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Plant bioregulators (PBRs) regulate developmental and physiological processes in plants. In this study,
biochemical and transcriptomic analyses were conducted to evaluate the influence of PBRs [abscisic acid (ABA),
benzothiadiazole (BTH), ethephon, and prohexadione-calcium (Pro-Ca)] on the grapevine cv. Flame Seedless
under semi-arid subtropics. This study aims to see the effect of exogenous application of PBRs on overall berry
quality, including uniformity of berry color. Uniform colored berries, the maximum total soluble solids (TSS) and
total antioxidant activity (TAoA), and the highest total phenolics (TPC) and flavonoids (TFC) contents were
obtained with the treatments, namely, 400 mg L ethephon and 400 mg L'! ABA. Further, RNA-Seq analysis has
also identified some key DEGs like UFGT (VIT_1650039g02230), GST (VIT_04s0079g00690), and chalcone syn-
thase (CHS) (VIT_0550136g00260) which were part of the anthocyanin biosynthesis pathway controlling grape
berries color. Thus, ethephon (400 mg L'') and ABA (400 mg L!) were found promising for attaining greater
uniformity in berry color development because of increased total anthocyanins content. In addition, they were
also found associated with enhanced TAoA, TPC, and TFC. Hence, ethephon and ABA can be recommended for
improving the berry quality.

1. Introduction

Grape (Vitis vinifera L.) is one of the popular fruits primarily used in
the wine, fresh juice, and raisin industries (FAO, 2020). Grape berries
are non-climacteric and highly perishable, which warrants careful
postharvest handling. Moreover, several abiotic and biotic factors
severely affect fruit set, berry development, and quality. Out of different
factors, high temperature during vine growth affects both floral and
berry development (Greer and Weston, 2010). The development of un-
even berry color due to poor accumulation of anthocyanins is another
severe concern of colored cultivars such as 'Flame Seedless’, which is
quite common, especially under semi-arid sub-tropical regions (Roberto
etal., 2012). Poor color development affects consumer acceptability and
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the overall market price of table grapes. High temperature during berry
development and ripening is also detrimental to the berry’s overall
biochemical composition (Martinez de Toda et al., 2014). Therefore,
improving berry quality, either through the development of high
temperature-tolerant cultivars or the use of on-farm cultural practices,
including plant bioregulators (PBRs), is of great importance.

The application of plant bioregulators is a common and effective
solution for improving the quality of grapes. For instance, the exogenous
application of abscisic acid (ABA) enhances anthocyanin content,
resulting in proper berry color development in different colored grapes
genotypes (Koyama et al., 2018). The application of ethephon on the
developing bunches has shown promising effects on berry color devel-
opment (Wang et al., 2022). The benzothiadiazole is involved in the
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phenylpropanoid pathway, thereby improving the anthocyanins,
proanthocyanidins, flavonol, and total phenolics in berries (Ruiz-Garcia
et al., 2012). Pro-hexadione calcium is a new generation inhibitor of
gibberellin biosynthesis, which blocks the dioxygenases activity result-
ing in reduced plant vigor (Rademacher, 2015) and improved berry
quality.

The transcriptomics (or RNA-Seq) and other -omics approaches help
find the genes and metabolic pathways involved in the plant-environ-
ment interaction (Guo et al., 2019; Ma and Yang, 2019). Systematic
mapping of any plant genome to various phenotypes, growth and
development stages, and the impact of the erratic weather, remains a
significant challenge. A comprehensive understanding of gene expres-
sion and transcripts controlling the action of genes is fundamental to
devising alternative strategies.

The expression of various genes and transcription factors involved in
the anthocyanin biosynthesis of grape berries was upregulated by the
external application of ethephon (Wang et al., 2022) and ABA (Roberto
et al.,, 2012; Koyama et al., 2018). Further, a correlation between the
increased anthocyanin accumulation and up-regulation of genes asso-
ciated with abscisic acid has been observed (Koyama et al., 2010; Ma
and Yang, 2019; Zhang et al., 2021).

Recently, the different effects of PBR treatments on grape berry
quality have been reported. However, there is a shortage of information
on their impact on berry quality under semi-arid subtropical conditions.
Information about the effect of the exogenous application of ethylene
and abscisic acid on the differential expression (DE) of specific antho-
cyanin biosynthesis pathway genes in grape berries, specifically under
semi-arid subtropical regimes, is scarcely available. Poor berry quality
and uneven color development are significant constraints in the semi-
arid subtropics. Therefore, this research aimed to evaluate the effect
of plant bioregulators such as prohexadione calcium (ProCa), benzo-
thiadiazole (BTH), ABA, and ethylene on berry quality and biochemical
characteristics content and correlate the effect with transcriptomic
studies. A comprehensive study was conducted involving biochemical
and transcriptomic approaches to unravel the DEGs and pathways
associated with berry color development when exogenously treated with
PBRs in grape cv. Flame Seedless under semi-arid sub-tropical
conditions.

2. Materials and methods
2.1. Plant material and treatments

Five-year-old vines of ‘Flame Seedless’ planted at 3 m x 3 m and
trained on the Bower system were used. The vineyard is located at an
altitude of 228 m above mean sea level (AMSL) with a latitude of
28°38'51.8"N and longitudinal of 77°09'15.6"E. This region is charac-
terized by a semi-arid, subtropical climate with hot summers and cool
winters, and the soil is alluvial, having alkaline pH and clay loam
texture. The average annual precipitation is around 650 mm, with most
of it falling between July and September (Rudrappa et al. 2006; Fed-
dema, 2005).

Plant bioregulators namely, abscisic acid (ABA) (Hi-Media, India),
benzothiadiazole (BTH) (Sigma Aldrich, United States), ethephon (Hi-
Media, India), and pro-hexadione calcium (Pro-Ca) (Sigma Aldrich,
United States) were used for their evaluation at different concentrations
along with the control (water spray). The nine treatments used in the
study are as follows: (i) ABA 200 mg L1 and (ii) 400 mg L'l, (iii) BTH 0.3
mM and (iv) 0.6 mM, (v) ethephon 200 mg L1 and (vi) 400 mg L'l, (vii)
Pro-Ca 200 mg L' and (viii) 400 mg L1, and (ix) control (water spray).
All these treatments were applied at the initiation of berry ripening
(veraison stage) on whole vine canopies using a hand-held sprayer until
runoff during the late evening.
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2.2. Sampling and berry characteristics estimation

2.2.1. Berry quality characteristics

Following harvest, three healthy bunches from each replication were
collected to determine various berry quality characteristics. Berry
firmness was estimated using a texture analyzer (Model: TA + Di, Stable
Micro Systems Ltd., Surrey, UK). Further, the berry samples were com-
pressed using pre-programmed settings using a cutting probe and a
puncture probe (Yaman et al., 2002). The compression measurement
force was determined at a pre-test speed of 5 mm/second, a test speed of
1 mm/second, and a 5 mm/second post-test speed. Berry hardness was
defined as the maximum force (kg) during compression, as measured in
Newtons (N).

After harvest, 100 berry samples were collected in three repli-
cations for each treatment and immediately stored at —20 °C until
further biochemical analyses. The TSS (%) of juice was determined from
these selected berries using a Fisher’s hand-held refractometer (0-50)
(Erma, Japan), adjusted at 20 °C. For titratable acidity (TA), the juice
samples were titrated against 0.1 N NaOH (Zoecklein et al., 2000).

2.2.2. Berry biochemical analysis

After harvest, 100 berry samples were collected at random in three
replications for each treatment and immediately stored at —20 °C for
biochemical analyses. The ascorbic acid content was determined using
the method described in (Zoecklein et al. 2000). The pH-differential
method (Wrolstad et al., 2005) was used to estimate the total mono-
meric anthocyanins in berries. Total flavonoid content (TFC) and total
phenolic content (TPC) in grape berries were measured as described by
Zhishen et al. (1999) and Singleton and Rossi (1965), respectively. The
total antioxidant activity (TAoA) was calculated using the DPPH scav-
enging assay modified by Sanchez-Moreno et al. (1998). The spectro-
photometric estimations were done using UV-VIS double-beam PC 8
scanning auto cell spectrophotometer (UVD-3200, Labomed, Inc.,
Culver City, USA).

2.3. RNA-seq analysis

2.3.1. Transcriptome sequencing

For RNA-Seq analysis, along with control or water spray (hereafter,
CTR), ethephon 400 mg L' (hereafter, ETH), and ABA 400 mg L!
(henceforth, ABA) treatments were used. Following 6 d of exogenou-
s application of plant bioregulators, 4-5 berries were collected in
RNAlater (Qiagen, Germany) solution and stored at —80 °C for further
analysis. Further, a separate collection of samples was snap-frozen in the
liquid nitrogen and kept at —80 °C till further investigation. RNeasy
Mini Kit (Qiagen) was used to extract total RNA from the samples using
standard protocols. The RNA integrity was tested in agarose gel (1.0%),
and the concentration and purity of RNA were estimated using a
NanoDrop™ (Thermo Fisher Scientific Inc., USA). The integrity of total
RNA was evaluated using a bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA). Total RNA (1.0 pg) having a RIN value >7.0 was used for
the cDNA library preparation as per the manufacturer’s instruction
(NEBNext® Ultra™ RNA Library Prep Kit for [llumina®), and quality
was checked using Qubit 2.0. The RNA-seq was carried out by Nucleome
Informatics Pvt. Ltd. (Hyderabad, India) using Illumina HiSeq 2500 for
two treatments and control having three biological replicates. The clean
reads were obtained by removing reads containing adapter or poly-N,
and low-quality reads from raw reads using Fastp, an ultra-fast all-in-
one FASTQ pre-processor (Chen et al., 2018).

2.3.2. Quantification of gene expression level

The raw reads were deposited at the National Center for Biotech-
nology Information (NCBI), Short Read Archive (SRA) Sequence Data-
base (PRJINA689573). HISAT2, a fast-spliced aligner, was used to
compare clean reads with the reference genome (Kim et al., 2015).
Subread aligner (v1.5.0), a read mapping tool, was used to quantify and
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analyze the gene expression levels using the features count mode (Liao
et al., 2013). Then, according to the gene length and the read counts
mapped to the gene, the FPKM (fragments per kilobase of transcript per
million fragments mapped) was estimated to show the gene expression
level.

cDNA fragments

FPKM =
Mapped fragments(millions) x Transcript length (kb)

2.3.3. Differential gene expression analysis

The analysis of differentially expressed genes (DEGs) of all the
samples was conducted using the edgeR, a Bioconductor package, and
the genes were prioritized with |log2FC| > 1, p < 0.05.

2.3.4. GO and KEGG pathway enrichment analysis of differentially
expressed genes (DEGs)

The three major components of Gene Ontology (GO) classification
are molecular function (MF), cellular component (CC), and biological
process (BP). The GO enrichment analysis of DEGs was carried out using
topGO, an R package version 2.28.0 (Alexa and Rahnenfuhrer, 2016).
The WEGO 2.0, a web server tool, was used to summarize many GO
terms by removing unnecessary terms and arranging related terms
depending on semantic similarities. After that, the individual enriched
annotation terms having an enrichment P-value threshold (p < 0.05)
were identified.

KEGG (Kyoto Encyclopedia of Genes and Genomes), a database tool,
was used to study the advanced levels of biological systems (such as
cells, organisms, and ecosystems) from molecular-level knowledge
(https://www.genome.jp/kegg/). ClusterProfiler, an R package, was
used for comparing the biological themes among gene clusters for
pathway enrichment using the information of the reference genome (p-
value cut-off = 0.05).

2.3.5. Validation studies of DEGs using in-silico RT-PCR

The DEGs were first shortlisted from a list of about 20,000 genes
individually depending upon the identified GO terms and were further
narrowed down based on their FDR value (p < 0.05). The peptide se-
quences of shortlisted DEGs were extracted from the Uniprot database,
BLASTP was run against Arabidopsis thaliana, and finally, Genevesti-
gator® was run to find the expression details (Zimmermann et al.,
2004).

2.4. Statistical data analysis

The study was conducted in a randomized block design, and uni-
variate ANOVA (Analysis of variances) was used to analyze the data
using SAS (Statistical Analysis System) (S.A.S., 1988). Three replications
per treatment were used for berry quality and biochemical analysis. The
least significant differences (LSD) values were used to compare the
mean, and statistically significant differences were considered at p <
0.05.

3. Results
3.1. Berry quality and biochemical characteristics

TAC accumulation in berries got boosted most significantly when
treated with the ethephon (400 mg L) (553.65 mg kg’l) and ABA (400
mg L) (533.40 mg kg™1) (Fig. 1). Ethephon and ABA treatments (200
and 400 mg L™, respectively) significantly raised ascorbic acid content
compared to control. The highest TPC, TFC, and TAoA were recorded in
the berries when treated with ethephon (400 mg L) followed by ABA
(400 mg LY (Fig. 1).

When treated with ethephon (400 mg L’l), the berries showed a
significant reduction in firmness (2.64 N). The berry juice TSS improved
with all of the treatments investigated, with ethephon (400 mg L)
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(20.77 %) and ABA (400 mg LY showing considerable improvements
(18.40 %). ABA (200 mg L’l) and Pro-Ca (400 mg L’l) treatments showed
lower TA, while the rest also followed a similar trend. (Fig. 1).

3.2. RNA-seq

3.2.1. Data overview of RNA-seq

The sequencing of three RNA samples (viz., control, ETH, and ABA)
have generated 150,798,082 raw reads, of which 149,744,180 (99.30%)
were the clean reads (Table S2 and Fig. S1). The percentage of reads
(>Q30) after filtering was >92% for each treatment (Table S2), while
>80% of paired ends (PE) could be mapped uniquely for all the samples
(Table S4). The overall alignment rate for ABA 400 mg L! (ABA),
ethephon 400 mg L1 (ETH), and control (CTR) were 92.7, 92.5, and
93.4%, respectively (Table S2; Fig. S2). The reads (%) assigned through
feature count mode were 73.9, 72.7, and 81.6 % for ABA, ETH, and CTR,
respectively (Table S5). The details of reading statistics are given in
Table S2.

3.2.2. DEGs analysis

The treatments were divided into three groups (ABA vs. CTR, ETH vs.
CTR, and ETH vs. ABA) (Table S6), and Venn diagrams depicting the
number of DEGs that were expressed both commonly and uniquely
(Fig. 2). The edgeR software has identified 0 to 1604 DEGs (p < 0.05;
fold change (FC) > 1) in the three libraries. A total of 532, 271, and 282
DEGs were found upregulated for ABA vs. CTR, ETH vs. CTR, and ETH
vs. ABA, respectively (Fig. 2 a). Whereas 1105, 326, and 193 DEGs were
found downregulated for ABA vs. CTR, ETH vs. CTR, and ETH vs. ABA,
respectively (Fig. 2 b). Furthermore, the volcano plots (Fig. S3) also
revealed a relationship between the three comparison groups and the
numbers of up-and-down-regulated DEGs. The ABA vs. CTR and ETH vs.
CTR treatment groups revealed the most widespread DEGs expression
over ETH vs. ABA. Also, the sample distance heat map (Fig. 2 ¢) showed
the distribution of DEGs across the treatment groups. The heat map
representing the top 50 DEGs is presented in Fig. 2 (d). Few genes
involved in the anthocyanin biosynthesis network, such as UFGT
(VIT_1650039g02230) and GST (VIT 04s0079g00690); belonging to the
GST superfamily were also noted in this heat map indicating their sig-
nificant upregulation after the treatments with plant bioregulators.
UFGT (VIT_16s0039g02230) was highly upregulated for ETH vs CTR
(logoFC = 10.24) and ABA vs CTR (logoFC = 11.17) while GST
(VIT_0450079g00690) was also significantly upregulated for ETH vs CTR
(logoFC = 9.56) and ABA vs CTR (logoFC = 10.48).

3.2.3. GO analysis of DEGs

GO analysis was performed to find DEGs’ functions, and the most
significant GO terms were selected and presented (Fig. 3 e-f). A
maximum number of GO terms were recorded for MF, followed by BP
and the least for the CC. The most significant GO terms were related to
“response to abiotic stimulus” (GO: 0009628), “membrane protein
complex” (GO: 0098796), “response to chemical” (GO: 0042221),
“cellular component biogenesis” (GO: 0044085), “response to stimulus”
(GO: 0050896), “response to stress” (GO: 0006950) and “hydrolase ac-
tivity” (GO: 0016787) (Fig. S4). Amongst the upregulated genes, the
maximum percentage of genes were associated with “metabolic process”
followed by “cellular metabolic process,” “response to stress,” and
“response to abiotic stimulus” for ABA vs. CTR and ETH vs. CTR.
Furthermore, amongst the downregulated genes, the maximum per-
centage of genes belonged to the “cellular process* and “metabolic
process” followed by “binding,” “biological regulation,” “cell,” and “cell
part” for both ABA vs. CTR and ETH vs. CTR.

” <

3.2.4. The KEGG pathway analysis of DEGs

The Kyoto Encyclopedia of Genes and Genomes (KEGG) provides an
excellent integration of developmental pathway networks. To encom-
pass the significant molecular, biological, and cellular processes
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triggered after the treatment of berries with ABA and ethylene, DEGs
were aligned to the KEGG database, and 19 most significantly enriched
pathway entries were selected (Fig. 3 a-d). The most enriched pathways
include “Flavonoid biosynthesis,” “Circadian rhythm-plant,” “Phenyl-
alanine metabolism,” “Carbon metabolism,” “Protein processing in ER,”
“Peroxisome,” “Glyoxylate and dicarboxylate metabolism,” and “Carbon

fixation in photosynthetic organisms.”.

3.2.5. Validation studies using in-silico expression analysis

In-silico validation analysis was performed using identified DEGs and
Arabidopsis thaliana as the reference through Genevestigator® (Zim-
mermann et al., 2004). Initially, 31 genes could be identified, of which
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Highly downregulated GO terms due to plant bioregulators treatments.

22 were unique, and 19 got validated against Arabidopsis thaliana
(Fig. S5). The identified genes include ABA2, ANN3, ANN5, CYS5,

HSA32, HSFA6B, HSFC1, HSP17.4A, HSP17.6, HSP17.6C, HSP18.1,
HSP26.5, HSP70-8, HSP81-1, MED37E, RBOHB, TDX, WRKY33, and ZEP.

Interestingly, HSP81-1 and WRKY33 genes showed high validation,
especially at the flowering and fruiting stages (Fig. S5).

3.3. RNA Seq data and berry physical characteristics

The genes coding for pectin esterase (PE), polygalacturonase (PG),
pectate lyase (PL) activity, polygalacturonate 4-alpha-galacturonosyl-
transferase activity, xyloglucan endotransglucosylase/hydrolase (XTH)
and several other genes involved in protein synthesis were found highly
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expressed. In ABA vs CTR, a number of DEGs associated with PE
(VIT_0550020g00420; —10.50 FC), PL (VIT 1450219g00230; —5.25 FC),
pectin biosynthesis (VIT_0950002g02290; —1.03 FC), B-galactosidase or
B-GAL (VIT 08s0007g04950l —9.74 FC), and XTH (VIT_11s0052g01230;
—6.73 FC) were found highly downregulated. Similarly, in ETH vs CTR,
anumber of DEGs could be identified for PE (VIT 1550048300500, —5.49
FC; VIT 16s0022g00700, —5.09 FC), PG (VIT 1550046g02000; —4.06
FC), PL (VIT 1750000809810, —2.98 FC), pectin biosynthesis
(VIT_0950002g02290; —1.10 FC) and XTH (VIT 11s0052g01230, —5.23
FC; VIT 11s0052g01200, —5.06 FC) (Table S7; Fig. 4).

3.4. RNA Seq data and berry biochemical characteristics

The RNA-seq analysis identified several DEGs involved in berry
phenolics, flavonoids, and anthocyanin biosynthesis pathways as highly
upregulated (Table S1; Fig. 5). Similarly, the transcription factors (TFs)
regulating the anthocyanin biosynthetic pathway in grapes, such as
VWVMYBA1, VWMYBA2, and VvMYBA3, were also reported to be upre-
gulated (Table S1). Further, a relatively higher expression of DEGs in the
stilbene biosynthesis pathway was observed. Interestingly, of the six
genes coding stilbene synthase enzyme, three were upregulated while
three were downregulated for ABA vs. CTR. However, for ETH vs. CTR,
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all the six genes were downregulated (Table S1; Fig. 5).
4. Discussion
4.1. Berry metabolites and quality characteristics

For different berry biochemical and quality attributes, the most
significant findings were obtained by treating ethephon 400 ppm and
ABA 400 ppm applied at the berry ripening (veraison) stage. In the
present study, all the PBRs increased the berry TSS where ethephon 400
ppm and ABA 400 ppm produced the maximum TSS in berries. A few
other studies have documented improvements in TSS due to using these
PBRs, such as ethephon (Costa et al., 2016) and ABA (Balint and Rey-
nolds, 2013). In the current investigation, all PBRs for TA produced
varying outcomes. All treatments lowered the TA level of grape berries,
but the ABA 200 ppm and Pro-Ca 400 ppm treatments had the lowest TA
percentage. Recently, Gonzalez et al. (2018) studied the impact of
ethephon on grape berry composition and observed that wines produced
from treated vines had lower acid concentrations. PBRs are involved in
improving the anthocyanin content in colored grape genotypes (Roberto
et al., 2012). In the present study, the anthocyanins content in berries
was most significantly improved by ethephon 400 ppm and ABA 400
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Where PAL (phenylalanine ammonia-lyase), C4H (cinnamate-4-hydroxylase),
4-CL (4-coumarate: coenzyme A ligase), CHS (chalcone synthase), CHI (chal-
cone isomerase), F3'H (flavonoid-3'-hydroxylase), F3'5'H (flavonoid-3'5’-hy-
droxylase), DFR (dihydroflavonol 4-reductases), LDOX (leucoanthocyanidin
dioxygenases), UFGT (anthocyanidin 3-O-glucosyltransferase), OMT (O-meth-
yltransferase), GST (glutathione S-transferase), ACT (anthocyanin acyl-
transferase); red and green arrows indicate upregulation and downregulation of
genes, respectively.

ppm treatments compared to the control. Also, other PBRs treatments,
BTH and Pro-Ca, enhanced the accumulation of anthocyanins signifi-
cantly than the control. Earlier, the increase in anthocyanins content in
grape berries by using the PBRs were reported, such as ethylene (Wang
et al., 2022), ABA (Jia et al., 2018), Pro-Ca (Disegna et al., 2003), and
BTH (Iriti et al., 2004). TPC increased significantly compared with
control in all treatments, while application with ethephon and ABA led
to the highest TPC in berries, followed by BTH and Pro-Ca treatments.
The upregulation of genes coding for the action of certain enzymes
involved in the biosynthesis mechanism of phenolics and flavonoids due
to the treatment with ethephon and ABA to berries may be the possible
reason for the increase in TPC in berries. Also, previously BTH has been
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involved in improving berry phenolic content, as reported by Ruiz-
Garcia et al. (2012). Exogenous application with ethephon 400 mg L
and ABA 400 mg L resulted in the highest TFC content and TAoA in
berries. Likewise, Xi et al. (2013) also noticed similar results. Both
ethephon and ABA treatments showed reduced berry firmness, most
prominently when treated with ethephon (400 mg L1). Similarly,
ethephon treatment during berry ripening resulted in unappealing
softening in the berries (Mhetre et al., 2021). The reduction in berry
firmness is primarily due to the undesirable softening during berry
development (Brummell and Harpster, 2001). It is caused by the action
of specific cell wall degenerating enzymes like PG (Longhi et al., 2012).

4.2. RNA Seq analysis

This study could generate greater than 47 million raw reads with
Q30 greater than 92% for each sample. Similarly, Ma and Yang (2019)
reported greater than 42 million raw reads for each berry sample, while
Guo et al. (2019) reported greater than 45.0 million clean reads with a
Q30 value greater than 93.6% in grape samples. Thus, our reads were
sufficient enough for the detailed transcriptomic analysis. Several DEGs
were found upregulated as well as downregulated, and the highest was
recorded for ABA vs. CTR (532 upregulated and 1105 downregulated),
followed by ETH vs. CTR (271 upregulated and 326 downregulated) and
the least for ETH vs. ABA (282 upregulated and 193 downregulated).
The detailed analysis identified many genes involved in various path-
ways, including anthocyanins, phenolics, flavonoids, and berry firmness
which got differentially regulated due to the application of different
bioregulators. Similarly, transcriptomic analysis of CPPU treated grape
berries Wang et al. (2017) found 149 -745 DEGs (p < 0.05; FC > 2.0) in
the three different libraries (CPPUO, CPPU5, and CPPU10), and the
highest numbers of DEGs (745 down and 492 upregulated) were found
between CPPUO and CPPU10 and total of 513 up- and 572 down-
regulated DEGs were identified between the CPPU5 and CPPU10
libraries.

The GO analysis revealed that amongst molecular function (MF), the
genes associated with ‘ion binding,” (more than 30% of genes), ‘small
molecule binding,” (more than 15% of genes) were significantly upre-
gulated; while amongst biological process (BP), the genes related to
‘metabolic process,’ (nearly 60% of genes) and ‘cellular process,’ (nearly
45% of genes) were upregulated and under cellular component (CC),
more than 30% of genes belonging to ‘organelle,” and ‘intracellular
organelle’ were found upregulated for both ABA vs. CTR and ETH vs.
CTR combinations. Further, in the case of downregulated genes, GO
analysis showed that amongst MF, the genes associated with ‘binding,’
(more than 50% genes), and ‘catalytic activity’ (nearly 45% genes) were
significantly downregulated; while amongst BP, the genes related to
‘cellular process,” (more than 60% of genes), ‘metabolic process,” (more
than 50% genes), ‘single-organism process’ (more than 40% genes) were
downregulated and under CC, more than 60% of genes belonging to
‘cell,” and ‘cell part’ were highly downregulated. Similarly, Han et al.
(2021) in an RNA-Seq analysis of blueberry during veraison reported
that amongst BP, more than 50% of DEGs were associated with ‘meta-
bolic process,” and ‘biological process’; while amongst CC, nearly 10% of
DEGs were related to ‘protein complex’. Along the similar lines, Wei
et al. (2015) during a comparative transcriptomic analysis showed that
under BP category, the most common genes were associated with
‘cellular process’ (22.79% of genes), ‘metabolic process’ (21.34% of
genes) and ‘single-organism process’ (11.08% of genes); whereas
amongst CC, key genes were related to ‘cell’ (20.42% of genes), ‘cell
part’ (20.38% of genes) and ‘organelle’ (14.32% of genes) and under MF
group, genes were mainly classified into ‘binding’ (45.43% of genes),
‘catalytic activity’ (38.16% of genes) and ‘macromolecular complex’
(10.74% of genes). Moreover, a maximum number of GO terms in this
study were associated with the 'response to abiotic stimulus’, "response
to chemical’, "response to stimulus’, and ’stress response’. This means
plant bioregulators stimulate these processes, improving berry color,
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phenolics, flavonoids, and antioxidant contents. Similar findings were
also reported in a few other transcriptomics studies (Chang and Tong,
2020; Jiang et al., 2019).

The over-represented pathways identified in the KEGG analysis
include ‘Flavonoid biosynthesis,” *Circadian rhythm-plant,” *Phenylala-
nine metabolism,” and ’Flavone and flavonol biosynthesis’. Notably,
most of these pathways are linked to the formation of phenolics, flavo-
noids, and anthocyanins, either directly or indirectly. Similarly, Guo
et al. (2019) performed the transcriptome profiling of grapevine cv.
‘Kyoho’ at berry growth and developmental stages after the treatment
with 5-azaC reported that the DEGs related to the processes such as
‘photosynthesis,” ‘photosynthesis antenna proteins,’ ‘protein processing
in ER’, and ‘flavone and flavanol biosynthesis’ got highly expressed.
Also, the RNA-Seq analysis of grape berries, when treated with CPPU,
showed some over-represented pathways like ‘Biosynthesis of secondary
metabolites’, ‘Phenylpropanoid biosynthesis’, ‘Metabolism pathway’,
‘Plant hormone signal transduction’ and ‘Flavonoid biosynthesis’ (Wang
et al., 2017).

This study could validate 19 genes using Genevestigator, and similar
interpretations were also made by Mishra et al. (2021) while studying
the gene co-expression analysis for disease gene prediction. Addition-
ally, Guo et al. (2019) used qRT-PCR to confirm the accuracy and con-
sistency of the transcriptome analysis results, finding that chosen genes
had similar expression levels in treated and control grape berries.
Furthermore, Wang et al. (2017) used qRT-PCR to check the correctness
of the transcriptome data, finding that the qRT-PCR data closely
matched the transcript levels calculated from the RNA-seq data,
demonstrating that the RNA-seq data mirrored genuine expression
patterns.

4.3. Correspondence between the RNA Seq and berry quality and
metabolites studied

Interestingly, RNA Seq data has identified several DEGs encoding
various cell wall degrading enzymes, viz., PE, PG, PL, p-GAL, hexosyl-
transferase, polygalacturonate 4-alpha-galacturonosyltransferase, and
XTH indicating their role in regulating the berry firmness. Earlier, while
attempting to reveal the genetic mechanism behind the changes in the
berry firmness, the role of specific genes associated with cell wall
degradation and multiple enzymatic pathways were proposed, which
consist of XTH, B-GAL, and PG (Brummell and Harpster, 2001). Simi-
larly, the genes coding for PL, xylosyltransferase activity, and calcium
signaling were found to be involved in the regulation of berry firmness
(Guo et al., 2019). The DE of these genes such as PE, PG, PL, -GAL,
hexosyltransferase, polygalacturonate 4-alpha-galacturonosyltransfer-
ase, and XTH might be the reason for the differences in the firmness
level between ABA vs. CTR and ETH vs. CTR treatments as also proposed
by Ma et al. (2020).

Three structural genes of the anthocyanin biosynthesis pathway
include DFRs (dihydroflavonol 4-reductases), LDOXs (leucoanthocya-
nidin dioxygenases), and UFGT. The expression of UFGT mainly de-
termines the color of berries. Various DEGs associated with these
enzymes were highly upregulated, indicating that these got highly
triggered when berries were treated with ABA and ethylene (both 400
mg LY. Similarly, multiple genes involved in the biosynthesis of an-
thocyanins, flavonols, and stilbenes were induced during berry ripening
(Fortes et al., 2011). The relative expression of these genes was consis-
tent with the rapid induction of anthocyanin concentration, indicating
that the anthocyanin biosynthesis is regulated predominantly at the
transcription level (Davies and Schwinn, 2003).

Earlier investigations provided evidence that a gene cluster on
chromosome 2 is responsible for most of the berry color variation. The
color’s final expression is due to the combined additive effect of the
VvMybA gene alleles (Fournier-Level et al., 2009). This locus constituted
a cluster of three MYB-type TF genes, of which VwMybA1 and VvMybA2
are functionally involved in the berry pigmentation (Walker et al.,
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2007). A third gene, VwMybA3, is also associated with berry color
determination but is not yet functionally validated (Fournier-Level et al.,
2009). Similarly, our RNA Seq data could also identify the transcripts
related to the VwMYB TFs and were found overexpressed for ABA vs. CTR
compared to ETH vs. CTR.

5. Conclusion

In the semi-arid subtropical area, uneven berry color development is
critical in commercial viticulture, resulting in poor market prices. PBRs
are beneficial in improving grape berry color uniformity. The current
study suggests that ethylene and ABA improve berry color and overall
quality. Our research will aid in the optimization of ABA and ethylene
concentrations, particularly in semi-arid subtropics, by achieving a
better compromise between berry color uniformity and firmness.
Furthermore, RNA-seq investigations revealed candidate genes linked to
berry color development. The knowledge gathered will undoubtedly aid
in the future production of better and more evenly colored grapevine
varieties.
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