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Abstract: Ridging cultivation and root restriction cultivation are beneficial due to their improvement
of the soil permeability in the root zone of grapevine, and they are widely used in southern China,
Japan, and other countries. However, with the intensification of global warming, when using ridging
or root restriction cultivation, the soil temperature in the root zone can often reach 30 ◦C or even more
than 35 ◦C during the summer, which is not conducive to the growth of grapevines. The aim of this
study was to explore the effects of high root zone temperatures on the photosynthetic fluorescence
characteristics of grapevine leaves, root respiration, and degree of lignification of roots and shoots,
as well as to provide a theoretical foundation for the management of grapevine production and
cultivation. One-year-old potted ‘Kyoho’ was used as the study material. Three root temperature
treatments were implemented for 15 days (9:00–16:00): 25 ◦C (CK), 30 ◦C (T1), and 35 ◦C (T2). The
results showed that the malondialdehyde and H2O2 levels in leaves increased, while the chlorophyll
content decreased. The oxygen-evolving complex was inactivated, and PSII donor and acceptor sides
were blocked, thus reducing the photosynthetic gas exchange capacity at high root zone temperatures.
The grapevine root activity and root/shoot ratio decreased. Simultaneously, the lignin content in
the roots and shoots increased. In addition, there was a significant increase in the expression of key
genes (PAL, C4H, 4CL, F5H, COMT, CCR, and CAD) in the root lignin synthesis pathway. Heightened
root zone temperatures increased cyanide-resistant respiration in roots and heat release in the PPP
pathway to alleviate stress damage. Therefore, it is recommended to use grass, mulching, and other
cultivation management methods to maintain root zone temperatures below 30 ◦C in order to ensure
the normal growth of grapevines and promote a high and stable yield.

Keywords: grapevine; photosynthetic fluorescence; root respiration; lignification

1. Introduction

Temperature is one of the most important factors affecting the growth, development,
yield, and quality of grapevines, and it determines changes in phenology. As a thermophilic
fruit tree with economic value, a grapevine’s phenological period starts from bleeding.
When the soil temperature reaches 8–10 ◦C at a depth of 5 cm, the roots begin a series
of activities to absorb water and nutrients from the soil, thus affecting the phenological
period of the aboveground leaves. Appropriately increasing the soil temperature in the
root zone in early spring can break the ecological inhibitory dormancy of grapevine and
relieve its dormancy in advance. When new shoots rapidly enter the long-term flowering
and fruiting period, the suitable root zone temperature is 21–24 ◦C [1]. However, most
parts of China are in subtropical and temperate monsoon climate zones, and high root
zone temperatures are a common phenomenon in the hot summers. Especially under
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the conditions of plastic film mulching, root restriction cultivation, and greenhouses, root
zone temperatures often exceed 30 ◦C and even 35 ◦C on extremely hot days [2,3]. Walker
(1969) showed that a relative temperature difference of 1 ◦C could cause a significant chain
reaction in plant growth and nutrient uptake [4]. The Fo (initial fluorescence value), Fm
(maximum fluorescence value), and ∆F/Fm

′ (actual quantum efficiency) values of Chinese
cabbage were significantly reduced after 7 days of high-temperature treatment of the root
zone at 35 ◦C [5]. The actual photochemical efficiency (ΦPS), electron transport rate (ETR),
and photochemical quenching coefficient (qP) of maize under high-temperature stress
(36 ◦C) in the root zone were also significantly reduced [6]. A study on high root zone
temperatures in grapevines for a short term (3 h) showed that the photochemical efficiency
Y(II) and quantum yield of electron transport (φEo) of photosystem II in grape leaves
decreased, and the variable fluorescence (Vj) of the J point and the quantum yield Y(NPQ)
of non-regulated energy dissipation significantly increased [7]. An uncomfortably high
temperature in the root zone has a negative impact on the normal physiological function of
the root system and can even cause damage to its physiological structure such that it loses
activity. Ding et al. [8] found that too high of a root zone temperature would reduce the
absorption of ions by the roots; in particular, when it reached about 30–35 ◦C, the roots were
shortened and thickened. The root weight, number, total surface area, and absorption area
were significantly lower than those of the control, and the accumulation and transportation
of mineral elements were seriously hindered. When the root zone temperature exceeded
35 ◦C, the dry weight, fresh weight, and leaf number of Jinxing melon seedlings sharply
decreased, and the content of phosphorus, manganese, and zinc in the aboveground part
also sharply decreased. When the root temperature exceeded 40 ◦C, the roots became short
and brown, the growth stopped [9], and the change in root status was quickly transmitted
to the aboveground part through biochemical signals, such as hormones, resulting in the
destruction of the overall growth balance of the plant. Tomato [10], lettuce [11], flue-cured
tobacco [9], and other plants are weakened; the plant height, stem diameter, dry weight,
and fresh weight of the aboveground part are significantly reduced, and the chlorophyll
content in their leaves is also significantly reduced. The content of soluble protein, proline,
MDA (malonaldehyde), and superoxide anion radical (O2−) is significantly increased due
to insufficient nutrition (carbon–nitrogen ratio imbalance). This is not conducive to the
development of inflorescence and causes late flowering and fruit setting, affecting the total
sugar and phenol content of the fruit [12,13].

The root system of ridge-cultured grapevine is mainly distributed in the 0–30 cm soil
layer. Although the use of cultivation facilities can quickly reduce the temperature through
indoor and outdoor ventilation, air micro-spraying, shading nets, and other measures, the
cooling speed is slow and the duration is long due to the high specific heat capacity of
the soil [14]. In addition, soil thermal conductivity is related to the soil type [15]. Wang
et al. [16] suggested that the higher the sand content, the greater the thermal conductivity
of the soil while considering the same water content. Among the cultivation methods that
can reduce the ground temperature, mulching and irrigation are effective. Mulching can
limit the heat exchange between the soil and the external environment, thus playing a role
in cooling [17]. Generally, in orchards, where the soil layer is above 20 cm, the temperature
of covered soil is 3–5 ◦C higher than that in soil that is not covered. In the environment of
high temperatures in summer, the soil temperature of inter-row grass cover was reduced by
10.7 ◦C compared with the control, and the rhizospheric soil temperature was also reduced
by 2.5 ◦C [18]. At present, the common covering materials include agricultural floor cloth,
carpet, black film, reflective film, organic materials, and other materials. The most common
organic materials include broken branches, hay, straw, shells, plant residues, and so on.
Therefore, in recent years, this has gradually attracted the attention of researchers and has
become a widely implemented orchard soil management method in developed countries.

Previous studies focused on root zone temperature using short-term artificial climate
chambers or hydroponic conditions. However, there is a gap in long-term systematic
research on the effects of root temperature on both the aboveground and underground
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growth of fruit tree seedlings. It is necessary to study the influence of climate change on
the phenological period of grapes, find the key cultivation techniques, make full use of the
advantages of climate resources, reduce or avoid the adverse effects of climate change on
the development of the grape industry, and achieve high yield and high quality of grapes
through appropriate cultivation measures so as to promote farmers’ income and the sustain-
able development of agriculture. This study primarily explored the impacts of prolonged
high root zone temperatures on the growth potential, photosynthetic fluorescence, new
shoot/root lignification, reactive oxygen species, antioxidants, root activity, and respiration
of grapevines. Therefore, it provides a theoretical foundation for measures for regulating
the root temperature in the cultivation and management of grapevines.

2. Material and Methods
2.1. Test Materials and Treatment

The experiment was carried out in a solar greenhouse (covered with PO film) at the
Horticultural Experimental Station of Shandong Agricultural University while utilizing
one-year-old ‘Kyoho’ grapevine (Vitis vinifera L. × V. labrusca L. ‘Kyoho’) as the test material.
The cultivation substrate involved a mixture of vermiculite, peat, cow dung, and earthworm
soil at a ratio of 1:1:1:1, and each grapevine was planted in a basin (22 cm in diameter and
23 cm in height). A test was performed when the plant had 8–10 complete leaves. To heat
the roots, an electric heating plate and wire were used, and insulated cotton and sandy soil
were used for heat preservation. Three gradients were set on the thermostat—CK at 25 ◦C,
T1 at 30 ◦C, and T2 at 35 ◦C—and maintained for 15 days (20 April 2022–29 April 2022).
The root temperature treatment was imposed from 9:00 to 16:00, with no treatment at
night. Throughout the experiment, the light intensity, air temperature, and moisture
were suitable for each treatment; the light intensity was 800–1000 µmol·m−2·s−1, the
temperature was 15–25 ◦C, and the air humidity was 50–60%. The soil water-holding
capacity was maintained at about 60%; the amount of irrigation remained uniform and was
administered every three days (18:00). Nine biological replicates were established, and a
temperature monitor (LUGE, L92-1, Hangzhou, China) was used to track the rhizospheric
soil temperature 5 cm below the surface in real time. The daily average temperature of the
rhizosphere from 9:00 to 16:00 is shown in the following Figure 1.
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Figure 1. The daily average temperature of the rhizosphere from 9:00 to 16:00.

2.2. Measurement Indexes and Methods
2.2.1. Determination of the Plant Growth Potential and Lignin Content

The shoot growth length was measured with a tape measure (accurate to 0.1 cm).
The transverse and longitudinal diameters and the pith ratio of the 4th stem node were
measured with vernier calipers (accurate to 0.01 mm). The stem firmness of the 4th stem
node was measured by using the cutting test method with a TA.XT Universal Testing
Machine and a Texture Analyzer (Stable Micro Systems, Godalming, UK). An extended
technology tool (type A/ECB, lot number 12611) was used for the cutting test, and the
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cutting speed was set to 1.0 mm/s. The transverse cut depth was 3.0 mm, and the trigger
pressure was 5.0 g [19].

The cleaned seedlings were dried in an oven at 105 ◦C to a constant weight, and the
root–shoot ratio was calculated [20]. This was repeated 6 times for each treatment. Finally,
the roots and the 4th stem node were crushed, ground into a powder, and sieved through
60 meshes, and the total lignin content was determined by using the acetyl bromide method
with reference to Yin et al. [21].

2.2.2. Determination of the Kinetic Curves of Fast Chlorophyll Fluorescence

Using a continuous excitation fluorometer (Handy PEA, Hansatech, Norfolk, UK)
from 9:30 to 11:00, the kinetic curve of rapid chlorophyll fluorescence induction (OJIP curve)
was determined with a red light of 3000 µmol·m−2·s−1 for fully dark-adapted grapevine
leaves. The following parameters were obtained directly from the OJIP curve [22]: Fo:
20–50 µs, minimum fluorescence; Fk: K point (300 µs) fluorescence; Fj: J point fluorescence
at 2 ms; Fi: I point (30 ms) fluorescence; Fm: P point (0.3–2 s) fluorescence.

After the JIP-text analysis, the relative fluorescence curve was obtained with the
equation Vt = (Ft − Fo)/(Fm − Fo), and the following parameters were obtained [22,23]: the
maximum photochemical efficiency of PSII (Fv/Fm), the quantum ratio for heat dissipation
(φDo), the relative variable fluorescence value of the K point (VK), the relative variable
fluorescence value of the J point (Vj), the light energy absorbed per unit area (ABS/CSm),
the light energy captured per unit area (TRo/CSm), the quantum yield of electron transfer
per unit area (ETo/CSm), the quantum yield of heat dissipation per unit area (DIo/CSm),
the light energy absorbed per unit reaction center (ABS/RC), the energy captured per unit
reaction center (TRo/RC), the energy for electron transfer per unit reaction center (ETo/RC),
and the quantum yield for the heat dissipation per unit reaction center (DIo/RC).

2.2.3. Determination of Photosynthetic Gas Exchange Parameters

The net photosynthetic rate (Pn), intercellular CO2 concentration (Ci), stomatal conduc-
tance (Gs), and transpiration rate (E) of the leaves were measured with a CIRAS-3 portable
photosynthetic system analyzer (PPSystems, Amesbury, MA, USA) from 9:30 to 11:00. The
internal light intensity was set to 1200 µmol·m−2·s−1, the temperature was 27 ± 2 ◦C, and
the external CO2 concentration was 390 µmol·m−2·s−1.

2.2.4. Determination of Chlorophyll, Malondialdehyde, and Hydrogen Peroxide Content in
Grapevine Leaves

The chlorophyll content was determined by using the ethanol extraction method; fresh
plant leaves (0.2 g) were washed, dried, chopped, and placed in a 25 mL glass test tube;
10 mL of 95% ethanol was added, and extraction was carried out for 24 h without light.
After 24 h, the volume was fixed to the 25 mL scale line; a comparison was performed at
the wavelengths of 649 nm, 665 nm, and 470 nm, and the chlorophyll content in the sample
was calculated.

The malondialdehyde (MDA) content was determined with the thiobarbituric acid
colorimetric method. The leaves were wiped clean, accurately weighed to 0.5 g, cut into
pieces, and placed in a mortar; then, 2 mL of 10% TCA (trichloroacetic acid) was added.
The sample was ground into a homogenate, and 3 mL of TCA was continuously added as
a grinding fluid. This was placed in a centrifuge tube and centrifuged at 4000 r/min for
10 min. Then 2 mL of the supernatant in the centrifuge tube was moved to a blank test
tube, and 2 mL of 0.6% TBA (thiobarbituric acid) was added. The test tube was treated in
a water bath at 100 ◦C for 15 min. After 15 min, the test tube was taken out and cooled.
The absorbance at 600 nm, 532 nm, and 450 nm was measured, and the MDA content
was calculated.

The H2O2 content was determined with the titanium sulfate colorimetric method [24].
First, a 0.5 g sample was taken, and 2 mL of pre-cooled acetone was added. After fully
grinding and homogenizing, the sample was centrifuged at 10,000 r/min for 10 min; 1 mL
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of supernatant was taken, and 5% titanium sulfate and concentrated ammonia were added.
After centrifugation at 5000 r/min for 10 min, the precipitate was dissolved in 5 mL of
2 mol/L sulfuric acid, and the absorbance was determined at 415 nm. Each treatment was
repeated three times.

2.2.5. Determination of Antioxidant Enzymes and Proline Content in Grapevine Leaves

The superoxide dismutase (SOD) content was determined through spectrophotometry
(WST-8 method) using a Suzhou Keming Biotechnology Limited Kit with catalase (CAT)
and peroxidase (POD). The proline content was determined with the ninhydrin colorimetric
method [24]; 0.5 g of roots were weighed, 5 mL of 3% sulfosalicylic acid solution was added,
extraction was carried out in a boiling water bath for 10 min, and the resulting sample was
filtered into a clean tube after cooling. Then, 2 mL of filtrate was mixed with 5 mL of 2.5%
acidic ninhydrin color solution, and the mixture was heated in a boiling water bath for
40 min. After cooling, 4 mL of toluene was added and centrifuged at 3000 r/min for 5 min.
Toluene was used as a blank, and the absorption value of the upper liquid at 520 nm was
measured with an ultraviolet spectrophotometer.

2.2.6. Determination of the Root Respiratory Pathway

The oxygen evolution rate of the basic biochemical pathway was measured at various
treatment temperatures using an Oxytherm oxygen electrode (Hansatech, Norfolk, UK).
The temperature of the reaction chamber was automatically controlled with the temperature
control device of the Oxytherm oxygen electrode. The respiration rate and respiratory
pathway of the leaves were calculated by measuring the changes in oxygen concentration
in the solution. The diameter of the new white roots was about 1.5 mm, and the length was
2–3 cm. During the determination, an amount of about 0.1 g was quickly weighed, and the
root was cut into about 2 mm root segments with a double-sided knife. The root segments
were placed in a reaction cup, and 2 mL of the reaction solution was accurately added (the
temperature of the reaction solution was consistent with the treatment temperature). A
cover was added, and the measurement program was started. Each sample was measured
for 5–10 min, and the measurements were repeated 3 times. The specific respiratory
inhibitor method was used to measure the respiratory pathways, and 10 mmol/L sodium
fluoride (NaF) was used to measure the glycolysis (EMP) respiratory pathway. In addition,
10 mmol/L sodium phosphate (Na3PO4) was used to determine the respiratory pathway of
pentose phosphate (PPP), the tricarboxylic acid cycle (TCA) pathway was determined with
50 mmol/L malonic acid, and 10 mmol/L salicylhydroxamic acid (SHAM) was used to
determine the cyanide-resistant respiratory (AOX) pathway. An amount of 0.05 was used
for each inhibitor [25]. Each experiment was repeated three times.

2.2.7. Determination of Grapevine Root Activity

The root activity of the grapevines was determined by using the triphenyltetrazolium
chloride (TTC) method [24]. First, 10 mL of 4 g/L TTC solution and 10 mL of phosphate
buffer (pH 7.0) were added to 0.5 g of roots, and the reaction was terminated by adding
sulfuric acid after incubation in the dark at 37 ◦C for 4 h. The appropriate amount of 95%
ethanol was added to extract tricresyl brown, and the absorbance of the sample extract
was determined at a wavelength of 485 nm. The root activity was expressed as the TTC
reduction intensity per unit mass of fresh root, and each treatment was repeated three times.

2.2.8. Determination of Lignin-Related Gene Expression

Nine genes involved in lignin biosynthesis were selected to verify the results of RNA-
seq qRT-PCR. The primers used in qRT-PCR are shown in Table 1. TB Green Premix Ex
Taq II (TliRNaseH Plus, Takara, Beijing, China) was used for qRT-PCR. The following
reaction conditions were used: pre-denaturation at 95 ◦C for 10 min, denaturation at
94 ◦C for 15 s, annealing at 55 ◦C for 15 s, extension at 65 ◦C for 10 s, and 45 cycles
(denaturation→extension), with at least 3 replicates per treatment.
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Table 1. The primers needed for the experiment.

Gene Sequence (5′→3′) Gene Sequence Number in NCBI

F5H F: AAGAACTCGTGGGACGAACC
R: CGACCCGATCCGAATGGAAT AM428660.2:9990-10008

COMT F: TTTCCATGCAGCTCGTCAGT
R: GTTGTGGGTGGGGATCTGAG XM_003634113.2:140-1234

C4H F: GAACCACCTGAACCTCTCCG
R: ATCCGAACTCCACTCCCTGA XM_002266202.3:70-1587

4CL F: TCAAGTCTGGGTCTTGTGGC
R: GGATGCAAATTTCTCCGGGC XM_002272746.4:98-1744

CAD F: GCATGAGGTGGTAGGTGAGG
R: TGATTTGCATGGACGGCAGA XM_002285358.4:73-1146

HCT F: CTGAGCAAGGTTTTGGTGCC
R: CGATGACAGAGCCGGTATCC XM_002268952.3:271-1560

CCo AOMT F: ACGAACCAAGAAGCTGGGAG
R: ATGCTGGGCAGTCAACTCTC NM_001281118.1:60-788

CCR F: GCAGTGTACATGGACCCCAA
R: TTTCTCCTTCGCAACCTCCC XM_002273418.3:86-1102

PAL F: CACACATTGCCTCACAGTGC
R: GCAGAGGCAAGCAAGGACTA XM_002285241.3:116-2269

Note: Ferulate 5-hydroxylase, F5H; caffeic acid 3-O-methyltransferase, COMT; cinnamic acid hydroxylation,
C4H; 4 coumarin CoA ligase, 4CL; cinnamon alcohol off, CAD; shikimate O-hydroxycinnamoyl transferase, HCT;
caffeoyl CoA O-methyltransferase, CCo AOMT; cinnamoyl coenzyme A reductase, CCR; phenylalanine ammonia
lyase, PAL [26–28].

2.3. Data Analysis

All treatments were subjected to at least 3 independent biological replications. Origin
2021 (Origin Lab Corp., Northampton, MA, USA) was used for data plotting (mean ± stan-
dard deviation), SPSS 24.0 (IBM Corp., Armonk, NY, USA) was used for one-way ANOVA
and multiple comparisons, and Duncan’s test was used for the analysis of significant
differences (p < 0.05) among the treatments.

3. Results
3.1. Effects of High Root Zone Temperatures on Grapevines’ Growth Potential

Table 2 illustrates that there was a significant increase in stem firmness due to the
elevated root zone temperatures. Specifically, the stem firmness in treatments T1 and T2
exhibited significant increases of 47.48% and 81.28%, respectively, compared to that in CK.
Concurrently, the pith ratios of T1 and T2 increased by 33.33% and 43.75%, respectively,
in comparison with that of CK. The high-temperature root zone treatment reduced the
shoot growth length and root–shoot ratio. T2 showed a 30.93% reduction in the shoot
growth length and a 14.13% decrease in the root–shoot ratio in comparison with those of
CK. No significant difference was observed between T1 and CK. The root temperature
treatments had no significant effects on the vertical and horizontal branch diameters.
The grapevine stems exhibited an increase in lignin content with increasing root zone
temperature. Compared with CK, T1 and T2 showed significant increases of 25.72% and
55.33% in the stem lignin content, respectively.

Table 2. Effects of different root zone temperature treatments on the shoot characteristics of ‘Kyoho’.

Treatment
Longitudinal

Diameter
(mm)

Horizontal
Diameter

(mm)
Pith Ratio Stem Firmness

(g)

Shoot Growth
Length

(cm)

Root–Shoot
Ratio

Stem Lignin
Content

(A280 nm/mg)

CK 4.69 ± 0.48 a 4.49 ± 0.40 a 0.48 ± 0.03 a 3765.35 ± 343.06 c 4.17 ± 0.98 a 0.92 ± 0.05 a 0.25 ± 0.01 c
T1 4.78 ± 0.20 a 4.69 ± 0.12 a 0.64 ± 0.02 b 5553.17 ± 692.63 b 3.33 ± 0.93 ab 0.85 ± 0.02 ab 0.32 ± 0.01 b
T2 4.83 ± 0.41 a 4.63 ± 0.25 a 0.69 ± 0.08 b 6825.90 ± 245.45 a 2.88 ± 0.83 b 0.79 ± 0.04 b 0.40 ± 0.02 a

Note: The data are the mean values and standard deviations. Different lowercase letters indicate significant
differences based on Duncan’s multiple-range test (p < 0.05).
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3.2. Effects of High-Root-Zone-Temperature Treatments on the Photosynthetic Performance of
Grapevine Leaves
3.2.1. Effects of High-Root-Zone-Temperature Treatments on the Chlorophyll Content of
Grapevine Leaves

As shown in Figure 2, compared with that in CK, the overall chlorophyll content in T1
and T2 decreased, and the chlorophyll content in T2 decreased more than that in T1. The
content of chlorophyll a, chlorophyll b, chlorophyll (a + b), and carotenoids in T1 and T2
was significantly lower than that in CK, with the chlorophyll a content being 17.07% and
26.83% lower than that in CK, respectively. The chlorophyll b content decreased by 13.89%
and 22.22%, and the chlorophyll (a + b) content decreased by 44.38% and 50.56% in T1 and
T2, respectively. The carotenoid content also decreased by 12.63% and 20.97% compared
with the control.
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multiple-range test (p < 0.05).

3.2.2. Effects of the High-Root-Zone-Temperature Treatment on the Fluorescence
Characteristics of Grapevine Leaves

The OJIP transient exhibited various changes with the different root zone temperature
treatments. In the short-term treatment (Figure 3A), the fluorescence curve retained typical
OJIP characteristics. The O-J phase experienced slight changes, while the fluorescence
intensity of the I-P phase significantly decreased. Higher short-term root zone temperatures
accentuated this decline, signifying a reduced capacity of the leaves to absorb light energy
per unit area. The long-term root zone treatment (Figure 3B) altered the fluorescence curve,
causing the typical OJIP characteristics to be lost. The K point (0.3 ms), J point (2 ms), and
initial fluorescence values increased, and treatment T2 showed a greater increase than that
of treatment T1, indicating severe damage to the oxygen evolution complex (OEC) during
photosynthetic electron transport under prolonged high root zone temperatures.

The JIP-text analysis yielded the parameters of the fluorescence kinetic curves. Figure 4
shows that Fv/Fm significantly decreased with the increase in root zone temperature, which
was in contrast to the opposite trend in the φDo for heat dissipation from absorbed light
energy. Vk reflected that there was damage to the oxygen evolution complex (OEC) on
the donor side of PSII [29], and Vj indicated that there was damage on the PSII receptor
side. Compared with CK, T1 and T2, respectively, showed increases of 21.74% and 30.43%
in their Vk values and 24.39% and 80.49% in their Vj values. This suggested that the PSII
receptor side suffered significantly more damage in the high-temperature treatment in the
T2 root zone than the donor side did.
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the standard deviation. Different lowercase letters indicate significant differences based on Duncan’s
multiple-range test (p < 0.05).

The parameters for PSII light absorption, transmission, and conversion are presented
in Table 3. When focusing on the unit reaction center (RC, PSII), stress due to high root zone
temperatures increased ABS/RC, TRo/RC, and DIo/RC. However, ETo/RC significantly
decreased, and the values in treatments T1 and T2 decreased by 36.46% and 54.16%, re-
spectively, compared with that in CK. ABS/CSm, TRo/CSm, and ETo/CS were significantly
reduced in treatments T1 and T2. ETo/CSm decreased by 32.62% and 64.52%, respectively,
compared with that in CK; DIo/CSm increased by 15.49% and 53.53%, respectively, com-
pared with that in CK. The high-temperature root zone stress significantly affected the PSII
reaction center’s light energy absorption, capture, and electron transfer performance.

Table 3. Effects of different root zone temperature treatments on the fluorescence parameters of
‘Kyoho’ leaves.

Treatment ABS/RC DIo/RC TRo/RC ETo/RC ABS/CSm DIo/CSm TRo/CSm ETo/CSm

CK 2.19 ± 0.12 b 0.64 ± 0.02 b 1.55 ± 0.06 b 0.96 ± 0.08 a 1731.00 ± 174.31 a 405.67 ± 35.55 b 1325.33 ± 163.18 a 771.25 ± 113.26 a
T1 2.33 ± 0.09 b 0.69 ± 0.14 b 1.64 ± 0.03 a 0.61 ± 0.02 b 1492.00 ± 101.43 ab 468.50 ± 4.04 b 1023.50 ± 210.01 b 519.67 ± 53.36 b
T2 2.87 ± 0.31 a 1.17 ± 0.17 a 1.71 ± 0.04 a 0.44 ± 0.08 c 1459.33 ± 28.54 b 622.83 ± 133.50 a 836.50 ± 96.15 b 273.67 ± 18.50 c

Note: The data are mean values and standard deviations. Different lowercase letters indicate significant differences
based on Duncan’s multiple-range test (p < 0.05).

3.2.3. Effects of the High-Root-Zone-Temperature Treatments on the Photosynthetic Gas
Exchange Parameters of Grapevine Leaves

Table 4 illustrates the significant decline in Pn following the 15-day high-temperature
stress treatment in the root zone. T1 and T2 exhibited reductions of 33.57% and 61.40%,
respectively, in comparison with the values in CK. Ci displayed different changes, with
that in T1 decreasing by 10.69% and that in T2 increasing by 20.33% compared with that
in CK. The Gs and E values of treatment T1 were significantly lower than those in CK by
19.38% and 20.12%, while those in treatment T2 were significantly lower than those in CK
by 45.95% and 39.64%.

Table 4. Effects of different root zone temperature treatments on the photosynthetic gas exchange
parameters of ‘Kyoho’ leaves.

Treatment Ci
(µmol·m−2·s−1)

Gs
(µmol·m−2·s−1)

Pn
(µmol·m−2·s−1)

E
(mmol·m−2·s−1)

CK 203.60 ± 3.43 b 224.25 ± 15.50 a 11.14 ± 1.60 a 3.38 ± 0.26 a
T1 181.83 ± 7.78 c 180.80 ± 9.44 b 7.40 ± 0.46 b 2.70 ± 0.27 b
T2 245.00 ± 20.67 a 121.20 ± 17.71 c 4.30 ± 0.79 c 2.04 ± 0.17 c

Note: The data are mean values and standard deviations. Different lowercase letters indicate significant differences
based on Duncan’s multiple-range test (p < 0.05).

3.3. Effects of High-Root-Zone-Temperature Treatments on the Production and Scavenging of
Reactive Oxygen Species in Grapevine Leaves

The MDA serves as an indicator of the degree of membrane lipid peroxidation. In
Table 5, it is evident that treatments T1 and T2 significantly damaged the leaf membrane
lipid structures, with their content increasing by 11.54% and 22.62% compared with that in
CK. High-temperature stress in the root zone also influenced the leaf H2O2 content. Com-
pared with that in CK, the H2O2 levels in treatments T1 and T2 increased by 58.57% and
96.05%, respectively (Table 5), indicating that the antioxidant mechanism in the high-root-
zone-temperature treatment was insufficient to eliminate excess H2O2, causing oxidative
damage to the leaf cell membrane lipids. Table 5 illustrates that elevated root zone tem-
peratures enhanced the antioxidant enzyme levels and osmoregulator proline content in
grapevine leaves. Specifically, the SOD and CAT activity in treatment T2 increased by
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64.85% and 152.49%, respectively, compared with that in CK, while T1 showed no signif-
icant differences from CK. The POD activity in treatments T2 and T1 spiked by 177.41%
and 103.22%, respectively, in comparison with that in CK. The proline content in the leaves
increased by 27.82% (T1) and 41.31% (T2) compared with that in CK.

Table 5. Effects of different root zone temperature treatments on the production and scavenging of
reactive oxygen species in ‘Kyoho’ grapevine leaves.

Treatment MDA
(µmol·g−1 FW)

H2O2
(µmol·g−1 FW)

SOD
(U·g−1 FW)

POD
(U·g−1 FW)

CAT
(U·g−1 FW)

Pro
(ug·g−1)

CK 33.02 ± 1.25 c 6.83 ± 0.55 c 743.37 ± 63.29 b 124.20 ± 38.64 c 16.42 ± 0.33 b 130.68 ± 20.38 b
T1 36.83 ± 2.20 b 10.83 ± 1.56 b 984.79 ± 22.26 ab 252.40 ± 52.39 b 22.95 ± 0.24 b 167.03 ± 19.47 ab
T2 40.49 ± 0.52 a 13.39 ± 1.44 a 1225.43 ± 205.63 a 344.55 ± 6.94 a 41.46 ± 7.04 a 184.66 ± 29.61 a

Note: The data are mean values and standard deviations. Different lowercase letters indicate significant differences
based on Duncan’s multiple-range test (p < 0.05).

3.4. Effects of the High-Temperature Treatments in the Root Zone on the Respiration and
Lignification of Grape Roots
3.4.1. Effects of the High-Root-Zone-Temperature Treatments on the Respiration Intensity
of Grapevine Roots

The different root respiration measurements at different root zone temperatures
(Figure 5) revealed increased respiratory intensity in various root types with increas-
ing root zone temperatures, thereby showcasing significant differences. In treatment
T1, the EMP, TCA, and PPP respiration rates were 71.42, 55.03, and 68.73 nmol·g−1·min−1,
respectively—28.63%, 30.18%, and 14.99% higher than those in CK, respectively. However,
treatment T2 showed higher rates: 109.04, 80.85, and 114.87 nmol·g−1·min−1, with the PPP
pathway dominating. The AOX increased by 34.33% (T1) and 79.28% (T2) compared with
that in CK.
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Figure 5. Effects of different root zone temperature treatments on the respiration intensity of ‘Kyoho’
grapevine roots. Values are the mean of three replicates, and error bars denote the standard deviation.
Different lowercase letters indicate significant differences based on Duncan’s multiple-range test
(p < 0.05). (A): EMP respiratory rate, (B): TCA respiratory rate, (C): PPP respiratory rate, (D): AOX
respiratory rate.

3.4.2. Effects of the High-Root-Zone-Temperature Treatments on the Root Activity, Lignin
Content, and Expression of Lignin-Synthase-Related Genes of Grapevines

Decreases in activity of 16.34% and 19.79% were exhibited in treatments T1 and T2,
respectively, compared with that in CK, after high-temperature stress in the root zone. The
grapevine roots exhibited an increase in lignin content with the increase in the root zone
temperature. Compared with CK, T1 and T2 showed significant increases of 34.58% and
68.70% in root lignin content, respectively (Figure 6).

As depicted in Figure 6, the expression of nine key genes in the root lignin metabolic
pathway revealed that there were higher levels of PAL and C4H in the T1 treatment, as these
levels were 2.04 and 1.53 times higher than those of the control, respectively. Additionally,
the increase in temperature led to elevations in the expression levels of 4CL, CCR, HCT,
CCoAMOT, CAD, and COMT to 2.32, 3.67, 2.29, 2.68, 2.39, and 4.04 times those of the control in
treatment T2, respectively. Thus, high temperatures activated the synthesis pathway of lignin.
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Figure 6. Effects of different root zone temperature treatments on the root activity (A), lignin
content (B), and expression of lignan-synthase-related genes of ‘Kyoho’ grapevine roots (C). Values
are the mean of three replicates, and error bars denote the standard deviation. Different lowercase
letters indicate significant differences based on Duncan’s multiple-range test (p < 0.05).

4. Discussion

Temperature stress is one of the most common abiotic stresses from which plants
suffer; photosynthesis is one of the most basic life activities of plants, and it is extremely
sensitive to temperature changes [30]. When the root zone temperature exceeds a plant’s
tolerance threshold, it inhibits the photosynthetic process and even causes damage [6]. PSII
is the primary site of photoinhibition [31]. Studies have shown that compared with the
appropriate root zone temperature, high root zone temperatures cause serious damage to
the PSII reaction center in the leaves of maize seedlings and significantly reduce the electron
transfer rate [6]. In this study, the degree of damage to each part of PSII was analyzed by
using the kinetic curves of rapid chlorophyll fluorescence and JIP-text analysis [23]. Similar
conclusions were also obtained. The φEo and ETo/CSm values significantly decreased,
indicating that the electron transfer of PSII in the reaction center of treatments T1 and T2
was inhibited. The Vk and Vj values in treatment T2 significantly increased, indicating
that the OEC of the PSII donor side was destroyed, and the electron transfer from QA
to QB was significantly inhibited. This may have been the main reason for the decrease
in photosynthetic efficiency and PSII electron transport performance in treatments T1
and T2. In addition, the values of ABS/CSm and TRo/CSm in treatment T2 significantly
decreased, while those of φDo and DIo/CSm significantly increased, indicating that leaves
could consume excess excitation energy by increasing the proportion of regulatory energy
dissipation. However, with the increase in the root zone temperature, the absorption
and capture of light energy and the energy used for PSII photochemical reactions in
the leaves in treatments T1 and T2 became lower and lower, and the increase in heat
dissipation was not enough to consume the excess excitation energy. The inhibition of
PSII photochemical reactions was mainly attributed to the damage to the PSII reaction
center and the receptor side. The content of photosynthetic pigments can directly reflect
the photosynthetic capacity of a plant. Chlorophyll a mainly performs photochemical
reactions. Chlorophyll b mainly undertakes the absorption and transmission of light energy.
Carotenoids are mainly responsible for dissipating excess light energy and reducing the
damage caused by strong light to chlorophyll [32]. The results showed that compared with
CK, the contents of chlorophyll a, chlorophyll b, and carotenoids in treatments T1 and
T2 significantly decreased, which also showed that the absorption and utilization of light
energy in the two groups were seriously affected, and the light protection abilities of leaves
also significantly decreased, which was in agreement the above results.
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There are two possible cases of photodamage: photodamage originating from the
receptor side and photodamage originating from the donor side. The former is mainly due
to the obstruction of CO2 assimilation in dark reactions. The accumulation of reducing QA
promotes the formation of a large amount of triplet P680. Triplet P680 can react with O2 to
form a strong oxidant, singlet oxygen (1O2), and the histidine residue in the D1 protein is
the site of 1O2 attack and damage. The latter is due to the fact that the electron transfer of
the original electron donor is blocked, which prolongs the life of P680+, and P680+ causes
oxidative damage to the D1 protein [30]. In this experiment, the Pn, Gs, and E values in
treatments T1 and T2 significantly decreased, while the Ci value in treatment T2 significantly
increased. It was speculated that the decrease in the photosynthetic rate in treatment T2
was caused by irreversible non-stomatal limitation, which reduced the activity of RuBP
carboxylase/oxygenase in dark reactions, blocked CO2 assimilation, and inhibited the
electron transfer on the acceptor side of PSII, resulting in serious photodamage to PSII [33].
The decrease in Ci in treatment T1 suggested that the decrease in the photosynthetic rate in
that treatment was caused by the insufficient supply of CO2, the raw material of limited
stomatal photosynthetic reactions [34].

Studies have shown that under abiotic stress, ROSs are mainly produced in chloro-
plasts, peroxisomes, mitochondria, and apoplasts [35]. The PSI and PSII reaction centers
in plant chloroplast thylakoids are the main sites of ROS production. Excess light energy
produced under high-temperature stress promoted the reduction of O2 into 1O2 through a
large amount of triplet P680, which could be converted into H2O2 by Mn-SOD [36]. This
may have been related to the increase in H2O2 content in leaves in treatments T1 and T2,
and the damage of the membrane structure caused by ROS-mediated membrane lipid
peroxidation led to an increase in MDA content. This was consistent with the changes in
the physiological characteristics of tomatoes under salt stress [37]. High concentrations of
ROSs can cause oxidative stress, causing protein denaturation, enzyme inactivation, nucleic
acid damage, and lipid peroxidation, as well as the activation of signaling pathways [38],
reverse inhibition of the synthesis of chlorophyll synthase, and enhancement of chlorophyll
degradation, which is also one of the reasons for the decrease in the photosynthetic rate [39].

Studies have indicated that under environmental stress, plants exhibit a heat stress
response, activating their antioxidant enzyme system to remove excessive ROSs and en-
hance their stress resistance [40,41]. This study revealed an elevation in the levels of the
common antioxidant enzymes SOD, POD, and CAT in plants with increasing stress. Si-
multaneously, grapevines, when exposed to high temperatures in the root zone, stimulate
proline production, thus maintaining stability in their osmotic potential and enhancing
water absorption [42]. Additionally, roots are crucial in responding to medium and high
temperatures by influencing plants’ anatomical structures. They regulate not only growth
through lignin and lignan deposition but also the Kjeldahl zone in vascular tissue to adapt
to adverse environments [43,44]. Lignin, which is crucial for cell wall support, prevents
negative-pressure-induced wall collapse due to transpiration, ensuring effective substance
transport [21,45,46]. In this study, the lignin content in the T1 and T2 grapevine root
zones increased with stress, correlating with the increases in PAL, C4H, 4CL, CCR, HCT,
CCoAMOT, CAD, and COMT expression due to high-temperature stress. Simultaneously,
the stem firmness and pith ratio also significantly increased. This response mirrored Yin
et al. [21] findings on lignification in rape stems and roots under high temperatures and
drought. This suggested a heightened lignification response as feedback for high root zone
temperatures. However, prolonged high root zone temperatures accelerate root aging, as
lignification is even extended to the root tip [1].

Root temperature influences root respiration, a key factor limiting plant growth, with
maintenance respiration consuming up to 40% of the total photosynthetic products [47].
Under normal growth conditions, plant roots primarily utilize the EMP-TCA pathway for
respiration. However, environmental stress prompts a shift to the less productive PPP path-
way, which is accompanied by an increase in the AOX pathway, and ATP is released as heat
energy to stabilize the respiratory electron chain [48,49]. Our experiment yielded similar
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results, with less productive respiratory pathways consuming carbohydrates, converting
them into heat. Elevated root zone temperatures significantly reduced fine root activity,
impeding mineral nutrient absorption, inhibiting root growth, and resulting in a reduced
root–shoot ratio. This directly correlated with the suppression of shoot growth, which was
consistent with previous studies on cucumber and flowering Chinese cabbage [8,50,51].

5. Conclusions

Long-term high temperatures exceeding 30 ◦C in the root zone not only decreased
chlorophyll content but also significantly increased the Vk and Vj values, while the values of
ABS/CSm, TRo/CSm, and ETo/CSm significantly decreased and DIo/CSm increased, which
affected the leaf photosynthetic rate and shoot growth. At the same time, the root activity
and root–shoot ratio decreased, but the antioxidant content and lignin gene expression
increased. Root respiration turned into the PPP pathway, which had less production
capacity and cyanide-resistant respiration, and it released more heat to alleviate the stress
damage. Therefore, we suggest that keeping root zone temperatures below 30 ◦C through
inter-row grass and common organic matter coverage is crucial for the optimal health
of plants.
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