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Abstract: Anthocyanins in red grape skin have a positive effect on fruit color and human health.
The effect of foliar potassium application on anthocyanin accumulation in grape skin is not well
understood. The study aimed to better understand the mechanism of anthocyanin accumulation
in grape skin in response to foliar sprays of K2SO4 and KH2PO4. In this study, we investigated the
effects of foliar application of KH2PO4 (T2), K2SO4 (T1) and distilled water (CK) on the skin color of
‘Kyoho’ grapes at mid-ripe and mature stages. At 90 and 110 days after full bloom (DAFB), T2 had the
greatest total soluble solids (TSS), flavonoid and total anthocyanin contents, followed by T1 and CK.
At two stages, the titratable acid content decreased and the juice pH increased under T2 treatment
relative to CK. T1 and T2 had lower lightness (L*) than CK, and the color index of red grapes (CIRG)
under T1 and T2 increased at two stages compared to CK. KEGG metabolic pathway analysis revealed
that flavonoid biosynthesis was the most significantly enriched pathway in CK vs. T2 at 90 and 110
DAFB. At 90 DAFB, T2 had higher expressions of phenylalanine ammonia-lyas (PAL), cytochrome
P450 CYP73A100 (CYP73A), 4-coumarate: CoA ligase (4CL), chalcone synthase (CHS), flavanone
3-dioxygenase-like (F3H) and UDP glucose: flavonoid 3-o-glucosyl transferase (UFGT) than CK and
T1. Foliar application of potassium fertilizer may accelerate anthocyanin accumulation by altering
the transcript levels of PAL, CYP73A, 4CL, CHS, F3H, and UFGT of the flavonoid biosynthesis.

Keywords: grape; skin color; potassium fertilizer; flavonoid biosynthesis; anthocyanin

1. Introduction

Anthocyanins are important water-soluble pigments in grapes [1]. The color of red,
purple, and dark purple grapes are dependent mainly on the content and components
of anthocyanins in the skin [2]. High anthocyanin content in grapes not only enhances
their aesthetic [3], but also performs a wide range of biological functions in plants, such as
protection against antioxidant capacity, UV light, and pathogen attack [4,5]. Foods high in
anthocyanins have been shown to lower the risks of diabetes, cancer and cardiovascular
disease [6]. Red wines and red grapes are important source of anthocyanins for the human
diet [4]. As a result, consumers, farmers and researchers are becoming more interested in
the cultivation of grapes with good aesthetics [7].

The biosynthesis of anthocyanins depends on internal factors and external factors. In-
ternal factors include the varieties, sugar accumulation levels, hormone levels, genetics [1],
etc. The genetic features of grapes determine the great variation in the species and content
of anthocyanins among different varieties. Anthocyanins, also known as flavonoids, are
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a type of secondary metabolites in plants. The biosynthesis of flavonoids is genetically
regulated and controlled by the expression of structural and regulatory genes [8]. The
flavonoid biosynthesis pathway is a branch of the phenylpropanoid biosynthesis process
which requires several early biosynthetic genes such as phenylalanine ammonia-lyase
(PAL), chalcone synthase (CHS), chalcone isomerase (CHI), and flavanone 3-hydroxylase
(F3H) [1]. Dihydroflavonol 4-reductase (DFR), anthocyanin synthase (ANS), and UDP-
glucose: flavonoid 3-glucosyltransferase (UFGT) are all involved in the formation of specific
flavonoid compounds such as anthocyanins, proanthocyanidins, and flavonols at a later
stage in the process [9,10]. Following the initial steps, the flavonoid pathway divides
into proanthocyanidin, anthocyanin and flavonol branches. The first step in the phenyl-
propanoid pathway is catalyzed by PAL. PAL, cytochrome P450 CYP73A100 (CYP73A), and
4-coumaroyl-CoA synthase (4CL) all play a functional role in the general phenylpropanoid
pathway from phenylalanine to 4-coumaroyl-CoA [11]. CHS, CHI, F3H, flavonoid 3′,5′-
hydroxylase (F3′5′H), flavonol synthase/flavanone 3-hydroxylase (FLS), and ANS catalyzed
the production of different anthocyanin subgroups by modifying the molecular skeleton
and/or backbone [12]. The final step in the anthocyanin biosynthesis pathway is catalyzed
by UFGT [13].

External factors include environmental factors (water, light, temperature), soil com-
position, viticultural practices [4], etc. The foliar spraying of fertilizers and plant growth
regulators has become an important viticultural practice to avoid deficiencies and improve
quality [14]. Sprays of (NH4)2SO4 increased tomato total soluble solids (TSS) and titratable
acid content but decreased vitamin C content and fruit postharvest freshness [15]. Spraying
amino acid selenium fertilizer with a dosage of 12,000 mL/hm2 achieved the best effect
of increasing the selenium content and improving the quality of mangoes [16]. Foliar
iron application promotes flavonoid accumulation in grape berries grown in iron-deficient
soil [17]. The foliar application of phenylalanine and methyl jasmonate improved the
aromatic composition of Grenache grapes [18]. Ethephon was sprayed on red grapes to
improve the color of berries; however, ethephon treatment can cause berries to soften,
reducing the commercial value of the grapes [19]. ABA promoted grape coloration, but the
high cost of ABA reduces its practical application [19,20].

Foliar spraying of fertilizers is a more target-oriented, cost-effective, and fertilizer-use
efficient technique, and diminishes nutrient and environmental degradation losses [21].
Foliar applications of potassium can quickly and efficiently correct the deficiency, especially
at the end of the season when soil application may not be feasible or effective [22]. Foliar
fertilization with P and K of grapevines accelerated the accumulation of sugars and antho-
cyanins [14]. Spraying K2SO4 on black grape leaves significantly increased anthocyanin,
total protein content and antioxidant enzyme activities in the berries [23]. Post flowering
foliar application of 0.5% KH2PO4 improved yield and quality of jackfruit and accelerated
harvesting in jackfruit [24]. Foliar spraying of K2SO4 or KH2PO4 fertilizers improved
the chlorophyll content and fruit size of grapes [25]. However, very few studies have
been undertaken on the effects of foliar potassium fertilizer application on the grape skin
color. The aim of the present study was to determine the effects of foliar sprays of K2SO4
or KH2PO4 on ‘Kyoho’ grape skin coloration at two-stage and preliminarily explain the
metabolic mechanism of its effect on coloration by transcriptome sequencing and analysis,
so as to provide a theoretical basis for the production of high-quality grapes.

2. Materials and Methods
2.1. Experimental Site and Experimental Design

This study was carried out in a plastic greenhouse at Shihezi University’s experimental
station (43◦32′ N, 85◦97′ E) from 8 May 2019 until the end of August 2019. The research
material consisted of 5-year-old ‘Kyoho’ grape plants. The grape plants were cultivated
in a container (root control bag) filled with sandy loam soil. The diameter of the bag was
50 cm, and the height was 50 cm. Chemical fertilizers were applied during the growing
season. The amount of chemical fertilizer applied per vine was 184.00 g N, 87.32 g P, and
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398.30 g K. A total of 11 irrigations were carried out during the whole growth period, and
the irrigation interval was 10 days. The plants were grown with interplant spacing of 0.5 m
within rows and 0.5 m between rows and trained to a “Y” form with each fruit cane bearing
two clusters. Each vine has two canes.

The experiment used a randomized complete block design with three replicates of three
treatments. There were nine plots used, with each plot containing 15 healthy, well-grown
grape plants. The three treatments were as follows: (1) foliar spraying of distilled water as
CK, (2) foliar spraying of 0.5% K2SO4 as T1, and (3) foliar spraying of 0.5% KH2PO4 as T2.
Foliar application of fertilizer was performed at 63 (at veraison) and 70 days after full bloom
(DAFB) by using a knapsack sprayer. For each application, 600 mL/vine was sprayed over
leaves. Spraying treatments were performed in the early morning one hour after sunrise. All
other agronomic operations were performed uniformly for all the treatments.

The samples were collected at 90 (mid-ripe stage) and 110 DAFB (mature stage). Each
replication had 60 clusters, from which 20 clusters were randomly selected. Sixty grape
berries were randomly selected from the upper, middle, and lower parts of 20 clusters
(3 berries per cluster) of each replication at two sampling time, and all samples were
immediately transported to the laboratory in ice boxes. Berry skin was separated from
pulp, and pulp tissues were further removed by rubbing the internal side of the skin against
sandpaper. The skin and pulp were flash frozen in liquid nitrogen and stored at −80 ◦C
until further processing.

2.2. Determination of Physicochemical Indices of Berries

The total soluble solids (TSS) content of grape berries was determined with a digital
refractometer (PR-100α; Atago, Tokyo, Japan). The pH was measured with a Mettler Toledo
FE20 Desktop pH-Meter (Mettler Toledo Instruments Co., Ltd., Shanghai, China). The
titratable acid content of the grape berries was estimated according to the method described
by Ben Rejeb et al. [26]. The samples were titrated to pH 8.1 with sodium hydroxide using
a pH meter. The titratable acid content of the grape berries was calculated, and the result
are expressed in grams per litre of tartaric acid. The solidity–acid ratio = TSS/titratable
acid. For TSS, titratable acid and pH, a composite sample (30 grape berries) was used for
each replicate. Mid-ripe stage of grape was determined according to the minimum edible
standard (total soluble sugar content ≥ 12.50% and solidity–acid ratio ≥ 20:1) [27], and
mature stage was determined according to the peak TSS content.

2.3. Chromaticity Values of Fruits

Thirty grape berries (the upper, middle, and lower parts of 10 clusters) were randomly
collected from each replicate, and berry color was measured using a Minolta® CR-200
colorimeter (Choromo Meter CR-200, Minolta Camera Co., Ltd., Osaka, Japan) to obtain the
following variables from the equatorial portion of berries (n = 4 per berry) and described
by the CIE L*, a*, and b* color space coordinates [26]. The L* value represents the lightness
of colors, with a range of 0 to 100 (0, black; 100, white). The a* value is negative for green
and positive for red. The b* value is negative for blue and positive for yellow. The chroma
values (C*) = [(a*)2 + (b*) 2]0.5, hue angle, h◦ (0–360◦) = arctangent b*/a*, and h◦ is on the
color wheel (0◦ = red; 90◦ = yellow; 180◦ = green; 270◦ = blue). The color index of red
grape (CIRG) was calculated using the formula: CIRG = (180− arctangent b*/a*)/(L* + C*).
Based on the CIRG values, the berry color was classified into 5 categories: green-yellow
(<2), pink (2 to 4), red (4 to 5), dark red (5 to 6), and blue-black (>6.0) [28].

2.4. Pigment Content in Fruits

The flavonoid content in grape skin was determined according to the method of
Jiang et al. [29]. The data are expressed as mg equivalents of rutin per g grapes fresh
weight. The total anthocyanin content in grape skin was determined by the pH differential
method [1]. The data are expressed as mg equivalents of cyanidin-3-monoglucoside per
g grape skin fresh weight. The chlorophyll and carotenoid content in grape skin were
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assayed using a spectrophotometric method after cell extraction with 95% ethanol [30]. The
calculation formula is as follows:

Ca = 13.95 × OD665 − 6.88 × OD649

Cb = 24.96 × OD649 − 7.32 × OD665

Cchlorophyll = Ca + Cb

Ccarotenoid = (1000 × OD470 − 2.05 × Ca − 114.8 × Cb)/245

2.5. Transcriptome Sequencing and Analysis

All samples were analyzed with three biological replicates. For RNA-Seq, cDNA
libraries were constructed with an Ultra™ RNA Library Prep Kit for Illumina (Beverly, MA,
USA), and the raw read sequences were obtained by Shanghai Personal Biotechnology Co.,
Ltd. (Shanghai, China) using Illumina HiSeqTM 2000 with 6 Gb reads per sample. The raw
reads were initially processed to obtain clean reads using HISAT by removing the adapter
and low-quality sequences [31]. After quality trimming, the clean reads were aligned to the
reference genome of Vitis vinifera (http://plants.ensembl.org/Vitis_vinifera/Info/Index,
accessed on 2 February 2021) using TopHat software [32]. TopHat (version 2.0.9) [33] was
used to set two mismatches and multihits ≤1, and the resulting assemblies were merged
together to give rise to the final transcriptome assembly using CD-HIT-EST v4.6 [34].
The expression level of each transcript was determined by calculating fragments per
kilobase per million reads (FPKM) with RSEM software [35]. Significantly differentially
expressed genes were detected by comparing the raw counts of each transcript using
DESeq2 software [36]. Genes with p-adjust < 0.05 and |log2FC| ≥ 1 were defined as
significantly differentially expressed genes (DEGs). Enrichment analyses of DEG sets
in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (p < 0.05) were
performed using the OmicShare tools (www.omicshare.com/tools, accessed on 2 February
2021). The KEGG enrichment analysis was carried out using the R Package [37]. KEGG
provides a reference knowledge base for linking genomes to life through the process of
pathway mapping [38]. The KOBAS software were used to test the statistical enrichment of
differentially expressed genes in KEGG pathways [39].

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) was performed with SPSS 20.0 (version 20.0,
Chicago, IL, USA) and the significance was tested at the 5% level using Duncan’s multiple
range test.

3. Results
3.1. Effect of Different Potassium Fertilizers on ‘Kyoho’ Grape Berries Quality

The highest TSS content was observed in T2 at 90 and 110 DAFB. The TSS content of
T1 and T2 were higher than that of CK at 110 DAFB. For titratable acid content, there were
significant differences between the CK, T1, and T2 treatments. The titratable acid content
of grape berries decreased significantly under the T1 and T2 treatments compared to the
CK at 90 and 110 DAFB (Table 1). T2 had the highest solidity–acid ratio and pH, while CK
had the lowest solidity–acid ratio and pH at both stages (Table 1). The pH values of T1 and
T2 were both higher than the pH value of CK at 90 and 110 DAFB.

http://plants.ensembl.org/Vitis_vinifera/Info/Index
www.omicshare.com/tools
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Table 1. Physicochemical indexes in ‘Kyoho’ grape berries under different potassium fertilizer treatments.

Treatment Total Soluble Solids (%) Titratable Acid (%) Solidity–Acid Ratio pH

CK 14.20 ± 0.76 b 0.66 ± 0.05 a 21.43 ± 0.25 c 3.34 ± 0.01 c

90 DAFB T1 13.80 ± 0.15 b 0.51 ± 0.02 b 27.19 ± 0.19 b 3.42 ± 0.02 b

T2 14.90 ± 0.39 a 0.34 ± 0.01 c 44.15 ± 0.22 a 3.75 ± 0.01 a

CK 17.40 ± 0.43 b 0.35 ± 0.01 a 50.07 ± 0.43 c 3.52 ± 0.01 c

110 DAFB T1 17.80 ± 0.60 ab 0.28 ± 0.06 b 64.14 ± 0.16 b 3.86 ± 0.02 b

T2 18.10 ± 0.08 a 0.24 ± 0.01 c 74.64 ± 0.28 a 3.95 ± 0.03 a

Values presented are the means ± standard deviation (SD) (n ≥ 3). Different lowercase letters in the same row indicate significant
differences between treatments as calculated by Duncan’s test (p < 0.05).

3.2. Effect of Different Potassium Fertilizers on Colorimetric Characteristics of ‘Kyoho’ Grape
Berry Color

The L* value for the three treatments at 90 DAFB ranged from 33.39 to 29.02 (Figure 1
and Table 2). At 90 and 110 DAFB, the highest L* value was found in CK, while the lowest
L* value was found in T2. At both stages, the grapes all presented reddish coloration
(positive a* values). The a* value with T2 > T1 > CK changed from more to less red at 90
DAFB. However, the highest a* value was presented in CK, while the lowest a* value was
in T2 at 110 DAFB. Interestingly, C* followed the same pattern as a* in all treatments. At 90
DAFB, the b* values revealed two distinct groups: CK (3.12) and T1 (2.19), with positive b*
values indicating yellowish coloration, and T2 (−0.17), with negative b* value indicating
bluish coloration (Table 2). All the grapes presented bluish coloration (negative b* values)
with T2 < T1 < CK from more to less blue at 110 DAFB (Table 2). The h◦ of T1 treatment
decreased compared to CK treatment, dropping from a value of 39.61 to 22.79 at 90 DAFB.
T2 treatment showed a significant increase, reaching a value of 353.74 at 90 DAFB. The
h◦ ranged from 354.12 to 331.41 at 110 DAFB for the three treatments, with T1 and T2
treatments having lower h◦ than CK treatment. Based on the CIRG index, the berries of CK
were classified as pink (2 < CIRG < 4), and T1 and T2 treated berries as red (4 < CIRG < 5)
at 90 DAFB (Table 2). The berries of CK and T1 treatments were classified as dark red (5 <
CIRG < 6) and T2 treated berries as blue-black (CIRG > 6.0).

Figure 1. Visual color of ‘Kyoho’ grape berries at two stages.
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Table 2. The chromaticity values of the ‘Kyoho’ grape berries under different potassium fertilizer treatments.

90 DAFB 110 DAFB

CK T1 T2 CK T1 T2

L* 33.39 ± 0.90 a 30.65 ± 1.42 b 29.02 ± 0.93 c 27.18 ± 1.10 a 26.73 ± 0.18 b 26.54 ± 0.62 b

a* 3.77 ± 1.16 b 5.21 ± 0.64 a 6.47 ± 0.82 a 4.37 ± 0.76 a 3.05 ± 1.63 b 1.67 ± 0.51 c

b* 3.12 ± 1.24 a 2.19 ± 0.73 b −0.71 ± 0.39 c −0.45 ± 0.11 a −0.50 ± 0.13 b −0.91 ± 0.23 a

C* 4.89 ± 0.42 b 5.65 ± 0.56 a 6.51 ± 0.80 a 4.39 ± 0.77 a 3.09 ± 1.58 b 1.90 ± 0.48 c

h◦ 39.61 ± 2.54 b 22.79 ± 1.29 b 353.74 ± 10.33 a 354.12 ± 11.24 a 350.69 ± 5.67 ab 331.41 ± 7.86 b

CIRG 3.67 ± 0.54 c 4.33 ± 0.57 b 5.24 ± 0.87 a 5.88 ± 0.23 c 6.34 ± 0.56 b 7.60 ± 1.21 a

L*: lightness; The a* value is negative for green and positive for red; The b* value is negative for blue and positive for yellow; C*: chroma
values; h◦: hue angle; CIRG: color index of red grape. Values presented are the means ± SD (n ≥ 3). Different lowercase letters in the same
line indicate significant differences between treatments as calculated by Duncan’s test (p < 0.05).

3.3. Effect of Different Potassium Fertilizers on Pigment Content in ‘Kyoho’ Grape Skin

The flavonoid content was T2 > T1 > CK from highest to lowest at 90 and 110 DAFB.
The flavonoid content in the T2 treatment was significantly higher than that in the CK
treatment at the two stages (Figure 2A). As shown in Figure 2B, the total anthocyanin
content in the T1 and T2 treatments was significantly higher than that in the CK treatment
at 90 and 110 DAFB. The total carotenoid content in the T2 treatment was 50.00% higher
than the total carotenoid content in the CK treatment at 90 DAFB, but the content in the T2
treatment was 47.62% lower than the content in the CK treatment at 110 DAFB. The total
carotenoid content was T2 < T1 < CK from less to more (Figure 2C). The content of total
chlorophyll was lowest in the T2 treatment and highest in the CK treatment at two stages
(Figure 2D).

Figure 2. Cont.
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Figure 2. Some pigment contents in the ‘Kyoho’ grape skin under different potassium fertilizer
treatments. (A) Content of flavonoid. (B) Content of total anthocyanin. (C) Content of total carotenoid.
(D) Content of total chlorophyll. Each value represents the mean ± SD for three biological replicate
samples. Error bars represent SD. Bars labeled with different letters in the same period indicate
significant difference between treatments.

3.4. KEGG Enrichment Analysis of DEGs

The figures showed the first 20 paths with the lowest significant p values (Figure 3). In
the comparison of CK vs. T2 at 90 DAFB, the top three enriched pathways were ‘flavonoid
biosynthesis’, ‘circadian rhythm-plant’, and ‘photosynthesis-antenna proteins’ (Figure 3B).
In the comparison of CK vs. T1, the most significantly enriched pathway was ‘galactose
metabolism’, followed by ‘starch and sucrose metabolism’ and ‘flavonoid biosynthesis’
(Figure 3A). At 110 DAFB, in the comparison of CK vs. T2, the top five enriched pathways
were ‘flavonoid biosynthesis’, ‘circadian rhythm-plant’, ‘photosynthesis-antenna proteins’,
‘stilbenoid, diarylheptanoid, and gingerol biosynthesis’, and ‘phenylpropanoid biosynthe-
sis’ (Figure 3D). In the comparison of CK vs. T1, the top five were ‘circadian rhythm-plant’,
‘photosynthesis-antenna proteins’, ‘photosynthesis’, ‘flavonoid biosynthesis’, and ‘plant–
pathogen interaction’ (Figure 3C). In our results, ‘flavonoid biosynthesis’ was found to
be enriched in all four comparisons. The flavonoid biosynthesis pathways contained 25
upregulated DEGs and 3 downregulated DEGs in the CK vs. T2 comparison at 90 DAFB.
The flavonoid biosynthesis pathways contained 7 upregulated and 22 downregulated
DEGs in CK vs. T2 at 110 DAFB.
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Figure 3. The top 20 enriched KEGG pathways of DEGs. (A) CK vs. T1 at 90 DAFB; (B) CK vs. T2 at 90 DAFB; (C) CK vs.
T1 at 110 DAFB; (D) CK vs. T2 at 110 DAFB. The circle size represents the number of DEGs detected in the KEGG pathway.
The rich factor is the ratio of DEGs to the total background gene number in each pathway.

3.5. Candidate Genes Associated with the Flavonoid Biosynthesis Pathway

According to the analysis above, the different coloration in these treatments was regu-
lated by flavonoid biosynthesis. Anthocyanins belong to the class of flavonoid compounds.
In this study, 35 structural genes were identified at 90 DAFB. Of these, 30 genes were highly
upregulated in T2 treatment (Figure 4A; Table S1). These 30 genes included one PAL gene,
twenty-two CHS genes, one CYP73A gene, one 4CL gene, one F3H gene, one F3′5′H gene,
two FLS genes, and one UGFT gene (Table S1). The expression levels of most structural
genes related to flavonoid metabolic pathways were higher in the T2 treatment than in the
T1 and CK treatments, leading to higher anthocyanin accumulation. Thirty-three DEGs that
putatively participate in flavonoid biosynthesis were identified at 110 DAFB. Of these, 26
genes were downregulated in T2 treatment (Figure 4B; Table S2). These 26 genes included
one PAL gene, nineteen CHS genes, one CYP73A gene, one 4CL gene, one F3H gene, one
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F3′5′H gene, one FLS gene, and one anthocyanidin 5,3-O-glucosyltransferase-like gene
(Table S2).

Figure 4. Expression pattern of differentially expressed genes (DEGs) involved in flavonoid synthesis.
(A) Candidate structural genes related to flavonoid biosynthesis at 90 DAFB. (B) Candidate structural
genes related to flavonoid biosynthesis at 110 DAFB. The Z-score value is represented by the depth
of color, with red representing upregulation and blue representing downregulation.

The PAL, CYP73A, 4CL, F3H, and UFGT gene expression of grapes in the T2 treatment
was significantly higher than the gene expression of grapes in the T1 and CK treatments
at 90 DAFB. The lowest FPKMs of the PAL, CYP73A, 4CL, F3H, and UFGT genes were
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detected for the T1 treatment at 90 DAFB. The expression of the CHS gene in grapes peaked
in the T2 treatment at 90 DAFB (Figure 5D). The FPKM of the F3′5′H gene in the T1 and T2
treatments was significantly higher than that in the CK treatment at 90 DAFB (Figure 5E).
The FPKM of ANS was higher in the CK and T1 treatments at 90 DAFB (Figure 5G). The
PAL, CYP73A, and CHS gene expression of grapes in the CK treatment was significantly
higher than those in the T1 and T2 treatments at 110 DAFB. The lowest FPKMs of the PAL,
CYP73A, and CHS genes were found in the T2 treatment at 110 DAFB. The expression of the
4CL and F3H genes of grapes peaked in the T1 treatment at 110 DAFB (Figure 5C,F). The
lowest FPKMs of the 4CL and F3H genes were detected in the T2 treatment at 90 DAFB. The
FPKM of the F3′5′H gene in the CK and T2 treatments was significantly higher than that in
the T1 treatment at 90 DAFB (Figure 5E). The FPKMs of ANS and UFGT in T2 treatment
were highest of three treatments at 110 DAFB (Figure 5G,H).

Figure 5. The expression analysis of key genes for flavonoid biosynthesis in grape berries under different potassium
fertilizer treatments at two stages. Expression of the PAL (A), CYP73A (B), 4CL (C), CHS (D), F3′5′H (E), F3H (F), ANS (G),
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and UFGT (H) genes, which are associated with flavonoid biosynthesis in grape skins. Values presented are the means ± SD
(n ≥ 3). Error bars represent SD. Bars labeled with different letters in the same period indicate significant difference between
treatments. PAL: phenylalanine ammonia-lyase, CYP73A: cytochrome P450 CYP73A100, 4CL: 4-coumarate: CoA ligase,
CHS: chalcone synthase, F3′5′H: flavonoid-3′5′-hydroxylase, F3H: flavanone 3-dioxygenase-like, ANS: leucoanthocyanidin
dioxygenase, UFGT: UDP glucose: flavonoid 3-o-glucosyl transferase.

4. Discussion

Foliar spraying of fertilizer with P and K on grapes can accelerate the accumulation of
sugars and increased solidity–acid ratio [14]. Spraying KH2PO4 or K2SO4 on the leaves
of grapes promotes the growth of grape berries, with KH2PO4 having a greater effect [25].
Tomato TSS was higher in KH2PO4 sprayed plants than in CK plants [40]. Foliar KH2PO4
(0.5%) sprays improved reducing, non-reducing, and total sugars contents of kokum fruit
compared to CK [41]. In our study, foliar application of K2SO4 or KH2PO4 to grape leaves
increased the TSS, pH and solidity–acid ratio. The TSS content, pH, and solidity–acid ratio
under the KH2PO4 treatment were the highest of the three treatments at 90 and 110 DAFB
(Table 1).

Grape berries showed a decrease in L*, suggesting a reduction of lightness of color [42].
In our study, treated grape berries had significantly lower L* when compared to CK.
KH2PO4 treatment of grapes resulted in a significant decrease in L* of three treatments
at two stages, indicating that the berries in the KH2PO4 treated groups were darker than
the CK group [43]. Lower b* values and higher a* values were detected after the K2SO4
or KH2PO4 treatments at 90 DAFB; and the berries from these groups showed higher C*
values (5.65 and 6.51) than the CK group. However, the h◦ of T1 treatment was 22.79 and
the h◦ of T2 treatment was 353.74 (Table 2), implying a diversion from the red towards
blue color [20]. Higher b* values and lower a* values were detected after the K2SO4 and
KH2PO4 treatments at 110 DAFB; and the berries from these groups showed lower C*
values (3.09 and 1.90) and lower hue angle values (350.69 and 331.41) than the control
group. Lower C* indicates a low color purity [42,44]. These results indicated that berries in
K2SO4 and KH2PO4 treatment had purer color than those in the CK. Our research results
are consistent with those of Deng et al. [45].

The immature fruits are green, which is primarily due to chlorophyll. The loss of green
color has been associated with chlorophyll breakdown and is a sign of fruit ripening [46].
The chlorophyll content decreased during grape berries development and ripening [47]. In
our study, total chlorophyll content of T1 and T2 decreased compared to CK at two stages
(Figure 2D). This result indicates that foliar spraying of potassium fertilizer on grapes may
accelerate the ripening of grape. When a large amount of anthocyanin accumulates, the
grapes will be red or purple [13]. Foliar fertilization with P and K accelerated anthocyanin
accumulation in grape [14]. The KH2PO4 treatment showed the highest total anthocyanins
content at 90 and 110 DAFB (Figure 2B). KEGG metabolic pathway analysis revealed that
flavonoid biosynthesis was the most differentially regulated process in CK vs. T2 at 90 and
110 DAFB (Figure 3B,D). Ban et al. [48] reported foliar spraying of abscisic acid increased
the expression of VvPAL, VvCHS, and VvCHI genes at 7 days after treatment in ‘Kyoho’
grape berries. In the study of Deng et al., SUNRED (a biostimulant) treatments increased
the expression of genes involved in anthocyanin biosynthesis pathway, such as PAL, CHI,
DFR, F3H, CHS, and UFGT at 90 days after anthesis [45]. The FPKM of CHI, CHS, and
F3H in ‘Summer Black’ gradually increased from 14 to 70 days after anthesis, while those
of its early-ripening mutant ‘Tiangong Moyu’ increased and then decreased, reaching
the highest value at 56 days after anthesis [49]. In our study, VIT_16s0039g01130 (PAL),
VIT_11s0065g00350 (CYP73A), VIT_16s0039g02040 (4CL), VIT_16s0022g01020 (CHS), and
VIT_18s0001g14310 (F3H) in the T2 treatment significantly increased than that in T1 and
CK treatments at 90 DAFB. The PAL, CYP73A, and CHS gene expression of grapes in the CK
treatment was significantly higher than those in the T1 and T2 treatments at 110 DAFB. The
increase in anthocyanins was due to increase expression of key genes in the anthocyanin
biosynthesis pathway, such as VvMYBA1 and VvUFGT [20]. The expression level of
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VIT_18s0041g00740 (UFGT) in the T2 treatment was the highest of the three treatments at
two stages. Thus, these results indicated that spraying potassium fertilizer on the leaves of
‘Kyoho’ grape may accelerate anthocyanin accumulation by altering the transcript levels of
PAL, CYP73A, 4CL, CHS, F3′5′H, F3H, and UFGT of the flavonoid biosynthesis and promote
early ripening of grapes.

5. Conclusions

Foliar application of K2SO4 and KH2PO4 to grapes increased the TSS content, juice pH,
total anthocyanin content, and CIRG at 90 and 110 DAFB. Foliar application of potassium
fertilizer may accelerate anthocyanin accumulation by altering the transcript levels of PAL,
CYP73A, 4CL, CHS, F3′5′H, F3H, and UFGT of the flavonoid biosynthesis. In terms of
fertilizer efficiency, the relationship between the two fertilizers was KH2PO4 > K2SO4.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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