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Abstract: The native Hotan Red grape germplasm from Xinjiang has strong saline–alkali
tolerance. To clarify the physiological mechanisms of Hotan Red grapes in response to
saline–alkali stress, Hotan Red hydroponic seedlings were used as the research material
in this study and were subjected to the combined saline–alkali stress treatments of 0, 40,
80, 120 and 160 mmol·L−1. After the 15th day of stress, plant height, shoot thickness,
saline–alkali injury index, photosynthetic parameters, chlorophyll fluorescence parameters,
osmoregulatory substance content, oxidation products and antioxidant enzymes of Hotan
Red were determined. The results showed that the growth of plant height and shoot
thickness of Hotan Red was inhibited, chlorophyll content decreased and the salinity
damage index increased with increasing saline–alkali stress. Saline–alkali stress resulted
in a non-stomatal limitation of photosynthesis in Hotan Red, which was manifested by a
decrease in net photosynthetic rate, transpiration rate and stomatal conductance, and an
increase in the concentration of intercellular carbon dioxide, in which the net photosynthetic
rate reached a minimum value of 3.56 µmol·m−2·s−1 under 120 mmol·L−1 saline–alkali
stress; the actual photochemical efficiency of PSII in the light and maximal quantum yield
of PSII decreased, with minimum values of 0.16 and 0.60, respectively. Accumulation
of superoxide anion, hydrogen peroxide, malondialdehyde, proline, soluble sugars and
soluble proteins, and enhancement of superoxide dismutase, catalase and peroxidase
activities were observed in Hotan Red under saline–alkali stress. Partial least squares path
model analysis showed that photosynthesis was the main driver of saline–alkali injury in
Hotan Red, followed by oxidation products and antioxidant enzymes, with osmoregulators
playing an indirect role. This study revealed the physiological mechanism by which Hotan
Red tolerates saline–alkali stress, providing a basis for further research into the mechanism
of saline–alkali tolerance in grapes.

Keywords: Hotan Red grape; saline–alkali stress; PLS-PM; morphology; physiological and
biochemical response

1. Introduction
Soil salinisation has become a pervasive issue affecting global resources and ecosys-

tems. It represents a significant constraint on agricultural and environmental development.
According to recent estimates, the global area of saline–alkali soil spans 950 million hectares,
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representing approximately 20% of the world’s agricultural land [1]. As a major agricultural
country, China is confronted with a significant challenge in the form of soil salinisation,
which is pervasive and spans an area of up to 99.133 million hectares. This has led to the
impact of salinity on nearly 7.6 million hectares of crops [2]. Xinjiang has the distinction of
possessing the largest area of saline–alkali land in the country, accounting for approximately
one-third of the total cultivated land area [3]. By improving soil quality and enhancing
crop tolerance to salinity and alkalinity, these regions still possess significant potential for
agricultural development. The vigorous development and utilisation of indigenous crop
germplasm represent a significant avenue for sustainable agricultural development.

Currently, most of the research on saline–alkali tolerance in crops focuses on neutral
salinity tolerance, and research on compound saline–alkali stress is relatively limited. Soil
salinity and alkalinity typically co-occur in natural ecosystems. A single salt or alkali stress
does not fully elucidate the impact of saline–alkali environments on plants in field soils [4].
The effects of saline–alkali stress on plants are more detrimental than those of neutral salts.
In addition to the challenges posed by osmotic stress and ionic toxicity, plants subjected
to saline–alkali stress must also contend with high pH levels [4–7]. Therefore, exploring
the mechanisms of crop tolerance to compound saline–alkali stresses is important for the
development of strategies for saline–alkali land improvement and utilisation in Xinjiang.

Under saline–alkali stress, cellular oxidation is considered one of the major threats in
plants. Studies have shown that saline–alkali stress causes plants to produce large amounts
of reactive oxygen species (ROS), and these ROS trigger oxidative damage to cell membrane
lipids, proteins and nucleic acids, leading to cellular dysfunction and even programmed
cell death, which is visually manifested as leaf greenness, wilting and abscission [8–10].
Furthermore, there is a strong correlation between ROS accumulation and photosynthetic
efficiency in both directions. It has been demonstrated that salinity stress causes electron
leakage in the electron transport chain, which in turn results in the generation of reactive
oxygen species (ROS) [11]. Another study demonstrated that the accumulation of ROS can
result in the degradation of photosynthetic pigments, the obstruction of photosynthetic
electron transfer and a reduction in photochemical efficiency [12]. It can be seen, therefore,
that plants can scavenge ROS through antioxidants, which in turn reduces the negative
impact on photosynthesis. To illustrate this, Malus pumila Mill. [13], Actinidia chinensis
Planch. [14] and Musa acuminata cv. BD [15] scavenge ROS accumulation during saline–
alkali stress through the activity of antioxidant enzymes and the expression levels of their
associated genes. Furthermore, plants can enhance their tolerance to saline–alkali stress by
accumulating proline (Pro), soluble sugars (SSs), and soluble proteins (SPs), which not only
act as osmoregulators but are also involved in ROS scavenging processes [16,17].

Grapes (Vitis vinifera L.) are one of the most characteristic fruits of Xinjiang, with a
long history of growing. The Xinjiang grape-growing area and its production constituted
17.16% and 20.58% of the country’s total, respectively [18]. They play an important role in
farmers’ income and the adjustment of the agricultural industry structure. In recent years,
to promote the grape industry’s high-quality development, many high-quality varieties
have been introduced into Xinjiang, such as the Shine-Muscat, Hu Tai series, Romantic
Beauty and Summer Black. Although the majority of regions graft these high-quality
varieties on rootstocks with strong adversity (e.g., Paulsen 1103, Richter 110 Sélection
Oppenheim 4, etc.), it is still difficult for them to adapt to the saline soil environment in
Xinjiang. This results in these high-quality varieties not being able to realise their maximum
production capacity, which has a significant impact on the healthy development of the
grape industry. Nevertheless, many native local grapes have been domesticated by natural
selection over time, giving them saline–alkali tolerance, such as the Hotan Red grape. An
illustrative example is the Hotan Red grape. Hotan Red belongs to the Eurasian grape,
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which originated in China and is the main cultivated variety in the Hotan region of Xinjiang.
It is a native variety with a long history of use in the region and can be employed in the
production of fresh food, dried products and wine. Moreover, it possesses significant
medicinal properties. For instance, it has been demonstrated to possess the capacity to
inhibit the growth of stomach and liver cancer cells [19]. Furthermore, it serves as the
primary constituent of the national medicinal liquor known as ‘Musales’. The Hotan Red
is widely distributed throughout the circum-Tarim Basin, where soil saline–alkali is a
significant and long-standing issue [20]. The capacity of Hotan Red to flourish in such an
environment indicates that it has exhibited an exceptional degree of saline–alkali tolerance.
Nevertheless, the underlying physiological mechanism of saline–alkali tolerance in Hotan
Red remains elusive. In light of the aforementioned considerations, the present study
employed the Hotan Red as research material to investigate the evolving patterns of its
morphological characteristics, photosynthetic parameters, osmotic regulation, ROS and
antioxidant system in response to compound saline–alkali stress. Furthermore, the partial
least squares path model (PLS-PM) was applied to analyse the drivers of saline–alkali
damage in Hotan Red. Elucidating the physiological mechanisms of Hotan Red grapes
in response to saline–alkali stress will be of great significance and offer broad application
prospects for the genetic improvement of grapes against saline–alkali damage and the
utilisation of saline–alkali land.

2. Materials and Methods
2.1. Plant Material and Treatments

At the Xinjiang Branch of the National Forest and Grass Germplasm Resources Fa-
cility Preservation Bank, tissue culture seedlings of Hotan Red with consistent growth
were selected and acclimated hydroponically in the Hoagland medium (Beijing Suolaibao
Technology Co., Ltd., Beijing, China). The temperature of the culture room was 25 ± 3 ◦C,
the air humidity was 65 ± 2%, the light intensity was 4000–5000 Lx and the day and
night length was 16 h/8 h. The seedlings were treated with combined salt–alkali stress
when they had grown to 5–8 mature leaves. The molar concentration ratio of saline–alkali
components in the soil of the main production area of Hotan Red (NaCl:Na2SO4:NaHCO3

= 1:2.4:1.4) (Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China) was used as the
basis for the preparation of the complex saline–alkali solution. Different concentrations
of complex saline–alkali solution were prepared and added to the hydroponic solution to
achieve saline–alkali stress in the hydroponic solutions of 0 mmol·L−1 (pH = 7.11, S0 or CK),
40 mmol·L−1 (pH = 8.06, S1), 80 mmol·L−1 (pH = 8.29, S2), 120 mmol·L−1 (pH = 8.41, S3)
and 160 mmol·L−1 (pH = 8.63, S4). Every 5 days, we replaced the hydroponic solution.
Each treatment was replicated with 30 plants and the determination of morphological and
photosynthetic indices was started after 15 days. The leaves of all the hydroponically grown
seedlings were then collected and, according to the different treatments, mixed pools of
samples were prepared, treated with liquid nitrogen and stored in a refrigerator at −80 ◦C
for the determination of physiological and biochemical indices.

2.2. Measurement of Morphological Indicators

Before the saline–alkali stress treatment, 3 seedlings with the same growth were
randomly selected from each group, and the plant height (H, cm) and shoot diameter (D,
mm) were measured using vernier callipers and straighteners (Shenzhen Shenzhu Precision
Measuring Instrument Co., Ltd., Shenzhen, China). The saline–alkali damage index was
determined according to the method of Du [21], and the saline–alkali damage criteria were
divided into 5 levels: Level 0, no signs of saline–alkali damage; Level 1, mild saline–alkali
damage, with a small part of the leaf tips, leaf margins or veins turning yellow; Level 2,
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moderate saline–alkali damage, with more than half of the leaf tips, leaf margins or veins
scorched; Level 3, severe saline–alkali damage, with most of the leaf blades scorched or
defoliated and Level 4, very severe saline–alkali damage, with wilting, defoliation and
plant death.

Saline–alkali damage index = Σ(Saline–alkali hazard class × Number of plants in
the corresponding class)/(Supreme class × Total number of plants investigated)

2.3. Determination of Chlorophyll Fluorescence and Photosynthetic Parameters

The content of chlorophyll (ChI) was determined according to the method described
by Hussain et al. [22]. Chlorophyll fluorescence parameters were determined using a Li-600
fluorescence-stomatometer (Li-Cor, Tucson, AZ, USA), and after 20 min of dark adaptation,
fluorescence parameters were measured and calculated for fully developed leaves of Hotan
Red morphology from the bottom upwards of the 3rd–5th leaf. The instrument can directly
measure parameters such as onset fluorescence (Fo), maximum fluorescence (Fm), steady-
state fluorescence (Fs), maximum fluorescence signal (Fm′) and minimum fluorescence
(Fo

′). The actual photochemical efficiency of PSII in the light (φPSII), the maximum light
energy conversion efficiency (Fv/Fm) and the non-photochemical quenching coefficient
(NPQ) were calculated as follows.

φPSII = (Fm
′ − Fs)/Fm

′

Fv/Fm = (Fm − Fo)/Fm

NPQ = Fm/Fm
′ − 1

Net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs) and
intercellular carbon dioxide content (Ci) of fully developed leaves of Hotan Red from
bottom to top were determined using the GFS-3000 (Walz, Nuremberg, Germany). As the
hydroponic seedlings were inside the growth chamber and could not be moved, a red and
blue LED light source (light intensity set at 1500 µmol·m−2·s−1) was used to simulate light.

2.4. Determination of Osmotic Regulators

Following the method of Zhao et al. [23], at 15 days after treatment, the 3rd–5th
fully developed leaves of Hotan Red were collected from the bottom up and rinsed with
deionised water, and then 10 leaf discs were taken with a perforator of 1 cm diameter,
placed in a centrifuge tube, filled with 5 mL of deionised water, sealed and left to stand for
12 h. The initial conductivity (S1) was measured with a conductivity metre (Shanghai Yidian
Scientific Instrument Co., Ltd., Shanghai, China). The centrifuge tubes were sealed, boiled
in a water bath for 20 min and cooled to room temperature and then the final conductivity
(S2) and the blank conductivity (S0) were determined, the blank conductivity being the
conductivity of ionised water. The relative electrical conductivity (REC) was calculated
using the following formula.

REC (%) = (S1 − S0) × 100/(S2 − S0) (1)

The proline (Pro) content was determined using the method of Vieira et al. [24]. A
total of 10 mL of the sample was fixed to 200 mL with purified water, 1 mL was pipetted
and transferred to a test tube, 1 mL of formic acid (Guangdong Wengjiang Chemical
Reagent Co., Ltd., Shaoguan, China) and 2 mL of 2,2-dihydroxyindane-1,3-dione (Beijing
KangRenNa Biotechnology Co., Ltd., Beijing, China) were added sequentially and mixed
and the bath of boiling water was applied for 15 min. When it had cooled down, 10 mL of
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n-butyl acetate (Jiangsu Bosite Chemical Technology Co., Ltd., Nantong, China) was added
and mixed well. The organic phase was filtered through sodium sulphate filter paper and
the Pro concentration was determined spectrophotometrically.

In total, 0.1 g of leaf samples were weighed, 1 mL of distilled water was added and
the mixture was ground to homogeneity, and then processed at 95 ◦C for 10 min (sealed to
prevent water loss), cooled to room temperature and centrifuged at 8000× g for 10 min at
room temperature, with the supernatants taken as surrogate samples. The soluble sugar
content of the surrogate samples was determined using the Plant Soluble Sugar Content
Assay Kit (Beijing Boxbio Science and Technology, Beijing, China).

Protein content was determined using the BCA method of Campion et al. [25]. Protein
standards (Beijing Biolebo Technology Co., Ltd., Beijing, China) of 0–100 µg were prepared
and fixed at 100 µL with H2O2 (Nanjing Shengqinghe Chemical Co., Ltd., Nanjing, China),
with 100 µL of pure water defined as blank. A total of 2 mL of BCA working solution
(Shanghai Jingke Chemical Technology Co., Ltd., Shanghai, China) was added to tubes
containing 100 µL of the sample (3 biological replicates per treatment), standard and blank,
respectively, and mixed thoroughly. The tubes were incubated at 60 ◦C for 15 min and
cooled to room temperature, and the absorbance of the sample solution was determined
spectrophotometrically. The soluble protein content of the sample was determined from
the standard curve.

2.5. Determination of Oxidation Product Content and Antioxidant Enzyme Activity

Peroxidase (POD) activity was determined according to the method of Wang et al. [26].
A total of 1 mL of 50 mM potassium phosphate buffer (pH 7.0) (Shanghai Aiyan Biotech-
nology Co., Ltd., Shanghai, China) was added to 1 g of the sample with grinding to
homogeneity, and then centrifuged, with 0.01 mL of supernatant obtained, and 10 mM
phosphate buffer, 20 mM guaiacol (Shanghai Jingke Chemical Technology Co., Ltd., Shang-
hai, China ) and 40 mM H2O2 added and shaken well. The reaction was stopped by the
addition of 5% metaphosphoric acid (Shanghai Aiyan Biotechnology Co., Ltd., Shanghai,
China) after 10 min and the photometric values were measured spectrophotometrically to
calculate the POD activity. Catalase (CAT) activity was determined using the method of
Song et al. [27]. SOD enzyme activity was measured using a Superoxide Dismutase (SOD)
Activity Assay Kit (Beijing Boxbio Science and Technology, Beijing, China). Malondialde-
hyde (MDA) was determined with the thiobarbituric acid (TBA) method according to Song
et al. [27]. In total, 2 mL of 0.05 mol·L−1 phosphate buffer was added to 0.3 g of the sample
and ground to a homogenate. It was transferred to a test tube and the mortar was washed
with 3 mL of 0.05 mol·L−1 phosphate buffer. The extract was mixed thoroughly with
5 mL of 0.5% TBA (Beijing Boaosen Biotechnology Co., Ltd., Beijing, China). The tubes were
immediately transferred to the ice water bath after 10 min in a boiling water bath. After
cooling, the tubes were centrifuged at 3000× g for 15 min, the supernatant was removed
and the malondialdehyde content was determined spectrophotometrically.

2.6. Statistical Analysis and Visualisation of Data

Morphological, physiological and biochemical data were analysed with the least sig-
nificant difference (LSD) method using DPS v18.10 (Hangzhou Ruifeng, Hangzhou, China),
and differences in p < 0.05 were considered statistically significant. The partial least squares
path model (PLS-PM) was used to explore the components of the saline–alkali damage
index due to the small sample size of the study and some covariance between variables.
The PLS-PM model was constructed using the plspm R package (The R Programming
Language 4.4.1, Auckland, New Zealand). The model included the following variables:
osmoregulatory substances (REC, Pro, SS, SP), oxidation products and antioxidant enzyme
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activities (SOD, POD, CAT, O2·−, MDA, H2O2), chlorophyll fluorescence parameters (ChI,
Fo, Fm, Fv/Fm, φPSII, NPQ) and photosynthetic parameters (Pn, Tr, Gs, Ci). Histograms
were plotted using Origin 2018 (OriginLab, Northampton, MA, USA) and PLS-PM was
visualised using Microsoft Office PowerPoint 2021 (Microsoft, Redmond, WA, USA).

3. Results
3.1. Effects of Saline–Alkali Stress on Morphological Characteristics of Hotan Red

As illustrated in Figure 1a, the Hotan Red cultivar exhibited a gradual loss of green
colouration, wilting and leaf shedding in response to increasing saline–alkali stress. Fol-
lowing the S4 treatment, a significant proportion of the plants exhibited signs of death
after 15 days. As illustrated in Figure 1b, both plant height (H) and shoot thickness (D)
tended to decrease with increasing saline–alkali stress and were significantly (p < 0.05)
lower than the control (S0) under both S3 and S4 treatments. In the case of H, S4 had the
highest decrease ratio from the control, at 16.25%; the overall trend was the largest for S2,
at 7.41%. Under the S4 treatment, Hotan Red had the highest D reduction ratio of 22.06%.
Figure 1c illustrates the saline–alkali damage index, which, in conjunction with Figure 1a,
demonstrates that the saline–alkali damage phenomenon becomes increasingly severe with
elevated saline–alkali stress. The greatest increase in the saline–alkali damage index was
observed in Hotan Red under S2 treatment, with a 300% increase from S1. The synthesis
of morphological characteristics showed that the morphological characteristics of Hotan
Red after the S1 treatment changed less compared to the control, while the morphological
characteristics of Hotan Red after S2, S3 and S4 treatments changed more compared to
the control. This indicates that, at the morphological level, the S1 treatment is the lowest
tolerance threshold for saline–alkali in Hotan Red grapes.
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The morphology of Hotan Red was observed following the application of various saline–alkali stress 

Figure 1. Effects of different saline–alkali stresses on morphological characteristics of Hotan Red.
(a) The morphology of Hotan Red was observed following the application of various saline–alkali
stress treatments; (b) plant height and shoot thickness of Hotan Red under saline–alkali stress.
Different lowercase letters in the graphs indicate significant differences between treatments at the
p < 0.05 level; (c) the saline–alkali damage index of Hotan Red under saline–alkali stress conditions.

3.2. Effects of Saline–Alkali Stress on Photosynthetic Parameters of Hotan Red

Photosynthesis is an important metabolic process in plants and is the basis for the
synthesis of matter and energy. Figure 2 shows the photosynthetic parameters of Hotan
Red grape leaves after different saline–alkali stress treatments (Because the saline–alkali
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damage of Hotan Red after S4 treatment was too severe to measure the relevant indexes,
the same as below). As saline–alkali stress increased, the net photosynthetic rate (Pn),
transpiration rate (Tr) and stomatal conductance (Gs) exhibited a downward trend, while
the change in interstitial carbon dioxide concentration (Ci) demonstrated an upward trend.
As seen in Figure 2a, there were significant differences in Pn and Tr of Hotan Red leaves
among treatments, with the lowest Pn and Tr of 3.56 µmol·m−2·s−1 and 0.63 mmol·m−2·s−1,
respectively, after S3 treatment. As seen in Figure 2b, the Ci of Hotan Red was significantly
higher than that of the control in both S2 and S3 treatments, with 76.93% and 122.73%
increases over the control, respectively. The Gs after S1, S2 and S3 treatments were signifi-
cantly lower than the control, by 7.76, 47.75 and 64.56%, respectively. In summary, there
were significant differences in the photosynthetic parameters of Hotan Red since the S2
and S3 treatments, and the magnitude of changes in each parameter was smaller after the
S1 treatment. This indicates that, as far as the photosynthetic level is concerned, the S1
treatment is the lowest tolerance threshold for saline–alkali in Hotan Red grapes.
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Figure 2. Effects of different saline–alkali stresses on photosynthetic parameters of Hotan Red.
(a) The net photosynthetic rate (Pn) and transpiration rate (Tr) of ‘Hotan Red’ leaves after different
saline-alkali stress treatments; (b) The intercellular carbon dioxide concentration (Ci) and stomatal
conductance (Gs) of ‘Hotan Red’ leaves after treatment Different lowercase letters in the graphs
indicate significant differences between treatments at the p < 0.05 level.

3.3. Effect of Saline–Alkali Stress on Chlorophyll Content and Fluorescence Parameters of Hotan
Red

As can be seen in Figure 3a, the chlorophyll (ChI) content tended to decrease with
increasing saline–alkali stress leading to the treatments, and ChI was significantly lower
than that of the control under S1, S2 and S3 treatments, with ChI after S3 treatment being
0.85 times higher than that of the control (0.87 mg·g−1). In addition, there was no significant
difference in ChI between S1 and S2 treatments. It indicated that Hotan Red ChI increased
the decomposition rate with increased saline–alkali stress. To further elucidate the extent
of chloroplast damage under saline–alkali stress, chlorophyll fluorescence parameters were
determined in this study. The results showed (Figure 3a) that the initial fluorescence (Fo)
showed an increasing trend in contrast to ChI, and Fo was significantly higher than the
control in all treatments at 126.05, 138.58 and 140.61, respectively. Maximum fluorescence
(Fm) showed a decreasing trend with increasing saline–alkali stress, with Fm under S2 and
S3 treatments being significantly lower than that of the control, whereas there was no
significant difference in Fm between S1 and the control and between S2 and S3 treatments,
with Fm under the S1 treatment being reduced by only 2.64% compared to the control.
The actual photochemical efficiency of PSII in the light (φPSII) indicates the actual photo-
chemical efficiency of PSII in the light after partial closure of the PSII reaction centre under
illuminated conditions and reflects the efficiency of light energy use. As seen in Figure 3b,
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φPSII showed a decreasing trend with increasing saline–alkali stress, and φPSII was signifi-
cantly lower than that of the control under both S2 and S3 treatments, with decreases of
63.04% and 74.20%, respectively, while the difference between φPSII and control under S1
treatment was not significant and only decreased by 6.63%. The maximal quantum yield of
PSII (Fv/Fm) reflects the maximum conversion efficiency of primary light energy in the PSII
reaction centre and is an effective indicator of the degree of photoinhibition. The trend of
Fv/Fm as affected by saline–alkali stress was similar to that of φPSII, with Fv/Fm in both S2
and S3 treatments being significantly lower than in the control at 0.62 and 0.60, respectively.
The non-photochemical quenching coefficient (NPQ) reflects the photoprotective capacity
of the leaves. With increasing saline–alkali stress, the NPQ showed an ‘N’-type trend,
reaching a maximum value of 1.16 after S1 treatment.
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Figure 3. Effect of different saline–alkali stresses on chlorophyll content and fluorescence parameters
of Hotan Red. (a) It shows the chlorophyll (ChI) content, initial fluorescence (Fo) and maximum
fluorescence (Fm) of Hotan Red leaves after different saline–alkaline stress treatments; (b) it shows
the actual photochemical efficiency of PSII in the light of PSII (φPSII), the maximum light energy con-
version efficiency of PSII (Fv/Fm) and the non-photochemical quenching coefficient (NPQ). Different
lowercase letters in the graphs indicate significant differences between treatments at the p < 0.05 level.

3.4. Effects of Saline–Alkali Stress on Osmoregulation in Hotan Red

As can be seen in Figure 4a, the relative conductivity (REC) and proline (Pro) content
tended to increase with increasing saline–alkali stress. The REC varied significantly among
the treatments with increases of 42.31, 54.78 and 63.12 percent, respectively, compared to
the control. Pro content, under S1, S2 and S3 treatments, was significantly higher than
the control, reaching a maximum value of 27.60 µg·g−1 with an increase of 203.41% under
S3 treatment, while Pro under S1 and S2 treatments increased by 75.78% and 118.85% as
compared to the control. Figure 4b shows the soluble sugar (SS) content and soluble protein
(SP) content of Hotan Red leaves after treatment. The SS content showed an increasing and
then decreasing trend with increasing saline–alkali stress, reaching a peak of 5.31% under
the S2 treatment, which was nearly 138.46% higher than the control. In addition, SS content
in the leaves of Hotan Red was significantly higher than that of the control after each saline–
alkali stress treatment, and the changes were large, and only the S1 treatment increased
the SS content by 105.88% compared with that of the control. The trend of SP content with
increasing saline–alkali stress was similar to that of SS content, first increasing and then
decreasing, and also reaching a peak value of 14.01 mg·g−1 under S2 treatment. The SP
content under all treatments was significantly higher than under the control, with increases
of 115.12%, 222.10% and 211.99%, respectively, compared to the control. In summary,
with the increase in saline–alkali stress, osmoregulatory substances in the leaves of Hotan
Red accumulate in large quantities in response to the damage caused by osmotic stress to
the plant.
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3.5. Effect of Saline–Alkali Stress on Oxidation Products of Hotan Red

Malondialdehyde (MDA) and reactive oxygen species (ROS) are both products of the
peroxidation of cellular structures when plants are exposed to stress and are key signalling
molecules that enable cells to respond rapidly to various stimuli, with ROS including
superoxide anions (O2·−) and hydrogen peroxide (H2O2). As can be seen in Figure 5, saline–
alkali stress led to an increase in MDA content by, 7.63%, 51.61% and 104.05%, respectively,
which was significantly higher than the control under S2 and S3 treatments. The H2O2

content was significantly higher under all saline–alkali stress treatments with increases of
22.31%, 74.40% and 174.72%, respectively. With the elevation of saline–alkali stress O2·−
content showed an increasing trend, reaching a maximum value of 11.42 nmol·g−1 under
S3 treatment, with an increase of 162.82%. Although the difference between O2·− under
S1 treatment and the control was not significant, the increase was nearly 24.50% over the
control.
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3.6. Effects of Saline–Alkali Stress on Antioxidant Enzyme Activities of Hotan Red

Catalase (CAT) is an anti-ageing protective enzyme of organisms that maintains the
stability and integrity of cell membranes and catalyses the decomposition of H2O2 into O2

and H2O. As shown in Figure 6, with increased saline–alkali stress, CAT activity showed an
increasing trend, reaching a maximum value of 121.58 µmol·min−1·g−1 under S3 treatment,
which was significantly higher than that of control; CAT activity under S1 and S2 treatments
was not significantly different from that of the control, but increased by 20.96% and 57.69%,
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respectively, compared with the control. Peroxidase (POD) catalyses the reaction between
H2O2 and other substrates and has the effect of eliminating H2O2. POD activity in the leaves
of Hotan Red showed an increasing trend under saline–alkali stress and was significantly
higher than the control under S2 and S3 treatments, with increases of 209.48% and 243.16%,
respectively, whereas there was no significant difference between S1 and the control, and
between S2 and S3. Superoxide dismutases (SOD) are a class of enzymes that catalyse the
disproportionation of O2·− to H2O2 and O2. With the elevation of saline–alkali stress, SOD
activity showed an increasing trend and was significantly higher than the control under all
treatments. The S3 treatment reached the highest value of 166.73 U·g−1, which increased
by 136.43% from the control and was 3.08 and 1.83 times higher than the increase in SOD
activity under the S1 and S2 treatments, respectively.
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3.7. Partial Least Squares Path Modelling Analysis of the Components of the Saline–Alkali Damage
Index in Hotan Red

To further explore the drivers of the saline–alkali damage index in Hotan Red, all
the observed variables in this study were divided into four hidden variables, namely
osmoregulatory substances, ROS and antioxidant enzyme systems, chlorophyll fluorescence
parameters and photosynthetic parameters. Based on this, the partial least squares path
model (PLS-PM) was constructed. As can be seen in Figure 7, the loading coefficients on
the hidden variables are all greater than 0.85 for each of the observed variables (except for
NPQ), indicating that the selected observed variables characterise their hidden variable
significance well. The variables were able to explain the saline–alkali damage index well,
and the overall goodness of fit of the model was 0.91, which is an overall good performance.
The saline–alkali gradient had highly significant negatively correlated effects (p < 0.001)
on osmoregulatory substances (−0.95), ROS and antioxidant enzyme systems (−0.98),
chlorophyll fluorescence parameters (−0.96) and photosynthesis parameters (−0.98), and
indirectly on the saline–alkali damage index (0.96), respectively. Negative correlations
were found between combinations of latent variables, except for the positive correlations
between oxidation and antioxidant enzyme systems and osmoregulatory substances (0.88),
and chlorophyll fluorescence parameters and photosynthetic parameters (0.96). In addition,
the saline–alkali damage index was significantly negatively correlated (p < 0.05 or p < 0.001)
with the chlorophyll fluorescence parameter (−0.71), the oxidation and antioxidase (−0.76)
and the photosynthetic parameter (−0.95), respectively.
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variables, osmoregulatory substances, oxidative and antioxidant enzymes, chlorophyll fluorescence
parameters and photosynthetic parameters and the saline–alkali damage index. In the figure, the
orange line shows the effect of the saline–alkali treatments on the latent variables, the purple line
shows the relationship between the latent variables and the saline–alkali damage index, the green
pigmented line shows the interrelationships between the latent variables in the model, the grey line
shows the loading coefficients between the latent variables and the observed variables in the model
and the solid and dashed lines show the positive and negative path coefficients, respectively. R2 is the
coefficient of determination of the paths, with a significance level of *** (p < 0.001), and the goodness
of fit of the model is 0.91.

4. Discussion
Saline–alkali stress impairs plant growth, and plants have evolved regulatory mecha-

nisms to adapt to saline–alkali stress through self-selection, e.g., by actively slowing their
growth rate to improve survival under saline–alkali damage. Therefore, the slowing of
the aboveground growth rate and the reduction in plant height are undoubtedly the most
intuitive manifestations of saline–alkali stress in plants, and also the most effective adaptive
strategies of plants to saline–alkali stress [28]. Yu et al. [29] found that saline–alkali stress
resulted in the wilting and shrivelling of leaves and a significant reduction in the growth
of shoots. Furthermore, the survival of plants is contingent upon the saline–alkali content
of the environment. It has been reported that the height, stem thickness and leaf area of
Cabernet Sauvignon grapevine seedlings decreased with increasing saline–alkali stress
concentrations [30]. Similarly to the results, Hotan Red showed a series of saline–alkali
damage symptoms such as leaf greenness, wilting and abscission in varying degrees as
the saline–alkali gradient increased. Saline–alkali stress accelerates the decomposition of
chlorophyll and is one of the most important factors leading to leaf yellowing. As the
most important and effective pigment in photosynthesis, chlorophyll is involved in the
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absorption, transmission and conversion of light energy, and its content is an important
indicator of the strength of photosynthesis [31]. Xu et al. [32] demonstrated that the ex-
posure of grape leaves to saline–alkali stress resulted in a range of physiological changes,
including yellowing and wilting, and a consequent decrease in the photosynthetic rate.
The chlorophyll content in the leaves of Hotan Red decreased significantly with increasing
saline–alkali gradient, in agreement with the study on Cabernet Sauvignon grapes by
Qin et al. [33]. This suggests that saline–alkali stress may have disrupted the chloroplast
structure of Hotan Red and increased chloroplast enzyme activity, which accelerated the
degradation of photosynthetic pigments. In addition, oxidative damage to chloroplasts
due to saline–alkali stress leads to a significant decrease in the rate of CO2 assimilation and
a non-stomatal limitation of photosynthesis [34].

Saline–alkali stress affects photosynthesis in the grapevine in two ways: leaf stomatal
limitation and non-stomatal limitation, which changes from stomatal limitation to non-
stomatal limitation with increasing saline–alkali stress concentration and duration [35,36].
In general, plants respond to early saline–alkali stress damage by closing stomata, reducing
leaf water potential and inhibiting the rate of upward Na+ transport [37,38]. As the stress
duration and intensity increased, the main factors for the decrease in photosynthetic rate
came from non-stomatal limitations, such as the increase in the impedance of chloroplasts
to allow stomatal diffusion, the decrease in CO2 solubility, the decrease in the affinity of
Ribulose-1,5-bisphosphate carboxylase (Rubisco) for CO2 and the decrease in the regenera-
tion capacity of Ribulose-1,5-bisphosphate (RuBP) [39–41]. Research has demonstrated that
exposure to saline–alkali stress results in the decline in Rubisco activity and subsequent
inhibition of photosynthetic capacity in grape leaves [42]. Song et al. [43] found that Paulsen
1103, Richter 110 and Sélection Oppenheim 4 photosynthetic characteristics were negatively
affected by increasing saline–alkali concentration. In the present study, we found that the
net photosynthetic rate (Pn), transpiration rate (Tr) and stomatal conductance (Gs) of Hotan
Red significantly decreased with increasing stress intensity, and the intercellular carbon
dioxide concentration (Ci) showed an increasing trend, which is in agreement with the
results of Martin [42], Zhu [44] and Shankar et al. [45] on Vitis vinifera L., Malus pumila
Mill. and Citrus sinensis (L.) Osbeck. This suggests that Hotan Red suffered a reduction
in photosynthesis rate due to non-stomatal limitation at 15 days of stress. At the same
time, it indirectly reflected that the photosynthetic organs of Hotan Red were damaged by
saline–alkali stress. Chlorophyll fluorescence parameters can be used to assess damage
to photosynthetic organs under stress, and studies have shown that saline–alkali stress
causes chloroplast swelling, an increase in the number and size of plastid globules and the
disruption of cystoid membranes, leading to the structural disruption of photosynthetic
organs [46]. Changes in the actual photochemical efficiency of PSII in the light (φPSII) and
maximal quantum yield of PSII (Fv/Fm) can indicate how the plant photosynthetic system
is affected by stress, particularly in terms of the extent of damage to the PSII rFeaction
centre [46,47]. It was found that φPSII and Fv/Fm were significantly reduced in Vitis vinifera
L. [36], Pyrus species [48] and Olea europaea L. [49] after saline–alkali treatment. Similarly to
these results, φPSII and Fv/Fm decreased with increasing saline–alkali gradient in Hotan
Red leaves. This suggests that saline–alkali stress negatively affected the function of the
PSII reaction centre of Hotan Red and that the effect may be a stress-induced structural
change or dysfunction. In addition, saline–alkali stress activates plant photoprotective
mechanisms, such as the non-photochemical quenching coefficient (NPQ), to protect PSII
reaction centres from damage [46]. It was found that the NPQ of grape leaves increased
under salt stress conditions and decreased under alkali stress conditions [50]. In contrast,
the present study found that the NPQ of Hotan Red leaves first increased and then de-
creased with the combined saline–alkali gradient, peaking at 40 mmol·L−1 saline–alkali
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treatment. This suggests that long-term exposure of Hotan Red to a saline–alkali gradient of
40 mmol·L−1 can reduce the loss suffered by PSII due to the NPQ, whereas if the intensity
of saline–alkali stress is too high, it leads to excessive losses suffered by the photosystem
and inhibits the operation of photoprotective mechanisms. Therefore, the saline–alkali
gradient concentration of 40 mmol·L−1 is the lowest tolerance threshold for Hotan Red in
terms of photosynthetic physiology.

Osmotic stress is one of the main responses of plant cells to saline–alkali stress, and
the resulting secondary oxidative stress, which also leads to photosynthetic physiological
damage, ultimately constrains yield and quality [51]. Under saline–alkali stress, organic
osmoprotectants such as proline (Pro), soluble sugars (SSs) and soluble proteins (SPs)
maintain the osmotic balance between the cellular protoplasts and the external environment,
protecting protein activity and cell membrane structure [52,53]. Chen et al. [54] found that
saline–alkali stress induced the accumulation of osmoregulatory substances such as Pro,
SSs and SPs in grape leaves. In this study, we found that Hotan Red regulates the osmotic
pressure inside and outside the cell by increasing the contents of Pro, SSs and SPs in the
leaves, which in turn reduces the damage brought by osmotic stress, as well as its secondary
oxidative stress, to the cell structure and organelles. Our results are consistent with those of
Wei [16], Oliveira [55] and Guo [56] on Musa acuminata cv. BD, Hylocereus costaricensis and
Asparagus officinalis L. The membrane system of plants is the first part of the cell to sense
saline–alkali stress when damage to the cell membrane is mainly manifested by membrane
lipid oxidation reactions [57]. Malondialdehyde (MDA) is a membrane lipid peroxidation
product, and the accumulation of MDA can reflect the potential antioxidant capacity of
the organism and, indirectly, the degree of peroxidative damage to cell membranes [58]. It
was shown that the MDA content of the salt-tolerant variety Richter 110 was significantly
higher under salt stress conditions [52]. In the present study, it was found that saline–alkali
stress resulted in a gradual increase in the MDA content of Hotan Red, which is consistent
with the results of Li [59], Marie [60] and Wang’s [61] studies on four varieties of Vitis
vinifera L., Poncirus trifoliata L. and Malus pumila Mill. The accumulation of MDA also
affects cells in the opposite direction, leading to an imbalance in the intracellular reactive
oxygen species (ROS) system [62]. In Tamina grape leaves, ROS such as hydrogen peroxide
(H2O2) and superoxide anions (O2·−) increased with saline–alkali stress [63]. Our results
were similar to those in that saline–alkali stress caused H2O2 and O2·− accumulation in
Hotan Red cells. Antioxidant enzymes are one of the mechanisms for scavenging ROS and
include mainly superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD). SOD,
as the first line of antioxidant defence, reacts with O2·− to produce H2O2, while CAT, an
H2O2 scavenging enzyme, breaks down H2O2 and prevents it from accumulating in the
cell [64]. Gohari [65], Cai [66] and Ji [31] found that SOD, POD and CAT activities in Vitis
vinifera L., Lonicera japonica Thunb. and Juglans regia L. tended to increase and then decrease
under saline–alkali stress conditions, respectively. However, our results differed in that
SOD, CAT and POD activities tended to increase with the increasing saline–alkali gradient.
It was shown that the synthesis of antioxidant enzymes in the cells of Hotan Red leaves
was not affected within the range of saline–alkali stress treatments in this experiment,
and the biomolecules, such as DNA, proteins and membrane systems, were protected by
the continuous enhancement of antioxidant enzyme activities, which then maintained the
normal physiological functions of the cells.

Saline–alkali stress leads to increased levels of ROS in plant cells, and if the ROS
scavenging mechanism is not able to balance this, it will lead to a large accumulation
of ROS, such as H2O2 and O2·−, which in turn attack cell membrane lipids, proteins
and nucleic acids, triggering programmed cell death and leading to an increase in the
saline–alkali index of the plant [67,68]. It is noteworthy that the results of the present
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study, when considered alongside the partial least squares path model (PLS-PM) analysis,
indicate that photosynthetic parameters represent the primary drivers of the saline–alkali
damage index of Hotan Red, with oxidation product and antioxidant enzyme parameters
and chlorophyll fluorescence parameters exerting a lesser influence. Conversely, there is
no direct relationship between osmoregulatory substances and the saline–alkali damage
index. Furthermore, there were strong correlations (R > 0.85) between osmoregulatory
substances, oxidation products and antioxidant enzyme systems, chlorophyll fluorescence
parameters and photosynthetic parameters, respectively. These findings indicate that
the index of saline–alkali damage in Hotan Red is directly influenced by photosynthe-
sis, ROS accumulation and antioxidant enzyme activities, with an indirect correlation
with osmoregulatory substances. There are two possible reasons for this phenomenon:
(a) the weakening of photosynthetic carbon assimilation triggered the accumulation of ROS,
and the excessive ROS led to the occurrence of photo-oxidation in photosynthetic organs,
resulting in the disturbance of the photosynthetic system, affecting the normal growth and
metabolism of the plant, and ultimately leading to the loss of the green colour of the leaves,
abscission and other phenotypic changes. (b) Excess Na+ and high pH limit cellular uptake
of, for example, Fe2+ and Mg2+, which affects chlorophyll synthesis and the stability of
photosynthetic electron transport, leading to a reduction in photosynthetic efficiency. As a
result, the energy and reducing power of the cell are insufficient, which affects the normal
physiological function of the cell and induces programmed cell death.

5. Conclusions
In this study, the growth, physiological and biochemical responses of Xinjiang native

grapevine germplasm Hotan Hong were investigated under different gradients of combined
saline–alkali stress (0, 40, 80, 120 and 160 mmol·L−1). The results showed that the growth
of plant height and shoot diameter of Hotan Red was inhibited under saline–alkali stress,
and the saline–alkali damage index increased, indicating that the leaves lost green colour,
wilted and dropped. In addition, the non-stomatal restriction of Hotan Red led to the
inhibition of photosynthesis, mainly manifested as decreases in Pn, Tr, Gs, an increase in Ci,
structural changes in the PSII reaction centre or dysfunction (φPSII and Fv/Fm decreased).
The accumulation of MDA, O2·− and H2O2 levels and the increase in REC reflected the
apparent damage caused by lipid peroxidation and cellular oxidation. This suggests
that, although Hotan Red activates antioxidant mechanisms such as the increased activity
of antioxidant enzymes (SOD, CAT and POD) and the accumulation of osmoregulatory
substances (Pro, SS and SP), the clearance rate of antioxidant mechanisms cannot be
balanced with the accumulation of ROS. Furthermore, PLS-PM analysis of the above
variables showed that photosynthesis was the main driver of the saline–alkali damage
index in Hotan Red, followed by oxidation products and antioxidant enzymes, while
osmoregulatory substances had an indirect effect.
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