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The growth and productivity of horticultural crops have been significantly impacted
by human activities and global climate change [1]. In order to effectively meet the demands
of a rapidly growing global population, which is projected to surpass 3 billion, it is antici-
pated that agricultural production must significantly increase by up to 70% by the middle
of this century [2]. Abiotic stress conditions include drought, salinity, heat, sodic alkaline,
heavy metal exposure, etc. [3-5], and biotic stress conditions, including the presence of
bacteria, fungi, viruses, nematodes, and insects, significantly impact the productivity and
vigor of horticultural crops [4,6-9]. These biotic and abiotic stresses impact seed germi-
nation in horticultural crops as well as their reproduction, quality, growth, and yield [4].
Consequently, it is important to investigate the physiological, molecular, and biochemical
mechanisms at work in horticultural crops to determine the impact of these stresses on
their growth and identify mitigation strategies and potential resistance mechanisms [4]. In
addition, plants have evolved complex adaptive mechanisms that enhance their resilience
to adverse conditions [10]. A clear understanding of these biotic and abiotic stresses and
their interaction with the physiological processes of horticultural crops is essential for
improving these crops’ resistance to stress.

This Editorial refers to the Special Issue “Horticulture Plants” Stress Physiology”,
which focuses on exploring novel opportunities and addressing the challenges in enhancing
the performance of horticultural plants under diverse biotic and abiotic stresses and the
molecular mechanisms that they use to cope with these stresses. This Special Issue attracted
a significant number of submissions, all of which underwent a thorough peer-review
process. A total of thirteen papers were accepted for publication in this Special Issue,
comprising twelve original research articles and one review. The final contributions are
listed below.
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Abstract: The evaluation of photosynthetic characteristics of plants is important for the success rate of
germplasm introduction. To select grape varieties with higher adaptability and trait performance, this
experiment is aimed at evaluating and comparing the photosynthetic indices, chlorophyll fluorescence
parameters, photosynthetic pigment content, and leaf characteristics of five Chinese hybrid varieties.
The results showed that under high light intensity stress, the leaf growth of ‘Ruidu Cuixia” was most
affected and its specific leaf weight was the lowest, while ‘Jing Hongbao” had the highest chlorophyll
content. The maximum net photosynthetic rate (Pnmax), maximum light quantum yield (Fy/Fr), and
apparent quantum efficiency (AQE) were different among varieties. It was reported that the ‘Ruidu
Zaohong’ variety had the highest Phmax. ‘Ruidu Wuheyi’ was found to have the highest Fy/Frn, while
the highest AQE was recorded for ‘Ruidu Cuixia’, with intercellular CO, concentration (C;) and
stomatal conductance (gs) at 292.56 pumol-mol~?, 766.56 mmol-m~2-s~!, and 66.8 pmol-m~2-s71,
respectively. The indices of ABS/CSm, TR,/ CSm, and DI, /CSy, were significantly different among
varieties, and these indices of ‘Ruidu Zaohong’ were the highest. P, was positively correlated
with C; and Ty, gs were positively correlated with Fy and TR,/CSm. The specific leaf area was
negatively correlated with Fy/Fn and ®pj,. The results of the principal component analysis and
TOPSIS comprehensive evaluation showed that ‘Jing Hongbao” and ‘Ruidu Cuixia” performed best.
Overall, the measurement of the photosynthetic characteristics of the plants during the growing
period provided valuable data for the varietal introduction strategies. The better photosynthetic
performance of ‘Jing Hongbao’ and ‘Ruidu Cuixia” indicates more adaptability to the long day, high
light intensity, and the high-temperature climate of Xinjiang.

Keywords: grapes; grape hybrid varieties; adaptation; photochromism; fluorescence

1. Introduction

A natural climate of large temperature differences between day and night, long
sunshine hours, and a dry climate [1] have always been advantageous for quality grape
production. Traditional local varieties, owing to their geographical advantages, dominate
most of the grape market and are the best-selling fruit products of the season in grape-
growing areas. China is the largest producer of table and fresh grapes in the world (OIV
2022; https:/ /www.oiv.int/what-we-do/country-report?oiv, accessed on 6 September

Horticulturae 2023, 9, 1035. https:/ /doi.org/10.3390/horticulturae9091035 https://www.mdpi.com/journal /horticulturae
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2023), and the Xinjiang region holds the top position in China. Grapes grown in Xinjiang
are of good quality due to the unique climatic conditions in the region. However, the
Xinjiang grape industry relies excessively on local varieties, resulting in a monotonous
product structure that no longer meets the development needs of the grape industries.

To enrich the table grape variety resources in the region and enhance the efficiency and
competitiveness of the Xinjiang grape industry, the Institute of Horticultural Crops at the
Xinjiang Academy of Agricultural Sciences introduced several superior new grape varieties
in 2019 for regional trial observation. The aim was to offer wider varieties for production.
The current study hypothesized that the performance of newly introduced table grape
varieties, when exposed to high light intensity conditions, will demonstrate significant
differences in their photosynthetic and chlorophyll fluorescence characteristics, suggesting
that certain varieties will exhibit superior adaptability and resilience to elevated light
levels compared to others. The assessment of the success of introduced species depends
significantly on the adaptive capacity of the introduced plants, including their ability
to adapt to the local environment through seasonal rhythmic growth and development
patterns, high production yield, and other relevant ecological and economic factors [2,3].

Photosynthesis is an important indicator of plant growth and production [4] and
consists of components such as photosynthetic pigments, electron transport systems, and
photosystems, each of which can potentially be affected by abiotic stresses [5]. Therefore,
the study of photosynthesis performance in plants can reveal their growth potential [6],
and it can be used as a basis for judging the success of plant variety introduction. Du
et al. [7] showed that carbon metabolism was severely impaired under low nitrogen stress,
leading to a decrease in the CO, assimilation rate, which accumulates in the cells and
affects the overall photosynthetic rate. This phenomenon is mainly caused by stomatal
and non-stomatal factors. In recent years, chlorophyll fluorescence detection techniques
have been widely used to monitor the photosynthetic capacity of plants under different
growth conditions, such as drought stress [8], salt stress [9], nitrogen stress [10], and
high-temperature stress [11], etc. The results of Kromdijk et al. [12] showed that the gp
and NPQ of plants were always fluctuating under different stress conditions and became
the standard to measure the inhibition of the electron transport chain. According to the
results of Zhao et al. [13], the study of fluorescence kinetics is helpful in understanding the
light-capturing ability of photosynthetic pigments and their tolerance to high-photon flux
density in real-time, and to judge the photosynthetic capacity of plants under the current
growth environment.

Fluorescence characteristics are extensively used in many studies related to plant
physiology and photochemistry [14]. Chlorophyll fluorescence studies can also detect gross
photosynthesis in large areas. In photosystem II (PSII), three pathways—chlorophyll fluo-
rescence, photochemical reactions, and non-photochemical quenching (NPQ)—dissipate
all of the light energy absorbed by the leaf. Some recent studies have demonstrated that
stress conditions in plants can significantly influence photosynthetic physiology. Hazrati
et al. [15] identified that both light intensity and water stress have a drastic impact on phy-
tochemistry and fluorescence in Aloe vera plants. In a separate study, it was discovered that
heat stress has a pronounced impact on the chlorophyll fluorescence properties of Rhodo-
dendron leaves [16]. Some studies including peony plants revealed that high-temperature
stress directly influences chlorophyll fluorescence induction kinetics [17]. The direct impact
of heat stress on plant fluorescence activity suggests its potential use as an indicator of
heat stress [18]. Therefore, leaf photosynthesis measurements can be used as an indicator
of plant adaptability to environmental changes and as a criterion for predicting plant
domestication potential, and provide a scientific basis for enriching table grape variety
resources in Xinjiang [19,20].

In this study, five Chinese own hybrid varieties, namely ‘Ruidu Xiangyu’, ‘Ruidu
Cuixia’, ‘Ruidu Zaohong’, ‘Ruidu Wuheyi’, and ‘Jing Hongbao’, were used as indicators of
plant adaptation. This study aimed to evaluate the physiological parameters of photosyn-
thetic characteristics, chlorophyll fluorescence, chlorophyll content, and leaf appearance of
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these five new Chinese own hybrid varieties. The objective was to assess their adaptability
to the climate in Xinjiang and provide a reference for the introduction of suitable newer
grape varieties.

2. Materials and Methods
2.1. Experimental Site Overview

The study was carried out at the grape research base (87°28' E, 45°56' N) of the Urumgi
Anningqu Experimental Field, Xinjiang Academy of Agricultural Sciences, Urumgji, China.
The base is located on the northern slope of the Tianshan Mountains on the southern
margin of the Junggar Basin. The average altitude is 600~800 m, and the terrain is gentle.
The area is under the typical temperate range of arid and semi-arid continental climates.
For this experimental field, the mean annual temperature was recorded at 7.13 °C, the
accumulated temperature of >10 °C was 3000~3500 °C, and the annual sunshine hours
were 2500~3000 h.

2.2. Experimental Plant Materials

Five Chinese hybrid grape varieties, ‘Ruidu Xiangyu’, ‘Ruidu Cuixia’, ‘Ruidu Zao-
hong’, ‘Ruidu Wuheyi’, and ‘Jing Hongbao’, were used as experimental materials (Table 1).
The introduced varieties were planted in 2019. The plant rows were oriented north to south,
with vine spacing of 1 by 3.5 m. The Y-shaped tree planting was adopted. The soil of the
vineyard is sandy loam. Recommended vineyard practices, including canopy and disease
management, were followed during the growing season. Normal soil fertilizer and drip

system was installed for water management.

Table 1. Introduction of five new table grape varieties.

Varieties Species Parent Breeding Units Breeding Year
Institute of Forestry and Fruit a ri%zle;erng.ﬁoizrt;vézﬁe t
Ruidu Xiangyu  Eurasian Jingxiu x Xiangfei Science, Beijing Academy of PPE . yt J gd A 1 y
Agriculture and Forestry Science xammaClon ar.1 pprova
ommittee
Institute of Forestry and Fruit In gie;en};zir?ozzgs?{a/;ie t
Ruidu Cuixia Eurasian Jingxiu x Xiangfei Science, Beijing Academy of ap p]gov . yt ) % A 1 y
Agriculture and Forestry Science xammaclon ar.l pprova
ommittee
Institute of Forestry and Fruit a rg\ll(]e)def)er%z?;jo1Ftrlets‘;v\a/es\rie "
Ruidu Zaohong  Eurasian Jingxiu x Xiangfei Science, Beijing Academy of P pE ) yt ) gd A 1 Y
Agriculture and Forestry Science xammzz:lon ar.1 pprova
ommittee
. . . Institute of Forestry and Fruit In 2009, it was approved by the
Ruidu Wuheyi ~ Eurasian Xiangfei x C{-llongbaoshl Science, Beijing Academy of Beijing Forest Variety Examination
seediess Agriculture and Forestry Science and Approval Committee
In 2012, it was approved by Shanxi
Jinghongbao Furasian Guibao x Wuhebai Fruit research institute of Shanxi Provincial Crop Variety

Jixin

Academy of Agricultural Sciences

Examination and Approval
Committee

2.3. Test Equipment and Test Reagents

CIRAS-3 PP Systems photosynthetic analyzer (Amesbury, MA, USA; JUNIOR-PAM
fluorometer (Heinz Walz GmbH, Effeltrich, Germany). Anhydrous ethanol procured from
Tianjin Kaitong Chemical Reagent Co., LTD, Tianjin, China.

2.4. Test Methods

2.4.1. Photo-Response Curve Determination

Ph-PAR response curve related measurements were recorded at 10:30 and 12:30
(UTC +08.00, Beijing Time) on sunny days. Three disease-free plants with moderate
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vigor were selected from each variety. From the fourth to fifth nodes of the new shoots,
three leaves were chosen. These leaves had good leaf color, similar size dimensions, and
were free from diseases and insect pests [21]. The CIRAS-3 PP Systems photosynthetic
analyzer (Amesbury, MA, USA) was used to measure the light response indices of the
leaves [22,23]. A PLC3 universal leaf cuvette light source leaf chamber was utilized, and 10
gradients ranging from 0 to 2500 umol-m~2-s~1 (2500, 2000, 1500, 1000, 750, 500, 300, 150,
75,0 prnol~m’2-s’1) were set by the light source. The data were automatically recorded,
with each gradient being stable for 90 s. The net photosynthetic rate (P,), stomatal con-
ductance (gs), transpiration rate (T;), intercellular CO, volume fraction (C;), and water
use efficiency (WUE) were measured using CIRAS-3 portable photosynthesis system (PP
Systems, Amsbury, MA, USA). The readings were automatically recorded by CIRAS-3
after a certain interval. Few parameters like relative humidity (60%), CO, concentration
(380 pmol mol 1), and leaf temperature (28 °C) were maintained using an automatic control
device on the instrument. Red-blue light (90%: 10%) was provided inbuilt LED light unit
in the CIRAS-3. Photosynthesis-light response simulations were conducted using the leaf
drift model [24], and the model fitting equation was employed.

1-BI

P =
L

I-Ry

Note: « is initial quantum efficiency; I symbolize photosynthetically active radiation
(umol-m~2.s71); Ry is dark respiration rate (itmol-m~2-s~1!); B is photoinhibition coefficient
(m?-s-umol~1); vy is light saturation coefficient (m?-s-umol ).

2.4.2. Measurement of Chlorophyll Fluorescence Parameters

The chlorophyll fluorescence parameters of varieties were measured with the same
leaves that were used for photosynthetic index measurements. The JUNIOR-PAM fluorom-
eter was used, with a 30-min dark acclimatization period before the measurements. Based
on studies by Strasser et al. [25] and Tsimilli Michael [26], the following parameters were
defined and calculated: actual light energy conversion efficiency (®pg), non-fluorescence
quenching (Ynpq), photosynthetic electron transport rate (ETR), maximum light quantum
yield (Fy/Fm), as well as other indicators. These parameters include the maximum yield
of primary photochemical reactions (®p,), heat dissipation per unit area (¥p,), light en-
ergy captured per unit reaction center (RC) (TR, /CSy,), and heat dissipation per unit area
(DI, /CSp).

2.4.3. Measurement of Leaf Appearance Traits

Twenty mature leaves were randomly selected from both, the sunny and shaded sides
of the grape trellis for all three plants. These leaves were measured for photosynthetic
indicators. The leaf area was measured using a leaf area meter, and the leaf weight was
determined using digital electronic balance. The specific leaf weight (calculated as the
single leaf weight divided by the leaf area) and specific leaf area (calculated as the leaf area
divided by the single leaf weight) were calculated.

2.4.4. Measurement of Chlorophyll Content

The chlorophyll content of each of the three plants was measured using the photosyn-
thetic index determination method. Five leaves with similar leaf color, size, and exposure
to sunlight were selected. The leaves were ground into a powder, with a weight of 0.2 g
selected for analysis. They were then mixed with 80% acetone and kept in darkness for
12 h until the sample turned white. Afterward, the mixture was filtered, and absorbance
values were measured at wavelengths of 645 nm, 663 nm, and 470 nm. These values were
recorded, and the contents of Chl a (chlorophyll a), Chl b (chlorophyll b), and carotenoids
were determined, following Arnon’s method [27].
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2.4.5. TOPSIS Evaluation Method

The TOPSIS integrated evaluation method was used to synthesize the chlorophyll
content, chlorophyll fluorescence parameters, and photosynthetic characteristic parameters
of the leaves of the five varieties to comprehensively evaluate the photosynthetic strength
of the five varieties.

In step 1, the indicators were homogenized to avoid affecting the description of
the results.

Step 2, normalization of the data.

Yi——2 =12 ... m

7 m 2,
V=1 X

In the formula, j represents a certain evaluation indicator, and m represents the number
of evaluation indicators.

Step 3: Calculate the distance between positive and negative ideal solutions (D+) and
the relative closeness degree (C):

2
D+:\/Z;n1Wj(A;FYij) , (G =1,2,...m)

2
D‘—\/Z/’,”le(Aj__yij) , (G =1,2,...m)

In the formula, j represents an evaluation index, m represents the number of evaluation
indexes, W; represents the weight value of the jth index, A].+ represents the optimal scheme

data of the jth index, A; represents the worst scheme data of the jth index and Y represents
the corresponding data of a certain evaluation object i for the jth indicator.

D-
C‘:i
I~ D—+D*

In the formula, the value of C; ranges from 0 to 1. The larger C; is, the stronger the
photosynthetic capacity of the jth new variety is, and the closer the variety’s adaptability to
the climate in Xinjiang is to the optimal level.

2.5. Data Processing and Statistical Analysis

All the data were collated in at least three replications and tabulated using Microsoft
Excel 2010, and the results were statistically analyzed by analysis of variances tests (one-way
ANOVA). We used SPSS 25.0 (SPSS Inc., Chicago, IL, USA) to perform Pearson correlation
analysis and principal component analysis, and photo-response curves were fitted and
plotted using Origin 2019.

3. Results
3.1. Chlorophyll Content and Leaf Appearance Traits

There were significant differences in leaf characteristics among the five new table grape
varieties (p < 0.05) (Figure 1). The results showed that the leaf area and single-leaf weight
of ‘Ruidu Zaohong’ were the highest among the five varieties (Figure 1A,B). The specific
leaf area of ‘Ruidu Cuixia” was 8.99% higher than that of ‘Ruidu Zaohong’ (Figure 1D). As
shown in Figure 1C, there was no significant difference in specific leaf weight among the
five new table grape varieties.

The chlorophyll content of higher plants affects the metabolic rate of the plant and
is an index for judging plant health and local adaptation. The results showed that the
chlorophyll content of the five new varieties differed significantly (p < 0.05) (Figure 2).
‘Jing Hongbao’ had the highest chlorophyll a, chlorophyll b, and total chlorophyll content,
which were 29.36%, 139.02%, and 59.33% higher than those of ‘Ruidu Zaohong’, respectively.
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Interestingly, ‘Jing Hongbao’ had the lowest values of carotenoid content and chlorophyll
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Figure 1. Comparison of leaf characteristic parameters of five new table grape varieties. Same
letter in the same figure indicates that there is no significant difference. The data in the figure are
mean =+ standard deviation, and different lowercase letters indicate significant differences (p < 0.05).
(A) Leaf area; (B) Leaf weight; (C) specific leaf weight; (D) specific leaf area.

3.2. Photosynthetic Parameters and Photo-Response Curve

Photosynthetic parameters for all the varieties were measured. From Figure 3, it can
be determined that all five photosynthetic parameters of ‘Ruidu Xiangyu’ were lower than
those of the other four varieties, with an average C; of 194.67 umol-mol~!, which is 33.46%
lower than that of ‘Ruidu Cuixia’ (Figure 3A). The gs is 145.56 mmol-m~2:s~!, which is
81.07% lower than that of ‘Ruidu Cuixia’ (Figure 3B). The P, is 9.64 pumol-m~2-s~1, which is
52.14% lower than that of ‘Ruidu Zaohong’ (Figure 3C). The T; is 5.88 mmol-mol !, which
is 49.18% lower than that of ‘Jing Hongbao” (Figure 3D).

Finally, the average WUE is 1.64 mmol-m~2-s~!, which is 15.46% lower than that of
‘Ruidu Zaohong’ (Figure 3E).

Fitting curves of the light response of five new table grape varieties were also observed.
The fitting curve presented in Figure 4 showed that the light response curve of all five
varieties shows a similar trend. With the increase in photosynthesis active radiation, the
net photosynthesis rate gradually increases. After reaching the saturation light intensity, it
stabilizes or slightly decreases. There are significant differences in the net photosynthesis
rate of the five varieties under high light intensity.
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Figure 2. Comparison of chlorophyll content in varieties. The error bar indicates the standard
deviation obtained from three biological replicates. Same letter in the same figure indicates that
there is no significant difference. The data in the figure are mean =+ standard deviation, and different
lowercase letters indicate significant differences (p < 0.05).
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Figure 3. Comparison of photosynthetic parameters of five new table grape varieties. C; (A), gs (B),
Py (C), Tt (D), and WUE (E) in the figure showed the difference in photosynthetic parameters of the
five new varieties. Same letter in the same figure indicates that there is no significant difference. The
data in the figure are mean + standard deviation, and different lowercase letters indicate significant
difference (p < 0.05).
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Figure 4. Fitting curves of light response of five new table grape varieties.

Based on the measured parameters of the P,-PAR light response curve (Table 2),
it can be observed that the photosynthetic characteristics of ‘Ruidu Xiangyu’ are the
lowest among the five varieties. The mean value of its apparent quantum efficiency is
0.0298, which is 14.83% lower than that of ‘Ruidu Wuheyi’. Its dark respiration rate is
0.85 umol-m~2:s~!, which is 72.84% lower than that of ‘Ruidu Cuixia’. Its light saturation
intensity is 1437.1 umol-m~2-s~1, which is 39.55% lower than that of ‘Ruidu Zaohong'. Its
light compensation point is 20 pmol-m~2:s~!, which is 70.06% lower than that of ‘Ruidu
Cuixia’. Finally, its maximum net photosynthesis rate is 9.8 umol-m~2-s~!, which is 51.96%
lower than that of ‘Jing Hongbao’.

Table 2. Comparison of characteristic parameters of response curves of five new table grape varieties
Pn-PAR.

Light

Maximum Net

L. Right Angle Hyperbolic Apparent Adjust . Da'rk Saturation Light . Photosynthetic
Varieties o Quantum R- Respiration Rate/ . Compensation
Modified Model Efficienc Square (umol-m—2-s—1) Point/ Point/(umol-m—2-s—1) Rate/

¥ q H (umol-m—2.s-1) H (umol-m—2.s-1)
Ruidu Xiangyu y =0.04488x L= L0002 — 0.85047 0.0298 0.991 0.85 1437.1 20 9.8
Ruidu Cuixia Yy =0.05172x {00008 — 312694 0.0371 0.998 3.13 22905 66.8 19.2
Ruidu Zaohong ~ y = 0.05921x {7 200007x _ 3 69752 0.0384 0.995 2.70 23774 49.6 21.0
Ruidu Wuheyi y = 0.05966x L0 — 2.02594 0.0391 0.995 2.03 1734.3 364 17.8
Jing Hongbao y =0.05297x L 2000P% — 270940 0.0356 0.996 271 2171.3 55.4 204

3.3. Chlorophyll Fluorescence Parameters

The dynamic parameters of chlorophyll fluorescence were mathematically analyzed
for these five different grape varieties, aiming to characterize the structural and electron
transfer performance of their photosynthetic apparatus. The analysis results reflect the pho-
tosynthetic performance of these grape varieties. Representative chlorophyll fluorescence
parameters were summarized, revealing significant differences in the regulation ability
of chlorophyll fluorescence in response to light intensity among the different varieties
(Figure 5).

10
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Figure 5. Significant differences in chlorophyll fluorescence parameters among five new table grape
varieties. ETR in the figure is the right coordinate axis degree, and other indicators are the left
coordinate axis degree. Same letter in the same figure indicates that there is no significant difference.
The data in the figure are mean + standard deviation, and different lowercase letters indicate
significant difference (p < 0.05).

Analysis of chlorophyll fluorescence parameters revealed that the highest and lowest
values of @pgyp, ETR, and gp were observed in ‘Jing Hongbao” and ‘Ruidu Wuheyi’, respec-
tively (Figure 5). The mean values of ®pgyj, ETR, and gp for ‘Jing Hongbao” were 0.38, 67.6,
and 0.66, respectively, representing higher of 46.15%, 49.00%, and 37.50% compared to
‘Ruidu Wubheyi’. Conversely, ‘Ruidu Wuheyi’ exhibited the highest mean value of Ynpg
(0.55), while ‘Ruidu Xiangyu” had the lowest mean value (0.37). In Figure 6, ‘Ruidu Wuheyi’
displayed the highest values of Fy/Fim and &p,, while ‘Ruidu Zaohong” had the lowest
values. Additionally, ‘Ruidu Zaohong’ demonstrated superior performance in parameters
such as @p, and ABS/CSy,. The lowest values of ABS/CS,, and DI, /CS,, were observed
in ‘Ruidu Wuheyi’, whereas ‘Ruidu Xiangyu” had the lowest value of TR, /CSy,.

DI/CS,, 0.6 F,

('f)l o

TR/CS,,

I Pps

ABS/CS,,
—#— Ruidu Xiangyu—&— Ruidu Cuixia—a— Ruidu Zaohong —w— Ruidu Wuheyi —#— Jing Honghao

Figure 6. Comparison of fluorescence characteristic parameters of five new table grape varieties.
(A) (DDO/ YNO/ YNPQ/ (ppo, qP’ FV/Fm, and (DPSH; (B) ABS/CSm, DIO/CSm, TRO/CSm, Fy, and Fn.

3.4. Correlation Analysis and Hierarchical Cluster Analysis

The light adaptation ability of the five varieties was analyzed by hierarchical cluster
analysis, and the results are presented in Figure 7A. From Figure 7A, it can be observed that

11
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the five varieties were divided into two categories based on clades, and their prominent
characteristics. The first category includes ‘Jing Hongbao’, ‘Ruidu Cuixia’, and ‘Ruidu Zao-
hong’, which have the highest chlorophyll content and chlorophyll fluorescence parameters
and lower light saturation intensity.

Figure 7. Correlation and hierarchical clustering analysis of chlorophyll content, chlorophyll fluores-
cence, and photosynthetic characteristic parameters of five new table grape varieties. (A) represents

hierarchical cluster analysis, and (B) represents correlation analysis. Different colors of red and
green in Panel B indicate a significant correlation at the 0.05 level (two-tailed). Red indicates a high
positive correlation, green indicates a high negative correlation, the redder the color, the higher
the positive correlation between different indicators, the greener the color, and the negative phase
between different indicators.

The second category includes ‘Ruidu Xiangyu” and ‘Ruidu Wuheyi’, which have lower
chlorophyll content and chlorophyll fluorescence parameter values but higher apparent
quantum efficiency values.

Pearson correlation analysis was performed on the 25 photosynthetic phenotypic
indices of the five varieties (Figure 7B). From Figure 7B, it can be observed that P, is
significantly positively correlated with C; and T; (p < 0.05), and their correlation coefficients
are all greater than 0.92. gs is significantly positively correlated with F, and TR, /CSy,, and
its correlation coefficient is 0.885. Specific leaf area is significantly positively correlated
with @p, and gp, and negatively correlated with ®p, and Fy/Frm (p < 0.05). Their correlation
coefficients are all greater than 0.92.

Further correlation analysis results clearly showed that there is a good correlation
between photosynthetic characteristics and chlorophyll fluorescence parameters, indicating
that the evaluation of plant photosynthetic capacity needs to comprehensively consider
both photosynthetic and chlorophyll fluorescence indicators.

12
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3.5. Principal Component Analysis

Principal component analysis was performed on the 25 photosynthetic and chlorophyll
fluorescence indicators in the experiment. Four principal components with eigenvalues
greater than 1 were extracted (Table 3), accounting for a cumulative contribution rate of
100% and effectively retaining most of the information from the original variables. These
four principal components were used for a comprehensive analysis of the photochemical
efficacy of the five varieties. The eigenvectors of the principal components were calculated
based on the principal component loading matrix and eigenvalues.

Table 3. Principal component characteristic values, contribution rate, and cumulative contribution
rate of five new table grape varieties.

Principal Eicenvalue Rate of Accumulating
Component Number & Contribution/% Contribution Rate/%
1 10.9385 43.75% 43.75%
2 7.3320 29.33% 73.08%
3 3.5369 14.15% 87.23%
4 3.1926 12.77% 100.00%

By multiplying the obtained eigenvectors with the standardized data and considering
the proportion of eigenvalues corresponding to the four principal components relative to
the total sum of eigenvalues, weights were determined. These weights were then utilized
to calculate the composite scores of the principal components.

The results (Table 4) revealed the relative photosynthetic abilities of the five varieties
as follows: ‘Jing Hongbao” > ‘Ruidu Cuixia’ > ‘Ruidu Zaohong’ > ‘Ruidu Xiangyu’ > ‘Ruidu
Wuheyi’. To allow for comparison of the indicator scores, the scores of the four principal
components were multiplied and summed with the squared variances’ percentages of
the extracted loadings. These values were subsequently divided by the cumulative per-
centages. The results (Table 5) showcased the varying weightings of the 25 indicators in
leaf photosynthesis, with chlorophyll b, Ty, chlorophyll a + b, gp, and gs ranking among
the top 5.

Table 4. Comprehensive principal component scores of five new table grape varieties.

Varieties F1 F2 F3 F4 F Rank
Ruidu Xiangyu —3.6070 2.3626 —0.6990 —1.8853 —1.2248 4
Ruidu Cuixia 2.9872 —1.5209 1.9314 —1.8010 0.9041 2
Ruidu Zaohong 2.8615 —0.7777 —2.8697 0.3004 0.6561 3
Ruidu Wuheyi —3.4800 —3.2592 0.4389 1.3790 —2.2403 5
Jinghongbao 1.2383 3.1953 1.1984 2.0069 1.9048 1

Table 5. Scores of photosynthetic indexes of five new table grape varieties.

Indexes F1 F2 F3 F4 F Rank
Chlorophyll a —0.0683 0.2336 0.3939 —0.0271 0.0673 16
Chlorophyll b —0.0022 0.2730 0.2428 0.2771 0.1105 1

Carotenoids —0.1108 —0.2200 0.1283 —0.3760 —0.1063 25
Chlorophyll a + b —0.0272 0.2729 0.3128 0.1776 0.1003 3
Chlorophyll a/b 0.0285 —0.2691 —0.1971 —0.3176 —0.1002 24
G 0.2296 —0.1361 0.2000 0.2138 0.0863 12

gs 0.2706 —0.0866 0.1834 0.0891 0.0968 5

Py 0.2299 —0.1105 0.0299 0.3205 0.0843 13

T 0.2424 —0.0692 0.1815 0.2534 0.1069 2

WUE 0.0835 —0.1826 —0.3069 0.3293 —0.0134 19
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Table 5. Cont.

Indexes F1 F2 F3 F4 F Rank
Fy/Fm —0.2076 —0.2165 0.1546 0.1772 —0.0816 22
Dpo —0.2076 —0.2165 0.1546 0.1772 —0.0816 23
dpo 0.2076 0.2165 —0.1546 —0.1772 0.0816 14
Dpsip —0.0033 0.3635 0.0179 —0.0962 0.0708 15
dp 0.1554 0.2587 0.1377 —0.2358 0.0988 4
YnoO —0.1478 0.2805 —0.2165 0.0768 —0.0023 18
YNPQ 0.0621 —0.3569 0.0759 0.0332 —0.0465 21
F, 0.2910 0.0678 —0.0871 —0.0637 0.0942 6
Fm 0.3011 0.0068 —0.0422 —0.0205 0.0930 8
Fy 0.3017 —0.0156 —0.0254 —0.0046 0.0916 10
ABS/CSy, 0.3011 0.0068 —0.0422 —0.0205 0.0930 9
Tro/CSm 0.3017 —0.0156 —0.0254 —0.0046 0.0916 11
DI, /CSm 0.2910 0.0678 —0.0871 —0.0637 0.0942 7
Specific leaf area 0.0419 —0.1743 0.4141 —0.2195 —0.0019 17
Specific leaf weight ~ —0.1528 0.1154 —0.3097 0.3106 —0.0273 20

3.6. Comprehensive Evaluation of Photosynthetic Capacity

The results (Tables 6 and 7) show that the photosynthetic capacity of the five new
varieties of table grapes from strongest to weakest are: ‘Jing Hongbao” > ‘Ruidu Cuixia” >
‘Ruidu Zhaohong’ > ‘Ruidu Wuheyi’ > ‘Ruidu Xiangyu'.

Table 6. Positive and negative ideal solutions of photosynthetic indexes of five new table grape

varieties.
Indexes Positive Ideal ~ Negative Ideal Indexes Positive Ideal =~ Negative Ideal
Solution A* Solution A~ Solution A* Solution A~

Chlorophyll a 0.492 0.38 Dp, 0.457 0.443
Chlorophyll b 0.695 0.291 Dpo 0.465 0.409
Carotenoids 0.506 0.344 Dpgpp 0.513 0.356
Chlorophyll a + b 0.563 0.353 Ip 0.482 0.364
Chlorophyll a/b 0.513 0.276 YnO 0.523 0.349
G 0.499 0.341 YNPQ 0.518 0.355
gs 0.63 0.135 Fo 0.508 0.357
P, 0.521 0.237 Fin 0.492 0.391
T 0.521 0.269 Fy 0.487 0.397
WUE 0.503 0.397 ABS/CSp, 0.492 0.391
Specific leaf area 0.462 0.424 Tro/CSm 0.487 0.397
Specific leaf weight 0.453 0.424 DI, /CSm 0.508 0.357

Fy/Fm 0.457 0.443

Table 7. TOPSIS evaluation and calculation results of five newly introduced table grape varieties.

Positive Ideal Negative Ideal Degree of
Varieties Solution Solution Relative Sorting Result
Distance D* Distance D~ Proximity C
Ruidu Xiangyu 0.779 0.389 0.333 5
Ruidu Cuixia 0.434 0.769 0.639 2
Ruidu Zaohong 0.53 0.663 0.556 3
Ruidu Wuheyi 0.624 0.464 0.426 4
Jing Hongbao 0.367 0.78 0.68 1

4. Discussion

Photosynthetic pigments are an important part of the photosynthesis mechanism. Un-
der the long-term strong light irradiation in Xinjiang during the daytime, the leaf pigment
contents of the five varieties were quite different. The chlorophyll a and chlorophyll b
contents of ‘Ruidu Zaohong’ were significantly lower than those of the other four varieties.
The chlorophyll a + b content of ‘Jing Hongbao’ reached 2.39 mg-g~!, with chlorophyll a at
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1.41 mg-g~! and chlorophyll b at 0.98 mg-g~!, respectively. Its growth potential was better
than that of the ‘Ruidu’ series.

The results of this experiment were consistent with Yan’s findings in 2021. High
temperature and strong light stress reduced the pigment content of the leaves, damaged
the chloroplast structure in them, and inhibited photosynthesis. However, the chlorophyll
a and b contents of ‘Jing Hongbao” were higher, indicating that the plants can initiate
self-protection mechanisms to meet their own growth needs under stress conditions [28].

Photosynthesis serves as an important indicator for testing the sensitivity of plants to
environmental stress [29]. In the high temperature and high light intensity conditions of
Xinjiang, the average Py, of ‘Ruidu Zaohong’ was as high as 20.14 pmol-m 25!, whereas
‘Ruidu Xiangyu’ only reached 9.64 pmol-m~2:s~1. Moreover, ‘Ruidu Cuixia’ exhibited
mean gs and C; values that were 50.29% and 426.63% higher than those of ‘Ruidu Xiangyu’,
respectively.

These findings suggest that higher temperatures and stronger light may lead to stom-
atal closure in ‘Ruidu Xiangyu’ leaves, thereby impacting the gas exchange rate. Conse-
quently, this closure causes a decrease in gs and Cj, inhibiting photosynthetic efficiency
by reducing photosynthetic assimilation substances and water loss, which aligns with the
observations made by Tang et al. [30].

Plants possess a light radiation signal regulation system [31] that modulates both stom-
atal and non-stomatal factors based on the effective light radiation intensity. This regulation
system influences various photosynthetic parameters in leaves. Research findings indicate
that leaf damage due to excessive light results in reduced chlorophyll content, T, value,
and Py, value, ultimately diminishing photosynthetic capacity. This outcome is similar to
the findings reported by Negi et al. [32]. Additionally, correlation analysis demonstrates a
significant positive relationship between Py, Cj, and T;. Consequently; it is speculated that
stomatal factors play a pivotal role in a plant’s growth potential. Different grape varieties
employ diverse mechanisms to coordinate their photosynthesis, utilizing CO, absorption,
water uptake, and inorganic ion transport to adapt to their specific growth environments.

Chlorophyll fluorescence is a commonly used, non-destructive method for detecting
plant physiological characteristics and stress traits, which further helps in increasing our
understanding of the behavior of plants in their natural environments [33]. Previous
research results have shown that the instantaneous fluorescence signal of PSII is primarily
caused by the oxidation-reduction reaction of plastoquinone A (QA) [34]. QA represents
the reduction state of the photosynthetic electron transport chain and is manifested as
photochemical energy conversion and thermal dissipation [35,36]. Fy /Fm can estimate the
maximum quantum yield of QA reduction, representing the potential efficiency of plant
PSII [37].

Under non-stress conditions, the normal range of Fy /Fp, for plant leaves is between
0.80 and 0.85. When under environmental stress, the Fy /Fn, value will significantly de-
crease. The results of this study show that only ‘Ruidu Wuheyi’ F, /Fp, is greater than 0.81,
indicating that the light duration and intensity in Xinjiang are suitable for the growth needs
of this variety. The Fy /F of the other 4 varieties was slightly lower than 0.80, indicating
that the plants were under environmental stress, which is speculated to be related to the
reversible inactivation or downregulation of PSII caused by high light and heat [38]. Fy is
related to the photo-acclimation state of the dark-adapted reaction center [39]. Qp repre-
sents the proportion of the PSII reaction center capturing the excitation energy, TR, /CSm
represents the light energy captured per unit area, ®p, represents the maximum quantum
yield of the primary photochemical reaction, and ®p, represents the quantum yield of
energy dissipation.

In this study, ‘Ruidu Zhaohong’ had the highest TR, /CSy, and @p, values, indicating
that QA was affected by high light and heat stress and could not effectively transmit
electrons to the next level Quinone receptor [40], resulting in severe energy loss.

In addition, the correlation analysis shows that gs is significantly positively correlated
with Fy and TR, /CSp; specific leaf area is significantly positively correlated with &p,
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and gp, and significantly negatively correlated with ®p, and Fy /F,, which is inconsistent
with the results of previous studies [9,41]. The reasons may be due to differences in the
experimental plant varieties, changes in the growth environment, and uncertainties in the
correlations between various photosynthetic parameters, and further research is needed to
determine the specific reasons.

Photosynthesis in plants is controlled by several factors, such as environmental factors,
growth and developmental stages, and nutritional status, which can lead to differences in
response to plant traits. In this study, five Chinese own hybrid varieties grapes were se-
lected and cultivated under normal water and fertilizer management. Their photosynthetic
capacity was evaluated in relation to their phenotypic, physiological, and biochemical indi-
cators. The varieties were ranked according to the combined scores of principal component
analysis and TOPSIS.

The results showed that ‘Jing Hongbao’, ‘Ruidu Cuixia’, and ‘Ruidu Zaohong’ ranked
in the top three positions in both evaluation methods. However, further research is needed
to determine the photosynthetic capacity between ‘Ruidu Xiangyu’ and ‘Ruidu Wuheyi’,
as they ranked in the bottom two positions.

Moreover, since grapes are a berry plant, the adaptability of grapes to the regional
environment of Xinjiang still needs to be evaluated in terms of fruit quality and internal
tissue structure, among other factors.

This study only analyzed the photosynthetic characteristics of the leaves, and further
research will be conducted on the physiological characteristics of the fruits.

5. Conclusions

There were some differences in leaf photosynthetic performance, photosynthetic
pigment content, and chlorophyll fluorescence parameters between the five hybrid varieties
under cultivation conditions in Xinjiang. Overall, ‘Jing Hongbao” and ‘Ruidu Cuixia’
exhibited a stronger ability to accumulate organic matter content through photosynthesis,
and their utilization efficiency in a strong light environment was significantly higher than
that of ‘Ruidu Zaohong’, ‘Ruidu Xiangyu’, and ‘Ruidu Wuheyi’, which demonstrated a
strong resistance to strong light intensity stress. Based on the comprehensive evaluation
results of photosynthetic traits for each variety using principal component analysis and
TOPSIS analysis, it can be preliminarily concluded that ‘Jing Hongbao” and ‘Ruidu Cuixia’
displayed stronger adaptability to the climate in Xinjiang and are suitable for cultivation in
the region.
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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
(GC), 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

20



Horticulturae 2023, 9, 731

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.

22



Horticulturae 2023, 9, 731

Ttemperature(C)

50

40

30

20

10

Date ( Month-Day)

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 um. 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 pm 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 tis-
sue 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 pum.
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 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: ‘Ky-
oho’; 6: ‘Cardinal’; 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’.
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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 um 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 pum, 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 pm, 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 um), 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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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
pum) 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 um to 9.51 um in 19 grapevine varieties; four
varieties bear guard cells longer than 8 um, including ‘Zaoxia Wuhe’, ‘Centennial Seedless’,
‘Summer Black” and ‘Zitian Wuhe'. ‘Jintian Meigui’ has the significantly shortest guard
cells at 5.37 um (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 um) (Figure 2). ‘Shine Muscat’ (p < 0.05) and
‘Qingfeng’ have the significantly thinnest cuticle (1.34 um) (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 pm) of the 19 grapevine varieties, followed by
‘Kyoho’ (diameter: 31.72 um), ‘Cardinal” (diameter: 26.94 um) 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

, . TST
e o AN W
A CIusterz" #18

PC2(28.32%)
o
]

#18

#19
TUE @#10

-4 | | | |
-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 compo-
nents 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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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
distribution [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 temperature 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 physio-
logical and biochemical structures, but also mainly on their genetic characteristics and
morphological and organizational structures [4,19,26]. Wu et al., (2019) found that physio-
logical 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 im-
portant 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
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rhododendron species based on leaf structure and found that the damage symptoms under
artificial simulation of high temperature stress, and the conclusions reached by the eval-
uation 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 evaluation 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

32



Horticulturae 2023, 9, 731

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.

Author Contributions: Conceptualization, ].W. and X.W.; methodology, H.Z. and Q.Z.; software,
JW.,, C.Z.,, VY. and FZ,; validation, JW., Q.Z., H.Z. and X.W,; investigation, R.A., YM. and X.L.;
writing—review and editing: ] W., H.Z., V.Y,, Q.Z. and X.W.; visualization, ].W. and V.Y.; supervision,
Q.Z. and X.W,; funding acquisition, ].W. and X.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Youth Science and Technology Backbone Innovation
Ability Training Project of Xinjiang Academy of Agricultural Sciences (xjnkq-2021010), by the Xinjiang
Uygur Autonomous Region Tianshan Talents Training Program—Young top-notch scientific and
technological talents (2022TSYCJC0036), by the Xinjiang Uygur Autonomous Region Innovation
Environment Construction Special Project (PT2314) and by the Xinjiang Uygur Autonomous Region
Tianchi Talent—Special Expert Project (Xiping Wang, 2022).

Data Availability Statement: The data that support the findings of this study are available upon
request from the corresponding author.

Acknowledgments: We would like to thank supportive and scientific staff in research lab and grape
research farm of Xinjiang Academy of Agriculture Sciences.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Kim, J.S.; Jeon, BW.; Kim, ]. Signaling Peptides Regulating Abiotic Stress Responses in Plants. Front. Plant Sci. 2021, 12, 704490.
[CrossRef]

2. Upadhyay, A.; Upadhyay, A K. Global transcriptome analysis of heat stress response of grape variety ‘Fantasy Seedless” under
different irrigation regimens. Vitis 2021, 143-151. [CrossRef]

3. Zha, Q. Xi, XJ.; He, YN,; Jiang, A.L. Comprehensive evaluation of heat resistance in 68 Vitis germplasm resources. Vitis 2018, 57,
75-81.

4. Liu, M,; Fang, Y.L. Effects of heat stress on physiological indexes and ultrastructure of grapevines. Sci. Agric. Sin. 2020, 53,
1444-1458.

5. Coneva, V.; Frank, M.H.; Balaguer, M.A.D.L.; Li, M.; Sozzani, R.; Chitwood, D.H. Genetic Architecture and Molecular Networks
Underlying Leaf Thickness in Desert-Adapted Tomato Solanum pennellii. Plant Physiol. 2017, 175, 376-391. [CrossRef]

6. Ogburn, RM.; Edwards, E.J. Chapter 4—The Ecological Water-Use Strategies of Succulent Plants. In Advances in Botanical Research;
Academic Press: Cambridge, MA, USA, 2010; Volume 55, pp. 179-225. [CrossRef]

7. Poorter, H.; Niinemets, U.; Poorter, L.; Wright, L].; Villar, R. Causes and consequences of variation in leaf mass per area (LMA): A
meta-analysis. New Phytol. 2009, 182, 565-588. [CrossRef]

8. Wright, L].; Reich, P.B.; Westoby, M.; Ackerly, D.D.; Baruch, Z.; Bongers, F.; Cavender-Bares, J.; Chapin, T.; Cornelissen, ] H.C.;

Diemer, M.; et al. The worldwide leaf economics spectrum. Nature 2004, 428, 821-827. [CrossRef]

33



Horticulturae 2023, 9, 731

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Smith, S.D.; Monson, RK.; Anderson, J.E. Physiological Ecology of North American Desert Plants; Springer: Berlin/Heidelberg,
Germany, 1997. [CrossRef]

Szenteleki, K.; Ladanyi, M.; Gaal, M.; Zanathy, G.; Bisztray, G. Climatic risk factors of central hungarian grape growing regions.
Appl. Ecol. Environ. Res. 2012, 10, 87-105. [CrossRef]

Asproudi, A.; Petrozziello, M.; Cavalletto, S.; Guidoni, S. Grape aroma precursors in cv. Nebbiolo as affected by vine microclimate.
Food Chem. 2016, 211, 947-956. [CrossRef]

Zha, Q; Xi, X.J.; He, Y.N,; Jiang, A.L. Research on high temperature stress response of different table grape cultivars. Acta Agric.
Shanghai 2018, 34, 77-83. [CrossRef]

Xu, H.; Song, B.; Gu, Z.F; Bi, Y.F.; Wei, B. Advances in heat tolerance mechanisms of plants. Jiangsu J. Agr. Sci. 2020, 36, 43-50.
[CrossRef]

IPCC. Climate Change 2021: The Physical Science Basis; Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2021.

Venios, X.; Korkas, E.; Nisiotou, A.; Banilas, G. Grapevine Responses to Heat Stress and Global Warming. Plants 2020, 9, 1754.
[CrossRef]

Zhang, H.; Zhu, ].; Gong, Z.; Zhu, ].-K. Abiotic stress responses in plants. Nat. Rev. Genet. 2021, 23, 104-119. [CrossRef]
Champa, W.H.; Gill, M.; Mahajan, B.; Aror, N.; Bedi, S. Brassinosteroids improve quality of table grapes (Vitis vinifera L.) cv. flame
seedless. Trop. Agric. Res. 2015, 26, 368. [CrossRef]

Divi, UK,; Rahman, T.; Krishna, P. Gene expression and functional analyses in brassinosteroid-mediated stress tolerance. Plant
Biotechnol. ]. 2015, 14, 419-432. [CrossRef]

Zha, Q; Xi, X.J.; He, YN,; Jiang, A.L. High temperature in field: Effect on the leaf tissue structure of grape varieties. Chin. Agric.
Sci. Bull. 2019, 35, 74-77. [CrossRef]

Qiu, YM.; Wang, W.; Hu, X.; Sun, M.M.; Ni, J.Z. Realationship between leaf anatomical structure and heat resistance of
Rhododendron simsii. For. Enviromental Sci. 2021, 37, 69-81.

Bueno, A.; Alfarhan, A.; Arand, K.; Burghardt, M.; Deininger, A.-C.; Hedrich, R.; Leide, J.; Seufert, P; Staiger, S.; Riederer, M.
Effects of temperature on the cuticular transpiration barrier of two desert plants with water-spender and water-saver strategies. J.
Exp. Bot. 2019, 70, 1613-1625. [CrossRef]

Ding, X.; Zhong, H.X.; Wang, X.P,; Song, ].Y.; Wu, ].Y,; Liu, G.H.; Zhang, F.C.; Hu, X.; Pan, M.Q.; Wu, X.Y. Observation on leaf
anatomical structure and evaluation of drought resistance of grape rootstocks in Xinjiang. Mol. Plant Breed. 2022, 1-18. Available
online: https:/ /kns.cnki.net/kems/detail /46.1068.5.20220429.1131.010.htm (accessed on 16 September 2022).

Zha, Q.; Xi, X.; He, Y.; Yin, X,; Jiang, A. Effect of Short-Time High-Temperature Treatment on the Photosynthetic Performance of
Different Heat-Tolerant Grapevine Cultivars. Photochem. Photobiol. 2021, 97, 763-769. [CrossRef]

Cramer, G. Abiotic stress and plant responses from the whole vine to the genes. Aust. |. Grape Wine Res. 2010, 16, 86-93. [CrossRef]
Jiao, S.-Z.; Guo, C.; Yao, W.-K.; Zhang, N.-B.; Zhang, J.-Y.; Xu, W.-R. An Amur grape VaHsfC1 is involved in multiple abiotic
stresses. Sci. Hortic. 2021, 295, 110785. [CrossRef]

Yan, T.T. Evaluation of heat tolerance in different grape cultivars and proteomic analysis of heat tolerance difference between
cultivars. Master’s Thesis, South China Agricultural University, Guangzhou, China, 16 July 2020.

Wu, J.Y,; Lian, WJ.; Zeng, X.Y,; Liu, Z.G.; Mao, L.; Liu, Y.X,; Jiang, ]J.F. Physiological response to high temperature and
heat tolerance evaluation of different grape cultivars. Acta Bot. Boreali-Occident. Sin. 2019, 39, 1075-1084. Available online:
https:/ /www.proquest.com/docview /2653586083 ?pqg-origsite=gscholar (accessed on 15 June 2023).

Wu, ].Y,; Lian, W.J.; Liu, Z.G.; Zeng, X.Y.; Jiang, ].E.; Wei, Y.N. High temperature response of chlorophyll fluorescence parameter
and heat tolerance evaluation of different grape cultivars. |. Northwest AF Univ. (Nat. Sci. Ed.) 2019, 47, 80-88.

Li, M.H.; Cherubini, P.; Dobbertin, M.; Arend, M.; Xiao, W.E;; Rigling, A. Responses of leaf nitrogen and mobile carbohydrates in
different Quercus species/provenances to moderate climate changes. Plant Biol. 2013, 15, 177-184. [CrossRef]

Yang, J.; Chong, P; Chen, G.; Xian, J.; Liu, Y,; Yue, Y. Shifting plant leaf anatomical strategic spectra of 286 plants in the eastern
Qinghai-Tibet Plateau: Changing gears along 1050-3070 m. Ecol. Indic. 2023, 146, 109741. [CrossRef]

Jin, J.; Yang, L.; Fan, D.; Liu, X.,; Hao, Q. Comparative transcriptome analysis uncovers different heat stress responses in
heat-resistant and heat-sensitive jujube cultivars. PLoS ONE 2020, 15, e0235763. [CrossRef]

Wahid, A.; Gelani, S.; Ashraf, M.; Foolad, M.R. Heat tolerance in plants: An overview. Environ. Exp. Bot. 2007, 61, 199-223.
[CrossRef]

Jiang, J.E; Zhang, Y,; Tian, Z.S.; Fan, X.C.; Liu, C.H. Observation on microstructure and ultrastucture of leaves in Vitis L. Acta Bot.
Boreali-Occident. Sin. 2012, 32, 1365-1371.

Fu, L], Li, CX,;Su,S.Y.; Li, YH.; Zhou, Y. Screening of cucumber germplasms in seedling stage and the construction of evaluation
system for heat tolerance. Plant Physiol. . 2020, 56, 1593-1604. [CrossRef]

Li, M.; Su, H.; Li, Y.Y,; Li, ].P; Li, J.C.; Zhu, Y.L.; Song, Y.H. Analysis of heat tolerance of wheat with different genotypes and
screening of identification indexes in Huang-huai-hai region. Sci. Agric. Sin. 2021, 54, 3381-3393. [CrossRef]

Guo, Y.; Zhang, S.H.; Li, Y.; Zhang, X.E; Wang, G.P. Leaf morphology, anatomical structure and drought resistance evaluation of
238 Chinese chestnut cultivars (lines). Acta Hortic. Sin. 2020, 47, 1033-1046. [CrossRef]

Huang, L.; Sun, Y.Q.; Hao, L.H.; Dang, C.H.; Zhu, Y.; Wang, H.X.; Cheng, D.]J.; Zhang, Y.X.; Zheng, Y.P. Effects of high temperatures
on leaf structures and physiological metabolism of north highbush blueberry. Acta Hortic. Sin. 2016, 43, 1044-1056. [CrossRef]

34



Horticulturae 2023, 9, 731

38.

39.

40.

41.

42.

43.

44.

45.

Ma, W.; Liang, W.; Zhao, B. Effect of Relative Air Humidity and High Temperature on the Physiological and Anatomical
Responses of Two Rhododendron Cultivars. Hortscience 2019, 54, 1115-1123. [CrossRef]

Tian, M.; Yu, G.; He, N.; Hou, J. Leaf morphological and anatomical traits from tropical to temperate coniferous forests:
Mechanisms and influencing factors. Sci. Rep. 2016, 6, 19703. [CrossRef]

Kim, S.; Hwang, G.; Kim, S.; Thi, TN.; Kim, H.; Jeong, J.; Kim, ]J.; Kim, J.; Choi, G.; Oh, E. The epidermis coordinates
thermoresponsive growth through the phyB-PIF4-auxin pathway. Nat. Commun. 2020, 11, 1053. [CrossRef]

Xie, Z.S.; Guo, X.J.; Cao, H.M. Effect of root restriction on vegetative growth and leaf anatomy of Kyoho grapevines cultivar. Afr.
J. Agric. Res. 2013, 8, 1304-1309. [CrossRef]

Wu, J.; Xu, G.; Lian, W.; Chen, Y,; Li, H,; Liu, Y,; Jiang, J.; Wen, J. Physiological response to high temperature and evaluation of
heat tolerance of different grape cultivars. Agric. Biotechnol. 2022, 11, 47-54+85. [CrossRef]

Liu, Y,; Jiang, J.; Fan, X.; Zhang, Y.; Wu, J.; Wang, L.; Liu, C. Identification of Heat Tolerance in Chinese Wildgrape Germplasm
Resources. Horticulturae 2020, 6, 68. [CrossRef]

Ahammed, G.J.; Li, X.; Liu, A.; Chen, S. Brassinosteroids in Plant Tolerance to Abiotic Stress. J. Plant Growth Regul. 2020, 39,
1451-1464. [CrossRef]

Zha, Q.; Xi, X.; Jiang, A.; Tian, Y. High Temperature Affects Photosynthetic and Molecular Processes in Field-Cultivated Vitis
vinifera L. x Vitis labrusca L. Photochem. Photobiol. 2016, 92, 446-454. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

35



. horticulturae m\r’y
P

Article
Morpho-Physiological Responses of Three Italian Olive Tree
(Olea europaea L.) Cultivars to Drought Stress

Sara Parri '*, Marco Romi !, Yasutomo Hoshika 2, Alessio Giovannelli 2, Maria Celeste Dias 3, Francesca
Cristiana Piritore I'*, Giampiero Cai ! and Claudio Cantini *

Department of Life Sciences, University of Siena, Via Mattioli 4, 53100 Siena, Italy; marco.romi@unisi.it (M.R.);
francescacristiana.piritore@univr.it (F.C.P.); cai@unisi.it (G.C.)

Research Institute on Terrestrial Ecosystem (IRET), National Research Council (CNR), Via Madonna del Piano
10, 50019 Sesto Fiorentino, Italy; yasutomo.hoshika@cnr.it (Y.H.); alessio.giovannelli@cnr.it (A.G.)

Centre for Functional Ecology, Department of Life Sciences, University of Coimbra, Calgada Martim de
Freitas, 3000-456 Coimbra, Portugal; celeste.dias@uc.pt

4 Institute for BioEconomy (IBE), National Research Council (CNR), Strada Provinciale Aurelia Vecchia 49,
58022 Follonica, Italy; claudio.cantini@ibe.cnr.it

Correspondence: sara.parri@student.unisi.it

t Current Address: Department of Neurosciences, Biomedicine, and Movement Sciences, University of Verona,
Piazzale Ludovico Antonio Scuro 10, 37124 Verona, Italy.

Abstract: Water scarcity in agriculture can limit crop production and trigger the need for more
effective water resource management. As a result, it is critical to identify new crop genotypes that are
more drought tolerant and perform better under low irrigation or even rain-fed conditions. The olive
tree is a high-value crop that is well adapted to dry Mediterranean conditions. However, different
genotypes may have developed different mechanisms of tolerance to water stress. To investigate such
mechanisms, we examined three Italian olive cultivars (‘Giarraffa’, ‘Leccino’, and ‘Maurino’) grown
in a greenhouse under drought stress. We found that single genotypes responded differently to the
drought, though not all parameters revealed significant differences. The first major difference among
the cultivars was in transpiration: the lower stomatal density and stomatal conductance of ‘Giarraffa’
allow this cultivar to use water more conservatively. In parallel with the reduction in stomatal and
mesophyll conductance, the drought-stressed group of ‘Giarraffa’ maintained the electron transport
rate and effective efficiency levels of photosystem II similar to those of the control until the fourth
week of stress. The fluorescence parameters revealed the earlier closure of reaction photosynthetic
centres in ‘Leccino’. Finally, the higher rate of electrolyte leakage in ‘Maurino” indicated a significant
ions loss in this cultivar when it was subjected to the drought. Both water management under stress
conditions and the effect of drought on photosynthesis make ‘Giarraffa” interesting to researchers
studying its use in breeding or water-saving programmes.

Keywords: gas exchange; mesophyll conductance; locally adapted cultivars; pigments; stomatal
density; chlorophyll fluorescence; water content

1. Introduction

Droughts have a negative impact on plant growth and productivity, as evapotranspi-
ration exceeds the amount of water absorbed by the roots, leading to drought stress. A
low soil moisture level and a high air vapor pressure deficit determine the intensity of
the water deficit in leaf tissues [1]. Plants are constantly threatened by water stress due to
natural climate change, but anthropogenic climate change will exacerbate water deficits
for plants and crops [2]; the IPCC 2021 report indicates that climate warming is leading to
an increased atmospheric evaporation demand and decreased soil moisture availability,
which could lead to more frequent and severe droughts in semi-arid regions [3]. In light of
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this, the cultivation of crop plants will require more irrigation water to maintain the yield
and productivity [4].

Droughts have a significant impact on plant traits, including biomass production, fruit
yield, growth, and development. Photosynthesis is particularly sensitive to drought stress,
as it reduces the rates of carbohydrate synthesis and accumulation [5]. Plants use a variety
of defence mechanisms to cope with droughts, including the production of osmoprotectants,
the synthesis of proteins, and changes in metabolic processes, hormone levels, and gene
expression. To maintain cell turgor and reduce water loss, plants close their stomata [4],
which results in a decrease in stomatal conductance (gs), in association with decreases
in the leaf water potential (¥) and relative water content (RWC) [6,7]. Stomata closure
immediately causes a reduction in the amount of CO; in the substomatal cavity, which
then slows the rate of photosynthesis: in most cases, photosynthesis is completely stopped
due to stomatal closure before the metabolism is affected [8]. However, as RWC and g;
severely decline during a drought, additional metabolic restrictions can take place [9].
For instance, Flexas and Medrano [10] found that the Ribulose-1,5-bisphosphate (RuBP)
regeneration capacity decreases as the ATP production decreases. Furthermore, droughts
can cause an impairment of the carboxylation capacity due to Ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) content reduction only at very low gs values (<0.01 mol
H,Om 2s 1) [8].

The increase in mesophyll diffusion resistance to CO; has also gained recognition as
a limitation to the photosynthetic process under stress conditions [8,11,12]; for example,
under salt stress conditions, the changes in mesophyll conductance (gm) have been shown
to be as rapid as those in g5 [11]. When the rate of light absorption exceeds the capacity
to photosynthesise, this results in irreversible photoinhibition [13]. In addition, a low
transpiration rate caused by stomata closure under drought conditions leads to an increase
in the leaf temperature, which may exacerbate photoinhibition [14]. As a result, the
photosynthetic pigments may degrade, and the PSII efficiency may decline [6].

Olive trees (Olea europaea L.) are one of the oldest domesticated plants in the Mediter-
ranean basin and are still extremely important in agriculture, economy, and culture [4].
According to the International Olive Council (IOC), the global olive oil production total for
the 2021/22 crop year was 3.1 million tons. IOC member countries produced 2.9 million
tons (93.9% of the global total). EU countries have suffered a significant reduction in
production as a result of droughts and adverse weather [15]. Italy is one of Europe’s top
producers of olive oil, with over a million hectares dedicated to olive cultivation [16]. Italy
has over 500 cultivars of olive trees registered in the National Olive Oil register, making it a
country rich in olive biodiversity. However, the number is likely to rise as analyses (mostly
genetic) continue. These cultivars differ morphologically, as well as in terms of the yield
and quality of the oil they produce. ‘Frantoio’, ‘Leccino’, ‘Taggiasca’, and ‘Coratina’ are
among the most common and well-known cultivars, but many others characterise various
Italian regions. This biodiversity contributes to Italian oil being a unique product that is
valued around the world [17-19]. Olive trees require specific environmental conditions in
order to grow and produce. These include hot, dry summers, and mild, but cool winters,
with ideal annual temperatures of 15-25 °C. High temperatures can harm flowering and
fruiting. Olive trees require sunlight to grow a healthy canopy and produce oil. Although
olive trees are drought-tolerant, they require adequate irrigation during critical periods,
such as flower differentiation, fruit setting, and fruit swelling. Olive plants can grow in
a variety of soil types so long as the soil is well drained and there is no standing water.
The coastal and hilly areas of central and southern Italy (Puglia, Calabria, Sicily, Tuscany,
Umbria, and Lazio) are the best for olive cultivation. The olive tree is the model woody
plant used for the study of drought responses and tolerance [20], and it has been studied
under a range of environmental stress conditions, such as UV-B [21] and salt stress [22].

Specifically, several traits have been described as critical for drought tolerance, such as
a small stomata, waxy leaf surface, narrow xylem vessels, non-photochemical quenching
activation, and rapid osmotic adjustment [4,20,23]. Nevertheless, irrigation practices have
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spread throughout Europe due to the correlation between crop productivity and increased
water availability [24]. Although olive trees are generally considered to be drought-tolerant,
only a few studies have investigated the differences in the physiological responses of olive
cultivars to limited water availability. However, the large number of olive cultivars currently
listed in world repositories strongly supports the presence of significant differences in physio-
logical responses to droughts [7,25,26]. These are related to the specific environment in which
cultivars are grown and adapted, emphasizing the importance of studying the diversity of
olive plants and promoting the more thorough characterization of various stress tolerance
mechanisms [27-29]. The comparison of various cultivars will allow the identification of both
the basic, ubiquitous plant tolerance mechanisms and the potential interactions between di-
verse mechanisms for drought tolerance, as well as identify potential strategies for improving
olive tree growth and productivity in water-stressed environments.

We investigated three different olive cultivars grown in Italy, among the many cata-
logued in the Italian National Registry, to perform thorough analysis. The cultivar Giarraffa,
native to the arid region of Sicily, is tolerant to drought as well as to UV light [21]. The
cultivar, Leccino, is more diffused worldwide and shows good tolerance to drought, cold,
and bacteria (Xylella fastidiosa) [30]. The cultivar, Maurino, which is autochthonous in
Tuscany and cold-tolerant, showed a peculiar morphological trait (wilting of leaves) when
it was exposed to dry conditions (Claudio Cantini, personal communication). Based on
a GBS-derived SNP catalogue of 94 Italian cultivars, it was proposed that ‘Maurino” and
‘Leccino’ are members of a cluster population descended from local oleasters. ‘Giarraffa’,
on the other hand, is clearly distinct from other Italian cultivars and was most likely intro-
duced from Spain and Morocco [31]. Our hypothesis was that the three cultivars would
respond differently to drought due to their long-term adaptation to different environments.
To test this hypothesis, fully drought-stressed plants were evaluated for physiological,
morphological, and biochemical parameters, as well as their soil water content. This study
aimed to assess and distinguish the drought tolerance of three Italian olive cultivars by
understanding how changes in water distribution and management could affect their physi-
ological responses. The comparison of various cultivars will allow the identification of both
the basic, ubiquitous plant tolerance mechanisms and the potential interactions between
diverse mechanisms of drought tolerance. Furthermore, comparing different olive cultivars
can provide useful data on the most effective drought response. As a result, we sought to
investigate the mechanisms by which different olive cultivars tolerate or adapt to drought
stress, as well as identify major parameters to be used to classify the olive tree drought
response within germplasm collections. The findings will be useful in understanding the
resilience of olive trees to droughts and developing smart management strategies for olive
production in the face of climate change and water scarcity.

2. Materials and Methods
2.1. Plant Growth Conditions and Drought Stress Treatment

Certified, 18-month-old olive trees (Olea europaea L., cultivars Leccino, Maurino, and
Giarraffa) were provided by “Spoolivi” (Societa Pesciatina di Orticoltura, Pescia, PT, Italy).
The plants were grown in 4 L pots with a substrate of 50% peat and 50% pumice [32]. Upon
arrival at the university laboratories, the plants were transferred to a growth chamber
in which illumination was provided by LEDs for flowering and growth (TLED secret
Jardin—SRL AGOMOON, Manage, Belgium). The photoperiod was 12 h of light and 12 h
of dark. After one week of adaptation to the general environmental conditions with steady
watering, 20 plants of each cultivar were split in two 10-plant groups to be used as a control
(CTRL) or to be subjected to drought stress (DS). The CTRL groups were fully irrigated
(500 mL of water per week), while the DS groups were totally deprived of water for 4 weeks.
The experimental period consisted of an increasing water deficit divided into 5 time points:
t0, t1, t2, t3, and t4, corresponding to the onset of the withholding irrigation and the first,
second, third, and fourth weeks of irrigation deprivation, respectively. The pots inside the
chamber were rotated every week to avoid any positional effects [29]. Temperature and
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humidity were recorded hourly with the EBI 20-th1 datalogger (Ebro): the temperature
was 27.5 °C, and the humidity was 51.1% (in both cases, the data are averaged throughout
the day and night). The minimum and the maximum values reached by temperature were
22.3 °C and 31.8 °C, respectively; 29.8% and 70.1% were the minimum and the maximum
values of recorded humidity, respectively.

2.2. Soil Water Content

The soil water content (SWC) was evaluated according to Bilskie [33]. Four soil
samples were collected for each group and immediately weighed to obtain the wet mass
(myet). Then, samples were put in the oven for 24 h at 105 °C, and then weighed again
(mgyy)- Finally, soil water content was calculated as:

SWC = (myet — mdry)/ Mgry

2.3. Relative Water Content of Leaves and Stems

The relative water contents of leaves (leaf RWC) and stems (stem RWC) were calculated
as described by El Yamani et al. [6]. Fully expanded and mature leaves at each time point
were cut below the petiole and immediately placed in pre-weighed plastic tubes. The leaves
were weighed along with the tubes to obtain the fresh weight (FW). Stems were harvested
only at t0, t2, and t4. For both the leaves and stems, tubes were filled with distilled water,
and samples were incubated for 24 h at 4 °C in the dark. Afterwards, the leaves and stems
were removed from the tubes and dried with paper towels to absorb excess water. The
samples were weighed to determine the turgid weight (TW). Finally, the samples were
placed in paper bags and heated in an oven at 80 °C for 48 h. The samples were weighed to
determine the dry weight (DW). The RWC of leaves and stems was calculated as:

RWC (%) = (FW — DW)/(TW — DW) x 100

2.4. Stomatal Density

Stomatal density was measured according to Xu et al. [34]. Briefly, 5 mature leaves
per group were selected at t0, t2, and t4. The abaxial epidermis of the leaf was coated with
clear nail polish. Once dried, the film was peeled off the leaf and placed on a slide over
a drop of water. The samples were examined with the Zeiss Axiophot light microscope
(Oberkochen, Germany). Six images were taken for each leaf sample (thus, there was a
total of 30 images per group). The images were analysed with Image]J. The stomatal density
was then calculated as the number of stomata per leaf area.

2.5. Leaf Gas Exchange and Chlorophyll Fluorescence

The LiCor-6800 instrument (LICOR, Lincoln, NB, USA) equipped with a leaf chamber
fluorometer was used to assess gas exchange and chlorophyll fluorescence. The light-
saturated net photosynthetic rate (A) and gs were recorded throughout the experiment
(t0 to t4). During the gas exchange measurements, the following conditions were set:
photosynthetic active radiation (PAR) at 1600 pmol m~2s1[35,36], CO, at 400 ppm, block
temperature at 28 °C, and relative humidity at 60% inside a leaf cuvette. In addition, CO,
assimilation rate curves against the intercellular CO; concentration (i.e., A/C; curves) were
obtained at t2 by using the following 12 CO, concentration steps: 400, 200, 50, 100, 300, 400,
600, 800, 1000, 1200, 1400, an d1600 ppm. A-C; curves data were studied using the approach
described by Ethier and Livingston [37] to obtain the maximum carboxylation efficiency
(Vemax) and maximum rate of electron transport (Jmax). A/Cj and A/C. curves are provided
in the Supplementary Material (Figure S1). This assumes that g, was constant throughout
the CO, range. Vemax and Jmax values were standardised at 25 °C using a temperature
dependency of those parameters [38]. Michaelis-Menten constants for CO, (Kc) and O,
(Ko) were derived according to the approach by Bernacchi et al. [38]. To calculate the gm
values, the variable ] method was applied for calculating the A/C. curves, as the use of an
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independent methodology should be preferable for preventing the propagation of errors
or assumptions [39]. The variable ] method was applied to calculate g, [40] based on the
point measurement of A at 400 ppm of Ca with fluorescence measurements:

gm =A/(C; — T*[ETR + 8 (A + Rd)]/[ETR — 4 (A + Rd)))

where: Rd is daytime respiration, which was obtained from the previous study on olive
leaves (1.39 pmol m~2 s~! [41]), I'* is the CO, compensation point to photorespiration,
which was calculated using the Rubisco specificity factor estimated for evergreen woody
species [42]. The fluorescence of chlorophyll was evaluated throughout the experiment
(t0 to t4) using the same apparatus with the activated fluorometer (rectangular flash with a
red target of 8000 pmol m~2s~1, a duration of 1000 ms, and an output rate of 100 Hz [43]).
Light-adapted leaves were used to obtain the effective efficiency of PSII (®PSII) and the
electron transport rate (ETR) according to Gilbert et al. [44]. The concentration of CO; at
the chloroplast envelope (C.) was estimated using the g, value.

Cc:Ci_A/gm

Relative photosynthetic limitations were calculated according to Grassi and Magnani [45]
as follows:
Ls= (gtot/[gs/lﬁ] 6A/5Cc)/(gtot +dA/8C,)
L= (gtot/gm 6IA/écc)/(gto’t +0A/6C,)
Ly, = gtot/ (ot + OA/8C,)

where Ls, L, and Ly, are the relative limitations of stomatal diffusion, mesophyll diffusion,
and biochemical limitation, respectively. gt is the total CO, conductance (got = [(gs/1.6)
gml/[(gs/1.6) + gm]), 1.6 is the ratio of the diffusion coefficients for water vapor to CO,,
and dA/6C. indicates an initial slope of A/C. curves that was estimated using a range of
0-150 pmol m~2 s~ of C. In addition, the maximum quantum yield of PSII (Fy /Fy,) was
evaluated for dark-adapted leaves covered with aluminium foil for at least 20 min. One
fully expanded leaf per five to six plants per treatment were used for each gas exchange
and fluorescence parameter.

2.6. Electrolyte Leakage

The cell membrane permeability to solutes was assessed by measuring the electrolyte
leakage (EL) according to ben Abdallah et al. [46]. Two leaf discs with a 0.5 cm diameter
were cut from a fresh leaf and placed inside capped tubes filled with 10 mL deionised
water. The samples were incubated for 3 h at 37 °C. Immediately after incubation, the
conductivity of the solution was measured to obtain the electrical conductivity E; value.
Then, the samples were heated at 95 °C for 30 min before measuring the conductivity again
(Ep). The EL was calculated as:

EL = E;/E; x 100 (1)

2.7. Malondialdehyde Content

Malondialdehyde (MDA) content was used to quantify lipid peroxidation in the leaves.
Frozen leaves (0.1 g) were ground with 1.5 mL of 0.1% (w/v) trichloroacetic acid (TCA).
The samples were centrifuged at 10,000 x g for 10 min at 4 °C. Then, 0.25 mL of supernatant
was mixed with 1 mL of 20% (w/v) TCA containing 0.5% (w/v) thiobarbituric acid for the
positive control; the same supernatant was mixed with 1 mL of 20% (w/v) TCA alone for the
negative control. The samples were incubated for 30 min at 95 °C; then, the extracts were
immediately cooled on ice and centrifuged (10,000 g for 10 min at 4 °C). Supernatants
from positive and negative controls were read at 600, 532, and 400 nm using a microplate
reader, EnSpire (PerkinElmer, Waltham, MA, USA). MDA equivalents were calculated
according to Hodges et al. [47], and then normalised to dry weight.
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2.8. Pigments Quantification

Chlorophyll a, chlorophyll b, and carotenoids were extracted from pure acetone and
quantified spectrophotometrically according to Lichtenthaler [48]. Briefly, 1.5 mL of cold
100% acetone was added to ground frozen leaves (500 mg). After 2 to 3 min of agitation,
the samples were centrifuged (15,000 g for 15 min at 4 °C) and the supernatants were
collected in a new tube. The pellets were extracted again twice. The pool of extracts was
then read at 662, 645, and 470 nm with a Shimadzu UV-1280 spectrophotometer. The
pigment content was then normalised to dry weight.

2.9. Statistical Analysis

Each analysis included at least five biological replicates (1 = 5). For all the parameters
recorded at different time points, the effects of the drought treatment (S), cultivar (C), and
their interaction (C x S) were evaluated using 2-way Repeated ANOVA. For the MDA
content, gm, Ls, Lm, L, Vemax, and Jmax, which were measured only at t2, the effects of
the treatment (S), cultivar (S), and their interaction (C x S) were analysed by using 2-way
ANOVA. At each time point, post hoc analysis was performed using Tukey HSD test.
ANOVA and post hoc tests were performed using the Systat 11 statistical package (Systat
Software Inc., Richmond, CA, USA). At each time point, the bar graphs show the mean
and the standard error of the recorded parameters and significant differences according
to the post hoc test (p < 0.01). In the pie chart, the percentages shown are the averages of
five values calculated independently for each limitation (Ls, Ly, and Ly,). Eight parameters
were taken into account to create the correlogram. First, each parameter was expressed as
the ratio of the DS group value to the CTRL group value at each time point. Then, Rstudio
(ver. 4.2.2, R core team, Vienna, Austria, 2022) was used for correlation according to the
time course.

3. Results
3.1. Drought Effects on Plant Water Status and Biochemical Responses

The results are organised as follows in this first section. Table 1 shows the variability
of nine physiological parameters as well as the significance of two factors (cultivar and
treatment) and their mutual interaction as determined in the ANOVA tests. In addition,
only the data where the interaction between cultivar and treatment (C x S) was significant
are fully described.

Table 1. The effects of factors “cultivar” (C), “treatment” (S), and their interaction (C x S), as well as their
statistical significance, on the following parameters: soil water content (SWC), relative water content of
leaves (leaf RWC) and stems (stem RWC), stomatal density (SD), stomatal conductance (gs), electrolyte
leakage (EL), lipid peroxidation (as measured by malondialdehyde content, MDA), photosynthetic
pigments content of chlorophyll a and b (Chl a + b), and carotenoids (Car). Each value represents the
mean =+ standard deviation. Different superscripts indicate statistical differences (p < 0.05).

Chla+b
o o o 2 —2 1 o
SWC (%) Leaf RWC (%) Stem RWC (%) SD (n./mm*~) gs (molm™ <57 %) EL (%) MDA (mmol/kg DW) (ng/mg DW) Car (ug/mg DW)
Cultivar (C)
Giarraffa 89522 64.0 £ 16.1 69.2+17.9 344+76°¢ 0.086 + 0.039 P 263 +125P 528+ 098P 3.93 +0.82 0.70 +0.15
Leccino 76 +50 P 60.5+15.1 66.7 +17.0 384+50b 0.070 & 0.040 € 274 +133P 3.78 £0.50 ¢ 3.66 +0.71 0.65 4+ 0.13
Maurino 76+ 49 b 613 +17.6 69.4 +20.0 484 +542 0.112 £ 0.0512 37.7+2112 7.26+1.332 349 +193 0.63 +0.32
p-value 0.014 0.080 0.051 <0.001 <0.001 <0.001 <0.001 0.837 0.649
Treatment (S)
CTRL 117 £262 82.0+862 88.0+212 40.1+93 0.119 +0.0372 219 +48P 493+ 1.67P 343+1.17 0.61+0.19
DS 26+21b 509 +10.8 P 644 +98P 407 £7.6 0.052 +0.029 P 41.2+2012 59441722 4.10 £1.31 0.73 +0.23
p-value <0.001 <0.001 <0.001 0.203 <0.001 <0.001 0.004 0.116 0.143
CxSs
p-value 0.715 0.041 0.001 <0.001 <0.001 <0.001 0.422 0.636 0.824

The first parameter we monitored was the soil water content (SWC), which was

found to be strongly affected by the DS treatments. ‘Giarraffa” exhibited a higher value
of SWC (89% compared to 76% of the other cultivars). However, the significance of the
interaction (C x S) was not relevant, meaning that the SWC was not affected by the cultivar
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growing in the soil, but only by treatment. A graph containing SWC data is available in the
Supplementary Material (Figure S2).

Drought stress also had a significant effect (p-value < 0.001) on the leaf RWC data,
but in this case, the cultivar and the interaction C x S were also significant (Table 1). As
shown in Figure 1, the drought-stressed groups of ‘Giarraffa” and ‘Leccino’ retained less
water than ‘Maurino’ DS did after the first week of stress. While the difference between
the control and stressed groups was significant for all cultivars at t1, ‘Giarraffa” DS did not
differ from its respective control one week later.
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Figure 1. Leaf relative water content (leaf RWC) measured in control and drought olive cultivars
from t0 to t4. At t0, the stressed and control samples were still one group. The bars represent
mean =+ standard error. Values for ‘Giarraffa’ (GIA) are blue, ‘Leccino’ (LEC) values are orange,
and ‘Maurino” (MAU) values are green. Striped bars indicate control samples. For each time point,
different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc
tests considering both cultivar and treatment.

Table 1 shows that, considering both the CTRL and DS groups, the ‘Giarraffa” stem
contains more water than the cultivar Leccino does (69.2% and 66.7%, respectively). The
higher value recorded in the cultivar Maurino is probably due to the lack of samples at t4.
Drought stress reduced stem RWC, resulting in a reduction to 64.4% in the stressed samples
compared to 88.0% in the controls. Figure 2 shows that all cultivars lost stem water as the
study progressed, with ‘Maurino’ DS having a lower and significantly different stem RWC
value than that of ‘Giarraffa’ DS at t2. The stems stored more water than the leaves did as
the stress worsened, with from 10% more water at t0 up to 20% at t4.

Stomatal density (SD) affects the rate of exchange between plants and the external
environment; since the sampled, mature, fully expanded leaves had developed before the
experiment, the drought treatment had no effects on this parameter (Table 1). However, the
cultivar (C) had a significant impact on it, with the average numbers of stomata per mm?
being 34.4 for ‘Giarraffa’, 38.4 for ‘Leccino’, and 48.4 for ‘Maurino’.

The stomatal conductance, i.e., the water vapour flux through a leaf sample, showed a
significant difference for each factor considered (C, S, and C x S) (Table 1). The cultivar
Maurino showed the highest values of g5 (0.112 mol m~2 s7!), and it had a higher g
even when comparing only the control groups of the cultivars, as shown in Figure 3. The
drought stress had a strong effect (p-value < 0.001), and all the stressed groups had lower
and significantly different g; value compared to that of the controls from t2, but ‘Giarraffa’
DS already differed from the respective control at t1. The lowest value of g5 was reached
by all stressed groups of the cultivars at t4.
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Figure 2. Stem relative water content (stem RWC) measured in control and drought olive cultivars
analysed at t0, t2, and t4. At t0, the stressed and control samples were still one group. The bars
represent mean =+ standard error. Values for ‘Giarraffa” (GIA) are blue, ‘Leccino” (LEC) values are
orange, and ‘Maurino’ (MAU) values are green. Striped bars indicate control samples. For each time
point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple
post hoc tests considering both cultivar and treatment. MAU values at t4 are not shown due to
technical problems.
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Figure 3. Stomatal conductance (gs) in control and drought-stressed olive cultivars from t0 to t4. At
t0, the stressed and control samples were still one group. The bars represent mean =+ standard error.
The values for ‘Giarraffa” (GIA) are blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino’ (MAU)
values are green. Strip bars refer to control samples. Within each time point, different letters denote
statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both

cultivar and treatment.

Electrolyte leakage (EL) is the loss of electrolytes from cells or tissues and can be
caused by a variety of factors, including physical injuries and diseases. This parameter was
found to be strongly affected by the factors, C and S, and their interaction (Table 1). As
shown in Figure 4, the rate of EL increased progressively and significantly from t1 to t4,
and the stress condition resulted in a two-fold increase in the value in the stressed samples
(41.2%) compared to that of the control samples (21.9%). ‘Maurino” was the cultivar that
was most strongly affected, already showing a consistent increase in the EL value at t2.
After an additional week of stress (t3), the ‘Giarraffa’ DS (40.2%) and “Leccino’ DS (42.6%)
groups differed significantly compared to their respective controls. At t4, the stressed group
of each cultivar scored the highest EL value.
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Figure 4. Electrolyte leakage (EL) in control and drought-stressed olive cultivars from t0 to t4. At t0,
the stressed and control samples were still one group. The bars represent mean =+ standard error. The
values for ‘Giarraffa’ (GIA) are in blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino” (MAU)
values are green. Strip bars refer to control samples. Within each time point, different letters denote
statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both

cultivar and treatment.

The malondialdehyde (MDA) content is proportional to the intensity of lipid peroxida-
tion and was analysed only at t2 for the sole purpose of saving the leaf samples. The cultivar,
Leccino, showed the lowest MDA content, followed by ‘Giarraffa’
(5.28 mmol kg~ dw) and ‘Maurino’ (7.26 mmol kg~! dw). The drought-stressed samples
exhibited a slightly higher value than the control samples did, but no statistical differ-
ence was observed regarding the C x S interaction. MDA data are not shown, but are
available in the Supplementary Material (Figure S3). Table 1 also shows the content of
major photosynthetic pigments. Carotenoids (Car) and chlorophylls a + b (Chl a + b) were
unaffected by the variables considered and remained constant throughout the experiment
(Supplementary Material, Figures 54 and S5).

3.2. Impact of Water Deficit on the Photosynthetic Process

Table 2 shows the variability of ten photosynthetic parameters, as well as the signifi-
cance of two factors (cultivar and treatment) and their mutual interaction, as determined
via 2-way Repeated ANOVA. Like the previous section, only the data where the interaction
between the cultivar and treatment (C x S) was significant are fully described.

As shown in Table 2, net CO; assimilation (A) is significantly influenced by the cultivar,
the drought, and their interaction. The cultivar Maurino showed a higher value of A than
‘Giarraffa” and ‘Leccino’ did, even when comparing the control groups (Figure 5). Drought
stress generally reduced A, but the earliest reduction occurred in ‘Giarraffa” DS at t1. From
t2, the stressed groups of all cultivars significantly differed from their respective controls.
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Table 2. Effects of the factors “cultivar” (C), “treatment” (S), and their interaction (C x S), and their
statistical significance on the following parameters: net photosynthetic rate (A), effective efficiency
of photosystem II (® PSII), maximum efficiency of photosystem II (Fy /Fn,), electron transport rate
(ETR), mesophyll conductance (gm), stomatal limitation (Ls), mesophyll conductance limitation (L),
biochemical limitation (Ly,), maximum rate of carboxylation (V¢max), and maximum electron transport
rate (Jmax). Each value is the mean =+ standard deviation. Different superscripts indicate statistical
differences (p < 0.05).

A ETR sm o o o Vemax Jmax
(p,Lmnlm’2 s~ 1) @ PSIl Fv/Fm (plrnolm’2 s~ 1y (molm—2s~1) Ls (%) Lm (%) Lp () (p,lmolm’2 s—1) (}JmolmfZ s’l)
Cultivar (©)
Giarraffa 779 =387 0.149 40032 b o 1006 215 0.110 £ 0.043 4541072 2754104 2804179 571+ 134 749+ 1623b
Leccino 714+ 378D 0.154 + 0.0343b 0T 100.1 +193b 0.139 + 0077 BoE52 216480 345+ 127 558+ 12.1 87441342
Maurino 10,66 + 5.482 0.166 = 0.039 2 O 111742612 0.112 + 0.053 3895116 275+111 3.6+ 147 19.1+230 6884 194b
p-value <0.001 <0.001 0.860 <0.001 0.061 0.026 0.295 0.19 0,520 0.054
Treatment (S)
CTRL 1138 43402 0172400312 e 1139+ 19.62 0.156 + 0,058 2 348+61b  219+69b  433+612 528+ 124 7624179
DS 496+ 3460 0137 +0.031 P gg?j 5 919+211P 0.087 + 0037 b 5074623 30741142 1862115 549 +21.9 7524 18.6
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.015 <0.001 0.706 0.945
cxs
p-value <0.001 0.001 0.091 0.034 0.732 0.067 0.140 0.271 0.419 0058
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Figure 5. Net CO, assimilation (A) in control and drought-stressed olive cultivars from t0 to t4. At t0,
the stressed and control samples were still one group. The bars represent mean =+ standard error. The
values for ‘Giarraffa’ (GIA) are in blue, those for “Leccino” (LEC) are orange, and ‘Maurino” (MAU)
values are green. Strip bars refer to control samples. Within each time point, different letters denote
statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both
cultivar and treatment.

Figure 6 shows the actual PSII efficiency. It was found that ®PSII was affected by the
cultivar, the drought stress, and their interaction (Table 2). The cultivar, Leccino, showed
the first difference between the control and stressed groups at t1. From t2, the significant
difference between the control and stressed groups appeared in the cultivar, Maurino. The
‘Giarraffa” DS group value was significantly lower compared to its respective control one
only at t4.
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Figure 6. Effective efficiency of PSII (®PSII) in control and drought-stressed olive cultivars from t0 to
t4. At t0, the stressed and control samples were still one group. The bars represent mean =+ standard
error. The values for ‘Giarraffa’ (GIA) are blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino’
(MAU) values are green. Strip bars refer to control samples. Within each time point, different letters
denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering
both cultivar and treatment.

On the contrary, no differences among the cultivars were found for Fy /Fp,. However,
drought stress affected the maximum efficiency of PSII, but the cultivars behaved similarly
in relation to the stress (C x S, p-value = 0.091). All the cultivars showed a decrease
in F, /Fpy starting from t3, with the lowest values in the DS groups (0.68 for ‘Giarraffa’
DS, 0.69 for ‘Leccino’ DS, and 0.70 for ‘Maurino” DS) at t4. A graph is available in the
Supplementary Material (Figure S6).

Conversely, the cultivar (C), the drought stress (S) and their interaction (C x S) sig-
nificantly affected the ETR (Table 2). As shown in Figure 7, drought stress slowed down
the ETR of all the stressed groups, but ‘Leccino” showed the first difference at t2 (‘Leccino’
CTRL 110.7 pmol m~2 s~ 1; “Leccino’ DS 82.6 pmol m 2 s~ 1, p < 0.01), when the stressed
groups of the other two cultivars were still comparable to their respective controls. Sig-
nificant differences between the CTRL and DS groups appeared in ‘Maurino’ at t3 and in
‘Giarraffa’ only at t4.

ETR (umol m2s?)
[+
o

GIA LEC MAU GIA LEC MAU GIA LEC MAU GIA LEC MAU GIA LEC MAU

t0 t1l t2 t3 t4

Figure 7. Electron transport rate (ETR) in control and drought-stressed olive cultivars from t0 to t4.
At t0, the stressed and control samples were still one group. The bars represent mean + standard
error. The values for ‘Giarraffa’ (GIA) are blue, those for “Leccino’ (LEC) are orange, and ‘Maurino’
(MAU) values are green. Strip bars refer to control samples. Within each time point, different letters
denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering
both cultivar and treatment.
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Unlike stomatal conductance, Table 2 shows that the mesophyll conductance exhibited
no differences among the cultivars, even if a significant decrease in g, is determined by
stress, resulting in 0.156 + 0.058 mol m~2 s~ ! in the controls and 0.087 + 0.037 mol m 2 s~!
in the stressed groups. A graph containing g, values calculated at t0, t2, and t4 is available
in the Supplementary Material (Figure S7).

As a result, drought stress significantly affected the stomatal (Ls), mesophyll conduc-
tance (L), and biochemical (L) limitations of photosynthesis at t2 (Table 2). Specifically,
after two weeks of stress, the contribution of Ls and L, was 16% and 9% higher, respec-
tively, in the stressed groups compared to that in the control group, which occurred at the
expense of biochemical limitation, which decreased. ‘Giarraffa’” and ‘Maurino’ showed
a significant higher stomatal limitation in the stressed group compared to that of their
respective controls, while the Ls values in the ‘Leccino” DS and CTRL groups are similar, as
shown in Figure 8. As suggested by the low biochemical limitation of the stressed groups,
Vemax and Jmax, the maximum carboxylation rate and the maximum electron transport rate,
respectively, did not seem to be significantly affected by the stress treatment (Table 2). The
data are plotted in the Supplementary Material (Figures S8 and S9).

(a) Giarraffa (b) Leccino (c) Maurino

CTRL CTRL CTRL

DS

Figure 8. Percentages of stomatal limitation (Ls), mesophyll diffusion resistance (L), and biochemical

limitation (Ly,) on photosynthetic process in control and drought-stressed olive cultivars, calculated
for ‘Giarraffa’ (a), ‘Leccino’ (b), and ‘Maurino’ (c) at t2. The percentages shown for each group are
the means of five values calculated independently for each limitation (Ls, Lm, and Ly,). The asterisks
(*) denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc test. Only
the significant difference between control and stressed samples of the same cultivar is highlighted.

3.3. Correlation

Figure 9 shows correlograms generated for each cultivar. When the cultivars were
examined together, they gave very similar results. Firstly, there is a positive correlation
between all the parameters, except EL. Therefore, the main difference is the magnitude
of the correlation. Looking at the correlations between the water-related parameters (the
SWC, the RWC, and g;), the cultivars behaved differently: the cultivar Maurino had the
strongest positive correlation between all these parameters. ‘Leccino’ showed the same
strong positive correlation between the SWC and gg, but the value was lower when the leaf
RWC was correlated with the SWC and gs. In the cultivar, Giarraffa, the correlations of
both leaf RWC and SWC with g5 were weak, while that between the SWC and leaf RWC
was stronger than it was in ‘Leccino’. Concerning the correlation between the water-related
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parameters and photosynthesis, ‘Maurino’ showed the strongest correlation between the
SWC, leaf RWC, gs, and A. The same strong positive correlation was found between A and
the SWC in ‘Leccino’. The correlations between the leaf RWC and A (in ‘Leccino’) and the
leaf RWC, SWC, and A (in ‘Giarraffa’) are weaker. Moreover, ETR and ®PSII were strongly
positively correlated with gs in ‘Maurino” and ‘Leccino’, while they were more positively
correlated with the leaf RWC in ‘Giarraffa’.

(b)Leccino % _ (c)Maurino %

= 7 € x =
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Figure 9. Correlogram of the 8 parameters evaluated at each time point in ‘Giarraffa’ (a), ‘Leccino’ (b),
and ‘Maurino’ (¢). Each parameter is expressed as the ratio of the DS group to the CTRL group value
at each time point and correlates to the time course (1, t2, t3, and t4). The size of the dots corresponds
to the value of the correlation coefficient according to the right-positioned scale, while the colour
indicates the direction of change (blue for positive correlation; red for negative correlation).

4. Discussion

Olive trees are one of the most cultivated crops in the Mediterranean region and will
face frequent droughts due to climate change. Understanding how water deficit affects
olive cultivars differently will help us to select those that are best suited to future climate
change [49]. This study examined the inter-varietal differences in drought stress responses
among three olive cultivars in Italy (cultivars Maurino, Leccino, and Giarraffa). The main
variables investigated were the plant-water relationship and photosynthetic traits. The
analysis of relative water content revealed the distribution of water within plants, and
physiological analysis aimed to show how drought affects photosynthesis light reactions.

The first basic variable we investigated was the amount of water in the soil, which
could also indicate how well different plants absorb water through their roots. Indeed,
after only one week of stress, the soil water content of all the stressed plants was half of that
of the controls, indicating that the cultivars remove comparable amounts of water from
the soil. This parameter could not distinguish between the cultivars, which is consistent
with the findings of other studies. In the study by Oddo et al. [50], for example, the three
Italian cultivars tested (cultivars Giarraffa, Biancolilla, and Nocellara del Belice) showed
no significant differences, and the report indicates a 55% reduction from the value of
the controls during the first week of stress. There were no discernible differences in the
decrease in the SWC in plants stressed for two and three weeks compared to that of the
plants stressed for one week. Melaouhi et al. [51] studied the response of two-year-old
‘Arbequina’ and ‘Empeltre” cultivars to mild (30% field capacity) and severe (50% field
capacity) stress and found that both treatments resulted in a significant reduction in the
SWC, but no differences or interactions between cultivars or treatments and cultivars were
observed. Using the SWC as a benchmark, the current study confirmed that drought stress
had an equal impact on all the cultivar groups, with the severity directly related to the
duration of the water shortage. Some differences emerge if the available water rather than
the soil water content is considered. In other-than-soil media (such as peat and pumice
used in this case), the available water in the pots is the difference between the volumetric
soil water content determined at psi = —1 kPa and —10 kPa [52]. Data reported by Pardossi
et al. [53] defined the range (57/39%) of the volumetric soil water content as the available
water for peat: pumice 1:1. Considering the gravimetric soil water content of this study;
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we assume that the control groups of the three cultivars have the maximum amount of
available water during the whole period. The stressed groups of ‘Leccino’ and ‘Maurino’
nearly wilted at t1, while ‘Giarraffa’ reached this state one week later. From t2 onwards,
the water available to the stressed groups of all cultivars was very limited.

Although the cultivars retained a similar amount of water in the soil, they were
consistently different in terms of transpiration. Firstly, each cultivar had a unique default
stomatal density. This morphological difference is perfectly reflected in a different rates
of stomatal conductance. The cultivar, Maurino, for example, has the highest stomatal
density and the highest stomatal conductance, even when it is grown in well-watered
conditions, which is followed by ‘Leccino’, and then ‘Giarraffa’, which has the lowest
stomatal density and the earliest decrease in stomatal conductance. Oddo et al. [50], on
the other hand, found that ‘Giarraffa’ retained high g5 values after seven days of drought
stress (0.4 mol m~2 s1). In this case, ‘Maurino’ appeared to have stomatal characteristics
that were less effective in preventing water loss than those of the controls of the other two
cultivars, but this did not result in an overall lower leaf relative water content, except for at
t2. As suggested by Bosabalidis and Kofidis [25], the higher stomatal density of ‘Maurino’
may allow the more precise regulation of transpiration. The drought tolerance of plants is
generally associated with their ability to maintain a high leaf RWC under drought stress
conditions [54]. Given that stomatal conductance regulates the plant water status [55], the
simultaneous decrease in the RWC and g in ‘Giarraffa’ at t1 results in a smaller difference
between the stressed and control groups at t2 compared to that of the other two cultivars.
On the contrary, in ‘Leccino” and ‘Maurino’, stomatal conductance decreased one week later
than the leaf RWC did, which is unlike what has been described by Boussadia et al. [56],
Guerfel et al. [7], and Lawlor [9]. During periods of water scarcity, the stem could serve
as a water reservoir [57]. At t2, however, the slightly higher water content in the stems of
‘Maurino” under the control condition did not provide any support to counteract the RWC
loss in the leaves at the same time point. The differences between cultivars in water-related
parameters became apparent after one or two weeks of stress, but were completely lost as
the stress level increased (at t3 and t4). Together with the tendency to maintain higher water
contents, the rapid reduction in the stomatal conductance and the low stomatal density
could allow ‘Giarraffa” to use water resources more conservatively and make this cultivar
interesting to researchers conducting future water management studies.

Water stress generally reduces stomatal conductance, which decreases the quantity of
CO; taken up by the leaves, limiting net carbon assimilation (A) [58], and thus, affecting
plant growth. All the olive cultivars studied showed a decrease in parameter A, supporting
the conclusion reached by Sofo et al. [59]. The authors of that case study looked at the
cultivars, Biancolilla and Coratina, and found that ten days of total water depletion (roughly
between t1 and t2 in the current study) resulted in a decrease in A of 11.8 to 3 mol m 2 s~!
and 14.1 to 1.1 mol m~2 s, respectively. In the current study, drought-stressed ‘Giarraffa’
showed an early decrease in A at t1, coinciding with stomatal closure (as indicated by the
decrease in g5) and with a decrease in the leaf RWC. Instead, both ‘Leccino’ and ‘Maurino’
cultivars showed a delayed decrease in A compared to the timing of the decrease in the
leaf RWC. Guerfel et al. [7] used the leaf water potential to assess the plant water status in
two olive cultivars (‘Chemlai’ and ‘Chetoui’) subjected to 21 days of drought. They found
a relationship between the leaf water potential and A (R? 0.96 for ‘Chemlai’ and 0.79 for
‘Chetoui’), which can be compared to the behaviour of the stressed group of ‘Giarraffa’.
Mesophyll conductance is another important diffusive parameter that regulates the transfer
of CO, from sub-stomatal cavities to the chloroplasts within a leaf [58]. The reduction
in gm was found to be associated with a decrease in A in drought-stressed plants, which
played a crucial role in reducing CO; availability in the mesophyll, as confirmed by a
relative increase in mesophyll conductance limitation under water stress conditions. The
underlying mechanisms involved in the regulation of g, under water stress conditions
are not fully understood and deserve further investigation. However, previous studies
have reported that g, may be affected by increasing abscisic acid (ABA) concentrations as
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the soil dries [12,60] or by changes in the leaf structure (such as cell wall thickness) as an
acclimation response to the drought [61].

According to Grassi and Magnani [45], the contribution of stomatal, mesophyll con-
ductance, and biochemical limitations can explain the decrease in net CO; assimilation
under drought stress. In this study, the limitations were calculated after two weeks of
the drought study. The main factors limiting photosynthesis are stomatal and mesophyll
conductance, confirming that diffusive limitations rather than biochemical impairments
play a significant role under intermediate stress conditions [8,45]. In particular, water
stress increased the overall contribution of the stomatal limitation to photosynthesis in
stressed ‘Giarraffa” and ‘Maurino” plants at t2. The lack of a biochemical impairment was
further demonstrated by the absence of any effects on the maximum electron transport
rate (Jmax) and the maximum carboxylation capacity (Vemax) at least up to t2, as found in
drought-stressed Q. ilex by Hoshika et al. [12,62] and in salt-stressed olive trees by Centritto
et al. [11]. Chlorophyll fluorescence parameters provide more information about the func-
tionality of photosynthetic machinery during stress. The decrease in the ETR and ®PSII
observed in ‘Leccino’ at t2 anticipates the PSII impairment shown by the strong reduction in
Fy/Fm at t3. The cultivar, Giarraffa, which shows decreases in the ETR and ®PSII only at t4,
seems to avoid a photosystem impairments thanks to the earlier decreases in g5 and A [63].
The cultivar Maurino showed an intermediate pattern, revealing the first PSII impairments
at t3.

Measuring the pigment levels can help assess the health of a plant and determine
whether it is under abiotic stress [64]. Indeed, Dias et al. [27] found that the cultivars,
Cobrancosa, Cordovil de Serpa, and Cordovil de Castelo Branco, showed a decrease in
the chlorophyll and carotenoid contents, which are most likely due to oxidative stress
damage under drought stress. However, no stress-related differences in the pigment
content were observed in this study, indicating that pigment impairments were not present
throughout the experiment. Marino et al. [65] found similar results: after a dry summer
without irrigation, 10-year-old olive trees (‘Leccino’) showed no significant changes in
the chlorophyll and carotenoid contents. In our case study, the lack of differences in lipid
peroxidation between the control and stressed plants suggest that damage to the lipid
bilayer of cell membranes does not occur in the early stages of drought stress. Since no
lipid peroxidation was observed (at least until t2), the increase in EL may be due to a
preliminary response of the plants to drought stress rather than cell damage. According to
Demidchik et al. [66], EL is primarily caused by the efflux of K* through specific channels
activated by ROS. K* release can cause programmed cell death (PCD) or decrease anabolism
in favour of catabolic processes, resulting in energy release. All the cultivars studied
increased their EL in response to stress, but ‘Maurino’ showed a stronger and faster
response. The cultivar, Maurino, could theoretically achieve a faster EL response due to
the increased water loss and transpiration rate, at least until t2. The rapid reduction of
gas exchange as the SWC and RWC decreased has been shown to give an advantage to
the defence of photosynthetic process under drought stress in ‘Giarraffa’, that even with a
lower A compared to that of the control, maintained a higher electron transport rate and
effective photosystem II efficiency until the last week of the stress study.

5. Conclusions

The conservation of biodiversity is becoming increasingly important in both natural
and agricultural environments as climate change has a stronger impact on plants. The
widely cultivated olive trees are represented by a broad range of cultivars, each with their
own genetic background that may play a role in olive cultivar adaptation to various abiotic
stresses such as drought. The three Italian olive cultivars tested in this study differed
significantly in their responses to drought stress in growth chamber experiments; though,
not all the parameters revealed significant differences. Some defence mechanisms are not
used by any of the olive cultivars, whereas others are implemented first by a specific cultivar,
resulting in an anticipatory and protective response. The data collected thus far suggest that
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Giarraffa is likely the most tolerant cultivar, but the molecular processes underlying this
evidence are not fully understood. ‘Giarraffa” showed the earliest stomatal response, but
this is not the determining factor for a significantly better water saving capacity than that of
the other cultivars. To summarise, the physiological results described here suggest that the
genetic basis of water deficit responses may differ between olive cultivars and that specific
genotypes (such as ‘Giarraffa’) may be used in breeding programmes to develop preferred
cultivars for drought-prone regions. Taking into account both water-related parameters and
photosynthesis, we suggest using fluorescent chlorophyll parameters (such as PSII and
ETR) as markers to discriminate the drought resistance of cultivars within large germplasm
collections, and also, considering the ease with which these data can be collected for a
high number of plants. However, the more precise cataloguing of drought-tolerant olive
cultivars necessitates additional testing. We have already planned biochemical research
to track proteins (such as dehydrins and osmotin) and molecules (such as proline) related
to the water balance in the leaves and stems. These may provide a valid alternative to
stomatal closure to conserve water during drought and will give a more accurate picture of
the specific response of each cultivar.
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Abstract: The lack of dwarf stock with good cold resistance has affected the production of apples
in northern China. Annual dormant branches of ‘Tianhong 2" apple were grafted on 10 different
dwarf interstocks (the rootstocks were the seedlings of Malus hupehensis var. Pingyiensis) as test
materials. Among these 10 interstocks, Huang 6, 244, NO.1, 53, 24-5, ZC9-3, Jizhen 1 were newly
developed by us (Apple Research Group of Hebei Agricultural University), and three interstocks
with different degrees of cold resistance (GM256—with strongest cold resistance, SH40-with stronger
cold resistance, M9-with poor cold resistance) were used as controls. The semi-lethal temperature
(LT50) and related physiological indexes of the branches in the overwintering process were studied.
Based on the comprehensive physiological indexes, the effects of 10 interstocks on cold resistance of
the “Tianhong 2" apple were analyzed. The results showed that the effects of 10 kinds of interstocks on
the cold resistance of “Tianhong 2" apple were quite different. The order of effects on cold resistance
from strong to weak was as follow: GM256 > Huang 6 > 244 > NO.1 > 53 > 24-5 > ZC9-3 > Jizhen 1 >
SH40 > M9. The purpose of this study was to screen out the interstocks with strong cold resistance, in
order to provide some basis for the selection and utilization of interstocks with strong cold resistance
in apple cultivation to further promote the development of the apple industry in China.

Keywords: apple; dwarfing interstocks; cold resistance

1. Introduction

The apple (Malus domestica Borkh) is a nutritious fruit and is consumed worldwide,
providing an important food source [1]. China is in a dominant position in apple production
globally with both the largest apple growing area and the largest export of fresh apples [2].
However, in many apple-producing areas of China (such as high-latitude and high-altitude
areas), there are different degrees of low-temperature freezing injury. Freezing injury affects
the growth, development, and yield of apple trees, and can even lead to tree death, thus
posing a major threat to the development of the apple industry [3]. Low-temperature stress
is a key limiting factor affecting plant growth, physiology, and metabolism, affecting overall
yields [4,5]. Therefore, it is particularly important to improve the cold resistance of apple
trees. Rootstock is an important factor in conferring apple cold resistance [6]. Grafting
desirable apple varieties on rootstocks with inherent strong cold resistance can improve the
cold resistance of the mature fruit trees. In the northern apple-producing areas of China,
the improper application of dwarf rootstock has led to poor cold-resistant varieties with
frequent occurrence of freezing injury [7]. Therefore, the cultivation of apple cold-resistant
dwarf rootstocks has attracted much attention. Screening dwarf rootstocks with strong cold
resistance is necessary to develop superior varieties to alleviate and prevent overwintering
freezing injury of apple trees. Evaluating and identifying the mechanism of cold resistance
in apple rootstocks and breeding dwarf rootstocks with strong cold resistance, suitable
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for northern China, are necessary to promote the development of the apple industry and
expand apple cultivation. To do this, we have bred multiple rootstocks with dwarfing
potential, and evaluated their various characteristics, including cold resistance.

‘Tianhong 2" (Malus domestica Borkh. cv. ‘Tianhong 2’) apple is a short-branch Fuji
variant (Malus domestica Borkh. cv. Fuji). This variety was bred by the Apple Research
Group of Hebei Agricultural University in 1994 and certified as a new variety by the
Forest Tree Variety Approval Committee of Hebei Province, China in 2005 [8]. The fruit of
‘Tianhong 2’ is round and the fruit shape index can reach more than 0.9. The average single
fruit weight is approximately 260 g. The fruit surface is smooth, and the surface color is
bright red. Its pulp is yellow-white, crispy, and juicy. The taste is sweet and sour. The fruit
contains 14.5%~16.8% soluble solids and has good aroma. On the whole, the quality is
superior. The fruit matures between late October and early November in Baoding, Hebei
Province, China and can be stored for 13 months. This variety is widely cultivated in Hebei
Province, especially in Baoding (located in northern China). In this area, fruit growers
usually choose vigorous rootstocks adapted to local climate as the base stock to improve
the comprehensive resistance of “Tianhong 2" apple trees, and graft dwarf interstocks on the
base stock to dwarf the trees. Selecting suitable, highly cold-resistant dwarfing interstock
will improve the yield and quality of the “Tianhong 2" apple.

In this study, annual dormant branches of ‘Tianhong 2’ apple were grafted onto 10
different interstocks and tested for cold resistance. The tested interstocks include seven newly
developed rootstocks with dwarf potential that were cultivated by the Apple Research Group
of Hebei Agricultural University: Jizhen 1, Huang 6, 244, NO. 1, 53, 24-5, and ZC9-3. Three
other interstocks that are widely cultivated in China were used as controls: SH40 and GM256,
which exhibit strong cold resistance, and M9 with poor cold resistance. All interstocks were
grafted on apomictic Malus hupehensis var. Pingyiensis as the base rootstock.

Semi-lethal temperature (LT50) is an important index widely used to evaluate plant
cold resistance [9-11]. The cold resistance of apples may be closely related to many
indicators. For example, reactive oxygen species such as superoxide anion are harmful
substances and are produced at high levels in plants under low-temperature stress [12].
SOD and POD are important protective enzymes that can remove reactive oxygen species
as part of plant cold resistance [13]. Proline, soluble sugar, and soluble protein are osmotic
regulators that are essential players in the process of plant cold resistance [14]. Starch [15]
and malondialdehyde (MDA) [16] are also important indicators of cold resistance of plants.
Because many factors affect the cold resistance of fruit trees, it may be insufficient to
measure cold resistance using a single index. Principal component analysis can be used to
comprehensively evaluate cold resistance using multiple indicators. This type of analysis
has been successfully applied to assess cold resistance of apples [7], grapes [9], and other
crops. In recent years, there have been many reports on the cold resistance of apples. Some
studies utilized apple rootstocks grown in an artificial low-temperature environment to
measure different indicators and evaluate cold resistance [7,17]. Other studies measured
cold resistance-related indicators to assess cold resistance in apple rootstocks subjected to
natural overwintering and low temperature [7].

In this study, the semi-lethal temperature (LT50) and physiological indexes related
to cold resistance were measured by conductance, and the different responses of various
indexes to low-temperature stress were studied, which provided theoretical reference for
studying the physiological characteristics of plant cold resistance during the process of
overwintering. Principal component and cluster analysis were used to comprehensively
evaluate the effects of cold resistance of these 10 different interstocks to “Tianhong 2’ apple.
Selecting some new interstocks with strong cold resistance can provide some certainty in
the choice and use of interstocks with strong cold hardiness for apple cultivation, further
promoting the development of the apple industry. In many apple production areas, freezing
injury caused great economic losses for the industry, and the hardiness of rootstock and
interstock has a great influence on the cold resistance of apple tree. Therefore, this research
has great significance for the development of apple industry.
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2. Materials and Methods
2.1. Plant Materials

The test materials were grown in the West Campus of Hebei Agricultural University,
Baoding City, Hebei Province, China. At the end of March 2019, the annual seedlings of
Malus hupehensis var. Pingyiensis (apomixis) with the same growth vigor were planted in
pots (22 cm high, upper diameter 30 cm, and lower diameter 20 cm) as the base rootstocks,
and the no budding buds of 10 dwarfing interstocks were grafted on the base rootstock in
early April 2019 by the plate budding method. The 10 dwarfing interstocks included: SH40
(with strong cold resistance), GM256 (with strongest cold resistance), and M9 (with poor
cold resistance), which are widely used in production and were used as controls in this
experiment; Jizhen 1, 53, 244, 24-5, Huang 6, ZC9-3, and NO.1, which were new dwarfing
rootstocks cultivated by the Apple Research Group of Hebei Agricultural University. The
background information of these seven new rootstocks was shown in Table 1. The no
budding buds of ‘Tianhong 2" apple were grafted on the interstock in early April 2020.
Under unified management, 30 potted trees with the same growth vigor were selected
from each rootstock-interstock-scion combination for the experiment. The annual dormant
branches of “Tianhong 2’ (the scion) grafted on the 10 interstocks were used as test materials
in the winter of 2020-2021.

Table 1. Background information of the seven new rootstocks.

Rootstock Parents Breeding Institution
Jizhen 1 seedling progeny of SH40
53 seedling progeny of SH40
244 seedling progeny of SH40
NO. 1 seedling progeny of SH40 Hebei Agricultural University
24-5 Malus micromalus x Inner Mongoliall
Huang 6 seedling progeny of Malus robusta Rehd
ZC9-3 seedling progeny of P22

2.2. Test Methods
2.2.1. Materials, Treatment and Sampling

The branch samples were taken on 22 October 2020, 1 December 2020, 5 January 2021,
and 5 March 2021. The maximum temperature, minimum temperature, and average
temperature were recorded on each sampling day (shown in Table 2). Annual dormant
branches (about 0.5 cm in diameter) of “Tianhong 2’ that were disease-free, strong, and
exhibited consistent growth were selected for sampling. The harvested branches were
divided into two parts for every rootstock-interstock-scion combination. One part was
cleaned immediately after harvest and the branch bark was removed, quickly frozen in
liquid nitrogen, and stored in a —80 °C freezer before the determination of physiological
and biochemical indexes. The other part was cleaned with distilled water and deionized
water and then divided into six groups and transferred to six plastic sealing bags (sprayed
with deionized water to prevent the branches from drying out) for separate artificial
low-temperature treatments (Table 3).

Table 2. Temperature on each sampling day during overwintering.

Natural Wintering Temperature/ °C

Sampling Date Maximum Minimum Average
Temperature Temperature Temperature
22 October 2020 18 2 9.46
1 December 2020 1 -5 —1.08
5 January 2021 -2 —14 —7.33
5 March 2021 10 1 429
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Table 3. Cold treatments for cold resistance determination.

Sampling Date Temperature Settings/ °C
22 October 2020 4 -8 -20 —26 —36 —45
1 December 2020 4 -8 —22 —36 —50 —60
5 January 2021 4 —-10 —22 —45 —55 —65
5 March 2021 4 -12 -20 —28 —36 —45

The low-temperature treatment was performed as described by Wilner [18]. A vari-
able temperature, ultra-low-temperature refrigerator was used for the artificial freezing
treatments, with six temperature gradients included the temperature at which all samples
are alive and the temperature at which all samples are killed (Table 3). The cooling rate
of the refrigerator was 6 °C/h, and samples were placed for 12 h after the temperature
reached the set temperature. After that, the samples were thawed at 0 °C for 8 h, and then
thawed at 4 °C for 24 h. After low-temperature treatment, the relative conductivity of the
branches was measured.

Each treatment was performed with three repetitions. After low-temperature treat-
ment, the relative conductivity was determined and the LT50 value was calculated.

2.2.2. Relative Electrolyte Leakage (REL) Measurement and LT50 Calculation

The relative electrolyte leakage (REL) and LT50 were measured and calculated ac-
cording to the methods of Wilner [18] and Zhang [19], with slight modifications. The
low-temperature treated branches were cut into 15 mm branch sections, split in the cross-
sectional direction, and put into a test tube containing 10 mL ultrapure water. The test
tubes were shaken on a shaking table for 24 h. After shaking, a DDS-307A conductivity
meter (Shanghai Yidian Scientific Instrument Limited Liability Company, Shanghai, China)
was used to measure the initial conductivity R1 and the blank conductivity R0. Tubes
were then incubated in a boiling water bath for 30 min, shaken for 24 h, and then the
final conductivity R2 was measured. The relative conductivity E of each treatment was
calculated according to the formula E (%) = (R1 — R0)/(R2 — R0) x 100. The treatment
temperatures and relative conductivity were fitted with a logistic equation using SPSS 21.0
software to calculate the inflection point temperature, which is the LT50 (C in the following

Formula (1)).
A

Y= e TP @

In this formula (1). y = relative electrolyte leakage rate (%); X = low-temperature
treatment temperature (°C); A is the difference between the highest E and the lowest E,
B = slope (%#°C), the slope of the curve at the inflection point temperature; C = inflection
point temperature (°C); and D is the lowest value of E.

2.2.3. Determination of Relevant Physiological Indexes

The content of MDA was determined by the thiobarbituric acid (TBA) method [20]; the
content of superoxide anion was determined by the hydroxylamine oxidation method [21];
SOD activity was determined by the nitroblue tetrazolium (NBT) photoreduction method [20];
POD activity was determined by the guaiacol colorimetry method [20]; the content of soluble
sugar and starch were determined by anthrone colorimetry [22]; the content of soluble
protein was determined by Coomassie brilliant blue G-250 staining [23]; and the content
of free proline was determined by acid ninhydrin staining [21]. Refer to the corresponding
literature for specific steps.

2.2.4. Statistical Analysis

The data were fitted by SPSS 21.0 software using a logistic equation to calculate the
LT50 values. Microsoft Excel 2010 software was used to analyze the test data and draw the
figures. SPSS 21.0 was used for one-way ANOVA, and the Duncan test (p < 0.05) was used
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for significance analysis. SPSS 21.0 was used for descriptive analysis, principal component
analysis, and cluster analysis.

3. Results
3.1. Changes of LT50 of ‘Tianhong 2" Apple Branches Grafted on Different Interstocks under
Natural Overwintering Process

After the different low-temperature treatments, the relative conductivity of the apple
branches grafted on interstocks was measured. The values were fit to a logistic equation to
determine the LT50 values for each interstock, as shown in Figure 1. During overwintering
stress, the LT50 changes corresponded to the change trend of winter temperature, which
decreased firstly and then increased. From 22 October 2020 to 5 January 2021, with the
gradual decrease in winter temperature, after adapting to the changes of external cold stress
environmental conditions, the cold resistance of the branches grafted on each interstock
increased and the corresponding LT50 values decreased, so the lowest LT50 values were
obtained in January when the outside air temperature was the lowest and the stress was the
most serious. From 5 January 2021 to 5 March 2021, as the temperature increased, the LT50
vales also increased. During overwintering, the branches of ‘“Tianhong 2" apple grafted on
GM256 and Huang 6 showed the strongest cold resistance.
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-30 =53
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Figure 1. LT50 values of ‘“Tianhong 2" apple branches grafted on different interstocks. Note: In the
figure, the lowercase letters indicate that significant differences exist between branches grafted on
different interstocks (p < 0.05).

3.2. Changes of Physiological Indexes of “Tianhong 2" Apple Branches Grafted on Different
Interstocks under Natural Overwintering Process

3.2.1. Change of MDA Content

As shown in Figure 2, the change of MDA content in the branches was opposite
to the change trend of winter temperature, first increasing and then decreasing. From
22 October 2020 to 5 January 2021, with the decrease in winter temperature and the intensi-
fication of low-temperature stress, the MDA content of apple branches increased, and MDA
content was highest when the temperature stress was the most serious in January. From
5 January 2021 to 5 March 2021, as temperatures increased, low-temperature stress was
alleviated, and the MDA content was reduced. Throughout overwintering, MDA levels
remained lower in “Tianhong 2’ branches grafted on GM256 and Huang 6 and relatively
higher for branches of ‘Tianhong 2’ grafted on ZC9-3.
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Figure 2. MDA content in ‘“Tianhong 2" apple branches grafted on different interstocks. Note: In the
figure, the lowercase letters indicate that significant differences exist between branches grafted on
different interstocks (p < 0.05).

3.2.2. Change of Superoxide Dismutase (SOD) Activity

As shown in Figure 3, the change of SOD activity in ‘Tianhong 2’ apple branches
grafted on different interstocks was opposite to the change trend of winter temperature,
first increasing and then decreasing. During overwintering, the SOD activity remained
higher in the branches of “Tianhong 2’ grafted on GM256, Huang 6, and NO.1 and was
relatively lower in the branches of ‘“Tianhong 2’ grafted on M9 and ZC9-3.
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Figure 3. SOD activity in “Tianhong 2" apple branches grafted on different interstocks. Note: In the
figure, the lowercase letters indicate that significant differences exist between branches grafted on
different interstocks (p < 0.05).

3.2.3. Change of Peroxide Dismutase (POD) Activity

Like SOD activity, POD activity in “Tianhong 2" apple branches grafted on different
interstocks was opposite to the change trend of winter temperature, first increasing and
then decreasing, as shown in Figure 4. Throughout overwintering stress, POD activity
remained higher for branches of “Tianhong 2’ grafted on GM256 and Huang 6 and relatively
lower in branches of ‘“Tianhong 2’ grafted on M9 and Jizhen 1.
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Figure 4. POD activity in “Tianhong 2" apple branches grafted on different interstocks. Note: In the
figure, the lowercase letters indicate that significant differences exist between branches grafted on
different interstocks (p < 0.05).

3.2.4. Change of Superoxide Anion (O, ) Production Rate

As shown in Figure 5, the change of O,~ production rate of “Tianhong 2’ apple
branches grafted on most interstocks was opposite to the change trend of winter tempera-
ture, first increasing and then decreasing. Of the tested interstocks, the variation trend of
O,~ production rate in “Tianhong 2’ branches grafted on M9 and 24-5 was slightly different
from the others. The O, production rate of branches grafted on M9 continued to increase
during the overwintering period but for branches grafted on 24-5 decreased and then
increased. These two interstocks exhibited the highest O, production rate in March. The
O, ™ production rate remained relatively lower for ‘“Tianhong 2’ branches grafted on GM256
and Huang 6 and relatively higher for branches grafted on M9, Jizhen 1 and ZC9-3.
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Figure 5. Superoxide anion production rate of ‘Tianhong 2" apple branches grafted on different
interstocks. Note: In the figure, the lowercase letters indicate that significant differences exist between
branches grafted on different interstocks (p < 0.05).
3.2.5. Change of Starch Content

As shown in Figure 6, the content of starch increased and then decreased in “Tianhong 2’
branches grafted on GM256, Huang 6, Jizhen 1, M9, 53, 244, 1, SH40, and ZC9-3 interstocks.
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The change trend of starch content in branches grafted on 24-5 was slightly different,
with a continuous decreasing trend through the overwintering period. At various times
throughout overwintering, there were significant differences in starch content in “Tianhong
2" apple branches grafted on different rootstocks.
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Figure 6. Starch content in ‘“Tianhong 2" apple branches grafted on different interstocks. Note: In the
figure, the lowercase letters indicate that significant differences exist between branches grafted on
different interstocks (p < 0.05).

3.2.6. Change of Soluble Sugar Content

As shown in Figure 7, the change of soluble sugar content in “Tianhong 2" apple
branches grafted on different interstocks was opposite to the change trend of winter
temperature, first increasing and then decreasing. At all time points during overwintering,
the soluble sugar content was at a relatively higher level in “Tianhong 2’ branches grafted
on 244 and 24-5 and at a relatively lower level in branches of ‘“Tianhong 2" grafted on M9

and Jizhen 1.
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Figure 7. Soluble sugar content in “Tianhong 2" apple branches grafted on different interstocks. Note:
In the figure, the lowercase letters indicate that significant differences exist between branches grafted
on different interstocks (p < 0.05).
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3.2.7. Change of Soluble Protein Content

As shown in Figure 8, the change of soluble protein content was opposite to the
change trend of winter temperature, dramatically increasing and then decreasing slightly.
There was significant variation in soluble protein content of the different grafted materials,
with relatively lower soluble protein content of “Tianhong 2’ branches grafted on NO.1
throughout the measurement process.
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Figure 8. Soluble protein content in “Tianhong 2’ apple branches grafted on different interstocks.
Note: In the figure, the lowercase letters indicate that significant differences exist between branches
grafted on different interstocks (p < 0.05).

3.2.8. Change of Proline Content

As shown in Figure 9, the proline content changed inversely to winter temperature,
first increasing and then decreasing. There were significant differences in “Tianhong 2’
apple branches grafted on the different interstocks for all measurements, with consistently
lower proline content of “Tianhong 2’ branches grafted on M9.
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Figure 9. Proline content in ‘“Tianhong 2" apple branches grafted on different interstocks. Note: In the
figure, the lowercase letters indicate that significant differences exist between branches grafted on
different interstocks (p < 0.05).
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3.3. Comprehensive Evaluation of the Effects of Different Interstocks on the Cold Resistance of
‘Tianhong 2" Apple Tree

3.3.1. Correlation Analysis of Physiological Indexes of “Tianhong 2" Apple Branches
Grafted on Different Interstocks

Correlation analysis of physiological indexes of ‘“Tianhong 2" apple branches grafted on
different interstocks was performed, and the results are shown in Table 4. LT50 values were
negatively correlated with seven physiological indicators (SOD and POD enzyme activities,
the production rate of superoxide anion, the contents of soluble protein, MDA, proline, and
soluble sugar). SOD activity was positively correlated with six physiological indicators (POD
activity, the production rate of superoxide anion, the contents of soluble protein, MDA, proline,
and soluble sugar). POD activity was positively correlated with five physiological indicators
(the production rate of superoxide anion, the contents of soluble protein, MDA, proline, and
soluble sugar). The production rate of superoxide anion was positively correlated with four
physiological indicators (the contents of soluble protein, MDA, proline, and soluble sugar).
The soluble protein content was positively correlated with four physiological indicators (the
contents of starch, MDA, proline, and soluble sugar). The MDA content was positively
correlated with the contents of proline and soluble sugar. There were also positive correlations
between starch and proline content, and between proline and soluble sugar content. The
correlations between the indexes and the overlap of some information suggest that the
evaluation of different interstocks on the cold resistance of “Tianhong 2’ requires multiple
indexes. Principal component analysis is a comprehensive evaluation tool that can assess cold
resistance by synthesizing the contributions of multiple indexes.

Table 4. Correlation Analysis between physiological indexes of ‘“Tianhong 2" apple branches grafted
on different interstocks.

Correlation

Coefficient LT50 SOD POD (O Protein MDA Starch Proline Sugar

LT50 1
SOD —0.797 ** 1
POD —0.630 ** 0.713 ** 1
0y~ —0.673 ** 0.455 ** 0.387* 1

Protein —0.931** 0.722 ** 0.492 ** 0.608 ** 1

MDA —0.692 ** 0.611 ** 0.507 ** 0.614 ** 0.688 ** 1

Starch —0.164 0.184 0.283 —0.125 0.314* 0.04 1

Proline —0.799 ** 0.810 ** 0.807 ** 0.481 ** 0.726 ** 0.605 ** 0.382* 1

Sugar —0.847 ** 0.748 ** 0.642 ** 0.541 ** 0.824 ** 0.706 ** 0.308 0.790 ** 1

Note: * represents significant difference (p < 0.05), ** represents extremely significant different (p < 0.01).

3.3.2. Principal Component Factor Analysis of Various Indexes of “Tianhong 2" Apple
Branches Grafted on Different Interstocks

Principal component analysis was performed using SPSS; the principal component
eigenvalues (Table 5) and the principal component initial factor load matrix (Table 6) were
determined; and the feature vectors were calculated (Table 6). As shown in Table 5, the
first two principal components with eigenvalues greater than 1 were selected by SPSS, and
the cumulative contribution rate of these two components reached 78.562%, indicating that
the first two principal components expressed 78.562% of the cold resistance of “Tianhong 2’
apple branches on 10 interstocks. Therefore, these two principal components can be used
as comprehensive indexes to evaluate the influence of 10 interstocks on cold resistance of
‘Tianhong 2. As shown in Table 6, the absolute value of factor load of the first principal
component is larger, and the order of absolute value of factor load is as follows: LT50 >
soluble sugar > proline > soluble protein > SOD > MDA > POD > O, ™. The results showed
that principal component 1 mainly reflected LT50, soluble sugar content, proline content,
soluble protein content, SOD enzyme activity, MDA content, POD enzyme activity, and
superoxide anion production rate. The starch content of principal component 2 accounted
for the largest proportion and was significantly higher than the factor load of principal
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component 1, indicating that principal component 2 mainly reflected the information of

starch content.

Table 5. Component eigenvalue.

Initial Eigenvalue

Principal — S . _.
Component Characteristic Contribution Rate Cumulative Contribution
Root (%) Rate (%)
1 5.83 64.773 64.773
2 1.241 13.789 78.562
Table 6. Component Matrix.
Load Eigenvector

Biochemical Indexes Component 1

Component2  Componentl  Component 2

LT50 —0.942
Sugar 0.911
Proline 0.902
Protein 0.896
SOD 0.869
MDA 0.787
POD 0.768
Oy~ 0.672
Starch 0.287

0.121 —0.390 0.109
0.056 0.377 0.050
0.226 0.374 0.203
—0.025 0.371 —0.022
0.053 0.360 0.048
-0.291 0.326 —0.261
0.232 0.318 0.208
—0.538 0.278 —0.483
0.861 0.119 0.773

3.3.3. Comprehensive Evaluation and Classification of Cold Resistance of “Tianhong 2’
Apple Branches Grafted on Different Interstocks

The characteristic vector value of each principal component was calculated from the
eigenvalue and initial load factor, and then the principal component value was calculated
from the normalized original data. The comprehensive score was then obtained according
to the contribution rate of each principal component. Finally, the cold resistance was
assessed based on the comprehensive scores. Interstocks with high comprehensive score
have strong cold resistance, and those with low scores have poor cold resistance. The
results are shown in Table 7. From strongest to weakest, the influence of each interstock on
the cold resistance of ‘Tianhong 2" was in the order of: GM256 > Huang 6 > 244 > NO.1 >

53 > 24-5 > ZC9-3 > Jizhen1 > SH40 > M9.

Table 7. Principal component scores, comprehensive scores, ranking, and classification.

Interstock Principal Component Value Comprehensive Cold Resistance Order (1, Classification
Component 1 Component 2 Score Highest to 10, Lowest)
GM256 1.420503 2.516214 1.267063 1 Strong tolerance
Huang 6 0.940823 2.989505 1.021622 2 Strong tolerance
Jizhenl —0.28465 —1.03902 —0.32764 7 Mean tolerance
M9 —2.81883 —1.96704 —2.09708 10 Weak tolerance
53 0.784528 —2.20221 0.204499 5 Relatively resistant
244 0.554611 0.944982 0.489542 3 Relatively resistant
NO.1 0.660832 0.020357 0.430848 4 Relatively resistant
SH40 —0.95421 0.244786 —0.58431 9 Mean tolerance
7C9-3 —0.2112 —1.60406 —0.35798 8 Mean tolerance
24-5 —0.09241 0.096477 —0.04656 6 Relatively resistant

3.4. Cluster Analysis of Cold Resistance of ‘Tianhong 2’ Apple Branches Grafted on
Different Interstocks

Cluster analysis was carried out according to the comprehensive scores of principal
component evaluation using Ward’s method. The results are shown in Figure 10 and
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Table 6. The 10 interstocks can be divided into four categories. The first category includes
GM256 and Huang 6, with the strongest cold resistance; the second category includes 244,
NO.1, 53, and 24-5, with strong cold resistance; the third category includes ZC9-3, Jizhen1,
and SH40, with medium cold resistance; and the fourth category includes M9, with weak
cold resistance.

0 9 10 13 20 25
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Jizhen 1 7 J
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NO. 1 4
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245 [}
GM256 1
Huang & 2
] 10

Figure 10. Cluster analysis of cold resistance of branches grafted on 10 interstocks.

4. Discussion
4.1. Relationship between LT50 and Cold Resistance

Under low-temperature stress, the permeability of plant cell membranes increases and
intracellular electrolytes leak out, changing the conductivity. Thus, the determination of
relative conductivity is an effective method to measure the cold resistance of plants [7], with
electrical conductivity negatively correlated with plant cold resistance [24]. Measurements
of conductivity can be analyzed by logistic equations to calculate the inflection point
temperature and estimate the semi-lethal temperature [25]. LT50 values change with
the change of external temperature, and LT50 values should be measured in the coldest
month during overwintering to reliably assess apple cold resistance. In this study, the
LT50 values of branches of ‘Tianhong 2’ grafted on GM256, Huang 6, and 244 measured
in the coldest month of January were significantly lower than those of other interstocks,
indicating strongest cold resistance. The LT50 values of ‘Tianhong 2" branches grafted on
M9 were the highest, indicating the weakest cold resistance.

4.2. Relationship between MDA Content and Cold Resistance

Under low-temperature stress, the degree of cell membrane damage and plant cold
resistance can be evaluated by measuring MDA content [26]. The content of MDA in mango
increased with the decrease in temperature [27]. In this study, with the decrease in tem-
perature, the MDA content of “Tianhong 2’ apple branches grafted on different interstocks
showed a gradual upward trend. MDA is the product of membrane lipid peroxidation, and
the increase in MDA content indicates that low-temperature conditions increase reactive
oxygen species, which intensifies the peroxidation and plant membrane damage [28]. The
study on cold resistance showed that varieties with stronger cold resistance had higher
MDA content, while those with weaker cold resistance had lower MDA content [29]. In
this study, throughout the overwintering process, the MDA content was lowest in branches
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of ‘Tianhong 2’ grafted on GM256 and Huang 6 and highest in branches of ‘“Tianhong 2’
grafted on ZC9-3.

4.3. Relationship between Reactive Oxygen Species, Antioxidant System, and Cold Resistance

Under low-temperature stress, the higher amounts of reactive oxygen species are
produced in plants, and the excessive accumulation of reactive oxygen species will lead to
membrane phospholipid peroxidation and damage to the plant [30]. SOD and POD are
important components of the enzymatic defense system and important protective enzymes
in plants. These enzymes can remove reactive oxygen species produced during cold injury,
reduce stress damage, and protect normal plant growth [31,32]. A previous study showed
that SOD and POD enzyme activities were highest and superoxide anion content was
lowest in varieties with strong cold resistance after low-temperature stress treatment; the
content of superoxide anion in varieties with poor cold resistance was always at a high
level [33]. In this study, SOD and POD enzyme activities were higher and superoxide
anion production rate was lower in rootstock-interstock-scion combinations with stronger
cold resistance. SOD and POD activities were lower and superoxide anion production
rate was higher in rootstock-interstock-scion combinations with poorer cold resistance.
This may indicate that plants with higher protective enzyme activity can remove more
reactive oxygen species in vivo, thus reduce damage to the membrane system caused by
low temperature and enhancing cold tolerance of plants.

4.4. Relationship between the Content of Osmotic Adjustment Substancse and Cold Resistance

Soluble sugar, soluble protein, and proline are common osmoregulatory substances in
plants [14]. The accumulation of soluble sugar can protect plants from low-temperature
freezing injury and reduce the damage to plants. When subjected to low-temperature
stress, plants can increase the soluble sugar content to resist the effects of the cold [34].
In this study, the soluble sugar content in all apple branches increased with the decrease
in temperature and decreased with the increase in temperature. Albina found that low-
temperature stress can cause a change in the soluble protein content in cells, and the change
of soluble protein content is closely related to cold resistance [35]. In this study, with the
decrease in temperature, the soluble protein content in all apple branches increased, and
there were significant variations between the contents of soluble protein in ‘“Tianhong 2’
apple branches grafted on different interstocks, affecting their cold resistance. Proline
enhances plant cold resistance by increasing plant water retention capacity [14]. In this
study, with the decrease in temperature, the proline content increased in ‘“Tianhong 2’ apple
branches grafted on all different interstocks. The proline content was higher in branches
of rootstock-interstock-scion combinations with stronger cold resistance. This result is
consistent with the findings of Zhang et al. [19].

4.5. Relationship between Starch Content and Cold Resistance

In this study, the starch content first increased and then decreased with the decrease in
temperature. In the early stage, starch accumulates in plants, so the starch content showed
an increasing trend. With low-temperature stress, plants transformed starch into soluble
sugar to enhance cold resistance, so the starch content decreased. This is consistent with the
findings of Bertrand et al. [36], that the starch content of alfalfa decreases with the progress
of low-temperature acclimation. However, other studies did not observe a decrease in
starch content in response to low-temperature changes [37], suggesting that this process
may depend on the characteristics of different plant species.

5. Conclusions

The tested interstocks exhibited different effects on the cold resistance of ‘Tianhong 2’
apple. The apple interstocks exhibited cold resistance in the order of: GM256 > Huang
6 > 244 > NO.1 > 53 > 24-5 > Z(C9-3 > Jizhen1 > SH40 > M9. The cold resistance of these
‘Tianhong 2" interstocks can be divided into four categories. GM256 and Huang 6 exhibit
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the strongest cold resistance; 244, NO.1, 53, and 24-5 exhibit strong cold resistance; ZC9-3,
Jizhen1, and SH40, exhibit medium cold resistance; and M9 showed weak cold resistance.

Author Contributions: ].]. wrote the paper, M.L. carried out the experiment, B.Y. conducted the data
analysis, B.L. and Z.L. managed the material, ].X. provided the material, X.Z. and S.Z. designed the
experiment. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (32002008),
the Natural Science Foundation of Hebei Province (C2020204015), the Key Research and Development
Program of Hebei Province (19226317D), Basic scientific research funds for colleges and universities in
Hebei Province (KY2021058), and the Key Research and Development Plan Project of Hebei Province
(21326308D-02-03).

Data Availability Statement: Data sharing not applicable: No new data were created or analyzed in
this study. Data sharing is not applicable to this article.

Acknowledgments: We thank Zhixue Hu for the grafting of the apple trees.

Conflicts of Interest: The authors have no conflicting interests, and all authors have approved the
manuscript and agree with its submission to Horticulturae.

Abbreviations

MDA  Malondialdehyde

REL  Relative electrolyte leakage
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Abstract: The tomato (Solanum lycopersicum L.) is a major crop of global economic significance. The
characterization of genes associated with agriculturally important traits is often performed using ge-
netic transformation. To achieve an efficient transformation protocol, three components are required,
namely, a regenerable target tissue, a DNA delivery method, and a robust transformant selection
system. The present study was conducted to optimize the in vitro regeneration protocol for the
tomato cv. MT1. The regeneration capacity of hypocotyl and cotyledon explants was evaluated using
a total of 20 concentration combinations of two plant growth regulators (PGRs) added into the basal
MSB5 medium, namely, 6-benzylaminopurine (BAP) (0, 1, 2, 3, and 4 mg/L) and indole-3-acetic acid
(IAA) (0,0.05,0.1, and 0.5 mg/L). The optimal PGRs combinations for the cotyledons and hypocotyls
were MSB5 supplemented with 2 mg/L BAP and 0.5 mg/L IAA and MSB5 supplemented with
2mg/L BAP and 0.1 mg/L IAA, respectively. To determine the minimum inhibitory concentration
(MIC) of kanamycin, eight different concentrations (0, 50, 75, 100, 125, 150, 175, and 200 mg/L) were
added to the MSB5 supplemented with 2 mg/L BAP and 0.5 mg/LIAA. The MIC for the cotyledons
and hypocotyls were determined to be 50 mg/L and 100 mg/L, respectively.

Keywords: tomato; Solanum lycopersicum; in vitro regeneration; hypocotyl; cotyledon; kanamycin

1. Introduction

The tomato (Solanum lycopersicum L.) is one of the most economically important
crops and is widely cultivated around the world. In terms of total production, it is the
most popular vegetable crop in the world. In 2020, the global production of tomato was
186.82 million metric tons, of which 1.25 million metric tons were produced in Cameron
Highlands, Malaysia [1,2]. The crop is regarded as a model plant for dicots and is used for
gene functional studies that can be applied to other crops [34].

Crop genetic transformation is an important tool for studying the role of genes that
govern key traits, including biotic factors, abiotic factors, quality, and yield. There are three
major components to achieve an efficient transformation system, namely, a regenerable
target tissue, DNA delivery method, and a robust selection method for selecting transfor-
mants. Agrobacterium—mediated transformation has been the most common method for
delivering DNA into the tomato genome [5]. In this approach, hypocotyl [6] and cotyle-
don [7] have been used as the starting materials and the regeneration efficiency varies
among genotypes [8-10].
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The tomato cv. MT1 developed by the Malaysian Agricultural Research and Develop-
ment Institute (MARDI) is grown in lowland areas of Malaysia [11]. Most of the previous
studies on regeneration of this cultivar used only cotyledons as explants and zeatin as a
plant growth regulator (PGR) [12,13]. 6-Benzylaminopurine (BAP) is cheaper than zeatin.
A simple protocol that utilizes other potential explants and alternative growth regulators
may reduce the regeneration time and cost and increase its efficiency.

A competent selection system for distinguishing transformed cells from non-transformed
cells is required for crop transformation. Typically, antibiotic resistance is utilized for the se-
lection of regenerated putative transformants. For this purpose, antibiotic resistance genes
are often incorporated into transformation vector to select plant transformants [14,15]. The
neomycin phosphotransferase II (npt 1) gene, which confers resistance to kanamycin, is the
most commonly used selectable marker gene for screening transformants [16]. Through ex-
pression of the incorporated antibiotic resistance gene, successful transformants can detox-
ify a specific antibiotic [16,17]. Thus, the selection of positive transformants is achieved
using an antibiotic at the minimum required concentration in the regeneration medium,
also known as the selection medium. The toxicity of an antibiotic depends on the organism,
species, and concentration [18-20]. Plant regeneration and growth are inhibited at higher
concentrations of antibiotics [17,21]. Prior to transformation, the minimum inhibitory
concentration (MIC) of the antibiotic for non-transformed plants must be determined to
ascertain the level of resistance [22].

In the genetic transformation of tomato cv. MT1, the hygromycin resistance gene
is often used as a selectable marker gene [23,24]. Although a study described the use
of kanamycin as a selection system in this cultivar [13], no information regarding the
determination of the MIC of kanamycin has been documented to date.

Therefore, the current experiments were designed to optimize the regeneration proto-
col from the cotyledon and hypocotyl explants. The optimal concentration of indole-3-acetic
acid (IAA) for rooting media and the MIC of kanamycin for tomato cv. MT1 were deter-
mined.

2. Materials and Methods
2.1. Preparation of Plant Material

Seeds of tomato cv. MT1 were presoaked for 1 h in sterile distilled water. The
seeds were then rinsed well with sterile distilled water and soaked in 70% ethanol for
30 s, then rinsed again with sterile distilled water. The seeds were then soaked in a 2%
sodium hypochlorite (bleach) solution, added with 25 uL of Tween-20 per 100 mL of bleach
solution. The seeds were stirred continuously in the bleach solution for 15 min. The
bleach-treated seeds were then rinsed four times with sterile distilled water and germi-
nated on full strength MS (Murashige and Skoog) medium [25]. The explants (cotyledons
and hypocotyls) were prepared aseptically from 13-15-day-old seedlings. Cotyledonary
nodes with shoot tips and epicotyls were removed. The cotyledons were cut at both ends,
maintaining an explant size of 0.5 cm (approximately). The hypocotyls explants were also
cut into 0.5 cm (approximately) pieces. Two cotyledons and 2-3 hypocotyl explants were
collected from each seedling and placed on the media. In a shoot induction experiment for
optimization of the regeneration protocol, the explants from the hypocotyls and cotyledons
were referred as H and C, respectively.

2.2. Culture Media for Shoot Induction

Murashige and Skoog media, including Gamborg B5 vitamins (MSB5), were used
as a basal medium [25,26] supplemented with different concentrations of BAP and IAA.
Through a literature search on the regeneration of tomato using BAP and IAA [27], concen-
trations of BAP in the amount of 0, 1, 2, 3, and 4 mg/L and IAA of 0, 0.05, 0.1, and 0.5 mg/L
were selected and used in the current study, respectively. All 20 possible combinations
of the BAP and IAA concentrations were used for shoot regeneration (Table 1). For root
induction, five concentrations of IAA (0, 0.25, 0.5, 0.75, and 1.0 mg/L) were used with the
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MS medium to determine the optimal concentration of IAA for robust and effective root
induction.

The combination of MSB5 + 2 mg/L BAP + 0.5 mg/L IAA (T18) was found to be the
best medium from the experiment on the optimization of the regeneration protocol. There-
fore, it was used as a basal/control medium for subsequent experiments. The regeneration
medium was supplemented with different concentrations of kanamycin (0, 50, 75, 100, 125,
150, 175, and 200 mg/L).

Table 1. List of treatment combinations of plant growth regulators (PGRs) and explants.

Hypocotyls (E1) on Cotyledons (E2) on
Treatment BAP +TAA (mg/L) Corre};gondiyng Treatment Corresgonding Treatment
T1 0+0 HT1 CT1
T2 1+0 HT2 CT2
T3 2+0 HT3 CT3
T4 3+0 HT4 CT4
T5 4+0 HT5 CT5
T6 0+0.05 HT6 CTé6
T7 0+0.1 HT7 CT7
T8 0+0.5 HTS8 CT8
T9 1+0.05 HT9 CT9
T10 2+0.05 HT10 CT10
T11 3+0.05 HT11 CT11
T12 4 +0.05 HT12 CT12
T13 1+0.1 HT13 CT13
T14 2+0.1 HT14 CT14
T15 3+0.1 HT15 CT15
T16 4+0.1 HT16 CT16
T17 1+0.5 HT17 CT17
T18 2+05 HT18 CT18
T19 3+0.5 HT19 CT19
T20 4+05 HT20 CT20

H = Hypocotyl, C = Cotyledon.

2.3. Culture and Subculture

Both the cotyledon and hypocotyl explants were cultured on MSB5 medium supple-
mented with different concentration combinations of BAP and IAA. The plates with the
explants were incubated at 25 & 2 °C, maintaining 16/8 h light/dark stages. The explants
were sub-cultured every two weeks onto fresh regeneration medium containing the same
plant growth regulators (PGRs) combinations. The cultures were maintained using fluo-
rescent light of 20,000-25,000 lux intensity at 25 £ 2 °C and a cycle of 16/8 (light/dark)
hours.

Both the cotyledon and hypocotyl explants were cultured on the best regeneration
medium, MSB5 + 2 mg/L BAP + 0.5 mg/L IAA (T18) supplemented with different con-
centrations of kanamycin. The plates with the explants were incubated at 25 & 2 °C,
maintaining 16/8 h light/dark stages. The explants were sub-cultured every 2 weeks onto
similar fresh regeneration medium. Induced shoots were transferred to MS medium for
elongation. After two weeks on the elongation medium, the shoots were transferred to
root-inducing media. Ten shoots were used per replication for each treatment. The plantlet
were kept in the root-inducing media for three weeks.

2.4. Shoot Elongation, Rooting, and Acclimatization

Individual shoots > 0.5 cm were excised after regeneration and transferred to fresh
medium for elongation. Three types of media (MSB5 + 2 mg/L BAP + 0.1 mg/L IAA,
MSB5 + 1 mg/L BAP + 0.1 mg/L IAA, and MSB5) were used for shoot elongation.

Shoots derived from the hypocotyl and cotyledon explants in the optimization of the
regeneration protocol experiment were referred to as SH and SC, respectively. The shoots
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were transferred to root-inducing media after two weeks on the elongation medium. Five
concentrations of IAA (0.0, 0.25, 0.5, 0.75, and 1.0 mg/L) were used in MS medium for the
root initiation experiment. Ten shoots were used per replication for each treatment. The
plantlets were kept in the root-inducing media for three weeks.

The shoots derived from three types of media (MSB5 + 2 mg/L BAP + 0.5 mg/L
IAA, MSB5 + 2 mg/L BAP + 0.5 mg/L IAA + 50 mg/L kanamycin, and MSB5 + 2 mg/L
BAP + 0.5 mg/L IAA + 75 mg/L kanamycin) were separated into three groups (51, S2, and
S3, respectively). Three media (T1 = MS, T2 = MS + 0.75 mg/L IAA, and T3 = MS +1 mg/L
IAA) were used for root induction on the three types of shoots.

The rooted plantlets were kept in the greenhouse without removal from the rooting
medium for five days to adapt to the environment and then transferred to autoclaved soil
medium (Nursery King, Tray substrate, 010FV03, The Netherlands). The pots with plantlets
were kept covered with transparent plastic bags for one week. After one week, the covers
were removed, and the plantlets were kept in the greenhouse. Well-established plants were
transferred to an open field three weeks after transfer to the soil medium.

2.5. Experimental Design, Data Collection, and Statistical Analysis

The experiment was set up in a completely randomized design (CRD) with four
replications; in each replication, 16 explants were inoculated in a sterile petri dish containing
the regeneration medium. Each experiment was repeated three times. The average data
from those three experiments was used for analysis.

The selected parameters for collecting data were percent (%) of explants producing
direct shoots, type of induced organ, number of shoots per explant, days to root, number
of roots per shoot, root length (cm), root diameter (cm), and % survival of plants in soil.
The data were collected by closely observing the cultures. The types of induced organ
were recorded through visual observation. The induced organs with a growing tip were
considered to be shoots (S = shoot), and the induced organs with no growing tip were
recorded as leaves (L = leaf only); explants that had induced roots (R) with or without a
shoot and/or leaf were also recorded. The priority of induced organs by a specific explant
in response to a specific growth regulator combination was recorded and indicated with
sequence of S, L, and R (RS/SR/SL/SRL). The % of explants producing shoots and number
of shoots per explant was counted at the completion of six weeks of culture, when the
individual shoots were clearly identifiable with growing shoot tips [27]. Only directly
regenerated shoots formed without a callus were counted. The number of roots and the
root length and root diameter were counted and measured with a slide caliper after three
weeks in the root-induction media. Three weeks after planting, the survival rate (%) of the
rooted shoots in the soil was recorded.

The data were analyzed using SAS software version 9.3. A CRD 2-factor analysis
was performed to compare the individual and interaction effects of two factors. The
type of explant (cotyledon and hypocotyl) was considered one factor and the growth
regulator combinations (BAP and IAA) were considered another factor for the regeneration
experiment. For the MIC of the kanamycin experiment, the explant was considered as one
factor and the concentration of kanamycin was considered another factor. Tukey’s HSD
test was used to compare means at p < 0.05.

3. Results and Discussion
3.1. Regeneration of Shoot
3.1.1. Percentage of Explants Producing Direct Shoots

Significantly different responses were observed among the different types of explants
to different concentration combinations of the growth regulators (Figure 1 and Table 2).
The percentage of explants forming direct shoots without forming a callus varied from 0 to
98.50%. The highest percentage (98.50%) of hypocotyls and cotyledons producing shoots
was observed on T14 (MSB5 + 2 mg/L BAP + 0.1 mg/L IAA) and T18 (MSB5 + 2 mg/L
BAP + 0.5 mg/L IAA), respectively (Figure 1). Shoot regeneration was not observed
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on the hypocotyl explants treated with T8 (MSB5 + 0 mg/L BAP + 0.5 mg/L IAA). A
similar observation was recorded for the cotyledon explants treated with T1 (basal MSB5
medium with no growth regulators), T6 (MSB5 + 0 mg/L BAP + 0.05 mg/L IAA), T7
(MSB5 + 0 mg/L BAP + 0.1 mg/L IAA), and T8 (MSB5 + 0 mg/L BAP + 0.5 mg/L IAA).
Only 31.00% of the hypocotyls produced shoots on T1 (basal MSB5 medium with no growth
regulators).

In general, a higher number of shoots was observed in the hypocotyl explants in
comparison to the cotyledons. A statistical analysis revealed that both the single and
interaction effects were highly significant for the percentage of explants that regenerated
shoots. This suggests a significant difference in the shoot regeneration capacity of the
hypocotyl and cotyledon explants. Similarly, Billah et al. [28] reported that a higher
percentage of hypocotyls regenerated shoots than cotyledons. Zaman et al. [29] discovered
a contrasting observation, wherein a greater percentage of shoots was regenerated from
cotyledons rather than hypocotyls. In a previous study conducted by Sarker et al. [30], it
was demonstrated that the optimal combination for shoot regeneration in tomato plants
was MS medium supplemented with 1 mg/L BAP + 0.1 mg/L IAA from cotyledon explants,
which is different from the present study and is likely due to varietal response.

Percentage of hypocotyl and cotyledon producing shoots in response to
different growth regulator concentration combinations
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Figure 1. Percentage (%) of hypocotyl and cotyledon explants producing shoots on different concen-
tration combinations of BAP and IAA in MSB5 medium.

Table 2. Response of MT1 explants to different concentration combinations of BAP and IAA.

Treatment % Explants Producing % Explants Producing No. of Shoots per Type of Induced
Direct Shoots Root Explant Organ

H = Hypocotyl 79.63a £2.73 22.19a £3.97 2.73a+0.13 -
C = Cotyledon 54.28 b + 3.95 17.11b £+ 3.94 2.59a+0.19 -
Level of significance ** ** ns -
MSD value 1.06 0.6 0.14 -
CV (%) 5.04 9.74 17.08 -

HT1 31.00k +2.45 62.50b +2.55 1.00ef £0 RS

HT2 83.50 d-g + 1.50 7.81 cd £ 1.56 2.25de £ 0.25 SR
HT3 90.50 a—e £ 2.02 0e£0 2.25de £ 0.25 S

HT4 92.25a-d £1.75 0e£0 3.25cd +0.25 SCL

HT5 9225a-d £1.75 0ex0 3.25cd £0.25 SCL

HT6 48.50j + 1.50 100a +0 2.25de £ 0.25 RS
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Table 2. Cont.

% Explants Producing

% Explants Producing

No. of Shoots per

Type of Induced

Treatment Direct Shoots Root Explant Organ
HT7 82.50 e-h £+ 1.50 100 a £ 50 3.25cd £0.25 RS
HTS8 Om=+0 100a+0 0.00f+0 R
HT9 90.50 a—e £ 2.02 6.25d £+ 0 3.25cd +£0.25 SR
HT10 9225a-d £1.75 0ex0 2.25de +0.25 S
HT11 82.50 e-h + 1.50 Oeh+0 2.25de £ 0.25 LCS
HT12 82.50 e-h 4+ 1.50 0ex0 2.25de +0.25 LCs
HT13 92.25a-d £1.75 9.38 cd + 1.80 2.25de +0.25 SRL
HT14 98.50 a £ 1.50 10.94 c¢d £ 1.56 5.25ab +0.25 SRL
HT15 82.50 e-h 4+ 1.50 625d+0 2.25de +0.25 SRL
HT16 88.75b—f + 1.75 6.25d+0 3.25cd +0.25 SRL
HT17 90.50 a—e + 2.02 12.50 ¢ £ 2.55 3.25cd +0.25 SRL
HT18 97.00 ab £1.73 7.81 cd +1.56 4.25bc 4 0.25 SRL
HT19 88.75b—f + 1.75 7.81 cd £+ 1.56 3.25cd +0.25 SRLC
HT20 86.00 efg &= 1.00 6.25d+0 3.25cd +£0.25 SRLC
CT1 Om=+0 2031c£0 00f+£0 R
CT2 13.50 1+ 1.50 0e£0 1.00ef £0 S
CT3 49.75j £ 2.66 0e£0 2.25de £ 0.25 S
CT4 26.50 k £ 1.50 0ex0 2.25de +0.25 LsC
CT5 31.00k +2.45 0e£0 2.25de £ 0.25 LSC
CTeé Om=£0 100a+0 00f£0 R
CT7 Om=+0 100a+0 00f+£0 R
CT8 Om=+0 100a+0 00f+0 R
CT9 54.50j £ 2.87 0ex0 2.25de +0.25 SL
CT10 79.50 f-i £ 1.50 0e+0 425bc £0.25 SL
CT11 73.25hi + 1.75 0e£0 3.25cd +0.25 LS
CT12 71501 £ 2.02 0ex0 3.25cd £0.25 LS
CT13 82.50 e-h + 1.50 6.25d+0 2.25de £ 0.25 SRL
CT14 95.50 abc £ 1.50 0e£0 4.25bc £+ 0.25 SL
CT15 76.50 ghi & 1.50 0ex0 3.25cd £0.25 LCs
CT16 76.50 ghi £ 1.50 Oei+0 4.25bc £+ 0.25 LCS
CT17 85.50 d—g + 1.50 10.94 c¢d £ 1.56 4.25bc £ 0.25 SRL
CT18 98.50 a & 1.50 9.38 cd £ 1.80 6.25a +0.25 SRL
CT19 87.00 c—f +2.44 7.81 cd £+ 1.56 3.25cd +0.25 LSRC
CT20 84.00d-g +1.73 7.81 cd £ 1.56 3.25cd £ 0.25 LSRC

MSD value 9.28 5.42 1.28 -

CV (%) 491 9.77 17.01 -
Level of (E x T) . o x
significance )

Means followed by the same letters in a column are not significantly different at a 5% level. MSD = minimum
significant difference, CV = coefficient of variation, H = hypocotyl, C = cotyledon. Note: ns—not significant at
p > 0.05 and **—significant at p < 0.01; =—standard error (n = 4); (as ANOVA). C = callus, R = root, S = shoot,
L = leaf; the sequence of C, R, S, and L indicates the precedence type of organ.

3.1.2. Percentage of Explants Producing Roots

The highest percentage of root formation (100%) in both types of explants was observed
in response to three media combinations, i.e., T6, T7, and T8 (T6 = MSB5 + 0 mg/L
BAP + 0.05 mg/L IAA, T7 = MSB5 + 0 mg/L BAP + 0.1 mg/L IAA, and T8 = MSB5 +
0mg/L BAP +0.5mg/LIAA), containing IAA only with MSB5 (Table 2). Both the hypocotyl
and cotyledon explants produced roots in the basal MSB5 medium without any PGRs, but
the percentage was higher for hypocotyl (62.50%) (Table 2). Root induction was inhibited
in response to media containing higher concentrations (>2 mg/L) of BAP (cytokinin). On
average, the percentage of root formation was higher in the hypocotyl explants than in the
cotyledon explants. The results reveal that both explants, when cultured on media with no
or a low dose (1 mg/L) of cytokinin, produced roots simultaneously with shoots. Similarly,
a higher percentage of root formation from hypocotyl explants than from cotyledons was
observed by Jamous and Abu-Qaoud [31]. In another study, Jawad et al. [32] observed
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simultaneous root formation from explants on MS in combination with cytokinin and
auxin.

3.1.3. Number of Shoots per Explant

Both single and interaction effects were highly significant for the number of shoots
per explant (Table 2). The difference between the hypocotyl and cotyledon explants for the
number of shoots produced was clearly observed (Figure 2). The maximum number of
shoot regeneration (6.25 £ 0.25) was recorded from the cotyledons on T18 (MSB5 + 2 mg/L
BAP + 0.5 mg/L IAA), followed by the hypocotyls (5.25 & 0.25) on T14 (MSB5 + 2 mg/L
BAP + 0.1 mg/LIAA). Billah et al. [28] reported that a similar PGRs combination (2 mg/L
BAP + 0.5 mg/L IAA) resulted in the maximum number of shoots per cotyledon explant,
whereas, under the same treatment, the hypocotyls formed fewer shoots than the cotyledon
explants (Figure 2). The hypocotyls on T18 (MSB5 + 2 mg/L BAP + 0.5 mg/L IAA)
and the cotyledons on T10 (MSB5 + 2 mg/L BAP + 0.05 mg/L IAA), T14 (MSB5 + 2
mg/L BAP + 0.1 mg/LIAA), and T16 (MSB5 + 4 mg/L BAP + 0.1 mg/L IAA) produced
statistically similar results (4.25 & 0.25). The hypocotyl explants on T1 (MSB5 + 0 mg/L BAP
+ 0 mg/L IAA) produced a single shoot per explant. Nevertheless, both types of explants
on T8 and cotyledons on T1 (MSB5 + 0 mg/L BAP + 0 mg/L IAA), T6 (MSB5 + 0 mg/L
BAP + 0.05 mg/LIAA), and T7 (MSB5 + 0 mg/L BAP + 0.1 mg/L IAA) produced roots
but no shoots at all. Similar results were reported by Billah et al., Zaman et al., Ashakiran
etal., Jehan and Hassanein, Osman et al., and Gubis et al. [28,29,33-36]. They observed that
cotyledon explants produced a higher number of shoots than hypocotyls. Baye et al. [37]
found that 2.0 mg/L BAP induced a maximum number of shoots for one of the tomato
varieties. A similar result was found by Billah et al. [28] for the effect of the BAP + IAA
combination from cotyledon explants. They also discovered that MS medium with 2 mg/L
BAP + 0.5 mg/L IAA produced the most shoots per cotyledon explant. Mohamed et al. [38]
reported that 2 mg/L BAP gave the maximum number of shoots for both cotyledon and
hypocotyl explants.

Number of shoots per hypocotyl and cotyledon in different growth regulator
combinations
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Figure 2. Number of shoots per hypocotyl and cotyledon explants on MSB5 supplemented with
different concentration combinations of BAP and IAA.

3.1.4. Type of Induced Organ

Both the hypocotyl and cotyledon explants showed different types of organogenesis.
Shoots, roots, leaves (without growing tips), and calli were observed to grow from the
explants. The hypocotyl explants (H) produced shoots on all the media except T8 (MSB5 +
0 mg/L BAP + 0.5 mg/L IAA) (Table 2). The hypocotyl explants produced both roots and
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shoots on T1 (MSB5 + 0 mg/L BAP + 0 mg/L IAA), T6 (MSB5 + 0 mg/L BAP + 0.05 mg/L
IAA), and T7 (MSB5 + 0 mg/L BAP + 0.1 mg/L IAA), but the roots were more prominent
than the shoots (RS) (Table 2). In T11 (MSB5 + 3 mg/L BAP + 0.05 mg/L IAA) and T12
(MSB5 + 4 mg/L BAP + 0.05 mg/L IAA), the hypocotyl explants produced more leaves
than shoots (LS) (Table 2). The cotyledon explants on T1 (MSB5 + 0 mg/L BAP + 0 mg/L
IAA), T6 (MSB5 + 0 mg/L BAP + 0.05 mg/L IAA), T7 (MSB5 + 0 mg/L BAP + 0.1 mg/L
IAA), and T8 (MSB5 + 0 mg/L BAP + 0.5 mg/L IAA) produced only roots (Table 2 and
Figure 3c), whereas on T4 (MSB5 + 3 mg/L BAP + 0 mg/L IAA), T5 (MSB5 + 4 mg/L BAP
+0mg/LIAA), T11 (MSB5 + 3 mg/L BAP + 0.05 mg/L IAA), T12 (MSB5 + 4 mg/L BAP +
0.05mg/LIAA), T15 (MSB5 + 3 mg/L BAP + 0.1 mg/LIAA), T16 (MSB5 + 4 mg/L BAP
+0.1 mg/LIAA), T19 (MMSB5 + 3 mg/L BAP + 0.5 mg/LIAA), and T20 (MSB5 + 4 mg/L
BAP + 0.5 mg/L IAA), both the hypocotyl and cotyledon explants produced more leaves
and calli (Table 2 and Figure 3d) over shoots (LCS). The hypocotyl explants on T2 (MSB5
+ 1 mg/L BAP + 0 mg/L IAA), T3 (MSB5 + 2 mg/L BAP + 0 mg/L IAA), T9 (MSB5 +
1 mg/L BAP + 0.05 mg/LIAA), T10 (MSB5 + 2 mg/L BAP + 0.05 mg/L IAA), T13 (MSB5 +
1 mg/L BAP + 0.1 mg/L IAA), and T20 (MSB5 + 4 mg/L BAP + 0.5 mg/L IAA) and the
cotyledon explants on T9 (MSB5 + 1 mg/L BAP + 0.05 mg/L IAA), T10 (MSB5 + 2 mg/L
BAP + 0.05 mg/LIAA), T13 (MSB5 + 1 mg/L BAP + 0.1 mg/LIAA), T14 (MSB5 + 2 mg/L
BAP + 0.1 mg/L IAA), T17 (MSB5 + 1 mg/L BAP + 0.5 mg/L IAA), and T18 (MSB5 +
2mg/L BAP + 0.5 mg/L IAA) produced more shoots and fewer roots and leaves (Table 2
and Figure 3e-h).

These results indicate that the cotyledons on the MSB5 media without cytokinin (BAP)
and with or without auxin (IAA) produced only roots but no shoots or leaves, whereas
the hypocotyl explants produced more roots than shoots without any PGR and with a low
concentration (0.05-0.2 mg/L) of auxin only. Both the cotyledon and hypocotyl explants
produced vigorous roots but failed to produce shoots on medium containing a relatively
higher concentration of auxin (0.5 mg/L IAA) without cytokinin (BAP). Jawad et al. [39]
found simultaneous root and shoot formation in response to a combination of higher
cytokinin and low auxin. They also observed explants with no shoots for some PGRs
combinations.

Explants with higher concentrations (3—4 mg/L) of BAP (cytokinin) produced more
calli and leaves without growing tips. In response to lower concentrations (1-2 mg/L) of
BAP, with/without IAA, more shoots were produced over roots and leaves. Cotyledons, as
compared to hypocotyls, are more likely to produce leaves in response to higher concentra-
tions (3—4 mg/L) of BAP with/without IAA. Jawad et al. [39] reported callus formation on
hypocotyl and nodal explants in response to 2 mg/L BAP + 0.5-1 mg/L NAA and 3 mg/L
BAP, while Zaman et al. [29] observed a higher rate of callus formation from both hypocotyl
and cotyledon explants in response to higher concentrations of cytokinin with low auxin
(3 mg/L BAP + 0.2 mg/L NAA). Another study reported that higher concentrations of
BAP did not result in shoot regeneration, while callus formation was observed at a BAP
concentration of 4 mg/L [38]. The combination of 2 mg/L BAP and 1.75 mg/L kinetin was
found to induce a healthy callus and an entire shoot formation, as reported by Hanur and
Krishnareddy [40]. The induction of shoots was observed by Jehan and Hassanein [34]
with a concentration of 1-2.5 mg/L BAP, either alone or in combination with 0.5 mg/L
NAA. They also discovered that 1 mg/L of IAA, IBA, and NAA did not stimulate root
formation.
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Figure 3. Regeneration of shoots from cotyledon and hypocotyl explants of tomato cv. MT1 under
different concentration combinations of BAP and TAA: (a) HT1 induced roots and shoots (scale bar:
1 cm); (b) CT1 induced only roots (scale bar: 1 cm); (¢) CT8 induced only roots (scale bar: 1 cm);
(d) E1T4 induced more leaves than calli than shoot (scale bar: 1 cm); (e) HT14 induced multiple
shoots, roots, and leaves (scale bar: 1 cm); (f) CT18 induced multiple shoots, roots, and leaves (scale
bar: 1 cm); (g) multiple shoots regenerated from hypocotyls (scale bar, 0.5 cm); (h) multiple shoots
regenerated from cotyledons (scale bar, 0.5 cm). H = hypocotyls, C = cotyledons, T1 = MSB5 + 0 mg/L
BAP + 0mg/LIAA, T4 =MSB5 + 3 mg/L BAP + 0.0 mg/LIAA, T8 = MSB5 + 0 mg/L BAP + 0.5 mg/L
IAA, T14 = MSB5 + 2 mg/L BAP + 0.1 mg/L IAA, T18 = MSB5 + 2 mg/L BAP + 0.5 mg/L IAA.

3.1.5. Shoot Elongation

The regenerated shoots were initially transferred onto fresh elongation medium con-
taining MS + 2 mg/L BAP + 0.1 mg/L IAA. The PGR combination resulted in the formation
of a callus on the leaves and/or near the shoot tips (Figure 4a). This observation per-
sisted even when the concentration of BAP was decreased within the fresh medium (MS
+1mg/L BAP + 0.1 mg/L IAA). The observed callus formation on the elongation media
might be due to the sensitivity of the regenerated shoots from cv. MT1 towards the PGRs
combinations, which accelerated the cell division and dedifferentiation of cells, leading to
the formation of calli. Subsequently, shoot elongation was carried out using MS with no
PGRs, as the shoots cultured on PGR-free medium exhibited normal elongation (Figure 4c).
Cruz-Mendivil et al. and Brassard et al. [27,41] achieved successful and improved shoot
elongation of regenerated shoots by using MS media without PGRs.
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Figure 4. Elongation of regenerated shoots. (a) Callus (near the shoot tip) growing on the shoot in MS
+2mg/L BAP +0.1 mg/L IAA; (b) callus (on leaves) growing on shoot MS +2 mg/L BAP +0.1 mg/L
IAA; (c) normal growth of shoots on MS medium without PGR. Scale bar = 2 cm.

3.2. Root Initiation

The root formation varied significantly between the shoots regenerated from the
cotyledon and hypocotyl explants in response to different IAA concentrations (Table 3).
Significant interaction effects were observed between the shoots derived from the two
types of explants, which were treated with different concentrations of IAA with regard
to the duration of days required for root initiation, the percentage of shoots that initiated
roots, and the number of roots per shoot (Table 3). However, the interaction effects were
not significant for root length, root diameter, and the survival rate of the rooted shoots.

Table 3. Effect of different concentrations of IAA on root induction on regenerated shoots from
cotyledon and hypocotyl explants.

% Shoot Induced  No. of Roots per Root Diameter Survival Rate in

Treatment Root Length (cm)

Root Shoot (cm) Soil (%)
SH = Shoot from 97.50 a + 0.02 20.45 a + 2.50 6.70 a + 0.056 0.38 a + 0.03 60.00 a + 6.28
hypocotyl
SC = Shoot from 61.50 b + 0.02 8.35b + 1.16 541b =+ 0.27 0.34b + 0.03 55.00b + 6.75
cotyledon
Level of significance ** ** * * *
MSD value 2.89 1.58 0.9 0.03 3.99
CV (%) 5.62 16.96 23.11 15.94 10.77
SH I 87.50 b + 2.50 3.75e 4+ 1.11 5.75b =+ 0.85 0.20 e + 0.04 12.50 ¢ + 2.50
SHI2 100a + 00 15.00 ¢ 4 1.47 588 b + 0.43 0.35 cd + 0.03 4750 b + 2.50
SHI3 100a + 00 20.75b + 1.75 10.50 a + 1.04 0.35 cd + 0.03 75.00 a + 2.88
SH 14 100 a =+ 00 34.00 a + 1.68 5.13b =+ 1.01 0.43 be + 0.03 82.50 a + 2.50
SHI5 100a + 00 28.75 a + 1.49 6.25b + 0.85 0.58 a + 0.05 82.50 a + 2.50
scn 27.50 e + 2.50 150 e +0.29 525b + 0.32 0.18 e + 0.03 5.00 c +2.88
SCI2 47.00 d + 2.50 4.00 e 4+ 091 5.13b =+ 0.43 0.28 de + 0.03 40.00 b + 4.08
SCI3 65.00 ¢ & 2.88 9.50d + 0.96 7.06 ab + 0.41 0.30 cde + 0 75.00 a + 2.88
SC 14 80.00 b + 4.08 14.00 cd + 0.91 4.88b + 0.69 0.40 bed + 0 77.50 a + 2.50
SCI5 87.50 b + 2.50 12.75 cd + 0.85 4.75b + 0.48 0.53 ab + 0.03 7750 a + 4.78
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Table 3. Cont.

% Shoot Induced  No. of Roots per Root Diameter Survival Rate in
Treatment Root Shoot Root Length (cm) (cm) Soil (%)
MSD value 11.18 5.47 3.53 0.14 14.35
CV (%) 5.78 15.6 23.95 16.21 10.26
Interaction level (S x I) ™ ™ " " "~

of significance

Means in a column that include the same letters are not statistically different at a 5% level using Tukey’s HSD test.
MSD = minimum significant difference, CV = coefficient of variation, I1= MS + 0 mg/L IAA (control), I2 = MS +
0.25mg/LIAA, 13 =MS + 0.50 mg/LIAA, 14 = MS + 0.75 mg/L IAA, I5 = MS + 1.00 mg/L IAA. Note: ns—not
significant at p > 0.05, *—significant at p < 0.05, and **—significant at p < 0.01; +—standard error (n = 4); (as
ANOVA).

3.2.1. Percentage of Shoots Producing Roots

All the shoots derived from the hypocotyl explants (100%) initiated roots when treated
with IAA, whereas the shoots from the cotyledons differed significantly in response to
different concentrations of IAA (Table 3 and Figure 5). The root initiation of cotyledon-
derived shoots in response to higher concentrations of IAA (I4 = MS + 0.75 mg/L IAA
and I5 = MS + 1 mg/L IAA) was similar to the response of the hypocotyl-derived shoots
in media without IAA (I1 = MS + 0.0 mg/L IAA). The percentage of rooted shoots was
significantly lower for cotyledon-derived shoots (SC) than for shoots derived from the
hypocotyl explants (SH). Jawad et al. [39] reported 100% root formation on regenerated
adventitious shoots on MS medium supplemented with IAA, which is similar to the present
study. Sarker et al. [30] observed maximum root initiation on MS medium with 0.2 mg/L
IAA, while Arulananthu et al. [42] were successful in inducing roots using MS medium
without PGR. In the present study, although the roots were initiated on MS medium
without PGR, the percentage of shoots producing roots was lower than those on MS media
supplemented with JAA.

Percentage of hypocotyl- and cotyledon-derived shoots producing
roots in response to IAA concentrations

M Shoots from hypocotyl
M Shoots from cotyledon
120
< 100
e 100 100 100 100
< 80
g 4
60
g 65
1%
B e
[=}
1]
X0

11(MS) 12 (0.25mg/L) 13(0.5mg/L) 14(0.75mg/L) I5(1mg/L)

Concentration of IAA

Figure 5. Percentage of hypocotyl- and cotyledon-derived shoots producing roots on MS media
supplemented with different IAA concentrations.

3.2.2. Number of Roots per Shoot

The hypocotyl shoots (SH) produced the highest number of roots (34 £ 1.68) for 14
(0.75 mg/L IAA with basal MS medium); thus, the interaction of SHI4 was the best for the
number of roots per shoot (Table 3). For both SH and SC, the lowest number of roots per
shoot was observed for basal MSB5 medium with no IAA (I1). With an increase in the [AA
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concentration (12 < I3 < I4), the number of roots increased, but for I5 (MS + 1.0 mg/L IAA),
the number of roots per shoot decreased for both types of shoots (Table 3 and Figure 6).
A higher number of roots was observed on the hypocotyl shoots than the cotyledonary

shoots.
No. of roots per shoot from hypocotyl and cotyledon
B Shoots from hypocotyl

40  Shoots from cotyledon

35
§ 30
< 25 28.75
8 20
o 20.75
£ 15
=]
< 10 =
o

0 3.75 — -

11(MS) 12 (0.25mg/L) 13(0.5mg/L) 14(0.75mg/L) I5(1mg/L)

Concentration of IAA

Figure 6. Number of roots per shoot derived from hypocotyl and cotyledon explants on MS media
supplemented with different IAA concentrations.

3.2.3. Root Length and Diameter (cm)

The roots with the longest length (10.50 & 1.04 cm) were observed as a result of
exposure to I3 (MS + 0.5 mg/L IAA) (Table 3). The findings indicate that there was a positive
correlation between the concentration of IAA and the length of the root, as evidenced by
the increase in root length up to I3 (MS + 0.5 mg/L IAA) (Figure 7c). However, a reduction
in the root length was observed again in the cases of 14 (MS + 0.75 mg/L IAA) and 15
(MS + 1.0 mg/L IAA) (Table 3). The study found no statistically significant variation
in root length across the various shoot types. The experimental results indicate that the
treatment with SHI5 (MS + 1.0 mg/L IAA) resulted in the largest diameter of the roots
(0.58 4+ 0.05 cm), whereas the smallest root diameter (0.18 + 0.03 cm) was recorded in
the SCI1 (MS + 0.0 mg/L IAA) treatment. There was a positive correlation between the
concentration of IAA in the media and the root diameter of both types of shoots. However,
it is notable that the observed differences were not statistically significant.

3.2.4. Survival Rates (%) of Rooted Shoots in Soil

The percentage of shoot survival in soil varied between 5.00 & 2.88 and 82.50 + 2.50%
(Table 3). The survival rates of the hypocotyl and cotyledonary regenerants were higher for
shoots rooted in 14 (MS + 0.75 mg/L) and I5 (MS + 100 mg/L), as compared to the other
treatments. Specifically, the highest survival rate was observed in hypocotyl regenerants
rooted in both 14 and 15, with a percentage of 82.50 & 2.50%. The cotyledonary regenerants
rooted in I4 and I5 exhibited a survival rate of 77.50 = 2.50% and 77.50 £ 4.50%, respectively
(Table 3). The present study also discovered an increased number and diameter of roots
in response to the application of the two IAA concentrations (I4 and I5). These findings
indicate that the survival rates of the regenerants in soil were influenced by the number
and diameter of the roots. Previous studies have reported a varied survival rate of healthy
rooted regenerants in soil. Yesmin et al. [43] reported a survival rate of 97% for rooted
regenerated shoots, and Zaman et al. [29] documented a 100% survival rate. However,
Jawad et al. [39] observed a lower success rate of 60% in the establishment of plantlets in
soil.
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Figure 7. Initiation of roots in shoots derived from cotyledon and hypocotyl explants of tomato cv.
MTT1. (a) Rooted hypocotyl shoots (SH) (scale bar: 4 cm); (b) rooted cotyledonary shoots (SC) (scale
bar: 4 cm); (c) root length from shoots treated with different concentrations of IAA (scale bar: 4 cm);
(d) root diameter from shoots treated with different concentrations of IAA; (e) thick root formed on
medium I5 (MS + 1.0 mg/L IAA) (scale bar: 2 cm); (f) acclimatization of regenerated and rooted
plants (scale bar: 4 cm); (g) surviving plants (scale bar: 4 cm). I1 = MS + 0 mg/L, 12 =MS + 0.25 mg/L,
I3=MS +0.50 mg/L, 14 =MS + 0.75 mg/L, I5 = MS + 1.00 mg/L IAA.

3.3. Minimal Inhibitory Concentration of Kanamycin on Hypocotyl and Cotyledon Explants
3.3.1. Percentage of Explants Forming Shoots

The regeneration medium (MSB5 + 2 mg/L BAP + 0.5 mg/L IAA) without kanamycin
resulted in the highest percentage of hypocotyl and cotyledon explants forming shoots,
with a value of 98.25 + 1.75% and 98.44 + 1.56%, respectively (Figures 8 and 9, Table 4).
The results also indicate that the addition of kanamycin at concentrations of 50 mg/L and
75 mg/L to the regeneration media led to direct shoot production in the hypocotyl explants
at the rates of 48.44% and 13.88%, respectively (Figure 8 and Table 4). The percentage
of hypocotyl explants forming shoots exhibited a significant decline in the medium with
75 mg/L kanamycin and was eventually suppressed at 100 mg/L. These findings were
comparable with previous studies that used cv. MT1 for tomato transformation [13,44].
In a study conducted by Stavridou et al. [45], a concentration of 100 mg/L kanamycin
was employed to inhibit the regeneration of non-transformed shoots in hybrid tomato
cultivars Felina, Siena, and Don Jose. In another study, the screening of transformants of
various tomato cultivars, including Moneymaker, Pusa Ruby, and Jinan, was performed
using 50 mg/L kanamycin [32]. The inhibitory concentrations of kanamycin were observed
to vary between 80-200 mg/L for different tomato cultivars, such as Zhongshu No. 5,
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Daniela 144, Brillante 179, Annan 3017, Galina 3019, and Bernadine 5656 [44,46,47]. These
findings suggest that the optimal concentration for selecting transformants depends on the
genotypes of the tomato cultivars.

Table 4. Response of tomato cv. MT1 explants to different kanamycin concentrations.

Treatment % Explants Forming Shoots No. of Shoots per Explant
E1 = Hypocotyl 20.07 a £ 6.03 1.03 a = 0.30
E2 = Cotyledon 12.30 b £ 5.85 0.81b +0.39

Level of significance * *

MSD value 1.02 0.21

CV (%) 12.48 46.32
T1 98.34a £+ 1.09 5.63a £ 0.50
T2 2422b £9.26 1.25b £ 0.50
T3 6.94 ¢ +2.70 0.50 ¢ +0.19
T4 0d+£0 0Oc£0
T5 0d=+0 0c+0
T6 0d=+0 0c+0
T7 0d=+0 0Oc£0
T8 0d=+0 0c+0
Level of significance o *
MSD value 3.2 0.67
CV (%) 12.48 46.32
E1T1 9825a+1.75 475b £0.48
E1T2 48.44b £ 2.99 250c£0.29
E1T3 13.88 ¢ +1.38 1.00d £0
E1T4 0d+£0 0d+0
E1T5 0d=+0 0d+0
E1T6 0d£0 0d+0
E1T7 0d+£0 0d+£0
E1T8 0d+0 0d+0
E2T1 98.44 a £+ 1.56 6.50 a = 0.65
E2T2 0d+£0 0d+£0
E2T3 0d+0 0d+0
E2T4 0d+£0 0d+0
E2T5 0d+£0 0d+£0
E2T6 0d+0 0d+0
E2T7 0d+£0 0d+0
E2T8 0d+£0 0d+£0
MSD value 5.24 1.09
CV (%) 12.63 46.32
Interaction level (E x T) of significance ** **

Means in a column that include the same letters are not statistically different at a 5% level using Tukey’s HSD test.
MSD = minimum significant difference, CV = coefficient of variation, T1 = 0, T2 = 50, T3 = 75, T4 = 100, T5 = 125,
T6 =150, T7 = 175, and T8 = 200 mg/L of kanamycin. Note: ns—not significant at p > 0.05, and **—significant at
p < 0.01; =—standard error (n = 4) (as ANOVA).

In contrast, the regeneration of shoots was not observed in the cotyledon explants,
except in the regeneration medium without kanamycin, which served as a control (Figure 8
and Table 4). In addition, the occurrence of yellowing was observed on the cotyledon
explants (Figure 9b). A similar observation was reported by Wang et al. [17] at a high
concentration of kanamycin. Chen et al. [48] reported the observation of leaf yellowing in
Arabidopsis explants cultured on kanamycin-containing media. According to Wang et al.
(2015) [17], the yellowing and subsequent death of cells in green organs are caused by an
interference of kanamycin with protein synthesis in the chloroplasts and mitochondria of
plant cells that do not possess the detoxifying ability of the kanamycin resistance gene nptII.
Duan et al. [49] also suggested that kanamycin affects the growth of cotyledon seedlings
and leaves by preventing protein synthesis. Thus, the regeneration of shoots was also
inhibited by the restriction of protein synthesis.
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Percentage of explant forming shoot in regeneration media
supplemented with different concentrations of kanamycin
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Figure 8. Percentage of explants forming shoots on regeneration media supplemented with different
concentrations of kanamyecin.
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Figure 9. Response of tomato cv. MT1 explants to different kanamycin concentrations. (a) Response
of hypocotyl explants; (b) response of cotyledon explants; (c) representative explants forming shoots.
T1 = 0 mg/L, T2 = 50 mg/L, T3 = 75 mg/L, T4 = 100 mg/L, T5 = 125 mg/L, T6 = 150 mg/L,
T7 =175 mg/L, and T8 = 200 mg/L of kanamycin. Scale bar =2 cm.
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3.3.2. Number of Shoots per Explant

The results indicate that the cotyledon explants cultured on regeneration medium
without kanamycin recorded the highest number of shoots (6.5 &+ 0.65), followed by the
hypocotyl explants (4.75 & 0.48) on the same medium (Figure 10 and Table 4). The regener-
ation media containing 50 and 75 mg/L kanamycin yielded 2.5 4= 0.29 and 1 + 0 shoots per
explant, respectively, from the hypocotyl explants (Figure 10 and Table 4). Similar to the
percentage of explants forming shoots, the number of shoots per explant also decreased
with the increase in kanamycin concentration. Interestingly, no shoot was formed on the
cotyledon explants on media with kanamycin. These results suggest that the toxicity of
kanamycin is tissue-specific. Hung and Xie [50] observed the tissue-specific toxicity of
kanamycin in Astragalus racemosus. They found that for the complete inhibition of callus
and shoot formation in the cotyledon and hypocotyl, the concentration of kanamycin
was the same, but a different concentration was required for root explants. In another
study, Sharma et al. [51] found that 50 mg/L kanamycin did not completely inhibit the
regeneration of shoots from tomato hypocotyl and cotyledon, but affected them slowly.

No. of shoots per explant on regeneration media supplemented with
different concentrations of kanamycin

|
s
% 8 B No. of shoots/hypocotyl
)
26
@ i No. of shoots/cotyledon
3
2 4
7]
G
° 2 ) =) o
=) > 4 =) > 4 =) >4
Z 0 A > 4
0 50 75 100 125 150 175 200

Kanamycin concentration (mg/L)

Figure 10. Number of shoots per explant on regeneration media supplemented with different
concentrations of kanamyecin.

3.3.3. Rooting and Acclimatization

The highest percentage of root induction was observed in shoots derived from the
control regeneration medium (S1) (Figure 11 and Table 5). S1 showed a root formation rate
of 72.5% when cultured on the MS medium. All the S1 shoots (100%) produced roots upon
being cultured on MS + 0.75 mg/L IAA and MS + 1 mg/L IAA. The percentage of root
formation was reduced for S2 (shoots from media containing 50 mg/L kanamycin) and S3
(shoots from media containing 75 mg/L kanamycin) shoots at all concentrations of IAA
(Figure 11). The shoot type S3 exhibited the lowest percentage of rooting (10%) in T1, while
a similar shoot type in T2 (MS + 0.75mg/L IAA) and T3 (MS + 1.0 mg/L IAA) displayed a
rooting percentage of 40%.

The highest number of roots per shoot (32 £ 1.83) was recorded in T2 for S1 shoots,
followed by T3 (27.25 £ 1.11) for the same type of shoot. The reduction in the root number
followed a similar trend as the percentage of rooting. The number of roots decreased in the
shoots derived from media with higher concentrations of kanamycin (Figure 12 and Table 5)
and it was lowest for S3 in T1. These results indicate that shoots from media containing a
higher concentration of kanamycin partially inhibited rooting in terms of the percentage
of shoots inducing roots and the number of roots per shoot. Similarly, a reduction of root
formation and root growth with an increase of the kanamycin concentration (>10 mg/L) was
observed in Arabidopsis [49]. Of the rooted plants, 80% survived during the acclimatization
stage.
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Table 5. Rooting on shoots derived from kanamycin-treated explants.

Treatment % Shoots Forming Roots No. of Shoots per Explant
S1 90.83a +4.17 20.67 a £3.92
52 75.83b +7.93 817b +1.70
S3 30.00 c £4.77 533c+1.16
Level of significance * *
MSD value 7.42 1.98
CV (%) 11.18 17.19
T1 40.83 b + 8.02 1.42 ¢ £0.36
T2 78.33 a £+ 8.33 18.50 a + 3.02
T3 77.50 a + 8.27 14.25b £ 2.84
Level of significance = **
MSD value 7.42 1.98
CV (%) 11.18 17.19
S1T1 72.50b £+ 4.79 2.75 ef +0.48
S1T2 100a+0 32.00a £ 1.83
S1T3 100a =0 2725b +1.11
S2T1 40.00 c +-4.08 1.00 f £+ 0.41
52T2 95.00 a £ 2.89 14.25¢ £+ 0.85
52T3 92.50a £4.79 925d +1.11
S3T1 10.00 d + 4.08 0.50 f +0.29
S3T2 40.00 c +=4.08 9.25d +£1.11
S3T3 40.00 c +=4.08 6.25 de £ 0.63
MSD value 18.39 4.39
CV (%) 11.67 16.03

Interaction level (E x G) significance

*%

*3%

Means in a column that include the same letters are not statistically different at a 5% level using Tukey’s HSD test.
MSD = minimum significant difference, CV = coefficient of variation, S1 = shoots from from MSB5 + 2 mg/L BAP
+0.5 mg/LIAA, S2 = shoots from MSB5 + 2 mg/L BAP + 0.5 mg/L IAA + 50 mg/L kanamycin, and S3 = MSB5 +
2 mg/L BAP + 0.5 mg/LIAA + 75 mg/L kanamycin. T1 = MS, T2 = 0.75 mg/L IAA, T3 = 1 mg/L IAA. Note:
ns—not significant at p > 0.05 and **—significant at p < 0.01; =—standard error (n = 4); (as ANOVA).

Percentage of three types of shoots forming roots in three rooting media
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Figure 11. Percentage of three types of shoots forming roots on three rooting media.
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No. of roots per shoot for three types of shoot in three rooting media

35
32

30
T1 T2 T3

25 27.25

20

15 14.25

9.25

No. of roots per shoot

10 9.25

5 2.75 - 6.25

S1 S2 S3
Types of shoot

Figure 12. Number of roots per shoot for three types of shoots on three rooting media.

4. Conclusions

The best regeneration media for hypocotyl and cotyledon explants were found to be
MSB5 + 2 mg/L BAP + 0.1 mg/L IAA (T14) and MSB5 + 2 mg/L BAP + 0.5 mg/L IAA
(T18), respectively. The shoot elongation appeared to be optimal on MS media without
PGRs. Based on the root induction and the survival rate of the regenerants, the optimal
concentration of IAA in MS medium for root induction on regenerated shoots was found
to be 0.75 mg/L. The findings also indicate that hypocotyl exhibited greater success in
promoting a higher percentage of explant-forming shoots, while cotyledon was observed to
be more effective in producing a higher number of direct shoot regeneration. The present
study only employed BAP and IAA. The omission of other plant growth regulators (PGRs)
precludes a comprehensive comparison of the effect of other growth regulators on the
regeneration capacity. In future experiments regarding the in vitro regeneration of cv. MT1,
it is recommended to include other PGRs and explants, such as the leaf, internode, and
shoot tip. This will enable the identification of more optimal combinations of explant and
growth regulators for shoot regeneration.

The results of the study indicate that a complete inhibition of shoot regeneration oc-
curred on hypocotyl explants when exposed to medium containing 100 mg/L kanamycin.
In contrast, the cotyledon explants exhibited total inhibition of regeneration when subjected
to medium containing 50 mg/L kanamycin. The shoots derived from media supplemented
with kanamycin showed a decrease in root formation, which was more pronounced in
the shoots exposed to a greater concentration of kanamycin. The findings of the present
study suggest that 100 mg/L kanamycin is suitable for the screening of transformants
derived from hypocotyl of cv. MT1. At an initial concentration of 50 mg/L of kanamycin,
the cotyledons were observed to have fully impeded regeneration, while the hypocotyls
were still able to produce shoots. However, at a concentration of 75 mg/L, the hypocotyls
were not completely inhibited, and a complete inhibiting effect was observed at a con-
centration of 100 mg/L kanamycin. It is possible that a more accurate concentration
within the 0-50 mg/L range may be suitable for cotyledons, while a concentration range of
75-100 mg/L may be appropriate for hypocotyls. Therefore, it is recommended to evaluate
smaller intervals of kanamycin concentrations, such as 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 mg/L, in future studies to obtain more precise outcomes.
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Abstract: Sweet cherry (Prunus avium L.) is a popular fruit tree grown for its juicy fruit and pleasing
appearance. The fruit pf the sweet cherry contains active antioxidants and other chemical compounds
essential for human health. For this study, we performed the transcriptomics and metabolomics
analysis using young Green Peel (GP) and mature Red Peel (RP) from sweet cherries to understand the
underlying genetic mechanism regulating fruit development and ripening. Using high-throughput
RNA sequencing and ultra-performance liquid chromatography, with quadrupole time-of-flight
tandem mass spectrometry, respectively, metabolic and transcript profiling was obtained. Relative to
GP, there were equal quantities of pronouncedly varied metabolites in RP (n = 3564). Differentially
expressed genes (DEGs, n = 3564), containing 45 transcription factor (TF) families, were recorded in
RP. Meanwhile, 182 differentially expressed TF (DETF) members of 37 TF families, were displayed in
abundance in RP compared to GP sweet cherries. The largest quantities of DETFs were members of
the ERF (25) and basic helix-loop-helix ((HLH) (19) families, followed by the MYB (18), WRKY (18),
and C2H2 (12) families. Interestingly, most ERF genes were down-regulated, whereas CCCH genes
were mainly up-regulated in RP. Other DETFs exhibited significant variations. In addition, RT-QPCR
results and metabolomics data together with transcriptomic data revealed that the abundance of
catechin, epicatechin, rhoifolin, myricetin, keracyanin, and the other six glycosyltransferase genes
was highly increased in RP when compared to GP sweet cherries. The relatively higher expression
of DETFs, metabolite, and flavonoid biosynthesis in RP sweet cherries suggests the accumulation
of distinct metabolites that cause red coloring during fruit development and ripening. Thus, the
metabolomics and transcriptomic analysis of the current study are powerful tools for providing more
valuable information for the metabolic engineering of flavonoids biosynthesis in sweet cherries. They
are also helpful in understanding the relationship between genotype and phenotype.

Keywords: sweet cherry; metabolomics analysis; antioxidants; flavonoids; transcription factors;
chemical compounds

1. Introduction

Sweet cherry (Prunus avium L.) is a non-climacteric, economically significant hor-
ticultural crop that is produced all over the world for its flesh fruit. The sweet cheery
reproductive phase is short as it only takes two months from bloom to mature fruit [1].
Apart from its attractive color, the fruit of the sweet cherry is rich in antioxidants, vitamins,
and minerals, and the tree is also suitable for cultivation in temperate regions. Sweet cherry
fruits can have different colors, such as yellow, dark red, or blush [2]. Sweet cherry fruit
goes through multiple developmental phases, from flower bud to fruit set. Following
that, the ripening process begins, defining the quality of the final fruit. Various metabolic
and genetic pathways control the fruit’s development and ripening process. Some of the
genetic and metabolic regulators of fruit development and ripening have been found in
several other horticultural crops [3-8]. Anthocyanins is vital in the ripening process as it is
involved in skin color pigmentation [9,10].
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Flavonoids, the key secondary metabolites of plants, are sub-classed into anthocyanins,
flavones, and flavanols [11]. Flavonoids have been found in numerous colored fruits and
flowers and are involved in multiple plant functions. For example, they prevent plants from
dormancy, ultraviolet light and phytopathogens-caused injury and modulate responses
to other environmental stresses [12]. In humans, some reports highlighted flavonoid sup-
pression in patients with chronic and cardiovascular diseases [13]. Furthermore, flavonoids
and anthocyanins are the primary determinants of color in fruits and flowers. Six widely
accepted anthocyanins (cyanidin, delphinidin, petunidin, pelargonin, peonidin, and mal-
vidin) exist in plants. The peonidin is synthesized by the methylation of cyanidin, malvidin,
and delphinium to variousdegrees [14]. In Arabidopsis thaliana, the structural genes in the
biosynthetic pathway of anthocyanins can be classified as either “early” or “late” types [15].
Early biosynthetic genes, such as CHS and CHI, are mediated in a coordinated manner and
encode enzymes that play a prominent role in the initial process of biosynthesis [16]. Late
biosynthetic genes, such as DFR and ANS, participate in the late biosynthesis process [17].

In sweet cherry fruit, the role of flavonoids has previously been reported by study [18].
The study presented the involvement of flavonoids in postharvest sweet cherry fruits
in response to UV-C light [18]. In PavMADS7-silenced plants, the level of anthocyanins
decreased significantly, affecting fruit skin’s reddening [19]. Several transcription factors
(TFs) have been investigated for their role in the development and ripening of sweet
cherry fruit. For instance, MIKC-type MADS-box TF PavAGL15 regulates the size of sweet
cherryfruits. Virus-induced gene silencing (VIGS) of PavAGL15 significantly increased the
size of sweet cherry fruits [20]. The PavFUL gene, when overexpressed, resulted in the
formation of multi-silique and double fruits [21]. However, there is no body of research
which relates the role of flavonoids and key TFs in regulating fruit development and
ripening in sweet cherries.

The interpretation of metabolomics data offers an efficient method that may be used
for the functional characterization of genes [22,23]. Metabolomics data can provide a
plethora of information on the biochemical status of tissues. Metabolomics studies can also
be used as a technical tool for association analysis. This can be used in conjunction with
other data to examine the role of particular genes in a metabolic pathway of interest and to
facilitate gene mining [24]. Systems biology research is now unable to function without
the latest advancements and applications of high-throughput sequencing, high-resolution
mass spectrometry, and information processing technologies [25,26]. Through the use of
correlation and clustering analyses, transcript and metabolite datasets have been combined
and can be visualized as connection networks between genes and metabolites [27]. These
networks can show the response mechanism of rice to high nighttime temperatures [28], the
regulation mechanism of delphinidin in flower color in grape hyacinths [29], the mechanism
of potato pigmentation [30], the mechanism of blue flower formation in waterlilies [31], and
catechin production in albino tea. The merging of transcriptomics and metabolomics offers
substantial benefits for uncovering the biosynthetic mechanisms of important metabolic
pathways [32-34]. The combined study of transcriptomics and metabolomics data has not
yet been used to investigate the biosynthesis of phenolic chemicals.

In this study, we used a novel sweet cherry cultivar called “Hongmanao” which was
developed by the Shanxi Academy of Agriculture Sciences” Institute of Pomology. For
analysis, samples of the fruits’ young green peel (GP) and mature red peel (RP) were taken.
Young “GP” and mature “RP” sweet cherry fruit were used for the omics data analysis
of extensively targeted metabolome and transcriptome. It was discovered that several
significant TFs, including MYB, WRKY, and bHLH, control the biosynthesis of flavonoids.
These findings will be beneficial for producing sweet and healthy plants, especially in the
area of fruit quality.
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2. Materials and Methods
2.1. Plant Materials

Sweet cherry trees (fifteen years old) were selected for this experiment. The orchard
is located at the Fruit Research Institute of Shanxi Agricultural University (37°23'42" N,
112°32/42" E), Taigu District, Jinzhong City, Shanxi Province, China. The spacing between
trees and rows was 2.5 m x 4.0 m. The same methods of cultivation and care were used on
all the trees. Fruit samples were taken on 21 May 2021 (green peel), and 31 May 2021 (red
peel) (RP). Eighteen tagged fruits were randomly selected, and three biological duplicates
were selected at each stage. The fruit samples were cut into cross sections during sampling,
frozen in liquid nitrogen, and kept at —80 °C for further studies. For the metabolome and
transcriptome investigations, two developmental stages of the sweet cherry, C1 GP and C2
RP, were chosen and examined.

2.2. RNA Extraction, Library Preparation

Following the manufacturer’s instructions, total RNA was extracted and purified
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Using the NanoDrop ND-1000,
each sample’s RNA concentration and purity were measured (NanoDrop, Wilmington, DE,
USA). The Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) used a RIN score of >7.0 to
determine the integrity of the RNA, and denaturing agarose gel electrophoresis was used
to corroborate the results. Using Dynabeads Oligo (dT)25-61005 (Thermo Fisher, Waltham,
CA, USA), poly (A) RNA waspurified twice from 1 g of total RNA. Then, under 94 °C
for 5-7 min, the poly(A) RNA was fragmented into tiny bits using a magnesium RNA
fragmentation module (NEB, cat. €6150, San Francisco, CA, USA). Following the reverse
transcription of the cleaved RNA fragments to produce the cDNA, E. coli DNA polymerase
I (NEB, cat.m0209, USA), RNase H (NEB, cat.m0297, USA), and dUTP Solution (Thermo
Fisher, cat. R0133, USA) were used to synthesize U-labeled second-stranded DNAs. The
blunt ends of each strand were then given an A-base to help them ligate to the indexed
adapters. Each adaptor had a T-base overhang that was used to ligate it to the DNA
fragments with an A tail. The fragments were ligated to single- or dual-index adapters, and
AMPureXP beads were used for size selection. After the heat-labile UDG enzyme (NEB,
cat.m0280, USA) treatment of the U-labeled second-stranded DNAs, the ligated products
were amplified with PCR underthe following conditions: initial denaturation at 95 °C for
3 min; 8 cycles of denaturation at 98 °C for 15 s, annealing at 60 °C for 15 s, and extension
at 72 °C for 30 s; and then final ex-tension at 72 °C for 5 min. The resultant cDNA collection
had an average insert size of 30,050 bp. Finally, using an illumine NovaseqTM 6000 (LC-Bio
Technology Co., Ltd., Hangzhou, China), we carried out 2150bp paired-end sequencing
(PE150) in accordance with the vendor’s suggested procedure. Following RNA extraction,
we used the Agilent 2100 device (Agilent Technologies, Beijing, China), Qubit v. 2.0 (Thermo
Fisher Scientific), and the NanoDrop device (Thermo Fisher Scientific, Shanghai, China) to
assess RNA purity, concentration, and integrity for the ensuing transcriptome sequencing.
Using Qubit v. 2.0 and Agilent 2100 equipment, we evaluated and precisely measured the
library concentration and insert size after library formation. Quantitative real-time PCR
was used to check the quality of the library (QRT-PCR). With the help of a No-vaseq6000,
high-throughput sequencing was carried out (Illumina, Beijing, China).

2.3. Bioinformatics Analysis of RNA-seq

Reads with adapter contamination, low quality bases, and indeterminate bases with default
parameters were removed using the Fastp program (https://github.com/OpenGene/fastp
accessed on 19 November 2021). Then, using fastp, the sequence quality was also con-
firmed. We utilized HISAT2 to map reads to the reference genome of Homo sapiens
GRCh38 (https:/ /ccb.jhu.edu/software/hisat2 accessed on 19 November 2021) (Prunus
avium L.). The mapped readings of each sample were put together using StringTie
(https:/ /ccb.jhu.edu/software/stringtie accesse on 19 November 2021) using the default
settings. Subsequently, gffcompare (https:/ /github.com/gpertea/gffcompare/ accessed
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on 19 November 2021) was used to combine the transcriptomes from each sample to
create a comprehensive transcriptome. Following the creation of the final transcriptome,
all the expression levels of each transcript were estimated using StringTie. By using the
formula FPKM (FPKM = [total exon fragments/mapped reads (millions) exon length
(kB)]), StringTie was utilized to determine the expression level for mRNAs. With a para-
metric F-test comparing nested linear models (p value 0.05) and the R package edgeR
(https:/ /bioconductor.org/packages/release/bioc/html/edgeR.html accessed on 23 Novem-
ber 2021), the differentially expressed mRNAs were identified. Also, we assessed the read
quality using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ ac-
cessed on 23 November 2021), which is based on Q30 and GC levels. After acquiring
high-quality sequencing data, Trinity [22], we constructed sequences. Functional annota-
tion was aligned with the NR (RefSeq non-redundant proteins), and gene ontology GO
and KEGG enrichment analysis were performed on the genes using the DAVID software
(https:/ /david.ncifcrf.gov accessed on 29 November 2021) [35-37]. Using fragments per
kilobase of transcript per million mapped reads (FPKM) [38], we estimated gene expression.

2.4. Sample Preparation and Metabolite Extraction

The freeze-dried materials were ground in a mixer mill at 45 Hz for two minutes.
Next, we added 100 mg of powder from each sample into a 5-mL EP tube and finished
the extraction by adding 2000 L of a 3:1 v/v methanol and water solution. The samples
were vortexed for 30 s, subjected to 15 min of ultrasonication in an ice bath, vibrated at
4 °C overnight, and then centrifuged for 15 min at 12,000 rpm and 4 °C. Afterwards, each
supernatant (500 L) was dried while being gently blown by nitrogen. In 250 L of a 1:1 v/v
solution of methanol and water, all residues were reconstituted using a 30-min vortexing
and 15-min ultrasonication procedure in an ice bath. We preserved the supernatants in
2 mL glass vials at —80 °C for UHPLC-mass spectrometry (MS)/MS after centrifuging the
samples for 15 min at 12,000 rpm and 4 °C. Finally, we made samples for quality control by
combining equal aliquots of the supernatants from the sample.

2.5. Analyzing Wide-Target Metabolomics Data Qualitatively and Quantitatively

Following the implementation of qualitative metabolite assessment utilizing secondary
spectrum data from the in-house metware database (MWDB) and metabolite data from a
public database, metabolite quantification using multiple reaction monitoring (MRM) in
triple quadrupole MS was carried out (TOMS). With the use of the TQMS, the required
fragment ion was chosen, reducing interference from non-target ions and enhancing quan-
tification accuracy and reproducibility. For inconsistent samples, metabolite MS data
were collected, and the integration of MS peaks was put into practice to correct the same
metabolite [39].

We also used TQMS to screen different ions from each drug. The signal intensities of
these ions (measured in cps) were identified, and MULTIAQUANT software was used to
open and read the sample MS file. The integrated data for the site were reserved, and the
area of each chromatographic peak represented the relative concentrations of the respective
metabolites. In order to ensure the accuracy of qualitative and quantitative analyses on
the strength of the peak type and the reservation time of metabolites, contributing to the
comparison of each metabolite level in disparate samples, correction of the mass spectrum
peaks was later implemented for each metabolite in disparate samples.

As previously mentioned [40], we used principal component analysis (PCA) and
partial least squares-discriminant analysis to identify cultivar-specific metabolite accumula-
tion. To find the significantly different metabolites, fold change (FC) 2 or 0.5 and variable
relevance in projection 1 were used as the selection criterion. Between DEGs and DEMs,
Pearson correlation (PCA) analysis was carried out using R program.

Additionally, using the Roche LightCycler® 480 II Real-Time System, eight TFs in a
96-well plate were validated using qRT-PCR (Shanghai, China). The PCR amplification
procedure used a thermal cycling schedule that consisted of 95 °C for 5 min, 95 °C for
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10 s 40 cycles, and 60 °C for 30 s 40 cycles. All of the PCRs were carried out using the
Hieff® QPCR SYBR Green Master Mix (No Rox) provided by Yeasen Biotech Co., Ltd.,
in accordance with the instructions” protocol (Shanghai, China). We established three
technical and three biological replicates for each qRT-RCR.

2.6. Data Processing and Analysis

We utilized the 95% confidence interval (p < 0.05) and SPSS software (version 25.0,
SPSS Inc., Chicago, IL, USA) to examine the data in this paper for statistical analysis
(ANOVA) and statistical significance. For all measured parameters, the data are reported
as the mean standard deviation (SD) of three biologically separate replicates; GraphPad
Prism (version 8.0.2) (GraphPad Software, Inc., LA Jolla, CA, USA) was then used for
graphical representations.

3. Results
3.1. Transcriptomic Analysis of Two Developmental Stages of Sweet Cheery Fruit

We implemented a transcriptomic analysis of the green and red peel cherries to confirm
DEGs at two different developmental stages (Figure 1A). In agreement with FC < 2.0 and
FDR < 0.05, we filtered out 3812 DEGs in RP and GP sweet cherries, of which 1897 and 1915
genes showed an upward trend and a downward trend, respectively (Figure 1B,C). The GO
was classified into molecular, biological, and cellular functions. The GO terms enriched
in the cellular component classification were amino sugars and photosynthesis, while
flavone and flavonol biosynthesis were the GO terms which were most enriched in the
molecular function. DEGs regulating key molecular processes, such as ATP binding, RNA,
and DNA binding, accumulated in abundance (Figure 2A). High numbers of DEGs reside
in the nucleus and are key in the chloroplast thylakoid membrane, as shown in the cellular
processes category (Figure 2A). Several key biological processes were also on display, such
as flavonoid biosynthesis, response to abscisic acid, and auxin responsiveness. The KEGG
pathway enrichment analysis highlighted that the majority of the DEGs are involved in
photosynthesis—antenna proteins, circadian rhythm, amino sugars, photosynthesis, and
flavone and flavonol biosynthesis (Figure 2B).

3.2. Metabolic Differences in Two Developmental Stages

We implemented LC-ESI-MS/MS sample analysis to compare the differences in two
metabolite pathways. PCA analysis showed that GP (C1) and RP (C2) sweet cherry trees
were distinct in the PC1 xPC2 score plots (Figure 3A). In this work, we clarified 1942
up-regulated and 1622 down-regulated differentially expressed metabolites (DEMs) (3564
in total) in both groups (Figure 3B). As illustrated by the volcano plot (Figure 3C), the
metabolite contents differed significantly between the two developmental stages. Based on
the annotation information, the DEMs fell into 16 categories: pyrenes, flavonoids, prenol
lipids, benzene and substituted derivatives, organ oxygen compounds, isobenzofurans,
and indoles and their derivatives. From these, 25 flavonoids were screened, in 11 of which
flavonoids accumulated in abundance, and14 were poorly enriched.

3.3. TFs Are Relevant to Differential Accumulation of Metabolites in “Red Peel” (C2)
Sweet Cherries

The highly important TFs, including MYBs and bHLH, are instrumental in the biosyn-
thesis and homeostasis of flavonoids [29,30]. Our data unveiled that 182 differentially
expressed TFs (DETFs) from 37 TF families were discovered in the RP sweet cherries and
this percentage is shown in Figure 4. The DETFs found in the largest quantities were
members of the ERF (25) and bHLH (19) families, followed by the MYB (18), WRKY (18),
and C2H2 (12) families. Interestingly, most ERF genes showed down-regulated expression,
whereas CCCH genes were mainly up-regulated in C2. Apart from that, other DETFs
displayed high expression variation among the tested samples.
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Figure 1. DEGs between young “Green Peel” and mature “Red Peel” sweet cherries. (A) Photograph
of red peel, yellow peel and red peel sweet cherries; (B) Bar plot of DEGs; (C) As illustrated in the
volcano plot, the difference in the expression level of genes displays statistical significance between
the two groups of samples.
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only illustrate the top 20 pathways showing the most pronounced enrichment.

3.4. Anthocyanin, Flavonoid, and Flavonol Biosynthesis Pathways

Omics data integration of transcriptomics and metabolomics analysis showed 44 DEGs
genes (Table 1) and a total of 3564 DEMs and 7 genes which were involved in anthocyanin,
flavonoid, flavone, and flavanol biosynthesis pathways are shown in (Table 2). Among the
7 DEMs, the levels of catechin, epicatechin, myricetin, rhoifolin, myricetin, and keracyanin
were significantly higher in the C2, and only rutin was also up-regulated.
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Figure 3. DEM profile. (A) PCA score map; (B) Comparison of DEMs between young “Green Peel”
and mature “Red Peel” sweet cherry trees; (C) Volcano plot of DEMs.
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Figure 4. The pie chart shows the number of transcription factors.

Table 1. Omics data integration of transcriptome and metabolome yields 44 DEGs in anthocyanin,

flavonoid, and flavone and flavonol biosynthesis pathways.

Pathway_id Pathway_Name Gene_ID Description Regulation
k000942 Anthocyanin biosynthesis ~ Pav_sc0000138.1_g030.1.mk  2nthocyanidin 3-O-glucosyltransferase down
2-like [Prunus avium]

ko00942 Anthocyanin biosynthesis ~ Pav_sc0001323.1_g080.1.br UDP-glycosyltransfgrase 88F5-like down
[Prunus avium]

ko00942 Anthocyanin biosynthesis ~ Pav_sc0001323.1_g100.1.br UDP-glycosyltransfgrase 88F5-like down
[Prunus avium]

ko00942 Anthocyanin biosynthesis ~ Pav_sc0001323.1_g110.1.br UDP-glycosyltransfe.rase 88FS-like down
[Prunus avium]

LOW QUALITY PROTEIN:

ko00942 Anthocyanin biosynthesis ~ Pav_sc0001323.1_g140.1.mk UDP-glycosyltransferase 88F5-like down

[Prunus avium]
S . flavonol synthase/flavanone

ko00941 Flavonoid biosynthesis Pav_sc0000030.1_g1340.1.mk 3-hydroxylase-like [Prinus avium] up

ko00941 Flavonoid biosynthesis Pav_sc0000044.1_g550.1.mk narlngemn,Z-oxoglutara.te 3-dioxygenase down
[Prunus avium]

ko00941 Flavonoid biosynthesis Pav_sc0000045.1_g280.1.mk chalcone synthase [Prunus avium] down

k000941 Flavonoid biosynthesis  Pav_sc0000091.1_g560.1.mk ~ L-MO domain-containing protein A up
[Prunus avium]

ko00941 Flavonoid biosynthesis Pav_sc0000100.1_g580.1.mk protein ECERIFER.UM 26-like up
[Prunus avium]

ko00941 Flavonoid biosynthesis Pav_sc0000107.1_g100.1.mk leucoanthocyamdm. dioxygenase down
[Prunus avium]

k000941 Flavonoid biosynthesis  Pav_sc0000143.1_g510.1.mk  Probable 2-oxoglutarate-dependent up

dioxygenase At5g05600 [Prunus avium]
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Table 1. Cont.

Pathway_id Pathway_Name Gene_ID Description Regulation
k000941 Flavonoid biosynthesis ~ Pav_sc0000206.1_g540.1.mk ~ ‘Tans-cinnamate -monooxygenase down
[Prunus avium]
1 ar .
k000941 Flavonoid biosynthesis ~ Pav_sc0000358.1_g010.1.mk flavonoid-3'-hydroxylase, partial down
[Prunus avium]
ko00941 Flavonoid biosynthesis Pav_sc0000398.1_g280.1.mk putative anthocyam‘dm reductase down
[Prunus avium]
ko00941 Flavonoid biosynthesis Pav_sc0000465.1_g590.1.mk codeine O-demethylase-like [Prunus avium] up
ko00941 Flavonoid biosynthesis Pav_sc0000465.1_g880.1.br  codeine O-demethylase-like [Prunus avium] down
probable LRR receptor-like
ko00941 Flavonoid biosynthesis Pav_sc0000554.1_g2230.1.mk  serine/threonine-protein kinase MEE39 down
[Prunus avium]
k000941 Flavonoid biosynthesis ~ Pav_sc0000791.1_g230.1br ~ DAHD acyltransferase At5g47980-like up
[Prunus avium]
Al
ko00941 Flavonoid biosynthesis Pav_sc0000877.1_g1900.1.br flavonoid 3 monooxygenase down
[Prunus avium]
ko00941 Flavonoid biosynthesis  Pav_sc0001003.1_g370.L.mk  Yacuolar-sorting receptor 7isoform X2 up
[Prunus avium]
k000941 Flavonoid biosynthesis  Pav_sc0001196.1_g1060.1.mk <Y tochrome P450 98A2-like isoform X1 down
[Prunus avium]
k000941 Flavonoid biosynthesis  Pav_sc0001196.1_glo70.1by  cytochrome P450 98A2-like isoform X1 down
[Prunus avium]
ko00941 Flavonoid biosynthesis Pav_sc0001196.1_g1090.1.mk cytochrome P450 98A2-like [Prunus avium] up
ko00941 Flavonoid biosynthesis Pav_sc0001196.1_g1100.1.mk  cytochrome P450 98A2 [Prunus persica] down
ko00941 Flavonoid biosynthesis Pav_sc0001217.1_g200.1.mk protein DMR6-LIKE OX.YGENASE Z-like down
[Prunus avium]
S . probable 2-oxoglutarate-dependent
ko00941 Flavonoid biosynthesis Pav_sc0001345.1_g040.1.mk dioxygenase At3g111800 [Prunuts avitm] up
ko00941 Flavonoid biosynthesis Pav_sc0001545.1_g080.1.mk hypothetical protein PRUPE—46029700 down
[Prunus persica]
bifunctional dihydroflavonol
ko00941 Flavonoid biosynthesis Pav_sc0002208.1_g840.1.mk 4-reductase/flavanone 4-reductase down
[Prunus avium]
ko00941 Flavonoid biosynthesis Pav_sc0002479.1_g160.1.br vinorine synthase-like [Prunus avium] down
k000941 Flavonoid biosynthesis ~ Pav_sc0002479.1_g170.1.br  Wncharacterized protein Pyn_04376 [Prunus up
yedoensis var. nudiflora]
ko00941 Flavonoid biosynthesis Pav_sc0002479.1_g520.1.br vinorine synthase-like [Prunus avium] up
ko00941 Flavonoid biosynthesis Pav_sc0003685.1_g130.1.mk leucoanthocyanld{n reductase down
[Prunus avium]
k000941 Flavonoid biosynthesis  Pav_sc0005746.1_g030.1.mk  Probable chalcone—flavonone isomerase 3 down
[Prunus avium]
ko00941 Flavonoid biosynthesis Pav_sc0009537.1_g010.1.mk chalcone'synthase . down
[Prunus yedoensis var. nudiflora]
Flavone and phenolic glucoside malonyltransferase
ko00944 flavonol biosynthesis Pav_sc0000023.1_g010.1.br 1-like [Prunus avium] up
Flavone and phenolic glucoside malonyltransferase
ko00944 flavonol biosynthesis Pav_sc0000023.1_g130.1.br 1-like [Prunus avium] up
Flavone and phenolic glucoside malonyltransferase
ko00944 flavonol biosynthesis Pav_sc0000023.1_g140.1.br 1-like [Prunus avium] up
Flavone and flavonoid 3-O-glucosyltransferase-like
ko00944 flavonol biosynthesis Pav_sc0000308.1_g350.1.mk (Prinus aoium] up
k000944 Flavone and Pav_sc0000308.1_g360.1.mk flavonoid 3-O-glucosyltransferase-like down

flavonol biosynthesis

[Prunus avium]
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Table 1. Cont.

Pathway_id Pathway_Name Gene_ID Description Regulation
A -
ko00944 a Flavoneand Pav_sc0000358.1_g010.1.mk flavonoid-3'-hydroxylase, partial down
avonol biosynthesis [Prunus avium]
k000944 . Flav01_1e and . Pav_sc0000588.1_g030.1.mk UDP-glycosyltransfe}rase 89A2-like down
avonol biosynthesis [Prunus avium]
i3 9l
k000944 Flavoneand Pav_sc0000877.1_g1900.1.br flavonoid 3'-monooxygenase down
flavonol biosynthesis [Prunus avium]
Flavone and phenolic glucoside malonyltransferase
ko00944 flavonol biosynthesis Pav_sc0002358.1_g100.1.br 1-like [Prunus avium] up
Table 2. Omics data integration of transcriptome and metabolome yielded DEMs in anthocyanin,
flavonoid, and flavone and flavanol biosynthesis pathways.

Pathway ID Regulated MS2 Metabolite MS2 Superclass MS2 Class MS2 KEGG
map00941 down (+)-Catechin Phenylpropanoids and polyketides Flavonoids C06562
map(00941 down Epicatechin Phenylpropanoids and polyketides Flavonoids C09727
map00941 down Myricetin Phenylpropanoids and polyketides Flavonoids C10107
map(00944 down Rhoifolin Phenylpropanoids and polyketides Flavonoids C12627
map00944 up RUTIN Phenylpropanoids and polyketides Flavonoids C05625
map00944 down Myricetin Phenylpropanoids and polyketides Flavonoids C10107
map(00942 down Keracyanin Phenylpropanoids and polyketides Flavonoids C08620

The flavonoid biosynthesis pathway genes, such as anthocyanidin 3-O-
glucosyltransferase 2 (3GT2) and four UDP-glycosyltransferase 88F5 (UGT 88f5), were all
up-regulated in the C2 group. From the 30 DEGs in flavonoid biosynthesis, 11 DEGs were
found to be highly expressed in C2, and 19 were down-regulated. In the flavone and fla-
vanol biosynthesis pathway, four phenolic glucoside malonyl transferases (PMATs) and one
flavonoid 3-O-glucosyltransferase (Pav_sc0000308.1_g350.1.mk) (3GT) were up-regulated.
On the other hand, flavonoid 3-O-glucosyltransferase (Pav_sc0000308.1_g360.1.mk) (F3GT),
flavonoid-3'-hydroxylase (F3'H), UDP-glycosyltransferase (UGT), and flavonoid 3'-
monooxygenase were down-regulated in C2 vs. C1.

3.5. Correlation Analysis between DEGs and DEMs in Anthocyanin, Flavonoid, Flavone, and
Flavanol Biosynthesis Pathways Reveals the Differential Regulatory Network

A correlation analysis was conducted between DEGs and DEMs in anthocyanin,
flavonoid, flavone, and flavanol biosynthesis pathways. In total, 7 flavonoids and
44 genes underwent Pearson correlation analysis. As unveiled by the results, 20 genes were
inextricably associated with 6 metabolites (r2 > 0.9, Figure 5A). The network analysis was
divided into two clusters. Keracyanin was found to be abundant in cluster 1, and highly
correlated with 5 genes. Myricetin, epicatechin, and catechin were more predominantly
enriched in cluster 2, and highly connected to 15 genes (Figure 5B).

3.6. Verification of the Expression of Genes Relevant to the Route of Flavonoid Biosynthesis

We used qRT-PCR verification with eight TF genes to assess the precision and repro-
ducibility of RNA-Seq data. All the genes’ levels of expression were analyzed at every step,
from development to ripening. Figure 6 displayed the expression level of specific genes.
During the fruits” development through theirripening stages, the expression of the majority
of genes was considerably altered. In light of these results, we can thus hypothesize that
up-regulation of these genes may aid in fruit development up to the point of ripening.
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Figure 5. Principal component analysis (PCA) analysis of RNA—seq between the cultivars. Co-
with structural genes and metabolites using the OmicStudio tools; (B)The correlation networks of
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Figure 6. The qRT-PCR validation for 8 TFs. (A) Pav_sc0000465.1-g950.1.mk; (B) Pav_sc0000376.1-
£510.1.mk; (C) Pav_sc0000507.1-g030.1.mk; (D) Pav_sc0001621.1-g010.1.mk; (E) Pav_sc0000143.1-
£500.1.mk; (F) Pav_sc0003094.1-g080.1.mk; (G) Pav_sc0000094.1-g220.1.mk; (H) Pav_sc0004290.1-
£270.1.mk. The histogram bars represent the means & SE. All the data were calculated with three
technical replicates, and the statistical significance was set at p < 0.05.

4. Discussion

Similar to genomics and proteomics, the new omics technique known as metabolomics
can be used to identify and measure small-molecular-weight compounds that are present in
an organism’s cells [41]. In the post-genome era, a new area called plant metabolomics been
extensively used for examining patterns of metabolite accumulation [42]. Furthermore, by
identifying the genes involved in the metabolism, a subject of interest in contemporary
plant biology, this approach was used to examine the underlying genetic basis of these
patterns. Metabolites are the byproducts of acell’s biological regulating process, and their
concentrations can be viewed as the way a plant responds to genetic and environmental
changes as it grows [43]. In this study, omics data assessment of metabolome and tran-
scriptome provides extensive data about the transferred product profiles in secondary
metabolism and the underlying variations in gene-expression networks. In the present
study, 3812 DEGs were identified in RP sweet cherries, of which 1897 and 1915 genes
were up-regulated and down-regulated, respectively. Meanwhile, in metabolome analysis,
3564 DEMs including 1942 up-regulated and 1622 down-regulatedmetabolites were also
screened. The DEGs and DEMs are expected to be crucial in exploring the color change
mechanism insweet cherries.

Flavonoids, which dominatesecondary metabolites, exist in heterogeneous plants [44,45].
They are determinants of the color of flowers, fruits, and leaves and are crucial for plant
growth, development, and environmental adaptation. In particular, Flavonols, flavanones,
and isoflavones, which are the distinct subclasses of flavonoids, are present in common veg-
etables and fruits [46]. For instance, catechin and epicatechin content was suppressed sig-
nificantly in melatonin-treated bananas [47]. The bananas treated with melatonin showed
delayed skin browning under cold temperature stress [48]. Augmented level of flavonoids
and anthocyanins not only displayed the red color phenotype in mango, but they also
enhanced resistance against cold stress and anthracnose disease [49]. A higher accumula-
tion of carotenoid and flavonol was recorded in damaged-peel-colored apples [50]. In the
present study, enrichment of 7 DEMs was unveiled in anthocyanin, flavonoid, and flavone
and flavonol biosynthesis pathways. In particular, levels of catechin, epicatechin, rhoifolin,
myricetin, and keracyanin were increased significantly in mature fruits, indicating the
substances were responsible for the change of color.

The progression in fruit ripening initiates the colorful pathway which controls peel
color. As a critical player, flavonoid regulates the pigmentation of peel color during
fruit development and the ripening stage [51]. In the complex flavonoid pathway, an-
thocyanidin 3-O-galactosyltransferase is instrumental in catalyzing the galactosylation of
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anthocyanidin [52]. Higher transcriptional activity of galactosyltransferase and glucosyl-
transferase genes regulate the peel color in various horticultural crops [53,54]. In our study,
one anthocyanidin 3GT2, four UGT 88f5, and one 3GT showed up-regulated expression in
the RP sweet cherry group, indicating they are involvedt in the pigmentation of red peel
sweet cherries (Table 1) [55].

TFs, namely transacting factors, initiate or impede gene expression to achieve regula-
tions in response to environmental stresses, secondary metabolite biosynthesis, and plant
growth and development [32,56]. In the present study, 182 DETFs, classified into 37 TF
families, were found in RP indicating that the DETFs play a crucial role in the flavonoid-
mediated peel pigmentation of sweet cherries. Previously, the MYB and bHLH (basic
he-lix-loop-helix) TFs, the two largest TF families inplants, were intensively discussed in
relation totheir role in flavonoid biosynthesis [57,58]. For instance, a bHLH3, when overex-
pressed, disturbed the flavonoid metabolic network by altering the levels of anthocyanins,
flavonoids, and flavonols in mulberry fruits with discrepant colors [59]. In order to control
the accumulation of plant flavonoids, MYB and bHLH collaborate with WDR protein to
produce the ternary complex MBW [60,61]. The complex ternary MYB-113, a key regulator
of flavonoid production in pepper [62], has no effect on how the MBW module functions.
According to a study conducted on the plant Arabidopsis thaliana, the zinc finger protein
TT1 (MYB TF) interacts with TT2 (MYB TF) to modify the expression of the genes involved
in structural flavonoid biosynthesis [63].

In our research, bHLH (19) and MYB (18) account for high proportions of the TFs that
have been discovered, including bHLH30, bHLH35, bHLH128, bHLH143, MYBS, MYB4,
and MYB44 (Figure 4). Plants infiltrated with the MYB+bHLH combination construct
showed specificity and significant accumulation of flavonoid pathway intermediates [64].
AtWRKY23 in A. thaliana impels flavonoid bio-synthesis by elevating enzyme-encoding
genes in the flavonoid biosynthesis pathway [65]. In our study,18 WRKY genes significantly
changed the expression levels in C2, which might play a significant role in the flavonoid
synthesis that could induce fruit ripening. Over-expression of MAWRKY11 gears up the
expressions of F3H, FLS, DFR, ANS, and UFGT, and facilitates anthocyanin and flavonoid
accumulation in apple callus [66].

5. Conclusions

The present study involves combined metabolomics and transcriptomic assessments at
two different stages, i.e., GP (young) and RP (mature), of fruit development and ripeningin
sweet cherries. Our metabolome and transcriptome analyses provide a clear view of
the participatory role of anthocyanin, flavonoid, flavone, and flavonol expression during
the transition from young GP to mature RP sweet cherries. The candidate genes and
metabolomics include six genes: catechin, epicatechin, rhoifolin, myricetin, keracyanin,
and glycosyltransferase. These candidate genes give important information and useful ref-
erences so we can better understand the regulation of the flavonoid biosynthesis pathway
and the accumulation of metabolites in GP (young) and RP (mature) sweet cherries during
distinct developmental stages. Even though these genes were predicted by the bioinfor-
matics analysis, the validation of the transcriptome expression was verified by qRT-PCR.
During fruit development and ripening, there is a greater accumulation of important TFs
that control the pathway for secondary metabolites. However, the particular mechanism
sill requires future research.
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Abstract: As global warming increases day/night temperatures as well as frequencies of heat waves,
studying physiological responses in long-term heat stress is required for sustainable yield production
in the future. In this study, effects of long-term heat stress on photosynthetic, morphological, and
yield parameters of three cherry tomato accessions, HR17, HR22, and HR24, were evaluated. The
experiment was conducted under two temperature greenhouse conditions, where temperature
set-point for ventilation was 30 °C and 35 °C during the day for 57 days, respectively. Plants
were harvested on the 35th days and 57th days after heat treatments, and their physiological and
morphological characteristics and yield traits were measured. Under control conditions, HR17 and
HR22 had 0.5-0.6 harvest index, while HR24 had 0.3 harvest index. On 35th days after heat treatment,
although yield loss percentage of HR17 was high (43%), it produced the highest fruit yield among
all three accessions. However, after longer heat treatment, HR24 produced the highest fruit yields
among all accessions with the smallest yield loss (34%). Furthermore, yield loss was highly associated
with reductions in nitrogen use efficiency and water content in plant body under heat stress. The
results of this study will provide breeders with a new insight into selecting heat-tolerant genotypes
in cherry tomatoes.

Keywords: harvest index; heat-tolerant genotype; greenhouse; nitrogen use efficiency; photosynthe-
sis

1. Introduction

Heat stress is caused by a combination of several environmental factors including
temperature, relative humidity, air movement, solar radiation, and precipitation, with
negative impacts on both plant growth and its productivity. In South Korea, the average
air temperature has continuously increased since the early 21st century [1]. According to
the report by Greenpeace [1], the number of extreme hot days has doubled over the past
ten years. This heat warning has increasingly attracted the attention of many scientists
and farmers, and several reports regarding heat stress in greenhouse vegetables were
published [2,3]. Cherry tomato (Solanum lycopersicum) is an important vegetable, which is
mostly grown in a greenhouse, with 3040 million tons of average annual total production
in South Korea [4]. The optimal day temperature for the growth of cherry tomato is in the
range of 22 to 26 °C [5], and night optimal temperature is in the range of 15 to 20 °C [6].
Temperatures higher than the plants” optimal temperatures can cause heat stress, which
negatively affects their growth, quality of fruits, and productivity.
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Many previous studies have found that heat stress is highly related to reduction in
the tomato fruit quantity or quality considerably caused by starch depletion [7], decrease
in chlorophyll-carotenoid [8,9], abortion of the male gametophyte [10], decreases in root
growth [11], etc. While immediate response or short-term heat stress response (<7 days) are
relatively well studied [12-14], the physiological and photosynthetic processes underlying
long-term (>45 days) heat stress in cherry tomato plants are still not well understood.
Saidi et al. [15] reported that both short and long terms of heat exposures critically affected
membrane transport and increased the damage to membrane fluidity and permeability
of cells. In addition, long-term high temperature can have a greater negative impact
on nutrient uptake. For example, the prolonged exposure to extreme heat can cause
lower oxygen availability which leads to root browning [16,17]. As healthy portions of
root turn brown, the plant may not absorb the nutrients as much as it needs, resulting
in yield reduction. To have a better understanding on the effects of longer heat stress
exposures, more experimentation evaluating physiological responses to long-term heat
stress exposures is needed.

Heat stress responses, including physiological processes, growth and development,
and yields, vary with cultivars [18] as well as species because they have different strategies
to adapt the heat stress conditions [19]. Under stress conditions, plants either grow slowly to
adapt stress conditions, or sacrifice their growth to respond to heat stress. The growth speed
under stress is achieved through stress-triggered cell signaling [19]. The stress tolerance,
also known as a relative ability to grow under stress condition, is usually determined by
evaluating decreases in growth rate, fruit production, or biomass accumulation [19]. Some
plants can increase the growth of certain plant organs, such as roots [20] or stems [21], as
a response to stress exposures, which can result in higher biomass accumulation under
stress. This higher biomass accumulation may reflect better stress tolerance. Although
some plants can recover after short-term heat stress exposure (<1 day) [22], most plants
have more sensitive stress-response programs under long-term heat stress. A comparison
of various stress responses between different genotypes will help breeders to have a better
understanding of different adaptation strategies or defense mechanisms, which will provide
useful information for selection in breeding programs.

The main aim of this study is to investigate the heat stress responses of three different
cherry tomato accessions that have different growth patterns and stress tolerance and are
grown in a controlled greenhouse condition. Under heat stress, plants develop certain
efficient strategies to avoid or tolerate the heat stress which allows them to adapt to and
defend themselves from heat stress [23]. The adaptation strategies or stress resistances
of three accessions were evaluated through the investigation of changes in physiological
characteristics, yields, and nutrient uptake under long-term heat stress conditions.

2. Materials and Methods
2.1. Plant Material and Experimental Design

Three cherry tomato (Solanum lycopersicum) accessions, including HR17 (moderate heat-
tolerant), HR22 (heat-sensitive), and HR24 (heat-tolerant commercial cultivar, ‘Joeungyeo’,
Farm Hannong, Seoul, Republic of Korea), were compared. Both HR17 and HR22 have
round shaped fruits, while HR24 has oval shaped fruits (Figure 1). The fruit weights for all
cultivars ranged between 15 and 25 g.

Seeds of HR17 and HR22 were sown on 16 March 2022 in plastic trays (54 x 28 cm in
size, 5 x 10 cm cells with pot volume 3.7 L) containing commercial bed soil (‘Bio Sangto’;
Seoul, Republic of Korea), containing cocopeat (67.5%), peat moss (17.0%), zeolite (5.0%),
perlite (10.0%), pH adjuster (0.3%), humectant (0.014%), and fertilizers (0.185%) containing
270 mg kg~ ! of each of N, P, and K, respectively. The seedlings were grown to seven to
nine fully expanded mature leaf stage (25-30 cm height) in a glasshouse (26 °C/18 °C
in day/night (16/8 h) with relative humidity within 65-70%) at the National Institute of
Horticultural and Herbal Science (Wanju, Republic of Korea, 35° 83’ N, 127°03' E). Tomato
seedlings were transferred into greenhouses on 3 May 2022 (48 days after sowing). Black
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plastic mulch film was applied to the test beds. Plants were regularly watered with a
drip irrigation system and fertigated weekly with nutrient solution A (N 5.5%, K 4.5%,
Ca 4.5%, B 0.00014%, Fe 0.05%, Zn 0.0001%, and Mo 0.0002%) and B (N 6%, P 2%, K
4%, Mg 1%, B 0.05%, Mn 0.01%, Zn 0.005%, and Cu 0.0015%) (Mulpure, Daeyu, Seoul,
Republic of Korea). Before heat treatment, the seedling plants were grown for two weeks
in greenhouse conditions with a temperature set-point for ventilation of 30 °C during the
day for adaptation in new environmental conditions. After two weeks, the temperature
set-point of a greenhouse was reprogrammed to 35 °C during the day, while the other
greenhouse for control was kept unchanged. The average air temperatures in a control
greenhouse were relatively stable at 25-35 °C, and average air temperature for heat stress
was 2-5 °C higher than that in the control greenhouse (Figure 2). The total number of
days of heat treatments were shown in Figure 2. The number of days when the maximum
temperatures were over 40 °C were 28 days and 10 days in a heat-treated and control
greenhouse, respectively (Figure 2). The relative humidity was kept between 50 and 85% in
both greenhouses.

Figure 1. Fruit phenotypes of HR17, HR22, and HR24 grown in control-condition greenhouse on
57th day after treatment.
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Figure 2. Average temperatures changes in heat-treated greenhouse and control greenhouse (Wanju,
Republic of Korea). In table, the number of total treatment days, and the number of days when the
daily maximum temperatures were over 40 °C in both greenhouses were presented. The heat stress
was exposed to plants when plants were grown for about 62 days after sowing.

The experiment plots were laid out as a split design with three replicates. The main
plot was a temperature treatment (heat stress or control), while the sub-plot was genotype
in three accessions, including HR17, HR22, and HR24. The main plots were carried in
two greenhouses. In each greenhouse, the sub-plot was laid out in randomized completed
design with 1.5 m long single row plots consisting of five transplants (30 cm apart) and
three replicates. The distance between single-row plots was 140 cm.
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2.2. Evaluation of Physiological Characteristics and Yields

Plant height and stem thickness of three tomato cultivars were measured 1, 2, 4, 12,
25, 35, 43, and 57 days after heat treatment. For each replicate, at least three plants were
measured. The plant height (cm) was measured from the base of plant to the tip. The
plant stem thickness (mm) was measured using a digital caliper (CD-20APX, Mitutoyo Co.,
Ltd., Kanagawa, Japan). Plants were harvested on the 35th days and 57th days after heat
treatment. At harvest, fresh weights (g) of fruits, leaves, and stems, and total leaf area (LA)
were measured. The leaf area of each plant per m? covered by the crop was measured using
an integrator of LA (LICOR-300, Lincoln, NE, USA). The harvested samples were dried at
70 °C, and dry weights (g) of stem, leaves, and fruits were measured. The moisture contents
of each plant were measured using fresh and dry weights. The dry matter distribution was
calculated using the dry weight data for each plant part.

2.3. Leaf Gas Exchange and Chlorophyll Fluorescence

Ondaysof1, 2, 4,12, 25, 35,43, and 57 days after heat treatment, a LI-COR LI-6800
(LI-COR Inc., Lincoln, NE, USA) gas exchange instrument was used to measure a net
photosynthesis rate (A, tmol m2s~!). On the 35th day, the readings were not stable; thus,
the data from the 35th day were excluded from the data analysis. The measurements were
taken on a newly fully expanded leaf between 10:00 and 14:00. The temperatures in Li-Cor
chamber were set at 25 °C and 35 °C for control and heat treatment, respectively. The light
intensity was 600 pmol m~ 25!, and the CO, concentration was set to 400 pmol mol~! CO,
with 60% relative humidity for both greenhouse conditions. We exposed the selected leaves
to various levels of irradiation for 4-5 min until the CO, uptake curve was stabilized, and
then data were collected.

On the same days as the measurements of net photosynthesis rates, chlorophyll
fluorescence was also collected on the same days as gas exchange measurements. Photon
system Instrument (FluorPen, FFP 110, PSI, Drasov, Czech Republic) was used to measure
PSII photochemical efficiency (Qy, Fv/Fm). The measurements were taken on a newly
fully expanded leaf after 15 min of dark adaptation. After dark adaptation, saturating light
was given at 3000 umol (photon) m~2s~, actinic light 1000 pmol (photon) m~2s~!, and
measuring at 3000 pmol (photon) m s 1.

2.4. Determination of Electrolyte Leakage Potential in Seedlings Leaves under Heat Stress

A newly fully expanded leaf for each replicate was collected on days 2, 4, 12, 25, 35,
43, and 57 after heat treatment to measure electrolyte leakage. Leaves were sampled from
three different plants for each accession by using a cork bore as a punch. The punched
leaf disks were 5.5 mm in diameter. The punched samples were placed in a 15 mL tube
containing 10 mL of deionized water and then incubated on a shaker at 25 °C for 30 min.
The conductivity (EC1) of water was measured using a STARA-HB conductivity meter
(Thermo Orion, Waltham, MA, USA). The tube was heated in a boiling water bath (100 °C)
for 20 min and cooled at room temperature for 20 min, and then the conductivity (EC2)
was measured. Final EC content was calculated as the percentage of EC1/EC2.

2.5. Calculation Nitrogen Use Efficiency

After harvesting plants on the 30th and 58th days after heat treatment, plants were
dried and ground for nitrogen analysis. The total N contents in the dry matters of the
fruits, stems, and leaves were analyzed based on the Kjedahl method (PanReacAplliChem,
2018) [24]. Approximately 1 g of each ground sample was placed into 300 mL glass tubes.
The samples were digested in 15 mL concentrated H,SO, using the Kjeldahl digestion
system (SH420F, Hanon, Jinan, China). The digested samples were distilled with a small
amount of NaOH using the distillation (K9840, Shandong Haineng Technology Instrument
Co., Ltd., Shandong, China). After distillation, 0.1 N HCl was slowly added to the samples
to determine total N contents. A more detailed protocol can be found in reports from
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PanReacAplliChem [24]. To find the total N (g/kg), it can be calculated with the following
equation [24]:
(ml HClggmpie — ml HClbland) % [HCleon] % 14.01 x 100)

1000 x weight of samples(g) M

Nitrogen use efficiencies (NUE) of fruit (f) and biomass (b) for all varieties grown in
both control and heat treatment greenhouses were calculated with the following equation:

oy Total N yield in fruit
NUE; (%) = Total N accumulation (soil + fertilizer) X100 @
NUE, (%) = Total N yield in biomass(stem + leaves) « 100 3)

Total N accumulation (soil + fertilizer)

2.6. Statistical Analysis

The effects of heat treatment and accession were accessed by means of analysis of
variance (ANOVA). The heat treatment and accession were treated as fixed factors. Pearson
correlation procedures were conducted to analyze the relationships between the measured
traits in control and heat treatment greenhouses in two different heat stress periods. For
plant height, net photosynthesis rate, photosynthesis efficiency, and leaf leakage rates were
also statistically tested by means of ANOVA. Treatment, days, accession, and interactions
between them were tested. The effects of treatment, accession, organ parts, and interactions
between them on NUE were also statistically tested. All statistical analyses were performed
using the SAS program (SAS 9.4, Cary, NC, USA).

3. Results
3.1. Physiological Characteristic Measurements and Analysis Simple Correlation Factors

Physiological characteristics and yields of three different cherry tomato accessions,
including HR17, HR22, and HR24, were determined during various periods of exposure
to heat stress in both greenhouses. Fresh weights, fruit weight, and harvest index of
all three accessions were summarized in Table 1. According to the results of statistical
analysis (Table 2), fresh weights on the 35th days were significantly affected by heat
treatment (p = 0.0032). Under heat stress, the fruit yields of three accessions were reduced.
Although there were no significant differences found on the 57th day, except for in HR24,
all accessions experienced a yield reduction under heat stress. Fruit weights significantly
differed by accession (p = 0.004) as HR22 had the highest fruit yield among all accessions.
There was a significant interaction between accession and treatment (p = 0.04). Under heat
stress, HR17 showed the highest fruit yield on the 35th day after treatment. Although
there were no significant differences found on the 58th day after treatment, under heat
stress, HR24 produced the highest fruit yields among accessions. There were large fruit
yield reductions observed in HR17 and HR22. On the 35th day, harvest index significantly
differed by accession (p = 0.001) as HR24 had the lowest harvest index of 0.25. On the 58th
day, the harvest index of HR24 was still lower than others, but its harvest index increased
from 0.25 to 0.4 under control conditions. The harvest index of other accessions decreased
from 0.6 to 0.5. The largest yield losses were observed in HR22, with 52-57% of total
yield and fruit yield losses at 35 days of treatment and 58-67% yield losses at 57 days of
treatment. Based on these results, significant yield losses in fresh weight and fruits were
also observed in HR17 (Table 1), showing fruit losses of 43% and 64% on the 35th and 57th
days, respectively; however, they showed better yield than HR22 (Table 1).

Under control conditions, in general, three accessions had different growth patterns.
HR17 and HR22 typically had higher harvest index and produced larger fruit yields than
biomass (stem + leaves) at both harvest dates (Table 1). On the 35th day, for example, the
HR17 had the highest harvest index of 0.61, approximately 2.44-fold higher than HR24. On
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the 57th day, HR17 still had the highest fruit yields among three accessions. HR24 had the
smallest harvest index on both harvest dates, but its fresh weight was higher or the same as
HR17 under control conditions. HR22 had a similar harvest index and yields to HR17 up
to the 35th day, with the smallest fresh weights on the 57th day, but its harvest index was
kept in the range 0.54-0.62. According to the yield data in a control greenhouse, HR17 and
HR22 tended to produce more fruits than plant biomass, while HR24 produced more plant
biomass than fruits at the early growth stage. The growth patterns of the three accessions
were similar at elevated temperatures. However, significant negative effects of long-term
heat stress were found in plant biomass and fruit yields of two accessions, HR17 and
HR22. HR24 showed the most tolerance to heat stress among all accessions. At 35 days of
treatment, heat stress had no effect on fruit yields (300 g) of HR24, compared to the control
(293 g). HR24 had the smallest harvest index value compared to other accessions over two
periods, but it produced the highest fruit yield compared to other accessions on the 57th
day. These results indicated that the growth pattern of HR24, which produced more plant
biomass than fruits, had less heat stress effects for longer periods than the accessions that
had harvest index values of around 0.5-0.6.

Table 1. Effects of long-term heat treatments on fresh weight (g), fresh fruit weight (g), harvest index
of three cherry tomato accessions, including HR17, HR22, and HR24, in heat treatment and control
conditions during two different time periods (35 days and 57 days). Yield differences of total weight
and fruits were calculated for each accession in each heat-treated period. n.a. data are not available.

Control Heat Stress Yield Difference (%)
Tomato Total Fresh Fresh Fruit Harvest Total Fresh Fresh Fruit Harvest Total
Varieties Weight (g) Weight (g) Index Weight (g) Weight (g) Index Weight Fruit
After 35 days
HR17 1123 + 192 687 + 129 0.61 640 + 14 395 + 57 0.62 —43 —43
HR22 1325 + n.a. 800 + n.a. 0.6 640 + 14 348 + 25 0.55 —52 —57
HR24 1193 + 131 293 + 74 0.25 893 + 272 300+ 7 0.36 -25 2
After 57 days
HR17 1594 + 1071 1078 + 721 0.50 742 + 366 390 + 227 0.50 —53 —64
HR22 1453 4 787 821 + 463 0.56 617 + 293 268 + 118 0.44 —58 —67
HR24 1559 + 764 664 + 299 0.43 1430 + 97 438 + 146 0.30 -8 —34

Table 2. ANOVA of the effects of heat treatment (Trt.), accession (AC), and their interactions (Trt*AC)
on morphological characteristics at alpha = 0.05. n.s. data are not available.

Heat Stress Fresh . . Harvest Moisture Leaf Area .
Days Factors Weight Fruit Weight Index Content Index Height Stem

Trt. 0.0032 0.004 n.s. 0.0002 n.s. n.s. n.s.

35 AC n.s. 0.008 0.001 0.003 0.04 0.004 n.s.
Trt*AC n.s. 0.04 n.s. n.s. n.s. n.s. n.s.

Trt. n.s. n.s. 0.0005 0.04 n.s. n.s. n.s.

57 AC n.s. n.s. 0.0004 n.s. n.s. 0.08 n.s.
Trt*AC n.s. n.s. n.s. n.s. n.s. n.s. n.s.

In addition to yield investigations, several physiological characteristics were investi-
gated in three tomato accessions (Table 3). The moisture contents were affected by treatment
(p = 0.0002) and accessions (p = 0.003) on the 35th day, while moisture content was only
significantly impacted by treatment (p = 0.04). In general, the moisture contents were signifi-
cantly reduced under heat stress on both the 35th and 57th days. On the 35th day, HR22 had
higher moisture content than others under control and heat stress, while HR24 had the
lowest moisture content among all accessions. Leaf area index significantly differed by
accession, as HR24 had the highest leaf area index (1.69) among all accessions on the 35th
day. The plant height of all accessions increased as temperature increased; however, it sig-
nificantly differed by accession. HR22 was the shortest (162-172 cm) among all accessions,
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while both HR17 and HR24 were around 180-196 cm. There were no significant effects
found on stem thickness. As shown in Table 1, HR17 and HR22 had the most significant
heat stress effects on yields, showing significant reductions in fruit yield and leaf area index
of HR17 and HR22 in heat stress conditions (Table 1).

Table 3. Effects of long-term heat treatment on moisture content, leaf area index (LAI), plant height,
and stem thickness of three cherry tomato accessions, in HR17, HR22, and HR24, grown in two
different time periods, 35 days and 57 days, in heat-treated and control greenhouses. n.a. data are
not available.

35 Days 57 Days
Tomato Moisture Plant Stem Moisture Plant Stem
Effect Varieties Content LAI Height Thickness Content LAI Height Thickness
(%) (cm) (mm) (%) (cm) (mm)
HR17 89+ 1.1 0.87 +0.05 180 + 4 14.05 £ 0.33 87+ 3.6 1.82 £1.40 186 + 17 14.89 £ 1.55
Control HR22 90 £ n.a. 128 £ n.a. 162 £ 10 1395+ 0.7 85+4.6 1.62+£1.32 171 £ 50 14.54 £2.15
HR24 87+0.1 1.69 £ 0.37 185+ 5 14.72 + 047 86 +4.3 2.69 +1.96 189 + 21 1591 + 3.6
HR17 86+ 0.8 0.62 4 0.32 189+ 6 15.25 +1.80 78 6.4 1.16 £ 0.63 198 +£7 15.11 £ 1.69
Heat HR22 87+0.3 0.67 4 0.09 166 + 24 14.82 +1.47 73 +£122 1.48 £0.30 173 £37 15.24 £1.88
HR24 83+ 0.2 1.18 £ 0.54 188 +£5 14.92 + 0.86 84 +18 2.524+0.19 190 + 11 15.31 £2.33

Under control conditions at 35 days after treatment, there were significant positive
correlations between fruit yields with harvest index and moisture content, while a signifi-
cant positive correlation with harvest index was observed under the heat stress condition
(Figure 3). At 57 days after treatment, fruit yield had significant positive correlations with
total yield under control conditions. Under the heat stress condition, fruit yields had a
significant negative correlation with stem thickness, while there were significant positive
correlations with total weight and moisture content (Figure 3).

35-Control Total weight 35-Heat Total weight
06
Height & 0.34 Harvest Index Height Harvest Index
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Figure 3. Correlation spider charts for showing correlation between fresh fruit weight and other
morphological characteristics, including total weight, harvest index, moisture content, leaf area index
(LAI), stem thickness, and plant height of all accessions treated with heat (orange line) for 35 days and
57 days and grown in control conditions (blue line). Red number indicates the negative relationship
between accessions. Numbers in black box indicate significant correlation at alpha = 0.05.
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3.2. Periodic Growth Responses in Morphological and Photoperiodic Parameters to Prolonged
Heat Exposures

Plant height, the PSII efficiency (Qy, Fv/Fm), and net photosynthesis rate (A) of three
cherry tomato accessions were measured on days 2, 4, 12, 25, 35, 43, and 57 after heat
treatment (Figure 4). According to statistical analysis, shown in Table 4, plant heights
were significantly affected by heat treatment and heat exposure days, both at p < 0.0001.
Additionally, there was a significant interaction between treatment and heat stress exposure
days (p < 0.0001). In both HR17 and HR22, there was increased sensitivity to heat stress
5-10 days after treatments, coincident with decreased plant growth. Although there were
no significant differences among accessions, HR24 maintained its maximum growth under
long-term heat stress. Photosynthesis was significantly affected by interaction between
treatment and exposure days at p = 0.0049 and p = 0.006, respectively. Under heat con-
ditions, Qy values of HR22 continuously decreased after four days following treatment,
while it started to decrease after 25 days under control conditions (Figure 4). HR17 showed
slight decreases in Qy after 10 days in control conditions, while it maintained its photosyn-
thesis efficiency under the heat stress condition. The HR24 maintained its photosynthesis
efficiency under both control and heat stress conditions during the experiment periods. All
accessions started to decrease their net photosynthesis rates (A) 25 days after treatments
under heat stress conditions (Figure 4).
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Figure 4. Effects of long-term heat treatment on plant height, the PSII efficiency (Qy, Fv/Fm),

net photosynthesis rate (A) of three cherry tomato accessions, HR17, HR22, and HR24, grown in

heat-treated and control greenhouses.

115



Horticulturae 2023, 9, 343

Table 4. ANOVA of effects of treatment days, heat stress, accessions, and their interactions on plant
height, PSII efficiency, photosynthesis rates, and leaf heat damage levels. n.s. indicates no significant
difference. * indicates the interaction between variables.

Factors Height Qy A EC

Trt. Days (D) <0.0001 <0.0001 <0.0001 <0.0001
Treatment (Trt) <0.0001 n.s. 0.058 n.s.

D*Trt <0.0001 0.0049 0.006 0.0345
Accession (AC) n.s. n.s. n.s. n.s.
D*AC n.s. 0.0234 n.s. n.s.
Trt*AC n.s. n.s. n.s. n.s.
D*Trt*AC n.s. n.s. n.s. n.s.

3.3. Effects of Long-Term Heat Stress on Leaf Heat Damage Levels and Nutrient Use Efficiency

Leaf damage levels were investigated, with electrolyte leakages from leaf discs as an
indicator of heat injury on days 2, 4, 12, 25, 35, 43, and 57 after heat treatment (Figure 5).
According to statistical analysis, in Table 4, there was a significant interaction between
growth days and treatment (p = 0.0345). Under control conditions, the injury was decreased
as plants grew, while the leaf damage level tended to increase as heat stress exposure time
increased under the heat stress condition (Figure 5). Although there was no significant
difference detected among accessions, HR24 had the lowest damage level under the heat
stress condition across the experimental periods (Figure 5), which reflected the NUE results.
Although there were significant reductions in NUE for all accessions under the heat stress
condition, NUE in HR24 vegetative organs was higher than other accessions at both 35 days
(15.9%) and 57 days (18%) after treatments. Under control conditions, HR17 and HR22 had
higher NUE in fruit organs at both 35 days and 57 days than HR24. However, all NUE in
fruits at 57 days decreased to almost one-third of values at 35 days, under both control and
heat stress conditions (p < 0.0001, Table 5).
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Figure 5. Effects of heat stress on leaf electrolyte leakage rate of three cherry tomato accessions for a
long-term period in heat stress treatment and control greenhouses.
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Table 5. Nitrogen Use Efficiency (NUE, %) and relative ratios of fruit and biomass NUE of three
cherry tomato accessions grown in heat-treated and control greenhouses for 35 days and 57 days.
ANOVA of effects of treatment days, heat stress, accessions, organs (biomass and fruit), and their
interactions on NUE were presented. n.s. indicates no significant difference. * indicates the interaction
between variables.

NUE (%)
Fruit/Biomass
Treatment Accessions 35D 57D
Fruit Biomass Fruit Biomass 35D 57D
HR17 49.2 49.9 14.1 33.1 1.0 04
Control HR22 40.7 40.6 13.3 26.9 1.0 0.5
HR24 322 759 10.1 53.1 0.4 0.2
HR17 6.9 6.4 2.2 8.5 1.1 0.3
Heat HR22 3.0 7.3 1.1 9.2 04 0.1
HR24 8.0 15.9 2.8 18.0 0.5 0.2
Effect p-value Effect p-value
Days <0.0001 Organ <0.0001
Treatment (Trt) 0.045 Days*Organ <0.0001
Days*Trt 0.016 Trt*Organ n.s.
Accessions (AC) <0.0001 Days*Trt*Organ 0.045
Days*AC n.s. AC*Organ <0.0001
Trt*AC n.s. Days*AC*Organ n.s.
Days*Trt*AC ns. Trt*AC*Organ n.s.
Days*Trt*AC*Organ n.s.

4. Discussion

The physiological and yield responses in heat stress conditions were significantly
varied by accessions and growth stages. According to the previous studies [13,25], traits
associated with heat stress can vary during the vegetative and reproductive growth stages.
Thus, it is crucial to monitor changes in vegetative and reproductive traits from multiple
genotypes during both vegetative and reproductive stages to adapt to elevated tempera-
tures in the present and future [1]. In addition, the identification of key traits associated
with heat tolerance will enhance the speed of the tomato breeding program by the early
selection of heat-tolerant genotypes.

This study had monitored the growth, photosynthesis, and yield changes during
different growth stages in three cherry tomato accessions. These tomato accessions had
different growth patterns under control conditions. For example, HR17 (moderate heat-
tolerant accession) and HR22 (heat-sensitive accession) tended to have high harvest index
around 0.54-0.6, which means that it produced slightly more fruits than biomass under
control conditions. In contrast, HR24 (heat-tolerant accession) produced less fruit yield
compared to its biomass, resulting in lower harvest index values (0.25-0.46). As shown
in Figure 2, the number of days when the maximum temperatures reached over 40 °C
in a heat treatment greenhouse was 28 days, which was three times greater than in con-
trol conditions. As plants had exposure to more extreme heats for a long-term period,
significant yield reductions were mostly observed in two accessions, HR17 and HR22.
When plants produced more fruits in earlier stages, they were more sensitive to heat stress,
which resulted in 43-67% fruit yield losses as in HR17 and HR22. When plants produced
more biomass than fruits (e.g., HR24), they tended to be more tolerant to heat stress than
others. Although HR24 produced less fruit yield than HR17 on the 34th day;, its fruit yield
was slightly increased by 2% under the heat stress condition. At the 57th day, the fruit
yield of HR24 was only decreased by 34% and produced the highest fruit yields among
all accessions.

Based on the results from correlation analysis, under heat stress conditions, fruit yields
were still strongly influenced by harvest index up to the 35th day, but total fresh weight,
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including biomass and fruits, was strongly associated with fruit yields at the 57th day.
These results indicate that plants with more leaves will be more tolerant to long-term heat
stress. HR24 increased height and leaf area index as temperature increased, which resulted
in the highest fresh total weight among all accessions under the heat stress condition.
Since the leaf area index was high in HR24, its photosynthesis efficiency was maintained
higher than other accessions for a long-term period. Many previous studies have reported
that heat stress significantly affected vegetative parameters, including leaf fresh and dry
weight, leaf area, plant height, stem thickness, etc. [26]. However, there are conflicting
and contradictory results regarding correlation between heat stress tolerant ability and
growth responses. In many cases, greater elongations of stem and leaves were observed
as temperature increased [27]. This elongation response may help plants to avoid the
heat dissipation through raising their leaves and meristematic tissues towards a cooling
breeze [28]. In addition, heat-tolerant plants are characterized by high photosynthesis
rates [29,30], and sustain gas exchange rate under heat stress [31]. Unlike our results, some
previous studies had different results, showing that vegetative growth was not strongly
associated with fruit yields [32,33]. Moreover, Abdelmageed and Gruda [34] reported that
vegetative growth parameters, including fresh leaf weight and leaf area, of heat-tolerant
tomato plants were smaller at a high temperature. This suggests that comparative studies
among multiple heat-tolerant tomato accessions that have different growth patterns are
needed to understand interactions between genotype and abiotic stress.

The results of NUE reflected the growth pattern of each accession. HR17 had high NUE
in fruits at 35 days of growth under control conditions, and resulted in higher fruit yield
production. In contrast, HR24 had high NUE in biomass because it produced more stem
and leaves than fruit parts at 35 days of plant growth. Under heat stress, the overall NUE
reduced significantly for all accessions. Many studies have reported that the heat stress
reduced the NUE due to reduced photosynthetic leaf area [35-37] and root growth [11].
Under heat stress, fresh yield of all accessions was reduced, which resulted in a large
reduction in NUE. HR24 had greater NUE than others because its fresh weight was only
reduced by 34% under long-term heat stress. NUE is highly correlated with water use
efficiency (WUE) [38]. According to Elio et al. [38], when cherry tomato WUE decreased,
the plant absorbed less nitrogen, resulting in yield reduction. A similar result was also
observed in this study. The moisture contents were significantly affected by treatment, as
seen on the 35th and 57th days after treatment. Under heat stress, water contents were
significantly reduced in comparison to control conditions. A greater damage level observed
under heat stress also explained why NUE and water content decreased as temperature
increased. A reduction in the number of healthy leaf cells caused water stress-induced
leaf area reduction, which was also observed in many other species (e.g., Sesbania aculeate,
Phaseolus vulgaris [39], Sesamum indicum [40], Pennisctum glaucum L. [41], and Solanum
lycopersicum [42]).

5. Conclusions

In this study, the responses of three cherry tomato accessions, that have different
growth patterns, to long-term heat stress were evaluated. The results of this study suggested
some key characteristics that made the accessions more tolerant to long-term heat stress.
For comparatively short-term heat stress, genotypes with a high harvest index (for example,
HR17) were more favorable. However, for long-term heat stress, genotypes that had greater
stem elongation and leaf area were more tolerant to heat stress. In addition, according
to our results, NUE was correlated with water stress, and all accessions had lower NUE
and water contents under heat stress. This suggests that a sufficient amount of water
irrigation might help plants to survive under long-term heat stress. Further investigations
of combination effects of water stress and heat stress on the growth of these accessions are
needed to find the optimal cropping management under long-term heat stress conditions.
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Abstract: Climate change is an inevitable process characterized by an abrupt increase in global
temperature and a decrease in precipitations leading to drought incidents. Biostimulants could be
a valuable tool for mitigating these harsh conditions. The objective of our study was to test the
efficiency of two biostimulants, a silicon-based seaweed and the seaweed Ascophyllum nodosum, to
mitigate the drought stress endured by watermelon transplants during the first few weeks after
transplanting. In order to achieve this, three water treatments (100%, 75%, and 50% of field capacity)
were applied in pots. Important growth parameters (leaf number, fresh weight, and plant area)
deteriorated depending on water availability. This was also the case for the root system development
displayed by root dry weight, total length, and surface area. It is the first time the OJIP transient
has been evaluated after the application of A. nodosum for drought-stressed plants. Chlorophyll
fluorescence parameters showed that the photosynthetic apparatus was more stressed when A.
nodosum was applied, especially in the harshest conditions (i.e., 50% field capacity). Overall, the
silicon-based biostimulant failed to demonstrate drought-mitigating potential compared to the non-
treated counterparts. On the other hand, A. nodosum alleviated the negative effects of water deficit,
especially in the harshest conditions.

Keywords: climate change; water deficit; photosynthetic apparatus; OJIP transient; seaweed; root
system architecture; grafted seedlings; Citrullus lanatus

1. Introduction

Climate change is an inevitable human-induced process. According to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change, global surface
temperature rose by 0.85 °C between 1880 and 2021, and is expected to rise further by
0.3-0.7 °C between 2016 and 2035. In addition, heat waves and heavy rainfall have in-
creased in frequency over large parts of Europe [1]. The effects of global warming are
already being observed on a global level and are expected to further worsen in the coming
years. In addition to the expected increase in average seasonal temperatures, crops are
expected to suffer from another key stressor: extreme summer drought that is largely
associated with extreme heat [2]. Such conditions prevailed in Central Europe in 2003 [3]
and 2018, in Italy in 2017 [4], and an exceptional heatwave also occurred in Europe in early
summer of 2019 [5] and 2021.

Drought is nowadays a common but very important stress factor responsible for
declining crop yields. This abiotic stressor leads to morphological and physiological
alterations in plants by affecting their metabolism. Estimations of water deficiency effects
on plants highlighted drought’s negative impact on crop quality [6] and production, which
exhibited 50% losses [7], while the electron transport chain within the photosynthetic
apparatus is also severely impaired [8].

Biostimulants could be a valuable tool for improving plant production. Biostimulants
consist of many subclasses (humic and fulvic acids, hydrolyzed proteins, pollen grains,
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mycorrhiza fungi, etc.) with different modes of action showing positive results in the
treatment of specific issues such as drought and salinity implications [9-13]. A silicon-
based biostimulant mitigated the effects of water stress on lettuce [9]. Furthermore, brown
seaweed (Ascophyllum nodosum) is nowadays accepted as an effective agronomic input in
crop production to alleviate the effects of drought and salinity [10,11]. For example, in a
study with tomatoes, A. nodosum alleviated the negative effects of saline irrigation [12].

Watermelon (Citrullus lanatus) is native to West Africa, cultivated for its fruits and
established in the soil mainly through transplanted seedlings. While it is considered a
berry, the crop’s fruit is large and contains over 90% water. According to the FAOSTAT
database, watermelon is an economically important crop throughout the world, producing
over 100 million tons per year (FAOSTAT database), and is grown mainly in East Asian
and Mediterranean/South European countries [14,15]. In 2021, the value of watermelon
exports worldwide amounted to EUR 2.02 billion, while European countries accounted for
47% (EUR 949 million) of the global export value.

The first few weeks after transplantation are critical for plant development due to the
occurrence of transplanting shock. The objective of our study was to test the efficiency
of two biostimulants to mitigate the water deficiency conditions endured by watermelon
transplants until flower blooming. The biostimulants used were a silicon-based seaweed
and the seaweed A. nodosum, which were applied on the foliar, while three water (includ-
ing the control) treatments were applied. Environmental stress factors can damage the
photosynthetic mechanism. This damage can be evaluated by the chlorophyll fluorescence
OJIP transients which correspond to the reduction stages of the electron transport chain.
The photosynthetic performance of rice using silicon has already been tested with the OJIP
transient [16]. However, our study is the first attempt to evaluate the plant photosynthetic
apparatus under drought stress using the OJIP transient after the application of the seaweed
A. nodosum.

2. Materials and Methods
2.1. Plant Growth

The experiment was performed at the greenhouse of the Laboratory of Vegetable
Crops (N 40.536; E 22.995) of the Aristotle University of Thessaloniki, Greece, in May
2021. The grafted seedlings were provided by a professional nursery (Agris S.A., Kleidi,
Imathia, Greece) at the stage of 3—4 leaves. Specifically, the plant material consisted of
watermelon “Celine F1” scions grafted onto interspecific squash (Cucurbita maxima x
C. moschata) “TZ-148" hybrid rootstocks. The root system was completely cut-off during
grafting, as suggested by Lee and Oda [17] for rapid root growth.

The seedlings were immediately transplanted in plastic pots (volume of 1L) filled
with a 2:1 mixture of peat and perlite. Each pot contained one seedling. The transplanted
seedlings were irrigated with plenty of water in order for the substrate to be fully saturated.
Following this, the pots were transferred into a plastic greenhouse and placed on a large
bench at a randomized complete block (RCBD) with six replicates (pots).

2.2. Water Deficiency and Biostimulant Treatments

The drought experiment was initiated two days after transplanting (DAT). At DAT 2
and every two days onwards, the plants were irrigated with different amounts of nutrient
solution (Hoagland pH 6.5; electric conductivity 2.6 mS cm~!). Specifically, 18 pots were
irrigated with 200 mL which was designated as 100% of field capacity (Control treatment)
after watering, 18 pots were irrigated with 150 mL, which was designated as 75% of field
capacity after watering, and 18 pots were irrigated with 100 mL, which was designated as
50% of field capacity after watering. The 100% of field capacity (200 mL) was designated
upon irrigating several pots (not involved in this experiment) until a runoff of 15-20% water.
In the 75% and 50% treatments, there was no runoff water from the pots. A preliminary
experiment was conducted in order to determine the proper field water capacity treatments.
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Moreover, at DAT 2, six plants per water deficiency treatment (18 pots in total) were
sprayed with a silicon-based biostimulant (30 kg/ha) hereby labeled as “Si”, while six
different plants per water deficiency treatment (18 pots in total) were sprayed with an A.
nodosum seaweed biostimulant (4 L/ha) hereby labeled as “Asc”. The Si biostimulant is
comprised of >85% SiO; (w/v). The Asc is comprised of seaweed extract of A. nodosum
19.5% (w/v), P20Os5 (9.8%), and KyO (13.7%). The amounts of foliar application for each
biostimulant were in accordance with the instructions on the label for watermelon crops.
Biostimulant applications were only performed once throughout the experiment, at DAT 2.

2.3. Determinations and Analysis

The plants were grown until the blooming of the first few flowers at DAT 20. Upon
blooming initiation, we determined the leaf number, the stem diameter (using a digital
caliper), the female and male flowers, and the relative chlorophyll content using a CCM-200
plus chlorophyll meter (Opti-Sciences, Hudson, NH, USA) which provides dimensionless
values. Plant area was determined from images using WinRHIZO Pro software (Regent
Instruments Inc., Québec, QC, Canada).

Chlorophyll fluorescence parameters (after 20 min dark adaptation) were determined
using a Pocket PEA chlorophyll fluorometer (Hansatech, King’s Lynn, UK). Specifically,
Pl (performance index), @pg (maximum quantum yield for primary photochemistry), g
(probability that an electron moves further than Qa), RC/ABS (Qa reducing reaction centers
per PSII antenna), Vj (the relative fluorescence at the J-step), and AVyp (relative fluorescence
increase between the intersystem carriers and electron end acceptors of PSI [18,19].

Upon plant destruction, we measured the shoot fresh weight, as well as the relative
water content (RWC). RWC was measured on three fully developed leaves (4th, 5th, and
6th leaf from the lateral bud) per sample using the equation “RWC [%] = [(FW — DW)
/ (TW — DW)] x 100” with FW = fresh weight, TW = turgor weight, DW = dry weight.
TW was measured after the leaves were moisturized in plastic bags filled with water for
24 h. The root dry weight was measured after drying the rinsed roots in an oven (72 °C for
3 days). In addition, the root architecture parameters, such as total root length and root
surface area, were determined using WinRHIZO Pro software (Regent Instruments Inc.,
Québec, QC, Canada).

Statistical analysis was performed with SPSS software (SPSS 23.0, IBM Corp., Armonk,
NY, USA) using analysis of variance (ANOVA). Post-hoc analysis was performed with the
Tukey method at o« = 0.05.

3. Results and Discussion

Climate change is nowadays associated with elevated heat and less precipitations
leading to increased frequency and severity of drought incidents. Among the risks arising
from global warming, its impact on crop physiological and developmental processes will
be devastating.

In our research, we studied the potential of silicon-based and A. nodosum seaweed
biostimulants to alleviate the effects of water deficiency imposed on watermelon transplants.
Among the evaluated morphometric parameters, the stem diameter and female flower
number did not show significant differences regardless of the water and biostimulant
treatments (Table 1). Watermelon is a monoecious plant where male flowers start to bloom
a few days earlier than female ones. Since the experiment lasted until the blooming of
the first few flowers, female flowers did not manage to exhibit potentially significant
differences among the different treatments, which, in any case, was not the aim of the study.
In addition, stem diameter was also similar in all treatments, which can be attributed to
the transplanting shock which ensues the first few weeks after transplantation. However,
male flowers were significantly more at 100% compared to 100% Asc, and 50% Si (Table 1).
Following this, A. nodosum foliar application alleviated the effects of water deficiency stress
on several important growth parameters. Specifically, the leaf number was significantly
greater at 100% Asc compared to 75%, 75% Si, and all the 50% water treatments (Figure 1A).
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The shoot fresh weight was significantly greater at 100% Asc compared to all the 75%
and 50% treatments (Figure 1B). Both in the leaf area and in the shoot fresh weight, the
100% treatments showed greater values compared to 75% and 50%, irrespective of the
biostimulants, while 50% showed the lowest values. In addition, the plant area was
significantly greater at 100% Si and 100% Asc than 50% (Figure 1C). It is obvious that
plants irrigated with greater amounts of nutrient solution responded better compared to
the water-deficient ones, an effect which was visible even after a rather short period of
20 days after transplantation.

Table 1. Developmental and physiological parameters of watermelon plants 20 days after transplan-
tation treated with two biostimulants (Si: silicon-based, and Asc: Ascophyllum nodosum seaweed) and
additionally irrigated with different amounts of nutrient solution. Mean values (1 = 6; = SE) within a
column followed by different letters are significantly different (a < 0.05). RWC: relative water content;
RCC: relative chlorophyll content.

Treatments Stem Diameter (mm) Female Flowers Male Flowers RWC (%) RCC

100% 6.95+0.53 a 0.67 =042 a 2.33 £0.67 a 73.66 =291 a 81.68 + 6.60 a
100% Si 6.85+0.20 a 0.00 £ 0.00 a 2.17 +£0.87 ab 73.11 +=2.88 a 105.45 +8.57 a
100% Asc 6.38 £021a 0.33 £0.21a 0.17 £ 0.17 bc 7147 £ 0.67 a 7818 £9.13 a
75% 6.78 £0.19 a 0.00 £ 0.00 a 1.00 + 0.37 abc 69.62 +2.40 a 81.17 +12.98 a
75% Si 6.09 £0.17 a 0.00 = 0.00 a 0.50 4= 0.34 abc 69.83 +=3.36a 75.67 £9.70 a
75% Asc 6.09 £0.10a 0.17 £ 0.17a 1.17 4 0.40 abc 67.74 = 0.64 a 78.03 +10.97 a
50% 6.14 £0.17 a 0.00 £ 0.00 a 1.00 + 0.52 abc 63.65 +1.27 a 69.52 +4.17 a
50% Si 6.35+0.35a 0.00 £ 0.00 a 0.00 4 0.00 ¢ 63.52 + 0.69 a 72.05 +10.51 a
50% Asc 6.08 £0.11a 0.00 £ 0.00 a 0.20 £ 0.16 abc 6422 +=3.73 a 89.53 =893 a

Lettuce plants treated with a silicon-based biostimulant under water deficit showed
greater shoot biomass and increased antioxidant content compared to the non-treated
counterpart [9], an effect that was not observed in our case. In a study with water-stressed
tomatoes, a product including seaweeds (A. nodosum and Laminaria digitata) and yeast
resulted in greater shoot fresh weight during flowering (similar to our experiment) com-
pared to non-treated plants [20]. Upon seaweed extract application for plant growth,
phytohormones such as auxins and cytokinins or macro- and micronutrients might impose
significant positive effects [21,22]. Overall, the plant growth-promoting factors found in A.
nodosum induce cell division, subsequently affecting leaf formation and general biomass
accumulation [23].

RWC has been shown to be an important indicator of water stress in Brassica [24]. In
our case, the relative water content was unaffected by the different water treatments, but
50% water led to significantly lower values regardless of biostimulant application (Table 1).
It seems that watermelon has developed a drought avoidance strategy through its evolution
by which it forms a dense root system allowing the roots to exploit more water, while the
leaves are structured in a way to avoid water loses through transpiration [25]. Moreover,
other strategies include modification of photosynthetic proteins to protect photosystem II
from photoinhibition, and additionally, alteration in the proteome and transcriptome to
regulate tolerance [26]. Drought stress is known to reduce stomatal conductance leading
to lower RWC values [27]. Silicon has been shown to increase RWC in wheat [28] but
this was not evident in our case where no differences were observed within each water
treatment. The difference could be attributed to the shorter time of our experiment, which
was possibly insufficient for the exhibition of variable RWC values. Quite similarly, Salvi
et al. [29] did not observe stem water potential differences in Vitis vinifera treated with A.
nodosum extract compared to non-treated plants. Moreover, a study with Brassica juncea
showed greater RWC and related water parameters (i.e., water and osmotic potential)
when plants were foliarly sprayed with silicon-based and A. nodosum biostimulants [22].
Galvao et al. [30] performed an experiment including the application of Bacillus amylolique-
faciens (rthizobacteria) and A. nodosum to alleviate drought stress in common beans, and they
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reported that it was not possible to correlate the use of biostimulants with the mitigation
of water deficit effect. It is possible that the stress imposed by the water deficit is very
difficult to strongly mitigate only by applying the known biostimulants, especially in crops
already equipped with drought resistance mechanisms such as watermelon. In another
study, protein hydrolysates derived from casein and soybean showed a great ability to
reduce water stress in Vitis vinifera cv. Corvina [31].

The root system is probably the first plant tissue affected by water deficit. The root dry
weight was significantly enhanced at the 100% water treatments compared to the 75% and
50% treatments, irrespective of the biostimulants. Specifically, 100% Asc showed signifi-
cantly greater root dry mass than all the 75% and 50% treatments (Figure 1D). Regarding
root architecture parameters, the total root length and root surface area were significantly
enhanced at the 100% water treatments compared to the 75% and 50% treatments, irre-
spective of the biostimulants. Specifically, 100% Asc showed significantly greater total
root length and root surface area than all the 75% and 50% treatments (except for 75% Asc
root surface area) (Figure 1E,F). Tobacco plants treated with silicon-based biostimulants
were shown to develop mechanisms such as greater root surface area and root biomass in
order to absorb water in a more sufficient manner [27]. However, this was not the case for
watermelon plants where silicon did not affect their root system development compared to
100%. After Si application, a thin layer of silicon was evenly spread on top of the substrate
particles, which possibly reduced water transpiration, allowing the plants to absorb more
water and limiting the need to develop a substantial root system. On the other hand, A.
nodosum showed a strong tendency for increased root system development displayed by
root dry biomass, total root length and surface area, which nonetheless was not significant
compared to the other treatments. In an experiment with sorghum, the authors reported
that silicon treatments mitigated the effects of reduced water on the root system attributes
leading to higher drought tolerance, while silicon treatments did not increase the relative
expression of aquaporin genes [32]. In addition, humic and fulvic acids in combination
with maleic hydrazide showed a clear desmutagenic action in the root tips of Vicia faba [33].

The OJIP transient is a means to display the efficiency of primary photochemistry as
well as the structure of the photosystem II (PSII) photosynthetic structure [34]. Even though
chlorophyll fluorescence measurements revealed significant differences between certain
treatments, all plants developed well, which was also evident by the absolute values of each
chlorophyll fluorescence parameter. In our case, Pl,s, a parameter that sums up the effects
of @py, Wro, and RC/ABS, was greater at the non-biostimulant and Si treatments compared
to the Asc treatments. Specifically, 75% had greater values than 100%, 75% Asc and 50%
Asc (Figure 2A). Similarly, light trapping (i.e., RC/ABS) was significantly greater at 100%
Asc, 75%, 75% Si, 50%, and 50% Si compared to 50% Asc (Figure 2B). The latter followed
a similar trend with PI,,s showing that differences in PI,,s can mostly be attributed to
the RC/ABS component. In a study with rice, Wang et al. [16] found that the PI,p, of
drought-stressed plants diminished, while the addition of silicon enhanced the activity of
the electron transfer chain and improved their adaptability. The authors concluded that
silicon alters the components of the thylakoid membrane protein, ultimately playing an
important part in the transfer of light energy. However, drought-imposed watermelon
transplants did not significantly alter their photosynthetic reactions after silicon application.
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Figure 1. (A) Leaf number, (B) shoot fresh weight, (C) plant area, (D) root dry weight, (E) total root
length, and (F) root surface area of watermelon plants 20 days after transplantation treated with two
biostimulants (Si: silicon-based, and Asc: Ascophyllum nodosum seaweed) and additionally irrigated
with different amounts of nutrient solution. Mean values (n = 6; = SE) within a row followed by
different letters are significantly different (a < 0.05).
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Figure 2. (A) Pl,ps, (B) RC/ABS, (C) @py, (D) bro, (E) Vy, and (F) AVip of watermelon plants 20 days
after transplantation treated with two biostimulants (Si: silicon-based, and Asc: Ascophyllum nodosum

seaweed) and additionally irrigated with different amounts of nutrient solution. Mean values (n = 6;
+ SE) within a row followed by different letters are significantly different (a < 0.05).

Both the quantum efficiency of Q reduction (¢pg) and the probability of electron
transport from Q, to the intersystem carriers of the photosynthetic apparatus (o) showed
greater values at 75%, 75% Si, 50%, and 50% Si compared to 50% Asc (Figure 2C,D). @pg
was greater at the Si than the Asc treatments, while gy was greater at the non-biostimulant
than the Asc treatments, irrespective of the water amount. Nonetheless, both parameters
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showed high values in all treatments. In particular, @pj (also known as Fv/Fm) has been
reported to reach values of 0.78-0.86 in non-stressed plants [35]. In drought-stressed lettuce
plants irrigated at 75% field capacity, Pl,ps and @pg (stated as Fv/Fm) were greater after the
input of a silicon-based biostimulant [27]. Nonetheless, P1,} is considered a more sensitive
parameter for the detection of abiotic stress factors compared to @py [36-38]. The relative
fluorescence at the J-step of OJIP transient (V}) was significantly greater at 50% Asc than at
50%, 75%, and 75% Si (Figure 2E). In the same parameter, the Si and Asc water treatments
showed greater values compared to the non-biostimulant treatments, irrespective of the
water amount. The increased Vj values in the Asc treatments mentioned above indicate
inhibition of the photosystem II through diminished electron flow to Q. This could be due
to damage caused by water deficit or by controlled silencing to protect the photosynthetic
apparatus from over-reduction.

Watermelon is a very sturdy species with great ability to withstand prolonged drought
which is displayed by the vast root system and thick leaves. In our study, the artificial
reduction of field water capacity did not manage to considerably deteriorate the crops’
photosynthetic performance. However, foliar application of A. nodosum seaweed during
the first few days after transplanting led to (statistically significant) diminished photosyn-
thetic activity, as displayed by several OJIP parameters. This discomfort might have been
perceived by the plants as a threat; an alarm provoking them to orientate their efforts to
form an extensive root system, to accumulate biomass, and to form plenty of leaves, hence
the relatively reduced number of flowers (c.f. Table 1). The above leads to the conclusion
that a positive response, a eustress, ensues with the inclusion of the seaweed A. nodosum
during a strong water deficit imposed on watermelon transplants.

Moreover, AVip, which is the relative fluorescence increase between the intersystem
carriers and the PSI electron end acceptors, exhibited insignificant differences among the
water deficiency treatments (Figure 2F). This was also the case for the relative chlorophyll
content, which showed similar values in all treatments, even though 50% Asc showed
a strong tendency for reduced values (Table 1). Nonetheless, studies [39] showed that
drought stress causes chlorophyll decomposition in plants, an effect that can be alleviated
in rice by the addition of silicon [16]. On the other hand, Xu and Leskovar [40] reported that
under 100% field capacity the seaweed A. nodosum imposed no effects on the chlorophyll
content and chlorophyll fluorescence of spinach. Chlorophyll decomposition is a protective
mechanism of the photosynthetic apparatus during extreme conditions [41]. The insignifi-
cant differences in relative chlorophyll content enhance the scenario by which watermelon
crops have the capacity to withstand extreme water deficit without considerably damaging
their photosynthetic apparatus and ultimately diminishing their development. Chlorophyll
degradation is also known to be a result of reduced nitrogen content, which is rather used
by plants for active growth [42]. Moreover, the photosynthetic capacity is often positively
correlated with the nitrogen concentration in the leaves, thus, chlorophyll and nitrogen
content can be used to determine the plant’s photosynthetic activity [43].

4. Conclusions

Two biostimulants, a silicon-based seaweed and the seaweed A. nodosum, were tested
as means to mitigate the water deficit effects on watermelon transplants. As expected,
100% field water capacity led to greater aboveground and underground development
compared to water-deficient counterparts of 75% and 50% field capacity. Silicon neither
deteriorated nor improved the situation. However, A. nodosum significantly enhanced
important parameters such as leaf number and plant area, and showed a strong tendency
for extensive root system development. Moreover, our study is the first attempt to evaluate
the plant photosynthetic apparatus under drought stress using the OJIP transient after
the application of the seaweed A. nodosum. Watermelon is a very sturdy species with
great ability to withstand prolonged drought, thus photosynthetic parameters were not
considerably depleted when water was deficient. In addition, silicon application did
not significantly attenuate the impact of reduced water on the photosynthetic apparatus.
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However, A. nodosum application triggered a slight stress which provoked a positive
response during a strong water deficit. Therefore, watermelon transplants concentrated
their efforts to form a vast root system, to accumulate biomass, and to form plenty of leaves.
Overall, water reduction depleted watermelon growth attributes, but supplementation
with A. nodosum mitigated the impact of stress.
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Abstract: Squash (Cucurbita pepo L.) is a globally important vegetable, the production of which is
severely constrained by powdery mildew caused by Podosphaera xanthii. In this study, we examined
the effects of Trichoderma asperellum (MW965676), Streptomyces rochei (MN700192), and a mixture of the
two foliar sprays with or without shikimic acid seed priming treatment on powdery mildew severity,
plant growth, and total yield during the 2020-2021 and 2021-2022 growing seasons. We also studied
their immune eliciting properties by examining their enzymatic, phenolic, and hormonal functions.
The combination of Trichoderma asperellum, Streptomyces rochei, and shikimic acid triggered plant
defense responses, which elicited enzyme activities such as peroxidase (POD), superoxide dismutase
(SOD), and catalase (CAT), phenolic compound accumulation, and increased salicylic acid (SA) and
jasmonic acid (JA) content. This approach yielded high-quality results in the control of powdery
mildew during the two growing seasons under greenhouse conditions. Additionally, relatively
large statistical differences in plant growth, total yield, mineral components, and physiological traits
were observed. A GC-MS analysis of Trichoderma asperellum (MW965676) showed hemin cation as a
major component, while Streptomyces rochei (MN700192) contained 2,4-di-tert-butyl phenol and the
hexadecenoic acid methyl ester. With respect to the morphological changes induced by powdery
mildew and the treatments, plants treated with a mixture of Trichoderma asperellum, Streptomyces rochei
and shikimic acid showed an improvement in the thickness of the midvein, increased dimensions of
the main midvein bundle, a larger number of xylem rows in the main midvein bundle, greater mean
diameters of vessels and of parenchyma cells in the ground tissues, as well as increased thickness
of the upper and lower epidermis, lamina, palisade tissue and spongy tissue. This extensive, new
study is the first step toward a more profound understanding of the use of Trichoderma asperellum
and Streptomyces rochei with shikimic acid-primed seeds as a potential alternative technique for
attenuating powdery mildew infection in squash.

Keywords: Cucurbita pepo L.; Podosphaera xanthii; Trichoderma spp.; Streptomyces spp.; seed priming;
phenols; antioxidant enzyme

1. Introduction

Squash (Cucurbita pepo L.) is an important vegetable crop. It is widely cultivated and
consumed as food in many countries worldwide. It is a good source of vitamins A, C, and
B and is rich in antioxidants and minerals like potassium, magnesium, and manganese [1].
Powdery mildew is the most serious disease affecting squash plants, accounting for 30-50%
of yield losses [2]. Resistant varieties, chemical fungicides, natural products, and biological
control are used to combat plant diseases [3]. Disease control is primarily based on the use
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of recommended chemical fungicides that are hazardous to humans, animals, plants, and
useful organisms [4].

To address these issues, appropriate control measurements and alternative safe meth-
ods, such as biological control, must be implemented. Trichoderma spp. and Streptomyces spp.
are widely used as bioagents. Some Trichoderma species have been used to control mildew;
for example, T. viride culture filtrates were effective in controlling Leveillula taurica [5], and
T. asperellum and Metarhizium anisopliae were effective in controlling L. taurica on peppers [6].
In addition, T. asperellum 1ZR D-11 efficiently protects common oak leaves from powdery
mildew caused by Erysiphe alphitoides [7]. The growing interest in Trichoderma spp results
from its various complex mechanisms, i.e., competition for nutrients and space, mycopara-
sitism, the degradation of pathogen cell walls, and the induction of plant resistance [8].

On the other hand, the genus Streptomyces is a promising candidate for controlling phy-
topathogenic microorganisms, including powdery mildew pathogens, through a range of
mechanisms, including competition for nutrients, secretion of antibiotics and lytic enzymes,
and stimulation of plant defenses [9]. For example [10], reported that Streptomyces sp.
(AcH 505) reduced oak powdery mildew disease by activating plant defense responses.
Additionally, wuyiencin produced by S. albulus CK-15 significantly reduced the disease
incidence and severity of powdery mildew in cucumber plants [11].

Shikimic acid is the well-known precursor of the lignin building blocks, L-phenylalanine
and L-tyrosine. Plants use phenylalanine, leucine, and tyrosine to suppress pathogen
growth, promote the production of antimicrobial chemicals [12], and improve crop pro-
tection under stress conditions by altering the enzymes involved in their defense re-
sponses [13].

Several studies have shown that by activating their complex defense responses, plants
can evolve appropriate defense mechanisms to recognize and resist fungal infections [14,15].
One of these reactions is the rapid formation of reactive oxygen species (ROS), such as
hydrogen peroxide (H,O,), hydroxyl radicals (OH), and superoxide anions (O2) [15]. ROS
scavenging enzymes such as superoxide dismutase (SOD), peroxidase (POD), catalase
(CAT), and ascorbate peroxidase (APX) play an essential role in regulating ROS levels
and the extent of oxidative damage [15]. In higher plants, another defense response
is the phenylpropanoid pathway [16]. Phenylalanine ammonia-lyase is the first enzyme
involved in a number of structurally diverse, defensive phenolic and lignin compounds [17].
Polyphenol oxidase (PPO) is another key enzyme involved in the formation of phenolic
compounds to defend against pathogens in plants [18]. In addition, plant hormones such
as jasmonic acid (JA) and salicylic acid (SA) are involved in all plant defense reactions.
However, increasing JA levels in plants can improve resistance to necrotrophic infections
and make plants more sensitive to biotrophic pathogens [19].

The purpose of this study was to estimate the efficacy of several potential biocontrol
agents (BCAs) alone and combined with shikimic acid to control squash powdery mildew.
We also examined their impact on squash plant growth, yield, and quality to determine the
potential of using these two control options as an integrated disease management strategy,
as well as to measure oxidative enzyme activity, plant hormones, photosynthesis, and
mineral uptake to determine their role in powdery mildew control.

2. Materials and Methods
2.1. Plant Material and Tested Compounds

A squash (Cucurbita pepo L. cv Eskandarani) cultivar was employed as an exper-
imental model in all experiments throughout this study. Seeds were obtained from
Mecca Trade Co. (Cairo, Egypt), and shikimic acid was purchased from Sigma-Aldrich,
(Humberg, Germany).

2.2. Biocontrol Agents (BCAs) Preparation

We investigated the potential benefits of T. asperellum (MW965676) and S. rochei
(MN700192) for squash powdery mildew control. These bioagents were previously iso-
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lated from pepper [20] and sugar cane [21] plants, respectively. For improved growth of
T. asperellum, three fresh fungal discs (5 mm) of three-day-old culture were grown in a
250 mL conical flask containing 200 mL liquid gliotoxin fermentation medium consisting of
25 g dextrose, 2 g KHyPOy, 2 g ammonium tartrate, and 0.01 g FeSOj. The inoculated flasks
were incubated in a rotary shaker at 25 °C for 11 days. On the other hand, S. rochei was
grown in 100 mL of starch-casein medium consisting of 10 g of soluble starch, 0.3 g casein,
2 g KNO;3, 2 g NaCl, 2 g KoHPOy, 0.05 g MgS0O,4-7H,0, 0.02 g CaCOg, 0.01 g FeSO4-7H,0,
and 1000 mL distilled water in an Erlenmeyer flask (250 mL). The pH was adjusted to 7.3
and the flasks were incubated on a rotary shaker at 30 °C for 7 d.

2.3. Identification and Inoculation of P. xanthii

Based on its morphological features, we identified the pathogen according to the
method described in [22]. P. xanthii conidia were collected from infected squash plants
by rubbing infected leaves with a soft brush and rinsing with distilled water; this water
was then collected and used as an inoculum. The conidial suspension was adjusted to
10° conidia mL~! by a hemocytometer and sprayed onto the leaves of squash seedlings
using a hand sprinkler at a rate of 5 mL per leaf.

2.4. Seed Priming Preparation

Before sowing, summer squash seeds (Cucurbita pepo L. cv. Eskandarani) were ster-
ilized in 7% sodium hypochlorite for 10 min and then fully washed with distilled water.
The sterilized seeds were divided into four groups. The control treatment (group 1) was
primed in water, while groups 2, 3, and 4 were soaked in shikimic acid at 20, 40, and
60 ppm, respectively. For priming, summer squash seeds were immersed in a solution
of shikimic acid at 20 °C for 5 h in the dark. Following the treatments, the seeds were
washed four times in distilled water for 5 min each time and then dried using blotting
paper. They then received a flow of dry air at 30 °C until the original moisture content was
approximated [13]. Following priming, seeds were used for the pot experiments.

2.5. Pot Experiments

Two pot experiments were conducted in the greenhouse of the Plant Pathology De-
partment, Faculty of Agriculture, Cairo University, Giza, Egypt, to evaluate the effect of
shikimic acid at 20, 40, and 60 ppm and/or foliar spraying of certain bioagents (T. asperellum,
S. rochei, and T. asperellum + S. rochei). The experiment comprised four main groups. The
first was the control treatment, with seeds primed in water. The other three groups (2, 3,
and 4) were primed with shikimic acid at 20, 40, and 60 ppm. The three groups of primed
squash seeds and control were sown in pots 50 cm? in diameter, which were filled with a
1:1:1 mixture of peat moss, vermiculite, and perlite. Each group was subdivided into two
subgroups. The first group was sprayed with water alone and served as the control. The
second group was separately sprayed with S. rochei, T. asperellum, and a mixture of the two
bioagents (S. rochei + T. asperellum) at a rate of 1/50 L of water (1 mL of each bioagent was
adjusted to 20 x 10° CFU). The initial foliar spraying with the bioagent was performed 30 d
after planting, and spraying was performed every 15 d in the early morning. All groups of
plants were artificially inoculated with an aqueous conidial suspension of P. xanthii 24 h
after the first treatment (freshly collected P. xanthii conidia were suspended in deionized
water to a concentration of 10° conidia mL~! water) as described in [23]. All other horti-
cultural practices were performed as recommended for summer squash. The experiment
was performed twice. A split plot design was used to analyze all of the data obtained from
six replicates (total of six plants per replicate). Plant height (cm), number of leaves, and
chlorophyll (SPAD) readings were assessed for all treatments in both experiments 45 d
after sowing. Photosynthesis, transpiration rate, and leaf stomatal conductance analyses
were performed using an infrared gas analyzer, the LICOR 6400 Portable Photosynthesis
System (IRGA, Licor Inc., Lincoln, NE, USA), on the fourth leaves of 10 squash plants
chosen from each treatment, with six pot replications. Measurements were taken from
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10 a.m. to 2 p.m., with a light intensity of around 1300 mol m~2 s~ 1 and 85% RH. The leaf
chamber temperature ranged from 26.2 °C to 27 °C, and the volume gas flow rate was
400 mL min~!. The CO, content in the air was 399 umol mol .

2.6. Greenhouse Experiments

Two greenhouse experiments were performed in the vegetable crop greenhouse of
the Department of Cairo University, Faculty of Agriculture in Giza (located at 31°1'13”
N, 30°13’5" E), during two successive growing seasons (October to February 2020-2021
and 2021-2022) to evaluate the impact of 40 ppm shikimic acid seed priming and/or foliar
spraying of certain bioagents (T. asperellum, S. rochei, and T. asperellum + S. rochei) on the
powdery mildew, vegetative growth, and total yield of squash plants. Squash seeds primed
with 40 ppm of shikimic acid were sown directly in the greenhouse on October 6 and 10
during the 2020-2021 and 2021-2022 seasons, respectively. Squash seeds were sown on
ridges of 1.5 m width, 7 m length on one side of the ridge, 50 cm apart. Control squash
seeds (not primed with shikimic acid at 40 ppm) were grown under the same conditions
as the primed seeds. Initial foliar spraying with the bioagent was performed 30 d after
planting, and spraying was performed every 15 d in the early morning. All agricultural
and farming practices for squash crops in the greenhouse were performed as recommended
by the Egyptian Ministry of Agriculture. A drip irrigation system was used. The farm soil
type was clay loam in texture with 7.6, EC 1.2 dSm~! and contained 118 ppm N, 23 ppm
P, and 30 ppm K. The pH value was 7.02, and the soluble cation values were 4.5, 3.2, 2.2,
and 3.3 meq L~ for Ca**, Mg**, K*, and Na™, respectively, and 0.8, 4.8, and 7.1 meq L1
for HCO®>—, Cl—, and SOy, respectively. The treatments were arranged in a randomized
complete block design with three replicates.

2.7. Data Recorded
2.7.1. Disease Assessment

Disease severity, whether in pots or in the greenhouse experiments, was determined-
weekly as described in [24], based on a scale ranging from 1 to 5: 1 = no detectable infection;
2 = 1-5% of leaf area infected; 3 = 6-25% of leaf area infected; 4 = 26-50% leaf area infected;
and 5 = more than 50% of leaf area infected. Disease severity percentage was estimated
using the following equation [25]:

Disease severity (%) = [Z (n x v)/5N] x 100

where n refers to the number of infected leaves in each category, v denotes the numerical
values of each category, and N is the total number of infected leaves.

The mean area under the disease progression curve (AUDPC) for each replicate was
calculated using Equation [25] (Pandey et al., 1989).

AUDPC =D [1/2(Y1 + YK) + (Y2 + Y3 + ... ... .+ Yk — 1)]

where D = time interval, Y1 = first disease severity, Yk = last disease severity, and Y2, Y3,
and Yk — 1 = intermediate disease severity.

2.7.2. Vegetative Growth

Four plants were randomly picked with roots from each plot 50 days after seeding to
measure the vegetative growth parameters. Plant height, the number of leaves per plant,
and the fresh and dry weight of the leaves per plant were all measured. A SPAD meter was
used to determine the chlorophyll content in the sample.

2.7.3. Yield and Its Components

The total number of fruits per plant, total yield per plant, average fruit weight, and
total yield per hectare were calculated.
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2.7.4. Mineral Content in Squash Leaves

The total nitrogen concentration of the dried samples was measured using the modified
micro-Kjeldahl method [26]. Phosphorus was determined calorimetrically by using the
chloro stannous molybdophosphoric blue color method in sulfuric acid, as described in [27].
The total potassium and calcium contents were determined using the flame photometer
apparatus (CORNING M 410, Germany). Concentrations of Mg, Zn, B, Fe, and Mn in leaf
samples were measured by atomic absorption spectrophotometry with air-acetylene and
fuel (PyeUnicam, model SP-1900, USA).

2.7.5. Activity of Antioxidant Enzymes, Salicylic Acid and Jasmonic Acid

Salicylic acid and jasmonic acid were measured according to the method described
in [28]. For enzyme analysis, at 45 days after sowing (24 h after the last spray), 0.5 g
leaf tissues were homogenized in 3 mL of 0.05 M Tris buffer (pH 7.8), containing 0.001 M
EDTA-Na2 and 7.5% Polyvinylpyrrolidone at 0—4 °C. The homogenates were centrifuged
(12,000 x g rpm, 20 min, 4 °C), and the total soluble enzyme activity in the supernatant
was measured colorimetrically using a UV-160A spectrophotometer (Shimadzu, Kyoto,
Japan). Catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) activities were
determined according to [29]

2.7.6. GG/MS Analysis of T. asperellum Culture Filtrate

The chemical composition of the T. asperellum culture filtrate was determined using a
Trace GCTSQ mass spectrometer (Thermo Scientific, Austin, TX, USA) with a TG5MS direct
capillary column (30 m, 0.25 mm, 0.25 m film thickness). The column oven temperature was
initially maintained at 50 °C and then increased at a rate of 5 °C/min to 250 °C and held for
2 min. It was subsequently increased at 30 °C/min to the final temperature of 30 °C and
held for 2 min. The injector and MS transfer line temperatures were maintained at 270 and
260 °C, respectively. Helium was used as the carrier gas at a constant flow rate of 1 mL/min.
The solvent delay was 4 min, and diluted 1 L samples were injected automatically by the
AS1300 autosampler coupled with GC in split mode. EI mass spectra were recorded at
70 eV ionization voltages over the range m/z 50-650 in full-scan mode. The ion source
temperature was set at 200 °C. The components were identified by comparing their mass
spectra to those of the WILEY 09 and NIST 14 mass spectral databases, as described in [30].

2.7.7. Anatomical Studies

The tested materials included the blade of the fifth leaf developed on the main stem of
summer squash (cv. Eskandarani) affected by powdery mildew as a control and treated
with shikimic acid, bioagents (S. rochei+ T. asperellum), and mix of the two. Samples were
taken throughout the second growing seasons of 2021 at 50 days after sowing. About 1.0
cm of specimens were killed and fixed in FAA solution (5 mL glacial acetic, 10 mL formalin,
35 mL water, and 50 mL ethyl alcohol 70%) for at least 48 h. The selected materials
were washed in 30% ethyl alcohol, dehydrated in a normal ethanol and butyl alcohol
series, embedded in paraffin wax with a melting point 56 °C, sectioned to a thickness of
15 micrometers (um), stained with crystal violet-erythrosin, cleared in xylene, and counted
in Canada balsam [31]. Transverse sections were done with a Leica Microtome RM 2125 and
photographed and measured using the Leica Light Image Analysis System DM 750 at the
Faculty of Agriculture, Cairo University-Research Park (CURP). The following parameters
were recorded:

- Thickness of midvein (um)

- Thickness of upper periderm (pum)

- Thickness of lower periderm (um)

- Thickness of lamina (um)

- Thickness of palisade tissue (um)

- Thickness of spongy tissue (1m)

- Dimension of main midvein bundle (um)
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- No of xylem rows in main midvein bundle
- Mean diameter of vessels (um)
- Mean diameter of parenchyma cells in the ground tissue (um)

2.7.8. Statistical Analysis

Using the MSTAT-C computer software package prepared by [32], the data were
subjected to analysis of variance. The LSD test was used to examine differences between
treatment means at a 5% level of probability [33]. Furthermore, principal component
analysis (PCA) was carried out using all data points of individual response variables using
Origin pro-2021 version software. A heatmap was generated to visualize variations and
similarities in all response variables combined with a two-way hierarchical cluster analysis
using the standardized means of all results matrices for the tested treatments.

3. Results
3.1. Pot Experiments
3.1.1. Morphology of P. xanthii

Our microscopic examinations of the anamorphic stage of the causal pathogen showed
that mycelium is ectophytic. Conidiophores were un-branched, bearing conidia in long
chains varying from ellipsoid to ovoid forms of 25.30-33.20 x 14.95-22.70 . (17.54 x 30.75 p
on the average) in size. Observations of conidia in 3% KOH indicated the presence
of fibrosin bodies, which are commonly found in the cucurbit powdery mildew genus
Podosphaera, as shown in Figure 1.

Figure 1. Morphological features of anamorphic stage of P. xanthii.

3.1.2. Disease Assessment

Under artificial inoculation with powdery mildew, the response of squash to shikimic
acid as seed priming at 20, 40, and 60 ppm with or without foliar application of BCAs
was observed. As shown in Table 1, all tested treatments had a highly significant ef-
fect on powdery mildew disease severity (DS%) in comparison to the control during
the two trials. In this regard, significant disease severity reduction was obtained with
40 and 20 ppm shikimic acid, through seed priming combined with a mixture of BCAs
(S. rochei + T.asperellum) as a foliar application, while the application of 60 ppm shikimic
acid through seed priming, followed by the application of S. rochei through foliar spray as
individual treatments, recorded the lowest disease severity reduction
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Table 1. Effect of the interaction between seed priming of shikimic acid (0, 20, 40, 60 ppm) and foliar
applications with S. rochei (SR), T. asperellum (TS), S. rochei + T. asperellum (SR + TS), and water (control)
on powdery mildew severity % on squash plants during the first and second experiments.

1st Experiment 2nd Experiment
Shikimic Acid .
C 0111 c::tlrcatigln s Bioagents Treatments Disease Severity Reduction Disease Severity Reduction

% % % %

Control 37.042 - 36.302 -
T. asperellum 30.37 <d 18.01 30.37 be 16.34

0 ppm . b b
S. rochei 31.85°¢ 14.01 32.59 10.22
T. asperellum +S. rochei 28.89 <€ 22.00 25.9 <€ 28.57
Control 28.15¢°¢ 24.00 244441 32.67
20 ppm T. asperellum 23.70 fgf 36.02 22228 38.75
S. rochei 26.67 4 28.00 22.96 €8 36.75
T. asperellum +S. rochei 20.74 8 44.01 19.26 8h 46.94
Control 28.15¢¢ 24.00 2444 41 32.67
40 ppm T. asperellum 22.96 ig 38.01 19.26 8h 46.94
S. rochei 23.70 '8 36.02 21.48¢8 40.83
T. asperellum +S. rochei 20.00 & 46.00 16.30 1 55.10
Control 34.823b 05.99 30.37 b¢ 16.34
f e

60 ppm T. asper(?llum 25.93 ¢ 29.99 22228 38.79
S. rochei 29.63 ¢ 20.01 28.15d 2245
T. asperellum +S. rochei 2296 f8 38.01 20.74 fh 42.87

LSD value at 0.05: 417 - 4.47 -

Mean values in each column followed by a different letter are significantly different according to the LSD test
(p < 0.05%).

3.1.3. Plant Growth Parameters of Squash Plants

Under artificial inoculation with powdery mildew, the response of squash to shikimic
acid as seed priming at 20, 40, and 60 ppm, with or without foliar application of BCAs, was
observed. As shown in Tables 2 and 3, all tested treatments had a highly significant effect
on enhancing plant growth parameters in comparison to the control in the two trials. In
this regard, the maximum plant height, number of leaves, and chlorophyll content were
noted following the application of 40 ppm shikimic acid through seed priming combined
with exogenous foliar spray with a mixture of BCAs in both seasons.

3.1.4. Physiological Traits of Squash Plants

Transpiration rate, stomatal conductance and photosynthesis were significantly influ-
enced by seed priming with shikimic acid and the foliar application of BCAs (Figure 2).
However, no statistically significant differences were observed between 60 ppm shikimic
acid and untreated squash plants in terms of transpiration rate. The values obtained for the
physiological traits were higher at 40 ppm shikimic acid Overall, the mixture of BCAs as a
foliar application treatment showed statistically significant (p < 0.05) transpiration rate,
stomatal conductance, and photosynthesis. In this case, the untreated plants had the lowest
transpiration rate, stomatal conductance and photosynthesis. The combination of seed
priming with shikimic acid 40 ppm and the mixture of BCAs exhibited better transpiration
rate, stomatal conductance, and photosynthesis (Figure 2A-D).
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Table 2. Effect of the interaction between seed priming of shikimic acid (0, 20, 40, 60 ppm) and foliar
applications with S. rochei (SR), T. asperellum (TS), S. rochei + T. asperellum(SR + TS), and water (control)
on the vegetative growth characteristics of squash plants during the first experiment.

Shikimic A.cid Bioagents Treatments Plant Height (cm) Leaves Numbe per Chlorophyl} (SPAD)
Concentrations Plant Reading
Control 22.73] 94331 21.738
0 ppm T. asperellum 47.73 d"g 12.77 £h 25.10 ¢
S. rochei 38.40 hi 11.43h 25.23 ¢f
T. asperellum +S. rochei 51.07 cde 13,50 f8 35.60 ©
Control 4433 fh 11.20h 27.00 ©
20 ppm T. asperellum 54.33 b-d 13.87f 35.03 ¢
S. rochei 47.00¢8 11.87 &h 35.57°¢
T. asperellum +S. rochei 61.0P 16.87 de 46.00b
Control 50.33 ¢f 16.87 de 30.73 d
40 ppm T. asperellum 59.33 P 20.20° 46.23°
S. rochei 50.00 <f 17.87 <d 45.23b
T. asperellum +S. rochei 69.00 2 23.204 57102
Control 35.60 1 13.87 f 23.73 f8
60 ppm T. asperellum 49.00 4 17.87 «d 27.10°¢
S. rochei 42.00 8 16.20°¢ 25.90 ¢f
T. asperellum +S. rochei 56.33 bc 18.53 ¢ 36.23 ¢
LSD value at 0.05: 6.7 1.646 26

Mean values in each column followed by a different letter are significantly different according to the LSD test

(p < 0.05%).

Table 3. Effect of the interaction between seed priming of shikimic acid (0, 20, 40, 60 ppm) and foliar
applications with S. rochei (SR), T. asperellum (TS), S. rochei + T. asperellum (SR + TS), and water (control)
on the vegetative growth parameters of squash plants during the second experiment.

Shikimic Acid Bi T Plant Height Leaves Number per Chlorophyll (SPAD)
Concentrations loagents Ireatments (cm) Plant Reading
Control 27.33 0 9.331 2141
0 ppm T. asperellum 35.33 8 12.67 8h 24.43 80
S. rochei 31.338h 11.33h 26.23 8
T.asperellum+S. rochei 46.00 °de 14.00 8 35.87 4
Control 43.0de 14.67f 27.40 ¢f
20 ppm T. asperellum 51.67 ¢ 18.67 <4 34.90 4
S. rochei 46.0 °de 17.00 € 37.234
T.asperellum+S. rochei 60.0 P 19.33 ¢ 47.43°
Control 49.00 <4 17.67 de 29.07 €
40 ppm T. asperellum 58.0P 21.00° 44.23°¢
S. rochei 48.67 «d 18.67 43.23°¢
T.asperellum+S. rochei 67.67 2 24.00° 55.10°
Control 30.67 g1, 12000 22,07 M
60 ppm T. asperellum 45.67 °de 14.67 254318
S. rochei 40.00 ©f 12.67 8h 27.23 ¢
T.asperellum+S. rochei 59.0 b 17.67 de 36.104
LSD value at 0.05: 6.0 1.6 2.58

Mean values in each column followed by a different letter are significantly different according to the LSD test

(p < 0.05%).
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Figure 2. Effect of the interaction between seed priming of shikimic acid concentration (0,
20, 40, 60 ppm) and foliar applications with water (control), T. asperellum (TS), S. rochei (SR),
T. asperellum + S. rochei + (TS + SR), and on (A) Stomata conductance in 1st pot experiment (B)
Stomata conductance in 2nd pot experiment, and (C) photosynthetic rate in 1st pot experiment,
(D) photosynthetic rate in 2nd pot experiment of squash plants. Standard errors of the mean are
shown as vertical bars; the LSD test indicates that differences between values in each bar that are
marked by different letters are significant at p < 0.05.

3.2. Greenhouse Experiments
3.2.1. Disease Assessment

The response of squash to 40 ppm shikimic acid seed priming with or without foliar
application of BCAs was evaluated after 50 d of growth under natural infection with pow-
dery mildew. As shown in Table 4, all treatments showed significantly (p < 0.05) decreased
the final powdery mildew severity level (FDL%) and the area under the disease progress
curve (AUDPC) compared to the control in both seasons. The lowest disease severity
percentages were obtained with 40 ppm shikimic acid, through seed priming combined
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with the mixture of BCAs (S. rochei + T. asperellum) foliar spray (37.22% and 52.78%) and
BCA mixture (S. rochei + T. asperellum) foliar spray alone (41.11% and 57.78%), with 37.38-
30.84% and 32.14-25.71% disease reduction in the first and second season, respectively.
Furthermore, the AUDPC was decreased by 51.56% and 45.72% following seed priming
with 40 ppm shikimic acid treatment in combination with the BCA mixture (T. asperellum +
S. rochei) compared to the control during the first and second season, respectively.

Table 4. Effect of 40 ppm shikimic acid (SA) seed priming and foliar applications of bioagents on the
final powdery mildew disease severity level (FDL%) and the area under the disease progress curve
(AUDPC) during the 2020-2021 and 2021-2022 growing seasons.

Treatment FDL % Reduction % AUDPC Reduction %
First season
control 59.44 2 - 871.112 -
SA 49.44 b 16.82 672.78 b 22.77
SR 47.78 be 19.62 614.44 bc 29.46
SA +SR 46.11 b 22.43 523.06 °d 39.95
TS 43.89 <= 26.16 507.50 de 41.74
SA + TS 4333 de 27.10 484.17 de 44.42
SR + TS 41.11 ¢ 30.84 455.00 de 47.77
SA + SR + TS 37221 37.38 421.94¢ 51.56
LSD.05 423 - 92.85 -
Second season
control 77.78 2 - 1165.28 2 -
SA 71.67 7.86 1071.94 2b 8.00
SR 67.78 be 12.86 974.72 be 16.35
SA + SR 63.33 <d 18.58 869.72 <d 25.36
TS 61.11 de 21.43 801.67 de 31.20
SA + TS 59.44 de 23.58 718.06 ©f 38.37
SR + TS 57.78 © 25.71 688.89 f 40.88
SA +SR + TS 52.78 32.14 632.50 45.72
LSD.05 4.92 - 106.58 -

Mean values in each column followed by a different letter are significantly different according to the LSD test
(p < 0.05%). SA; shikimic acid at rate 40 ppm, TS; T. asperellum, SR; S. rochei.

3.2.2. Plant Growth

The response of squash to 40 ppm shikimic acid seed priming with or without foliar
application of BCAs was evaluated after 50 d of growth under natural infection with
powdery mildew. As shown in Table 5, all treatments showed significantly (p < 0.05)
increased plant growth compared to the control in both seasons.

Table 5. Effect of seed priming with 40 ppm shikimic acid (SA) and foliar applications of bioagents
on the vegetative growth characteristics of squash plants during the 2020 and 2021 seasons.

. Leaves Plant Fresh Plant D Chlorophyll
Treatment Plar(lzrl:)lght Number/ Weight Weigh:y (SI’A[I,))y
Plant (gm) (gm) Reading
2020 season
Control 44.08 12.0f 155.7 h 41.0f 30.47h
SA 64.0d 21.0¢ 310.0 ¢ 85.0 4 38.93¢
TS 60.0 18.34d 250.0 f 72.7¢ 36.33f
SR 50.0 f 14.7 ¢ 204.7 8 67.7 ¢ 33.73 8
TS + SR 69.3°¢ 220¢ 35434 101.3 ¢ 42334
SA + TS 77.3b 243b 4450b 110.3P 48,0
SA +SR 75.67 b 21.7°¢ 396.7 106.3 be 47¢
SA + TS+ SR 86.33 2 30.02 543.02 146.3 2 52.63 2
LSD.05 3.34 2.2 38.24 5.69 1.20
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Table 5. Cont.

. Leaves Plant Fresh Plant D Chlorophyll
Treatment Plal:znl;l)lght Number/ Weight Weighiy (SPA]E])D)y
Plant (gm) (gm) Reading
2021 season
Control 403h 13.0° 157.08 20f 3157h
SA 60.3¢ 2.7¢ 31334 85.3d 40.0¢
TS 53.9f 19.04 256.7 ¢ 73.3¢ 37.4°¢
SR 4598 15.3¢ 207.3f 68.3¢ 34.6°¢
TS + SR 71.34 27¢ 352.74d 102.7 4314
SA + TS 86.0b 253b 446.7b 111.7° 48.8P
SA +SR 79.0 ¢ 22.3¢ 399.3 ¢ 107.3 be 455¢
SA + TS + SR 95,04 3174 546.7 @ 149.02 53.92
LSD.05 1.3 24 39.68 6.857 1.2

Mean values in each column followed by a different letter are significantly different according to the LSD test
(p < 0.05%). SA; shikimic acid at rate 40 ppm, TS; T. asperellum, SR; S. rochei.

The greatest plant height, number of leaves, fresh weight, and dry weight were ob-
tained with 40 ppm shikimic acid combined with the BCA mixture (T. asperellum + S. rochei)
as a foliar application in both the first and second season. Furthermore, the chlorophyll
content was increased by 72.7% and 70.7% following seed priming with 40 ppm shikimic
acid treatment in combination with the BCAs mixture (T. asperellum + S. rochei) as a foliar
spray compared to the control during the first and second season, respectively.

3.2.3. Yield and Its Components

The data in Figure 3A-D clearly show that priming of squash seeds with shikimic acid
at a rate of 40 ppm and the foliar application of T. asperellum with or without S. rochei signif-
icantly (p <0.05) influenced the total yield and its components compared to the control in
both seasons. Additionally, 40 ppm of shikimic acid combined with T. asperellum + S. rochei
foliar application increased the average fruit weight (32.43%, 85.8%), number of fruits per
plant (62.4%, 69.7%), total fruit yield per plant (83%, 90%), and total yield per hectare,
compared with the control in the first and second seasons. However, squash plants treated
with 40 ppm shikimic acid seed priming or T. asperellum as a foliar application did not
significantly differ from the conventional control treatment with respect to total fruit yield
per plant in the second season.

3.2.4. Mineral Content in Squash Leaves

The results in Figure 4A-D show that all treatments significantly increased the con-
centrations of macronutrients, i.e., nitrogen (N), phosphorus (P), potassium (K), and mag-
nesium (Mg), in the leaves of squash plants compared to the control. A marked increase
in N (5.9% and 4.6%), P (4.5% and 4.3%), K (4% and 4.2%), and Mg (1.5% and 2.0%) was
observed with 40 ppm shikimic acid seed priming combined with foliar application of
the BCA mixture (T. asperellum + S. rochei) compared to the control in the first and second
season, respectively. The same figures show that the highest calcium (Ca) concentrations
(3.59% and 3.03%) in squash leaves were found for 40 ppm shikimic acid seed priming
combined with the BCA mixture (T. asperellum + S. rochei) as a foliar spray, followed by
40 ppm of shikimic acid seed priming combined with T. asperellum as a foliar application in
the first season. In addition, application of 40 ppm shikimic acid in combination with the
foliar application of the BCA mixture (T. asperellum + S. rochei), T. asperellum, and S. rochei
showed the most significant increase in Ca concentrations in the leaves (2.9%, 3.03%, and
3.33%), with no significant difference among them compared to the control treatment in the
second season.
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Figure 3. Effect of shikimic acid (SA) seed priming rates 40 ppm and foliar applications of water (con-
trol), T. asperellum (TS), S. rochei (SR), T. asperellum + S. rochei + (TS + SR), shikimic acid + T. asperellum
(SA +TS), shikimic acid+ S. rochei (SA + SR), and shikimic acid + T. asperellum + S. rochei (SA + TS + SR)
on (A) average fruit weight (g), (B) number of fruits per plant, (C) total fruit yield per plant (kg), and
(D) total fruit yield per hectare during two seasons. Standard errors of the mean are shown as vertical
bars; the LSD test indicates that differences between values in each bar that are marked by different
letters are significant at p < 0.05.

In terms of the effect of treatments on the micronutrient content of squash leaves
(Figure 5A-D), boron (B), iron (Fe), zinc (Zn), and manganese (Mn) were considerably
affected by shikimic acid (40 ppm) seed priming, the BCA mixture (T. asperellum+ S. rochei)
foliar application, and their interactions. Furthermore, the highest concentrations of B
(55.47% and 57.17%), Fe (76.12% and 78.02%), Zn (56.15% and 57.18%), and Mn (66.3% and
68.0%) were obtained from plants treated with 40 ppm shikimic acid and combined BCA (T.
asperellum + S. rochei) foliar application compared to the control in the first and the second
season, respectively. Nevertheless, the lowest concentrations of B (14.18% and 16.08%), Fe
(30.6% and 33%), Zn (13.14% and14.34%), and Mn (27.63% and 28.53%) were obtained from
untreated plants during the first and second season, respectively.
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Figure 4. Effect of shikimic acid (SA) seed priming rates 40 ppm and foliar applications of water (con-
trol), T. asperellum (TS), S. rochei (SR), T. asperellum + S. rochei + (TS + SR), shikimic acid + T. asperellum
(SA +TS), shikimic acid + S. rochei (SA + SR), and shikimic acid + T. asperellum + S. rochei (SA + TS + SR)
on (A) N%, (B) P%, (C) K%, and (D) Ca% in leaves during two seasons. Standard errors of the mean
are shown as vertical bars; the LSD test indicates that differences between values in each bar that are

marked by different letters are significant at p < 0.05.

3.2.5. Antioxidant Enzymes, Total Phenols, and Plant Hormones in Squash Leaves

POD, SOD, and CAT enzyme activities were assayed in untreated and treated squash
plant leaves, as shown in Figure 6A-C. Constitutive SOD, POD, and CAT activity were
recorded for all treated plants and compared with the control in both seasons. Maximum
SOD (346 and 353 units mg_1 protein), POD (686 and 675.5 units mg_1 protein), and CAT
(189 and 183.2 units mg~! protein) were recorded under a combination of seed priming
with shikimic acid at 40 ppm and T. asperellum + S. rochei as a foliar application during the
first and second season, respectively. The lowest activity was observed in the control plants

(Figure 6A-F).
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Figure 5. Effect of shikimic acid (SA) seed priming rates 40 ppm and foliar applications of water (con-
trol), T. asperellum (TS), S. rochei (SR), T. asperellum + S. rochei + (TS + SR), shikimic acid + T. asperellum
(SA +TS), shikimic acid+ S. rochei (SA+SR), and shikimic acid + T. asperellum + S. rochei (SA + TS + SR)
on (A) B%, (B) Fe%, (C) Mn%, and (D) Zn% in leaves during two seasons. Standard errors of the
mean are shown as vertical bars; the LSD test indicates that differences between values in each bar
that are marked by different letters are significant at p < 0.05.

The highest total phenol content was recorded for 40 ppm shikimic acid combined with
BCA mixture foliar application (87.7 and 78.47 mg GAE eq g !), followed by 40 ppm shikimic
acid combined with foliar application of T. Asperellum (81.08 and 71.58 mg GAE eq g~ !) as
compared with untreated plants in the first and second season, respectively. On the other
hand, the lowest content of total phenols in leaves (53.41 and 44.21 mg GAE eq g~ !) was
recorded in untreated plants during the first and second season, respectively (Figure 6D).
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Figure 6. Effect of shikimic acid (SA) seed priming rates 40 ppm and foliar applications of water (con-
trol), T. asperellum (TS), S. rochei (SR), T. asperellum + S. rochei + (TS + SR), shikimic acid + T. asperellum
(SA +TS), shikimic acid + S. rochei (SA + SR), and shikimic acid + T. asperellum + S. rochei (SA + TS + SR)
on (A) SOD, (B) POD, (C) CAT, (D) phenols, (E) SA, and (F) JA in leaves during two seasons. Standard
errors of the mean are shown as vertical bars; the LSD test indicates that differences between values
in each bar that are marked by different letters are significant at p < 0.05.
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When comparing treated and untreated plants under natural infection with powdery
mildew, lower amounts of JA (2.1 and 3.0 ug g~! FW) and SA (2.26, 2.38 ug g ' FW) were
observed in the untreated plants in the first and second season, respectively. Meanwhile,
the maximum JA (10 and 9.6 ug g_1 FW) and SA (8.8 and 9.4 ng g‘l FW) values were
recorded under a combination of seed priming with 40 ppm shikimic acid and T. asperellum
+ S. rochei foliar application during the first and the second season, respectively (Figure 6E—-
F). JA is often negatively correlated with SA, and we also observed that the SA level was
decreased.

3.3. Clustering Analysis

Our cluster analysis included all growth traits, all yield components, and all mineral
compositions of the squash plants along with the activity of antioxidant enzymes, total
phenols, SA, and JA. Figure 7 presents a heatmap showing the relationships among the
seed priming and foliar application of T. asperellum, S. rochei, and a mixture of the two,
based on the tested parameters. A heatmap analysis clearly identified the overall variations
among all treatments. The foliar application of a mixture of T. asperellum and S. rochei alone
showed an increase in all studied traits compared with the control. However, seed priming
with shikimic acid at a rate of 40 ppm and treatment with T. asperellum + S. rochei foliar
application decreased oxidative injury and AUDPC values by enhancing plant growth,
increasing antioxidant enzyme concentrations, and significantly improving plant growth
and yield under natural infection with powdery mildew (Figure 7).
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Figure 7. Heatmap of shikimic acid (SA) seed priming rates 40 ppm and foliar applications of
S. rochei (SR), T. asperellum (TS), S. rochei + T. asperellum (SR + TS), and water (control) and measured
parameters of squash plants. The differences in the response variables between all studied treatments
are visualized in the heatmap diagram. Columns represent the individual response variables, while
rows represent the treatments. Lower numerical values are colored blue, whereas higher numerical
values are colored red (see the scale at the top right corner of the heatmap).
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3.4. Trait Interrelationships

The association among the evaluated morphological, yield, and physiochemical traits
of the squash plants were estimated based on principal component analysis (PCA; Figure 8).
Data were analyzed using PCA to establish a relationship between priming with shikimic
acid (40 ppm) and the application of T. asperellum + S. rochei on plant growth and yield
parameters. The sum of principal components 1 and 2 (PC1 and PC2) accounted for 93.03%
of the variation among plants. PC1, the first component, made up 88.93% of the total
variation, and while the second component accounted for 4.1% of the total variation.
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Figure 8. Biplot of the first two principal components for the morphological, yield, AUDPC, and phys-
iochemical traits of sqaush plants. Red circles indicate the eight treatments: shikimic acid (SA) seed
priming rates 40 ppm and foliar applications of S. rochei (SR), T. asperellum (TS), S. rochei + T. asperellum
(SR + TS), and water (control).

3.5. GG/MS Analysis of T. asperellum Culture Filtrate

Our analysis of the T. asperellum culture filtrate led to the detection of 28 metabolites,
as shown in Table 6. The most abundant component was hemin cation (Heme), at 38.95%.

3.6. Leaf Anatomy

Microscopic counts and measurements of several histological characteristics in trans-
verse sections through the mature fifth leaf developed on the main stem of 50-day-old
summer squash plants affected by powdery mildew for the control and treated with
shikimic acid, bioagents S. rochei and T. asperellum, and a mixture of the two are shown in
Table 7 and Figures 9-11.
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Table 6. Composition of the T. asperellum (MW965676) culture filtrate.

No. RT Compounds Area %
1 3.44 1-methoxy-2-acetoxypropa NE 497
2 4.27 Cyclohexane, (ethoxymethoxy)- 1.40
3 435 Tetracarbonyl) [1-(t-buty 1)-2,4-bis{[2’,4’,6'-tris(t-butyl) phenyl] imino}-1-aza-2,4-dip 0.96

’ hospha-3-molybdacyclobutane ’
4 4.59 Z)-6-deoxy-1,2-o-isopropyliDene-3,4-di-o-methyl-5-a-d-xYlo-hepteno-furannurononltrile 0.96
5 5.49 2H-Pyran, 3,6-dihydro-4-methyl-2-(2-methyl-1-p ropenyl)- 0.86
6 7.13 1-pentene, 3,4-dimethyl- 1.28
7 8.14 1,5-pentanediamine 1.18
8 9.91 6-benzyloxy-7-methoxy-1,2,3,4-tetrahydroisoquinoline 491
9 13.08 1,5-Hexadien-3-yne, 2-methyl- 2.11
10 13.13 Benzeneacetic acid 1.02
11 13.20 Cycloheptatrienylium, iodide 2.50
12 13.46 1,5-Hexadien-3-yne, 2-methyl- 0.47
13 14.21 1,6-Heptadien-3-yne 0.78
14 15.29 3-Benzylsulfanyl-3-fluoro-2-trifluoro Methyl-acrylonitrile 111
15 15.48 3-pyridinemethanol 0.68
16 15.92 Na-Z-D-2,3-Diaminopropionic acid 1.23
17 16.18 Progesterone 3-biotin 2.33
18 16.45 Tetrahydro-1,3-oxazine-2-thione 0.60
19 17.52 [5-(4'-Formyl phenyl) -10,15,20-tris(4”-tolyl) porphyrinat o] zinc(ii) 1.46
20 18.67 2)-n-cyclohexyl carbamoyl)-4-methoxy-4-methyl-6,6-diphe nyl-2,9,10-triazatricyclo [5. 2.2.0(1,5)] 0.64
’ undeca-4,8,10-trien-3-one ’
21 19.45 Gln-pro-arg 1.75
22 22.40 7-Oxabicyclo [4.1.0] heptan-2-one 2.93
23 24.74 1-butanol, 2-nitro 2.77
24 25.80 Oxalic acid, cyclobutyl nonyl ester 1.72
25 28.22 4-hydroxyhexenal 3.48
26 35.84 Norcollatone 2.31
27 36.26 2,4,5-tris)Isopropyl)-1,1,3,3-tetrachlOro-2,4,5-triphospha-1,3-dig Ermolane 4.06
28 36.58 Hemin cation 38.95

Table 7. Counts and measurements in micrometers (um) of certain histological characters in trans-

verse sections through the blade of the fifth leaf developed on the main stem of summer squash (cv.

Eskandarani), aged 40 days, affected by powdery mildew as a control and treated with shikimic

acid, bioagent (S. rochei + T. Asperullum), and a mix between them (Means of three sections from

three specimens).

Treatments
Histological Aspects 40 ppm
Control 40 ppm (SA) (SR +TS) SA and (SR + TS)
Thickness of midvein 2020.766 2404.648 2501.365 2812.411
Thickness of upper epidermis 12.132 12.418 13.459 15.422
Thickness of lower epidermis 6.987 7.196 8.633 8.951
Thickness of lamina 120.173 120.688 124.944 145.919
Thickness of palisade tissue 40.700 44.202 42.102 50.911
Thickness of spongy tissue 53.877 57.404 62.465 69.911
No of vascular bundle 4.000 4.000 5.000 6.000
Dimentions of main 454521 469.419 490.742 559.504
midvein bundle
No of x'ylen‘l rows in main 32 32 33 35
midvein bundle
Mean diameter of vessels 30.614 30.699 30.888 30.921
Mean diameter of
paranchyma cells in 104.666 111.945 108.887 120.111

ground tissues
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A —_ B ' —sooum

Figure 9. Microphotographs of cross sections through the blade of the fifth leaf developed on the
main stem of summer squash (cv. Eskandarani), aged 50 days. Scale bars = 500 um. (A) Plants affected
by powdery mildew (control). (B) Plants treated by 40 ppm shikimic acid (SA). (C) Plants treated
by S. rochei + T. Asperullum (SR + TS). (D) Plants treated by mix between 40 ppm SA and (SR + TS).
Abbreviations: mid b—midvein bundle; mid r—midvein region; t—trichome; p—paranchyma cells;

ca—cambium zone; e ph—external phloem; i ph—internal phloem; v—vessels; and x—xylem.
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Figure 10. Magnified portions of the leaf blade lamina of summer squash (cv. Eskandarani), aged
50 days. Scale bars = 100 um. (A) Plants affected by powdery mildew (control). (B) Plants treated
by 40 ppm shikimic acid (SA). (C) Plants treated by S. rochei + T. Asperullum (SR + TS). (D) Plants
treated by mix between 40 ppm SA and (SR + TS). Abbreviations: la—lamina; 1 ep—lower epidermis;

spo—spongy tissue; pal—palisade tissue; u ep—upper epidermis; and s—stomata.

The data in Table 7 and Figures 9 and 10 reveal that treatment with shikimic acid
(40 ppm), bioagents S. rochei and T. asperellum, and a mixture of the two improved all
histological aspects under study. The values for thickness of midvein, dimension of main
midvein bundles, number of xylem rows in the main midvein bundle, mean diameter of
vessels, and mean diameter of parenchyma cells in the ground tissue of plants treated with a
combination of shikimic acid (40 ppm) and S. rochei + T. asperellum were increased by 39.17%,
23.09%, 9.37%, 1.00%, and 14.75% compared to the control, respectively (Figure 9A,D). A
combination of shikimic acid (40 ppm) and S. rochei + T. asperellum yielded an increase in
thickness of the upper epidermis, lower epidermis, lamina, palisade tissue, and spongy
tissue of 27.11%, 28.10%, 21.42%, 25.08%, and 29.76% compared to the control, respectively
(Figure 10A,D). Plants that were treated with S. rochei + T. asperellum showed an increase
in the thickness of the midvein, upper epidermis, lower epidermis, lamina, spongy tissue,
number of vascular bundles, dimension of the main midvein bundle, and mean diameter
of vessels of 4.02%, 8.38%, 19.96%, 3.52%, 8.81%, 25%, 4.54%, and 0.61% compared to
those treated with shikimic acid (40 ppm) alone. In contrast, treatment with shikimic acid
(40 ppm) showed increases of 4.75% and 2.7% in the thickness of palisade tissue and mean
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diameter of parenchyma cells in the ground tissues, respectively, compared with plants
treated with S. rochei + T. asperellum (Figures 9 and 10B,C). This treatment caused recovery
of the reduction in all examined tissues of the leaf blade that were affected by powdery
mildew. It is clear from Figure 11A and B that plants affected by powdery mildew had
an accumulation of conidia on the epidermal cells, while those treated with the bioagents
(S. rochei + T. asperellum) and shikimic acid (40 ppm) appeared to be largely free of conidia
on the epidermal cells. In addition, the cutical layer appeared thicker in the plants treated
with the bioagents (S. rochei + T. asperellum) with shikimic acid 40 ppm compared to the
control. The cells of the palisade tissue appeared closely packed in two rows in the plants
treated with the bioagents (S. rochei + T. asperellum), while the cells of the palisade tissue of
the control plants were dilapidated and undefined.

cu
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Figure 11. Magnified portions of the leaf blade lamina of summer squash (cv. Eskandarani), aged
50 days. Scale bars = 50 um. (A) Plants affected by powdery mildew (control). (B) Plants treated by
mix between 40 ppm SA and (SR + TS). Abbreviations: cu—cuticle; e—epidermis; c—conidia; and
p—plastids.

4. Discussion

In crop protection against powdery mildew, restrictions on fungicides have encour-
aged research into biological management as an alternative. Recent discoveries support
the idea that some BCAs may have beneficial impacts on plants, including disease con-
trol, plant growth stimulation, increased yield, and improved nutrient uptake and crop
quality [34]. In particular, plant growth-promoting fungi such as Trichoderma spp. are
capable of producing a variety of bioactive secondary metabolites that stimulate plant
growth and protect plants from numerous phytopathogens [35]. The stimulatory effect of
Trichoderma spp. on plants is probably related to their participation in the crosstalk between
the growth hormones synthesized by these fungi and the defense hormones they induce in
the plant [36]

In this study, T. asperellum alone reduced powdery mildew severity under controlled
conditions by 18.01% and 16.34% in the first and second experiments, respectively. More-
over, S. rochei alone was less effective than T. asperellum, as it reduced the percentage of
powdery mildew by 14.01% and 10.22% in the first and second experiments, respectively.
Surprisingly, when applied together, they activated one another; this positive effect was
reflected in an increase in resistance to the disease, with a decrease in powdery mildew
severity of 22.00% and 28.57% in the first and second pot experiments, respectively. Accord-
ingly, we can infer that a combination of S. rochei and T. asperellum as a foliar spray may
have a synergistic effect against powdery mildew. This observation led us to quantify the
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components of T. asperellum and S. rochei culture filtrates by GC-MS analysis. An analysis
of T. asperellum culture filtrate revealed 28 compounds. Hemin cation, a naturally occurring
metalloporphyrin, was identified during GC-MS analysis of the T. asperellum culture filtrate
(area percentages). This compound is primarily indicated as a basis for the new fungicides
owing to its recognized pro-oxidant capabilities, which also likely contribute to its an-
tibacterial activity [37]. The antifungal effect of myeloperoxidase is due to the synthesis of
ROS [38]. Therefore, the presence of hemin may be responsible for the antifungal activity of
T. asperellum culture filtrate against the powdery mildew pathogen observed in this study.

On the other hand, our GC-MS analysis of the S. rochei culture filtrate (area percentages)
revealed the presence of 54 compounds. In peak 5, the volatile phenolic compound 2,4-
di-tert-butylphenol (1.04%), often a major component of violates that exhibits potent
antifungal, antibacterial, antiviral, antimicrobial, antioxidant, and phytotoxic activities. The
second most abundant compound, in peak 16 (0.96%), was the fatty acid hexadecanoic acid
methyl ester which has a strong odor and which acts as an enzyme inhibitor [39]. Fatty
acids such as 9-heptadecenoic acid and 6-methyl-9-heptadecenoic acid have anti-powdery
mildew activity [40]. Antifungal fatty acids enter powdery mildew cells and disrupt the
membrane, causing the release of intracellular components, cytoplasmic disorder, and,
eventually, cell disintegration [40]. Therefore, a possible explanation for the synergistic
effect between S. rochei and T. asperellum found in this study may be the interaction between
hemin cations from T. asperellum and the antifungal compounds, hexadecanoic acid methyl
ester and 2,4-di-tert-butylphenol from S. rochei. This finding coincides with that of [41],
who found that a combination of Streptomyces spp. and Trichoderma spp. could suppress
the intensity of leaf spot disease by up to 16.2% in chili fruits and enhance plant growth
compared to either one as a single treatment.

We further hypothesized that seed priming with shikimic acid, a natural organic acid,
in combination with the tested BCAs as a foliar spray would increase plant resistance to
powdery mildew infection and promote plant growth. When applied as a seed primer
under controlled conditions, shikimic acid alone at 20, 40, and 60 ppm reduced powdery
mildew severity by 24.00%, 24.00%, and 5.99% in the first experiment and by 32.67%,
32.67%, and 16.34%, in the second experiment, respectively. It was noted that by increasing
shikimic acid concentrations to 60 ppm, the disease severity increased while the plant
growth parameters (plant height, number of leaves, chlorophyll content), photosynthesis,
transpiration rate, and stomatal conductance decreased. The increased severity of the
infection may be attributed to the decrease in chlorophyll content and the efficiency of
photosynthesis, which leads to a decrease in disease resistance

In most cases, the improvement in powdery mildew control, plant height, number
of leaves, and chlorophyll reading (SPAD) was due to a combination of seed priming
with shikimic acid at 40 ppm and a BCA mixture (T. asperellum + S. rochei) as a foliar
application treatment. Throughout the two trials, this effect was consistent. The additive
effects were most likely due to a combination of mechanisms involved in disease control by
the combined treatment, as opposed to the modes of action provided by shikimic acid or
individual antagonists alone [7,11]. According to [42], shikimic acid is effective as a seed
soak to cure chocolate spot disease in faba beans. Similarly, various authors have reported
that exogenous shikimic acid application can improve plant growth, improve antioxidant
defense, and reduce oxidative damage [13].

Another finding was that untreated squash leaves showed a significant reduction in
plant growth and productivity with powdery mildew infection. This finding is consistent
with that of [43], who found that the powdery mildew fungal infection resulted in a
significant reduction in photosynthetic rate, leaf pigments, transpiration rate, and stomatal
conductance. A possible explanation is that mildew colonies on the leaf surface limit
the amount of light reaching the mesophyll cells, resulting in a considerable drop in leaf
chlorophyll and carotenoids [44]. Photosynthetic pigment reduction is proportional to
the leaf surface’s photosynthetic efficiency [43]. As a result, the photosynthesis rate is
significantly decreased in untreated infected plants. Furthermore, the photosynthesis
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rate is inversely proportional to the transpiration rate and stomatal conductance [45].
Fungal colonization results in partial coverage of the stomata cavity or hole by the hyphae
and/or spores of the fungus. As a result, transpiration rates in fungus-infected plants are
consistently low [44]. In addition, an increase in chlorophyll content, which is a reliable
indicator of plant health, improves the efficiency of the photosynthetic system and increases
disease resistance [46].

This study examined, for the first time, the effect of seed priming with shikimic acid
and the foliar application of BCAs to improve the growth and productivity of squash. Im-
proved growth of squash plants in response to shikimic acid might be due to improvement
in leaf survival by maintaining photosynthesis and increasing mineral content, which may
increase plant growth [13]. Plant growth parameters are a perfect indicator for evaluating
abiotic and biotic stresses. Trichoderma spp. root colonization has been linked to increased
plant nutrient uptake as a result of more efficient macro- and micronutrient solubiliza-
tion [47]. These results are in agreement with those obtained by [48] in squash. Plant
growth-promoting streptomycetes promote a variety of direct and indirect biosynthetic
processes in plants, including inorganic phosphate solubilization, chemical biosynthesis
chelation, phytohormone production, pathogen suppression, and abiotic stress reduc-
tion [49]. In this study, priming seeds of squash plants with 40 ppm of shikimic acid
combined with the foliar application of T. asperellum and S. rochei yielded significantly
higher fruit numbers, fruit weight, and total yield per plant.

We further studied the responses of squash plants to the treatments by determining the
level of plant hormones in the leaves. SA is a plant hormone that plays a pivotal role in plant
defense against biotrophic and semi-biotrophic pathogens [23]. When comparing treated
and non-treated plants under natural infection with powdery mildew, lower amounts of JA
and SA were observed in the water-treated control. Surprisingly, in plants grown after seed
priming with 40 ppm of shikimic acid combined with foliar spray of S. rochei + T. asperellum,
the levels of JA and SA were much higher than in the water-treated control. We also
observed that because JA is often negatively correlated with SA, the SA level was decreased.
Elevated levels of JA and SA in treated plants compared to the control were to be expected,
because both hormones are usually a part of resistance mechanisms. The JA and SA contents
increase in infected tissues, and the application of shikimic acid through seed priming
combined with foliar spray of BCAs reduces disease symptoms. The work conducted
by [50] studied some of the physiological mechanisms resulting from powdery mildew
inoculation of the sensitive Ingrid barley cultivar and near-isogenic lines carrying various
resistant genes (Mla, Mlg, and mlo). They found that in the leaves of the cultivar Ingrid, the
JA content was significantly decreased after inoculation compared to the non-inoculated
control. Meanwhile, powdery mildew inoculation of Mla and Mlg barley that showed
hypersensitive reactions led to notably elevated levels of JA and SA compared to the
Ingrid cultivar.

Phenolic compounds are formed by plants primarily for growth, protection, and
development. These aromatic benzene ring components are very important during the
interactions between plants and abiotic stresses. They represent an essential component
of phytochemicals and play an important role in various mechanical and physiological
activities [51]. In the present study, the total phenol content in squash leaves was increased
in all treatments compared with control plants, whereas plants primed with 40 ppm of
shikimic acid combined with foliar spray of S. rochei + T. asperellum showed a greater
accumulation of phenolics, which enhance resistance against invasion of P. xanthii. This
finding is in line with that obtained by [52], who found an increase in total phenols, yield,
and powdery mildew resistance in squash plants treated with certain BCAs. Furthermore,
disease resistance induction is a powerful strategy to enhance the defense mechanisms of
plants. This mechanism could be linked to the activities of defense-associated enzymes
such as PPO and POD, which are key proteins related to pathogenesis in plant tissues
owing to their ability to disrupt the cell wall structure of pathogens and contribute to
resistance to pathogen invasion [53]. PPO and POD are terminal enzymes; the former can
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oxidize phenolic substances and produce toxic quinines that can restrict and kill invading
pathogens, while the latter is linked to the synthesis of lignin [54]. SOD is essential to plant
stress resistance; it provides the first line of defense against the harmful effects of elevated
levels of ROS [55]. In addition, catalase is an oxygen-binding enzyme that protects cells
from the harmful effects of H,O, and acts as a signaling molecule to increase plant defense
genes, which helps protect plants from infection [56].

Our results are in line with earlier studies that demonstrated enhanced activities of
POD, SOD, and CAT under different treatments. Shikimic acid, when combined with
the foliar application of a BCA mixture (T. asperellum + S. rochei), increased the activity of
antioxidant enzymes such as POD, SOD, and CAT, thereby protecting against powdery
mildew [20,42]. Antioxidant enzymes are proteins involved in the catalytic conversion of
ROS and their byproducts into stable, non-toxic molecules. Therefore, they represent the
main defense mechanism against cellular damage caused by oxidative stress. The authors
of [57] found that bioagents Bacillus spp. and Trichoderma spp. could significantly reduce
the severity of squash powdery mildew (P. axanthii). However, the role of these bioagents
was attributed to the upregulation of defense-related enzymes such as CAT, POD, and PPO,
which stimulate growth and yield characteristics.

The interrelationship among the evaluated parameters (Figures 7 and 8) indicates that
the yield parameters were positively associated with plant height and the mineral content of
leaves, including N%, P%, and K%. We speculate that the high levels of antioxidant activity,
including SOD, POD, and CAT, were associated with the greater total yield and its related
traits, especially after seed priming with 40 ppm of shikimic acid combined with foliar
spray of S. rochei + T. asperellum. In accordance with these results, it is important to note
that specific biochemical and physiological traits are closely associated with yield-related
traits under natural infection with powdery mildew.

With regard to the anatomy of squash leaves, this study demonstrated that plants
infected with P. xanthii that received no treatment showed a reduction in the thickness
of the upper epidermis, lower epidermis, and midvein, dimension of the main midvein
bundle, number of xylem rows in main midvein bundle, mean diameter of vessels, and
mean diameter of parenchyma cells in the ground tissues. A possible explanation for this
might be that the powdery mildew mycelium grows on the surface of the plant, with
nutrients being obtained via the haustoria in the plant epidermal cells, leading to nutrient
uptake. In addition, powdery mildew colonies on the leaf surface limit the amount of
light reaching the mesophyll cells (palisade and spongy), resulting in a considerable drop
in leaf chlorophyll and carotenoids, reduced photosynthesis, increased respiration and
transpiration, and impaired growth [44]. In general, the alteration of anatomical traits of
squash leaves with the applied treatments is of great interest, because these alterations
included increases in the thickness of upper epidermis, lower epidermis, and midvein,
dimension of the main midvein bundle, number of xylem rows in main midvein bundle,
mean diameter of vessels, and mean diameter of parenchyma cells in the ground tissues.
The treatments improved the process of photosynthesis by increasing the area of epidermis
and mesophyll tissues exposed to the sunlight. They also reflect those of [42], who found
that seed priming with shikimic acid improved the growth parameters of cowpea plants
by simulating effects on leaf expansion and photosynthetic pigments as well as on the
transpiration rate of cowpea plants during growth periods.

On the other hand, shikimic acid might exert effects on the photosynthetic machinery
at the mesophyll and chloroplast level by increasing plastid biogenesis via an increase in
the biosynthesis of indole acetic acid from tryptophan. Furthermore, some reports have
indicated that a combination of antagonistic bacteria and antagonistic fungi, especially
Trichoderma spp., provides greater plant protection than their use individually [58]. Ad-
ditionally, the authors of [59] reported that application of a mixture of T. harzianum and
S. rochei is more effective at controlling Phytophthora root rot in pepper. In the present
study, a combination of shikimic acid (40 ppm) seed priming and S. rochei + T. asperellum as
a foliar application yielded the best results in terms of the anatomical features of leaves. Ad-
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ditionally, the upper surface of the plant showed a reduction of powdery mildew symptoms.
This improved the plants’ ability to receive sunlight and improved the mechanism of chloro-
plast function, thereby enhancing the process of photosynthesis. To our knowledge, this
study is the first to report the effects of shikimic acid (40 ppm) and S. rochei + T. asperellum
as a foliar application on the anatomical structure of squash leaves.

5. Conclusions

This study showed the effects of T. asperellum, S. rochei, and shikimic acid-primed
seeds, and their combination treatments on squash productivity under artificial and natural
infection with powdery mildew. The use of T. asperellum + S. rochei with shikimic acid
primed seeds treatment was more effective than using each treatment separately, while
T. asperellum outperformed S. rochei. The use of T. asperellum + S. rochei with shikimic acid
primed seeds treatment showed an improvement in terms of plant growth, total yield, min-
eral components, physiological traits, and antioxidant activity, as well as in all histological
aspects of the studied squash plants.Moreever, maximum disease severity reduction and a
reduction in AUDPC values were observed following treatment of T. asperellum + S. rochei
with 40 ppm shikimic acid primed seeds. Therefore, this treatment could be used as an
alternative method to lessen powdery mildew infection in squash plants.
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Abstract: Rare cold inducible 2 (RCI2) proteins are a group of low molecular weight proteins that
widely exist in various tissues of plants and play crucial roles in plant growth and development and
abiotic stress responses. Genome-wide identification and analysis of RCI2 have not been documented
in Rosaceae plants. Therefore, we identified 23 RCI2 genes from seven Rosaceae plants, which were
classified into three subfamilies. The RoRCI2 protein encodes a highly conserved domain of Pmp3.
Three homologous PmRCI2s genes from Prunus mume were cloned and named PmRCI2-1, PmRCI2-2,
and PmRCI2-3. The results of subcellular localization prediction showed that three PmRCI2s localized
to membrane structures, and the abscisic acid response element were found to have the largest
number in the promoter sequences of PmRCI2s. The results of quantitative real-time PCR (qRT-PCR)
showed that PmRCI2-3 was significantly induced by low temperature and highly expressed in stems
and buds during the endodormancy stage. Our study improves the understanding of the RCI2 family
of Rosaceae plants regarding the cold responses and provides a theoretical basis for the cold-resistant
breeding of P. mume.

Keywords: Prunus mume; RCI2 gene family; phylogenetic analysis; cold stress

1. Introduction

Temperature is an important limiting factor for plant distribution and growth and
development [1]. Low temperatures (cold), especially freezing, can disturb ionic home-
ostasis by impairing cell membrane permeability, thereby inducing electrolyte leakage [2].
Rare cold inducible 2 (RCI2) proteins are important regulators of temperature-mediated
signaling pathways, which are active in maintaining cellular ion homeostasis and plasma
membrane potential [3]. The genome-wide identification and analysis of RCI2 have been
accomplished in many model plants [3,4] and horticultural herbaceous crops [5]. However,
there are few studies on perennial woody plants, especially in Rosaceae.

RCI2 proteins, also named low-temperature induced proteins 6 (Lti6) or plasma mem-
brane proteins 3 (Pmp3), are present as multigene family encoding proteins in plants [6].
RCI2 family gene transcripts are accumulated in response to cold stress differently in differ-
ent organs, for example, the AtRC12B mRNA accumulates in stems, flowers, and siliques
of plants exposed to 4 °C, but not in roots. The transcription of AtRC12A showed the
highest levels in stems, while the lowest in roots. The RCI2 genes respond to various abiotic
stresses and may affect seed germination and root growth in response to low-temperature
stress [7,8]. In both Arabidopsis thaliana and Aeluropus littoralis, RCI2 homologs respond to
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membrane dehydration, caused by freezing injury, by stabilizing membrane proteins and
reducing electrolyte leakage [9]. In A. littoralis, AITMP1/2 overexpressed tobacco improved
tolerance to freezing stress at the seedling stage [10,11], and AITMP1 transgenic tobacco
plants mostly recovered to normal growth after 2 h at —20 °C [11]. In addition to cold stress,
these genes can also enhance the tolerance of transgenic plants to other abiotic stresses, such
as heat, salt, and drought. Recently, more and more studies show that transgenic plants
overexpressing RCI2 genes showed high tolerance to abiotic stresses [7,8,12]. C-repeat bind-
ing factor/dehydration-responsive element binding (CBF /DREB1) transcription factors
can regulate some cold-induced genes of Arabidopsis. The OsLti6b is highly expressed in
CBF1/DREB1b transgenic rice, suggesting that it may play a role in the signaling pathway
downstream of the rice CBF1/DREB1b ortholog [13]. Therefore, the RCI2 gene plays a
crucial role in regulating plant growth and development and abiotic stress responses [10].

Prunus mume is an important woody ornamental plant in early spring with an attrac-
tive aroma, colorful petals, and diverse petal shapes. However, traditional P. mume varieties
cannot naturally overwinter on land in the north temperate zone, which seriously limits
their economic and ornamental value [14]. Breeding super cold-resistant P. mume varieties
is an important topic at present; however, the molecular mechanism of P. mume responding
to low temperatures is still unclear. Here, we identified 23 members of the RCI2s family
in 7 Rosaceae plants and analyzed their gene sequences, phylogenetic trees, evolutionary
relationships, and expression patterns under different low-temperature conditions. The
findings of this study provide a basis for a comprehensive understanding of the phylo-
genetic relationship of the RCI2s family in Rosaceae and their functions in response to
low-temperature stress in P. mume.

2. Materials and Methods
2.1. Plant Materials

The plant materials used for qRT-PCR were collected from the greenhouse of Beijing
Forestry University. Healthy plants of P. mume “Zao Lve” with the age of two years were
selected. Plant material was treated at different temperatures (4, 0, —4, —8 °C) for 4 h
and at 4 °C for different durations (0, 1, 3, 5, 7, 9, 11 d), respectively. Annual shoots from
five plants with different treatments were collected and mixed for RNA-seq with three
biological repeats. All samples were immediately frozen in liquid nitrogen and stored at
—80 °C for further usage.

2.2. Plants Genome Resources

The high-quality genome assembly and annotation files of A. thaliana (TAIR10.41),
Prunus dulcis (v4.0), Prunus salicina (v2.0), Prunus armeniaca (v1.0), Prunus persica (v2.0),
Prunus avium (v1.0.al), Rosa chinensis (v1.0), and P. mume (v1.0) were downloaded from
Ensembl Plants (https:/ /plants.ensembl.org/index.html, accessed on 22 July 2022) [15]
and the Genome Database for Rosaceae (GDR, https://www.rosaceae.org, accessed on
22 July 2022) [16].

2.3. Identification of RCI2s Gene Family

According to the A. thaliana RCI2 family protein sequence, the BLAST GUI Wrapper-
Two Sequences Files (E = 10~°) in TB tools (v1.0987663) software [17] were used to search
for RCI2 family members in 7 Rosaceae plants. We used phylogenetic trees, sequence size,
and conserved domain calibration to check the genetic members and finally screened out
RCI2s members of 7 Rosaceae plants. With the aid of a phylogenetic tree, sequence size,
and conserved domains, we deleted the false gene members. Molecular weights (MW) and
isoelectric points (pl) of the RCI2s family members were calculated using the online tool
ExPASy (https:/ /www.expasy.org/, accessed on 23 July 2022), The subcellular localization
of 7 Rosaceae plants was predicted using the subcellular localization tool WoLF PSORT
(https:/ /wolfpsort.hgc.jp/, accessed on 25 July 2022).
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2.4. Gene Structure and Protein Conserved Motif Analysis

For investigating the RCI2 domains of the closely related P. persica, P. mume, P. armeni-
aca, and P. salicina in Prunoideae, the conserved domains of the RCI2s gene family were
obtained by NCBI CD-Search (https://www.ncbi.nlm.nih.gov/cdd/, accessed on 23 July
2022) and Pfam (https:/ /pfam.xfam.org, accessed on 23 July 2022). The RCI2 proteins were
submitted to MEME (v4.12.0) [18] with settings (-nmotifs 3 -minw 8 -maxw 50, accessed on
23 July 2022) to search for conversed motifs. At the same time, Muscl was used to perform
multiple sequence alignments of the full-length RCI2 protein sequences of seven Rosaceae
plants. The trimAlI (v2.1.3) was used to trim the alignment results, and IQ-tree (v2.1.3) was
used to automatically screen amino acid replacement models [19]. Finally, TB tools [17]
was used to conduct the tree-structure-motif map.

2.5. Chromosome Location and Synteny Analysis

Gene tandems were analyzed using the Multiple Collinearity Scan Toolkit (MCScanX)
in TB tools with the default parameters. McscanX analyzed the synteny of the RCI2s across
A. thaliana, P. salicina, P. armeniaca, P. persica, and P. mume, which were visualized in TB tools.
The chromosomal length and location information of RCI2s were extracted from the gff
and fasta files downloaded from the P. mume genome project. TB tools [17] were used to
map chromosome distribution of RCI2s family members of P. mume.

2.6. Cis-Acting Element Analysis of RCI2 Gene Promoters

A cis-element analysis of the 2000 bp upstream genomic sequences of PmRCI2s genes,
retrieved from the P. mume genome database. was performed by PlantCARE (https://
bioinformatics.psb.ugent.be/webtools/plantcare /html/, accessed on 20 August 2022) [20],
and these sequences were used as putative promoter sequences (Table S1). Then, we
screened the results and visualized them by constructing the element distribution with TB
tools [17].

2.7. Phylogenetic Analysis of RCI2s

The protein sequences in eight species (A. thaliana, P. dulcis, P. salicina, P. armeniaca,
P. persica, P. avium, R. chinensis, and P. mume) were aligned by ClustalX [21]. At the same
time, we constructed the maximum likelihood tree using IQ-tree (v2.1.3) [22]. Finally, the
Chiplot (https:/ /www.chiplot.online/, accessed on 15 July 2022) was used to decorate this
phylogenetic tree.

2.8. Expression Pattern of PmRCI2s

Aiming to investigate the expression pattern of PmRCI2s involved in tissues devel-
opment and low-temperature response, raw data (Tables S2-54) from the RNA-seq were
collected from different tissues, different dormancy periods, and natural overwintering
conditions of P. mume. The different tissues of P. mume included flower buds, fruits, leaves,
roots, and stems [23]. The different dormancy periods of P. mume “Zao Lve” buds over-
wintering in open fields in Beijing area included EDI (Endodormancy I, November), EDII
(Endodormancy II, December), EDIII (Endodormancy III, January), and NF stage (Natural
Flush, February) [24]. Using the stem of “Songchun” cultivar as material, the transcriptome
data of PmRCI2s was acquired in three different seasons (autumn, October; winter, January;
spring, March) under natural cold at three different places: Beijing (BJ, 39°54' N, 116°28' E),
Chifeng (CF, 42°17' N, 118°58’ E), and Gongzhuling (GZL, 43°42" N, 124°47' E). We used
TB tools [17] to analyze these data and drew gene expression heatmaps.

In order to investigate the expression pattern of PmRCI2s under different cold treat-
ment conditions in P. mume “Zao Lve”, the grafted annual stems of “Zao Lve” were used.
Additionally, whole plants were treated at 4 °C for 0,1, 3,5,7,9,11d,and 4, 0, —4, and
—8 °C for 6 h. The culture material at 24 °C was used as the inner group control. RNA
extraction was performed on the treated material using RN Aprep Pure Plant Plus Kit (TIAN-
GEN, Beijing, China). First-strand cDNA synthesis was performed using a TIANScript

161



Horticulturae 2022, 8, 997

First Strand cDNA Synthesis Kit (Tiangen, Beijing, China) according to the manufacturer’s
instructions. The Integrated DNA Technologies (IDT, https:/ /sg.idtdna.com, accessed on
23 July 2022) was used to design qRT-PCR primers (Table S5), and TB Green chimeric fluo-
rescence method was used for Real-Time PCR. qRT-PCR was carried out using a PikoReal
real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA). PmPP2A gene of P.
mume was selected as the internal reference gene [25]. The experiment was carried out with
three biological replicates and three technical replicates, and the expression level of target
genes was calculated by the 2-44Ct method [26].

3. Results
3.1. Identification of Rosaceae RCI2s Gene Family

Three members of the RCI2 family were obtained by BLSATp in P. mume genome
and named PmRCI2-1 (Pm027750), PmRCI2-2 (Pm003262), and PmRCI2-3 (Pm003263). We
also identified members of the RCI2 family in the genomes of almond (Prunus dulcis),
plum (Prunus salicina), peach (Prunus persica), apricot (Prunus armeniaca), cherry (Prunus
avium) and rose (Rosa chinensis). The amino acid length of RCI2 in seven Rosaceae plants
was between 55 aa and 149 aa, and the molecular weight (MW) was between 5.85 kDa
and 15.74 kDa. Pav_sc0000749.1_g020.1.mk:mrna in P. armeniaca encoded the RCI2 protein
with the largest MW among the seven plants, and the predicted isoelectric point (pI) was
4.09~9.95 (Table 1). Subcellular localization prediction results showed that the RCI2 genes
of seven plants were all located in the membrane structures, of which 39% were located in
the plasma membrane, and 57% were located in the vacuole.

Table 1. Basic characteristics of the RCI2 gene family in seven Rosaceae plants.

Basic Features

Species Gene ID icti
P P MW/kDa Length/aa Prediction o.f St_lbcellular
Localization
Prunus dulcis VVA22294 7.87 12.37 118 Plasma membrane
ONH98753 5.09 8.53 77 Vacuole
ONI04115 5.43 6.33 58 Plasma membrane
Prunus persica ONI04114 4.68 6.01 55 Vacuole
ONI03135 9.69 7.33 69 Plasma membrane
ONI24010 7.81 13.94 140 Plasma membrane
PARG28267m01 6.15 14.13 123 Plasma membrane
Prunus armeniaca PARG02720m01 9.95 12.73 115 Mitochondrion
PARG18782m01 4.25 5.93 55 Vacuole
Pav_sc0001938.1_g430.1.mk:mrna 4.68 6.01 55 Vacuole
P ) Pav_sc0001938.1_g440.1.mk:mrna 6.5 6.03 55 Plasma membrane
runus qotm Pav_sc0000749.1_g020.1.mk:mrna 8.79 15.74 149 Plasma membrane
Pav_sc0000582.1_g860.1.mk:mrna 8.86 15.12 136 Plasma membrane
PRQ17753 4.75 6.6 64 Vacuole
PRQ42527 5.82 6.02 55 Vacuole
R hi . PRQ42528 5.93 6.36 58 Vacuole
0sit Chmensts PRQ58884 425 5.85 55 Vacuole
PRQ43472 4.09 7.53 71 Vacuole
PRQ46105 5.01 8.59 79 Vacuole
Pm027750 4.79 8.65 77 Vacuole
Prunus mume Pm003262 5.43 6.35 58 Plasma membrane
Pm003263 9.58 15.27 135 Vacuole
Prunus salicina evm.model. LG07.71 4.79 8.65 77 Vacuole
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3.2. Gene Structure Analysis and Phylogenetic of RCI2 Genes

Chromosome position analysis showed that three PmRCI2s were located in two differ-
ent chromosomes in the P. mume genome, two on chromosome 1 and one on chromosome 8
(Figure 1a). In order to better analyze the gene structure of RCI2s in P. mume, we analyzed
the RCI2s domains of P. armeniaca, P. salicina, P. persica, and P. mume (Figure 1b), which were
closely related in the Rosaceae Prunoideae. A high degree of similarity in the structure of
the RCI2s was found among these four plants. The motif was analyzed by MEME software,
and three different motifs were identified (Figure 1b). Except for ONI03135 in P. persica,
other RCI2s all contained two motifs (Motif 1 and Motif 2), indicating that these two motifs
were conserved in the RCI2s family in P. armeniaca, P. salicina, and P. mume. In the four
species, motif 3 was generally at the end of the peptide segment and it was only present in
clade A of the RCI2s.

et PARG1G762mo1 TR F—) s |

] PRQ17753 —_—T—
ONHEB753 T [—
ez —— —_—
.E PARG28267m01  —— [ T = —_—
(R N——
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Figure 1. Gene locations and structures of RCI2s in Rosaceae. (a) Gene locations of PmRCI2s on the
P. mume chromosome. (b) The motif composition and conserved domains were identified in RCI2s of
P. mume, P. armeniaca, P. salicina, and P. persica.

In order to explore the phylogenetic relationship of RCI2s, we used a maximum
likelihood method to create a phylogenetic tree of eight plants (Figure 2). The 23 identified
RoRCI2 proteins were divided into three distinct clades. Clade A was the largest group
and contained the most members (twelve) as compared to clade B containing only eight
members (Figure 2). The PmRCI2s were only found in clades A and C, where PmRCI2-1
was homologous to PARG28267 in the P. armeniaca and evm.model. LG07.71 in P. salicina,
PmRCI2-2 was homologous to PARG02720 in P. armeniaca, and PmRCI2-3 was homologous
to ONI04114 in P. persica.

3.3. Analysis of Cis-Elements in the Promoters of PmRCI2s

Identification of cis-elements in the promoter region can help to explore the possible
regulatory mechanisms of PmRCI2s in P. mume. Predicted results of PlantCARE (Table S6)
showed that stress response elements were the most abundant (57.65%) among the other
elements. multiple number of elements were involved in the light response, such as G-box,
GT1-motif, and I-box. They were widely distributed in PmRCI2s promoters (Figure 3a,b).
Anaerobic induced element (ARE) and MBS, involved in drought inducibility, were found
in PmRCI2-1 and PmRCI2-2. Low-temperature response element (LTR) was found only
in PmRCI2-2. Notably, PmRCI2-2 only contained some light response elements in stress
responses (Figure 3c). In addition, hormone-related elements such as CGTCA-motif,
TGACG-motif, P-box, TGA-box, and TCA-element participating in different hormone
responses including MeJA, auxin and salicylic acid were found (Figure 3c). All PmRCI2s
genes had abscisic acid response element (ABRE), and the number of this element was the
largest (Figure 3b), PmRCI2-2 contained seven ABREs, and PmRCI2-3 contained six ABREs.
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Figure 2. Phylogenetic tree of RCI2s in Rosaceae. The ML phylogenetic tree of RCI2s family in
P. dulcis, P. salicina, P. persica, P. armeniaca, R. chinensis, P. mume, and A. thaliana.
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Figure 3. Cis-elements analysis of PmRCI2s promoters. (a) The distribution of the main cis-elements

on promoter of identified PmRCI2s gene. (b) The proportion (%) of cis-elements in the PmRCI2s

promoters involved in stress and hormone responses. (¢) Heatmap of the cis-elements involved in

stress responsiveness, and hormone responsiveness.

3.4. Collinear Analysis of RCI2s in Rosaceae and A. thaliana

In order to further analyze the evolution of RCI2s in Rosaceae plants, we performed
an inter-genome comparison and collinearity analysis of A. thaliana, P. mume, P. armeniaca,
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P. salicina and P. persica (Figure 4). There were 4 RCI2s homologous gene pairs between
A. thaliana and P. mume. PmRCI2s (PmRCI2-1, PmRCI2-2) had two collinearities in A. thaliana
(AT3G056880.1/AT1G57550.1, AT2G24040.1/AT4G30650.1), one collinearity in P. persica
(ONH98753, ONI04114) and in P. armeniaca (PARG28267, PARG02720). In addition, there was
only one pair of RCI2 family homologous genes between P. mume and P. persica, suggesting
that RCI2s family was contracted in some Rosacea genomes. PmRCI2-3 homologous gene
could not be found in these species, suggesting that PmRCI2-3 was a unique gene in P. mume,
which might be mutated.

Pm1 Pm2

Pm3 Pm4 Pm$ Pmé Pm7 Pm8
Prunus mume — [ — (— (— (— (— [ —

Prunus persica

. LG
Prunus armeniaca | ee—

LGO1 LG02 LGO03 LG04. LGOS LG06 LGO7 LGO08
—

Prunus salicina [ e—— —— —— —— ([ —

Figure 4. Syntenic analyses of RCI2s in P. mume and other plants. Blue lines represent syntenic RCI2
gene pairs.

3.5. Expression Pattern of PmRCI2s under Cold Stress

PmRCI2s was expressed differently in different tissues of P. mume, such as PmRCI2-3
had a low expression level in roots, but relatively high expression in stems and buds,
and PmRCI2-2 had a relatively high expression level in fruits and leaves (Figure 5a).
The expression level of PmRCI2-1 and PmRCI2-2 gradually accumulated and reached the
maximum at the NF stage when the bud dormancy was released, and the expression
level of PmRCI2-2 was higher than that of PmRCI2-1. On the contrary, the expression
level of PmRCI2-3 gradually upregulated from EDI to NF stage (Figure 5b). Moreover,
we examined the expression pattern of “Songchun” cultivar in stems in different seasons
at three places in BJ, CF, and GZL. In the same season, the expression levels of the three
PmRCI2s increased with the decrease in the average temperature in different locations. The
variation trend of gene expression of the same gene in different places was different. For
example, in Beijing and Chifeng, the expression level of PmRCI2-1 decreased from autumn
to spring, but in Gongzhuling, the expression level of PmRCI2-1 increased during the cold
acclimation period and decreased after the cold acclimation period (from winter to spring).
Geographical factors and the cold resistance of the plants may explain differences in gene
expression. In addition, we found that the overall expression level of PmRCI2-3 was higher
than that of the other two genes during the cold acclimation period (from autumn to winter)
at the same place (Figure 5c).
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Figure 5. The expression pattern of PmRCI2s. (a) The expression level of PmRCI2s in different tissues
of P. mume. (b) An examination of the expression levels of PmRCI2s in flowers of P. mume “Zao Lve”
during three stages of endodormancy at low temperatures. (c) Three regional test sites (Beijing, BJ;
Chifeng, CF; Gongzhuling, GZL) were used to collect data on the expression accumulation of P. mume
“Songchun” stems during three different periods (autumn, winter, and spring). In the same season,
the average temperature of different locations is ranked from high to low.

For further understanding the role of PmRCI2 genes in response to cold stress, the
expression level of PmRCI2 genes under different treatments was detected by qRT-PCR
(Figure 6). Under the condition of cold treatment at 4 °C, the expression level of PmRCI2-
3 was significantly higher than that of without cold treatment. The expression level of
PmRCI2-3 increased gradually with the prolonged cold treatment time and reached the
maximum value at 9 d. The increase in the expression of PmRCI2-3 was also significantly
higher than the other two genes. Under different temperature treatments, the expression
levels of PmRCI2-1 and PmRCI2-2 fluctuated to a certain extent but did not show a signifi-
cant upward or downward trend. However, the expression level of PmRCI2-3 gradually
increased with the severity of cold stress and reached a peak at —8 °C. These results demon-
strate that PmRCI2-3 is significantly induced by cold stress and plays an important role in
resisting constant low-temperature conditions.
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Figure 6. qRT-PCR analysis of PmRCI2s in an annual branch of the cultivar “Zao Lve” under low-
temperature treatment. The grafted annual stems of “Zao Lve” were treated at 4 °C for 0,1, 3,5, 7,9,
11d,and 4, 0, —4, and —8 °C for 6 h, the culture material at 24 °C was used as the inner group control.
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4. Discussion

Low-temperature stress severely restricts grain production, and China loses 300-500 mil-
lion tons of rice each year due to cold damage [27]. Low temperatures in early spring and
in late spring are the main disastrous weather for agricultural production in the northern
temperate zone. Meanwhile, low-temperature stress in early spring is also one of the
limiting factors for the growth and distribution of Prunus genus. At present, RCI2 family
genes have been identified in A. thaliana [9], Oryza sativa [13], Cucumis sativus [5], and
other plants, and related studies have shown that RCI2s are involved in the biological
activities of plants in response to cold stress. In this study, we identified 23 RCI2 genes
from seven Rosaceae plants, of which 3 PmRCI2s genes (PmRCI2-1, PmRCI2-2, PmRCI2-3)
belonged to P. mume (Table 1). Among the four species of P. armeniaca, P. salicina, P. persica,
and P. mume, P. salicina had only one member of the RCI2 gene family, while P. persica
had the most members, containing five RCI2s. An equal number of RCI2 gene family
members were found in P. armeniaca and P. mume. This is in line with the evolutionary
relationship of these four plants, indicating the expansion of the family during the evo-
lution of the Prunus genus. In addition, the collinearity analysis showed that P. salicina,
P. armeniaca, and P. mume all contained part of the RCI2 gene family members homolo-
gous to AT3G05880.1/AT1G57550.1, AT2G24040.1/ AT4G30650.1 of A. thaliana, while the
evm.model. LG07.71 of P. salicina was homologous to AT3G05880.1, suggesting that the genes
homologous to AT3G05880.1/AT1G57550.1 in these four plants are all generated by genome
amplification (Figure 4).

The RCI2s play a role in different membrane structures in the cell [4]. Abiotic stress
can affect the normal physiological activities of plants by changing the membrane structure
in cells. For instance, heat stress alters thylakoid structure and reduces photosystem
activity [28]. In this study, we predicted that PmRCI2-1 and PmRCI2-3 were located in
the vacuole, whereas PmRCI2-2 was located on the plasma membrane (Table 1). Plant
cell vacuole contains various substances such as inorganic salts, organic acids, and sugars,
which play an important role in maintaining intracellular ion homeostasis [29]. Therefore,
PmRCI2-1 and PmRCI2-3 may have special functions in response to abiotic stresses and
maintain normal plant growth and development. Like OsLti6b in O. sativa [13,30] and
AITMP?2 in A. littoralis [10], these genes are also localized in the vacuole and exhibit
resistance to cold stress.

Plenty of evidence indicates that salt stress and cold stress are major abiotic stressors
that induce RCI2s [30,31]. The plant materials used are perennial plants with robust growth,
which can respond to cold stress normally; however, in our study, only PmRCI2-3 was
found to have a strong response to low-temperature stress (Figure 6). The expression level
of PmRCI2-3 always maintains a high expression level under long-term low-temperature
treatment. The expression level of PmRCI2-2 increased with the prolongation of the cold
treatment time, reached a peak expression in 9 d, and then began to decline. However,
the expression trend of PmRCI2-1 was opposite to that of PmRCI2-2, and it increased after
9 d. Under different temperature treatments, the expression level of PmRCI2-3 gradually
increased with the decrease in temperature, while the expression level of PmRCI2-1 and
PmRCI2-2 showed a trend of first decreasing and then increasing. All three PmRCI2s had
Pmp3 conserved domains unique to the RCI2s gene family and contained motif 1 and
motif 2. Through the analysis of cis-acting elements, no cold-responsive elements were
found for PmRCI2-3 with the highest expression under low-temperature stress (Figure 3).
Similar results have been found in cucumber [5], which may be due to the presence of an
unknown cold-responsive cis-element in the promoter region.

All three PmRCI2s promoter regions contain many abscisic acid response elements
(ABRE), which is consistent with the report of a large number of ABRE found in the RCI2
gene promoters of Cucumis sativus [5] and Brassica napus [32]. ABA induces second messen-
gers to activate defense responses by generating ROS, and the expression of antioxidant
enzyme genes and non-enzymatic defense system genes is also activated by the ABA
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signaling-inducible mechanism [33]. This shows that P. mume may employ ABA-induced
RCI2s expression in response to cold stress.

5. Conclusions

Twenty-three RCI2 genes were identified from seven Rosaceae plants by genome-
wide screening. Three PmRCI2 genes (PmRCI2-1, PmRCI2-2, PmRCI2-3) from P. mume
were cloned and systematically analyzed. The results of qRT-PCR showed that PmRCI2-
3 is significantly induced by low temperature and highly expressed in stems and buds
during endodormancy stage. Our findings provide key candidate genes for cold resistance
breeding of P. mume and other Prunus species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae8110997 /s1. Table S1: The promoter sequence of
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Abstract: Turfgrasses are considered an important part of the landscape and ecological system of
golf courses, sports fields, parks, and home lawns. Turfgrass species are affected by many abiotic
stresses (e.g., drought, salinity, cold, heat, waterlogging, and heavy metals) and biotic stresses (mainly
diseases and pests). In the current study, seashore paspalum (Paspalum vaginatum Sw.) and Tifway
bermudagrass (Cynodon transvaalensis Burtt Davy x C. Dactylon) were selected because they are
popular turfgrasses frequently used for outdoor lawns and sport fields. The effect of the combined
stress from both soil salinity and cold on these warm season grasses was investigated. Some selected
organic and inorganic amendments (i.e., humic acid, ferrous sulphate, and silicon) were applied as
foliar sprays five times during the winter season from late October to March. This was repeated over
two years in field trials involving salt-affected soils. The physiological and chemical parameters of the
plants, including plant height; fresh and dry weight per plot; total chlorophyll content; and nitrogen,
phosphorus, iron, and potassium content, were measured. The results showed that all the studied
amendments improved the growth of seashore paspalum and Tifway bermudagrass during this
period compared to the control, with a greater improvement observed when using ferrous sulphate
and humic acid compared to silicon. For seashore paspalum, the highest chlorophyll content in April
was recorded after the application of ferrous sulphate at a level of 1000 ppm. The current research
indicates that when grown on salt-affected soils, these amendments can be used in warm-season
grasses to maintain turf quality during cold periods of the year. Further research is needed to examine
any negative long-term effects of these amendments and to explain their mechanisms.

Keywords: Cynodon transvaalensis; diatomite; Paspalum vaginatum; seashore paspalum; Tifway
bermudagrass; salt-affected soil

1. Introduction

Turfgrasses have been utilized by humans for centuries in outdoor sports fields such
as football fields and golf courts due to their low cost and safe recreational surface [1].
These grasses also have other important functions; they help to reduce surface water runoff
and work as an eco-barrier that protects urban wildlife [2]. Among the 40 most important
turfgrasses, two—Tifway bermudagrass (Cynodon transvaalensis Burtt-Davy x C. Dactylon)
and seashore paspalum (Paspalum vaginatum Sw.)—were considered warm-season species.
Tifway bermudagrass is a hybrid developed by Glenn Burton and released by the University
of Georgia in 1960 [3]. It has a dark green color with medium-sized, fine-textured leaves
and a high shoot density. Tifway bermudagrass is commonly grown in the tropics and

Horticulturae 2023, 9, 49. https:/ /doi.org/10.3390 /horticulturae9010049 170 https://www.mdpi.com/journal /horticulturae



Horticulturae 2023, 9, 49

subtropics as a warm-season grass and provides an excellent surface for golf course fairways
and athletic fields [4]. Seashore paspalum is native to tropical coastal environments. Despite
its many desirable characteristics, including salinity tolerance [5] and turf quality [6], the
species is less widely used on golf courses and sports fields. Turfgrass quality is particularly
important for managers of recreation and sports facilities [7]. Turfgrass quality includes
functional characteristics such as uniformity, density, leaf texture, leaf color, and ground
cover [8]. Turfgrass species may vary in terms of appearance, use, requirements, and
stress tolerance [9].

Abiotic stresses (e.g., drought, salinity, and cold stress) inhibit a plant’s water uptake
by creating osmotic imbalance or osmotic stress at the root—soil interface, and are considered
to be the main factors that limit the growth and development of turfgrasses [10]. There
are few studies published about the effect of combined abiotic stresses on turfgrasses (e.g.,
Torun et al. [11]), whereas the effect of individual stresses such as salinity stress is more
widely investigated [10,12]. Cold temperature is a major abiotic stress affecting warm-
season turfgrasses that ultimately leads to reduced growth and quality due to wilting and
leaf firing [13]. Cold stress may also induce dormancy and affects CO, absorption during
photosynthesis, thus promoting a decline in the photosynthetic production [14]. Warm-
season grasses grow most actively within the temperature range 25-35 °C [1], whereas the
optimal range for growth of cool-season grasses is 1624 °C [15]. Turfgrasses of tropical
and subtropical origin are susceptible to injuries at temperatures below 12 °C [16]. Plant
nutrients (i.e., exogenous and indigenous) have beneficial effects on grass metabolism,
including stimulating vital processes that result in greater turfgrass tolerance to abiotic and
biotic stresses such as applied calcium [13] or foliar application of amino acids [17]. Thus,
the application of amendments could benefit warm-season grasses during the winter in
arid/semi-arid regions.

Agricultural production involves many abiotic and biotic stresses. These stresses
can be ameliorated using many different organic materials (e.g., humic substances, or-
ganic matter, compost, etc.) and inorganic amendments (e.g., silicon sources, sulfuric
compounds, selenium, etc.) [18]. These amendments have various roles in supporting
crop production under stressful conditions [19]. Concerning silicon, it is the second-most
abundant element in the earth’s crust, and can be found in biological systems in the form
of amorphous silica [20]. Silicon is considered a vital soil amendment which can improve
resistance/tolerance to biotic/abiotic stresses in many plant species [20]. Silicon can im-
prove the production of many crops under different stresses, such as water deficit [21],
heavy metals toxicity [22], drought stress [23], and biotic stress [24]. Humic substances
(mainly humic, fulvic, and acids) significantly impact plant cultivation by stimulating
plant nutrient uptake, phytohormone signaling, enzyme antioxidants, and photosynthetic
efficiency and regulating reactive oxygen species [25]. Humic substances can promote plant
growth and development under different stresses such as salinity [25], soil remediation [26],
drought and salinity [27], and biotic stress [28]. Sulfur compounds, which function like
soil amendments or conditioners of salt-affected soils when oxidized into sulfuric acid,
also have a vital role [29]. Sulfur is also effective at remediating alkaline/sodic soil by
decreasing soil pH and increasing the concentration of sulfate anions [30].

Therefore, this study sought to answer the following specific research questions:

(1) Which turfgrass is more tolerant to combined cold and salinity stress?

(2) Which applied amendment is more effective in mitigating these previous stresses on
the studied turfgrasses?

(3)  Which source of silicon and its applied dose is the best to ameliorate the growth and
quality of the studied turfgrasses?

(4) Which dose of the applied amendment can be used under salt-affected soil conditions?
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2. Materials and Methods
2.1. Experimental Design and Growth Conditions

Two turfgrasses (i.e., seashore paspalum and Tifway bermudagrass; hereby referred
to in the text as SP and TB, respectively) were examined in field trials during winter
months at the experimental farm of the Faculty of Agriculture at Kafrelsheikh University
(31°05'54” N and 30°57’00” E). The daily minimum and maximum temperatures (at 2 m
from the ground) during the experimental period ranged from 7 to 23 °C and 11 to 32 °C,
respectively, in the 2018/2019 season and from 7 to 25 °C and 11 to 35 °C, respectively,
in the 2019/2020 season. The soil used was salt-affected soil. The soil texture (0-20 cm)
was classified as clay, with the particle size distribution being 19.7% sand, 25.0% silt,
and 55.3% clay. The soil salinity (EC), pH, and sodium adsorption ratio (SAR) were
4.49 dSm~!, 8.65, and 19.0, respectively. The soil organic matter and soil cation exchange
capacity (CEC) were 14.5 g kg~ ! and 40.5 cmol. kg ™! soil, respectively, and the water table
was at 90 cm from the soil surface. The available N, P, and K values were 30, 12, and
185 mg kg~ !, respectively. The main soil moisture parameters, which were field capacity,
wilting point, and available water, had values of 43.25, 23.11, and 20.14%, respectively.
The previous soil parameters were determined according to the methods described by
Sparks et al. [31] and Campbell [32]. In the current study, selected amendments, including
both organic (humic acid) and inorganic amendments (sources of sulfate and silica), were
tested. Compost (2.38 kg m~2) was applied to the research area on November 1st of each
season. To both reduce the surface tension of the leaves and to avoid surface runoff, 0.1%
Tween 20 (Polysorbate 20) was added into the sprinkler system.

The irrigation water used was a non-saline fresh water with pH and EC values of
7.71 and 225 ppm, respectively. The contents of available N and P in the irrigation water
were 0.09 and 28 mg L1, respectively. Irrigation was performed according to the recom-
mendations of the Ministry of Agriculture and Land Reclamation of Egypt. Throughout
the experiment, the turfgrasses were mowed at a height of 3 cm using the appropri-
ate mowing machine 2-3 times a week during the warm months of the year and from
0 times to 1 time a week during the cold months. The plants were sprinkler-irrigated for
15 min three times a week and fertilized with NPK (20:20:20) once a week at a rate of
1.5 g L~! through the sprinkler irrigation system. The temperature during the study was
recorded and the relevant data were provided as the average maximum and minimum per
month (Figure 1).
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Figure 1. Average maximum and minimum temperature and relative humidity per month during
the study in both seasons.

2.2. Treatments and Their Sources

The plant materials were obtained from the Horticulture Department at Kafrelsheikh
University. A field study was run from October to April over two separate cold seasons.
Some of the amendments that were investigated in the current study included humic acid
(organic) and sources of iron and silicon (inorganic). Both types of grasses were treated
with humic acid, ferrous sulphate (FeSOy), and two silica (S) sources (low level or Citrok
Plus silica as 3% SiO; and high level or diatomite silica as 86-89% SiO,) in two doses
(Table 1 and Figure 2). Each experimental plot consisted of one grass unit with an area
of 10 m?. Each unit received five sprays every two weeks starting from 9 October until 9
December. After 9 December, the units were sprayed until the point of run-off at 20 days
intervals. Treatments in both seasons were arranged according to a randomized complete
block design (RCBD) with three replicates.

Table 1. Overview of the different treatments and their applied doses.

. . Active Ingredient in the
Code Treatments (Applied Dose) Details of the Amendments Used Applied Products
C Control Tap water oo
HAI1 Humic acid (1000 ppm) Humic (20%) from GrowTe.ch for Agricultural Development, Humic acid (0.02%)
Cairo, Egypt
HA2 Humic acid (2000 ppm) Humic (20%) from Grongch for Agricultural Development, Humic acid (0.04%)
Cairo, Egypt
Ferrous sulphate X-xtra Iron (10%) from Growth Products Ltd., White Plains, o
FS1 (250 ppm) NY, USA FeSOy (0.0025%)
Ferrous sulphate X-xtra Iron (10%), Growth Products Ltd., White Plains, NY, o
Fs2 (1000 ppm) USA,1cmL-1 FeSO4 (0.01%)
. Citrok plus (3% silica) from Novac Bio Science, El Mansurd, . o
S1 Silica (3000 ppm) Egypt, 3%, SiO; SiO; (0.009%)
. Citrok plus (3% silica) from Novac Bio Science, El Mansurd, . o
S2 Silica (6000 ppm) Egypt, 3%, SiO; SiO; (0.018%)
. . Diatomite (86-89% SiO;) from Shengmai Diatomite . 1
D1 Diatomite (1000 ppm) Functional Material Co. Ltd., Linjiang, China, 86-89% SiO, 50, (0875g L)
D2 Diatomite (2000 ppm) Diatomite (86-89% SiO;) from Shengmai Diatomite

Functional Material Co. Ltd., Linjiang, China, 86-89% SiO,

SiO, (1.75g L 1)
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Figure 2. Overview of the experimental design including the main treatments, different applied
doses of each treatment, and studied measurements.

2.3. Plant Physiological and Chemical Parameters

Different vegetative characteristics, including the dry weight of leaves; plant height;
number of leaves, branches, and roots; and finally, the length of the longest root, were
measured. The area of each plot used to measure these parameters was 100 cm?. For
chemical characteristics, total chlorophyll was measured in fresh leaf samples using an
SPAD instrument (SPAD 501 leaf chlorophyll meter, Minolta, Co., Ltd., Tokyo, Japan)
according to the method described by Netto et al. [33]. Nitrogen (N) content was determined
using the micro-Kjeldahl instrument (UDK 159, Velp Scientifica, Usmate, Italy), phosphorus
(P) content was determined using a spectrophotometer (Libra SS0PC, Biochrom, Cambridge,
UK), and iron (Fe) and potassium (K) contents were measured using an inductively coupled
plasma-optical emission spectrometry (ICP-OES) apparatus (Prodigy 7, Leeman Labs.,
Hudson, NH, USA) according to the method described by Sparks et al. [31]. Only plant
height and total chlorophyll were recorded twice in each season during January and April;
the remaining vegetative characteristics as well as the chemical composition were both
measured only once in January.

2.4. Plant Quality Parameters

The main parameters of turfgrass quality were measured with the naked eye and
included the visual turf color, turf density, and turf uniformity. The scorings were done
according to the National Turfgrass Evaluation Program or NTEP guidelines [34]. The
rating scale for most visual parameters (mainly turf color and density) ranged from 1 to 9,
where 1 is the poorest or lowest value and 9 is the highest or best rating. In the winter, turf
color is around a 1 on the visual rating scale if it is straw-brown or has not retained any
color and is considered a 9 if it is dark green. All quality parameters were recorded only
once in January.
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2.5. Statistical Analyses

Statistical analyses were performed using the statistical software SAS (version 9.1;
SAS Institute, Cary, NC, USA). One-way analysis of variance (ANOVA) and species-wise
Duncan’s multiple range tests were used to compare the mean values between the two
seasons [35].

3. Results
3.1. Applied Amendments and Vegetative Growth

For each of the two studied turfgrass species, six vegetative parameters, including
the dry weight of leaves (g); plant height (cm); number of leaves, branches, and roots; and
finally, the length of the longest root (cm), were measured. The mean values of plant height
and the number of branches and roots were tabulated in Tables 2 and 3, respectively, while
the mean values for the dry weight of leaves, number of leaves, and the length of the longest
root were presented in Figure 3. From the data in Table 2, it is apparent that the height
of both turfgrasses was significantly influenced by the applied amendments in January
and April. In both species and across both seasons, the measured mean values of plant
height in January were lower than those in April. For each season, the highest respective
values of plant height in January were 2.7 and 3.6 cm for SP and 2.7 and 3.5 cm for TB,
whereas the highest respective mean values in April were 3.7 and 6.7 cm for SP and 3.6 and
5.6 cm for TB. For both plant species, it was noted that across both seasons, the previous
highest values were recorded when ferrous sulphate was applied at a concentration of 250
or 1000 ppm. It was also noted that different sources of silicon were less effective compared
to other amendments (humic and iron).

Table 2. Measured mean values of plant height (cm) of seashore paspalum and Tifway bermudagrass
treated with different amendments during January and April in two different seasons.

Treatments Seashore Paspalum (SP) Tifway Bermudagrass (TB)
Plant Height (cm) in the First Season
January April January April
Control (water) 25c¢ 31c 26b 29c¢
Humic acid (1000 ppm) 2.6 abc 3.4b 2.6b 3.2bc
Humic acid (2000 ppm) 2.7a 35b 2.6 ab 3.5ab
Ferrous sulphate (250 ppm) 2.7 abc 3.5ab 2.7a 3.6a
Ferrous sulphate (1000 ppm) 2.7 ab 37a 2.7 a 3.4 ab
Silicon (3000 ppm) 2.6 abc 33b 2.6 ab 3.1bc
Silicon (6000 ppm) 2.6 abc 3.5b 2.6 ab 3.0 bc
Diatomite (1000 ppm) 2.6 bc 33b 2.6 ab 3.3 ab
Diatomite (2000 ppm) 2.6 abc 34b 2.6 ab 34 ab
Plant height (cm) in the second season
Control (water) 3.0b 4.6d 3.0c 41d
Humic acid (1000 ppm) 3.3 ab 47d 3.2bc 4.8 bc
Humic acid (2000 ppm) 3.2ab 51cd 3.3ab 4.9bc
Ferrous sulphate (250 ppm) 3.4 ab 6.0b 35a 5.6a
Ferrous sulphate (1000 ppm) 3.6a 6.7 a 35a 54ab
Silicon (3000 ppm) 3.3 ab 51cd 3.4 abc 50b
Silicon (6000 ppm) 3.5ab 5.7 bc 3.4 bc 5.1ab
Diatomite (1000 ppm) 3.3 ab 5.5 bc 3.3 abc 43 cd
Diatomite (2000 ppm) 3.4 ab 5.6 bc 3.3 abc 5.0 ab

Means within each column that have the same letters are not significantly different from one another according to
the Duncan’s Multiple Range Test (at p < 0.05).
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Table 3. Number of roots and branches of both species treated with different amendments during the
studied seasons (area used for measuring was 100 cm?).

Seashore Paspalum (SP) Tifway Bermudagrass (TB)
Treatments No. of Roots No. of Branches No. of Roots No. of Branches

First season

Control (water) 531 281 17 ¢g 20 h
Humic acid (1000 ppm) 97 ¢ 65g 35d 40d
Humic acid (2000 ppm) 106 b 115a 38¢ 43¢

Ferrous sulphate (250 ppm) 119a 103 b 41b 46b

Ferrous sulphate (1000 ppm) 87 e 80e 40 a 49 a

Silicon (3000 ppm) 61h 49 h 29f 3lg

Silicon (6000 ppm) 93d 88d 33e 36e

Diatomite (1000 ppm) 80 f 72f 30 f 35e

Diatomite (2000 ppm) 78¢g 95 ¢ 29 f 33 f
Second season

Control (water) 60 i 30 h 21h 231
Humic acid (1000 ppm) 106 e 72£ 37d 45d
Humic acid (2000 ppm) 125¢ 117 a 42 ¢ 49 ¢

Ferrous sulphate (250 ppm) 174 a 111b 47b 55b
Ferrous sulphate (1000 ppm) 149b 103 d 58 a 64 a
Silicon (3000 ppm) 140 h 54¢g 28 ¢g 33h
Silicon (6000 ppm) 113d 107 ¢ 35e 4le
Diatomite (1000 ppm) 91g 80e 34e 37 £
Diatomite (2000 ppm) 95 f 110b 32 f 35¢g

Means within each column that have the same letters are not significantly different from one another according to
the Duncan’s Multiple Range Test (at p < 0.05).

The most striking result to emerge from the data in Figure 3 (which presents values as
an arithmetic mean of the two seasons) is that the mean values of the studied parameters
of SP, including the number of leaves, root length, and dry weight of leaves, were higher
than those of TB. Concerning the number of leaves, there were significant differences
between the studied species for all the amendments that were studied. Compared to
other amendments, the highest mean values of leaves were obtained after applying iron at
250 ppm, with the values obtained (near to 800 leaves per 100 cm?) being about four-fold
greater than those of the control treatment. All amendments increased the root length
compared to the control treatment. Although ferrous sulphate (both doses) produced the
longest roots (about 22 ¢cm) in both species, SP had the highest values, especially after
humic or iron treatments were applied. Compared to the control treatment, the dry weight
of leaves increased after applying each of the studied organic and inorganic amendments;
the mean values of SP were higher compared to the other species. The inorganic ferrous
sulphate still gave us the highest values (more than 5.2 g) of dry weight of leaves per
100 cm?, which represents more than a 2.5-fold increase compared to the control treatment.

In both species, the highest numbers of leaves were retrieved with the application of
ferrous sulphate. For SP, the highest numbers of branches (115 and 117 per 100 cm? in each
season, respectively) were found for humic acid at 2000 ppm, followed by ferrous sulphate
at 250 ppm. For TB, the highest numbers of branches (49 and 64 branches per 10 cm? in each
season, respectively) were recorded after applying ferrous sulphate at 1000 ppm, followed
by the same treatment at a dose of 250 ppm. In general, the mean values of number of roots
of SP were some folds higher than the values of other species (TB), with a similar trend
being observed for the number of branches (Table 3).

3.2. Applied Amendments and Turf Quality Parameters

Three different parameters of turf quality were evaluated: turf color, turf density, and
turf uniformity. In terms of leaf color, all amendments resulted in darker green leaves
than the control treatment, with the darkest colors being produced by ferrous sulphate,
followed by humic acid. Visual scoring of the turf density showed the same pattern as
described above, with the iron amendment resulting in the highest values. In general, the
mean values of turf color and turf density of SP were higher than those of the other species,
whereas the mean values of turf uniformity in both seasons were similar for both species
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(Table 4). In both grasses and for both seasons, all treatments resulted in significantly higher
turf quality (i.e., color, density, and uniformity) scores compared to the control treatment.
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Figure 3. Mean values of leaf dry weight (g), root length, and number of leaves measured in January
for the two species treated with different amendments obtained from combining the data from two
seasons. C = control, HA = humic acid, FS = ferrous sulphate, S = silica, D = diatomite. For more
details about the treatments used, please refer to Table 1. Values are presented as mean + standard
error of the mean, with the letter(s) from the species-wise Duncan’s multiple range tests indicated at
the top of each bar. The area used for measuring the parameters was 100 cm?.
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Table 4. Visual turf color score, turf density, and turf uniformity in seashore paspalum and Tifway
bermudagrass treated with different amendments (area used for measuring was 100 cm?).

Seashore Paspalum (SP) Tifway Bermudagrass (TB)
Treatments Turf Turf Turf Turf Turf Turf
Color Density Uniformity Color Density Uniformity
First season
Control (water) 1.0d 1.0c¢ 1.0b 1.0c 1.0b 1.0b
Humic acid (1000 ppm) 5.3 ab 3.0a 20a 5.0 ab 2.7a 20a
Humic acid (2000 ppm) 6.0a 3.0a 20a 53a 2.7 a 20a
Ferrous sulphate (250 ppm) 6.0a 30a 20a 5.0 ab 2.7 a 20a
Ferrous sulphate (1000 ppm) 5.0 ab 2.7 ab 20a 5.0 ab 2.7 a 20a
Silicon (3000 ppm) 4.0 be 2.3 ab 20a 4.0 ab 23a 2.0a
Silicon (6000 ppm) 4.3 bc 2.3 ab 20a 4.3 ab 23a 2.0a
Diatomite (1000 ppm) 33c¢ 2.0b 20a 4.0 ab 23a 20a
Diatomite (2000 ppm) 4.3 bc 2.3 ab 20a 3.0b 1.7 ab 20a
Second season
Control (water) 1.0d 1.0c 1.0b 1.0b 1.0b 1.0b
Humic acid (1000 ppm) 5.7 a 30a 20a 5.0a 2.7 a 20a
Humic acid (2000 ppm) 57a 3.0a 20a 53a 27a 20a
Ferrous sulphate (250 ppm) 57a 3.0a 20a 53a 2.7 a 20a
Ferrous sulphate (1000 ppm) 5.3 ab 30a 20a 5.0a 2.7 a 20a
Silicon (3000 ppm) 4.3 abc 23b 20a 43a 27a 20a
Silicon (6000 ppm) 4.3 abc 23b 20a 43a 23a 20a
Diatomite (1000 ppm) 3.7c¢ 20b 20a 43a 23a 20a
Diatomite (2000 ppm) 4.0bc 23b 20a 47 a 23a 20a

Means within each column that have the same letters are not significantly different from one another according to
the Duncan’s Multiple Range Test (at p < 0.05).

3.3. Applied Amendments and Chlorophyll Content

Foliar application of the amendments significantly increased the leaf total chlorophyll
content (measured as SPAD values) in the two turfgrass species compared to the control
treatment (Figure 4; values given as a mean of the two seasons) during January and April.
In the case of the January measurements, both applied doses of ferrous sulphate gave the
highest values for SP (27 and 23 for each dose, respectively). For TB, ferrous sulphate at
1000 ppm (mean of both seasons of 15) produced the highest values, followed by 250 ppm
ferrous sulphate. In the case of April, all measured values were higher compared to the
values in January for all the treatments (including the control). All the measured values of
SP were higher in both January and April compared to the other species (TB). Dolomite
treatments resulted in the lowest mean values of SPAD in both species, but these values
were still higher than those of the control treatment. For both species, applying ferrous
sulphate at 1000 ppm produced the highest values of SPAD for April, followed by ferrous
sulphate at a dose of 250 ppm.

3.4. Applied Amendments and Chemical Composition of Leaves

The data illustrated in Figure 5 show that the applied amendments significantly
increased the content of nitrogen and other mineral nutrients in the two turf grasses. The
mean values of all the studied nutrients (i.e., N, P, K, and Fe) were higher for SP compared
to the other plant species for all treatments including the control. In general, for all the
studied nutrients, the application of iron sources and humic acid led to the highest leaf
nutrient contents in both species. For SP, the highest mean values of nutrient content of
N, P, K, and Fe were 4, 0.24, 2.4%, and 7.6 mg kg_l, respectively. All these values resulted
from the application of humic acid or iron sources, and the same trend was also noticed for
TB. After the control treatment, application of silicon sources produced the lowest mean
values of nutrients contents.
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Figure 4. Mean values of chlorophyll content in leaves in both January and April (SPAD value +
SE) for seashore paspalum and Tifway bermudagrass treated with different amendments; values
represent a mean of the two seasons. C = control, HA = humic acid, FS = ferrous sulphate, S = silica,
D = diatomite. For more details about the treatments, please refer to Table 1. Data are presented as
mean = standard error of the mean, with the letter(s) from the species-wise Duncan’s multiple range
tests indicated at the top of each bar.
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Figure 5. Mean leaf content of nitrogen (%), phosphorus (%), potassium (%) and iron (mg kg~!) 4 SE
in seashore paspalum (orange bars) and Tifway bermudagrass (blue bars) treated with different
amendments; values represent a mean of the two seasons. C = control, HA = humic acid, FS = ferrous
sulphate, S = silica, D = diatomite. For more details about the treatments, please refer to Table 1. Data
are presented as mean value + standard error of the mean, with the letter(s) from the species-wise
Duncan’s multiple range tests indicated above each bar.
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4. Discussion

In this section, it is important to answer our previous questions, which we added as
the main objectives of the current study:

Which turfgrass is more tolerant to combined cold and salinity stress? In the present
study, the main foliar treatments or amendments applied on two turfgrass species (i.e.,
SP and TB) under combined cold and soil salinity stress included humic acid, ferrous
sulphate, and two sources of silicon. All amendments were applied during the period from
October to December, in two successive seasons, after which the plant samples were taken
for physiological and chemical analyses. The turfgrass of SP was more tolerant to both
cold and salinity stress compared to TB, as shown in all the studied vegetative parameters,
namely, the leaf chlorophyll content, chemical composition of plant leaves, and quality
characteristics (Tables 14, and Figures 1-3). This might be linked to the ability of this
tolerant grass to grow under many environmental stresses, especially salinity stress [36],
which may cause problems such as winterkill for bermudagrasses [37,38].

Which applied amendment is more effective in mitigating these previous stresses
on the studied turfgrasses? In general, one could order the effectiveness of the applied
amendments as follows: iron sources (ferrous sulphate in 250 and 1000 ppm), then humic
acid, and finally, sources of silicon. For example, ferrous sulphate produced the highest
mean values of N and Fe content in leaves, chlorophyll content, quality parameters and
almost all the vegetative characteristics. What is the role of exogenous iron under turfgrass
stress? Iron has distinct functions in different plant physiological processes like photosyn-
thesis because it is essential for many enzymes involved in chlorophyll biosynthesis [39].
On the other hand, as a source of sulfate, ferrous sulphate reaches the cultivated soil via
sprinkler irrigation. Once there, the sulfate can react with the Na* and Cl~ ions present in
saline/alkaline soil to sustain optimal Ca?* /Na+ and K*/Na* ratios, leading to a reduction
in soil pH and saving of nutrients for plant uptake [40]. This supporting role in nutrient
uptake can indirectly enhance plant photosynthesis and other physiological attributes [40].
Under cold temperatures, iron fertilization has been shown to enhance recovery from
winter desiccation injury in creeping bentgrass (Agrostis palustris L.). However, the amount
of iron needed within plants can vary according to the local soil and plant conditions,
and the response to iron fertilization can differ among species and varieties [41]. To the
best of our knowledge, currently only one study on the growth of turfgrasses under cold
and salinity stress has been published [42], and there are no publications on the effect of
different amendments under these combined stresses. What is the main role of humic acid
under plant stress? Humic acid can enhance phosphorus bioavailability and increase the
availability of micronutrients and may also act as a plant growth stimulator by forming
organo-iron complexes [43]. Similar results have been obtained in tall fescue (Festuca
arundinaceae Schreb.) and creeping bentgrass [44].

Which source and dose of silicon is the best to ameliorate the growth and quality of
the studied turfgrasses? Why did silicon treatments produce lower values compared to
other treatments? In general, treatment with sources of silicon had a positive impact on the
turfgrasses compared to the control treatment, but produced lower mean values compared
to ferrous sulphate and humic acid. Some studies have shown beneficial effects of silicon
(or silica) when it is used as a plant promotor against abiotic/biotic stresses such as salinity
and cold stress, but the current results showed lower mean values with silicon compared
to the other treatments. This could be because the higher applied doses of silicon used in
this study might have had toxic effects on the turfgrasses. Concerning the applied doses of
silicon for other crops, plant growth was promoted by applying 200 ppm under conditions
of combined soil salinity and heat stress for cucumbers [45], 50-200 kg ha~ ! under salinity
and drought stress for wheat [46], and 2000 to 4000 ppm under water deficit for squash [47].
The suggested mechanism for enhancing cucumber salt tolerance using silicon may involve
increasing the accumulation of polyamine, enhancing antioxidants, and managing osmotic
and oxidative stress to decrease the level of oxidative damage [48-50]. In our study, there
was no clear trend regarding the use of different sources of silicon for all the measured
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parameters. Thus, both the source of silicon and the applied dose that can best ameliorate
the growth and quality of the studied turfgrasses are not clear. The applied Si-sources had
different effects on the studied parameters, resulting in significantly higher values for many
of the vegetative growth attributes, but no significant trend was observed in the case of turf
quality. Silicon is considered to be a beneficial or quasi-essential element that can impact the
plant-soil system by both protecting plants against biotic/abiotic stresses and optimizing
soil fertility by improving the soil water status and maintaining the availability of nutrients
to plants [20]. For the nutrient content, there was no clear difference between the silicon
and diatomite treatments. Although many studies on the impact of different sources of
silicon on some cultivated plants under stress, such as canola under water deficit [51],
wheat under water deficit [52], and feverfew under drought [53], have been published,
studies on turfgrass are rare (Figure 6).

Thus far, only a few studies have attempted to explain the production of warm-season
turfgrasses under combined stresses. In one study, Liu et al confirmed that exposing
turfgrasses to combined cold and salinity stress may cause more severe damage compared
to growing turfgrasses under other conditions [42]. The results obtained in this study are
in agreement with those of Chavarria et al. [49], who confirmed that turfgrass species and
their cultivars differ in their tolerance to salinity stress. Concerning the role of humic acid
under conditions of combined stress, its positive effects may be related to the enhancement
of various antioxidants and subsequent scavenging of superoxide anions in the leaves,
which protects the plant cell from damage caused by reactive oxygen and free radicals
that are formed under stress. Our results are in agreement with the results of Abdel
Fatah et al. [50], who concluded that the application of humic acid increased the content of
nitrogen, phosphorus, and potassium in the leaves of bermudagrass. In the current study,
it seems that treatment with iron sources not only increased the iron content in the leaves,
but also increased the content of other nutrients. The stimulatory effects of humic acid on
the nitrogen, phosphorus, and potassium contents of leaves have been observed in other
studies. In addition to enhancing the bioavailability of phosphorus, humic acid has also
been shown to increase both the availability of micronutrients and the phosphorus content
of leaves [54,55] and improve nutrient uptake by plants.

After presenting the suggested mechanisms in Figure 6, it is clear that the selected
organic and inorganic amendments have different modes of action. The specific mode of
action for each amendment depends on how the amendment can contribute to tolerance
against combined cold and salinity stress in cultivated plants. These differences between
the studied amendments may lead to several questions including the following one: which
applied dose of each studied amendment can be used? Currently, more studies under salt-
affected soils are needed before the recommended dose of each applied amendment can be
determined, this is especially true for treatments that use sources of silicon. The interaction
between these different amendments also requires further investigation, including addi-
tional research using different soil application methods and under salt-affected conditions.
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Figure 6. An overview of the suggested main damage to studied plants resulting from both cold
and soil salinity and the mechanisms suggested to contribute to tolerance of these stresses (sources:
Pompeiano et al. [56], Prokopiuk et al. [57], Sharma et al. [58] Bello et al. [40], Hajiboland et al. [59],
Nguyen et al. [60]).

5. Conclusions

This research has shown that the foliar application of humic acid, ferrous sulphate,
and to some extent, silicon, on warm season turfgrasses (i.e., SP and TB) is beneficial for the
turf growth and quality during the cold season in salt-affected soils. Ferrous sulphate and
humic acid were the best options and worked at both applied doses. From an economic
point of view, lower doses might be sufficient, but further research is needed to fine-tune
the application regimes. Under the studied conditions, seashore paspalum had the highest
values of all parameters of growth and quality compared to Tifway bermudagrass, which
was due to its tolerance to salinity stress. A lot of well-defined evidence, which is clearly
reflected in all the tables and figures, was collected in this study. Such evidence verified
that seashore paspalum is superior to Tifway bermudagrass in many studied measurement
(e.g., chlorophyll content, turf quality, nutrient contents, and vegetative parameters). The
most striking result is that in both turfgrasses, the effect of silicon was lower than that of
humic acid and ferro sulphate; this was due to the use of high applied doses, which may
have negatively impacted plant growth. This study offers some important insights into
the cultivation of warm-season turfgrasses under combined cold and soil salinity stress,
which we have shown can be regulated by increasing nutrient uptake, chlorophyll content
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in leaves, and turf quality. More studies using lower applied doses of silicon sources and
different combinations of applied amendments are needed.
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Abstract: Environmental pollution with organic pollutants has increased drastically in recent decades.
Despite the importance of minimizing organic pollutant content such as pesticide residue in ed-
ible crops, our understanding of induced xenobiotic metabolism in plants is poor. Melatonin is
a potent stress-relieving biomolecule, which exerts beneficial effects on xenobiotic metabolism in
plants. Exogenous melatonin treatment not only improves photosynthesis, antioxidant defense,
and plant growth but also reduces pollutant residue and xenobiotic uptake. The overexpression
of melatonin biosynthetic genes enhances organic pollutant metabolism, while the suppression of
endogenous melatonin biosynthesis increases organic pollutant residue in horticultural products.
Studies have revealed that the glutathione-dependent detoxification pathway plays a critical role in
the melatonin-induced enhanced detoxification of xenobiotics. Moreover, a role for RESPIRATORY
BURST HOMOLOG (RBOH)-derived reactive oxygen species signaling has been revealed which
potentially acts upstream of glutathione-dependent xenobiotic metabolism. Based on the literature,
here, we reviewed the effects of organic pollutants on plants and how melatonin aids plants in
enduring the effects of organic pollutant-induced stress. We also discussed the potential melatonin
signaling mechanism in enhanced pesticide metabolism. Our assessment suggests that melatonin
has positive impacts on plant tolerance to organic pollution, which can be used to improve the food
safety of edible horticultural crops.

Keywords: melatonin; pesticide degradation; food safety; glutathione; xenobiotic; detoxification

1. Introduction

Thousands of organic synthetic compounds are extensively exploited in a range of
industries, including agrochemicals, pharmaceuticals, food processing, toiletries, printing,
textiles, petrochemicals, steel manufacturing, and so on [1]. Additionally, new synthetic
chemicals are being introduced nearly every day around the world. As a result of extensive
production, usage, and frequent release, environmental pollution with organic pollutants
has become a serious environmental concern [2]. Organic pollutants can extensively
disperse, and many organic pollutants have a long half-life, and thus they continue to
pollute the environment [3]. Because of the acute and chronic impacts of toxic organic
pollutants on all living organisms, the bioaccumulation of such substances has considerably
increased the burden and potential threats to the environment and human health [3,4].
Alarmingly, certain organic pollutants are known to cause cancer, genetic mutations, and
birth defects [4,5]. In addition, consuming organic pollutant-contaminated crops for a long
time may result in serious illnesses [6]. Nonetheless, individual susceptibility, the duration
and mode of exposure, and the kind of organic pollutants play a role in determining the
health effects.

Due to the scarcity of freshwater resources, reclaimed water is widely used in agricul-
ture, despite it possibly being a significant contributor of organic contaminants to edible
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crops [7]. When plants are grown in contaminated soils or irrigated with polluted water,
organic pollutants are accumulated in the leaves, fruits, and stems of many crops that are
often consumed by humans [6,8]. Nonetheless, the accumulation of organic pollutants in
the above-ground sections of plants may vary greatly depending on factors including the
hydrophobicity, lipophilicity, and chemical structure of the pollutants as well as the plant
species/genotype and absorption mechanism [6,9]. In particular, Cucurbitaceae family
members including cucumber, melon, pumpkin, squash, and zucchini have been shown to
have elevated levels of organic pollutants in their above-ground sections [6]. Moreover,
pesticide residues have been found in a wide variety of ready-to-eat foods and drinks
such as vegetables, fruits, and fruit juices, and they are notoriously difficult to remove
using normal preparation methods such as washing and peeling [10,11]. If residue levels in
crops are too high, farmers have to abandon everything they grow on that polluted land,
causing a total financial loss. Therefore, it is imperative to reduce the residue of organic
pollutants by establishing growing strategies for safer crop production [12]. Plants can
degrade or detoxify organic pollutants [13]. Thus, taking advantage of the in planta detoxi-
fication of organic pollutants is critical for ensuring their absence in the human diet [14].
However, the capacity of plants to detoxify organic pollutants is often limited by the high
phytotoxicity of the xenobiotic substance at high concentrations [15]. Therefore, cultivating
safer horticultural crops requires an in-depth knowledge of how plants efficiently detoxify
organic pollutants.

Melatonin, also known as N-acetyl-5-methoxytryptamine, is an endogenous signaling
molecule found in eukaryotic organisms [16]. It plays a significant role in a variety of bio-
logical processes in plants [17]. Since the discovery of phytomelatonin in 1995, numerous
studies have investigated its effects on plants over the years. Phytomelatonin is gaining
recognition as the plant hormone upon the recently identified first melatonin receptor
PMTR1 [18]. Melatonin promotes seed germination, increases the production of lateral
roots, delays leaf senescence, and modulates the blooming time in plants grown in unfavor-
able conditions [16,19-21]. Melatonin is a key antioxidant that removes reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [17]. Additionally, it regulates gene ex-
pression indirectly by activating or inhibiting stress-responsive transcription factors [22,23].
Exogenous melatonin application improves plant tolerance to a variety of stresses such as
drought, salt, heat, cold, waterlogging, heavy metals, and organic pollutants via regulating
endogenous melatonin production and the activities of antioxidant enzymes [24-29]. Since
climate change and environmental pollution are increasingly threatening agricultural pro-
duction, crop yields, and food security, melatonin has been the subject of increased study
due to its stress ameliorative properties.

Recent literature has focused on the remarkable benefits of melatonin in enhancing
plant adaptation to unfavorable conditions as well as the unique tolerance mechanisms
and the network of regulation in plant defense via melatonin [30-36]. The tremendous
potential of melatonin in modulating plant tolerance to organic pollutant-induced stress
has been revealed in specific research [7,10,37,38]. Phytomelatonin not only plays a crucial
role in alleviating phytotoxicity induced by organic pollutants such as different types of
pesticides, polycyclic aromatic hydrocarbons (PAHs), and endocrine disruptor bisphenol-A
(BPA) [7,37,39], but it also reduces pollutant concentrations in plant tissue, possibly by
decreasing their uptake and/or promoting in vivo degradation [7,10,37,40]. This article
reviews the current state of knowledge regarding the role of melatonin in plant tolerance to
organic pollutants and associated food safety, with the goal of serving as a reference for
future studies of phytomelatonin and pointing researchers in novel directions regarding its
applications, particularly with regards to enhancing food safety.

2. Organic Pollutants and Phytotoxicity

Organic pollutants are carbon (C)-based anthropogenic compounds that cause adverse
effects on the environment and human health [3]. As a special group of chemical pollutants,
organic pollutants are different from inorganic (mostly metals) pollutants. In recent decades,
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many different types of organic pollutants have been released in large quantities into the
environment as a consequence of massive anthropogenic activities [1]. Organic pollutants
can be classified in several ways. Based on the degradability of organic pollutants, the
pollutants can be divided into two categories: labile organic pollutants and recalcitrant
organic pollutants [3]. Again, according to the boiling point, organic pollutants can also be
divided into two categories: volatile organic compounds (240 °C~260 °C) and semivolatile
organic compounds (250 °C~400 °C) [41]. Despite this classification, the margin between
volatile organic compounds and semivolatile organic compounds is to a certain extent
unclear, and many pollutants fall into both classes. Many industrial chemicals, pesticides,
phenols, ethers, ketones, phthalate esters, pyridines, and anilines belong to semivolatile or-
ganic compounds and they are typically more resistant to environmental degradation than
volatile organic compounds [3,41]. Organic pollutants such as persistent organic pollutants
(POPs), polyaromatic hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs) have a
long half-life [39,42,43]. In contaminated soils, organic pollutants are absorbed by the roots
and then transported to the shoots, where they exert a devastating effect on photosynthesis
and other crucial physiological processes [6,15].

Additionally, the shoot can also accumulate lipophilic organic pollutants directly
from the atmosphere [43]. Moreover, many pesticides are applied to the foliage, causing
their accumulation in the shoot [37,38]. Many hazardous chemicals, including organic
pollutants, exert their toxicity primarily via inhibiting photosynthetic processes (Figure 1).
Chloroplasts are particularly vulnerable to organic pollutants [44]. Organic pollutants
accumulated in chloroplast thylakoids and microsomal compartments interfere with fun-
damental photosynthetic processes [45]. Both the intact and photo-modified forms of
organic pollutants stifle photosynthesis by affecting primary photochemical processes [15].
Organic pollutants block electron transport by obstructing either photosystem II (PSII) or
the connection between PSII and PSI at the cytochrome b/f [46]. Moreover, variations in
the amounts of photosynthetic pigments (Chl a, Chl b, and carotenoids) due to organic
pollutant-induced stress eventually alter the photosynthesis process [47].
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Figure 1. Deleterious effects of organic pollutants on plants and associated phytotoxicity.
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Plants exposed to organic pollutants, such as pesticides and PAHs showed visible
symptoms including white spots on leaves, trichome and leaf deformations, chlorosis, and
necrosis as well as a decrease in biomass accumulation [15,48]. Moreover, oxidative stress,
ultrastructural abnormalities, cell death, modifications to antioxidant systems, and reduced
plant growth are critical signs of organic pollutant-induced negative consequences [44,49].
Bisphenol A is a xenoestrogen that can cause serious health problems in humans. BPA has
been shown to be hazardous to plants as well [50]. Reduced seed germination, decreased
photosynthesis, stunted growth, and delayed reproductive development are common
effects of BPA on plants [51,52]. BPA treatment also reduced the quantum yield of photosys-
tem II (Fv/Fm) and increased ROS accumulation, lipid peroxidation, and BPA accumula-
tion [7]. Likewise, synthetic pesticides are also phytotoxic [8,15]. Most pesticides suppress
PSII activity, cause photoinhibition, inhibit the electron transport chain in the thylakoid,
degrade chlorophylls, inhibit photosynthesis, and reduce plant growth [15,38,40].

Organic pollutants cause phytotoxicity by triggering excessive ROS production, which
eventually induces oxidative stress [49]. In particular, the oxidation of certain organic pol-
lutants such as phenanthrene leads to ROS production within cellular compartments [53].
Despite being one of the most critical signaling molecules in plant biology, excessive ROS
produced under stress as byproducts of aerobic metabolism can be seriously harmful [54,55].
The peroxidation of cell membranes caused by ROS is a critical sign of oxidative stress,
and highly bioactive ROS can damage lipids, nucleic acids, and proteins [56]. Plants
have evolved a robust antioxidative defense mechanism, comprising both enzymatic and
non-enzymatic antioxidants, to remove ROS from different cellular compartments [57].
However, antioxidant-based ROS scavenging is largely rate-limiting. Chlorophyll degrada-
tion, decreased photosynthesis, and reduced protein and RNA levels are commonly the
results of excessive ROS accumulation in plant cells [35,58,59].

3. Mechanisms of Pollutant Detoxification

To counteract the harmful effects of organic pollutants, plants use several detoxification
methods [8]. In the classical detoxification mechanism (Figure 2), the three main steps in
xenobiotic metabolism in higher plants are: phase I: conversion or transformation; phase
II: conjugation; and phase III: compartmentalization (transport and sequestration) [13].
Typically, organic pollutants are initially hydroxylated by cytochrome P450 family enzymes,
and then the modified organic pollutants are conjugated with glutathione (GSH), followed
by transportation and sequestration in the vacuole [14]. Glutathione, which is synthesized
from cysteine, is an important thiol in plant xenobiotic detoxification. The processes of
GSH production in cells are enzyme-catalyzed and ATP-dependent [60,61]. The initial
synthesis of y-glutamylcysteine from y-glutamate and d-cysteine occurs through the rate-
limiting enzymatic action of the y-glutamylcysteine synthetase enzyme (y-ECS) encoded
by GSH1 [7]. Afterward, the GSH2-encoded glutathione synthetase enzyme (GS) adds
glycine to the dipeptide (y-glutamyl-&-cysteine). In plants, glutathione is found in both its
reduced and oxidized forms. The enzyme glutathione reductase (GR), which is encoded by
the GR1 gene, catalyzes the conversion of oxidized glutathione disulfide (GSSG) back into
reduced glutathione (GSH) [61,62]. Notably, the detoxification of xenobiotics in plants often
involves glutathione S-transferases (GSTs), a well-known detoxifying enzyme, catalyzing
the conjugation process between organic pollutants and GSH [7,50]. To neutralize the
electronegative sites of xenobiotics, GSTs promote the nucleophilic conjugation of GSH (at
the thiol group). Finally, transformed organic pollutants are contained inside vacuoles or the
cellular walls [13] When key detoxification genes such as GSH1, GR1, and GST1 are silenced
in tomato plants, silenced plants show impaired detoxification potential characterized by
increased ROS accumulation, lipid peroxidation, and organic pollutant accumulation as
well as decreased GST activity [7]. Even while plants have their inherent detoxifying
systems, they are not particularly efficient at breaking down stubborn xenobiotics [6,8]. As
various plant growth regulators can promote xenobiotic metabolism in plants, the use of
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growth regulators is considered a useful strategy for increasing plant tolerance to organic
pollutants and xenobiotic degradation in vivo [14,40,63].
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Figure 2. Mechanisms of organic pollutant detoxification in plants.

4. Melatonin: A Master Growth Regulator of Plant Stress Tolerance
4.1. Melatonin Synthesis and Sources

Researchers have uncovered the essential steps of melatonin synthesis in plants [64].
Although melatonin is synthesized in both chloroplasts and mitochondria, the chloro-
plastic pathway is thought to be the major route of melatonin synthesis [23]. Typically,
melatonin is synthesized from tryptophan through the enzymes tryptophan decarboxylase
(TDC), tryptamine 5-hydroxylase (T5H), serotonin N-acetyltransferase (SNAT), and N-
acetylserotonin O-methyltransferase (ASMT) [59]. To be more specific, TDC converts trypto-
phan into tryptamine, and T5H hydroxylates tryptamine to generate 5-hydroxytryptamine
(serotonin) (Figure 3). Afterward, serotonin is transformed to N-acetyl serotonin by SNAT,
and melatonin is produced from N-acetyl serotonin by ASMT [65]. However, plants also
use a catalytic enzyme called caffeic acid O-methyltransferase (COMT, involved in phenyl-
propane metabolism) to convert serotonin to melatonin [66,67]. COMT can substitute for
ASMT to catalyze the production of melatonin from N-acetyl serotonin, and it can catalyze
the transformation of serotonin to 5-methoxytryptamine as well [16]. The recruitment of
COMT makes plant melatonin synthesis more versatile than animal synthesis [65]. Al-
though tryptophan is required for the production of melatonin in all organisms, animals
can not synthesize tryptophan and thus have to obtain it from plant-derived food [64].

There are essentially two sources of natural melatonin: ‘melatonin’ from animal
origin and melatonin from plant origin, with the latter also being known as ‘phytome-
latonin’ [68]. As for animal sources, melatonin was previously isolated from the pineal
glands of cows; however, the risks of viral infection have led to synthetic melatonin pro-
duction being the preferred option [68,69]. Despite the high yield of synthetic melatonin,
the occurrence of unwanted compounds with chemically synthesized melatonin results
potential health risks [68]. Notably, significant progress has been achieved in synthetic
melatonin production through the use of greener protocols, resulting in the production
of new melatonin derivatives with lower cytotoxicity and higher water solubility, such
as sodium 4-(3-(2-acetamidoethyl)-5-methoxy-1H-indol-1-yl) butane-1-sulfonate [69,70].
As opposed to chemically synthesized melatonin, phytomelatonin derived from different

191



Horticulturae 2022, 8, 1142

plant parts such as fruit usually does not contain contaminants that are commonly found
in chemical synthesis [71]. Rather, compounds associated with phytomelatonin extracts
such as flavonoids, vitamins, phenols, tocopherols, and carotenoids have beneficial health
effects on humans [68]. Phytomelatonin is abundant in several families of plants such as
Rosaceae, Poaceae, Vitaceae, Apiaceae, and Brassicaceae [72]. In particular, fruits includ-
ing cherries, grapes, apples, tomatoes, bananas, and pineapples have been reported as
important sources of phytomelatonin [33]. Concentrations of phytomelatonin in different
plant parts in a range of plant species were listed in our recent review [16]. However, the
efficient isolation of phytomelatonin and the development of phytomelatonin-rich extracts
still remain challenging tasks, which warrant further intensive studies [68,71].
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Figure 3. Melatonin biosynthetic pathway in plants.

4.2. Melatonin in Plant Physiology, Metabolism, and Abiotic Stress Tolerance

Due to the widespread effect of melatonin on gene transcription in plants, melatonin
likely has a pleiotropic function in a wide variety of cellular processes [16,18,73]. Exogenous
melatonin application or endogenous melatonin over-production has been shown to pro-
mote plant growth, development, and a variety of metabolic and physiological processes,
including photosynthesis, carbohydrate metabolism, and nitrogen assimilation, hormone
homeostasis, and so on [19,25,35,36,74]. Melatonin presumably delays postharvest fruit
senescence [75-77]. The principal function of melatonin against stresses is attributed to
efficient ROS scavenging [28,35]. Melatonin not only plays a role in direct ROS scavenging
but also significantly improves the antioxidant defense, which includes both enzymatic
and nonenzymatic antioxidants [56]. Melatonin protects plant cells and tissues from ox-
idative stress by increasing antioxidant gene expression and encoded enzyme activity,
thus allowing plants to efficiently scavenge a wide range of ROS and RNS [17]. Recent
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research has shown that melatonin not only promotes primary metabolism but also stimu-
lates secondary metabolism in plants, leading to the increased synthesis of a wide range
of secondary metabolites such as polyphenols, glucosinolate, terpenoids, and alkaloid
contents [23,24]. Notably, polyphenols such as flavonoids play an important role in ROS
scavenging [78]. Melatonin improves the cellular redox state by maintaining the stability of
GSH levels [10,40,79].

In recent years, numerous studies have revealed that melatonin can increase plant
tolerance to a wide variety of biotic and abiotic stresses, including drought, salinity, heat,
cold, water logging, heavy metal toxicity, and organic pollutant stress [7,80-82]. It is
now well-established that melatonin has a critical role in regulating responses to abiotic
stress (Figure 4). Melatonin interacts/crosstalk with hormones and signaling molecules to
systematically regulate plant resistance [17,31,83,84]. Notably, increased resistance to photo-
oxidative stress is mediated by melatonin-induced GSH homeostasis in cucumber [85].
Moreover, melatonin participates in xenobiotic detoxification by modulating the ascorbate
(ASA)-GSH cycle and GST activity [10,38,40]. There are several lines of evidence to infer
that the use of melatonin to reduce organic pollutant phytotoxicity and pollutant residue
could be feasible for edible horticultural crop production.
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/”1 N
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Antioxidant defense
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(Increased detoxification and decreased uptake of toxic compounds)
Figure 4. Melatonin effects on plant physiology, metabolism, and abiotic stress tolerance.

5. Melatonin-Induced Detoxification and Alleviation of Phytotoxicity
5.1. Exogenous Melatonin Alleviates Organic Pollutant-Induced Stress

Melatonin regulates a variety of physiological and biochemical processes in plants un-
der stress [25,35]. It has been proposed as a possible natural safener that can protect plants
from organic pollutants such as pesticide- and herbicide-induced phytotoxicity [86]. Previ-
ous studies have shown that residues of pesticides such as carbendazim, chlorothalonil,
and imidacloprid in tomato and cucumber plants can be significantly decreased with the
administration of exogenous melatonin [37,38,40]. However, not much is known about
the detoxification mechanism triggered by melatonin in response to organic pollutants.
Current knowledge of melatonin-induced detoxification is largely based on the exogenous
application of melatonin and/or endogenous suppression of melatonin accumulation by
using melatonin biosynthetic inhibitor p-chlorophenylalanine (CPA) [10,37]. The effects of
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exogenous melatonin on the detoxification of xenobiotics and alleviation of phytotoxicity
are listed in Table 1. Additionally, there are a small number of pieces of genetic evidence
that further strengthen the proposition that melatonin is involved in plant responses to
organic pollutant-induced stress [7,38].

Table 1. Effects of exogenous melatonin on xenobiotic detoxification and alleviation of phytotoxicity.

Melatonin

Plant Species C L. Treatment Methods Organic Pollutants Melatonin Effects References
oncentrations
. Increased transcripts of TDC, T5H, SNAT,
GSH1, GST1 and GR1
. Decreased ROS accumulation and
Tomato (Solanum . . Bisphenol A (BPA, lipid peroxidation
lycopersicum L.) 20uM Foliar application 10 mg L~1)-root treatment . Increased Fu/Fm, GSH biosynthesis 71
and regeneration
. Increased BPA glutathionylation by GSH
. Decreased BPA uptake
. Increased photosynthesis and Fv/Fm
Tomato (S. ] o Chlorothalonil, . Increased det0x1f1'cat10n enzyme activity
lycopersicum L.) 100 uM Foliar application 11.2 mM-foliar treatment and gene expression [37]
Yyeop: . - . Decreased pesticide residue via HyO,
signaling
. Increased chlorophyll content, Fv/Fm,
Tomato (S. . - Carbendazim (MBC, photosynthesis
lycopersicum L.) 0.5 uM Foliar application 1 mM)-foliar treatment ° Decreased MDA content, decreased MBC [38]
residues in leaves (48-73%)
Lettuce (Lactuca . L Carbendazim (MBC, . Significantly decreased MBC residues
sativa L.) 0.5 uM Foliar application 1 mM)-foliar treatment in leaves [38]
Chinese cabbage Carbendazim (MBC ° Significantly decreased MBC residues
(Brassica campestris 0.5 uM Foliar application 1 . ! '8 y [38]
L) mM)-foliar treatment in leaves
Spinach (Spinacia . . Carbendazim (MBC, ° Significantly decreased MBC residues
oleracea L.), 0.5uM Foliar application 1 mM)-foliar treatment in leaves [38]
Celery (Apium . - Carbendazim (MBC, ° Significantly decreased MBC residues
graveolens L.) 0.5 1M Foliar application 1 mM)-foliar treatment in leaves [38]
Cucumber . - Carbendazim (MBC, . Significantly decreased MBC residues
(Cucumis sativus L.) 0.5 uM Foliar application 1 mM)-foliar treatment in leaves [38]
. Increased Fv/Fm, chlorophyll contents,
photosynthesis, improved redox state,
. . increased antioxidant enzyme activity,
;?;u?ﬁir © 50 uM Root pretreatment ;Ir%dacﬁ)l? ;1c11 (H\fD’ tment GST activity, and its transcripts [40]
1ous L. /2 m ohar treatmen ° Decreased H,O,, O,-—, and MDA
content, decreased IMD residues
in leaves
Fruits treated (immersed) ¢ }gsrgzgddignﬁsjé )r(educed fruit weight
Jujube (Ziziphus Mature jujube fruits with chlorothalonil (CHT, ’ y
. . . Increased GSH content
jujuba Mill. cv. 0.1mM (post-harvest 10 mM), glyphosate (Gly, L. [10]
. . . Enhanced activity of GR and GST,
Dongzao) spraying) 2 mM), and malathion

increased antioxidants and phenolics,

(Mal, 3 mM) solution for 2 h promoted pesticide degradation

* Only the most effective concentrations of exogenous melatonin which alleviated organic pollutant-induced
phytotoxicity and/or improved the degradation of organic pollutants are presented.

5.2. Potential Mechanisms of Melatonin-Induced Xenobiotic Detoxification

Various modes of application with respect to melatonin can stimulate plant detoxifica-
tion potential. The foliar spraying of melatonin is a common and practically feasible mode
of application that was found to be effective for the detoxification of both shoot-sourced
pesticides and root-absorbed organic pollutants such as BPA. The negative effects of BPA as
manifested by decreased photochemical efficiency and increased lipid peroxidation, ROS
generation, and BPA uptake were mitigated by the addition of exogenous melatonin [7].
Melatonin is a redox network modulator that promotes the detoxification of xenobiotics
via the modulation of the AsA-GSH cycle, GST activity, and vacuolar sequestration [10,40].
The expression levels of melatonin biosynthesis genes such as COMT, T5H, and SNAT were
upregulated in response to the imposition of BPA stress [7]. These transcriptional changes
were accompanied by the elevated expression of GSHI, GR1, and GST1 and the activity of
GST and GR upon melatonin treatment in BPA-treated plants. Functional genetics research
highlights the cooperation between melatonin and GSH in xenobiotic detoxification in
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plants [38]. The manipulation of GSH metabolism and the expression of associated genes,
such as GSH1, GR1, and GST1, by virus-induced gene silencing impairs the melatonin-
controlled uptake, transport, and degradation of BPA in tomato plants, indicating the
mechanistic involvement of melatonin in BPA detoxification [7].

Moreover, the overexpression of COMT1 in tomato plants promotes pesticide metabolism,
which was associated with increased endogenous melatonin levels in tomato plants [38].
COMT1 overexpression enhances antioxidant capacity and the detoxification process, lead-
ing to the alleviation of oxidative stress and a reduction in carbendazim residue in tomato
leaves. Similarly, melatonin can significantly decrease chlorothalonil residue in tomato
leaves along with increasing photosynthetic efficiency and antioxidant capacity [37]. No-
tably, the RESPIRATORY BURST HOMOLOG (RBOH)-dependent H,O, signaling-mediated
differential expression of detoxification-related genes, GSH production and/or regenera-
tion, and GST activity, appear to play a significant role in the reduction of pesticide residue
in tomato plants [87]. Similarly, endogenous H,O, signaling is crucial for facilitating the
melatonin-mediated detoxifying response to pesticides (Figure 5). When endogenous H,O,
signaling was suppressed, either by limiting NADPH oxidase-dependent H,O, generation
or H,O; elimination by ROS scavengers, the potential of exogenous melatonin to confer
a detoxifying response to pesticides was reduced, further confirming the involvement of
H,0, signaling in melatonin-induced xenobiotic metabolism in plants [37].
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Figure 5. Mechanisms of melatonin—induced organic pollutant detoxification.

5.3. Melatonin-Induced Reduction in Pesticide Residue in Postharvest Horticultural Management

The malpractice of treating harvested fruit with pesticides to prevent fungal dis-
eases is common in postharvest horticultural management. Although this practice can
increase the shelf life of fruit, pesticide residue can harm human health [10]. Interest-
ingly, pesticides in postharvest fruit can be degraded by melatonin treatment [75]. For
instance, exogenous melatonin application can accelerate the degradation of chlorothalonil,
malathion, and glyphosate in postharvest jujube fruit; however, the efficacy of melatonin-
promoted pesticide degradation was significantly blunted by the administration of CPA
and GSH biosynthesis inhibitor L-buthionine-sulfoximine [10]. This implies that melatonin
enhances GSH-dependent detoxification, hence promoting xenobiotic metabolism in plant
organs [37]. Melatonin also prolonged pesticide-delayed fruit senescence, as evidenced by
increased fruit firmness and decreased weight loss and decay incidence [10].

Similar to foliar treatment, root-sourced melatonin promotes pesticide detoxification
in leaves [38]. Melatonin administration increased the activity of the enzyme GST and
transcripts of GST1, GST2, and GST3, leading to the accelerated degradation of imidaclo-
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prid [40]. Moreover, melatonin treatment improved the AsA/DHA and GSH/GSSG ratios,
as well as the activity of AsA-GSH cycle enzymes, showing that melatonin might reduce
imidacloprid-induced oxidative stress in cucumber via modulating the AsA-GSH cycle. In
addition to in vivo detoxification, melatonin promotes soil bacterial population and the
activity of dehydrogenase and peroxidase in soil polluted with PAHs, which potentially
resulted in the maximum PAH removal rate, suggesting that melatonin played a beneficial
role in increasing plant biomass and elevating the soil bacterial population that favored the
degradation of the selected PAHs (phenanthrene and pyrene) [39].

6. Conclusions and Future Perspectives

Despite the innate ability of plants to take in and detoxify organic pollutants from
environments, the accumulation of organic pollutants in plant tissue has been shown to
affect plant growth and development. Most mechanistic investigations supporting organic
pollutant degradation have been conducted in vitro in a chemical rather than physiological
context, thus limiting our ability to comprehend the mechanisms by which plants actually
degrade organic pollutants in vivo. Previous research revealed that melatonin acts as a
superb biostimulator, helping in the degradation of different types of organic pollutants
such as pesticides, herbicides, and BPA. Moreover, there is a close relationship between
endogenous melatonin levels and organic pollutant metabolism in plants. Melatonin
triggers apoplastic ROS signaling, which eventually activates antioxidant and detoxification
systems to mitigate oxidative stress and pollutant metabolism in plants (Figure 5). Among
different kinds of stress, organic pollutant categories are the least investigated with regard
to the melatonin effect, and thus additional research into melatonin function in the stimulant
category is warranted for future consideration. As melatonin has great potential for the
detoxification of a broad variety of organic pollutants, future remediation technology is
expected to benefit from the ongoing effort to maximize the effectiveness of melatonin in
xenobiotic metabolism.

Most studies concerning organic pollutant stress have primarily investigated organic
pollutant accumulation in plant tissue and subsequent phytotoxicity, wherein less attention
has been paid to the molecular mechanism underlying plant tolerance to organic pollutant
stress. To comprehend plant uptake, storage, and transport of organic pollutants, however,
relevant knowledge is necessary. Moreover, studies revealing the melatonin effects on
plant tolerance to organic pollutants have been based on exogenous application or the
chemical genetic approach. To elucidate the metabolism of organic pollutants in plants and
ensure food safety, functional genomic approaches have to be used. The safe cultivation
of horticultural plants in areas polluted by organic pollutants is an issue that calls for
researchers from the disciplines of plant physiology, molecular biology, and environmental
science to work together.

The degradation of organic pollutants is closely associated with the environmental fac-
tors and activity of living organisms including plants and microbes. Moreover, endogenous
melatonin biosynthesis and exogenous melatonin actions are affected by abiotic factors
such as temperature and light conditions. Thus, environmental factors should be taken
into consideration when exploring the role of melatonin in organic pollutant detoxification.
The putative ability of melatonin to increase plant resistance to organic pollutants and
decrease organic pollutant residue might provide a novel strategy to secure horticultural
production. However, further research employing cutting-edge molecular techniques and
mutant plants is necessary to fully comprehend the mechanisms of melatonin-induced
resistance to organic pollutants.
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Abstract: Mentha spicata L., Origanum dictamnus L., and Origanum onites L. are aromatic plants that
produce very important essential oils. They are considered model plants with beneficial health
properties due to their antioxidant content. Enhancing the yield while maintaining the quality of
essential oil is of significant commercial importance. Salinization and drought cause various effects
on the yield and quality of the bioactive constituents in essential oil. By assessing the response of
these plants and their secondary metabolites accumulation to different salt stress and irrigation levels,
this study aims to gain insights into how plants adapt to and cope with salinity and drought. A pot
experiment was conducted in the spring of 2020 to assess the effect of salinity and drought stress on
the growth and essential oils content of the three aromatic plant species mentioned above. The soil
mixture used was perlite and peat in a ratio of 1:1:6, while four salinity treatments (25, 50, 100, and
150 mM NaCl) and two levels of irrigation were applied (100% and 50%). Salinity significantly affects
total chlorophyll concentration especially in higher concentrations (100 and 150 mM) in M. spicata
plants, especially under 50% soil water irrigation. Under the same conditions, M. spicata contained
the higher proline concentration, which was significantly greater than that in O. dictamnus and
O. onites. Similar variations of malondialdehyde and hydrogen hyperoxide were revealed among the
three species, with significantly higher values in M. spicata when subjected to both excess salinity
and drought conditions. The major compounds identified in M. spicata were carvone, in O. dictamnus
carvacrol, and p-cymene and in O. onites carvacrol. It is important to highlight that O. onites had the
highest concentration of essential oil, and that the concentration increased with the increase of NaCl.
This suggests that the presence of NaCl in the soil may have a stimulating effect on the production of
essential oil in O. onites. However, it is plausible that the stress caused by NaCl triggers a physiological
response in O. onites, leading to increased production of essential oil. This could be a protective
mechanism to enhance the plant’s resistance to the stressor. Overall, O. onites and O. dictamnus
appeared to be more resistant to these stress conditions than M. spicata, since they maintained their
growth and essential oil quality indicators at higher levels. These two species possess mechanisms
that prevent or minimize lipid peroxidation, thus protecting their cell membranes and maintaining
their ultrastructure integrity.

Keywords: proline; secondary metabolites; lipid peroxidation; essential oils; aromatic plants
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1. Introduction

The cultivation of aromatic plants aims to exploit the parts that contain active com-
pounds that are used in various ways, especially for medicinal purposes [1]. The essential
oils (EOs) that act as antiparasitics or disinfectants display a broad range of antioxidant,
antimicrobial, antiseptic, antifungal, antibacterial, cytotoxic/anticancer, antigenotoxic, and
antiviral activities [1]. The morphological and chemical diversity of the genus Origanum
is extraordinary. Out of 67 taxa, nine species thrive in Greece, including 18 hybrids, the
majority of which are found throughout the Mediterranean region [2]. The classification
of Origanum is quite intricate. It is difficult, for many species, to define sectional bound-
aries, making their morphological markers inefficient for differentiating them [3]. Genetic,
environmental, physiological, and agronomic variables affect the volatile oils” chemical
compositions [4,5]. Carvacrol is the main essential oil component in oregano herbs, re-
sponsible for the characteristic “oregano” scent. Other volatile compounds that dominate
the essential oils of oregano species are thymol, p-cymene, and y-terpinene, whereas in
O. onites the dominant compound is borneol [1,6-9]. The genus Mentha includes more than
30 species of herbaceous perennial plants. Mentha spicata (M. spicata) spreads mainly in the
temperate and subtemperate zones of the world. It is considered a rich source of essential
oils, which are widely used in the pharmaceutical industry and in food production [10].
The major compounds found in the essential oil of M. spicata are carvone, limonene, and
1,8-cineole. These findings are consistent with literature data [1,11].

Changes in climatic conditions lead to increased biotic and abiotic stress for the
plants. The productivity of aromatic plants was affected globally due to these stresses [12].
Plant growth and essential oil production are influenced by various environmental factors,
drought and salinity stresses being two of them. Other factors such as geographical area of
cultivation, cultivation cycle, cultivation conditions, harvest year, cultivars or varieties, and
age, can also influence essential oil production and its composition [13].

Saline soil has a negative impact on plants, leading to physiological and metabolic
disturbances. This affects various aspects of plant development, growth, yield, and the
quality of essential oils, especially in aromatic plants. Salinity can hinder seed germination,
reduce survival percentage, alter morphological characteristics, and decrease overall EO
yield and its components [14]. The discovery of high-yielding genotypes of these plants is
particularly promising, as numerous studies have documented the response of aromatic
plants to salinity stress [15-18]. The tolerance to salinity depends on the interaction between
salinity and other environmental factors (such as drought stress) [19]. Salt stress is a
significant challenge for aromatic plants and can have various negative effects on their
growth and productivity. One of the primary impacts of salt stress is a decrease in osmotic
potential, leading to reduced availability of water for plants. This can result in water stress
and negatively affect plant growth. In addition to water stress, salt stress also affects the
physical structure of the soil. It diminishes water permeability and soil aeration, further
hindering plant growth.

Drought stress significantly reduces plant yield and modifies the polyphenol content
as well as the antioxidant capacities of plants [20]. Its impact on the amount of essential
oils, antioxidant properties, and polyphenol content, however, is also a subject of debate.
Despite reports of increased essential oil content and improved antioxidant activity during
drought treatment, the scientific data were insufficient to make any broader conclusions,
according to Kren et al. (2012) and Szabo et al. (2020) [21,22]. Thus, further studies to
determine the optimal water supply for different species are paramount.

Overall, salt stress poses a significant obstacle to agricultural production. The aim of
this study is to understand the adverse effects of salt stress in combination with drought in
specific Lamiaceae species (M. spicata, O. dictamnus, O. onites), in order to develop strategies
to mitigate its impact and improve plant productivity in these challenging environments.
We chose these three species of the Lamiaceae family as they are endemic to the collection
areas while these areas are at risk of salinity and drought due to the intensive use of
fertilizers and climate change.
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2. Materials and Methods
2.1. Plant Material and Experimental Design

Origanum dictamus (dittany) plants were transferred from the primary material of the
area of Messara (Coordinates; 34°57'57" N, 24°50'26" E). Origanum onites (oregano) plants
were collected from the seed of a mother plantation in Agiasos of Lesvos, (Coordinates;
39°04'77" N, 26°22'06" E). Mentha spicata (spearmint) was transferred as rooted cuttings
from plants of the Stylia area in Corinthia (Coordinates; 37°59'54" N, 22°33/37" E).

The experiment was established in spring of 2020 with the above plants of three-year
growth set up in pots in a greenhouse. The soil substrate consisted of a mixture of soil,
perlite, and peat in a ratio of 1:1:6. Fertilization was applied to the plants on 10 November
2020 with 8 units of N, 8 units of P, and 13 units of K in the following forms: 65 g NH4NOs5,
60 g KH,POy, and 70 g KNO3. On 22 March 2021, four salinity treatments were chosen
after preliminary experiments (25 mM NaCl, 50 mM NaCl, 100 mM NacCl, and 150 mM
NaCl); per treatment, 1.462 g NaCl (w/v), 2.926 NaCl, 5.85 NaCl, and 8.78 g NaCl were
dissolved and each pot was irrigated with 0.39 g NaCl per 0.5 1 water. The experimental
design was completely randomized with four replicates.

Every two days, the soil moisture was measured using a Theta probe ML2, and
watering schedules were adjusted to keep the soil moisture levels at 50% of the water
capacity. Water was applied at a 50% capacity to all plants with the exception of the control
plants. A tape measure was used to measure the height of the plants. Harvesting was
performed at 8 cm height using a sickle. The plants were then dried in an airy shed.

2.2. Chlorophyll Estimation

After sixty days from the beginning of the treatment with salt, a sample of a third of
the top completely grown leaf was taken for chlorophyll analysis. Fresh leaf blade material
(0.1 g) was put in 25 mL glass test tubes, and 15 mL of 96% (v/v) ethanol was poured into
each tube in order to estimate the amount of chlorophylls. The plant material-filled tubes
were kept in an incubator set at 79.8 °C for three to four hours, or until the samples had
completely discolored. The measurement of chlorophyll a and b absorption was conducted
at 665 and 649 nm, correspondingly. The total chlorophyll calculation method was applied
according to Wintermans and Mots (1988) [23].

2.3. Determination of Proline

Each plot’s fully grown leaf samples were sliced into small pieces. Roughly 0.3 g of
these samples was weighed and then individually added to glass vials holding 10 mL of
80% (v/v) ethanol. After 30 min of heating at 60 °C, the extracts were filtered and diluted
with 80% (v/v) ethanol to a volume of 20 milliliters. The acid ninhydrin reagent method
was used to quantify the free Pro content in various plant extracts [24]. Then, 500 mM of
thick H,SO4 was mixed with around one gram of ninhydrin. Next, two mM each of the
aqueous alcohol extract and acid ninhydrin were put into test tubes. To reduce evaporation,
glass marbles were placed over the test tubes, which were kept at 95 °C for 60 min. They
were then allowed to cool to room temperature. Lastly, 4 mL of toluene was added to each
sample replicate. After the solution layers were separated, the toluene layer was carefully
decanted, put in glass corvettes, and its absorbance at 518 nm was measured.

2.4. Estimation of Lipid Peroxidation and Hydrogen Hyperoxide

At the end of the experimental period (see above), the amount of lipid peroxidation
of Lamiaceae leaves was quantified, and the concentration of malondialdehyde (MDA)
was determined through reaction with 2-thiobarbituric acid (TBA) [25]. To a sample
of 0.1 g of fresh leaf blade tissue, 0.5 mL of 0.1% (w/v) trichloroacetic acid (TCA) was
added to homogenize the samples. For ten minutes, the homogenate was centrifuged at
15,000 g and 4 °C. A mixture of 0.5 mL of the supernatant and 1.5 mL of 0.5% TBA diluted
in 20% TCA was prepared. Incubation lasted 25 min at 95 °C. Further incubation in an
ice bath brought the process to a halt. Following a 10 min centrifugation at 10,000x g and
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4 °C, the absorbance of the supernatant was measured at 532 and 600 nm. The value
at 532 nm was used as the substrate for the non-specific absorption value at 600 nm.
Using the MDA extinction coefficient of 155 mM~! cm ™! and Lambert-Beer’s equation,
the concentration of MDA was determined [26]. The findings are displayed as umol
MDA g~! FW. Following the literature procedure, the H,O, concentration of leaves was
determined [27,28]. Then, 500 mg of fresh leaf material was homogenized in 3 mL of 1%
TCA. Following centrifugation, 1.5 mL of 1 M KI and 10 mM K buffer (0.75 mL) were added
to 0.75 mL of the filtrate, and the absorbance of each sample was measured at 390 nm.

2.5. Isolation of Essential Oils

For 10 days, the collected plant material was allowed to air dry at room temperature
in the shade and darkness. In order to minimize hydrodistillation overheating artifacts,
each sample was subjected to hydrodistillation three times for two hours using a modified
Clevenger-type apparatus with a water-cooled oil receiver. Following normal protocols,
the volatiles were trapped in 5 mL of gas chromatography-grade n-pentane [29]. They were
then dried over anhydrous sodium sulfate and stored in closed, airtight Pyrex containers at
—4 °C. The amount of essential oil is stated as mL per 100 g~ d.w.

2.6. GC-MS Analysis of Essential Oils

The GC-MS analysis of the extracted volatile oils was carried out using a Shimadzu GC-
17A gas chromatograph (Shimadzu Corporation, Kyoto, Japan) coupled with a Shimadzu
GCMS-QP 5050 mass-selective quadrupole mass spectrometer as the detector and the
appropriate data system. The fused silica capillary column (Supelco, Merck, Miinchen,
Germany, SBP-5, with 0.25 um film thickness, 30 m x 0.25 mm i.d.) was directly linked to
the ion source, and the GC was outfitted with a Grob-type split-splitless injector. A carrier
gas of helium with a back pressure of 0.8 Atm was employed. The injector temperature
was 250 °C and the oven temperature program was started at 50 °C for 5 min and then
increased at a rate of 5 °C/min up to 150 °C, was retained at this temperature for 10 min
and increased again at a rate of 5 °C/min up to 280 °C, where it remained for 20 min. The
range of the scan was 30-700 m/z. With an ionization energy of 70 eV, a GS-MS detection
electron ionization system was employed.

2.7. Identification and Quantification of Essential Oils Components

Based on the mass spectrometer’s detection of the total number of fragments (total ion
count) of the metabolites, the components were quantified. The chemical components were
identified by analyzing their mass spectra using the NIST21, NIST107, and PMW_TOX2
mass spectra libraries, and by comparing each component’s retention time (Rt) with those
of commercially accessible compounds [30]. Additionally, components were identified by
contrasting the data with those from the literature [31]. Retention indices were computed
using the standard hydrocarbon retention durations (C9—Cps) as a guide, based on the work
of Van den Dool and Kratz (1963) [32]. Co-injection with standard substances was also
performed when needed.

2.8. Statistical Analysis

The experimental layout included three species and four salt concentrations, and four
replicates (plants) per treatment. Data were subjected to analysis of variance (ANOVA).
For comparison of means, the Duncan multiple range test was used (p < 0.05) using the
SPSS 24.0 statistical package (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Plant Growth
In dittany and oregano, a 100% watering regime and higher NaCl concentrations

caused a trend toward an increase in plant height at the end of bloom that was roughly 17%
higher than that of the control (Table 1). At the same conditions, no changes in spearmint
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height were revealed. The application of 50% irrigation and high NaCl concentration
induced similar results in plant height in all of the plants. The height of the plants did not
differ between salinity treatments, but the dry weight of dittany and oregano increased
significantly. The ratio of dry weight to fresh weight did not seem to be affected between
salinity treatments.

Table 1. Effect of NaCl in height (cm) and dry weight/fresh weight of different Lamiaceae
species Mentha spicata L., Origanum dictamnus L., and Origanum onites L. Each value is the mean of
4 replications + standard error.

First Month of Atthe End of  First Month of At the End of
Treatnents Treatment Blooming Treatment Blooming
100% Irrigation 100% Irrigation  50% Irrigation  50% Irrigation

DW/FW DW/FW
100% Irrigation  50% Irrigation

0 mM NaCl
Spearmint 16.27 £ 1.72 32.00 + 2.45 16.00 £ 1.30 31.00 4 2.30 0.68 + 0.07 0.64 4+ 0.07
Dittany 17.20 £+ 2.39 23.60 +1.14 17.00 4 2.10 23.00 + 1.40 0.17 £ 0.05 0.16 4 0.02
Oregano 14.60 + 1.82 25.10 = 0.90 14.50 + 1.82 24.60 + 0.89 0.63 £+ 0.03 0.70 4 0.06
25 mM NaCl
Spearmint 16.17 = 1.47 33.67 + 1.86 16.00 4 1.40 33.00 + 1.60 0.67 £ 0.02 0.60 4= 0.03
Dittany 15.20 +£1.31 26.60 +3.91 15.00 £+ 1.10 26.00 +2.10 0.21 +£0.03 0.20 £+ 0.04
Oregano 13.00 £ 0.71 27.80 + 3.96 12.60 4 0.60 26.90 + 2.40 0.64 £ 0.06 0.67 4+ 0.07
50 mM NaCl
Spearmint 15.40 +£1.79 31.67 +3.37 15.00 £+ 1.50 32.50 4+ 3.20 0.72 + 0.07 0.67 4+ 0.06
Dittany 17.20 £ 2.77 26.20 +1.92 17.00 £ 1.60 26.00 + 1.92 0.22 +0.02 0.20 4 0.03
Oregano 14.60 + 2.30 27.60 4+ 2.07 14.00 £+ 1.30 26.40 4+ 1.87 0.61 + 0.09 0.57 + 0.08
100 mM NaCl
Spearmint 15.17 £ 0.75 31.17 £ 1.94 15.00 4 0.50 31.50 + 1.40 0.70 4+ 0.11 0.68 4= 0.09
Dittany 19.60 + 2.68 26.00 + 2.60 19.00 + 1.80 25.40 4+ 2.30 0.23 + 0.04 0.21 £+ 0.03
Oregano 16.40 + 2.05 27.60 + 2.80 16.20 £ 2.50 26.60 4+ 2.10 0.69 £ 0.02 0.60 4+ 0.04
150 mM NaCl
Spearmint 15.67 +1.21 3217 £2.9 15.50 + 1.10 32.00 +2.20 0.68 +£0.17 0.66 + 0.10
Dittany 17.80 + 2.68 27.80 +2.24 16.00 £ 2.68 27.00 4 2.35 0.20 £+ 0.01 0.18 +0.02
Oregano 15.20 £ 2.05 28.80 £+ 2.78 14.70 4 1.50 27.40 + 2.60 0.70 £ 0.05 0.63 4= 0.08

3.2. Secondary Metabolites
3.2.1. Proline and Chlorophyll Content

At the highest concentration (150 mM) of NaCl and simultaneous 50% irrigation,
spearmint contained the highest proline concentrations, which were significantly greater
compared to those of oregano and dittany species in the same conditions (five times higher
than the control), (p < 0.05). A progressive increase in proline content was revealed in all
studied species with increasing dose of NaCl. Spearmint seems to be more susceptible to
salinity and drought as it showed a drastic increase even at 50 mM NaCl in both irrigation
treatments (by four and four-and-a-half times, respectively). Salinity or drought affected
the proline concentration less in dittany and oregano showing an increase two-and-a-half
and three times higher under 50% irrigation and 150 mM NaCl, respectively (Figure 1).

The highest chlorophyll contents were found in oregano that was well irrigated
without salinity treatment. Salinity significantly affects total chlorophyll concentration in
higher concentrations (100 and 150 mM) in spearmint plants, especially under 50% soil
water irrigation (Figure 2). In addition, salinity and drought negatively affect the total
chlorophyll’s concentration in dittany and oregano species but to a lower degree (Figure 2).
At the higher concentrations (150 mM) of NaCl and 50% irrigation, spearmint contained the
lowest chlorophyll concentrations, which were significantly lower than those of oregano
and dittany species (p < 0.05).
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Figure 1. Effect of NaCl on proline (mg g~! FW) content in leaves of different Lamiaceae species
Origanum dictamnus L., Mentha spicata L., and Origanum onites L. Each value is the mean of 4 replica-
tions £ standard error. Means not sharing the same letter are significantly different at p < 0.05.
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3.2.2. Lipid Peroxidation and Hydrogen Peroxide Assays

Salinity conditions combined with drought significantly increased the concentration
of MDA in all species of the Lamiaceae family, as observed in Figure 3. Concentrations of
MDA in salinity treatments, especially in higher concentrations of spearmint plants, were
about ten times higher than those in the control plants (Figure 3). Moreover, it was noticed
that MDA negatively contributed to spearmint salinity tolerance.
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Figure 3. Effect of NaCl on MDA (umol g~! FW) content in leaves of different Lamiaceae species
Origanum dictamnus L., Mentha spicata L., and Origanum onites L. Each value is the mean of 4 replica-
tions =+ standard error. Means not sharing the same letter are significantly different at p < 0.05.

A similar trend to that of MDA was observed for H,O; in all species of the Lamiaceae
family. The H,O, values in spearmint plants after salinity and 50% irrigation treatments
were up to two times higher than those in the dittany and oregano species (Figure 4).
This study demonstrated that both MDA and H,O; increased in Lamiaceae plants but, in
spearmint plants, after simultaneous salinity treatment and drought stress, the increase
was about two times higher than in oregano plants.

3.3. Essential Oil Content and Main Constituents

Table 2 presents the content of the volatile fractions of the plants analyzed. It is
obvious that oregano had the highest concentration of essential oil, which increased with
the increase of NaCl in the soil substrate (by 25% of the control at 150 mM NaCl). In dittany,
exposure to 25 mM NaCl caused a significant reduction of oil production by 45% (p < 0.05);
then, increasing the salinity resulted in an augmentation of the essential oil that was always
lower than the control by almost 19% at the higher salt level. In spearmint, it seems that
the essential oil level was less affected by the presence of NaCl.
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Table 2. Content of essential oils of the examined plant species under salt stress (mL 100 g~ D.W.).
Mean values (1 = 4 & se) not sharing the same letter are significantly different at p < 0.05.

Treatments M. spicata O. dictamnus O. onites
0 mM NaCl 3.24 £0.08b 3.61 £0.18d 4.86 = 0.09b
25 mM NaCl 3.60 £0.05c¢ 2.00 £ 0.06 a 4.53 £0.08 a
50 mM NaCl 294+ 0.07a 211+0.03a 554+ 0.15c¢
100 mM NaCl 3.06 = 0.13 ab 2.60 +£0.12b 6.57 £0.11e
150 mM NaCl 3.15+0.11 ab 293 +0.13¢ 6.07 £0.16d
p-value <0.001 <0.001 <0.001

The composition of essential oils was not affected in terms of the main constituents
in spearmint and dittany, while in oregano, at 25 and 50 mM NaCl treatments there was
a variation in the ratio of carvacrol to its precursors. Moreover, in the treatments with 25
and 50 mM Na(l, there is a clear differentiation in the ratio of carvacrol to precursors of
0.68 and 0.65, respectively. The highest salinity procedures, such as 100 and 150 mM NaCl
with a ratio of carvacrol to precursors of 0.99 and 0.98, respectively, are the same as those
of the control (1.03) (Tables 3-5). Since, in salinity interventions, the plants preceded the
growth stages, this difference cannot be due to a more advanced stage of ripening.

Table 3. Composition of the essential oils of Mentha spicata L.

Compounds tR1! RI? RI?® 0 mM NaCl 25 mM NaCl 50 mM NaCl 100 mM NaCl 150 mM NaCl p-Value
Limonene 8.402 1026 1029 21.69 £0.01 a 23.22 +£0.05b 21.81 £0.23a 23.16 £0.10b 2288 +0.25b <0.001
1,8-Cineole 8.463 1029 1031 9.81 £0.03a 9.54 £0.05a 11.46 £0.18 b 10.40 £+ 0.08 b 10.34 £0.11b <0.001

Carvone 11.912 1242 1243 53.11+0.12a 51.32£0.02a 52.70 £0.07a 5260 £0.18a 5091 +£0.15a >0.05
3-Caryophyllene 14.661 1418 1419 1.81 £0.02e 1.36 0.01 ¢ 0.87 £0.01a 111 £0.04b 1.61 +0.04d <0.001
% Total 85.80 85.44 86.84 87.26 85.29

L {R: Retention time (min); 2 RI: Retention Indices from experimental using a SBP-5 column using a homologous
series of n-alkanes (Cog—Cys); 3 RI: Retention indices according to literature. Alphabetic characters (a—e) in the table
demonstrate the significant differences among the various NaCl treatments, as they resulted from the post hoc
analyses, based on Tukey’s Honest Significant Difference (HSD) test.
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Table 4. Composition of the essential oils of Origanum dictamnus L.

Compounds tR1 RI2 RI3 0 mM NaCl 25 mM NaCl 50 mM NaCl 100 mM NaCl 150 mM NaCl p-Value
«-Thujene 6.493 930 932 1.24 £0.02e 1.05+0.01b 0.77 £0.01a 1.14 £ 0.00 ¢ 1.18 £0.01d <0.001
o-Terpinene 8.185 1012 1014 2.05+0.00b 191+0.01a 191 +0.03 a 2.05+0.01b 2.07 £0.00 b <0.001
p-Cymene 8.314 1022 1024 34.81 +0.07b 4325+ 0.04c 33.31+£0.62a 35.16 £ 0.10b 33.57£029a <0.001
y-Terpinene 8.924 1052 1054 13.54 +0.07 ¢ 10.16 £ 0.03 a 13.37+0.10 ¢ 1241 £0.04b 12.50 £ 0.12b <0.001
Linalool 9.602 1092 1095 2.02 £ 0.04 ab 3.05+0.03d 1.95+0.05a 2.07 £0.01b 2.34+£0.02¢ <0.001
Thymol 12.514 1290 1290 0.12£0.01a 0.15+0.01b 0.16 £0.01b 0.12 £ 0.00 a 0.16 = 0.00 b <0.001
Carvacrol 12.669 1299 1298 34.77 £0.05b 2525+ 0.27 a 36.13 +0.37 ¢ 3441 +£020b 35.84 +0.15¢ <0.001
% Total 88.55 84.82 87.60 87.36 87.65
1 tR: Retention time (min); 2 RI: Retention Indices from experimental using a SBP-5 column using a homologous
series of n-alkanes (Cg—Cps); 3 RI: Retention indices according to literature. Alphabetic characters (a—e) in the table
demonstrate the significant differences among the various NaCl treatments, as they resulted from the post hoc
analyses, based on Tukey’s Honest Significant Difference (HSD) test.
Table 5. Composition of the essential oils of Origanum onites L.
Compounds tR1 RI? RI3 0 mM NaCl 25 mM NaCl 50 mM NaCl 100 mM NaCl 150 mM NaCl p-Value
«-Thujene 6.493 930 932 120 £0.01b 1.72 £0.02d 245+ 0.03e 1.00£0.01a 1.29+0.02¢ <0.001
o-Pinene 6.621 937 939 0.78 £0.01b 1.16 +£0.00d 1.62 £0.02e 0.67 £ 0.00 a 0.85+0.00 ¢ <0.001
Myrcene 7.695 986 990 1.28 £ 0.00 b 1.72+0.01c 247 £0.05d 116 £ 0.01a 1.34 +0.00 b <0.001
o-Terpinene 8.176 1012 1014 3.18 £0.02a 4.80+£0.02¢ 524 +0.02d 343 +0.01b 3.41+0.02b <0.001
p-Cymene 8.314 1022 1024 345+0.01a 473+0.01d 588 +£0.01e 3.514+0.01b 3.66 £0.01c <0.001
Limonene 8.400 1026 1029 1.12£0.00 a 1.50 £ 0.00 d 196 +0.02e 116 £0.01b 1.25+0.02¢ <0.001
v-Terpinene 8.924 1052 1054 8.65 £0.01a 12.55+0.08 d 13.96 + 0.03 e 9.59 £0.00 ¢ 8.95+0.02b <0.001
cis-Linalool oxide 9.439 1172 1174 0.78 £0.00 a 1.11+0.01d 1.03 £ 0.02 ¢ 0.82+0.01b 0.82+0.01b <0.001
Linalool 9.602 1092 1095 11.71+£0.02d 10.77 £ 0.07 a 11.40 £ 0.07 ¢ 10.96 + 0.08 b 11.25 +£0.03 ¢ <0.001
Borneol 10.728 1162 1165 1.52 £0.00 1.36 £ 0.00 1.08 £ 0.00 1.59 £ 0.00 1.45 +0.00 -
Terpinen-4-ol 10.891 1172 1174 6.52 +0.00b 8.53+0.53d 456 +£0.01a 7.62+£0.01c 6.81 +£0.02b <0.001
o-Terpineol 11.097 1188 1188 393 +0.01b 391 +0.02b 297 £0.00 a 4.16 £0.02 ¢ 3.95+0.05b <0.001
Thymol 12.514 1290 1290 0.32£0.03 ¢ 020 £0.01a 0.17 £ 0.00 a 0.27 £ 0.01 bc 0.26 £ 0.03 b <0.001
Carvacrol 12.669 1299 1298 4541 £0.15d 36.46 £0.35b 3544 +0.24a 4556 £0.10d 44.50 £0.03 ¢ <0.001
% Total 89.85 90.50 90.24 91.49 89.80
Ratio of carvacrol 1.03 0.68 0.65 0.99 0.98
to precursors
Monoterpene 19.66 28.18 3358 20.52 20.75
Hydrocarbons
Sum of 44.12 53.86 54.62 45.67 45.03
precursors

1 {R: Retention time (min); 2 RI: Retention Indices from experimental using a SBP-5 column using a homologous
series of n-alkanes (Cg—Cps); 3 RI: Retention indices according to literature. Alphabetic characters (a—e) in the table
demonstrate the significant differences among the various NaCl treatments, as they resulted from the post hoc
analyses, based on Tukey’s Honest Significant Difference (HSD) test.

4. Discussion

To mitigate the adverse effects of drought and salinity on aromatic plants and improve
their productivity, it is crucial to understand the physiological and biochemical responses
of aromatic plants under these conditions. Generally, the addition of salts to the soil
solution limits the ability of the plant to absorb water, resulting in delayed growth and
development [33]. The growth, yield, and quality of aromatic Lamiaceae plants can be
adversely affected by salinity [34].

We focused on three species of aromatic plants in order to investigate their tolerance
to saline and drought conditions because they are widely recognized for their commercial
importance. By studying the physiological and biochemical responses of these aromatic
species to salt stress, we aimed to gain a better knowledge of their tolerance mechanisms.
This observation can be valuable for breeding and selecting salt-tolerant cultivars, as well
as for implementing effective strategies to mitigate the negative effects of salt stress on the
cultivation of aromatic plants.

Among the three aromatic species, dittany was revealed to be more resistant to salt
and drought stress compared to oregano and spearmint, as there was a significant increase
in its height and the ratio DW/FW (Table 1). The increase in salinity accelerated the entry
of plants into flowering, especially for oregano. The vegetative growth of plants lasts
throughout spring for spearmint, whereas a maximum growth at the end of April and
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early May was observed for oregano. As a result, the growth and the height of the three
aromatic plants under salinity treatments, especially in the higher concentrations and a
simultaneous 50% of irrigation, was poor.

Salt stress is known to have detrimental effects on plant growth, development, and
antioxidant capacity. One of the reasons for the reduced plant growth under salt stress is
the accumulation of excess salts around the root zone, which interferes with water uptake.
The increase in salinity accelerated the entry of plants into flowering, especially for island
oregano. Similar results that show the negative relationship between the salinity stress and
the plant growth parameters were also reported previously [35], although the response
was different in different genotypes. Drought stress leads to turgor loss, trim down in
photoassimilation, and metabolites that are required for cell division. As a consequence,
impaired mitosis and cell elongation and expansion result in reduced growth [13,35,36].
Likewise, we observed a significant and uniform reduction in all measured production
parameters (plant height, canopy diameter, leaf area, fresh root weight, and biomass
production) under drought stress, across all the tested species.

The concentration of certain ions increases under salt stress, which can have inhibitory
effects on plant metabolism. This specific ion toxicity can disrupt plant functions and lead
to mineral nutrient imbalances and deficiencies [13,35].

The decreased chlorophyll content under water stress and salinity might be a result of
the ion uptake disturbances with concomitant reduced photosynthesis and respiration of
the aromatic plants. Among the three species, spearmint revealed that it lost a remarkable
portion of the photosynthetic pigment resulting in growth inhibition.

Plant grown under salt and water stress may exhibit significantly higher levels of cer-
tain secondary plant metabolites compared to controls cultivated in normal conditions [13].
Additionally, those stresses adversely affect the content of total carbohydrates, fatty acids,
and proteins, while increasing the level of amino acids, particularly proline. The distinc-
tive cyclic structure of proline’s side chain gives proline an exceptional conformational
rigidity compared to other amino acids. It is essential in the primary metabolism and is
the most extensively studied osmolyte due to its great importance for stress tolerance [18].
For osmotic adjustment, proline contributes to the stabilization of subcellular structures
(e.g., membranes and proteins), scavenging free radicals, and buffering cellular redox
potential under stress conditions. The rapid breakdown of proline upon stress relief may
provide sufficient reducing agents that support mitochondrial oxidative phosphorylation
and the generation of ATP for recovery from stress, as well as repairing stress-induced
damage [37].

Proline is considered to be a protective osmolyte associated with the degree of stress
tolerance; its accumulation indicates that the plants are under stress [38]. There is evidence
that the synthesis and accumulation of proteins is related to the resistance of plants to water
stress [39,40]. However, a correlation between proline accumulation and stress tolerance is not
always apparent [41], and other authors have suggested that it is an indicator of some type of
damage [42]. The influence of drought and salt stress on secondary compound accumulation
is highly debatable and a lot of contradictory results are reported [24,26,34,43,44]. In this
experiment, we observed an augmentation of proline biosynthesis in the more sensitive
spearmint compared to the more resistant dittany and oregano. Similar results in proline
content have also been observed as a result of water stress in oregano plants [45].

The findings of this study highlight the importance of lipid peroxidation and TBARs
content as indicators of salt stress response in aromatic plants. Understanding the bio-
chemical role of MDA is important in assessing the extent of lipid peroxidation and its
impact on cellular structures. The increase in MDA levels indicates higher levels of lipid
peroxidation and suggests the presence of cellular membrane damage. This can have detri-
mental effects on various cellular processes and overall plant performance. The contrasting
responses observed in spearmint (sensitive), oregano, and dittany (tolerant) species provide
insights into the mechanisms underlying salt and drought tolerance and susceptibility.
Our results indicated that spearmint is more susceptible to salinity and drought-induced
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lipid peroxidation, leading to membrane damage and ultrastructure changes. On the other
hand, the tolerant oregano and dittany have mechanisms that prevent or minimize lipid
peroxidation, thus protecting their cell membranes and maintaining their ultrastructure
integrity. Similar results were reported by Krause et al. [46], who found that salt treatment
caused an increase in lipid peroxidation, as revealed by high TBA content in sensitive
barley genotypes, but no significant effect was shown in the most salt-tolerant genotypes.
According to Chiappero et al. [47], drought effects were ameliorated by the reduction of
MDA (malonyldialdehyde) levels, thus avoiding the accumulation of ROS and increasing
antioxidant enzyme activities and the antioxidant level, specifically in relation to the total
phenolic compounds. In the current experiment, stress treatments induced the enhance-
ment of hydrogen peroxide, especially in spearmint plants compared to oregano plants. On
the contrary, this enhancement of H,O, indicates the prevalence of oxidative stress and this
may be one of the possible mechanisms by which the toxicity of salinity and drought could
be manifested in the plant tissues [24,48]. Nevertheless, H,O, accumulation is another
ROS that is implicated in enhanced lipid peroxidation and membrane damage, causing cell
death [49,50].

Regarding the quantitative and qualitative composition of spearmint plants, the essen-
tial oil was not affected when referring to carbon as the most predominant component in
all treatments. This result is in accordance with a previous study performed by Ounoki [51]
and reveals that the essential oil composition of spearmint was unaffected by the treatments
applied to the plant material [51]. In dittany plants, no statistically significant difference
was observed in the quantitative and qualitative composition of dew essential oil. Salinity
did not seem to affect the concentration of carvacrol, which is the main component. It
should be noted that the quantities of p-cymene and y-terpinene in the treatment with
25 mM NaCl seem to increase, whereas carvacrol decreases compared to controls.

In pennyroyal plant grown under water stress, a 40% increase in EO content was also
shown [52], with comparable responses being observed for other Lamiaceae species grown
under water stress, such as Lavandula angustifolia [12], Ocimum basilicum [12], and Thymus
vulgaris [46,53]. However, in a one-year field trial, the researchers [19] observed that the
Lamiaceae subjected to drought stress did not present variations in the amount of EOs,
whereas the EO content actually decreased in Lavandula latifolia and Salvia sclarea. Other
authors have also indicated negative effects on EO content due to water stress in Mentha
arvensis [47,51,54] Hyssopus officinalis [55], Rosmarinus officinalis [56], Salvia officinalis [57],
and Thymus vulgaris [58].

Finally, in oregano plants the quantitative and qualitative composition of the dew
essential oil was affected after salinity treatments and drought. The percentage of the
main component carvacrol did not significantly differ in treatments with both 100 and
150 mM NaCl. On the other hand, the essential oil extracted by plants treated with 25
and 50 mM NaCl were almost 10% poorer in carvacrol, with a decrease in the amount
of monoterpenoids at the same time (Table 5). The monoterpene alcohol carvacrol is a
compound with the characteristic flavor of oregano also found in other Lamiaceae species.
This phenolic monoterpene, among others, is widely used for its pharmaceutical, cosmetic-,
and food-related properties. y-terpinene and p-cymene are considered the main precursors
of carvacrol [51]. It has been suggested that the induction of EO yield under drought stress
may be because when plants grow under stress conditions, they only allocate low amounts
of carbohydrates from photosynthesis to plant development, and instead use these for the
synthesis of secondary and reserve metabolites, thus generating a balance between growth
and defense [12,24,46]. The increase in EO in this case could be working as a mechanism
by which to dissipate “extra” energy [12,28]. Indeed, in favorable conditions, most of the
plant’s energy is directed towards primary metabolism and only a small portion to the
secondary metabolism [46].

Further research in this area can contribute to the development of improved aromatic
varieties with enhanced salt and drought tolerance.
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5. Conclusions

Comparing the studied species, spearmint is more susceptible to salinity and drought,
which induces lipid peroxidation, leading to membrane damage and ultrastructure changes.
In contrast, oregano and dittany have developed mechanisms for preventing or minimizing
lipid peroxidation. This indicates their ability to withstand salinity and drought stress
without significant cell membrane damage or ultrastructure changes. These mechanisms
may involve the activation of antioxidant enzymes or the accumulation of specific molecules
that protect against oxidative stress.

Dittany plants have a strong ability to tolerate high levels of salinity in the soil, as
indicated by the increase in essential oil yield. However, the concentration of carvacrol
remained constant, regardless of the salinity levels.

Future work in the field should be undertaken to discern the roles and mechanisms
affected by proline and other secondary metabolites, to reduce oxidative stress, and to
study the response of chemotype of aromatics plants under salt and drought conditions.
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