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Abstract The plant-specific expansin proteins constitute
an ancient and major gene family known to have roles in
regulating diverse biological processes in plants. Although
the functions of many expansin genes have been identified
in wheat and other species, little is known about the evo-
lution and genomic locations of the expansin genes in
wheat (Triticum aestivum). In this study, a total of 87
expansin genes were identified in the wheat genome,
including 52 EXPAs, 42 EXPBs and 4 EXLAs. The EXLB
gene was not found in the wheat genome. Phylogenetic tree
and comparative analysis revealed amplification of the
EXPBs in rice, maize and wheat. The predicted wheat
expansins were distributed across 14 of 21 chromosomes
with different densities, 3 tightly co-located clusters and 15
paralogous pairs, indicating that tandem duplication and
segmental duplication events also played roles in the evo-
lution of expansins in wheat. In addition, the gene struc-
tures and conserved protein domains of wheat expansins
suggest high levels of conservation within the phylogenetic
subgroups. Analysis of a published microarray database
showed that most wheat expansin genes exhibit different
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expression levels in different tissues and developmental
stages. To our knowledge, this is the first report of a gen-
ome-wide analysis of the wheat expansin gene family,
which should provide valuable information for further
elucidating the classification and putative functions of the
entire gene family.
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Abbreviations

BLAST The Basic Local Alignment Search Tool

HMM Hidden Markov Model

MEGA Molecular Evolutionary Genetics Analysis

MUSCEL Multiple Sequence Comparison by Log-
Expectation

NJ The neighbor-joining

SMART  Simple Modular Architecture Research Tool

GSDS Gene Structure Display Server

NCBI National Center for Biotechnology
Information

ORF Open Reading Frame

UTR Untranslated Regions

Aa Amino acid
DPBB Double-psi beta-barrel

Introduction

Expansins comprise a plant-specific superfamily of pro-
teins that characteristically loosen the plant cell wall by
weakening the non-covalent bonding of polysaccharides to
one another (Cosgrove 2000, 2005; Li et al. 2003;
McQueen-Mason and Cosgrove 1994; McQueen-Mason
et al. 1992; Sampedro and Cosgrove 2005). Expansin plays
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important roles in plant growth and resistance mechanisms,
including root growth (Brotman et al. 2008; Guo et al.
2011; Lin et al. 2011), fruit softening (Brummell et al.
1999; Harrison et al. 2001), leaf growth (Cho and Cosgrove
2000; Lu et al. 2013), seed yield (Bae et al. 2014), drought
and stress response (Han et al. 2012; Lu et al. 2013). They
are also involved in cell enlargement and cell wall changes
induced by plant hormones such as gibberellin (Chen et al.
2001), ABA and auxin (Cox et al. 2004), cytokinin (Lee
et al. 2008), ethylene (Vreeburg et al. 2005) and brassi-
nosteroids (Park et al. 2010).

Integral expansins range from 250 to 275 amino acids
and are composed of three domains: signal peptide, which
is presumably removed during processing in the endo-
plasmic reticulum (Sampedro and Cosgrove 2005); domain
1, which includes a series of conserved cysteines and a His-
Phe-Asp (HFD) motif (Cosgrove 2000, 1997); domain 2,
which is distantly related to group-2 grass pollen allergens
(Cosgrove 2000). Based on phylogenetic and conserved
sequence analyses, the expansin superfamily has been
classified into four families, EXPA, EXPB, EXLA and
EXLB (Kende et al. 2004; Sampedro and Cosgrove 2005).

Wheat (Triticum aestivum L.) is one of the most
important crops in the world and is relied upon for human
food, animal feed and starch ethanol production. In contrast
to the extensive research conducted on expansin in both
model and crop plants such as Arabidopsis, rice, poplar,
maize and apple (Hemalatha et al. 2011; Zhang et al.
2014a, b), there are only very limited reports on the char-
acterization of expansin in wheat. Recently, the draft
genome sequence of wheat was decoded, which has pro-
vided an excellent opportunity for genome-wide analyses
of all genes belonging to specific gene families (Mayer
2014; Haider et al. 2013). However, no genome-wide
information is currently available on the wheat expansin
gene family.

Given the importance of expansin in diverse biological
and physiological processes and their potential application
for development of transgenic plants, we carried out a
systematic analysis of the wheat expansin family in the
present study for the first time. Then the chromosome
location and gene structure of the putative expansin genes
predicted by genome-wide surveys of the wheat genomic
sequences were carefully analyzed. Additionally, the
putative expansin gene was subjected to phylogenetic
analyses with its Arabidopsis, rice and maize counterparts.
These comparisons enabled the identification of gene
orthologs and clusters of orthologous groups that can be
subjected to further functional characterization. To our
knowledge, this is the first reported genome-wide analysis
of the wheat expansin family, which can provide valuable
information for understanding the classification and puta-
tive functions of TaEXPs. These findings open doors to
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further improvement of quality and yield in wheat via
genetic engineering.

Materials and methods
The identification of expansin genes in wheat

To identify the members of the expansin gene family in T.
aestivum, two different approaches were performed. First,
all of the known Arabidopsis and rice expansin gene
sequences, which downloaded from the Arabidopsis gen-
ome TAIR 9.0 release (The Arabidopsis Information
Resource, http://www.arabidopsis.org/) (Poole 2007) and
Rice Genome Annotation Project database (Lamesch et al.
2012), were used as query sequences to perform multiple
database searches against the proteome and genome files
downloaded from PlantGDB (http://www.plantgdb.org/)
(Dong et al. 2004). Stand-alone versions of BLASTP and
TBLASTN (Basic Local Alignment Search Tool: http://
blast.ncbi.nlm.nih.gov) (Altschul et al. 1990), which are
available from the National Center for Biotechnology
Information (NCBI), were used with an e-value cutoff set
to 1e—003. All of the protein sequences derived from the
collected candidate expansin genes were examined using
the domain analysis programs Pfam (Protein family: http://
pfam.sanger.ac.uk/) (Punta et al. 2012) and Simple
Modular Architecture Research Tool (SMART): http://
smart.embl-heidelberg.de/) (Letunic et al. 2012) with the
default cutoff parameters. Second, we analyzed the
domains of all of the wheat peptide sequences using a
Hidden Markov Model (HMM) (Jeanmougin et al. 1998;
Wu et al. 2002) analysis with Pfam searching. Then, we
obtained the sequences with the PF03330 and PF01357
Pfam number, which contained typical DPBB_1 and Pol-
len_allerg_1 domain, from the wheat genome sequences
using a Perl-based script. Finally, all of the protein
sequences were compared with known expansin sequences
using ClustalX (http://www.clustal.org/) to verify the
sequences were candidate Expansins (Jeanmougin et al.
1998). Cellular roles and gene ontology (GO) categories
were predicted using the ProtFun2.2 server (http://www.
cbs.dtu.dk/services/ProtFun/), which relies solely on the
protein sequence as input (Jensen et al. 2002, 2003).

Chromosomal location and gene structure
of the expansin genes in wheat

The chromosomal locations were retrieved from the gen-
ome data downloaded from the wheat genome sequences
database using a Perl-based program and mapped to the
chromosomes using the Circos (Krzywinski et al. 2009), as
well as the gene structure of the expansin genes were
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generated with the Gene Structure Display Server (GSDS):
http://gsds.cbi.pku.edu.cn/) (Guo et al. 2007).

Sequence alignment and phylogenetic analysis

The Expansin sequences were aligned using the ClustalX
program with BLOSUM30 as the protein-weight matrix
(Jeanmougin et al. 1998). The Multiple Sequence Com-
parison by Log-Expectation (MUSCLE) program (version
3.52) was also used to perform multiple sequence align-
ments to confirm the ClustalX results (Edgar 2004). Phy-
logenetic trees of the expansin protein sequences were
constructed using the neighbor-joining (NJ) method of the
Molecular Evolutionary Genetics Analysis (MEGAS pro-
gram, http://www.megasoftware.net/) using the p-distance
and complete deletion option parameters (Tamura et al.
2011). The reliability of the obtained trees was tested using
a bootstrapping method with 1000 replicates. Phylogenetic
and chromosomal location analyses were used to identify
duplicated genes. The number of nonsynonymous substi-
tutions per nonsynonymous site (Ka) and synonymous
substitutions per synonymous site (Ks) were calculated by
DnaSP (Librado and Rozas 2009; Rozas 2009).

Expression analyses of the expansin genes
in microarray

The development and tissue expression data for various tis-
sues/organs and developmental stages were obtained using
Genevestigator (https://www.genevestigator.com/gv/) with
the 7. aestivum gene chip platforms. Then, the identified
expansin-containing gene IDs were used as query sequences
to perform searches in the gene chip platform of genevesti-
gator (Grennan 2006).

Results
Identification of expansin genes in wheat

To identify genes encoding expansin in the wheat genome,
BLASTP searches were performed using the entire wheat
peptide sequences of three other well-studied expansins
(Arabidopsis, rice and maize expansins) as queries. The
HMM of the SMART and Pfam tools were then exploited as
queries to confirm the putative expansin genes. Finally, 98
typical expansin genes containing full open reading frames
(ORF) were identified and manually analyzed using
InterProScan and ClustalX program to confirm the presence
of conserved domains in expansin, and were used for further
analysis as described below. In order to distinguish them
from the remaining expansin genes, we provisionally named
them as TaEXPAI, TaEXPA2 and TaEXPBI, based on their

genome locations (Table S1). The ORF ranged from 573
(TaEXPB24) to 1257 bp (TaEXPB26) in length (aver-
age = 803 bp). The identified TaEXP genes encode proteins
ranging from 190 (TaEXPB24) to 418 (TaEXPB26) amino
acids (aa) in length (average = 267 aa) (Table S1).

These expansin genes in wheat were larger than those of
other reported plants genomes. The EXPB family has more
members in wheat compared to rice and maize (Table 1).
The wheat EXLs have not expanded, which has occurred in
other plants except soybean, and which may lead to func-
tional changes in soybean. Expansion of the EXPB gene
family is particularly impressive in grasses (rice, maize and
wheat), with 19, 48 and 42 genes in rice, maize and wheat
compared to six in Arabidopsis, three in poplar and one in
apple. The main reason underlying this difference is the
existence of a large number of tandem duplications in the
rice, maize and wheat genomes. Notably, the components
of the cell wall are different in monocots compared to the
dicots, and there are more glucuronic arab glycosylation
xylan and B-(1 — 3), (1 - 4)-p-glucan in monocots.
These polysaccharides may be substrates for the EXPB
genes (Sarkar et al. 2009; Yennawar et al. 2006).

Phylogenetic relationships and comparative analysis
of the expansin gene family in wheat

In order to evaluate the evolutionary relationship among
the expansin proteins, full-length amino acid sequences of
98 TaEXPs, 35 AtEXPs, 56 OsEXPs and 88 ZmEXPs were
subjected to multiple sequence alignment using the
MEGAS program. The multiple sequence alignment file
was then used to construct an unrooted phylogenetic tree.
As shown in Fig. 1, the phylogenetic tree divided the EXPs
into four groups (EXPA, EXPB, EXLA and EXLB), which
was defined by the maximum likelihood method (Fig S1).
To be consistent with previous studies, we adopted the
same name for the 17 subgroups (Li et al. 2002; Lin et al.

Table 1 Number of expansin genes in 10 plant species

Species EXPA EXPB EXLA EXLB Total
Arabidopsis 26 6 3 1 36
Poplar 27 3 2 4 36
Grape 20 4 1 4 29
Apple 34 1 2 4 41
Soybean 49 9 2 15 75
Common bean 25 6 0 5 36
Medicago truncatula 16 1 0 1 18
Rice 34 19 4 1 58
Maize 36 48 4 0 88
Triticum aestivum 52 42 4 0 98
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2005; Sampedro and Cosgrove 2005; Zhang et al. 2014a).
Meanwhile, 98 TaEXPs were used to conduct phylogenetic
analyses. Twenty-seven sister pairs and two clusters of
paralogous TaEXP genes were found and marked by purple
shadow in the phylogenetic tree, which have very strong
bootstrap support (>90 %) (Fig. 2).

Structural analyses are supposed to provide valuable
information concerning duplication events when interpret-
ing phylogenetic relationships within gene families. In the
TaEXP gene family, the number of exons varied from 1
(TaEXPB24 and TaEXPB37) to 5 (TaEXPB26 and
TaEXPB38) (Fig. 2). Additionally, most members within
the same subfamily shared a similar exon structure and
length. In the EXLA subfamily, three expansins had 3
exons and TaEXLLA4 had 4 exons. Most TaEXPAs had 2, 3
or 4 exons, 24 TaEXPBs had 4 exons, 41 TaEXPBs had 3
exons, and 29 genes had 2 exons. Furthermore, by com-
paring the gene structures of Arabidopsis and rice, we
found that they shared similar expansin sequences and
intron/exon structures, which indicated that all the TaEXP

Fig. 2 Phylogenetic relationships, gene structure and protein struc-p
ture of TaEXP genes. The following panels are shown, from left to
right. The phylogenetic tree was constructed based on a complete
protein sequence alignment of 7aEXPs by the neighbor-joining
method with bootstrapping analysis (1000 replicates). The subgroups
are marked by colorful background. The numbers next to the branches
indicate the bootstrap values that support the adjacent node. Ten sister
pairs of paralogous expansin genes are found and indicated by yellow
shadow, which had very strong bootstrap support (>90 %). The gray
boxes, blue boxes and black lines in the gene structure diagram
represent exons, UTR and introns, respectively. The scale bar
represents 1000 bp. Protein structure domain were obtained from
PFAM and SMART, the red box in the protein structure diagram
represents the signal peptide; the pink and the green boxes represent a
DPBB domain and Pollen allergen domain, respectively

genes belonged to the expansin gene superfamily. Thus,
our findings reveal that the gene structure of expansins is
relatively simple.

Next, the protein structure of each expansin gene was
analyzed using the SignalP, SMART and Pfam databases

Fig. 1 Phylogenetic PN
relationship of Arabidopsis, Q—>\-’$
rice, mazie and wheat expansin EXPB-II e &
. PR e T e i P
genes. The phylogenetic tree ” ;x;g%@@@%%%‘%%%g%g%%%%%s;?ﬁéﬁggg&o &y, g
A0 D DDDE R DD DDDD B0 0D DR X D S DN
3 72 R R R P L N
was constructed based on a g@ﬁ;«i’% @;&%%%%%wﬁgmgww»@@@:&&gﬁfgg@vgﬁgg@ﬁ% /
7 oy QN SR, o
: AT R RS AN, o a3 SO,
complete protein sequence »G%)s:} %@}ﬁ““ s el [F LR R ‘“&L@%ﬁz@;&o
. -2 AOISHEI G o h Al WENATES A5 0%
alignment of expansins in & g&%%’@" \ ¥ @ z oT808, é\f%@ y
i ic Ti ; SRS o 8 5 SO
Arabidopsis, rice, maize and SRR 2 g ¥ 2
’ ? 2SN * E y
. . ef”qﬂ;owzq) o " 5
- SRR 3 3 5
wheat by the neighbor-joining 652%?%%?@ > > <5
. . 2 R
AN = S
method with bootstrapping SRS L o
- : S S 7 EXLA
analysis (1000 replicates). The — 5@%?’7 : = SV o
- SRS % P
S e et
subgroups are marked by geigﬁ%of NS EXLB B2 0
colorful background B o : o S
OB 806 PR N
oSG Be
TagxitBy 4 @ MoK
TaE k837 58 OsAHMO
TAENEE24 5 OsEXoR20
TaExHE33 =15 5 r OsElipA2®
= ~_//EXPB A
Zmepel =T ZmEXERZ
g PAZO
Jeesesi = 15 | I
ZmEXPB36__ 40 1 3 — OSEXPA2S
. ZmEXPB35 ZmEXPA36
TaEXPB22 — § 49 — TaEXPA25
TaEXPB21 ® o 2 ZmEXPA2.
TREXPB20 0 g OSEXPA15
TaEXPB39 % 7 ) 20 — OSEXP,
| s 5 E SeXEAs
rE = 5 ShEoAD
reRia— ® A B & 57 SmEXPA7
(PB3A — 7 MEXPp,
%"‘E;" B 7 2 0 2 77 99 PSEEXP’:\?%
JmeLEEl s & D) TSERPAZE
e XPA;
L= ; . EXPA . 5 s
s —F d & 9 Gehres
OsEES, ERAT.
2:3;5 %%3’35 2% ® o S 3 2 12 7 oi‘)’%
CE e 6l )R AS;
L9 eehess, & SR8
IR e SN A23
O — % @ s
oS - K. SRS
B PN
NSO JEHR109
SN NN
RS s - o S EXPAXI
155! > 8 o = > 25 9
o;%g%'g% s i R E NS @%%;’;e
EXPA-X RO e/ o s K D SR
\»\@08 NS o/ & S ~ ® 3 \ & O3S qn«b»
VRO, % $ > SRS
PEH RS, 5 3 x % * TG
IR S S 3 3 2\ %@%‘%’e’
EXPAXII %%115%\‘};;%% / 2 o . 3,0 e N ééé%i@%{)ﬂ
= RS RTIR 4, s 8 3 | 8l ) RS
SUGST 7900 ol B SRR
N SON & slel |2 ORI S7
Rl s EAFAY
A R 5 N O ONONG 2 R R E SRS SRS S 15050
EXPA-VII e R e
EXPA-VIII G e
RNOLRINZAIAR =
EXPA-IV veen EXPA-VI
-
EXPA-I EXPA-IV EXPA-III
EXPA-II

@ Springer



Genes Genom

ol TaEXPA27
TeEXPA2
. TaEXPAZS
o TEEXPATO

| TEEXPATT
7l TaEXPAS1

e

TAEXPAG4

4{ TaEXPAOS
0

TEXPA40

e i

wl TaEXPA3D

TaEXPB29
——L .
L TaEXPBAS

o — TAEXLAOT

= TaEXLAO3

; TaEXLAO2
TaEXLAO4

«|[EEEEIE
—mﬁTSEXPSm
TeEXPB12

L TaEXEB14

TaEXPB24

I TeEXPB37

-

o TEEXPBI7
TaEXPB19
o TaEXPBOS
TaEXPBI1

« - TAEXPBOT.

= [ L TaExPB08

T TaEXPB15
TEXPB10
«rjEEE
=
TaEXPB13
TeEXPB36
) TAEXPB26
©| TaEXPBA2

o

st

L e )
L e |
L e _—
I —

R —

L T .

L - L -—
=== L = = ]
I E—

- E—

R —

- EEe——

- E—

[ = = = |

- E—

= |

I

I

- EE—
e E—
- EEEee——

- E—
. —

- E—

- —

I N —

.

- —

- —

-

I —

L =

= = = ]

= =

-

- —

N —

B E——

-

- —

I N —

-

-

.

. |

- E—

- EE—

.

..

[ -
= = = |

0 0.5kb 1kb 1.5kb 2kb 2.5kb 3kb 3.5kb
mm UTR mm exon —— intron

- —

Signal peptide DPBB_1

—

Pollen_allerg_-

@ Spring er



Genes Genom

Fig. 3 Positions of expansin
gene family members on the
wheat chromosomes. Sister
paralogous pairs are indicated
by color line

100 6A

TaEXPB28
0 T3EXPB0

TaEXPB30
200 TaEXPB31

(Fig. 2). All wheat expansins contained a conserved region
that showed a double-psi beta-barrel (DPBB) fold, which is
an enzymatic domain, and pollen allergen in the N-termi-
nus (Fig. 2). The conserved intron/exon structure and
protein domain in each subfamily supports their close
evolutionary relationship and the classification introduced
here. Expansin proteins from different families share only
2040 % identity with each other. The degree of conser-
vation is highest in domain 1 (Sampedro and Cosgrove
2005). Expansin domain 1 has distant homology to GH45
proteins. Proteins from this family have been crystallized
and their mechanism of action has been determined
(Sampedro and Cosgrove 2005). On the basis of
hydrophobic cluster analysis, this structural motif is also
known to be present in expansins (Sampedro and Cosgrove
2005). EXLA and EXLB proteins lack the HFD motif,
which suggests that their action may differ from that of
others, but the functional implications of these differences
are currently unknown. Furthermore, by comparing their
structure with those of other plants, we found that all
expansins share a similar protein conserved domain and
intron/exon structure.
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Chromosomal locations of expansins in the wheat
genome

The physical locations of expansins on wheat chromo-
somes are depicted in Fig. 3. Seventy-one TaEXPs were
found in 14 of the 21 wheat chromosomes. The A, B and D
genomes had 21, 36 and 14 expansins, respectively.
Chromosome 3B contained 15 expansins, which was the
largest; five clusters containing 11 genes were tightly co-
located in chromosome 3B, which suggested that tandem
duplication events played roles in the evolution of expansin
in chromosome 3B. Then, chromosomes 2B and 5B were
found to have seven genes, respectively, while chromo-
some 7D had only 1 TaEXP.

Next, we searched for evidence of past gene duplication
events (tandem and segmental) to elucidate the mechanism
underlying the expansion of the TaEXP gene family. As
shown in Fig. 3, 15 segmental duplication events of
TaEXPs (20 genes) were found in the wheat genome. All of
these segmentally duplicated genes were also found to be
paralogs in our phylogenetic analysis, as shown in Fig. 2.
These results indicated that segmental duplications played
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Fig. 4 Functional categorization analysis of wheat expansins using
ProtFun. a Functional category, b Gene ontology category

important roles in expansin gene family expansion in the
wheat genome. Moreover, three clusters were tightly co-
located in the wheat genome, which suggested that tandem
duplication events also played important roles in the evo-
lution of the expansin gene family in wheat. To explore
different selection constraints on the duplicated ZmEXP
genes, we calculated Ks and Ka/Ks ratios for each dupli-
cated pair. A Ka/Ks ratio less than one generally indicates
accelerated evolution with positive selection, a ratio equal
to one corresponds to neutral selection, and a ratio less than
one indicates negative or purifying selection. The Ka/Ks
ratios of all duplicated pairs were less than one, implying
strong purifying selection (Table S2). These results suggest
that the functions of the duplicated genes have not diverged
drastically over the course of evolution following the
duplication events.

GO analysis

To predict the biological functions of TaEXP, cellular roles
and GO category annotations were explored using the
ProtFun server. The majority of genes fell into the cell
envelope functional category and GO categories of stress
response and immune response (Fig. 4), indicating their
possible roles in these processes. In particular, 89 % of
TaEXPs were classified into the cell envelope functional
category, and more than 46 % of TaEXPs belonged to the
stress response category.

Determination of TaEXP expression pattern
by microarray analysis

To investigate the expression profiles of expansin during
wheat development, we analyzed the expression of the
expansin genes at various developmental stages using
genevestigator. A total of 19 genes were found to have
different expression levels across 10 stages (germination,
seedling growth, tillering, stem elongation, booting,
inflorescence emergence, anthesis, milk development,
dough development and ripening). All 19 genes were
detected in more than one stage (Fig. 5a). Most genes
were expressed in all developmental stages, such as
TaEXPB1, TaEXPB4, TaEXPB5, TaEXLA3, and
TaEXLA4. Based on hierarchical clustering, the expression
patterns of the wheat expansin genes were divided into
three groups, marked a, b and c. Group a genes exhibited
low expression value at all ten stages, 3 of 9 group b
genes showed higher expression at tillering, and the
expression values of all 7 group c genes at booting stage
were found to be higher than those of others. Overall, the
broad expression patterns of expansins suggest that they
play important roles in wheat development.

Next, we investigated wheat expression patterns in a
variety of tissues. Heatmap representation of the expression
profiles of 19 expansin genes in 22 wheat tissues is shown
in Fig. 5b. The expansin gene expression patterns could be
divided into three groups, namely group I, II and III, based
on the results of hierarchical clustering analysis. Most
group I expansin genes were found to have higher
expression in caryopsis, embryo and endosperm. Most
group II genes had higher expression levels in rhizome
roots. Group III genes had higher expression in seedling,
coleoptile, seedling leaf, shoot apex, mesocotyl, crown,
seedling root and inflorescence than other developmental
stages, which suggested that group III genes may play
important roles in seedling development.

Discussion

Expansins play important roles in diverse processes,
including developmental programs, defense and abiotic
stress responses (Sampedro and Cosgrove 2005). Besides,
the presence of expansin genes in land plants ranging from
mosses to eudicots makes them interesting candidates for
studying the evolution of plant development (Carey and
Cosgrove 2007; Dal Santo et al. 2013; Zhu et al. 2014). A
previous genome-wide analysis showed that expansins are
widely present in plants, concluding mosses (Carey and
Cosgrove 2007), legumes (Zhu et al. 2014), as well as
cruciferous (Sampedro et al. 2006), rosaceae (Zhang et al.

@ Springer



Genes Genom

Dataset: 10 developmental stages (sample selection: TA-SAMPLES-0)
19 genes (gene selection: TA-GENES-1)

Dataset: 22 anatomical parts (sample selection: TA-SAMPLES-0)
19 genes (gene selection: TA-GENES-1)
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Fig. 5 The expression profiles of TaEXP genes in development
stages and tissues. a The expression profile of TaEXP genes in 10
stages of development. The dark and light colour shadings represent
relative high or low expression levels, respectively, of the TaEXP
genes in ten stages of development (germination, seedling growth,
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2014a), grassy (Sampedro et al. 2006) plants. However,
genomic data on wheat expansins is not available to date.

In this study, we first conducted genome-wide analysis
and identified 98 expansins containing full ORFs in wheat,
which constitutes the largest expansin family among the
well-studied species (Krishnamurthy et al. 2015; Zhang
et al. 2014a; Zhu et al. 2014). By comparing across dif-
ferent plant species, we found the large expansion of EXPB
subfamily in rice and wheat, which may due to the dif-
ference in substrates in the cell walls of monocots and
dicots. EXPB may interact with glucuronic arab glycosy-
lation xylan and B-(1 — 3), (1 — 4)-p-glucan, which are
abundant in monocots (Sarkar et al. 2009; Yennawar et al.
2006). What factors drove expansion of the EXPB sub-
family during plant evolution? In wheat, 3 tightly co-lo-
cated clusters were found to contain 6 EXPBs, and 15 sister
gene pairs were found in EXPBs. So, segmental
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expression profile of TaEXP genes in 22 different tissues. The dark
and light colour shadings represent relative high or low expression
levels, respectively, of the TaEXP genes in 22 tissues, including
seedling, coleoptile, seedling leaf, shoot apex, mesocotyl, crown,
seedling root, inflorescence, spike, spikelet, anther, pistil, glume,
caryopsis, embryo, endosperm, shoot, shoot leaf, sheath, flag leaf,
crown and rhizome roots

duplications and tandem duplication events may play roles
in the evolution of EXPBs in wheat.

Generally, orthologous genes and genes from the same
subfamily hold similar functions. In Arabidopsis, root
hair-specific AtEXPA7 and AtEXPAI8 genes are neces-
sary for root hair elongation (Cho and Cosgrove 2002;
Lin et al. 2011). TaEXPA33 and TaEXPA35 are phylo-
genetically related to AfEXPA7 as shown in Fig. 1,
suggesting that they may share similar expression pat-
terns and functions. AtEXPAI, another well-studied ex-
pansin, can accelerate stomatal opening by decreasing
the volumetric elastic modulus (Zhang et al. 2011), so
the homologous genes TaEXPAI5 and TaEXPA24 may
play similar roles in wheat. Likewise, ZmEXLAs may
have similar function in abiotic stress as the homologous
gene AtEXIA2 in Arabidopsis (Abuqamar et al. 2013).
Moreover, TaEXPB4 and TaEXPB32 may play roles in
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seedling growth based on the known role of OsEXP4 in
rice (Choi et al. 2003).

Gene expression data revealed the expression patterns of
19 expansins during 10 different wheat development stages
and 22 tissues. Results of our expression pattern analysis
suggest that expansin genes may play different roles during
development and in different tissues. Furthermore, the
similarities in expression patterns of most sister genes
indicate that functional redundancy is widespread in
expansins. GmEXPB2 affects soybean nodulation by
modifying the root architecture and promoting nodule
formation and development (Li et al. 2015). HVEXPB7,
which was revealed by studying the root hair transcriptome
of Tibetan wild barley, improves root hair growth under
drought stress (He et al. 2015). Overexpression of
CIEXPA1 and CIEXPA?2 affect growth and development in
transgenic tobacco and increase the amount of cellulose in
stem cell walls (Wang et al. 2011). DzEXP1 and DzEXP2
are involved in fruit development (Palapol et al. 2015).
Thus, the expansins play very important roles in develop-
ment of plants, including roots, stems, and fruits.

In summary, we present here a complete genomic
analysis of the expansin family in wheat along with a wide
range of expression data. Our findings should be helpful in
laying the foundation for functional characterization of the
expansin gene family and further gaining an understanding
of the structure—function relationship between these family
members. Additionally, our study provides comprehensive
information and novel insights into the evolution and
divergence of expansin genes in plants. Taken together,
these data may aid in elucidating the molecular basis of
many important aspects of wheat physiology, such as root
development and other processes.
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GenelID GeneName  Peptide CDS Genomic location

length  length
Traes 1AL_81DEFR8553 TaEXPAO1 259 780 1A:186497678:186498872
Traes 1AL_1EQ7FA17E TaEXPAO2 254 765 1A:240276086:240276971
Traes 1AL_CF862D1F3 TaEXPAO3 256 771  1A:241060830:241062301
Traes 2AL_FED8D7872 TaEXPAO4 258 777 2A:198400184:198404420
Traes 2BS FB140D3A3 TaEXPAO5 262 789 2B:10926218:10927493
Traes 2DL_5F2DCACF8 TaEXPA06 258 777 2D:137226086:137230251
Traes 3AS FE35DD66A TaEXPAO7 243 732 3A:118105465:118106967
Traes 3AS D63C58A75 TaEXPAO8 258 777 3A:33616025:33617181
TRAES3BF172200010CFD TaEXPAO09 264 795 3B:37041909:37042916
TRAES3BF051900010CFD TaEXPA10 250 753 3B:184658751:184659625
TRAES3BF051600110CFD TaEXPA11 250 753 3B:185793954:185794828
TRAES3BF007400070CFD TaEXPA12 261 786 3B:212229336:212230210
TRAES3BF029600050CFD TaEXPA13 246 741 3B:254984583:254985512
TRAES3BFO60000080CFD TaEXPA14 249 750 3B:547415155:547419596
TRAES3BFO60000100CFD TaEXPA15 249 750 3B:547439641:547440487
TRAES3BF004400050CFD TaEXPA16 251 756 3B:582612532:582613671
TRAES3BF025200050CFD TaEXPA17 251 756 3B:583790173:583791298
Traes 4AS 4B8CD3482 TaEXPA18 254 765 4A:12700916:12702099
Traes 4AS 642AA2FF5 TaEXPA19 259 780 4A:24580565:24581872
Traes 4AS 6B5275C22 TaEXPA20 258 777 4A:30746323:30747283
Traes 4BL_69954EC771 TaEXPA21 259 780 4B:251351146:251352136
Traes 4BL_217A369F7 TaEXPA22 253 762 4B:275439153:275440185
Traes 4BL_9A97C5B04 TaEXPA23 253 762 4B:288951928:288952829
Traes 4BL_CE24F83D3 TaEXPA24 293 882 4B:291627638:291629159
Traes 4DL_3D01CCCF7 TaEXPA25 258 777 4D:10363295:10364548
Traes 4DL_C3044FB58 TaEXPA26 254 765 4D:15926981:15928196
Traes 4DL_9C912D3EE TaEXPA27 251 756 4D:32104654:32105818
Traes 5BL_513607F73 TaEXPA28 259 780 5B:246452447:246453787
Traes 5BL_1133E46E7 TaEXPA29 266 801 5B:258510715:258513677
Traes 5BL_92599B0OE3 TaEXPA30 256 771 5B:264874058:264875681
Traes 5BL_BE75F32CC TaEXPA31 254 765 5B:266510466:266511625
Traes 5BL_7FAA89DF3 TaEXPA32 255 768 5B:271417924:271419377
Traes 5DL_BCFA9DA27  TaEXPA33 293 882 5D:145432555:145433986
Traes 5DL_3E9D34976 TaEXPA34 266 801 5D:146283249:146285650
Traes 5DL_55F9B086B TaEXPA35 256 771 5D:154146329:154147756
Traes 5DL_92F6F4B82 TaEXPA36 255 768 5D:156684245:156685742
Traes 6DL_F4F20589A TaEXPA37 214 645 6D:146250817:146252835
Traes 7DL_5812FED4E TaEXPA38 269 810 7D:192178488:192179912
Traes 1BL_14FCDA235 TaEXPA39 261 786 1BL_scaff 3917621:2473:3665
Traes 2BL_31D360F79 TaEXPA40 258 777 2BL_scaff_8087188:2073:7697
Traes 4AL_DDD5A1D05  TaEXPAA41 254 765 A4AL_scaff 1564303:1627:2512
Traes 4AS A65DDCDO05  TaEXPA42 257 774 AAS scaff_5944714:9364:10639




Traes 4BL_CB8BE4839F
Traes 4BL_3D4AEBDA47
Traes 4BL_OEFFOA043
Traes 4BL_6671F7A3C
Traes 4BL_69954EC77
Traes 4DL_BC9D6329D
Traes 5DL_C3E576653
Traes 7DL_017CBD43B
TRAES3BF025100040CFD
TRAES3BF143800010CFD
Traes 1AL_FFFEEC27C
Traes 1AL_DDC13A76D
Traes 1BL_E2BODED6A
Traes_1BL_SAADOACES
Traes 2AL_EE95E4780
Traes 2AL_8BFF74554
Traes 2AL_OE9DFOADS
Traes 2AL_59A3B8458
Traes 2AL_12CDCEO3A
Traes 2BS F543FF6BF
Traes 2BL_B1D107B2C
Traes 2BL_51C93AF2F
Traes 2BL_77BAE4BDO
Traes 2BL_343205C01
Traes 2BL_5CEB60833
Traes 2DL_44BCC8DCE
Traes 2DL_75657E437
TRAES3BF274500020CFD
TRAES3BF274500030CFD
TRAES3BF113700020CFD
TRAES3BF061600140CFD
TRAES3BF113200230CFD
TRAES3BF272100030CFD
Traes 4BL_507C53073
Traes 5BS 33E88D301
Traes 5BL_1A999CC7D
Traes 6AS_D99AF3950
Traes 6AL_99D8F22F3
Traes 6AL_30A636AD2
Traes 6AL_1CF4D8935
Traes 6AL_OD716AAEOQ
Traes 6DL_67F5944C6
Traes 6DS_981192AAE
Traes 1AL_579194637

TaEXPA43
TaEXPA44
TaEXPA45
TaEXPA46
TaEXPA47
TaEXPA48
TaEXPA49
TaEXPAS0
TaEXPAS51
TaEXPAS2
TaEXPB0O1
TaEXPB02
TaEXPB03
TaEXPB04
TaEXPB05
TaEXPB06
TaEXPBO7
TaEXPB08
TaEXPB09
TaEXPB10
TaEXPB11
TaEXPB12
TaEXPB13
TaEXPB14
TaEXPB15
TaEXPB16
TaEXPB17
TaEXPB18
TaEXPB19
TaEXPB20
TaEXPB21
TaEXPB22
TaEXPB23
TaEXPB24
TaEXPB25
TaEXPB26
TaEXPB27
TaEXPB28
TaEXPB29
TaEXPB30
TaEXPB31
TaEXPB32
TaEXPB33
TaEXPB34

253
249
283
259
259
259
255
261
251
264
271
265
334
271
281
330
240
239
265
252
281
261
262
265
218
261
281
261
281
300
311
300
289
190
341
418
273
289
212
287
265
287
273
274

762
750
852
780
780
780
768
786
756
795
816
798
1005
816
846
993
723
720
798
759
846
786
789
798
657
786
846
786
846
903
936
903
870
573
1026
1257
822
870
639
864
798
864
822
825

4BL_scaff_6976760:2374:3493
4BL_scaff _6983812:1550:2739
4BL_scaff_7005883:2070:3265
4BL_scaff_7017782:2557:3546
4BL_scaff_7017783:2554:3544
4ADL_scaff 14347491:1242:2389
5DL_scaff 4588237:4237:5426
7DL_scaff _3365936:8461:11189
scaffold:v443 0251:84100:85225
scaffold:v443_1438:31369:32376
1A:179698204:179699812
1A:189937469:189939296
1B:170249375:170251145
1B:195367925:195369705
2A:41278659:41280074
2A:87481043:87485130
2A:253017602:253018555
2A:253025026:253025941
2A:225026538:225027703
2B:17958338:17960571
2B:266475608:266477072
2B:266585054:266586483
2B:275388788:275390092
2B:283976173:283978151
2B:341696686:341697588
2D:24396677:24398037
2D:25940770:25942648
3B:60572630:60573709
3B:60580465:60581946
3B:648279100:648280107
3B:728613858:728614887
3B:731897132:731898139
3B:734867492:734868686
4B:310876814:310877642
5B:71186909:71189589
5B:214531716:214535366
6A:7627139:7628509
6A:143752147:143753327
6A:148069325:148071776
6A:166566702:166568386
6A:176980018:176981556
6D:53759097:53760750
6D:8658147:8659483

1AL _scaff_3411046:1135:2729




Traes 2BL_AAE4048B6
Traes 2DL_OBCB26B5D
Traes 4DL_OBESE6F6C
Traes 4DL_CD971E73A
Traes 5DS C48D223DC
Traes 6AL_99D8F22F31
Traes 6DL_00DCSC848
TRAES3BF132300030CFD
Traes 4DL_7453A191F
Traes 4DL_8BOCB76BC
Traes 4DL_C95A997A8
Traes 4DL_74A03B3BE

TaEXPB35
TaEXPB36
TaEXPB37
TaEXPB38
TaEXPB39
TaEXPB40
TaEXPBA41
TaEXPB42
TaEXLAOL
TaEXLAO2
TaEXLAOS3
TaEXLAO4

328
219
190
317
347
289
266
308
271
273
270
261

987
660
573
954
1044
870
801
927
816
822
813
786

2BL_scaff 8088889:2173:6324
2DL_scaff _9909060:1:1218
4ADL_scaff 14338264:37:915
4ADL_scaff 14401926:5175:7756
5DS scaff_2739413:4076:6812
6AL_scaff _5797970:9457:10637
6DL_scaff 3211822:1007:2641
scaffold:v443 1323:176048:177282
4ADL_scaff 14307547:2209:3497
4DL_scaff 14311608:5396:7233
4ADL_scaff 14359716:3610:4914
4ADL_scaff 14418925:11932:13844




Table S2. Ka/lKs analysis and estimated divergence times for duplicated TaEXP

paralogs.

Duplicated pairs

TaEXPA18-TaEXPA26
TaEXPA30-TaEXPA35
TaEXPA23-TaEXPA27
TaEXPA32-TaEXPA36
TaEXPA10-TaEXPA11l
TaEXPA14-TaEXPA15
TaEXPA28-TaEXPA33
TaEXPAQ8-TaEXPA12
TaEXPAQO7-TaEXPA13
TaEXPA29-TaEXPA34
TaEXPAO4-TaEXPAOG
TaEXPBO1-TaEXPB04
TaEXPB16-TaEXPB18
TaEXPB20-TaEXPB21
TaEXPB27-TaEXPB33
TaEXPB09-TaEXPB14
TaEXPB30-TaEXPB32
TaEXPBO7-TaEXPB08

Ks
0.1225
0.2595
0.0563
0.0697

0.2453
0.0495
0.2635

0.042
0.0722
0.0592
0.0579
0.0072
0.1713
0.1042
0.0802
0.0427
0.0774

Ka
0.0112
0.0067
0.0045
0.0078

0.0155
0.0136
0.0202

0.0068

0.0227

0.0287
0.0113
0.0274
0.0045
0.0068

Ka/Ks
0.091429
0.025819
0.079929
0.111908
0
0.063188
0.274747
0.07666
0
0.094183
0
0.392055
0
0.167542
0.108445
0.341646
0.105386
0.087855

Purifying selection
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Duplicate type

Segmental
Segmental
Segmental
Segmental
Segmental
Tandem

Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Tandem

Segmental
Segmental
Segmental
Tandem
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