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Abstract

Glycerol-3-phosphate dehydrogenase (GPDH) catalyses the interconversion of glycerol-3-phosphate
(G3P) and dihydroxyacetone phosphate (DHAP), and plays key roles in different developmental processes and
stress responses. GPDH family genes have been previously investigated in various plant species, such as
Arabidopsis, maize, and soybean. However, very little is known in GPDH family genes in wheat. In this study,
a total of 17 TaGPDH genes were identified from the wheat genome, including eight cytosolic GPDHs, six
chloroplastic GPDHs and three mitochondrial GPDHs. Gene duplication analysis showed that segmental
duplications contributed to the expansion of this gene family. Phylogenetic results showed that TaGPDHs
were clustered into three groups with the same subcellular localization and domain distribution, and similar
conserved motif arrangement and gene structure. Expression analysis based on the RNA-seq data showed that
GPDH genes exhibited preferential expression in different tissues, and several genes displayed altered
expression under various abiotic stresses. These findings provide the foundation for further research of wheat
GPDH genes in plant growth, development and stress responses.

Keywords: abiotic stress; expression profile; glycerol-3-phosphate dehydrogenase (GPDH); phylogeny;

wheat

Introduction

Glycerol-3-phosphate dehydrogenase (GPDH) is an essential enzyme in glycerol-3-phosphate (G3P)
biosynthesis and metabolism. G3P can be generated directly from dihydroxyacetone phosphate (DHAP) via
NAD*-dependent GPDH, which catalyses the conversion of DHAP to G3P (Vigeolas ez al., 2007; Xue ez 4l.,

2017; He et 4l., 2020). As an important intermediate, G3P plays crucial roles in several metabolic processes,
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such as glycolysis, glycerol and glycerolipid metabolism (Vigeolas and Geigenberger, 2004; Chanda ez 4., 2011;
Driver et al., 2017; Zhao et al., 2021a). Importantly, G3P plays a key role in G3P shuttle which is a complex
process that transfers electrons from cytosolic NADH to the mitochondrial electron transport chain (Mradek
et al., 2013). In this pathway, a cytoplasmic NAD*-dependent GPDH (EC 1.1.1.8) and a FAD-dependent
mitochondrial GPDH (EC 1.1.5.3) were commonly components in G3P shuttle and take part in keeping
balance of the NADH/NAD" ratio (Shen et al.,2003; Shen ez 4l., 2006).

Two classes of GPDH enzymes were identified in various species depending on their associated
cofactors, namely NAD*-GPDH and FAD-GPDH (Wu et 4l., 2019). Different GPDH isoforms possess
diverse protein structures and subcellular localizations. In general, NAD*-GPDHs are located in the cytoplasm
or chloroplast and harboured a NAD*-binding domain (PF01210) and/or a NAD*-GPD domain (PF07479),
while FAD-GPDHs are mitochondrion-localized and possess FAD-dependent oxidoreductase domain (DAO,
PF01266) and an alpha-glycerophosphate oxidase domain (DAO_C, PF16901) (Zhao et al.,2018; Wu ¢t al.,
2019).

So far, a number of GPDH genes have been well characterized, and some reports highlighted the key
roles of them in intracellular glycerol production and lipid accumulation. For example, seed-specific
overexpression of a yeast gene encoding the cytosolic GPDH (GPD1) in oil-seed rape (Brassica napus L.) led to
a40% increase in the final lipid content of the seed while the seed protein content was unchanged (Vigeolas ez
al., 2007). Similarly, seed-specific overexpression of the yeast GPDI can also increase seed mass, seed size and
seed yield in transgenic Camelina sativa, and co-expression of the yeast ScGPD1 and Arabidopsis diacylglycerol
acyltransferasel (DGATI) genes in transgenic C. sativa plants resulted in obviously higher oil harvest index,
seed and oil yields on a dry weight basis than the wild type or plants overexpressing ScGPDI and DGAT1 alone
(Chhikara ez al., 2018). When compared with the wild type, both of Chlamydomonas reinbhardtii CrGPDH2
and CrGPDH3 knockdown lines displayed reduced lipid accumulation during nitrogen and phosphorus
starvation, while only GPD3 overexpression lines showed reduced glycerol concentration and altered to lipid
composition (Driver et al., 2017). There are five GPDH isoforms in Arabidopsis, with two cytosolic NAD*-
GPDHs, two plastidic NAD*-GPDHs and one mitochondria FAD-GPDH, respectively. A plastidic NAD*-
GPDH gene, Ar*GPDHp2 (SFD1/GLY1, At2G40690) is required for glycerolipid synthesis in the chloroplasts,
and it can increase plastidic lipid content when overexpression in transgenic rice plants (Nandi ez 4/, 2004;
Lorenc-Kukula ez al, 2012; Singh et al, 2016). A recent study revealed that transgenic soybean plants
overexpressing of a chloroplast-localized NAD*-GPDH gene, GmGPDHpl, which is a homolog of
AtGPDHp?2, displayed increased oil content in mature seeds (Zhao ez al., 2021a). In addition, the function of
GPDH family members in stress responses has also been reported. For example, both C. reinbardtii CrGPDH2
and CrGPDH3 can restore glycerol production and rescue the salt tolerance to the salt-sensitive gpd 1 Agpd24
double mutant in yeast (Casais-Molina ¢t 4/, 2016). Overexpression of ZmGPDH1, a maize cytosolic NAD*-
dependent GPDH gene, conferred salinity and osmotic stress tolerance in transgenic Arabidopsis plants (Zhao
etal., 2019a).

To date, the GPDH gene family has been investigated and characterized at the whole-genome level in
several organism, such as Chlamydomonas reinhardtii (Herrera-Valencia ez al., 2012), maize (Zea mays) (Zhao
et al., 2018), Dunaliella salina (Wu et al., 2019), and soybean (Zhao et /., 2021b). However, there have been
no studies on the GPDH gene family in wheat so far. In this study, we identified the GPDH family members
in wheat, and analysed their evolutionary relationships, chromosomal distributions, protein and gene
structures, as well as tissue-specific expression and expression patterns under stress conditions. Our findings
have shed light on the functions of GPDH genes in wheat.
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Materials and Methods

Screening and identification of GPDH genes in the wheat genome

To identify GPDH proteins in wheat, the Basic Local Alignment Search Tool algorithm program
(BLASTP) was performed against the wheat reference sequence in the Ensembl Plants database
(htep://plants.ensembl.org/Triticum_aestivum) and Phytozome (https://phytozome-next.jgi.doe.gov/) with
the published Arabidopsis and rice GPDH protein sequences as queries. After removing the repeated sequences,
the remaining candidate sequences were verified for the presence of NAD*-binding domain (PF01210) or
GPDH-type DAO domain (PF01266) by using the Pfam database (https://pfam.xfam.org/) and SMART
(htep://smart.embl-heidelberg.de/).

The protein sequences of the wheat GPDH genes were obtained from Ensembl Plants database, and the
physical parameters including molecular weight (MW), isoclectric point (pI) and grand average of
hydropathicity (GRAVY) of each TaGPDH protein were calculated using the ProtParam of the ExPasy
website (htep://www.expasy.org/). We used the ProtComp 9.0 server
(htep://linux1.softberry.com/berry.phtml) to analyze the subcellular localization of TaGPDH proteins.

Chromosomal location, gene duplication, synteny and phylogenetic analyses of TaGPDHs in wheat

The chromosomal location information of each wheat GPDH gene was visualized with the MapChart
tool (Voorrips, 2002). Gene duplication events and synteny analysis were determined following the methods
as previously described (Chen ez al., 2020; Jin et al., 2020). Multiple sequence alignments of the GPDH
proteins were performed using MAFFT (https://www.ebi.ac.uk/Tools/msa/mafft/) with default parameters.
The NJ (Neighbour-Joining) phylogenetic tree was created using MEGA7.0 software with 1000 replicated-
bootstraps (Kumar ez a/., 2016).

Conserved motif and gene structure analyses of TaGPDH genes in wheat

The online MEME website (http://meme-suite.org/) was employed to find the conserved motifs of
TaGPDH proteins. The parameters were set as follows: the maximum number of motifs 10, and the optimum
motif width from 6 to 50. The sequences of CDS and gDNA of the wheat GPDH genes were obtained from
Ensembl Plants database, and the GSDS server was used to conduct the structural analysis of the wheat GPDH
genes (Hu ez al., 2015).

In silico expression analysis of TaGPDH genes

The expression patterns of TaGPDH genes in different tissues were retrieved from publicly available
RNA-seq data at the Wheat Expression Browser (www.wheat-expression.com) (Borrill ez 4/, 2016). For in
silico expression analysis of expression during abiotic stress, RNA-seq data of the “TAM 107’ cultivar grown
under drought and heat were downloaded from the NCBI Short Read Archive (SRA) database under the
number of PRINA257938 (Liu ¢z al., 2015). And the expression values of each 72GPDH gene were analysed
and presented as TPM (transcripts per million) according to the previous studies (Gholizadeh and
Mirzaghaderi, 2020; He ez al., 2021). The log2(TPM+1) values were used to create the heat map with the

TBtools software as previously described (Liao ez al., 2021).
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Results

Genome-wide identification of GPDH gene family in wheat

Wheat GPDH family members were identified by BLASTP analysis using AtGPDH and OsGPDH
members as queries. In total, 17 TaGPDHs were identified in the wheat genome, and they were designated
from TaGPDH1-1A to TaGPDH17-Un based on their positions on the chromosomes (Table 1).

The length of cDNA and gDNA of GPDH genes ranged from 846 bp (172GPDH14-44) to 2734 bp
(TaGPDH6-34) and from 2903 bp (7aGPDHI-14) to 6285 bp (TaGPDH4-2B), respectively.
Correspondingly, the protein sequences of TaGPDHs ranged from 272 aa (TaGPDH14-4A) to 635 aa
(TaGPDH4-2B), and their relative MW, pIs,and GRAVYs varied between 29.56 to 68.40 kDa, 5.58 to 10.16,
and -0.161 to 0.114, respectively (Table 1). In addition, eight, six and three TaGPDH proteins were predicted

to localize on the cytoplasm, chloroplast, and mitochondrion, respectively (Table 1).

Table 1. Identification and characterization of GPDH gene family in wheat

Domain (aa) Protein
Gene Locus C:;r:lr:o Chron'm'soma.[ g?\N ;chIg\It‘: Ijél? NAD_ DAO Lenge MW Subcellular
Eosiiioy ®p) | ®p) | 3p.d Gdlfg DAO | e | B | kpa) | P | G| prediction
h N = (2a)

ZIG_Z) T‘“SICZZIO‘EOZQ 1A 55%21135(;5;3 2903 | 1767 123;; 247227 / / 466 | 5142 | 877 | -0.146 | Cytoplasm
Z;fg Tmsfzs 610?)02'33 1D 2%8821571?65 3330 | 2118 122497 246272 / / 461 | s113 | 877 | -0161 | Cytoplasm
23('2? Tmfosszo‘;omo 2A 3311%8839232[; 609 | 2312 / / 47453 46%51 631 | 6828 | 835 | -0.095 Mi“’;}:’"dr
Z’ZE; T‘”SSZZO%OZGO 2B 4477116773034259 6285 | 2335 / / 47497 46%95 635 | 6840 | 859 | -0.057 M“";}:’"dr
Z;’g g Tra“g;;g)omo 2D 2221167/(‘;;6357 5873 | 1899 / / ;‘;2 ?6/(‘) 632 | 6412 | 820 | -0.089 Mi“’;}:’“d‘
Zf_ﬁf T“‘“Scos:()‘;oz& 3A 55775;3 11‘1493483 4506 | 2734 123576 247351 / /| 469 | stes | 760 | -0145 | Cyroplasm
276_;)5 Tm“gssf(;;om/‘ 3A 7711%2277296(12 4713 | 1999 1235(())’ 246284 / / 456 | 5077 | 763 | -0118 | Cytoplasm
Zlgj T‘*‘CSZC}S93£°2GS 3A 7%9911 5526542 3902 | 1686 1151 23(23 / / 366 | 3997 | 558 | 0009 | Chloroplast
zggg T“’CSGCOSG%%OZQ 3B 55772228822722 4347 | 2592 123576 247351 / / 469 | s174 | 802 | -0150 | Cyroplasm
Z;;_I;ID; T‘“SZCIZ%OZGS 3B 776644669937253957 2363 | 1909 1235%' 246284 / / 456 | 5077 | 764 | 0099 | Cyroplasm
;’;i’ig T’“f:gg)ozm 3D 44277221148881(; 3990 | 2232 123576 247351 / / 469 | s172 | 761 | -0.149 | Cytoplasm
;’;;’I;I; T’“f::g)ozm 3D 5577551123?)922 4309 | 1819 123501 246;1 / / 456 | 5082 | 764 | -0.100 | Cyroplasm
;’;;’I;g T’“f:jg)ozcs 3D 66%6688?3877916 3926 | 1645 11 g . 23209' / / 357 | 3908 | 579 | -0022 | Chloroplast
}TZ f_l; Z T“‘“IC;;‘O‘?)MGO 4A 1111667722552) 3258 846 517 / / / 272 | 2956 1(;'1 -0.121 | Chloroplast
ZCS'I; 1; T“’“;if)%om 4B 5577%1112161;‘582 5405 | 1876 12(;22 248212 / / 433 | 4664 | 931 | 0114 | Chloroplast
;‘; 2’1; I; T”‘“g::g) 02G2 1 4p 445566%4594?;(; su6 | 167 | 2| B0 / /| 453 | 4844 | 925 | 0040 | Chloroplast
Z;’I;Z Trmiigg 2605 Un 442256%?77775 3769 | 1781 11 :;) . 23(;09' / / 357 | 39.08 | 568 | -0022 | Chloroplast

Phylogenetic analysis of GPDH gene family in wheat

To investigate the evolutionary history of the GPDH gene family, a NJ phylogenetic tree was created
using five, six, and 17 GPDH protein sequences from Arabidopsis, rice, and wheat, respectively. The result
showed that these GPDHs can be divided into three groups (Group A-C) (Figure 1). Amongst them, the
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Group A contains the largest numbers of TaGPDHs (eight members), followed by Group B and C, which

contains six and three TaGPDHs, respectively (Figure 1).
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Figure 1. Phylogenetic tree of GPDH proteins of Arabidopsis, rice, and wheat. The full-length GPDH
protein sequences of Arabidopsis, rice, and wheat were aligned with MAFFT and the NJ phylogenetic tree

was constructed in MEGA 7.0 with 1000 bootstrap replications. The complete detail of GPDH proteins
is provided in Table S1

Comparison of conserved motifs of TaGPDH proteins in wheat

Multiple sequence alignment results of the TaGPDH proteins were used to create a NJ phylogenetic
tree and investigate the comparison of conserved motifs. Nearly all TaGPDHs clustered in Groups A and B
contained a N-terminal NAD'-binding domain (PF01210) and a C-terminal NAD*-GPD domain
(PF07479), with the exception of TaGPDH14-4A (Figure 2A, 2B). The remaining three TaGPDH proteins
(TaGPDH3-2A, TaGPDH4-2B and TaGPDHS5-2D) clustered in Group C contained a N-terminal FAD-
dependent oxidoreductase domain (DAO, PF01266) and a C-terminal alpha-glycerophosphate oxidase
domain (DAO_C, PF16901) (Figure 2A, 2B).
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To further study the structural diversity of TaGPDH proteins, MEME analysis was carried out to
predict the motif distribution and composition. As a result, a total of ten conserved motifs, designated as motifs
1-10, were identified (Figure 2C; Table S2). Of which, motif 3 was shared by all TaGPDH proteins. All
TaGPDH proteins from Group A in the phylogenetic tree contained motifs 1-9 but lacked motif 10, while
TaGPDH14-4A, TaGPDHI15-4B, and TaGPDH16-4D from Group B harbored only motifs 7, 9 and 10
(Figures 2A, 2C). It is noteworthy that three TaGPDHs from Group B (TaGPDHS8-3A, TaGPDH13-3D,
and TaGPDH17-Un) and all TaGPDH proteins from Group C (TaGPDH3-2A, TaGPDH4-2B, and
TaGPDH5-2D) possessed only motif 3 and motif 10, while TaGPDH3-2A, TaGPDH4-2B, and TaGPDHS5-

2D had double motif 3 in their C-terminal regions (Figures 2A, 2C).
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Figure 2. Phylogenectic relationships (A), schematic representation of conserved domains (B) and
conserved motif arrangements (C) of TaGPDH proteins in wheat

Gene structure of TaGPDH genes in wheat

To study the structural characteristics of 7aGPDH genes, we examined the gene structure of 7aGPDH
genes by using the GSDS tool, and found that all 72GPDH genes contain introns (Figure 3). The number of
introns in the 7aGPDH genes ranged from 4 to 10, with the greatest number of introns in the TaGPDHS-34,
TaGPDHI3-3D, and TaGPDHI7-Un. Gene structure analysis revealed that genes from Group A and Group
C possessed have a similar structure and contained 4 and 5 introns, respectively, while genes from Group B a
higher variation in the number of introns, ranged from 5 to 10 (Figure 3).
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Chromosomal distribution and duplication analyses of TaGPDH genes

A total of 16 of 17 TaGPDH genes were unevenly distributed on 11 wheat chromosomes, and the
information for each 72GPDH gene was visualized by using MapChart. There are three 72GPDH genes on
chromosomes 3A and 3D, which contained the most TaGPDH genes, and two TaGPDH genes were located
on chromosome 3B. In contrast, chromosomes 1A, 1D, 2A, 2B, 2D, 4A, 4B, and 4D each contain one

TaGPDH gene (Figure 4).
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Figure 4. Chromosomal localization of the TaGPDVH genes in the whe;t genome

TBtools was used to investigate the duplication events of 72GPDH genes by using the full-length
TaGPDH protein sequences. As a result, 16 TaGPDH genes were arranged in WGD/segmental duplication,

and these genes made up 19 pairs of duplication events (Figure 5).
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Syntenic relationship analysis of GPDH genes

To study the phylogenetic mechanisms behind the extension of GPDH genes, synteny analysis of GPDH
genes was conducted by MCScanX among wheat and its corresponding progenitor species, including Aegilops
tauschii (DD), T. urartu (AA, green box), T. turgidum (AABB), and T. dicoccoides (AABB). The results showed
that a total of 2, 10, 10, and 5 GPDH genes had a syntenic relationship between wheat and T. wrartu, T.
turgidum, T. dicoccoides, and Ae. tauschii, respectively (Figure 6). The results indicated that the two rounds of
allopolyploidization made great contribution for the expansion of GPDH genes in wheat.
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Figure 6. Syntenic relationship analysis of GPDH genes from wheat (Tviticum aestivum, AABBDD) and
its corresponding progenitor species Aegilops tauschii (DD), T. urartu (AA, green box), T. turgidum

(AABB), and T. dicoccoides (AABB). The collinearity among GPDH genes is connected by the lines
between orthologue gene pairs

Expression pattern of TaGPDH genes in different tissues

To investigate the potential function of TaGPDH genes in wheat growth and development, tissue
expression profiling of the 17 TaGPDH genes were determined based on public RNA-seq data. As a result, all
17 TaGPDH genes were expressed in at least one tissue (TPM value > 1) (Figure 7). Of the Group A TaGPDH
genes, TaGPDHI-14, TaGPDH2-1D, TaGPDH6-34, TaGPDH9-3B, and TaGPDHII-3D showed
significant higher expression in anther, while TaGPDH?7-34, TaGPDH10-3B, and TaGPDH12-3D displayed
the highest expression in spike (Figure 7). Of the Group B 72GPDH genes, TaGPDHS8-34, TaGPDH13-3D,
and 72aGPDH17-Unr exhibited the highest transcript abundances in anthers but no detectable expression or
low expression (TPM value < 1) in flag leaf blade, leaf ligule, internode, awn, glume, lemma, and endosperm

(Figure 7). Instead, 7aGPDH14-44, TaGPDH15-4B, and TaGPDH16-4D exhibited roughly steady level of

8
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expression in most of the tissues. Noticeably, all 72GPDH genes from Group C (7aGPDH3-24, TaGPDH4-
2B, and TaGPDHS-2D) exhibited constitutive expression in all detected tissues (TPM value > 1) (Figure 7).
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Figure 7. Expression pattern analysis of TaGPDH genes in different tissues. The expression data were

presented as TPM values with log2 normalization

Expression pattern of TaGPDH genes under different stresses

To explore the possible roles of 7aGPDH genes associated with plant abiotic stress responses, the
transcript levels of 7aGPDH genes under drought and heat stresses were examined based on the transcriptome
data. Generally, several 7aGPDH genes displayed observably induced/repressed expression under different
stress treatments. Under drought stress, 7aGPDH2-1D showed up-regulated expression at 1 h, while
TaGPDH15-4B showed down-regulated expression at 6 h, when compared to the control (Figure 8). Under
heat stress treatment, TuGPDH2-1D and TaGPDHS-2D were significantly induced at 1 h and 6 h,
respectively, while TaGPDHI14-4A4, TaGPDHI15-4B, and TaGPDH16-4D were notably down-regulated at 1
h (Figure 8). Under drought and heat combined stress, only 7aGPDH15-4B and TaGPDH16-4D showed

significantly down-regulated expression at 1 h compared to the control (Figure 8).

Discussion

In this study, 17 members of the GPDH family were identified from the wheat genome, including eight
cytosolic GPDHs, six chloroplastic GPDHs and three mitochondrial GPDHs (Table 1). And the number of
TaGPDHs identified in wheat was apparently higher than that in other plants, such as Arabidopsis (five
AtGPDHs) (Wei et al., 2001; Shen ez 4l., 2006; Zhao et al., 2019b), maize (six ZmGPDHs) (Zhao ez L., 2018),
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and soybean (13 GmGPDHs) (Zhao et 4. 2021b). The intra- and inter-species syntenic analysis showed that
WGD/segmental duplication and polyploidization should be the mainly driving force for the expansion of
GPDH gene family in wheat, resulting high numbers of TaGPDH genes (Figures 5 and 6).
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Figure 8. Expression patterns of 72GPDH genes under drought and heat combined stress for 1 hand 6 h
(cultivar: TAM 107). The expression data were presented as TPM values with log2 normalization

As the phylogenetic tree of 28 GPDH protein sequences from the examined plants (Arabidopsis, rice,
and wheat) showed that these GPDHs were divided into three groups (Group A-C), and the results of
subcellular localization and domain distribution of GPDHs also supported the phylogenetic classification
(Figure 1; Table 1). For example, members of Group A and Group B are NAD*-GPDHs, and they were
predicted to be located in the cytoplasm and chloroplast, respectively. However, members of Group C are
mitochondrial FAD-GPDHs and contained a N-terminal FAD-dependent oxidoreductase domain and a C-
terminal alpha-glycerophosphate oxidase domain (Figure 2; Table 1). Besides, the three groups contained
different numbers of TaGPDHs, AtGPDHs and OsGPDHs, and GPDHs from wheat had closer evolutionary
relationship with those from rice than with those from Arabidopsis (Figure 1), which is consistent with the
results in maize, soybean, and other plants (Zhao ez al., 2018; Zhao et al., 2021b). These results indicated the
large extent of conservation among GPDH genes, and the GPDH gene family might be diverged after the
separation of monocots and dicots. In addition, 10 conserved motifs were identified among TaGPDHs and
their distributions displayed obvious evolutionary conservation (Figure 2), implying the functional divergence
of TaGPDHs of different groups. We also determined the gene structure of 72aGPDH genes, the exon-intron
structures of TaGPDH genes from Group A and Group C were quite conservative, while Group B genes have
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a variation with relatively higher number of introns (Figure 3), suggesting that intron gain may have occurred
in these genes during evolution.

Gene expression profiling can provide insights into revealing of the biological roles of genes in plant
growth and development. In the current study, many T2GPDH genes were found to express in specific tissues.
For example, most TaGPDH genes from Group A and Group B displayed the highest expression in anther or
spike/spikelet but rarely expressed in flag leaf blade and endosperm (Figure 7), suggesting their important roles
of them in development of these tissues. There is evidence showing that maize GPDH genes exhibited
preferential expression in the test tissues (Zhao ez 4/, 2018). The transcripts of plastidic ZmGPDH# and
ZmGPDHS genes were mainly observed in pollen and anther, implying their roles in regulation of G3P
adjustment during plant reproductive growth stages (Zhao ez 4/, 2018). However, the transcriptional levels of
Group C TaGPDH genes were found in all the test tissues (Figure 7). And this phenomenon was also found in
GPDH genes from maize (Zhao et al., 2018), and Arabidopsis (Wei et al., 2001; Shen ez al., 2006).

Previous reports have also shown that many GPDHs play key roles in various abiotic stresses (Chen ez
al., 2011; Zhao ez al., 2019a; Zhao ez al., 2021b). For example, the expression of all ZmGPDH genes were
notably altered under NaCl, NaHCO3, PEG, 4°C treatments (Zhao ez al., 2018). Studies on the Arabidopsis
AtGPDHmI showed that its expression is coupled to oxygen consumption and changed by ABA and stress
conditions (Shen ez al, 2003). TaGPDHS-2D was homologous to AtGPDHm1 (Figure 1), and it also
exhibited obvious up-regulated expression under heat stress treatment, as well as drought and heat combined
stress (Figure 8). G3P biosynthesis and metabolism can resulted in the accumulation of intracellular glycerol,
which provides osmotic adjustment to environmental stresses in organisms. In a previous study, ZmGPDHI
can confer salinity and osmotic stress tolerance in transgenic Arabidopsis plants by regulating glycerol
production, redox homeostasis and ROS antioxidant defense (Zhao ¢t 4l., 2019a). Similarly, ##GPDHc2 is also
essential for regulating cellular redox homeostasis of Arabidopsis in response to salinity stress (Zhao ez al,
2019b). As the homologous genes of AtGPDHm1, TaGPDH2-1D and TaGPDHI2-3D were induced by
drought and/or heat stress (Figure 8), suggesting that they played possible roles in the transcriptional response
during drought or heat stress adaptions.

Conclusions

In this study, we systemically identified 17 GPDH gene family members in wheat and examined the
expression of them in various tissues and in response to drought and heat stresses. Our findings provided a
better understanding for further functional exploration on the 7 GPDH genes in developmental and stress-

associated processes of wheat.
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