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Abstract 

Background:  VQ motif-containing (VQ) proteins are cofactors of transcriptional regulation that are widely involved in 
plant growth and development and respond to various stresses. The VQ gene family has been identified and charac-
terized for many plants, but there is little research on VQ gene family proteins in wheat (Triticum aestivum L.).

Results:  In this study, 113 TaVQ genes (40 homoeologous groups) were identified in the wheat genome. TaVQ pro-
teins all contain the conserved motif FxxhVQxhTG, and most of the TaVQ genes do not contain introns. Phylogenetic 
analysis demonstrated that TaVQ proteins can be divided into 8 subgroups (I-VIII). The chromosomal location mapping 
analysis indicated that TaVQ genes are disproportionally distributed on 21 wheat chromosomes. Gene duplication 
analysis revealed that segmental duplication significantly contributes to the expansion of the TaVQ gene family. Gene 
expression analysis demonstrated that the expression pattern of TaVQ genes varies in different tissues. The results of 
quantitative real-time PCR (qRT-PCR) found that TaVQ genes displayed different expression levels under different phy-
tohormones and abiotic stresses. The cis-elements analysis of the promoter region demonstrated that stress responses, 
hormone responses, growth and development, and WRKY binding elements are all widely distributed. Additionally, a 
potential regulatory network between TaVQ proteins and WRKY transcription factors was visualized.

Conclusion:  This study systematically analyzed the wheat TaVQ gene family, providing a reference for further func-
tional characterization of TaVQ genes in wheat.
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Background
Common wheat (Triticum aestivum L.) is one of the 
most widely planted and important food crops in the 
world. It is also the primary food crop in China. How-
ever, various biotic and abiotic stresses severely restrict 

the quality and production of wheat [1–3]. Over their 
evolutionary history, plants have formed a signal trans-
mission network in response to external stresses. In 
response to abiotic stress, plant transcription factors 
such as WRKY, MYB, NAC, AP2/ERF, bHLH, and bZIP 
interact with the cis-acting elements in the promoters of 
stress-responsive genes to regulate the activation or inhi-
bition of target genes, which improves plant resistance to 
stress [4–6]. The WRKY family is one of the largest tran-
scription families and plays a vital role in plant response 
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to various abiotic stresses, growth, and development [7]. 
The WRKY domain binding specifically to the cis-acting 
element W-box (T)(T)TGAC(C/T) of the target gene, 
which are participated in stress response and signaling [6, 
8]. Studies have shown that the promoter regions of many 
VQ genes contain W-Box cis-acting elements, which can 
form complexes with WRKY transcription factors to play 
a vital regulatory role in plant vegetative growth, differ-
entiation, seed development, and stress response [9, 10].

VQ proteins constitute an ancient family of transcrip-
tional regulators, and their members are widely dis-
tributed among various species [11, 12]. VQ proteins 
constitute highly conserved proteins with a short Fxxh-
VQxhTG (x: any amino acid h: hydrophobic amino acid) 
amino acid sequence motif. They interact with WRKY 
transcription factors via conserved V and Q residues 
[13]. The proteins were further categorized based on the 
terminal three amino acids in the conserved motif. For 
example, six types of motifs were identified in Arabidop-
sis (VTG, LTS, FTG, YTG, LTG, LTD) [13]. VQ motif-
containing proteins were first identified in Arabidopsis 
by Morikawa et  al. using a yeast two hybrid-assay [14]. 
The VQ protein family has since been identified in many 
plants: 34, 40, 74, 61, and 18 members of the VQ pro-
tein gene family have been found in Arabidopsis, rice, 
soybean, maize, and grapevine, respectively [13, 15–17]. 
While VQ proteins were thought to be transcriptional 
regulators only found in plants, Jiang et al. found VQ pro-
teins in some fungi, lower animals, and bacteria, indicat-
ing that the VQ gene family is widely distributed [12].

Typically, VQ proteins interact with the family of 
WRKY transcription factors to mediate stress response 
and growth and development in plants. For exam-
ple, Arabidopsis IKU1/AtVQ14 regulates endosperm 
development and seed size by interacting with MINI3/ 
WRKY10 [18]. VQ20 interacts with WRKY2 and 
WKRY34 and regulates pollen development in Arabi-
dopsis [19]. VQ29 physically interacts with PIF1 and 
plays an important role in early seedling development. 
[20]. Many studies have demonstrated that VQ proteins 
play a vital role in plant response to abiotic stresses. The 
AtVQ9 protein acts as a repressor of the WRKY8 tran-
scription factor and interacts with WRKY8 to regu-
late the Na + /K + ion balance of plants under high salt 
stress [21]. AtCaMBP25 (VQ15) expression is induced 
in Arabidopsis seedlings by osmotic stress. Arabidopsis 
overexpressing AtCaMBP25 is more sensitive to osmotic 
stresses during seed germination and seedling growth. 
This demonstrates that AtCaMBP25 is a negative regu-
lator of salt stress in Arabidopsis [22]. Studies have also 
demonstrated that VQ proteins are involved in plant 
response to pathogen infections. VQ12 and VQ29 inter-
act with themselves and each other and participate in the 

jasmonic acid (JA)-mediated signaling pathway to nega-
tively regulate the resistance of plants to Botrytis cinerea 
[23]; JASMONATE-ASSOCIATED VQ-MOTIF GENE1 
(JAV1/VQ22) is a key gene in the JA signaling path-
way and serves as a repressor protein during JA-medi-
ated defense against herbivorous insects and necrotic 
pathogens [24, 25]. The overexpression line of BnMKS1 
(BnVQ7) in Brassica napus was more resistant to Lepto-
sphaeria maculans infections at the adult stage [26].

To date, research on plant VQ proteins has mostly been 
performed on model plants. There is little information 
about the VQ protein gene family in wheat and how it 
controls plant growth and development and responds to 
various biotic and abiotic stresses. As such, we performed 
a comprehensive analysis of the genome sequence data of 
common wheat and identified 113 members of the VQ 
protein gene family. We analyzed their phylogeny, con-
served motifs, gene structure, and promoters. To better 
understand the potential functions of the VQ protein 
gene family in wheat, we performed gene expression 
analysis on various plant hormones, biotic and abiotic 
stresses. Our results provide a basis for identifying and 
classifying TaVQ genes. Additional studies will contrib-
ute to a better understanding of how TaVQs functions are 
involved in plant stress response and growth.

Results
Identification and characterization of TaVQ genes in wheat
The Hidden Markov Model (HMM) of the VQ motif 
(PF05678) was used to search the wheat protein data-
base for putative VQs. We identified a total of 113 can-
didate genes encoding VQ proteins in the wheat genome, 
which were named TaVQ1-TaVQ40 based on the loca-
tion of their encoding gene on the chromosomes. The 
subgenome location and Chromosome numbers were 
accounted for by ensuring that the gene names, for exam-
ple, TaVQ1-1A (Fig.  1 and Additional file  2: Table  S1). 
Two or three inparalogs belonging to the same genome 
were distinguished by consecutively numbered (e.g. 
TaVQ6-2B1, TaVQ6-2B2, TaVQ6-2B3). Results of the 
protein sequence alignment demonstrated that of the 
113 proteins, 86 contained the conserved motif Fxxx-
VQxLTG and 26 contained FxxxVQxxTG. The conserva-
tive motif of TaVQ6-2D is FxxxVQxVMA, which was not 
reported in previous studies. We also found that the core 
amino acids of the four proteins (TaVQ20-4D, TaVQ28-
5A, TaVQ28-5B, and TaVQ28-5D) were VH instead of 
VQ, which is similar to OsVQ37 and OsVQ39 in rice 
(Fig. 1) [27]. These 113 VQ proteins have different physi-
ological and biochemical properties; their amino acid 
length ranges from 80 to 573 amino acids, with an aver-
age of 190 amino acids (Additional file 2: Table S1). The 
molecular weight of these VQ proteins varied from 8.26 
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Fig. 1  Multiple sequence alignment of VQ proteins in wheat. A Multiple sequence alignment of VQ domain of 113 VQ proteins in wheat. Amino 
acids that are conserved throughout are shaded in different colors. B Conserved motif of TaVQ proteins.
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to 59.36 kDa and have a theoretical isoelectric point (PI) 
ranging from 5.08 to 11.33, 69.0% (78/113) of TaVQ pro-
tein members were basic nature. The instability index of 
113 TaVQ proteins ranged from 22.53 (TaVQ18-4A) to 
86.84 (TaVQ10-2D), 85.8% (97/113) were found unstable 
while only the remaining 14.2% (16/113) TaVQ proteins 
had stable nature at the level of biological sequences. The 
aliphatic index is a feature of thermostability that ranged 
from 44.3 (TaVQ29-5A) to 78.66 (TaVQ21-4A), of which 
59.3% (67/113) less than 65 indicates that most TaVQ 
protein members are not thermostability. The predicted 
Grand Average of Hydropathy (GRAVY) of TaVQ pro-
teins ranged from 0.116 (TaVQ20-4A) to -0.821(TaVQ15-
3A) suggesting the hydrophilic nature of 97.35% TaVQ 
proteins. The subcellular localization of TaVQ proteins 
was predicted: most of them (108/113) is located in the 
nucleus, two are located in the cell membrane/nucleus 
(TaVQ40-7D, TaVQ31-6D), one is located on the cell 
wall/chloroplast/nucleus (TaVQ16-3B), one is located in 
the chloroplast/nucleus (TaVQ16-3D), and one is located 
in the cell membrane (TaVQ33-6B).

Phylogenetic analysis in wheat VQ proteins
To explore the phylogenetic relationship of the VQ pro-
teins in wheat (113), rice (40), Arabidopsis (34), barley 
(37), and maize (61), a phylogenetic tree was constructed 
using the Mega 7.0 (Fig.  2). Detailed information about 
rice, Arabidopsis, barley, and maize VQ genes are shown 
in Additional file 3: Table S2. We also constructed a sec-
ond phylogenetic tree with only the 113 wheat VQ pro-
teins (Fig. 3A). The VQ proteins are clustered into eight 
distinct groups (group I-VIII) according to the structural 
characteristics of the VQ protein sequences and previ-
ous classification of VQ proteins from Arabidopsis and 
rice [27]. Of these eight groups, group II member sizes 
were significantly larger (25 TaVQ proteins); group VIII 
and III only contains eight TaVQ proteins respectively, 
and there are 14, 15, 15, 16, 12 TaVQ proteins in groups I, 
IV, V, VI, VII respectively. Compared to the VQ proteins 
of Arabidopsis and rice, the clade clustering pattern of 
TaVQ (Fig.  2) only slightly differs from previous studies 
in Arabidopsis and rice [27]. The evolutionary relation-
ships demonstrate that TaVQ proteins have a closer rela-
tionship with gramineous barley, rice, and maize, while 
TaVQ proteins and a distant relationship with dicotyle-
don Arabidopsis VQ proteins in the same group.

Conserved motifs and gene structural analysis of TaVQ
The sequences of the TaVQ proteins were aligned, and 
a phylogenetic tree was built (Fig.  3A). The conserved 
motifs were predicted, while 20 motifs were deter-
mined using the MEME tool. Detailed motif informa-
tion is displayed in Additional file  4: Table  S3. Results 

demonstrated that each TaVQ protein has between one 
and six conserved motifs (Fig. 3B). All proteins have motif 
1, which has a specialty VQ domain. Members from the 
same group share similar motifs, while some motifs are 
found only in one group: motif 12 is found only in group 
V, motif 14 is found only in group VIII, motif 3 and motif 
5 are found only in group IV, and motifs 2, 4, 10, and 15 
are only found in group II (Fig. 3B). TaVQ proteins in the 
same group have similar motifs, which aligns with the 
results of the phylogenetic analysis. This indicates that 
proteins in the same group perform similar functions.

Exon–intron distribution was analyzed using the GSDS 
online tool (http://​gsds.​cbi.​pku.​edu.​ch) (Fig.  3C) to bet-
ter outline the structural features of VQ genes in wheat. 
This analysis determined that 91.15% (103/113) of TaVQ 
genes do not contain introns, while the other 10 genes 
have only one intron. This could be due to the loss of 
introns in VQ genes during its evolutionary history.

Genome distribution and gene duplication of TaVQ genes
The chromosomal locations were mapped to further 
investigate genetic differences in the TaVQ gene family. 
MapChart software was used to produce the chromo-
some map of TaVQ genes on 21 chromosomes accord-
ing to chromosome location information of TaVQ genes 
found in the GFF3 file. Members of the same subgenome 
are typically distributed at similar locations in homoe-
ologous chromosomes. TaVQ genes were distributed 
among 21 chromosomes, but are not evenly distributed 
on different chromosomes. Of them, nine TaVQ genes 
are located on chromosome 4A, eight TaVQ genes are 
located on chromosomes 2B and 4B, and three TaVQ 
genes are located on homologous group 2 and group 6 
(Fig.  4). This uneven distribution indicates that TaVQ 
gene duplication events could have occurred in 2B, 4A, 
and 4B chromosomes during wheat evolution. We also 
analyzed the homologous group of TaVQ genes (Table 1). 
Almost two-thirds of all wheat VQ genes were found 
in triplets (66.4%): three TaVQs localized on the three 
homologous groups (A:B:D) shared high homology 
(1:1:1). The proportion of triplets in the TaVQ gene fam-
ily exceeded the proportion of homologous triplets in the 
entire wheat genome. This high proportion of homolo-
gous triplets could be the primary cause of the expansion 
of the TaVQ family. The percentage of VQ genes with 
homeolog-specific duplications (n:1:1/1:n:1/1:1:n) was 
higher compared to all wheat genes (15.0% vs 5.7%), and 
the ratio of orphans/singletons was lower than the whole 
wheat genome (1.8% vs 37.1). However, the loss ratio 
of a single homeolog in a TaVQ gene (1:1:0/1:0:1/0:1:1) 
was similar to that of the whole wheat genome (14.2% vs 
13.2%; Table 1).

http://gsds.cbi.pku.edu.ch
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Gene duplication is an important process contribut-
ing to genomic evolution and is an important factor in 
gene family expansion. It is primarily divided into tandem 
duplication and segmental duplication. We found that 94 
pairs (104 genes) are homologous genes and 43 pairs (31 

genes) are segmental duplication genes distributed on 
different chromosomes (Fig.  5). We next analyzed tan-
dem duplication events occurring within the wheat VQ 
gene family and found two triple-duplication TaVQ genes 
located on chromosome 2B (TaVQ5-2B, TaVQ6-2B1, 

Fig. 2  Phylogenetic tree of VQ proteins from wheat, Arabidopsis thaliana, Oryza sativa, Zea mays, and Hordeum vulgare constructed using the 
neighbor-joining method in MEGA 7. 113 TaVQ proteins, 34 AtVQ proteins, 40 OsVQ proteins, 61 ZmVQ proteins and 37 HvVQ proteins are clustered 
into eight subgroups (I-VIII). Proteins from wheat, Arabidopsis, rice, maize, and barley are indicated by red stars, blue triangles, green triangles, yellow 
triangles, and grey triangles, respectively. Details of the VQ proteins from Arabidopsis, rice, maize, and barley are listed in Additional file 3: Table S2
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TaVQ6-2B2) and chromosome 4B (TaVQ24-4B, TaVQ25-
4B1, TaVQ25-4B2) (Fig.  5). These results suggest that 
tandem and segmental duplication events are necessary 
to expand the TaVQ gene family. Segmental duplication 
could have played a significant role in this process.

The Ka/Ks ratio indicates whether there is selective 
pressure on duplication events. The ratio of Ka/Ks > 1 
typically represents positive selection and a ratio equal 
to 1 shows neutral selection. However, a ratio < 1, indi-
cates the presence of a purifying selection effect [28]. 
We calculated the Ka/Ks values of duplication VQ genes 
pairs in wheat to understand the extent and nature of 
this selection pressure. Our results demonstrated that 
the Ka/Ks ratio of most duplicated TaVQ gene pairs is 
less than 1, ranging from 0.005 to 1.608 with an average 
of 0.330 (Additional file 5: Table S4). Of them, 138 dupli-
cated pairs had a Ka/Ks ratio < 1, which suggests that 
TaVQ genes have undergone strong purifying selection. 
Moreover, five pairs (TaVQ5-2A/TaVQ6-2B3, TaVQ6-
2B3/TaVQ6-2B2, TaVQ6-2A/TaVQ6-2D, TaVQ6-2A/
TaVQ6-2B1, and TaVQ18-4A/TaVQ18-4B) were higher 
than 1.00, which shows the presence of positive selection 
pressure (Additional file 5: Table S4).

Prediction of SSR and miRNAs targeting TaVQ genes
We detected 28 simple sequence repeats (SSRs) in 25 of 
113 TaVQ genes. The detailed information of the SSRs 
was shown in the Additional file 6: Table S5. Discovered 
gene-specific SSRs were divided into 3 types: mononucle-
otides, dinucleotides, and trinucleotides. Among all the 
identified SSRs, a single SSR was detected in most TaVQ 
genes except for TaVQ29-5A, TaVQ29-5D, and TaVQ4-
1D each carrying two SSRs. In addition, TaVQ29-5A, 
TaVQ31-6B, TaVQ31-6D, and TaVQ39-7A carried each 
a composite SSR. Trinucleotide repeats (75.0%) outnum-
bered the other repeats followed by dinucleotide repeats 
(7.1%). In the future, the SSRs in TaVQ genes after due 
validation may be utilized for developing markers to be 
used for wheat breeding.

To understand the function of TaVQ genes, we pre-
dicted putative miRNA target sites in 113 TaVQ genes 
using the psRNATarget server. The results showed that 
38 TaVQ genes are targeted by 15 putative miRNAs. The 
regulatory network showed that one miRNA can target 
more than one TaVQ gene (Additional file 1: Figure S1). 

For instance, tae-miR9780 target 9 TaVQ genes, tae-
miR5384-3p target 7 TaVQ genes, and tae-miR9676-5p 
and tae-miR9677b target 6 TaVQ genes. These miRNAs 
belong to different miRNA families such as miR160, 
miR395, miR1130, and miR9657. Studies have shown that 
these miRNA families play a key role response to various 
biotic and abiotic stresses [29–31].

Expression patterns of TaVQ genes
We analyzed the expression levels of 113 TaVQ genes 
using available RNA-seq data from previous research to 
identify the patterns of the spatial and temporal expres-
sion of VQ genes in wheat [32]. Based on the TPM values, 
we found that some members of the TaVQ gene family are 
expressed in only one organ, while some were expressed 
more broadly. Detailed TPM values are shown in Addi-
tional file 7: Table S6 and Additional file 8: Table S7. Of 
the 40 VQ homologous genes, 75% (30/40) were detected 
in at least one developmental stage, with a wide range of 
expression levels and a tpm value ranging from 1.0 to 55.0. 
The remaining 25% (10/40) of TaVQ genes showed very 
low expression levels, while tpm < 1 was considered unex-
pressed. Some TaVQ genes were differentially expressed 
in the various stages of development in four organs. For 
45 leaf/stem tissues, 24 TaVQ genes were expressed 
in at least one leaf/stem tissue, while 18 genes were not 
expressed in roots and spikes (Fig. 6). Only 25% of genes 
were expressed in the six stages of grain development 
with relatively low transcriptional abundances and expres-
sion levels ranging from 1.0 to 4.6 (Fig. 6 and Additional 
file 8: Table S7). Some genes are specifically expressed in 
only one organ. For example, TaVQ6 and TaVQ11 were 
only expressed in the leaf/stems, TaVQ12 and TaVQ37 
were only expressed in the roots, and TaVQ4, TaVQ9, 
and TaVQ10 were only expressed in the spikes. In gen-
eral, the overwhelming majority of TaVQ genes were not 
expressed or only a few genes were expressed with low 
expression levels in grains, while more than half of TaVQ 
genes were expressed in leaf/stems, roots, and spikes. This 
suggests that these VQ genes play different roles when 
regulating wheat growth and development.

Expression of TaVQ genes under abiotic stress
This study seeks to better understand VQ gene expres-
sion levels in wheat under different abiotic stresses, 

Fig. 3  Phylogenetic analysis, conserved motifs, and gene structure of VQ in wheat. A Phylogenetic tree of 113 VQ proteins in wheat constructed 
based on the results of sequence alignment. The tree was created with 1000 bootstraps using the neighbor-joining (NJ) method in MEGA7. B Motif 
compositions of 20 conserved motifs of the VQ protein in wheat were identified by the MEME tool. Each specific motif is indicated by a different 
colored box; detailed motif information is shown in Additional file 4: Table S3. C Gene structure of the VQ genes in wheat from the GSDS database. 
Exons are indicated by yellow rectangles, UTR is indicated by blue rectangles, and lines connecting two exons represent introns. Box and line length 
are displayed proportionally to gene length 

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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including drought (PEG 6000), salt (NaCl), low tempera-
ture (LT, 4℃), high temperature (HT, 42℃), and phyto-
hormones such as methyl jasmonate (MeJA), salicylic 
acid (SA) and abscisic acid (ABA). Therefore, we selected 
12 genes from the TaVQ gene family that were expressed 
at different developmental stages in four tissues and 

subjected them to qRT-PCR analysis. Our results demon-
strated that the 12 TaVQ genes displayed distinctly dif-
ferent transcriptional responses and presented a complex 
regulatory mechanism under multiple abiotic stresses or 
phytohormone treatments (Fig.  7). Transcript levels of 
these 12 TaVQ genes were different from transcriptional 
levels under osmotic stress induced by 20% PEG 6000. 
The four TaVQ genes (TaVQ2, TaVQ19, TaVQ27, and 
TaVQ38) were rapidly and significantly up-regulated in 
the early stage (1  h) of 20% PEG 6000 treatment, while 
their expression levels were up-regulated more than 
15-fold compared to the controls (Fig.  7A). Of them, 
the expression levels of TaVQ27 and TaVQ38 were con-
tinuously up-regulated until they peaked at 24  h, and 
12  h, respectively. Conversely, the expression of TaVQ2 
and TaVQ19 increased after 1  h of drought stress, then 
gradually decreased and finally dropped to the low-
est point after 48  h of drought stress treatment. In the 
salt stress treatment, the 12 TaVQ genes clustered into 
three groups based on the various expression patterns 

Fig. 4  The distribution of 113 VQ genes across chromosomes of wheat. Chromosome numbers are listed above chromosomes, while chromosome 
size is listed, in megabases (Mb), on the left side of the figure

Table 1  Homologous group in the wheat TaVQ gene family

a According to IWGSC(2018)
b n > 1

Homoeologous 
group (A:B:D)

All wheat 
genes (%)a

Number 
of TaVQs 
groups

Number 
of TaVQs

% of total 
TaVQs

1:1:1 35.8 25 75 66.4

n:1:1/1:n:1/1:1b 5.7 4 17 15.0

1:1:0/1:0:1/0:1:1 13.2 8 16 14.2

Other ratios 8.0 1 3 2.7

Orphans/singlets 37.1 2 2 1.8

Total 99.8 40 113 100.0
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(Fig. 7B). The first group contained 2 genes (TaVQ19 and 
TaVQ38) that were significantly up-regulated (> 15-fold), 
while expression levels peaked at 48  h and 6  h, respec-
tively. The second group contained five genes (TaVQ2, 
TaVQ31, TaVQ7, TaVQ22, and TaVQ28) with down-
regulated or up-regulated transcriptional expression. The 
third group consisted of five genes (TaVQ29, TaVQ36, 
TaVQ39, TaVQ13, and TaVQ27) that were up-regulated 
in response to salt stress (Fig.  7B). Following HT stress 

treatment, the transcript levels of the 12 TaVQ genes 
were mostly down-regulated or slightly up-regulated, 
except for TaVQ13, TaVQ22, and TaVQ19, which were 
significantly up-regulated (> 10-fold) (Fig. 7C). When the 
seedlings were treated with LT, the expression patterns of 
these 12 genes were classified into four groups (Fig. 7D). 
The first group consists of two genes (TaVQ2 and 
TaVQ13) with up-regulated expression levels of 36.884 
and 26.511 that peaked at 1 h and 3 h, respectively. The 

Fig. 5  Analysis of duplication events of VQ genes in wheat. Chromosome numbers are indicated at the outer edge of the circle, while the scale 
represents megabases (Mb). Segmental duplication gene pairs are linked by green lines, and tandem repeated genes are linked by red lines
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second group contained three genes (TaVQ39, TaVQ29, 
and TaVQ38) in which the transcription levels gradually 
increased and peaked under extended LT stress. The third 
group consisted of three genes (TaVQ7, TaVQ22, and 
TaVQ28) in which the expression was down-regulated or 
slightly up-regulated. The fourth group contained found 
genes (TaVQ27, TaVQ19, TaVQ31, and TaVQ36) that 
showed early responses to LT stress, though their expres-
sion gradually decreased as the stress time increased 
(Fig. 7D).

The expression patterns of 12 TaVQ genes following 
exogenous phytohormone (MeJA, SA, and ABA) treat-
ments were further analyzed. TaVQ gene expression 
after MeJA treatments was grouped into three catego-
ries: slightly up-regulated or down-regulated transcripts 
(TaVQ2, TaVQ7, TaVQ22, TaVQ27, TaVQ28, TaVQ13, 
and TaVQ31), increased expression at 1  h followed by 
a gradual decrease (TaVQ19 and TaVQ29), or continu-
ously increased transcript levels (TaVQ39, TaVQ36, and 
TaVQ38) (Fig.  7E). Expression levels of the 12 TaVQ 
genes were analyzed in seedlings treated with SA. As 
shown in Fig.  7F, five TaVQ genes (TaVQ13, TaVQ19, 
TaVQ2, TaVQ27, and TaVQ36) significantly responded 
to SA treatments. Gene expression analysis to ABA for 
12 TaVQ genes showed greater differences in expression 
(Fig. 7G). Compared to the control, the transcript abun-
dances of four TaVQ genes (TaVQ2, TaVQ19, TaVQ13, 

and TaVQ27) were up-regulated at all ABA treatment 
time points. These results demonstrate that TaVQ 
genes are involved in wheat response to multiple abiotic 
stresses and phytohormones, and have complex response 
mechanisms due to their functional differentiation.

The modulatory network between TaVQ proteins 
with TaWRKY transcription factors
To better understand the functional and potential inter-
actions of VQ proteins in wheat, a modulatory network 
was generated by constructing an Arabidopsis associa-
tion model using STRING software. Studies have demon-
strated that VQ proteins can form complexes with WRKY 
transcription factors and play an important role in plant 
growth, differentiation, seed development, and stress 
[9]. As shown in Fig.  8, 15 TaVQ proteins were homol-
ogous with Arabidopsis proteins and interacted with 23 
WRKY transcription factors. These 15 TaVQ proteins all 
interact with at least two WRKY transcription factors 
(Fig. 8). MKS1 (TaVQ7, TaVQ35), AT3G18360 (TaVQ27), 
PDE337 (TaVQ30), and AT2G22880 (TaVQ26) interacted 
with at least seven WRKY transcription factors to form a 
key node. Additionally, WRKY 51 and WRKY33 closely 
interact with multiple VQ proteins, forming a complex 
regulatory network. Similar to some WRKY, most TaVQ 
proteins interact with other members of TaVQ proteins. 
Therefore, TaVQ proteins likely require interaction with 

Fig. 6  TaVQ gene expression during wheat development. Expression values of wheat VQ genes were obtained using RNA-seq data [29]. Heatmap 
displays VQ gene expression levels across developmental stages and tissues. Heatmap was generated using log2 (TPM + 1) values. Tissues and TPM 
values are respectively displayed in Additional file 7: Table S6 and Additional file 8: Table S7



Page 11 of 20Zhang et al. BMC Genomics          (2022) 23:292 	

VQ proteins to function, however, the specific purpose 
of the interaction between VQ proteins and WRKY tran-
scription factors in wheat requires further study.

Analysis of cis‑elements in the promoters of the TaVQ genes
To explore the function and regulatory mechanism 
of these VQ genes in wheat, the WRKY binding site 
(W-box), hormone-responsive elements (ABRE, TGA-
element, AuxRR-core, CGTCA-motif, TGACG-motif, 
TATC-box, GARE-motif, P-box, and TCA-element), 
stress-related regulatory elements (LTR, MBS, TC-rich 
repeats, MYB, MYC, DRE core, ARE, and GC-motif ), 
and growth and development elements (MSA-like, 
RY-element, and CAT-box) in the promoter region 
were searched by the PlantCARE database. The WRKY 
transcription factor can specifically bind to the (T)(T)
TGAC(C/T) sequence (W-box) to regulate the target 
gene expression that contains the W-box elements in 
the promoter, which then participates in various physi-
ological and biochemical responses in plants [33]. We 
found that W-box cis-elements were distributed in the 

promoter region of nearly half (55/113) of TaVQ genes, 
indicating that WRKY proteins could bind to VQ genes 
and respond to environmental stimuli (Fig. 9 and Addi-
tional file 9: Table S8).

Hormone-responsive cis-elements include cis-
acting elements involved in ABA response elements 
(ABRE), auxin-responsive elements (TGA-element, 
AuxRR-core), cis-acting regulatory elements involved 
in MeJA response elements (CGTCA-motif, TGACG-
motif ), cis-acting element involved in SA response 
elements(TCA-element), and gibberellin-responsive 
elements (TATC-box, GARE-motif, P-box). Of these, 
cis-acting elements involved in MeJA response were 
abundant in the TaVQ gene promoter region, while 
88.5% (100/113) of TaVQ genes contained at least one 
MeJA response element in their promoter regions 
(Fig. 9 and Additional file 9: Table S8). Cis-acting reg-
ulatory elements involved in ABA response were also 
present in the TaVQ gene promoter region, while 86.7% 
(98/113) promotors of the family members at least con-
tained one ABA-responsive element.

Fig. 7  Heatmap of 12 wheat VQ genes expression profiles in seedlings under A PEG 6000, B NaCl, C 42℃, D 4℃, E methyl jasmonate (MeJA), F 
salicylic acid (SA), and G abscisic acid (ABA) based on qRT-PCR. The 2−∆∆Ct method was used to calculate relative expression levels, while TBtools 
(v1.068) was used to generate the heatmap
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Stress-related regulatory elements were widely dis-
tributed in the promoter region of TaVQ genes. Most 
TaVQ members contained one or more MYB and MYC 
elements in their promoters, which are cis-acting ele-
ments involved in stress-induced drought, salt, and 
ABA responses. Additionally, other response elements 
related to stress were also detected, including low-tem-
perature (LTR), defense and stress (TC-rich repeats), 
anaerobic (ARE), anoxic (GC-motif ), MYB binding 
sites involved in drought-inducibility (MBS), and DREB 
binding sites involved in drought, salt, low temperature, 
and ABA responses (DRE core) (Fig.  9 and Additional 
file 9: Table S8).

Elements related to plant growth and development 
were detected, including MSA-like (cell cycle regula-
tion element), RY-element (seed-specific regulation ele-
ment), and CAT-box (related to meristem expression). 
Of all TaVQ genes, 31% (35/113) contained at least 
one element related to plant growth and development 
in their promoter region, indicating that these TaVQ 
genes could participate in wheat growth and devel-
opment (Fig.  9 and Additional file  9: Table  S8). These 
results indicate that TaVQ genes could interact with 
WRKY transcription factors during plant stress tolerance 
and growth and development.

Discussion
VQ proteins are an ancient family that is primarily 
involved in signal pathways to regulate plant growth, 
development, and response to various biotic and abiotic 
stresses by interacting with partners such as WRKYs and 
MAPKs [11, 27, 34]. VQ gene families have been identi-
fied in various plant species, including Arabidopsis [13], 
rice [27], maize [17], soybean [35], tobacco [36], and tea 
plant [37]. However, VQ genes remain largely uncharac-
terized in wheat, though the whole genome of hexaploid 
wheat has been sequenced. Therefore, genome-wide 
analyses of wheat VQ genes can be performed by analyz-
ing their bioinformatics and expression patterns to fur-
ther understand their regulation under various abiotic 
and phytohormonal treatments. This could establish a 
foundation for further functional characterization of VQ 
proteins.

The VQ protein has a highly conserved VQ motif Fxx-
hVQxhTG (x: any amino acid h: hydrophobic amino 
acid), while the amino acid sequences of other regions 
are diverse. Based on residue differences, this study 
found six types of the VQ conserved motif of the 113 
TaVQ proteins: FxxxVQxLTG (86/113), FxxxVQxFTG 
(11/113), FxxxVQxITG (3/113), FxxxVQxVTG (8/113), 
FxxxVHxVTG (4/113), and FxxxVQxVMA (1/113). 

Fig. 8  Interaction network of TaVQ proteins with WRKY transcription factors. The prediction of interacting network models between TaVQ proteins 
and WRKY proteins was performed using the STRING online database and the interaction network was drawn in Cytoscape 3.7.1. Black and gray 
lines indicate the interaction of a VQ protein and a WRKY protein, and two VQ proteins or two WRKY proteins, respectively. Homologous genes in 
wheat and Arabidopsis are displayed in red and black, respectively.
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Fig. 9  Number of each cis-acting element of the TaVQ gene promoter region (1.5 kb upstream of the translation start site)
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Previous studies have found four kinds of VQ motifs in 
rice (ITG, LTG, VTG, and FTG) [27], six kinds of VQ 
motifs in Chinese cabbage (LTG, YTG, VTG, FTG, LTV, 
and LTS) [38], five kinds of VQ motifs in soybean (LTG, 
FTG, VTG, LTR, and LTS) [35], five kinds of VQ motifs 
in maize (LTG, VTG, ATG, ITG, and FTG) [17], and six 
kinds of VQ motifs in Arabidopsis (LTG, LTS, LTD FTG, 
VTG, and YTG) [13]. Additionally, there is a unique VQ 
conserved domain type (VMA) in wheat that is not pre-
sent in other plant species (Fig. 1). Therefore, the differ-
ent types and numbers of VQ motif variations in different 
species could be related to functional differences in VQ 
gene family members. The core amino acids of TaVQ20-
4D, TaVQ28-5A, TaVQ28-5B, and TaVQ28-5D were VH 
instead of VQ, which is similar to OsVQ37 and OsVQ39 
in rice and ZmVQ15, ZmVQ28, and ZmVQ58 in maize 
[17, 27]. The VQ core domain changed to VH only in 
monocotyledonous plants, which could be due to differ-
ences in monocotyledons and dicotyledons during their 
evolutionary history. Additionally, the minimum VQ 
protein in wheat is 80 amino acids (TaVQ3-1A), with an 
average length of 190 amino acids. This is similar to most 
reported VQ proteins in plants, which are less than 300 
amino acids. In previous studies, the localization predic-
tion analysis of VQ proteins demonstrated that most VQ 
proteins are located in the nucleus, while some are found 
in the cytoplasm, mitochondria, and chloroplasts [13, 27, 
37]. Our study found that 95.6% of TaVQ proteins were 
located in the nucleus, while two genes are located in the 
cell membrane/nucleus, one in the cell wall/chloroplast/
nucleus, one in the chloroplast/nucleus, and one on the 
cell membrane (Additional file 2: Table S1). These results 
are consistent with observations of the VQ protein in 
many known plants, including Arabidopsis thaliana [13], 
poplar [39], and tea trees [37].

Previous studies have found that VQ proteins of differ-
ent species have different evolutionary histories and are 
phylogenetically clustered into different groups, though 
there are no reports on this classification [12]. Our results 
demonstrate that TaVQ proteins were clustered into eight 
groups according to the phylogenetic tree. While they 
share a close evolutionary relationship with VQ proteins 
in monocot rice, they are more distantly related to the 
dicot Arabidopsis. This indicates that TaVQs are highly 
conserved during the evolutionary history of plants. We 
also found that the TaVQ proteins among members of 
the same group have similar conserved motifs, indicating 
that TaVQ proteins within the same group have similar 
functions. Previous studies have confirmed that most VQ 
proteins in plants have no introns, for example, 88.2%, 
92.5%, 88.5%, 92.3%, 79.6%, and 86.2% of the VQ genes 
in Arabidopsis, rice, maize, tomato, apple, and Moso 
bamboo did not contain introns, respectively [13, 17, 27, 

40–42]. This could be because plant VQ genes have lost a 
large number of introns during their evolutionary history.

Gene duplication events are an important part of 
genomic evolution and are the primary driver of spe-
cies evolution [43, 44]. Gene duplication has two modes: 
segmental and tandem gene duplication, both of which 
play important roles in expanding certain gene fami-
lies in the plant genome [45, 46]. In this study, we ana-
lyzed the contribution of segmental and tandem gene 
duplication to the expansion of the VQ gene family in 
wheat. A total of 31 segmental gene replication events 
and two cases of three gene tandem arrangements were 
identified, indicating that segmental duplication events 
play a major role in expanding the wheat VQ gene fam-
ily. Jiang et  al. conducted gene duplication analysis of 
VQ genes in 12 species (Brachypodium distachyon, Sor-
ghum bicolor, Brassicarapa bicolor, Solanum lycopersi-
cum, Oryza sativa, Zea mays, Glycine max, Selaginella 
moellendorffii, Setaria italica, Arabidopsis thaliana, 
Populus trichocarpa, and Physcomitrella patens) and 
demonstrated that segment duplication is the primary 
mechanism of VQ gene family amplification [12]. Dur-
ing these duplication events, the original gene performs 
the ancestral function while the new gene takes on a new 
function [47, 48]. We also calculated the Ka/Ks ratio, 
which can determine whether the protein-coding gene 
has selection pressure. Our results demonstrate that the 
Ka/Ks ratio of most TaVQ duplication gene pairs was 
less than 1, indicating that most TaVQ genes experienced 
effective purifying selection. The calculated Ka/Ks ratio 
of five TaVQ duplication gene pairs exceeded 1.00, indi-
cating positive selection pressures. This analysis indicates 
that purification selection plays an important role in the 
evolution of the TaVQ gene family.

Many studies have demonstrated that VQ proteins are 
involved in the regulation of plant growth and develop-
ment. The vq8 dysfunction mutant in Arabidopsis showed 
a light green and slow growth phenotype, indicating that 
VQ8 plays a key role in the growth and development of 
Arabidopsis [13]. Various studies have found that the 
AtVQ14 (HAIKU1; IKU1) protein is expressed in early 
endosperm and can promote endosperm development. 
The atvq14 mutant has reduced endosperm growth and 
smaller seeds, indicating that AtVQ14 plays an impor-
tant role in the regulation of early endosperm develop-
ment and Arabidopsis seed size [18, 49]. Additionally, 
the overexpression of AtVQ17, AtVQ18, and AtVQ22 
severely impaired plant growth and development, indi-
cating that these three VQ proteins could inhibit plant 
growth [13]. However, the flowering time of AtVQ29 
overexpression plants was significantly delayed, and the 
hypocotyl growth of AtVQ29 transgenic Arabidopsis 
was less sensitive to far-red and low-intensity white light 
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[13, 20]. VQ20 is specifically expressed in pollen and 
can interact with WRKY2 and WKRY34 to affect pollen 
development and function [19]. The heterologous expres-
sion of MKS1 (ATVQ21) causes dwarfing and delayed 
flowering in Kalanchoë blossfeldiana and Petunia hybrids 
[50]. Additionally, the transcription level of VQ genes in 
other plants has demonstrated significant histological 
specificity. For example, 24 soybean VQ genes were rela-
tively highly expressed in nine tissues [35], while 14 Moso 
bamboo VQ genes were highly expressed in leaf, pani-
cle1, panicle2, root, and rhizome tissues [42]. Most VQ 
genes in the tea plant were differentially expressed in the 
roots, stems, leaves, and flowers [37]. We also used pub-
licly available RNA-seq data to analyze the tissue expres-
sion of 40 VQ homologous genes in wheat and found that 
most of the TaVQ genes were relatively highly expressed 
in leaf/stem, roots, and spikes, but less so in grains. These 
results demonstrate that members of the VQ gene family 
are widely involved in plant growth and development.

Many VQ motif-containing genes are involved in abi-
otic stress responses, such as drought, salt, high tempera-
ture, low temperature, and ABA, all of which regulate 
plant growth [16, 17, 27, 38, 40–42, 51]. AtVQ9 was 
strongly expressed under NaCl treatment, and the atvq9 
mutant showed a high germination rate and low electri-
cal conductivity under salt stress. Therefore, VQ9 nega-
tively regulates Arabidopsis tolerance to salt stress [21]. 
AtCaMBP25 (AtVQ15) gene expression was induced in 
Arabidopsis seedlings under dehydration, low tempera-
ture, or high salt stress. Arabidopsis with overexpression 
of AtCaMBP25 showed higher sensitivity to osmotic 
stress of NaCl and mannitol during seed germination and 
seedling growth. Therefore, AtCaMBP25 is a negative 
regulator of salt stress in Arabidopsis and participates in 
the stress signal transduction pathway [22]. Arabidopsis 
VQ18 and VQ26 interact with ABI5 transcription fac-
tors to form protein complexes, which negatively regulate 
ABA signal transduction and promote seed germination 
[52]. IbVQ4 expression was induced by drought and salt 
treatment, while IbWRKY2 can interact with IbVQ4 to 
regulate abiotic stress tolerance in plants [53]. PeVQ28 
positively regulates the salt tolerance of transgenic Arabi-
dopsis through an ABA-dependent signaling pathway. 
Compared with the wild type, Arabidopsis overexpress-
ing PeVQ28 showed increased resistance to salt stress, 
with lower malondialdehyde and higher proline con-
tents. The expression of salt and ABA response genes in 
PeVQ28 overexpressed Arabidopsis also increased under 
salt stress [54]. Overexpression of the MdVQ37 gene 
in apple plants significantly reduced tolerance, while 
the enzyme activity and photosynthetic capacity of the 
transgenic lines decreased under drought stress com-
pared with the wild type [55]. Ding et  al. identified 26 

VQ family genes in tomato, of which SlVQ6 has the high-
est expression in tissues and organs. Additional studies 
found that SlVQ6 overexpression decreased the heat tol-
erance of Arabidopsis and down-regulated the expression 
of stress response-related genes [40]. In addition, the VQ 
gene family also responds to different abiotic stresses in 
maize, tobacco, tea plant, and Eucalyptus grandis [17, 36, 
37, 56]. In this study, we detected the expression levels of 
12 TaVQ genes under drought, salt, high-temperature, 
low-temperature, and ABA stress. We found that TaVQ 
genes showed different expression trends under different 
abiotic stresses. This indicates that the response mecha-
nism of TaVQ genes to abiotic stresses is complex and 
diverse.

Previous evidence has demonstrated that the expres-
sion of VQ family genes is regulated by biotic stress and 
by the MeJA and SA hormones. SA and JA are important 
defense signaling molecules that play an important role 
in the regulation of different pathogens [57]. For exam-
ple, MaVQ5 physically interacts with MaWRKY26 and 
represses MaWRKY26 in activating jasmonic acid (JA) 
biosynthesis, and attenuates the transactivation of the 
MAWRKY26-induced JA biosynthesis genes MaLOX2, 
MaAOS3, and MaOPR3 [58]. Arabidopsis VQ12 and 
VQ29 genes were strongly induced by JA and Botry-
tis cinerea. Pathogen resistance of the vq29 mutant 
and amiR-vq12 vq29 double mutant was significantly 
enhanced, while the transgenic plants of VQ12 and VQ29 
were sensitive to the pathogen. This indicates that VQ12 
and VQ29 negatively regulate plant resistance to the 
pathogen [23]. Arabidopsis JAV1/VQ22 is a key gene in 
the JA signaling pathway and acts as a negative regula-
tor of JA-mediated plant defense [21, 24]. Overexpres-
sion of Apple MdVQ37 reduces basal thermotolerance by 
regulating multiple transcription factors and SA homeo-
stasis [59]. MKS1 (AtVQ21) interacts with WRKY25 and 
WRKY33 to regulate the expression of the SA-related 
defense gene PR1 [60]. The expression levels of VQ fam-
ily genes in tobacco, soybean, and Eucalyptus grandis 
under different hormone treatments also indicated that 
VQ genes were involved in the regulation of various plant 
hormones [35, 36, 56]. We detected the expression pat-
terns of 12 TaVQ genes under MeJA and SA treatments 
and found that certain TaVQ genes are highly expressed 
after MeJA and SA treatments. Our research demon-
strates that TaVQ genes could be involved in the regula-
tion of JA and SA signaling pathways.

As a transcriptional regulatory cofactor, VQ proteins 
can interact with several proteins to participate in the 
regulation of various physiological and biochemical pro-
cesses in plants. Of them, interactions with the WRKY 
transcription factor are the most important function 
of VQ proteins. For example, WRKY57 and WRKY33 
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interact with SIB1 and SIB2 and regulate the expression 
of JAZ1 and JAZ5, which are key inhibitors of the JA sig-
nal pathway. This blocks the JA signal and weakens the 
resistance of WRKY33 to B.cinerea [61, 62]. Recent stud-
ies have demonstrated that SIB1 and SIB2 can interact 
with WRKY75 to form a complex and negatively regulate 
ABA-mediated leaf senescence and seed germination 
[63]. Arabidopsis AtVQ15 can interact with AtWRKY25 
and AtWRKY51 to negatively regulate osmotic stress [13, 
22]. VQ20 interacts with WRKY34 and WKRY2 to regu-
late the expression of several pollen development-related 
genes in plant male gametogenesis to participate in the 
regulation of Arabidopsis male gametes [19]. In this 
study, we found that multiple TaVQ proteins can interact 
with different WRKY transcription factors. Analysis of 
the cis-elements demonstrated that nearly half of TaVQ 
genes contain one or more W-box cis-elements (WRKY 
transcription factors specific binding elements) in their 
promoter regions. These results indicate that WRKY 
transcription factors could play an important role in the 
function of VQ proteins.

Conclusions
This study identified a total of 113 wheat VQ motif-con-
taining genes and performed a comprehensive genome-
wide study on TaVQ genes. This included genome-wide 
identification, phylogenetic analysis, chromosome distri-
bution, cis-acting elements, and expression pattern anal-
ysis. TaVQ gene expression patterns in different tissues 
indicate that they play an important role in wheat growth 
and development. Expression analysis of TaVQ genes 
under biotic and abiotic stress indicates that TaVQ genes 
are involved in the regulation of wheat biotic and abiotic 
stress. The interaction network between TaVQ proteins 
and TaWRKY transcription factors demonstrated that 
certain TaVQ proteins must interact with TaWRKY tran-
scription factors to function. Our results provide a foun-
dation for future study of the function of TaVQ proteins 
in wheat.

Methods
Identification of the TaVQ gene family in wheat
Wheat protein sequences were downloaded from the 
EnsemblePlants [64], while Hidden Markov Model 
(HMM) profiles of the VQ domains (PF05678) were 
downloaded from the Pfam database [65]. The wheat pro-
teins database was then searched with the HMM profiles 
using the hmmsearch tool of HMMER software (v3.3.1) 
with cut-off values (e-value) of 1e-5. All candidate VQ 
motif-containing sequences were filtered to keep only 
VQ domains, which were then confirmed by the National 
Center for Biotechnology Information (NCBI) Con-
served Domain Database [66], the Pfam database, and the 

SMART database [67]. Bioinformatics analysis of each 
VQ gene was performed, and the length (amino acids), 
the pI (isoelectric point), and MW (molecular weight) 
were obtained from the online ExPasy website [68].

Phylogenetic analysis
Thirty-four Arabidopsis VQ protein sequences were 
downloaded from the TAIR database [69], 40 rice and 
61 maize VQ protein sequences were downloaded 
from the Phytozome database [70], 37 barley VQ pro-
tein sequences were downloaded from the Ensemble-
Plants. Multiple sequence alignments of the amino acid 
sequences were performed using Clustalw2 with default 
parameters. Based on the alignment files, the MEGA7.0 
software was used to construct a phylogenetic tree using 
the neighbor-joining method [71]. The bootstrap test 
method of the phylogenetic tree was used with 1000 
replicates for each node; other parameters were default. 
The phylogenetic tree was then drawn using EVOLVIEW 
[72].

Gene structure construction, protein domain, and motif 
analysis
We investigated the exon–intron structures of wheat 
VQ genes based on the information obtained from the 
GFF files using the online Gene Structure Display Server 
[73]. To evaluate the structural divergence of wheat VQ 
proteins, all 113 VQ full-length amino acid sequences 
were identified using the Multiple EM for Motif Elicita-
tion (MEME) online tool [74]. The parameters were as 
follows: the number of motifs was 20 with zero or one 
occurrence per sequence and a motif width between 6 
and 50 residues.

Chromosome locations and gene duplication
The start and end location information of 113 wheat VQ 
genes were obtained from URGI [75], while the chromo-
somal location of the TaVQ gene distribution was drawn 
with MapChart  2.3 software[76]. All TaVQ nucleotide 
sequences were aligned using BLASTN software with 
an E-value below 1e-20 [77]. We used the following cri-
teria to analyze VQ gene duplication events in wheat: 
(1) length of the alignable sequence covered > 75% of the 
longer gene; (2) similarity of the aligned region > 75% at 
the nucleotide level [78]. Duplicated VQ gene pairs in 
wheat were obtained and visualized using Circos-0.69 
software [79]. The nonsynonymous substitution rate 
(Ka), the synonymous substitution rate (Ks), and the Ka/
Ks ratio of orthologous VQ gene pairs were obtained 
using the KaKs_calculator2.0 [80].
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Prediction of SSR and miRNAs targeting TaVQ genes
Simple sequence repeats (SSRs) were developed within 
the genomic sequences of TaVQ genes using MISA 
[81]. The SSR searching parameters were: mononu-
cleotides ≥ 10, dinucleotides ≥ 6, trinucleotides ≥ 5, 
tetranucleotides ≥ 5, pentanucleotides ≥ 5, and hexanu-
cleotides ≥ 5. The psRNATarget server was used to pre-
dict the potential miRNAs and their targets in TaVQ 
genes using default parameters [82]. Interaction net-
works between targeting miRNAs and TaVQ genes were 
drawn using the Cytoscape software (version 3.7.1) [83].

Expression profiling of TaVQ genes
To study TaVQ gene expression in different organs, RNA-
seq data of wheat VQ genes based on developmental 
time-course was downloaded from the Wheat Expression 
Browser [32]. Seventy tissues/time points from wheat 
cv Azhurnaya were considered as developmental stages 
[32]. Transcripts per million (tpm) were extracted as VQ 
gene expression values and an average of the homologs. 
Heatmaps were constructed using TBtools (v1.068) [84] 
on log2tpm + 1 for 40 VQ homologous genes from 113 
VQ genes.

Cis‑elements in the promoter regions of TaVQ genes
To better understand the family of TaVQ genes, we inves-
tigated the cis-elements of the TaVQ gene promoters. 
We analyzed upstream sequences within 1,500 base pairs 
(bp) of the coding sequences (CDS) for promoter analy-
sis. The sequences were submitted to the PlantCARE 
database [85] to identify their cis-elements. The number 
of cis-acting elements of the TaVQ genes was displayed 
using TBtools (v1.068).

Plant materials and stress treatments
The wheat used in this study was Chinese spring, which 
was planted in an artificial chamber with stable tempera-
tures of 23–25℃ at a 16  h light/8  h dark cycle. Abiotic 
stress treatments were as follows: treatment of one-week-
old seedlings with 4  °C (low-temperature stress), 42  °C 
(high-temperature stress), 200 mM NaCl, and 20% (w/v) 
polyethylene glycol 6000 (PEG 6000), respectively, as 
described previously [86, 87]. For phytohormone treat-
ments, wheat was treated with 100  µM abscisic acid 
(ABA), 100  µM methyl jasmonate (MeJA), and 100  µM 
salicylic acid (SA) [88]. Both the control and treated 
seedlings were harvested at 0 h, 1 h, 3 h, 6 h, 12 h, 24 h, 
and 48 h after treatment. Samples from all three biologi-
cal replicates were immediately frozen in liquid nitrogen 
at -80 °C for subsequent RNA extraction.

RNA extraction and qRT‑PCR analysis of TaVQ genes
RNAiso Plus (TaKaRa, Japan) was used to extract total 
RNA from Chinese spring leaves during the three-leaf 
period, according to the manufacturer’s instructions. 
The first-strand cDNAs were synthesized using Easy-
Script® One-Step gDNA Removal and cDNA Synthe-
sis SuperMix (Transgen Biotech, China) according to 
the manufacturer’s instructions, and methods in the 
previous study [89, 90]. Subsequently, qRT-PCR was 
performed with a QuantStudio 7 Flex real-time PCR 
system (Life Technologies, USA) using PerfectStart™ 
Green qPCR SuperMix (Transgen Biotech, China) 
according to the manufacturer’s instructions as men-
tioned before[89]. Primers used in the qRT-PCR analy-
sis were designed by the Primer 5.0 software, which is 
listed in Additional file  10: Table  S9. The β-actin was 
used as a housekeeping gene for the normalization of 
gene expression in at least three biological replicates. 
The 2−△△Ct method was used to calculate relative 
expression levels, while TBtools (v1.068) was used to 
visualize the heat maps of gene expression.

Interaction network analysis of TaVQ proteins
Protein sequences of the wheat WRKY family were 
obtained from the wheat genome database. Protein 
sequences of wheat TaVQ and TaWRKY transcription 
factors were mapped into the Arabidopsis database by 
constructing an Arabidopsis association model. The 
STRING online database (version 11.5) [91] was used 
to predict the TaVQ protein and TaWRKY interaction 
network model with a combined score of > 0.4. Interac-
tion networks between TaVQs and TaWRKYs were then 
drawn using the Cytoscape software.
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