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Abstract 

Background  γ-glutamylcyclotransferase (GGCT), an enzyme to maintain glutathione homeostasis, plays a vital role 
in the response to plant growth and development as well as the adaptation to various stresses. Although the GGCT​ 
gene family analysis has been conducted in Arabidopsis and rice, the family genes have not yet been well identified 
and analyzed at the genome-wide level in wheat (Triticum aestivum L.).

Results  In the present study, 20 TaGGCT​ genes were identified in the wheat genome and widely distributed 
on chromosomes 2A, 2B, 2D, 3A, 4A, 5A, 5B, 5D, 6A, 6B, 6D, 7A, 7B, and 7D. Phylogenetic and structural analyses 
showed that these TaGGCT​ genes could be classified into three subfamilies: ChaC, GGG​ACT​, and GGCT-PS. They 
exhibited similar motif compositions and distribution patterns in the same subgroup. Gene duplication analysis sug-
gested that the expansion of TaGGCT​ family genes was facilitated by segmental duplications and tandem repeats 
in the wheat evolutionary events. Identification of diverse cis-acting response elements in TaGGCT​ promoters indi-
cated their potential fundamental roles in response to plant development and abiotic stresses. The analysis of tran-
scriptome data combined with RT-qPCR results revealed that the TaGGCTs genes exhibited ubiquitous expression 
across plant organs, with highly expressed in roots, stems, and developing grains. Most TaGGCT​ genes were up-reg-
ulated after 6 h under 20% PEG6000 and ABA treatments. Association analysis revealed that two haplotypes of TaG-
GCT20 gene displayed significantly different Thousand-kernel weight (TKW), Kernel length (KL), and Kernel width 
(KW) in wheat. The geographical and annual distribution of the two haplotypes of TaGGCT20 gene further revealed 
that the frequency of the favorable haplotype TaGGCT20-Hap-I was positively selected in the historical breeding pro-
cess of wheat.

Conclusion  This study investigated the genome-wide identification, structure, evolution, and expression analy-
sis of TaGGCT​ genes in wheat. The motifs of TaGGCTs were highly conserved throughout the evolutionary his-
tory of wheat. Most TaGGCT​ genes were highly expressed in roots, stems, and developing grains, and involved 
in the response to drought stresses. Two haplotypes were developed in the TaGGCT20 gene, where TaGGCT20-Hap-I, 
as a favorable haplotype, was significantly associated with higher TKW, KL, and KW in wheat, suggesting that the hap-
lotype is used as a function marker for the selection in grain yield in wheat breeding.
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Introduction
Glutathione (GSH) [1], a natural tripeptide composed of 
γ-glutamy, cysteinyl, and glycine, is involved in the intra-
cellular γ-glutamyl cycle, the transportation of amino 
acids and other nutrients metabolism activity [2]. GSH 
metabolism can promote the formation of disulfides, 
thioethers and scavenge free radicals in living organisms 
[3]. It is one of the most effective scavengers of peroxides 
produced during intracellular metabolism and oxida-
tive stress in plants [3, 4]. GGCT is an essential enzyme 
involved in the catabolism of the γ-glutamyl cycle, which 
plays an important role in the degradation of GSH and 
the maintenance of GSH homeostasis [4]. GSH has been 
observed to convert to 5-oxoproline (5OP) by a combina-
tion of GGCT and 5-oxoprolinase in the cytoplasm. Sub-
sequently, 5OP was converted to glutamate and played a 
vital role in plant homeostasis [5].

GGCT, an enzyme with GSH degradation activ-
ity, has been discovered and characterized in mammals 
[4]. Subsequently, three homologs namely GGCT2;1, 
GGCT2;2, and GGCT2;3, have been identified in Arabi-
dopsis. In vitro experiments demonstrated that all three 
homologs degrade GSH at physiological concentrations. 
Furthermore, these homologs have been shown to suc-
cessfully complement the function of GSH degradation-
defective yeast mutant [2, 6]. GGCT was involved in 
a variety of biological processes in Arabidopsis thali-
ana, such as pollen tube growth [7], heavy metal stress 
response [8], salinity stress response [9, 10], and starva-
tion for the essential macronutrient sulfur (S) [11, 12]. 
GGCT2, as a protein with a cation transport regulatory 
structural domain, has been reported to protect plants 
from heavy metal toxicity by recycling glutamic and 
ensuring the dynamic homeostasis of GSH in response to 
abiotic stresses [2]. In addition, the promoter of GGCT2;1 
contains the SURE cis-element (SUlfur Response Ele-
ment), which has been found in the promoters of many 
genes that were transcriptionally up-regulated by S-star-
vation [10]. The up-regulated expression of GGCT2;1 in 
response to sulfur deficiency play a critical role in the reg-
ulation of root architecture by controlling GSH homeo-
stasis [10]. The GGCT​ genes have also been preliminarily 
studied in rice [13]. OsGGCT-1 and OsGGCT-2 expres-
sion are significantly up-regulated under drought and salt 
stress, suggesting that they involves in the response to 
salt and drought tolerance in rice [14].

As one of the most important staple food crops in the 
world, wheat (Triticum aestivum L.) is one of important 
food crops worldwide, accounting for one-fifth of calories 
consumed [15]. However, many biological function genes 
have not yet been well studied in wheat due to the het-
erologous hybridization and large genome size (~ 17 GB) 
[16]. Although the functions and regulatory mechanisms 

of GGCT​ genes have been studied in Arabidopsis and 
rice [2, 13, 17], the knowledge of their distribution, evo-
lution, and function is still limited in wheat. In the pre-
sent study, we systematically performed a genome-wide 
analysis of the wheat GGCT​ gene family to investigate 
their gene structures, phylogenetic relationship, genomic 
syntenic analysis, and cis-acting element analysis. The 
tissue-specific and expression patterns under differ-
ent stress treatments of these genes were also examined 
using the transcriptomic data and real-time quantitative 
PCR (RT-qPCR). In addition, we used wheat resequenc-
ing data from the WheatUnion database and grain trait 
data acquired from published work [18–22] to perform 
association analysis with TaGGCT​20 gene. The findings 
provided a good insight into the evolution and function 
of GGCT​ family genes.

Results
Identification of GGCT​ genes in wheat
In this study, 20 members of the TaGGCT​ family genes 
were eventually identified and named TaGGCT1 to TaG-
GCT20 (Table S1). The family members have been con-
firmed to possess the conserved GGCT domain based 
on the results obtained from the NCBI-CDD (https://​
www.​ncbi.​nlm.​nih.​gov/​Struc​ture/​bwrpsb/​bwrpsb.​cgi), 
Inter Pro (http://​www.​ebi.​ac.​uk/​inter​pro/​scan.​html) and 
SMART (http://​smart.​embl-​heide​lberg.​de/) databases 
[23–25]. These genes were unevenly distributed on chro-
mosomes 2A, 2B, 2D, 3A, 4A, 5A, 5B, 5D, 6A, 6B, 6D, 7A, 
7B and 7D. The length of the coding regions of GGCT​ 
genes ranged from 300 (TaGGCT15) to 2278  bp (TaG-
GCT6). The relative molecular weights (Mw) of proteins 
encoded by TaGGCT​ genes ranged from 11.34 (TaG-
GCT15) to 24.63 aa (TaGGCT19), and the isoelectric 
points (pI) ranging from 4.5 (TaGGCT5) to 9.13 (TaG-
GCT15). The predicted subcellular localization showed 
that most TaGGCT proteins were localized in the cyto-
plasm (Table S1).

Phylogenetic, gene structure and conserved motif analysis 
of GGCT​ genes
To confirm the genetic evolution relation of all puta-
tive TaGGCTs, a phylogenetic tree of the TaGGCTs in 
wheat was constructed. The results showed that GGCTs 
proteins were classified into three groups: ChaC, GGG​
ACT​, and GGCT-PS (Fig.  1). Interestingly, some genes 
of GGCT-PS subfamily (AtGGCT6/10) did not find their 
homologous in wheat, suggesting that they could be lost 
during the wheat evolution process.

The conserved motifs of wheat TaGGCT proteins 
were identified by the MEME database, thereby pro-
viding clarification on the structural diversity of these 
proteins. A total of 18 conserved motifs were identified 

https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
http://www.ebi.ac.uk/interpro/scan.html
http://smart.embl-heidelberg.de/
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(Fig.  2). The NCBI-CDD database revealed that motif 
2 was a conserved structural domain of GGCT_like 
superfamily, which was relatively conserved among all 
members of the GGCTs. Proteins in the same TaGGCT 
subfamily had similar motif compositions and distribu-
tion patterns. Of these, the motif 1, motif 4, motif 11, 
and motif 13 were only found in the GGCT-PS subfam-
ily. The motif 6 and motif 7 were observed in the GGG​
ACT​ subfamily and the motif 3 specifically existed in 
the ChaC subfamily. This suggested that they could 

possess evolutionarily conserved features with possibly 
similar functions (Fig. S1).

The structures of TaGGCT​ genes were analyzed and 
visualized using the GSDS software and the results 
showed that most members within the same subfamily 
generally shared similar exon/intron structure (Fig.  2). 
For example, all the GGCT-PS subfamily genes con-
tained five exons and four introns. The ChaC subfam-
ily contained eight exons and seven introns, except for 
TaGGCT15, which contained 4 exons and 3 introns. In 

Fig. 1  Phylogenetic tree analysis of GGCTs. Note: Different colour blocks indicate different subclasses of the TaGGCT​ gene family
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the GGCT-PS subfamily, TaGGCT7, TaGGCT10, and 
TaGGCT13 only contained one intron, while TaGGCT1, 
TaGGCT3, and TaGGCT8 did not have any introns. This 
suggested that TaGGCT​ genes were highly conserved in 
the duration of the wheat evolution.

Chromosomal localization and gene duplication 
in the wheat TaGGCTs
The results of chromosomal location showed that the 
TaGGCT​ genes were unevenly distributed on chro-
mosomes 2A, 2B, 2D, 3A, 4A, 5A, 5B, 5D, 6A, 6B, 6D, 
7A, 7B, and 7D (Fig. S2). To gain more insight into the 
expansion and evolution of TaGGCT​ family genes in 
wheat, a syntenic analysis of the family genes was per-
formed using the MCScanX program. A total of 24 co-
linear GGCT​ gene pairs were identified, including two 
pairs on chromosome 4A, three pairs on 2A/2B and 
7A/7B, four pairs on 5A/5B, and 12 pairs on 6A/6B/6D 
(Fig.  3, Table S2). Tandem duplication was not iden-
tified in TaGGCT​ family genes. Based on the Ka/Ks 
ratio of duplicated genes as a marker of selection pres-
sure, the Ka/Ks (< 1) showed that TaGGCT​ genes were 
driven by purifying selection pressure after duplica-
tion events (Table S2). In addition, syntenic analysis of 
TaGGCT​ genes among rice, wheat and maize revealed 

that 17 pairs of TaGGCT​ genes were homologous with 
OsGGCT​ genes in rice and 13 pairs were homologous 
with ZmGGCT​ genes in maize (Fig. S3). This suggested 
that GGCT​ genes could be closely related in different 
species, along with similar biological functions.

Analysis of cis‑acting elements of the wheat TaGGCT​ genes
Cis-acting elements in gene promoters are crucial 
regions for initiating transcription at transcription 
factor-binding sites, thus revealing the differences in 
transcript expression and biological function of dif-
ferent genes. The promoter sequence in the 2000  bp 
upstream of the transcriptional start site of TaGGCT​ 
family genes were analyzed by the PlantCARE software. 
Except for the basic cis-acting elements (CAAT-box 
and TATA-box), 29 cis-acting elements were screened 
and classified into four categories, including six for 
plant growth and development elements, six for phy-
tohormone response elements, five for light response 
elements, and 12 for stress regulation elements (Fig. S4, 
Table S3). The presence of different numbers and types 
of cis-acting elements in TaGGCTs promoters indicates 
that these genes might be involved in different regula-
tory mechanisms.

Fig. 2  Phylogenetic relationships, gene structure and conserved motifs of TaGGCT​ genes in wheat. Note: Structure of the TaGGCT genes, blue boxes 
represent UTRs, yellow boxes represent exons, and black lines represent introns
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Organ‑specific expression profiles of the wheat TaGGCT​ 
genes
The specific expression of genes in different plant organs 
and developmental stages provides important infor-
mation about their biological function. Therefore, the 
expression level of wheat GGCT​ genes in roots, stems, 
leaves, spikes, and grains at different developmental 
stages were analyzed using wheat transcriptome data 
from the Wheat Multi-omics database. The results 

showed that most TaGGCT​ genes were expressed as a 
broad-spectrum pattern in different organs, while three 
genes in subfamily ChaC, TaGGCT14, TaGGCT18, and 
TaGGCT19, only specifically expressed in nearly mature 
grains (Fig.  4a). This indicated these three genes could 
be involved in the regulation of grain development via 
some unknown pathway. To further verify the expres-
sion pattern of TaGGCT​ genes, RT-qPCR was applied 
to detect the expression level of six TaGGCT​ genes in 

Fig. 3  Collinearity analysis of TaGGCT​ genes. Note: Color lines indicate fragment replication, the innermost circle in the red circle is the wheat 
genome density heat map, and the outermost circle is the name and size of the wheat chromosome
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different organs, including root, stem, leaf, developing 
spikes, spikes at anthesis, and developing grains at 5, 
10, 15, and 20 Days after anthesis (DAA), respectively. 
The RT-qPCR results showed that most of genes were 
expressed at a higher level in the vegetative organs than 
the reproductive organs (Fig.  4b). Of these, the expres-
sion levels of TaGGCT11, TaGGCT13, and TaGGCT17 
were significantly higher in roots, stems and leaves than 
developing spikes, spikes at anthesis and grain at 5–20 
DAA. TaGGCT8 showed the highest expression level in 
roots. Interestingly, TaGGCT20 and TaGGCT13 were 
highly expressed in developing grains at 10 DAA and 20 
DAA, respectively. Thus, TaGGCT​ genes might serve 
diverse roles in the growth of vegetative organs, as well as 
the development of spike and grain in wheat at different 
expression patterns.

Stress‑induced expression profiles of the wheat TaGGCT​ 
genes
Since multiple abiotic stress-related elements were iden-
tified in the promoter of TaGGCT​ genes, the expression 

pattern of TaGGCT​ genes under different abiotic stress 
treatments were analyzed using transcript data from 
the wheat multi-omics database (Fig. S4, Table S3). The 
results showed that TaGGCT​ genes in the same sub-
clade with a similar expression pattern (Fig.  5a). For 
instance, the expression levels of TaGGCT14, TaG-
GCT16, TaGGCT17, TaGGCT18, TaGGCT19, and 
TaGGCT20 in subclade ChaC were up-regulated after 
6  h under drought-stressed treatment, except for TaG-
GCT15, which was up-regulated after 1  h under the 
treatment. Among GGG​ACT​ subfamily, TaGGCT3 and 
TaGGCT10 were up-regulated after 1  h under drought-
stressed treatment, while TaGGCT8 and TaGGCT13 
were up-regulated after 6 h under the treatment. In sub-
clade GGCT-PS, the expression of TaGGCT4, TaGGCT5, 
and TaGGCT9 was insensitive to drought-stressed treat-
ment, while TaGGCT12 was significantly down-regu-
lated under drought-stressed treatment. Under NaCl 
treatment, the expression of most genes was significantly 
down-regulated in the GGG​ACT​ and GGCT-PS sub-
families, while TaGGCT8 and TaGGCT12 were highly 

Fig. 4  Expression analysis of the TaGGCT​ genes. a Expression heatmap of TaGGCT​ genes in different growth stages and different tissues of Chinese 
Spring. b RT-qPCR analysis of TaGGCTs gene in different tissues and developmental periods in wheat. Note: Means and standard deviations (SDs) 
were calculated from three biological and three technical replicates. The error bars indicate the standard deviation. Tubulin was used as a reference 
gene. Z10: One-leaf stage; Z13: Three-leaf stage; Z23: Early tiller stage; Z30: Booting stage; Z32: Early jointing stage; Z39: Late jointing stage; Z65: 
Mid-flowering stage; Z71: 2 d after flowering; Z75: 10 d after flowering; Z85: 30d after flowering
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expressed after 6 and 24 h under NaCl treatment, respec-
tively. In the ChaC subfamily, the expression levels of 
TaGGCT15, TaGGCT16, TaGGCT17, and TaGGCT20 
were consistently decreased from 0  h ~ 48  h after NaCl 
treatment, whereas TaGGCT14, TaGGCT18, and TaG-
GCT19 were up-regulated after 6 h under the treatment 
(Fig. 5b). Therefore, it was speculated that different sub-
families might have functional differentiation to response 
to certain abiotic stress.

To further verify the function of TaGGCT​ genes in 
response to abiotic stress, the expression level of six TaG-
GCT​ genes significantly induced under different abiotic 
stress treatment were investigated by RT-qPCR under 
PEG (20% PEG6000), NaCl (200 mM) and ABA (100 µM) 
treatments. Under PEG treatment, the expression levels 
of six genes were significantly up-regulated (Fig.  5c). In 
particular, TaGGCT8 was rapidly up-regulated after 6 h 
under drought-stressed treatment and peaked at 12  h, 

Fig. 5  Expression analysis of TaGGCT​ genes in wheat under different treatments. a Expression heatmap of TaGGCT​ genes under drought and heat 
stress treatments. b RT-qPCR analysis of TaGGCT​ genes under PEG6000 treatment. c Expression heatmap of TaGGCT​ genes under salt stress 
treatment. d RT-qPCR analysis of TaGGCT​ genes under NaCl treatment. e RT-qPCR analysis of TaGGCT​ genes under ABA treatment. Note: Each 
bar value is the average value ± standard deviation based on three biological replicates. TaActin1 was used as a reference gene
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where the expression level was 10-fold higher than that 
of 0 h. Under NaCl treatment, the expression of TaGGCT​ 
genes, including TaGGCT11, TaGGCT13, TaGGCT16, 
TaGGCT17, and TaGGCT20 were significantly down-
regulated, while TaGGCT8 was significantly induced by 
NaCl treatment after 6 h (Fig. 5d).

ABA pathway is generally involved in the signaling 
transduction among diverse abiotic stress. Under ABA 
treatment, all six genes showed significantly up-regu-
lated expression. TaGGCT8, TaGGCT11, TaGGCT16, 
TaGGCT17, and TaGGCT20 were induced after 6  h 
treatment and reached peak at 12  h, while TaGGCT13 
reached the highest expression level after 48 h treatment 
(Fig. 5e). This suggested that TaGGCT​ genes family could 
be highly involved in the regulatory pathways of drought, 
salt, and ABA stresses.

Association analysis of TaGGCT20 gene haplotypes 
with grain‑related traits in wheat
Based on the wheat RNA-Seq data and RT-qPCR results, 
we found that some genes of TaGGCT​ family were highly 
expressed during wheat grain development. Thus, we fur-
ther detected polymorphisms in the 2000 bp DNA frag-
ment of the promoter and coding region of TaGGCT​ 
genes by using genomic sequence data of 677 varieties 
acquired from the Wheat Union website (http://​wheat.​
cau.​edu.​cn/​Wheat​Union/). The results showed that a 
total of 11 SNPs (single-nucleotide polymorphisms) vari-
ants were revealed by the analysis of SNP at promoter 

and coding regions of the TaGGCT20 gene. These 
variable sites were located at 1212(A/G), 1201(C/T), 
453(G/T), -95(T/C), -301(G/T), -343(A/G), -385(A/G), 
-391(T/C), -640(A/C), -712(C/A), and - 1565(C/T) bp 
positions. Based on these variable sites, two haplotypes 
were formed and named TaGGCT20-Hap-I and TaG-
GCT20-Hap-II (Fig.  6a). Bioinformatic analysis showed 
that the SNPs located in the promoter of GGCT​ genes 
may participate in the formation of several transcrip-
tion factor binding sites, such as ERF and ZF-HD bind-
ing site (Fig. 6b). To detect the effect of TaGGCT20 allele 
variation on yield-related traits in wheat, we used pub-
lished data from 122 of these 677 varieties to conduct the 
associations analysis of TaGGCT​ genes with grain traits 
(Table S4). We found that the TaGGCT20 gene with two 
haplotypes was significantly associated with TKW, KL, 
and KW in the three environments (P < 0.05) (Table S5). 
The TaGGCT20-Hap-I allelic variation had significantly 
higher TKW, KL and KW, compared to TaGGCT20-
Hap-II (Fig. 7a, b and c). Therefore, the transcription fac-
tor binding site specifically contained in the promoter of 
TaGGCT20 gene in TaGGCT20-Hap-I might be involved 
in regulating wheat grain development and increasing 
yield.

Selection of TaGGCT20 haplotypes in wheat breeding 
process
Breeding selection demonstrates the gradual accumula-
tion of superior haplotypes during the breeding process, 

Fig. 6  TaGGCT20 gene structure and main cis-element distribution of promoter. a TaGGCT20 gene structure and SNP site of the two haplotypes. 
b Distribution of cis-element containing SNP in two haplotype promoters of TaGGCT20 

http://wheat.cau.edu.cn/WheatUnion/
http://wheat.cau.edu.cn/WheatUnion/
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leaving a deep imprint in the genome. To investigate 
whether the TaGGCT20 gene was positively selected in 
wheat breeding, the geographical distribution of the two 
haplotypes of the TaGGCT20 gene was assessed using 
370 wheat varieties from 12 growing regions in China 
(Table S6). Meanwhile, 109 varieties were used to deter-
mine the frequency of these two haplotypes in the col-
lection of landraces and modern varieties in China. The 
results showed that TaGGCT20-Hap-II were extensively 
distributed in the wheat growing regions (Fig. 8a), while 
the frequency of favorite TaGGCT20-Hap-I with high 
TKW were increased from 13.64% in the 1970s to 42.86% 
after 2000 (Fig. 8b).

Discussion
GSH plays a crucial role in plant growth and develop-
ment, as well as responses to various abiotic stress [26]. 
As a key antioxidant, GSH is considered as a regulator 

to maintain cellular redox status in cells, thus indi-
rectly affecting cellular activity [27, 28]. As key enzymes 
involved in the pathway of glutathione degradation, some 
GGCT proteins has been identified and functional ana-
lyzed in Arabidopsis and rice [2, 29], but GGCT​ genes has 
not yet been studied in wheat. In this study, 20 TaGGCT​ 
genes were identified in wheat and their family members 
were comprehensively analyzed to explore the functions 
of the TaGGCT​ family genes (Table S1).

Comparisons between genomes of different organ-
isms can provide rapid insights into the genomic struc-
ture and their biological function [30]. According to 
previous findings in Arabidopsis and rice, GGCT​ genes 
were classified into three different subfamilies (Fig.  1), 
consistent with our results according to the phyloge-
netic tree analysis [2, 30]. Previous studies revealed that 
genes typically undergo tandem repeat events to amplify 
gene family members during the evolutionary process 

Fig. 7  Association analysis of TaGGCT20 allelic variation and yield traits in different environments. a Association analysis of two haplotypes 
of TaGGCT20 with TKW in three environments. b Association analysis of two haplotypes of TaGGCT20 with KL in three environments. c Association 
analysis of two haplotypes of TaGGCT20 with KW in three environments. Note: The X-axis represents different environments (Luoyang, 
2002; Luoyang, 2005; Xinxiang, 2006; Shunyi, 2010). The values show the mean ± SD (n > 50 seeds). Significant statistical analysis was carried 
out by Student’s t -test (*, P  < 0.05; **, P  < 0.01)
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[31]. Meanwhile, gene duplication can cause functional 
divergence among genes and expedite the emergence of 
novel genes [10, 32–35]. In this study, a large amount of 
gene duplication was identified in TaGGCT​ family with 
the Ka/Ks ratio of GGCT​ gene pairs less than 1 (Table 
S2). This indicated that the TaGGCT​ genes might have 
undergone purification selection pressure and were 
retained to promote the expansion of GGCT​ genes in 
wheat. For example, TaGGCT15, as a separate branch in 
phylogenetic tree, missed numbers of conserved motifs 
compared with other GGCT​ genes and might lead to 
functional differentiation.

As one of the most important food crops, wheat is 
affected by diverse environmental stresses, leading to 
substantial yield loss [36, 37]. Previous studies showed 
that the GGCT​ genes were involved in plant abiotic stress 
response, such as drought, salinity, and sulfur starvation 
[38]. Considering that the promoter regions of TaG-
GCT​ family members also contained many cis-elements 
related to plant hormones and stress, such as ABRE, DRE, 
MYB and LTR (Fig. S4, Table S3), we analyzed the expres-
sion patterns of TaGGCT​ genes under different abiotic 
stresses using the RNA-Seq database and validated the 
results with RT-qPCR. The expression levels of TaGGCT​ 
genes were differentially regulated in response to drought 

and salt stress treatments (Fig.  5). Overall, these results 
suggested that TaGGCT​ genes might be involved in the 
plant responses to drought stresses.

The cis-acting sequence of abscisic acid responsive 
element (ABRE) has been identified in the promoters of 
TaEm, Osem and Rab16A-D, as well as barley HVA22 
and HVA1, playing a key role in plant response to envi-
ronmental stress [39]. In this study, RT-qPCR analysis 
revealed that the expression of TaGGCT8, TaGGCT11, 
TaGGCT16, TaGGCT17, and TaGGCT20 were up-reg-
ulated and peaked at 12  h after ABA treatment, while 
TaGGCT13 were reached at the highest level after 48 h 
(Fig.  5). It is consistent with the fact that the promoter 
region of TaGGCT​ gene family members contains many 
abscisic acid response elements (Table S3). This finding 
suggested that the TaGGCT​ genes could play an impor-
tant role in the response to drought and salt stress via the 
ABA-dependent pathway.

Breeding new varieties with high-yield potential and 
stress tolerance is one of the main challenges for breed-
ers. Long-term breeding selection has greatly affected 
the current genetic and phenotypic variation in com-
mon wheat [40]. Therefore, the application of molecular 
maker and identify superior haplotypes are effective ways 
to improve breeding accuracy and efficiency [41]. Many 

Fig. 8  Spatial and temporal distribution of TaGGCT20 haplotype. a Geographic distribution of varieties with TaGGCT20 haplotypes in China. 
b Frequencies of TaGGCT20 allelic variation in Chinese wheat breeding programs in different decades
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superior haplotypes affecting yield have been identified 
in wheat, such as TaSus2-2B, TaGS1a and TaTPP-6AL1 
[42–44]. In this study, we identified two haplotypes of the 
TaGGCT20 gene, and the TaGGCT20-Hap-I had signifi-
cantly higher TKW, KL, and KW than TaGGCT20-Hap-
II (Fig. 7a, b and c). Although TaGGCT20-Hap-I was not 
adequately selected in most regions of China, a signifi-
cant increase in TaGGCT20-Hap-I had occurred in mod-
ern varieties in major wheat production areas in recent 
decades (Fig. 8a and b). The possible reason was the lack 
of well understanding about the genome information 
of local wheat varieties in the early breeding process. 
Therefore, the superior haplotype TaGGCT20-Hap-I 
were gradually positively selected in the historical wheat 
breeding process.

Materials and methods
Plant material and growing conditions
A wheat variety Jinmai 47 was provided by Dryland 
Wheat Breeding Group of Shanxi Academy of Agri-
cultural Sciences and propagated in the laboratory. The 
culture conditions of wheat seedlings: 65% humidity, 
22–25 °C, light/night, 20,000 lx light intensity, and 16/8-
hour cycle. The Hoagland nutrient solution was replaced 
every five days to ensure a constant supply of nutrients. 
Seedlings were treated with PEG (20% PEG 6000), NaCl 
(200 mM) and ABA (100 µM) at three-leaf stage (approx-
imately 12 days). The first leaves of the wheat seedlings 
were collected at 0, 6, 12, 24 and 48  h after treatment, 
stored at -80  °C refrigerator. Untreated wheat seedlings 
were transferred in pots to culturing. Then root, stem 
and leaf at anthesis, developing spikes, spikes at anthesis, 
developing grain at 5, 10, 15, and 20 DAA were collected 
respectively, immediately frozen with liquid nitrogen, 
and stored at -80 °C until further use.

Identification of TaGGCT​ genes members in wheat
To identify the GGCT​ genes in wheat, the wheat whole 
genome data, CDS sequences, protein sequences and 
annotation files were downloaded from the Ensemble 
Plants (http://​plants.​ensem​bl.​org) database [45]. We 
identified GGCT sequences using Hidden Markov Model 
(HMM) [46] and Basic Local Alignment Search Tool 
(BLAST) [47] searches through Chinese Spring reference 
genome V1.1 (IWGCS RefSeq v1.1). The GGCT con-
served structure domain HMMER file (PF04752) as the 
query sequence was downloaded [48]. The HMMER 3.0 
software was used to search the whole genome protein 
sequence to obtain the wheat TaGGCT​ candidate genes. 
(threshold E < 1e-5). The sequence of TaGGCT​ candidate 
genes in wheat was analyzed by NCBI-CDD (https://​
www.​ncbi.​nlm.​nih.​gov/​Struc​ture/​bwrpsb/​bwrpsb.​cgi), 
Inter Pro (http://​www.​ebi.​ac.​uk/​inter​pro/​scan.​html) and 

SMART (http://​smart.​embl-​heide​lberg.​de/) databases 
to further validated the wheat TaGGCT protein with a 
GGCT_like structural domain [23–25, 41]. Based on the 
previously reported phylogenetic clustering of GGCT 
in Arabidopsis, the identified wheat GGCT​ genes were 
renamed as TaGGCTs [2]. The sequences of the final 
identified wheat GGCT​ gene family members were sub-
mitted to ExPASY (http://​web.​expasy.​org/​protp​aram/) 
for Mw and pI prediction. The subcellular localization 
prediction was performed using Gpos-mPLoc (http://​
www.​csbio.​sjtu.​edu.​cn/​bioinf/​Gpos-​multi/) [48, 49].

Phylogenetic analysis of the GGCT​ gene family
A total of 12 AtGGCTs, 7 OsGGCTs, and 20 TaGGCTs 
proteins were selected for phylogenetic analysis (Table 
S7). The protein sequences of wheat, Arabidopsis and 
rice GGCT​ genes were compared by multiple sequence 
alignment by the software MEGA11.0. The phylogenetic 
tree was constructed using the Neighbor-Joining algo-
rithm (NJ) [50].

Chromosomal localization, gene duplication 
and homology analysis of the TaGGCT​ genes in wheat
The chromosomal location of the wheat GGCT​ genes 
were obtained using the Ensemble Plants database 
(http://​ftp.​ebi.​ac.​uk/​ensem​blgen​omes/​pub/​relea​se-​51/​
plants/​gff3/​triti​cum_​aesti​vum/). The TBtools software 
was applied for chromosome localization [51]. Syntenic 
analysis was performed using the One Step MCScanX 
[52, 53] module of TBtools [51] software. The Simple Ka/
Ks Calculator module to calculate the rate of synony-
mous substitution rate and non-synonymous substitution 
rate for duplicate gene pairs. Here, if the Ka/Ks ratio = 1 
means neutral selection, Ka/Ks < 1 represents pure selec-
tion and Ka/Ks > 1 represents the trend evolution accel-
erator with positive selection [54].

Gene structure and conserved sequence analysis of wheat 
TaGGCTs
The genome and CDS sequence of wheat GGCT​ genes 
were downloaded from EnsemblPlants (http://​plants.​
ensem​bl.​org/​info/​data/​ftp/​index.​html) to analyze the 
TaGGCT​ genes structure by GSDS (http://​gsds.​cbi.​pku.​
edu.​cn/) online software. The protein conserved motifs 
were identified using the MEME [55] online program 
(http://​meme.​nbcr.​net/​meme) with the motif number set 
to 20 and visualized using TBtools software [18].

Analysis of cis‑acting elements of wheat TaGGCTs
The promoter sequences (2000 bp of sequence upstream 
from the transcription start site) of TaGGCTs genes 
were obtained from the wheat genomics database. The 
promoter cis-acting elements of TaGGCTs genes were 

http://plants.ensembl.org
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
http://www.ebi.ac.uk/interpro/scan.html
http://smart.embl-heidelberg.de/
http://web.expasy.org/protparam/
http://www.csbio.sjtu.edu.cn/bioinf/Gpos-multi/
http://www.csbio.sjtu.edu.cn/bioinf/Gpos-multi/
http://ftp.ebi.ac.uk/ensemblgenomes/pub/release-51/plants/gff3/triticum_aestivum/
http://ftp.ebi.ac.uk/ensemblgenomes/pub/release-51/plants/gff3/triticum_aestivum/
http://plants.ensembl.org/info/data/ftp/index.html
http://plants.ensembl.org/info/data/ftp/index.html
http://gsds.cbi.pku.edu.cn/
http://gsds.cbi.pku.edu.cn/
http://meme.nbcr.net/meme
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predicted by PlantCARE database (http://​bioin​forma​tics.​
psb.​ugent.​be/​webto​ols/​plant​care/) to analyze the cis-ele-
ments species, number and function [45], and visualized 
through the TBtools software.

Analysis of the gene expression pattern of TaGGCTs 
in wheat
The RNA-Seq data of Chinese Spring [56] in different tis-
sues/organs of the wheat variety of Chinese spring at the 
different development periods were downloaded from 
the WheatOmics1.0 (http://​202.​194.​139.​32/​expre​ssion/​
wheat.​html) [57] to analyze the differential expression 
characteristics of TaGGCT​ genes family members. The 
data was visualized and mapped based on the TBtools 
software [58].

RNA extraction and quantitative real‑time PCR analyses
Total RNA was extracted from the collected samples 
using the TIAN GEN.® Plant Tissue RNA Rapid Extrac-
tion Kit according to the instructions. First-strand cDNA 
was synthesized using FastKing gDNA Dispelling RT 
SuperMix (BEIJING). RT-qPCR analysis was performed 
using FastReal qPCR PreMix (SYBR Green) to detect 
changes in the relative expression of six genes in different 
tissues and under different stress treatments according to 
the method. Wheat TaTubulin [59] was used as reference 
gene for wheat tissue development expression analysis, 
and wheat TaActin1 [60] was used as reference gene for 
wheat stress expression analysis. The 2−ΔΔCt method was 
used to calculate relative transcription levels normalized. 
All quantifications were performed in three biological 
replicates. The primers used for RT-qPCR were listed in 
Table S8.

Association analysis of the TaGGCT20 gene 
with seed‑related traits in wheat
The 677 hexaploid wheat resequencing data in Whea-
tUnion database (http://​wheat.​cau.​edu.​cn/​Wheat​
Union/?​langu​age=​en) was used to obtain the variant 
site of the TaGGCT​ genes [18–22]. Using the software 
SPSS 26, the phenotypic differences between geno-
types were determined based on one-way ANOVA. The 
PlantPAN3.0 (http://​plant​pan.​itps.​ncku.​edu.​tw) was 
used to predict the cis-acting element in the 2000  bp 
promoter region of TaGGCT20 gene. A total of 370 
strains from the WheatUnion database were used to 
analyze the geographical distribution of TaGGCT20 
two haplotypes in China, and 109 strains were used to 
analyze the selection of TaGGCT20 two haplotypes in 
the different decades in China. The phenotypic data of 
122 wheat test strains were obtained from published 
article [1, 20, 21]. They determined TKW, KL, KW in 

Luoyang, Henan Province in 2002 and 2005 and Shunyi, 
Beijing in 2010. All of material information were listed 
in Tables S4, S6, S9 and S10.

Statistical analysis
One-way analysis of variance (ANOVA) was performed 
using IBM SPSS Statistics 25.0 software (http://​www.​
ibm.​com) to determine the significance of different 
haplotypes with respect to phenotypic traits.
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