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Abstract: Diacylglycerol kinase (DGK) is a lipid kinase that phosphorylates diacylglycerol (DAG) to generate 

phosphatidic acid (PA). Based on converting one important signaling molecule (DAG) to another (PA), DGK 

plays an important role in plant responses to abiotic stress including waterlogging stress. However, no studies 

have been reported on the characterization of the DGK gene family in the waterlogging-tolerant kiwifruit 

germplasm, Actinidia valvata Dunn. Here, we identified 18 AvDGK genes in the A. valvata genome. The 

phylogenetic analysis showed that AvDGKs can be classified into three clusters, and members within the same 

cluster have similar domain distribution, exon-intron structures and conserved motif compositions. 

Chromosome localization analysis revealed that all the AvDGK genes are located across 18 different 

chromosomes. There were 29 duplicated gene pairs in kiwifruit and all had undergone purifying selection 

during evolution. Promoter cis-element analysis revealed that the cis-elements within AvDGK genes are 

associated with multiple functions, including phytohormone signal transduction, stress response, and plant 

growth and development. The expression pattern analyses indicated that AvDGK play an important role in the 

fruit development and plant response to waterlogging stress. AvDGKs gene family in the tetraploid A. valvata 

genome might promote PA synthesis and subsequent signal transduction both under short-term and long-term 

waterlogging stress. These results provide information regarding the structural characteristics and potential 

function of DGK genes within kiwifruit and lay a fundamental basis for further research into breeding for 

enhancing the kiwifruit’s tolerance to waterlogging stress. 

Keywords: diacylglycerol kinase; Actinidia valvata; phylogenetic analysis; waterlogging stress; expression 

pattern 

 

1. Introduction 

As the main components of cellular membranes, lipids also play a crucial role in cellular signal 

transduction. Among them, phosphatidic acid (PA) is an important signaling lipid molecule and its 

cellular level fluctuates rapidly and transiently in response to various biotic and abiotic stresses [1–

6]. The production of PA can be rapidly triggered in response to stimuli such as calcium [7,8], abscisic 

acid (ABA) [9], reactive oxygen species (ROS) [10], and other factors. As the simplest phospholipid, 

PA can be produced by hydrolyzing membrane phospholipids such as phosphatidylcholine (PC) by 

phospholipase D (PLD). Moreover, PA can also be synthesized by diacylglycerol kinase (DGK) by 

phosphorylating diacylglycerol (DAG) which is another main signaling molecule within eukaryotic 
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cells. Therefore, based on converting one important signaling molecule (DAG) to another (PA), DGKs 

play important roles in the regulation of plant growth, development and adaption to the 

environmental stresses [11–14]. 

DGKs are a widespread family of enzymes in most multicellular organisms. Members of DGK 

gene family have been identified in various plant species, including Arabidopsis thaliana [14], Oryza 

sativa [15], Phaseolus vulgaris [16], Brassica napus [17], Triticum aestivum [18], Malus domestica [19], 

Glycine max [20], Zea mays [21], and Populus trichocarpa [22]. In plants, DGKs are grouped into three 

phylogenetic clusters based on their domain structures and sequence similarities [13,14]. DGKs in all 

clusters possess a conserved catalytic domain with an ATP-binding site (consensus GXGXXG/A) 

required for kinase activity [23]. Besides, Cluster I contained two C1-type domains, which are 

cysteine-rich domains, thought to be responsible for binding the substrate DAG [24].  

The roles of DGKs in different clusters also exhibit functional variations. In Arabidopsis, AtDGK1 

groups together with AtDGK2 in Cluster I on the phylogenetic tree which is expressed in the roots, 

leaves, and shoots, but not in the flowers and siliques [12,25]. Conversely, the expression of AtDGK4 

and AtDGK7 in Cluster II is strongest in flowers [26]. Similarly, OsDGK1 modulates the root 

architecture of rice by altering the density of lateral and seminal roots [27]. In response to stress, the 

expression of AtDGK2 is transiently induced by wounding and cold stress [23], while the expression 

of AtDGK5 (Cluster III) increased under water and salt stress [28]. Moreover, AtDGK5 is involved in 

regulating ROS production in plant immunity [2]. Furthermore, AtDGK1 and AtDGK5 were rapidly 

upregulated within 10 minutes after submergence, indicating that DGK may play vital role in short-

term accumulation of PA under waterlogging stress [29]. 

Kiwifruit is widely favored for its high content of vitamin C, rich mineral elements, and delicious 

taste. Belonging to Actinidia, a large genus that contains more than 50 species provides a great 

diversity of genetic resources for development of new kiwifruit cultivars [30–32]. Among them, 

Actinidia valvata Dunn. is a shrub mainly growing in eastern China. Increasing evidence suggests that 

the greater tolerance to waterlogging stress has been observed in A. valvata which is commonly used 

as a rootstock [33–35]. However, the tolerance mechanism of A. valvata rootstocks’ adaptation to 

waterlogging stress has not been clarified. Therefore, it is necessary to identify the DGK gene family 

in A. valvata and explore the role of AvDGK under waterlogging stress. In this study, we 

systematically identified and characterized the DGK family members in Actinidia valvata. 

Additionally, we investigated the expression patterns of AvDGKs at different fruit development 

stages and under salt stress, and their potential roles under waterlogging stress. Our findings provide 

information regarding the structural characteristics and potential function of DGK genes within 

kiwifruit and fundamental basis for further breeding research aimed at enhancing the tolerance in 

kiwifruit under waterlogging stress. 

2. Materials and Methods 

2.1. Identification of DGK genes in kiwifruit (Actinidia valvata) 

We used the kiwifruit (Actinidia valvata) genome (unpublished) to identify and characterize the 

DGK genes. Two methods, blastp and hmmsearch, were employed to identify the DGK genes in 

kiwifruit. Seven DGK protein sequences of Arabidopsis thaliana (AtDGK) was downloaded from the 

TAIR database (https://www.arabidopsis.org/) [36] and used for BlASTp against the kiwifruit protein 

sequences. The DGK domains, including the diacylglycerol kinase catalytic 

(DAGK_cat/DAGKc/DGKc) domain (PF00781) and diacylglycerol kinase accessory 

(DAGK_acc/DAGKa/DGKa) domain (PF00609), were obtained from the Pfam database 

(https://pfam.xfam.org/) [37]. These two domains were used to search the kiwifruit protein database 

using HMMER 3.0 (https://www.ebi.ac.uk/Tools/hmmer/) [38]. The results of these two methods 

were merged and submitted to NCBI-CDD website (https://www.ncbi.nlm.nih.gov/cdd), Pfam and 

SMART databases (http://smart.embl-heidelberg.de/) to further confirm the DGK-conserved 

domains in each putative protein.  
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2.2. Physiochemical properties, protein secondary structure and 3D modeling of AvDGK proteins  

The physical and chemical properties of the AvDGK proteins, including amino acid (A.A) 

length, molecular weight (M.W), isoelectric point (pI), were evaluated using the ExPASy website 

(https://www.expasy.org/). Cell-ploc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/) [39] was 

used to predict the subcellular localization of AvDGK proteins. The secondary structures of AvDGK 

proteins were predicted using SOPMA (http://npsa-pbil.ibcp.fr/cgi-

bin/npsa_automat.pl?page=npsa_sopma.html) [40]. Furthermore, we utilized the online tool Phyre2 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) [41] for protein homology modeling 

and generation of 3D models of AvDGK proteins using default parameters. The protein domains 

were analyzed using the SMART database, and the domain structures in all AvDGK proteins were 

plotted using IBS 1.0.3 software [42]. 

2.3. Phylogenetic analyses and multiple sequence alignment of AvDGK proteins  

The 7 AtDGK protein sequences were downloaded from the TAIR database 

(https://www.arabidopsis.org/), 7 ZmDGKs were obtained from the maize protein database (Zea 

mays, http://www.maizegdb.org/), 7 PtDGKs were obtain from Phytozome v13 (Populus trichocarpa, 

https://phytozome-next.jgi.doe.gov/) [43], and 9 AchDGKs were obtained by BlASTp from the whole 

protein sequences of Actinidia chinensis ‘Hongyang’ with AtDGKs. Multiple sequence alignment of 

these DGK proteins was performed using the Clustal W method with default setting, and then 

phylogenetic tree was constructed using MEGA 7.0 software with the neighbor-joining (NJ) method 

based on the result of sequence alignment. Bootstrap analysis with 1000 replicates was performed, 

and the phylogenetic trees were visualized using the online web tool iTOL (https://itol.embl.de/) [44]. 

Multiple sequence alignment of DGK sequences were visualized using the online web tool ESPript 

3.0 (https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) [45]. 

2.4. Analysis of gene structures and conserved motifs 

The coding sequences (CDS) and their corresponding genomic sequences of AvDGK genes were 

retrieved from Actinidia valvata genomic files. The conserved motifs of AvDGK protein sequences 

were predicted using the MEME (MEME 5.5.4) online tool (https://meme-

suite.org/meme/tools/meme) [46] and the numbers of motifs were set to 10. The gene structures and 

conserved motifs of AvDGK were visualized by TBtools software [47]. 

2.5. Chromosome location, gene duplication, and collinearity analysis of AvDGK genes 

The chromosomal localization of AvDGK genes was obtained from gff3 file of the genome and 

mapped on chromosomes using MG2C online software (http://mg2c.iask.in/mg2c_v2.1/) [48]. Gene 

duplication events were identified by generating syntenic blocks within and between kiwifruit 

genomes using the MCScanX program with default parameters [49], and collinearity of the DGK 

family members within A. valvata genomes and between A. thaliana, and kiwifruit (A. valvata and A. 

chinensis) was determined using TBtools software [47]. The Ka (synonymous) and Ks 

(nonsynonymous) substitution rates in duplicated DGK gene pairs were calculated using TBtools 

software [47]. 

2.6. Cis-regulatory element prediction and analysis of promoters 

The 2,000 bp upstream sequences of AvDGK genes were extracted from the genomic DNA 

sequences and selected as promoter region. The promoter sequences were submitted to the 

PlantCARE (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) for predicting the cis-

regulatory elements [50]. TBtools was used for visualizing the results of the analysis. 

2.7. Gene expression analysis of AvDGKs 
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Raw RNA-seq data of kiwifruit flesh from different fruit stages were downloaded from NCBI 

(https://www.ncbi.nlm.nih.gov/) with the following accession number (PRJNA984935). The 

transcriptome datasets (PRJNA726156) were obtained from NCBI to investigate the expression 

profiles of AvDGKs under salt stress. The expression levels were illustrated based on the log2 

transformed FPKM values using Kallisto and visualized by TBtools [47,51]. 

2.8. Plant Materials and Treatments 

Actinidia valvata seedlings were provided by Guangxi Key Laboratory of Plant Functional 

Phytochemicals and Sustainable Utilization and grown under normal conditions. For the 

waterlogging experiment, seedlings at the six-leaf stage were submerged to a final depth of 3~5 cm 

beneath the water surface for 5 days under a normal light-dark conditions. Fresh root samples were 

collected at 0, 6, 24, and 120 h after waterlogging treatment and immediately frozen in liquid nitrogen 

for further analysis. 

2.9. RNA extraction and qRT-PCR analysis 

Total RNA of the root samples was extracted using the RNAprep Pure Plant Kit (TIANGEN). 

The FastKing RT Kit With gDNase (TIANGEN) was employed to reverse RNA into cDNA. Following 

the protocol of SuperReal PreMix Plus (SYBR Green) (TIANGEN), each 20 μL reaction mixture 

contained 1 μL of template cDNA, 10 μL of the 2 × SuperReal PreMix Plus (SYBR Green), 0.6 μL of 

each primer, and 7.8 μL of ddH2O. The reaction conditions comprised a predenaturation at 95°C for 

5 min, followed by 40 cycles of denaturation at 95°C for 10 sec, annealing at 60°C for 20 sec, and 

extension at 72°C for 20 sec. The Actinidia valvata Actin gene (AVa07g00333) was used as the reference 

gene. The relative expression levels were calculated using the 2-ΔΔCT method [52] and three duplicates 

were performed. All the primer pairs used for RT-PCR are listed in Table S1. 

2.10. Statistical analysis 

All statistical analyses were performed with Microsoft Excel software. The significance levels of 

data were checked by performing one-way ANOVA in SPSS (ANCOVA; SPSS26, SPSS Inc., Chicago, 

IL, United States), and * P < 0.05 and **P < 0.01 indicated that the difference was significant and 

extremely significant. The data are presented as mean ± standard deviation (± SD). Each treatment 

was repeated three times. 

3. Results 

3.1. Genome-Wide Identification of DGK Genes in Kiwifruit 

To identify the DGK family members in kiwifruit (Actinidia valvata), the DGK protein sequences 

from Arabidopsis thaliana were used as the query sequence to conduct the BLASTp search against 

kiwifruit genome database. Furthermore, HMMER software was utilized to search the DAGKa and 

DAGKc domains in the kiwifruit genome database. After these two methods, a total of 18 putative 

AvDGK genes were predicted, and their domains were confirmed using the NCBI CDD and SMART 

databases. Finally, all 18 candidate AvDGK genes were proved containing both functional domains 

and identified from the kiwifruit genome. Based on their chromosome position, they were named as 

AvDGK5a/b, AvDGK7a/b, AvDGK12a/b, AvDGK13a/b, AvDGK16a/b, AvDGK17a/b, AvDGK18a/b, 

AvDGK19a/b, and AvDGK23a/b (Figure 1, Table S2). The CDS lengths of AvDGK genes ranged from 

1371bp to 2205bp and the length of the proteins were 456~734 amino acids (Table 1). Their molecular 

weights ranged from 50.84 to 81.06 kDa, and the pI values ranged from 6.31 to 9.16. The predicted 

subcellular localization of the proteins was in the nucleus, chloroplast and cytoplasm (Table 1). 
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Figure 1. Chromosomal localization of AvDGK genes. 

Table 1. The characteristics of the DGK family members in kiwifruit (Actinidia valvata). 

Gene name Gene ID 

CDS 

length 

(bp) 

Number of 

amino acids 

(aa) 

Molecular 

weight (kDa) 
pI Subcellular Localiaztion 

AvDGK5a AVa05g00367 2139 712 79.50 8.62 Nucleus 

AvDGK5b AVb05g00366 2139 712 79.31 8.74 Nucleus 

AvDGK7a AVa07g00406 2139 712 79.24 8.14 Nucleus 

AvDGK7b AVb07g00371 2139 712 79.39 8.14 Nucleus 

AvDGK12a AVa12g00623 1449 482 54.05 8.57 Chloroplast. Cytoplasm. Nucleus 

AvDGK12b AVb12g00588 1392 463 51.84 7.06 Cytoplasm 

AvDGK13a AVa13g01333 1419 472 53.55 9.16 Chloroplast 

AvDGK13b AVb13g01246 1419 472 53.28 8.68 Chloroplast. Cytoplasm. Nucleus 

AvDGK16a AVa16g01104 1446 481 53.40 6.84 Chloroplast 

AvDGK16b AVb16g01069 1437 478 53.14 6.87 Chloroplast 

AvDGK17a AVa17g00287 1473 490 54.90 6.39 Chloroplast. Cytoplasm 

AvDGK17b AVb17g00295 1473 490 54.95 6.31 Cytoplasm. Nucleus 

AvDGK18a AVa18g00909 1446 481 53.53 6.72 Chloroplast 

AvDGK18b AVb18g00884 1371 456 50.84 6.41 Chloroplast 

AvDGK19a AVa19g00482 2199 732 80.77 6.32 Nucleus 

AvDGK19b AVb19g00480 2205 734 81.06 6.50 Nucleus 

AvDGK23a AVa23g00486 2205 734 80.91 6.44 Nucleus 

AvDGK23b AVb23g00493 2205 734 80.83 6.41 Nucleus 

3.2. Phylogenetic Analysis and Multiple Sequence Alignment of DGK Genes 

To elucidate the phylogenetic relationships and functional differences of the 18 AvDGKs, DGK 

protein sequences from other plants, including Arabidopsis thaliana, Actinidia chinensis ‘Hongyang’, 

Zea mays and Populus trichocarpa were used to conduct the multiple sequence alignment by Clustal 

W. Based on the alignment result, the phylogenetic tree of these DGK proteins was constructed with 
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MEGA 7.0 using the neighbor-joining method. The results showed that the 18 AvDGK proteins were 

divided into three clusters (Figure 2). Cluster I included AvDGK5a/b, AvDGK7a/b, AvDGK19a/b and 

AvDGK23a/b; Cluster II contained AvDGK16a/b and AvDGK18a/b; Cluster III consisted of 

AvDGK12a/b, AvDGK13a/b, and AvDGK17a/b. The grouped results of phylogenetic tree were 

confirmed by the amino acid similarities between AtDGKs and AvDGKs (Figure S1). The 

phylogenetic tree also revealed that the AvDGKs had high homology with DGKs in Actinidia chinensis 

‘Hongyang’, and AvDGKs are more closely related to AchDGKs located in the same chromosome of 

kiwifruit than to DGKs of other plants. 

  

Figure 2. Phylogenetic tree analysis of the DGK proteins from kiwifruit (Actinidia valvata) (Av), 

kiwifruit (Actinidia chinesis) (Ach), Arabidopsis thaliana (At), Populus trichocarpa (Pt) and Zea mays (Zm). 

The protein sequences were aligned with the Clustal W program using MEGA 7.0 and the 

phylogenetic tree was constructed using the neighbor-joining method with 1000 bootstrap replicates. 

To identify the conserved sequences in AvDGKs, multiple sequence alignment was performed 

using Clustal W, and the results were visualized using the online web tool ESPript 3.0. According to 

the alignment, a diacylglycerol kinase catalytic (DAGKc) domain (Figure 3A), a diacylglycerol kinase 

accessory (DAGKa) domain (Figure 3B) and two DAG/PE-binding domains (Figure 3C) were shown. 

The alignment revealed that almost all DGKs, except for the AtDGK2, AvDGK5a/b, AvDGK7a/b and 

AvDGK13a/b, contained the predicted ATP-binding site with a GXGXXG consensus sequence (G 

represents glycine and X represents any other amino acid) in the DAGKc domain. Furthermore, 

glycine (G) is replaced by alanine (A) in AtDGK2, AvDGK5a/b and AvDGK7a/b and by lysine (K) in 

AvDGK13a/b. The two C1 domains observed in Cluster I DGKs harbor the sequences 
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HX14CX2CX19~22CX2CX4HX2CX7 and HX18CX2CX16CX2CX4HX2CX11C respectively (Figure 

3D). Additionally, the upstream basic regions and the extended cysteine-rich (extCRD)-like domain 

were extremely conserved in Cluster I. 

  

Figure 3. Multi-sequence alignment and domain analysis of AtDGK and AvDGK proteins. (A) 

DAGKc domain, the predicted ATP-binding site with a GXGXXG consensus sequence is showed 

below the DAGKc domain. (B) DAGKa domain, (C) DAG/PE-binding domains in DGKs. (D) A 

schematic diagram of AvDGK genes in cluster I. The conserved C6/H2 cores, the upstream basic 

regions and the extended cysteine-rich (extCRD)-like domain are shown in the schematic diagram. 

3.3. Functional Domain, Secondary Structure, and 3D Modeling of AvDGKs 

To further explore the protein domains in all AvDGKs, the functional domains of AvDGKs were 

predicted by SMART and their domain distributions were diagramed using the IBS software (Figure 

4). The results showed that all DGK both had a DAGKc domain and a DAGKa domain. Additionally, 

DGK proteins in Cluster I (AvDGK5a/b, AvDGK7a/b, AvDGK19a/b and AvDGK23a/b) also 

contained two C1 domains. Based on the starting and ending positions of domains, AvDGK19a/b 

exhibit higher similarities with AvDGK23a/b than other DGKs in Cluster I. The domain position and 

distribution of AvDGK5a/b were completely consistent with AvDGK7a/b. Similar domain position 

and distribution were found in DGKs belonged in the same Cluster.  

To develop a better understanding of DGK protein structure, the secondary structure of 

AvDGKs were predicted by the web tool SOPMA. The secondary structure of the AvDGK proteins 

was predominantly composed of alpha helices, extended strands, beta turns, and random coils 

(Figure S2, Table S3). The analysis showed that the random coils accounted for the largest percentage 

of secondary structures among all AvDGK proteins, followed by alpha helix and extended strands, 

while the beta turns accounted less than 6.0%. Besides, the 3D models of all AvDGKs proteins were 

predicted using the default mode of the Phyre server (Figure S3). Similar 3D structures were found 

in AvDGKs, and the composition and position of secondary structure could be clearly observed. 
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Figure 4. Distribution of the function domains in AvDGK proteins. The numbers up/down the protein 

indicate the position of each domain in the protein. 

3.4. Gene Structure, Domain and Conserved Motifs Analysis of AvDGKs 

To investigate the diversity and differentiation of AvDGKs, we further analyzed the gene 

structure and conserved motifs of AvDGK family. A total of 10 different conserved motifs, labeled as 

motif 1 to motif 10, were identified in AvDGKs (Figure 5B, Figure S4). Similar motif distribution was 

observed within a Cluster. According to the results, AvDGKs from Cluster I contained a maximum 

of 10 motifs, while AvDGKs from Cluster II contained a minimum 6 motifs (Figure 5B). The members 
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of Cluster III contained one additional motif compared to the members of Cluster II, namely motif 

10. The protein domains of AvDGKs were clearly shown in Figure 5C. All AvDGKs have a DAGKc 

domain and a DAGKa domain, and two C1 domains were conserved in Cluster I DGKs (Figure 5C). 

Gene structure of AvDGKs could provide insights into their classification and functional 

diversification. The AvDGKs genes belong to Cluster I possessed a smaller number of exons compared 

to other AvDGKs genes, which all contained 7 exons and 6 introns (Figure 5D, Figure S5). The Cluster 

II members (AvDGK16a/b and AvDGK18a/b) all contained 12 exons and 11 introns, whereas the exon 

numbers from Cluster III varied from 11 to 13 (Figure 5D, Figure S5). 

  

Figure 5. The phylogenetic tree, motif composition, domain location and gene structure of the 

AvDGKs. (A) The phylogenetic tree of the AvDGK proteins. (B) Conserved motifs distribution of the 

AvDGK proteins. (C) The domain location of the AvDGK proteins. (D) Gene structure of the AvDGK 

genes, yellow color indicates the exons, gray color lines indicate the introns, and the purple color 

shows the untranslated 5′ and 3′-regions. 

3.5. Synteny and Gene Duplication Analysis of AvDGKs 

To determine the expansion patterns of the DGK gene family, a collinearity analysis was 

performed to identify duplicated gene pairs for DGK genes in A. valvata. A total of 29 duplicated gene 

pairs were identified in the A. valvata genome (Figure 6 and Table S4). Among them, there were each 

5 duplicated gene pairs respectively in subgenome a or subgenome b of A. valvata, and 19 duplicated 

gene pairs between subgenome a and subgenome b. We estimated the selection pressure of 

replication gene pairs by calculating nonsynonymous (Ka) and synonymous (Ks) substitution rates. 

Ka/Ks < 1 indicates purifying selection, Ka/Ks > 1 denotes positive selection, and Ka/Ks = 1 represents 

neutral selection [53,54]. The results showed that the Ka/Ks ratio for all duplicated gene pairs ranged 

from 0.11 to 0.85, indicating that the duplicated gene pairs in kiwifruit underwent purifying selection 

(Table S4). The results also suggested that the duplication events in A. valvata occurred between 4.67 

to 76.36 million years ago (MYA) (Table S4). 
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Figure 6. Collinearity analysis of AvDGKs. Grey lines indicate all duplicate genes, other different 

colored lines indicate the duplicated DGK gene pairs within and between A. valvata subgenomes. The 

heatmap and line graph means gene density. 

To further understand the evolutionary origins and orthologous relationship of the DGK gene 

family, a collinearity analysis was performed among A. valvata, Arabidopsis thaliana and Actinidia 

chinensis ‘Hongyang’ (Figure 7). Nineteen gene pairs were found between between A. valvata 

subgenome a and subgenome b (Figure 7A). Each 18 gene pairs were found between between A. 

valvata subgenome and Actinidia chinensis ‘Hongyang’ (Figure 7B). The difference was that 11 and 10 

gene pairs were found between Arabidopsis thaliana with A. valvata subgenome a and subgenome b 

(Figure 7C). The collinearity analysis provides insights into the evolutionary dynamics and functional 

divergence of the DGK gene family in A. valvata and related species. 
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Figure 7. Multiple collinearity analysis between A. valvata, A. thaliana and A. chinensis ‘Hongyang’. 

The grey lines in the background represent all the syntenic blocks between A. valvata subgenome and 

other plants, and the blue lines highlight the DGK genes orthologous in A. valvata subgenome and 

other plants. 

3.6. Analysis of Cis-Elements in the Promoters of AvDGK genes  

To explore the possible regulatory patterns of the AvDGK genes, the upstream 2,000 bp promoter 

sequences of all AvDGK genes were analyzed using PlantCARE. The putative cis-elements were 

involved in stress response, phytohormone regulation, and plant growth and development (Figure 

8). The distribution and numbers of these cis-elements exhibited that the light responsiveness element 

was the most commonly occurring (Figure 8A). The phytohormone responsive cis-acting elements 

are also widely distributed, especially that MeJA responsiveness element which is present in almost 

all AvDGK genes. However, only six AvDGK promoters contained salicylic acid (SA) responsiveness 

elements. Moreover, cis-acting elements related to stress responses, such as wound stress 

responsiveness, drought responsiveness, low-temperature responsiveness, anaerobic induction, 

defense and stress responsiveness were also found in promoters of AvDGK genes (Figure 8A). 

Notably, hypoxia induces the expression of almost all AvDGK genes, except for AvDGK18b and 

AvDGK19a. Furthermore, 66.67% of AvDGK genes exhibited responsiveness to drought stress, and 

AvDGKs within Cluster II were implicated in the response to low-temperature stress. 

We also identified the number and type of cis-elements which were classified into 3 classes 

(Figure 8B). According to their functions, they were divided into plant growth and development, 

phytohormone responsive, and abiotic and biotic stress. In the plant growth and development 

category, there are 41 G-boxes (light responsiveness), of which, AvDGK5b accounts for 10 (Figure 8B). 

In the phytohormone responsive categories, CGTCA-motif (MeJA-responsiveness) and TGACG-

motif (MeJA-responsiveness) are two most widely distributed being present in almost all of the 18 

genes except AvDGK19a (Figure 8B). Additionally, in the abiotic and biotic stress categories, the 

number of MYC (multi-stress responsiveness) is the most distributed except AvDGK5a and 

AvDGK18a (Figure 8B). These results suggested that AvDGK might plays a significant role in plant 

growth and development, as well as in the response to various stress. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 February 2024                   doi:10.20944/preprints202402.1396.v1



 12 

 

 

Figure 8. Cis-element analysis of the AvDGKs. (A) Cis-acting element distribution in promoter 

regions. Different colored rectangles represent different cis-acting element types. (B) Statistics on the 

number of cis-acting elements associated with plant growth and development, phytohormone and 

stress responses in the promoter region of AvDGK genes. 

3.7. Expression Patterns of AvDGKs in kiwifruit 

To investigate the expression patterns of AvDGKs in kiwifruit, we analyzed the expression levels 

of the AvDGK genes in flesh at different developmental stages of the fruit and in roots under salt 

stress by utilizing two transcriptome datasets. The expression of AvDGKs could be estimated across 

four fruit stages: stage 1 (mature green fruit stage), stage 2 (breaker fruit stage), stage 3 (colour change 

fruit stage) and stage 4 (ripe fruit stage) (Figure 9A). The expression profile revealed that 

AvDGK16a/b, AvDGK17b and AvDGK18b exhibited higher expression levels across different fruit 

developmental stages. In contrast, genes like AvDGK7a/b and AvDGK13a/b showed lower expression 

levels. Additionally, the AvDGKs presented different expression profiles during the fruit 

development (Figure 9A). AvDGK12a/b and AvDGK18a/b showed decreased expression during the 

fruit development, while a rise of expression at breaker fruit stage was observed in most other AvDGK 

genes (Figure 9A). Based on the transcriptome data, the expression levels of AvDGKs in roots were 

evaluated after salt treatment 0 h, 12 h, 24 h, and 72 h (Figure 9B). The heatmap results showed that 

the expression of AvDGK5a/b, AvDGK16a/b, AvDGK17a/b, AvDGK18a/b and AvDGK19a/b 

downregulated in response to salt treatment, indicating that the expression of DGK in roots was 

inhibited under salt stress (Figure 9B). 
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Figure 9. Expression profiles of AvDGKs in different fruit stage and under salt stress. (A) Expression 

profiles of AvDGKs in fruit flesh at stage 1 (mature green fruit stage), stage 2 (breaker fruit stage), 

stage 3 (colour change fruit stage) and stage 4 (ripe fruit stage). (B) Expression profiles of AvDGKs in 

root under salt stress at 0 h, 12 h, 24 h and 72 h. 

3.8. RT-qPCR of AvDGKs under waterlogging stress at different time 

To further evaluate the role of AvDGKs in the response to waterlogging stress, we performed 

RT-qPCR to obtain insights into expression patterns of AvDGKs in roots under waterlogging stress. 

As shown in Figure 10, the relative expression levels of 15 AvDGKs were significantly changed after 

the treatment. Of these, waterlogging stress significantly induced the expression of AvDGK12a, 

AvDGK12b, and AvDGK18b (Figure 10). Interestingly, the expression levels of AvDGK12a and 

AvDGK12b were slightly different at different treatment time. AvDGK12b was rapidly induced by 

submergence treatment at 6 h, and displayed a trend of decline following the waterlogging stress. 

Differently, significant upregulation of gene expression for AvDGK12a was observed until the 

submergence treatment 120 h. The expression pattern of AvDGK18b post-submergence treatment was 

similar to that of AvDGK12b. Conversely, no significant change in gene expression was detected for 

AvDGK18a following submergence treatment. The result suggested that AvDGK12b and AvDGK18b 

played a key role in short-term response while AvDGK12a may be involved in regulating the long-

term waterlogging stress response. During the stress, AvDGK5b, AvDGK7a, AvDGK13b and 

AvDGK16a, AvDGK19a/b and AvDGK23a/b showed a similar expression pattern that they sharply 

decreased to a relatively lower expression level at 6 h or 24 h and upregulated slightly at 120 h (Figure 

10). Similarly, the relative expression levels of AvDGK5a, AvDGK7b, AvDGK13a and AvDGK16b were 

significantly reduced and remained at a relatively low level during the submergence stress. 

Waterlogging stress had no effect on the expression of AvDGK17a/b. 
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Figure 10. The relative expression levels of AvDGKs in the roots under waterlogging stress at different 

time. Data were shown as means ± SD (n=3) and statistical significance is indicated by *(p<0.05) and 

**(p<0.01). 

4. Discussion 

The ability to sense and respond to various environmental stimuli is essential for the growth, 

development, and survival of plants. Diacylglycerol kinase (DGK) plays a pivotal role in this process 

by regulating the levels of two crucial signaling molecules, diacylglycerol (DAG) and phosphatidic 

acid (PA) [12,28]. After lipid phosphorylation of DAG, PA is rapidly produced and accumulates in 

response to a variety of stresses, such as cold stress, salt stress, hypoxia stress, and submergence 

[29,55,56]. Upon submergence, it was reported that DGKs and PA derived from DGKs were critical 

for regulating plant acclimation to submergence [29]. As a submergence-tolerant germplasm, an 

increasing number of recent studies in Actinidia valvata focused on understanding the mechanism of 

regulating plant tolerance to submergence [33–35,57–59]. However, no reports have addressed the 

characteristics and potential role of DGK gene family members in the waterlogging-tolerance of 

Actinidia valvata. In this study, we identified 18 AvDGK members within the Actinidia valvata genome 

which were located on 18 different chromosomes. The number of AvDGK genes identified in Actinidia 

valvata genome was relatively higher than the number found in Arabidopsis thaliana (7 AtDGKs) [14], 

in Zea mays (7 ZmDGKs) [21], in Malus domestica (8 MdDGKs) [19] and in Populus trichocarpa (7 PtDGKs) 

[22], but less than those in Triticum aestivum (24 TaDGKs) [18] and in Brassica napus (21 BnaDGKs) [17], 

which may be due to the differences in the size of the genome. The AvDGKs encoded proteins ranging 

from 456~734 amino acids, and these proteins were subcellularly located in the nucleus, chloroplast 

and cytoplasm.  

The grouping and evolutionary relationships of the DGK gene family were determined by 

multiple sequence alignment and the phylogenetic tree construction among monocots and dicots. 

The AvDGKs were classified into three clusters ,I, II and III, and this classification was confirmed by 

domain prediction and analysis. The classification of AvDGKs is consistent with previously 

published reports in other plants and supports the domain conservation and sequence similarity of 

DGK in plants. In plants, DGKs in Cluster I show a relatively complex domain distribution. They 

possess the conserved catalytic kinase domain and two C1-type domains which are cysteine-rich 

domains thought to be responsible for binding the substrate DAG [14]. In addition, an upstream basic 

region and an extended cysteine-rich (extCRD)-like domain was also found next to the C1 domain. 

In contrast, Cluster II and III DGKs lack the two C1 domains but still retain the conserved kinase 

domain. Domain analysis showed that all three clusters display structural characteristics consistent 
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with previous findings, indicating high conservation of functional domains across different species 

persists in the evolution of DGKs. 

Besides the conserved domains, similar exon-intron numbers, motif composition, and 

subcellular location were found within the clusters. Gene structure of AvDGK members in Cluster I 

and II revealed that they contained seven and twelve exons respectively, the same numbers of exon 

were also found in wheat [18], common bean [16], soybean [20] and poplar [22]. Conserved exon-

intron structure in Cluster I and II indicates that DGKs possibly come from a common ancestor and 

DGK genes were strongly affected by the repetitive phenomenon of gene duplication during the 

evolution [60]. Additionally, different intron and exon patterns were found in AvDGK belonging to 

Cluster III suggesting that the ancestral AvDGK gene is likely to have undergone several rounds of 

intron loss and gain during evolution [61]. These structural differences in Cluster III might confer 

distinct functional properties. 

Diverse gene function is affected significantly by the cis-element located in the promoter regions. 

Previous studies have reported that cis-elements on the promoters of DGKs are associated with 

multiple stresses such as drought, cold stress and wound stress and hormone responses such as ABA, 

SA and MeJA [16–18,21,22]. Some of the predictions were confirmed by the expression analysis. 

AtDGK1, AtDGK2, AtDGK3, and AtDGK5 genes were upregulated upon exposure to low temperature 

(4℃) and contributed to cold stress response in Arabidopsis [23,55]. Similarly, the expression of 

TaDGK1A/B/D and TaDGK2D genes increased significantly at 4℃  in wheat. Under salt stress, 

MdDGK4 in apple and PtDGK3/5 in poplar were induced in the plant salt response [19,22]. In the 

present study, cis-elements in the promoter of AvDGK genes were involved in phytohormone, stress-

response, and plant growth and development. The results showed that MeJA responsiveness 

elements (TGACG-motif and CGTCA motif) were present in almost all AvDGK genes, suggesting 

that AvDGK might be associated with MeJA signal transduction and involved in plant defensive 

responses against environmental stress [62]. Moreover, stress-related response cis-acting elements 

such as wound stress responsiveness, drought responsiveness, low-temperature responsiveness, 

anaerobic induction, defense and stress responsiveness were also found in the promoters of AvDGK 

genes. Among them, anaerobic induction element (ARE) was commonly distributed indicating 

AvDGK might play an important role in A. valvata upon low oxygen (hypoxia) stress, which is usually 

caused by root waterlogging and submergence [63].  

Gene function is further investigated by determining the expression patterns of AvDGK 

according to the available transcriptome data. Based on the transcriptome data, the expression levels 

of most AvDGK genes increased during breaker fruit stage, suggesting that signal lipids such as DAG 

and PA are implicated with the ethylene signaling which is activated during fruit ripening [64,65]. It 

was reported that PA increased during the tomato fruit pericarp ripening [66]. To further explore the 

role of AvDGK under abiotic stress, transcriptome data of A. valvata related to salt stress were 

examined and showed that the expression levels of most AvDGK genes in roots decreased with the 

exception of AvDGK13a/b. PA synthesis in response to long-term salt stress was mainly occurred 

through hydrolysis of PLD, whereas a short-term salt stress might cause PA accumulation via the 

alternative PLC/DAG kinase pathway [67]. Downregulation of AvDGK genes under salt stress might 

be a strategy for lipid remodeling which could maintain the cell integrity and stability [68], as well as 

for energy conservation due to the use of ATP as an energy source by DGK to catalyze the conversion 

of DAG to PA. 

Increasing evidence suggests DGK and its product PA are involved in plant acclimation to 

waterlogging [28,29]. In Arabidopsis, relative transcript levels of AtDGK1 and AtDGK5 were 

upregulated at 10 minutes after submergence [29]. In our study, qRT-PCR analysis was used to 

examine the relative expression levels of AvDGK genes after waterlogging treatment, which showed 

that the expression of AvDGK12a, AvDGK12b and AvDGK18b were significantly induced under 

waterlogging stress. Previous studies report that the levels of PA increased significantly in various 

plant species in response to submergence treatment [69,70], facilitating plant adaptation to hypoxia 

and improving plant tolerance to submergence [71]. Given that DGK synthesizes PA through the 

phosphorylation of DAG, expression upregulation of DGK was observed in Arabidopsis [29] and 
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Actinidia valvata. Moreover, AvDGK12b and AvDGK18b were induced rapidly indicating their roles in 

the immediate response to short-term waterlogging stress, while AvDGK12a may be involved in 

regulating the long-term waterlogging stress response. We propose that AvDGKs gene family in the 

tetraploids Actinidia valvata genome promoted PA synthesis and subsequent signal transduction both 

under short-term and long-term waterlogging stress, which played a key role in enhancing the 

tolerance of kiwifruit to waterlogging stress. 

5. Conclusions 

A total of 18 DGK genes were identified in the Actinidia valvata genome. Based on multiple 

sequence alignment and phylogenetic analysis, they were divided into three clusters. The motif and 

functional domains analysis further confirmed the classification and their phylogenetic relationships. 

The expression levels of AvDGK genes including AvDGK12a, AvDGK12b and AvDGK18b were 

significantly upregulated under waterlogging stress. Thus, our findings provide a theoretical 

foundation for further exploration of candidate genes for enhancing kiwifruit tolerance to 

waterlogging stress. 
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