E+00 

Model II two-ratio-1 0.64 0.15 -14105.165432 L4-L3 79.970362 0.00E+00 

Model III two-ratio-2 0.45 0.14 -14143.077944 

Model IV three-ratio 0.64 0.19 0.14 -14103.092763 

VEF domain in VEF genes           

    average Ka/Ks ratio likelihood likelihood ratio test 

    Brassicaceae FIS2 Brassicaceae VRN2 Orthologous VRN2 2ΔL p-value 

Model I one-ratio 0.25 -3656.719905 L2-L1 90.840492 0.00E+00 

Model II two-ratio-1 0.81 0.14 -3611.299659 L4-L3 20.046238 4.44E-05 

Model III two-ratio-2 0.5 0.07 -3596.160590 

Model IV three-ratio 0.82 0.31 0.07 -3586.137471 

C2H2 domain in VEF genes           

    average Ka/Ks ratio likelihood likelihood ratio test 

    Brassicaceae FIS2 Brassicaceae VRN2 Orthologous VRN2 2ΔL p-value 
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Model I one-ratio 0.33 -961.637951 L2-L1 38.647926 5.08E-10 

Model II two-ratio-1 1.91 0.16 -942.313988 L4-L3 9.892061 1.66E-03 

Model III two-ratio-2 0.88 0.10 -943.325275 

Model IV three-ratio 1.90 0.35 0.10 -938.379267 

C5 domain in SET genes           

    average Ka/Ks ratio likelihood likelihood ratio test 

    Brassicaceae MEA Brassicaceae SWN Orthologous SWN 2ΔL p-value 

Model I one-ratio 0.22 -1062.365498 L2-L1 30.071900 4.16E-08 

Model II two-ratio-1 0.64 0.10 -1047.329548 L4-L3 3.099894 7.83E-02 

Model III two-ratio-2 0.53 0.09 -1048.169020 

Model IV three-ratio 0.64 0.21 0.09 -1046.619073 

SET domain in SET genes           

    average Ka/Ks ratio likelihood likelihood ratio test 

    Brassicaceae MEA Brassicaceae SWN Orthologous SWN 2ΔL p-value 

Model I one-ratio 0.11 -2827.475761 L2-L1 176.990354 0.00E+00 

Model II two-ratio-1 0.49 0.03 -2738.980584 L4-L3 68.930460 1.11E-16 

Model III two-ratio-2 0.28 0.03 -2773.219591 

Model IV three-ratio 0.49 0.02 0.03 -2738.754361 

CXC domain in SET genes           

    average Ka/Ks ratio likelihood likelihood ratio test 

    Brassicaceae MEA Brassicaceae SWN Orthologous SWN 2ΔL p-value 

Model I one-ratio 0.13 -1533.796582 L2-L1 74.119698 0.00E+00 

Model II two-ratio-1 0.50 0.04 -1496.736733 L4-L3 28.375038 1.00E-07 

Model III two-ratio-2 0.29 0.04 -1510.919259 

Model IV three-ratio 0.50 0.04 0.04 -1496.731740 
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SANT domain in SET genes           

    average Ka/Ks ratio likelihood likelihood ratio test 

    Brassicaceae MEA Brassicaceae SWN Orthologous SWN 2ΔL p-value 

Model I one-ratio 0.23 -1174.141534 L2-L1 32.873516 9.84E-09 

Model II two-ratio-1 0.67 0.12 -1157.704776 L4-L3 5.019018 2.51E-02 

Model III two-ratio-2 0.53 0.11 -1159.831847 

Model IV three-ratio 0.67 0.18 0.11 -1157.322338 
 43 

 44 

Table S2. Gene-specific primers used in this study. 45 

Species Genes Primers 
Arabidopsis thaliana FIS2 F ACCACGACTCAACTAGCAATAG  

R CTACTAACACGACGCACCTTAG  
VRN2 F CTAGGCAACCCATCGTTTCT  

R CATCGACTTCATCCTCGCTATC  
MEA F GAGAAGTATGAGCCCGAGTCTA  

R CAGGCGGATAACGAGCATATT  
SWN F GGTAGTGGAAACGGAGCAATAA  

R GATGACCAGCAGACTTTGTAGAG  
Tarenaya hassleriana VRN2 F CAGAACGATCTGAGGCTAGAAG 

R CGTGTTCTTGGCTGAAGTTATC 
SWN F AGAGCTCGGAAGCTGAAATAC  

R ATTGGCCTTCTCCTCGTTTAG  
Carica papaya VRN2 F GCCAATGGCGTTGGAGCAAGTAAT 

R AGCATCGAGAAGCCCATGATTCCA 
SWN F TAAGGCAACAGCAGAGGATTC  

R TCTCCTGCCACAAGCATTAC  
Vitis vinefera VRN2 F AAGGCCTGTTGCAGAAAGCTATGC 

R AATGCCTCACAAGCCCAAGGAATG 
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SWN F CCCACCGAGAAGCAGATAAG  
R TCTTTGCTCGACCTTGAGATAC  

 46 


