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Grape berry development is a highly coordinated and intricate process.

Herein, we analyzed the phenotypic and transcriptomic patterns of Victoria

(VT) and Flame Seedless (FS) grape varieties during berry development.

Physiological analysis and transcriptomic sequencing were performed at

four berry developmental phases. VT berry size was comparatively larger

to the FS variety. At maturity, 80 days postanthesis (DPA), the FS soluble

solids were 61.8% higher than VT. Further, 4889 and 2802 differentially

expressed genes were identified from VT and FS 40 DPA to 80 DPA devel-

opment stages, respectively. VvSWEET15, VvHXK, and MYB44 genes

were up-regulated during the postanthesis period, while bHLH14, linked to

glucose metabolism, was gradually down-regulated during berry develop-

ment. These genes may have significant roles in berry development, ripen-

ing, and sugar accumulation.

Grape (Vitis vinifera L.) is an important horticultural

crop in tropical and sub-tropical regions. It is an eco-

nomically significant fruit species worldwide, especially

in the Mediterranean region, Asia, and central Europe

where it is grown [1]. The fruits are extensively utilized

for fresh use, raisins, juices, wines, et cetera.

Typically, grape berries growth as well as develop-

ment are very dynamic and it is classified into three

developmental phases [2]. The initial fruit developmen-

tal phase involves a notable increase in berry size, up

to nearly 70% of its total fruit volume. Thereafter, the

fruit enters a lag phase developmental stage where the

berry size nearly stagnates but its seed embryo and

coat develops, allowing accumulations of acids, aroma,

and flavor compounds [3]. Toward the end of this

phase, the berry enters the veraison stage. It is here

where fruits begin to accumulate its coloration among

the colored grapes and subsequently enter the second

developmental and ripening phase. At this point, the

berry restarts broadening, flavor and phenolic com-

pounds, sugars and aroma start to build up, while

organic acids and chlorophyll contents significantly
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decline. Hydrolase activity rises as the cell wall is

altered, presenting a decrease in pectin and initiating

fruit softening. At the end-point maturity stage, the

berries are colored in red-skinned varieties, juicy, soft,

and edible [4,5].

In fruit productivity, sugar accumulation is consid-

ered as a very important aspect that defines high-qual-

ity traits. Thus, it is used as a vital index in evaluating

the quality of grape berries [6,7]. Therefore, research

on the regulation mechanisms of fruit quality, espe-

cially on sugar accumulation and regulation mecha-

nisms between different fruit varieties, is of great

significance to the improvement of grapefruit quality

and the formation of regional adaptive and favorable

characteristics that promote efficient, healthy develop-

ment, and growth of the grape industry [7]. In grapes,

the main soluble sugars are glucose, fructose, and

sucrose, which undergo alteration during the berry

developmental stages as a result of change in metabo-

lism-related enzymatic activities. For example, the

activity of sucrose synthase (SS) and acid invertase

(AI) determines the strength of the organ bank of

grape berry and is higher in the early development

stage of grape berry, but lower in the mature stage [8].

Neutral invertase (NI) and AI play significant roles in

the sugar accumulation process, with respective nega-

tive and positive correlation in sucrose accumulation,

together with fructose and glucose accumulation [9]. In

fruit ripening process, the AI activity is always at a

higher state, while the SS and sucrose phosphate syn-

thase (SPS) activities always undergo gradual increased

with the accumulation of sugar in fruits. Hexokinases

(HXK) involved in the sugar signal transduction pro-

cess and fructokinases (FRK) which catalyze the basic

irreversible phosphorylation of fructose and glucose

also have been identified [10]. Therefore, different

kinds of fruits have different metabolic enzyme activi-

ties, with a certain relationship between them, which

acts on the accumulation of fruit sugar during its

development.

The release of the grape reference genome [11] and

the conception of new transcriptomic tools have facili-

tated an in-depth genome-wide advancement study of

gene expression, dynamic, in grape berries, and other

fruits [6,7,20–23,12–19]. A study by Lin et al on fruit

maturation of Citrus reticulata showed that the inclu-

sion of SPS gene and expression of specific enzymes in

the up-regulated varieties increased during fruit matu-

ration, thus indicating that certain enzymatic activities

influence accumulation and degradation of sugar and

organic acids, respectively. In grape berry, starch gran-

ules were shown to be located in the subepidermal tis-

sues at the chloroplasts, acting as the temporary

reserves for physiological processes such as photosyn-

thesis, and during that, different enzymes activities and

gene expression were elevated in starch synthesis. This

focus on the morphologies, enzymological, and tran-

scriptional analysis provided knowledge on the key

role of starch during maturation, and ripening of ber-

ries and their quality [24]. The use of metabolomics

and micrometeorology has also offered insights on

accumulation of metabolites, both primary and sec-

ondary, of grape-cluster pattern as a function of spa-

tial variations, which improves knowledge on the

modulation of berry metabolism in warm and arid/

semi-arid areas by regulating sunlight so as to accu-

rately modulate fruit composition [25]. Further study

efforts have also been directed toward understanding

the grape vine berry quality, softening, and cracking,

as well as skin coloration [26,27]. The use of transcrip-

tome and functional analysis during grape berry ripen-

ing has revealed numerous enzymes during fruit

development and suggested an increased gene activities

associated with respiration and metabolic pathways

throughout the ripening stage [28]. Furthermore, speci-

fic ATPases and malate transporters have been shown

to display different development and temperature-de-

pendent expression patterns, and adding to the direct

effects by different sizes are key aspects involved in

regulating ripening and are likely to contribute to the

varying qualities of the berries [23,29].

Past studies on grapes’ berry development involved

single varieties from over a wide geographical range

[13,18,19,23,27]; hence, it is difficult to evaluate the

genotype-specific effects. Herein, we applied two

diverse grape varieties cultivated in the same region

and conducted an in-depth comparative transcriptomic

analysis at four fruit developmental stages, concentrat-

ing on traits related to the sugar accumulation in

grape berries. The grape varieties used are Victoria

and Flame Seedless.

Materials and methods

Plant material and sample collection

The Vitis vinifera L. cultivars, Victoria (hereafter referred

as VT) and Flame Seedless (hereafter referred as FS) Plant

materials, with stable soluble solid contents of 6 years old

vineyards, were obtained from grape base of Anning Canal

Experimental Farm at the Horticulture Institute of Xin-

jiang Academy of Agricultural Sciences, coordinates longi-

tude 87°28010″ East, latitude 43°35010″ North. The test field

is located in a semi-arid region and is made up of sandy

loam soil with a pH 8.0. The plants were cultivated at row

spacing of 1 9 3.5 m, with the vine form being on a single

2617FEBS Open Bio 10 (2020) 2616–2630 ª 2020 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd.

H. Zhong et al. Transcriptomic analysis of VT and FS grape cultivars



cordon along the ditch. Soil fertilizer application and water

management practices were routinely carried out as per set

in-house procedures. The transcriptome of grape cultivars

VT and FS was evaluated during fruits development, with

reference to characteristic physiological changes. The first

developmental stage, at 40 days postanthesis (DPA); the

second stage at 50 days postanthesis (DPA); the third stage

at 60 days postanthesis (DPA); and the fourth stage at

80 days postanthesis (DPA) for both the VT and FS grape

varieties (Fig. 1A,B). During planting stage, 15 plants with

almost the same growth status as our experiment materials

were selected. Thereafter, three plants from these 15 plants

were randomly selected. In each replicate, a pool of 60 ber-

ries was collected from the up, middle, and lower part of

the same cluster in one plant. In triplicates, the fruit sam-

ples were collected at four stages: 40DPA, 50DPA, 60DPA,

and 80DPA.

Determination of the content of soluble solids

The content of Soluble Solids was measured at different

developmental and ripening phases of fresh grapefruit sam-

ples. Japanese PAL-1 Digital visible soluble solids meter

was used, and the results were expressed in �Brix.

Total RNA extraction, purification, cDNA library

preparation, and sequencing

Spin Column Plant total RNA Purification Kit was used to

extract total RNA, as per the manufacturer’s protocol

(Sangon Biotech, Shanghai, China). The purity assessment

of the extracted RNAs was performed on a 1% agarose

gels and then followed by NanoPhotometer

spectrophotometer (IMPLEN, Los Angeles, CA, USA).

The quantification of RNAS was performed using Qubit

RNA Assay Kit in Qubit 20 Fluorometer (Life Technolo-

gies, Carlsbad, CA, USA). The RNA integrity was subse-

quently assessed by the RNA Nano 6000 Assay Kit of the

Agilent Bioanalyzer 2100 system (Agilent Technologies,

Santa Clara, CA, USA). Next, Sequencing libraries were

created using NEB Next Ultra RNA Library Prep Kit as

per the manufacturer’s instructions where code indexes

were added to each sample. The mRNA was briefly puri-

fied from 3 lg total RNA from each of the three replicates

using poly-T oligo-attached magnetic beads and then bro-

ken down to short fragments used to synthesize first-strand

cDNA. The enzymes, DNA Polymerase I and RNase H,

were used to synthesize the second strand of cDNA. Poly-

merase chain reaction was carried out with Phusion High

Fidelity DNA polymerase where universal PCR primers

and index (x) primer were used. Finally, six paired-end

cDNA libraries with an insert size of 300 bp were con-

structed for transcriptome sequencing and sequenced on

Illumina HiSeq X-ten platform (alumina Inc., San Diego,

CA, USA) by Biomarker Technology Corporation (www.b

iomarker.com.cn).

Bioinformatics analysis

Quality control

Through in-house developed Perl scripts, raw data (raw

reads) of fastq format were processed first. In this step,

clean reads (clean data) were obtained by removing reads

containing poly-N, adapters, and low-quality reads from

the raw data. At the same time, phred scores of Q20 and

Fig. 1. Distinct morphological characteristics of grape berries at 4 different developmental stages. (A) Victoria (VT) cultivar; (B) Flame

Seedless (FS) cultivar.
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Q30, GC content, and sequence duplication level of the

clean reads were calculated and the downstream analyses

were based on clean reads with the highest quality.

Differential gene expression analysis

The clean reads obtained was assembled using STING TIE

V1.3.1 [30], and thereafter, the sequence reads mapped to

the Vitis vinifera reference genome (PN40024 12X.v1) [11],

using HISAT2 [31], with default settings. FPKM evaluated

gene expression levels in each sample. To measure the

FPKM value and screen out the DEGs, EDGE R software

[32] was utilized. Genes with FPKM < 0.1 in every sample

dataset were excluded prior to this analysis. Differentially

expressed genes were determined by analyzing the results

based on the foldchange (FC ≥ 2 or ≤ 0.5) and false dis-

covery rate (FDR < 0.05). Gene ontology (GO) analyses

were used to calculate the functional category distribution

frequency and to predict the gene function using DAVID

bioinformatics resources [33]. The Pearson correlation coef-

ficient (PCC) calculations of the DEGs were used to con-

struct networks where Venn diagrams were built using the

online available tools, Venny (http://bioinfogp.cnb.csic.es/

tools/venny/).

qRT-PCR validation

Primer-BLAST online software was used to design gene-

specific primers for qRT-PCR analyses (Table S1). These

genes were randomly selected, and GADPH was utilized as

the housekeeping gene in the validation step.

Grape pulps were ground to a fine powder in liquid

nitrogen. Thereafter, RNA was extracted using the TRIzol

Plus RNA Purification Kit (Invitrogen, San Diego, CA,

USA) as per the manufacturer’s guidelines. The RNA was

stored at – 80 °C until further use.

The first-strand cDNA was synthesized using M-MLV

reverse transcriptase kit (TaKaRa, Dalian) according to the

manufacturer’s instructions. PCR assay was performed

under the following conditions: 95 °C for 2 min followed

by 40 cycles at 95 °C for 5 s, 60 °C for 30 s, 72 °C for

10 s, and thereafter 72 °C for 10 min; RT-qPCR Quanti-

Nova SYBR Green PCR Kit (Qiagen, Hilden, Germany)

and LightCycler96 (Roche, USA) were used in this step.

The relative expression of mRNA was calculated using the

2�ΔΔCT method, and GRAPHPAD PRISM 8.0 software (Graph-

Pad Software, Inc., San Diego, CA, USA ) was utilized for

statistical analysis. The experiments were conducted in trip-

licates.

Statistical analysis

All values obtained were presented as mean � SD. The sig-

nificance of differences between means was determined by

Student’s t-test for comparison purposes. Values with

P < 0.05 were regarded as statistically significant.

Results

Phenotypic features of VT and FS GrapeFruits

The transcriptome of grape cultivar VT and FS was

evaluated during fruits development, with reference to

characteristic physiological changes. The first develop-

mental stage being at 40 DPA, followed by the second

stage at 50 DPA, third stage at 60 DPA, and the final

fourth stage at 80 DPA for both the VT and FS grape

varieties (Fig. 1A,B). The berry size and berry shape

index characteristics of VT and FS were assessed and

are described in Table 1.

Variation and comparison of soluble solids

content during berry development of two grape

cultivars

The VT and FS are both early ripening varieties. From

the study findings, it was evident that the content of

soluble solids in each fruit variety gradually increased

during their fruit development phase. There was a sig-

nificant difference in soluble solid content between VT

and FS fruits during development and maturation.

During the same period, the soluble solids content of

FS grapefruit was significantly higher, compared to

Victoria. At point of fruit maturity, 80DPA, the FS

soluble solids were 61.8% higher than VT (Fig. 2).

Sequencing summary of all the libraries

To further illuminate the molecular basis for regula-

tion difference between VT and FS, we performed a

comparative transcriptome analysis through RNA

sequencing. A total of 24 cDNA libraries were con-

structed using the berries from VT and FS varieties

40, 50, 60, and 80 days postanthesis, with each test

being done in three biological replicates.

A total of 428.37G raw data were obtained from the

generated libraries. The average sequencing error rate

Table 1. Berry size and berry shape index characteristics of two

varieties at maturity (80DPA)

Variety

Length

(mm)

Diameter

(mm)

Shape

Index

Average grain

weight (g)

Victoria 33.02 23.03 1.43 10.90

Flame

seedless

17.13 16.95 1.01 3.32
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was 0.029% while the average GC content for each

sample was above 45.88% (Table S2). The data ratio

of sequencing quality to Q30 base was above 88.74%.

The obtained transcripts were mapped to the Vitis vini-

fera. The alignment efficiency between reference gen-

ome and reads of each sample ranged from 57.88%

and 83.94% (Table S3). Genes with normalized expres-

sion values of FPKM < 0.1 were considered as ‘too

low expressed’ and were excluded in downstream anal-

ysis.

In order to understand the spatiotemporal expres-

sion patterns of all samples, principal component anal-

ysis (PCA) was performed. The three samples in the

same timepoint could form independent clusters

(Fig. 3A,B).

DEG’s between VT and FS groups

Differentially expressed genes (DEG) in the different

developmental stages of VT and FS were analyzed,

and a Venn diagram was used to illustrate the unique

or commonly expressed gene features (Fig. 4A,B). In

total, 9820 DEG’s were identified from the grapefruits

of VT and FS. Specifically, in the four fruit develop-

mental stages (40 DPA, 50 DPA, 60 DPA, and 80

DPA), there were 658 common differential genes

shared by the two varieties. At 40 DPA, VT and FS

had 2258 differential genes, of which 970 were up-reg-

ulated, 1288 were down-regulated, and 740 were differ-

entially expressed. At 50 DPA, VT and FS had 2025

differential genes, of which 714 were up-regulated,

Fig. 2. Variation and comparison of soluble

solids content in the development of VT

and FS grapefruit. Two-tailed t-test was

used, with 5 biologically independent

replicates. Error bars represent SD.

P-value < 0.0001.

Fig. 3. The discrete expression patterns of mRNAs. (A)Principal components 1 (PC1) and 2 (PC2) of the expression values for all genes in

Victoria (VT) cultivar and Flame Seedless (FS). (B) Heatmap showing the sample correlation analysis of all the 24 sequenced samples.
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1311 were down-regulated, and 245 were differentially

expressed. At 60 DPA, VT and FS had 3123 differen-

tial genes, including 1146 up-regulated genes, 1977

down-regulated genes, and 854 DEG’s while in the

80DPA, VT and FS had 2414 differential genes, of

which up-regulated genes were 953, 1461 genes were

down-regulated, and 620 differential genes were differ-

entially expressed. VT and FS had a gene difference of

1053 in 40DPA and 50DPA developmental timepoints,

whereas there was a common gene difference of 1532

for the 50DPA and 60DPA timepoints, and in 60DPA

and 80DPA timepoints. Out of 1547 differential genes,

1239 differential genes were shared between 40DPA

and 60DPA, 974 differential genes shared between

40DPA and 80DPA, and 1142 differential genes shared

between the 50DPA and 80DPA fruit developmental

stages (Fig. 4A).

A total of 4889 differential genes were identified in

the VT fruit development from 40 DPA to 80 DPA,

whereas a total of 2802 differential genes were found

in the FS fruit development from 40 DPA to 80 DPA.

The two grapefruit varieties shared 1386 differential

genes between 40 DPA to 80 DPA fruit development

stages. In VT 40DPA compared with 80DPA, there

were 3841 differential genes, of which 245 were differ-

entially expressed. In the FS 40DPA, compared with

80DPA, there were 3067 differential genes of which

485 were differentially expressed. There were 943 dif-

ferential genes specific in VT 40DPA and 80DPA,

compared to other groups (Fig. 4B).

Gene function annotation and enrichment

analysis of DEG’s

Gene function annotation of differentially expressed

genes was attained by searching the obtained tran-

scripts against the COG, GO, KEGG, NR, KOG,

Pfam, Swiss-Prot, and EggNOG databases. In sum,

29 131 unigenes were successfully matched with at

least one annotation database (Table 2).

Gene ontology analysis results showed that the GO

terms ‘polysaccharide biosynthetic process (GO:0000271)’,

‘pentose-phosphate shunt’ (GO:0006098), ‘response to

red light’ (GO:0010114), ‘response to blue light’

(GO:0009637), ‘cysteine biosynthetic process’ (GO:0019344)

and ‘photosystem II assembly (GO:0010207)’ were more

dominant under the biological processes. The main

predominant functional molecular genes were the GO

terms ‘chlorophyll binding’ (GO:0016168), ‘structural

constituent of ribosome’ (GO:0003735) and ‘2 iron, 2

sulfur cluster binding’ (GO:0051537). The GO terms

‘plastoglobule’(GO:0010287), ‘photosystem I’ (GO:

0009773),’plant-type cell wall’ (GO:0009505), ‘chloro-

plast thylakoid membrane’ (GO:0009535) and anchored

component of plasma membrane (GO:0046658) consti-

tute the most common categories in the cellular compo-

nent, in all the berry developmental stages(Fig. 5A–D).

In the KEGG classification, ‘Photosynthesis’

(ko00195), ‘Starch and sucrose metabolism’ (ko00500),

‘Galactose metabolism’ (ko00052) and ‘Photosynthesis-

antenna proteins’ (ko00196) were the most enriched

groups (Fig. 6).

Fig. 4. Venn diagram illustrating the differentially expressed genes of Victoria (VT) and Flame Seedless (FS) grape fruits. (A) Comparison of

differentially expressed genes between VT and FS varieties at the same period (S1 VT/FS,S2 VT/FS,S3 VT/FS,S4 VT/FS); (B) Comparison of

differentially expressed genes between the two cultivars from the first to the fourth fruit development stages.
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Table 2. Statistical table of the number of differentially expressed genes annotated

DEG Set Total COG GO KEGG KOG NR Pfam Swiss-Prot EggNOG

VT_vs_FS_40DPA 2214 952 1932 767 1144 2214 1816 1651 2103

VT_vs_FS_50DPA 1998 855 1770 644 997 1998 1643 1502 1900

VT_vs_FS_60DPA 3075 1296 2674 1032 1585 3075 2511 2253 2943

VT_vs_FS_80DPA 2388 1034 2101 853 1217 2388 1953 1756 2273

40DPA_VS_50DPA_VT 1770 732 1559 607 860 1770 1478 1345 1698

40DPA_VS_60DPA_VT 2500 972 2181 834 1257 2500 2077 1880 2397

40DPA_VS_80DPA_VT 3430 1456 3022 1150 1761 3430 2874 2604 3295

50DPA_VS_60DPA_VT 744 280 636 229 352 744 620 566 711

50DPA_VS_80DPA_VT 1667 680 1486 528 819 1667 1434 1302 1600

60DPA_VS_80DPA_VT 1399 569 1226 416 647 1399 1183 1085 1342

40DPA_VS_50DPA_FS 928 388 834 327 467 928 806 743 904

40DPA_VS_60DPA_FS 1823 749 1604 613 900 1823 1547 1391 1760

40DPA_VS_80DPA_FS 3022 1289 2665 1031 1531 3022 2561 2290 2912

50DPA_VS_60DPA_FS 444 174 371 148 203 444 376 333 425

50DPA_VS_80DPA_FS 1261 502 1100 424 591 1261 1077 967 1208

60DPA_VS_80DPA_FS 468 192 400 139 200 468 408 347 449

Fig. 5. GO enrichment results for each group of differential genes (A: VT40DPA versus FS 40DPA, B: VT 50DPA versus FS 50DPA, C: VT

60DPA versus FS 60DPA, D: VT 80DPA versus FS 80DPA).
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Several genes encoding for sugar accumulation,

transport, and metabolism processes were identified in

the two grape varieties. Notably, genes like SWEET2a

(VIT_10s0003g02190), SWEET14 (VIT_17s0000g00820),

SWEET10 (VIT_17s0000g00830), SWEET4 (VIT_02s0025g

02080), and SWEET10 (VIT_17s0000g00830) were identi-

fied in the four grapefruit developmental phases. These

genes are associated with sugar transport and accumu-

lation. In addition, several transcription factors like

thMYB44 were gradually up-regulated as the grape

berries developed. Equally, HXK related genes were

identified, with them being highly expressed in FS

cultivars than in the VT cultivar (Table S3).

Real-time RT-PCR validation

The qPCR was performed to evaluate the relative

levels of twelve differently expressed genes in four

developmental stages of VT and FS by RNA-Seq

using FPKM value method(a-l) and by qPCR using

the 2-DDCt method(m-x). Gene-specific primers were

utilized. From qPCR analyses, there was an overall

agreement of 90% indicating trends similarity of tran-

script abundances when evaluated by real-time RT-

PCR (Fig. 7).

Discussion

Grapevine (Vitis vinifera L.) is a nonclimacteric fleshy

berry with wide economic utility. The developmental

stages of these grape berries precede a double sigmoid

curve with three main phases [34]. At the onset of berry

ripening, the genes are expressed and metabolic activities

associated with berry size, weight, and texture are subtly

coordinated so as to achieve required organic acids, and

subsequent accumulation of metabolites (both primary

and secondary) like soluble sugars, aromas, and pig-

ments[2]. At this initial developmental stage, Kennedy

et al. [3] pointed out that the berry size increases up to

nearly 70% of its total fruit volume. In this study, the

berry size and diameter of VT and FS gradually

increased as from 40 DAP up to 80 DAP, where it had

attained its full growth size (Fig. 1). Notably though,

the berry size of VT variety was considerably larger

when compared to FS variety. This can be due to the

previously described positive correlation between the

grape berry weight and seeds in various grape cultivars

[35–39], as it may be probably due to effects of growth

regulators being produced by seeds [40,41].

The second berry developmental phase majorly con-

stitutes the veraison; a stage characterized by berry

Fig. 6. GOKEGG details of the most

enriched groups.
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softening, accumulation of sugar, coloration, and

renewed size increase. This phase denotes a very

important phase in berries ripening because it indicates

commencement of the fruit ripening processes. The

accumulation of hexose sugars (i.e., glucose and fruc-

tose) is regarded as one of the main characteristic of

Fig. 7. Real-time PCR validation of DE

transcripts. The white bar graphs

represent the results for Victoria (VT),

while gray bars indicate the results for

Flame Seedless (FS). Bars

represent mean � SE (n = 3).
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berry development [42]. Among grapes, these soluble

sugars content varies from species to species. For the

6-year-old cultivars of the Horticultural Crop Research

Institute of Xinjiang Academy of Agricultural

Sciences, the Flame Seedless grape variety’s soluble

solids have the highest content, significantly compared

to Victoria cultivars. The lowest content of Victoria

grapevine was 61.8%. Hence, selected berries from the

two cultivars were representative of berry development

and ripening process and were suitable to be used in

transcriptome analysis.

Overall, the major carbohydrate here is sucrose (Suc)

that is transferred mainly from plant leaves to several

plant tissues by Sugars Will Eventually be Exported

Transporter (SWEET) efflux proteins and Suc trans-

porters [43,44]. Through this, sink cells absorb Suc or

hexoses through their well-equipped sugar transporters

like disaccharide or monosaccharide transporters in

roots, young leaves, seeds, and fruits [44,45]. Several of

these sucrose and monosaccharide transporter gene

families have been characterized in V. vinifera. These

sugar transporter families allow genes to be expressed

specifically in various plant tissues and are also regu-

lated during berry development [46]. For instance, the

upregulation of SWEET sugar transporter genes in

grapes has been shown to greatly contribute in glucose

and fructose accumulation. Specifically, Zhang et al

demonstrated that VvSWEET10, a grape SWEET gene,

is strongly expressed during the grape’s veraison stage,

and its upregulation contributed to an increase in the

accumulation of soluble sugars in the berries [47]. From

our study findings, VvSWEET genes were gradually up-

regulated during the postanthesis period, with the high-

est levels being observed at 60DPA and 80 DPA in

both grape varieties (Fig. 7). Particularly, VvSWEET

gene was highly up-regulated in FS variety than in the

VT varieties. Further, from our transcriptomic results,

carbohydrate transport and metabolism were up-regu-

lated during berry development. In our results, we

found 645 genes that were differentially expressed in all

the four stages. In these genes, we identified 40 genes

were related to carbohydrate transport and metabolism

in eggNOG annotation (Table S4). In grapes, invertase

catalyzes the conversion of Suc to its monosaccharide

constituents Glc and Fru [48]. In Sultana berries, Haw-

ker described that invertase enzyme increased immedi-

ately after flowering and that the activity peaked 6 to

7 weeks later, at v�eraison, when the rapid accumulation

of hexoses commenced [49]. Herein, beta-fructofuranosi-

dase was identified among the differentially expressed

genes present in the four developmental stages, and it

may be associated with carbohydrate metabolism in VT

and FS. Previously conducted study on V.

vinifera showed that VvUFGT is the major gene that

controls grape berry skin veraison [50,51]. From our

study findings, three genes (VIT_17s0000g07070,

VIT_07s0151g00540, and VIT_17s0000g07030) were

annotated as UDP-glycosyltransferase, and their expres-

sion was up-regulated during the stage of pulp veraison.

Further, hexokinases have been projected as being

dual-purpose enzymes in plants, with both catalytic

and regulatory roles [52–56]. These plant HXKs phos-

phorylates fructose (Fruc), glucose (Glc), galactose,

and mannose [57,58]. Despite lack of a clear under-

standing of HXK roles as sugar sensor, it has been

demonstrated that HXK-dependent signaling functions

can be achieved by HXK-dependent sugar metabolism

[59,60]. From our findings, VvHXK was gradually

expressed in both the VT and FS grape cultivars, over

their developmental phases. Notably though, the

VvHXK expression was highly expressed in FS culti-

vars, more than VT, all through the berry development

(Fig. 7). In a previously reported study by Jang et al,

overexpression of AtHXK genes in Arabidopsis thali-

ana led to hypersensitivity to sugars, while plants with

antisense AtHXK RNA were sugar hyposensitive [59],

hence implying that HXKs have a functional role in

sugar-sensing and/or signaling.

Also, from our findings, pectin catabolic processes

were highly up-regulated. Proportionally, nearly 35% of

the primary cell wall of dicots is accounted by pectins,

which are structurally complex polysaccharides [61].

Majorly, pectin is comprised of homogalacturonan

(HG); a product that is de-methylesterified by apoplastic

pectin methyl esterases (PMEs) and been secreted into

the cell wall [62–64]. The methylesterification HG is cru-

cial for wall plasticity, tissue integrity, cell adhesion [65–
69], and (both biotic and abiotic) stress responses

[63,70,71]. PME activity is well regulated by endogenous

pectin methylesterase inhibitors (PMEIs) belonging to

the large multigene protein family PF04043 (http://pfa

m.xfam.org/family/PF04043) including invertase inhibi-

tors (INHs). PMEI was first identified in kiwi fruits [72]

and subsequently in several other fruits like tomato,

banana, Arabidopsis, broccoli, pepper, and wheat

[64,73–79]. Recently, the role of PMEIs was demon-

strated in a number of growth and development pro-

cesses including apical meristems maturation [80], cell

and tissue size [65,81], growth acceleration [82], and

fruit maturation and ripening [76,78,83]. Thus, in grape

berries, pectins may be involved in maturation processes

like shaping the berry size, ripening, and apical meris-

tem growth of the grapevines.

Transcription factors (TFs) form a significant part of

genes that regulates the transcription of their down-

stream target genes. These TFs have a DNA-binding
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ability which is sequence specific that can be grouped

into families based on their conserved motifs encoding

their representative DNA-binding domains [84]. In

plants, some of the largest TFs are helix–loop–helix
(HLH) family and TCP transcription factors. They play

various significant roles. For instance, TCP transcrip-

tion specificity factors have significant roles in various

physiological and biological processes in plant growth

and development. Thus far, the TCP gene family has

been studied in various plants such as Arabidopsis [85],

tomato [86], apple [87], strawberry [88], peach [89], and

grapes [90]. Equally, several MYB transcription factors

sub-families have been identified in plants [91,92], with

R2R3-MYB transcription factors being the most com-

mon. These MYB transcription factors have widely been

associated with regulating plant growth, hormonal sig-

nal transduction, secondary metabolism, stress, and dis-

ease resistance [93–95]. Further, Wei et al demonstrated

that FaMYB44.2, an MYB transcription factor, regu-

lates organic acid content and soluble sugars in straw-

berry fruits [96]. Also, MaMYB3 transcription factor

has been found to regulate fruit ripening in bananas

[97]. In this study, the MYB44 was gradually up-regu-

lated as the fruit developed, but this transcription factor

differed from the expression pattern reported by Lingzhi

Wei [96], whereby there was a down-regulated expres-

sion in the sugar metabolism pathway, which may be

due to the different grape species utilized in these two

studies. Further, bHLH14 transcription factor, which

may be associated with glucose metabolism, was gradu-

ally down-regulated as the berry developed. In a previ-

ously conducted study on bHLH gene family in Lotus

(Nelumbo nucifera Gaertn.) under abiotic stress, Mao

et al determined the expression levels of NnbHLH 104

as low in four different tissues [98]. In this study,

VvbHLH104-D was down-regulated in VT and FS vari-

eties during berry development (Table S5). Majority of

these bHLH proteins characterized in Arabidopsis have

been linked to several plant regulatory roles including

their development, phytochrome signaling, fruit dehis-

cence, stress responses, and hormonal signaling [99].

In conclusion, our study findings contribute new

knowledge to the available catalog of gene expression

patterns for upcoming investigations whose aim is to

dissect the transcriptional regulatory hierarchies of

developmental stages of berries in a widely growing

grape cultivars as wee as in other nonclimacteric fruits.

Acknowledgements

We sincerely thank Biomarker Technologies Corpora-

tion (Beijing, China) for assistance with the Illumina

sequencing platform. We are also very grateful to

Baike Wang and Juan Wang from Xinjiang Agricul-

ture Academy - Institute of Horticulture, for their

unequivocal assistance. China Agriculture Research

System（CARS-29-ZP-08), Natural Science Founda-

tion Project of Xinjiang Uygur Autonomous Region

（2016D01B041).

Conflict of interest

The authors declare no conflict of interest.

Author contribution

Conceptualization, HZ and FZ; Data curation, HZ,

FZ, MP, and XW; Formal analysis, HZ, FZ, MP,

WZ, HX, XZ; Funding acquisition, MP; Methodol-

ogy, HZ, FZ, and XZ; Project administration,

HZ and MP; Resources, FZ, SH, CA and MW;

Supervision, MP and TH; Validation, HZ, FZ and

MW; Writing – original draft, HZ; Writing – review &

editing, HZ, MP and TH.

Data availability statement

Data can be availed by the corresponding author,

upon reasonable request.

References

1 Panahi B, Mohammadi SA and Doulati-Baneh H

(2019) Characterization of Iranian grapevine cultivars

using machine learning models. Proc Natl Acad Sci

India Sect B – Biol Sci 90, 615–621.
2 Conde C, Silva P, Fontes N, Dias ACP, Tavares RM,

Sousa MJ, Agasse A, Delrot S and Ger�os H (2007)

Biochemical changes throughout grape berry

development and fruit and wine quality. Food 1, 1–22.
3 Kennedy JA, Matthews MA and Waterhouse AL (2002)

Effect of maturity and vine water status on grape skin

and wine flavonoids. Am J Enol Vitic 53.

4 Giovannoni J (2001) Molecular biology of fruit

maturation and ripening. Annu Rev Plant Physiol Plant

Mol Biol 52, 725–749.
5 Seymour GB, Østergaard L, Chapman NH, Knapp S

and Martin C (2013) Fruit development and ripening.

Annu Rev Plant Biol 64, 219–241.
6 Lin Q, Wang C, Dong W, Jiang Q, Wang D, Li S,

Chen M, Liu C, Sun C and Chen K (2015)

Transcriptome and metabolome analyses of sugar and

organic acid metabolism in Ponkan (Citrus reticulata)

fruit during fruit maturation. Gene 554, 64–74.
7 Gao L, Zhao S, Lu X, He N, Zhu H, Dou J and Liu W

(2018) Comparative transcriptome analysis reveals key

genes potentially related to soluble sugar and organic

acid accumulation in watermelon. PLoS One 13.

2626 FEBS Open Bio 10 (2020) 2616–2630 ª 2020 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd.

Transcriptomic analysis of VT and FS grape cultivars H. Zhong et al.



8 Jiang N, Jin LF, Teixeira da Silva JA, Islam MZ, Gao

HW, Liu YZ and Peng SA (2014) Activities of enzymes

directly related with sucrose and citric acid metabolism

in citrus fruit in response to soil plastic film mulch. Sci

Hortic (Amsterdam) 168, 73–80.
9 Zhang HP, Wu JY, Qin GH, Yao GF, Qi KJ, Wang

LF and Zhang SL (2014) The role of sucrose-

metabolizing enzymes in pear fruit that differ in sucrose

accumulation. Acta Physiol Plant 36, 71–77.
10 Granot D, Kelly G, Stein O and David-Schwartz R

(2014) Substantial roles of hexokinase and fructokinase

in the effects of sugars on plant physiology and

development. J Exp Bot 65, 809–819.
11 Jaillon O, Aury JM, Noel B, Policriti A, Clepet C,

Casagrande A, Choisne N, Aubourg S, Vitulo N, Jubin

C et al. (2007) The grapevine genome sequence suggests

ancestral hexaploidization in major angiosperm phyla.

Nature 449, 463–467.
12 Zamboni A, di Carli M, Guzzo F, Stocchero M,

Zenoni S, Ferrarini A, Tononi P, Toffali K, Desiderio

A, Lilley KS et al. (2010) Identification of putative

stage-specific grapevine berry biomarkers and omics

data integration into networks. Plant Physiol 154, 1439–
1459.

13 Zenoni S, Ferrarini A, Giacomelli E, Xumerle L, Fasoli

M, Malerba G, Bellin D, Pezzotti M and Delledonne M

(2010) Characterization of transcriptional complexity

during berry development in Vitis vinifera using RNA-

Seq. Plant Physiol 152, 1787–1795.
14 Fortes AM, Agudelo-Romero P, Silva MS, Ali K,

Sousa L, Maltese F, Choi YH, Grimplet J, Martinez-

Zapater JM, Verpoorte R et al. (2011) Transcript and

metabolite analysis in Trincadeira cultivar reveals novel

information regarding the dynamics of grape ripening.

BMC Plant Biol 11, 149.

15 Guillaumie S, Fouquet R, Kappel C, Camps C, Terrier

N, Moncomble D, Dunlevy JD, Davies C, Boss PK and

Delrot S (2011) Transcriptional analysis of late ripening

stages of grapevine berry. BMC Plant Biol 11, 165.

16 Fasoli M, Dal Santo S, Zenoni S, Tornielli GB, Farina

L, Zamboni A, Porceddu A, Venturini L, Bicego M,

Murino V et al. (2012) The grapevine expression atlas

reveals a deep transcriptome shift driving the entire

plant into a maturation program. Plant Cell 24,

3489–3505.
17 Lijavetzky D, Carbonell-Bejerano P, Grimplet J, Bravo

G, Flores P, Fenoll J, Hell�ın P, Oliveros JC and

Mart�ınez-Zapater JM (2012) Berry flesh and skin

ripening features in Vitis vinifera as assessed by

transcriptional profiling. PLoS One 7.

18 Sweetman C, Wong DCJ, Ford CM and Drew DP

(2012) Transcriptome analysis at four developmental

stages of grape berry (Vitis vinifera cv. Shiraz) provides

insights into regulated and coordinated gene expression.

BMC Genom 13.

19 Dal Santo S, Fasoli M, Negri S, D’Inc�a E, Vicenzi N,

Guzzo F, Tornielli GB, Pezzotti M and Zenoni S (2016)

Plasticity of the berry ripening program in a white

grape variety. Front Plant Sci 7.

20 Dal Santo S, Vannozzi A, Tornielli GB, Fasoli M,

Venturini L, Pezzotti M and Zenoni S (2013) Genome-

wide analysis of the expansin gene superfamily reveals

grapevine-specific structural and functional

characteristics. PLoS One 8, e62206.

21 Cramer GR, Ghan R, Schlauch KA, Tillett RL,

Heymann H, Ferrarini A, Delledonne M, Zenoni S,

Fasoli M and Pezzotti M (2014) Transcriptomic

analysis of the late stages of grapevine (Vitis vinifera cv.

Cabernet Sauvignon) berry ripening reveals significant

induction of ethylene signaling and flavor pathways in

the skin. BMC Plant Biol 14.

22 Palumbo MC, Zenoni S, Fasoli M, Massonnet M,

Farina L, Castiglione F, Pezzotti M and Paci P (2014)

Integrated network analysis identifies fight-club nodes

as a class of hubs encompassing key putative switch

genes that induce major transcriptome reprogramming

during grapevine development. Plant Cell 26,

4617–4635.
23 Wong DCJ, Lopez Gutierrez R, Dimopoulos N,

Gambetta GA and Castellarin SD (2016) Combined

physiological, transcriptome, and cis-regulatory element

analyses indicate that key aspects of ripening,

metabolism, and transcriptional program in grapes

(Vitis vinifera L.) are differentially modulated

accordingly to fruit size. BMC Genom 17.

24 Zhu X, Zhang C, Wu W, Li X, Zhang C and Fang J

(2017) Enzyme activities and gene expression of starch

metabolism provide insights into grape berry

development. Hortic Res 4.

25 Reshef N, Walbaum N, Agam N and Fait A (2017)

Sunlight modulates fruit metabolic profile and shapes

the spatial pattern of compound accumulation within

the grape cluster. Front Plant Sci 8.

26 Pervaiz T, Haifeng J, Haider MS, Cheng Z, Cui M,

Wang M, Cui L, Wang X and Fang J (2016)

Transcriptomic analysis of grapevine (cv. Summer

Black) Leaf, using the illumina platform. PLoS One 11.

27 Shangguan L, Mu Q, Fang X, Zhang K, Jia H, Li X,

Bao Y and Fang J (2017) RNA-sequencing reveals

biological networks during table grapevine

(‘Fujiminori’) fruit development. PLoS One 12,

e0170571.

28 Balic I, Vizoso P, Nilo-Poyanco R, Sanhueza D,

Olmedo P, Sep�ulveda P, Arriagada C, Defilippi BG,

Meneses C and Campos-Vargas R (2018)

Transcriptome analysis during ripening of table grape

berry cv. Thompson Seedless. PLoS One 13, e0190087.

29 Rienth M, Torregrosa L, Sarah G, Ardisson M,

Brillouet JM and Romieu C (2016) Temperature

desynchronizes sugar and organic acid metabolism in

2627FEBS Open Bio 10 (2020) 2616–2630 ª 2020 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd.

H. Zhong et al. Transcriptomic analysis of VT and FS grape cultivars



ripening grapevine fruits and remodels their

transcriptome. BMC Plant Biol 16.

30 Pertea M, Pertea GM, Antonescu CM, Chang TC,

Mendell JT and Salzberg SL (2015) StringTie enables

improved reconstruction of a transcriptome from RNA-

seq reads. Nat Biotechnol 33, 290–295.
31 Kim D, Langmead B and Salzberg SL (2015) HISAT:

A fast spliced aligner with low memory requirements.

Nat Methods 12, 357–360.
32 Robinson MD, McCarthy DJ and Smyth GK (2009)

edgeR: A Bioconductor package for differential

expression analysis of digital gene expression data.

Bioinformatics 26, 139–140.
33 Huang DW, Sherman BT, Tan Q, Kir J, Liu D, Bryant

D, Guo Y, Stephens R, Baseler MW, Lane HC et al.

(2007) DAVID bioinformatics resources: expanded

annotation database and novel algorithms to better

extract biology from large gene lists. Nucleic

Acids Res 35.

34 Coombe BG (1992) Research on development and

ripening of the grape berry. Am J Enol Vitic 43.

35 Barticevic RM, Zavala MK, De Felice S, Valenzuela

BJ, Mu~noz Sch C and Hinrichsen RP (2004)

Caracterizaci�on Fenot�ıpica de segregantes identificados

con marcadores de microsat�elites, con �enfasis en

apirenia y respuesta a �acido giber�elico en crecimiento

de bayas de uva. Agric T�ecnica 64.

36 Cabezas JA, Cervera MT, Ruiz-Garc�ıa L, Carre~no J and

Mart�ınez-Zapater JM (2006) A genetic analysis of seed

and berry weight in grapevine. Genome 49, 1572–1585.
37 Mej�ıa N, Gebauer M, Mu~noz L, Hewstone N, Mu~noz

C and Hinrichsen P (2007) Identification of QTLs for

seedlessness, berry size, and ripening date in a seedless

x seedless table grape progeny. Am J Enol Vitic 58.

38 Costantini L, Battilana J, Lamaj F, Fanizza G and

Grando MS (2008) Berry and phenology-related traits

in grapevine (Vitis vinifera L.): from quantitative trait

loci to underlying genes. BMC Plant Biol 8, 38.

39 Mej�ıa N, Soto B, Guerrero M, Casanueva X, Houel C,

de los �Angeles Miccono M, Ramos R, Le Cunff L,

Boursiquot JM, Hinrichsen P & Adam-Blondon AF

(2011) Molecular, genetic and transcriptional evidence

for a role of VvAGL11 in stenospermocarpic

seedlessness in grapevine. BMC Plant Biol 11, 57.

40 Doligez A, Bertrand Y, Farnos M, Grolier M, Romieu

C, Esnault F, Dias S, Berger G, Franc�ois P, Pons T,
Ortigosa P, Roux C, Houel C, Laucou V, Bacilieri R,

P�eros JP and This P. (2013) New stable QTLs for berry

weight do not colocalize with QTLs for seed traits in

cultivated grapevine (Vitis vinifera L.). BMC Plant Biol

13, 217.

41 Moreno D, Berli FJ, Piccoli PN and Bottini R (2011)

Gibberellins and abscisic acid promote carbon

allocation in roots and berries of grapevines. J Plant

Growth Regul 30, 220–228.

42 Lecourieux F, Kappel C, Lecourieux D, Serrano A,

Torres E, Arce-Johnson P and Delrot S (2014) An

update on sugar transport and signalling in grapevine. J

Exp Bot 65, 821–832.
43 Chen LQ, Qu XQ, Hou BH, Sosso D, Osorio S, Fernie

AR and Frommer WB (2012) Sucrose efflux mediated

by SWEET proteins as a key step for phloem transport.

Science (80- ) 335, 207–211.
44 Chen L-Q, Cheung LS, Feng L, Tanner W and

Frommer WB (2015) Transport of Sugars. Annu Rev

Biochem 84, 865–894.
45 Guo WJ, Nagy R, Chen HY, Pfrunder S, Yu YC,

Santelia D, Frommer WB and Martinoia E (2014)

SWEET17, a facilitative transporter, mediates fructose

transport across the tonoplast of arabidopsis roots and

leaves. Plant Physiol 164, 777–789.
46 Afoufa-Bastien D, Medici A, Jeauffre J, Coutos-

Th�evenot P, Lemoine R, Atanassova R and Laloi M

(2010) The Vitis vinifera sugar transporter gene family:

Phylogenetic overview and macroarray expression

profiling. BMC Plant Biol 10.

47 Zhang Z, Zou L, Ren C, Ren F, Wang Y, Fan P, Li S

and Liang Z (2019) VvSWEET10 mediates sugar

accumulation in grapes. Genes Basel) 10.

48 Davies C and Robinson SP (1996) Sugar accumulation

in grape berries: cloning of two putative vacuolar

invertase cDNAs and their expression in grapevine

tissues. Plant Physiol 111, 275–283.
49 Hawker JS (1969) Changes in the activities of enzymes

concerned with sugar metabolism during the

development of grape berries. Phytochemistry 8, 9–17.
50 Kobayashi S, Ishimaru M, Ding CK, Yakushiji H and

Goto N (2001) Comparison of UDP-glucose:flavonoid

3-O-glucosyltransferase (UFGT) gene sequences

between white grapes (Vitis vinifera) and their sports

with red skin. Plant Sci 160, 543–550.
51 Ageorges A, Fernandez L, Vialet S, Merdinoglu D,

Terrier N and Romieu C (2006) Four specific isogenes

of the anthocyanin metabolic pathway are

systematically co-expressed with the red colour of grape

berries. Plant Sci 170, 372–383.
52 C�akir B (2014) Identification and structure of six

members of the hexokinase gene family in vitis vinifera:

cloning, expression, and functional analysis of a

putative chloroplast stromal-type hexokinase. J Hortic

Sci Biotechnol 89, 663–673.
53 Harrington GN and Bush DR (2003) The bifunctional

role of hexokinase in metabolism and glucose signaling.

Plant Cell 15, 2493–2496.
54 Rolland F, Moore B and Sheen J (2002) Sugar

sensing and signaling in plants. Plant Cell 14, S185–
S205.

55 Frommer WB, Schulze WX and Lalonde S (2003) Plant

science: hexokinase, jack-of-all-trades. Science (80- )

300, 261–263.

2628 FEBS Open Bio 10 (2020) 2616–2630 ª 2020 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd.

Transcriptomic analysis of VT and FS grape cultivars H. Zhong et al.



56 Il CJ, Ryoo N, Eom JS, Lee DW, Kim HB, Jeong SW,

Lee YH, Kwon YK, Cho MH, Bhoo SH et al. (2009)

Role of the rice hexokinases OsHXK5 and OsHXK6 as

glucose sensors. Plant Physiol 149, 745–759.
57 C�ardenas ML, Cornish-Bowden A and Ureta T (1998)

Evolution and regulatory role of the hexokinases.

Biochim Biophys Acta – Mol Cell Res 1401, 242–264.
58 Granot D (2007) Role of tomato hexose kinases. Funct

Plant Biol 34, 564.

59 Jang JC, Le�on P, Zhou L and Sheen J (1997)

Hexokinase as a sugar sensor in higher plants. Plant

Cell 9, 5–19.
60 Moore BD and Sheen J (1999) Plant sugar sensing and

signaling – a complex reality [1] (multiple letters).

Trends Plant Sci 4, 250–251.
61 Mohnen D (2008) Pectin structure and biosynthesis.

Curr Opin Plant Biol 11, 266–277.
62 Raiola A, Lionetti V, Elmaghraby I, Immerzeel P,

Mellerowicz EJ, Salvi G, Cervone F and Bellincampi D

(2011) Pectin methylesterase is induced in Arabidopsis

upon infection and is necessary for a successful

colonization by necrotrophic pathogens. Mol Plant-

Microbe Interact 24, 432–440.
63 Lionetti V, Cervone F and Bellincampi D (2012)

Methyl esterification of pectin plays a role during plant-

pathogen interactions and affects plant resistance to

diseases. J Plant Physiol 169, 1623–1630.
64 Wolf S, Mouille G and Pelloux J (2009)

Homogalacturonan methyl-esterification and plant

development. Mol Plant 2, 851–860.
65 Lionetti V, Francocci F, Ferrari S, Volpi C,

Bellincampi D, Galletti R, D’Ovidio R, De Lorenzo G

and Cervone F (2010) Engineering the cell wall by

reducing de-methyl-esterified homogalacturonan

improves saccharification of plant tissues for

bioconversion. Proc Natl Acad Sci U S A 107, 616–621.
66 Lionetti V, Cervone F and De Lorenzo G (2015) A

lower content of de-methylesterified homogalacturonan

improves enzymatic cell separation and isolation of

mesophyll protoplasts in Arabidopsis. Phytochemistry

112, 188–194.
67 Derbyshire P, McCann MC and Roberts K (2007)

Restricted cell elongation in Arabidopsis hypocotyls is

associated with a reduced average pectin esterification

level. BMC Plant Biol 7, 31.

68 Willats WGT, Orfila C, Limberg G, Buchholt HC, Van

Alebeek GJWM, Voragen AGJ, Marcus SE,

Christensen TMIE, Mikkelsen JD, Murray BS and

et al, (2001) Modulation of the degree and pattern of

methyl-esterification of pectic homogalacturonan in

plant cell walls: implications for pectin methyl esterase

action, matrix properties, and cell adhesion. J Biol

Chem 276, 19404–19413.
69 Ezaki N, Kido N, Takahashi K and Katou K (2005)

The role of wall Ca2+ in the regulation of wall

extensibility during the acid-induced extension of

soybean hypocotyl cell walls. Plant Cell Physiol 46,

1831–1838.
70 Lionetti V, Giancaspro A, Fabri E, Giove SL, Reem N,

Zabotina OA, Blanco A, Gadaleta A and Bellincampi

D (2015) Cell wall traits as potential resources to

improve resistance of durum wheat against Fusarium

graminearum. BMC Plant Biol 15.

71 Bellincampi D, Cervone F and Lionetti V (2014) Plant

cell wall dynamics and wall-related susceptibility in

plant-pathogen interactions. Front Plant Sci 5.

72 Balestrieri C, Castaldo D, Giovane A, Quagliuolo L

and Servillo L (1990) A glycoprotein inhibitor of pectin

methylesterase in kiwi fruit (Actinidia chinensis). Eur J

Biochem 193, 183–187.
73 Raiola A, Camardella L, Giovane A, Mattei B,

De Lorenzo G, Cervone F and Bellincampi D (2004)

Two Arabidopsis thaliana genes encode functional

pectin methylesterase inhibitors. FEBS Lett 557,

199–203.
74 An SH, Sohn KH, Choi HW, Hwang IS, Lee SC and

Hwang BK (2008) Pepper pectin methylesterase

inhibitor protein CaPMEI1 is required for antifungal

activity, basal disease resistance and abiotic stress

tolerance. Planta 228, 61–78.
75 Zhang GY, Feng J, Wu J and Wang XW (2010)

BoPMEI1, a pollen-specific pectin methylesterase

inhibitor, has an essential role in pollen tube growth.

Planta 231, 1323–1334.
76 Reca IB, Lionetti V, Camardella L, D’Avino R,

Giardina T, Cervone F and Bellincampi D (2012) A

functional pectin methylesterase inhibitor protein

(SolyPMEI) is expressed during tomato fruit ripening

and interacts with PME-1. Plant Mol Biol 79, 429–
442.

77 Hong MJ, Kim DY, Lee TG, Jeon WB and Seo YW

(2010) Functional characterization of pectin

methylesterase inhibitor (PMEI) in wheat. Genes Genet

Syst 85, 97–106.
78 Srivastava S, Gupta SM, Sane AP and Nath P (2012)

Isolation and characterization of ripening related pectin

methylesterase inhibitor gene from banana fruit. Physiol

Mol Biol Plants 18, 191–195.
79 Rocchi V, Janni M, Bellincampi D, Giardina T and

D’Ovidio R (2012) Intron retention regulates the

expression of pectin methyl esterase inhibitor (Pmei)

genes during wheat growth and development. Plant Biol

14, 365–373.
80 Peaucelle A, Louvet R, Johansen JN, H€ofte H, Laufs

P, Pelloux J and Mouille G (2008) Arabidopsis

Phyllotaxis is controlled by the methyl-esterification

status of cell-wall pectins. Curr Biol 18, 1943–1948.
81 Lionetti V, Raiola A, Camardella L, Giovane A, Obel

N, Pauly M, Favaron F, Cervone F and Bellincampi D

(2007) Overexpression of pectin methylesterase

2629FEBS Open Bio 10 (2020) 2616–2630 ª 2020 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd.

H. Zhong et al. Transcriptomic analysis of VT and FS grape cultivars



inhibitors in Arabidopsis restricts fungal infection by

Botrytis cinerea. Plant Physiol 143, 1871–1880.
82 Pelletier S, Van Orden J, Wolf S, Vissenberg K,

Delacourt J, Ndong YA, Pelloux J, Bischoff V, Urbain

A, Mouille G et al, (2010) A role for pectin de-

methylesterification in a developmentally regulated

growth acceleration in dark-grown Arabidopsis

hypocotyls. New Phytol 188, 726–739.
83 Jolie RP, Duvetter T, Van Loey AM and Hendrickx

ME (2010) Pectin methylesterase and its proteinaceous

inhibitor: a review. Carbohydr Res 345, 2583–2595.
84 Yamasaki K, Kigawa T, Seki M, Shinozaki K and

Yokoyama S (2013) DNA-binding domains of plant-

specific transcription factors: structure, function, and

evolution. Trends Plant Sci 18, 267–276.
85 Riechmann JL, Heard J, Martin G, Reuber L, Jiang

CZ, Keddie J, Adam L, Pineda O, Ratcliffe OJ,

Samaha RR et al. (2000) Arabidopsis transcription

factors: Genome-wide comparative analysis among

eukaryotes. Science (80- ) 290, 2105–2110.
86 Parapunova V, Busscher M, Busscher-Lange J,

Lammers M, Karlova R, Bovy AG, Angenent GC and

De Maagd RA (2014) Identification, cloning and

characterization of the tomato TCP transcription factor

family. BMC Plant Biol 14.

87 Xu R, Sun P, Jia F, Lu L, Li Y, Zhang S and Huang J

(2014) Genomewide analysis of TCP transcription factor

gene family in Malus domestica. J Genet 93, 733–746.
88 Wei W, Hu Y, Cui MY, Han YT, Gao K and Feng JY

(2016) Identification and transcript analysis of the TCP

transcription factors in the diploid woodland strawberry

Fragaria vesca. Front Plant Sci 7.

89 Guo ZH, Shu WS, Cheng HY, Wang GM, Qi KJ,

Zhang SL and Gu C (2018) Expression analysis of TCP

genes in peach reveals an involvement of PpTCP.A2 in

ethylene biosynthesis during fruit ripening. Plant Mol

Biol Report 36, 588–595.
90 Leng X, Wei H, Xu X, Ghuge SA, Jia D, Liu G, Wang

Y and Yuan Y (2019) Genome-wide identification and

transcript analysis of TCP transcription factors in

grapevine. BMC Genom 20.

91 Du H, Zhang L, Liu L, Tang XF, Yang WJ, Wu YM,

Huang YB and Tang YX (2009) Biochemical and

molecular characterization of plant MYB transcription

factor family. Biochem 74, 1–11.
92 Dubos C, Le Gourrierec J, Baudry A, Huep G, Lanet

E, Debeaujon I, Routaboul JM, Alboresi A, Weisshaar

B and Lepiniec L (2008) MYBL2 is a new regulator of

flavonoid biosynthesis in Arabidopsis thaliana. Plant J

55, 940–953.

93 Kranz HD, Denekamp M, Greco R, Jin H, Leyva A,

Meissner RC, Petroni K, Urzainqui A, Bevan M,

Martin C et al, (1998) Towards functional

characterisation of the members of the R2R3-MYB

gene family from Arabidopsis thaliana. Plant J 16,

263–276.
94 Stracke R, Werber M and Weisshaar B (2001) The

R2R3-MYB gene family in Arabidopsis thaliana. Curr

Opin Plant Biol 4, 447–456.
95 Jiang C, Gu J, Chopra S, Gu X and Peterson T (2004)

Ordered origin of the typical two- and three-repeat

Myb genes. Gene 326, 13–22.
96 Wei L, Mao W, Jia M, Xing S, Ali U, Zhao Y, Chen

Y, Cao M, Dai Z, Zhang K et al. (2018) FaMYB44.2,

a transcriptional repressor, negatively regulates

sucrose accumulation in strawberry receptacles

through interplay with FaMYB10. J Exp Bot 69,

4805–4820.
97 Fan Z-Q, Ba L-J, Shan W, Xiao Y-Y, Lu W-J, Kuang

J-F and Chen J-Y (2018) A banana R2R3-MYB

transcription factor MaMYB3 is involved in fruit

ripening through modulation of starch degradation by

repressing starch degradation-related genes and

MabHLH6. Plant J 96, 1191–1205.
98 Mao TY, Liu YY, Zhu HH, Zhang J, Yang JX, Fu Q,

Wang N and Wang Z. (2019) Genome-wide analyses of

the bHLH gene family reveals structural and functional

characteristics in the aquatic plant Nelumbo nucifera.

PeerJ 2019.

99 Feller A, MacHemer K, Braun EL and Grotewold E

(2011) Evolutionary and comparative analysis of MYB

and bHLH plant transcription factors. Plant J 66,

94–116.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Table S1. qPCR Primers.

Table S2. Statistical table summary of all sequenced

data for the various berry developmental stages.

Table S3. Statistical table of sequence comparison

results of sample sequencing data and selected refer-

ence genome.

Table S4. A list of 40 common carbohydrate genes in

VT and FS, at maturity.

Data S1. Gene Annotation data of 40DPA, 50DPA,

60DPA and 80DPA grape berry developmental stages.

2630 FEBS Open Bio 10 (2020) 2616–2630 ª 2020 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd.

Transcriptomic analysis of VT and FS grape cultivars H. Zhong et al.


	Outline placeholder
	feb412996-aff-0001
	feb412996-aff-0002

	 Mate�ri�als and meth�ods
	 Plant mate�rial and sam�ple col�lec�tion
	 Deter�mi�na�tion of the con�tent of sol�uble solids
	 Total RNA extrac�tion, purifi�ca�tion, cDNA library prepa�ra�tion, and sequenc�ing
	 Bioin�for�mat�ics anal�y�sis
	 Qual�ity con�trol

	feb412996-fig-0001
	 Dif�fer�en�tial gene expres�sion anal�y�sis

	 qRT-PCR val�i�da�tion
	 Sta�tis�ti�cal anal�y�sis

	 Results
	 Pheno�typic fea�tures of VT and FS GrapeFruits
	 Vari�a�tion and com�par�ison of sol�uble solids con�tent dur�ing berry devel�op�ment of two grape cul�ti�vars
	 Sequenc�ing sum�mary of all the libraries
	feb412996-tbl-0001
	 DEG's between VT and FS groups
	feb412996-fig-0002
	feb412996-fig-0003
	 Gene func�tion anno�ta�tion and enrich�ment anal�y�sis of DEG's
	feb412996-fig-0004
	feb412996-tbl-0002
	feb412996-fig-0005
	 Real-time RT-PCR val�i�da�tion

	 Dis�cus�sion
	feb412996-fig-0006
	feb412996-fig-0007

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tion
	 Data avail�abil�ity state�ment
	feb412996-bib-0001
	feb412996-bib-0002
	feb412996-bib-0003
	feb412996-bib-0004
	feb412996-bib-0005
	feb412996-bib-0006
	feb412996-bib-0007
	feb412996-bib-0008
	feb412996-bib-0009
	feb412996-bib-0010
	feb412996-bib-0011
	feb412996-bib-0012
	feb412996-bib-0013
	feb412996-bib-0014
	feb412996-bib-0015
	feb412996-bib-0016
	feb412996-bib-0017
	feb412996-bib-0018
	feb412996-bib-0019
	feb412996-bib-0020
	feb412996-bib-0021
	feb412996-bib-0022
	feb412996-bib-0023
	feb412996-bib-0024
	feb412996-bib-0025
	feb412996-bib-0026
	feb412996-bib-0027
	feb412996-bib-0028
	feb412996-bib-0029
	feb412996-bib-0030
	feb412996-bib-0031
	feb412996-bib-0032
	feb412996-bib-0033
	feb412996-bib-0034
	feb412996-bib-0035
	feb412996-bib-0036
	feb412996-bib-0037
	feb412996-bib-0038
	feb412996-bib-0039
	feb412996-bib-0040
	feb412996-bib-0041
	feb412996-bib-0042
	feb412996-bib-0043
	feb412996-bib-0044
	feb412996-bib-0045
	feb412996-bib-0046
	feb412996-bib-0047
	feb412996-bib-0048
	feb412996-bib-0049
	feb412996-bib-0050
	feb412996-bib-0051
	feb412996-bib-0052
	feb412996-bib-0053
	feb412996-bib-0054
	feb412996-bib-0055
	feb412996-bib-0056
	feb412996-bib-0057
	feb412996-bib-0058
	feb412996-bib-0059
	feb412996-bib-0060
	feb412996-bib-0061
	feb412996-bib-0062
	feb412996-bib-0063
	feb412996-bib-0064
	feb412996-bib-0065
	feb412996-bib-0066
	feb412996-bib-0067
	feb412996-bib-0068
	feb412996-bib-0069
	feb412996-bib-0070
	feb412996-bib-0071
	feb412996-bib-0072
	feb412996-bib-0073
	feb412996-bib-0074
	feb412996-bib-0075
	feb412996-bib-0076
	feb412996-bib-0077
	feb412996-bib-0078
	feb412996-bib-0079
	feb412996-bib-0080
	feb412996-bib-0081
	feb412996-bib-0082
	feb412996-bib-0083
	feb412996-bib-0084
	feb412996-bib-0085
	feb412996-bib-0086
	feb412996-bib-0087
	feb412996-bib-0088
	feb412996-bib-0089
	feb412996-bib-0090
	feb412996-bib-0091
	feb412996-bib-0092
	feb412996-bib-0093
	feb412996-bib-0094
	feb412996-bib-0095
	feb412996-bib-0096
	feb412996-bib-0097
	feb412996-bib-0098
	feb412996-bib-0099


