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A B S T R A C T   

Abscisic acid (ABA) plays important roles in plant development and tolerance to abiotic stresses. Limited in-
formation is available regarding ABA signaling pathway genes in grape. In this study, 9 VvPYR/PYLs, 85 
VvPP2Cs, 7 VvABIs, 7 VvSnRK2s, and 8 VvABFs were identified in the grape genome. Duplication analysis 
indicated that whole genome duplication might contribute to the expansion of these gene families. The 
comprehensive transcriptome analysis in various organs/tissues implied that most of these genes were tissue- 
specific, and few were environment-specific genes. Exogenous ABA treatment reduced the grape maturation 
period. VvPP2C59, VvPP2C60, VvPP2C66, and VvABF8 were all involved in tolerance to cold, heat, and drought 
stresses, revealing their crucial roles in regulating environmental stress responses. This work provides detailed 
information of ABA signaling pathway genes and new insights regarding their expression patterns during grape 
development and abiotic stress treatment.   

1. Introduction 

Abscisic acid (ABA) is an isoprenoid that plays crucial roles in plant 
seedling growth, fruit maturation, cuticle formation, and response to 
abiotic stresses (Finkelstein et al., 2002; Pulido et al., 2012; Leng et al., 
2014; Cui et al., 2016). ABA was first described in the 1960s and re-
ported to have a great influence on petiole exfoliation (Ohkuma et al., 
1963; Addicott and Lyon, 1969). After 50 years of study, researchers 
have made a great breakthrough in the signaling pathway of ABA 
(Umezawa et al., 2010). In plants, Pyrabactin resistance 1/PYR-like 
(PYR/PYL) serves as the receptor of ABA and transforms their confor-
mational structures to inhibit ABA-insensitive (ABI)-clade protein 
phosphatase 2Cs (PP2C) activity. Phosphorylation is permitted, Snf1- 
related Kinase 2s (SnRK2s) proteins are activated, and SnRK2s down-
stream transcription factors are thus activated. Therefore, the activation 
of SnRK2s is related to the downstream ABA-bound transcriptional 
factors (ABFs) for activating ABA-responsive gene expression (Lynch 

et al., 2012; Shan et al., 2012; Zhang et al., 2015; Wang and Wang, 
2018). 

ABA signaling pathway genes have been identified and studied in 
numerous plants. In Arabidopsis thaliana, 14 members of the PYR/PYL 
family, 76 members of the PP2C family, 10 members of the SnRK2 
family, and 4 members of the ABF family have been identified (Choi 
et al., 2000; Hrabak et al., 2003; Xue et al., 2008; Park et al., 2009). 
Since these genes were identified in A. thaliana, several studies have 
reported genes in other plants, such as Cucumis sativus (Wang et al., 
2012), Cerasus pseudocerasus (Wang et al., 2014), Lycopersicon escu-
lentum (Sun et al., 2011), Oryza sativa (Xue et al., 2008; Umezawa et al., 
2010; Saha et al., 2014), Zea mays (Huai et al., 2008; Wei and Pan, 2014; 
Fan et al., 2016), Brachypodium distachyon (Wang et al., 2015; Cao et al., 
2016; Zhang et al., 2017), and Musa nana (Hu et al., 2017). ABA 
signaling pathway genes are involved in the developmental processes of 
many plants. In A. thaliana, Atpyl8 (PYR/PYL8) and Atpyl9 (PYR/PYL9) 
enhances ABA-induced leaf senescence and AtABI1-1 strongly inhibits 
AtSnRK2.6 activation and influences stomatal closure (Yoshida et al., 

* Corresponding authors at: Beijing Key Laboratory of Grape Science and Enology, and CAS Key Laboratory of Plant Resources, Institute of Botany, Innovation 
Academy for Seed Design, the Chinese Academy of Science, Beijing 100093, China (Z. Liang) and Agricultural Big-Data Research Center and College of Plant 
Protection, Shandong Agricultural University, Taian 271018, China (L. Yang). 

E-mail addresses: lyang@sdau.edu.cn (L. Yang), z1249@ibcas.ac.cn (Z. Liang).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Gene 

journal homepage: www.elsevier.com/locate/gene 

https://doi.org/10.1016/j.gene.2020.145226 
Received 14 July 2020; Received in revised form 4 September 2020; Accepted 7 October 2020   

mailto:lyang@sdau.edu.cn
mailto:z1249@ibcas.ac.cn
www.sciencedirect.com/science/journal/03781119
https://www.elsevier.com/locate/gene
https://doi.org/10.1016/j.gene.2020.145226
https://doi.org/10.1016/j.gene.2020.145226
https://doi.org/10.1016/j.gene.2020.145226
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2020.145226&domain=pdf


Gene 769 (2021) 145226

2

2006; Zhao et al., 2016). AtABF2, AtABF3, and AtABF4 could accelerate 
leaf senescence and chlorophyll degradation (Gao et al., 2016). In 
O. sativa, OsPP2C51 positively influences seed germination by inacti-
vating OsbZIP10 (Bhatnagar et al., 2017). The signaling genes of the ABA 
signaling pathway are also related to various environmental stresses. In 
rubber tree, PeuPP2C members identified in Populus euphratica are 
involved in tolerance to salt and cold stresses (Li et al., 2018). Most 
BnSnRK2 in Brassica napus showed that genes could efficiently regulate 
drought stress responses (Yoo et al., 2016). Overexpression of AtABF3 
could enhance heat tolerance (Vanjildorj et al., 2006). These results 
suggest that PP2Cs and ABIs negatively regulate ABA-mediated molec-
ular processes; in particular, PYR/PYLs, SnRK2s, and ABFs positively 
influence responses to stresses. 

Grape (Vitis vinifera) is a popular fruit worldwide and used in 
manufacture of wines and juices (Keevil et al., 2000; Makris et al., 2006; 
Percival, 2009). As an important economic crop, grapes are usually 
regulated and influenced by ABA hormone during all growth processes, 
especially in grape ripening (Giribaldi et al., 2010; Haider et al., 2017; 
Pilati et al., 2017). Identification of ABA signaling pathway genes in 
grape is important for abiotic stress study and breeding (Hirayama and 
Shinozaki, 2010). Grape genome sequences were released in 2007 
(Jaillon et al., 2007), which could provide detailed information for 
comprehensive analysis of these gene families. Currently, gene families 
in the ABA signaling pathway have not been researched systematically. 
Only three families (PYR/PYL, PP2C, and SnRK2) have been identified 
based on grape genome (Boneh et al., 2012; Liu et al., 2016). Never-
theless, the function of these genes in grape remains unclear. The gene 
families of the ABA signaling pathway should be systematically analyzed 
to identify their expression during grape development and response to 
environmental stresses. 

This study aimed to identify all genes involved in the ABA signaling 
pathway and explore their evolutionary relationships, sequence char-
acteristics, and duplication events. We also aimed to explore the tissue- 
specific expression and the expression pattern of several abiotic stresses. 
These results will provide useful information for ABA-related studies 
and give guidance to high-quality grape cultivation and breeding. 

2. Materials and methods 

2.1. Identification and phylogenetic analyses 

Full-length grape protein sequences were obtained from the grape 
genome database (http://genomes.cribi.unipd.it/grape/). BLAST and 
HMM searches were employed to identify genes of the five families in 

grape genome. The genes in the pathway from A. thaliana (TAIR: 
http://www.arabidopsis.org/) were used as queries for scanning the 
grape protein database by using BLASTP program and then encoded into 
MEGA7.0 with default settings for multiple sequence alignments. HMM 
profiles used the alignment results to search the protein databases and 
identify ABA signaling pathway genes. Finally, to confirm the reliability 
of the candidates, the protein sequences were delivered to NCBI- 
Conserved Domain Database (http://www.ncbi.nlm.nih.gov/cdd/). 
According to the alignment results, five unrooted trees were constructed 
using MEGA7.0 (https://www.megasoftware.net/) with NJ method. The 
bootstrap process was used to detect the tree with 1000 replicates. 
Online software EVOLVIEW (http://www.evolgenius. 
info/evolview/#login) was applied to prettify these phylogenetic trees. 

2.2. Conserved motif and gene characteristic analysis 

To investigate the conserved motifs of genes, the following optimized 
parameters of Multiple Expectation Maximization for Motif Elicitation 
(MEME, http://meme-suite.org/tools/meme) were employed. The 
maximum number of motifs was set to five. The optimum width motifs 
ranged from 1 to 50 residues, and other parameters were used with 
default arguments. The exon–intron organization of the grape genes, 
including coding sequence distribution, exon–intron boundaries, and 
intron patterns, were analyzed using the web-based bioinformatics tool 
Gene Structure Display Server (http://gsds.cbi.pku.edu.cn/). 

2.3. Chromosomal location, duplication events, and synonymous (Ks) 
substitutions per site 

The chromosomal positions of candidates were also obtained from 
V. vinifera genome annotation files (http://genomes.cribi.unipd.it/DA 
TA/V2/V2.1/). All pathway gene sequences were searched against 
themselves by employing BLASTP process with e-value set to 1e− 20. 
BLAST results and the GFF files of grape genomes were input into 
MCScanX to identify syntenic relationships, and CIRCOS (http://circos. 
ca/) was used to exhibit the duplication patterns. The duplicated gene 
pairs were aligned on the basis of their coding amino acid and protein 
sequences in ParaAT (http://bigd.big.ac.cn/tools/paraat) software. 
KaKs_Calculator (Zhang et al., 2006) was employed to calculate the Ks 
values of each duplicated gene event. 

2.4. Plant growth and treatments 

To verify the ABA signaling pathway genes’ expression levels in 
grape berries during ripening, three biological replicates for each sample 
were collected. The trees of grapes were provided by the Institute of 
Botany of the Chinese Academy of Sciences, Beijing, China (39◦54′N, 
116◦23′E). They were cultivated in south-to-north oriented rows with 
fertile lands in 2007. Berries were sampled from four different species of 
V. ciniera × V. riparia 5A (S1), V. labrusca × V. vinifera Azensu × Ip 150 
(S2), V. labrusca × V. vinifera Jiangshang (S3), and V. labrusca ×
V. vinifera Takao (S4) at their green hard and ripening stages. 

To analyze gene expression in grape under ABA hormone stress, 
grape berries were soaked in diversified ABA mixtures (27 and 270 mg/ 
ml) for 15 s, and berries dipped in distilled water acted as control. 
Berries were collected with three biological replicates when these grapes 
were treated after 9, 24, 33, and 72 h. All samples were immediately 
frozen in liquid nitrogen and reserved at − 80 ◦C until RNA extraction. 

2.5. qRT-PCR analysis 

Total RNA was extracted from the sampled berries using RNAprep 
Pure Plant Kit (Tiangen Biotech, Beijing, China) from the manufacturer’s 
instructions. RNA concentration was tested, and three isolated RNAs 
were mixed for each sample to ensure that every transcriptase reaction 
contained the same amount of RNA from three independent berries. 

Abbreviations 

ABA abscisic acid 
PYR/PYL Pyrabactin resistance 1/PYR-like 
PP2C protein phosphatase 2Cs 
ABI ABA-insensitive 
SnRK2 Snf1-related Kinase 2 s 
ABF ABA-bound transcriptional factors 
HMM Hidden Markov Model 
CDD Conserved Domain Database 
NJ neighbor-joining methord 
Ks synonymous distance 
WGD whole genome duplication 
FPKM Fragments per kilobase of transcript per millionmapped 

reads 
TPM Transcripts per kilobase of exon per million mapped 

reads 
LFC log2 change fold  
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Approximately 1 μg of high-quality RNA was used to synthesize cDNA by 
HiScript Q RT SuperMix (Vazyme Biotech Co., Nanjing, China). qRT- 
PCR was conducted on the Opticon thermocycler (CFX Connect Real- 
Time Systerm; Bio-Rad, Hercules, CA) using SYBR PCR mixture. Gene- 
specific primers of the candidates were designed by Eprimer3. Semi-
quantitative RT-PCR was conducted with the following conditions: 10 
min at 95 ◦C, followed by 40 cycles of 10 s at 95 ◦C, 30 s at 60 ◦C, and at 
65 ◦C–95 ◦C to acquire the melt curve. The mixture was prepared in 20 μl 
reaction volumes and contained 10 μl of SYBR Premix buffer, 0.8 μl each 
of the primers (10 μM), 2 μl of cDNA, and 7.2 μl of ddH2O. A house-
keeping gene VvActin (Accession: EC969944) was used as reference. 
Each experience had three technical replicates and three biological 
replicates. The target gene expression was calculated following 2-△△Ct 

method. The relative expression was statistically determined by T-test 
(**P < 0.01, *P < 0.05, n = 3). 

2.6. Transcriptomic resources and assays 

The expression profiles of genes from various grapes were analyzed 
using RNA-sequencing data from the NCBI Sequence Read Archive. The 
activity assay GSE36128 was used to analyze gene expression levels at 
seven grapevine tissues that covered different stages. All samples were 
collected with three biological replicates. To investigated the genes 
expression level of the ABA signaling pathway, the GSE62744 tran-
scriptomic profiles of 5 red grape varieties (Primitivo, Refosco, Negro 
amaro, Barbera, and Sangiovese) on 4 growth stages (pea-sized, berry 
touch, soft, and harvest) were performed with three independent rep-
licates. ABA treatment in SRP098802 was performed at Pinot Noir, and 
these berries were mock treated in mixed liquor containing 100 ml of 
water, 0.5 ml of ethanol, and 40 mM ABA for 20 h. Confecting liquid 
with 100 ml of water and 0.5 ml of ethanol was prepared as control. 

To understand response to cold stress, we analyzed the tran-
scriptomic data by SRP018199. In the experiment, two pairs of cold- 
treated and noncold-treated V. vinifera Muscat were used to analyze 
differentially expressed genes. Data of berries were obtained from 
SRP059734 to analyze the expression of genes between day and night 
with heat stress. Grape berries were collected from five different periods 
(early green growth, late green growth, early veraison, late veraison, 
ripening) with three biological replicates. We also performed high- 
temperature treatments (25 ◦C, 35 ◦C, 40 ◦C, and 45 ◦C) on grape 
leaves in SRP091989. Drought treatment in SRP132681 was exhibited as 
follows: two year-old grafts and roots were grown with the content of the 
pots decreased to 5%–10% in the soil water at the end of drought 
treatment. Control condition was made with well irrigation at the field 
capacity. 

The transcriptomic data were used FastQC (http://darlinglab.or 
g/tutorials/fastqc/) to remove low-quality reads and examine 
sequence quality. All datasets quality scores across all bases had reached 
more than 20. Clean reads were generated and mapped to grapevine 
reference genome (http://genomes.cribi.unipd.it/grape/) with Tophat 
v.2.0.10 (http://ccb.jhu.edu/software/tophat/index.shtml), the map-
ping rates were reached to 80%. Transcriptome assemblies were 
exhibited by Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/). 
Gene expression was uniform in fragments per kilobase of exon model 
per million mapped reads. 

3. Results 

3.1. Identification and phylogenetic analysis of ABA signaling pathway 
genes in V. Vinifera 

In this study, both Hidden Markov Model (HMM) and BLASTP pro-
gram were utilized to scan the grape database (V0 and V2.1) of the 12X 
grape genome. The five genes families of the ABA signaling pathway 
included 116 putative genes, including 9 VvPYR/PYLs, 85 VvPP2Cs, 7 
VvABIs, 7 VvSnRK2s, and 8 VvABFs (Table S1). After confirming the 

conserved domains by the Conserved Domain Database (CDD) database, 
these members were named based on their phylogenetic relationship to 
A. thaliana. Grape has less family numbers than other plants (A. thaliana, 
O. Sativa, Z. mays, M. nana, and B. distachyon) in the ABA signaling 
pathway families, except for the PP2C gene family in A. thaliana and 
O. sativa (Table 1). 

To categorize the polygenetic relationship of these genes, 5 neighbor- 
joining (NJ) trees were constructed with bootstrap 1000 by using 
aligned protein sequences. The phylogenetic trees showed that VvPYR/ 
PYLs and VvPP2Cs had 4 and 12 subgroups, respectively (Fig. 1a, b); and 
VvABIs, VvSnRK2s, and VvABFs had 3 subgroups (Fig. 1c, d, e). The 
subgroup II of VvPYR/PYL had 4 members, which accounted for 44% of 
the entire family. The number of VvPP2C members of the subgroup 
ranged from 3 (subgroup VI, VII, and VIII) to 12 (subgroup X). VvABIs 
and VvSnRK2s could be divided into 3 subgroups, and each subgroup 
contained 1 to 3 members. In the VvABF gene family, most genes were 
divided into subgroup III, and only 3 genes were located in subgroups I 
and II. 

3.2. Conserved motif, typical domain, and gene structure analysis 

To investigate the sequence and function features of PYR/PYL, PP2C, 
ABI, SnRK2, and ABF proteins in grape, five conserved motifs that 
ranged from 6 bp to 50 bp were confirmed for each family with MEME 
(Multiple Expectation Maximization for Motif Elicitation) search tool. In 
the VvPYR/PYL family, motifs 1 and 2 existed in all VvPYR/PYL mem-
bers with the typical domain PYR/PYL_RCAR_like (Fig. S1a). Motif 5 
only existed in subgroup II, with highly conserved amino acid residues 
QDRTEPIDRM region. In the VvPP2C family, nine domains were veri-
fied, and the PP2C catalytic domain was the symbol domain that existed 
in all VvPP2C members (Fig. S2). PP2Cs contained motifs 1 and 4. Motif 
5 existed in subgroups II and III, except VvPP2C10 and VvPP2C20. 
Interestingly, subgroup XII only contained motifs 1 and 3. In the VvABI 
family, all members contained motif 1, which was part of the typical 
domain Abi (Fig. S1b). Motifs 4 and 5 only existed in subgroup II, and 
motif 5 showed a highly conserved YMPVWC region. In the VvSnRK2 
and VvABF families, motifs 1–5 existed in all members (Fig. S3a, b). All 
motifs in VvSnRK2 were located in the STKc_SnRK2 domain, and in 
VvABFs, motif 1 overlapped with the bZIP_plant_BZIP46 domain. 

The numbers of exons in 116 genes ranged from 1 to 15, and the 
length of exons ranged from 6 bp (VvPP2C22) to 3,492 bp (VvPYR/ 
PYL10). Among VvPYR/PYLs, VvPYR/PYL10 was the longest gene 
(6,214 bp) and contained the longest exon (3,492 bp). In the VvPP2C 
family, the majority of genes in the same subgroup showed similar exon 
numbers and various exon and intron lengths (Fig. S2). In addition, 
members of VvABIs in subgroup I showed high similarity in gene 
structures (Fig. S1b). All of them had eight exons, and the intron length 

Table 1 
Numbers of ABA signal pathway genes in six plant species.   

PYR/PYL PP2C ABI SnRK2 ABF 

A.thalianaA 14 76 X 10 4 
O.sativaB 12 78 X 10 X 
Z.maysC 12 159 X 11 X 
B.distachyonD 12 86 X 44 X 
M.nanaE 24 87 X 11 X 
V.viniferaF 8 81 X 8 X 
V.viniferaG 9 85 7 7 8 

X: represented the unknown gene family numbers. 
A: Choi et al., 2000; Hrabak et al., 2003; Xue et al., 2008; Park et al., 2009. 
B: Xue et al., 2008; Umezawa et al., 2010; Saha et al., 2014. 
C: Huai et al., 2008; Wei and Pan, 2014; Fan et al., 2016. 
D: Wang et al., 2015; Cao et al., 2016; Zhang et al., 2017. 
E: Hu et al., 2017. 
F: Boneh et al., 2012; Liu et al., 2016. 
G: These members were identified by ourself in this article. 
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was similar to one another. In VvSnRK2, all members, except 
VvSnRK2F1, showed nine exons (Fig. S3a). These members had similar 
exon and intron length in the same group. Otherwise, in all these 
members of VvABF, VvABF1 had the longest intron (16,768 bp). 

3.3. Location and duplication of ABA signaling pathway genes 

These 116 genes were distributed on all chromosomes of the grape 
genome (Fig. 2). Chr18 contained the most members (12 genes), 

Fig. 1. Phylogenetic analysis of ABA signaling pathway genes in five gene families (a) VvPYR/PYL, (b) VvABI, (c) VvPP2C, (d) VvSnRK2, and (e) VvABF. The 116 
grape protein sequences were aligned by MUSCLE, and the phylogenetic trees were constructed using MEGA7.0 by NJ method with bootstrap replicates of 1000. 
Different colors mean different groups in each family. 

Fig. 2. Duplication analysis of ABA signaling pathway genes in five gene families (a) VvPYR/PYL, (b) VvABI, (c) VvPP2C, (d) VvSnRK2, and (e) VvABF. The red lines 
in the syntenic regions represent the duplication events that occurred in relation to the candidate genes. (f) Ks distribution of synteny blocks among the whole 
genome and ABA signaling pathway genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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whereas Chr10, 17, and 19 had the lowest members (2 genes). VvPYR/ 
PYLs were located on 8 chromosomes (Chr2/4/6/8/10/13/15/16) 
(Fig. 2a). Members of VvPP2Cs were unevenly mapped to 19 chromo-
somes, and 9 of them were located on Chr18 (Fig. 2b). Additionally, 2 
VvABIs were anchored on Chr1, and the 5 other members were anchored 
on 5 chromosomes (Chr2/8/11/12/16) (Fig. 2c). All VvSnRK2s were 
found in 5 chromosomes (Chr2/3/7/12/18), except VvSnRK2F1 which 
anchored on ChrUn (Fig. 2d). And then, 8 VvABF genes appeared on 6 
chromosomes (Chr3/6/8/12/13/18) (Fig. 2e). 

To confirm their potential relationships between ABA signaling 
pathway genes and duplication events, segmental and tandem duplica-
tion events of the 116 genes were analyzed. Only one tandem duplica-
tion event (VvPP2C37 and VvPP2C38) was identified on Chr18 (Fig. 2b). 
Nine VvPYR/PYLs were involved in 22 segmental duplications (Fig. 2a). 
In addition, 82 VvPP2Cs (96.47%) were involved in 543 segment 
duplication events (Fig. 2b). Furthermore, a total of 7 VvABIs, 7 
VvSnRK2s, and 8 VvABFs were involved in 5, 5, and 8 duplication events, 
respectively (Fig. 2c, d, e). The distribution of pairwise synonymous 
distance (Ks) among orthologs within collinear blocks shared the same 
peak with the whole genome duplication (WGD) (Fig. 2f). 

3.4. Expression patterns of ABA signaling pathway genes in different 
organs 

To explore the organ/tissue-specific expression profiles of ABA 
signaling pathway genes, the expression level of flowers, roots, carpels, 
petals, stems, rachises, tendrils, and leaves under normal development 
conditions were obtained from the expression array (Fasoli et al., 2012). 
One hundred and nine ABA signaling pathway genes were expressed in 

at least one organ/tissue, and five genes (VvPP2C10/35/42/80/84, 
VvPYR/PYL6/13) did not express in any tested organs/tissues (Fig. 3 and 
Table S2). Over 70% of genes were expressed in the leaves; and 45.87%, 
43.12%, and 14.68% of genes were expressed in the stem, tendril, and 
carpel, respectively. VvPYR/PYL9 showed low expression levels in all 
organs/tissues (Fig. 3a). Three genes of VvPP2C (VvPP2C4/59/60) 
showed high expression levels in the woody stem and low expression 
levels in other tissues (Fig. 3b). All VvABI genes showed low expression 
levels in petals, and four genes (VvABI2/4/5/6) showed high expression 
levels in the tendril (shoot of 12 leaves) (Fig. 3c). VvSnRK2F4 showed 
low expression level in all organs/tissues, except for that in the woody 
stem (Fig. 3d). Three VvABFs (VvABF6/7/8) showed high expression 
levels in the carpels and low expression levels in the flowers and roots 
(Fig. 3e). 

3.5. Behavior of ABA signaling pathway genes during berry ripening 

To investigate the roles of these 116 genes during berry develop-
ment, we analyzed the expression profiles of 4 berry developmental 
stages (pea-sized, touch, soft, and harvest) in 5 grape cultivars. The re-
sults showed that 61 genes were related to berry development and 
ripening, and the log2 change fold (LFC) ranged from − 10.30 to 5.86 
(Fig. 4a and Table S3). Most of these genes were steadily upregulated in 
4 stages. By contrast, 5 genes (VvPP2C15/30/45/53/56) were down-
regulated from soft to harvest. 12 genes overlapped in 5 cultivars during 
4 developmental stages. The qRT-PCR results showed that 6 of the 12 
genes were consistent with the RNA-seq results, 4 genes (VvPP2C18/60/ 
61/75) were upregulated, and 2 genes (VvPP2C15/45) were down-
regulated in all tested species (Fig. 4b and Table S4). 

Fig. 3. Temporal expression profiles of ABA signaling pathway genes in seven tissues. (a) VvPP2C gene family, (b) VvPYR/PYL gene family, (c) VvABI gene family, (d) 
VvSnRK2 gene family, (e) VvABF gene family. Tendril.Y represents young tendril, tendril. WD represents well-developed tendril, leaf. Y represents young leaf, leaf. S 
represents senescencing leaf. FB, F, G, W, FS, PFS, V, MR, R represent flowering begins, flowering, green stem, woody stem, fruit set, post-fruit set, version, mid- 
ripening, and ripening, respectively. The expression quantity was processed with Z-score normalization, and the relative expression levels are shown in colorful 
scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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When treated with exogenous ABA, the expression of six differen-
tially expressed genes (DEGs) significantly changed (Fig. 5b and 
Table S5). Four genes of them (VvPP2C60/61/66, VvSnRK2F4) were 
significantly upregulated, whereas two genes (VvPYR/PYL1/4) were 
significantly downregulated in the expression patterns. These results 
were verified by qRT-PCR in V. vinifera × V. amurensis cv Beihong 
berries, which were treated with exogenous ABA with two concentration 
(27 and 270 mg/ml) gradients. After approximately two weeks of ABA 
treatment, all tested berries presented severe maturity phenotypes and 
were soft, and their skin became red, especially after treatment with 27 
mg/ml ABAs (Fig. 5a). The qRT-PCR results revealed that the six genes 
were consistent with the transcriptome results, four genes (VvPP2C60/ 
61/66, VvSnRK2F4) showed high expression levels, and two genes 
(VvPYR/PYL1/4) showed low expression levels (Fig. 5c). 

3.6. Behavior of ABA signaling pathway genes under abiotic stress 

The RNA-seq data of cold and heat treatment assays were employed 
to obtain insights into ABA signaling pathway genes in response to cold 
and heat stresses, respectively (Xin et al., 2013; Jiang et al., 2017). 
Twenty-two DEGs existed during the cold treatment, and fifteen of them 
were obviously downregulated (Fig. 6 and Table S6). In particular, 
VvPP2C59, VvPP2C60, and VvPP2C66 were significantly downregulated 
(>5 fold). By contrast, VvPP2C14 showed significant upregulation (>4 
fold). Under the heat stress, VvPP2C25 and VvPP2C47 were consistently 
upregulated in leaves, whereas VvABI2, VvPP2C3, and VvSnRK2E were 
downregulated (Fig. 7a and Table S7). 

The data from the other study provided the expression pattern of 
ABA signaling pathway genes in five berry developmental stages (early 
green, late green, early version, late version, and ripening) under heat 
treatment (Jiang et al., 2017) (Fig. 7b and Table S7). Eight genes 
(VvPP2C1/2/16/49/51/71/77, VvABI4) were upregulated, whereas six 
genes (VvPYR/PYL1/10, VvPP2C19/45, VvSnRK2F4, VvABI7) were 
downregulated at 25 ◦C compared with that at control (15 ◦C). 

Sixteen genes responded to drought stress; eleven of them (VvPYR/ 
PYL6, VvPP2C31/59/60/61/66, VvSnRK2F1/F2/F4, VvABF7/8) were 
upregulated, whereas five of them (VvPYR/PYL1/4/5, VvPP2C11/41) 
were downregulated (Fig. 8 and Table S8). VvPP2C60/61/66 were 
significantly upregulated (>6 fold), whereas VvPYR/PYL1 and VvPYR/ 
PYL4 were significantly downregulated (>9 fold). 

4. Discussion 

In this study, we identified 5 gene families that belonged to the ABA 
signaling pathway in grape genome and investigated their temporal and 
spatial expression profiles in different developmental stages of various 
organs/tissues/cultivars and under cold, heat, and drought stress 
conditions. 

A total of 116 genes were identified to belong to the 5 families in ABA 
signaling pathway of grape genome. VvPYR/PYL and VvSnRK2 gene 
family members in grape were less than in other species, and the number 
of VvPP2Cs was similar to those of A. thaliana (Xue et al., 2008), O. sativa 
(Xue et al., 2008), B. distachyon (Zhang et al., 2017), and M. nana (Hu 
et al., 2017) but less than that of Z. mays (Fan et al., 2016). These results 

Fig. 4. Expression patterns of ABA signaling pathway genes during berry ripening. (a) Expression profiles of VvPYR/PYL, VvABI, VvPP2C, VvSnRK2, and VvABF in 
five grape species of berry development and ripening. These berries were collected from five red-skin grape varieties: Sangiovese (S.), Negro amaro (N.), Refosco (R.), 
Primitivo (P.), and Barbera (B.) at four development stages: pea-sized berries at approximately 20 days after flowering (Pea), berries beginning to touch prior to 
veraison (Touch), softening berries at the end of veraison (Soft), and berries ripe for harvest (Harvest). The heatmap was constructed on the basis of the LFC value. (b) 
qRT-PCR results of 6 genes during grape touch and harvest stages. Expression datasets were normalized to VvActin gene expression level, and every gene at touch 
stage was normalized as “1′′. S1–S4 represent four species of grape, named 5A (S1), Azensu × Ip 150 (S2), Jiangshang (S3), and Takao (S4). The mean expression 
value was calculated from three replicates. Vertical bars imply the standard error of mean. **P < 0.01 and *P < 0.05 compared with expression level at touch stage. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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might be due to the complicated characterizations and duplication 
events of the species in the genomes. Compared with previous results in 
grape (Jaillon et al., 2007; Boneh et al., 2012), several new members 
were discovered, and some improper members were abandoned to make 
the results more accurate. Moreover, we should focus on the motif 
composition and gene structure of these families. The motifs of the 
coded domain were conserved in every family, such as PP2C, although 
the motif distribution showed differences in different groups. In addi-
tion, genes in the same group shared similar structures, and their intron 
numbers and exon length indicated a close relationship among these 
members. Similarities in motif composition and gene structures were 
consistent with phylogenetic relationship, as reported for Z. mays (Saha 
et al., 2014; Wei and Pan, 2014; Fan et al., 2016), B. distachyon (Huai 
et al., 2008; Cao et al., 2016; Zhang et al., 2017), and M. nana (Hu et al., 
2017). 

Gene duplication is an important evolutionary mechanism in 
genomic rearrangement and gene expansion (Cannon et al., 2004). In 
our analysis, all members in VvPYR/PYL, VvABI, VvSnRK2, and VvABF 
underwent segment duplications but not tandem duplication events. In 
VvPP2C, 80 genes were involved in segment duplications, and only 1 
pair of genes (VvPP2C37 and VvPP2C38) was related to tandem dupli-
cation. Hence, segment duplication may play a main part in the for-
mation and expansion of the five families. The Ks of ABA signaling 
pathway genes and the grape whole genomes shared one peak, which 
implied that these gene duplications mainly occurred during the WGD of 
grape. 

The transcriptome data of grape presented that several genes were 
particularly expressed in certain tissues (Fasoli et al., 2012), which 
demonstrated that the expression level of ABA signaling pathway genes 
varied greatly in various tissues. For example, VvPYR/PYL1/4, VvABI1, 
and VvPP2C29 were highly expressed in the roots. Over 75 signaling 

pathway genes were obviously expressed in the leaves, which indicated 
that the leaves were an important organ for cloning most genes in grape. 
This phenomenon was supported by ABA signaling pathway genes in 
P. trichocarpa (Ji et al., 2013), L. esculentum (Herbel et al., 2017), Z. mays 
(Fan et al., 2016), and B. napus (Yoo et al., 2016). Furthermore, many 
genes, such as VvPP2C27 and VvPP2C71, showed low expression levels 
in all tested organs but could be induced by some abiotic stresses. Such 
genes appeared during heat stresses, which implied that these genes 
were not only essential for plant development but also for environment 
adaption. 

A comparison of the expression patterns of 4 berry development 
stages indicated that 48 pathway genes displayed significant regulation 
(|LFC| > 1) from touch to soft stages, which was higher than pea to touch 
(26 genes) and soft to harvest (41 genes) stages. These results implied 
that ABA had the most remarkable functions in the touch and soft stages 
of fruit development. In addition, some pathway genes in different va-
rieties showed various expression patterns. The qRT-PCR results also 
showed genes in different species that were expressed diversely, and this 
phenomenon might be due to variety difference. When berries under-
went ABA treatment, some genes in the pathway were activated to the 
reduce fruit maturation period. Accordingly, previous research demon-
strated that these genes were involved in grape ripening. For example, in 
sweet orange, CsPP2CA genes were more highly expressed than signal-
osome components in ABA in response to fruit ripening (Romero et al., 
2012). In strawberry, downregulation of the FaPYR1 gene markedly 
altered ABA sensitivity and delayed fruit mature (Chai et al., 2011). 

The transcriptome data showed that most ABA signaling pathway 
genes in V. vinifera were responsive to environmental stresses. Fifty-one 
of all 116 genes were differentially expressed at least in one condition. 
Thirty-three genes could only express in one treatment, and the rest 18 
genes could be detected in more than one conditions. These results 

Fig. 5. Expression analysis of genes in berries under ABA hormone treatment. (a) Grape phenotype of V. vinifera × V. amurensis Beihong under ABA concentration 
gradient (0, 27, and 270 mg/ml) after 2 weeks. (b) Expression pattern of 6 ABA signaling pathway genes that responded to ABA treatment on published data 
SRP098802. The expression level was calculated using fragments per kilobase of exon per million mapped reads (FPKM) method to identify DEGs in three replicates. 
(c) Expression profiles of DEGs in grape under ABA treatment via qRT-PCR. The expression data were normalized to VvActin gene expression level. Each gene dealed 
in distilled water was normalized as “1′′ (CK). The mean expression value was calculated from three replicates. Vertical bars imply the standard error of mean. **P <
0.01 and *P < 0.05 compared with expression level at gene dealed in distilled water (CK). 

R. Zhang et al.                                                                                                                                                                                                                                   



Gene 769 (2021) 145226

8

Fig. 6. Expression analysis of DEGs of ABA signaling pathway under cold stress. CK represents control and cold represents cold resistance. The expression level was 
calculated using transcripts fragments per kilobase of exon per million mapped reads (FPKM) method. 

Fig. 7. Expression profiles of ABA signaling pathway genes by heat treatment. (a) Expression patterns of DEGs under heat treatment. Grape leaves were under four 
treatment temperatures (25 ◦C, 35 ◦C, 40 ◦C, and 45 ◦C). LCF between two temperatures was used to present changed expression level. For example, the expression 
level of T35 vs. T25 was calculated from the formula: log2 (expression level at 35 ◦C/expression level at 25 ◦C). (b) Expression pattern of the berry under heat 
treatment. Five grape berry stages occurred under heat treatment, which were G1 (early green growth), G2 (late green growth), V1 (early veraison), V2 (late 
veraison), and R (ripening). LCF between two treatments was used to present changed expression level. For example, the expression level of G1.T25 vs. T15 was 
calculated from the formula: log2 (expression level at T25/expression level at T15). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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indicated that some genes of ABA signaling pathway can respond to 
several abiotic stresses, and these genes may be in the key nodes of the 
pathway network. Similar to this result, OsPYL3 displayed significant 
expression change in response to cold and drought in A. thaliana and 
O. sativa; and AtABF3 enhanced both drought and heat stress tolerance, 
indicating their potential roles in multi environmental responses (Van-
jildorj et al., 2006; Lenka et al., 2018). Nine common genes (VvPP2C16/ 
40/59/60/66/77, VvABI2/4, VvABF8) in the ABA signaling pathway 
responded to cold and heat stresses possibly because cold and heat 
stimuli were dominated by the transformation temperature. Four of 
them (VvPP2C59/60/66, VvABF8) also simultaneously responded to 
drought, which indicated that ABA might have a similar regulatory 
mechanism in cold, heat, and drought stresses. 

5. Conclusions 

In this work, 9 VvPYR/PYL, 85 VvPP2C, 7 VvABI, 7 VvSnRK2, and 8 
VvABF genes from grape were identified, and the duplications of these 
genes mainly occurred with the WGD events of grape. According to the 
expression survey, some of these genes were organ/tissue-specific, and 
leaves were the most important tissues for gene cloning. The 116 genes 
also played an important role in accelerating the ripening of grape. 
Besides these, VvPP2C59, VvPP2C60, VvPP2C66, and VvABF8 were 
involved in cold, heat, and drought resistance and may contribute to 
tolerance to environment stresses. This work provides a landscape of 
grape ABA signaling pathway gene families, new insights into the 
mechanism of responses to abiotic stress in grape, and a basis for further 
study on grape breeding. 
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