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ABSTRACT

The inositol phospholipid signaling system mediates plant growth, development, and
responses to adverse conditions. Diacylglycerol kinase (DGK) is one of the key enzymes
in the phosphoinositide-cycle (PI-cycle), which catalyzes the phosphorylation of
diacylglycerol (DAG) to form phosphatidic acid (PA). To date, comprehensive genomic
and functional analyses of DGKs have not been reported in wheat. In this study, 24 DGK
gene family members from the wheat genome (TaDGKs) were identified and analyzed.
Each putative protein was found to consist of a DGK catalytic domain and an accessory
domain. The analyses of phylogenetic and gene structure analyses revealed that each
TaDGK gene could be grouped into clusters I, II, or III. In each phylogenetic subgroup,
the TaDGKs demonstrated high conservation of functional domains, for example, of
gene structure and amino acid sequences. Four coding sequences were then cloned from
Chinese Spring wheat. Expression analysis of these four genes revealed that each had a
unique spatial and developmental expression pattern, indicating their functional diver-
sification across wheat growth and development processes. Additionally, TaDGKs were
also prominently up-regulated under salt and drought stresses, suggesting their possible
roles in dealing with adverse environmental conditions. Further cis-regulatory elements
analysis elucidated transcriptional regulation and potential biological functions. These
results provide valuable information for understanding the putative functions of DGKs
in wheat and support deeper functional analysis of this pivotal gene family. The 24
TaDGKs identified and analyzed in this study provide a strong foundation for further
exploration of the biological function and regulatory mechanisms of TaDGKs in
response to environmental stimuli.

Subjects Agricultural Science, Genomics, Plant Science
Keywords Abiotic stress, Wheat, Diacylglycerol kinase, Gene family

INTRODUCTION

As the major components of biomembrane and the basis for lipid signaling, lipids have been
proposed to be among the most important biomolecules found in plant tissues. The inositol
phospholipid signaling system is based on the metabolism of phosphoinositide (PI), which
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is synthesized principally through the PI-cycle [P — phosphatidylinositol 4-bisphosphate
(PI4P) — phosphatidylinositol 4,5-bisphosphate [PI (4, 5) P,] — diacylglycerol (DAG)
— phosphatidic acid (PA) — cytidine diphosphate-diacylglycerol (CDP-DAG) — PI]
(Hou, Ufer ¢ Bartels, 2016; Heilmann ¢ Heilmann, 2015). These derivatives and catalytic
enzymes, such as phosphoinositide-specific phospholipases C (PI-PLCs, PLCs) and
diacylglycerol kinase (DGK), play pivotal roles in the production of the lipid messengers
that mediate plant growth, development, and responses to biotic and abiotic cues (Wang
et al., 2014; Kimura, Jennings ¢ Epand, 2016). Steps in the PI-cycle include conversion of
DAG to PA catalyzed by DGK. All DGKs have a conserved catalytic domain (DGKc) and a
diacylglycerol kinase accessory (DGKa) domain, and some harbor a C1 domain (Hou, Ufer
¢ Bartels, 2016; Wang et al., 2014; Arisz, Testerink ¢ Munnik, 2009).

Plant DGKs have been cloned from many plant species, including Arabidopsis thaliana
(Katagiri, Mizoguchi & Shinozaki, 1996; Gémez-Merino et al., 2005), tomato (Snedden
& Blumwald, 2000), maize (Zea mays) (Sui et al., 2008), rice (Oryza sativa) (Ge et al.,
2012), Malus prunifolia Li et al., 2015a; Li et al., 2015b, tobacco (Cacas et al., 2017),
and soybean (Glycine max) (Carther et al., 2019). Based on their gene architectures,
evolutionary relationships, and sequences, plants DGKs have been classified into three
distinct phylogenetic clusters (Arisz, Testerink ¢ Munnik, 2009). In the genome of
Arabidopsis thaliana, seven AtDGK genes are present, of which AtDGK1/2 fall into
cluster I, AtDGK3/4/7 into cluster II, and AtDGKS5/6 into cluster III (Arisz, Testerink
& Munnik, 2009; Katagiri, Mizoguchi ¢ Shinozaki, 1996). AtDGK2/4/7 were expressed
in E. coli, respectively, and the recombinant proteins demonstrated kinase activity in
vitro (Gémez-Merino et al., 2005; Gémez-Merino et al., 2004; Mulaudzi et al., 2011). The
expression patterns of various AtfDGK genes reflect their different physiological roles in
plant growth, development, and responses to stimuli. Multiple members of the DGK family
responded to salt or drought in many plant species, including maize (Sui et al., 2008), apple
Lietal., 2015a; Li et al., 2015b, and soybean (Carther et al., 2019). PA has been proposed
to be a pivotal second messenger in plants, and its synthesis has been reported to be
induced in response to ethylene (Munnik ¢ Musgrave, 2001; Testerink et al., 2007), abscisic
acid (Zhang et al., 2004), wounding and Nod factors (Munnik ¢» Musgrave, 2001), osmotic
pressure (Munnik et al., 2000; Testerink et al., 2004), cold (Ruelland et al., 2002), salinity
(McLoughlin et al., 2013), temperature changes (Arisz et al., 2013), pathogens (Zhang &
Xiao, 2015; De Jong et al., 2004), and drought (Li et al., 2015a; Li et al., 2015b). AtDGKI
and 2 were expressed in the roots and leaves and shown to play a role in responding to
cold stress (Katagiri, Mizoguchi ¢ Shinozaki, 1996; Gémez-Merino et al., 2004). AtDGK4
is highly expressed in the pollen and appears to regulate pollen tube growth by binding
to nitric oxide (Mulaudzi et al., 2011). In Arabidopsis, AtDGK?7 is expressed ubiquitously,
but especially in flowers and young seedlings (Gdmez-Merino et al., 2005). OsDGKI is
intensively expressed in roots system, and modulates the growth and development of roots,
which are associated with lipid mediators that control rice root architecture (Yuan et al.,
2019).

Other plant DGK homologs have also been deposited into GenBank, including those in
hybrid Populus (BU828590), grape (CB981130), apricot Prunus armeniaca, (CB821694),

Jia et al. (2021), PeerdJ, DOI 10.7717/peerj.12480 2/27


https://peerj.com
http://www.ncbi.nlm.nih.gov/nuccore/BU828590
http://www.ncbi.nlm.nih.gov/nuccore/CB981130
http://www.ncbi.nlm.nih.gov/nuccore/CB821694
http://dx.doi.org/10.7717/peerj.12480

Peer

and wheat (BT009326) (Gémez-Merino et al., 2004). Wheat (Triticum aestivum L.) is an
important crop that is limited in terms of both productivity and quality by drought,
salinity and low temperatures (Khan et al., 2019; Miransari & Smith, 2019; Winfield et
al., 2010 Tricker et al., 2018). Several studies have shown that the phosphoinositide
signaling pathway plays a pivotal role at various developmental stages and in abiotic
stress responses in common wheat (Munnik ¢ Testerink, 2009; Munnik ¢ Vermeer, 2010).
As early as 1992, the activity of DGK and phospholipase C (PLC), two key members

in phosphoinositide signaling, were demonstrated in highly purified plasma membrane
isolates from roots of wheat (Lundberg ¢ Sommarin, 1992; Melin et al., 1992; Pical et al.,
1992). Additionally, overexpression of the wheat phospholipase D gene TaPLDa. has
been shown to enhance tolerance to drought and osmotic stress in transgenic Arabidopsis
thaliana (Wang et al., 2014). Previously, we had measured the TaPLC expression patterns
at both the transcriptional and protein levels in response to drought and salinity stress,
and our research indicated the possible roles of TaPLC1 in mediating seedling growth
and responding to drought and salinity stress (Zhang et al., 2014). However, the molecular
functions of TaDGKs, as lipid messengers in wheat remain unclear. As an allohexaploid
genome, the wheat genome may contain many homologous genes, and there may be
evolutionary differences and functional differentiation among these genes. Thus, it is
necessary to identify all TaDGK genes in wheat, and conduct evolutionary and functional
analysis to better understand their roles. Whole-genome sequencing has provided key
insights into new methods for investigating genes in wheat. In this study, we conducted
a genome-wide survey and analysis of TaDGK family members in genome-wide studies
of wheat. We also analyzed TaDGKs expression patterns across various tissues, and under
drought or salinity stress. Our goal was to improve the current understanding of the
involvement of DGK genes involvement in wheat response mechanisms to abiotic stress as
a foundation for future utilization of genetic engineering in agricultural production.

MATERIALS AND METHODS

Identification and chromosomal location of TaDGKs

To study the TaDGK-coding genes in common hexaploid wheat, several methods were
employed. We first performed a local BLASTN against the wheat genome database
(http:/plants.ensembl.org/index.html) by using identified DGK sequences from Arabidopsis
and rice as queries to find their homologous genes, and the whole-genome data
were downloaded from the Ensembl Plants of wheat (ftp:/ftp.ensemblgenomes.org/
pub/plants/release-51/fasta/riticum_aestivum). Additionally, all sequences that were
acquired by a search of the gene name “diacylglycerol kinase”, were submitted to
WheatExp (https:/wheat.pw.usda.gov/WheatExp/) to confirm the presence of putative
DGK genes in wheat. Protein motifs were queried using the NCBI BLASTP program
(http:/blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=Dblastp&PAGE_TYPE=BlastSearch&
LINK_LOC=blasthome), and those that lacked the conserved DGK catalytic domain
were ignored. Then we searched again with the conserved sequence of the putative DGK
genes against the wheat genome database to ensure that all TaDGKs would be obtained.
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Chromosomal localization of genes was obtained from Ensemblplant. The online ExXPASY
Molecular Biology Server (http:/web.expasy.org/protparam/) and TMHMMServerv.2.0
(http:/www.cbs.dtu.dkiservices/ TMHMM-2.0/) tools were used for sequence analyses.

The genome data of progenitor species was downloaded from Ensembl Plants,
including Triticum urartu (ftp:/ftp.ensemblgenomes.org/pub/plantsfirelease-51/fasta/
aegilops_tauschii), Aegilops tauschii (ftp:/ftp.ensemblgenomes.org/pubsplants/release-
51/fastaftriticum_urartu/dna/), and Triticum dicoccoides (ftp:/ftp.ensemblgenomes.org/
pubjplants/release-51/ffastafriticum_dicoccoides).

Multiple sequence alignments, phylogenetic analysis and gene
ontology (GO) enrichment

Multiple sequence alignments of DGK sequences were created using DNAMAN and
MEGA?7.0 programs with default parameters. Again, using MEGA?7.0, all DGK sequences
acquired from the NCBI protein database, including those from Arabidopsis, rice, soybean,
apple, maize, and wheat, were aligned to analyze their evolutionary relationships, again
using the default parameters, and a phylogenetics tree was produced using the neighbor-
joining (NJ) method with 1,000 replicates to determine bootstrap support. Additionally,
to better understand the biological pathways that the DGK genes were involved in, GO
enrichment analysis was performed using Gene Ontology Enrichment Analysis software
(Altshuler-Keylin et al., 2016). GO data was downloaded from the GO Ontology database
(http:/www.geneontology.org) Gene Ontology (Gene Gene Ontology Consortium, 2021,
Ashburner et al., 2000). The annotation version is DOI: 10.5281/enodo.4735677, and the
release date is 2021-05-01 (Table S1).

Sequence analysis methods

The exon-intron structures and motifs of DGK genes were generated online with
Evolview (https:/www.evolgenius.info/evolview/login). Transposable element analyses
were conducted with Giri Repbase (https:/www.girinst.org/censorindex.php). Protein
domains analyses were conducted using SMART (http:/smart.embl-heidelberg.de/) and
Pfam (http:/pfam.sanger.ac.uk/) databases, and IBS software was used to diagram the
domain structures.

Promoters (within 1500 bp upstream of the transcription start site) of DGK genes were
surveyed to identify putative cis-regulatory elements using the Plant Cis-acting Regulatory
DNA Elements (PLACE) (http:/iwww.dna.affrc.go.jp/PLACE/) and PlantCARE databases
(http:/bioinformatics.psb.ugent.befwvebtools/plantcare/html/). The subcellular localization
of DGK was predicted using WoLF PSORT (https:/www.genscript.com/wolf-psort.html).

Plant materials and stress treatments

Wheat seeds (Chinese Spring) were provided by Professor Yanyun Pan (Key Laboratory of
Hebei Province for Plant Physiology and Molecular Pathology) (Zhang et al., 2014). Seeds
were briefly surface-sterilized with ethanol (70%), and then they were immersed in bleach
solution (30%) for 10 min. After being washed with sterilized water three times, they were
germinated and cultured with a hydroponic system under 16-h days at 24 °C in a growth

chamber.
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For the salinity and drought treatments, 2-week-old wheat seedlings were treated with
200 mM NaCl and 20% PEG6000, respectively (Zhang et al., 2014; Si et al., 2020). Then,
those plants along with control plants were sampled at 0, 1/6, 1/2, 1, 2, 6, 12, and 24 h
post-treatment. Additionally, at different developmental stages, including the two-node
stage, various tissues, including roots, stems, spikes, and leaves, were sampled and rapidly
frozen in liquid nitrogen prior to storage at —80 °C.

RNA extraction and gene expression analysis

Total RNA was extracted using UNIQ-10 Trizol reagent (Sangon Biotech, Shanghai, China).
Then, gDNA was eliminated, and first-strand cDNA was synthesized with PrimeScript TM
RT reagent Kit (TaKaRa, Dalian, China). In triplicate, quantitative real-time PCR was
performed using the Bio-Rad Chromo 4 real-time PCR system (Bio-Rad, Hercules, CA,
USA) with SYBR Green PCR master mix (TransGen Biotech, Beijing, China) with the
following settings: 95 °C for 5 min; 40 cycles of 95 °C for 10 s; and annealing at 60 °C
for 30 s. Three biological replicates were conducted using the primers listed in Table 52,
and ACTIN was used as the reference gene. The expression levels of each gene at different
time stress points were calculated using the 2~42t method for abiotic treatments and the
2-ACt method for different tissue, and the results were analyzed with SPSS statistics 17.0
(IBM) using the independent samples ¢-test.

To analyze the expression profiles of TaDGKs among various tissues, organs, and
stress treatments, we downloaded the TaDGKs gene expression data from the Triticeae
Multi-omics Center (http:/wheatomics.sdau.edu.cnfexpressionindex.html) (Wang et al.,
2020). Based on the TPM value obtained, the heatmap was drawn with RStudio software
(version R-3.6.3).

Plasmid vector construction and tobacco transformation

To express TaDGK2A-GFP and TaDGK3A-GFP in Nicotiana benthamiana driven by the
35S promoter, the TaDGK2A and TaDGK3A coding sequences without stop codons were
cloned into pSUPER1300, a binary vector with a C-terminal fusion with the GFP tag, by
cloning it into the Spel /KpnI and Xbal /Kpnl restriction enzyme sites. DNA sequences for all
cloning primers used are listed in Table S2. The 355:TaDGK2A-GFP and 35S:TaDGK3A-
GFP vectors were introduced into N. benthamiana leaves by Agrobacterium-mediated
transformation. Tobacco transformation was performed as previously described report
(Sparkes et al., 2006).

Subcellular localization

The 35S:TaDGK2A-GFP and 35S:TaDGK3A-GFP vectors were delivered into the epidermis
of N. benthamiana leaves by Agrobacterium tumefaciens (EHA105). Three days after
infection, images were captured under fluorescence with a Leica TCS SP8 confocal
microscope (Leica, Wetzlar, Germany). To capture GFP fluorescence, the excitation
light wavelength was set to 488 nm and detected between 510 and 550 nm. To capture
DAPI signals, the excitation light wavelength was set to 305 nm and detection at 461 nm.
The DAPI staining was performed as described by Andrade & Arismendi (2013).
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Figure 1 The distribution of DGK gene family members among wheat chromosomes. Each cluster is
shown in a different color.
Full-size Gal DOI: 10.7717/peerj.12480/fig-1

RESULTS

Identification and chromosomal distribution of the TaDGK family in
wheat

To identify the members of the TaDGK family, the DGK sequences from other plants,
including Arabidopsis and rice, were used to conduct local BLAST against wheat genome
databases. Furthermore, keywords and protein domain searches were also executed.
Ultimately, a total of 24 putative wheat TaDGK genes were identified (Table S3). The
Gene Ontology (GO) analysis demonstrated these genes were related to protein kinase
C-activating G protein-coupled receptor signaling pathway (GO: 0007205), and function
including diacylglycerol kinase activity (GO: 0004143) and NAD+ kinase activity (GO:
0003951) (Figs. SIA and S1B). All the 24 genes were distributed along the 18 of 21 wheat
chromosomes (Chr) (Fig. 1). In hexaploid wheat, homologous genes coming from the A,
B, and D subgenomes respectively, were deemed to be homoalleles of a single ancestral
TaDGK gene that arose from a polyploidization event during genome evolution. Every
TaDGK gene exhibited its own orthology among three diploid relatives, with the exception
of TaDGK7A2, TaDGK6A2, and TaDGK6D2, which might have been lost throughout the
course of asymmetric subgenome evolution. To determine when its homoalleles were lost
during evolution, we retrieved the genomes of ancestral species of modern wheat, including
Triticum urartu (with an AA diploid genome), Aegilops tauschii (DD diploid genome), and
Triticum dicoccoides (AABB tetraploid genome). Notably, we found the orthologs of
TaDGK7B2/D2, including TRIUR3_04325, AET7Gv20953100 and TRIDC7BG047160,

in the A subgenome of Triticum urartu (AA) and Triticum dicoccoides (AABB), which
suggests TaDGK7A2 was lost after the allohexaploidy event. However, the orthologs of
TaDGK6B2 was only found in B subgenome of Triticum dicoccoides (AABB), named
TRIDC6BG067200, suggesting that TaDGK6A2 and TaDGK6D2 were lost before the
allohexaploidy event. These types of events, including intrachromosomal serial duplication
and gene loss, may have occurred during the evolution process, whereas a gene loss event
appears to have occurred among TaDGKs on wheat chromosomes 7A, 6A and 6D. The
phylogenetic analyses on TaDGK6B2, TaDGK7B2/D2, and their orthologs from genomes of
ancestral species were shown in Fig. S2. Interestingly, no TaDGK genes were identified on
chromosome 4A/B/D, and no DGK homologous sequences were retrieved on chromosome
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4 of the ancestral species, suggesting that DGK genes on chromosome 4 did not exist or
were lost before the formation of the ancestral species (Lawton-Rauh, 2003).

Taking into account their chromosomal locations, 24 TaDGK genes were identified
as TaDGKI1A/B/D, TaDGK2A/B/D, TaDGK3A/B/D, TaDGK5A/B/D, TaDGK5A2/B2/D2,
TaDGK6A/B/D, TaDGK7A/B/D, TaDGK6B2, and TaDGK7B2/D2 respectively (Fig. 1).
The ORFs of these genes were 1,467-2,172 bp, encoding polypeptides of 488—723 amino
acids, with predicted molecular weights of 54.25-80.33 kD (Table S4). Their theoretical
isoelectric point (Pi) values ranged from 5.79 to 9.04 (Table S4). The nucleotide and amino
acid sequences of each gene are shown in Table S3. Interestingly, sequence alignment
revealed that BT009326, a reported TaDGK gene, and TaDGK2B were identical in sequence
(Table S3).

Multiple sequence alignments and sequence characterization of
TaDGK genes

To make sure that the conserved sequences in TaDGKs, we performed multiple alignment of
the domains of TaDGKSs in cluster I in three phases, for the DGKc domain (Fig. 2A) and each
of the two C1 domains (Figs. 2B, 2C, respectively). The alignment revealed that all TaDGKs,
like AtDGKSs, possessed a conserved DGKc domain containing a putative ATP-binding site
with a GXGXXG consensus sequence (the red box in Fig. 2A) (Bunting et al., 1996). TaDGKs
have the classical generalized structure as seen in other studied plants (Fig. 3). Additionally,
the two C1 domains harbor the sequences HX;4CX;CX16.20CX;CX4HX,CX7C and
HX;5CX,CX;6CX,CX4HX,CX 1 G, respectively (Fig. 3) (Li et al., 2015a; Li et al., 2015b;
Carther et al., 2019; Gémez-Merino et al., 2004). By sequence alignment, we found the
upstream basic region and extCRD-like domain were substantially conserved, with only
slight variation: in the basic region, conserved KA residues were replaced by KV in TaDGK1
A/B/D, and the flanking residue V of extCRD-like was replaced by L in TaDGK5A (Fig. 3).

Phylogenetic analysis of TaDGK genes

A phylogenetic analysis was conducted based on the inferred protein sequences of Triticum
aestivum, Glycine max, Arabidopsis thaliana, Oryza sativa, Zea mays, Malus domestica,
Brassica rapa, Sorghum bicolor, Cicer arietinum, and Solanum tuberosum DGK genes
(Table S5). The obtained unrooted phylogenetic tree confirmed that these DGK genes were
grouped into clusters I, II, and III. TaDGKs were distributed as follows: TaDGK1A/B/D,
TaDGK5A/B/D, and TaDGK5A2/B2/D2 were found in cluster I; TaDGK6A/B/D,
TaDGK6B2, and TaDGK7A/B/D were found in cluster II; TaDGK2A/B/D, TaDGK3A/B/D,
and TaDGK7B2/D2 were found in cluster III (Fig. 4). The phylogenetic tree also revealed
that the TaDGKs were more aptly classified with DGKs from the monocots rice and maize
than those from the dicots Arabidopsis and soybean. Notably, TaDGK2 and TaDGK7B2/D2
formed a clear paralogous pair.

Structures and protein motifs of TaDGK genes

Structural analysis was performed to obtain some valuable information about duplication
events of gene families in the form of phylogenetic relationships. The exon-intron
distributions of TaDGK genes were analyzed using Evolview, which showed that genes in the
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Figure 2 Multiple alignments of the diacylglycerol kinase catalytic (DGKc) domain (A), diacylglyc-
erol/phorbol ester (DAG/PE)-binding domain C1 (B), and DAG/PE-binding domain 2 (C) in wheat and
Arabidopsis thaliana. The putative ATP-binding site localized (consensus GXGXXG) is enclosed by red
rectangle.
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same cluster were highly similar, especially the ones with closer evolutionary relationships.
All of the TaDGKs in clusters II and III had 12 exons, while those in cluster I had 7
exons (Figs. S3A, S3B). The exons of genes within the same cluster showed extraordinary
conservation in order and size. Among genes in the same cluster, not only homologs across
different wheat chromosomes, but also rice DGK genes had very similar exon-intron
structures (Fig. 54). This result showed the orthology of DGK genes across different plant
species and suggested that TaDGKs have undergone gene duplications throughout their
evolution. In addition, the results of phylogenetic analysis results are further supported by
the analyses of sequence and structural features of TaDGK genes. TaDGK homologs in the
same clade, such as wheat and rice, had similar exon-intron structures (Figs. 53 and 54).
However, we found some introns of TaDGKI1D, TaDGK6B2, TaDGK7A/B/D and

TaDGK7B2/D2 was much longer than those of the others homologs. Transposable element
analyses were conducted on these introns. Interestingly, we found that these long introns
contained many different types of transposon elements (Table S6), which suggested the
formation of them occurred through the insertion of transposons as potential controlling
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elements (Kashkush, Feldman ¢ Levy, 2015). The influence of these transposons on the
biological function of TaDGKs is worth further investigation.

The identified motifs were predicted to contain some conserved supersecondary
structures that form the domains or the tertiary structures of proteins. MEME analysis
revealed 15 distinct motifs in the TaDGK family (Fig. S3C). Three copies of each TaDGK
member presented the same motif compositions, and genes belonging to the identical
cluster had similar motif compositions. Five motifs, namely 1, 2, 3, 4, 5, 8, and 13, were
shared among all TaDGKs. Meanwhile, the motifs 6, 11, 12, and 15 were specific protein
motifs specific to cluster I, and motif 10 was specific to cluster ITII. Motif 9 and 14 existed in
clusters IT and III. All the sequence logos for these motifs are shown in Fig. S5. In addition,
motifs 3, 4, 7, and 12 are related to the diacylglycerol kinase catalytic domain (DGKc), and
motifs 1, 5, 8, and 13 are related to the accessory domain (DGKa). Further, motifs 6 and 9
are related to the C1 domain in cluster I.

Protein domains of TaDGKs

By utilizing Illustrator for Biological Sequences (IBS), a schematic diagram was developed
for the protein domains in all TaDGKs (Fig. 5). This diagram shows that each TaDGK
harbored a diacylglycerol kinase catalytic domain (DGKc) (PF00781) and one accessory
domain (DGKa) (PF00609), and demonstrates that TaDGK domains have different
distributions based on the conservation of the macro protein domains throughout the
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Figure 4 Phylogenetic analyses of DGK genes in Triticum aestivum (Ta), Glycine max (Gm), Ara-
bidopsis thaliana (At), Oryza sativa (Os), Zea mays (Zm), Malus domestica (Md), Brassica rapa (Bra),
Sorghum bicolor (Sb), Cicer arietinum (Ca), and Solanum tuberosum (St). Clusters are indicated by col-
ors. The following genes are shown with the following corresponding symbols: TaDGKs, black circles;
GmDGKG, gray circles; AtDGKs, green circles; OsDGKs, blue circles; ZmDGKSs, yellow circles; MdDGKs,
red circles; BraDGKSs, purple circles; SbDGKSs, deep red circles; CaDGKs, yellow circles; StDGKs, light blue

circles. The numbers beside the branches indicate the bootstrapvalues that support the adjacent nodes.
GenBank accession numbers are listed in Table S4.

Full-size &l DOI: 10.7717/peer;j.12480/fig-4

evolution of all three clusters and. Furthermore, all the TaDGK genes belonging to cluster I

contained two C1 domains (PF00130), i.e., a trans-membrane domain and a DAG/phorbol
ester (PE)-binding domain.

Cis-acting elements in the promoter of TaDGK's

Transcription factors regulate the target genes expressed by binding to cis-regulatory
elements (Priest, Filichkin & Mockler, 2009). Cis-regulatory promoter elements of genes,

which play key roles in regulating tissue-specific and stress-responsive expression of
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genes, can reveal transcriptional regulation and potential functions of TaDGKs. Using
the PLACE and PlantCARE databases, TaDGK promoters, within 1,500 bp upstream

of the transcription start site, were analyzed to identify the putative cis-regulatory
elements. CAAT-box and TATA-box elements were overrepresented among all 24 TaDGK
promoters (Fig. 6). Moreover, we selected some representative components for subsequent
investigation of expression. Thus, the cis-acting elements could be classified into several
groups according to abiotic stress responsiveness (water, dehydration, and temperature),
biotic stress responsiveness (disease and pathogens), responses to plant hormones (ethylene,
auxin, abscisic acid [ABA], gibberellic acid [GA], and salicylic acid [SA]), and metabolic
processes (GA biosynthesis) (Fig. 6 and Table §7). In addition, almost all TaDGKs contain
MYBCORE (water stress), MYB1AT (dehydration-responsive), and ASFIMOTIFCAMV
(abiotic and biotic stress) elements (Fig. 6 and Table S7), which suggests that TaDGKs
mediate stress responses in wheat.

Among the several hormones explored through in-silico assessment of RNA-seq
experiments, the most significant factor affecting TaDGKs expression is ABA (Fig. 56
and Table S8), which is a major hormone that modulates the ability of plants to survive
in harsh, changing environments. The transcript levels of TaDGK2, 3, and 6 were severely
suppressed by ABA (Fig. S6 and Table S8), although ABA-responsive elements are located
in the promoters of TaDGKI1A/B/D and TaDGK5A/B/D (Fig. 6, Table 57). Therefore, one
hypothesis is that ABA may influence the expression of TaDGK2, 3 and 6 in some unknown
indirect way.

Expression profiles of TaDGK in various tissues

We conducted a microarray-based expression pattern analysis of TaDGK genes using
publicly available datasets from the wheat gene expression database hosted by the Triticeae
Multi-omics Center. All TaDGK genes members were determined to have some level
of tissue-specific expression, and none were constitutively expressed in all investigated
tissues (Fig. 7A and Table S8). TaDGK6A/B/D, TaDGK2A/B/D, TaDGK5A/B/D, and
TaDGK5A2/B2/D2 showed high expression levels in roots. TaDGK7B2/D2 and TaDGK6B2
showed high expression in spikes. TaDGKIA/B/D and TaDGK3A/B/D showed high
expression in grain. Almost all TaDGK genes showed low expression in leaves.

Real-time PCR was also carried out to investigate the expression patterns of TaDGKs
with degenerate or specific primers in various organs. The results revealed that there
were significant differences in the expression levels among the members of TaDGK
family in wheat. For example, the expressions of TaDGK5 (TaDGK5A/B/D), TaDGK6
(TaDGK6A/B/D) and TaDGK3A were relatively high, while the transcripts of TaDGK5A2
and TaDGK7-2 (TaDGK7/B2/D2) were almost undetectable in wheat (Figs. 7B and 7C).
In addition, consistent with the results of microarray data, the transcription levels of each
member of TaDGK family vary greatly in different tissues. Most of the TaDGK genes were
low expressed in leaves, but high expressed in roots and spikes (Figs. 7B and 7C). The
highest expression of TaDGK3A was found in the stem, which contradicts the results of
RNA-seq data (Fig. 7C). Interestingly, the expression of some genes, such as TaDGK6B2,
TaDGK7A/B/D and TaDGK7B2/D2 are very low in wheat tissues (Fig. 7C). Gene structure
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Figure 6 Putative regulatory cis-elements in the DGK gene promoters of wheat. The hormone and
stress responsive cis-elements are in red and blue, respectively. The relative positions of elements are la-
beled with capital letters here and are denoted in Table S6.
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analysis showed that all of these genes contained some long introns with transposon

insertion, suggesting that the transposons may regulate TaDGKs biological functions by

blocking their transcription (Fig. S3 and Table S6). Apparently, the differences in expression

patterns also suggest functional differentiation of these genes.

TaDGK expression patterns under salinity and drought stress

The promoters of almost all TaDGKs were enriched for abiotic stress responsive elements,

strongly suggesting the potential functions of TaDGK genes in responses to salinity

or drought stress. In order to further functional studies, we selected four members of
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Figure7 Tissue expression analysis of TaDGK genes. (A) RNA-seq data analysis results. The data for
the analysis of gene expression in roots, stems, leaves, spikes, and grains were retrieved from the Triticeae
Multi-omics Center. The color scale at the right of the heat map indicates the relative expression levels,
where light blue and red indicate low and high expression, respectively. (B) Analysis of TaDGK genes ex-
pression in various tissues by real-time PCR with degenerate Primer. (C) Analysis of TaDGK genes ex-
pression in various tissues by real-time PCR with specific primer. Actin was used as the reference gene.
Mean values were obtained from three replicates. Vertical bars indicate standard deviations.

Full-size & DOI: 10.7717/peer;j.12480/fig-7

TaDGK family as target genes, which could be amplified to obtain the full length of
CDS. Unfortunately, we did not obtain the TaDGKs CDS from Cluster II, possibly due
to transposon insertion and high GC content in gene sequence (Tables S3 and 5S6).
Accordingly, we tested the expression patterns of TaDGKSs at the transcriptional level and
found that expression of TaDGK genes was induced under stress. After only 10 min of salt
treatment, the mRNA abundance of four tested TaDGK genes—TaDGK2A/3A/5B/5A2—
increased rapidly, with about 2-fold higher expression than controls (at 0 h). Three
genes—TaDGK2A/5B/5A2—that were highly expressed in the roots were significantly
induced after 12 h, increasing by 25-, 18-, and 22-fold respectively, with subsequent
gradual down-regulations of expression (Fig. 8A).

We also performed real-time PCR to obtain insights into expression patterns of TaDGKs
under drought stress. TaDGK2A/3A/5B/5A2 were all also induced at 0.5 h, by approximately
2.5- and 4.5-fold, respectively, with the highest expression (8—32-fold increases) observed
after 12 h of stress treatment. In contrast to the expression of TaDGKs induced by salt
treatment, the transcript level of TaDGK3A, which is higher in leaves, was increased most
strongly under drought stress, by a factor of up to 30, while the other TaDGKs were
relatively less induced (Fig. 8B). The control gene TaDREB2, which encodes a transcription
factors, with major roles in dealing with abiotic stresses, has been demonstrated to be
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Figure 8 Analysis of TaDGK genes expression under salt and drought stress conditions. (A) qRT-PCR
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(expression at 0 h).
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induced under drought stress and salt stress (Djafi et al., 2013; Morran et al., 2011; Carther
etal., 2019).

Subcellular localization of TaDGKs

Using the online prediction tool WoLF PSORT, subcellular localization of TaDGK
expression was predicted. All cluster I TaDGKs have a trans-membrane region and were
predicted to be distributed among multiple cellular organelles, though mainly within the
nucleus and chloroplast. The cluster II TaDGKs TaDGK6A/B/D were mainly predicted
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to be localized to the chloroplast and cytoplasm. All TaDGK2/3/7 members were mainly
predicted in the nucleus and cytoplasm (Table S9).

We selected TaDGK2A, TaDGK3A, TaDGK5B and TaDGK5A?2 proteins for empirically
assessment of their predicted subcellular localization. Accordingly, TaDGKs proteins
fused to a N-terminal GFP tag, were expressed in tobacco leaves (Fig. S7). Notably, we
found TaDGK2A and TaDGK5B were expressed in the nucleus and cytomembrane, while
TaDGK3A and TaDGK5A2 were mostly expressed in the cytomembrane based on confocal
microscopy (Fig. 9). These results suggested that there was functional differentiation among
the members of the TaDGK family. It appears that in addition to catalyzing the production
of signaling substances on the cytomembrane, some TaDGKs can could also enter into the
nucleus to regulate genes expression.

DISCUSSION

The DGK family of genes, involved in the metabolism of P1 as catalytic enzymes, play pivotal
roles in the production of lipid messengers that mediate plant growth, development, and
responses to biotic and abiotic cues (Wang et al., 2014; Kimura, Jennings ¢ Epand, 2016).
We identified 24 TaDGK genes in wheat, which contain conserved DGKa, DGKc and two
C1 domains. The TaDGKs, encoded proteins ranging from 488—723 aa, were distributed
along the 18 of 21 wheat chromosomes (Fig. 1). A phylogenetic analysis, based on the
inferred protein sequences of TaDGKs and other species, revealed that the TaDGKs
were grouped into three clusters, and more aptly classed with DGKs from the monocots
rice and maize than those from the dicots Arabidopsis and soybean. Structures analysis
demonstrated that TaDGKs in the same cluster had similar exon-intron structures. For
example, the TaDGKs in cluster IT and III had 12 exons, while those in cluster I had 7
exons (Figs. S3A, S3B). In addition, we found some genes, such as TaDGK1D, TaDGK6B?2,
TaDGK7A/B/D and TaDGK7B2/D2, possess a long intron containing transposon elements
(Table S6), which implied these transposon elements may regulate the biological function
of TaDGKs as potential controlling elements. These data provide fundamental information
about TaDGKs, which lays a foundation for the subsequent research on TaDGK function.

DGKs are involved in responses to osmotic stress in plants

Various lipids are related in controlling plant growth, development, and dealing with
biotic and abiotic stresses, and their synthesis is modulated by lipid-signaling enzymes
(Wang, 20045 Margutti et al., 2017). The PLC/DGK pathway is one of the most important
signaling networks in response to biotic and abiotic stresses (Hou, Ufer ¢» Bartels, 20165
Arisz, Testerink ¢ Munnik, 2009; Munnik ¢ Vermeer, 2010). Our previous work revealed
the function of TaPLC1 in controlling seedling growth and adapting to drought and salt
stress (Zhang et al., 2014), while the present study is focused on the role of DGK genes in
wheat.

DGKs are widely distributed in eukaryotes. I silico identification has been used for
the functional prediction of DGKs family members in Arabidopsis, rice, maize, apple, and
soybean (Arisz, Testerink ¢ Munnik, 2009; Sui et al., 2008; Ge et al., 2012; Li et al., 2015a;
Li et al., 2015b; Carther et al., 2019). Research assessing the response of DGKs to osmotic
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Bright Field
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Figure 9 The subcellular localization of TaDGK2A, TaDGK3A, TaDGK5B, and TaDGK5A2 in tobacco
leaves. (A—D) The subcellular localization of TaDGK2A-GFP (A), TaDGK3A-GFP (B), TaDGK5B-GFP
(C) and TaDGK5A2-GFP (D) driven by CaMV35S promoter. Localization of GFP signals from TaDGK
proteins fused with GFP. The nuclei are labeled with DAPI. Bright field, epifluorescence, and merged im-
ages of tobacco leaves transfected with constructs are shown expressing different fusion proteins. The nu-
cleus (white) and cytomembrane (red) with an arrow. Scale bars are 50,000 nm in length.

Full-size Gal DOIL: 10.7717/peerj.12480/fig-9

stress has mainly been performed through analysis of transcriptome and examination of
mutants. AtDGKI was the first cloned plant DGK ¢cDNA (Katagiri, Mizoguchi ¢ Shinozaki,
1996). Both AtDGK1 and AtDGK2 genes were induced under low temperature (4 °C)
(Gdmez-Merino et al., 2004; Lee, Henderson ¢ Zhu, 2005). Later, AtDGK1 and AtDGK2
were determined to be cold-responsive genes using Affymetrix GeneChips (Lee, Henderson
& Zhu, 2005). In Arabidopsis, AtDGK2, DGK3, and DGK5 also mediate the response to cold
(Gémez-Merino et al., 2005; Gémez-Merino et al., 20045 Tan et al., 2018). In line with this
observation, dgk2, dgk3, and dgk5 revealed improved tolerance and decreased PA synthesis
under freezing temperatures (Tan et al., 2018). Under optimal and high salinity conditions,
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double mutants dgk3 dgk7, dgk5 dgk6, and dgkl dgk2 exhibited lower germination rates,
lower total respiration rates, use of an alternative respiratory pathway, and lower PA
content in response to 24-epibrassinolide (EBL) treatment compared to wild-type plants
(Derevyanchuk et al., 2019). In addition, all three ZmDGKs, six of the eight DGKs in the
apple genome, and almost all GmDGKSs had significantly induced expression under PEG or
salt treatments (Sui et al., 2008; Ge et al., 2012; Carther et al., 2019). Although the functions
of plant DGKs still need further in-depth and comprehensive analysis, these findings
confirmed the role of DGKs in osmotic stress, and it was helpful to study the relationship
between the paired PLC/DGK pathway and environmental stresses in plant responses
(Escobar-Sepuilveda et al., 2017).

Expansion of the DGK gene family in hexaploid wheat

In this study, we identified TaDGKs and analyzed their evolution and expression. We
isolated 24 TaDGKs in hexaploid wheat (T. aestivum) using a genome-wide approach.
The number of DGKs in wheat is approximately three-fold higher than that in Arabidopsis
(i.e., seven DGKs) (Gomez-Merino et al., 2005), rice (eight DGKs) (Ge et al., 2012), and
other plant species (Sui et al., 2008; Li et al., 2015a; Li et al., 2015b; Carther et al., 2019).
This is because the ancestor of allohexaploid bread wheat (T. aestivum) underwent three
polyploidizations (Marcussen et al., 2014), and segmental or tandem duplication events
of DGK genes led to the expansion of gene families throughout plant genome evolution
(Kashkush, Feldman ¢ Levy, 2015). Accordingly, three groups of genes corresponding to
TaDGKs in the A, B, and D subgenomes formed clusters with bootstrap values of 1000
(Fig. 4). These events, such as intrachromosomal serial replication and gene-loss, may have
occurred during the evolution process, whereas a gene loss event appears to have occurred
among TaDGKs on wheat chromosomes 7A, 6A and 6D (Fig. S2).

DGK family members in mammals are grouped into five subtypes (Topham ¢ Prescott,
1999), whereas plants DGKs fall into three distinct clusters (I, IT, and III). All plant DGK
genes within Cluster I, which consist of the most intricate plant DGKs, most closely similar
with the DGK genes in Type III, which are the most basic DGKs in mammalian cells (Arisz,
Testerink ¢» Munnik, 2009). Notably, plant phosphoinositide-dependent phospholipases C
(PI-PLC) also closely resembles the most basic PLC¢ isoform of mammals (Pokotylo et al.,
2014). This shows the difference in the DGK/PLC pathway between plant and animal cells,
and it is unknown whether this structural simplification indicates functional simplification.

The results of phylogenetic analysis are further supported by the analyses of sequence
and structural features of TaDGK genes. TaDGK homologs in the same clade, such
as wheat and rice, own similar intron-exon gene structures (Fig. 54). In addition, the
structural organization of TaDGKs within clusters I and II comprised seven and twelve
exons, respectively, consistent with other plant species, such as rice, apple, and soybean
(Lietal., 2015a; Li et al., 2015b; Carther et al., 2019). This conservation of gene structures
across species shows the plant DGK family is also conserved in its genomic structure.

It should be noted that the TaDGKID, TaDGK6B2, TaDGK7A/B/D and TaDGK7B2/D2
genes have very long introns. We found that these long introns contained many different
types of transposon elements (Table 56), which suggested the formation of them occurred
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through the insertion of transposons as potential controlling elements (Kashkush, Feldman
¢ Levy, 2015). These transposons may regulate TaDGKs biological functions by blocking
their transcription (Fig. S3 and Table S6).

Expression and functional divergence of TaDGK genes

Usually, the gene expression patterns, in various tissues and organs, were detected to
analyze corresponding biological functions. Based on the in-silico assessment of RNA-seq
experiments and subsequent qRT-PCR confirmation, TaDGKs were observed to exhibit
specific expression in the root, shoot, leaf, spike, and grain (Fig. 7), implying that they may
play a role in specific growth and development processes. Although the expression level
of each TaDGK copy gene among the different chromosomes differed slightly from each
other, the trend for each homolog was similar. The results suggest that TaDGK2/5/5-2/6
appear to be involved in root growth and development, while TaDGK1/3, TaDGK7B2/D2
and TaDGK6B2 may be related to grain development. The closest ortholog to TaDGK2
is OsDGK1 in rice, which is also highly expressed in roots and affects rice lateral root
development and seminal root/ crown root growth (Yuan et al., 2019). In wheat, the
expression of all TaDGKs in leaves was significantly lower than that in roots. Unlike wheat,
all MdDGKs in apple showed high expression in stems (Li et al., 2015a; Li et al., 2015b), and
almost all GmDGKSs in soybean showed noteworthy expression levels in leaves and roots,
but no significant contrasts in expression levels between leaf and root tissues (Carther et
al., 2019).

Many stress response elements and hormone response elements were found in the
promoter regions of TaDGKs, suggesting that TaDGKs play a role in responding various
stress and hormone signaling. We examined the expression profile of TaDGKs under
osmotic stress and phytohormone treatments using publicly available microarray datasets.
All TaDGKI1A/B/D and TaDGK2D genes exhibit significantly increased transcript levels at
4 °C compared to 23 °C (Fig. S6 and Table S8). Similarly, AtDGK1, 2, 3, and 5 are induced
by exposure to low temperature and contribute to the cold response in Arabidopsis (Gémez-
Merino et al., 2004; Carther et al., 2019; Wang, 2004). Low, non-freezing temperatures were
found to trigger a very rapid PA increase and were primarily generated through DGK
in Arabidopsis suggesting that cold-induced membrane rigidification was upstream of
DGK pathway activation (Arisz et al., 2013; Vaultier et al., 2008). Cold treatment caused
an increase in the expression of ZmDGK2 and 3 in roots and leaves (Sui ef al., 2008).
TaDGKI1 and AtDGK1/2 belong to cluster I, while TaDGK2D is the closest ortholog to
maize ZmDGK2 and 3 in our phylogenetic analysis (Fig. 4). This suggests that sequence
homology is related to functional similarity.

ABA may be the most significant factor affecting TaDGKs expression (Fig. S6 and
Table S8). Physiological analysis showed that PA triggers early signal transduction events
that lead to responses to abscisic acid (ABA) during seed germination. In this reaction, it
is the lipid phosphate phosphatase (LPP) AtLPP2, which catalyzes the conversion of PA
to diacylglycerol (DAG), is a negative regulator of ABA signaling (Katagiri et al., 2005).
Recent research has shown that ABA can stimulate DGK activity independently of AtLPP2
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activity in Arabidopsis (Paradis et al., 2011). In short, DGK is involved in ABA signaling
but the regulatory mechanism is unclear.

Furthermore, we examined the transcript levels of TaDGK genes under salt and drought
stress treatments. According to RNA-seq data in public databases, TaDGK2 and 3 were
up-regulated under drought conditions, especially TaDGK3, which was strongly induced
(Fig. S6 and Table S8). Our results confirmed that TaDGK3 was most strongly induced
by drought. In addition, the transcriptional expression of almost all the tested genes was
induced by drought and salt (Fig. 8). Although the expression of all TaDGKs in leaves
was significantly lower in wheat, the variation in DGK expression patterns in response to
drought or salt stress reflects its metabolic activities in leaves. In addition, it’s an interesting
phenomenon that the expression of TaDGKs rapidly increased and then decreased within
24 h under drought and salt stresses. A similar pattern has been found in GmDGKs
under abiotic stress (Carther et al., 2019). On the other hand, TaPLCs, another family
of key enzymes involved in the inositol phospholipid signaling system, also showed a
stress-responsive expression pattern in response to stress (Zhang et al., 2014). We propose
that both DGA and PA are upstream signals in the signaling network and that the rapid
decrease in TaDGKSs expression levels after 12 h, may be a mechanism though which these
signals are turn off to prevent their over-amplification of them. Another possibility is that
their decrease was caused by damage to the plant becoming too severe.

CONCLUSION

A total of 24 TaDGK genes were identified from the wheat genome. Based on comparative
analyses, we identified putative TaDGKs and inferred their phylogenetic relationships,
sequence characteristics, cis-regulatory promoter elements, and subcellular localization
patterns. From these results, we obtained insights into the putative functions of TaDGKs,
which has the potential to contribute to their further functional dissection in future
research. Expression profiles of TaDGKSs at a transcriptional level showed each member
of this family had specific spatial and developmental expression patterns. In addition, our
results indicated that some TaDGKSs were significantly induced by salinity or drought stress,
suggesting their possible function in responses to environmental stimuli. This will enable
the use of TaDGKs for wheat breeding to improve the resistance of wheat to various abiotic
stresses. Thus, further research on the biological function of TaDGKs would be beneficial
to the development of drought- and salt-resistant of wheat.

Abbreviations

DGK diacylglycerol kinase
DAG diacylglycerol

PA phosphatidic acid

PI phosphatidylinositol
PI-cycle phosphatidylinositol cycle
PLC phospholipases C

ORF open reading frame

aa amino acid
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DREB dehydration-responsive element-binding protein 2
GFP green fluorescent protein
qRT-PCR  quantitative real-time PCR

ACKNOWLEDGEMENTS

The authors would like to acknowledge Yan Li and Zhuo Chen for providing Chinese
Spring wheat seeds and the pSUPER1300 vector.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by grants from the National Science Foundation of China
(NSFC) (Project 31900623), the Natural Science Foundation of Hebei Province in China
(Projects C2017204095 and C2019204041); the Science and Technology Research Project
of University of Hebei Province, China (ZD2017039 and QN2020237). Each of the funders
provided financial support for the purchase of instruments, reagents for research, and the
fee for English editing of manuscript was offered by C2019204041. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

The National Science Foundation of China (NSFC): Project 31900623.

The Natural Science Foundation of Hebei Province in China: C2017204095, C2019204041.
The Science and Technology Research Project of University of Hebei Province, China:
ZD2017039, QN2020237.

The purchase of instruments, reagents for research, and the fee for English editing of
manuscript: C2019204041.

Competing Interests

The authors declare there are no competing interests.

Author Contributions

e Xiaowei Jia performed the experiments, authored or reviewed drafts of the paper, and
approved the final draft.

e Xuyang Si performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the paper, and approved the final draft.

e Yangyang Jia performed the experiments, prepared figures and/or tables, and approved
the final draft.

e Hongyan Zhang and Wenjing Li analyzed the data, prepared figures and/or tables, and
approved the final draft.

e Shijun Tian performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

Jia et al. (2021), PeerdJ, DOI 10.7717/peerj.12480 21/27


https://peerj.com
http://dx.doi.org/10.7717/peerj.12480

Peer

e Ke Zhang and Yanyun Pan conceived and designed the experiments, authored or
reviewed drafts of the paper, and approved the final draft.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:
The sequences are available in GenBank: TaDGK1A (KAF6984428.1), TaDGKI1B
(KAF6989925.1), TaDGK1D (KAF6995613.1), TaDGK2A (KAF7004576.1), TaDGK2B
(KAF7011950.1), TaDGK2D (KAF7019302.1), TaDGK3A (KAF7024027.1), TaDGK3B
(KAF7031092.1), TaDGK3D (KAF7038111.1), TaDGK5A (KAF7057220.1), TaDGK5B
(KAF7063829.1), TaDGK5D (KAF7092610.1), TaDGK5A2 (KAF7057607.1), TaDGK5B2
(KAF7064212.1), TaDGK5D2 (KAF7071278.1), TaDGK6A (KAF7080894.1), TaDGK6B
(KAF7086390.1), TaDGK6B2 (KAF7086908.1), TaDGK6D (KAF7091572.1), TaDGK7A
(KAF7095996.1), TaDGK7B (KAF7101802.1), TaDGK7B2 (KAF7103042.1), TaDGK7D
(KAF7109040.1), TaDGK7D2 (KAF7110201.1).

Data Availability
The following information was supplied regarding data availability:
The raw measurements are available in the Supplemental Flles.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.12480#supplemental-information.

REFERENCES

Altshuler-Keylin S, Shinoda K, Hasegawa Y, Ikeda K, Hong H, Kang Q, Yang Y, Perera
RM, Debnath J, Kajimura S. 2016. Beige adipocyte maintenance is regulated by
autophagy-induced mitochondrial clearance. Cell Metabolism 24(3):402—-419
DOI10.1016/j.cmet.2016.08.002.

Andrade NM, Arismendi NL. 2013. DAPI staining and fluorescence microscopy
techniques for phytoplasmas. Methods in Molecular Biology 938:115-121
DOI 10.1007/978-1-62703-089-2_10.

Arisz SA, Testerink C, Munnik T. 2009. Plant PA signaling via diacylglycerol kinase.
Biochimica et Biophysica Acta/General Subjects 1791:869—-875.

Arisz SA, Van Wijk R, Roels W, Zhu JK, Haring MA, Munnik T. 2013. Rapid phos-
phatidic acid accumulation in response to low temperature stress in Arabidopsis is
generated through diacylglycerol kinase. Frontiers in Plant Science 4(1):1.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolin-
ski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, Kasarskis A,
Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM, Sherlock G. 2000.
Gene ontology: tool for the unification of biology. Nature Genetics 25(1):25-29
DOI 10.1038/75556.

Bunting M, Tang W, Zimmerman GA, McIntyre TM, Prescott SM. 1996. Molecular
cloning and characterization of a novel human diacylglycerol kinase zeta. Journal of
Biological Chemistry 271:10230-10236 DOI 10.1074/jbc.271.17.10230.

Jia et al. (2021), PeerdJ, DOI 10.7717/peerj.12480 22/27


https://peerj.com
http://dx.doi.org/10.7717/peerj.12480#supplemental-information
http://dx.doi.org/10.7717/peerj.12480#supplemental-information
http://dx.doi.org/10.7717/peerj.12480#supplemental-information
http://dx.doi.org/10.1016/j.cmet.2016.08.002
http://dx.doi.org/10.1007/978-1-62703-089-2_10
http://dx.doi.org/10.1038/75556
http://dx.doi.org/10.1074/jbc.271.17.10230
http://dx.doi.org/10.7717/peerj.12480

Peer

Cacas JL, Gerbeau-Pissot P, Fromentin J, Cantrel C, Thomas D, Jeannette E, Kalachova
T, Mongrand S, Simon-Plas F, Ruelland E. 2017. Diacylglycerol kinases activate
tobacco NADPH oxidase-dependent oxidative burst in response to cryptogein. Plant,
Cell and Environment 40:585-598 DOI 10.1111/pce.12771.

Carther KFI, Ketehouli T, Ye N, Yang YH, Wang N, Dong YY, Yao N, Liu XM, Liu
WG, Li XW, Wang FW, Li HY. 2019. Comprehensive genomic analysis and
expression profiling of diacylglycerol kinase (DGK) gene family in soybean (Glycine
max) under abiotic stresses. International Journal of Molecular Sciences 20:1361
DOI 10.3390/ijms20061361.

De Jong CF, Laxalt AM, Bargmann BO, De Wit PJ, Joosten MH, Munnik T. 2004.
Phosphatidic acid accumulation is an early response in the Cf-4/Avr4 interaction.
The Plant Journal 39:1-12 DOT 10.1111/j.1365-313X.2004.02110.x.

Derevyanchuk M, Kretynin S, Kolesnikov Y, Litvinovskaya R, Martinec J, Khri-
pach V, Kravets V. 2019. Seed germination, respiratory processes and phos-
phatidic acid accumulation in Arabidopsis diacylglycerol kinase knockouts
- The effect of brassinosteroid, brassinazole and salinity. Steroids 147:28-36
DOI 10.1016/j.steroids.2019.04.002.

Djafi N, Vergnolle C, Cantrel C, Wietrzyiiski W, Delage E, Cochet F, Puyaubert J,
Soubigou-Taconnat L, Gey D, Collin S, Balzergue S, Zachowski A, Ruelland E.
2013. The Arabidopsis DREB2 genetic pathway is constitutively repressed by basal
phosphoinositide-dependent phospholipase C coupled to diacylglycerol kinase.
Frontiers in Plant Science 4:307.

Escobar-Sepulveda HF, Trejo-Téllez LI, Pérez-Rodriguez P, Hidalgo-Contreras JV,
Gomez-Merino FC. 2017. Diacylglycerol kinases are widespread in higher plants
and display inducible gene expression in response to beneficial elements, metal, and
metalloid ions. Frontiers in Plant Science 8:129.

Ge H, Chen C, Jing W, Zhang Q, Wang H, Wang R, Zhang W. 2012. The rice diacylglyc-
erol kinase family: functional analysis using transient RNA interference. Frontiers in
Plant Science 3:60.

Gene Ontology Consortium. 2021. The Gene Ontology resource: enriching a GOld
mine. Nucleic Acids Research 8:49.

Gomez-Merino FC, Arana-Ceballos FA, Trejo-Téllez LI, Skirycz A, Brearley CA,
Doérmann P, Mueller-Roeber B. 2005. Arabidopsis AtDGK7, the smallest member
of plant diacylglycerol kinases (DGKs), displays unique biochemical features and sat-
urates at low substrate concentration: the DGK inhibitor R59022 differentially affects
AtDGK?2 and AtDGKY? activity in vitro and alters plant growth and development.
Journal of Biological Chemistry 280:34888—34899 DOI 10.1074/jbc.M506859200.

Gomez-Merino FC, Brearley CA, Ornatowska M, Abdel-Haliem ME, Zanor MI,
Mueller-Roeber B. 2004. AtDGK2, a novel diacylglycerol kinase from Arabidopsis
thaliana, phosphorylates 1-stearoyl-2-arachidonoyl-sn-glycerol and 1, 2-dioleoyl-sn-
glycerol and exhibits cold-inducible gene expression. Journal of Biological Chemistry
279:8230-8241 DOI 10.1074/jbc.M312187200.

Jia et al. (2021), PeerdJ, DOI 10.7717/peerj.12480 23/27


https://peerj.com
http://dx.doi.org/10.1111/pce.12771
http://dx.doi.org/10.3390/ijms20061361
http://dx.doi.org/10.1111/j.1365-313X.2004.02110.x
http://dx.doi.org/10.1016/j.steroids.2019.04.002
http://dx.doi.org/10.1074/jbc.M506859200
http://dx.doi.org/10.1074/jbc.M312187200
http://dx.doi.org/10.7717/peerj.12480

Peer

Heilmann M, Heilmann I. 2015. Plant phosphoinositides-complex networks con-
trolling growth and adaptation. Biochimica Et Biophysica Acta/General Subjects
1851:759-769.

Hou Q, Ufer G, Bartels D. 2016. Lipid signalling in plant responses to abiotic stress.
Plant, Cell and Environment 39:1029-1048 DOI 10.1111/pce.12666.

Kashkush K, Feldman M, Levy AA. 2015. Transcriptional activation of retrotransposons
alters the expression of adjacent genes in wheat. Nature Genetics 47:1099.

Katagiri T, Ishiyama K, Kato T, Tabata S, Kobayashi M, Shinozaki K. 2005. An impor-
tant role of phosphatidic acid in ABA signaling during germination in Arabidopsis
thaliana. The Plant Journal 43:107-117 DOI 10.1111/j.1365-313X.2005.02431 x.

Katagiri T, Mizoguchi T, Shinozaki K. 1996. Molecular cloning of a cDNA encoding
diacylglycerol kinase (DGK) in Arabidopsis thaliana. Plant Mol Biol 30:647—653
DOI 10.1007/BF00049339.

Khan S, Anwar S, Yu S, Sun M, Yang Z, Gao ZQ. 2019. Development of drought-tolerant
transgenic wheat: achievements and limitations. International Journal of Molecular
Sciences 20:3350 DOI 10.3390/1jms20133350.

Kimura T, Jennings W, Epand RM. 2016. Roles of specific lipid species in the
cell and their molecular mechanism. Progress in Lipid Research 62:75-92
DOI 10.1016/j.plipres.2016.02.001.

Lawton-Rauh A. 2003. Evolutionary dynamics of duplicated genes in plants. Molecular
Phylogenetics and Evolution 29:396—409 DOI 10.1016/j.ympev.2003.07.004.

Lee BH, Henderson DA, Zhu JK. 2005. The Arabidopsis cold-responsive transcriptome
and its regulation by ICE1. The Plant Cell 17:3155-3175 DOI 10.1105/tpc.105.035568.

LiY, TanY, Shao Y, Li M, Ma F. 2015b. Comprehensive genomic analysis and expression
profiling of diacylglycerol kinase gene family in Malus prunifolia (Willd.) Borkh.
Gene 561:225-234 DOI 10.1016/j.gene.2015.02.029.

Li Q, Zheng Q, Shen W, Cram D, Fowler DB, Wei Y, Zou J. 2015a. Understanding the
biochemical basis of temperature-induced lipid pathway adjustments in plants. The
Plant Cell 27:86-103 DOI 10.1105/tpc.114.134338.

Lundberg GA, Sommarin M. 1992. Diacylglycerol kinase in plasma membranes from
wheat. Biochimica Et Biophysica Acta/General Subjects 1123:177-183.

Marcussen T, Sandve SR, Heier L, Spannagl M, Pfeifer M, International Wheat Genome
Sequencing Consortium, Jakobsen KS, Wulff BB, Steuernagel B, Mayer KF, Olsen
OA. 2014. Ancient hybridizations among the ancestral genomes of bread wheat.
Science 345:1250092 DOI 10.1126/science.1250092.

Margutti MP, Reyna M, Meringer MV, Racagni GE, Villasuso AL. 2017. Lipid signalling
mediated by PLD/PA modulates proline and H,O, levels in barley seedlings
exposed to short- and long-term chilling stress. Plant Physiology and Biochemistry
113:149-160 DOI 10.1016/j.plaphy.2017.02.008.

McLoughlin F, Arisz SA, Dekker HL, Kramer G, De Koster CG, Haring MA, Munnik T,
Testerink C. 2013. Identification of novel candidate phosphatidic acid-binding pro-
teins involved in the salt-stress response of Arabidopsis thaliana roots. Biochemical
Journal 450:573-581 DOT 10.1042/BJ20121639.

Jia et al. (2021), PeerdJ, DOI 10.7717/peerj.12480 24/27


https://peerj.com
http://dx.doi.org/10.1111/pce.12666
http://dx.doi.org/10.1111/j.1365-313X.2005.02431.x
http://dx.doi.org/10.1007/BF00049339
http://dx.doi.org/10.3390/ijms20133350
http://dx.doi.org/10.1016/j.plipres.2016.02.001
http://dx.doi.org/10.1016/j.ympev.2003.07.004
http://dx.doi.org/10.1105/tpc.105.035568
http://dx.doi.org/10.1016/j.gene.2015.02.029
http://dx.doi.org/10.1105/tpc.114.134338
http://dx.doi.org/10.1126/science.1250092
http://dx.doi.org/10.1016/j.plaphy.2017.02.008
http://dx.doi.org/10.1042/BJ20121639
http://dx.doi.org/10.7717/peerj.12480

Peer

Melin PM, Pical C, Jergil B, Sommarin M. 1992. Polyphosphoinositide phospholipase
C in wheat root plasma membranes. Biochimica Et Biophysica Acta/General Subjects
1123:163-169.

Miransari M, Smith D. 2019. Sustainable wheat (Triticum aestivum L.) produc-
tion in saline fields: a review. Critical Reviews in Biotechnology 39:999-1014
DOI 10.1080/07388551.2019.1654973.

Morran S, Eini O, Pyvovarenko T, Parent B, Singh R, Ismagul A, Eliby S, Shirley N,
Langridge P, Lopato S. 2011. Improvement of stress tolerance of wheat and barley
by modulation of expression of DREB/CBF factors. Plant Biotechnology Journal
9:230-249 DOI 10.1111/j.1467-7652.2010.00547 x.

Mulaudzi T, Ludidi N, Ruzvidzo O, Morse M, Hendricks N, Iwuoha E, Gehring
C. 2011. Identification of a novel Arabidopsis thaliana nitric oxide-binding
molecule with guanylate cyclase activity in vitro. FEBS Letters 585:2693-2697
DOI 10.1016/j.febslet.2011.07.023.

Munnik T, Meijer HJ, Ter Riet B, Hirt H, Frank W, Bartels D, Musgrave A. 2000.
Hyperosmotic stress stimulates phospholipase D activity and elevates the levels of
phosphatidic acid and diacylglycerol pyrophosphate. The Plant Journal 22:147-154
DOI 10.1046/j.1365-313%.2000.00725.x.

Munnik T, Musgrave A. 2001. Phospholipid signaling in plants: holding on to phospholi-
pase D. Science STKE [Signal Transduction Knowledge Environment] 2001:pe42.

Munnik T, Testerink C. 2009. Plant phospholipid signaling: in a nutshell. Journal of Lipid
Research 50:5260-S265 DOT 10.1194/j1r.R800098-JLR200.

Munnik T, Vermeer JE. 2010. Osmotic stress-induced phosphoinositide and inos-
itol phosphate signalling in plants. Plant, Cell and Environment 33:655—669
DOI10.1111/j.1365-3040.2009.02097 .x.

Paradis S, Villasuso AL, Aguayo SS, Maldiney R, Habricot Y, Zalejski C, Machado
E, Sotta B, Miginiac E, Jeannette E. 2011. Arabidopsis thaliana lipid phosphate
phosphatase 2 is involved in abscisic acid signalling in leaves. Plant Physiology and
Biochemistry 49:357-362 DOI 10.1016/j.plaphy.2011.01.010.

Pical C, Sandelius AS, Melin PM, Sommarin M. 1992. Polyphosphoinositide phospho-
lipase C in plasma membranes of wheat (Triticum aestivum L.). Plant Physiology
100:1296-1303 DOI 10.1104/pp.100.3.1296.

Pokotylo I, Kolesnikov Y, Kravets V, Zachowski A, Ruelland E. 2014. Plant
phosphoinositide-dependent phospholipases C: variations around a canonical
theme. Biochimie 96:144—157 DOI 10.1016/j.biochi.2013.07.004.

Priest HD, Filichkin SA, Mockler TC. 2009. Cis-regulatory elements in plant cell signal-
ing. Current Opinion in Plant Biology 12:643—649 DOI 10.1016/].pb1.2009.07.016.

Ruelland E, Cantrel C, Gawer M, Kader JC, Zachowski A. 2002. Activation of phospholi-
pases C and D is an early response to a cold exposure in Arabidopsis suspension cells.
Plant Physiology 130:999-1007 DOI 10.1104/pp.006080.

SiX,Jia X, Zhang H, Jia Y, Tian S, Zhang K, Pan Y. 2020. Genomic profiling and
expression analysis of phosphatidylinositol-specific plcs gene families among chinese
spring wheat. Scientia Agricultura Sinica 53:4969—4981.

Jia et al. (2021), PeerdJ, DOI 10.7717/peerj.12480 25/27


https://peerj.com
http://dx.doi.org/10.1080/07388551.2019.1654973
http://dx.doi.org/10.1111/j.1467-7652.2010.00547.x
http://dx.doi.org/10.1016/j.febslet.2011.07.023
http://dx.doi.org/10.1046/j.1365-313x.2000.00725.x
http://dx.doi.org/10.1194/jlr.R800098-JLR200
http://dx.doi.org/10.1111/j.1365-3040.2009.02097.x
http://dx.doi.org/10.1016/j.plaphy.2011.01.010
http://dx.doi.org/10.1104/pp.100.3.1296
http://dx.doi.org/10.1016/j.biochi.2013.07.004
http://dx.doi.org/10.1016/j.pbi.2009.07.016
http://dx.doi.org/10.1104/pp.006080
http://dx.doi.org/10.7717/peerj.12480

Peer

Snedden WA, Blumwald E. 2000. Alternative splicing of a novel diacylglycerol kinase
in tomato leads to a calmodulin-binding isoform. The Plant Journal 24:317-326
DOI10.1046/j.1365-313%.2000.00877 .x.

Sparkes IA, Runions J, Kearns A, Hawes C. 2006. Rapid, transient expression of
fluorescent fusion proteins in tobacco plants and generation of stably transformed
plants. Nature Protocols 1:2019 DOI 10.1038/nprot.2006.286.

Sui Z, Niu L, Yue G, Yang A, Zhang J. 2008. Cloning and expression analysis of some
genes involved in the phosphoinositide and phospholipid signaling pathways from
maize (Zea mays L.). Gene 426:47-56 DOI 10.1016/j.gene.2008.09.004.

Tan WJ, Yang YC, Zhou Y, Huang LP, Xu L, Chen QF, Yu L], Xiao S. 2018. Diacylglyc-
erol acyltransferase and diacylglycerol kinase modulate triacylglycerol and phos-
phatidic acid production in the plant response to freezing stress. Plant Physiology
177:1303-1318 DOI 10.1104/pp.18.00402.

Testerink C, Dekker HL, Lim ZY, Johns MK, Holmes AB, Koster CG, Ktistakis NT,
Munnik T. 2004. Isolation and identification of phosphatidic acid targets from
plants. The Plant Journal 39:527-536 DOI 10.1111/j.1365-313X.2004.02152.x.

Testerink C, Larsen PB, vander Does D, Van Himbergen JA, Munnik T. 2007. Phos-
phatidic acid binds to and inhibits the activity of Arabidopsis CTR1. Journal of
Experimental Botany 58:3905-3914 DOI 10.1093/jxb/erm?243.

Topham MK, Prescott SM. 1999. Mammalian diacylglycerol kinases, a family of lipid
kinases with signaling functions. Journal of Biological Chemistry 274:11447—11450
DOI 10.1074/jbc.274.17.11447.

Tricker PJ, EIHabti A, Schmidt J, Fleury D. 2018. The physiological and genetic basis
of combined drought and heat tolerance in wheat. Journal of Experimental Botany
69:3195-3210 DOI 10.1093/jxb/ery081.

Vaultier MN, Cantrel C, Guerbette F, Boutté Y, Vergnolle C, Cicek D, Bolte S, Za-
chowski A, Ruelland E. 2008. The hydrophobic segment of Arabidopsis thaliana
cluster I diacylglycerol kinases is sufficient to target the proteins to cell membranes.
FEBS Letters 582:1743—-1748 DOI 10.1016/j.tebslet.2008.04.042.

Wang X. 2004. Lipid signaling. Current Opinion in Plant Biology 7:329-336
DOI 10.1016/j.pbi.2004.03.012.

Wang D, Cao Z, Wang W, Zhu W, Hao X, Fang Z, Liu S, Wang X, Zhao C, Tang Y.
2020. Genome-wide characterization of OFP family genes in wheat (Triticum
aestivum L.) reveals That TaOPF29a-A promotes drought tolerance. BioMed Research
International 2020:9708324.

Wang J, Ding B, Guo Y, Li M, Chen S, Huang G, Xie X. 2014. Overexpression of a wheat
phospholipase D gene, TaPLD«, enhances tolerance to drought and osmotic stress in
Arabidopsis thaliana. Planta 240:103-115 DOI 10.1007/s00425-014-2066-6.

Winfield MO, Lu C, Wilson ID, Coghill JA, Edwards KJ. 2010. Plant responses to
cold: transcriptome analysis of wheat. Plant Biotechnology Journal 8:749-771
DOI'10.1111/j.1467-7652.2010.00536.x.

Jia et al. (2021), PeerdJ, DOI 10.7717/peerj.12480 26/27


https://peerj.com
http://dx.doi.org/10.1046/j.1365-313x.2000.00877.x
http://dx.doi.org/10.1038/nprot.2006.286
http://dx.doi.org/10.1016/j.gene.2008.09.004
http://dx.doi.org/10.1104/pp.18.00402
http://dx.doi.org/10.1111/j.1365-313X.2004.02152.x
http://dx.doi.org/10.1093/jxb/erm243
http://dx.doi.org/10.1074/jbc.274.17.11447
http://dx.doi.org/10.1093/jxb/ery081
http://dx.doi.org/10.1016/j.febslet.2008.04.042
http://dx.doi.org/10.1016/j.pbi.2004.03.012
http://dx.doi.org/10.1007/s00425-014-2066-6
http://dx.doi.org/10.1111/j.1467-7652.2010.00536.x
http://dx.doi.org/10.7717/peerj.12480

Peer

Yuan S, Kim SC, Deng X, Hong Y, Wang X. 2019. Diacylglycerol kinase and associated
lipid mediators modulate rice root architecture. New Phytologist 223:261-276
DOI 10.1111/nph.15801.

ZhangK, Jin C, Wu L, Hou M, Dou S, Pan Y. 2014. Expression analysis of a stress-related
phosphoinositide-specific phospholipase C gene in wheat (Triticurn aestivum L.).
PLOS ONE 9:€105061 DOI 10.1371/journal.pone.0105061.

Zhang W, Qin C, Zhao J, Wang X. 2004. Phospholipase D alpha 1-derived phosphatidic
acid interacts with ABI1 phosphatase 2C and regulates abscisic acid signaling.
Proceedings of the National Academy of Sciences of the United States of America
101:9508-9513 DOI 10.1073/pnas.0402112101.

Zhang Q, Xiao S. 2015. Lipids in salicylic acid-mediated defense in plants: focusing on
the roles of phosphatidic acid and phosphatidylinositol 4-phosphate. Frontiers in
Plant Science 6:387.

Jia et al. (2021), PeerdJ, DOI 10.7717/peerj.12480 27/27


https://peerj.com
http://dx.doi.org/10.1111/nph.15801
http://dx.doi.org/10.1371/journal.pone.0105061
http://dx.doi.org/10.1073/pnas.0402112101
http://dx.doi.org/10.7717/peerj.12480

