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Grape (Vitis vinifera L.) is one of the most widely cultivated fruit crops globally. Fruit cracking during fruit
growth and development severely affects yield and quality, resulting in significant economic losses.
Currently, calcium fertilizer application is used to prevent berry cracking. However, the mechanisms by which
calcium fertilizer treatment reduces berry cracking are poorly understood. To explore this, transcriptomics and
metabolomics were used to identify the differentially expressed genes (DEGs) and differentially abundant
metabolites in V. vinifera ‘90-1’. We found that secondary metabolic pathways were enriched during the veraison

and maturity stages, including the flavonoid biosynthesis pathway. Enrichment analysis indicated that most of
the DEGs were enriched in the functional category of flavonoid biosynthesis. As secondary metabolites are lar-
gely antioxidants, the spraying of calcium fertilizers may improve the antioxidant capacity of the berries by reg-
ulating genes related to the flavonoid metabolism pathway, thus reducing the occurrence of berry cracking.

1. Introduction

Fruit cracking is a phenomenon that occurs during the growth and
development of horticultural crop fruits (Khadivi-Khub, 2015). Fruit
cracking influences fruit appearance, and fungal infections may occur
in the cracked sites, thus reducing the commercial value and ulti-
mately resulting in significant economic losses (Khadivi-Khub, 2015).

The current research on fruit cracking has mainly focused on the fac-
tors affecting fruit cracking occurrence, such as fruit phenotypic char-
acteristics, cell anatomical structure and mechanical properties,
external environmental factors, and cultivation management
(Correia, Schouten, Silva, & Gongcalves, 2018). In contrast to studies
on the physiological mechanisms that influence fruit cracking, studies
on the molecular biological mechanisms underlying fruit cracking are
limited (Balbontin, Ayala, Rubilar, Cote, & Figueroa, 2014; Li, Wu,
Zhang, Shi, Liu, Shu, & Wei, 2014; Li, Fuet al., 2019; Li, Li et al., 2019).

The main purpose of understanding mechanism of fruit cracking is
to prevent and control its occurrence. Current measures include spray-
ing mineral elements, plant growth regulators, and other substances
(Garci’a-Luis, Duarte, Kanduser, & Guardiola, 2001; Kafle, Khot,
Zhou, Bahlol, & Si, 2016). Growth regulators are beneficial for reduc-
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ing the incidence of fruit cracking (Garci“a-Luis et al., 2001), and their
physiological effects include increasing the plasticity of the cell wall,
which, in turn, affects hydrolytic activity and cell growth. In terms
of the prevention and control of fruit cracking, the direct application
of Ca in mineral elements has been extensively studied (Kafle, Khot,
Zhou, Bahlol, & Si, 2016). In field trials, reports of the use of Ca salts
alone or in combination with other nutrients have yielded positive
results and can reduce the rate of fruit cracking to some extent
(Kafle, Khot, Zhou, Bahlol, & Si, 2016).

Researchers have attempted to elucidate how Ca application pre-
vents fruit cracking. Ca participates in the overall development of
the fruits, especially changes in the metabolism of cell walls (Pham,
T, Singh, & Behboudian, 2012). Ca®* has the function of interacting
with cell wall components and has important physiological functions
such as maintaining the stability of the cell wall structure and regulat-
ing cell wall metabolic enzyme activity (White & Broadley, 2003).
Ca®" in the intracellular space interacts with the cell wall to synthesize
Ca®*-glycan crosslinked polymers, which help promote extrusion
between pectin polymers, form a cell wall network, enhance mechan-
ical strength, and limit cell wall hydrolase entry (White & Broadley,
2003). Ca treatment can significantly increase Ca>* content in the cell
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wall of the skin; in particular, it can significantly increase the content
of bound calcium in the cell wall of the skin. In addition, it can inhibit
the degradation of pectin, cellulose, and hemicellulose, reduce arabi-
nose and galactose contents, and increase water-soluble pectin in the
cell wall of the skin (Blanco, Fernandez, & Val, 2010). However, stud-
ies on the details of the associated mechanisms are limited.

Grape is one of the most widely grown fruit crops (Massonnet et al.,
2017). Grapevine berries are commercially grown for fresh fruits,
juices, and raisins, but are mainly used for fermentation into wine
(Massonnet et al., 2017). Berry development is a complex process that
involves profound physiological and metabolic changes. Grapevine
berries undergo two different growth stages: the green ripening stage
from flowering to 60 days and the ripening stage (Coombe, 1992).
During the green ripening period, the berries grow rapidly through cell
division, and then the cells swell (Keller, 2010). The end of the green
ripening period is characterized by slower berry growth, wherein
malic acid accumulates in the pulp, and the total organic acid concen-
tration reaches the highest level. The process of transitioning to matu-
rity is called veraison, which occurs when the seeds mature. At the
ripening stage, further metabolic changes make the fruit edible and
attractive, which promotes the spread of seeds and includes changes
in peel color, cell swelling and influx of water, berry softening, accu-
mulation of sugar in the pulp, loss of organic acids, and synthesis of
tannins and volatile aromatic compounds (Keller, 2010).

Field observations have shown that grape berry cracking starts dur-
ing the veraison period and is the most severe when ripe (Zhang et al.,
2020). Several studies have revealed that spraying calcium-containing
solutions can reduce the occurrence of fruit cracking (Kafle, Khot,
Zhou, Bahlol, & Si, 2016); however, studies on the molecular mecha-
nisms of fruit cracking prevention are limited. Here, a preliminary
study on the molecular mechanism of spraying calcium fertilizers to
prevent and control berry cracking was conducted using transcriptome
and metabolome analyses.

2. Methods
2.1. Plant materials

In the present study, the grape variety ‘90-1’ (red table grapes) was
obtained from the Zhengzhou Fruit Research Institute, Chinese Acad-
emy of Agricultural Sciences (113°39’E, 34°43'N), and was selected
from the early-ripening grape variety ‘Zana’ through the bud mutation
line. The grape variety ‘90-1’ was introduced from the Luoyang
Advanced College for Professional Training, Henan Province, China.
‘90-1’ possesses various excellent traits such as good yield and very
early maturity (the growth period is 70 days, which is 30 days less
than ‘Zana’), but it is prone to cracking, which seriously affects its
large scale promotion.

The vines were pruned into two branches with one or two clusters
for each branch, and the branches were pruned vertically to about
1.5 m. “Groquiter ® Calcium” (water-solubility; total calcium > 10.0%;
chelated calcium > 9.0%; Ca®™ > 1.0%; Badische Anilin-und-Soda-Fa-
brik, Ludwigshafen, Germany) was sprayed onto the clusters during
the berry green growth stage from when the berry was pea sized to
the onset of veraison. The same amount of distilled water was sprayed
onto the plants as the control. For conventional pest management, no
growth regulators were used during growth. Unless otherwise speci-
fied, berries were sampled between 08:00 and 10:00 in the morning.
Berries at the same maturity stage (45 days after full bloom) and with
no defects on the surface were collected.

2.2. Statistics of the berry cracking rate at 80 days after full bloom (during
berry maturity)

Three berry clusters treated with calcium fertilizer (treatment) or
distilled water (control) were randomly selected, and the total number
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of berries and the number of berries with cracks were counted. Berry-
cracking rate = number of cracked berries/total number of berries.

2.3. RNA preparation and RNA sequencing

The total RNA of the material was extracted using the TRIzol
(Sigma-Aldrich, St. Louis, Missouri, USA) method, and the samples
were treated with DNase I (Beijing Solarbio Science & technology
co., Ltd., Tongzhou District, Beijing, P.R.China) to eliminate DNA con-
tamination. A Nanodrop 1000 (Thermo Scientific, NanoDrop Tech-
nologies, Inc., Wilmington, DE, USA) was used to detect the purity
and concentration of the RNA, and 1% agarose gels (Sigma-Aldrich,
St. Louis, Missouri, USA) were used to detect the integrity of the
RNA. The mRNA was enriched with oligo (dT) beads and randomly
broken into smaller fragments. The small fragments were then used
as templates for reverse transcription with random primers and for
the synthesis of double-stranded cDNA. Following end-repair of the
double-stranded c¢DNA, a single nucleotide A and a connector were
added. The modified cDNA was used as a template for PCR amplifica-
tion for the de novo RNA-seq cDNA library.

2.3.1. Sequence assembly and annotation

Trim Galore software (Stanford University, Palo Alto, California,
USA) was used to dynamically remove linker sequence fragments
and low-quality fragments from the 3’ end of the Illumina sequencing
data. FastQC software (Bioinformatics, Babraham Institute, Cam-
bridge, UK) was used for quality control analysis of the preprocessed
data. Trinity software (Trinity Technologies & software Solutions Pvt
Ltd., Hubli, Karnataka, India) was used to de novo assemble high-
quality sequences, and the transdecoder program in this software
was used to predict the potential protein-coding region of the tran-
script based on the Markov model principle. The transcript or longest
sequence where the longest protein is selected constitutes the Uni-
Gene. Finally, the BLAST2GO program (https://www.blast2go.co-m),
the Universal Protein Resource (UniProt) database (http://www.uni-
prot.org), Non-redund-ant (Nr) database (http://www.ncbi.nlm.nih.-
gov), Gene Ontology (GO) database (http://gene-ontology.org),
Kyoto Encyclopedia of Genes and Genomes (KEGG pathway) database
(http://www.genome.jp/kegg), and Interpro database (http://www.
ebi.ac.uk/interpro) were used to perform functional annotation on
the above-mentioned UniGenes, and the E-value was setto 1 x 107 3.

2.3.2. Gene expression pattern analysis

The Fragments Per Kilobase per Million (FPKM) calculation method
was used to estimate the expression level of each transcript, and the
differentially expressed genes (DEGs) were screened according to the
criterion that the difference in expression level between the groups
was > 2 times and the P-value was < 0.05. The DEGs were used for
GO enrichment and KEGG analysis.

2.4. Metabolome analysis

2.4.1. Metabolite extraction and derivatization

Metabolites were extracted in 400 pL of 75% methanol (TCI Shang-
hai, Fengxian District, Shanghai, P.R.China), and 20 pL of ribitol
(Sigma-Aldrich, St. Louis, Missouri, USA) was used as an internal stan-
dard. Steel balls (Sunan Weijie Steel Balls Co., Ltd, Changzhou,
Jiangsu, P.R.China) were added to the sample extract, which was
ground at 40 Hz for 4 min and then sonicated in an ice bath for
5 min. The supernatant was centrifuged at 4 °C and 12000 rpm for
15 min. After the extract had been dried by a vacuum concentrator
(Beijing JM Technology Co., Ltd, Zhongguancun, Beijing, P.R.China),
it was derivatized. First 60 pL methoxyamine salt reagent (20 mg/
mL pyridine dissolved, Sigma-Aldrich, St. Louis, Missouri, USA) was
added to the extract and treated at 80 °C for 30 min, following which
80 pL BSTFA (containing 1% TMCS, v/v, Shanghai Aladdin Biochem-
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ical Technology Co., Ltd, Fengxian District, Shanghai, P.R.China) was
quickly added, and the solution was incubated at 70 °C for 2 h in
preparation for gas chromatography time-of-flight mass spectrometry
(GC -TOF-MS, LECO Corporation, St. Joseph, Michigan, USA) on-
board detection.

2.4.2. GC-TOF-MS metabolite detection and data processing

An Agilent 7890 gas chromatography-PEGASUS HT TOF mass spec-
trometer (Agilent Technologies, Palo Alto, California, USA) was used for
the GC-TOF-MS analysis. The system used a DB-5MS capillary column
(Agilent Technologies Inc., Palo Alto, California, USA) with a size of
30 m X 250 pm X 0.25 pm. Helium was used as the carrier gas, and
1 pL of the sample was loaded in splitless mode. Chroma TOF4.3X soft-
ware (LECO Corporation, St. Joseph, Michigan, USA) was used to extract
the original peaks, filter and correct the data baseline, and then identify
the peaks by comparing peaks and analyzing and deconvoluting them.
After that, the retention index (RI) and the LECO-Fiehn Rtx5 database
were used to annotate the metabolites. The RI tolerance was 5000.

Principal component analysis (PCA) and orthogonal projection to
latent structures-discriminant analysis (OPLS-DA) were performed on
the metabolites using SIMCA V14.1 software (Umetrics AB, Umea, Sca-
nia, Sweden). The screening principle for the differential metabolites
was a Variable Importance in the Projection (VIP score > 1 and a p-
value < 0.05. OmicsShare software (Guangzhou Genedenovo Biologi-
cal Technology Co., Ltd., Guangzhou, Guangdong, P.R.China) was used
to perform cluster analysis and produce a heatmap. The parameter set-
tings were as follows: the metabolite data were first z-transformed (cen-
tered on the mean and divided by the standard deviation of the
metabolite), and then distance measurements were performed using
Pearson’s correlation coefficient and average clustering algorithms.

2.4.3. KEGG annotation and enrichment analysis

The identified metabolites using the KEGG compound database
(http://www.kegg.jp/ke-gg/compound/), and then the annotated
metabolites were mapped to the KEGG pathway database (http://
www.kegg.jp/kegg/pathway.html). The metabolite regulatory path-
way was then input into MSEA (metabolism group enrichment analy-
sis), the importance of which was determined by the P-value of the
hypergeometric test.

2.5. Statistical analysis

Data analyses were performed using SPSS version 16.0 (IBM,
Armonk, NY, USA) and R (https://www.r-project.org).

3. Results

3.1. Rate statistics of berry cracking in treated and control mature grapevine
berries

The rate statistics of berry cracking in the treated and control
mature grapevine berries is shown in Table 1. The rate of berry crack-
ing after spraying with calcium fertilizer was significantly lower than
that without (35.5% vs. 85.05%). The berry cracking rate decreased by
58.26%.

3.2. Metabolomics analysis of the mechanism whereby calcium fertilizer
reduces the berry cracking rate

3.2.1. Analysis of detected metabolites

After qualitative and quantitative analysis of the detected metabo-
lites, the fold-change of the quantitative information of the metabolites
in each group could be compared. Figs. S1 and S2 show the differences
in multiple log2 values in the group in Turn CK vs. Turn T and Ripe CK
vs. Ripe T, respectively. The metabolite results based on ranked
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Table 1
Berry-cracking rate of treatment and
control mature grapes.

Group name Berry-cracking rate/%

85.05 * 2.69**
35.05 + 3.91

Control
Treatment

Notes: ** represents an extremely sig-
nificant difference at the P = 0.01
level based on Student’s t-test.

changes are shown. ‘CK’ refers to control samples (not treated), ‘T’
refers to treated samples. ‘Turn’ refers to the veraison stage, and ‘Ripe’
refers to the mature stage.

3.2.2. OPLS-DA of the different groupings

The results of the OPLS-DA based on the different grouping is
shown in Figs. S3 and S4. The model Q2 score of Turn CK vs. Turn T
was 0.98, and that of Ripe CK vs. Ripe T was 0.958; both were excel-
lent models, indicating that the models were stable and reliable.

3.2.3. Screening of differential metabolites

Differential metabolites were screened based on the P-value of the
t-test and the VIP values of the OPLS-DA model in three biological
replicates. The screening criteria were as follows: FC > 2, P-
value < 0.05, and VIP > 1. The detailed screening results of Turn
CK vs. Turn T and Ripe CK vs. Ripe T are shown in Tables S1 and
S2, respectively. The number of differential metabolites in each group
is shown in Table S3. From Turn CK vs. Turn T, 44 significantly differ-
ent metabolites were screened out, of which 27 were upregulated and
17 were downregulated, Ripe CK vs. Ripe T screened 26 significantly
different metabolites, of which 12 were upregulated and 14 were
downregulated. Based on the Venn diagram (Fig. S5), the relationships
between the differential metabolites between groups were compared
and analyzed. Turn CK vs. Turn T and Ripe CK vs. Ripe T had 11 iden-
tical metabolites that differed significantly. A volcano plot allowed for
the visualization of the differences in the expression levels of metabo-
lites in the two groups, as well as the statistical significance of the dif-
ferences. The differentially expressed volcano map of Turn CK vs. Turn
T and Ripe CK vs. Ripe T is shown in Fig. S6.

3.2.4. Functional annotation and enrichment analysis of differential
metabolites using KEGG

The KEGG database was used to annotate differential metabolites
(Tables S4 and S5). The number of KEGG annotations of differential
metabolites in each group was calculated (Table S6). The number of
differential metabolites in Turn CK vs. Turn T and Ripe CK vs. Ripe T
was 44 and 26, respectively, and the number of differential metabo-
lites annotated to KEGG was seven and nine, respectively.

3.2.5. Comparison of differential metabolites during veraison and the
maturity period

The analysis showed that seven different metabolites could be
annotated during the color transition (veraison) period, and nine dif-
ferent metabolites were annotated at maturity. The color transition
period and mature period were annotated to the metabolites catechin
and L-epicatechin. A comparison of the differences in metabolite con-
tents between the treatments and controls during the veraison and
maturity periods is shown in Fig. 1 and Table S7. Further analysis
revealed that compared with the stages of veraison and maturity and
the control berries, (—)-epigallocatechin, L-epicatechin, galactinol,
D-(+)-sucrose, guanine, and cynaroside exhibited a positive correla-
tion with metabolite content, and (+)-gallocatechin, catechin, rutin,
choline alfoscerate, xanthosine, quercitrin, L-(—)-cystine, and matair-
esinol were inversely correlated with the metabolite content. Com-
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Turn CK

Ripe CK
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mws0059
mws0120
mws0668
pme0460

mws0045
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mws1080
mws2625
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Turn T Ripe T

9000

pme0519
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pmn001639

Fig. 1. Heat map of differential metabolite content annotated by KEGG. Notes: A heatmap showing the differential metabolite contents annotated by KEGG.
Mws0042: (—)-epigallocatechin; mws0049: (+)-gallocatechin; mws0054: catechin; mws0059: rutin; mws0120: choline alfoscerate; mws0668: xanthosine;
pme0460: L-epicatechin; mws0045: quercitrin; mws0221: L-(—)-cystine; mws1080: galactinol; mws2625: matairesinol; pme0519: D-(+ )-sucrose; pmel109:
guanine; pmn001639: cynaroside. The red font indicates the differential metabolites annotated during the veraison period; the green font indicates the differential
metabolites annotated during the maturity period; the purple font indicates the differential metabolites annotated in both the veraison and maturity periods. ‘CK’
refers to control samples (not treated), ‘T’ refers to treated samples. ‘Turn’ refers to the veraison stage, and ‘Ripe’ refers to the mature stage. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

pared with the veraison and maturity stages, L-epicatechin and D-(+)-
sucrose were positively correlated to metabolite content, whereas the
content of the other metabolites was negatively correlated. At the
berry maturity stage, the metabolites nws1080 (galactinol) and
pme0519 [D-(+)-sucrose] showed the highest content between the
treatment and control groups. Galactinol and D-(+)-sucrose in the
treated berries were 2.12- and 2.26-fold higher than in the control,
respectively.

3.2.6. KEGG functional enrichment analysis of differential metabolites

Cluster profiler is an R package specifically used for enrichment
analysis of GO and KEGG pathways. Cluster profiler was used to enrich
and analyze the annotation results of the differential metabolite KEGG
pathway analysis by hypergeometric testing, and three types of dia-
grams were drawn, including a classification diagram (Fig. S7), point
diagram (Fig. S8) and network diagram (Fig. 2). Fig. S8 shows that
Turn CK vs. Turn T possessed significantly different metabolites
enriched in six pathways (flavonoid biosynthesis, ether lipid metabo-
lism, caffeine metabolism, flavone and flavonol biosynthesis, glyc-
erophospholipid metabolism, and purine metabolism), particularly
the flavonoid biosynthesis pathway. Significantly different metabolites
in Ripe CK vs. Ripe T were enriched in seven pathways (flavone and
flavonol biosynthesis, galactose metabolism, flavonoid biosynthesis,
starch and sucrose metabolism, cysteine and methionine metabolism,
ABC transport, and purine metabolism), and the highest enrichment
was observed in the categories of flavone and flavonol biosynthesis,
galactose metabolism, flavonoid biosynthesis, and ABC transport.
The KEGG enrichment dot map of different metabolites (Fig. S8) shows
that Turn CK vs. Turn T and Ripe CK vs. Ripe T were enriched in the
flavonoid metabolism pathway, and two metabolites, nws0054 and
pme0460, were enriched in the network diagram (Fig. 2).

3.3. Transcriptome analysis of the mechanism by which calcium fertilizer
reduces the occurrence of berry cracking

To study the molecular changes that occur in grapevine berries
sprayed with calcium fertilizer and to assess their correlation to meta-

bolic profiles, we compared the transcriptomes of the control and
treatment groups at veraison and ripening.

3.3.1. Statistics of the number of the DEGs

The number of DEGs is shown in Table S8 and indicates that there
were 1066 DEGs during the veraison period, of which 530 were upreg-
ulated and 536 were downregulated, and there were 816 DEGs at
maturity, of which 255 were upregulated and 561 were
downregulat-ed. A Venn diagram was drawn for each group of differ-
ential genes (Fig. S9). The Venn diagram shows the number of differ-
ential genes unique to each comparison group and the number of
common differential genes between the comparison groups. Among
these, there were 847 unique DEGs during the veraison period and
597 unique DEGs during the maturity phase. There were 219 DEGs
during the veraison period and mature phases.

3.3.2. KEGG pathway enrichment analysis of the DEGs

We performed pathway enrichment analysis of the DEGs, which
applies the hypergeometric test to identify pathways that are signifi-
cantly enriched with DEGs compared with the entire genome back-
ground. The results show the top 20 pathways with the smallest
significant Q-values (Fig. S10).

Fig. S10 shows that the DEGs during veraison and ripening were
enriched in flavonoid biosynthesis (ko00941), phenylalanine metabo-
lism (ko00360), plant circadian rhythm (ko04712), and phenyl-
propanoid biosynthesis (ko00940), whereas the DEGs during the
veraison stage enriched the tyrosine metabolism (ko00350),
photosynthesis-antenna proteins (ko00196), tropane, piperidine and
pyridine alkaloid (ko00960), starch and sucrose metabolism
(ko00500), carotenoid biosynthesis, ko00906, isoquinoline alkaloid
biosynthesis (ko00950), p-alanine metabolism (ko00410), and plant
hormone signal transduction (ko04075) pathways. The DEGs of the
ripening stage were enriched the functional categories of stilbenoid,
diarylheptanoid and gingerol biosynthesis (ko00945), nitrogen meta-
bolism (ko00910), and cutin, suberine, and wax biosynthesis
(ko00073). In addition, these Q-values were small, indicating that
these pathways possessed the highest enrichment of DEGs. The results
show that the differential expression of related genes in the aforemen-



C. Zhang et al.

(a) mwsm 20

Food Chemistry: Molecular Sciences 2 (2021) 100025

Ether lipid metabolism

Glycerophospholipid metabolism

emws0042
pme0460

Flavonoid-biosynthesis

mgsOO49

size
@ -
0 :
mws0668 ®:
o
category
Caffeine metabolism
. X Ether lipid metabolism
Caffeine metabolism .
Flavone and flavonol biosynthesis
Flavonoid biosynthesis

Glycerophospholipid metabolism

fold change

!4

Flavone and flavonol biosynthesis

mws0054

0

2

[ ]
mws0059

(b)

Flavonoid biosynthesis

[ 2
pme0460

Cysteine and methionine metabolism

@pmn001639

Flavone and flavonol biosynthesis

musOO45

prge0519

Starch and sucrose metabolism

m%sOOS‘i

fold change

1.5
1.0
0.5

0.0
-0.5

E

mws0221® category
Cysteine and methionine metabolism
Flavone and flavonol biosynthesis
Flavonoid biosynthesis
Galactose metabolism

Starch and sucrose metabolism

mws1880

Galactose' metabolism

Fig. 2. KEGG enrichment network of differential metabolites. Notes: KEGG enrichment network of differential metabolites in the treatment and control groups
during a, the veraison stage and b, the ripe stage. The light-yellow nodes in the figure are pathways, and the small nodes connected to these are specific
metabolites annotated to the pathway. The figure shows a maximum of five pathways. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

tioned metabolic pathways was most active during the veraison and
maturity stages.

3.3.3. Effect of calcium fertilizer application on the flavonoid biosynthetic
pathway

Fig. 3 shows that calcium fertilizer application regulates the
expression of most genes that encode structural enzymes involved
in the flavonoid pathway (Savoi et al., 2016). Fig. 4 shows the effect
of calcium fertilizer application on the relative expression levels of
genes related to the flavonoid metabolism pathway. At the berry ver-
aison and ripening stages, three of these DEGs were annotated as

phenylalanine ammonia lyase (VviPALs) genes with different expres-
sion levels.

Among these, VIT 06s0004g02620 (VviPAL) was initially upregu-
lated and then downer-gulated; VIT 085004001710 (VviPAL) was con-
tinuously downregulated; and VIT 1350019-g04460 (VviPAL2) was
continuously upregulated. One trans-cinnamate 4-monooxygenase
(WiC4H; VIT 06s0004g08150) was continuously upregulated, whereas
the other trans-cinn-amate 4-monooxygenase (WiC4H,
VIT 11s0065g00350) was continuously downregulated. Three 4-
coumarate-CoA ligases (Wi4CL; VIT 0250025803660,
VIT 1150052801090, VIT 1-8s0001g00290) were continuously down-
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Fig. 3. Effect of calcium application on relative expression of differentially expressed genes in the flavonoid biosynthesis metabolism pathway. Notes: Purple font
indicates the relative gene expression in the treatment of at the ripening stage; light green font indicates the relative gene expression in the control treatment at the
ripening stage; red font indicates the relative gene expression of the treatment at the veraison stage; blue font indicates the relative gene expression of the control
at the veraison stage. ‘CK’ refers to control samples (not treated), ‘T’ refers to treated samples, ‘Turn’ refers to veraison stage, and ‘Ripe’ refers to the mature stage.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

regulated; one 4-coumarate-CoA ligase (Wi4CL; VIT 16s0050g00390)
was continuously upregulated; one 4-coumarate-CoA ligase (Vvi4CL;
VIT_0250109g00250) was initially downregulated and then upregu-
lated; and one 4-coumarate-CoA ligase (VWi4CL; VIT 16s0039g02040)
was first upregulated and then downregulated. One p-coumaroyl shiki-
mate 3'-hydroxylase (WiC3H) was first downregulated and then
upregulated; and one hydroxycinnamoyl-CoA: shikimate/quinate
hydroxycinnamoyltransfera-se (VviHCT) was continuously downregu-
lated. Two caffeic acid 3-O-metyltransferases (VviCOMT;
VIT_08s0007g04520, VIT_16s0098300850) were first downregulated
and then wupregulated; and the other caffeic acid 3-O-
metyltransferase (VWWiCOMT, VIT 0250025g02920) was continuously
downregulated. Finally, one caffeoyl-CoA 3-O-methyltransferase
(WiCCo-AMT; VIT 03s0063g00140) was continuously downregulated,
and the other WiCCoAMT (VIT 0750031g00350) was continuously
upregulated.

At the same time, calcium fertilizer application regulated the
expression of most of the structural flavonoid genes, particularly three
chalcone synthases (VviCHSs), two chalcone isomerases (VviCHIs), one
flavonoid-3'5’-hydroxylase (VWiF3'5'H), two flavanone-3-hydrox-ylases
(WiF3Hs), one dihydroflavonol reductase (VviDFR), two leucoantho-
cyanidin dioxygenases (VviLDOX), two flavonol synthases (VViFLSs),
two leucoanthocyanidin reductase (VwiLARs), and one anthocyanidin
reductases (VWiANR). Among these genes, two chalcone synthases
(WiCHSs; VIT 14s0068g00930, VIT 05s0136g00260), two chalcone
isomerases (VviCHIs; VIT 13s0067g03820, VIT 13s0067g02870), one

flavonoid-3'5’-hydro-xylase (VviF3Hs; VIT_04s0023g03370,
VIT 1850001g14310), one flavonol synthase (WiF-LS1,
VIT 1850001g03430), one dihydroflavonol reductase (VViDFR;

VIT 1850001g12800), and one leucoanthocyanidin reductase (Vvi-
LARI1; VIT 01s0011g02960) were initially downregulated and then
upregulated; one chalcone synthase (VWiCHS2; VIT 14s50068g00920)
and one leucoanthocyanidin dioxygenase (WILDOX;
VIT 0250025g04720) were continuousl-y upregulated; and one leu-
coanthocyanidin reductase (WiLAR2; VIT 17s0000g014150), one leu-
coanthocyanidin dioxygenases (VviLDOX; VIT 08s0105g00380), and
one anthocyanidin reductase (VWWiANR; VIT 00s0361g00040) were con-
tinuously downregulated. In addition, one flavonol synthase (VViFLS;

VIT 1850001g03470) was not expressed during the color changing
phase, but the expression was upregulated during the maturation
phase. leucoanthocyanidin reductase (VViLAR) and anthocyanidin
reductase (VWIANR) are key regulators of the biosynthesis of flavan-
3-ol and proanthocyanidin. Calcium fertilizer application always down-
regulated the expression of one leucoanthocyanidin reductase (VviL-
AR2; VIT_1750000g04150) and one anthocyanidin reductase (VViANR;
VIT 00s0361g00040). Moreover, leucoanthocyanidin reductase (Vvi-
LAR1; VIT 17s0000804150) was initially upregulated and subse-
quently downregulated.

3.3.4. Effect of calcium fertilizer application on flavonoid and flavonol
biosynthetic pathways

Fig. S11 shows the effects of calcium fertilizer application on the
relative expression levels of genes related to the flavonoid and flavonol
metabolism pathways. Calcium fertilizer application regulated the
expression of genes encoding the flavonoid and flavonol metabolic
pathways (Fig. S12). At the fruit maturity stage, four DEGs were
screened out, and three genes were upregulated, including flavonoid
3’, 5'-hydroxylase 2 (VIT 08s50007g05160), flavonoid 3'hydroxylase
(VVF-3'H2, VIT 1750000g07210), and caffeic acid 3-O-methyltran-
sferase  (VIT_16s0098g00850), whereas the anthocyanin O-
methyltransferase (FAOMT, VIT 01s0010g03510) was downregulated.
However, there were no differences in the expression of these four
genes between the treatment and control groups during the color
changing stage.

3.4. Molecular mechanistic model of reducing berry cracking by calcium
fertilizer

The molecular mechanistic model of the control of reducing berry
cracking by calcium fertilizer application is shown in Fig. 5. It can be
seen that the application of calcium fertilizer at the grape berry
ripening stage regulated the pathway of flavone and flavonol biosyn-
thesis and flavonoid metabolism pathways. Among these, the flavo-
noid metabolism pathway as most highly enriched in DEGs,
reaching 38, which consisted of 29 upregulated genes and nine
downregulated genes. There were four DEGs enriched in flavone



C. Zhang et al. Food Chemistry: Molecular Sciences 2 (2021) 100025

[ =}

phenylanine 0 360

VIT 065000402620 (VviPAL) Log2 fold change
VIT_0250025g03660 (Vvi4CL)

VIT_0850040g01710 (VviPAL)
VIT 0250109g00250 (Vvi4CL)
VIT 135001904460 (VviPAL2)

cinanmic acid

VIT_1150052g01090 (Vvi4CL)

673 VIT 1650039302040 (Vvi4CL)
VIT 0650004g08150 (VviC4H)
570 VIT 1650050300390 (Vvi4CL)
VIT_11s0065g00350 (VviC4H)
R VIT 1850001g00290 (Vvi4CL)
p-coumaic acid caffeic acid ferulic acid
VIT 0250025502920 (VviCOMT)
VIT _0850007g04520 (VviCOMT)
VIT 1650098300850 (VviCOMT)
p-coumaroyl-CoA ——> ——> caffeoyl-CoA caffeoyl-CoA
VIT 085004000780 (VviC3H) VIT 0350063200140 (VviCOMT)
VIT 115003700440 (VviHCT) VIT 0750031g00350 (VviCOMT)
coutaric acid caftaric acid fertaric acid
+ 3 malonyl-CoA . .
stilbenoids
VIT 1450068300930 (VviCHSI)
VIT 1450068300920 (VviCHS2)
VIT 0550136300260 (VviCHS3)
naringenin chalone
VIT 13s50067g03820 (VviCHII)
VIT 1350067502870 (VviCHI2)
. . entahydroxyflavanone
eridityol naringenin > Pemaney
_ VIT 0850007g05160 (VviF3’5‘H)
| T T T 1 | viT_04s0023503370 (vviF3HD)
[ | | | 1\ vit_sso001g14310 (wvir312)
T : - —_— .. . .
dihydroquerocetin dihydrokaemferol dihydromirycetin
@ VIT 1850001g03430 (VviFLSI)
VIT 1850001g03470 (VviFLS)
c
\ [TTT] eoNovcehin

VIT_1850001g12800 (VviDFR)

VIT 1750000g04150 (VviLAR2)

flavonols catechin

VIT 0150011g02960 (VviLARI) leucodelphinidin
VIT 1750000304150 (VviLAR2)

VIT 1750000304150 (VviLAR2)

- VIT_00s0361g00040 (VviANR)

proanthocyanidins delphindin

leucocyanidin

E:’f: VIT 0250025g04720 (VviLDOX)
VIT 0850105g00380 (VviLDOX)

flavan-3-ols

gallocatechin

cyanidin
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and flavonol biosynthesis, consisting of one upregulated gene and grape berry cracking by increasing the contents of catechin and L-
three were downregulated genes. Under the influence of these meta- epicatechin, and downregulating the contents of quercitrin and
bolic pathway-related genes, it is possible to reduce the occurrence of cymaroside.
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4. Discussion

Fruit cracking is a disorder that commonly occurs in fleshy fruits
and is associated with agricultural economic losses (Correia,
Schouten, Silva, & Gongalves, 2018; Khadivi-Khub, 2015). Currently,
only a few varieties can fully withstand cracking (Correia, Schouten,
Silva, & Goncalves, 2018). Numerous theories on the mechanisms
underlying fruit cracking have been proposed, such as fruit anatomy
and cuticle mechanical properties, water potential, osmotic potential
and turgor pressure, and water uptake pathways (Yang et al., 2016;
Correia, Schouten, Silva, & Gongalves, 2018).

Research on the mechanism of fruit cracking has informed appro-
priate management strategies for preventing and controlling fruit
cracking, which mainly include rain cover protection (Overbeck,
Schmitz, & Blanke, 2017), mineral spraying (Kafle, Khot, Zhou,
Bahlol, & Si, 2016; Knoche, Grimm, & Schlegel, 2014), and the appli-
cation of growth regulators (Suran, Vavra, & Zeleny, 2016). Among
these management strategies, the application of calcium solution has
been extensively studied (Kafle, Khot, Zhou, Bahlol, & Si, 2016;
Knoche, Grimm, & Schlegel, 2014). However, studies on the detailed
mechanisms whereby fruit cracking is reduced under calcium applica-
tion are limited.

With the rapid development of molecular biology, a growing num-
ber of genes related to fruit cracking have been identified. Genomic
and transcriptome sequences are useful tools for revealing signal trans-
duction pathways as well as new genes (Li et al., 2014; Li, Fu et al.,
2019; Li, Li et al., 2019). The research objects of fruit cracking have
primarily been apple (Li, Zhang, Zhang, Ji, Zhang, Liu, & Chen,
2013), sweet cherry (Balbontin et al., 2014), lychee (Li et al., 2014),
jujube (Li, Fu et al., 2019; Li, Li et al., 2019), and atemoya (Li, Fu
etal., 2019; Li, Li et al., 2019). The genes related to cracking that have
been identified at the transcription level are mainly related to carbohy-
drate metabolism (Chen, Duan, Hu, Li, Sun, Hu, & Xie, 2019), cell wall
and cuticle (Balbontin et al., 2014; Li et al., 2014; Li, Fu et al., 2019; Li,
Li et al., 2019), plant hormones (Li et al., 2014; Li, Fu et al., 2019; Li,
Liet al., 2019), and calcium transport-related proteins (Li et al., 2014).

In the present study, we evaluated the mechanism by which cal-
cium fertilizer application prevents grape berry cracking via transcrip-
tomic and metabolomic analysis. Differential metabolites in the color
changing and maturity periods were annotated, which indicated that
secondary metabolites accounted for 85.71% and 55.56% of the anno-
tated differential metabolites, respectively. Calcium fertilizers control
the occurrence of grape berry cracking mainly by regulating secondary
metabolic pathways.

Our analysis found that the secondary metabolites (—)-
epigallocatechin, (+)-gallocatec-hin, catechin, xanthosine, and L-
epicatechin were upregulated, and rutin content was downregulated
during the color changing period. The upregulation range was
100.38% —1849.52%. The (—)-epigallocatechin content was most sig-
nificantly upregulated, while L-epi-catechin was the least upregulated,
and the rutin content decreased by 71.00%. At maturity, the secondary
metabolites catechin and L-epicatechin were upregulated by 185.15%
and 185.62%, respectively, and quercitirin, matairesinol and cynaro-
side were downregulated by 52.77% — 99.72%. Among these, catechin
and L-epicatechin, were annotated together during the color changing
and maturity stages. The two metabolite annotation pathways (cate-
chin and L-epicatechin) were included flavonoid biosynthesis
(ko00941) and biosynthesis of secondary metabolites (ko01110). This
shows that flavonoid biosynthesis regulates the content of catechin
and L-epicatechin.

Studies on reducing the occurrence of cracked fruit by calcium fer-
tilizer application to affect the secondary metabolite biosynthetic path-
ways are limited. The present study demonstrated that secondary
metabolites responded to calcium fertilizer application at the tran-
scription and metabolite levels, and determined that secondary
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metabolite concentrations generally increased. Studies have shown
that calcium has an effect early on in the secondary metabolic path-
ways (Martins, Garcia, Costa, Sottomayor, & Gerés, 2018). Calcium
influx is necessary to stimulate secondary metabolite accumulation
(Hu, Li, Chen, & Yang, 2009). This study discovered that catechin
and L-epicatechin in the flavonoid biosynthetic pathway were anno-
tated at the berry color changing and ripening stages and were upre-
gualted by 100.38% - 135.25% and 185.15% - 185.62%,
respectively. At the mature stage, quercitrin and cynaroside, the differ-
ential metabolites of the flavonoid and flavonol biosynthetic path-
ways, were downregulated by 61.22% and 52.77%, respectively.

Flavonoids are a large class of (poly)phenolic compounds that are
widely distributed in the plant kingdom. They are structurally divided
into flavonoids, flavonols, anthocyanins, proanthocyanidins, and iso-
flavones. Flavonoids are secondary metabolites with diverse structures
in plants and have multiple functions, which include regulating plant
development, pigmentation, and UV protection, as well as a series of
roles in defense and signaling between plants and microorganisms
(Mathesius, 2008). An important aspect of the biological activity of fla-
vones is their structural diversity, which enables flavones to interact
with a variety of other molecules, thereby determining their function
in lipid oxidation, as well as DNA and protein binding. These interac-
tions are the basis for their multiple effects on human health, and their
functions in controlling redox status, enzyme function, lipid peroxida-
tion, and the cell cycle are well established (Mathesius, 2008). Flavo-
noids are considered antioxidants due to their ability to scavenge free
radicals, inhibit lipid oxidation or chelate metal ions (Tripoli, Guardia,
Giammanco, Majo, & Giammanco, 2007).

There are few studies on the regulation of flavonoid metabolism
by calcium fertilizer application to reduce fruit cracking. However,
due to the high antioxidant enzyme activity of flavonoids
(Mathesius, 2008; Tripoli et al., 2007), the imbalance in oxidative
metabolism during fruit ripening is closely related to the occurrence
of fruit cracking (Giné-Bordonaba et al., 2017). After spraying cal-
cium fertilizer, the increased content of flavonoids may reduce fruit
cracking. It is widely accepted that increased H,O, levels during fruit
ripening produce a variety of oxidative stresses leading to physiolog-
ical damage. Studies have noted that the oxidation process related to
H,0, accumulation may play an important role in determining the
susceptibility of cultivars to cracking (Giné-Bordonaba et al., 2017).
The increase in H,O, levels is in equilibrium with the increase in
malondialdehyde, especially in the cracking-susceptible sweet cherry
variety ‘Prime Giant’, and the results show that this variety is subject
to higher oxidative damage and membrane lipid peroxidation (Giné-
Bordonaba et al., 2017). The higher sensitivity to cracking appears to
be related to the increased peroxidative damage caused by the
reduced ability to convert H,O, (superoxide dismutase [SOD] activ-
ity) from destructive reactive oxygen species (ROS) to H>O (polyphe-
nol oxidase [POX] activity) (Giné-Bordonaba et al., 2017). SOD can
eliminate active oxygen generated during the aging of cells, tissues
or organs, protect cell membranes, and maintain cellular metabolic
balance (Tosun, Yagci, & Erdurmus, 2014). One study found that
the SOD content of the cracking-susceptible tomato variety
‘LA1698’ was lower than that of the cracking-resistant variety
‘LA2683’ (Yang, Wu, Zhang, Hu, Zhou, & Jiang, 2016). The above
studies show that higher antioxidant capacity can reduce the occur-
rence of fruit cracking. The present study found that the contents
of catechin and L-epicatechin increased after spraying with calcium
fertilizer. This may increase of the antioxidant capacity of the berry,
which can reduce the occurrence of grape berry cracking. However,
further direct evidence is required to support this.

The transcriptome results of the present study revealed that cal-
cium fertilizer application regulated the gene expression of compo-
nents of the flavonoid biosynthetic pathway. There were five
different trends in these genes during color changing and maturity
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(upregulation of the color changing and downregulation of maturity
stages, including downregulation during color changing and upregula-
tion during maturity; downregulation during both color changing and
maturity; upregulation during both color changing and ripe maturity;
and maintenance of the expression level during the color changing
stage and upregulation at the mature stage. The numbers of related
genes ranged from 1 to 14. Among these, the number of genes that
were upregulated and downregulated during the maturity stage was
the largest and mainly included phenylalanine ammonia lyases (Vvi-

PAL;  VIT 06s0004g02620), 4-coumarateCoA ligase (Wvi4-CL;
VIT 16s0039g02040), caffeic acid 3-O-metyltransferase (VviCOMT;
VIT 0850007g045-20,  VIT_16s0098g00850), chalcone synthases

(WiCHS1, VIT_14s0068g00930; VviCHS3, VIT 0550136g00260), chal-

cone isomerases (VviCHII, VIT 13s-0067g03820; WiCHI2,
VIT 1350067g02870), flavonoid-3'5’-hydroxylase (WiF3'5'H,
VIT 0850007g05160), flavanone-3-hydroxylases (WiF3H1,

VIT 04s0023g03370; VviF3H2, VIT 1850001g14310), flavonol synthase
(WiFLS1; VIT 18s0001g03430), dihydroflavonol reductase (VViDFR;
VIT 1850001g12800), and leucoanthocyanidin reductase (VViLARI;
VIT 01s0011g02960). The expression level was maintained during
the color changing period, and only one gene was upregulated during
maturation, namely, flavanol synthase (VViFLS; VIT 18s0001g03470).
In the flavonoid and flavonol biosynthetic pathways, transcriptome
analysis revealed that spraying calcium fertilizer during the fruit ripen-
ing period only regulated the differential expression of four genes. The

upregulated genes were flavonoid 3, 5'-hydroxylase 2
(VIT_0850007g05160), flavonoid 3’ hydroxylase (VVF3'HZ,
VIT 1750000g07210), and caffeic acid 3-O-methyltransferase

(VIT_16s0098g00850), and the downregulated gene was anthocyanin
O-methyltransferase (FAOMT, VIT 01s0010g03510).

Calcium fertilizer application regulated the expression of genes in
the flavonoid pathway, particularly catechin and L-epicatechin, is
higher, which resulted in increased antioxidant capacity (Colon &
Nerin, 2012), which can reduce the occurrence of grape berry cracking
to a certain extent. Fruit cracking often occurs during maturity (Zhang
et al., 2020). Fruit maturation is a complex process including cell wall
disintegration, compositional changes, and cell aging, which ultimately
leads to organ death (Almeida & Huber, 2001). A recent study sug-
gested that oxidative damage and membrane lipid peroxidation may
play an important role in the occurrence of fruit cracking (Giné-
Bordonaba et al., 2017). However, it was noted that after the applica-
tion of calcium fertilizer, flavonoids and metabolites in the flavonol
biosynthetic pathways (quercitrin and cynaroside) during the fruit
ripening period were downregulated by more than 50% of all differen-
tial metabolites. The specific role of these two substances in the process
of reducing fruit cracking requires further investigation.

5. Conclusion

This study used a combination of transcriptome and metabolome
analyses to elucidate the molecular basis whereby calcium fertilizer
application reduces the severity of grape berry cracking. We found that
the application of calcium fertilizer mainly modulated the occurrence
of grape berry cracking by regulating the secondary metabolite con-
tents of genes related to the flavonoid biosynthesis pathway. In addi-
tion, genes related to other metabolic pathways may also be
involved in the regulation of grape berry cracking. The obtained infor-
mation will provide novel perspectives on the mechanisms underlying
berry cracking susceptibility.
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