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Abstract: Potassium (K) is the most important element for fruit quality improvement. This study
aimed at determining the best K fertilizer type that can promote grape growth and nutrient uptake.
Specifically, four types of K fertilizers (complex fertilizer, potassium nitrate, potassium sulfate, and
potassium dihydrogen phosphate) were applied to grapevines grown in plastic pots, and then their
effects on grape growth and nutrient uptake were explored. Results showed that the complex fertilizer
and potassium nitrate treatments increased the biomass of the grapevine plants, whereas the other
fertilizers had no significant effects on the biomass. Only the potassium nitrate treatment increased
the contents of photosynthetic pigments in grapevine leaves. The complex fertilizer and potassium
nitrate treatments increased the total N content in the grapevine plants to some extent, whereas the
other fertilizer treatments decreased the total N content to some extent. It was also evident that all
four K fertilizers increased the total P and K contents in the grapevine plants. Compared to the control,
the complex fertilizer, potassium nitrate, potassium sulfate, and potassium dihydrogen phosphate
treatments increased the scion total P content by 20.18%, 9.77%, 12.52%, and 30.81%, respectively, and
increased the scion total K content by 15.37%, 8.41%, 20.15%, and 26.48%, respectively. In addition,
correlation and grey relational analyses showed that the rootstock stem total N content, rootstock
root biomass, and soil alkali-hydrolyzable N concentration were the top three indicators most closely
associated with the scion total N content, whereas the rootstock root total P content, soil available P
concentration, and rootstock stem total P content were the top three indicators most closely associated
with the scion total P content. Additionally, the rootstock root total K content, soil available K
concentration, and rootstock root total P content were the top three indicators most closely associated
with the scion total K content. Overall, the different K fertilizers can all promote the uptake of P and
K by grapevine plants, and the potassium dihydrogen phosphate fertilizer is the best choice.

Keywords: grape; nutrient absorption; growth; potassium fertilizer; physiology

1. Introduction

Fertilizer application is an important horticultural cultivation practice because it
improves soil fertility, promotes the growth of horticulture crops, and improves fruit
quality [1]. Studies have shown that reasonable fertilization measures during the process
of fruit production are directly associated with the yield and quality of fruits [2,3]. Among
the nitrogen (N), phosphorus (P), and potassium (K) macro elements, K was shown to be
the most important element for fruit quality improvement [4] and was previously found to
be the “quality” element [5,6]. Thus, K fertilizer treatment has become a critical cultivation
practice for fruit production.

Plants take up K from the soil mainly through their roots [7], and also through myc-
orrhizal symbiosis of the roots [8]. The K content in plants varies from species to species,
the same plant at different stages of growth, and in different organ tissues [9]. Accumu-
lating evidence has revealed that K is involved in various physiological metabolic roles
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through out the plant life cycle [1,6,10], including promoting the activities of numerous en-
zymes [11], participating in osmoregulation [12,13], maintaining the balance of anions and
cations [14,15], enhancing plant photosynthesis and assimilating product transport [16,17],
metabolizing reactive oxygen species [18], improving the plant’s disease resistance and
stress tolerance [19], and improving resistance to external abiotic stresses [20]. Conse-
quently, all of these factors improve the fruit yield and the intrinsic and extrinsic fruit
quality [6,21,22]. For the photosynthetic physiology of crops, for example, K can increase
the carbon dioxide uptake by crop leaves by promoting the opening of the stomata, and
increase the amount of chlorophyll, thus increasing the activity of photosynthesis-related
enzymes, which, in turn, improves the photosynthesis of crops [23]. Application of K fertil-
izer can increase the chlorophyll content in rice, maize, wheat, and grape [24–27]. Previous
studies have demonstrated that the interaction of different nutrients with K during the
fertilization and nutrient uptake by fruit plants is vital for nutrient balance [28,29]. Notably,
the uptake of K depends on the nutritional status of N, especially the form of N supply. For
example, NH4+ distributes K to leaves more easily than NO3−, but K translocation across
the membrane is also competitively inhibited by NH4+ [30]. In addition, excess N has an
antagonistic effect on the accumulation of P and K [31], and P translocation is limited by
the supply of K [32]. Studies have also reported that a suitable K fertilizer can improve the
utilization of P fertilizer, whereas higher levels of K application increase the N uptake and
inhibit the P uptake [33,34]. Moreover, the excessive supply of P leads to the competitive
inhibition of Ca2+, which, in turn, inhibits the K uptake, ultimately leading to a decrease
in the quality of fruits [34]. Therefore, choosing suitable fertilizer types and the optimal
timing of K fertilizer application are important to the quality of fruits.

Grape (Vitis vinifera L.), a perennial vine fruit plant, produces berry fruits that have
rich nutritional value [35]. Grapes were one of the four earliest cultivated and most widely
distributed fruits [36]. The berry fruits of grape are critical K sinks, and the amount of K
fertilizer required increases with the grape’s growth and development [37]. Therefore, the
application of appropriate amounts of K fertilizer during the growth and development
of grape berry fruits can increase the yield and quality of the fruits [38]. However, given
the wide variety of K fertilizers available in agricultural production, the most suitable K
fertilizer for grape production has not yet been reported [39,40].

In this experiment, four types of K fertilizers were applied to grapevine plants, and
their effects on the growth of and nutrient uptake by the grapevines were explored. The
aim of this study was to determine the best K fertilizer type that would promote grape
growth and nutrient uptake.

2. Materials and Methods
2.1. Materials

This study used the ‘Shine Muscat’ variety of grape (a hybrid from Japan, with female
parent ‘Akitsu-21’ and male parent ‘Hakunan’) for the grafted grapevines. The rootstock
used was that of the ‘Beta’ grape (a hybrid from the United States of America, with female
parent ‘Carver’ and male parent ‘Concord’), with the rootstock stem measuring about 10 cm
in height. The annual grafted grapevines were collected, at a height of 30 cm, from the
Chongzhou Modern Agriculture Research and Development Base of Sichuan Agricultural
University, Chongzhou, Chengdu, Sichuan, China in February 2021.

2.2. Experimental Design

The experiment was conducted in a greenhouse at the Chengdu Campus of Sichuan
Agricultural University, within a subtropical humid climate. Soil samples (of fluvo-aquic
soil) were collected from farmlands around the Chengdu Campus of Sichuan Agricultural
University, Chengdu, Sichuan, China. The soil had the following basic physicochemical
properties: pH value (6.39), alkaline hydrolysis N concentration (95.58 mg/kg), available
P concentration (90.23 mg/kg), and available K concentration (120.22 mg/kg). First, soil
samples were crushed, and 10 kg of the soil was put into each plastic pot (height × diameter
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= 25 cm × 30 cm). Thereafter, grapevines were transplanted into the pots in March 2021,
with each pot containing one plant. The pots were watered daily to ensure that the soil
moisture content was maintained at 80% of the field capacity. When the plants grew to
100 cm in height (April 2021), the different potassium fertilizers were applied to the soil.
The complex fertilizer was produced by Lomon Land Agriculture Co., Ltd. (Deyang,
China), and contained a total nutrient content of ≥45%, with N:P2O5:K2O = 15:15:15.
The potassium nitrate was produced by Huichuang Agricultural Development (Yunnan)
Co., Ltd. (Kunming, China), and contained a total nutrient content of ≥59.5%, with
N:K2O = 13.5:46.0. The potassium sulfate was produced by Sinochem Fertilizer Co., Ltd.
(Chengdu, China), and contained K2O ≥ 52%. The potassium dihydrogen phosphate was
produced by Sichuan Jiuhe Chemistry Co., Ltd. (Yibin, China), contained K2O ≥ 34% and
P2O5 ≥ 52%. There were five treatments used in this experiment: no fertilizer application
(control), application of complex fertilizer, application of potassium nitrate, application
of potassium sulfate, and application of potassium dihydrogen phosphate. The different
potassium fertilizers were applied at a level of 0.6 g K2O per kilogram of soil (6 g K2O
per pot) [41,42], and the converted fertilizer applications in total were as follows: complex
fertilizer, 40.00 g; potassium nitrate, 13.04 g; potassium sulfate, 11.54 g; and potassium
dihydrogen phosphate, 17.65 g. Each treatment was replicated three times (nine pots per
treatment). Each fertilizer was divided into three equal portions, which were applied at an
interval of seven days. During each application, the fertilizer was dissolved in 250 mL tap
water and then used to irrigate the pot. The whole plants were harvested, and the soil in
the pots was collected two months after the initial fertilizer irrigation in order to determine
the indicators.

2.3. Determination of Indicators

In June 2021, the mature leaves (one month old) at the middle of the shoots were
collected in order to determine the contents of photosynthetic pigments (chlorophyll a,
chlorophyll b, total chlorophyll, and carotenoid). The photosynthetic pigment content was
extracted using the acetone-ethanol extraction method, and a spectrophotometer (Summit,
Shanghai, China) was used to determine absorbency at 663, 645, and 470 nm wavelengths;
the contents of chlorophyll a, chlorophyll b, and carotenoid were then calculated according
to Li et al. (2022) [43] and Hao et al. (2004) [44]. The total chlorophyll content was calculated
as chlorophyll a content + chlorophyll b content [43]. Subsequently, all of the plants were
divided into rootstock roots, rootstock stems, and scions, and then subjected to heating
at 110 ◦C for 15 min, followed by drying at 80 ◦C to constant weight. The biomass (dry
weight) of each of the plant sample parts was weighed using an electronic balance, and
then the samples were finely ground. In order to determine the total N, P, and K contents,
the dried ground samples were digested in H2SO4/H2O2 (5:1, v/v) solution. The total
N content was determined by the Kjeldahl method, the total P content was determined
by molybdenum-antimony anti-colorimetry, and the total K content was determined by
flame photometry, according to Bao (2000) [45]. On the other hand, soil samples were
collected, air-dried, and passed through a 1.0 mm sieve for chemical analysis. The soil
alkali-hydrolyzable N concentration was determined by the alkali diffusion method, the
soil available P concentration was determined by molybdenum-antimony anti-colorimetry
after the extraction of sodium bicarbonate, and the soil available K concentration was
determined by flame photometry after the extraction of ammonium acetate, according
to Bao (2000) [45]. Finally, the soil pH value was determined using a pH meter with a
soil/water ratio of 1:2.5 [45].

2.4. Statistical Analyses

The SPSS 20.0.0 software (IBM, Chicago, IL, USA) was used to analyze the data. Data
for three replications were normalized and subjected to a homogeneity test, followed
by one-way analysis of variance (ANOVA) and Duncan’s Multiple Range Test (p < 0.05).
Pearson’s correlation was used to compare the relationships among the different indicators.
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Grey relational analysis was applied in order to analyze the relationships of the scion N,
P, and K content with other indicators, according to the method described by Lin et al.
(2023) [46] and Zhang et al. (2022) [47].

3. Results
3.1. Biomass (Dry Weight) of Grapevine

The potassium nitrate treatment increased the rootstock root, rootstock stem, and scion
biomasses of the grapevine plants by 32.64%, 19.69%, and 31.97%, respectively, compared
to the control (Figure 1A–C). The complex fertilizer treatment increased the rootstock root
and scion biomasses of the grapevine plants by 19.55% and 18.86%, respectively, compared
to the control, but had no significant effect on the rootstock stem biomass. The potassium
sulfate and potassium dihydrogen phosphate treatments had no significant effects on the
biomasses of the above samples.
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Figure 1. Biomass (dry weight) of grapevine. (A) Rootstock root biomass; (B) rootstock stem biomass;
(C) scion biomass. Different lowercase letters indicate significant differences among the treatments
(Duncan’s Multiple Range Test, p < 0.05). CK—control; CF—complex fertilizer; PN—potassium
nitrate; PS—potassium sulfate; PDP—potassium dihydrogen phosphate.

3.2. Photosynthetic Pigment Content in Grapevine Leaves

Results showed that the potassium nitrate treatment increased the chlorophyll a, chloro-
phyll b, total chlorophyll, and carotenoid contents in grapevine leaves by 7.82%, 7.89%,
7.84%, and 8.24%, respectively, compared to the control (Table 1). All other treatments had
no significant effects on the contents of these photosynthetic pigments in grapevine leaves.

Table 1. Photosynthetic pigment content in grapevine leaves.

Treatment Chlorophyll a
(mg/g)

Chlorophyll b
(mg/g)

Total Chlorophyll
(mg/g)

Carotenoid
(mg/g)

Control 1.764 ± 0.044 b 0.697 ± 0.021 b 2.461 ± 0.052 b 0.364 ± 0.013 b

Complex fertilizer 1.854 ± 0.063 ab 0.719 ± 0.005 ab 2.573 ± 0.064 ab 0.386 ± 0.014 ab

Potassium nitrate 1.902 ± 0.073 a 0.752 ± 0.031 a 2.654 ± 0.103 a 0.394 ± 0.008 a

Potassium sulfate 1.778 ± 0.044 b 0.683 ± 0.037 b 2.460 ± 0.061 b 0.366 ± 0.013 b

Potassium dihydrogen phosphate 1.782 ± 0.017 b 0.685 ± 0.017 b 2.467 ± 0.033 b 0.370 ± 0.008 b

Values are presented as mean (±SE) of three replicates. Different letters indicate significant differences among the
treatments (Duncan’s Multiple Range Test, p < 0.05).

3.3. Total N Content in Grapevine

Compared to the control, the complex fertilizer treatment increased the rootstock root,
rootstock stem, and scion total N content in the grapevine plants by 7.41%, 36.42%, and
18.41%, respectively (Figure 2A–C). The potassium nitrate treatment had no significant
effects on the total N content in the rootstock roots or rootstock stems of the grapevine
plants, but increased the scion total N content compared to the control. The potassium
sulfate and potassium dihydrogen phosphate treatments decreased the total N content in
various grapevine organs, to some extent, compared to the control.
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Figure 2. Total nutrient (N, P, and K) contents in grapevine plants. (A) Rootstock root total N
content; (B) rootstock stem total N content; (C) scion total N content; (D) rootstock root total P
content; (E) rootstock stem total P content; (F) scion total P content; (G) rootstock root total K content;
(H) rootstock stem total K content; (I) scion total K content. Different lowercase letters indicate
significant differences among the treatments (Duncan’s Multiple Range Test, p < 0.05). CK—control;
CF—complex fertilizer; PN—potassium nitrate; PS—potassium sulfate; PDP—potassium dihydrogen
phosphate.

3.4. Total P Content in Grapevine

Results revealed that the four fertilizer treatments increased the total P content in
various grapevine organs (Figure 2D–F). Specifically, the compound fertilizer, potassium
nitrate, potassium sulfate, and potassium dihydrogen phosphate treatments increased the
rootstock root total P content by 39.65%, 24.10%, 30.83%, and 52.31%, respectively, increased
the rootstock stem total P content by 21.56%, 8.92%, 9.37%, and 34.65%, respectively, and
increased the scion total P content by 20.18%, 9.77%, 12.52%, and 30.81%, respectively,
compared to the control.

3.5. Total K Content in Grapevine

The four fertilizer treatments increased the total K content in the rootstock roots
and scions of the grapevine plants (Figure 2G,I). Compared to the control, the complex
fertilizer, potassium nitrate, potassium sulfate, and potassium dihydrogen phosphate
treatments increased the rootstock root total K content by 12.82%, 7.52%, 25.53%, and
35.06%, respectively, and increased the scion total K content by 15.37%, 8.41%, 20.15%, and
26.48%, respectively. In addition, results showed that the complex fertilizer, potassium
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sulfate, and potassium dihydrogen phosphate treatments all increased the rootstock stem
total K content compared to the control, whereas the potassium nitrate treatment had no
significant effect (Figure 2H).

3.6. Soil pH Value and Available Nutrient Concentration

The complex fertilizer treatment decreased the soil pH value, whereas the potassium
dihydrogen phosphate treatment increased the soil pH value, compared to the control. How-
ever, the potassium nitrate and potassium sulfate treatments had no significant effects on
the soil pH value (Table 2). With regard to the soil alkali-hydrolyzable N concentration, the
complex fertilizer and potassium nitrate treatments increased the soil alkali-hydrolyzable
N concentration compared to the control, whereas the potassium sulfate and potassium
dihydrogen phosphate treatments had no significant effects. Notably, the four fertilizer
treatments increased the soil available P and available K concentrations.

Table 2. Soil pH value and available nutrient concentration.

Treatment Soil pH Value

Alkali-
Hydrolyzable N
Concentration

(mg/kg)

Available P
Concentration

(mg/kg)

Available K
Concentration

(mg/kg)

Control 6.34 ± 0.05 b 93.38 ± 2.21 c 89.26 ± 1.40 d 117.44 ± 1.22 d

Complex fertilizer 6.10 ± 0.06 c 104.50 ± 2.37 a 97.58 ± 1.43 b 136.37 ± 2.03 c

Potassium nitrate 6.46 ± 0.05 ab 98.69 ± 1.18 b 93.78 ± 1.84 c 137.02 ± 2.76 c

Potassium sulfate 6.44 ± 0.06 ab 92.00 ± 1.96 c 95.35 ± 0.77 bc 147.92 ± 1.02 b

Potassium dihydrogen phosphate 6.54 ± 0.08 a 90.80 ± 2.28 c 104.97 ± 2.80 a 153.04 ± 1.21 a

Values are presented as mean (±SE) of three replicates. Different letters indicate significant differences among the
treatments (Duncan’s Multiple Range Test, p < 0.05).

3.7. Correlation and Grey Relational Analyses

According to the correlation analysis, the rootstock root total N content exhibited a
highly significant (p < 0.01) or significant (0.01 ≤ p < 0.05) positive correlation with the
biomasses of the various organs, chlorophyll b content, total chlorophyll content, carotenoid
content, and soil alkali-hydrolyzable N concentration, and exhibited a highly significant
(p < 0.01) or significant (0.01 ≤ p < 0.05) negative correlation with the total K content in
various organs, soil pH value, soil available P concentration, and soil available K concentra-
tion (Table 3). The rootstock stem total N content exhibited a highly significant (p < 0.01) or
significant (0.01 ≤ p < 0.05) positive correlation with the biomasses of the various organs,
total chlorophyll content, and soil alkali-hydrolyzable N concentration, and had a highly
significant (p < 0.01) or significant (0.01 ≤ p < 0.05) negative correlation with the rootstock
root total K content and soil pH value. The scion total N content exhibited a highly signifi-
cant (p < 0.01) or significant (0.01 ≤ p < 0.05) positive correlation with the biomasses of the
various organs, total chlorophyll content, carotenoid content, and soil alkali-hydrolyzable
N concentration, and had a highly significant (p < 0.01) negative correlation with the soil
pH value.
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Table 3. Correlations among the different indicators.

Indicator RB RSB SB Cha Chb TCh Car RN RSN SN RP RSP SP RK RSK SK pH AN AP AK

RB 1
RSB 0.923 ** 1
SB 0.943 ** 0.897 ** 1

Cha 0.716 ** 0.679 ** 0.817 ** 1
Chb 0.734 ** 0.689 ** 0.795 ** 0.753 ** 1
TCh 0.764 ** 0.723 ** 0.858 ** 0.974 ** 0.883 ** 1
Car 0.796 ** 0.780 ** 0.779 ** 0.632 * 0.581 * 0.652 ** 1
RN 0.734 ** 0.642 ** 0.611 * 0.480 0.569 * 0.539 * 0.521 * 1

RSN 0.679 ** 0.514 * 0.582 * 0.512 0.438 0.517 * 0.480 0.878 ** 1
SN 0.771 ** 0.599 * 0.669 ** 0.554 * 0.473 0.559 * 0.547 * 0.849 ** 0.966 ** 1
RP −0.060 −0.231 0.098 0.104 −0.061 0.054 0.146 −0.385 −0.113 −0.043 1

RSP −0.167 −0.275 −0.021 −0.008 −0.197 −0.074 −0.021 −0.369 −0.081 −0.076 0.888 ** 1
SP −0.151 −0.219 0.007 −0.012 −0.137 −0.056 0.167 −0.418 −0.146 −0.108 0.917 ** 0.914 ** 1
RK −0.491 −0.551 * −0.320 −0.283 −0.404 −0.341 −0.332 −0.796 ** −0.550 * −0.488 0.819 ** 0.769 ** 0.777 ** 1

RSK −0.410 −0.428 −0.217 −0.077 −0.341 −0.172 −0.081 −0.651 ** −0.353 −0.354 0.794 ** 0.763 ** 0.817 ** 0.851 ** 1
SK −0.322 −0.436 −0.198 −0.169 −0.385 −0.253 −0.161 −0.651 ** −0.364 −0.261 0.890 ** 0.804 ** 0.820 ** 0.945 ** 0.829 ** 1
pH −0.335 −0.156 −0.208 −0.121 −0.220 −0.162 −0.285 −0.669 ** −0.820 ** −0.763 ** 0.118 0.149 0.095 0.436 0.219 0.291 1
AN 0.717 ** 0.590 * 0.681 ** 0.578 * 0.527 * 0.595 * 0.597 * 0.811 ** 0.912 ** 0.922 ** 0.036 −0.003 −0.003 −0.434 −0.226 −0.233 −0.731 ** 1
AP −0.217 −0.344 −0.050 −0.055 −0.194 −0.106 0.034 −0.537 * −0.266 −0.243 0.934 ** 0.897 ** 0.916 ** 0.840 ** 0.819 ** 0.850 ** 0.225 −0.157 1
AK −0.217 −0.242 −0.028 −0.025 −0.225 −0.095 0.007 −0.635 * −0.443 −0.319 0.853 ** 0.714 ** 0.802 ** 0.904 ** 0.842 ** 0.927 ** 0.418 −0.239 0.792 ** 1

**: Correlation is significant at the 0.01 level (two-tailed test). *: Correlation is significant at the 0.05 level (two-tailed test). N = 15. RB—rootstock root biomass; RSB—rootstock stem
biomass; SB—scion biomass; Cha—chlorophyll a content; Chb—chlorophyll b content; TCh—total chlorophyll content; Car—carotenoid content; RN—rootstock root total N content;
RSN—rootstock stem total N content; SN—scion total N content; RP—rootstock root total P content; RSP—rootstock stem total P content; SP—scion total P content; RK—rootstock root
total K content; RSK—rootstock stem total K content; SK—scion total K content; pH—soil pH value; AN—soil alkali-hydrolyzable N concentration; AP—soil available P concentration;
AK—soil available K concentration.



Horticulturae 2023, 9, 470 8 of 13

In addition, the total P content in various organs had a highly significant (p < 0.01)
positive correlation with the total K content in various organs. The total P and K contents
had a highly significant (p < 0.01) positive correlation with the soil available P concentration
and soil available K concentration. The total N, P, and K contents in various organs
had a highly significant (p < 0.01) positive correlation with the N, P, and K contents in
other organs.

Moreover, grey relational analysis was used to further analyze the grey relationships
of the scion total N, P, and K contents with all other indicators (Figure 3A–C). Results
indicated that the scion total N content, scion total P content, or scion total K content had a
grey correlation with all other indicators. The rootstock stem total N content, rootstock root
biomass, and soil alkali-hydrolyzable N concentration were the top three indicators most
closely associated with the scion total N content, since they had grey correlation coefficient
values higher than 0.50 (Figure 3A). The rootstock root total P content, soil available P
concentration, and rootstock stem total P content, with grey correlation coefficient values
higher than 0.50, were the top three indicators most closely associated with the scion total
P content (Figure 3B). Furthermore, the rootstock root total K content, soil available K
concentration, and rootstock root total P content, with grey correlation coefficient values
higher than 0.50, were the top three indicators most closely associated with the scion total
K content (Figure 3C).
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Figure 3. Grey correlation coefficients. (A) Grey correlation coefficient of the biomass, photosynthetic
pigment content, rootstock root total N content, rootstock stem total N content, total P content,
and total K content with the scion total N content; (B) grey correlation coefficient of the biomass,
photosynthetic pigment content, total N content, rootstock root total P content, rootstock total P
content, and total K content with the scion total P content; (C) grey correlation coefficient of the
biomass, photosynthetic pigment content, total N content, total P content, rootstock root total K
content, and rootstock stem total K content with the scion total K content. RB—rootstock root biomass;
RSB—rootstock stem biomass; SB—scion biomass; Cha—chlorophyll a content; Chb—chlorophyll
b content; TCh—total chlorophyll content; Car—carotenoid content; RN—rootstock root total N
content; RSN—rootstock stem total N content; SN—scion total N content; RP—rootstock root total P
content; RSP—rootstock stem total P content; SP—scion total P content; RK—rootstock root total K
content; RSK—rootstock stem total K content; SK—scion total K content; pH—soil pH value; AN—
alkali-hydrolyzable N concentration; AP—available P concentration; AK—available K concentration.

4. Discussion

The application of different chemical fertilizers to soil can promote the growth, in-
crease the yield, and improve the quality of crops [1–3]. The application of different K
fertilizers has varying effects on plant growth [48], and these effects are associated with the
concentration of K and the interaction between elements [29]. Applying potassium nitrate,
potassium sulfate, or potassium chloride fertilizers promote potato growth and increase
its biomass and tuber yield, with the highest tuber yield observed after the potassium
sulfate application [49]. With regard to grapes, one study revealed that the reasonable
application of potassium fertilizer improved their fruit yield and quality [50]. However,
to date, the effects of applying different types of K fertilizers on grapes have not yet been
reported. In the present study, the complex fertilizer and potassium nitrate treatments
increased the biomasses of the rootstock roots, rootstock stems, and scions of grapevine
plants, whereas the potassium sulfate and potassium dihydrogen phosphate treatments had
no significant effects. These results suggest that different types of K fertilizers confer differ-
ent effects on grapevine growth. Previous studies have reported that the nutritional growth
of grapevines is dominant, and N has an important role in its growth [51]. The form of N
in potassium nitrate is nitrate N, an effective form of N that can be directly absorbed and
used by plants; thus, the potassium nitrate application promotes the growth of plants [39].
Complex fertilizer, which also contains N, has also been shown to have a positive effect
on plant growth [52,53]. On the other hand, potassium sulfate and potassium dihydrogen
phosphate contain no N. This explains why the complex fertilizer and potassium nitrate
treatments promoted the growth of the grapevine plants, whereas the potassium sulfate and
potassium dihydrogen phosphate treatments did not show significant effects. In addition,
results demonstrated that the potassium nitrate treatment increased the contents of photo-
synthetic pigments in grapevine leaves, whereas the complex fertilizer, potassium sulfate,
and potassium dihydrogen phosphate treatments had no significant effects. This may be
attributed to the fact that N is an important component of the chlorophyll molecule [54],
and thus it can regulate photosynthesis by affecting chloroplast development, chlorophyll
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biosynthesis, and photosynthetic enzyme activity [55]. The nitrate N contained in the
potassium nitrate used in this experiment is one of the main forms of N, and has a fast
onset of action after absorption by plants, whereas the N in the complex fertilizer is amide
N, which has a slow onset of action [56,57]. Therefore, the potassium nitrate treatment
increased the photosynthetic pigment contents in grapevine leaves, whereas the complex
fertilizer treatment had no significant effect.

The nutrients N, P, and K for crops are mainly absorbed from the soil [4]. The ap-
plication of different chemical fertilizers to soil can increase the soil available nutrient
concentration, thereby promoting the nutrient uptake by crops [4–6]. Applying different
types of fertilizers increases the effective state of nutrients in the soil, and also affects the
soil pH value to some extent under the action of plant roots [31]. There are also antagonistic,
synergistic, and interactive effects among different nutrient elements in the soil, which
directly affect the uptake of nutrients and nutrient utilization by plants. Notably, these
effects are also associated with the plant type and growth stage [29,32]. Previous studies
have shown that the soil pH value and the concentrations of soil available N, P, and K are
affected, to varying degrees, by the application of different types of K fertilizers [41,42,49].
In this study, the soil pH value was decreased by the complex fertilizer treatment and
increased by the potassium dihydrogen phosphate treatment, whereas there were no sig-
nificant effects conferred by the potassium nitrate and potassium sulfate treatments. The
complex fertilizer and potassium nitrate treatments increased the soil alkali-hydrolyzable
N concentration, whereas the potassium sulfate and potassium dihydrogen phosphate
treatments had no significant effects. The four fertilizer treatments all increased the soil
available P and K concentrations. These results are consistent with the findings of previous
studies [29,32,34], which suggest that applying different K fertilizers alters the soil pH value
and soil available nutrient concentration, and benefits the uptake of P and K by grapevines,
whereas the complex fertilizer and potassium nitrate applications benefit N uptake by
grapevines. It has also been reported that the interaction of elements in the soil promotes
the uptake of different nutrients by plants to some extent [29]. The application of both
potassium sulfate and potassium chloride increase the N, P, and K contents in apple leaves
to some extent, but decrease the calcium and magnesium contents [58]. Moreover, other
studies have demonstrated that different types of K fertilizers can increase the nutrient
uptake of N, P, and K by sweet potato and potato [41,42]. In this study, results showed that
the complex fertilizer and potassium nitrate treatments increased the N content in various
grapevine organs to some extent, whereas the potassium sulfate and potassium dihydrogen
phosphate treatments inhibited the N content in the organs. This may be attributed to the
fact that the complex fertilizer and potassium nitrate contained N, which increased the
soil available N (alkali-hydrolyzable N) concentration, thereby promoting N uptake by the
grapevines. In contrast, the potassium sulfate and potassium dihydrogen phosphate had
no N, which resulted in lower soil and plant N content compared to the control, due to a
nutrient imbalance caused by the limitation of N input [59]. These results differed from
the findings of previous studies [41,42,58], which may be attributed to the varying nutrient
requirements of different plants at different growth stages [41,42]. In addition, applying
the four fertilizers (complex fertilizer, potassium nitrate, potassium sulfate, and potassium
dihydrogen phosphate) increased the P and K contents in the grapevine plants, which is
consistent with previous studies [41,42,58]. This result suggests that the application of K
fertilizer promotes the P uptake by grapes, which is associated with the alteration of soil
P and K solubilizing microorganisms by potassium fertilizer [28], and is beneficial to im-
proving the quality of grape berries [37,38]. Moreover, correlation analysis showed that the
N content in different grapevine organs was negatively correlated with the soil pH value,
and positively correlated with the soil alkali-hydrolyzable N concentration, biomass, and
total chlorophyll content, further suggesting that nitrogenous fertilizers promote grapevine
growth by increasing the soil available N concentration. The P and K contents in different
grapevine organs were positively correlated with each other and with soil available P and
K concentrations, which further suggests that P and K had either interactive or synergistic
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effects. Furthermore, the grey relational analysis indicated that the rootstock stem total N
content, rootstock root biomass, and soil alkali-hydrolyzable N concentration were closely
associated with the scion total N content, whereas the rootstock root total P content, soil
available P concentration, and rootstock stem total P content were closely associated with
the scion total P content. In addition, the rootstock root total K content, soil available K
concentration, and rootstock root total P content were closely associated with the scion
total K content. Therefore, it was evident that the soil available nutrient concentrations
were closely associated with the scion nutrient uptake by grapevine plants.

5. Conclusions

The complex fertilizer and potassium nitrate treatments promoted grapevine growth
by increasing the biomass and photosynthetic pigment content, whereas the potassium sul-
fate and potassium dihydrogen phosphate treatments had no significant effect on grapevine
growth. The complex fertilizer and potassium nitrate treatments promoted the N uptake
by grapevine to some extent, whereas the other fertilizer treatments inhibited the N uptake
to some extent. Moreover, the four types of K fertilizers promoted the uptake of P and K by
grapevine plants. Future studies should explore the effects of different types of K fertilizers
on the quality of grape berries.
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