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Abstract

New gene formation by polyploidy has been an ongoing process during the evolution of various eukaryotes that has
contributed greatly to the large number of genes in their genomes. After duplication, some genes that are retained can
acquire new functions or expression patterns, or subdivide their functions or expression patterns between duplicates. Here,
we show that SHORT SUSPENSOR (SSP) and Brassinosteroid Kinase 1 (BSK1) are paralogs duplicated by a polyploidy event
that occurred in the Brassicaceae family about 23 Ma. SSP is involved in paternal control of zygote elongation in Arabidopsis
thaliana by transcription in the sperm cells of pollen and then translation in the zygote, whereas BSK1 is involved in
brassinosteroid signal transduction. Comparative analysis of expression in 63 different organs and developmental stages
revealed that BSK1 and SSP have opposite expression patterns in pollen compared with all other parts of the plant. We
determined that BSK1 retains the ancestral expression pattern and function. Thus, SSP has diverged in function after
duplication from a component of the brassinosteroid signaling pathway to a paternal regulator of the timing of zygote
elongation. The ancestral function of SSP was lost by deletions in the kinase domain. Our sequence rate analysis revealed that
SSP but not BSK1 has experienced a greatly accelerated rate of amino acid sequence changes and relaxation of purifying
selection. In addition, SSP has been duplicated to create a new gene (SSP-like1) with a completely different expression pattern,
a shorter coding sequence that has lost a critical functional domain, and a greatly accelerated rate of amino acid sequence
evolution along with evidence for positive selection, together indicative of neofunctionalization. This study illustrates two
dramatic examples of neofunctionalization following gene duplication by complete changes in expression pattern and
function. In addition, our findings indicate that paternal control of zygote elongation by SSP is an evolutionarily recent
innovation in the Brassicaceae family.
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Introduction
Whole genome duplication (WGD), or polyploidy, has been
an ongoing process during eukaryotic evolution, with poly-
ploidy events having occurred during the evolution of fish,
frogs, yeasts, and flowering plants, among other groups
(Otto and Whitton 2000; Wolfe 2001; Seoighe 2003; Jaillon
et al. 2009; Van de Peer et al. 2009). Almost all angiosperms
show evidence for at least one round of WGD sometime
during their evolutionary history, with many plants having
had multiple polyploidy events occur during the evolution
of their lineage (Cui et al. 2006; Soltis et al. 2009). In addi-
tion to polyploidy, duplicated genes can be formed by seg-
mental duplications of multiple genes along one
chromosome, tandem duplication of individual genes,
and duplicative retroposition. All the types of gene dupli-
cation have contributed greatly to the large number of
genes in many eukaroytic genomes. After formation by du-
plication, the functions of duplicated genes can diverge
by the acquisition of new function, neofunctionalization
(Ohno 1970), or partitioning of ancestral function, sub-
functionalization (Hughes 1994; Force et al. 1999). Expres-

sion patterns of duplicated genes can diverge by changes in
gene regulation, including gain of a new expression pattern
relative to the ancestral state or partitioning of an ancestral
expression pattern between the duplicates, also referred to
as neofunctionalization and subfunctionalization, respec-
tively (Force et al. 1999). Functional and expression diver-
gence are widely regarded as important mechanisms for
the retention of duplicated genes.

In the genome of Arabidopsis thaliana, there have been
at least three rounds of ancient WGD events during the
evolution of its lineage, termed a-, b-, and c-WGD events.
Among them, a is specific to the Brassicaceae family, and its
timing is currently estimated at about 23 Ma (Barker et al.
2009), b is specific to the Brassicales order after the diver-
gence of the Brassicaceae and Caricaceae from a common
ancestor, whereas c is an older WGD event that is presum-
ably eudicot specific (Blanc et al. 2003; Bowers et al. 2003;
Jaillon et al. 2007; Ming et al. 2008). Expression patterns of
genes duplicated byWGD and by other smaller scale mech-
anisms have been examined in a range of organ types, de-
velopmental stages, and stress conditions from published
microarray data sets. Several studies have shown that there
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has been considerable divergence in expression patterns
across different organs and treatments, with over half of
the duplicated pairs examined in each case showing signif-
icant divergence in expression patterns between duplicates
(Blanc and Wolfe 2004; Haberer et al. 2004; Casneuf et al.
2006; Duarte et al. 2006; Ganko et al. 2007; Ha et al. 2007;
Zou et al. 2009). Expression divergence plus accelerated and
asymmetric sequence evolution (i.e., a much faster rate of
sequence evolution in one duplicate compared with the
other) have been interpreted as evidence for functional di-
vergence (Blanc and Wolfe 2004). However, there are rel-
atively few cases of experimentally demonstrated gain of
a new function of duplicated genes during the evolution
of the Brassicaceae family. Examples of neofunctionalization
that have been reported include the nitrilase genes NIT1 and
NIT4, where NIT1 has a new function and accelerated rate of
sequence evolution, but expression patterns are similar
(Blanc and Wolfe 2004), and the mercaptopyruvate sulfur-
transferases AtMST1 and AtMST2 that have a different sub-
cellular localization, to the mitochondria or cytoplasm
(Nakamura et al. 2000), but similar expression patterns. An-
other example is the gene pair MEDEA and SWINGER that
are differentially imprinted in the endosperm (MEDEA is pa-
ternally imprinted and SWINGER is not imprinted), have
largely overlapping, but not identical, expression patterns
(Spillane et al. 2007), and different but partially redundant
functions (Wang et al. 2006). A case of neofunctionalization
after duplicative retroposition is CYP98A8/CYP98A9 com-
pared with CYP98A3. Neofunctionalization of CYP98A8/CY-
P98A9 led to a novel phenolic pathway in pollen of A.
thaliana, and the genes’ expression patterns are mostly lim-
ited to flowers, in contrast to CYP98A3 which is expressed in
most organs but not pollen (Matsuno et al. 2009). Less well
documented are cases of neofunctionalization that show
gain of a new function, elimination of the old function, gain
of expression in a new organ types, and loss of expression in
other organ types by one of the duplicates, yet such cases
likely involve some of the most dramatic changes in function
after gene duplication.

In this study, we identified that the SHORT SUSPENSOR
(SSP) gene (Bayer et al. 2009) and the Brassinosteroid Kinase
1 (BSK1) gene (Tang et al. 2008) are paralogs derived by the
a-WGD at the base of the Brassicaceae family. We present
analyses of gene expression and sequence evolution indi-
cating that SSP has undergone neofunctionalization from
being involved in brassinosteroid signal transduction to
regulating the timing of zygote elongation by a unique pa-
ternal effect mechanism involving transcription in sperm
cells of the pollen and translation in the zygote. In addition,
we analyzed a duplicated copy of SSP, SSP-like1, which also
has undergone neofunctionalization.

Materials and Methods

Microarray Data Analysis
The Arabidopsis ATH1 microarray data from 63 different de-
velopmental stages and organ types (#ME00319) (Schmid
et al. 2005) and the Soybean Genome Array data

(#GSE12286) (Haerizadeh et al. 2009) were obtained from
the Gene Expression Omnibus atNational Center for Biotech-
nology Information (NCBI) (http://www.ncbi.nlm.nih.gov/).
The 63 different developmental stages and organ types used
in Arabidopsis ATH1 microarray data are listed in supple-
mentary table S1 (Supplementary Material online). Raw
CEL files were processed and normalized using the MAS5.0
algorithm in Bioconductor (http://www.bioconductor.org/).
To determine the absence or presence of expression, the
‘‘mas5calls’’ function in Bioconductor was implemented in
the statistical package R (http://www.r-project.org/). This
statistical procedure performs the Wilcoxon signed rank-
based gene expression presence/absence detection algo-
rithm and yields a detection call (i.e., a detection P value)
to access if the detected transcript is significantly greater
than background signal noise. A gene with a P value less than
0.05 is marked as ‘‘presence,’’ whereas a gene with a P value
equal to or greater than 0.05 is marked as ‘‘absence.’’ Because
each gene contains three replicates, only those assigned as
absence of expression in at least 2 of 3 replicates were given
an absence call.

Phylogenetic Analysis of the BSK Gene Family
To identify the orthologous BSK1-like genes in outgroup spe-
cies, we implemented a phylogenetic analysis of the BSK
gene family with a focus on species with genome sequence
data available, including 4 eudicot species (A. thaliana, Car-
ica papaya, Populus trichocarpa, and Vitis vinifera), 2 mono-
cot species (Oryza sativa and Sorghum bicolor), and 1 moss
species (Physcomitrella patens). The sequences were re-
trieved from a Blast search with default settings in the
Web site Plaza (http://bioinformatics.psb.ugent.be/plaza/)
(Proost et al. 2009). In addition, we also included ortholo-
gous BSK1-like genes from Brassica rapa subsp. pekinensis,
Cleome spinosa, Gossypium hirsutum, Glycine max, and
Helianthus annuus in order to increase taxon sampling for
the orthologous gene expression assay. Using BSK1 in A.
thaliana as query, the orthologous BSK1-like sequences from
Brassica, Cleome, Gossypium, Glycine, and Helianthus were
obtained from Blast searches (at least greater than 80% iden-
tity) of GenBank at NCBI (http://www.ncbi.nlm.nih.gov/).
The SSP and BSK1 genes from A. lyrata were obtained from
Blast searches of Phytozome v4.0 at the Joint Genome Insti-
tute (http://www.phytozome.net/). Prior to phylogenetic
analysis, sequences were aligned using TransAlign with
the ClustalW program (Bininda-Emonds 2005) andmanually
checked using the program Bioedit (Hall 1999). A very diver-
gent, short, sequence region at the 5# end was removed and
then the remainder of the gene sequence was used for
further phylogenetic analysis (for details, see supplementary
figs. S1 and S2, SupplementaryMaterial online). Phylogenetic
analysis was performed with a Bayesian method using
MrBayes v3.1.2, described in supplementary fig. S4 (Supple-
mentary Material online), and with a maximum likelihood
(ML) method using Garli (Zwickl 2006). The nucleotide sub-
stitution model was automatically estimated from the em-
pirical data. Statistical support for nodes was determined
using bootstrapping with 100 ML replicates from Garli
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and 50% majority rule of 250 best-fit Bayesian trees
(standard deviation of split frequency,0.01) from MrBayes
v3.1.2.

Plant Materials, Nucleic Acid Extraction, and
RT-PCR
RNA was extracted from roots, stems, rosettes, leaves, flow-
ers, ovules, or pollen from the following species: Arabidop-
sis thaliana (ecotype Columbia), B. rapa subsp. pekinensis
(Chinese cabbage variety, MU525B, West Coast Seeds),
C. papaya (cultivar Sun-Up), H. annuus (wild population
from Utah), G. hirsutum (cultivar Maxxa), and V. vinifera
(cultivar Pinot Noir). Brassica rapa plants were subjected
to 4 �C for 2 months to stimulate bolting and flower pro-
duction. Pollen from Carica and Helianthus was collected
by tapping the flowers on a piece of paper and pollen from
Brassica and Vitis was collected by using a vacuum cleaner
method (Johnson-Brousseau and McCormick 2004). Col-
lected pollen materials were examined for purity under
light microscopy. Nucleic acid extraction and reverse tran-
scription-polymerase chain reaction (RT-PCR) conditions
followed those in Liu and Adams (2008). For RT-PCR,
25–35 reaction cycles were applied to assay gene expres-
sion level differences in different organ types. Gene-specific
primers are listed in supplementary table S2 (Supplemen-
tary Material online). New sequences determined in this
study were deposited in GenBank: G. hirsutum partial
BSK1.3 cds. and C. papaya partial BSK11 cds. with accession
numbers GU321198 and GU321199, respectively.

Selection Analysis
To test if there has been evidence of accelerated sequence
evolution or positive selection acting on SSP, we used a phy-
logeny-based approach to examine if there has been any
sequence rate acceleration or positive selection acting
on SSP or BSK1 using PAML (Yang 2007). Orthologous se-
quences from P. trichocarpa and V. vinifera were retrieved
from CoGe (http://synteny.cnr.berkeley.edu/CoGe) (Lyons
et al. 2008), and orthologous sequences from C. papayawere
obtained from the Web site Plaza (http://bioinformatics
.psb.ugent.be/plaza/) (Proost et al. 2009) based on collinear
syntenic analyses. Pairwise x (dN/dS)-ratio analysis, protein
sequence rate acceleration, and positive selection were
implemented using the program Codeml in PAML. For
pairwise x-ratio analysis, nonsynonymous (dN) and synon-
ymous (dS) nucleotide substitution analysis was imple-
mented using ML in Codeml. In the detection of sequence
rate acceleration, we followed the analytical procedure de-
scribed in Spillane et al. (2007). One x-ratio model, two
x-ratio model, threex-ratio model, and freex-ratio model
branch models were implemented. The first model as-
sumes that only one x-ratio leads to whole phylogeny
branches; the second model assumes that onex-ratio leads
to pro-orthologs in the BSK1 branch and another x-ratio
leads to the SSP branch; the third model assumes that three
different x-ratios lead to pro-ortholog branches, BSK1
branch, and SSP branch, respectively; and the last model
allows different x-ratios for each branch of phylogeny.

Then, twice the difference of their likelihood ratio between
any two models (likelihood ratio test [LRT]) was compared
against a chi-square distribution. The degree of freedom
(df) was obtained based on the difference of parameters
used in any twomodels. In the detection of positive selection,
two branch-site models, model A test1 and model A test2,
were implemented, and the LRT was conducted against a
chi-square distribution with the 50:50 mixture of df 5 0
and df 5 1. Results from the branch-site model can allow
us to evaluate which specific codons along sequence under-
went positive selection (x . 1). In this study, we applied
a branch-site model to detect positive selection on the
SSP, SSP-like1, and BSK1 genes. To correct multiple testing,
a 5% false discovery rate control was used (Anisimova and
Yang 2007).

Cis-Regulatory Element Analysis
Sequence up to 723 bases upstream of SSP, SSP-like2, and
BSK1 from A. thaliana were searched against the Plant-
CARE cis-element database (Lescot et al. 2002) to identify
predicted cis-regulatory elements and compare among the
three genes. To determine if there has been any insertion of
transposable elements in the cis-element region, we per-
formed Blast searches of CENSOR in the Repeat Masking
of giri (http://www.girinst.org/censor/index.php) (Kohany
et al. 2006).

Results

SSP and BSK1 Are Whole Genome Duplicates with
Completely Different Organ-Specific Expression
Patterns
While studying genes duplicated by the most recent WGD
during the evolutionary history of the Brassicaceae (Blanc
et al. 2003; Bowers et al. 2003), also known as the a-WGD,
we noticed that the SSP gene (locus At2g17090) and the
BSK1 gene (locus At4g35230) are paralogs. SSP is in a dupli-
cated block on chromosome 2 and BSK1 is in a duplicated
block on chromosome 4, shown in figure 1 and supplemen-
tary figure S3 (Supplementary Material online). The two
genes have very different functions: SSP regulates the tim-
ing of elongation of the embryo by activating the YODA
signaling pathway, using a paternal control mechanism in-
volving transcription in sperm cells of the pollen followed
by translation only in the embryo (Bayer et al. 2009). In
stark contrast, BSK1 is part of the brassinosteroid signal
transduction pathway (Tang et al. 2008). It is phosphory-
lated by the brassinosteroid receptor BRI1 and it phosphor-
ylates BSU1 (Kim et al. 2009). Thus, there has been a change
in function in one or both genes after gene duplication.

To determine how the expression patterns of SSP and
BSK1 have evolved since gene duplication, we compared
the expression patterns of BSK1 and SSP using Affymetrix
ATH1 microarray data from 63 different organ types and de-
velopmental stages in A. thaliana (Schmid et al. 2005) and
RT-PCR expression assays in B. rapa. To analyze the micro-
array data, we normalized raw CEL files using the MAS5.0
algorithm and determined the absence or presence of
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expression by using a mas5calls function in Bioconductor
(for details, see Materials and Methods). In Arabidopsis,
BSK1 was highly expressed in every organ type and develop-
mental stage except for pollen where it is not expressed (fig.
2A). In complete contrast, SSP showed expression above
background only in pollen (fig. 2A); the SSP results are con-
sistent with data and analysis from Bayer et al. (2009). In B.
rapa, one copy of SSP and two copies of BSK1were identified
based on our phylogenetic analysis (fig. 3). Both copies of
BSK1 were highly expressed in every organ type that we ex-
amined except for pollen where neither is expressed,
whereas SSP showed expression only in pollen (fig. 2B). Over-
all, the organ-specific expression patterns of SSP and BSK1
are completely different and exactly opposite, and they are
consistent between Arabidopsis and Brassica.

BSK1 Reflects the Ancestral Expression Pattern and
Function
The dramatic difference in expression patterns between
SSP and BSK1 could be due to partitioning of the ancestral,
preduplication, expression pattern between BSK1 and SSP,
if the ancestral state was expression in all organs, that

would be an example of subfunctionalization of expression
patterns. Alternatively, either BSK1 or SSP could retain the
ancestral expression pattern, with the other gene having
undergone a complete change to gain a new expression
pattern (i.e., neofunctionalization). To distinguish among
these possibilities, we assayed expression of orthologous
genes from outgroup species that diverged before the
Brassicaceae-specific WGD. To identify the orthologs, we
first reconstructed the phylogenetic relationships of the
BSK gene family among the sequenced genomes from
A. thaliana, C. papaya (papaya), P. trichocarpa (poplar),
V. vinifera (grape), O. sativa (rice), and S. bicolor (sorghum)
by using P. patens (a moss) as an outgroup (fig. 3). Sequen-
ces from additional eudicots were included for putative
orthologs of BSK1 and BSK11. The BSK gene phylogeny
showed that there have been several rounds of gene dupli-
cation events during BSK gene family evolution in angio-
sperms. There are two major clades of genes related to
BSK1 that formed after the divergence of monocots and
eudicots: the BSK1 group and the BSK11 group (fig. 3).
The BSK11 group is well supported as a clade to the exclu-
sion of the BSK1 sequences, but some relationships within
the BSK1 group are not well resolved. Nevertheless, within
the BSK1 clade, we identified orthologous genes from
C. spinosa, C. papaya, G. hirsutum, G. max, P. trichocarpa,
V. vinifera, and H. annuus (fig. 3).

After identifying BSK1-orthologous genes from outgroup
species, we then assayed their expression pattern in

FIG. 1. Duplicated blocks on chromosomes 2 and 4 containing BSK1,
SSP, SSP-like1, and SSP-like2. Scale bar indicates the nucleotide
length. Abbreviations: Chr2, chromosome 2; Chr4, chromosom4;
WGDs, genes duplicated by the most recent WGD; Tandems, genes
formed by tandem duplication; W, putative pseudogene. Informa-
tion about SSP-like1 and SSP-like2 is presented in the last section of
the Results.

FIG. 2. SSP and BSK1 show opposite organ-specific expression
patterns. (A) Gene expression of SSP and BSK1 in Arabidopsis
thaliana. The MAS5-normalized microarray data were obtained
from 63 different developmental stages and organ types. Absence
and presence of expression above background was determined
using mas5calls. Error bars show variance among three biological
replicates. The different developmental stages and organ types are
listed in supplementary table S1 (Supplementary Material online).
(B) RT-PCR expression assays of SSP, BSK1.1, and BSK1.2 in Brassica
rapa. Plus signs indicate reactions containing reverse transcriptase
and minus signs indicate reactions without reverse transcriptase.
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pollen and in multiple organ types in C. papaya (papaya),
G. hirsutum (cotton), V. vinifera (grape), and H. annuus
(sunflower) by using RT-PCR. All the genes showed expres-
sion in various organ types but no expression in pollen

(fig. 4A). In addition, we analyzed Affymetrix microarray
data from G. max (soybean) (Haerizadeh et al. 2009).
Expression of the BSK1-like gene in soybean was below
background in pollen but at relatively high levels in all other

FIG. 3. Phylogenetic tree of the BSK gene family. Topology is inferred from a Bayesian method. Statistical support is indicated on branches. The
first value is posterior probability from Bayesian analysis (:5 1) and the second value is 100 bootstrapping replicates using ML analysis (:5

100). Dash indicates either posterior probability ,0.5 or bootstrap value ,50. Stars indicate genes that have been shown to function in
brassinosteroid signal transduction (Tang et al. 2008). Dark gray shading indicates SSP genes and SSP-like1 gene, whereas light gray shading
indicates BSK1 genes.
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organ types (fig. 4B). Thus, the BSK1/SSP orthologs in pa-
paya, cotton, grape, soybean, and sunflower all show similar
expression patterns to BSK1 not to SSP. These observations
indicate that the preduplication expression pattern of SSP
and BSK1 is no expression in pollen but expression in other
organs. To infer the preduplication expression pattern of
SSP and BSK1 using another approach, we examined their
most recent common ancestral (MRCA) expression state
by implementing a ML method using the phylogeny of
the BSK gene family in A. thaliana to reconstruct theMRCA
expression state (supplementary fig. S4, Supplementary
Material online). The results were consistent with the out-
group expression analysis.

The above results indicate that BSK1 shows the ancestral
expression state and potentially the ancestral function.
Further support for the ancestral function comes from
examining other members of the BSK gene family in a phy-
logenetic context. The BSK genes BSK2, BSK3, and BSK5 have
been functionally characterized as being involved in brassi-
nosteroid signal transduction (Tang et al. 2008). All of those
genes branch as an outgroup to the clade containing BSK1
and SSP (fig. 3), strongly suggesting that an ancestral func-
tion of the BSK genes was involvement in brassinosteroid

signal transduction, not in regulating embryo elongation
and division.

Loss of the Original Function of SSP by Mutations in
the Kinase Activation Domain
SSP and BSK1 have twomajor functional domains: a protein
kinase domain and a tetratricopeptide repeat (TPR) do-
main (fig. 5). The protein kinase domain is responsible
for the catalytic activity, and the TPR domain is involved
in protein–protein interactions. Mutations in these two re-
gions have been shown to be detrimental for the function
of SSP (Bayer et al. 2009). When comparing with other or-
thologs, there is a deletion in the activation loop of the
protein kinase domain in SSP, which resides in the sub-
strate-binding pocket (fig. 5). In addition, SSP has a one
nucleotide deletion in a codon corresponding to a serine

FIG. 4. Gene expression analyses of BSK1 orthologs from outgroup
species. (A) RT-PCR expression assays of BSK1 orthologs in the
upper panels of each pair, and actin genes in the lower panel of
each pair were used as a control for DNA template concentration.
See figure 3 and supplementary table S2 (Supplementary Material
online) for gene accession numbers. Plus signs indicate reactions
containing reverse transcriptase (RT) and minus signs indicate
reactions without RT. Two bands are present in Gossypium hirsutum
BSK1.2 because of an intron retention alternatively spliced variant.
(B) Microarray expression analysis of the BSK1 ortholog in Glycine
max. Error bars show variance among different biological replicates
(two replicates in other organ types and three replicates in pollen).

FIG. 5. Sequence analysis of functional domains in SSP, SSP-like1, and
BSK1. Conserved functional domains were identified by using the
Conserved Domain Database (CDD) with an interactive domain
family analysis (Marchler-Bauer et al. 2007). (A) Diagram from the
CDD showing two functional domains: the protein kinase domain
and the TPR domain. The effects are illustrated of nucleotide
substitutions and deletions in exon 4 on the activation loop of the
protein kinase domain in SSP and SSP-like1. The location of serine-
230, that is essential for BSK1 function, is marked with a triangle. (B)
Nucleotide alignment of exon 4 showing the locations of the
nucleotide substitutions and deletions. The positions corresponding
to serine-230 are indicated with a line and ‘‘serine.’’ The start of
intron 4 is indicated with an arrow. Shading: black, .45% shared
identity; dark gray, 35–45% shared identity; light gray, 25–35%
shared identity; and white, ,25% shared identity.
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in BSK1 that is critical for its function (fig. 5). Serine-230 in
BSK1 is the major site of phosphorylation by the brassinos-
teroid receptor kinase BRI1 and mutations result in an 82%
reduction in phosphorylation (Tang et al. 2008). BRI1 phos-
phorylation of BSK1 at Ser-230 promotes BSK1 binding to
the BSU1 phosphatase and continuation of the signal trans-
duction cascade (Kim et al. 2009). Mutation of the serine
abolished binding of BSK1 to BSU1 (Kim et al. 2009). Those
analyses indicate that deletion mutations in SSP have re-
sulted in loss of the original BSK1 function in brassinoste-
roid signal transduction. The complete change in
expression pattern of SSP also probably contributed to loss
of the original function because SSP is not expressed in
most of the organs where the brassinosteroid receptor
BRI1 that starts the signal transduction cascade is expressed
(BRI1 does not appear to be expressed in pollen, from
microarray data determined by Schmid et al. [2005]).

Rapid Amino Acid Sequence Evolution in SSP
Considering that SSP has changed in function after its for-
mation by gene duplication, we then asked if there is any
acceleration in sequence evolution or positive selection
acting on the protein sequence of SSP. To answer this ques-
tion, we implemented sequence rate analysis by using
PAML. The BSK1-like genes from Carica, Populus, and Vitis
were regarded as pro-orthologs based on their chromo-
somal syntenic collinear relationship with SSP and BSK1 du-
plication block (Lyons et al. 2008; Proost et al. 2009). The
ratio (x5 dN/dS) of nonsynonymous (dN) to synonymous
(dS) nucleotide substitution for the lineage ancestral to SSP
is significantly higher than the one to BSK1 (fig. 6A). A two
x-ratio model that allows one x-ratio leading to pro-
orthologs and BSK1 branch (reflecting functional constraint)
and another x-ratio leading to the SSP branch (allowing

functional diversification) fits better than the one x-ratio
model that only applies one x-ratio for the whole phylog-
eny based on a LRT (P , 0.0001; supplementary table S3,
Supplementary Material online). In addition, the three
x-ratio model that assumes three differentx-ratios leading
to the pro-ortholog branch, the BSK1 branch, and the SSP
branch, respectively, fits better than two different x-ratios,
suggesting that the BSK1 branch evolves much slower than
the pro-ortholog branch and the SSP branch (supplemen-
tary table S3, Supplementary Material online). However,
a free x-ratio model marginally fits better than the three
x-ratio model, suggesting that the majority of changes in
the protein sequence occurred after divergence of SSP and
BSK1 (P , 0.05; supplementary table S3, Supplementary
Material online).

We found that the sequence rate acceleration in SSP is
still an ongoing process. From pairwise dN/dS ratio compar-
isons among two Arabidopsis species and from B. rapa, SSP
showed a 30 times significantly higher dN/dS ratio than
BSK1 (fig. 6B), suggesting that the sequence rate accelera-
tion was an ongoing process after the speciation between
the Arabidopsis and Brassica lineages and also between A.
thaliana and A. lyrata. The higher dN/dS ratio in SSP is
largely caused by the elevation of nonsynonymous nucle-
otide substitutions (supplementary table S4, Supplemen-
tary Material online). We next performed a branch-site
model test to examine if there has been any positive selec-
tion acting on specific sites in SSP, but we did not detect
any evidence of positive selection acting on SSP (supple-
mentary table S5, Supplementary Material online). Both
the free-ratio model and the branch-site model failed to
detect evidence of positive selection, suggesting that
the accelerated sequence evolution of SSP is due to the
relaxation of purifying selection after gene duplication
(Kondrashov et al. 2002; Jordan et al. 2004).

Neofunctionalization of SSP-Like1 After Duplication
of SSP
In addition to the WGD event that created SSP, we also
observed two other duplications that created two loci
closely related to SSP: At2g17170—here referred to as
SSP-like1, and At2g17160—here referred to as SSP-like2.
The two genes are close to SSP on chromosome 2 and they
are tandem duplicates (fig. 1). Phylogenetic analysis shows
that SSP-like1 branches with SSP (fig. 3) and SSP-like2
branches with SSP-like 1 (data not shown). The finding that
SSP and SSP-like1 are paralogs is consistent with the results
of a large-scale analysis of receptor-like kinase genes in A.
thaliana and O. sativa where At2g17090 and At2g17170
branched together (Shiu et al. 2004). Evidence from their
chromosome locations and our phylogenetic trees indicate
that SSP-like1, SSP-like2, and SSP are derived by two tan-
dem duplication events: SSP duplicated in tandem to cre-
ate the ancestral SSP-like1/SSP-like2 sequence, that gene
was transposed a few genes downstream on the chromo-
some (fig. 1), and then there was either a partial duplication
to create SSP-like2 or a complete duplication followed by
a deletion at the 5# end of SSP-like2 (fig. 7A).

FIG. 6. Sequence rate and selection analysis of SSP and BSK1. (A)
Phylogenetic tree of SSP genes from Arabidopsis thaliana, A. lyrata,
and Brassica rapa, and BSK1 genes from A. lyrata, A. thaliana, and B.
rapa, Carica papaya, Populus trichocarpa, and Vitis vinifera. Tree
branch length and branchwise dN/dS ratios above the branches were
estimated with codeml using a free-ratio model. A higher
evolutionary rate is found in SSP. The tree is unrooted. (B) Pairwise
dN/dS ratios, dN, and dS analysis among A. lyrata, A. thaliana, and B.
rapa showing that SSP has a dN/dS ratio 30 times higher than BSK1.

Functional Change in Duplicated Genes · doi:10.1093/molbev/msq169 MBE

2823

supplementary table S1
Supplementary Material
supplementary table S1
supplementary table S1
Supplementary Material
supplementary table S1
Supplementary Material
Supplementary Material
supplementary table S1
Supplementary Material
Supplementary Material
supplementary table S1
supplementary table S1
Supplementary Material


The SSP-like1 gene compared with SSP is missing
two exons and part of a third exon at the 3# end of the-
gene including the region corresponding to the TPR pro-
tein-binding domain (fig. 7A). The TPR domain is essential
for the function of SSP (Bayer et al. 2009), and thus, its ab-
sence is highly suggestive that SSP-like1 does not have the
same function as SSP. The function of SSP-like1 is currently
unknown. SSP-like2 only contains about one-fourth of the
protein kinase domain, in addition to lacking the TPR do-
main, and it likely is a pseudogene fragment (fig. 7A).

Analysis of microarray data from 63 different organ types
and developmental stages of A. thaliana (Schmid et al. 2005)
indicated that SSP-like1 shows expression above background
only in unopened flowers (stage 9–11), 28-day whole flow-
ers, and sepals (stage 15), whereas SSP-like2 shows no expres-
sion above background across any of the developmental
stages and organ types (fig. 7B). We verified some of the mi-
croarray results using RT-PCR with six different organ types.
In SSP-like1, expression was seen in unopened flowers of

stage 9 and earlier among the organs types examined (fig.
7C). In contrast to SSP-like1, no expression of SSP-like2
was observed (fig. 7C), further suggesting that SSP-like2 is
a pseudogene fragment. The expression pattern of SSP-like1
contrasts greatly to SSP, and thus, the expression pattern of
SSP-like1 has considerably changed after gene duplication.

To test if there has been adaptive evolution acting on SSP-
like1, we performed sequence rate and positive selection
analysis using PAML. Comparedwith SSP and BSK1, SSP-like1
has experienced rate acceleration after its formation, espe-
cially at nonsynonymous sites (supplementary figs. S5 and
S6, Supplementary Material online). The rate acceleration
is comparable in scale with the sequence evolution of SSP
(supplementary fig. S5, Supplementary Material online).
Although the free ratio did not show any evidence of pos-
itive selection (i.e., dN/dS . 1) on the branch leading to SSP-
like1 (supplementary fig. S5, SupplementaryMaterial online),
the branch-site model suggests that SSP-like1 shows evi-
dence for positive selection at many sites (supplementary
fig. S6; supplementary table S6, Supplementary Material
online), suggesting that SSP-like1 might have undergone
adaptive evolution after gene duplication.

Discussion

Neofunctionalization of SSP and SSP-Like1 by
Complete Changes in Expression Pattern, Function,
Amino Acid Changes, and Deletions
SSP shows several hallmarks of a gene that has undergone
neofunctionalization after duplication, and it is uncommon
to find all of these features in a single neofunctionalized
gene: 1) The function of SSP has changed from being a com-
ponent of the brassinosteroid signal transduction pathway
to regulating elongation of the embryo by an intriguing pa-
ternal effect mechanism. The dramatic functional change is
surprising, although neofunctionalization of a duplicated
gene sometimes produces a paralog with a very different
function. 2) Functional divergence was caused in part by
deletions in the kinase activation domain that abolished
kinase activity and binding of the SSP predecessor to its
interaction partner BSU1. Not only has SSP gained
a new function but the gene also has lost its original func-
tion, unlike some duplicated and neofunctionalized genes
that are still partially redundant. 3) An accelerated rate of
amino acid changes in SSP, relative to BSK1, also probably
was involved in functional divergence of SSP. 4) The organ-
specific expression pattern of SSP has changed and it is
completely opposite from its duplicated partner BSK1 in
pollen compared with 62 other organs and developmental
stages. Such a drastic change in expression pattern has been
found rarely, if at all, in duplicated genes, although expres-
sion data sets of comparable sizes are available only in a very
small number of multicellular eukaryotes.

We hypothesize that the expression pattern of SSP
changed before the functional change, from expression
in all organs except pollen to expression only in pollen.
That might have occurred by gain of expression in pollen
followed by loss of expression in all other organs, or perhaps

FIG. 7. Gene structure and expression of SSP-like1 and SSP-like2. (A)
Gene structure of SSP-like1 and SSP-like2 in comparison with BSK1
and SSP. Arrowheads indicate the deletion in the protein kinase
domain. (B) The MAS5-normalized microarray data from 63
different developmental stages and organ types. Expression values
were background corrected. Error bars indicate variance among
replicates. The developmental stages and organ types in the
microarray data are listed in supplementary table S1 (Supplemen-
tary Material online). (C) Expression assay by RT-PCR verifying that
SSP-like1 is expressed in the early stage of unopened flower but not
in other organs examined, and SSP-like2 is not expressed across
different organ types. UBQ10 was used as a control for cDNA
template concentration.
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expression in all organs (except pollen) was lost followed by
gain of expression in pollen before the gene could suffer
a pseudogenization mutation. If instead the function of
SSP changed first to its current function before the expres-
sion pattern changed, it would hyperactivate the YODA
pathway in green tissues and result in developmental de-
fects, including lack of stomata, as inferred by data from
seedlings expressing SSP from a strong, broadly active pro-
moter (Bayer et al. 2009). Alternatively, the deletions in the
kinase catalytic domain of SSP that abolished the original
function could have occurred first, followed by changes in
expression pattern and gain of the new function. After be-
coming expressed in pollen SSPwas free to evolve rapidly in
amino acid sequence.

Why would paternal control of zygote elongation and
division evolve from a duplicated gene whose original func-
tion immediately upon WGD was involvement in brassi-
nosteroid signal transduction? One possibility is that
both the SSP and BSK1 proteins are plasma membrane
bound and contain a TPR domain that is important for
mediating protein–protein interactions (Tang et al. 2008;
Bayer et al. 2009). It is hypothesized that SSP may exert
its function in regulating the timing of zygote elongation
by recruiting an unidentified pathway activator and thus
the importance for protein–protein interactions (Bayer
et al. 2009). Alternatively, SSP may have evolved into a reg-
ulator of zygote elongation by chance co-option of a dupli-
cated gene that had undergone accelerated amino acid
sequence evolution and deletions.

In addition to neofunctionalization of SSP, we found ev-
idence for neofunctionalization of SSP-like1 after forming
by duplication of SSP. SSP-like1 has a different organ-
specific expression pattern from SSP, most notably that
it does not appear to be expressed in mature pollen where
SSP is exclusively expressed (except for the SSP transcripts
provided by the sperm to the zygote). Thus, SSP-like1 func-
tions in different organ types from SSP, and it probably has
a different function. SSP-like1 has a greatly accelerated rate
of amino acid substitutions, even more so than SSP, and it
shows evidence for positive selection at specific sites. How-
ever, it is not known if any of those sites are amino acids
critical for function. SSP-like1 has lost the TPR domain at
the C-terminus. The TPR domain is essential for the func-
tion of SSP (Bayer et al. 2009) and its loss in SSP-like1, in
combination with the accelerated amino sequence evolu-
tion and positive selection, further indicate that SSP and
SSP-like1 have diverged in function. SSP-like1 probably
has lost its original function and gained a new function
as has SSP. The sequence of events that created SSP-like1
and SSP by gene duplication and the events involved in
neofunctionalization are summarized in figure 8.

We hypothesize that SSP-like1 was created by duplica-
tion of SSP after the divergence of the Arabidopsis and Bras-
sica lineages from a common ancestor, based on
phylogenetic evidence. Our phylogenetic analysis shows
that SSP-like1 in A. thaliana branches with SSP in A. thali-
ana and A. lyrata instead of basal to SSP in Brassica (fig. 3).
However, the statistical support level for the branch sep-

arating SSP in Brassica from SSP and SSP-like1 in Arabidop-
sis is relatively low, so our inference of the timing of the
duplication should be regarded as tentative. Once the B.
rapa genome is mostly or fully sequenced, it should be pos-
sible to determine if there is or is not a homolog of SSP-like1
in Brassica.

The very different organ-specific expression patterns of
SSP, BSK1, and SSP-like1 suggest that changes have occurred
in cis-regulatory elements of SSP and SSP-like1. We used the
cis-regulatory element prediction program PlantCARE
(Lescot et al. 2002) to predict and compare cis-regulatory
elements among the three genes. Numerous putative cis-
regulatory elements were detected, with eight being unique
to SSP and five being unique to SSP-like1 (supplementary
fig. S7, Supplementary Material online). The unique cis-
regulatory elements might contribute to their organ-specific
expression organs. However, it is difficult to say howmany of
the predicted cis-regulatory elements are actually acting as
regulatory elements and which ones are spurious matches
to potential cis-regulatory elements. Further analysis with
experimental constructs would be necessary to determine
which regulatory elements have changed to give SSP and
SSP-like1 their unique expression patterns. In addition, we
found a 769-bphelitron1,660-bpupstreamof the start codon
of SSP inA. thaliana, but the helitronwasnotpresent in SSP in
B. rapa.Considering that both Brassica andArabidopsis show
expression of SSP in pollen, the helitrondoes not appear to be
involved in thepollen-specific expressionof SSP inA. thaliana.

Neofunctionalization After Gene Duplication in
Plants
SSP and SSP-like1 add to the small number of cases of gain
of a new function after gene duplication and loss of the old
function during the evolution of a plant family. Studies of

FIG. 8. Model for duplication and neofunctionalization of SSP and
SSP-like1. See text for explanation of the steps.

Functional Change in Duplicated Genes · doi:10.1093/molbev/msq169 MBE

2825

supplementary fig.&nbsp;S7
supplementary fig.&nbsp;S7
Supplementary Material


neofunctionalization of genes duplicated by WGD, as well
as other types of gene duplication, have revealed several
types of neofunctionalization involving regulation and/or
sequence and structural changes. Changes in protein func-
tion can occur by mutations in the amino acid sequence or
by structural changes in the sequence including deletions
and insertions, especially in functional domains. Some
genes show either amino acid changes or structural
changes, whereas other genes like SSP and SSP-like1 show
both. Duplicate genes that evolve new functions can either
loose their old function, like SSP, or retain the old function
with neofunctionalization having the effect of diversifying
the gene’s function. Gain of a new function by a duplicated
gene can be accompanied by changes in expression pat-
terns, as with SSP and SSP-like1, or instead expression pat-
terns can remain largely the same. Likewise, regulatory
neofunctionalization (new expression patterns) can occur
with or without changes in the function of the protein
coded by the gene. Regulatory neofunctionalization has
been proposed to act in either a qualitative manner, with
gain of a completely new expression pattern after duplica-
tion, or a quantitative manner, with changes in the expres-
sion level of one copy after gene duplication (Force et al.
1999; Duarte et al. 2006).

Polyploidy events provide a large number of new genes
that could potentially undergo neofunctionalization.
Neofunctionalization might occur relatively soon (within
about 1 My) after polyploidy in plants that are still cytolog-
ically polyploids, or it may be a process that mostly happens
several million years later, during or after cytological diploid-
ization. The only currently known cases of neofunctionali-
zation in an evolutionarily recent plant polyploid, to our
knowledge, are 15 genes in G. hirsutum (tetraploid cotton)
that show regulatory neofunctionalization (Chaudhary et al.
2009). In contrast, there are numerous potential cases of
regulatory neofunctionalization (neofunctionalization of
expression patterns) after the a-WGD event in the Brassi-
caceae, based on a combination of expression divergence
and asymmetric sequence evolution between the duplicates
(Blanc and Wolfe 2004; Ganko et al. 2007) or expression
divergence and ancestral state inference (Duarte et al.
2006; Zou et al. 2009). However, changes in function have
not been studied or shown for most of those cases of reg-
ulatory neofunctionalization. Neofunctionalization of ex-
pression patterns can be detected much more readily
than the evolution of new functions because the latter re-
quires experimentally determined functional information.

An alternative fate of duplicated genes is escape from
adaptive conflict (EAC) and sometimes it may be mistaken
for neofunctionalization (discussed in Des Marais and
Rausher 2008). In the EAC model, a single (preduplication)
gene undergoes selection to perform a new function in ad-
dition to its original function. However, the gene is con-
strained from improving either function because of
detrimental effects on the other function. After duplication,
one copy improves one function and the other copy im-
proves the other function. In the case of SSP and BSK1,
the ancestral function was the current function of BSK1

and not the current function of SSP; that is inconsistent with
EAC. In addition, the EAC model predicts that both dupli-
cates will undergo adaptive change instead of showing pu-
rifying selection. BSK1 is undergoing purifying selection,
whereas SSP exhibits relaxation of selection but it does
not show evidence for positive selection. We conclude that
SSP and BSK1 have not undergone EAC, and instead, SSP has
experienced neofunctionalization.

Recent Evolutionary Origin of Paternal Control of
Embryonic Patterning
In addition to being a dramatic example of neofunctional-
ization, our study of SSP also provides insights into the tim-
ing of the evolution of the gene’s intriguing and novel
paternal effect mechanism for control of zygote elongation
after fertilization. SSP regulates the YODA pathway that ac-
tivates elongation and asymmetric division of the zygote
after fertilization to create the embryo precursor and
the elongated suspensor cell, using a paternal control
mechanism of translation of SSP transcripts that were pro-
vided by the sperm cells in the pollen instead of there being
maternal SSP expression (Bayer et al. 2009). Our study
shows that SSP originated about 23 Ma at the base of
the Brassicaceae family, and thus the SSP-mediated paternal
control of embryonic patterning is restricted to the Brassi-
caceae. Thus, other angiosperms must use a different mech-
anism to regulate elongation of the zygote after fertilization.
One possibility would be transcripts from another gene pro-
vided by the pollen, using a similar paternal effect mecha-
nism as does SSP. Another possibility would be expression
of a gene in the zygote only after fertilization that regulates
the YODA pathway. The mechanism involving SSP has re-
placed the ancestral mechanism, as the zygotes in SSP mu-
tants do not undergo normal elongation (Bayer et al. 2009).

Yet a different mechanism for regulating the timing of zy-
gote elongation may occur in apomictic plants in the genus
Boechera, within the lineage encompassed by the a-WGD
(Bailey et al. 2006), and that undergo embryogenesis without
fertilization by pollen. Apomictic Boechera plants would lack
paternally supplied SSP transcripts, and thus Boechera prob-
ablyhasanalternativegeneticbasis forcontrollingzygoteelon-
gation. One possibility would be expression of the maternal
allele of SSP in the zygote at the proper time for elongation.

In addition to SSP, uniparental expression of genes in-
volved in embryo and endosperm development also in-
cludes imprinted genes where only one allele is expressed
and the other allele is epigenetically silenced in a parent-
of-origin specific manner. Two of the paternally imprinted
genes,MEDEA and FWA, arose from the a-WGD at the base
of the Brassicaceae from a nonimprinted ancestral gene, and
each gene has a nonimprinted paralog (Nakamura et al.
2006; Spillane et al. 2007). Interestingly, SSP, MEDEA, and
FWA all originated from the same WGD by neofunctional-
ization and gain of uniparental expression, albeit with uni-
parental expression being accomplished with different
mechanisms. Thus, the creation of imprinting and other
parent-of-origin expression effects during seed development
are ongoing evolutionary processes in plants.
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