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Abstract: Global warming will significantly affect grapevine growth and development. To analyze
the effects of high temperature on the leaf tissue structure of grapevines in the field, 19 representative
cultivars were selected from the grapevine germplasm resources garden in Turpan Research Institute
of Agricultural Sciences, XAAS. Twelve tissue structure indexes of grapevine leaves, including the
thickness of the upper epidermis (TUE), the thickness of palisade tissue (TPT), leaf vein (LV), the
thickness of spongy tissue (TST), the thickness of the lower epidermis (TLE), stoma (St), guard cell
(GCQ), cuticle (Cu), leaf tissue compactness (CTR) and leaf tissue porosity (SR), were measured during
the natural high-temperature period in Turpan. The results showed significant differences in the
leaf tissue structure of the 19 grapevine cultivars under natural high temperature. Based on the
comprehensive comparative analysis of the leaf phenotype in the field, we identified that the leaves
of some cultivars, including ‘Zaoxia Wuhe’, ‘Centennial Seedless” and ‘Kyoho’ showed strong heat
tolerance, whereas grapevine cultivars ‘Golden Finger’, ‘Shine Muscat’, ‘Flame Seedless’, ‘Bixiang
Wuhe’” and “Thompson Seedless” showed sensitivity to high temperature. We further evaluated the
heat tolerance of different grapevine cultivars by principal component analysis and the optimal
segmentation clustering of ordered samples. These findings provide a theoretical basis for adopting
appropriate cultivation management measures to reduce the effect of high temperatures and offer
fundamental knowledge for future breeding strategies for heat-tolerant grapevine varieties.

Keywords: grapevine; high temperature; heat tolerance; leaf anatomical structure

1. Introduction

High temperature is a major factor in the threat to global plant production and dis-
tribution. Each degree Celsius of the average growing season temperature may reduce
crop production and plant distribution. Grapevine (Vitis L.) has to face the variety of
biological and abiotic stresses that are inevitable during its growth and development. High
temperature is one of the primary abiotic stress factors that restrict the yield and quality of
grapes [1,2]. The most obvious sign of a plant response to heat stress is the change in the
tissue structure of grapevine leaves. When evaluating how well various grapevine genetic
resources can withstand heat, this method is frequently applied as one of the evaluation
indicators of the extent of high temperature damage to the plant [3,4]. Leaves, as the
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primary organs of land plants, play a crucial role in photosynthesis. Their traits are closely
linked to the physiological functions of plants [5]. Several aspects of leaf morphology
have been definitively recognized as functional, displaying clear associations with abiotic
stress. Leaf thickness, which represents the distance between the upper (adaxial) and
lower (abaxial) leaf surfaces, has been shown to correlate with environmental factors such
as water availability, temperature and light levels [6]. Additionally, studies indicate that
plant diversity and the capacity of plants to adapt to arid conditions often lead to thicker
leaves [7,8]. It is important to differentiate between leaf thickness within the context of
typical leaf morphology, characterized by clear adaxial/abaxial flattening, and extremely
thick leaves known as succulent leaves, which often exhibit a more radial structure. On an
organismal level, thicker leaves present a trade-off between rapid growth and tolerance
to drought and heat stress [9]. High temperatures not only damage the tissue structure of
grapevine leaves but also hinder photosynthesis and nutrient metabolism. Furthermore,
they inhibit fruit metabolism and the synthesis of aroma-related compounds, significantly
impacting the commercial and market value of grapes [10,11]. When high temperature
damage exceeds its ability to regulate adversity, serious heat damage symptoms and even
plant death may occur [12,13]. The Turpan region in Xinjiang has great potential to produce
high quality grape because of its suitable growing conditions. Abundant sunlight and
optimum temperature during grape-growing seasons provide the opportunity to produce
high quality grapes in this region. It is an important grape production region in China,
covering an area of 38,025 hectares with a yield of 1,211,509 tons per year. However, the
unique geography of the Turpan region means that a temperature of beyond 40 °C spans
more than 35 days per year. This is likely to induce water loss, the wilting of grapevine
leaves, damage to the cell structure, and a destruction of other factors that cause photo-
synthesis, as well as complicating the way grapes use nutrients. Furthermore, limiting the
synthesis and transportation of photosynthetic products will lead to a significant decrease
in grape yield and quality. With the increasing frequency and duration of extremely high
temperature in the world [14], global grape-producing regions involving Turpan will face
more severe challenges from high temperature stress [15]. Therefore, improving plant
heat tolerance will be an important research field in response to global warming [16]. Nu-
merous studies have been performed in the past by simulating high temperatures under
artificial conditions. However, grapevines often face more complex environments during
the field growth and development process, such as the intensity and occurrence time of
high temperatures in the field fluctuating and changing. In addition, the high humidity or
dry environment often accompanied by high temperature will also experience substantial
differences. Therefore, it is difficult to fully and truly reflect the heat tolerance of grapevines
in the natural environment when only simulating high-temperature climate indoors [17-19].
Therefore, under the unique arid and heat conditions in Turpan, research was carried out
with a number of important grape varieties. The present research includes field phenotype
observation, tissue structure analysis of different grapevine varieties, and a comprehensive
evaluation of leaf heat tolerance to screen and identify the grapevine germplasm with
different high-temperature tolerance types. The study’s results will provide an in-depth
understanding of the growth of different grapevines under field conditions and assist with
information for breeding heat-resistant varieties and cultivating stress resistance.

2. Materials and Methods
2.1. Grapevine Resources and Cultivation Conditions

The representative grapevine varieties available in the grapevine resource garden of
the Turpan Research Institute of Agricultural Sciences, Xinjiang Academy of Agricultural
Sciences (XAAS), were used as the test materials. The grapevine garden is located at
89°11" E, 42°56' N, at an altitude of 0 m. In July, with an average air humidity of 37.20%,
the area received a mere 3.4 mm of precipitation, while the humidity ranged from 18.68%
to 58.72%. The average photosynthetic radiation measured 163.52 W/m?, and the average
light intensity was 46.21 Klux. The detailed information regarding the grapevine varieties
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used in the current experiment with species characteristics and the parental sources of
19 grapevine varieties are presented in Table 1. In the trial field, a V-shaped leaf curtain was
used as a trellis, and the distance between plants and rows was maintained at 1.2 m to 2.5 m.
The garden soil is sandy loam with a pH of 8.04, and an organic content of approximately
12.8 g/kg. The area benefits from favorable water conservancy conditions, and fertilization
is carried out using a water and fertilizer all-in-one machine. The plants were planted in a
south-to-north direction, and they were all 6 years old, moderate and well-handled.

Table 1. The tested grapevine cultivars and parental origins.

No. Cultivar Species Parental Origin (Female/Male)

1 Golden Finger V. vinifera x V. labrusca Manicure Finger x Seneca

2 Zhengyan Wuhe V. vinifera Jingxiu x Bronx Seedless

3 Flame Seedless V. vinifera Unknown

4 Jumeigui V. vinifera x V. labrusca Shenyang Meigui x Kyoho

5 Kyoho V. vinifera x V. labrusca Ishiharawase x Centennial

6 Cardinal V. vinifera Flame Tokay x Ribier

7 Bixiang Wuhe V. vinifera Zhengzhou Zaoyu x Pearlof Csaba
8 Qingfeng V. vinifera x V. labrusca Jingxiu x Bronx Seedless

9 Jintian Meigui V. vinifera Muscat Hamburg x Red Globe

10 Centennial Seedless V. vinifera Gold x Q25-6

11 Thompson Seedless V. vinifera Unknown

12 Summer Black V. vinifera x V. labrusca Kyoho x Thompson Seedless

13 Xinyu V. vinifera Red Globe x Rizamat

14 Shine Muscat V. vinifera x V. labrusca Akitsu21 x Hakunan

15 Zhengmei V. vinifera Manicure Finger x Zhengzhou Zaohong
16 Zitian Wuhe V. vinifera Niunai x Autumroyal

17 Zuijinxiang V. vinifera x V. labrusca 7601 x Kyoho

18 Zaoxia Wuhe V. vinifera x V. labrusca Summer Black Mutation

19 Brilliant Seedless V. vinifera Red Globe x Centennial Seedless

The numbers represent the name of grapevine varieties. 1: ‘Golden Finger’; 2: “Zhengyan Wuhe’; 3: ‘Flame Seed-
less’; 4: ‘Jumeigui’; 5: ‘Kyoho’; 6: ‘Cardinal’; 7: ‘Bixiang Wuhe’; 8: ‘Qingfeng’; 9: ‘Jintian Meigui’; 10: ‘Centennial
Seedless’; 11: “Thompson Seedless’; 12: ‘Summer Black’; 13: ‘Xinyu’; 14: ‘Shine Muscat’; 15: “Zhengmei’; 16: ‘Zitian
Wuhe’; 17: ‘Zuijinxiang’; 18: ‘Zaoxia Wuhe’; 19: ‘Brilliant Seedless’.

2.2. Temperature Measurement Tested

The experiment was conducted in Turpan, Xinjiang Uygur Autonomous Region, in
2022 during the high-temperature period (July). A MicroLite USB Temperature data Logger
(Fourier Systems, Fourtec-Fourier Technologies., Ltd., San Francisco, CA, USA) was used to
monitor the temperature data at a point in the grapevine resource garden. The temperature
was measured and recorded once an hour throughout the entire high-temperature period.

2.3. Leaf Blade Morphology Observation

The plant growth status was observed in the field on 27 July 2022, and the grape-
vine leaves were photographed immediately using a digital compact camera (Canon-G15,
Canon Corporation, Tokyo, Japan) by placing the leaves against a fixed black background
in a photography chamber (Zhejiang standard photography equipment Corporation., Ltd.,
Ningbo, Zhejiang, China). Each variety selected functional leaves with essentially the same
growth at the 5 to 7th nodes of the middle branch of the vine for photo observation.

2.4. Sampling for Leaf Structure Observation

The leaf sampling for microscopy was performed in July 2022. For detailed structure
observation, healthy grapevine plants of the representative population were selected.
Mature, healthy, without-disease leaves from the 5th and 7th nodes of middle branches
with uniform shape and size were collected during a period of naturally high temperature.
A clean and sharp pair of scissors was used to cut the leaves from the plants, preventing any
damage to the leaf tissue. Each sample was labeled with basic information and transferred
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to a clean and dry container for transportation to the laboratory. The leaves were wiped to
remove any dust with damp clothes and 0.5~1.0 cm pieces of tissue were cut intercostal
between the veins. The leaves were fixed in FAA fixative solution, and a continuous paraffin
section of 10 um was made. The leaf samples were dyed with toluidine blue, soaked in
xylene for 5 minutes, and then sealed and dried for later use. The fine tissue structures were
observed with the Nikon Digital SightDS-L1 digital microscope camera system (Nikon
Instruments Inc., Tokyo, Japan). The thickness of the leaves, upper epidermis, lower
epidermis, palisade tissue, spongy tissue, cuticle, stomata and guard cells were evaluated
using Image J, ver.1.47 (July 2013, National Institutes of Health, Bethesda, Maryland, USA).
In total, 30 visual areas of each sample were measured and used to calculate the leaf tissue
compactness (CTR) and leaf tissue porosity (SR) according to the below formulas [19,20]:

CTR = (palisade tissue thickness/leaf thickness) x 100%
SR = (spongy tissue thickness/leaf thickness) x 100%

2.5. Data Analysis

The test data were analyzed by variance, and the Duncan method was used for
multiple comparisons and the significance of the difference was tested. p < 0.05. was
the significant level of the difference, and p < 0.01 was the extremely significant level of
the difference. GraphPad Prism ver.9.0 (October 2020, Dotmatics Corporation, Boston,
MA, USA) and IBM SPSS Statistics (Statistical Product and Service Solutions) program,
ver. 19.0 (August 2010, IBM Corporation, New York, NY, USA) were used for correlation
analysis and cluster analysis. Data in tables and figures show means and standard errors
representing 30 technical replications.

3. Results
3.1. Temperature Dynamics in the Field

The average temperature of the research field in July 2022 was 33.62 °C. The daily
average high temperature was 39.78 °C, and the average low temperature was 27.41 °C.
The highest and lowest temperatures for the month were reported 44.28 °C and 22.10 °C,
respectively. Thirty days into the month, temperatures exceeded 35 °C, including 16 days
with temperatures between 35 °C and 40 °C and 14 days with temperatures over 40 °C
(Figure 1). The samples were collected on 28 July 2022, between 15:00 and 17:00.

3.2. Phenotypic Observation of Leaves

Under the natural high-temperature conditions in the field, only the ‘Centennial
Seedless’, ‘Brilliant Seedless’, ‘Jumeigui’ and ‘Zhengmei’ possessed no obvious heat damage
symptoms on leaves (Figure 2). The other varieties showed different degrees of heat damage
symptoms on leaves. Among them, the leaves of “Thompson Seedless’, ‘Shine Muscat’
and ‘Golden Finger” became yellowish green. The leaves of ‘Jumeigui’, ‘Kyoho’, ‘Summer
Black” and ‘Zaoxia Wuhe’ turned to dark green, and other varieties remained green. The
leaves of ‘Golden Finger’, ‘Zhengyan Wuhe’, ‘Flame Seedless’, ‘Bixiang Wuhe” and ‘Shine
Muscat’ showed curly leaf margins. Except for the varieties ‘Zhengyan Wuhe’, ‘Jumeigui’,
‘Centennial Seedless’, ‘Zhengmei’ and ‘Brilliant Seedless’, the leaf margins of other varieties
were all dry to varying degrees, and the leaf margins of ‘Golden Finger’, ‘Zuijinxiang” and
‘Shine Muscat’ were more obviously dry. The leaves of ‘Golden Finger’, ‘Flame Seedless’,
‘Thompson Seedless’, ‘Bixiang Wuhe” and ‘Shine Muscat’” were accompanied by spots.
The results of the morphological observation showed that “Thompson Seedless’, ‘Golden
Finger’, ‘Flame Seedless’, ‘Bixiang Wuhe” and ‘Shine Muscat” had heat damage symptoms
that were more evident, and based on the preliminarily observation, these were of a
high-temperature sensitive variety. The varieties ‘Centennial Seedless’, ‘Brilliant Seedless’,
‘Zhengmei’, and ‘Jumeigui’ were found to be high-temperature-tolerant varieties.
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Figure 1. The air temperature of the viticultural region of XAAS in July, 2022, in Turpan.

3.3. Observation of the Cell Structure of Grapevine Leaves
The observations from the anatomical diagram of grapevine leaves show that the leaf
structure is primarily composed of the thickness of upper epidermis (TUE), thickness of
palisade tissue (TPT), leaf vein (LV), thickness of spongy tissue (TST), thickness of lower
epidermis (TLE), stoma (St), guard cell (GC), cuticle (Cu), etc. (Figure 3). The thickness
of leaf (TL) in 19 grapevine varieties ranged from 85.00~168.26 pm and the average TL
was 114.34 & 12.20 um. The upper and lower epidermal cells were composed of long oval
monolayer cells, and the length of the TUE ranged from 9.88~32.57 um with an average
length of 19.73 £ 6.92 uym. The TLE was observed on palisade tissue, and the shapes
of upper and lower epidermal cells were found to be similar (Figure 3). The length of
upper and lower epidermal cells varied from to 10.19-24.31 um with an average length of
17.49 + 4.27 pm.

The mesophyll tissue is mainly composed of palisade tissue and spongy tissue. The
palisade tissue cells are shaped in the form of long columns and are arranged neatly and
closely in the mesophyll, with a length of 19.36-57.66 um; the average length is about
32.68 £ 5.44 um. Spongy tissue is composed of oval cells located between the palisade
tissue and lower epidermis. They are loosely and irregularly arranged in the mesophyll. The
cell length varies from 24.65 to 11.77 um, and the average length is about 18.74 £ 3.88 um.
There were obvious traces of cambium and relatively developed xylem in the leaves. The
cambium is composed of several layers of parenchyma cells, and the xylem is composed

of five to seven layers of radial and orderly arranged cells. There are vessels in the xylem,
and the vascular bundles are uniformly and closely arranged in the veins. The lengths of
the veins were in the range of 9.69-34.52 um; the average length is about 19.48 + 4.13 um
(Figure 3). The phloem cells are relatively small and thin, arranged in an orderly manner.
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Figure 2. The leaf phenotypes of different grapevine cultivars after exposure to high temperatures in
the field. 1: ‘Golden Finger’; 2: ‘ZhengyanWuhe’; 3: ‘Flame Seedless’; 4: ‘Jumeigui’; 5: ‘Kyoho’; 6: ‘Car-
dinal’; 7: ‘BixiangWuhe’; 8: ‘Qingfeng’; 9: ‘JintianMeigui’; 10: ‘Centennial Seedless’; 11: “Thompson
Seedless’; 12: ‘Summer Black’; 13: “Xinyu’; 14: ‘Shine Muscat’; 15: ‘Zhengmei’; 16: ‘ZitianWuhe’;
17: “Zuijinxiang’; 18: ‘ZaoxiaWuhe’; 19: ‘Brilliant Seedless’.



Horticulturae 2023, 9, 731

7 of 17

v?' b
, '°°'~3's§-»:w
R

iR ent 0
mﬂ'\ Q.{\.&"?:‘” \{
.‘7 155 ‘\'e‘

Figure 3. Anatomical structures of grapevine leaves. Anatomical structure of grapevine leaves and
response to heat stress. (a—c): Different views of leaf cross-section; AS: abaxial surface; Ca: cambium;
CU: cuticle; Ep: epidermis; LE: lower epidermis; LV: lateral vein; Me: mesophyll; MV: main vein; PC:
parenchymal cells; PT: palisade tissue; ST: spongy tissue; VB: vascular bundles; Ve: vein; VS: ventral
surface; Xy: xylem. Scale bars: (a,c), 50 um; (b), 100 um.

3.4. Leaf Thickness and Epidermal Cells

The thickness of leaves (TLs) is one of the indicators to evaluate the heat tolerance
of plants. Under high temperature environment, the TLs slow down transpiration to
reduce water loss and alleviate heat damage. Depending on their thickness, epidermal cells
can affect the heat tolerance of grapevines to a certain extent. There are certain statistical
differences in leaf thickness and epidermal cells between the 19 grapevine varieties (Table 2).
The TLs of ‘Kyoho’ and ‘Zaoxia Wuhe’ are greater, which are 168.26 pm and 161.29 um,
respectively. The minimum TL of “Zhengmei’ (TL = 85.00 um) is significantly lower than
those of other varieties (p < 0.05) except for ‘Shine Muscat’. Comparing TUE and TLE,
TUE arranges more orderly and is slightly larger than TLE, but there is no significant
difference in cell size (p < 0.05). Under the naturally high-temperature conditions in
Turpan, the TUE of ‘Summer Black” and ‘Centennial Seedless’” are significantly higher than
other varieties (p < 0.05), which are 32.57 um and 30.19 um, respectively. ‘Flame Seedless’
presents the minimum in 19 grapevine varieties (TUE = 9.88 um); it is significantly lower
than other varieties, except for ‘Qingfeng’, ‘Cardinal’ and ‘Centennial Seedless” (p < 0.01).
The thicknesses of TLE and TUE resemble each other. The TLE of ‘Zitian Wuhe’, “Zaoxia
Wuhe’, "Zuijinxiang” and ‘Centennial Seedless’ are significantly greater than that of other
varieties, except of ‘Centennial Seedless’ (p < 0.01), with ‘Zitian Wuhe” having a maximum
TLE of 24.31 um, and ‘Golden Finger’ having a significantly lower minimum TLE than
other varieties (10.19 um; p < 0.01) (Figure 3).

3.5. Palisade Tissue, Spongy Tissue and Palisade Tissue/Spongy Tissue

The structural characteristics of mesophyll cells are directly related to photosynthesis,
and their degree of differentiation can indirectly indicate the heat tolerance of plants,
while the larger the palisade tissue/spongy tissue (P/S), the stronger the heat tolerance.
The palisade tissue is significantly the largest in ‘Cardinal” and ‘Kyoho’, at 57.66 um
and 54.63 um, respectively (Table 2; p < 0.01). However, it is significantly the smallest in
‘Thompson Seedless’ (p < 0.01). The significantly largest spongy tissue is that of ‘Centennial
Seedless’ (24.65 pm), whereas ‘Zhengyan Wuhe’ and ‘Kyoho” have the significantly smallest
one (p < 0.05). The P/S ratio ranges from 1.12 to 3.14. Four varieties have a significantly
higher P/S than 2.0, including ‘Qingfeng’, ‘Kyoho’, ‘Cardinal” and ‘Zaoxia Wuhe’ (p < 0.01).
Among them, ‘Qingfeng’ (P/S = 3.14) reaches the maximum, indicating that its heat
tolerance is relatively strong, while “Zhengyan Wuhe’ has the minimum P/S of 1.12,
indicating that its heat tolerance is relatively weak.
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Table 2. Comparison of leaf anatomical structure indexes of different grapevine varieties.

No. TUE (um) TPT (um) LV (um) TST (um) TLE (um) St (um) GC (um) Cu (um) TL (um) P/S

1 14.24 £2.28 gh 36.8 + 7.64 cd 18.01 £3.62¢ 20.12 4 4.69 de 10.19 + 3.18 h 734 +325a 6.66 = 2.46 defgh 289£151¢g 111.33 £ 7.69¢ 1.91+053d
2 13.4 + 3.32 hi 2545+ 284 f 184 +3.49e 14.35 + 3.33 f 16.96 + 3.4 bede 431 +1.74 fgh 6.06 = 2.41 fgh 3.55 £ 1.03 defg 93.34 +9.78 hi 112+ 031h
3 9.88 £3.32j 24.07 +4.01 fg 14.14 £3.27 fg 14.03 +4.07 f 17.91 + 3.48 bed 4.08 4 2.06 ghi 6.79 4 3.19 defgh 3.47 +1.23 defg 103.77 £ 14.34 f 1.84 + 0.53 de
4 1712+ 35fg 33.94 +6.14d 3452 +792a 22.09 £ 4.25 bed 18.86 + 4.81 bc 5.57 + 1.85 bcde 6.68 = 1.94 defgh 3.15+ 1.15efg 11444 £ 105e 1.58 £ 0.37 defg
5 30.39 + 37.78 cd 54.63 = 8.27 a 31.72 +581b 22.7 + 3.82 abc 13.45 +3.22 fg 5.47 + 3.24 cdef 7.86 + 2.8 bed 294+ 114¢g 161.29 £11.03 b 2.47 +0.56 ¢
6 11.32 + 3.52 hij 57.66 £12a 2694 £5.77 ¢ 21.07 + 4.1 bed 17.86 + 3.37 bed 4.53 + 2.35 efgh 6.47 4 2.98 defgh 287+126¢g 14998 £ 13.12 ¢ 2.85+095b
7 16.37 + 6.65 fg 19.36 £ 3.94h 23.04 +422d 1529 +£3.85 f 13.6 +£3.34 fg 4.8 + 2.5 defgh 55+284h 3.05 £ 1.02 fg 101.03 £ 21.9 fg 1.35+ 0.47 gh
8 12.33 £ 3.74 hij 4792 +794b 23.26 +5.78d 16.26 +4.12f 16.3 £+ 3.72 cde 5.98 + 2.12 bc 5.66 + 2.32 gh 134 +1.34h 144.93 +13.14 cd 314+£091a
9 22.08 +5.28 d 23.6 £2.18 fg 15.11 £ 2.86 f 21.38 + 5.43 bed 15.68 + 5.04 def 4.89 £ 1.6 cdefgh 537 +£1.82h 3.02+1.79 fg 92.89 + 12.84 hi 1.17+03h
10 30.19 +9.08 a 39.13 £5.11c¢ 23.66 +5.52d 24.65 +5.03 a 21.96 £ 5.61 a 5.41 + 1.5 cdef 89 +222ab 3.96 + 1.33 cd 139.34 +£11.73 d 1.65 £ 0.38 defg
11 10.55 £ 4.39 ij 20.87 £7.18 gh 12.08 +4.96 gh 11.77 £ 238 g 1252 +£349 ¢ 4.71 £+ 1.38 defgh 572 +£2.08 gh 3.8+ 1.15de 92.2 £9.18 hi 1.85 + 0.84 de
12 25.6 = 7.27 bc 2947 £4.13 e 18.92 +4.47 e 1841 +4.15e 19.22 +£5.34b 314+ 1251 8.39 + 2.71 abc 4.67 +0.99 bc 100.61 + 6.98 fg 1.67 £ 0.4 def
13 21.1 £5.69 de 22.51 £+ 4.73 fgh 11.37 + 2.62 hi 1551 £294 f 16.44 + 3.77 cde 4.57 + 1.32 efgh 6.27 + 1.88 efgh 4.6 £1.37 bc 95.54 £11.63 gh 1.5+ 0.39 fg
14 19.04 + 4.69 ef 2443 +239f 9.69 £2.151 16.33 £ 291 f 17.66 + 4.39 bed 3.95 £+ 0.82 hi 7.1 £ 3.01 cdefg 496 +1.11 ab 87.87 £ 7.48ij 1.54 + 0.31 efg
15 1737 £542f 25.45 + 2.58 f 12.39 £ 2.98 gh 1539 £2.3f 14.8 £ 3.49 efg 5.22 4 2.03 cdefg 7.36 + 2.24 cdef 4.03 +1.42 cd 85+ 14.73 1.68 + 0.25 def
16 26.84 £ 8.01b 34.58 +5.02d 1547 £2.81f 20.57 £ 3.79 cd 2431 +8.19a 5.8 + 1.39 bed 8.39 + 2.47 abc 415+ 137 cd 11296 £ 17.16 e 1.74 + 0.42 def
17 21.92 4+ 6.62 de 2932 +4.48e 202 +£375e 22.15 + 3.2 bed 2238 £4.65a 5.64 + 1.55 bede 7.62 + 1.68 bede 415+ 1.37 cd 11296 £ 17.16 e 1.35+0.26 gh
18 3257 £546a 47.05+8.92b 23 +3.59d 21.08 £+ 4.9 bed 2277 £4.34a 6.64 + 1.35 ab 951 +212a 3.74 £ 1.57 def 168.26 £ 13.56 a 235+0.75¢
19 2254 +544 d 2471 394 f 18.18 +2.79 e 22.93 + 4.46 ab 19.46 £ 4.37Db 4.65 + 1.63 defgh 7.42 + 2 cdef 55+ 11a 104.71 £7.92 f 1.89 +0.58 d

The average value of TUE, TPT, LV, TST, TLE, St, GC, Cu, TL and P/S are means + S.E. Different lowercase letters in each column indicate significant difference at p < 0.05. TUE: thickness
of upper epidermis; TPT: thickness of palisade tissue; LV: leaf vein; TST: thickness of spongy tissue; TLE: thickness of lower epidermis; St: stoma; GC: guard cell; Cu: cuticle; TL: thickness
of leaves; P/S: palisade tissue/spongy tissue. 1: ‘Golden Finger’; 2: ‘Zhengyan Wuhe’; 3: ‘Flame Seedless’; 4: ‘Jumeigui’; 5: ‘Kyoho’; 6: ‘Cardinal’; 7: ‘Bixiang Wuhe’; 8: ‘Qingfeng’;
9: ‘Jintian Meigui’; 10: ‘Centennial Seedless’; 11: “Thompson Seedless’; 12: ‘Summer Black’; 13: “Xinyu’; 14: ‘Shine Muscat’; 15: ‘Zhengmei’; 16: ‘Zitian Wuhe’; 17: ‘Zuijinxiang’; 18: “Zaoxia
Wubhe’; 19: ‘Brilliant Seedless’.
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3.6. Stomata, Guard Cells and Cuticle

Stomata (St) are the main pathways of photosynthetic gas exchange metabolism in
plants. Stomatal opening is mainly regulated by guard cells (GC), which generally increases
with the rise in temperature. However, high temperature (>30 °C) will lead to strong
transpiration. At this temperature, guard cells close stomata to avoid water loss. Under
the natural high-temperature conditions in Turpan, ‘Golden Finger’ (St = 7.34 um) has
the maximum stomata number on leaves, “Zaoxia Wuhe” has the second highest number
(St = 6.44 um), and ‘Summer Black” has the minimum (St = 3.14 um) (Table 2). The guard
cell dimension of ‘Golden Finger’ is significantly higher than that of other varieties. The
guard cell dimension ranges from 5.37 pm to 9.51 pm in 19 grapevine varieties; four
varieties bear guard cells longer than 8 pum, including ‘Zaoxia Wuhe’, ‘Centennial Seedless’,
‘Summer Black” and ‘Zitian Wuhe’. ‘Jintian Meigui’” has the significantly shortest guard
cells at 5.37 pm (p < 0.01). The cuticle (Cu) is a membrane composed of impermeable
adipose tissue, which can improve heat tolerance in plants by reducing transpiration and
prevent water loss in high-temperature environments [21]. The cuticle of “Zhengyan Wuhe’
is significantly the thickest one (Cu = 5.50 pm) (Figure 2). ‘Shine Muscat’ (p < 0.05) and
‘Qingfeng’ have the significantly thinnest cuticle (1.34 pm) (p < 0.01).

3.7. Leaf Vein, CTR and SR

Leaf veins (LV) are composed of vascular bundles distributed in the mesophyll tissue
and play a role in conduction and physical support. The veins of different grape varieties
have different compactness and arrangement. Some have thicker vascular bundles. Under
the natural high-temperature conditions in Turpan, the stomata of the leaves of ‘Jumeigui’
were significantly the largest (diameter 34.52 um) of the 19 grapevine varieties, followed by
‘Kyoho' (diameter: 31.72 pm), ‘Cardinal’ (diameter: 26.94 pm) and other varieties (p < 0.05).
‘Shine Muscat’ significantly has the smallest veins (diameter: 9.69 pm) (p < 0.05). The CTR
value is the ratio of palisade tissue thickness to leaf thickness, indicating the compactness of
tissue structure. CTR values are commonly used as an important indicator to describe the
heat tolerance of plants [19]. The CTR values of 19 grapevine varieties lie between 20.30%
and 38.63%. The CTR of ‘Cardinal’ is significantly the highest value (38.63%) (p < 0.01)
(Figure 4). ‘Bixiang Wuhe’ has the lowest CTR (20.30%). SR is the ratio of spongy tissue
thickness to leaf thickness, indicating the porosity of the tissue structure. The smaller the
SR, the stronger the heat resistance [20]. ‘Jintian Meigui” has the significantly highest SR
(23.43%). ‘Zhengyan Wuhe’ and ‘Qingfeng’ have the significantly lowest SR (11.30%).

3.8. Correlation Analysis

Pearson correlation analysis of the 12 cell structure indicators was carried out on the
leaves of different grapevine varieties. Results showed that there was a certain correlation
between the indicators (Figure 5). The TUE was positively correlated with TST (0.650 **),
TLE (0.524 **) and GC (0.781 **). The TPT was positively correlated with LV (0.670 **), TST
(0.513 **) and TL (0.917 **), and negatively correlated with Cu (—0.499 *). LV was positively
correlated with TST (0.565 **), TL (0.700 **) and CTR (0.472 *), and negatively correlated
with Cu (—0.482 *). TST was positively correlated with GC (0.537 *) and TL (0.537 *). The
TLE was also significantly positively correlated with GC (0.665 *), St and TL (0.481 *). The
TL was significantly positively correlated with CTR (0.551 *). A high positive correlation
was found with P/S (0.712 **) and a significantly negative correlation was found with Cu
(—0.497 *), while SR was significantly positively correlated with Cu (0.495 *).
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Figure 4. The CTR and SR values of grapevine leaf anatomy. Different letters indicate means which
are significantly different at p < 0.05. (a) The CTR values of 19 grapevines. (b) The SR values of
19 grapevines. X-axis represent grape genotypes. 1: ‘Golden Finger’; 2: ‘Zhengyan Wuhe’; 3: ‘Flame
Seedless’; 4: ‘Jumeigui’; 5: ‘Kyoho’; 6: ‘Cardinal’; 7: ‘Bixiang Wuhe’; 8: ‘Qingfeng’; 9: ‘Jintian Meigui’;
10: “Centennial Seedless’; 11: “Thompson Seedless’; 12: ‘Summer Black’; 13: “Xinyu’; 14: ‘Shine Muscat’;
15: “Zhengmei’; 16: ‘Zitian Wuhe’; 17: “Zuijinxiang’; 18: ‘Zaoxia Wuhe’; 19: ‘Brilliant Seedless’.
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Figure 5. Correlation analysis diagram. ** shows highly significant correlation at 0.01 level and
* indicates significant correlation at 0.05 level. CTR: Palisade tissue/leaf thickness ratio; Cu: cuticle;
GC: guard cell; P/S: ratio of palisade tissue/spongy tissue; LV: leaf vein; SR: spongy tissue/thickness
of leaf; St: stoma; TL: thickness of leaf; TLE: thickness of lower epidermis; TPT: thickness of palisade
tissue; TST: thickness of spongy tissue; TUE: thickness of upper epidermis.

3.9. Principal Component Analysis and Heat Tolerance Evaluation

The principal component analysis (PCA) method can be used to obtain a clear pic-
ture of how different grapevine leaf cell structure components contribute to a particular
trait [20,22]. The K value (>0.6) and p value (<0.01) obtained from KMO (Kaiser-Meyer—
Olkin) and the Bartlett tests showed suitability of the principal component analysis [23].
Through a factor analysis of the 12 main indicators, the cumulative contribution rate of
the two principal components is 69.41%, and the eigenvalue is greater than 1.0, which
ultimately covers most of the information of each character indicator and can be used as the
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principal component of the comprehensive character indicator. The variance contribution
rate of PC1 is 41.09%, which mainly represents the index information of TPT, TL, P/S, CTR,
LV, etc., while the variance contribution rate of PC2 is 28.32%, which mainly represents the
index information of the TUE, GC, TLE, TST, Cu, SR, etc. As shown in Figure 6, the selected
12 indicators only formed two clusters with good separation, most of which are located on
PC1 (clusters 1 and 2), where cluster 1 is mainly located on PC1, including P/S, CTR, SR,
TPT, TL, LV, St, etc., while cluster 2 is mainly located under PC2 and on PC1, including TST,
TLE, GC, TUE, etc., while the cuticle is located under PC1 and PC2 (cluster 2).

PC1

PC2(28.32%)
o
]

@2 .
TST
—o = ’Eu .#17 % &\ ‘ #18
@19 ' #16 L
TUE @#10
-2
- | | | |
-4 -2 0 2 4 6

PC1(41.09%)

Figure 6. Principal component analysis of leaf cell structure components. Vectors indicate the
direction and strength of each variable to the overall distribution. Colored symbols correspond to leaf
structure components. Cluster 1: CTR, P/S, TPS, TL, LV, St, SR, and cluster 2: Cu, TLE, GC, TST, TUE.

Based on PCA, the results showed that the ‘Kyoho’, ‘Cardinal’, ‘Zaoxia Wuhe’,
‘Qingfeng’, ‘Centennial Seedless’, ‘Jumeigui’, ‘Golden Finger’ and ‘Zitian Wuhe” have
higher scores of PC1 in 19 grapevine varieties, while the ‘Centennial Seedless’, ‘Brilliant
seedless’, ‘Zitian Wuhe’, “Zaoxia Wuhe’ and ‘Zuijinxiang’ have higher scores of PC2 in
19 grapevine varieties. The model was used to analyze and rank the comprehensive scores
of leaf traits of 19 grapevine varieties. The comprehensive score of the principal components
is ranked as follows (Table 3): ‘Zaoxia Wuhe’ > ‘Kyoho’ > ‘Centennial Seedless’ > ‘Cardinal’
> ‘Zitian Wuhe’ > ‘Jumeigui’ > ‘Zuijinxiang’ > ‘Qingfeng’ > ‘Summer Black” > ‘Brilliant
seedless’ > ‘Golden Finger’ > ‘Jintian Meigui’ > ‘Zhengmei’ > ‘Shine Muscat’ > ‘Xinyu’ >
‘Zhengyan Wuhe’ > ‘Flame Seedless’ > ‘Bixiang Wuhe’ > “Thompson Seedless’.
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Table 3. Principal component scores of cultivars and rank.

No. Cultivars Fq Rank; F, Rank, F Rank Heat Tolerance
1 Golden Finger 0.43701 7 —0.76282 13 —0.052 11 Medium
2 Zhengyan Wuhe —0.56488 11 —0.82448 15 —0.6747 16 Weak
3 Flame Seedless —0.6953 13 —0.8409 16 —0.7592 17 Weak
4 Jumeigui 0.46852 6 0.19565 8 0.3595 6 Medium
5 Kyoho 1.81753 1 0.07831 10 1.1159 2 Strong
6 Cardinal 1.61936 2 —0.89711 17 0.5981 4 Medium
7 Bixiang Wuhe —0.8295 15 —0.8212 14 —0.8311 18 Weak
8 Qingfeng 1.47415 4 —1.85897 19 0.1174 8 Medium
9 Jintian Meigui —0.82192 14 0.13828 9 —0.4335 12 Weak
10 Centennial Seedless 0.69555 5 1.51558 1 1.0358 3 Strong
11 Thompson Seedless —1.01656 17 —1.45255 18 —1.2014 19 Weak
12 Summer Black —0.42692 10 0.78397 6 0.0666 9 Medium
13 Xinyu —1.03539 18 —0.08435 11 —0.652 15 Weak
14 Shine Muscat —1.05973 19 0.22746 7 —0.5387 14 Weak
15 Zhengmei —0.65071 12 —0.23027 12 —0.4824 13 Weak
16 Zitian Wuhe 0.03903 8 1.29195 3 0.5526 5 Medium
17 Zuijinxiang —0.13273 9 1.05875 5 0.3547 7 Medium
18 Zaoxia Wuhe 1.51481 3 1.12429 4 1.364 1 Strong
19 Brilliant Seedless —0.83232 16 1.3584 2 0.0603 10 Medium

The F (factor) value is represented as the comprehensive principal component factor score, and rank is the classification of heat tolerance of different grapevine varieties by SPSS 19.0.
The F; (factor 1) value is represented as principal component factor 1, and R; (rank;) is represented as the rank of F; value in 19 grapevines. The F, (factor 2) value is represented as the
principal component factor 2, and R, (rank;) is represented as the rank of F, value in 19 grapevines.



Horticulturae 2023, 9, 731

13 of 17

In addition, the F value was further classified by using the ordered sample optimal
segmentation clustering method to obtain the optimal segmentation error function and clas-
sification results of all varieties for heat tolerance (Table 4). With the increase in classification
numbers, the error function tended to be stabled, and it was categorized into three grades.
The F test shows that the difference between each grade is very significant (p < 0.01). There-
fore, a three-level segmentation model was found suitable and all 19 varieties were screened
and evaluated according to this standard. It was observed that ‘Zaoxia Wuhe’, ‘Centennial
Seedless” and ‘Kyoho’ were defined as heat-tolerant leaf varieties, and ‘Golden Finger’,
‘Jintian Meigui’, “Zhengmei’, ‘Shine Muscat’, ‘Xinyu’, “Zhengyan Wuhe’, ‘Flame Seedless’,
‘Bixiang Wuhe” and “Thompson Seedless” were defined as heat-sensitive varieties.

Table 4. Classification results of F value under different cluster numbers.

Cluster Number Error Function Optimal Segmentation Results
2 0.4129 1-11,12-19
3 0.1355 1-3,4-11, 12-19
4 0.0823 1-3,4-7,8-11, 12-19
5 0.0381 1-3,4-7,8-11, 12-18, 19
6 0.0225 1-3,4-7,8-11, 12-14, 15-18, 19
7 0.0141 1,2-3,4-7,8-11,12-14, 15-18, 19

The column number of “optimal segmentation results” indicates the rank of 19 cultivars, the same as Table 3.

4. Discussion

Temperature is one of the most important factors influencing the global grapevine dis-
tribution [15,24]. With the average temperatures continuously rising due to global warming,
high temperature has become one of the most significant negative factors that inevitably
limits grape yield and quality [3,25]. In order to adapt to the high-temperature environment,
grapevine plants have also evolved their ecological habit of adapting to the high tempera-
ture stress by responding to high temperature stress in a timely manner. However, there
are significant differences in heat tolerance among grapevine genotypes. Heat tolerance is a
genetic characteristic of adaptation for plants to high temperature stress within a long-term
period, and it is not only dependent on their internal physiological and biochemical struc-
tures, but also mainly on their genetic characteristics and morphological and organizational
structures [4,19,26]. Wu et al., (2019) found that physiological and biochemical indexes are
susceptible to environmental factors and show different changes [27,28]. Moreover, leaves
are mostly composed of plastic tissues and organs which are established during plant
evolution. Leaf shape and anatomy result from long-term evolution. Different adaptation
types establish under different environmental conditions and are less relatively affected by
transient environmental factors [29,30]. Therefore, an important evaluation index in the
study of plant heat tolerance has often been used. Previous studies on the heat tolerance
of the genera Vitis [19], Jujube [31], Rhododendron [20] and other crops, based on their leaf
structures, suggested that the stability of the leaf cell structure is related to the heat tolerance
of grapevines. There are many methods and indicators to evaluate plant heat tolerance
based on cell structure, among which principal component analysis (PCA) can integrate its
performance and simplify the selection process of various indicators, which is convenient
for a comprehensive evaluation of the heat tolerance of various plants. The anatomical
changes of leaves under high temperature and drought stress are relatively similar [32], so
there are many applied studies on the evaluation of drought resistance and heat tolerance
of fruit trees, flowers, vegetables, wheat, and other crops using the PCA method [33-35].
For instance, Guo et al. (2020) screened 10 relevant indexes as typical indicators for the
comprehensive evaluation of drought resistance of 238 chestnut varieties (lines) after PCA
analysis on the leaf anatomy of 238 varieties (lines) of Chinese chestnut [36]. Ding et al.
(2022) evaluated the leaf cell structure of twenty-five grapevine rootstock cultivars based on
PCA analysis and screened five rootstock varieties with strong drought resistance [22]. Qiu
et al. (2022) conducted PCA analysis of seven rhododendron species based on leaf structure
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and found that the damage symptoms under artificial simulation of high temperature stress,
and the conclusions reached by the evaluation and screening of field heat-tolerant varieties
were ultimately consistent [20]. This previous approach revealed that it is convenient to
use PCA analysis while screening and evaluating the heat tolerance of grapevines based on
their cells. PCA was used in our study and the results showed that the ‘Kyoho’, ‘Cardinal’,
‘Zaoxia Wuhe’, ‘Qingfeng’, ‘Centennial Seedless’, ‘Jumeigui’, ‘Golden Finger” and ‘Zitian
Wuhe’ had higher scores of PC1 in 19 grapevine varieties. Therefore, the present study
used PCA dimension reduction and cluster analysis to conduct a comprehensive evalu-
ation on multiple indicators, allowing for the relative screening of heat-tolerant variety
resources while also providing a reference for the evaluation and classification of grapevine
heat tolerance.

The heat tolerance of plants is largely related to the cell structure of their leaves,
especially the thickness of leaves, epidermal cells, palisade tissue, spongy tissue and cuticle,
which have a significant impact on their heat tolerance [20,30]. This study found that
under the high temperature (drought) stress conditions in the Turpan area, the cell and
tissue structures of the leaves of 19 grapevine varieties had a certain degree of change,
including mesophyll tissue disorder, cell gap expansion, mesophyll tissue water loss and
atrophy and plasmolysis, which was consistent with the observation results of previous
researchers in response to high temperature stress in Citrus [37], Vitis [26] and Azalea [38].
The research shows that the greater the proportion of palisade tissue and the P/S in the
leaf structure, the more beneficial it is to enhance the utilization rate of water and light
energy in the leaves. In our current study, some varieties with a higher heat tolerance
showed a greater proportion of palisade tissue and P/S in the leaf, when compared with
the sensitive varieties. It prevents the excessive evaporation of water in the leaves and
alleviates the leaf damage caused by high temperature dehydration, which can reflect
the heat tolerance of plants [20,39]. In this study, we found that the weak heat-tolerant
varieties have relatively lower P/S and higher SR values in 19 grapevine varieties, such
as ‘Bixiang Wuhe’, ‘Flame Seedless’, ‘Shine Muscat” and Thompson Seedless’, while the
P/S and TPT were also higher and SR was relatively lower in strong heat-tolerant varieties.
At the same time, the thicker leaves are more beneficial in preventing water evaporation,
and the epidermal cells have the function of regulating the morphological changes of the
leaves [40]. This study found that the thickness of the leaves and epidermal cells of the
varieties ‘Zaoxia Wuhe’, ‘Centennial Seedless” and ‘Kyoho’ had strong and relatively higher
heat tolerance, which is consistent with the field observation results.

Photosynthesis is extremely sensitive to high temperatures and often ceases before
other cell activities are compromised. As an important channel for plant photosynthesis
and gas exchange, the morphological and structural changes of leaves are the most obvious
characteristics of grapevines affected by high temperature [41,42]. It not only determines
the phenotypic structure and function of leaves, but also their adaptive processes in re-
sponse to high temperature stress, which reflects the degree of high temperature damage
and heat tolerance [12,43]. The methods of simulating high temperatures under controlled
conditions were widely used in the past to evaluate the heat tolerance of grapevine, but in
the field, the grapevines often encountered environmental effects which made the study
more complicated, resulting in both the intensity and the timing of daily high temperatures
in the summer to vary. However, the temperature drop at night will provide grapevines
with opportunities to resume normal growth [18,44]. Studies related to field natural high
temperature and indoor-simulated high temperature were also compared. Previous re-
search showed that the PSII activity and heat shock protein changing trends in grapevine
leaves were relatively similar, but the degree was different [23,45]. Therefore, in the current
study, we chose to analyze the anatomical structure of grapevine leaves grown in the field
under the natural high temperature stress in Turpan, combined with the comprehensive
observation and comparison of the field phenotypes of the leaves, and the results have
more reference significance for revealing the process of grapevine response to high temper-
ature. At the same time, the leaf cell structure reflects the high temperature tolerance of 19
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grapevine varieties, which is also essentially consistent with the situation under natural
high temperature stress. This can be used as a reference for research on how to choose
grapevine varieties and make them resistant to heat in the Turpan grape production indus-
try. In addition, the heat tolerance of plants is controlled by a variety of heat tolerance genes,
which are specifically reflected in the morphological and anatomical structures, tissue cells,
photosynthetic organs and the physiological and biochemical aspects of plants. However,
this study only observed and studied the relationship between the anatomical structure
of leaves and heat tolerance, and further research is needed to provide a more scientific
theoretical basis for revealing the process of grapevine response to high temperature.

5. Conclusions

Due to the challenge of accurately representing the heat tolerance of grapevines in
their natural environment through indoor high-temperature climate simulations, this study
employed a comprehensive comparative analysis based on the leaf tissue structure of differ-
ent grapevine varieties. Additionally, field observations of leaf phenotypes were conducted
under natural high-temperature conditions in Turpan. As a result, three grapevine vari-
eties with high temperature tolerance and five grapevine varieties with high temperature
sensitivity were identified. This research not only provides valuable insights for grape
production in hot and arid regions, but also contributes to understanding the mechanisms
of heat tolerance and aiding in grapevine variety selection.
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