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1. Introduction

Ornamental plants play a pivotal role in environmental decoration, ecological balance,
and air purification. However, they are facing escalating challenges from abiotic stresses,
including heavy metal pollution, extreme temperatures, drought, salinity, and ozone
exposure [1]. These stresses disrupt plant growth, metabolism, and survival, necessitating
urgent research to unravel the tolerance mechanisms of plants and develop stress mitigation
strategies. This Special Issue, “Tolerance and Response of Ornamental Plants to Abiotic
Stress,” compiles cutting-edge studies exploring how ornamental species adapt to diverse
abiotic pressures, offering insights into their physiological, biochemical, and molecular
responses. Through a rigorous peer review process, 10 research articles were selected,
spanning topics ranging from stress physiology to innovative mitigation techniques, which
collectively advance our understanding of ornamental plant resilience.

2. Overview of Published Articles

The articles in this Issue address various abiotic stressors and tolerance mechanisms
associated with multiple ornamental species. They are categorized into four thematic areas:

2.1. Physiological and Biochemical Adaptations to Stress

The studies in this category focus on how plants modulate physiological processes in
order to cope with stress. For example, Kryuchkova et al. (2025) investigated winter hardi-
ness in Lavandula angustifolia hybrids, identifying critical climatic factors (e.g., temperature
fluctuations and snow cover) influencing their survival. The study revealed that hybrids
with stable antioxidant enzyme activity exhibited superior cold tolerance, providing a
foundation for breeding cold-resistant cultivars [2]. Wang et al. (2023) evaluated pH
stress tolerance in Rhododendron genotypes through a 140-day greenhouse experiment,
demonstrating that a neutral pH (6.3) significantly inhibited root development, plant
height, and biomass accumulation, while causing chlorosis and reducing chlorophyll
fluorescence (Fv/Fm). Notably, the genotype PB-T3-4 showed superior tolerance, main-
taining root growth and photosynthetic efficiency under a neutral pH, highlighting how
genetic variation can influence stress adaptation [3]. Shala et al. (2024) explored the role of
gamma-aminobutyric acid (GABA) in alleviating the effects of salinity stress in Lavandula
dentata. Foliar application of 40 mM GABA mitigated chlorophyll degradation, enhanced
the accumulation of osmolytes (e.g., proline), and improved antioxidant enzyme activity,
demonstrating its potential as a cost-effective stress mitigator [4].

Horticulturae 2025, 11, 704 https://doi.org/10.3390/horticulturae11060704
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2.2. Chemical and Molecular Interventions

Several studies highlight the efficacy of chemical compounds and gene regulation
in enhancing stress tolerance. Liu et al. (2025) demonstrated that hydrogen sulfide (H,S)
alleviates manganese toxicity in Malus hupehensis by regulating the ascorbate-glutathione
cycle and mineral homeostasis. H,S treatment reduced Mn accumulation in the roots
and upregulated the activity of metal transporters (MTPs), emphasizing its dual role in
detoxification and nutrient balance [5]. Elmongy and Abd El-Baset (2024) investigated
melatonin’s effects on heat-stressed carnations (Dianthus caryophyllus). Melatonin at a
concentration of 5-10 mM enhanced the carnations’ chlorophyll content, reduced the
abundance of reactive oxygen species (ROS), and upregulated heat shock proteins (HSP70,
HSP101), showcasing its potential to improve thermal resilience in ornamental crops [6].

2.3. Molecular and Genetic Mechanisms

Genomic and transcriptomic analyses dominate this theme. Yu et al. (2024) character-
ized the Isopentenyl Diphosphate Isomerase (IPI) gene in Fritillaria unibracteata, revealing
its role in (3-carotene synthesis and drought/salt tolerance. Transgenic Arabidopsis plants
that overexpressed FulPI exhibited higher abscisic acid levels and stress resistance, high-
lighting the utility of this gene for the genetic improvement of liliaceous plants [7]. Li et al.
(contribution 5) used transcriptomics to dissect the effects of light and temperature on
Hydrangea macrophylla. Key genes involved in photosynthesis (e.g., PHYB, PSBR) and
hormone signaling (e.g., PIN3, EIN3) were identified, providing molecular markers for
breeding shade-tolerant hydrangea cultivars [8].

2.4. Non-Destructive Monitoring and Stress Assessment

Innovative technologies for stress detection are showcased in two studies. Dmitriev
et al. (2024) developed a hyperspectral imaging model to distinguish “Vegetation” and
“Dormancy” states in conifers (Platycladus orientalis, Thuja occidentalis). Using linear
discriminant analysis (LDA) and random forest algorithms, the model achieved >92%
accuracy in the diagnosis of conifers” phenological states, enabling timely management of
conifer plantations under climate change [9]. Qu et al. (contribution 4) proposed a com-
prehensive method to evaluate cold tolerance in Stenotaphrum accessions by integrating
fall dormancy and spring green-up phenotypes. This approach outperformed traditional
laboratory assays (e.g., LT50), identifying superior cold-tolerant genotypes (e.g., ST003,
S13) for temperate regions [10].

3. Conclusions

The studies presented in this Special Issue collectively advance our understanding of
ornamental plants’ responses to abiotic stress, from physiological adaptations to molecular
mechanisms. They highlight the potential of chemical priming (e.g., H,S, GABA), genetic
engineering, and non-destructive monitoring techniques to enhance stress resilience. These
findings not only provide theoretical insights, but also offer practical tools that can be used
by breeders and horticulturists to develop climate-smart ornamental varieties.

We extend our gratitude to all of the authors who made valuable contributions and to
the reviewers who conducted rigorous evaluations. We hope that this issue will foster cross-
disciplinary collaboration and inspire further research aiming to safeguard ornamental
plant sustainability in an increasingly stressful environment.
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Innovation Center of China Geological Survey (QCJJ2022-44).
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Abstract: Lavandula angustifolia is a promising essential oil and ornamental crop whose
distribution in the temperate zone and northern regions is limited by its low winter hardi-
ness. Analyzing the causes of low winter hardiness will facilitate the selection of the most
winter-hardy hybrids. The study goal is to evaluate the climatic conditions and winter
hardiness of narrow-leaved lavender and to determine critical conditions for the successful
overwintering of plants in the conditions of Moscow. The studies were conducted in the
laboratory of cultivated plants of MBG RAS from 2015 to 2022. The research objects were
72 lavender hybrids. The assessment of hybrids” winter hardiness was carried out after
complete snow melt. Average daily temperature, snow cover height, and precipitation
were considered daily. Data statistical processing was carried out using Microsoft Excel
and PAST 4.5 software. Optimal lavender overwintering conditions were formed in 2018
and the greatest plant damage was observed in 2017. The research years were grouped by
winter hardiness structured into clusters, which allowed us to identify common features
in climatic conditions and to identify critical periods of the winter period leading to a
decrease in winter hardiness. Temperature fluctuations in winter, frequent temperature
transitions over the 0 °C mark, high levels of snow cover and the formation of ice deposits
led to severe damage to some lavender hybrids. Severe frosts in the absence of snow cover
can lead to the death of lavender plants in the temperate zone. Lavender hybrids were
grouped by winter hardiness into two clusters and 11 subclusters. A group of hybrids
with consistently high resistance has been selected throughout the years of the study; these
hybrids are the most promising for further hybridization.

Keywords: Lavandula angustifolia; hybrids; climatic conditions; desiccation; winter hardiness

1. Introduction

Lavender is a plant of the Lamiaceae family cultivated as an essential oil, ornamental
and medicinal plant [1]. The Lavandula genus includes more than 45 species. The genus
representatives’ growing region is the Mediterranean Sea, southern Europe, North and
East Africa, the Middle East, and southwest Asia and southeast India [2,3]. Representatives
of four lavender species are most often used in the industry—Lavandula angustifolia Mill.,
Lavandula stoechas L., Lavandula latifolia Medik., and Lavandula x intermedia Emeric ex Loisel.
The last one is a hybrid between L. latifolia and L. angustifolia [4-6].

The main purpose of lavender cultivation in the world is to obtain essential oil, which
is included in a wide range of products [7-9]. This is possible mainly in countries with
a high sum of active temperatures and a warm, dry climate. The leading countries for

Horticulturae 2025, 11, 139
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lavender production are Bulgaria and France, followed by Russia, Ukraine, Moldova,
Romania and others [10].

Among Lavandula species, the most important and most winter-hardy is the Lavandula
angustifolia, which makes it increasingly important to move the cultivation area northward.

Lavender essential oils contain more than 100 components, including linalyl acetate
(30-55%), linalool (20-35%), tannins (5-10%), and caryophyllene (8%) as well as other
sesquiterpenoids, perillyl alcohols, esters, oxides, ketones, cineole, camphor, 3-ocimene,
limonene, caproic acid, and caryophyllene oxide [11]. Lavender essential oils are used
as a medicinal agent [12], characterized by a variety of pharmacological properties—anti-
inflammatory, antioxidant, antibacterial, antiseptic, antiviral, antidepressant, sedative,
immunostimulant [13]. Lavender oil is used in cosmetic products and for insect repellent.
Also, lavender oils are used in aromatherapy [14,15]. However, it is known that the
accumulation of essential oils is higher at higher temperatures and decreases at lower
temperatures [16-18]; therefore, industrial cultivation of lavender for the production of
essential oils may not be the main goal in temperate climates.

There is currently a trend towards the development of zero-waste agricultural pro-
duction technologies, which makes essential oils not the only lavender processing product.
Secondary lavender processing products are particularly attractive, and studying these will
allow for the best utilization of the crop [19].

Lavender is rich in phenolic compounds, with 8 anthocyanins and 19 flavonols iden-
tified in the plants [19]. Lavender leaves are widely used as flavorings for food and
beverages and are a source of phenolic components and antioxidants. Lavandula angus-
tifolia is a good honey grower and is also used as one of the ingredients for tea blends
and ice cream flavoring [20]. Kpome Toro, aBan/a nomy/sipaa B Ka4ecTBe JeKOPATHBHOIO
pacrenust [21-23]. These uses will be available in regions with temperate and cold climates
if plants are obtained that are resistant to the adverse conditions of the winter period—
frost-resistant and winter-hardy.

The trends of Lavandula angustifolia breeding programs in the world are different
depending on the climatic conditions of the growing region. In regions with a warm
climate, breeding work is mainly aimed at increasing the content and quality of essential
oils [24]. A separate breeding direction is obtaining interspecific hybrids with a complex of
valuable traits, including ornamentality, resistance to frost and drought, and content and
quality of essential oils [25], but their winter hardiness does not allow growing them in
the temperate zone. In Romania, one of the main directions is breeding for drought and
salinity tolerance [26].

In temperate regions, low temperatures are the main limiting factor in lavender
propagation; therefore, the main breeding direction in these regions is now increasing the
winter hardiness and frost resistance of lavender. Even though Lavandula angustifolia is
one of the most frost-tolerant species, and its ecological optimum is in climates with warm
sunny summers but cold winters [21], the region of its industrial use is concentrated in
southern Europe, Mediterranean countries, southern Russia and Ukraine [27-29]

In one study, the most resistant varieties of Lavandula angustifolia for the conditions
of the forest-steppe zone of Ukraine were identified [30]; however, their stability was
insufficient for cultivation in the conditions of the Central region of Russia.

Therefore, for the temperate climatic zone, which includes a large part of Russia,
Hanboiiee, an important breeding task is to produce, in particular, winter-hardy hybrids.
These hybrids should have maximum stability to enable them to be stable for many years
since the climatic conditions of the Central region of Russia are very variable in different
years. Fluctuations in climatic conditions have become even stronger in recent years due to
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the influence of global warming. Climate change-related factors are increasingly affecting
plant growth and development worldwide [18].

Among these hardy hybrids, it will be necessary to further select plants with a complex
of economically valuable characteristics (ornamentality, content of biologically active agents,
not only essential oils).

The purpose of this work is to assess the climatic conditions and winter hardiness of
Lavandula angustifolia and to determine the critical conditions for successful overwintering
of plants in the conditions of Moscow, Russia.

2. Materials and Methods
2.1. Plant Materials

The studies were conducted during 2015-2022 in the laboratory of cultivated plants of
the N.V. Tsitsin Main Botanical Garden of the Russian Academy of Sciences (Moscow, Rus-
sia). The geographic coordinates of the plant collection location are [55.84360134560778 N;
37.6201296230011 E].

The objects of the study were 72 second-generation seedlings of lavender narrow-
leaved from free pollination (Figure 1), parental forms of which were produced as a result
of seed exchange between botanical gardens in the 1980s.

Figure 1. Lavender field.
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The plantation grows only narrow-leaved lavender plants, so the origin of seedlings
as a result of interspecific hybridization is excluded.

Each hybrid represents five plants produced by the rooting of semi-timbered cuttings.
The age of plants in 2014 (when the experiment started) was 5 years.

The plants are planted in rows; the distance between rows is 80 cm, and the distance
between plants in a row is 60 cm. One of the lavender cultivation problems is weed
control [19]; to reduce the number of weeds, we used mulching agro-fabric (manufac-
tured NPK “PROTECT” Pereslavl-Zalesskiy, Russia) in our cultivation technology, which
is permeable to water and air but prevents weeds growth and development. During
the growing season, feeding three times with complex mineral fertilizers was carried
out—in spring, fertilizers with high nitrogen content were applied, and in autumn,
phosphorus—potassium fertilizers were applied. Formative pruning (removal of pe-
duncles and shortening of shoots) was carried out at the end of the vegetation period
(September—early October); damaged, broken and frozen shoots were also removed in
spring after snow melt.

2.2. Plants Winter Hardiness Assessment

Winter hardiness was assessed according to a 6-point system: 0 points—the plant
died, 1 point—the plant froze to the soil level, 2 points—perennial shoots were damaged,
3 points—biennial and annual shoots were damaged, 4 points—annual shoots were dam-
aged, 5 points—the plant survived the winter without damage. Winter hardiness tests were
performed after the complete snow melt in April-May, before spring pruning. Figure 2
shows the growing plants for better visibility.

2.3. Climatic Conditions Analysis

During the winter period, the average daily temperature, snow cover height, and
precipitation were considered. Climatic data were provided by the meteorological obser-
vatory named after V.A. Mikhelson by RSAU-MAA named after K.A. Timiryazev (Russia,
Moscow) (license for activities in the field of hydrometeorology and related fields No. L039-
00117-77/00654436). The main climatic data were obtained according to the methodology
created Tudriy and Ismagilov [31].

2.4. Statistical Analysis

The volume of the necessary sample was determined according to the previously
developed methodology [32]. Sample statistical analysis (basic statistics) [33] was
used to assess the reliability of the obtained results, and cluster analysis was used
to group objects. Cluster analysis was carried out according to the comprehensive
scores of principal component evaluation using Ward’s method. Analysis of the re-
sults and their visualization were performed using Microsoft Excel, Microsoft Visio,
PAST 4.5 software.
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Figure 2. Post-winter damage assessment methodology of regrowing plants. Litera (a)—5 points,

(b)—4 points, (¢)—3 points, (d)—2 points, (e)—1 points, (f)—O0 points.

3. Results
3.1. Analysis of Lavender Hybrids” Winter Hardiness in Research Years

The winter hardiness of narrow-leaved lavender seedlings varied significantly among
the years of the study (Table 1 and Figure 3). The worst indicators in the sample, on average,
were observed in 2017—all plants were damaged to different degrees after overwintering;
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the mode and median were 2 points, and the average overwintering score for the sample
was 1.9 points. Also, the first plant dropouts were noted.

Table 1. Statistical parameters of lavender hybrids for winter hardiness.

Year Mediana Mode Average Point  Overwintered Plants, %
2015 4 4 3.5 100
2016 4 4 3.4 100
2017 2 2 1.9 97.2
2018 5 5 45 98.6
2019 4 5 3.9 97.1
2020 4 4 3.6 91.0
2021 4 5 42 95.1
2022 3 4 3.3 98.3
80
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® 20
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'_
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2015 2016 2017 2018 2019 2480 2071 2022 s [V VT LM WY AN ED
temperaturs? C

Maximum height of snow
cover, cm
=20

- 40
Years

Figure 3. Structure of winter hardiness of Lavandula angustifolia hybrids in absolute numbers.

According to the set of statistical parameters of winter hardiness, the optimal year
for overwintering was 2018; the mode and median were 5 points, and the average winter
hardiness score for the sample was 4.5. This was the maximum average score for the whole
time of observations, and only one seedling died.

The winter hardiness in 2019-2021 was quite leveled, but in 2020, the maximum death
of plants during the observation period (6 pcs.) was noted. In general, more than 90% of
plants came out of winter alive with different degrees of damage during the 8 years of
the study.
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3.2. Climatic Conditions Analysis

It was assumed that winter hardiness may be influenced by the following climatic
features of the year: minimum winter temperature, sum of active temperatures, maximum
snow cover height, and precipitation amount for the year (Table 2).

Table 2. Mean annual climatic parameters in the research years.

The Sum of Active

Minimum Winter Maximum Snow Precipitation Amount
Year T t °C Temperatures Is C Heieht for the Y
emperature, Above 10 °C over Height, cm or the Year, mm
2015 1P —18.3 2911 33 717
2016 1b —16.8 2877 29 881
20173 —27.0 2555 31 870
2018 la —16.7 3355 52 652
2019 12 —13.9 3093 43 556
2020 22 —10.3 2966 13 901
2021 %0 —20.0 2897 55 817
2022 %b —20.6 3065 42 648
1a,1b 2a, 2b

years included in the first cluster, years included in the second cluster, 3 year included in the third

cluster—are presented in Figure 3.

The lowest winter minimum temperatures were observed in 2017, 2021, and 2022 and
the highest in 2019 and 2020.

In a more detailed analysis of the temperature regime, the minimum and average ten-
day temperatures from December 1 to March 30 for 2014-2022 were determined (minimum
temperatures are marked in Table 3 in red font, near-zero temperatures in green font).

Table 3. Minimum and average ten-day temperatures for the winter period. Minimum temperatures
are marked in red font, near-zero temperatures in green font.

Month Ten-Day Period 2014-2015  2015-2016 2016-2017 2017-2018 2018-2019 2019-2020 2020-2021 2021-2022

Minimum temperature, °C

1 -12 -1 —14 —4 -15 -5 -13 —14
December 2 -3 -10 -19 0 —16 -2 —11 —14
3 -17 —10 —4 —4 —-10 —4 -1 —21
1 —20 —20 —30 —4 —14 -3 -9 -8
January 2 —12 —20 —12 -9 —11 —6 —20 -17
3 —18 -19 —-23 —-10 —20 -7 -9 -8
1 —14 =5 —23 —13 -5 —15 -17 -8
February 2 —12 -8 -11 —10 -10 —4 —18 -3
3 -2 -8 -7 —18 —12 -5 -17 -3
1 -5 -8 -2 -13 -12 -3 —16 -9
March 2 —4 -9 -5 -13 —11 -9 —11 —4
3 —10 —-10 -6 -6 -3 —6 —2 —4
Average temperature, °C
1 —7.2 0.7 —8.9 —1.4 —59 —-11 —8.2 -5.3
December 2 —0.5 —3.5 —10.8 1.8 —8.1 0.0 —5.6 —4.1
3 -9.5 —0.6 —2.0 —0.7 -9.1 -1.0 -59 —12.8
1 -10.2 —16.6 —19.0 0.0 -85 —14 —2.8 —5.3
January 2 —2.8 -13.7 —6.3 —6.9 -73 —1.2 —13.4 —5.8
3 -9.3 —9.4 —10.0 —6.0 -12.3 —2.8 —0.8 —5.1
1 -7.5 —1.8 -14.1 -5.5 —3.3 —6.1 -104 —2.8
February 2 —6.0 —33 —4.9 —6.4 —3.6 —0.9 —13.3 0.1
3 —0.5 —3.8 -39 —14.4 —5.4 —15 —5.8 —0.1
1 —0.7 —1.2 0.4 —8.8 —6.2 2.3 -5.0 —-29
March 2 —2.0 —4.0 —11 —54 —23 —04 1.7 0.0
3 —2.8 —4.2 —18 —15 —0.5 —22 2.2 14
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The minimum winter temperature was most often observed in January, but in some
years, it was observed in late December (2022) and early February (2017). In some years,
winter temperatures never dropped below —15-18 °C (2018 and 2020).

The ten-day average temperatures became close to critical for lavender starting in
January, while December, February and March generally had average temperatures ranging
from 0 to —5 °C, which is not a problem for lavender plants.

The temperatures in the winter months mainly range from 0 to minus 10-12 °C, but
in recent years, due to global warming, there have been sharp temperature changes and
days with extremely low temperatures, which can be clearly seen when analyzing the daily
temperature using basic statistics and box-plot visualization (Figure 4). In winter 2017,
there were 4 days with extreme temperature variations, and in 2022, there were three days.
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Figure 4. Box-plot of average daily temperatures for winter months.

Through a detailed analysis of climatic conditions in winter for the research years,
possible critical points causing damage to plants in winter were determined based on
winter hardiness indicators (Figure 5).

The following critical points were identified (shown in Figure 5):

(1) Absence of snow cover and temperature decrease below zero (blue vertical arrows);

(2) Sufficient snow cover and increase in temperatures to positive values (red
vertical arrows);

(3) Formation of a dense layer of snow with prolonged preservation of positive tempera-
tures and subsequent decrease in temperatures to negative values (red double-sided
horizontal arrow).

Visualizing the values of temperature and snow cover height, differences between
years became visible. The winter of 2014-2015 was characterized by a snow-free period
followed by a sharp cold snap, numerous temperature increases to positive values, and
two periods with the formation of a dense ice crust. In the winter of 2015-2016, there was
only one episode of sharp (temperature difference from +6° to —18 °C) cold weather in
the absence of snow and a thaw at the end of January, which led to the formation of ice
crust. In the winter of 20162017, we did not observe sharp fluctuations with complete
absence of snow, but three episodes with temperature increase to zero and formation of frost
were observed. The first half of winter 2017-2018 was characterized by almost complete

11
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absence of snow and temperature fluctuations around zero, in mid-January temperatures
dropped to —10 °C in the absence of snow, and in early February heavy snowfalls were
observed; despite a one-time temperature increase to zero, the formation of snow crust
was not observed. Conditions in the winter months of 2018-2019 were characterized by
stable snow cover and temperature, with one critical point in early December with a short-
term temperature increase to zero, which did not lead to the formation of ice, as well as
temperature fluctuations near zero in February, leading to the formation and melting of
snow crust. Winter conditions in 2019-2020 resembled climatic conditions in the regions of
traditional cultivation of narrow-leaved lavender in all parameters—practically no snow
cover and temperature fluctuations around zero, with a single cold snap to —5 °C in the
absence of snow and to —10 °C in the presence of 10 cm of light cover. In the winter of
2020-2021, three critical points characterized by zero temperature in the presence of snow
cover were observed, one of which was accompanied by the formation of ice crust; however,
the height of snow under the crust was significantly higher than normal. In 2021-2022, the
snow cover height was also higher than normal, and three thaws were noted during the
winter period, two of which led to the formation of ice crust; however, in the first case, the
ice crust was thin for a short time and then broke up.

2014-2015 2015-2016

10 l I—; I —
20 l

2016-2017 2017-2018

2018-2019 2019-2020

—30

2020-2021
50
0 l e
0 l l

Figure 5. Fluctuations in temperature and snow cover height during the study period from early
December to late February: (a) 2014-2015; (b) 2015-2016; (c) 2016-2017; (d) 2017-2018; (e) 2018-2019;
(f) 2019-2020; (g) 2020-2021; (h) 2021-2022. The blue line shows the variation in minimum daily
mean temperature, and the filled box shows the snow cover height. The blue vertical arrow is a Type
1 critical point, the red vertical arrow is a Type 2 critical point, and the red horizontal arrow is a Type
3 critical point.

12



Horticulturae 2025, 11, 139

3.3. Relationship Between Winter Hardiness and Winter Climatic Conditions

For further identification of climatic features affecting the winter hardiness of lavender
hybrids, the years of the study were grouped according to the complex winter hardiness
score (Figure 6). At an association distance of 19 Euclidean distances, 2017 was separated
into a separate cluster, and at a distance of 17 Euclidean distances, the remaining years
were divided into two clusters; the first was included in subgroup 1—2015 and 2016 and in
subgroup 2—2018 and 2019, and the second cluster was included in 2020-2022, with 2021
and 2022 being close to each other in terms of complex winter hardiness, and 2020 differing
from them to some extent.

Distance
B i el mE el
[=] [=:] h S (3% o (=] o o %]
L 1 1 1 L 1 1 1 Il 1
2018
1la
2019
2016
1b
— 2015
2020 2a
2021
2b
2022
2017 3

Figure 6. Grouping of research years based on the structure of winter hardiness of lavender hybrids.
Numbers indicate clusters, and literals indicate subclusters.

Based on the data on winter hardiness obtained over 8 years of research, we grouped
the seedlings. The grouping was carried out for all hybrids, except for those that completely
fell out during the years of research (Figure 7).

The sample was divided into 2 large clusters (groups), including 11 smaller ones.
The most interesting in this case is the separation of the second- and third-order clusters.
The first and second subclusters of the third order, combined into a second-order cluster,
united objects with relatively low winter hardiness in all years of research, except 2018,
and the average winter hardiness for them was 3.2 points. The third, fourth, fifth and
sixth subclusters were characterized by high winter hardiness, averaging 3.9—4.1 points
in all years, except 2017, when all plants in the study showed low winter hardiness. This
group of plants showed high winter hardiness compared to the others regardless of the
conditions that year. The seventh and eighth subclusters included plants with average
winter hardiness that reacted quite strongly to the climatic conditions of the year—in
more favorable years their winter hardiness was high, while in years with a complex
of unfavorable conditions it sharply decreased. Finally, the ninth, tenth and eleventh
subclusters united objects characterized by a rather low average (2.5-3.4 points) and, at the
same time, unstable winter hardiness.
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Figure 7. Lavender seedlings grouped by winter hardiness.

4. Discussion

Based on the analysis of climatic conditions and the degree of damage to lavender
plants in different years of research, the years with the greatest damage to plants were iden-
tified. We noted the greatest degree of damage to lavender plants in 2017, which was char-
acterized by the lowest temperatures, the lowest amount of active temperatures, (Table 2),
strong temperature fluctuations (Figure 4, Table 3) and a high level of snow cover. Similar
average conditions were observed in 2021 and 2022, characterized by significantly higher
winter hardiness of plants. It is possible that plants” winter hardiness in 2017 was influ-
enced by the conditions of the previous year of 2016, which was characterized by a low
sum of active temperatures, resulting in insufficient shoot maturation.

In temperate climates, lavender behaves as a chamaephyte, a perennial evergreen
semi-shrubby plant with perennial buds located on single-trunked shoots above the soil
surface [19,34]. Young plants are most sensitive to adverse weather conditions as their
resistance increases with their age [22]; also, young tissues are more susceptible to spring
damage [35]. The risk of damage exists for plants buds in forced dormancy during warming
in winter or in early spring [36].

Usually, low temperatures have been recognized as a major factor limiting the geo-
graphical distribution of plants [16,37], as cold stress leads to morphological changes, such
as a decrease in biomass and leaf surface area [38]. However, in the case of lavender, as our
data show, the effect of a complex of climatic factors should be considered.

Plant winter hardiness is a complex parameter, which depends on many factors both
in the external environment and in the state and plant genotype. Winter hardiness includes
resistance to low negative temperatures of the above-ground part and root system, as well
as resistance to uprooting, soaking, and fungal diseases, which can progress in conditions
of high humidity and positive temperature under the snow crust. There are many ways
woody plants adapt to lower temperatures—nutrient outflow before the dormant period,
biochemical acclimatization, and phenology peculiarities [39,40].
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A comparative analysis of temperature and snow cover fluctuations revealed critical
climatic conditions that are most likely to cause severe damage to plants (Figure 5). Critical
conditions determining the winter hardiness of Lavandula angustifolia hybrids are as follows:
lack of snow cover with temperature decreases below 0 °C; sufficient snow cover and tem-
perature increase to positive values; and snow crust formation with prolonged preservation
of positive temperatures and consequent temperature decrease to negative values.

The combination of such critical climatic conditions led to the greatest damage to
plants in the winter of 2017. However, most of the plants, despite severe damage, remained
alive (Table 1)

The highest plant death rate was recorded in 2020, which was characterized by rela-
tively high temperatures and light snow cover.

Thus, according to the influence of climatic conditions on lavender plants in winter,
it can be concluded that with strong temperature fluctuations, especially with frequent
passage through 0 °C, high snow cover and the formation of vegetation, severe dam-
age to plants is observed, but this does not lead to their death; also, with low negative
temperatures and the absence of snow cover, the death of plants is seen.

Such climatic conditions in the temperate zone are repeated regularly and have recently
been exacerbated by climate change due to global warming [18]. Hybrids that have shown
severe or even moderate damage in such climatic conditions should not be used in further
breeding work. As our research has shown, lavender hybrids vary quite significantly in the
degree of damage, which allowed us to identify individual samples that are consistently
more resistant to adverse climatic conditions in winter.

Plant biological characteristics play an important role, as the results of the research
show significant differences between seedlings in terms of winter hardiness in the dynamics
over the years of the study (Figure 7). As a result of cluster analysis of the long-term winter
hardiness of seedlings, we identified groups of plants that consistently had the highest
resistance to unfavorable conditions: cluster 3 (Figure 7), hybrids 1-8, 3-1, 9-9, 4-5, 4-8
and 5-2. These hybrids, even in the most unfavorable year of 2017, had the least damage
at the end of winter compared to the rest. It is recommended to use these hybrids in
further breeding work as sources of the complex trait “winter hardiness”, since studies
have shown that winter-hardy genotypes from the most northern regions (northern border
of the cultivation area) transmit this trait to offspring better [41]. Also, hybrids with stable
winter hardiness, which does not depend on a set of winter factors, are more important
in breeding work due to global climate change, which creates additional risks in plant
cultivation [42].

In the future, understanding which biological characteristics of plants are related to
high winter hardiness will enable us to select seedlings at the earliest development stages,
as happens in the directed selection of more-studied crops.

Some studies show that aromatic plants’ essential oils components are involved in
some mechanisms that protect against biotic and abiotic factors [19,43], and growing
conditions affect the composition of lavender essential oils, which requires additional study
in temperate climates [9]. Also morphological and anatomical features are considered as
important indicators for cold tolerance studies [44].

5. Conclusions

Temperature fluctuations in winter, frequent temperature transitions over the 0 °C
mark, high levels of snow cover and the formation of ice deposits lead to severe damage
to some lavender hybrids. Severe frosts in the absence of snow cover can lead to the
death of lavender plants in the temperate zone. Information about the reaction of lavender
hybrids to various unfavorable winter conditions will make it possible to plan breeding
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work in other regions, as well as plan the industrial cultivation of the most winter-hardy
hybrids. The lavender hybrids obtained on the basis of free pollination in our collection
vary significantly in the degree of stability and damage during the winter period during
the years of research. Hybrids that are moderately or severely damaged are eliminated
from breeding work. As a result of our research, we have identified groups of the most
winter-hardy hybrids, as well as hybrids showing stable winter hardiness regardless of
unfavorable winter conditions. These hybrids will be used for further breeding work.

The next stage of our work, studying the winter hardiness of narrow-leaved lavender
and breeding to increase winter hardiness, will be to analyze the relationship between
morphological, anatomical and phenological parameters of hybrids from clusters selected
by us and their winter hardiness.
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Abstract: Manganese (Mn) is a toxic metal element that adversely affects plant growth.
Hydrogen sulfide (H,S) is considered an important signaling molecule with significant
potential in alleviating various abiotic stresses. However, there is limited information
available on the role of H,S in alleviating manganese stress in plants. In this study, the
effects of exogenous H,S and its scavenger, homocysteine thiolactone (HT), on the physi-
ological and biochemical parameters of Malus hupehensis var. pingyiensis seedlings were
evaluated. Our results show that H,S treatment significantly alleviates growth inhibition
and oxidative damage induced by manganese stress in Malus hupehensis seedlings, primar-
ily by enhancing antioxidant enzyme activity and up-regulating the ascorbate-glutathione
(ASA-GSH) cycle. H;S treatment increased photosynthetic pigment content and helped
maintain osmotic balance in leaves, thereby enhancing key gas exchange parameters and
mitigating manganese-induced suppression of photosynthesis. H,S treatment enhanced the
absorption of Ca, Mg, Fe and Zn under manganese stress, significantly reduced manganese
accumulation in Malus hupehensis seedlings, and modulated the transcriptional expression
of MTPs, facilitating the transfer of manganese to the leaves. Thus, H»S reduces oxidative
damage and promotes growth under Mn stress, highlighting its important role in plant
stress tolerance.

Keywords: antioxidants; ASA-GSH cycle; hydrogen sulfide; Malus hupehensis; manganese
toxicity

1. Introduction

Manganese (Mn), the second most abundant metal widely available worldwide, is an
essential trace element for all living organisms [1]. In plants, Mn plays an important role in
growth, development, and metabolism mainly in the form of MnZ* [2]. Within chloroplasts,
Mn supports chlorophyll formation and structural stability and acts as a cofactor in the
redox reactions of the electron transport chain during photosynthesis [3,4]. However,
excessive Mn levels in the environment can be detrimental to plants, a phenomenon that
often occurs in acidic and flooded soils. Under low pH and reducing conditions, the
concentration of soil Mn?* increases, making it more accessible to plants and leading to
toxicity [5]. With the development of industry and long-term overuse of fertilizers and
pesticides, more than half of the potentially arable soils around the world are acidic, and
manganese stress has become the second most important plant growth limiting factor
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after aluminum toxicity [6,7]. Therefore, understanding Mn toxicity and plant tolerance
mechanisms is important for agricultural development.

Many studies have shown that Mn toxicity disrupts a variety of physiological processes
in plant cells, such as triggering oxidative stress, inhibiting enzyme activities, hindering
chlorophyll biosynthesis and photosynthesis [8], and hindering the uptake and transport
of other essential minerals [9]. This results in a reduction in the number of lateral roots
of the plant, reduced root vigor, leaf greening and necrosis, and growth inhibition [10].
Prolonged exposure to metal stress leads to the production of reactive oxygen species (ROS),
such as hydrogen peroxide (H,0,), superoxide (O, ), and singlet oxygen (10,). Excessive
accumulation of ROS leads to lipid peroxidation, which damages proteins involved in
cellular activities and impairs their normal functions [11].

It has been found in past studies that plants can mitigate Mn toxicity by complexing
ligands and chelates, regulating manganese transport proteins, regulating antioxidant
systems, and altering biochemical pathways [12]. Organic acids such as citrate, malate,
and oxalate form stable Mn complexes that reduce its bioavailability and toxicity [13,14].
Heavy metal transport proteins segregate Mn into subcellular compartments such as the
cell wall, Golgi apparatus, and vesicles, which in turn reduces the concentration of Mn?* in
the cytoplasm and other organelles, decreasing the effective concentration and toxicity [1].
The manganese tolerance protein (MTP) transporter plays a critical role in Mn transport,
distribution, and the maintenance of Mn balance in plants. A total of 20 MTP family
members have been identified in the apple genome. Based on the substrate specificity
of its members, the apple MTP family is primarily classified into three subfamilies: Mn-
MTP, Zn-MTP, and Zn/Fe-MTP. Among these, MTP8 to MTP11 belong to the Mn-MTP
subfamily [15]. MTP8, MTP9, and MTP11 are localized to the vacuolar membrane, cell
membrane, and Golgi apparatus, respectively, and play roles in the compartmentalization
and efflux of manganese ions [15-17]. Plants also induce multiple antioxidant enzyme
activities to interact with non-enzymatic antioxidants to scavenge excess ROS and reduce
oxidative stress [18].

Hydrogen sulfide (H,S) has emerged as an important signaling molecule involved
in regulating various plant physiological processes, such as seed germination, root de-
velopment, stomatal movement, photosynthesis, and stress responses [19,20]. Studies
demonstrate that H,S acts as a signal transducer during abiotic stresses such as salinity,
osmotic pressure, and extreme temperatures [21,22]. Under metal stress, endogenous
HoS levels rise, while the exogenous application of H,S in appropriate concentrations can
enhance plant tolerance and reduce stress-induced damage [23]. For instance, exogenous
H,S reduces damage caused by Cd stress in Brassica oleracea, Oryza sativa, and Triticum
aestivum L., alleviates Al toxicity in Brassica napus and Glycine max, and promotes wheat
seed germination under Cr stress [23-25]. These protective effects are attributed to HS-
mediated reductions in metal uptake and accumulation or by increasing the activity of
antioxidant systems [26].

While the benefits of exogenous H,S under various metal stresses are well-documented,
research on its role in mitigating plant manganese stress remains limited. Malus hupehensis
var. pingyiensis is a unique germplasm resource in northern China, known for its well-
developed root system, strong waterlogging resistance, and high disease tolerance. It is
frequently used as rootstock and in research on resistance mechanisms [27]. Therefore,
this study will evaluate how exogenous H,S affects the physiological and biochemical
responses of Malus hupehensis under Mn stress. The results will provide insight into the
potential use of HS as a tool for mitigating Mn toxicity in agricultural settings.
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2. Materials and Methods
2.1. Materials and Treatments

We selected approximately 300 healthy and uniform Malus hupehensis var. pingyiensis
seeds (previously stored in the laboratory) for surface sterilization for 10 min using 5%
sodium hypochlorite (NaClO) solution, and washed them thoroughly with distilled water,
then randomly placed them in 15cm diameter Petri dishes containing gauze moistened
with distilled water for one week. Sprouted seedlings were transplanted into cavity trays
tilled with media comprising nutrient soil (Xingyuxing, Wuhan, China), peat moss (Xinghe,
Jinan, China), and vermiculite (Luging, Nanning, China) at a 3:1:1 ratio (v:v:v), and placed
in a light incubator (Yiheng, Shanghai, China) under a 16 h light/8 h dark photoperiod at
25 + 2 °C. Following two weeks of normal growth, uniform seedlings were transferred
to full Hoagland’s nutrient solution (HB8870, Haibo, Qingdao, China) for hydroponic
culture, and after one week, Mn stress was induced by adding an extra 1 mM MnSOj to
the Hoagland'’s solution, while control plants continued to grow in Hoagland'’s solution.
To assess the role of HyS under Mn stress, the H,S donor sodium hydrogen sulfide (NaHS)
was introduced into the Hoagland’s solution for both the control and Mn-stressed plants.
Additionally, the H,S scavenger taurine (HT; 200 uM) was supplied under conditions with
exogenous HjS to verify the positive effects of HyS under Mn stress. We added the reagent
combinations specified in Table 1 to the complete Hoagland solution for plant treatment.
The pH of the nutrient solution for all treatment groups was adjusted to 5.9 prior to use.

Table 1. Experimental treatments.

Sample Number Processing Reagents
CK Mn 0 mmol/L + NaHS 0 mmol/L
HS0.2 Mn 0 mmol/L + NaHS 0.2 mmol /L
Mn Mn 1 mmol/L + NaHS 0 mmol/L
MHSO0.05 Mn 1 mmol/L + NaHS 0.05 mmol/L
MHS0.1 Mn 1 mmol/L + NaHS 0.1 mmol/L
MHS0.2 Mn 1 mmol/L + NaHS 0.2 mmol /L
MHS0.5 Mn 1 mmol/L + NaHS 0.5 mmol /L
HT Mn 1 mmol/L + NaHS 0.2 mmol/L + HT 0.2 mmol/L

The nutrient solution was replaced every three days throughout the experimental
period, and the environmental conditions were set to remain the same as before. After
two weeks of treatment, samples were collected to measure the specified indicators. Each
treatment was repeated three times under identical experimental conditions, with ten
plants per replicate, using a completely randomized design to ensure reliability.

2.2. Estimation of Growth and Photosynthetic Pigment Parameters

Plants were harvested after 14 days of treatment and fresh weight (FW) and dry weight
(DW) of the plants were determined using a standard weighing balance.

FW was measured using whole plants, while DW was measured by drying the plants
at 70 °C for 48 h. Fresh leaf (100 mg) samples were impregnated in 80% acetone fol-
lowing a previously described method of Copper [28]. The absorbance of chlorophyll a
and b was measured using a spectrophotometer (UV3600, Shimadzu, Kyoto, Japan) at
663 nm and 645 nm, respectively. The chlorophyll estimates were calculated using the
following equation:

Chlorophyll a (mg g~ ! FW) = 100 x [(A663 x 0.0127 — A645 x 0.00269)]/0.5
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The net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (gsw),
and intercellular CO, concentration (Ci) of M. hupehensis seedlings were measured using
the LI-6800 Photosynthesis Measurement System (LI-COR, Tucson, AZ, USA) during the
periods of 8:30-11:30 a.m. or 2:30-4:30 p.m. All measurements were performed on the third
fully expanded mature leaf.

2.3. Estimation of Leaf RWC

The leaf relative water content (RWC) was measured as previously described by
Lazcano-Ferrat [29].

The FW of the leaves was recorded before immersing the leaves in distilled water for
24 h at room temperature to measure the turgid weight (TW). The leaves were then dried
at 70 °C for 48 h to measure the DW. RWC was calculated using the following equation:

RWC% = (FW — DW)/(TW — DW) x 100%

2.4. Estimation of Soluble Sugar and Proline Contents

The soluble sugar content was determined using the plant soluble sugar assay kit
(BC0030, Solarbio, Beijing, China), based on the anthrone colorimetric method. Leaves
(0.1 g) from treated seedlings were ground in 1 mL of distilled water and incubated in a
boiling water bath for 10 min. The supernatant was then collected and the final volume
was adjusted to 10 mL with distilled water. The reaction system was prepared according to
the kit instructions and incubated at 95 °C for 10 min. After cooling to room temperature,
absorbance was measured at 620 nm, and soluble sugar content was calculated using a
standard curve.

Proline content was determined using the proline assay kit (BC0290, Solarbio, Beijing,
China), based on the ninhydrin method. Leaves (0.1 g) from treated seedlings were
homogenized in 1 mL of extraction buffer on ice, followed by a 10-min boiling water
bath and centrifugation at 10,000x g for 10 min. The reaction system was prepared
according to the kit instructions and incubated at 100 °C for 30 min. After cooling to room
temperature, absorbance was measured at 520 nm, and proline content was calculated
using a standard curve.

2.5. Estimation of Metal Element Content

The plant tissue was processed using the ashing method. The treated plants were
rinsed three times with 10mM ethylene diamine tetraacetic acid (EDTA) and then dried at
80 °C for 48 h and ground into powder. Then, we accurately weighed 0.1 g in a crucible
and heated in a muffle furnace at 300 °C for 48 h or more. We dissolved the ash residue in
0.5 mol L~ ! nitric acid, transferred the solution to a centrifuge tube, and diluted it with the
same concentration of nitric acid to a final volume of 10 mL. The metal ion concentrations
were analyzed using inductively coupled plasma atomic emission spectrometry (ICP-AES;
Prodigy, Leemanlabs Inc., Hudson City, NY, USA).

2.6. Evaluation of MDA and H,O, Contents

Malondialdehyde (MDA) content was measured using the MDA assay kit (BC0020,
Solarbio, Beijing, China), based on the thiobarbituric acid (TBA) method. MDA reacts with
TBA under acidic and high-temperature conditions, forming a reddish-brown compound
with maximum absorption at 532 nm. According to the kit instructions, leaves (0.1 g)
from treated seedlings were homogenized in 1 mL of extraction buffer on ice, followed by
centrifugation at 8000 x ¢ for 10 min at 4 °C. The supernatant was collected, and 200 uL of
the supernatant was mixed with 800 pL of the reaction solution and incubated at 100 °C
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for 60 min. After cooling in ice and centrifugation, absorbance was measured at 520 nm to
estimate MDA content.

Hydrogen peroxide (H,O,) content was measured using the H,O, assay kit (BC3590,
Solarbio, Beijing, China). HyO; reacts with titanium sulfate to form a yellow titanium
peroxide complex, which absorbs light at 415 nm. According to the kit instructions, leaves
(0.1 g) from treated seedlings were ground in 1 mL of cold acetone and homogenized,
followed by centrifugation at 8000 g for 10 min at 4 °C. The supernatant was collected,
and the reaction solution was added. Absorbance was measured at 415 nm to estimate
H,0O; content in the sample.

2.7. Determination of Electrolyte Leakage

Electrolyte leakage (EL) was assessed using the method of Dionisio-Sese and To-
bita [30]. From the removed plants, 10 small discs were taken from 4 to 6 leaves with the
same functional leaf position using a 0.8 cm hole punch and immersed in a medium of
10 mL of deionized distilled water. They were immersed at room temperature for 4 h,
during which they were shaken several times and the initial conductance value (EC1) of the
solution was measured after 4 h. The samples were then boiled for 30 min, cooled to room
temperature, and the final conductivity (EC2) was measured. EL was calculated as follows:

EL (%) = (EC1/EC2) x 100

2.8. RNA Extraction and RT-gPCR Analysis

Total RNA was extracted using the FastPure Universal Plant Total RNA Isolation Kit
(Vazyme Biotech Co., Nanjing, China) following the manufacturer’s instructions. The cDNA
was obtained by reverse transcription using the HiScript II 1st Strand cDNA Synthesis
Kit (Vazyme Biotech Co., Nanjing, China). Quantitative real-time PCR (RT-qPCR) was
performed using the ArtiCanATM SYBR qPCR Mix kit (Tsingke Biotech Co., Ltd., Beijing,
China) on the QuantStudio 3 system (Life Technologies, Carlsbad, CA, USA), with actin
serving as the internal reference. The gRT-PCR procedure included 95 °C for 1 min, 95 °C
for 10's, and 58 °C for 20 s for 40 cycles. Three replicates were run for each sample. RT-qPCR
primers are shown in Table 2.

Table 2. Primer sequences of RT-qPCR.

Gene Name Primers’ Sequences (5'-3')
MdAMTP8.2F TCTTATTTGTTTCGCTGCGTGTAG
MdMTP8.2R GCATTGTGACCGTTCGATTTTC
MdMTP9.1F GACAGTGGACGCCGTCGTTIT
MAMTP9.1R ACTGCCATCCGCTCGCTCTT
MdAMTP9.3F GGCCTCATGTTGAATTAACCTGTA
MdAMTP9.3R GGCCTCATGTTGAATTAACCTGTA
MdMTP11.1F TCCCACACACTCTCTCCTTTTACCT
MdMTPI11.1R CGTCGAAGTTCAACCGCCAC

2.9. Estimation of Enzymatic and Non-Enzymatic Antioxidant Activity

The activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and
ascorbate peroxidase (APX) were measured using assay kits (BC5160, BC0090, BC0020 and
BC0220, Solarbio, Beijing, China). Leaves (0.5 g) from treated seedlings were ground to a
powder in liquid nitrogen. Then, 5 mL of 50 mM/L phosphate-buffered saline containing
1% B-mercaptoethanol and 1% polyvinylpyrrolidone (Ph =7.8) was added to the sample
and incubated for 60 min at 4 °C. After centrifugation at 8000x g for 20 min at 4 °C, the
supernatant (enzyme extract) was used for further analysis. The reaction systems were
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prepared according to the kit instructions, and absorbance changes were measured at
450 nm, 470 nm, 240 nm, and 290 nm over a two-minute period using a spectrophotometer.
Enzyme activities were calculated based on the rate of absorbance change.

MDHAR and DHAR activities were measured using activity kits (BC0650, BC0660,
Solarbio, Beijing, China). According to the kit instructions, leaves (0.1 g) from treated
seedlings were homogenized with 1 mL of 50 mM Tris-HCl buffer (pH = 7.8) on ice. After
centrifugation at 10,000 rpm for 10 min at 4 °C, the supernatant (enzyme extract) was used
for analysis. The reaction solution was added according to the manufacturer’s instructions,
and the absorbance changes at 340 nm and 412 nm were measured for two minutes using a
spectrophotometer. The enzyme activities were calculated based on the rate of absorbance.

The ascorbate acid (ASA) content was determined using the assay kit (BC1230, So-
larbio, Beijing, China), based on the oxidation of AsA by ascorbic acid oxidase (AAO),
which converts AsA to dehydroascorbic Acid (DHA). The content of AsA was calculated
by measuring the oxidation rate. According to the kit instructions, leaves (0.1 g) from
treated seedlings were homogenized with 1 mL of extraction buffer on ice, following the
kit instructions. After centrifugation at 8000x g for 10 min at 4 °C, the supernatant was
collected for analysis. The reaction solution was prepared according to the manufacturer’s
instructions, and absorbance changes at 265 nm were measured over two minutes using a
spectrophotometer. The ASA content was calculated from the rate of absorbance.

Glutathione (GSH) and oxidized glutathione (GSSG) contents were determined using
the assay kits (BC1170, BC1180, Solarbio, Beijing, China). GSH reacts with 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB), producing 2-nitro-5-thiobenzoic acid (DNCB) and GSSG. The
DNCB is a yellow product with maximum absorption at 412 nm. According to the kit
instructions, leaves (0.1 g) from treated seedlings were homogenized with 1 mL of extraction
buffer on ice, following the kit instructions. After centrifugation at 8000x g for 10 min
at 4 °C, the supernatant was collected for analysis. The reaction solution was prepared
according to the manufacturer’s instructions, and absorbance changes at 412 nm were
measured over two minutes using a spectrophotometer. The GSH and GSSG contents were
calculated from the rate of absorbance.

2.10. Statistical Analysis

Statistical analysis of all experiments was performed using SPSS. Data were analyzed
using a one-way ANOVA. Significant differences among the treatments were determined
using the least significant difference (LSD) test (p < 0.05). All presented values are repeated
means =+ standard error of three independent experiments.

3. Results
3.1. Effect of H»S on Plant Biomass and Leaf RWC Under Manganese Stress

Mn severely affected plant biomass and leaf RWC (Table 3). The FW and DW of plants
were reduced after exposure to Mn compared to control seedlings (CK). The reduction
of leaf RWC verified the water deficit condition of M. hupehensis seedlings under Mn
stress. Leaf RWC was reduced by 25% in Mn-stressed seedlings compared to the control.
However, all four levels of H,S significantly improved water balance by increasing leaf
RWC compared to the stress treatment without H,S. In addition, the program HT treatments
with H;S can be used in a similar representation to the Mn treatments.
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Table 3. The effects of different treatments on plant biomass, and leaf relative water content (%) of
the aerial parts and roots of M. hupehensis seedlings under manganese stress.

. Aerial Parts Roots Leaf RWC
reatments FW (mg) DW (mg) FW (mg) DW (mg) (%)
control 1.74 £ 0.08 a 0.66 £ 0.02 ab 0.7+0.13a 0.18 +-0.03 a 9152 £1.88a
HS0.2 1.77 £ 0.05a 0.69 £0.03a 0.68 £0.08 a 018 £0.02a 90.4 £3.77 a
Mn 0.82£0.07e 029 +£0.02e 033 £0.07e 0.05+0.01d 64.34 = 5.16 de
MHS0.05 096 £0.1d 032+004e 0.39 + 0.04 de 0.06 = 0.01 cd 65.88 1= 4.06 de
MHS0.1 1.16 £0.08 c 0.47 £0.03d 042 +0.1de 0.08 :=0.02 c 67.66 +2.89 d
MHSO0.2 1.35£0.07b 0.54 £0.04c 0.49 £ 0.04 cd 011 +0.01b 7501 £3c¢
MHS0.5 144 £01b 0.63 £ 0.05b 0.58 £ 0.07 bc 0.124+0.02b 81.81 £2.48b
HT 0.87 £ 0.04 de 031+£0.02e 035+£0.09e 0.06 &+ 0.02 cd 60.78 =3.93 e
Dates are expressed as average values + standard errors. In the table, different letters indicate the significant
difference at p < 0.05.

3.2. Effect of H»S on Proline and Soluble Sugar Contents Under Manganese Stress

Mn stress significantly increased proline levels of seedlings (Figure 1A). However, the
application of 0.2 mM H;S (HS0.2) reduced proline content significantly, with the 0.5 mM
H,S treatment (MHSO0.5) leading to a 41% decrease compared to Mn-only stressed plants.
Under non-stressed conditions, NaHS application had little effect on soluble sugars and
proline content in plant leaves (Figure 1A,B). Mn stress also elevated soluble sugar levels
by 24% compared to control plants (CK), and co-application of NaHS further increased this
content compared to Mn alone. However, the inclusion of taurine (HT, an H,S scavenger)
reversed the beneficial effects of H,S.
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Figure 1. The effects of different treatments on proline (A) and soluble sugar (B) contents of M.

hupehensis seedlings under manganese stress. Data are expressed as average values + standard errors.
In the charts, different letters indicate the significant difference at p < 0.05.

3.3. Effect of HyS on Chlorophyll Content and Gas Exchange Parameters Under Manganese Stress

Chlorophyll a and chlorophyll b content decreased by 21% in Mn-stressed plants
compared to control plants (CK), reflecting the impact of Mn toxicity (Figure 2A,B). Sup-
plementation with HjS significantly restored chlorophyll levels, with the 0.5 mM H,S
treatment (MHS0.5) showing a more potent effect in restoring both chlorophyll a and
chlorophyll b content. Mn stress negatively impacted gas exchange parameters, reducing
Pn, E, gsw, and Ci by 52%, 80%, 79%, and 28%, respectively, compared to the control plants
(Figure 2C-F). However, the addition of H,S improved these parameters under Mn stress,
with the MHSO0.5 treatment increasing Pn, E, gsw, and Ci by 41%, 75%, 74% and 39%,
respectively, compared to Mn-only treated plants.

25



Horticulturae 2025,

11,133

0.20

e o
o o
=) o
1 1

Chlorophyll a (mg g”' FW)
o
(=]
(5]
1

b
0.08 i ¢ be de

de

Net photosymthesis
P, (pmol m?2s™")

0.02

e
o
g

Y
1

w

N

Transpiration rate E,
(mmol H,O m? s'l)

-

Chlorophyll b (mg g' FW)

S S
MM R
é‘g}e&

& Q?’Q:» & ng'ﬂ

&8

250+ 400+

200+

[

=]

=]
1

gs, (mmol m? s'l)
= o
o o (4.}
o o o
1 L 1
Ci, (pmol mol! )
N
o
=]
1

Stomatal conductance
=
Qo
1

=]
L

Intercellular CO, concentriation

(=)
I

o
I

Cl' &

5 &
5§
&

N
S S
&

W
Q&“ g:‘&w

R

W T S, 2
B P DS
S oSS

Figure 2. The effects of different treatments on chlorophyll a (A), chlorophyll b (B), Net photosynthe-
sis (C), Transpiration rate (D), Stomatal conductance (E) and Intercellular CO, concentration (F) of
M. hupehensis seedlings under manganese stress. Data are expressed as average values + standard
errors. In the charts, different letters indicate the significant difference at p < 0.05.

3.4. Effect of HyS on Mineral Homeostasis and Manganese Accumulation Under Mn Toxicity

Mn stress reduced the contents of Fe, Zn, Mg, and Ca by 41%, 44%, 53%, and 25%,
respectively, compared to control plants (Table 4). Under non-stress conditions, 0.2 mM
H,S application (HS0.2) had little effect on plant metal content. H,S supplementation
alleviated this reduction, with MHSO0.5 treatment reducing these losses to 8%, 12%, 49%,
and 10%, respectively, compared to the control. There was almost no difference in the metal
contents of the plants in the HT treatment group and the Mn alone treatment group.

Table 4. The effects of different treatments on nutrient contents (Fe, Zn, Mg and Ca) of M. hupehensis
seedlings under manganese stress.

Treatments Fe Zn Mg Ca
(mg g~1 DW) (mg g~1 DW) (mg g~1 DW) (mg g~1 DW)
CK 1.82 =046 a 0.09 £0.01a 6.68 £ 0.23 a 4.89 +0.49 ab
HS0.2 1.71 £ 0.13 ab 0.09 £0.02a 658 £05a 544 +1a
Mn 1.07 £0.08d 0.05+0c 3.16 £ 0.51 ¢ 3.65 + 0.5 cd
MHSO0.05 1.36 &= 0.42 bed 0.05+0.01c 3.4 4 0.6 bc 3.89 + 0.26 cd
MHSO0.1 1.41 + 0.03 abcd 0.05+0c 3.41 +£0.61bc  4.05+ 0.35bcd
MHSO0.2 1.63 + 0.11 abc 0.06 =0b 3.83 4+ 0.42 bc 3.824+0.11cd
MHS0.5 1.71 +£0.14 ab 0.08 £0.01a 41+052b 4.43 4+ 0.38 bc
HT 1.15 + 0.06 cd 0.05+0c 227 +£043d 3.51+022d

Dates are expressed as average values & standard errors. In the table, different letters indicate the significant
difference at p < 0.05.

Additionally, Mn content in the leaves, stems, and roots decreased by 41%, 76%, and
57%, respectively, under MHS0.5 treatment compared to Mn-alone treatment (Table 5). Mn
accumulation in the roots showed the greatest reduction, followed by the stems and leaves.
Interestingly, the proportion of Mn in leaves relative to the total plant Mn content increased
with rising H,S concentrations, ranging from 24% to 39%.
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Table 5. The effects of different treatments on the accumulation of manganese in different parts of M.
hupehensis seedlings under manganese stress.

Mn (mg g~1 DW)

Percentage of Mn in

Treatments Leaves (%)
Leaf Root Stem Total Leaf

CK 0.06 £0.01d 001£0f 0.07 £0.02 f 0.14 £ 0.03 e 0.44 +0.07 a
HS0.2 0.07£0.01d 0.01 £0.01f 006 £0f 0.15+0.02e 0.65+031a
Mn 0.79 £ 0.16 ab 1.7 £0.03 a 0.77 £0.03b 326+ 0.17 a 024 £ 0.05c¢
MHS0.05 0.74 £ 0.22 ab 1.2+£015¢c¢ 0.57 £0.02d 251+025b 0.3 +0.09 bc
MHS0.1 0.66 £ 0.15 bc 1.24 +0.07 ¢ 0.69 :0.07 c 259+029b 0.25 £ 0.06 c
MHS0.2 0.52 £ 0.06 c 0.59 +£0.01d 0.63 +£0.02d 1.74 £ 0.09 c 0.3 +0.03 bc
MHS0.5 047 £0.11c 042 £0.04 e 033+001le 1.22+0.14d 0.39 £ 0.09 ab
HT 091 £0.05a 1.38 £ 0.02b 09*0a 3.18 £ 0.07 a 0.28 £ 0.02 bc

Data are expressed as average values + standard errors. In the table, different letters indicate the significant

difference at p < 0.05.

3.5. Effect of H»S on the Expression of Manganese Tolerance Protein Genes Under Mn Stress

Mn stress significantly up-regulated the expression of MdAMTPS8.2 and MdMTP11.1
by 4.1-fold and 5.5-fold, respectively, compared to the control plants (Figure 3A,D). The
co-application of Mn and H,S further enhanced their expression. Mn treatment increased
MdMTP9.1 expression by 1.3-fold compared to the control, and MHS0.5 treatment elevated
this by 2.3-fold relative to Mn alone (Figure 3B). While Mn stress did not alter MdMTP9.3
expression, H,S application significantly up-regulated its expression under both stressed
and non-stressed conditions (Figure 3C).
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Figure 3. The effects of different treatments on the Expression of Manganese Tolerance Protein (MTP)
family genes, MdAMTP8.2 (A), MAMTP9.1 (B), MAMTP9.3 (C) and MdAMTP11.1 (D), of M. hupehensis
seedlings under manganese stress. Data are expressed as average values + standard errors. In the
charts, different letters indicate the significant difference at p < 0.05.
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3.6. Effect of HyS on ROS Accumulation and Electrolyte Leakage Under Mn Stress

Mn stress elevated H,O, and MDA levels by 65% and 71%, respectively, compared
to the control plants (Figure 4A,B). However, H,S supplementation reduced these levels
significantly, with the MHS0.5 treatment showing the greatest reduction. In addition, EL
increased from 42% to 68% under Mn stress; however, 0.5 Mm H,S application (MHS0.5)
decreased EL to 48% (Figure 4C). Similar results were observed in the HT-treated group of
plants as Mn-alone stressed plants in terms of H;O,, MDA, and EL levels.
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Figure 4. The effects of different treatments on hydrogen peroxide (H,O;) content (A), malondialde-
hyde (MDA) content (B) and electrolyte leakage (C) of M. hupehensis seedlings under manganese
stress. Data are expressed as average values + standard errors. In charts, different letters indicate the
significant difference at p < 0.05.

3.7. Effect of HyS on Antioxidant Enzyme Activities and Antioxidant Content Under Mn Stress

Mn stress increased SOD, POD, and CAT by 48%, 48% and 37%, respectively, compared
to the controls (Figure 5A-D). Supplementation with H,S further enhanced these enzyme
activities under Mn stress, with increases of 36%, 27%, 74%, and 35% in SOD, CAT and
POD activities, respectively, under MHS0.5 treatment. Mn stress reduced MDHAR and
DHAR activities, but HpS supplementation increased these by 56% and 69%, respectively,
under MHS0.5 treatment (Figure 5E,F). There was no significant difference in antioxidant
enzyme activity between plants treated with HT and Mn alone.
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and DHAR (F) activities of M. hupehensis seedlings under manganese stress. Data are expressed as average
values =+ standard errors. In the charts, different letters indicate the significant difference at p < 0.05.
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GSH and GSSG contents increased by 33% and 44%, respectively, while ASA content
decreased by 53% under Mn stress (Figure 6). Increasing the concentration of H,S applied
to Mn-stressed plants further significantly increased the effect on antioxidant content
compared to Mn-treated plants only, with the supply of 0.5 mM H,S increasing the levels
of ASA and GSH by 52% and 26%, respectively, and decreasing the level of GSSG by 28%.
The HT treatment reversed these improvements.
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Figure 6. The effects of different treatments on ASA (A), GSH (B), and GSSG (C) contents of M.
hupehensis seedlings under manganese stress. Data are expressed as average values + standard errors.
In the charts, different letters indicate the significant difference at p < 0.05.

4. Discussion

The literature reports that H,S is involved in a variety of growth and developmental
processes and adversity responses in plants [31]. In this study, it was observed that there
was significant potential for H;S to alleviate manganese (Mn) toxicity in M. hupehensis. Our
results suggest that Mn toxicity reduces the biomass of M. hupehensis (Table 3), findings
that are consistent with earlier reports on other species such as Triticum polonicum [32].
Manganese-induced plant growth arrest or damage may be due to causing oxidative
stress, mineral element imbalance, inhibition of photosynthesis, and the destruction of the
cellular structure [33,34]. In this study, we found that H,S treatment mitigated the adverse
effects of Mn toxicity on the morphological and physiological properties of seedlings.
Supplementation with H,S significantly improved the growth of Mn-stressed M. hupehensis,
consistent with previous studies demonstrating that exogenous H,S enhances plant growth
under toxic metal stress [23,24,35]. Furthermore, substantial evidence indicates that the
application of H,S scavengers (HT) effectively reverses the positive effects of HyS on plant
growth under heavy metal stress [25,36,37].

In the present study, H,S treatment significantly alleviated the negative effects of
Mn toxicity, which may be due to the activation of complex mechanisms by HjS to resist
metal toxicity. Manganese toxicity disturbs the water balance of plants. In response
to this stress, plants usually accumulate osmoprotectants such as proline and soluble
sugars [13]. In this study, H»S maintained soluble sugar and proline synthesis in leaves of
seedlings under Mn stress to help maintain cellular osmotic pressure and protect organelles
from damage (Figure 1). Notably, increased leaf RWC (Table 3) may have improved the
stomatal conductance (Figure 2C) of M. hupehensis seedlings under Mn treatment with
H,S application, thereby increasing photosynthetic activity and, thus, improving plant
growth [38]. This is in agreement with findings in other plant systems, where H,S has been
shown to mitigate drought and salinity stress by modulating osmotic balance and water
relations [39,40].

Mn stress has been shown to adversely affect chloroplasts and inhibit chlorophyll
biosynthesis [41]. Our study showed that Mn stress significantly reduced the chlorophyll
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content of M. hupehensis seedlings (Figure 2A,B), which is in line with previous findings
on Arabidopsis thaliana [42] and Marchantia polymorpha [43]. Under Mn stress, Mn in chloro-
plasts generates ROS through photo-oxidation, and free photosynthetic electron transport
chain electrons will react with the large amount of O, in the chloroplasts and reduce
the photosynthetic rate [41]. Intercystic swelling and basal deformation in chloroplasts
have also been associated with Mn toxicity [44]. In addition, Mn may replace Mg in the
chlorophyll molecule or bind to ferredoxin in the stroma of the cysts, ultimately destroying
the ultrastructure of the chloroplasts [45]. H,S treatment significantly reduced the adverse
effects of Cd on photosynthesis in Brassica rapa [37] and As in Pisum sativum L. [46], and in
agreement with these studies, we observed that under manganese toxicity, the chlorophyll
content and the gas exchange parameters(Figure 2) were at their lowest levels. In contrast,
elevated H,S concentration significantly increased chlorophyll content (Figure 2A,B).

It was found that a decrease in E and gsw was detected only in the more damaged
young leaves under Mn stress, while no decrease in gsw was detected in the mature
leaves with higher Mn accumulation, suggesting that the reduction in gsw by Mn may
be a direct result of leaf damage [47]. Thus, H;S treatment alleviated the decrease in
photosynthesis and gas exchange parameters due to Mn stress, which is likely due to
the ability of H,S to reduce ROS levels, maintain chloroplast integrity, and enhance the
activity of photosynthetic enzymes (Figure 4). Similar improvements in photosynthesis and
chlorophyll content have been observed in plants exposed to other heavy metals, such as
Cd-stressed Triticum aestivum L. [25] and Ni-stressed Oryza sativa L. [48]. Furthermore, H,S
has been shown to promote chloroplast biogenesis and CO, fixation efficiency in Spinacia
oleracea [49].

Our results showed that the exogenous application of H;S increased the plant uptake
of Ca, Fe, Mg, and Zn (Table 4). Ca®* signaling was triggered in Ziziphus jujuba in response
to environmental stimuli that triggered corresponding cellular responses in plants [50]. In
addition, it has been shown that Ca can significantly reduce the cell membrane permeability
of date palm under salt stress [51]. The increase in Ca content in H,S-treated plants may
have reduced the EL of M. hupehensis seedlings (Figure 4C). H,S increased the uptake of
Mg and Fe in plants, which contributes to the synthesis of photosynthetic pigments under
Mn stress. The increase in Zn content in H,S-treated plants contributed to the increase in
biomass [52]. In this study, H,S treatment improved the uptake of essential nutrients and
promoted a more favorable distribution of Mn within the plant. Specifically, H,S reduced
Mn accumulation in the roots and stems while increasing its translocation to leaves, where
it can be stored in non-toxic forms.

The observed changes in Mn distribution are likely mediated by the up-regulation
of manganese tolerance protein (MTP) genes, such as MdMTP8.2, MAMTP9.1, MAMTP9.3,
and MdMTP11.1. These proteins are involved in Mn sequestration into vacuoles, the
Golgi apparatus, and extracellular spaces, thereby reducing its cytoplasmic concentration
and associated toxicity [15]. Previous studies have highlighted the role of MTP8.2 in
conferring Mn tolerance in Pyrus spp. [16]. It has been shown that in Arabidopsis thaliana, the
calcium-dependent signaling protein complex CBL2/3-CIPK3/9/26 and CPKS5 regulate the
vesicular transporter protein AtMTP8 through sequential phosphorylation, enhancing their
activity [53]. H,S treatment significantly up-regulated the expression of the MdMTPS.2 gene
in M. hupehensis under Mn stress, suggesting that H,S may be involved in the maintenance
of Mn homeostasis by regulating the Ca?* signaling pathway. HyS can affect the signaling
pathway by modulating the sulthydrylation modification of proteins. Exploring whether
H,S regulates key signaling pathways in response to Mn stress through sulfhydrylation
may be a worthwhile direction of research.
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Heavy metal stress can lead to excessive accumulation of ROS, which will cause
serious damage to plant physiological metabolism [54]. H,O, and MDA are potential
biomarkers of oxidative stress. Therefore, we examined the ROS content and antioxidant
enzyme activities in plants after Mn2* stress, and the results showed that in addition to
reducing ROS accumulation, H,S treatment significantly enhanced membrane stability, as
evidenced by the decreased levels of H,O, and MDA (Figure 4A,B), thereby protecting
plant cells from oxidative damage induced by Mn stress.

ROS scavenging in plants protects against oxidative stress and this scavenging system
is regulated by enzymes and non-enzymatic antioxidants [11]. Among these enzymes, SOD
is considered to be the first line of defense for the diversification of O™ to H,O, [55]. H,O,
is highly destructive because of its ability to be transferred across the cell membrane to
other parts of the cell in which it is produced. HyO, and O, are then converted by other
antioxidant enzymes into less harmful molecules, thereby protecting cellular components.
In our study, the activities of SOD, POD, and CAT were significantly increased under Mn
stress, which is similar to previously observed responses in other species, such as Pisum
sativum L. [46] and Brassica rapa [37]. The plants treated with Mn + NaHS (0.5 mM) showed
a further increase in the three enzyme activities (Figure 5A—C) and a corresponding further
decrease in ROS content. The observed increase in antioxidant enzyme activities aligns with
previous studies on HyS-mediated stress tolerance in other species, such as Brassica napus
and Spinacia oleracea [37,49]. While the exact molecular mechanisms are not fully elucidated,
it is likely that H,S modulates the activity of key enzymes involved in antioxidant defense
(e.g., SOD, CAT, POD) through post-translational modifications such as sulfhydrylation,
which may influence the efficiency of ROS scavenging

Additionally, the AsA-GSH cycle is a critical pathway for ROS detoxification and redox
homeostasis [56]. MDHAR, DHAR and APX, as well as two nonenzymatic antioxidants,
AsA and GSH, are important components of the AsA-GSH cycle. In this study, Mn stress
significantly suppressed MDHAR and DHAR activities while increasing APX activity
(Figure 5D-F). This imbalance led to reduced levels of AsA and GSH, compromising the
plant’s ability to scavenge ROS. However, H,S supply attenuated the inhibition of MDHAR
and DHAR activities and further increased APX activity in Mn-treated plants, and these
findings suggest that H,S may regulate the redox state of AsA and GSH by inducing
enzyme activities in the AsA-GSH cycle (Figure 5D-F). AsA is a non-enzymatic water-
soluble antioxidant that directly interacts with ROS, thereby reducing the ROS content
in cells [56]. GSH is another non-enzymatic antioxidant that can act as a cofactor in the
glyoxalase system, reducing ROS levels and alleviating oxidative stress [57]. Our results
clearly showed that Mn stress disrupted the redox balance in M. hupehensis by depleting
AsA and GSH levels (Figure 6A,B). The addition of HS restored redox homeostasis, as
evidenced by increased AsA and GSH levels, which enhanced the redox buffering capacity
of the plants. The restoration of the AsA-GSH cycle by H,S is indicative of a broader redox-
regulatory role. The increased activities of MDHAR, DHAR, and APX under H,S treatment
suggest that HS not only enhances the enzymatic scavenging of ROS but also helps
restore the levels of AsA and GSH, which is critical for cellular detoxification mechanisms.
Consistent with our findings, H,S application has been shown to attenuate arsenate toxicity
in Pisum sativum L. by up-regulating the AsA-GSH cycle [58].

However, under Mn stress, the positive regulatory effects of HpS on both ROS levels
and the antioxidant system in plants were reversed by HT, suggesting that H,S plays an
important role in mitigating Mn damage to plants. However, how H,S specifically affects
plant antioxidant enzyme activities still needs further investigation.
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5. Conclusions

H)S treatment mitigates the toxic effects of manganese stress on M. hupehensis
seedlings. The mitigating effect of H,S on manganese stress likely involves several mech-
anisms: (1) HyS restores the absorption of essential minerals, such as Ca, Mg, Fe, and
Zn, under manganese stress, thereby helping to maintain nutrient balance in plants. HyS
also modulates the expression of MTP family genes, which regulate manganese transport,
reduce toxic accumulation, and promote safe sequestration in leaves. (2) H,S enhances
antioxidant enzyme activity and strengthens the ASA-GSH cycle, mitigating oxidative
damage induced by manganese stress. (3) H,S restores key gas exchange parameters
and chlorophyll content, improving photosynthesis and alleviating the adverse effects of
manganese stress on plant growth. These findings are crucial for enhancing crop resilience
under heavy metal stress, particularly in soils susceptible to manganese toxicity. Future
research should focus on identifying specific signaling pathways and molecular targets in-
volved in HyS-mediated stress responses, which may provide new strategies for enhancing
plant tolerance to other abiotic stresses.
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Abstract: Isopentenyl diphosphate isomerase (IPI) is a key enzyme in the synthesis of isoprenoids.
In this paper, the in vivo biological activity of the IPI gene from Fritillaria unibracteata (FulPI) was
investigated. Combining a color complementation experiment with High-Performance Liquid Chro-
matography analysis showed that the FulPI gene could accumulate B-carotene in Escherichia coli, and
Glu190 was identified as a key residue for its catalytic activity. Bioinformatics analysis together with
subcellular localization indicated that the FulPI protein was localized in chloroplasts. Compared
with wild-type Arabidopsis thaliana, FulPI transgenic plants had higher abscisic acid content and
strengthening tolerance to drought and salt stress. Overall, these results indicated that the FulPI gene
had substantial biological activity in vivo, hopefully laying a foundation for its further research and
application in liliaceous ornamental and medicinal plants.

Keywords: isopentenyl diphosphate isomerase; color complementation experiment; subcellular
localization; stress response; transgenetic plants

1. Introduction

The family Liliaceae, encompassing a variety of ornamental and medicinal plants, has
attracted great attention from botanical researchers. Specifically, Fritillaria unibracteata Hsiao
et K.C. Hsia. (F. unibracteata) has been used as a primary medicinal resource for Fritillaria
cirrhosa D. Don [1], a traditional Chinese medicine, for thousands of years [2]. F. unibracteata
contains various active ingredients with antitussive effects, such as isosteroidal alkaloids,
steroidal alkaloids, terpenoids, and steroidal saponins [3-5]. In addition, it exhibits superior
pharmaceutic quality among Fritillaria cirrhosa D. Don due to its antitussive and asthma-
relieving effects with minimal toxicity and side effects [6]. However, the wild resources
of F. unibracteata have become rare due to not only aggressive harvesting but also the
low accumulation of active ingredients [7]. Meanwhile, it is challenging to cultivate F.
unibracteata in low-altitude regions, possibly due to its specific adaptability [8]. Therefore,
the imbalance between high demand and insufficient supply has triggered research on the
biosynthetic pathway of the active ingredients in F. unibracteata, laying a foundation for the
metabolic engineering of its active ingredients.

The biosynthetic pathways of steroidal alkaloids and terpenoids are primarily involved
in the mevalonate-independent (MVA) pathway and the methyl-erythritol 4-phosphate
(MEP) pathway [9]. Several biosynthetic enzymes, such as 1-deoxy-D-xylulose-5-phosphate
synthase (DXS), 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR), and lycopene
B-cyclase [10,11], have been identified as key catalysts in the MVA and MEP pathways. The
checkpoint of both pathways is the isomerization reaction of isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP), catalyzed by the enzyme isopentenyl
diphosphate delta isomerase (IPI). Heterologous overexpression of exogenous IPIs in
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Escherichia coli (E. coli) increases the production of carotene [12], lycopene [13], and astax-
anthin [14], highlighting their positive roles in the accumulation of downstream products.
Intriguingly, IPI activity demonstrated a linear relationship with isoprene emission factors
in the leaves of oak species [15], indicating its possible involvement in isoprene biosynthesis
by oak leaves. Moreover, overexpression of the IPI genes in Eucommia ulmoides improves
trans-polyisoprene production [16]. Overall, it is reasonably predicted that IPI may be a
key enzyme linking the MVA and MEP pathways.

In our previous work, we obtained the IPI gene from F. unibracteata (FulPI) encoding
a peptide of 274 residues [17]. An in vitro enzymatic assay revealed that the recombinant
FulPI protein could convert IPP to DMAPP [17]. Therefore, further confirmation of its
activity in vivo is crucial to understand its biological function. In this study, E. coli was
firstly used as a prokaryotic host to verify the in vivo activity of FulPI through a color
complementation experiment combined with High-Performance Liquid Chromatography
(HPLC) analysis. Subsequently, the subcellular localization of FulPI protein was deter-
mined to predict the metabolite trafficking pathway in plants. Then, the FulPI transgenic
Arabidopsis thaliana (A. thaliana) was constructed. The phenotypes and metabolite change
in wild-type and transgenic plants were evaluated. As a result, its activity in a eukaryotic
host lays a theoretical foundation for regulating the biosynthesis of active compounds
in F. unibracteata at the molecular level. To our knowledge, this is the first report of the
in vivo functional identification of genes encoding enzymes related to the MVA and MEP
pathways from the family Liliaceae and it might provide information for biological research
on IPI genes from other liliaceous plants.

2. Materials and Methods
2.1. Materials
2.1.1. Strain and Plasmid

E. coli containing recombinant plasmid pET28a-FulPI, plasmid pTrc with pAC-BETA,
and plasmid pBI121 with green fluorescent protein (GFP) label were stored in the laboratory.
Agrobacterium tumefaciens (A. tumefaciens) GV3101 was purchased from Sangon Biotech Co.,
Ltd. (Shanghai, China) and stored at —80 °C in the laboratory. The primers used in the
study were designed with Primer Premier 5.0 software and biosynthesized by TSINGKE
Co., Ltd. (Beijing, China).

2.1.2. Reagents and Plant Materials

Plasmid Mini Kit I D6943 (OMEGA Bio-tek, Guangzhou, China), 1-5™ 2x High
Fidelity Master Mix (TSINGKE Co., Ltd., Beijing, China), Mut Express II Fast Mutagenesis
Kit V2 (Vazyme Biotech Company, Ltd., Nanjing, China), Gel Extraction Kit D2500 (OMEGA
Bio-tek, Guangzhou, China), BCA Protein Assay Kit (Sangon Biotech Co., Ltd., Shanghai,
China), Prime STAR HS DNA Polymerase (Takara Biotechnology Co., Ltd., Dalian, China),
and Plant hormone abscisic acid ELISA kit (Enzyme-linked Biotech Co., Ltd., Shanghai,
China) were used. E. coli TOP10 strain, wild-type A. thaliana (ecotype Columbia-0), and
Nicotiana benthamiana (N. benthamiana, ecotype LAB) seeds were kept in the laboratory.

2.1.3. Experimental Apparatus

Veriti™96 Well Fast Thermal Cycler (Thermo Fisher, Waltham, MA, USA), HPLC
(Agilent, Santa Clara, CA, USA), Laser confocal microscopy A1R+ (Nikon 1774059S,
Tokyo, Japan).

2.2. Experimental Methods
2.2.1. Construction of pTrc-FulPI Expression Plasmid and Expression Host

Using plasmid pET28a-FulPI as a template, the FulPI gene fragment was amplified by
polymerase chain reaction (PCR) using a pair of primers, 5'-GCGGCCGCGAAAACCTGTAT
TTTCAG-3" (NotI cleavage site in italics, this forward primer is designed based on the
3-21 bp upstream sequence from the initiation codon ATG) and 5'-CGGGATCCCGTTAAAT
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CAGTTTATGAATGG-3' (BamHI cleavage site in italics). Subsequently, the fragment was
digested with Notl and BamHI, gel-purified, and then cloned into plasmid pTrc to construct
the recombinant plasmid pTrc-FulPI. In addition, the recombinant plasmid pTrc-FulPI,
pTrc, and pAC-BETA were used to transform E. coli TOP10 strain to generate various
recombinant strains, respectively.

2.2.2. Color Complementation Experiment

After verification by sequencing, four types of E. coli TOP10 strains, containing plasmid
pTrc-FulPI, plasmids pTrc and pAC-BETA, plasmid pAC-BETA, and plasmids pTrc-FulPI
and pAC-BETA, were cultured on Luria-Bertani (LB) solid medium at 37 °C for 48 h,
respectively. The single colonies were then picked up and cultured on LB solid medium
containing 50 pg/mL ampicillin (Ap) and 50 pg/mL chloramphenicol (Chl) at 37 °C for
48 h. Finally, the color depth of the colonies was observed and compared.

2.2.3. Determination of S-Carotene Content

Four types of bacterial solutions were transferred from the forementioned section
to 50 mL of liquid LB medium and incubated at 37 °C overnight. Subsequently, 2-3 mL
were taken and incubated at 28 °C and 200 rpm for 48 h to allow the B-carotene to fully
accumulate. The B-carotene concentrations in E. coli TOP10 colonies were measured by
HPLC analysis, as described previously [11]. The E. coli TOP10 cells were homogenized in
methyl alcohol with 10% tetrahydrofuran and 0.01% dibutylhydroxytoluene, centrifuged,
and filtered using a 0.45 pm microporous membrane [11]. For HPLC detection, the reversed-
phase column Hypersil ODS2 (4.6 mm x 200 mm, 5 pm) was used with a mobile phase
of methanol containing 10% tetrahydrofuran (volume fraction) and 0.0025% butylated
hydroxytoluene. The injection volume was 10 puL with a flow rate of 1 mL/min. The
column temperature was set at 30 °C and the detection wavelength was set at 448 nm.

2.2.4. Site Mutation at Glu190 Residue

As described by Song et al. [18], the codon GAA (Glu190) residue was replaced by GCG
(Ala) residue using a pair of primers (5-GAACATGCGCTGGATTATCTGCTGTTTATTGTT
CG-3' and 5'-GATAATCCAGCGCATGTTCACCCCATTTACC-3'). The site mutation was
performed according to the site mutation kit using the plasmid pTrc-FulPI as a template.
The color complementation experiment of mutated pTrc-FulPI E190A was then conducted
using the same methods as for pTrc-FulPI.

2.2.5. Subcellular Localization of FulPI Protein

Using plasmid pET28a-FulPI as a template, the FulPI fragment was amplified by PCR
with primers 5'-GAATTCATGGCAGCCGGGAGCGTT-3' (EcoRI cleavage site in italics) and
5'-CGCGGATCCGCGAATCAGTTTATGAATGG-3' (BamHI cleavage site in italics). In order
to construct the fusion expression plasmid containing FulPI and GFP fluorescent label,
the stop codon (TAA) of the FulPI gene was not included in the PCR product. Following
the method described in Section 2.2.1, FulPI was cloned into plasmid pBI121 (with GFP
fluorescent label) and transformed into A. tumefaciens, which was then uniformly cultured
on LB solid medium (containing 50 pg/mL gentamicin and 50 pg/mL kanamycin) at
30 °C for 2-3 days. Then, ten single colonies were randomly picked up and cultured for
24 h by shaking. After colony PCR verification, recombinant A. tumefaciens with plasmid
pBI121-FulPI was obtained.

A total of 2 mL of recombinant bacteria GV3101 containing pBI121-FulPI was transferred
and injected into the backs of N. benthamiana leaves and cultured for 2 days in low light.
Fluorescence was observed using confocal laser microscopy. The excitation and emission
wavelengths for chloroplast autofluorescence were set to 640 nm and 675 nm, respectively.
The excitation and emission wavelengths for GFP were 488 nm and 510 nm, respectively.
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2.2.6. Construction and Identification of FulPI Transgenic A. thaliana

To analyze the functional roles of the FulPI gene in transgenic plants, the FulPI
gene was overexpressed in wild-type A. thaliana. The FulPI gene was first amplified
by PCR using primers 5'-GCGGGTCGACGGTACCATGGCAGCCGGGAGCGTT-3 and 5'-
TAGACATATGGGTACCTTAAATCAGTTTATGAATGGTTTTC-3' (Kpnl cleavage site in ital-
ics), and subsequently ligated to obtain recombinant plasmid pCambia2301-FulPI under the
control of 35S promoter. The recombinant plasmid was transformed into A. tumefaciens and
introduced into A. thaliana using the flower dip method [19]. The transgenic seeds were har-
vested and screened on 1/2 MS medium containing 50 pg /mL kanamycin. The lines show-
ing positive growth were selected and cultivated in nutrient soil for two weeks. Leaves were
used for the extraction of total DNA and RNA. DNA-based molecular verification of FulPI
transgenic plants was performed using primers 5'-CCTATTCTGCGTCTGCGTTCTT-3' and
5-TATCTGCAACTTCCTGCAGGG-3'. Meanwhile, the expression of the FuIPI gene in trans-
genic plants was analyzed by real-time PCR using primers 5'-AGCCATCCGCTGTATCGT-3'
and 5'-CATCGCTCGGTGCTTTAT-3'. The reference gene for real-time PCR was the Arabidop-
sis 185 rRNA gene (NC_003074.8) and the primers were 5'-CAGTCGGGGGCATTCGTATTT-
3’ and 5'-CAGCCTTGCGACCATACTCC-3'.

2.2.7. Phenotypic Observation of FulPI Transgenic Plants under Stress

Fourteen-day-old wild-type and FulPI transgenic A. thaliana seedlings were subjected
to natural drought and salt stress (120 mM NaCl solution), while the control group was
watered with the same amount of water at the same frequency. After 21 days, the phe-
notypes of the plants were observed and analyzed, including plant height, fresh weight,
leaf length, leaf width, etc. The materials were collected, frozen with liquid nitrogen, and
stored at —80 °C.

2.2.8. Determination of Abscisic Acid (ABA) Content

Under no stress, drought stress, and salinity stress, 0.5 g of wild-type and FulPI
transgenic plants were weighed, ground with liquid nitrogen, extracted with 80% methanol
at 4 °C for 16 h, and centrifuged at 10,000 rpm and 4 °C for 20 min, respectively. The
extraction process was repeated twice, with the second extraction lasting 2 h. The collected
supernatants were used to remove methanol by spin evaporation at 42 °C and subsequently
extracted three times with ethyl acetate. The ABA fraction was dissolved in 0.8 mL methanol
and assayed by an ELISA kit, according to the standard procedure.

3. Result
3.1. Functional Identification of FulPI Gene in E. coli

Prior to the functional identification, sequence alignment between FulPI protein and
other IPIs with identified function was performed. As a result, based on the result of
amino acid comparison and the classification of conserved structural motifs, the FulPI
protein was suggested to be included in the type I family. For instance, FulPI displayed
specific hits with two major motifs that are crucial for catalytic activities of the type I family.
The first motif consisted of nine amino acids, ranging from Thr124 to Leu132. The other
consensus motif with -WGEHE- and -DY- at the start and end points in the FulPI protein
was also detected from Trp186 to Tyr193. In addition, similar to other plant IPIs, FulPI has
a N-terminal extensions of 56 amino acids comparable with E. coli IDI (Figure 1).

The color complementation experiment was used for the functional identification of
MEP pathway genes in various plants, including wheat [20] and Amomum villosum [21]. In
this experiment, E. coli TOP10 cells along with cells containing a single plasmid of pTrc-
FulPI or pAC-BETA were used as negative controls. Two plasmids pTrc and pAC-BETA
were co-transferred into E. coli TOP10 as positive controls. As a result, the regions 1, 4,
and 5 (Figure 2), representing E. coli TOP10 cells, cells harboring plasmid pTrc-FulPI, and
cells harboring pAC-BETA, respectively, were unable to grow on LB medium with Ap
and Chl due to the lack of the Ap resistance. Notably, the E. coli TOP10 cells containing
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plasmids pTrc-FulPI and pAC-BETA in region 6 accumulated more yellow B-carotene than
the positive controls (region 2) (Figure 2A). Overall, this visual method demonstrated that
the FulPI gene substantially accelerated f-carotene biosynthesis, confirming that FulPI
gene encoded the expected functional protein. Furthermore, the content of S-carotene in
the E. coli TOP10 cells was determined by using HPLC. Neither E. coli TOP10 cells nor
cells containing pTrc-FulPI accumulated f-carotene, as they did not carry the plasmid
PAC-BETA. A relatively small amount of 3-carotene was observed in the E. coli TOP10 cells
containing pAC-BETA (5.70 & 0.094 ug/mL) and pTrc + pAC-BETA (16.56 £ 0.019 ug/mL),
respectively. In contrast, the E. coli TOP10 cells co-transforming pTrc-FulPI and pAC-
BETA revealed the highest S-carotene content (29.30 £ 0.4 pg/mL). Together with the
visualization and HPLC analyses, it was further confirmed that the FulPI gene might be
limiting for carotenoid biosynthesis, as also reported by Cunningham and Gantt [22].

Fritillaria unibracteata : -MAAGSVPFIATRLHRSPLPILRLRSFSSRAAETAAPMG--—-—---- ‘4
Arabidopsis thaliana IDI1 : -MSTASLFSFPSFHLRSLLPSLSSSSSSSSSRFAPPRL-—-—--—-—--— SPIRSPAPRTQLSVRAFSAVTMTD

Arabidopsis thaliana IDI2 : -MSASSLFNLPLIRLR----SLALSSSFSSFRFAHRPL- SSIS---PRKLPNFRAFSGTAMTD Al ‘4
Oryza sativa IPPI1 e -~ —————MAGAAAA--———— VEIBAGIUINF

Oryza sativa [PPI2 : MAAAARSLALLSTASASLGLGVARSSARPRSPFGRGLALRG--=-—-=——==—=——-—--
Eucommia ulmoides e
Nicotiana tabacum : “MSLTTTPSFQIWRRFIAASPITCPSSLSLVSVSKSPLLKSH-——-—-—-———-— RIAAS---LRCYS----SSTRMGD--
Salvia miltiorrhiza : MSSLTSIP----FQKLLAASAAAASSSSSSISPLKSLLLKPTSCRALFHPKPNAAATPFGLRFAASFTAATSTMGDV-
Escherichia coli :

Fritillaria unibracteata
Arabidopsis thaliana IDI1
Arabidopsis thaliana IDI2
Oryza sativa IPPI1

Oryza sativa IPPI2
Eucommia ulmoides
Nicotiana tabacum

Salvia miltiorrhiza
Escherichia coli

Fritillaria unibracteata

A
HEDCKWGEHE LDY L EETVRD
Arabidopsis thaliana IDI1 :
Arabidopsis thaliana IDI2 :

DEKWGEHE VDY LLETVRD:
DGKWGEHE LDY LILETVRD

Oryza sativa [PPI1
Oryza sativa IPPI2
Eucommia ulmoides
Nicotiana tabacum
Salvia miltiorrhiza
Escherichia coli

Figure 1. The amino acid sequence alignment of FulPI with IPIs in other species. The amino acid
accession numbers are as follows: Arabidopsis thaliana IDI1 At5g16440, Arabidopsis thaliana 1DI2
At3g02780, Salvia miltiorrhiza EF635967, Eucommia ulmoides AB041629, Nicotiana tabacum BAB40973.1,
Oryza sativa IPI1 AK065871, Oryza sativa IPI2 NM_001062082, and E. coli NP_417365. The conserved
TNTCCSHPL and WGEHEXDY motifs were indicated by black lines, while the key Glu190 was
indicated by regular triangles. The N-terminal extension was indicated by dashed line.

According to the sequence alignment and structural analysis, the Glu residue at
position 190 was suggested to be a key residue in the active site of the IPI octahedron (Figure
1in [17]). To test this, this reside was mutated to Ala residue. In the color complementation
experiment (Figure 2A), E. coli TOP10 cells containing plasmids pTrc-FulPI and pAC-BETA
revealed the brightest color, followed by those containing plasmids pTrc-FulPI E190A and
pAC-BETA and, lastly, those with plasmids pTrc and pAC-BETA. This indicates that the
E190A mutation caused a decrease in the accumulation of S-carotene. In addition, the
B-carotene contents were detected using HPLC analysis (Figure 2B), the results of which
indicate that the mutation caused a 15.30% reduction compared to cells containing plasmids
pTrc-FulPI and pAC-BETA. Overall, Glul90 residue was a key residue involved in the
isomerization of FulPL
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Figure 2. Color complementation experiment and HPLC detection of six E. coli TOP10 colonies.
(A) Color complementation experiment; (B) B-carotene contents detected by HPLC. One-way ANOVA
was used for analysis. All the experiments had at least three biological replicates. Regions 1, 2, 3, 4, 5,
and 6 represent E. coli TOP10, E. coli TOP10 containing plasmids pTrc and pAC-BETA, E. coli TOP10
containing plasmids pTrc-FuIPI E190A and pAC-BETA, E. coli TOP10 containing plasmid pTrc-FulPI,
E. coli TOP10 containing plasmid pAC-BETA, and E. coli TOP 10 containing plasmids pTrc-FuIPI and
PAC-BETA, respectively. Different lowercase letters represent significant differences between pairs
(p <0.05).

3.2. Subcellular Localization of FulPI

iPSORT showed a putative mitochondrion-targeting peptide in the N-terminus of
FulPI, whereas ChloroP and Plant-mPLoc predicted that FulPI is localized in chloroplasts
with probabilities of 50% and 100%, respectively (Table 1). IPIs have been found to be
localized in distinct compartments and vary among different plant species [23]. Consid-
ering the reaction catalyzed by FulPI links MEP and MVA pathways and the subcellular
localization of the MEP pathway in plants, it is a better prediction that FulPI is localized in
chloroplasts [24].

Table 1. Prediction of FulPI subcellular localization.

Software Prediction Result
iPSORT mitochondrial targeting or chloroplast transport peptide
Plant-mPLoc chloroplast
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To verify this prediction, we constructed the recombinant plasmid PBI121-FulPI la-
beled with GFP. Under laser confocal scanning, chloroplasts and GFP showed red and
green fluorescence, respectively. As shown in Figure 3A, in the GFP control group, green
fluorescence was uniformly distributed in the leaf cells of N. benthamiana without specificity.
The subcellular localization of FulPI protein was able to be revealed by the combined
yellow fluorescence, indicating that FulPI protein was localized in chloroplasts (Figure 3B)
where the MEP pathway is localized.

GFP fluorescence Autofluorescence Brigbtfield Superposition

Figure 3. The subcellular localization of FulPlin N. benthamiana leaves: (A) represents 35S: GFP, while
(B) represents 35S: FulPI-GFP.

3.3. Production of FulPI Transgenic Plants

To verify the role of the FulPI gene in influencing stress tolerance, recombinant plas-
mids containing FuIPI ORE, controlled by the CaMV 35S promoter, were constructed and
transformed into A. thaliana. To validate the FulPI transgenic plants, reverse PCR was
performed using DNA as the template at first. As a result, the FulPI fragment was detected
in the FulPI transgenic plants, while the wild-type plants exhibited negative PCR results
(Figure 4A). In addition, the expression levels of the FulPI gene were determined by real-
time PCR using cDNA as the template. The FulPI gene was substantially expressed in
FulPI transgenic plants, while it was not detected in wild-type plants (Figure 4B).

A Bz 60
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1000bp 540+
750bp £
500bp g
%20-
o
250bp é
100bp s 0
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Figure 4. Identification of FulPI transgenic plants: (A) represents the PCR result using DNA as the
template and (B) represents the PCR result using cDNA as the template.

3.4. FulPI Transgenic A. thaliana Strengthened Tolerance to Drought and Salinity Stress

The phenotypes of wild-type and FulPI transgenic plants under various conditions
were recorded to evaluate the function of the FulPI gene in stress tolerance (Figure 5A).
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Although no obvious morphological difference was observed between the wild-type and
transgenic plants, the FulPI transgenic plants exhibited a higher fresh weight (163.18%),
number of base leaves (126.41%), and leaf length (151.95%) than those in wild-type plants
under normal condition, respectively (Figure 5B-E). These results indicate that the FulPI
gene positively affects plant growth. Moreover, it was observed that drought caused
damage to the wild-type plants, including leaf yellowing and reduced growth, while the
FulPI transgenic plants exhibited slight enhancement in drought tolerance due to their
higher fresh weight, number of base leaves (p < 0.05), leaf length, and leaf width compared
to wild-type plants (Figure 5B-E). Intriguingly, FulPI transgenic plants revealed significant
tolerance to salinity stress, as their leaves remained green and growth remained vigorous.
Compared with those of wild-type plants, the leaf length, leaf width, and fresh weight of
FulPI transgenic plants were significantly increased by 1.88- (p < 0.0001), 2.06- (p < 0.01),
and 1.65-fold (p < 0.001), respectively. This higher number of leaves and increased leaf area
contributed to more efficient photosynthesis and enhanced plant metabolism. In summary,
the FulPI gene can enhance tolerance to drought and salinity stress.
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Figure 5. Phenotypic analysis of A. thaliana under various conditions. (A) Phenotypes of plants under
various conditions. WT and FulPI represent wild-type and FulPI transgenic plants, respectively. The
plants from left to right in Figure 5A represent those under no stress, drought stress, and salinity
stress, respectively. (B—E) Represent various characteristics of plants, including fresh weight, base leaf
number, leaf length, and leaf width, respectively. One-way ANOVA was used to perform statistical
analysis. All the experiments had at least three biological replicates. *, **, *** and **** represented
statistical significance of p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.

3.5. Overexpression of the FulPI Gene Enhanced the Accumulation of ABA Content

The standard curve for ABA was determined with the equation y = 0.0191x + 0.1018
(R% = 0.995). Using this standard curve, the ABA content was measured. As shown in
Figure 6, the ABA content in FulPI transgenic plants was slightly higher than that in
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wild-type plants. Under drought conditions, the ABA content in FulPI transgenic plants
was 2.50 times that in wild-type plants (p < 0.0001), while the ABA concentration in FulPI
transgenic plants was also 1.50 times (p < 0.05) that in wild-type plants under salinity stress.
Previous studies have confirmed that ABA is a stress-responsive plant hormone involved
not only in tolerance to environmental stress [11] but also in plant development [25].
Therefore, these results indicated that the overexpression of the FulPI gene could promote
the accumulation of ABA, thereby improving the drought and salt tolerance of plants.
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Figure 6. ABA content in plants under no stress, drought stress, and salinity stress. WT and FulPI
represent wild-type and FulPI transgenic plants, respectively. One-way ANOVA was used for
statistical analysis. All the experiments had at least three biological replicates. * and **** represented
statistical significance of p < 0.05 and p < 0.0001, respectively.

4. Discussion

In plants, the biosynthesis of isoprenoid-type metabolites occurs in three main
stages [9]. In the upstream stage, the basic five-carbon unit IPP is derived from the MVA
pathway in cytoplasm or MEP pathway in plastids. IPP is then isomerized to DMAPP by
the catalysis of IPI. In the middle stage, IPP and DMAPP are sequentially condensed to
yield intermediates such as geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and
geranylgeranyl diphosphate (GGPP). Finally, in the downstream stage, these intermedi-
ates are converted into various isoprenoid-type metabolites, including steroidal alkaloid,
artemisinin, chlorophyll, B-carotene, and ABA. Therefore, IPP and DMAPP serve as essen-
tial materials that connect the upstream MVA /MEP pathway with the downstream steroid
biosynthesis pathway. IPI is proposed to catalyze a checkpoint reaction, providing the basic
materials necessary for isoprenoid biosynthesis. We identified the in vivo function of the
FulPI gene through heterologous expression in prokaryotic and eukaryotic systems.

In line with previous studies, IPIs consist of two types (type I and II). To date, only
type I IPIs have been found in plants, implying that the divergent functions of two types
might occur before the differentiation of plants. We used two methods to confirm that FulPI
belonged to type 1. At first, we compared the sequence identities of FulPI with IPIs from
other species. The top three species showing the highest similarity with FuIPI were Zingiber
officinale, Vigna unguiculata, and Glycine max. The high similarity between FuIPI and other
type-1 IPIs from higher plants suggests that it is attributed to type I. Second, type-I IPIs
have a conserved C residue in the TNTCCSHPL motif and a conserved E residue in the
WGEHEXDY motif. These highly conserved residues are critical for the catalytic activity of
the enzyme. FulPI also contained the highly conserved C (124-132 aa) and E (186-193 aa)
residues in the two motifs, strongly suggesting that it belongs to the type-I IPI family
(Figure 1). As shown in Figure 2, in the color complementation experiment, the strains
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containing both pTrc-FulPI and pAC-BETA appeared dark yellow on the medium, while
those containing pTrc and pAC-BETA were light yellow, indicating that the expression of
the FulPI gene led to greater accumulation of S-carotene. HPLC analysis indicated that the
FulPI gene in E. coli enhanced B-carotent production by 5.14-fold higher than that in the
control group.

Previous studies on IPI from E. coli have indicated that the active center of IPI bound to
metal ions through a distorted octahedral coordination geometry composed of His25, His32,
His69, Glul14, and Glul16 residues [26]. Among these, Glul16 (numbering based on E. coli
IPI) was directly involved in the protonation of IPP to DMAPP. Therefore, the homologous
Glu190 residue in FulPI was hypothesized to be a key residue and was, thus, mutated to
Ala. According to the color complementation test, the strain containing pTrc-FulPI E190A
was darker than those containing plasmids pTrc and pAC-BETA but lighter than those
containing plasmids pTrc-FulPI and pAC-BETA. The mutant resulted in a 15.30% decrease
in B-carotene content compared with the E. coli strain containing plasmids pTrc-FuIPI and
PAC-BETA. These results were consistent with our hypothesis that Glu190 in FuIPI was
one of the key amino acids involved in the catalytic activity.

Many plants contained two type-I IPI isozymes with diversified subcellular localiza-
tions. Specifically, both IPIs from rice are localized in endoplasmic reticulum, peroxisomes,
and mitochondria, whereas OsIPPI2 was also found in plastids [27]. A. thaliana has two
IPIs that may be present in mitochondria and plastids, respectively [28], while IPIs from
Nicotiana tabacum might function in cytosol and plastids [29], respectively. Intriguingly,
most known plant type-I IPPs appeared to have an N-terminal extension that was associ-
ated with organellar localization [27-29]. Sequence analysis in Figure 1 indicated that the
N-terminal extension of FulPI shared an identity of more than 40% with that of OsIPPI2
(a plastid-localized IPI) while sharing only an identity of less than 20% with that of OsIPPI1
(a nonplastid-localized IPI) [27]. The subsequent bioinformatic prediction and subcellular
localization of FulPI confirmed its localization within the plastids, resembling that of IPIs
from grape, Nicotiana tabacum, and rice [27,29,30]. The flow-controlled function of plastidial
IPI for different downstream isoprenoid products, especially for those in plastids, has been
highlighted by Pankratov et al. [31]. Hopefully, FulPI could, thus, be a candidate gene for
the metabolic engineering and synthetic biology of isoprenoids in plastids.

ABA has been implicated in plant stress tolerance, growth and development, and
hormone responses [11,25]. By specifically binding to the cis-regulatory elements, such as
DREBs and AREBs, in the promoters of genes involved in the ABA-related signaling path-
way, ABA triggers various physiological processes and metabolic changes that enable whole
tissues to acquire drought and salinity tolerance [32,33]. In plants, ABA is biosynthesized
in plastids mainly from the S-carotene precursor, so an increase in E. coli overexpressing
the FulPI gene might enhance ABA biosynthesis. It was observed that the FulPI transgenic
plants contained an ABA content 2.50- and 1.50-fold higher than that in wild-type plants
under drought and salinity stress, respectively. Considering the importance of ABA in
the stress response of plants, it was particularly interesting to explore the phenotype of
transgenic plants under these conditions. As a result, FulPI transgenic plants exhibited
slight enhancement in drought tolerance and significant enhancement in salinity tolerance
compared with wild-type plants. Previous studies by our lab [11], along with findings
from Marusig and Tombesi [34], have revealed that ABA correlates with improved drought
and salinity tolerance in plants. Combined with current results and previous reports, the
enhanced drought and salinity tolerance of transgenic plants could be attributed to its
increased ABA content. Intriguingly, the FulPI transgenic plants revealed higher biomass,
including a greater fresh weight, higher number of base leaves, and longer leaf length than
that of wild-type plants under no stress. This might imply that FulPI would play a role in
balancing plant growth and stress tolerance. A similar balance between plant growth and
drought tolerance was also observed in plants overexpressing the Cassia tora DXR1 gene,
possibly due to the regulation of ABA and chlorophyll biosynthesis [11]. Furthermore,
the IPI genes from Aconitum carmichaelii, Dipsacus asperoides, and Artemisia annua have
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been proposed to play roles in the biosynthesis of diterpenoid alkaloids [35], triterpenoid
saponin [36], and artemisinin [37], respectively. Therefore, in vivo functional identification
of the FulPI gene supported its role in the biosynthesis of isoprenoids, including f-carotene
and ABA. It is hypothesized that FulPI might be applied to accumulate isoprenoid-derived
compounds in medicinal plants, to improve the nutritional qualities of crops by enhancing
the accumulation of compounds such as B-carotene, and to improve the yield of crops by
increasing adaptability to environmental stress as well.

Although the phenotypes of FulPI transgenic plants can be largely linked to altered
ABA levels, future research remains necessary. First, in addition to the aerial tissues, the
underground tissues should also be evaluated for the drought and salinity tolerance of
FulPI transgenic plants, given that ABA exerts a wide influence on various plant tissues.
Second, a detailed investigation into the expression of downstream genes that are involved
in the ABA-dependent signaling pathway is required to comprehensively understand the
role of the FulPI gene in drought and salinity tolerance. Moreover, in order to explore the
potential application of the FulPI gene in various fields, different chassis, such as crops and
medicinal plants, will be used in upcoming research.

5. Conclusions

This study demonstrates that FulPI is involved in the biosynthesis of isoprenoids
by heterologous expression in both prokaryotic and eukaryotic cells. The site mutation
confirmed that Glu190 was one key residue related to the catalytic reaction. The subcellular
localization of FulPI in chloroplasts provided a challenge to monitor the crosstalk between
MVA and MEP pathways, which were associated with diverse biological processes. The
tolerance to drought and salinity stress could be augmented by the overexpression of
the FulPI gene, as indicated by the improving accumulation of ABA content. Overall,
our studies extend the IPI members of the family Liliaceae, which is rich with ornamental
and medicinal plants. In addition, our current work will contribute to understanding the
molecular mechanisms of promoting isoprenoid-related accumulation and enhancing stress
tolerance via the overexpression of the FulPI gene.
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mdpi.com/article/10.3390/horticulturae10080887/s1, Supplementary Material S1: codon-optimized
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Abstract: Owing to the poor cold tolerance of Stenotaphrum Trin and the urgent need for shade-
tolerant grass species in temperate regions of East China, this study evaluated the cold tolerance
of 55 Stenotaphrum accessions, aiming to provide shade-tolerant materials for temperate regions. A
fine cold-tolerant turfgrass should have both the advantages of delayed fall dormancy and early
spring green-up. However, previous research on the cold resistance of turfgrass has mainly focused
on the performance of the spring green-up, with less attention paid to the fall dormancy, which has
affected the ornamental and application value of turfgrass. This study first dynamically investigated
the leaf colour of each accession during the fall dormancy and the coverage during the spring
green-up and evaluated the cold resistance of the accession through membership functions and
cluster analysis. Significant differences in the cold resistance were found with the assignment of
breeding lines to four categories. The weak correlation (R? = 0.1682) between leaf colour during
the fall dormancy and coverage during the spring green-up indicates that using the performance
of a single period to represent the cold resistance of accessions is not appropriate. To test whether
using the laboratory-based LT50 and stolon regrowth rating analysis can replace the above-improved
method, we conducted a related analysis and found that the fit between these two methods is very
poor. This phenomenon is attributed to the poor correlation between the laboratory-based parameters
and the pot-investigated data. Therefore, this study presents a cold resistance evaluation method
for Stenotaphrum that integrates performance in both the fall dormancy and spring green-up periods.
This improved evaluation method cannot be simplified by the growth performance of a single period
or replaced by using laboratory-based LT50 and stolon regrowth tests. With the help of this improved
method, several excellent cold tolerance accessions (ST003, S13, and S12) were identified for temperate
regions of East China.

Keywords: perennial plants; Stenotaphrum Trin; fall dormancy; spring green-up; cold tolerance
evaluation

1. Introduction

The tropical turfgrass Stenotaphrum Trin has both feed and ornamental value [1]. Due to
its much greater shade tolerance than that of other warm-season turfgrasses, Stenotaphrum
species are preferred for use in shaded landscapes in tropical and subtropical regions [2,3].
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However, its poor cold tolerance severely restricts its use in temperate regions [4-6]. Given
the need for shade-tolerant turfgrasses in the temperate regions of East China, the use
of Stenotraphrum requires the identification and use of cold-resistant germplasm for
acceptance and application by the public.

Unlike annual plants such as wheat that do not undergo the fall dormancy process,
perennial turfgrass with strong cold resistance should have both the advantages of delayed
fall dormancy and early spring green-up [7-9]. Field and laboratory evaluations are com-
monly used for evaluating cold resistance. Field evaluation is considered as a relatively
accurate method of evaluating cold resistance. However, field evaluations mainly focus
on the performance of green-up in the following year, with less attention paid to the per-
formance of fall dormancy [10,11]. Electrolyte leakage and tissue regrowth measurements
are common laboratory methods used to assess cold tolerance in turfgrass species [5,12,13].
Electrolyte leakage has been shown to poorly represent the actual cold tolerance [14-16].
Measurements of tissue regrowth have also been shown to be poorly correlated with cold
resistance [4,17,18]. These methods are likely not reflective of actual cold tolerance because
they do not account for a plant’s ability to retain colour in the fall or an ability to green-up
earlier in the spring. Therefore, the objective of this research was to measure both fall
dormancy and spring green-up to assess the cold tolerance of Stenotaphrum breeding
lines and to compare this assessment to electrolyte leakage and stolon regrowth following
exposure to cold.

Stenotaphrum plants can be divided into seven categories (https://powo.science kew.
org/taxon/urn:lsid:ipni.org:names:19069-1#source-KB, accessed on 20 June 2024). (1) Steno-
taphrum helferi. the native range of this species is South China to Peninsula Malaysia,
Philippines. It is a perennial or rhizomatous geophyte and grows primarily in the wet
tropical biome. (2) Stenotaphrum clavigerum. The native range of this species is Aldabra
to Assumption. It is an annual and grows primarily in the seasonally dry tropical biome.
(3) Stenotaphrum dimidiatum. The native range of this species is coastal Kenya to South
Africa, West Indian Ocean, and the Indian Subcontinent to Peninsula Malaysia. It is a
perennial or rhizomatous geophyte and grows primarily in the seasonally dry tropical
biome. (4) Stenotaphrum micranthum. The native range of this species is Southeast Tanzania
to the West Indian Ocean, Spratly Islands, and East Malaysia to the Pacific Ocean. It is
an annual and grows primarily in the seasonally dry tropical biome. (5) Stenotaphrum
oostachyum. The native range of this species is Northwest and Central Madagascar. It is
a perennial or rhizomatous geophyte and grows primarily in the seasonally dry tropical
biome. (6) Stenotaphrum secundatum. The native range of this species is Southeast U.S.A. to
eastern and southern South America and West Tropical Africa to Chad. It is a perennial or
rhizomatous geophyte and grows primarily in the seasonally dry tropical biome. It is used
as animal food and a medicine and has uses environmentally and for food. (7) Stenotaphrum
unilaterale. The native range of this species is Central Madagascar. It is a perennial or
rhizomatous geophyte and grows primarily in the seasonally dry tropical biome. The dis-
tribution of Stenotaphrum plants in China is mainly in South China. The use of which is also
mainly in the tropical and subtropical regions of China. No dominant variety was found.
Significant variations in cold tolerance among the species of Stenotaphrum plants [5,6] have
been detected. Although the cold tolerance has been investigated on many accessions
from Europe and North America [19-22], the large-scale cold tolerance evaluation of Steno-
taphrum plants from China is still lacking. This notion is further supported by the finding
that Stenotaphrum research undertaken by Chinese scholars mainly focuses on molecular
maker analysis, physiology, and pathology, with little attention paid to the cold tolerance
evaluation of Stenotaphrum plants from China [23-30]. This study used 55 accessions of
Stenotaphrum plants, the composition of which was mainly wild accessions from China,
aiming to establish a suitable cold tolerance evaluation method for Stenotaphrum plants and
identify several accessions that can be applied to the temperate regions of East China.

Specifically, this study first dynamically investigated the leaf colour during the fall
dormancy and the coverage during the spring green-up of 55 Stenotaphrum Trin resources
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and evaluated their cold resistance by integrating the two-index using a membership
function. By analysing the correlation between autumn/winter leaf colour and next year’s
green-up coverage, as well as comparing the growth performance of a single growth period
with the ranking of a comprehensive evaluation, whether this method can be simplified by
the growth performance of the fall dormancy or spring green-up is clarified. Furthermore,
the cold resistance of these resources was evaluated through the laboratory-based cold
resistance evaluation methods (leaf LT50 and stolon regrowth analysis) and was ranked and
clustered through membership functions and cluster analysis. Whether field evaluation
methods can be replaced by laboratory evaluation methods was determined by comparing
the differences between laboratory cold resistance evaluation data and field evaluation
data. By conducting a correlation analysis between field evaluation data and laboratory
evaluation data, the reasons for the differences between field evaluation and laboratory
evaluation were clarified. Through the above series of experiments, this study ultimately
presented a method to compensate for the shortcomings of the current evaluation methods
for the cold resistance of turfgrass and clarified whether this improved method can be
simplified or replaced by other methods.

2. Materials and Methods
2.1. Accession Information

Eighty domestic and foreign accessions of Stenotaphrum were collected for cold tol-
erance evaluation. These accessions came from China (63), the United States (10), South
Africa (3), Zimbabwe (1), Australia (1), Argentina (1), and Vanuatu (1). At one year of
planting in Nanjing, China, only 55 accessions had survived, i.e., 25 accessions did not
survive the winter. Among the 55 surviving accessions, 41 were sourced from China,
8 from the United States, 2 from South Africa, 1 from Zimbabwe, 1 from Australia, 1
from Argentina, and 1 from Vanuatu (Supplementary Table S1). Specifically in China, the
strains were obtained from Fujian Province (14), Hainan Province (14), Yunnan Province
(5), Guangxi Province (5), and Guangdong Province (3) and conformed to the distribution
characteristics of Stenotaphrum (https:/ /www.iplant.cn/z/frps /33150, accessed on 15 June
2024). Subsequently, the cold resistance of these 55 accessions was evaluated.

2.2. Plant Growth Conditions

The 50 accessions for the potted experiment were planted in flower pots with a
bottom diameter of 18 cm. The flower pot was filled with half soil and half sand. Each
accession contained three replicates. All the accessions were cultivated in the turfgrass
nursery of Nanjing Botanical Garden Mem. Sun Yat-Sen, China. Compound fertilizer was
applied once a month [31]. The dosage used was 0.5 g/pot for the pot experiments. The
lowest temperature in winter was —10 °C. The detailed climate information is listed in
Supplementary Table S2.

2.3. Investigation of Leaf Colour during the Fall Dormancy and Coverage during the Spring
Green-Up

From the end of October 2022 to the middle of December 2022, photos of potted
accessions were taken during the fall dormancy. The interval at which the images were
taken was 7 days. The leaf colour was scored according to the GBT30395-2013 standard as
previous reported [32-35].

From the end of April 2023 to the beginning of June 2023, photos of potted acces-
sions were taken during the green-up. The rate of green-up was obtained through visual
inspection [32-34,36].

2.4. LT50

The experiment was conducted in September 2023. According to previous meth-
ods [37], the lethal temperature killing 50% of the plants (LT50) was determined by the
electrolyte leakage method, and each treatment included 4 replicates. Briefly, the leaves

51



Horticulturae 2024, 10, 761

of healthy plants were removed and rinsed 3 times with deionized water, after which the
water that clung to the leaf surface was removed with filter paper. The leaves were cut to
a length of approximately 0.5 cm and divided into 5 parts (2 g each). The samples were
treated in a cryogenic circulator (Polyscience Company, Warrington, PA, USA), followed
by an overnight pre-culture at 4 °C. The low-temperature gradients were set to 4, —1, —6,
—11, and —16 °C. After thawing at 4 °C, the electrolyte was extracted by adding 20 mL
of deionized water. The conductivity was measured with a conductivity meter (Shanghai
Leici Instrument, Shanghai, China) before and after the samples were boiled in a water
bath for 15 min.

conductivity before boiling water bath

100%
conductivity after boiling water bath * 1007%

electrolyte leakage =

The LT50 was obtained by fitting the logistic growth equation:

YM x YO

Y= (YM — Y0)*exp(—k *x) + YO

where Y is the electrolyte leakage, x is the temperature, and YM and YO are the maximal
and initial electrolyte leakage. K is the rate constant. The LT50 is the x value where Y
equals 50%.

2.5. Stolon Regrowth Experiments

The experiment was conducted in September 2023. Using the methods in [38], stolon
regrowth was evaluated via the number of stolons regenerated after low-temperature
treatment. The stolons with 5 nodes were treated with 5 temperature gradients (8, 3, —2,
—7,and —12 °C). Each treatment included 3 replicates (10 stolons per replicate). After
thawing at 4 °C for 24 h, the stolons were planted in plugs filled with half soil and half
sand. After 7 days of cultivation in the laboratory, the number of regrowing stolons
was determined.

2.6. Membership Function Analysis

The comprehensive cold tolerance evaluation was carried out using the membership
function method [39-41]. Briefly, the subordination function value of the average greenness,
average coverage, and total relative regrowth rates were calculated by the following
equation:

Xij — Ximin
Uij =

Ximax — Ximin
whereas the subordination function value of the LT50 was calculated by the following
equation:
. Xij — Ximin
Uj=1- ]—

Ximax — Ximin

i: a certain material, j: the index, U: the membership grade, Xij: the measured value of
the index in a certain material, Ximin: the minimum value of the index in material i, and
Ximax: the maximum value of the index in material i.

2.7. Data Statistics and Graphing

The cluster analysis was performed by using squared Euclidean distance coefficient
and linkage between groups cluster method in SPSS 19.0 software. Correlation analysis
was conducted using Graphpad Prism 9.5 software. For the tables, the data presented are
the means =+ standard error of at least three replicates. The differences among accessions
in a same column was assessed using SPSS 19.0 software and a significant difference is
indicated by different letters.
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3. Results
3.1. Investigation of Leaf Greenness during the Fall Dormancy and the Coverage during the Spring
Green-Up Using the Pot Experiment

Since only 55 accessions survived a winter among the 80 accessions (Supplementary
Table S1), detailed cold tolerance evaluations were conducted on the surviving 55 accessions.
The investigation of leaf greenness began at the end of October and lasted until late
December. As autumn and winter continued, the leaf greenness of Stenotaphrum gradually
decreased and all the accessions progressed to a withered yellow state at the end of the
monitoring period (Table 1). To objectively reflect the trend of changes in greenness, we
averaged the data from 8 time points and obtained the average greenness. This indicator
was subsequently used to rank the greenness of the 55 accessions in autumn and winter.
The greater the average greenness was, the longer the green period was during the fall
dormancy. The average greenness of these accessions varied greatly, ranging from 4.625
to 1.375. The three accessions with the highest average greenness were ST003, 512, and
674925-1. The three accessions with the lowest average greenness were S01, S27, and S28.

The investigation of coverage began at the end of April and lasted until early June.
As the green-up period progressed, the grass gradually turned green, and by the end
of monitoring, most accessions had approached a complete green-up state (Table 2). To
objectively reflect the trend of this green-up change, we averaged the greening coverage at
four-time points and obtained the average coverage. By using this indicator, the average
coverage of the 55 accessions during the green-up was ranked. A higher average coverage
indicates the faster green-up ability of an accession. The average coverage varied greatly
among the accessions, ranging from 85% to 9%. The three accessions with the highest
average coverage were 291594, 562, and 513. The three accessions with the lowest average
coverage were 502, 510, and S28.
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Table 2. Coverage survey at the spring green-up.

Name

28 April

7 May

6 June

Av. Cover (%)

291594
562
S13
S58
S57
S08

5006
S39
547

5007
525
530

5005

647924-2
522
548

674925-1
S51
529
552
S54
S37
526
523
556
S31
S50

674924-2
S14
538

ST003

512
S04
S55
549

G001
S53
546

410363

300130

509038

410364

674925-3
S21
410361
5004
545
S11
544

300129
S01
527
502
S10
528

60.000 + 0.000
60.000 £ 0.010
60.000 £ 0.006
60.000 + 0.000
55.000 £ 0.020
50.000 + 0.000
50.000 £ 0.029
35.000 £ 0.000
40.000 + 0.020
45.000 + 0.000
35.000 + 0.000
35.000 £ 0.029
35.000 + 0.000
30.000 £ 0.000
35.000 £ 0.000
35.000 + 0.000
25.000 + 0.029
25.000 + 0.000
32.000 £ 0.015
30.000 + 0.000
30.000 £ 0.000
30.000 £ 0.000
30.000 + 0.000
20.000 + 0.000
40.000 £ 0.000
20.000 + 0.000
25.000 £ 0.000
15.000 = 0.000
20.000 £ 0.000
20.000 + 0.000
25.000 £ 0.029
40.000 £ 0.000
10.000 = 0.000
20.000 =+ 0.000
15.000 £ 0.000
15.000 £ 0.000
2.000 £ 0.010
10.000 £ 0
8.000 + 0.015
0.000 + 0.000
12 +0.015
1.000 + 0.000
5.000 £ 0.000
15.000 £ 0.029
10.000 = 0.000
2.000 + 0.010
10.000 =+ 0.000
5.000 + 0.000
5.000 £ 0.000
7.000 £ 0.017
2.000 £ 0.000
2.000 + 0.010
2.000 % 0.000
0.000 =+ 0.000
1.000 £ 0.000
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80.000 £ 0.012
70.000 =+ 0.000
65.000 £ 0.020
58.000 + 0.020
63.000 £ 0.010
55.000 + 0.029
53.000 & 0.015
60.000 + 0.015
55.000 4 0.012
54.000 + 0.01
55.000 + 0.000
55.000 £ 0.029
50.000 + 0.000
55.000 £ 0.000
50.000 =+ 0.000
50.000 + 0.000
60.000 £ 0.000
52.000 £ 0.015
50.000 £ 0.000
43.000 £ 0.015
50.000 =+ 0.000
55.000 + 0.029
45.000 £ 0.029
50.000 £ 0.000
47.000 £ 0.018
45.000 +£ 0.000
40.000 + 0.000
45.000 £ 0.029
60.000 £ 0.000
40.000 £ 0.000
35.000 £ 0.029
38.000 £ 0.015
45.000 +£ 0.029
37.000 &+ 0.015
40.000 £ 0.000
35.000 £ 0.000
38.000 £ 0.012
20.000 £ 0.000
25.000 =+ 0.000
35.000 £ 0.000
18.000 £ 0.015
30.000 + 0.000
20.000 £ 0.000
30.000 + 0.029
30.000 £ 0.000
10.000 =+ 0.000
25.000 + 0.029
5.000 + 0.000
7.000 + 0.006
15.000 £ 0.000
8.000 £ 0.015
8.000 + 0.010
6.000 £ 0.006
5.000 £ 0.000
5.000 + 0.000

Cover (%)
27 May
a 98.000 + 0.015
b 100.000 £ 0.000
c 98.000 + 0.010
e 100.000 = 0.000
cod 93.000 + 0.017
e 99.000 =+ 0.000
ef 92.000 + 0.017
d 100.000 =+ 0.000
e 100.000 =+ 0.000
ef 90.000 + 0.000
e 93.000 + 0.015
e 90.000 + 0.000
fg 94.000 + 0.029
e 90.000 + 0.000
fg 90.000 + 0.000
fg 90.000 =+ 0.000
d 88.000 + 0.029
ef 96.000 + 0.015
fg 90.000 + 0.000
hi 98.000 + 0.012
fg 90.000 + 0.000
e 88.000 + 0.015
h 90.000 =+ 0.000
fg 94.000 + 0.015
gh 85.000 =+ 0.000
h 96.000 + 0.015
ij 96.000 + 0.020
h 100.000 =+ 0.000
d 80.000 + 0.000
ij 100.000 =+ 0.000
k 100.000 =+ 0.000
jk 80.000 =+ 0.000
h 96.000 + 0.010
jk 94.000 + 0.006
ij 90.000 =+ 0.000
k 95.000 + 0.000
jk 99.000 + 0.006
n 96.000 + 0.010
m 80.000 =+ 0.000
k 75.000 £ 0.000
no 80.000 + 0.000
1 70.000 £ 0.000
n 70.000 + 0.000
1 60.000 =+ 0.000
1 55.000 + 0.029
P 70.000 =+ 0.000
m 55.000 + 0.029
q 45.000 + 0.000
rq 30.000 =+ 0.000
[ 20.000 + 0.000
Pq 25.000 =+ 0.000
Pq 30.000 + 0.000
Pq 15.000 + 0.000
q 15.000 =+ 0.000
q 10.000 + 0.000

abc

"800 00T OBERXE K&K ~—~

100.000 £ 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 =+ 0.000
100.000 = 0.000
100.000 £ 0.000
100.000 =+ 0.000
100.000 = 0.000
100.000 =+ 0.000
100.000 =+ 0.000
100.000 = 0.000
100.000 £ 0.000
100.000 = 0.000
100.000 =+ 0.000
100.000 = 0.000
100.000 =+ 0.000
100.000 = 0.000
100.000 = 0.000
100.000 £ 0.000
100.000 = 0.000
96.000 + 0.020
100.000 = 0.000
100.000 =+ 0.000
90.000 £ 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 =+ 0.000
100.000 = 0.000
100.000 £ 0.000
100.000 £ 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 = 0.000
100.000 =+ 0.000
100.000 =+ 0.000
85.000 + 0.000
80.000 £ 0.000
90.000 + 0.000
65.000 + 0.029
60.000 £ 0.000
40.000 £ 0.000
35.000 + 0.000
40.000 £ 0.000
35.000 + 0.000
30.000 + 0.000
25.000 =+ 0.000
20.000 + 0.000
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84.500 + 0.007
82.500 4 0.003
80.750 4 0.009
79.500 £ 0.002
77.750 + 0.011
76.000 £ 0.007
73.750 & 0.015
73.750 £ 0.004
73.750 £ 0.008
72.250 4 0.003
70.750 £ 0.004
70.000 £ 0.014
69.750 + 0.007
68.750 4= 0.000
68.750 £ 0.000
68.750 £ 0.000
68.250 4= 0.014
68.250 £ 0.008
68.000 £ 0.004
67.750 £ 0.007
67.500 4 0.000
67.250 4 0.022
66.250 £ 0.007
66.000 £ 0.004
65.500 £ 0.004
65.250 £ 0.004
65.250 4 0.005
65.000 & 0.007
65.000 £ 0.000
65.000 £ 0.000
65.000 & 0.014
64.500 + 0.004
62.750 £ 0.009
62.750 £ 0.005
61.250 £ 0.000
61.250 4= 0.000
59.750 £ 0.007
56.500 4 0.003
53.250 4 0.004
52.500 4 0.000
52.500 4 0.008
50.250 £ 0.000
48.750 + 0.000
47.500 + 0.014
43.750 £ 0.007
43.000 + 0.003
38.750 £+ 0.022
28.750 4 0.000
20.500 £ 0.001
19.250 £ 0.004
18.750 £ 0.004
18.750 £ 0.005
13.250 £ 0.001
11.250 £ 0.000
9.000 + 0.000

Note: the word “Average” was abbreviated as Av. The significant differences among accessions in a same column
is indicated by different letters.

3.2. Membership Function Analysis and Cluster Analysis Based on Pot Experiment Results

The data for the leaf colour during the fall dormancy and the turfgrass coverage
during the spring green-up was analysed using membership function analysis. The score
obtained was used to rank the cold tolerance. The cold tolerance varied greatly among the
accessions, ranging from 0.87 to 0. The three accessions with the highest cold tolerance were
ST003, S13, and S12. The three accessions with the lowest cold tolerance were S27, S02, and
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528 (Table 3). The picture of these six accessions at fall dormancy and spring green-up was
presented in Supplementary Figure S1. Cluster analysis revealed that these accessions were
divided into two categories: cold tolerant and cold sensitive (Figure 1). The cold tolerance
category can be further subdivided into two subcategories: super cold-tolerance and middle
cold-tolerance. The cold sensitive category can be subdivided into two subcategories: super
cold-sensitive and middle cold-sensitive (Figure 1). The accessions ranking 1-13 are mainly
concentrated in the super cold-tolerant subcategory. The accessions ranking 14—46 are
mainly concentrated in middle cold-tolerant subcategory. Those that ranked 47-51 are
gathered in the middle cold-sensitive subcategory, and those that ranked 52-55 are gathered
in the super cold-sensitive subcategory (Figure 1).

Table 3. Membership function analysis based on pot experiment results. Note: the word “Average”
was abbreviated as Av. The significant differences among accessions in a same column is indicated by
different letters.

Accession Av. Greenness Av. Coverage Score Rank

ST003 1.000 + 0.000 a 0.741 + 0.012 m 0.871 4+ 0.006 a 1
S13 0.742 4+ 0.066 cd 0.950 + 0.004 C 0.846 + 0.032 ab 2
S12 0.927 4+ 0.027 ab 0.735 4+ 0.001 m 0.831 +0.014 abc 3
S08 0.771 £ 0.013 cd 0.887 £+ 0.002 e 0.829 + 0.005 abed 4
674925-1 0.853 4+ 0.043 bc 0.784 + 0.012 ijk 0.819 + 0.015 abcd 5
S39 0.777 £+ 0.047 od 0.857 + 0.002 f 0.817 + 0.025 abcd 6
S58 0.697 £+ 0.028 de 0.925 + 0.006 d 0.811 + 0.017 bed 7
S25 0.771 £ 0.013 cd 0.817 + 0.002 gh 0.794 + 0.007 bede 8
548 0.775 4+ 0.036 cd 0.791 + 0.006 ijk 0.783 4+ 0.021 cde 9
291594 0.543 4+ 0.026 fgh 1.000 + 0.000 a 0.771 +0.013 de 10
S26 0.742 4+ 0.066 od 0.758 £ 0.003 Im 0.750 + 0.031 ef 11
S04 0.777 £ 0.047 cd 0.711 £ 0.006 n 0.744 4+ 0.021 ef 12
S31 0.742 + 0.066 cod 0.745 + 0.001 m 0.743 + 0.034 ef 13
S007 0.586 + 0.052 efg 0.837 + 0.004 fg 0.712 £+ 0.028 fg 14
647924-2 0.621 4+ 0.033 ef 0.791 + 0.006 ijk 0.706 + 0.021 fgh 15
S52 0.621 £+ 0.033 ef 0.778 4+ 0.001 kil 0.699 + 0.015 fgh 16
562 0.419 +0.018 hijkl 0.973 + 0.005 b 0.696 + 0.006 fgh 17
674925-3 0.855 4 0.054 be 0.526 + 0.004 s 0.691 + 0.029 fghi 18
S14 0.619 £+ 0.021 ef 0.741 £+ 0.006 m 0.681 £+ 0.014 ghij 19
S22 0.547 4+ 0.049 fgh 0.791 + 0.006 ijk 0.669 + 0.028 ghijk 20
S37 0.543 4+ 0.026 feh 0.782 £+ 0.022 jk 0.662 + 0.002 ghijkl 21
S006 0.443 + 0.029 hijk 0.857 + 0.012 f 0.651 4+ 0.021 hijklm 22
410361 0.810 £+ 0.016 od 0.460 £ 0.005 t 0.635 + 0.005 ijklmn 23
S23 0.508 + 0.045 fghij 0.754 4+ 0.001 Im 0.631 £ 0.023 jklmn 24
547 0.394 + 0.057 ijklm 0.857 + 0.002 f 0.626 + 0.027 jklmn 25
S54 0.464 £+ 0.019 ghijk 0.774 £+ 0.006 k1 0.619 £+ 0.013 klmn 26
S004 0.777 4+ 0.047 cd 0.450 + 0.001 t 0.613 + 0.024 klmno 27
674924-2 0.484 +0.015 ghij 0.741 £+ 0.003 m 0.613 £+ 0.008 klmno 28
529 0.425 £+ 0.015 hijkl 0.781 + 0.001 jk 0.603 + 0.008 Imnop 29
S30 0.390 £ 0.035 jklmn 0.807 £+ 0.012 hi 0.599 4+ 0.011 mnop 30
S53 0.508 + 0.045 fghij 0.672 + 0.002 o 0.590 4+ 0.021 mnopq 31
S57 0.265 + 0.021 op 0.910 + 0.007 d 0.587 + 0.014 nopq 32
S38 0.429 £+ 0.038 hijkl 0.741 + 0.006 m 0.585 + 0.022 nopqr 33
S005 0.312 4+ 0.028 Imno 0.804 + 0.002 hij 0.558 + 0.012 opqrs 34
546 0.468 £+ 0.042 ghijk 0.629 + 0.002 P 0.549 + 0.022 pqrs 35
300130 0.519 4+ 0.033 fghi 0.576 + 0.005 q 0.548 + 0.014 pqrs 36
549 0.386 4+ 0.012 jKklmn 0.692 + 0.006 no 0.539 + 0.009 qrs 37
S55 0.351 4+ 0.031 klmno 0.711 4+ 0.001 n 0.531 +0.015 qrs 38
410364 0.508 + 0.045 fghij 0.546 + 0.004 r 0.527 + 0.025 rst 39
S51 0.269 £+ 0.001 no 0.784 + 0.003 ijk 0.527 4+ 0.001 rst 40
S50 0.308 4 0.005 Imno 0.745 + 0.002 m 0.526 + 0.003 rst 41
509038 0.468 + 0.042 ghijk 0.576 + 0.005 q 0.522 +0.018 st 42
410363 0.429 + 0.038 hijkl 0.586 + 0.001 q 0.508 + 0.019 st 43
G001 0.312 4+ 0.028 Imno 0.692 + 0.006 no 0.502 + 0.017 st 44
S56 0.193 £+ 0.006 P 0.748 + 0.001 m 0.471 £+ 0.003 t 45
S21 0.429 + 0.038 hijkl 0.509 + 0.014 s 0.469 + 0.012 t 46
S11 0.502 £ 0.011 fghij 0.261 £+ 0.002 v 0.381 £+ 0.006 u 47
300129 0.547 4+ 0.049 fgh 0.135 + 0.004 w 0.341 + 0.022 uv 48
545 0.277 4+ 0.047 mno 0.393 £+ 0.025 u 0.335 + 0.011 uv 49
S10 0.576 + 0.004 of 0.029 + 0.001 y 0.302 4+ 0.002 v 50
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Table 3. Cont.

Accession Av. Greenness Av. Coverage Score Rank
544 0.429 £ 0.038 hijkl 0.152 £ 0.001 w 0.291 £ 0.019 v 51
S01 0.000 =+ 0.000 q 0.129 £ 0.003 WX 0.064 4 0.001 w 52
527 0.000 £ 0.000 q 0.129 £ 0.005 X 0.064 £ 0.002 w 53
S02 0.035 £ 0.019 q 0.056 4 0.001 X 0.045 4 0.011 WX 54
S28 0.000 =+ 0.000 q 0.000 £ 0.000 z 0.000 £ 0.000 X 55

£,

5,

Oy, A,
Cs

S01
s27
S02
S28
300129
S10
S1
S44
S45
300130
410364
509038
410363
S46
s21
S005
S51
S55
G001
S50
S49
S56
S57
291594
S62
647924-2
S52
S14
S007
S47
S30
S006
S54
S29
S38
S23
674924-2
S22
S37
S53
410361
S004
674925-3
ST003
S12
S13
S58
S26
S
S04
S25
S48
S08
S39
6749251

0

7a

o

2

53

Rescaled distance cluster combine

5
1

10 15 20
1 1 1

25

] Super cold-sensitive

54
55

48

50
47
51

49

Cold-sensitive

34
4
42
4

36
46
35
39
38
44
40

37

2

26

(SRS
o

w
SIS

23

Middle cold-sensitive

Middle cold-tolerant

Cold-tolerant

18

9
4
6
5

|
%

Super cold-tolerant

Figure 1. Cluster analysis based on pot experiment results.

58



Horticulturae 2024, 10, 761

The correlation analysis revealed that a positive correlation existed between autumn/
winter leaf greenness and the turfgrass coverage during the spring green-up (Figure 2).
Accessions with delayed fall dormancy will have an early spring green-up rate. However,
the poor R? (0.1682) indicates a weak correlation, suggesting that it is inappropriate to
simplify the cold resistance evaluation by investigating the growth performance of a single
period. This result was further confirmed by the discrepancy between the ranking of
autumn leaf colour or spring coverage rate and the ranking of comprehensive evaluation
(Table 3).

10- P =0.0019 *

R%= 0.1682
o 0.8 ° '. o
@
o S e’y 2T
2 0.6+ -
o e
& 0.4 o
2 Ps
< 0.2 ° ® o
o’ ®
0.0 T T T | |
0 1 2 3 4 5

Average greenness

Figure 2. Correlation between the average greenness during the fall dormancy and average coverage
during the spring green-up. The P and R? are the fitted parameters. The symbol * indicates a
correlation.

3.3. Laboratory-Based Leaf LT50 and Stolon Regrowth Rate Analysis

To investigate whether the pot evaluation can be replaced by the laboratory-based cold
resistance evaluation methods, we conducted leaf LT50 and stolon regrowth rate analysis.
The cold tolerance of the leaves was measured through an electrolyte leakage test (Table 4).
Logistic equation fitting was performed on the relative conductivity of each accession, and
the fitting degree (R?) of each equation was greater than 0.86, indicating that the equation
fit was good and that the obtained LT50 was highly reliable. A more negative LT50 value
indicates a greater cold tolerance ability for leaves. A significant difference in leaf LT50 was
detected among the accessions, ranging from —9.32 to 3.45. The three accessions with the
most favourable LT50 values were S39, S005, and 410364. The three accessions with the
lowest LT50 values were S11, S006, and S27.

Since the spring green-up of Stenotaphrum depends on the budding of the stolons, the
regrowth ability of the stolons was evaluated. For all the accessions, as the temperature
during the low-temperature pre-treatment decreased, the ability of the stolons to regrow
significantly decreased. At —7 °C, most accessions lost their ability to regrow, while at
—12 °C, all accessions lost their ability to regrow (Table 5). Given the significant differences
in the ability of the accessions to regrow at relatively normal temperatures (8 °C), the
regrowth ability of stolons at 8 °C was used as a control and the regrowth ability of stolons
under other temperature treatments was standardized. The total relative regrowth rate
of stolons at low temperatures was subsequently obtained by averaging the total relative
regrowth rate of stolons at —3 °C, —2 °C, and —7 °C. A higher total relative regrowth
rate indicates a greater ability for stolons to regrow in the next year. The total relative
regrowth rate varied greatly among the accessions, ranging from 52% to 13%. The top
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Table 4. Leaf LT50.

three accessions in terms of total relative regrowth rate were S30, S39, and 525. The three
accessions with the lowest total relative regrowth rates were 527, S10, and 300129.

Name Fitted Equation R? LT50
S39 Y = 0.0001214257/(0.726933e(0.9834X) + 0.000167) 0.9962 —9.322
S005 Y = 0.00009260336/(0.99510695¢(1.062X) + 0.00009305) 0.9936 —8.744
410364 Y = 0.000057860928/(0.99514186¢(1.128X) + 0.00005814) 0.9938 —8.651
674925-1 Y = 0.00012980552/(0.9599648e(1.041X) + 0.0001352) 0.9953 —8.598
S22 Y =0.009776992/(0.87537e(0.5697X) + 0.01103) 0.9388 —8.130
525 Y = 0.0060481639/(0.856899¢(0.6375X) + 0.007001) 0.9382 —8.039
S30 Y = 0.000074015504 /(0.98732504¢(1.254X) + 0.00007496) 0.9932 —7.584
S14 Y = 0.00101304/(1.003992e(0.9263X) + 0.001008) 0.9303 —7.442
513 Y =0.001925836/(1.010097¢(0.8403X) + 0.001903) 0.9207 —7.431
S55 Y =0.00072324/(1.0072825€e(0.9924X) + 0.0007175) 0.9509 —7.286
509038 Y = 0.0319708/(0.9969¢(0.518X) + 0.0311) 0.9763 —6.588
547 Y =0.244601/(0.9515e(0.2011X) + 0.2105) 0.951 —6.105
s46 Y = 0.034527/(0.98615e(0.5549X)+0.03385) 0.9939 —6.005
410363 Y = 0.0050289084 /(0.886966e(1.136X) + 0.005634) 0.9972 —4.666
S57 Y = 0.004862/(0.995138¢e(1.165X) + 0.004862) 0.9906 —4.567
300130 Y =0.002255/(0.997745¢(1.455X) + 0.002255) 0.996 —4.187
G001 Y = 0.05019384/(0.93299¢(0.7484X) + 0.05101) 0.9973 —3.926
S51 Y =0.11036856/(0.841e(0.5361X) + 0.1154) 0.9734 —3.875
S58 Y = 0.2392359/(0.8063e(0.3166X) + 0.2307) 0.9029 —3.726
ST003 Y = 0.14605676/(0.8111e(—0.4706X) + 0.1517) 0.9755 —3.726
674925-3 Y = 0.251808/(0.788e(0.306X) + 0.244) 0.9965 —3.628
647924-2 Y =0.2639386/(0.7887e(—0.2983X) + 0.2533) 0.9962 —3.537
S04 Y =0.01177386/(0.9775e(1.343X) + 0.0119) 0.9986 —3.298
502 Y =0.02462/(0.97538e(1.119X) + 0.02462) 0.999 —3.287
526 Y = 0.29094953/(0.6728¢e(0.2717X) + 0.2993) 0.945 —3.192
529 Y = 0.081644706/(0.87528¢e(0.778X) + 0.08502) 0.9446 —3.103
531 Y =0.00738243/(0.982543¢e(1.627X) + 0.007457) 0.9968 —3.012
410361 Y = 0.019615484/(0.97498¢e(1.302X) + 0.01972) 0.9963 —3.004
544 Y = 0.0661362/(0.8303¢e(0.8921X) + 0.0732) 0.9909 —2.962
548 Y = 0.038806316/(0.94997¢(1.092X) + 0.03923) 0.9937 —2.938
549 Y = 0.016183542/(0.96979%¢(—1.436X)+0.01641) 0.975 —2.860
S01 Y = 0.06156948/(0.92834¢(0.9526X) + 0.06216) 0.9834 —2.858
674924-2 Y =0.12187968/(0.8518e(0.6895X) + 0.1248) 0.9736 —2.855
523 Y = 0.049398912/(0.93632¢(1.055X) + 0.05008) 0.9893 —2.801
S52 Y = 0.4486097/(0.8117e(0.1628X) + 0.3773) 0.9669 —2.736
S08 Y =0.16656668 /(0.8332¢(0.6524X) + 0.1666) 0.9569 —2.467
S004 Y =0.1205039/(0.8749¢(0.8163X) + 0.121) 0.9124 —2.433
S53 Y = 0.054600213/(0.94213e(1.266X) + 0.05477) 0.9529 —2.252
291594 Y = 0.37764/(0.689¢(0.2548X) + 0.36) 0.977 —2.181
S007 Y =0.033322732/(0.96213e(1.551X) + 0.03347) 0.9852 —2.171
S38 Y =0.23126787/(0.7486e(0.5685X) + 0.2351) 0.9767 —2.095
S12 Y = 0.18992891/(0.809¢(0.736X) + 0.1901) 0.9566 —-1.971
S54 Y = 0.27675508/(0.5583e(0.4981X) + 0.3164) 0.9954 —-1.719
545 Y = 0.3547992/(0.6842e(0.3752X) + 0.3448) 0.9328 —1.676
300129 Y = 0.335682/(0.6909¢(0.4776X) + 0.3291) 0.9623 —1.471
562 Y =0.393151/(0.6483e(0.3226X) + 0.3817) 0.9171 —1.461
S37 Y = 0.4515098/(0.6016e(0.2602X) + 0.4354) 0.9082 —0.968
S50 Y = 0.4506476/(0.5882¢(0.2879X) + 0.4388) 0.9715 —0.835
S56 Y = 0.4829058/(0.5944¢(0.275X) + 0.4586) 0.8743 —0.576
528 Y =0.50284/(0.5565e(—0.2231X) + 0.4835) 0.9411 —0.285
S10 Y = 0.5437773/(0.5721e(0.2231X) + 0.5049) 0.8281 0.081
S21 Y = 0.5490298/(0.5151e(0.2924X) + 0.5269) 0.9247 0.353
S11 Y = 0.5569336/(0.5256¢(0.2513X) + 0.5284) 0.9165 0.429
S006 Y =0.6057768/(0.4544e(0.207X) + 0.5836) 0.9358 1.562
S27 Y =0.7050042/(0.4224e(0.1686X) + 0.6546) 0.8635 3.447
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3.4. Membership Function Analysis and Cluster Analysis Based on Laboratory Results

The score and rank based on the laboratory results were obtained by membership
function analysis (Table 6). A significant difference between the laboratory-based rank
and the pot-evaluated rank was detected, and the coincidence degree between them was
poor (Tables 3 and 6). Cluster analysis revealed that these accessions could be divided

into two categories and three subcategories based on the laboratory results (Figure 3).

Specifically, the accessions ranking 1-9 are clustered in one subcategory (cold-tolerant). The
accessions ranking 10-50 are clustered in one subcategory (middle cold-sensitive), while

those rankings 51-55 are clustered in one subcategory (super cold-sensitive) (Figure 3).

A very poor consistency with the clustering results between the pot evaluation and the
laboratory-based evaluation was found (Figures 1 and 3).

Table 6. Membership function analysis based on laboratory results. The significant differences among
accessions in a same column is indicated by different letters.

Accession LT50 Total Relative Regrowth Rate Score Rank
S39 1.000 £ 0.000 0.974 +£0.014 ab 0.987 + 0.007 a 1
S30 0.863 4+ 0.000 1.000 + 0.000 a 0.931 4+ 0.000 b 2
S25 0.899 4+ 0.000 0.923 4+ 0.001 be 0.911 4+ 0.001 bc 3

410364 0.947 4+ 0.000 0.871 + 0.026 [ 0.909 4+ 0.013 bc 4
S55 0.841 4+ 0.000 0.922 4+ 0.026 be 0.881 4+ 0.013 od 5
S14 0.852 4+ 0.000 0.872 + 0.023 d 0.862 + 0.011 d 6
S13 0.852 4+ 0.000 0.872 +0.012 c 0.862 + 0.006 d 7

674925-1 0.943 + 0.000 0.768 4+ 0.031 d 0.856 + 0.015 d 8
S22 0.906 + 0.000 0.795 + 0.022 d 0.851 4+ 0.011 d 9
S005 0.954 4+ 0.000 0.616 + 0.023 fg 0.785 4+ 0.011 e 10
S31 0.505 4+ 0.000 0.871 4+ 0.031 C 0.688 + 0.015 f 11
S47 0.748 4+ 0.000 0.615 + 0.005 fg 0.681 4+ 0.002 fg 12
S58 0.561 4+ 0.000 0.771 4+ 0.062 d 0.666 + 0.031 fg 13
ST003 0.561 4+ 0.000 0.769 + 0.003 d 0.665 4+ 0.001 fg 14
674925-3 0.554 4+ 0.000 0.769 + 0.023 d 0.661 4+ 0.011 fg 15

410363 0.635 4+ 0.000 0.667 + 0.024 ef 0.651 4+ 0.012 g 16

509038 0.785 4 0.000 0.436 + 0.019 ijk 0.611 4+ 0.009 h 17

291594 0.441 £ 0.000 0.768 4 0.041 d 0.604 + 0.021 h 18

G001 0.577 4+ 0.000 0.615 4+ 0.021 fg 0.596 4+ 0.011 h 19
S46 0.740 4+ 0.000 0.435 + 0.008 ijk 0.587 + 0.004 h 20
S51 0.573 4+ 0.000 0.591 + 0.023 g 0.581 4 0.011 hi 21

300130 0.597 4+ 0.000 0.512 +0.012 h 0.555 4+ 0.006 ij 22
S57 0.627 4+ 0.000 0.436 + 0.018 ijk 0.531 4+ 0.009 jk 23
S02 0.527 4+ 0.000 0.512 +0.012 h 0.521 4+ 0.006 jkl 24
S44 0.501 4+ 0.000 0.513 4+ 0.021 hi 0.507 + 0.011 klm 25
548 0.501 4 0.000 0.512 + 0.007 hi 0.506 4+ 0.003 klm 26
S23 0.489 + 0.000 0.513 £+ 0.022 hi 0.501 £+ 0.011 klmn 27
S54 0.404 + 0.000 0.590 + 0.021 g 0.497 £+ 0.011 klmn 28
549 0.493 4+ 0.000 0.486 + 0.007 hij 0.491 4+ 0.003 Imno 29
S08 0.463 4+ 0.000 0.512 4+ 0.007 hi 0.487 4+ 0.003 Imno 30
S29 0.512 4+ 0.000 0.462 + 0.021 hijk 0.487 +0.011 Imno 31

410361 0.505 4+ 0.000 0.461 + 0.007 hijk 0.483 4+ 0.003 mnopq 32
S26 0.519 4+ 0.000 0.436 + 0.018 ijk 0.478 4+ 0.009 mnopq 33
S56 0.315 4 0.000 0.641 + 0.005 efg 0.478 4+ 0.002 mnopq 34

674924-2 0.493 + 0.000 0.435 + 0.012 ijk 0.464 + 0.006 nopqr 35
S50 0.335 4 0.000 0.589 + 0.006 g 0.462 4+ 0.003 nopqr 36
647924-2 0.546 + 0.000 0.359 + 0.017 1 0.453 4+ 0.008 opqrs 37
S01 0.493 4+ 0.000 0.410 + 0.021 jkl 0.452 +0.011 pqrs 38
S52 0.484 + 0.000 0.411 £ 0.018 kl 0.447 4+ 0.009 qrs 39
S004 0.461 4+ 0.000 0.410 +0.018 kl 0.435 4+ 0.009 rst 40
S38 0.434 4+ 0.000 0.435 + 0.012 ijk 0.434 4+ 0.006 rst 41
S37 0.345 4+ 0.000 0.513 4+ 0.021 hi 0.429 £+ 0.011 rst 42
S006 0.147 4+ 0.000 0.693 + 0.071 e 0.420 4+ 0.035 st 43
S53 0.446 + 0.000 0.358 + 0.013 1 0.402 + 0.006 tu 44
S04 0.528 4+ 0.000 0.231 4+ 0.003 m 0.379 4+ 0.001 uv 45
S62 0.384 4+ 0.000 0.358 + 0.009 1 0.371 4+ 0.004 uv 46
S007 0.439 4+ 0.000 0.283 + 0.033 m 0.361 +0.016 v 47
S12 0.424 + 0.000 0.281 +0.013 m 0.353 4+ 0.006 VW 48
S21 0.242 + 0.000 0.410 £+ 0.012 kl 0.326 + 0.006 w 49
S45 0.401 4 0.000 0.231 + 0.011 m 0.315 4+ 0.005 w 50
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Table 6. Cont.

Accession

LT50

Total Relat

ive Regrowth Rate

Score

528
S11
300129
510
527

0.292 £+ 0.000
0.236 4= 0.000
0.385 4 0.000
0.263 + 0.000
0.000 £ 0.000

0.231 £ 0.017
0.205 + 0.003
0.000 + 0.000
0.102 + 0.001
0.346 + 0.182

0.261 £+ 0.008
0.221 4+ 0.001
0.192 £ 0.000
0.183 + 0.001
0.173 £ 0.091
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Figure 3. Cluster analysis based on laboratory results.
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3.5. Correlation Analysis between the Laboratory-Based Data and the Pot Analysis Data

A correlation analysis was conducted between LT50 and other data. It was found
that LT50 was not correlated with the average greenness during the autumn/winter nor
average coverage during the spring green-up but was correlated with the total relative

regrowth rate (Figure 4).

C

P=0.055 P=0.1594 P<0.001 *
R?=0.06765 5- R?=0.03701 1.5 R?=0.4443
] » 2
%o L 5 y 10 8 E
*° oo o 2% Jete ° °s o 2 =3
» 3 g e £
1 p T =
I ¢ e oo ° =
r T 1 — —* ° 1
-10 5 0 5 -10 5 0 5 10 5 0
LT50 LT50 LTS50
Figure 4. Correlation between LT50 and other parameters. (A) Correlation between LT50 and average
greenness. (B) Correlation between LT50 and average coverage. (C) Correlation between LT50
and total relative regrowth rate. The P and R? are the fitted parameters. The symbol * indicates a
correlation.

A correlation analysis was conducted between the total relative regrowth rate and
other data. It was found that the total relative regrowth rate was not correlated with
average greenness but was positively correlated with average coverage during the spring
green-up (Figure 5).

P=0.093 P<0.001 *
5= 2 1.0 2
R?20.05231 e R?=0.2681
% 4- [ ] ... ° o® g)b 0.8 b Y [
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e 24 ° s 0.4+
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Figure 5. Correlation between total relative regrowth rate and other parameters. (A) Correlation
between total relative regrowth rate and average greenness. (B) Correlation between total relative
regrowth rate and average coverage. The P and R? are the fitted parameters. The symbol * indicates a
correlation.

4. Discussion
4.1. Establishment of a Method for Evaluating the Cold Tolerance of Stenotaphrum by Integrating
Its Performance at Both the Fall Dormancy and the Spring Green-Up

It is assumed that the cold resistance of the leaves of perennial turfgrass is crucial
when it first encounters autumn/winter cold, while the regrowth ability of stolons is crucial
for rapid spring green-up. Briefly, when plants encounter chilling injury, their leaves strive
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to maintain photosynthesis by prolonging the green period and synthesizing energy to
resist chilling injury. Secondly, the leaves transport photosynthate to the stolon to store
energy for spring green-up. Leaves with a strong cold resistance are more conducive to
the implementation of the above process. The bud from the stolon was the initial site
for spring green-up. Therefore, the cold tolerance of perennial turfgrass relies on both
the leaves and stolons. This mechanism is completely different from the mechanism
of cold resistance in annual plants, which do not experience fall dormancy and spring
green-up [42—44]. Moreover, the use of an evaluation system for the cold resistance of
annual plants is inappropriate for evaluating the cold resistance of perennials [45-48]. A
successful cold-tolerant perennial grass plant needs to be characterized by both delayed
fall dormancy and early spring green-up. In this study, through the dynamic investigation
of changes in leaf colour in autumn/winter and green coverage in the following year
and the membership function analysis and cluster analysis, the growth performance of
55 Stenotaphrum accessions in these two stages was evaluated (Tables 1-3; Figure 1). This
improved evaluation method compensates for the limitation of the previous cold tolerance
evaluation method, which mainly focused on the spring green-up stage and paid less
attention to fall dormancy [10,11]. The cold-tolerant accessions selected by this improved
method have more ornamental value and are easier for the public to accept. The results
showing that the autumn/winter leaf colour and the spring green-up coverage has a
weak correlation and that the rank fit between a single period and these two periods is
poor indicates that the growth performance of a single period cannot replace the overall
evaluation (Figure 2; Table 3). The use of technical methods can only regulate the growth
performance of one period (e.g., fall dormancy) and does not affect the growth performance
of another period (e.g., spring green-up), supporting the above results [49,50].

4.2. This Improved Evaluation Method Cannot Be Replaced by Laboratory Evaluation

The laboratory-based cold tolerance results and the pot cold tolerance results are
inconsistent (Tables 3 and 6; Figures 1 and 3). There was no correlation between LT50 and
the autumn leaf colour or the spring green-up coverage. The total relative regrowth was
not correlated with the autumn/winter leaf colour and only correlated with the next year’s
green coverage (Figures 4 and 5). This explains why LT50 and stolon regrowth data cannot
fully reflect the cold resistance of Stenotaphrum accessions. The inconsistency of the LT50 or
the stolon regrowth data to the cold tolerance found in other perennial grass might be also
partially attributed to this reason [16,17].

The stolon regrowth rate is positively correlated with the spring green-up coverage
(Figure 5), which is in agreement with reports on other turfgrasses [5,51]. These data can to
some extent reflect the situation of spring green-up of turfgrass. However, caution should
be taken when using this method for cold tolerance evaluation in the future due to the
weak correlation.

4.3. Screening of Several Excellent Cold-Tolerant Accessions That Can Be Directly Used in
Temperate Regions of China

Through the comprehensive evaluation method, we selected excellent-cold-resistance
accessions, which were represented by ST003, 513, and S12 (Table 3). These excellent acces-
sions were obtained from Sydney, Australia, Wenchang, Hainan (China), and Tengchong,
Yunnan (China) (Supplementary Table S1). Although several studies have evaluated the
cold resistance of Stenotaphrum plants, most have focused on accessions from Europe and
North America [19-22]. This study evaluated the cold resistance of Stenotaphrum plants
mainly using Chinese accessions. Due to cold tolerance being an important factor limit-
ing plant geographical distribution [52] and cold tolerance being evaluated in temperate
regions in China, the selected excellent-cold-resistance accessions can be directly applied
locally. In the future, we plan to further evaluate the shade tolerance of these cold-tolerant
accessions and screen for excellent shade-tolerant grass accessions that can be applied in
temperate regions.
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5. Conclusions

A turfgrass with good cold resistance should have both the advantage of delayed fall
dormancy and early spring green-up. Based on the situation that the previous cold tolerance
evaluation of turfgrass mainly focused on the spring green-up and paid less attention to its
performance in the fall dormancy, this study integrates the performance of these two stages
by dynamically investigating the autumn/winter leaf colour and next year’s coverage
and uses membership functions and cluster analysis to comprehensively evaluate the
cold resistance of 55 Stenotaphrum accessions. This method cannot be simplified by the
performance of one period, nor can it be replaced by indicator measurements conducted
in the laboratory. The establishment of this method compensates for the shortcomings
of previous methods for evaluating the cold tolerance of turfgrass. With the help of this
improved method, we have screened several excellent-cold-tolerance accessions (ST003,
513, and 512) for the temperate regions of East China.
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Abstract: Hydrangea macrophylla, a celebrated ornamental worldwide, thrives in semi-shaded growth
environments in its natural habitat. This study utilizes Hydrangea macrophylla ‘Endless Summer’
as the experimental material to delve into its molecular mechanisms for adapting to semi-shaded
conditions. Transcriptome analysis was conducted on leaves from four different natural light growth
scenarios, showcasing phenotypic variations. From each sample, we obtained over 276,305,940 clean
reads. Following de novo assembly and quantitative assessment, 88,575 unigenes were generated,
with an average length of 976 bp. Gene ontology analysis of each control group elucidated the
terms associated with the suitable environmental conditions for normal growth, development,
and flowering, such as “reproductive bud system development” and “signal transduction”. The
exploration of gene interactions and the identification of key genes with strong connectivity were
achieved by constructing a protein—protein interaction (PPI) network. The results indicate that
hydrangea grows vigorously and blooms steadily under semi-shaded conditions; the photosynthetic
efficiency of hydrangea is stabilized through genes related to photosynthesis, such as PHYB, PSBR,
FDC, etc. Hormone signal transduction genes like PIN3, LAX2, TIF6B, and EIN3 play important roles
in responding to environmental stimulation and regulating growth and development, while genes
such as SOC1, COL4/5/16, and AGL24 promote flowering. The expression of genes such as BGLUs
and TPSs provides additional energy substances to support flowering.

Keywords: Hydrangea macrophylla; transcriptome (RNA-seq); semi-shaded conditions; protein—
protein interaction (PPI) network

1. Introduction

As a member of the Hydrangeaceae family, Hydrangea macrophylla is a shrub gaining
prominence as the most promising ornamental flower species [1]. Due to its large inflores-
cences and captivating colors, various species and cultivars of H. macrophylla are applied as
cut flowers and potted plants and in landscaping. Notably, the cultivation of blue varieties
of H. macrophylla can be achieved through the modification of external conditions. For
instance, changing soil pH or introducing exogenous AI** can result in a color change in
certain infertile flowers of H. macrophylla [2]. To date, horticulturists have cultivated four
categories of hydrangea, including Hydrangea macrophylla, Hydrangea arborescens, Hydrangea
paniculata, and Hydrangea quercifolia.

H. macrophylla can be seamlessly integrated with other plants in environmental green-
ing, significantly elevating the sense of hierarchy and affinity in landscape design. For
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instance, when strategically combined with trees during landscape configuration, it pro-
duces a positive impact. Trees provide shading, and when complemented by hydrangeas
amidst green foliage, they contribute to the softening of the environment and the en-
hancement of the overall aesthetic appeal. Despite H. macrophylla’s robust adaptability
and preference for semi-shaded environments, its flowering period from May to August
coincides with intense sunlight. Direct exposure to sunlight may lead to leaf yellowing and
burning, resulting in sunburn that adversely affects the ornamental appeal during the flow-
ering season. Conversely, excessive shading impedes photosynthesis due to insufficient
light, causing nutrient deficiencies and impacting flowering. Therefore, when cultivating
H. macrophylla in open fields, it is advisable to plant them under sparse tree shade or along
tree-lined paths. In cases of excessive sunlight, shading measures become necessary. Xu
Hui et al. discovered that under 50% light conditions, hydrangea flowers exhibit optimal
blooming, with larger inflorescences, flowers, and petals [3].

Light and temperature constantly change under natural conditions, profoundly affect-
ing plant growth and development. Changes in the cultivating environment, especially
local lighting and temperature conditions, exerted influences on plants, with plants re-
sponding by adjusting developmental programs to adapt to new conditions. Appropriate
lighting and temperature promote flowering. Plants perceive light through photorecep-
tors, such as photosensitive pigment A-E (phyA-E); cryptochrome (CRY); photosensitizers
(PHOT), light/oxygen/voltage (LOV), etc. [4]. Temperature sensing relies on a variety
of diverse cellular mechanisms, including those encompassing photosensitive pigments
activities under warm conditions, the induction of HSPs, and the physical changes in lipid
membranes during heat stress. The currently identified photoreceptors appear to work
in temperature reactions. For instance, in Arabidopsis (Arabidopsis thaliana), the photo-
sensitive pigment B (phyB) signaling not only responds to light but also reacts to heat,
exacerbating disruptions in phyB signaling. Additional temperature-sensing mechanisms
recently uncovered in Arabidopsis involve early flowering 3 (ELF3) and the bHLH TF plant
pigment interaction factor 7 (PIF7) [5]. These prove the existence of crosstalk between light
and temperature reactions.

The strategies employed by plants in response to stress vary significantly among
species. However, for most species, stress induces osmotic pressure and ion stress simul-
taneously at the plant and cellular levels. Heat stress exacerbates this by promoting the
accumulation of reactive oxygen species (ROS), leading to damage in the photosynthetic
apparatus, particularly PSII, and ultimately resulting in photoinhibition. The ROS serves
as a signaling molecule, regulating numerous physiological processes. Excessive ROS
accumulation can induce cytotoxic conditions, causing oxidative damage to lipids, proteins,
and nucleic acids. In response, plants have evolved both non-enzymatic and enzymatic
systems to prevent ROS-caused oxidative damage. Non-enzymatic antioxidants, such as
carotenoids, tocopherols, glutathione (GSH), and ascorbic acid, act in conjunction with
enzymatic systems comprising superoxide dismutase (SOD), catalase (CAT), ascorbic acid
peroxidase (APX), and peroxiredoxin (Prxs). Changes in proteomics and gene expression
levels are intricately linked to environmental adaptation for maintaining their normal
growth [6]. TFs are likely key players in this process. Genes involved in various path-
ways have been identified, encompassing signaling, regulation of transcription (especially
through abscisic acid-dependent or -independent pathways), production of reactive oxygen
species and detoxification, membrane transport, and synthesis of osmoprotectors, such
as proline [7].

While considerable attention has been devoted to hydrangea research, the under-
standing of the molecular mechanism of semi-shaded environment adaptation is still in
its infancy. There is a noticeable lack of information to quantitatively assess its long-term
resilience to light and temperature, as well as the molecular mechanisms facilitating its
smooth growth and development under semi-shaded conditions. Preliminary phenotypic
observations indicate that ‘Endless Summer’ tends to wilt during high noon temperatures
in summer and does not bloom under forests with high canopy closure, which makes it an
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ideal subject for the study of the optimal growth of H. macrophylla under semi-shaded con-
ditions. Unraveling the molecular basis of the growth and development of H. macrophylla
under suitable conditions is pivotal for addressing the genetic improvement challenge in
developing genotypes tolerant to light and temperature stress. Furthermore, identifying
the genes involved in maintaining the hydrangea’s normal development and flowering is
also a prerequisite for targeting these genes at the biotechnological level (such as through
gene enrichment, etc.) to enhance their resistance to light and temperature stress.

2. Materials and Methods
2.1. Experimental Materials and Procedures

Two-year potted seedlings of H. macrophylla ‘Endless Summer” propagated by cuttings
were transplanted to an open field for growth in April, during which normal water and
fertilizer management was carried out. After two months of growth, leaf samples were
collected on 23 June 2022, at noon, under continuously sunny conditions. The maximum
and minimum daily temperatures of the experimental site for the month are illustrated in
Figure 1. Light intensity and leaf surface temperatures were measured using a CL-500A
spectroradiometer (KM, JPN). For treatment WLO01, the light intensity was recorded as
351 umol'm~2:s~!, with an average leaf surface temperature of 34.5 °C; for WL02, the light
intensity was 751 umol-m~2-s~! with an average temperature of 36.3 °C; and for WL03, it
was 1503 umol-m~2-s~! with a temperature of 41.7 °C. WL04 was taken after one week of
recovery from WLO03 to WL02, and the environmental conditions during sampling were
the same as for WL02 (Figure 2). From each plant, 4 to 5 mature leaves were selected,
previously chosen from the top. The leaves were promptly immersed in liquid nitrogen
and preserved at —80 °C for subsequent analyses.
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Figure 1. Monthly temperature variations up to the day of sampling, https://data.cma.cn (last
accessed on 20 November 2023).
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Figure 2. Experimental processing simulation diagram. The values inside the white square represent
the average leaf surface temperature and light intensity during sampling.
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2.2. RNA Extraction, cDNA Library Construction, and Sequencing

Total RNA extraction was carried out using a Trizol reagent kit (Invitrogen, Carlsbad,
CA, USA), following professional instructions. The extracted RNA quality was assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and verified
through RNase-free agarose gel electrophoresis. Subsequently, eukaryotic mRNA was
enriched utilizing Oligo(dT) beads. The enriched mRNA underwent fragmentation into
short fragments using a corresponding buffer and was then reversely transcribed into
cDNA using the NEBNext Ultra RNA Library Prep Kit for lllumina (NEB #7530, New
England Biolabs, Ipswich, MA, USA). The purified double-stranded cDNA fragments
underwent end repair, base addition, and ligation to Illumina sequencing adapters. The
ligation reaction was purified using AMPure XP beads (1.0x) and subjected to polymerase
chain reaction (PCR) amplification. The resulting cDNA library was sequenced using
Illumina Novaseq6000 by Gene Denovo Biotechnology Co. (Guangzhou, China).

2.3. Data Quality Control and Sequence Alignment Analysis

For quality control of the raw reads obtained from the sequencing machine, the Fastp
tool (version 0.18.0) was employed. Data with low quality, including adapters, unknown
nucleotides(N) content exceeding 10%, and bases with a mass value Q < 20 constituting
more than 50% of the entire read were eliminated, resulting in the generation of clean
reads [8]. Then, the clean reads were assembled using Trinity to construct a unique
consensus sequences for a subsequent information analysis [9].

2.4. Gene Expression Quantification and Differential Gene Analysis

Initially, all unigene sequences were aligned against protein databases, specifically
the NCBI Non-Redundant protein database, SwissProt protein database, KEGG pathway
database, and KOG database, using blast x with an e-value threshold of less than 0.00001.
After alignment, we obtained the highest similarity with a given unigene that contained
functional annotation information [10]. Subsequently, all the gene expression levels in
each sample were calculated to obtain the per kilobase per million mapped fragments
(FPKM) value. EdgeR 4.0.2 software was employed for the analysis and normalization of
read counts. p-value was computed based on the model, and multiple hypothesis testing
correction was performed to derive the false discovery rate (FDR) value, indicating the
error detection rate. Following the differential analysis results, genes with FDR < 0.05 and

Ilog2FC | > 1 were chosen as notably differentially expressed candidates. GO and KEGG
analyses were then conducted on these differentially expressed genes (DEGs). GO analysis
provided all the GO terms significantly enriched in DEGs compared to genome background
and filtered the DEGs corresponding to specific biological functions. Pathway-based KEGG
pathway analysis was performed to gain further insights into the gene biological functions.

2.5. Trend Analysis of Gene Expression Levels

A heatmap was plotted by https://www.bioinformatics.com.cn (last accessed on
20 February 2024), an online platform for data analysis and visualization. Mfuzz algorithms
were used to divide the transcriptome data into different clusters, and the cluster parameter
was set to 5 based on the elbow inflection point value calculated by the default parameters.
The networks were visualized using Cytoscape v3.9.1 [11].

2.6. Protein—Protein Interaction (PPI) Network Construction

Differential gene—protein interaction networks were analyzed utilizing interaction
relationships within the STRING Protein Interaction Database. A subset of DEGs for the
included species was extracted from the database, and an interaction network diagram
was constructed using Cytoscape 3.9.1. For species not covered in the database, an initial
step involved applying blast x alignment to the protein sequences of the reference species
included in the STRING database from the target gene set [12]. Subsequently, an interac-
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tion network was constructed using protein interaction relationships of reference species
identified through the alignment process.

2.7. Real-Time Quantitative PCR Verification

RNA extraction from various treated leaf samples was conducted using the Aidlab
Easy Spin Plus RNA Extraction Kit. Extracted RNA integrity was verified through agarose
gel electrophoresis, and the concentration was determined using the NanoDrop 2000
spectrophotometer. Reverse transcription of the RNA into cDNA was accomplished using
the Aidlab PC54-TRUEscript RT kit (+gDNA Eraser). qRT-PCR primers were designed
by Primer Premier 5.0 (Table S1), and the TAKARA TB Green® Premix Ex TaqTM I kit
was employed for qRT-PCR detection. The reaction system comprised each upstream and
downstream primer of 0.4 uL (10 umol-L~1), cDNA of 1.0 uL, ddH,O of 3.2 puL, and SYBR
Premix Ex Taq of 5.0 puL constituting a total volume of 20 puL. The thermal cycling program
involved an initial denaturation at 95 °C for 30 s, followed by 38 cycles of denaturation
at 95 °C for 5 s, annealing at 60 °C for 30 s, and extension at 72 °C. The 2-AACT method
was employed to normalize the DEG expressions [13], with RPL34 serving as a reference
gene [14]. Three biological replicates were performed.

3. Results
3.1. Growth Status Analysis

In treatment WLO1, the growth of plants seemed to be regular. Compared to WL02,
the leaves in WLO01 exhibited a larger size while the degree of green color was similar
to that in WL02, as illustrated in Figure 3. However, no flowering was observed. The
leaves in WL02 were of intermediate size compared to WL01 and WLO03 (Figure 3), and the
plants maintained a similar height to those in WL01 but exhibited a flowering phenotype.
Throughout the WL03 period, the leaves were smaller, prominently displaying yellowing
and sunburn, as depicted in Figure 3, and the plants were notably shorter. WL04 had
smaller yellow leaves but showed a recovery state compared to WLO03.

WLO02 WLO03 WL04

Figure 3. Leaf phenotypes under four shading conditions, as observed under macrography. Scale
bars: 2 cm.

3.2. Sequencing Data Assembly Results

In this study, transcriptome sequencing was conducted on four samples, yielding
a total of 41.32 G of high-quality sequence reads. The GC content of the samples was
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above 45.07%, and the Q30 score was >92.14% (Table 1). A total of 151,939 transcript
sequences (transcript number) and 54,935 non-redundant gene sequences (unigene number)
were obtained with high assembly completeness. Post-assembly, the N50 length of the
overlapping fragments was 1561 nt, with an average length of 1042 nt. Single-gene clusters
within the length range of 300 to 500 nt constituted 36.1% of the assembly, totaling 19,834.
The second-largest group, with lengths ranging from 500 to 1000 nt, accounted for 28.94%
of the total. Sequences longer than 2000 nt constituted 13.33% of the total. The high-
quality reads produced in this study were deposited in the NCBI SRA database (accession
number: PRINA1109561). To ensure the trustworthiness of the RNA-Seq data, we chose
12 differentially expressed genes (DEGs) for qRT-PCR analysis. The RT-qPCR findings
revealed comparable expression patterns between the RNA-Seq and RT-qPCR data, thereby
affirming the sequencing results’ precision and reliability (Figure S1).

Table 1. Statistics of sequencing data quality.

Sample Raw Reads Raw Bases Clean Reads Clean Bases Q20 Q30 GC
WLO01 77.23 M 11.58 G 76.77 M 1148 G 97.56% 93.33% 45.14%
WL02 63.58 M 9.54 G 63.14 M 9.44 G 97.20% 92.46% 45.07%
WLO03 71.22M 10.68 G 70.77 M 10.58 G 97.47% 93.15% 45.27%
WL04 66.07 M 991G 65.61 M 98.17 G 97.05% 92.14% 45.14%

3.3. Functional Annotation and Expression Analysis of Transcriptome Unigenes

The unigene sequences underwent comparison against the NR, Swissprot, KOG, and
KEGG databases for functional annotation (Figure 4). The annotation results are as follows:
27,947 genes (58.48%) were annotated in the NR database, 21,138 genes (44.23%) in the
Swissprot database, 5583 genes (11.68%) in the KEGG database, and 15,970 genes (33.41%)
in the KOG database (Figure 4). The reads were aligned to the unigene sequences, achieving
an alignment rate ranging from 88.84% to 89.73%.

KOG Nr
KEGG 86 903 Swissprot
27 33 38
159 113
3205 139
16215
8900 110
5676 9
9

Figure 4. Four major databases annotated Venn diagrams.

3.4. Gene Ontology Classification of Differentially Expressed Genes

In WL02, compared to WLO1 (Figure 5a), 4271 transcripts were significantly upreg-
ulated and 3893 transcripts were significantly downregulated. We firmly established
DEGs in the significantly enriched GO terminology, dividing them into three primary
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-log10(Qvalue)

categories: molecular functions, cellular components, and biological processes. In the
biological process category, the most abundant groups were “Protein phosphorylation”
(331 genes), “Phosphorylation” (380 genes), and “Response to auxin” (71 genes). Within
the molecular function category, “DNA-binding TF activity” (221 genes), “Protein kinase
activity” (328 genes), and “Kinase activity” (398 genes) were the most highly represented
groups. Regarding cellular components, “Cell periphery” (511 genes), “Plasma membrane”
(680 genes), and “Intrinsic component of membrane” (653 genes) were the most represented
groups. In the WL03 vs. WL02 comparison (Figure 5b), “macromolecular modification”
(1394 genes), “RNA modification” (342 genes), and “nuclear acid photosensitive bond
hydrogenation” (337 genes) were three significantly enriched entries in the biological pro-
cess module. Within the molecular function category module, “Endonuclease activity”
(475 genes), “nuclease activity” (544 genes), and “protein kinase activity” (534 genes) were
three significantly enriched entries. However, there were no cellular component-related
entries in the top 20 significantly enriched entries. For WL02 vs. WL04 (Figure 5c), cell
wall-related terms were significantly enriched.
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Figure 5. Bubble diagram of the top 20 biological process terms enriched in GO. (a) WLO01 vs. WL02.
(b) WL03 vs. WL02. (¢) WL02 vs. WL04.

3.5. DEGs Pathway Analysis

Pathway analysis using the KEGG database was employed to identify the DEG-
relevant pathways. In WLO01 vs. WL02 (Figure 6a), the KEGG results revealed enrichment
in secondary metabolites biosynthesis with 259 DEGs, comprising 166 upregulated and
93 downregulated biomarkers. Plant hormone signal transduction exhibited enrichment
with 78 genes, of which 61 were upregulated and 17 downregulated. Starch and sucrose
metabolism illustrated enrichment with 45 genes, including 34 upregulated and 11 down-
regulated genes. Phenylpropanoid biosynthesis exhibited enrichment with 36 genes, of
which 25 were upregulated and 11 downregulated. In WL03 vs. WLO02 (Figure 6b), sec-
ondary metabolites biosynthesis demonstrated enrichment with 498 DEGs, consisting of
386 upregulated and 112 downregulated genes. Plant hormone signal transduction exhib-
ited enrichment with 112 DEGs, including 99 upregulated and 13 downregulated genes.
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Plant-pathogen interaction showed enrichment with 108 genes, comprising 74 upregulated
and 34 downregulated genes. Phenylpropanoid biosynthesis exhibited enrichment with
67 genes, including 55 upregulated and 12 downregulated genes. In WL02 vs. WL04
(Figure 6c¢), the metabolic pathway enriched up to 409 genes. Biosynthesis of secondary
metabolites, plant hormone signal transduction, and phenylpropanoid biosynthesis were
found to overlap in the three control groups, indicating that plant hormones and phenyl-
propanoid work crucially in the H. macrophylla process of adaptation to the environment.
Additionally, starch and carbohydrates were identified as related to H. macrophylla flowering
under semi-shaded conditions.
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Figure 6. Bubble diagram of the top 20 pathways enriched in KEGG. (a) WLO01 vs. WL02. (b) WL03 vs.
WL02. (c) WL02 vs. WL04. The graphical representation commences with the outermost circle denot-
ing the pathway IDs, where different colors serve to distinguish between various KEGG_A_classes.
The second circle illustrates the count of genes from the background gene set that are enriched within
each pathway ID, employing a color scheme that represents differing —log10(Qvalue), as elucidated
in the legend. The third circle highlights the number of genes from the target gene set that have
been enriched in the pathways, utilizing distinct colors to differentiate between upregulated and
downregulated genes. The fourth circle presents the gene ratio, computed as the quotient of the
number of genes enriched in the pathway from the target gene set divided by the equivalent count
from the background gene set for that particular pathway.

3.6. Trend Analysis of Gene Expression Levels

By combining the DEGs involved in the process of environmental adaptation in
H. macrophylla with GO functional enrichment and other genes that exhibit significant
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differences or high expression, this study identified 344 DEGs that are crucial for the growth
and development (Table S2). The functional annotation and previous research findings were
used to select these genes. Based on pairwise correlations of gene expression, five modules
were identified (marked with different colors in Figure 7a). The most obvious feature of
cluster 1 is the high expression level in WLO03. The top enriched GO terms for this module
were “response to light intensity”, “response to reactive oxygen species”, and “response
to high light intensity”. The top three enriched KEGG pathways were “Plant-pathogen
interaction”, “Phenylpropanoid biosynthesis”, and “MAPK signaling pathway—plant”.
The high expression of these genes may be related to high temperature and high light stress,
but it is not conducive to plant growth. The expression levels of most genes in cluster 2
were highest in WLO01. The top enriched GO terms were “DNA-binding transcription factor

T

activity”, “transcription regulator activity”, and “sequence-specific DNA binding”, and the
top KEGG pathways were “Plant-pathogen interaction”, “Phenylpropanoid biosynthesis”,
and “MAPK signaling pathway—plant”. Cluster 3 was associated with the WL02. The
expression profile of these DEGs peaked during the WL02 stage. The most abundant GO
term indicated that the flavonoids and hormones, especially auxin, played a critical role
in controlling the lowering and the good growth of plants. The expression level of cluster
4 was high in WL02 and WL04. The most representative GO terms and KEGG pathways
were “response to hormone” and “Plant hormone signal transduction”, indicating that the
hormone was closely associated with recovery from adversity and maintaining growth. In
cluster 5, most of the DEGs maintained high expression levels throughout WL01 and WLO02,
but significantly decreased in WL03. The expression of these genes may be beneficial for
the normal growth of plants (Figures S2 and S3).

The top 20 hub genes were identified by the cytohubba plug-in using the MCC algo-
rithm in Cytoscape 3.9.1 software. In the top 20 hubba genes of cluster 1 (Figure 7b), several
genes closely associated with heat tolerance were identified, including heat stress transcrip-
tion factor (HSF30, HSFA6D), heat shock protein (HSP70-1, HSP70-3, HSP22, HSP83A, HOP),
BAG family molecular chaperone regulator (BAG)), along with dehydration-responsive
element-binding protein (DREB2C). Meanwhile, in the top 20 hubba genes of cluster 2
(Figure 7c), numerous transcription factors were found, including WRKY family members
(WRKY70-1, WRKY70-2, WRKY40, WRKY24, WRKY11), ERF transcription factor family
members (ERFR118-1, ERF118-2, ERF010, CRF4), NAC transcription factor family mem-
ber (NAC022), and RAV transcription factor family member (RAV1). These transcription
factors possess intricate functions, and their high expression may potentially impact the
reproductive growth of Hydrangea macrophylla. In cluster 3 (Figure 7d), the hub genes
have multiple functions, including TCP20, which promotes auxin synthesis [15], SAURS50,
an auxin response gene [16]; auxin transporter PIN3 [17]; PHOTOI1, a photoreceptor;
SCL7, enhancing resistance to abiotic stress [18]; photosensitive signal transduction and
photosynthesis-related PHYB, PSBY [19,20], ROS clear genes PEX5 [21], phenylpropane
metabolism, PAL, PER63 [22,23]; and YAB2, which promotes plant growth [24]. The high
expression of these genes promotes the growth and development of hydrangea.

3.7. PPI Analysis

Biological processes are orchestrated by a complex interplay of proteins and their
interactions, often depicted as PPI networks [25]. These PPI networks are constructed
using data derived from both wet-lab experiments and computational techniques, with
repositories like DIP, STRING, and BioGRID serving as databases. STRING, for instance,
amalgamates PPIs from diverse sources, including experimental and computational meth-
ods, assigning a comprehensive quality score to each interaction by integrating data from
the literature and gene expression profiles [26]. The identification of key protein players
and the elucidation of their interaction networks offer invaluable insights into the regula-
tion of plant developmental processes and the intricate interactions between plants and
their environment.
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Utilizing the differentially expressed genes, 176 genes were chosen for the construction
of a PPI network (Table S3). These genes were selected based on their involvement in
pathways related to photoperiod, hormone signal transduction, environmental temperature,
ROS, flavonoids, and sugar, which are all crucial for the adaptation, nutritional support,
and reproductive growth of hydrangea. In the PPI network for WLO01 vs. WLO02 (Figure 8a),
which encompasses 75 nodes and 289 edges, several genes associated with auxin and
flavonoid biosynthesis exhibited high connectivity. The top 10 core genes, identified
by the degree algorithm, were linked to various biological processes such as flavonoid
biosynthesis (CHS, CYP75B2), porphyrin metabolism (DVR, CHLI), photosynthesis (VDEL,
FDC1), starch and sucrose metabolism (AGPS1, BAM1), MAPK signaling (NTF3), and IAA
signaling (LAX1, ABCB1).
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Figure 7. Identification of gene clusters using DEGs. (a) A heatmap of candidate DEGs’ expression
trend during natural stress treatment. (b) The top 20 genes calculated in cluster 1 using the cytohubba
plug-in Cytoscape. The node colors correspond to connectivity values. (c) The top 20 genes in cluster
2. (d) The top 20 genes in cluster 3.
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In the PPI network for WL03 vs. WL02 (Figure 8b), which consists of 123 nodes and
703 edges, the 10 core genes are associated with biological processes, including flavonoid
biosynthesis (CHS), ROS metabolism (CAT1), ethylene and jasmonic acid hormone sig-
nal transduction (EIN2, ETR1, EIN3, OPR3, CULR3, AOS1), and photosynthesis (PHYB,
GAAPC?2). The results of the PPI network analysis underscore the intricate connections of
flavonoid biosynthesis, hormone signal transduction, and photosynthesis with the normal
growth and development of hydrangea in semi-shaded environments. The PPI result files
are shown in Tables 54 and S5.
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Figure 8. Protein—protein interaction network of differentially expressed genes. (a) WL01 vs. WL02
network, (b) WL03 vs. WL02 network. The genes circled in purple are the top ten genes calculated
using the degree algorithm.

4. Discussion

The normal growth and development of hydrangea under semi-shaded conditions
were maintained through complex interactions. Through a comparative analysis of the
transcriptome during the WL02 period, marked by robust growth under semi-shaded
conditions, with the non-flowering WLO01 period under full shade and the less thriving
WLO03 period under full sunlight, several genes were pinpointed for their pivotal role in the
normal growth and flowering of hydrangea in semi-shaded environments.

4.1. Phenylpropanoid Metabolism in Response to Semi-Shaded Conditions

Phenylpropanoids are essential bioactive secondary metabolites in plants; they are
synthesized from the vital amino acid phenylalanine through PAL enzymatic action (pheny-
lalanine ammonia-lyase) within the shikimate pathway [27,28]. In this study, the phenyl-
propanoid biosynthesis pathway was found to notably enriched in pivotal KEGG pathways
in both comparison pairs. Specifically, several key genes exhibited substantial upreg-
ulation in the WL02 group, including PAL (Phenylalanine ammonia lyase gene), CHI
(Chalcone isomerase gene), F3'H (Flavanone 3'-hydroxylase gene), CCOAOMT (Caffeoyl-
CoA O-methyltransferase gene), PER5 (peroxidase 5-like gene), and PER42 (peroxidase
42-like gene), exhibited substantial upregulation in WL02. Furthermore, phenylpropanoid
metabolism and flavonoid biosynthesis biomarkers displayed more pronounced upregula-
tion in WL03 vs. WL02, such as CHS (Chalcone synthase), CHS4 (coumaroyl triacetic acid
synthase), CYP75B2 (flavonoid-3’-hydroxylase), and CYPI8A2 (cytochrome P450 98A2) [29].
Previous research has demonstrated that flavonoid structural biomarker (e.g., CHS and
DEFR) overexpression upregulates flavonol glycosides and anthocyanins levels, preventing
ROS accumulation, thus improving tolerance to salt stress in plants like rice (Oryza sativa),
Brassica napus L. "Hanla’, [27] suggesting a crucial role for flavonoids in H. macrophylla’s
adaptation to semi-shaded conditions.
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4.2. Photosynthesis and Chlorophyll-Related Genes under Semi-Shaded Conditions

Shading induces reductions in light intensity and alters light quality by modifying the
red-to-far-red light ratio. Conversely, high light intensity does not alter light quality but
intensifies overall illumination. Noteworthy changes were identified in photosynthesis-
related genes in both comparison pairs, featuring distinctive variations in specific genes. In
WLO01 vs. WL02, the genes associated with chlorophyll synthesis, including CHLI (Magne-
sium chelatase i2 gene), PSBR (Photosystem II 10 kDa polypeptide gene), and DVR (Divinyl
reductase gene), displayed significant upregulation [30]. PAM68 (Photosynthesis-affected
MUTANTG68 gene), a photosystem II assembly factor facilitating chlorophyll molecule
insertion into the CP47 polypeptide chain [31,32], exhibited an upregulation trend in both
comparison pairs. In WL03 vs. WL02, alongside the upregulation of FDC1 and PSBR upreg-
ulation, the genes linked to carbon fixation in photosynthesis-related genes, such as FBA5
(Fructose-bisphosphate aldolase gene), GAPC2 (Glyceraldehyde-3-phosphate dehydroge-
nase gene), and MODA (NADP-dependent malic enzyme gene), were also upregulated.
This supported the importance of photosynthesis in the hydrangea’s adaption to semi-
shaded environments. Simultaneously, the activation of the response pathway mediated by
SPX1/PHR1 may be related to lower photosynthetic efficiency, potentially influencing the
photosynthesis of WL03, due to its high expression level in WL03 [33]. Prior research has
indicated that carotenoids present in green leaves play a critical role in facilitating efficient
photosynthesis, scavenging diverse reactive oxygen species and safeguarding chlorophyll
from photooxidation [34]. In this study, the VDE, CYP707A, CRTISO, and NCED2 genes
related to carotenoid biosynthesis were upregulated in WL01 vs. WL02. This upregulation
is indicative of an enhancement in the light-harvesting molecules’ efficiency within H.
macrophylla leaves under semi-shaded conditions, contributing to increased photosynthetic
efficacy. Consequently, H. macrophylla may elevate gene expressions related to photosys-
tem functionality as an adaptive mechanism for growth under semi-shaded conditions.
Additionally, prior research has demonstrated that COL16 participates in chlorophyll accu-
mulation in morning glory, where elevated phCOL16 expression correlates with increased
chlorophyll levels in the corolla, positively regulating chlorophyll biosynthesis. This study
shows that COL16’s expression level is significantly increased in WL02. This suggests that
COL16 may also play an important role in the regulation of chlorophyll biosynthesis.

4.3. Carbohydrate Metabolism in Response to Semi-Shaded Conditions

Carbohydrates serve crucial functions in plant growth and development, with sugars
serving multiple functions in flowering and stress resistance. They act as key floral signals
initiating floral induction and participating in non-biological stress response mechanisms
simultaneously [35]. BGLUs (Beta-glucosidase), hydrolytic enzyme class members, are
involved in glycosidic substance hydrolysis and glycosidic bonds of oligosaccharides,
releasing non-reducing glucose residues. This process is implicated in various biological
phenomena [36], including stress response phytohormone activation and alpha-hydroxy
nitriles release to protect against stresses. In Arabidopsis, AtBGLU10 has been identified to
catalyze free ABA production, thereby enhancing the plant’s resistance to drought and salt
stress. BGLU genes have also been found to regulate tolerance under dark stress in Stevia
rebaudiana [37]. In our study, several BGLU family members, including BGLU20/40/44,
were enriched in both comparative cohorts. These genes likely serve crucial functions
in the normal growth and development of H. macrophylla under semi-shaded conditions.
Beta-amylase (BAM) 1 and BAM3 belong to the gene family responsible for encoding
beta-amylase in plants. These enzymes play a crucial role in plant starch metabolism and
energy distribution, influencing key physiological processes such as seed germination and
carbon metabolism in the source—sink balance [38]. Consequently, they contribute to plant
growth and development modulations. In Arabidopsis, BAMI is responsible for breaking
down transitory starch to support proline biosynthesis under drought stress conditions [39].
Meanwhile, in citrus, BAMS3 facilitates starch degradation, leading to soluble sugar content
increase and improved resistance to abiotic stress [40]. BAM1I has a notable expression in
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the WLO01 vs. WL02 comparison and BAM3 in the WL03 vs. WL02 comparison, which
emphasizes their crucial roles in these specific conditions.

4.4. Key Transcription Factors for Normal Growth in Semi-Shade Conditions

TFs, or transcription factors, act as regulatory proteins positioned at the signal trans-
duction pathway terminus [41]. They function as switches that control the expression of
downstream stress response genes. TFs bind to cis-acting elements in the target genes’
promotors, thus orchestrating gene expression and sustaining the normal growth and
hydrangea development under semi-shaded conditions. The findings suggest that several
TF families, including AR2/ERF (75), bHLH (69), ERF (75), and NAC (56), likely play
pivotal roles in governing gene expression through hormone signal transduction and ROS
signal networks in semi-shaded environments.

The NAC (NAM, no apical meristem, ATAF, and CUC) family stands as one of the
largest gene families among plant-specific TFs [42]. NAC TFs work crucially in various
plant growth and developmental processes, demonstrating particular significance in bol-
stering plant resistance against a spectrum of abiotic stresses. NAC TFs displayed distinct
variations between the two comparison groups: the majority experienced downregulation
in WL01 vs. WL02, while an upregulation trend was observed in WL03 vs. WL02. This
suggests noteworthy distinctions in the NAC TFs’ expression dynamics under different
environmental conditions. Notably, both NAC002 and NAC014 exhibited significant down-
regulation in both control groups. Previous studies have demonstrated that LINAC014
overexpression in Lilium longiflorum and Arabidopsis enhances heat tolerance but concur-
rently induces growth defects, aligning with the findings in our study. Although NAC014
can resist unsuitable environments, it inhibits plant growth, and the specific regulatory
mechanism deserves further investigation [43].

BHLH TFs play a pivotal role in regulating various synthetic metabolism and sig-
nal transduction processes in plants, influencing crucial aspects of growth and develop-
ment [44]. These processes include, but are not limited to, seed germination, photomorpho-
genesis, flowering, leaf senescence, and cell apoptosis. A significant portion of the bHLH
TF family members exhibited upregulation in both comparison groups, with up to 95%
of bHLH TFs showing upregulation in WL03 vs. WL02. The pronounced upregulation
across expression levels underscores its pivotal role. Notably, BHLH79, BHLH51, FAMA,
and GL3 displayed significant upregulation in both comparison groups. Previous studies
have associated BHLH51 and GL3 with anthocyanin accumulation, while FAMA has been
implicated in stomatal development [45—47]. Furthermore, CabHLH79 has been identified
as a CaNACO035 upstream regulator, contributing to cold stress modulation in pepper [48].
These findings underscore the intricate and crucial role of BHLH TFs in the hydrangea’s
adaptation to semi-shaded environments.

Among the identified flowering-related TFs in this investigation, SOCI, character-
ized as a MADS box TF, serves as an integrator of diverse flowering signals originating
from photoperiod, temperature, hormones, and age-related cues [49]. CONSTANS (CO),
functioning as a floral activator, is involved in activating SOC1. Additionally, the SOC1
gene contributes to the developmental process modulation in nutritional organs like leaves
and stems in Arabidopsis [50]. CO gene family members, strategically positioned between
biological clock and flowering integrators, exhibit diverse effects on the induction of plant
flowering [51]. COL3 overexpression in Arabidopsis has been linked to delayed flower-
ing [52], while ReCO/RcCOL4 expression suppression results in delayed flowering in roses
under both short and long photoperiods [53]. Additionally, AtCOL4 expression is robustly
induced by ABA, salt, and osmotic stress. AtCOL4 plays a pivotal role in regulating plant
resistance to abiotic stress, as mutations in atcol4 lead to increased sensitivity to ABA and
salt stress during seed germination and cotyledon greening. This underscores AtCOL4’s
crucial regulatory function in plant responses to abiotic stress conditions [54]. SiCOL5 has
been identified as a positive flowering time modulator [55]. Genes such as AGL24, SOC1,
COL4, COL5, and COLY presently exhibit heightened expression levels in WL02, indicating
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their significant roles in promoting hydrangea flowering in semi-shaded environments
through intricate interactions. In cluster 1, WRKY70 highlights its central role. Research
indicates that GATA5 and WRKY?70 emerge as crucial candidate genes for soybean pod
abscission under shaded conditions [56]. The transcription levels of the flowering time
integration gene FT and the floral meristem identity genes APETALA1 (AP1) and LEAFY
(LFY) were lower in WRKY7-OE compared to WT [57]. Overexpression of the BLH1-like
gene MdBLH14 in Arabidopsis leads to significant dwarfing and delayed flowering pheno-
types by inhibiting the accumulation of active GA [58]. The PHYTOCHROME A SIGNAL
TRANSDUCTION 1 (PAT1) subfamily is a branch of the GRAS family, and PAT1 inhibits
phyA signal transduction, while participating in the shade avoidance response [59,60]. The
interaction between PAT1 and CONSTANS-LIKE 13 (COL13) negatively regulates flower-
ing [61]. Given their high expression during the WL01 phase, WRKY70, WRKY7, BLH1,
and PAT1 may exert inhibitory effects on the reproductive growth of hydrangea in shaded
environments. Overexpression of DREB2C in Arabidopsis delays flowering by activat-
ing FLOWERING LOCUS C (FLC) [62], while FARI negatively regulates flowering time
by regulating the transcription of multiple genes [63]. The high expression of DREB2C
and FRS5/FAR1 in WL03 suggests their potential impact on the reproductive growth of
hydrangea under full light conditions.

4.5. Plant Hormone and Signal Transduction Play Significant Roles in Hydrangea’s Adaptation to
Semi-Shaded Conditions

Plant hormones are essential signaling molecules that play a crucial role in governing
various aspects of plant growth, development, and responses to environmental stimuli.
They act at multiple levels to mediate the intricate processes that enable plants to respond
and adapt to their surroundings [64].

Ethylene is a pivotal plant hormone that governs various physiological processes, in-
cluding seed germination, root formation, flower differentiation, leaf senescence, and fruit
development. Additionally, it functions crucially in responding to abiotic stress. Among
plant hormones, the ethylene signaling pathway is well studied. The final step of ethylene
biosynthesis is catalyzed by 1-aminocyclopropane-1-carboxylate oxidase 1 (ACO) [65]. In
WLO02, high ACO expression facilitates ethylene synthesis. Ethylene perception in Ara-
bidopsis involves five genes, including ETR1 and ERS1 [66]. The binding of ethylene to its
receptor proteins renders the negative regulator CTR1 inactive, leading to EIN2 expression
activation [67]. EIN2, the ethylene signaling pathway’s central component, positively
regulates ethylene signal transduction. Upon activation, EIN2 promotes EIN3/EIL1 nuclear
accumulation; these are crucial nuclear TFs in the ethylene pathway. EIN3 participates in
flower opening, aging [68], and stress resistance modulations [69,70]. It also activates key
enzyme gene expressions involved in secondary metabolite biosynthesis [71]. In loquat
and kiwifruit, EIN3/EIL genes are involved in the fruit cold stress response [72,73]. Notably,
EIN3 significantly regulates numerous photosynthesis-related functional gene expressions,
enhancing the light adaptation ability of seedlings after emergence [74]. In WL03 vs. WL02,
the high ETR1, ERS1, EIN2 expressions and EIN3 underscore the critical role of ethylene
signal transduction in maintaining the hydrangea’s normal growth.

GAs are pivotal plant growth hormones that are crucial for stem elongation, seed
germination, leaf expansion, and flower development [75]. GAI, a DELLA family member,
inhibits downstream GA response genes but also plays a positive role in abiotic stress
tolerance. DELLA proteins accumulate under high light conditions, enhancing plant
survival in salt stress [76]. GAI negatively regulates flowering by inhibiting GA signal
transduction and interfering with CO protein transcription [77]. However, GA counters
this by activating the signaling pathway through GID1 receptor binding, leading to DELLA
protein degradation [78]. GAI and GID1A showed an increasing trend in this research,
prompting further investigation into their impact on the experimental treatments within
a dynamic regulatory network. Understanding their roles in semi-shaded environments
could unveil valuable insights into hydrangea adaptation mechanisms.
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Jasmonates (JAs), crucial oxygenated lipid derivatives (oxylipins), serve as essential
plant hormones for growth and environmental adaptation. Genes involved in JA biosyn-
thesis (LOX6, AOS1, OPR3, AOC) were upregulated in WL02. The MYC-type bHLH TF
family, which is pivotal in the jasmonate response pathway, works crucially in regulating
plant resistance to adverse conditions [79]. MYC2 exhibits both positive and negative
regulatory effects as a key member. It can inhibit CAT2 expression and act as a nega-
tive proline biosynthesis regulator, affecting ROS levels and reducing plant resistance
to abiotic stress [80,81]. Simultaneously, MYC2 induces flowering-related gene expres-
sions, like LFY and FT, promoting female flower development [82]. MYC?2 also engages
in crosstalk with other hormones, physically interacting with EIN3 and antagonistically
regulating wounding-responsive gene expression [83,84]. MYC2 displayed an increasing
trend in both comparison groups, suggesting its potential benefits for flowering but not
for stress resistance. JA’s complex effects on hydrangea growth and development in semi-
shaded environments involve intricate interactions, including both positive and negative
feedback loops.

Auxin, which is a pivotal player in plant growth, development, and environmental
adaptation, exerts its influence through various genes. The YUC gene family, which is
integral to auxin synthesis and plant development, and the PIN-FORMED (PIN) family,
comprising key auxin efflux carriers, the AUXIN1/LIKE-AUX1 (AUX/LAX) proteins, serve
as prominent auxin influx carriers and are crucial components [85]. This study identified
upregulations of auxin synthesis-related gene YUCI0 and auxin transport-related genes
PIN3, LAX2, LAX3, and ABCB1 in WL02. The elevated auxin-responsive protein genes
IAA27, IAA14, and small auxin upregulated RNA gene (SAUR40) expressions further
underscores auxin’s importance in this context. These findings suggest that auxin plays a
regulatory role in hydrangea growth processes, with potential implications for its adapta-
tion to semi-shaded environments. Moreover, the intricate crosstalk between auxin and
other hormones emerges as a critical factor in shaping plant responses.

In conclusion, this study proposes a gene regulatory network model elucidating the
mechanisms underlying the hydrangea’s normal growth and development in semi-shaded
conditions (Figure 9). The model begins with environmental signal reception by photore-
ceptors PHYB and CRY1, which subsequently transmit these signals downstream. COLs
(COL4/5/16) are then regulated by PHYB and CRY1, positively influencing SOC1 expression
and, consequently, flowering. Genes involved in sucrose and starch metabolism, includ-
ing BGLUs and TPSs, also contribute to SOC1 expression. EIN3 positively modulates
hydrangea growth and development by inhibiting MYC2 expression. IAA, facilitated by
the transport protein genes ABCB1, PIN3, LAX2, and LAX3, moves within cells to suppress
GAI expression, promoting the gibberellin pathway and supporting normal plant growth.
BR (CURL3/BR11, BES1/BZR1) and JA (LOX6, AOS1, OPR3, AOC, TIF6B) also regulate
growth through their respective biosynthesis, metabolism, and signal transduction genes.
Flavonoids contribute positively to these processes. WRKY70, BLH1, GATAS5, PAT1, and
other genes may exert inhibitory effects on the reproductive growth of hydrangea in a full
shading environment, while NAC014, DREB2C, SPX1, FRS5/FAR1 and other genes may
induce leaf senescence, reduce photosynthetic efficiency, and inhibit flowering and cause
other adverse growth behaviors of hydrangea in a full light environment. However, it is
crucial to note that the plant’s regulatory network in response to the natural environment
is intricate and speculative. While this study postulates the functions and interrelation-
ships of genes, further experimental exploration is necessary to validate and enhance our
understanding, considering the potential disparities between mRNA and protein levels
and enzyme activity.
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Figure 9. The hypothetical model of gene regulatory network for growth under semi-shaded environ-
ments in Hydrangea macrophylla. The black arrows indicate promotion, the T-shaped arrows indicate
inhibition, the blue arrow indicates decrease and the red arrow indicates increase.
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Abstract: Saline water has been proposed as a solution to partially supply plants with their water
requirements due to a lack of fresh water for cultivation in arid and semi-arid sites. Gamma-
aminobutyric acid (GABA) is a non-protein amino acid participating in numerous metabolic processes
to mitigate the undesirable effects of salinity. A pot experiment was carried out during 2021 and
2022 at Sakha Horticulture Research Station to investigate the effect of foliar application of GABA at
20 and 40 mM on vegetative growth and biochemical changes in French lavender under increasing
levels of sea water salinity irrigation treatments (0, 1000, 2000, and 3000 ppm). Results indicated that
increasing salinity concentration noticeably decreased plant height, number of branches, herb fresh
and dry weight, root length, root fresh and dry weights, photosynthetic pigments, relative water
content, and essential oil percentage. On the other hand, accumulation of proline and antioxidant
enzymes was increased under increasing salinity concentrations. We conclude that foliar application
of GABA acid at 40 mM can alleviate the adverse effects of salinity on the abovementioned French
lavender plant characteristics by improving vegetative growth and root characteristics, as well as
diminishing chlorophyll degradation, maintaining high leaf relative water content, increasing proline
accumulation and antioxidant activity.

Keywords: lavender; gamma-aminobutyric acid; antioxidant activity; essential oil; proline

1. Introduction

Water availability is a crucial factor that confines crop productivity in Egypt, as the
environment is mainly arid and semiarid [1]. Thus, it is imperative in these areas to adopt
alternative water sources, such as brackish, reclaimed, and drainage water, to combat
water scarcity. Furthermore, the Egyptian water share of the Nile freshwater amount is
fixed, and the Egyptian government tends to expand the cultivation of aromatic plants in
new reclaimed desert regions that are located in arid zones and recognized by elevated
salt levels. Additionally, fresh water will remain a scarce commodity, particularly with
the anticipated impacts of global warming in addition to sea level rise that is becoming a
serious issue in coastal areas. The availability of water will become a top priority and a
great challenge for the Egyptian government in the foreseeable future.

Generally, the influences of salinity on plants are exhibited by a severe-to-moderate
contraction in plant development and yield [2-6]. Plants can adapt to the adverse effects
of salinity via both enzymatic and nonenzymatic antioxidant protective mechanisms to
eliminate provoked ROS to protect plants against unfavorable influences of salinity. Antiox-
idant enzymes combining peroxidase, catalase, and superoxide dismutase are employed in
enzymatic antioxidant defense systems [4,7-10]. Moreover, certain substances like proline,
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soluble sugars, ascorbic acid, and phenolics are exploited by plant cells to counteract the
negative impacts of salinity [4,8,11-13].

One of the most effective adaptation strategies as osmotic regulators is the exoge-
nous application of plant growth compounds to enhance plant adaptation under adverse
conditions. A nonprotein amino acid called gamma-aminobutyric acid (GABA) is among
these stress-responsive compounds that can rapidly improve the resilience of plants to
abiotic stress. The application of GABA alleviated drought stress by enhancing antioxidant
activity, osmolytes accumulation, water absorption, chlorophyll, proline accumulation, and
soluble sugar content, as well as water efficiency [14-17]. Moreover, GABA could boost
saline-alkaline stress tolerance [18] via accumulating soluble sugars and boosting secondary
antioxidant activity and lignification of roots. Additionally, it encourages plant adaptation
to salinity stress through reinforcing the upregulation of antioxidant potential, photosyn-
thesis, and proline content [7,19-21]. Also, a rising accumulation of endogenous GABA
in plant tissue subjected to salt stress and other abiotic stresses was detected [7,15,19,20].
Considering these promising findings, GABA’s protective role in revamping yields and quality
of medicinal plants under a variety of environmental stresses must be taken into consideration.

French lavender (Lavandula dentata L.) is a flowering plant, belonging to the Lamiaceae
family, native to the Mediterranean basin and is broadly cultivated around the world. Little
shrubs with purple flower spikes begin to grow, highlighting their decorative potential,
both as a garden and as a potted plant [22]. The French lavender essential oil is rich in
oxygenated monoterpenes, which represent the major oil constituents of linalool, camphor,
and borneol. Additionally, the oil has a wide spectrum of biological effects entailing
antioxidants, antifungal, and insecticidal potencies [23,24].

Previous research unveiled that French lavender vegetative growth and plant chemical
analysis were significantly affected by salinity stress [25]; hence, salinity stress could be a
critical limiting factor influencing French lavender oil yield. Under sea water irrigation,
however, neither lavender growth nor productivity nor biochemical characteristics have
been examined with exogenous GABA application. We hypothesized that saline stress
would inhibit the metabolism of lavender plants, but that exogenous GABA might alleviate
its negative effects. The current study examined, for the first time, the protective effects of
GABA on lavender plants” growth characteristics and biochemical changes under saline
water irrigation.

2. Materials and Methods
2.1. Plant Growth and Experimental Conditions

At Sakha Horticulture Research Station (31°07' N latitude, 30°05’ E longitude), Kafr
El-Sheikh Governorate, North Nile Delta of Egypt, a pot experiment was executed during
the two successive seasons of 2021 and 2022 to examine the effect of irrigation with the
mixture of fresh water and natural sea water from the white sea (electrical conductivity EC
of 35dS m’l), on elevated salinity levels.

Two-month-old rooted transplants with 2-3 true leaves were procured from El-Kanatar
El-Khaireya Experimental Farm for Medicinal and Aromatic Plants, Horticulture Research
Institute, Agricultural Research Center, Egypt. Then, they were transplanted into plastic
pots (30 cm in diameter and 18 cm in height) containing 5 kg clayey soil and subjected
to saline water treatments and foliar application of GABA. Physical and chemical soil
properties of the used soil were determined according to Page et al. [26], and are displayed
in Table 1. The experimental design was a complete randomized blocks design with
four replications.

90



Horticulturae 2024, 10, 410

Table 1. Some physical and chemical soil properties of the experimental site as mean values of the
two growth seasons.

Soil Depth

Field Wilting Point  Bulk Density Total Sand Silt Clay Texture

(cm) Capacity (%) (%) (Mg m—3) Porosity (%) (%) (%) (%) Class pH
0-15 45.37 2291 1.19 55.09 19.42 24.97 55.61 Clayey 7.92
EC. Inions concentration (meq L™1) Cation concentration (meq L)
(dSm™") COs- HCO;~ cl SO,~ Ca™ Mg™  Na' K+
0-15 2.74 - 2.52 14.94 12.28 5.02 6.84 17.22 0.66

2.2. Salinity Stress Treatments

The plants were irrigated with fresh water at 290 ppm (0.45 ds/m) from transplanting
to 30 days; then, irrigation with saline water treatments was initiated when lavender plants
had 4-5 fully grown leaves and continued until harvesting at the beginning of October for
both growing seasons 2021 and 2022. The plants received their water requirements plus
20% as leaching requirements for all treatments during both growing seasons until harvest.
The salinity levels 0, 1000 ppm (1.56 dS m~1), 2000 ppm (3.12 dS m~!), and 3000 ppm
(4.69 dS m~1!) were achieved by adding the proper amount of sea water [EC 35,000 ppm
(54.69 dS m~1)] to fresh water, which was adjusted via EC meter instrument.

The foliar spray of GABA on plants was performed two times in the morning; the
first treatment was performed one month after the initiation of saline irrigation treatments,
while the second foliar addition was carried out one month later. Different concentrations
of GABA (20 and 40 mM) were prepared in 0.1% (v/v) Tween-20, while tap water was used
as a control. The other agricultural practices were implemented according to the Egyptian
Ministry of Agriculture and Land Reclamation recommendations.

2.3. Measurement of Growth Parameters

The plants were harvested at the full blooming stage at the beginning of October in
both growing seasons; then, the following parameters were recorded: plant height (cm),
root length, plant’s fresh and dry weight, and root’s fresh and dry weight.

2.4. Determination of Photosynthetic Pigments

Chlorophyll a, b and carotenoid contents in fresh lavender leaves were extracted by
using 0.25 g with 80% acetone according to the method of Lichtenthaler and Buschmann [27].
Absorbances of leaf extract were estimated spectrophotometrically at 663 and 645 nm (for
Chl. a and b) and 470 nm (for carotenoids). Finally, pigment concentrations were expressed
asmg g~ ! FW.

2.5. Relative Water Content

To determine the leaf relative water content (RWC), fully expanded young leaves were
weighed immediately after harvesting, put in vials containing deionized water at room
temperature for 24 h, blotted on dry filter paper to obtain the turgid weight, and finally
dried in an oven at 70 °C for 48 h. To determine dry weight, RWC was calculated from the
following equation: [fresh weight — dry weight/turgid weight — dry weight] x 100 [28].

2.6. Measurement of Proline Content

Centrifuging at 10,000x g for 10 min was executed after 0.5 g of fresh leaves was
combined with 3% sulphosalicylic acid. A mixture of 2 mL of supernatant, glacial acetic
acid, and ninhydrin reagent was prepared. For one hour, the reaction mixtures were
maintained in a bath of boiling water. Next, the mixture was extracted using 4 mL of toluene
after the reaction was stopped in an ice bath. Using spectrophotometry, the absorbance
of the organic phase was detected at 520 nm. Proline was quantified in pmol g~ ! and its
concentration was estimated by a standard curve [29].
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2.7. Essential Oil Extraction

Harvested lavender plants were air-dried, chopped, and subjected to hydrodistillation
using Clevenger apparatus for 3 h, conforming to Pharmacopoeia [30]. Essential oil per-
centage was measured by the following formula: [Volume oil in graduated tube/sample
dry weight] x 100, whereas essential oil yield (mL/plant) was calculated by using the dry
weight of the plant aerial parts.

2.8. Antioxidant Enzyme Activities

To assess the antioxidant enzyme activities, 0.5 g of leaf tissue was homogenized in
liquid nitrogen with 3 mL of extraction buffer that consisted of 1 mM ethylenediaminete-
traacetic acid (EDTA), 1% (w/v) polyvinylpyrrolidone, 1 mM phenylmethylsulfonyl flu-
oride (PMSF), and 0.05% Triton X-100 in 50 mM potassium-phosphate buffer (pH = 7.0)
via a prechilled mortar. After carrying out a four-layer cheesecloth filtering process, the
homogenate was centrifuged at 12,000 rpm for 20 min at 4 °C. The total soluble enzyme
activity assay was performed via a UV-160A spectrophotometer (160A, Shimadzu, Kyoto,
Japan) on the supernatant, after it had been centrifuged again at 12,000 rpm for 20 min at
4°C.

Catalase (CAT) activity was evaluated by the technique described by Aebi [31]. The
reaction mixture was composed of 30 mmol L~! H,O, in a 50 mmol L~! phosphate buffer
(pH 7.0) and 0.1 mL enzyme extract in a total volume of 3 mL. By tracking the consumption
of HyO, at 240 nm, the activity of catalase was estimated.

Peroxidase activity (EC1.11.1.7) was ascertained in line with the method suggested by
Hammerschmidt et al. [32] and expressed as units of peroxidase/mg protein.

Polyphenol oxidase activity (EC 1.10.3.1) was assessed concurring with the procedure
claimed by Malik and Singh [33]. The reaction mixture comprised 3.0 mL of buffered
catechol solution (0.01 M) newly prepared in 0.1 M phosphate buffer (pH 6.0). 100 mL
of the crude enzyme extract was added to initiate the process. Absorbance alterations at
495 nm were noted at 30 s for 3 min. A rise in absorbance min~!g~! fresh weight signified
enzyme activity.

2.9. Statistical Analysis

All data were tested by analysis of variance (ANOVA) performed by the CoStat 6.45
software program. The comparison of means was evaluated via Duncan’s multiple range
test in agreement with Snedecor and Cochran [34].

3. Results and Discussion
3.1. Vegetative Growth Characteristics

Plant vegetative growth traits were negatively influenced under the highest concen-
tration of saline water treatments as compared with the control (Table 2). In this regard,
plant height and branch number were significantly cut down in plants exposed to saline
irrigation water >2000 ppm, while no significant differences were noted among lower
saline water application and control during both growing seasons. Additionally, herb fresh
weight as well as herb dry weight gradually diminished with rising saline irrigation water
concentration as paralleled to the unstressed plants.

Plant growth cutback is a well-known response to salinity for diverse plant species.
This impact has also been reported on other lavender species. In this concern, Szekely-
Varga et al. [11] found a substantial curtailment in number of branches, stems, and leaves.
The fresh weight of Lavandula angustifolia was pronounced in plants subjected to elevated
salinity treatments (200 and 300 mM NaCl) with respect to nonstressed control. Also, thyme
and lavender plants grown under 50 and 100 mM NaCl significantly reduced the growth
as compared with nonsalinized control [2]. Additionally, Wang et al. [7] reported that plant
height, leaf freshness, and dry weight of maize seedlings were curtailed under salinity
stress (150 mM and 300 mM NaCl concentration). Furthermore, Moghith et al. [3] argued
that elevating salinity levels lowered the vegetative growth of Salvia hispanica L. plants. In
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a study conducted in Cyprus, the authors discovered that the plant height of Lavandula
angustifolia Mill. crumbled in plants exposed to saline conditions >50 mM. Furthermore,
all salinity concentrations (25, 50, and 100 mM) trimmed fresh biomass and biomass dry
matter [4].

Table 2. The effect of saline irrigation water and GABA application on plant height, branch number,
herb freshness, and herb dry weight of Lavandula dentata L. plants.

Treatments Plant Height (cm) No. of Branches Herb Fresh Weight (g/Plant) Herb Dry Weight (g/Plant)
1% Season 2" Season 1% Season 2" Season 1% Season 2"d Season 1% Season 2" Season
Control (fresh water) 44.00 a 4733 a 23.67 a 21.67 abc 68.09 cd 78.03 ¢ 2451 ¢ 27.45b
Sea water at 1000 ppm 42.33 ab 46.00 ab 21.33 ab 19.67 abc 64.30 d 70.63 d 24.57 ¢ 27.38b
Sea water at 2000 ppm 39.67 cd 44.00 be 20.33 ab 18.33 ¢ 5713 e 61.24 f 20.78d 22.61c
Sea water at 3000 ppm 37.00 e 38.67 e 13.00 d 11.33d 50.20 f 60.73 f 1596 e 18.63 e
1000 ppm sea water + 20 mM GABA 43.00 a 47.00 a 24.00 a 22.00 ab 68.65 cd 77.94 c 26.27 be 29.19b
1000 ppm sea water + 40 mM GABA 42.67 ab 46.33 ab 22.00 ab 20.00 abc 7127 ¢ 80.32 ¢ 26.15 be 29.00 b
2000 ppm sea water + 20 mM GABA 40.33 be 44.00 be 21.33 ab 18.67 be 83.59 b 91.43b 29.34 ab 3329a
1000 ppm sea water + 40 mM GABA 42.33 ab 45.67 ab 2433 a 22.67 a 90.50 a 96.02a 31.37a 3420 a
3000 ppm sea water + 20 mM GABA 37.67 de 41.00 de 16.00 cd 13.67 d 51.91 ef 67.72 de 17.93 de 21.10 cd
3000 ppm sea water + 40 mM GABA 39.67 cd 42.00 cd 18.33 be 14.00 d 55.83 ef 64.36 ef 16.10 e 19.14 de

Means followed by the same letter at each column are not significantly different at the 5% level according to
Duncan’s multiple range test.

Considering the effect of GABA on lavender growth, it was observed that the foliar
spray of gamma-aminobutyric acid significantly advanced the abovementioned character-
istics (Table 1) under saline conditions. This alleviated growth reduction caused by salinity
was observed when it was combined with mixed fresh sea water at 1000 and 2000 ppm
relative to GABA-untreated plants. Foliar spray with GABA at 20 and 40 mM on plants
irrigated with mixed fresh water with concentration at 1000 ppm, as well as plants sprayed
with 40 mM GABA and irrigated with mixed saline fresh water at 2000 ppm, noticeably
boosted plant height and branches number without significant variations among treatments.
Furthermore, applying GABA at 40 mM resulted in the highest values of fresh weight for
plants irrigated with 2000 ppm, as well as the heaviest dry weight achieved from plants
cotreated with GABA at 20 and 40 mM and irrigated with 2000 ppm without significant
differences among them for both growing seasons.

Also, Wang et al. [7] stated that GABA application at 0.5 mM lifted all vegetative
growth traits for maize seedlings grown under saline conditions (150 mM and 300 mM NaCl
concentration). Similarly, Kalhor et al. [35] noticed that shoot fresh and dry weight of salt-
exposed lettuce (40 mM and 80 mM NaCl) were expanded by exogenous supplementation
with GABA at 25 pM. Likewise, Ullah et al. [36] reported that exogenous application of
GABA at 2 mM inflated shoot length and shoot fresh weight, as well as shoot dry weight of
chufa (Cyperus esculentus) under salinity stress (0, 100, and 200 mM NaCl and NaySOy).

In our case, GABA exogenous application on plants under salinity produced vege-
tative growth enhancement especially at 1000 and 2000 ppm, respectively. Therefore, the
effect of GABA was growth-enhancing at low-stress saline water levels but not at high-
saline stress levels which was in accordance with the findings of Kaur and Zhawar [18].
Accordingly, Wang et al. [7] detected that endogenous GABA concentration was accumu-
lated in moderately maize salt-stressed seedlings, while endogenous GABA accumulation
was lessened in severely maize salt-stressed seedlings that were generated after exogenous
GABA application.

3.2. Roots Characteristics

All root attributes were adversely affected by escalating salinity concentrations (Table 3).
Additionally, applying GABA as a foliar spray ameliorated the negative effects of salinity
on root characteristics, especially at low and medium salinity concentrations (1000 and
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2000 ppm). The combination of GABA at both concentrations (20 and 40 mM) with
plants irrigated with saline water (1000 and 2000 ppm) noticeably upgraded root length,
as well as root fresh weight, without significant variations among these treatments and
plants treated with nonsaline water (control). Otherwise, the highest dry weight value was
obtained when salinity influences were amended via applying GABA at both concentrations
(20 and 40 mM) with plants exposed to saline water at 1000 ppm without significant
variations in between for both seasons and plants subjected to saline water at 2000 ppm
without significant variation in between for the first season only. The curtailment of root
aspects observed in our study was in harmony with the formerly published outcomes by
Chrysargyris et al. [4] on Lavandula angustifolia Mill. who claimed that root fresh weight
and root length declined at 50 and 100 mM NaCl, respectively. Also, Moghith et al. [3]
ascertained that escalating salinity levels trimmed root growth characteristics of the Salvia
hispanica L. plant. Furthermore, Szekely-Varga et al. [11] disclosed that a substantial cutback
in root fresh weight of Lavandula angustifolia was pronounced in plants subjected to elevated
salinity treatments (200 and 300 mM NaCl) with respect to nonstressed controls. Salinity
stress (100 and 200 mM NaCl and Na;SO4) negatively impacted root length and root fresh
and root dry weight of Cyperus esculentus plants [36].

Table 3. Effect of saline irrigation water and GABA application on root length, root fresh weight, and
root dry weight of Lavandula dentata L. plants during both growing seasons.

Root Length (cm) Root Fresh Weight (g/Plant) Root Dry Weight (g/Plant)
Treatments 15t Season 27 Season 1%t Season 2" Season 1%t Season 27d Season

Control (fresh water) 1233 a 14.00 ab 4.04 ab 5.87 ab 1.30b 1.72 ¢

Sea water at 1000 ppm 10.67 bc 13.50 abc 3.30Db 510b 1.30b 1.90 be

Sea water at 2000 ppm 10.33 be 12.00 ¢ 237 ¢ 4.08c 1.01c 1.54d

Sea water at 3000 ppm 8.33d 10.00 d 190 ¢ 2.55d 0.71d 0.90 f

1000 ppm sea water + 20 mM GABA 115 ab 13.33 abc 4.09 a 6.23 a 157 a 2.27 a
1000 ppm sea water + 40 mM GABA 11.67 ab 13.5 abc 420a 6.17 a 1.61a 223a
2000 ppm sea water + 20 mM GABA 12.17 a 14.00 ab 3.90 ab 5.44 ab 149 a 2.01b
2000 ppm sea water + 40 mM GABA 125a 15.00 a 3.82 ab 5.23 ab 1.45 ab 1.94 bc
3000 ppm sea water + 20 mM GABA 10.00 ¢ 12.50 be 2.32¢ 3.13 cd 1.02 ¢ 122e
3000 ppm sea water + 40 mM GABA 9.50 cd 12.67 be 212¢ 297d 0.97 ¢ 121e

Means followed by the same letter at each column are not significantly different at the 5% level according to
Duncan’s multiple range test.

In the present study, many growth parameters were evaluated in lavender salt-stressed
plants, involving the reduction of herb, fresh and dry weight of roots, and leaves’ relative
water content which is probably the major reliable features to identify growth inhibition.

Plants often respond quickly to salinity stress via inhibiting growth which causes
osmotic stress in plants and, as a first result, lessens cell expansion as well as cell turgor [37].
However, growth inhibition under stress is eventually linked to the reallocation of plant
resources, which are normally utilized for growth and primary metabolism (i.e., biomass
accumulation) towards the stimulation of defense mechanisms [37].

Some investigations have highlighted the valuable impacts of GABA on plants subjected to
saline conditions as well as unstressed conditions. In this concern, Sheteiwy et al. [19] marked
that shoot length and fresh and dry weight of rice seedlings crumbled under salinity condi-
tions. In contrast to unstressed seedlings, the abovementioned physiological parameters
were augmented when seeds were primed with 0.5 mM GABA. Likewise, in chufa (Cyperus
esculentus), Ullah et al. [36] uncovered that exogenous supplementation of GABA at 2 mM
enlarged root length and root fresh weight, as well as root dry weight under salinity stress
(0, 100, and 200 mM NaCl and Na;SOy). On lettuce plants, Kalhor et al. [35] outlined that
root fresh and dry weight were cut down under NaCl concentrations (40 and 80 mM),
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but GABA application (25 uM) alleviated the negative influences of salinity on fresh and
dry weight. Additionally, Yousef and Nasef [38] declared that the exogenous spray of
GABA (1 mM and 2 mM) significantly refined the vegetative growth and yield of garlic
genotypes under unstressed conditions which were attributed to rising chlorophyll content,
endogenous total phenols, and elements content. Moreover, Feizi et al. [21] divulged that
GABA application at 10 mM upgraded root length and root fresh weight of saffron plants
under salinity level (15dS m~!). Also, Ramzan et al. [39] recognized that GABA application
noticeably amended length as well as fresh and dry biomass of shoots and roots of Capsicum
annuum L. under salinity stress.

3.3. Photosynthetic Pigments

Proliferating mixed fresh saline water from 0 to 3000 ppm led to a gradual decline
in Chl. A, Chl. B, and total carotenoid content in Lavandula dentata L. leaves under saline
water conditions (Figure 1; Table S1). The lowest values in this respect were noted from
plants that received the highest concentration of saline water (3000 ppm). On the other
hand, foliar spraying of GABA significantly promoted the accumulation of photosynthetic
pigments under salinity conditions; hence, the highest content of Chl. a and Chl. b was
marked when GABA was exogenously applied at both concentrations (20 and 40 mM) with
plants exposed to saline water at 2000 ppm and control without significant differences in
between during both growing seasons (Figure 1la—d).
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Figure 1. Effect of saline irrigation water and GABA application on chlorophyll a: (a) first season;
(b) second season, on chlorophyll b; (c) first season; (d) second season; and carotenoid content
of (e) first season and (f) second season, of Lavandula dentata L. plants (0, 20, 40 (GABA) gamma-
aminobutyric acid) and (1.5, 3.1, 4.6 ds/m saline water treatments). Means =+ SEs, n = 3; different
letters indicate significant differences (p < 0.05) between the treatments after performing Duncan

multiple range test.

Additionally, total carotenoid content was reduced in response to booming concen-
trations of saline water as observed. The elevated contraction occurred at high salinities
(3000 ppm) in both seasons. On the other hand, the highest carotenoid content resulted
from plants irrigated with fresh water (control) (Figure 1e,f; Table S1). An earlier published
report exhibited that photosynthetic pigment decline was recognized as a useful biochemi-
cal stress in plants subjected to salinity conditions. Regarding this, Szekely-Varga et al. [11]
unveiled that high salinity treatments (100 and 200 mM NaCl) lowered Chl. a and Chl. B,
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Relative water content %

as well as total carotenoid contents as paralleled with control in L. angustifolia. Likewise,
Chrysargyris et al. [4] revealed that Chl. a and Chl. b contents were considerably decreased
in Lavandula angustifolia plants exposed to salinity stress with >50 mM NaCl. Additionally,
the promotion effect of GABA on the photosynthetic pigment accumulation has been pre-
viously reported by Yousef and Nasef [38]. They discovered that foliar supplementation
of GABA at 1 mM and 2 mM significantly heightened total chlorophyll content in garlic
genotypes under unstressed conditions and was associated with the enhancement in plant
growth as well as garlic yield. Recently, Ullah et al. [36] documented that chlorophyll a
and b concentrations were diminished on chufa plants subjected to salinity stress (100 and
200 mM NaCl and Na,SOy), while these pigments were progressed via exogenous applica-
tion of GABA at 2 mM. The enhancement role of GABA for growth and photosynthetic
pigments in lavender plants may be attributed to the fact that the exogenous application
of GABA diminished chlorophyll degradation and developed photosynthetic capacity, as
well as growth under salinity conditions [35,36].

3.4. Relative Water Content

When the salinity level was aggravated, the relative water content steadily fell (Figure 2a,b;
Table S2), which led to a decline in growth rate and a discernible impact on the growth of
lavender. The control group had the highest relative water content. On the other hand,
foliar application of GABA intensified the relative water content of Lavandula dentata L.
leaves under medium 2000 ppm diluted sea water followed by low diluted sea water level.
Therefore, the greatest relative water content was noted for control and plants that received
GABA at 20 and 40 mM under 2000 ppm diluted sea water. This lessened the adverse
effects of salinity on leaves” water content without significant differences in between during
both growing seasons. A decrease in relative water content under saline conditions is
in harmony with the previous results on Nigella sativa [40] and Cassia italica [41] that
significantly declined the growth of these plants. In addition, the GABA-treated plants not
only maintained high leaf relative water content, but also ameliorated the negative impacts
induced by salinity than non-GABA-treated plants in salt-stressed Cassia italica, maize, and
rice seedlings. This may be because GABA helps to restore hydration status in addition to
protecting cell and organelle membranes from oxidative damage [7,19,41].

(a) 20 (b)
ab

cd

Relative water content %

Treatments

Figure 2. Effect of saline irrigation water and GABA application on relative water content of Lavandula
dentata L. plants (a) first season, (b) second season, (0, 20, 40 gamma-aminobutyric acid) and (1.5, 3.1,
4.6 ds/m saline water treatments). Means + SEs, n = 3; different letters indicate significant differences
(p < 0.05) between the treatments after performing Duncan multiple range test.
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3.5. Changes in Proline Accumulation

Proliferating the diluted sea water concentration from 1000 to 3000 ppm gradually
inflated proline concentrations (Figure 3a,b; Table S2). Plants subjected to the high saline
irrigation water treatment (3000 ppm) and treated with GABA at 20 and 40 mM notice-
ably expanded proline concentration, followed by plants exposed to diluted sea water at
3000 ppm. The GABA-treated plants at 40 mM combined with 2000 ppm saline irrigation
water without significant differences were remarked among treatments; conversely, the con-
trol plants reported the least proline concentration in the fresh leaves of Lavandula dentata L.
The significant increment in leaf proline concentrations in our findings is high enough to
have an appropriate osmotic impact in the protective role against elevated salinity.

08
0.7
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Figure 3. Effect of saline irrigation water and GABA application on proline of Lavandula dentata L.
plants (a) first season, (b) second season, (0, 20, 40 (GABA) gamma-aminobutyric acid) and (1.5, 3.1,
4.6 ds/m saline water treatments). Means + SEs, n = 3; different letters indicate significant differences
(p < 0.05) between the treatments after performing Duncan multiple range test.

Our results were in accordance with the formerly reported outcomes in which proline
concentration was significantly enhanced in the fresh leaves of Lavandula angustifolia L. and
Salvia hispanica L. plants exposed to high salt treatments and high saline irrigation water
concentration (4.96 dSm~1) [3,4,11].

GABA application significantly progressed proline accumulation in irrigated plants
with fresh mixed water at 2000 and 3000 ppm as compared with that of control, which was
in agreement with Wang et al. [7], who argued that GABA application at 0.5 mM markedly
promoted proline content by 1.2-fold of salt-stressed maize seedlings relative to untreated
plants. Lately, Ullah et al. [36] unearthed that proline crumbled in the chufa seedlings
with escalating salinity stress (100 and 200 mM NaCl and NaySO,); on the contrary, GABA
supplementation (2 mM) inflated proline concentrations. Additionally, Ramzan et al. [39]
documented that proline decreased in NaCl-stressed Capsicum annuum L. seedlings while
proliferating in exogenously GABA-applied plants.

On the other hand, Sheteiwy et al. [19] unveiled that proline content significantly
developed in rice seedlings subjected to salinity as compared with the unstressed seedlings.
Furthermore, proline concentration significantly decreased by priming seeds with 0.5 mM
GABA relative to unprimed seeds. Also, proline level was heightened under salt stress in
lettuce plants Kalhor et al. [35], but GABA application (at 25 M) lessened proline content
in both saline conditions (40 and 80 mM of NaCl), which may be attributed to the fact that
GABA function can partially bypass proline participation in ROS scavenging activities and
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generate a decrease in proline biosynthesis. Moreover, their results proposed GABA as
a plant-boosting antioxidant component, which was able to diminish oxidative damage
through enzymatic and nonenzymatic metabolism being activated under salt stress.

The accumulation of stress-protective proline induced by GABA application in plants
subjected to salinity stress has been demonstrated. This proved to be efficient in relieving
stress as stress-relieving solute due to the role of GABA in inhibiting proline degradation,
as well as its participation indirectly in the citric acid cycle under NaCl stress, which will
improve the capacity of plants to withstand adverse conditions [7,20].

3.6. Changes in Essential Oil Yield

Lavender essential oil percentage as well as essential oil yield of hydrodistilled aerial
parts declined in plants grown under elevated saline irrigation water compared with
plants cultivated in nonsaline conditions and low saline irrigation water (Figure 4a—d;
Table S2). Interestingly, the highest essential oil percentage and oil yield resulted from
plants exposed to medium saline irrigated plants with 2000 ppm and sprayed with GABA
at both concentrations without significant differences among them. Therefore, the foliar
application of GABA significantly weakened the reduced oil percentage and oil yield noted
in medium saline irrigated plants (Table S2).
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Figure 4. Effect of saline irrigation water and GABA application on oil percentage% (a) first season,
(b) second season, and on oil yield (c) first season, (d) second season of Lavandula dentata L. plants
(0, 20, 40 (GABA) gamma-aminobutyric acid) and (1.5, 3.1, 4.6 ds/m saline water treatments).
Means + SEs, n = 3; different letters indicate significant differences (p < 0.05) between the treatments
after performing Duncan multiple range test.
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The extracted essential oil percentage in nonsaline irrigated plants is 2.67 and 2.56%
for both seasons, respectively, which is higher than that obtained by Barkaoui et al. [23].
They uncovered that the essential oil percentage of hydrodistilled aerial parts in Morocco
was 1.06%. The variation in essential oil yield depended on diverse factors, namely, species,
environmental factors, geographical origin, harvest time, and drying method.

The abovementioned outcomes are in harmony with the previous results of Cordovilla
et al. [2] who declared that elevated salinity (100 mM) advanced essential oil production
of thyme that might be ascribed to the accumulation of secondary metabolites, as a self-
defense component versus stress conditions. Also, Chrysargyris et al. [4] mentioned that
high salinity (100 mM) trimmed oil yield of Lavandula angustifolia as compared with control
and low saline levels (25-50 mM).

The stimulation of French lavender essential oil percentage in response to medium
saline conditions may be ascribed to an increment in glandular hair number and their
densities, as well as the role of secondary metabolites involving essential oil as a self-
defense component versus stress conditions [2]. The rise in oil content noticed in plants
under salt stress may be attributed to the cutback of the primary metabolites as a result
of salinity impacts which, in turn, releases intermediary compounds that facilitate the
synthesis of secondary metabolites.

Additionally, the changes in essential 0il yield may also be due to herb dry weight
variations in plants exposed to irrigation with saline water. Furthermore, the role of GABA
application on essential oil yield may be due to photosynthetic pigment enhancement,
which produced more metabolites being available to be transformed into essential oil.

3.7. Changes in Antioxidant Activity

Antioxidant enzyme activities (peroxidase, catalase, and polyphenol) were signifi-
cantly surged in moderately salt-stressed (1000 and 2000 ppm) and declined in severely
salt-stressed (3000 ppm) plants as compared with control (Figure 5a—f; Table S3). Addition-
ally, the application of external GABA to plants markedly boosted the efficacy of selected
enzymes in plants exposed to salinity conditions. In plants exposed to a combination of
2000 ppm saline water and 20 or 40 mM GABA, there was a noticeable amplification in the
activities of antioxidant enzymes, such as polyphenol, peroxidase, and catalase. Our find-
ings of augmented antioxidant enzymes potential under saline conditions concur with those
of Alqarawi et al. [41] for Cassia italica, Wang et al. [7] for Zea mays L., Chrysargyris et al. [4]
for Lavandula angustifolia, Sheteiwy et al. [19] for Oryza sativa L., Szekely-varga et al. [42] for
Lavandula angustifolia, and Ullah et al. [36] for Cyperus esculentus.

Salinity induces the formation of reactive oxygen species which can be eliminated via
antioxidant enzyme activity (peroxidase, catalase, and polyphenol) and play a crucial role
in protecting plants from cellular damage resulting from oxidative stress. In our results,
GABA-treated plants displayed elevated antioxidant activity and hence mitigated the detri-
mental impacts of salinity which is repeatedly described in previous studies. For instance,
in Cassia italica Alqarawi et al. [41], reported that antioxidant enzyme activities (catalase,
ascorbate peroxidase, peroxidase, and polyphenol oxidase) were remarkably intensified
in plants subjected to 250 mM NaCl + 50 mM GABA. As claimed by Wang et al. [7], in
maize plants, all enzyme activities were significantly boosted in GABA-treated plants under
salinity stress conditions. It has been demonstrated that the application of GABA to lettuce
plants provoked an advancement in their ability to withstand salt stress. This advancement
is attributed to the increased activities of catalase and ascorbate peroxidase enzymes. Thus,
this finding is significant, as it suggests that GABA plays a vital role in regulating the redox
state of the plants and preventing the excessive accumulation of ROS [35]. Additionally,
Sheteiwy et al. [19] showed that priming rice seeds with 0.5 mM GABA upgraded the
efficacy of catalase, polyphenol oxidase, and ascorbic peroxidase enzymes as compared
to the unprimed rice seeds. Also, the authors assumed that the application of 0.5 mM
GABA could regulate the antioxidant enzymes efficacy, which played a profound role in
scavenging H,O, and helping to minimize excessive ROS levels in the stressed plants.
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Hence, it boosts a defense mechanism against oxidative stress via upregulation of pheny-
lalanine ammonia lyase, polyphenol oxidase, and shikimate dehydrogenase activity in rice
seedlings exposed to salinity. In saffron plants, the foliar application of GABA substantially
fortified salt resistance by triggering antioxidant defense mechanisms [21]. Also, it was
stated that GABA supplementation at 50 mmol/L alleviated the damage symptoms of
Morus multicaulis seedlings under salt stress and lowered oxidative damage, as well as
antioxidant activity [43].
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Figure 5. Effect of saline irrigation water and GABA application on peroxidase (POD) activity (a) first
season, (b) second season, catalase (CAT) activity (c) first season, (d) second season, and (0, 20,
40 gamma-aminobutyric acid) and polyphenol (PPO) activity (e) first season, (f) second season (1.5,
3.1, 4.6 ds/m saline water treatments) of Lavandula dentata L. plants. Means =+ SEs, n = 3; different
letters indicate significant differences (p < 0.05) between the treatments after performing Duncan

multiple range test.

Lately, Ullah et al. [36] proclaimed that the GABA application (2 mM) to the chufa
seedlings magnified peroxidase activity exposed to salinity levels (100 and 200 mM NaCl
and NapSOy). On the other hand, GABA supplementation did not foster catalase activity
under salinity conditions. Furthermore, Ramzan et al. [39] divulged that GABA appli-
cation promoted salt tolerance of C. annuum L. by reinforcing peroxidase and catalase
enzyme activities.

4. Conclusions

Our results showed that GABA supplementation positively adjusted various phys-
iological and biochemical mechanisms which could alleviate the detrimental impacts of
salinity on growth and biomass. It could magnify vegetative root growth characters, photo-
synthetic pigment content, relative water content, proline concentration, and antioxidant
enzyme activity. Based on our outcomes, GABA is an effective growth regulator that alters
growth as well as biochemical responses of lavender plants. We thus suggest that the exoge-
nous application of GABA can help the production of lavender plants in salinity-affected
soils in arid and semiarid regions through alleviation of the undesirable impacts of saline
irrigation water, which is only available from ground water sources. Thus, we suggest that
GABA application at 40 mM could be a viable strategy to alleviate the adverse effects of
salinity when French lavender plants are irrigated with saline water at 2000 ppm. Potential
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studies should delve deeper into the molecular processes underlying GABA’s protective
benefits in medicinal plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae10040410/s1, Table S1. The effect of saline irrigation
water and GABA application on chlorophyll (a and b) mg/g FW and carotenoid content mg/g EW
of Lavandula dentata L. leaves during both growing seasons. Table S2. The effect of saline irrigation
water and GABA application on relative water content, proline, essential oil percentage, and oil yield
of Lavandula dentata L. plants. Table S3. The effect of saline irrigation water and GABA application to
peroxidase, catalase, and polyphenol activity of Lavandula dentata L. plants.
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Abstract: Conifers are a common type of plant used in ornamental horticulture. The prompt
diagnosis of the phenological state of coniferous plants using remote sensing is crucial for forecasting
the consequences of extreme weather events. This is the first study to identify the “Vegetation” and
“Dormancy” states in coniferous plants by analyzing their annual time series of spectral characteristics.
The study analyzed Platycladus orientalis, Thuja occidentalis and T. plicata using time series values
of 81 vegetation indices and 125 spectral bands. Linear discriminant analysis (LDA) was used to
identify “Vegetation” and “Dormancy” states. The model contained three to four independent
variables and achieved a high level of correctness (92.3 to 96.1%) and test accuracy (92.1 to 96.0%).
The LDA model assigns the highest weight to vegetation indices that are sensitive to photosynthetic
pigments, such as the photochemical reflectance index (PRI), normalized PRI (PRI_norm), the ratio
of PRI to coloration index 2 (PRI/CI2), and derivative index 2 (D2). The random forest method
also diagnoses the “Vegetation” and “Dormancy” states with high accuracy (97.3%). The vegetation
indices chlorophyll/carotenoid index (CCI), PRI, PRI_norm and PRI/CI2 contribute the most to
the mean decrease accuracy and mean decrease Gini. Diagnosing the phenological state of conifers
throughout the annual cycle will allow for the effective planning of management measures in
conifer plantations.

Keywords: vegetation indices; photochemical reflectance index; Platycladus orientalis; acclimatization;
deacclimatization

1. Introduction

A precise and objective evaluation of the condition of woody plants during their
annual development cycle is crucial for anticipating the effects of exposure to extreme
temperatures, including untimely negative and positive temperatures. This task is espe-
cially relevant in the context of climate change, where the winter temperature regime has
become increasingly unstable [1,2]. Winter temperature fluctuations significantly affect the
cultivation of woody ornamental plants [3].

The annual cycle of the development of woody plants in the temperate climate zone
consists of two main stages: vegetation and dormancy. The transition from vegetation
to dormancy is carried out via acclimatization, and the reverse process is carried out by
deacclimatization. Plants undergo complex morphological, physiological, biochemical, and
genetic changes during these processes [4-7]. Coniferous plants undergo changes in the
structure of their photosynthetic apparatus, as well as during photoinhibition and other
related processes [8-10]. Significant differences in the state of the photosynthetic apparatus
of coniferous plants during the periods of vegetation and dormancy are a prerequisite for
the identification of these states via spectral reflections using remote sensing.

Acclimatization is a two-step process [11]. The first stage of this process is cold acclima-
tion, which is initiated by short daylight hours and proceeds at low positive temperatures.
This stage leads to the emergence of plant resistance to cold and frost. The second phase of
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acclimatization, which involves gaining cold hardiness, occurs at negative temperatures
that do not freeze plants. This process enables a particular species to achieve its maximum
frost resistance. This is a period of deep dormancy (endo-dormancy) during which the
plant’s growth cannot resume even under favorable conditions. In the latter half of winter,
deep dormancy transitions into a state of forced dormancy (eco-dormancy), during which
the plant’s growth is only restrained by unfavorable weather conditions.

The process of transition from the state of eco-dormancy to the state of vegetation
(deacclimatization) in plants has been studied less than the process of acclimatization [1].
This process occurs at the end of winter or in spring under the influence of positive
temperatures. After deacclimatization, the plants resume vegetation.

The completion of the processes of acclimatization and deacclimatization is not mani-
fested in external signs; therefore, it cannot be established via phenological methods. For
example, the phenological phases of “bud break” and “beginning of shoot growth”, which
are taken as the beginning of the plant’s vegetation, occur later than the completion of the
deacclimatization process [12-14]. Therefore, in accordance with phenological character-
istics, a plant that is at rest may already be vulnerable to recurrent frosts. According to
phenological characteristics, it is also impossible to determine that the plant has passed
the second stage of acclimatization (gaining cold hardiness) and has reached maximum
frost resistance.

An objective assessment of the frost resistance of woody plants can be obtained via the
methods of electrolyte leakage, chlorophyll fluorometry, differential thermal analysis, elec-
trical impedance spectroscopy, and others [15,16]. However, these methods of diagnosing
frost resistance are quite laborious and slow. Therefore, it is necessary to develop prompt
and relatively simple methods for assessing frost resistance, as well as diagnosing the states
of vegetation and dormancy of plants. Such contact methods include an analysis of the
amplitude—kinetic characteristics of chlorophyll fluorescence [17,18]. The development
of technology for monitoring the solar-induced fluorescence (SIF) of chlorophyll using
satellites is currently only at the stage of exploratory research [19,20]. Passive methods of
remote sensing have been developed to a much greater extent. Using spectral sensors, it is
possible to remotely diagnose the physiological and biochemical characteristics of plants—
the content of chlorophylls [21], macroelements [22-25], water [26,27], and nitrogen [28,29].
Spectral sensors proved to be effective in diagnosing stress in plants under the influence of
high [30-34] and low temperatures [35].

Vegetation indices (VIs) are utilized to describe plant phenology through remote
sensing. Other metrics, such as the leaf area index (LAI) [36] and maximum quantum yield
of photosystem II (PSII) [37], are used less frequently. Among the VIs, the normalized
difference vegetation index (NDVI) and the extended vegetation index (EVI) [38—41] are
the most commonly used.

Whereas the phenology of deciduous plants can be described fairly accurately via a
time series of chlorophyll-sensitive VIs, tracking the phenology of evergreens is much more
difficult because they retain leaves and photosynthetic pigments throughout the year. At the
same time, the LAI of conifers varies little with season [42]. The content of photosynthetic
pigments, especially xanthophyll cycle pigments, changes to a greater extent. Therefore, the
“photosynthetic phenology” of conifers is well described by the photochemical reflectance
index (PRI) and chlorophyll/carotenoid index (CCI), which are related to the carotenoid
content and the proportion of chlorophylls and carotenoids [37,43—46].

Further accumulation of factual material on a wide range of species, climatic condi-
tions, and VlIs is required for the development of remote sensing phenology of evergreen
plants. The possibility of diagnosing “Vegetation” and “Dormancy” states of conifers using
remote sensing remains an open question.

Objectives of the study: to correlate spectral responses and climatic adaptations of
species of the genus Thuja and Platycladus and to develop hyperspectral remote sensing
tools to assess species adaptations to climatic stress.
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2. Conditions, Objects, and Methods
2.1. Study Region

The study was conducted at the Botanical Garden of Southern Federal University in
Rostov-on-Don, Russia (47°13' N; 39°39 E). The study utilized plant specimens from the
collection of holosemal plants at the Botanical Garden.

2.2. Meteorological Characteristics

Rostov-on-Don has a moderately continental and arid climate, with moderately mild
winters and hot summers (Climate of Rostov-on-Don, 1987). The average annual air
temperature is +8.9 °C, with an average temperature of —5.7 °C in January and +23 °C in
July. The average annual rainfall is 548 mm.

The growing season in 2022 (the period from the transition of the average daily
air temperature above +5 °C to the decrease in the average daily air temperature below
+5 °C) began on 29 March and ended on 1 November. In 2023, the growing season began
on 1 April.

The periods of acclimatization and deacclimatization were determined by indirect
indicators, such as the length of the day and the daily temperature fluctuations.

Figure 1 presents the seasonal dynamics of daily air temperatures from 22 January

2022 to 23 May 2023.
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Figure 1. Seasonal dynamics of air temperature. (a): The entire study period. (b): Deacclimatization
period in spring 2022. (c): Acclimatization period in autumn 2022. (d): Deacclimatization period
in spring 2023. Min—minimum temperature per day; mean—average temperature per day; max—
maximum temperature per day.

Deacclimatization period in spring 2022. Daylight hours began to exceed 12 h after
18 March. On 29 March, the minimum daily air temperature steadily exceeded 0 °C
(further on, the minimum daily temperature did not fall below 0 °C, which excludes
the reacclimatization process), and on 15 April, the average daily temperature steadily
exceeded +10 °C.

Acclimatization period in autumn 2022. Daylight hours began to be less than 12 h after
25 September. The average daily temperature dropped below +10 °C since 1 November. The
first nighttime negative temperatures (—2.7 °C) were recorded on 30 November. A sharp
decrease in the average daily temperature to —8.0 °C occurred on 4 December and lasted for
4 days. Such a temperature regime is lethal for non-acclimatized woody plants. Therefore,
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it is believed that the acclimatization of woody plants occurred between 1 November and
30 November 2022. By 4 December, the plants had already entered dormancy.

Deacclimatization period in spring 2023. On 24 March, the minimum daily air tem-
perature steadily exceeded 0 °C (further on, the minimum daily temperature did not fall
below 0 °C, which excludes the reacclimatization process), and on 17 April, the average
daily temperature steadily exceeded +5 °C.

According to the periods of acclimatization and deacclimatization, the following time
frames for the dormancy and vegetation of experimental coniferous plants were established:

—  Winter dormancy for 2021-2022 ended on 29 March 2022.

—  Vegetation started on 15 April 2022 and ended on 1 November 2022.

— The plants entered dormancy on 30 November 2022 and left it on 24 March 2023.
—  Vegetation started again on 17 April 2023.

2.3. Objects of Study

Three plant species from the genera Thuja and Platycladus were the objects of the study.

Thuja occidentalis L.—evergreen tree 12-20 m high. The natural range is located in
the southeastern part of Canada and the northern part of the United States. This plant is
highly frost-resistant—USDA (United States Department of Agriculture) hardiness zone
6a. T. occidentalis is a hygrophilous plant. Within its natural range, it has a positive growth
response to humidity conditions and a neutral response to temperature [47]. In the study
area, T. occidentalis suffers from drought and high summer temperatures [48].

T. plicata Donn ex D. Don—tall (up to 60 m) evergreen tree. The natural range of the
species is located in the northwest of North America. Ecologically, T. plicata is similar to T.
occidentalis. USDA zone—6b.

Platycladus orientalis (L.) Franco—evergreen low (up to 12 m) tree. The natural range
is in China and locally in South Korea. The plant is highly drought tolerant and heat
tolerant. The frost tolerance of this tree is not as high as T. occidentalis (USDA frost tolerance
zone—7a). Thermal factors play a more important role in P. orientalis culture expansion
than humidity factors [49].

Thus, at the study site, the critical season in the annual development cycle for P.
orientalis is winter, and for T. occidentalis and T. plicata, summer.

Each species was represented in the experiment by three specimens. All plant samples
grew under the same conditions. Seven shoots were taken from each plant sample and
transported to the laboratory within an hour. The shoots contained first and second
year growths.

2.4. Hyperspectral Imaging Technique

The study presented here used a time series of 81 VIs and 125 spectral bands (SBs)
to cover two periods of deacclimatisation, one period of acclimatisation, and one period
of vegetation and dormancy of three coniferous plant species: Thuja occidentalis, T. plicata,
and Platycladus orientalis. The most informative VIs and SB for describing the phenological
cycle of coniferous plants were determined, and their “Vegetation” and “Dormancy” states
were identified.

Hyperspectral imaging (HSI) was carried out in laboratory conditions with an interval
of 7-10 days from 2 February 2022 to 10 May 2023. There were 57 HSI in total.

For HSI, a Cubert UHD-185 hyperspectral camera (Cubert GmbH, Ulm, Germany)
was used [50,51]. Hyperspectral imaging was conducted using artificial illuminants that
had a spectral range overlapping with that of the hyperspectral camera. During the HSI,
the camera lens was positioned at 40 cm from the object and directed perpendicular to it.
Plant shoots were stacked (Figure 2a). Before each HSI, the shoots in the stack were moved
from bottom to top. Seven HSI were made for each stack.
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Figure 2. Selection ROI. Stack of shoots of T. occidentalis (a), hyperspectral image before (b) and after
(c) threshold setting “Carter5 > 1.4”.

2.5. Hyperspectral Imagery Data Preprocessing

During the preprocessing stage, noise was removed from the spectra by using a
Savitsky—Golay filter with a length of 15 nm. To select the region of interest (ROI), the
threshold of the vegetation index (VI) Carter5 was used with a value of more than 1.4 [52]
(Figure 2b,c).

The selection of spectral profiles (pixels) from the image was achieved through auto-
mated repeated random selection.

2.6. Calculation of Vegetation Indices

Hyperspectral imaging data were used to calculate PRI, CCI, and NDVI for plant
phenology analysis. It should be noted that these VIs have traditionally been used to de-
scribe plant growth and development. The formulas for calculating these VIs are provided
below [45,53,54].

NDVI — 900 — Reso

Rogp + Rego
R _
PRI — X528 Rs70
Rs2s + Rs7p
Rsrg — R
ccr — Ro28 — Ress
Rsog + Reas

where Ry reflectance at the wavelength “xxx”.
Additionally, 78 more VIs were calculated. Details regarding these VIs can be found in
Dmitriev et al. [55].

2.7. Hyperspectral Imagery Data Processing

The study employed the non-parametric Spearman correlation coefficient to identify
the most informative VIs for describing conifer phenology. To identify the “Vegetation”
and “Dormancy” states of conifers, linear discriminant analysis (LDA) and random forest
(RF) were used. The statistical calculations were performed using the R environment (R
Core Team, Vienna, Austria).

3. Results
3.1. Correlation Analysis between Spectral and Climate Data

The processes of acclimatization and deacclimatization and the state of plants during
vegetation and dormancy are closely related to temperature and daylight hours. The dy-
namics of daily temperature allows us to indirectly divide the “Vegetation” and “Dormancy”
periods in the annual development cycle of woody plants. Therefore, an assessment was
made of the closeness of the relationship between the values of Vls, SB, and the average
daily temperature, as well as the duration of daylight hours. For this, the nonparametric
Spearman correlation coefficient () was used. In the annual cycle of plant development,
only 4 out of 81 VIs had a high correlation strength with the average daily temperature
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(r > 0.7 according to the Chaddock scale) simultaneously for P. orientalis, T. occidentalis,
and T. plicata (Table 1). These were CCI, PRI, ratio of PRI to coloration index 2 (PRI/CI2),
and normalized PRI (PRI_norm). These VIs also had a high and statistically significant
correlation with daylight hours.

Table 1. The value of the Spearman correlation coefficient between the values of VI and the average
daily temperature, as well as between the values of VI and the length of daylight hours in the annual
cycle of plant development.

P. orientalis T. occidentalis T. plicata
VI r p-Value VI r p-Value VI r p-Value
Average daily temperature, °C
PRI_norm —0.8 0.001 PRI/CI2 0.85 0.001 PRI/CI2 0.83 0.001
PRI 0.84 0.001 PRI 0.84 0.001 PRI 0.81 0.001
PRI/CI2 0.82 0.001 PRI_norm —0.8 0.001 PRI_norm —0.8 0.001
CCI 0.8 0.001 CCI 0.77 0.001 CCI 0.72 0.001
DPI 0.79 0.001 DPI 0.72 0.001 DPI 0.65 0.001
Vogelmann3 0.76 0.001 RARS —0.6 0.001 RARS —0.6 0.001
D2 —0.8 0.001 CRI2 —0.6 0.001 CRI2 —0.6 0.001
MTCI 0.72 0.001 CRI1 —0.6 0.001 CRI1 —0.6 0.001
D1 0.72 0.001 Gitelson2 0.56 0.001 Gitelson2 0.51 0.001
NDVI 0.28 0.03 NDVI 0.09 0.50 NDVI 0.07 0.58
Day length, day

CCI 0.78 0.001 PRI 0.75 0.001 PRI_norm —0.7 0.001
PRI_norm —0.7 0.001 PRI/CI2 0.73 0.001 PRI/CI2 0.65 0.001
PRI 0.72 0.001 PRI_norm —0.7 0.001 CCI 0.65 0.001
PRI/CI2 0.71 0.001 Cca 0.69 0.001 PRI 0.65 0.001
DWSI4 0.7 0.001 DPI 0.64 0.001 RARS —0.6 0.001
NDVI3 -0.7 0.001 D1 0.56 0.001 CRI2 —0.5 0.001
GI 0.69 0.001 Vogelmann2 —0.5 0.001 DPI 0.52 0.001
Datt5 -0.7 0.001 Vogelmann4 —0.5 0.001 Gitelson2 0.47 0.001
GMI1 —0.6 0.001 D2 —0.5 0.001 CRI1 -0.5 0.001
NDVI 0.31 0.02 NDVI 0.24 0.08 NDVI 0.2 0.14

Note: VI—vegetation index. r—correlation coefficient. p-value—level of significance.

The time series of the CCI, double peak index (DPI), PRI, PRI/CI2, and PRI_norm
values, in contrast to NDVI, have a well-defined seasonal character (Figure 3).

Preliminarily, it can be stated that the “Dormancy” state of experimental evergreens
is characterized by the following VIs values: CCI < 0.15; DPI < 0.075; PRI < —0.05;
PRI/CI2 < —0.04; and PRI_norm > 0.003.

The strength of association of the SB with the mean daily temperature and day
length is much lower than that of VIs. The highest value of the correlation coefficient
(042 <r <0.57, at p < 0.001) with the average daily temperature has an SB in the range from
514 to 542 nm (Table 2).

3.2. Linear Discriminant Analysis of States “Dormancy” and “Vegetation”

In accordance with the periods of “Vegetation” and “Dormancy” identified by climatic
characteristics, the HSI data were divided into two classes. “Vegetation” class—HSI data
obtained in the interval from 15 April 2022 to 1 November 2022. “Dormancy” class—HSI
data obtained in the interval from 30 November 2022 to 24 March 2023.

Each class was divided into two subsets: 70% (training set) spectral data for model
building and the remaining 30% (test set) spectral data used for validation. The LDA for
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81 Vis gave good results. The testing accuracy for P. orientalis, T. occidentalis, and T. plicata
was 99.8, 96.9, and 96.0%, respectively (Figure 4a,b).
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Figure 3. Seasonal dynamics of PRI_norm (a), PRI (b), CCI (c), PRI/CI2 (d), DPI (e), and NDVI (f)
values compared to the dynamics of the daily temperature.
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Figure 4. Linear discriminant analysis of two states of P. orientalis: “Vegetation” and “Dormancy”.
(a): Using 81 VIs (training set); (b): using 81 VIs (test set); (c): using 125 SB (training set); (d): using
125 SB (test set); (e): using LDA model LD1 = 0.82 PRI — 0.73 PRI_norm — 0.82 D2 (training set);
(f) using LDA model LD1 = 0.82 PRI — 0.73 PRI_norm — 0.82 D2 (test set).
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A similar result was obtained for 125 SB (Figure 4c,d). The testing accuracy for P.
orientalis, T. occidentalis, and T. plicata was 97.7,92.9, and 92.5, respectively.

The stepwise classification results, using a 10-fold cross-validated correctness rate of
the method LDA, provided that adding the next factor does not increase the accuracy by
more than 1%, are presented in Table 3.

Table 2. The value of the Spearman correlation coefficient between the values of the SB and the
average daily temperature and daylight hours in the annual cycle of plant development.

P. orientalis T. occidentalis T. plicata
SB r p-Value SB r p-Value SB r p-Value
Average daily temperature, °C
518 0.46 0.001 526 0.57 0.001 526 0.46 0.001
522 0.45 0.001 530 0.57 0.001 522 0.45 0.001
526 0.45 0.001 522 0.56 0.001 530 0.44 0.001
514 0.44 0.001 534 0.55 0.001 518 0.43 0.001
530 0.43 0.001 518 0.54 0.001 534 0.42 0.001
698 —0.43 0.001 538 0.53 0.001 514 0.39 0.001
694 —0.43 0.001 514 0.51 0.001 538 0.38 0.001
690 —0.42 0.001 542 0.51 0.001 510 0.36 0.010
534 0.42 0.001 510 0.47 0.001 542 0.36 0.010
702 —0.42 0.001 546 0.47 0.001 546 0.32 0.020
Day length, day
526 0.44 0.001 526 0.44 0.001 526 0.45 0.001
530 0.44 0.001 522 0.44 0.001 522 0.45 0.001
534 0.44 0.001 530 0.44 0.001 530 0.45 0.001
538 0.43 0.001 518 0.43 0.001 534 0.44 0.001
522 0.43 0.001 534 0.41 0.001 518 0.43 0.001
518 0.43 0.001 514 0.41 0.001 514 0.40 0.001
542 0.42 0.001 538 0.39 0.001 538 0.40 0.001
546 0.41 0.001 510 0.38 0.001 926 0.38 0.001
514 0.41 0.001 918 0.38 0.001 542 0.38 0.001
550 0.40 0.001 922 0.37 0.010 922 0.38 0.001

Note: SB—spectral band. r—correlation coefficient. p-value—level of significance.

All LDA models have high model correctness rates and testing accuracy (Table 3,
Figure 4e,f).

It should be noted that the LDA models based on the SBs have lower values of the
model correctness rate and testing accuracy than the LDA models based on the VIs (Table 3).
To improve the accuracy of testing the LDA model based on the SBs, it will be necessary to
use many SBs, which contribute little to the accuracy of the model. From a practical point
of view, this is a problem since remote sensing will have to use expensive multichannel
spectral sensors. Thus, the use of VIs to identify the states of “Vegetation” and “Dormancy”
of evergreens gives better results than the use of SBs. The basis of LDA models is the
indices of the “PRI group”.

3.3. Random Forest Pixel-Based Testing of States “Dormancy” and “Vegetation”

RF pixel-based test was used to identify the states of “Vegetation” and “Dormancy” in
experimental plants.

The following dataset was used for the training set (Figure 5): “Vegetation” class—
HSI data obtained in the interval from 15 April 2022 to 1 November 2022. “Dormancy”
class—HSI data obtained in the interval from 30 November 2022 to 24 March 2023.
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Table 3. LDA models for the two target classes “Vegetation” and “Dormancy”.

Model Correctness

Species Final Model Testing Accuracy, %

Rate, %
Vis
P. orientalis LD1 =0.82 PRI — 0.73 PRI_norm — 0.82 D2 97.20 97.01
T. occidentalis LD1 =0.77 PRI — 0.72 PRI_norm + 0.57 PRI/CI2 94.45 93.97
T. plicata LD1 =0.68 PRI — 0.53 PRI_norm + 0.43 PRI/CI2 + 0.39 D1 92.31 92.10
All species LD1 =0.75 PRI — 0.69 PRI_norm + 4.44 PRI/CI2 — 0.44 D2 96.09 96.03
SB
P. orientalis LD1 = —0.65 R450 +0.37 R522 +0.37 R525 +0.38 R530 +0.37 R534 —0.39 R535 88.63 88.14
T. occidentalis LD1 =—-0.52 R450 +0.38 R518 +0.41 R522 +0.40 R526 +0.37 R530 87.40 87.67
T. plicata LD1 = —0.63 Ry50 + 0.31 Rgpp + 0.32 Rspg + 0.31 Rs39 + 0.36 Ropg + 0.34 Roqpg 83.72 83.79
All species LD1 = R450 + R513 + R522 + R526 + R530 86.56 87.56
Test set Training set Training set Test set
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Figure 5. Classes for dataset in random forest classification.

For the test set, the HSI data were also divided into two classes (Figure 5): “Vegetation”
class—HSI data obtained in the following calendar dates: 19 April, 26 April, 2 May, and
10 May 2023. “Dormancy” class—HSI data obtained in the interval from 2 February to 23
March 2022.

The RF used number of trees 100 (Figure 6), the number of variables tried at each split:
8. The confusion matrix obtained from the RF pixel-based classification of 81 VIs for the
two target classes “Vegetation” and “Dormancy” for P. orientalis is presented in Table 4.
The out-of-bag (OOB) estimate of the error rate was only 0.16%.

Table 4. Confusion matrix obtained from the RF pixel-based classification of 81 VIs for two target
classes “Vegetation” and “Dormancy” for P. orientalis.

State Dormancy Vegetation Error, %
Training set
Dormancy 11,966 34 0.28
Vegetation 27 22,973 0.12
Test set
Dormancy 6000 0 0
Vegetation 274 3726 6.85

The largest contributors to the mean decrease accuracy and mean decrease Gini values
are CCI, PRI, and PRI_norm (Figure 7).
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Figure 6. Effect of the number of trees on OOB error rate estimation for RF classification of “Vegeta-

tion” and “Dormancy” states.
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PRI
PRI_norm
D2

CCl
Vogelmann3
Maccioni

Vogelmann
Vogelmann2
NDVI3
CRI2
Datt2
DWSI4
EGFR
Vogelmann4
DPI
SR6
MPRI
MCARI2
OSAVI2
Carter4
mSR2
TCARI2
TG

o
= ®

T T T T
500 1500
MeanDecreaseGini

@
@
@
@
o
@
@
®
@
@
L]
®
@
@
L J
@
T
0

7

and “Dormancy”. Vegetation indices are ranked from top to bottom from the most important to the
least important by contribution to mean decrease accuracy (a) and mean decrease Gini (b).

The overall testing accuracy was 97.26%. The “Dormancy” state was tested without
error, and the “Vegetation” state was tested with an error of 6.85% (Table 4).

According to the same scheme, RF testing was carried out using the most informative
VIs (PRI, PRI_norm, PRI/CI2, and D2) selected based on the results of the LDA (Table 5).
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Table 5. Confusion matrix obtained from the RF pixel-based classification of four VIs (PRI, PRI_norm,
PRI/CI2, and D2) for two target classes “Vegetation” and “Dormancy” for P. orientalis.

State Dormancy Vegetation Error, %

Training set

Dormancy 11,637 363 3.03

Vegetation 368 22,632 1.60
Test set

Dormancy 5873 127 212

Vegetation 212 3788 5.30

The error of testing the state “Dormancy” was 2.12%, and the error of testing the state
“Vegetation” was 5.30%. Thus, the number of VIs for identifying the states of vegetation
and dormancy in conifers can be significantly reduced. Similar RF test results are also
obtained for T. occidentalis and T. plicata.

4. Discussion

The photosynthetic phenology of plants reflects the seasonal variation in photosyn-
thetic activity, pigment concentrations, and the ratio of their pools using VIs time series
and spectral channels [56-58]. Unlike classical phenology, photosynthetic phenology can
describe the complete annual development cycle of coniferous plants. It can record both
qualitative and quantitative changes in plant states and determine the rate of plant devel-
opment and senescence [39,59]. Additionally, photosynthetic phenology provides crucial
parameters for gross primary productivity models [58]. The PRI and CCI indices, which
are sensitive to carotenoids, show potential as metrics for the phenological process in
conifers [37,43-46,60]. The use of photosynthetic phenology methods to identify the “Veg-
etation” and “Dormancy” states in coniferous plants, as well as the transitions between
these states (acclimatization and deacclimatization), is of great scientific and practical
interest. This study is the first to identify vegetation and winter dormancy states in conifers
by analyzing their annual time series of SBs and VIs. The classification was performed
using machine learning methods, which are commonly used to predict photosynthetic
pigment content [61,62]. The study found that VIs were better metrics for describing annual
dynamics in T. occidentalis, T. plicata, and P. orientalis and diagnosing “Vegetation” and
“Dormancy” states than SBs.

The correlation analysis revealed that 4 out of 81 vegetation indices (CCI, PRI, PRI/CI2,
and PRI_norm) have a strong relationship (r > 0.7) with both annual temperature dynamics
and daylight hours for all investigated coniferous species. Another group of vegetation
indices (CRI1, CRI2, D2, Datt5, DPI, GMI, Gitelson2, RARS, Vogelman, etc.) showed a
moderate association (0.5 < r < 0.7) with meteorological characteristics. The statistical
analysis revealed that there was no significant correlation between NDVI values and
meteorological characteristics. Additionally, spectral bands showed a weaker correlation
with these meteorological characteristics. The LDA models used to identify the “Vegetation”
and “Dormancy” states of P. orientalis by VIs contained three to four independent variables,
resulting in a high degree of model correctness (ranging from 92.31% to 96.09%) and high
test accuracy (ranging from 92.10% to 96.03%). The LDA model identified PRI, PRI_norm,
PRI/CI2, and D2 as having the highest weight. The accuracy of LDA models for spectral
channels was below 90%. The RF method can identify “Vegetation” and “Dormancy” states
with high accuracy. For P. orientalis, 81 VIs had a testing accuracy of 97.26%. The most
significant contributors to mean decrease accuracy and mean decrease Gini values are CCI,
PRI, PRI_norm, and PRI/CI2.

Thus, four carotenoid-sensitive Vis—PRI, PRI_norm, PRI/CI2, and CCI were found to
be the most effective in classifying phenological states of experimental plants. The vegeta-
tive index PRI is sensitive to rapid changes (within a day) in the state of de-epoxidation,
which is a signal of the mutual transformation of xanthophylls. This vegetative index
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can also be used to track long-term changes in the ratio of chlorophyll and carotenoid
pools [45,54,63-66]. PRI indirectly reflects the water content of vegetation [67-70]. More-
over, PRI is an effective tool for diagnosing plant stress [43,71-74]. This effectiveness can
be attributed to the fact that the ratio of chlorophyll and carotenoid pools serves as an
indicator of the seasonal regulation of photosynthesis and gross primary productivity [75].
During the transition from vegetation to dormancy in coniferous plants, there is a change
in the proportions of photosynthetic pigments and the structure of the photosynthetic ap-
paratus. Additionally, there is a steady decrease in the efficiency of PSII [9,10]. For instance,
in common pine, the winter suppression of photosynthesis is accompanied by a loss of
chlorophylls and a twofold increase in xanthophyll cycle pigments due to light stress [8].
During the transition to winter dormancy, woody plants experience a decrease in tissue
water content [76]. The seasonal dynamics of conifers are well described by PRI. However,
PRI has a disadvantage of being highly sensitive to light level [77]. On the other hand, CCI
records only stable long-term changes in pigments and responds synchronously to seasonal
changes in chlorophyll and carotenoid ratios as well as photosynthetic activity [37,45].
It is important to note that the CCI formula has been developed at the leaf level [78,79].
Difficulties may arise when applying this vegetation index at crown level [80]. Generally,
CCI and PRI are reliable indices for describing conifer phenology at the shoot level under
laboratory conditions. However, NDVI, which is commonly used to describe the phenology
of deciduous plants, is not suitable for measuring the phenology of T. occidentalis, T. plicata,
and P. orientalis due to the saturation phenomenon [81,82].

In practice, the development of the method of remote diagnostics of phenological states
of coniferous plants will make it possible to predict the effect of adverse climatic factors,
diagnose stress states of plants, and plan management measures in coniferous plantations.

The results of the study have the following limitations—the study was conducted in
laboratory conditions on the shoots of coniferous plants via proximal hyperspectral imaging.
The established regularities can be used in remote sensing with certain assumptions.

A potential avenue for future research on the photosynthetic phenology of coniferous
plants is the advancement of techniques for the remote diagnosis of the “Vegetation”,
“Dormancy”, “Acclimatisation”, and “Deacclimatisation” states. Additionally, it is crucial
to promptly evaluate the level of frost tolerance of conifers during specific time periods.
Currently, multispectral and hyperspectral data are used to determine the degree of damage
to plants caused by negative temperatures [83,84] but not their frost tolerance—their ability
to tolerate certain negative temperatures. The ability to solve this issue depends on the
correlation between negative temperatures and the values of PRI and CCI. Additionally,
during the frost period, highly frost-tolerant T. occidentalis and T. plicata exhibit significantly
different levels of these VIs compared to weakly frost-tolerant P. orientalis.

5. Conclusions

The operational remote and proximal assessment of conifer plants” (plantation) con-
dition throughout the annual cycle is important for predicting development, diagnosing
stress conditions and planning agronomic measures. Photosynthetic phenology, using
vegetation indices and spectral bands as metrics, can provide such opportunities. The study
analyzed the time series of 81 vegetation index values and 125 spectral bands obtained
from hyperspectral imagery for T. occidentalis, T. plicata, and P. orientalis. The time series of
carotenoid sensitive vegetation indices (PRI, PRI_norm, PRI/CI2, and CCI) were found to
have a more pronounced seasonal character than the time series of chlorophyll sensitive
vegetation indices and spectral bands. Using these vegetation indices, “Vegetation” and
“Dormancy” states were identified with 97.3% accuracy. The development of this research
can be directed toward the development of methods for proximal and remote real-time
assessments of frost tolerance in conifers.
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Abstract: Carnation is one of the most important ornamental plants worldwide; however, heat stress
is a problem, which affects carnation cultivation. The harmful effects of heat stress include impaired
vegetative development and reduced floral induction. In this study, to enhance carnation growth
under conditions of heat stress, various concentrations of melatonin were added to in vitro culture
media. The mechanism by which melatonin reduced heat stress damage was then studied by taking
measurements of morphological parameters, levels of reactive oxygen species (ROS), antioxidant
enzymes, and malondialdehyde (MDA), as well as differential gene expression, in carnation plants
during in vitro culture. These data revealed that untreated carnation plants were more harmed by
conditions of heat stress than plants treated with melatonin. Melatonin at concentrations of 5 and
10 mM increased chlorophyll content, fresh weight, and plant height to a greater extent than other
concentrations. Melatonin may, thus, be used to alleviate damage to carnations caused by heat stress.
The application of melatonin was also found to reduce oxidative damage and enhance antioxidant
defense mechanisms. In addition, the expression of heat-related genes was found to be upregulated;
in melatonin-treated plants, an upregulation was recorded in the expression of GAPDH, DcPOD1,
DcPOD2, DcPOD3, Gols1, MBF1c, HSF30, HSP101, HSP70, and sHSP (MT) genes. In short, we found
that melatonin treatment increased heat tolerance in carnation plants. The data presented here may
serve as a reference for those seeking to enhance the growth of plants in conditions of heat stress.

Keywords: antioxidant enzymes; carnation; gene expression; heat stress; in vitro; melatonin

1. Introduction

Carnation (Dianthus caryophyllus L.) is one of the most important cultivated plants; it
is grown worldwide for use as a cut flower [1]. Carnation is a perennial herbaceous plant
that is relatively well adapted to cold seasons but is very sensitive to high temperatures [2].
The best temperature ranges for growing carnations are 13-15 °C in summer and 10-11
°C in winter [3,4]. In recent years, the problem of climate change has made it necessary to
better understand the effects of heat stress on plant growth and how any negative effects
might be alleviated [5]. Indeed, this is now a critical issue worldwide, because heat stress
is known to have an inhibitory effect on the growth of most crops [6], including lower
productivity levels in the cultivation of ornamental plants [3,7].

Melatonin (N-acetyl-5-methoxytryptamine) has been shown to enhance plant produc-
tion under conditions of heat stress [8]. Melatonin participates in many biological processes,
including root development, shoot differentiation, leaf senescence, cell elongation, and
regulation of the process of photosynthesis [9,10]. The ability of melatonin to enhance the
tolerance of plants to abiotic stresses, such as high temperature, salinity, and cold stress,
has also been noted [11,12]. The antioxidant effect of melatonin appears to be a direct
result of the activation of antioxidant enzymes and scavenging ROS [13,14]. The authors
of [15] reported that the mechanism by which melatonin achieved such effects was by
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increasing the efficiency of mitochondrial electron transport. Researchers have also found
that melatonin stimulates molecular pathways in several plants [8,13,14,16]. It has also
been reported that, in some ornamental plants, melatonin plays a key role during heat
stress through its effect on genes, which are directly related to heat tolerance [7,17].

In the floriculture industry, the search for a protocol to minimize the damage caused
to carnations by high temperatures is a pressing issue [17]. The treatment of plants with
substances under in vitro and ex vitro conditions is one of the most important methods used
for reducing heat stress in plants [18]. Previous studies of carnations have shown that heat
stress transcription factors (Hsfs) and heat shock proteins (Hsps) both enhance the tolerance
of plants to high temperatures [19-21]. Considering the achievement of such effects using
exogenous chemicals, researchers have shown that melatonin helps plants recover from
heat stress [22]; however, it remains uncertain whether heat tolerance in carnations may
be enhanced by melatonin. Heat stress factors (Hsfs) are important regulatory variables
that can directly activate the transcription of downstream Hsps. They are essential for
delivering heat stress information and enhancing heat tolerance in plants [23].

In the present study, we evaluated the effects of different levels of melatonin on
carnations subjected to heat stress. The relationships between the amounts of melatonin
added to in vitro media and physiological parameters, such as antioxidant enzymes, MDA,
and ROS, were studied. In addition, at the molecular level, differential expressions of
related genes were also investigated. This is the first study conducted to determine the best
level of melatonin to be added to in vitro culture media for the cultivation of carnations.

2. Materials and Methods
2.1. Plant Material and Culture Conditions

Carnation (Dianthus caryophyllus L.) seeds were imported from Japan. The experiments
were conducted at the Laboratory of Tissue Culture of Vegetable and Ornamental Plants,
Horticulture Division, Mansoura University, Mansoura, Egypt. Sodium hypochlorite (2%)
was used for sterilizing seed surfaces. Seeds were then rinsed three times with double-
distilled sterile water. Subsequently, glass jars (250 mL) containing MS media (30 g L~}
sucrose and 8 g L~! agar (Difco Bacto TM Agar, Carolina, Burlington, NC, USA)) were
used for seeds without adding any growth regulators to the media [24]. In vitro cultures
were grown at 26 £ 1 °C under a long-day photoperiod (16/8 h light/dark) provided by
lamps with a light intensity of 2500 lux.

2.2. Heat Application and Morphological Traits

Seedlings of height 4-7 cm were used for heat treatments. Absolute ethanol (99.99%)
was used for dissolving the melatonin (Sigma-Aldrich, St. Louis, MO, USA); stock solutions
at a concentration of 100 mM were then prepared. To test the melatonin (MT) application
under heat stress, all seedlings (40 days old) were assigned to new jars containing MS
medium fortified with MT at concentrations of 0 (control), 1, 5, and 10 mM. Four days
after transfer to media, seedlings were moved to a growth chamber with a temperature
of 42 °C for 1, 3, 6, 12, and 24 h. Samples were directly taken at each time point. Seedling
microshoots were harvested, then immersed in liquid nitrogen and stored at —80 °C for
subsequent physiological and molecular analyses. To obtain measurements of fresh weight
and plant height, the carnation seedlings were first moved to a growth chamber with a
temperature of 26 & 1 °C. The indicated parameters were then obtained after a recovery
period of 3 days.

2.3. Photosynthetic Chlorophyll Quantification

Chlorophyll (Chl) content was determined according the method of Frank et al. [25]
with some modifications. Briefly, a 100 mg of carnation leaves was ground with a sterile
pestle. An amount of 2 mL of ethanol (97%) was added to the ground leaves, and the
mixture was allowed to incubate at 4 °C for 2 days. The mixture was then centrifuged
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at 12,000x g at 4 °C for 1 min, and the OD value of the supernatant was assayed by
spectrophotometer (Shimadzu, Kyoto, Japan) at 665 nm and 649 nm wavelengths.

2.4. Reactive Oxygen Species

Samples of carnation plants (approximately 0.5 g = 3—4 explants) were taken for the
purpose of detecting hydrogen peroxide (HO;) levels [26]. Shoots were ground in liquid
nitrogen, then dissolved in 5.0 mL of 0.1% trichloroacetic acid (TCA). Ground samples
were then centrifuged at 10,000x g for 15 min. The supernatant was mixed with 10 mM
potassium phosphate buffer. HyO, levels were detected using a standard curve. Explant
samples of 0.5 g weight were also used to determine levels of hydroxyl radical (OH) content.
Samples were mixed with 15 mM 2-deoxy-D-ribose at 37-38 °C for 3 h (pH 7.5). Samples of
the resulting mixture (0.7-0.8 mL) were then mixed with 0.5% (w/v) thiobarbituric acid
(TBA at concentration 1%, dissolved in 10 mM NaOH) and 1 mL glacial acetic acid, then
placed in a water bath (100 °C) (Fisher Scientific Isotemp Digital-Control Water Bath, Kuala
Lumpur, Malaysia) for 45 min. Samples were then immediately cooled at 4 °C for 15 min
and levels of hydroxyl radicals were detected according to the method of Halliwell et al. [27].
Superoxide radical (O, ) concentrations were detected according to the method of Elstner
and Heupel [28]. Following a pH 7.7 adjustment, 0.5 g of each microshoot sample was
combined with potassium phosphate buffer, and the mixture was centrifuged at 4000 x g
for 12 min. The reaction was then maintained at 25 °C for 24 h, and the supernatant’s
absorbance was measured at 530 nm.

2.5. Detection and Quantification of ROS

Levels of accumulated ROS in carnation leaves after heat stress were determined
according to the method of Fukao et al. [29]. After the 42 °C heat treatment, samples were
taken from plants subjected to different levels of melatonin application for the purpose
of detecting hydrogen peroxide. Excised aerial vegetative samples were treated with
1 mg/mL DAB (3,3'diaminobenzidine tetra-hydrochlorride) in 50 mM Tris Acetate buffer,
pH 5.0, and then incubated at 25 °C for 24 h under darkness in order to detect hydrogen
peroxide. After staining, each plant’s uppermost leaf was boiled in 95% v /v ethanol for
20 min to eliminate chlorophyll and then rehydrated by incubation in 40% v /v glycerol for
16 h at 25 °C. At least seven distinct plants were used in each experiment’s replication, and
representative photos are provided.

2.6. Antioxidant Enzyme Extraction and Malondialdehide Estimation

Amounts of approximately 0.5 g of fully fresh tissues were collected every 7 days
during the whole period of transfer to the acclimatization treatments. The plant material
was homogenized in 4 mL of 0.1 M phosphate buffer (pH 7.0, contained 2 mM EDTA + 1%
PVP at 4 °C). Then, it was centrifuged at 12,000 g for 10 min at a temperature of 4 °C.
The supernatant was stored at 4 °C for the purpose of measuring enzyme activity. Three
biological replicates were used to measure all enzymes.

Peroxidase (POD, EC 1.11.1.7) was detected using guaiacol (Sigma-Aldrich, Burlington,
MA, USA) in a mixture of 3 mL [30] consisting of 2.7 mL phosphate buffer (25 uM, pH 7.0)
with 0.1 mL HyO, (0.4%), 0.1 mL guaiacol (1.5%), and 0.1 mL of enzyme extract. The
absorbance was calculated at 470 nm. By measuring how quickly 1 M of guaiacol oxidized
g ! FW min~! at 25 + 2 °C, POD enzyme activity was determined.

Catalase (CAT, EC. 1.11.1.6) activity was measured following the method of Géth [31].
The total volume of the reaction mixture was 3 mL; this consisted of 0.1 mL enzyme extract
and 0.1 mL H,O, (0.4%), in addition to 2.8 mL phosphate buffer (25 mM, pH 7.0). The
reduction in absorbance was measured at 240 nm.

Superoxide dismutase (SOD, EC 1.15.1.1) enzyme activity was checked by measuring
the inhibition of the amount of nitro blue tetrazolium (NBT) photochemical reduction
(Sigma-Aldrich, Burlington, MA, USA) following the method of Sheteiwy et al. [32]. The
total volume of the reaction mixture was 3.1 mL, consisting of 0.1 mL of enzyme extract
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and 3 mL NBT solution. Reaction tubes were placed under 15 W fluorescent lamps for
15 min after the addition of 2 pmol L1 riboflavin. The control treatment was the reaction
mixture without any enzyme extract. One unit of SOD was determined to be the volume
of extract that caused 50% inhibition of NBT reduction. The photoreduction of NBT was
measured at 560 nm.

Malondialdehyde (MDA) concentration was estimated using TBA reactive metabolites,
according to the method of Heath and Packer [33], so that 1.5 mL of extract solution was
added to 2.5 mL of 5% TBA formed in 5% TCA, then subjected to a temperature of 95 °C for
15 min before rapid cooling on ice. The MDA was measured at 532 nm after centrifugation
of the supernatant at 5000x g for 10 min. Correction of nonspecific turbidity was measured
at 600 nm.

2.7. Real-Time Quantitative PCR Analysis

Using Trizol reagent (Invitrogen, Carlsbad, CA, USA), total RNA was isolated from
carnation microshoots and then processed with RNase-free DNase (Promega, Madison, WI,
USA). Using reverse transcriptase (TOYOBO, Otsu, Japan), five micrograms of DNA-free
total RNA (about 500 ng/pL) was reverse-transcribed into first-strand cDNA. Total RNA
was used to synthesize the first-strand cDNA using the PrimeScript RT Reagent Kit with
gDNA Eraser (Perfect Real Time) (Takara, Otsu, Japan). PCR was performed with TB
Green® Premix Ex Taq (Takara, Otsu, Japan) on a CFX Connect Real-Time System. The
thermal cycle program was as follows: 95 °C for 5 min, 45 cycles of 95 °C for 10 s and 60 °C
for 30 s; 95 °C for 5 min, 65 °C for 5 s, 95 °C for 1 min program. Analysis of each sample
was conducted with three biological replicates. The relative expression levels of genes were
obtained by the 2-AACT method [34]. Primers for qRT-PCR are shown in Table 1.

Table 1. Sequences of oligonucleotide primers used in RT-PCR.

Gene Name  Accession Number Forward Primer Reverse Primer Product Length
GAPDH Dc49995 CACTCCATCACAGCCACACAA CACGGAAAGCCATACCAGTCA 190
DcPOD1 DT214806 GTGTAGTCTCGTGTGCCGAT  CTTCGGGGATTTTGCCTTGC 144
DcPOD2 DT214807 AGCAACCCTTTACCAGCAAC TCGTCTTCCAACCCAGTGGA 170
DCPOD3 CF259499 CTGAACGGTAAAGGGTTGCTG AACAAAACCATGGCCCTAGC 131

Gols1 Dc14879 GGGGTCAAAGCCGTGGAGAT CTCTAAAGGGCTCCAGTTTCGT 155
MBFic Dc_15682 TGAATGCCCGGAAACTCGAC GACCGCCTTTCCATTCTCGT 179
HSF30 Dc83420 CCGGAGCTAGACAGGCTAATG TCGATTTCTGGGGGCATTGA 128
HSP101 Dc_70612 AGGTGGTGACTGAACTGTCG GATCGACCATCCCTCCGTTIT 126
HSP70 Dc_37984 CAGGCGAAGAGAGAAGCCAT CTGAGTCACCCCGGTTTCAA 168

sHSP (MT) Dc_89619 TCTCCGGCAGTAATGTCGTC  GTTCCTCTCAGAGCGGTCG 137

2.8. Statistical Analyses

The experiments were prepared in a completely randomized design. For each treat-
ment, about 30 explants were used, and all experiments were repeated twice. The data were
subjected to analysis of variance (ANOVA) using SPSS version 16 (SPSS Inc., Chicago, IL,
USA). Duncan’s multiple range test was used to test the significance of differences between
means (<0.05). The results were presented as mean + SD.

3. Results
3.1. Effects of Melatonin Application on Chlorophyll, Plant Height, and Fresh Weight

It can be seen from the data in Figure 1 that heat treatments reduced the levels of
chlorophyll in carnation microshoots; however, higher levels of chlorophyll were recorded
in media supplemented with melatonin, compared with control treatments (Figure 1A). In
addition, when treated with melatonin at a concentration of 5 mM, carnation microshoots
exhibited levels of chlorophyll, which were significantly higher than for any other con-
centration. After 624 h of heat treatment, the heights of carnation plants were lower,
compared with earlier time points, but plants treated with melatonin exhibited significant
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melatonin concentrations of 5 and 10 mM. At all time points, there were no significant
differences between melatonin treatments and untreated plants in terms of fresh weight
measurements, but weights were higher at all times in melatonin-treated plants compared
with controls (Figure 1C). These data indicated that melatonin can alleviate the harmful

differences compared with control plants (Figure 1B), with the best values recorded for
effects of high temperature in carnations (Figure 2).
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Figure 1. Effect of melatonin at (0, 1, 5, and 10 mM) on the carnation physiological parameters

(A) chlorophyll content, (B) Plant height, and plant fresh weight (C). The plants were treated with
in vitro heat stress on the growth chamber with 42 °C temperature for 1, 3, 6, 12, and 24 h. Different

lowercase letters represent significant differences according to Duncan’s tests (p < 0.05).
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Figure 2. Effects of melatonin application on the morphological traits of in vitro carnation plants
under heat stress condition after 24 h. Microshoots of carnation plants subjected to free medium
(control) (A). The microshoots” morphological traits under melatonin application at concentration of
1 (B), 5 (C), and 10 mM (D) after 24 h of culture.

3.2. Effects of Melatonin Application on Accumulation of Reactive Oxygen Species (ROS) in
Carnation Plants under Heat Stress

Melatonin was found to reduce the levels of HyO, content in carnation plants at all
testing times (Figure 3A). However, the levels of HyO; in carnation plants declined more
notably during the later periods of the experiment. Furthermore, after three hours of heat
treatment, control treatment samples showed the highest HyO, levels. The O, levels were
assessed in order to determine how melatonin influences ROS metabolisms in carnations
during heat stress. DAB solution was used to identify the accumulation of ROS (HyO3)
in carnation leaves (Figure 4). The observations demonstrated that ROS were formed as
a heat shock reaction; however, the application of melatonin at a concentration of 5 mM
reduced the buildup of ROS to a greater degree than any other melatonin concentration,
including controls. In control samples, levels of superoxide content significantly increased
under heat stress after 3 h (Figure 3B). However, after 24 h, carnation plants treated with
melatonin exhibited lower levels of superoxide content than control plants. These support
the idea that melatonin can positively affect superoxide generation under high-temperature
conditions. The data in Figure 3 also showed that application of melatonin increased OH
levels to a greater degree than control treatments (Figure 3C).
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Figure 3. Effect of melatonin at (0, 1, 5, and 10 mM) on hydrogen peroxide ((A);

and means within each graph denoted by the

radical ((B); O, ™) and hydroxyl ((C); —OH) contents of carnation plants during heat stress condition.

Means expressed the average of three replicates + SE,

same lowercase letter did not significantly differ according to Duncan test at p < 0.05.

Figure 4. Accumulation of H,O,. Carnation leaves were collected after 12 h after melatonin applica-

tion at concentration of 0 (control) (A), 1 mM (B), 5 mM (C), and 10 mM (D). Carnation leaves treated

with DAB solution to measure the hydrogen peroxide, then transferred in darkness one day.
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3.3. Effects of Melatonin Application on Antioxidant Enzyme Activities and MDA in Carnation
Plants under Heat Stress

A relationship between increased antioxidant enzyme activities and reduced ROS
levels was clearly evident in our data (Figure 5). The effects of melatonin on carnation
plants under high-temperature stress were demonstrated by our finding that POD activity
was significantly increased at all testing times with melatonin concentrations of 5 and
10 mM. The lowest levels of POD activity were recorded for control treatments. In addition,
POD activity was increased more notably at 12 and 24 h than at earlier times (1-3 and 6 h).
SOD enzymes exhibited a similar trend; however, the greatest increase in SOD activity was
recorded at 12 h after melatonin application. The lowest value of SOD activity was recorded
for untreated carnation plants. Under heat stress, melatonin applications at concentrations
of 5 and 10 mM both resulted in significantly increased CAT activity after 1 and 12 h. The
application of melatonin at a concentration of 1 mM did not significantly affect CAT in the
first hours after treatment (Figure 5C). High-temperature treatment also caused the levels

of malondialdehide (MDA) in carnation plants to significantly increase after 1, 12, and 24 h.

However, plants which received melatonin application had lower levels of MDA at all
tested times compared with untreated plants. Finally, greater increases in MDA activity
were recorded at later time points (Figure 5D).
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Figure 5. Effect of melatonin at (0, 1, 5, and 10 mM) on hydrogen peroxide on major antioxidant

enzymes POD (A), SOD (B), CAT (C) and MDA (D) under heat stress condition of carnation plants.

Means expressed the average of three replicates + SE, and means within each graph denoted by the
same lowercase letter did not significantly differ according to Duncan test at p < 0.05.

3.4. Effects of Melatonin Application on Gene Expression in Carnation Plants under Heat Stress

In order to study molecular changes in plants treated with melatonin under in vitro
heat stress, the levels of expression of genes participating in heat stress were studied. Ten
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genes were subjected to qRT-PCR analysis. The obtained data shown in Figure 6 show
that GAPDH was downregulated under heat stress but upregulated when melatonin was
applied, especially at concentrations of 1 and 5 Mm. Additionally, the expression of the
GAPDH gene was higher after 1 and 3 h of heat stress than at any than other time points.
The relative expression of DcPOD1 increased gradually between the first and sixth hours of

heat treatments but then declined, as measured at 12 and 24 h (Figure 6B).
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Figure 6. Effects melatonin at different concentration on expression pattern of (A) GAPDH,
(B) DcPOD1, (C) DcPOD2, (D) DcPOD3, (E) Gols1 and (F) MBFIc in carnation plants under heat
stress condition by gRT-PCR. Microshoots were transferred to MS medium containing melatonin at
concentration of 0, 1, 5, and 10 mM), and then heat stress (42 °C) was applied for indicated time.
Microshoots were collected immediately for RNA extraction. Notably, 10 genes highly induced by
heat stress were used for qPCR analysis and most of them showed significant changes after melatonin
applications. Data are the means of three replicates with standard division shown by vertical bars
indicates significant differences at p < 0.05. Different lowercase letters represent significant differences
according to Duncan’s tests (p < 0.05).
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However, treatments with 1 or 5 Mm of melatonin increased the expression of the
DcPOD1 relative gene more than other concentrations, including controls. Similarly, the
expressions of DcPOD2 and DcPOD3 both decreased in untreated plants at all time points
but increased in most plants subjected to melatonin application (Figure 6C,D). In the case
of the DcPOD? relative gene, at all time points, expression was best in plants treated with
a melatonin concentration of 5 Mm. For the DcPOD3 relative gene, the best results were
obtained with concentrations of both 1 and 5 mM. Treatment of carnations with melatonin
in vitro increased the relative expression of the Gols1 gene compared with untreated plants.
This increase in expression of the Gols1 relative gene was greater after 1 and 3 h, compared
with other time points (Figure 6E). Similarly, the relative transcript level of MBF1c was
upregulated in heat-stressed plants treated with melatonin compared with control samples
(Figure 6F).

The data presented in Figure 7 show that two relative genes (HSF30 and HSP101)
were upregulated in melatonin-treated plants, with the greatest increases recorded for the
one- and three-hour time points. Similar data were obtained for the relative genes HSP70
and sHSP (MT), as both these genes were upregulated in melatonin-treated samples at the
one- and three-hour points (Figure 7C,D). Overall, we recorded increases in the expression
of the GAPDH, DcPOD1, DcPOD2, DcPOD3, Gols1, MBF1c, HSF30, HSP101, HSP70, and
sHSP (MT) genes (Figures 6 and 7), indicating that these genes may be putative targets of
melatonin involved in response to heat stress at the transcriptional level.
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Figure 7. Effects of melatonin at different concentration on expression pattern of (A) HSF30,
(B) HSP101, (C) HSP70, and (D) sHSP (MT) in carnation plants under heat stress condition by
gRT-PCR. Microshoots were transferred to MS medium containing melatonin at concentration of 0,
1, 5, and 10 mM), and then heat stress (42 °C) was applied for indicated time. Microshoots were
collected immediately for RNA extraction. Notably, 10 genes highly induced by heat stress were used
for qPCR analysis and most of them showed significant changes after melatonin applications. Data
are the means of three replicates with standard division shown by vertical bars indicates significant
differences at p < 0.05. Different lowercase letters represent significant differences according to
Duncan’s tests (p < 0.05).
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4. Discussion

Heat stress inhibits the growth and development of plants. However, melatonin
application has been reported to alleviate damage caused by heat stress in plants, such as
tall fescue [7], strawberry (Fragaria x ananassa) [35], and tomato [36]. The present study is
the first to evaluate the effects of melatonin application in vitro on carnation plants under
heat stress. To assess the effects of melatonin treatments on heat tolerance in carnation
plants, measurements of a number of morphological indices, physiological parameters, and
molecular changes were obtained and analyzed.

It is well known that leaf senescence reduces green color in plants; low chlorophyll
levels in plants may, therefore, be seen as an indicator of leaf senescence [37]. During the
photosynthesis process, chlorophyll protects plants from light damage and is involved
in the absorption and transmission of light energy [38]. Previous studies have reported
that melatonin plays an effective role in increasing chlorophyll levels in several plants,
including maize, tomato, tall fescue, Medicago sativa, and Malus hupehensis, thus protecting
plants from leaf damage and the shock caused by high temperatures [7,37-41].

Treatment with melatonin has also been reported to enhance fresh weight, dry weight,
and plant height in various plants subjected to heat stress conditions [11,42,43]. In carna-
tions, the data obtained in the present study indicated that melatonin application resulted
in increases in chlorophyll content, fresh weight, and plant height, suggesting that sub-
stances like melatonin might have a vital role to play in alleviating the effects of heat stress
in carnations.

Under heat stress conditions, the accumulation of ROS, such as OH-, H,O,, and O, ,
and free radicals causes increases in MDA and the leakage of electrolytes, which may
be scavenged by plants under stress conditions through the stimulation of the activities
of antioxidant enzymes. For example, SOD can inhibit the superoxide radical (O, ~) by
converting it to H,O,, and the catalase enzyme is also able to inhibit it by releasing H,O.
It has previously been shown that melatonin treatment alleviates oxidative disfiguration
under abiotic stresses by conserving ROS [39,44]. Dewir et al. [2] found that POD enzyme
activity was enhanced in carnation plants under heat stress and that this was associated
with scavenging ROS in treated plants. In addition, POD enzymes can reduce ROS activity
by enhancing secondary metabolites in plants; however, these secondary metabolites pro-
tect the plants from heat stress damage by supplying mechanical support to the cultured
cells through their participation in the maintenance of cell membrane integrity, further
demonstrating that POD plays an important role in lignin synthesis under heat stress
conditions [45,46]. Additionally, plants, such as tea plant (Camellia sinensis), eggplant
(Solanum melongena), and carnation, which were treated with melatonin, have all been
shown to exhibit low levels of MDA content under heat stress [17,47,48]. In terms of the
parameters of minimal fluorescence (F0) and maximal fluorescence (Fm), from which we
may obtain maximal variable fluorescence (Fv = Fm — F0) and the photochemical efficiency
of PSII (Fv/Fm), we note that melatonin has been shown to play a vital role in repressing
heat stress, by reducing leaf curling, blotching, and fraying and increasing the value of
Fv/Fm [17,49,50]. A series of metabolic changes are involved in heat stress responses in
plants [51]. These include the following: overproduction of ROS and reactive nitrogen
species (RNS); lipid peroxidation, production of end products, such as MDA; photoinhibi-
tion; protein denaturation and degradation; and accumulation of compatible solutes [52].
Lipid peroxidation is caused by abiotic stress [53]. The end products of lipid peroxidation
are reactive aldehydes such as malondialdehide (MDA) and 4-hydroxynonenal (HNE) [54].
In the present study, heat treatments significantly increased MDA content in control car-
nation plants; contrarily, melatonin application resulted in decreased MDA production.
These findings indicate that melatonin alleviates cell membrane damage caused by heat
stress. We also found that the content levels of ROS and MDA decreased in carnation plants
treated with melatonin (Figures 4 and 5), but levels of the enzymes POD, CAT, and SOD all
increased (Figure 5). Taken together, the data reported here confirm the significant effect
of melatonin on morphological traits and chlorophyll content (Figure 3); they are in line
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with the findings of previous studies, which showed that oxidative stress in plants may be
alleviated by melatonin treatment [7,8,10,16,55,56].

High temperatures may cause the denaturation of proteins. High-temperature con-
ditions may also cause cell cytotoxicity [57]. Previous studies have reported that, in cells
exposed to heat stress, protein homeostasis can be safeguarded and protein aggregation re-
duced by the interaction of chaperones with stress-denatured proteins [3,17,58]. In addition,
heat-induced genes have been found to be the most effective genes in encoding molecular
chaperones such as heat shock proteins [19,59]. These genes have been found to be upregu-
lated and induced when cells are exposed to high or low temperatures [3,7,60,61]. In the
present study, we evaluated the expression of ten genes and found that heat shock proteins
were upregulated under melatonin application. Previous studies have also found that the
HSP40 family plays a vital role in enhancing ATPase activity [3]. Exogenous substances
can effectively increase the expression of Hsfs and Hsps; this has been found to improve
the thermotolerance in creeping bent grass (Agrostis stolonifera) [62] and strawberry [35].
The genes that we evaluated in our study have been reported as participating in protein
folding and unfolding, and this may enhance the ability of cells to tolerate heat stress [43].

5. Conclusions

In the present study, an experiment was performed to determine whether the addition
of melatonin to in vitro media would enhance the response of carnation microshoots
to heat stress (Figure 8). Based on the measured effects of melatonin on chlorophyll
content, fresh weight, and plant height in carnations under heat stress, we may say that
melatonin enhances the response to heat stress. We also found that melatonin application
improved thermotolerance in carnations by lowering the content levels of ROS and MDA
while increasing antioxidant enzyme activities. Through such means, melatonin exerts an
inhibitory effect upon heat stress. We also assessed the relationship between melatonin
application and the expression of related heat stress genes. We found that the mechanism
by which heat stress damage is alleviated is strongly associated with the upregulation of the
POD, HSP, and HSF genes. We also found that treatment with melatonin at concentrations
of 5 and 10 mM promoted growth and development in carnation plants exposed to 42 °C, in
comparison with untreated plants. The supplementation of media with melatonin reduced
oxidative damage through scavenging ROS and inhibiting MDA synthesis; it also increased
the activities of antioxidant enzymes and upregulated genes involved in heat tolerance.
From the results reported here, we may state that melatonin plays a significant role in
improving the tolerance of plants to conditions of abiotic stress, especially heat stress.
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Figure 8. The mechanism of melatonin’s role in increasing carnation heat tolerance.
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Abstract: The genus Rhododendron is known for its preference for acidic soils, although some geno-
types can tolerate a more neutral or alkaline pH. In this study, a greenhouse experiment was set
up for 140 days to examine different parameters to assess pH stress in the progeny of R. fortunei
and the cross combination R. ‘Pink Purple Dream’ x ‘Belami’. Additional cultivars ‘Gomer Waterer’
and ‘Cunningham’s White” were included in the greenhouse test. The plants were divided into
two groups. One group was planted in a substrate with a neutral pH (treatment, pH 6.3) and the
other group of plants was planted in an acidic pH substrate (control, pH 4.5). Tolerance to pH
stress was evaluated for the individual genotypes on both substrates 140 days after the start of the
experiment. The following parameters were analyzed: shoot length, root development, chlorophyll
fluorescence (Fv/Fm), leaf color and weight (fresh and dry). In intolerant genotypes, all parameters
except for number of shoots were negatively affected by pH stress; especially, the development
of roots was negatively impacted by the neutral pH, resulting in above-ground symptoms of pH
stress, including decreased height and lower fresh and dry weight. The results show variation in
pH tolerance within the genotypes tested and point to the potential for the selection of Rhododendron
genotypes with improved tolerance to neutral pH.

Keywords: abiotic stress; alkalic soil; calcium; chlorophyll fluorescence; pH stress; Rhododendron
fortunei

1. Introduction

With nearly 1000 species, Rhododendron L. is the largest genus in the family of Ericaceae.
Despite the popularity of rhododendrons for use as ornamental garden plants, the economic
potential of rhododendron is limited as this genus only thrives in acidic soils (pH 4.5-6.0).
Rhododendron grown in pH-neutral or alkaline soils shows chlorosis symptoms, reduction in
growth of shoots and roots, leaf wilting, defoliation and, finally, plant death [1]. In a study
that combined databases on soil characteristics with the natural occurrence of Rhododendron
species in China, 76 rhododendron taxa out of 525 taxa were predicted to have potential
lime tolerance [2]. The abundant genetic variation and the variation in pH tolerance allow
for breeding by cross-hybridization and selection of rhododendron cultivars that may be
better suited for gardens with neutral or high soil pH. The selection of genotypes adapted
to higher soil pH requires appropriate bioassays.

Many authors show that, in soils with elevated pH, it is not the calcium level that
causes stress in rhododendron but rather the elevated levels of bicarbonate (HCO3 ™) that
lead to reactions between these soil carbonates, water and carbon dioxide [3-5]. For this
reason, rhododendron plants treated with high levels of gypsum (CaSO4) grow better than
in substrates with elevated levels of CaCOj [5,6]. This response might be attributed to
bicarbonate (HCO; ™) toxicity [4,5]. In soil with an elevated pH, bicarbonates also create
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an environment where insoluble forms of iron, manganese, phosphorus and other plant
nutrients become unavailable to plant roots [7]. Bicarbonate is a major anion component
of calcareous soils; at the concentrations likely to be found in those soils, it can inhibit
root growth (cell elongation) in calcifuge plants and disrupt iron uptake, resulting in
chlorosis [8].

The breeding and selection of Rhododendron genotypes that can grow in more alkaline
soils is important to penetrate the market for gardens with neutral or high soil pH. It is
known that some Rhododendron species, subspecies or botanical varieties have a tolerance
to an elevated soil pH as they are found in natural habitats with a soil pH above pH
7. For example, R. fortunei (used in the current study) grows in habitats with a higher
soil pH [2]. Chaanin [5] studied what pH level should be used to test lime tolerance in
rhododendron. A study was performed with 200 lime-treated rhododendron species and
hybrids at different pH levels adjusted with HCO3~. All grew well at a low pH of 4.2, but
stunted growth and iron chlorosis were already noticed at a moderate pH of 6.4. At the
highest pH of 7.1, all plants died except for a few seedlings of R. micranthum, R. occidentale
and R. schlippenbachii.

In a previous study, we tested seedlings of Rhododendron genotypes for tolerance to
higher soil pH. Using germination experiments in tissue culture, the effects of alkaline pH
and extra Ca®* on the germination and growth of seedlings of R. fortunei, R. vernicosum and
R. chihsinianum were investigated [9]. Four seedling populations obtained from crossings
between commercial rhododendron cultivars were also tested in a similar way [10]. The
results indicated no significant effect of alkaline pH on germination, while a dramatic increase
in the number of abnormal seedlings and seedling mortality was observed. Wang et al. [9]
also described an alkaline pH shock experiment in well plates where seedlings of various
rhododendron species were treated with NaHCOs3. Already on the second day after treat-
ment, the negative influence of alkaline pH on seedlings could be detected by chlorophyll
fluorescence imaging. Those experiments revealed a genotype-dependent response to higher
pH, enabling efficient selection of seedlings for tolerance to a higher soil pH.

In the current study, a greenhouse experiment was set up and plants were submitted
to two pH levels in a pot experiment with substrate. The aim of the greenhouse experiment
was twofold: (1) to validate the differences in pH stress between the different genotypes
and (2) to evaluate different parameters to estimate the pH stress in the greenhouse plants.

2. Materials and Methods
2.1. Plant Material

Two groups of plant material were used for the greenhouse experiment: Rhododendron
plantlets that had survived the tissue culture selection process in a neutral pH medium
and a control group grown in a low pH medium in tissue culture without selection [9].
The genotypes in both groups were seedlings of R. fortunei and genotypes of a manual
pollination between R. ‘Pink Purple Dream’ x ‘Belami’ (Table 1). These seedlings were
obtained after sowing in tissue culture as described by [9] and clonal propagation in tissue
culture, followed by three months of acclimatization in the greenhouse. All R. fortunei
seedlings were coded as RF and subnumbered per seedling genotype. The R. ‘Pink Purple
Dream’ x ‘Belami” hybrids were coded as “PB”. The subnumbered PB genotypes refer to
individual genotypes clonally propagated in tissue culture. Only the PB group without
subnumbers refers to a group of individual seedlings not clonally propagated but grown
as a group of individual genotypes.

Two additional cultivars were included in the experiment, ‘Gomer Waterer” and ‘Cun-
ningham’s White’. Both are commonly grown and well-known cultivars. ‘Cunningham’s
White” and R. fortunei are known to be the parents of the higher-pH tolerant rootstock
Inkarho® [5]. Both cultivars were obtained from a commercial grower, Raf Goossens BV
(Moerbeke-Waas, Belgium). ‘Gomer Waterer” was obtained as a tissue culture propagated
plant. ‘Cunningham’s White” was not propagated in tissue culture and was the only cultivar
propagated through cuttings. Before the experiment, all plants were grown in propagation
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trays with 150 cells of approx. 20 mm3. All plants were between 2 to 6 cm high before they
were potted at the start of the experiments. Information on preceding experiments and
plant numbers is given in Table 1.

Table 1. Genotypes used in the experiments were obtained as tissue culture grown seedlings from
R. fortunei (RF) and from the cross R. ‘Pink Purple Dream’ x ‘Belami’ (PB), tissue-cultured plants of
‘Gomer Waterer” (GW) and cuttings of ‘Cunningham’s White” (CW). For genotypes screened during
tissue culture in preceding experiments, pH of the medium is mentioned.

Not Selected (NS)/Selected

Genotypes (S) in Previous Seedling pI;I Usefi for Number of Plants
- election per Treatment
Selection in Tissue Culture
PB-T3-1 S 7.7 4
PB-T3-4 S 7.7 4
PB-T4-2 S 7.5 4
PB NS 5.8 12
RF-T-2 S 8.9 3
RE-T-3 S 8.9 3
RF-T-5 S 8.9 3
RF-T-6 S 8.9 3
RF-C-1 NS 6.2 3
GW NA NA 12
Ccw NA NA 12

NA: not applicable.

2.2. Substrate and Experimental Setup

An extra fine-sieved substrate for seedlings and cuttings, Lp307z, was obtained from
Greenyard Horticulture (Ghent, Belgium) and comprised sod peat, perlite, white peat
and Irish peat and calcium at 0.5 kg m 3 (pure calcium) supplemented with 0.1 kg m 3
Micromax® premium (ICL, Waardenburg, The Netherlands). The manufacturer’s estimate
of the pH of the substrate was 4.4 and an EC of 49 uS cm~!. In-house analysis resulted in a
pH of 4.5 and an EC of 85 uScm 1.

The substrate without addition of extra calcium was used as the control. For the
treatment with a neutral soil pH, CaCOj in a concentration of 2 g powder per L of potting
soil was mixed into the substrate for a final pH of 6.3. All 9 RF and PB genotypes as
well as ‘Cunningham’s White’ (CW) and ‘Gomer Waterer” (GW) (Table 1) were randomly
divided into two groups; one group was transplanted in neutral pH and the other in
control substrate.

All plants were watered with the ebb and flow system in the greenhouse at a frequency
of 3 times per week and were fertigated with NPK(Mg) 20-5-10 (+2) adjusted to an EC of
1 mS cm~!. pH levels remained stable throughout the experiment.

2.3. Measurements

All measurements were taken 140 days from the start of the treatment. Only root
development was scored after 70 and 140 days. Parameters analyzed were fresh and dry
weight, chlorophyll a fluorescence, CIELab color analysis and growth of shoots and roots.
For the analysis of the fresh weight, the above-ground parts of the plants were cut and
analyzed using a balance (Mettler Toledo X5104, Zaventem, Belgium). The individual
plants were dried at 70 °C for 3 days before analysis of the dry weight on the same balance.

Chlorophyll fluorescence was analyzed after the plants had undergone at least 1 h
of dark adaptation with a pulse amplitude-modulated fluorometer (PAM 2100, Heinz
Walz GmbH, Effeltrich, Germany). For every plant, the youngest fully developed leaf was
exposed to a low intensity (<0.1 umol m~! s~!) measuring light to estimate the initial
(FO) fluorescence value. Consecutively, the leaves were flashed with a saturating light
pulse (8000 pmol m—2 s~1) for 0.8 s to determine the maximum (Fm) fluorescence. By
subtracting FO from Fm, the variable fluorescence, Fv, was calculated (Fm — FO = Fv). Then,
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the parameter Fv/Fm was determined as a measure for the efficiency of excitation energy
capture by open photosystem II reaction centers, as Fv/Fm is an indicator for plant stress.

For the analysis of L*a*b* values in the CIELab color space, a portable spectrophotome-
ter (CM-700D, Konica Minolta, Inc., Erfurt, Germany) was used. Color can be quantified
using L* as a value for brightness ranging from 0 (black) to +100 (white), a* as a value
ranging from —128 (green) to +128 (red) and b* as a value ranging from —128 (blue) to
+128 (yellow) [11].

Root development was scored on a scale from 0 to 5. After plants were lifted out of
the pot, root development was scored based on the appearance of the root ball. Score 0
was assigned when no roots were visible, score 1 for a small number of roots visible at one
side or when a single root appeared on more than one side, score 2 for more than 1 root
visible on at least 2 sides, score 3 for some roots visible on all sides, score 4 for roots visible
around the entire root ball and score 5 for roots visible from top to bottom and all around
the entire root ball (Figure S2). Plant height and length of the youngest shoot flush were
measured using a ruler (Figure S3). The number of shoots and flushes was counted per
individual plant.

2.4. Statistical Analysis

During the experiment, the plant pots were randomly placed in trays on one table in
the greenhouse. Prior to measuring and scoring, they were rearranged to a new random
placement on the table.

All statistical analyses in this study were performed using R 4.1.3 and R-studio [12].
In the R package “ggboxplot”, global p-values of variations were calculated by the Kruskal-
Wallis test, and pairwise comparisons between each group and the overall group mean
(grand mean) were analyzed by a Wilcoxon test. The principal component analysis (PCA)
was performed with the package “prcomp”, and Pearson’s correlation analyses were
performed with “ggcorrplot”.

3. Results
3.1. Comparison of pH Stress between Acidic and Neutral Substrate pH

First, an overall analysis of the effect of pH on the plant traits of the 11 genotypes was
performed. The overall effect of the higher pH of the neutral substrate showed significant
differences for most parameters (Figure 1). The root score (day 70 and 140), plant height,
fresh and dry weight, number of flushes, length of the new flush, Fv/Fm and CIELab (a) of
plants in the neutral pH substrate significantly decreased when compared with the plants
in the acidic (control) substrate (p < 0.0001). The CIELab values L* and b* of the plants
on neutral pH were significantly higher than in the control (p < 0.0001). No significant
difference was found in the number of shoots.

3.2. Comparison of pH Stress between Genotypes

To evaluate differences in the performance of different genotypes, the individual
genotypes were compared with the grand mean of all genotypes for all parameters. The
grand mean is defined as the sum of all data for all genotypes divided by the total number
of samples.

Differences in root development were found between genotypes. After 70 days
in the control substrate, significantly better root development was found in PB-T3-4 (p
< 0.01), while CW showed a significantly lower development of roots (p < 0.01) when
compared with the grand mean of all genotypes (Figure 2A,B). The root scores of the
different genotypes in the neutral substrate showed no significant differences on day 70
(Figure 2B). On day 140, however, the root score of PB-T3-4 was significantly (p < 0.001)
higher than the grand mean both in the control and in the neutral pH. Only PB-T2-4 showed
a significantly lower value (p < 0.001) compared with the grand mean in the neutral pH
(Figure 2D).
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Figure 1. Overall effects of low pH (control) and neutral pH (CaCOj3 supplemented) substrate on root
score, plant height, fresh weight, dry weight, number of shoots, number of flushes, length of the new
flush, Fv/Fm and CIELab (L, a, b) of all genotypes. Pairwise comparisons against the control were
calculated by a Wilcoxon test and indicated by **** (p < 0.0001) and ns (not significant), respectively.

In the randomly selected progeny plants of R. ‘Pink Purple Dream” x ‘Belami” (PB),
the fresh weight was significantly (p < 0.05) higher than the grand mean (Figure 2A) in
the control treatment and showed the largest variation when compared with the other
genotypes. In the neutral pH treatment, fresh weight was approximately equal to the
grand mean. The dry weight of PB genotypes (Figure 2C,D) showed similar results. Both
genotypes GW (‘Gomer Waterer’) and PB-T3-4 performed significantly better than the
grand mean in the control and neutral pH (both p < 0.01) treatment for fresh weight and
dry weight. The genotype CW (‘Cunningham’s White’) performed significantly worse
(p < 0.0001) when compared with the grand mean.
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Figure 2. Performance of different genotypes evaluated by (A,B) root score on day 70 and (C,D) root
score on day 140, (EF) fresh and (G,H) dry weight on day 140 under low and neutral (CaCO3) pH
treatments. Global p-values of variations among genotypes were calculated by the Kruskal-Wallis
test. Pairwise comparisons against all (grand mean, illustrated by the dotted line) were calculated by
the Wilcoxon test indicated by **** (p < 0.0001), *** (p < 0.001), ** (p < 0.01) and * (p < 0.05) and no
marks (not significant), respectively.

Above-ground growth was measured after 140 days. Also for growth parameters
differences in performance were found among genotypes. Genotype PB-T3-4 grew tallest
in both the control and neutral pH substrates and was significantly (p < 0.01) taller than
the grand mean (Figure 3A,B). Genotype PB-T4-2 grew significantly less tall in the control
and neutral pH substrate compared with the grand mean (p < 0.05). Only in the neutral pH
substrate were genotypes CW and GW significantly less tall and taller than the grand mean,
respectively (p < 0.05) (Figure 3A,B). GW developed significantly (p < 0.05) fewer shoots
than the grand mean in the low and neutral pH. PB developed significantly more shoots
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in the neutral pH (p < 0.05) (Figure 3C,D). The number of shoot flushes was significantly
higher in RF-T-2 in the control (p < 0.05) but not in the neutral pH. In the neutral pH,
significantly fewer flushes developed in CW (p < 0.001) and significantly more flushes
developed in RF-C-1 (p < 0.05) (Figure 3E,F). The length of the new flush of genotype
PB-T3-4 was only significantly higher than the grand mean in the neutral substrate but not
in the control (p < 0.01). In two other genotypes, RF-C-1 (p < 0.01) and RF-T-3 (p < 0.05), the
flushes were significantly less long than the grand mean compared in the neutral pH, and,
for RF-C-1 and RE-T-2, the flush length was also significantly less long in low pH (p < 0.05)

(Figure 3G,H).
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Chlorophyll fluorescence was measured as Fv/Fm in this experiment. In the control
(low pH), the Fv/Fm values were all around 0.8. Values were significantly higher than the
grand mean in two genotypes, CW and RF-T-3 (both p < 0.05), and lower in PB (p < 0.01)
than the grand mean in the control (Figure 4C). In the neutral pH, the grand mean value
dropped to around 0.75 and was significantly lower for CW (p < 0.01) than the grand mean
and higher in GW (p < 0.01) and PB-T3-4 (p < 0.05) (Figure 4A,B). The value for PB-T3-4
was the highest among all genotypes in the neutral pH; this was higher than the Fv/Fm
value this genotype had in the low pH substrate.
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Figure 4. Performance of different genotypes evaluated by (A,B) Fv/Fm and (C-H) CIELab (L*, a*, b*)
on day 140 under control and neutral (CaCOj3) pH treatments. Global p-values of variations among
genotypes were calculated by the Kruskal-Wallis test. Pairwise comparisons against all (grand mean,
illustrated by the dotted line) were calculated by the Wilcoxon test, and indicated by **** (p < 0.0001),
*** (p <0.001), ** (p < 0.01), * (p < 0.05) and no marks (not significant), respectively. Performance of
different genotypes evaluated by height, number of shoots and number of flushes.
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L*a*b* values in the CIELab color space measured by the portable spectrophotometer
CM-700D were important non-destructive parameters for plant phenotyping. A higher
L* value indicated a whiter color, a lower a* value indicated more green and a higher b*
value indicated more yellow in the leaves. Differences in CIELab values were found among
different genotypes. L* and b* of CW were significantly higher than the grand mean in
both the control and neutral substrate, while L* and b* of GW showed the opposite. The
darker colored leaves of GW can be seen in Figure S4. In both the control and neutral pH,
significant differences from the grand mean were found for L* in CW, GW and PB-T4-2
(Figure 4C,D). These variations only showed a genetic difference in leaf color without the
influence of pH. For a* CW, GW and PB-T3-4 differed from the grand mean in both pH
levels, while only PB-T4-2 showed a significantly lower a* value when compared with the
grand mean in the low pH (p < 0.05). In the neutral pH, the value was higher than but
not significantly different from the base mean (Figure 4E,F). For b*, significantly different
values in the low pH were found for CW, GW, PB-T3-4, PB-T4-2 and RF-T-3. In the neutral
pH, there was no longer a significant difference for PB-T3-4, PB-T4-2 and RF-T-3 when
compared with the grand mean (Figure 4G, H).

A PCA analysis of root score day 70 and 140, fresh and dry weight, height, number
of shoots, length of new flush, Fv/Fm and CIELab of selected (T) and non-selected (C)
genotypes in neutral and control substrates indicated that the two PCs (PC1 and PC2)
accounted for 61.7% and 17.0% variance, respectively (Figure 5).

Number of shoots
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ClEL\\ ®) Length of-new flgé:h
o ‘ ! ;
¢ Low pH )
© Neutral pH e T
\ \ T i I : :
-3 -2 -1 0 1 2 3

PC1[61.7 %]

Figure 5. PCA biplots of PC1 and PC2 of root and shoot growth parameters, Fv/Fm and CIELab of
the different genotypes in neutral pH and acidic control substrates.
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The growth parameters of root score, height, length of new flush, fresh and dry weight
had the same direction and were close to each other, so they were highly positively corre-
lated, while the number of shoots was in the opposite direction and was thus negatively
correlated. The chlorophyll fluorescence parameter Fv/Fm had the same direction and
was highly positively correlated with CIELab (a*), while it was negatively correlated with
CIELab (L* and b*). The genotypes in the control (indicated in blue and green) and neu-
tral (in grey and yellow) substrate had a different group/ellipse structure that could be
distinguished by PC1, indicating that the genotypes growing in the neutral substrate had
different characteristics to the genotypes in the control substrate. Differences in perfor-
mance between genotypes could be shown. The genotype PB-T3-4 was best performing and
far from the other genotypes both in the control and neutral substrates (Figures 5 and S4).
For PB-T3-4, the root score after growing the seedlings for 70 days in the neutral pH was
significantly (p < 0.05) worse than the control (Figure S1). However, after 140 days, the
root score of PB-T3-4 in the neutral pH was not significantly different from the control. In
contrast, for other genotypes such as CW, GW, PB, PB-T3-1 and PB-T4-2, the root score
after 140 days in the neutral pH was still significantly lower than the control (Figure S1). In
addition, after 140 days in PB-T3-4, significant (p < 0.05) differences for height, fresh weight
and b* were observed, but no significant differences were noted for dry weight, number of
shoots, number of flushes, length of new flush, Fv/Fm, L* and a* (Figure S1).

Further, the correlation analysis indicated that most parameters were significantly
correlated, except for the number of shoots, which only negatively correlated with height
(Figure 6). CIELab (L* and b*) had the highest correlation (0.98), followed by fresh and dry
weight (0.96). The chlorophyll fluorescence parameter Fv/Fm had a significant negative
correlation with b* (r = —0.76) and L* (r = —0.75) and a significant positive correlation with
height (r = 0.63), root score (r = 0.52 both on day 70 and 140) and fresh weight (r = 0.46).
CIELab (L* and b*) had a significant negative correlation with most root and shoot growth
parameters except for the number of shoots and the length of the new flush. CIELab (a*)
showed only a significant positive correlation with the root score (day 70) and height. The
root score (day 70 and 140) had a significant positive correlation with all shoot parameters
except for the number of shoots; for example, a good correlation was found with the length
of the new shoot (r = 0.81).

CIELab (a)
CIELab (L)
Dry weight
Fresh weight

Length of new flush

Number of shoots NS NS NS NS NS NS

Height

Root score (Day 140)

Root score (Day 70)

Figure 6. Correlation plot of the root and shoot growth parameters, Fv/Fm and CIELab of all tested
genotypes. The values in the squares with different colors show the correlation coefficients (Pearson’s
r) between two parameters, and “NS” indicates no significant correlation (p > 0.05).
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4. Discussion

In calcifuge plants, the higher pH of neutral or alkaline soils can damage plant root
structure, reduce root activity and affect plant nutrient utilization, which leads to yellowing
of leaves and, in severe cases, death [13]. The damage caused in plants by alkaline stress
is a complex physiological and biochemical process that affects the entire growth and
development of the plant from seed germination onward [14]. Rhododendron is a textbook
example of a calcifuge plant.

Previously, we selected germinating seedlings in media with a higher pH [9,10]. As
R. fortunei again showed tolerance for a higher pH, we included seedlings of this species (RF)
in the current study [9]. Seedlings from crosses between commercial rhododendrons ‘Pink
Purple Dream’ x ‘Belami’ (PB) were also screened in tissue culture and showed genotypic
variation in lime tolerance [10]. The results of the aforementioned studies show that a high
pH stress has no significant effect on the germination of rhododendron seeds but does
inhibit the growth of seedlings. Moreover, the differences in alkalinity tolerance during the
germination period are dependent upon the genotype [9]. Genotypes used in the current
study were the progeny of RF and PB selected on tissue culture media with a high pH and
seedlings that had not undergone selection. All seedlings were propagated in tissue culture.
Additionally, plantlets of two cultivars (‘Cunningham’s White’ (CW) and ‘Gomer Waterer’
(GW)) were used to test pH stress in a greenhouse pot experiment. ‘Gomer Waterer” and
‘Cunningham’s White” were used as tissue cultured plantlets and cuttings, respectively. In
total, seven of the tested genotypes (RF and PB) were preselected on an alkaline medium;
four genotypes, one PB, one RF, CW and GW were not preselected in the seedling stage.
The number of not-selected plants was too small to make a good comparison between tissue
culture selection in the seedling stage and greenhouse performance. When the individual
genotypes selected on a high pH tissue culture were compared with not-selected genotypes,
in general no better performance was found in the selected genotypes, the RF progeny, or
the hybrids of PB. This was in contrast with what was expected. Nevertheless, the best
performing genotype, PB-T3-4, was obtained after selection in the seedling stage in a tissue
culture medium with an elevated pH level.

In the acidic control substrate, a large variation in the parameters tested was found
between the genotypes. These were considered as genotypical differences, while, in the
neutral pH, differences reflected the response between genotype (G) and environment
(E) (or a so called genotype—environment interaction (GxE)). The effect of a pH of 6.3 on
plant growth could be shown visually by changes in biomass indicators. In the present
experiment, fresh and dry weights of all plants were significantly reduced after 140 days in
the neutral pH substrate. Other discriminative growth parameters involved were root score,
plant height, number of flushes and the length of the new flush. The number of shoots
was not dependent upon the substrate pH, probably because not many plants developed
lateral shoots. The plants were not pruned during the experiment and no other action
was taken to induce the formation of lateral shoots. The PCA plot shows very well how
the different parameters, except for the number of shoots, were commonly influenced by
the neutral pH. The correlation matrix shows good correlations, especially between plant
height, fresh and dry weight and root scores after 70 or 140 days. The PCA shows how
the genotypes clustered together per treatment. The results therefore confirm that alkaline
stress inhibits the normal growth of rhododendrons, which is in agreement with previous
studies on rhododendron [6,15-17] and is observed in other pH susceptible plants [18-20].
The growth and development of the roots and the inter-root environment directly affected
the growth and development of the whole plant. In our experiment, it was shown that in
rhododendron roots subjected to long-term (140 d) alkaline soil stress, plant height, number
of shoots, number of flushes and the length of the new flush were significantly inhibited
in all genotypes of R. ‘Pink Purple Dream’ x ‘Belami’ and R. fortunei. Especially, the lack
of development of roots was remarkable; in the stressed plants, roots did not develop in
the neutral pH substrate and they did not grow beyond the original transplanted root
plug volume. Chaanin and Preil [5] noticed a complete inhibition of root formation of
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rhododendron in tissue culture supplemented with NaHCOj3. Also, the results of Turner
et al. [21] suggest that root morphology and function might be the limiting factor under
alkaline conditions. They tested rhododendrons grown 49 days in a pH nutrient solution
with pH 6.5 and observed smaller root systems than plants grown in an optimal pH. In
nutrient solutions with pH 6.5, the roots developed as clusters of short highly branched
roots, which was not the case for plants grown in nutrient solutions with a pH of 5.5.
Demasi et al. [22], who also used a hydroponic system, observed no changes in root system
development in higher pH after 21 days. In an experiment with potted plants and a
longer experimental timeline, Demasi et al. [23] found that growth and biomass of different
evergreen azalea species and cultivars decreased at a high pH in varying degrees, showing
that certain genotypes are more tolerant of a high pH than others. Roots were not evaluated
in that study.

Interestingly, after 70 and 140 days in the control, the root score of genotype PB-T3-4
showed a significant growth advantage above the mean baseline. This significantly better
root growth was also found in the acidic substrate after 140 days, while this was not
reflected after 70 days of pH stress. The root system is the main organ for nutrient uptake
in plants and the first to sense changes in inter-root environmental conditions, requiring
a certain adaptation period to adapt to changes in the environment [24]. In addition, the
analysis of above-ground phenotype and growth indicators like plant height and the length
of the new flush confirmed this superior pH tolerance in PB-T3-4.

Chlorophyll fluorescence was used as a parameter to assess plant stress. Fv/Fm
reflects the maximum light energy conversion efficiency of PSII, which is usually signif-
icantly affected by biotic or abiotic stress and can be used to determine the damage to
plant photosynthetic organs. This makes it an effective indicator of the photosynthetic
physiology of plants under stress [25]. For the detection of abiotic stresses, chlorophyll fluo-
rescence measurements have been applied and examples can be found for stress related to
heat [26], cold [27,28], drought [29,30], salt [31] and nutrient deficiency [32] and (high) light
stress [33,34]. Also, for biotic stresses, chlorophyl fluorescence has been used to examine
stress caused by nematodes [34], pathogens [35] and insects [36]. Chlorophyll fluorescence
imaging is also an efficient way to perform high-throughput screening of rhododendron
seedlings for their tolerance to alkaline growing media [9]. Most genotypes of the species R.
fortunei and the cross R. ‘Pink Purple Dream’” x ‘Belami” and also CW showed a significant
down-regulation of Fv/Fm after 140 days in a neutral pH when compared with plants in a
low pH. In the genotype PB-T3-4, the values for Fv/Fm were slightly higher in a neutral
pH when compared with a low pH. Also, GW had a good Fv/Fm value of around 0.8 in
the neutral substrate, although this was significantly lower than the control.

The CIELab (L*) and CIELab (b*) indicators of each genotype were significantly up-
regulated after alkaline stress as photosynthetic efficiency was reduced, which indicated
that alkaline stress caused chlorosis of the leaves. Our results indicated that, other than
Fv/Fm, CIELab (especially L* and b*) was also a good predictor for the biomass of PB and
RF. However, unlike Fv/Fm, the correlations between CIELab and biomass were genotype-
specific. Recorded chlorosis under lime stress increased significantly after 4 to 7 weeks in
evergreen potted azalea depending on the genotype. In our greenhouse test, GW responded
differently from the other genotypes as its L* value remained lower, meaning the leaves
were still dark-colored. A typical symptom of pH stress is interveinal chlorosis caused by
iron deficiency [37]. The ability to take up iron depends on plant enzymes like ferric chelate
reductase (FCR) that reduce Fe®* to Fe?*. Genotypic differences in levels of ferric chelate
reductase activity under iron deficiency were found by Demasi et al. [1]. Lower foliar Fe?*
concentrations were measured by Demasi et al. [23], but the authors concluded that the pH
of the substrate hampered azalea ornamental performance more than Fe deficiency. No
relationship between iron levels and chlorophyll content was observed. In a study on the
content of elements in the leaves of rhododendron plants in their natural habitat, it was
found that deficiencies of manganese, and to a lesser extent iron, related to the growth of
rhododendron on alkaline soils [38,39]. Also, Chaanin and Preil [4] found a reduction in
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iron and manganese levels in young leaves of rhododendron artificially subjected to high
levels of CaCQOj in the substrate.

Although ‘Cunningham’s White” is known to be one of the parents of the high pH-
tolerant rootstock Inkarho® [40], its performance in our greenhouse test was poorer when
compared with ‘Gomer Waterer” and many PB and RF genotypes. Preil and Ebbinghaus [15]
mention a reduced shoot and root development for ‘Cunningham’s White” grown on a
substrate with CaCOj3, but chlorosis was less profound in comparison with other genotypes.
They found that shoot and root development did not always respond in the same way to
pH stress. The lime tolerance screens from Preil and Ebbinghaus [15] have led to the devel-
opment of the Inkarho® (Interessengemeinschaft Kalktolerante Rhododendron) rootstock
tolerant of soil pH 6.5-7.0, derived from a cross between R. fortunei and ‘Cunningham’s
White’ [5]. Other authors describe ‘Cunningham’s White” as a nineteenth-century cultivar
with moderate lime tolerance used extensively as rootstock [6,40]. Another breeding prod-
uct is Bloombux®, released in 2014 as a lime-tolerant hybrid from R. micranthum and R.
hirsutum advertised as tolerant of soils up to pH 7.5 [40].

In the present study, the Rhododendron genotype PB-T3-4, well performing in both
the control and neutral pH, has the potential to grow in soils with an elevated pH. The
identification of this genotype is important for the development of new cultivars that
can thrive in alkaline soils, which may be useful for landscape gardening and for the
development of new ornamental plants. Further studies are needed to investigate the
underlying mechanisms that enable Rhododendron genotypes to grow in alkaline soils and
to identify other candidate genotypes and select for other ornamental characteristics to
obtain a marketable cultivar with enhanced adaptability to alkaline soils.

5. Conclusions

Various evaluation methods were used to assess pH stress in rhododendron. After
140 days of growth in substrate with a pH of 6.3, root development was especially neg-
atively affected. This observation had a good correlation with observed plant height,
flush length and fresh and dry plant weight. The genotype PB-T3-4, progeny of ‘Pink
Purple Dream’ x ‘Belami’, resulted from this selection process and outperformed the other
genotypes tested, including seedlings of R. fortunei and the commercial rhododendrons
‘Cunningham’s White” and ‘Gomer Waterer’.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/horticulturae9121302 /51, Figure S1: Effects of neutral (CaCOs3) treatment
on root score (Day 70 and 140), height, fresh weight, dry weight, number of shoots, number of flushes,
length of new flush, Fv/Fm and CIELab (L*, a*, b*) of different genotypes. Pairwise comparisons
against the control treatment were calculated by Wilcoxon test, and indicated by **** (p < 0.0001),
#** (p <0.001), ** (p < 0.01), * (p < 0.05) and “ns” (not significant) respectively; Figure S2: Root scores 0
to 5, with score 0: no roots are visible; score 1: a little bit of roots visible at one side or just a single
root on a few sides of the root ball; score 2: roots at two sides appear; score 3: roots are visible around
the pot; score 4: roots are present around the root ball; score 5: roots from top to bottom are all around
the potting soil; Figure S3: Measurements of above ground growth (height) and number of flushes;
Figure S4: Pictures taken at the end of the experiment 140 days after potting in acidic or neutral pH.
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Abstract: In recent years, there has been a significant growth in scholarly attention to the
effects of Cd stress on horticultural plants, as reflected by the abundance of research arti-
cles on this issue in academic publications. Therefore, it is necessary to conduct a review of
current research and provide a comprehensive perspective to quickly grasp the latest devel-
opments and future trends in the research field of “horticultural plants-Cd responses”. By
utilizing a visualizing bibliometric analysis software CiteSpace, this study integrated and
analyzed a total of 4318 relevant research records—2311 from the Web of Science (WOS)
database and 2007 from the China National Knowledge Infrastructure (CNKI) database —
related to “horticultural plants-Cd responses”, covering the period from 1999 to 2024. A
visual analysis was conducted in the form of knowledge mappings, including the current
research status of “horticultural plants-Cd responses”, as well as the differences in pub-
lications’” temporal distribution, spatial distribution (cooperation networks) and intellec-
tual base between China and foreign countries, precisely uncovering the core aspects of
research topics related to the field. The results indicated the following: (1) Scientific re-
search on “horticultural plants-Cd responses” has experienced a significant increase in
publication volume and has entered a phase of rapid development. Globally, there has
been an annual average increase of 217 articles in the WOS since 2019, while in China,
the annual average increase has been 134 articles in the CNKI since 2015. (2) China is
the most productive country in terms of publication volume (1165 articles, 52.79%), en-
gaging in active partnerships with other countries worldwide. Chinese scholars (Lin L.
and Liao M.) are leading researchers in both domestic and international research fields of
“horticultural plants-Cd responses”. The network of collaborations among authors and
institutions in the WOS database seemed denser compared to that in the CNKI database.
(3) International research hotspots have focused on accumulation, tolerance and oxidative
stress, while domestically, the focus has been on antioxidant enzymes, growth and seed
germination. Phytoremediation, subcellular distribution and the transcriptome are the
world’s emerging topics, while in China, growth and physiological characteristics are still
emerging topics. (4) In comparison, China exhibited a lagging development trend, which
is reflected in the fact that it began to focus on gene expression and transcriptome research
only after the global frontier shifted towards biochar and cadmium co-stress and yield re-
sponse. Based on these, this study provides a systematic theoretical basis for subsequent
research on “horticultural plants-Cd responses”, aiding scholars in their efforts to under-
stand the dynamic frontiers and address the challenges in this field.
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1. Introduction

The contamination of heavy metals (HMs) has become one of the most significant envi-
ronmental issues worldwide because of several anthropogenic activities (such as industri-
als melting and electroplating, agricultural fertilization and improper disposal of used bat-
teries) [1-4]. The HM contamination can result in altering the natural chemical properties
of soil, affecting crop yields and food safety and disrupting the balance of ecosystems [5-8].
Cadmium (Cd) is regarded as a highly toxic HM element, which has those features of dif-
ficulty of degradation, easy migration and high carcinogenicity [9-11]. Cd can not only
inhibit the growth of plants (such as reducing seed germination rates and affecting root
system formation) and disrupt the physiological activities of plants (such as reducing an-
tioxidant enzyme activities and inhibiting photosynthesis) but also severely affect animal
and human health through respiratory intake by atmospheric deposition and esophageal
ingestion by the food chain [12-16]. Cd stress is bound to cause intricate environmental
challenges and heighten ecological threats [17-19]. Therefore, research on the effects of Cd
contamination has become a global hot topic.

Horticultural plants cultivated for human consumption or ornamental purposes, gen-
erally include plants such as vegetables, fruit trees, flowers and medicinal plants [20-25].
The resources of horticultural plants around the world are extremely abundant and incred-
ibly diverse. Horticultural plants can be found everywhere in our daily lives, and they
are also one of the earliest varieties of plants to be cultivated by human beings [26-28].
The relationship between horticultural plants and human beings is extremely close [29,30].
Cd contamination resulting from anthropogenic activities will inevitably have an effect
on horticultural plants, and greater focus is needed on attaching importance to this
problem [31-33].

In recent years, there has been a significant growth in scholarly attention to the ef-
fects of Cd stress on horticultural plants, as reflected by the abundance of research articles
on this issue in academic publications. As scholarly interest grows in the effects of Cd
stress on horticultural plants, numerous studies have been undertaken by scientists to ex-
plore this research field such as those on the response process of seed germination, plant
growth, photosynthesis, antioxidant systems and gene expression [34-40]. These studies
are often presented as independent research to indicate the changes in certain indicators
or functions of plants under environmental stress, having less information on providing a
comprehensive perspective to quickly grasp the latest developments in the research field.
Therefore, it is necessary to conduct a review of current research, which can not only inte-
grate and summarize a wide range of information from diverse studies but also point out
unresolved issues and future directions in the research field, as a guiding significance for
researchers in selecting research topics and designing experiments.

Despite many years of research exploring the effects of Cd stress on horticultural
plants, to date, there is still a lack of systematic analysis and comprehensive understanding
of how horticultural plants respond to Cd stress on a global scale, including within China.
CiteSpace, as a visualizing bibliometric analysis software, has garnered widespread atten-
tion in recent years [41-45]. It provides data support for quantitative analysis, aiding in the
evaluation of future research directions by examining the expansion of articles in specific
areas of research [46,47]. The software of CiteSpace can transform complex bibliometric
analyses into intuitive visual outcomes, helping researchers understand and explore data
from the scientific literature more effectively [48-50]. This technology offers researchers
a novel approach to grasp the most recent development trends and future research direc-
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tions of China and the world in various research fields [51]. It is a precious instrument
for obtaining insights and staying updated with the newest breakthroughs [52-54]. There-
fore, to obtain more comprehensive research findings, this study integrates and analyzes
data from the Web of Science (WOS) and the China National Knowledge Infrastructure
(CNKI) databases, covering the period from 1999 to 2024, using CiteSpace 6.3.R1 software.
The objectives of this study are to conduct a visual analysis in the form of knowledge map-
pings, including the current research status of “horticultural plants-Cd responses”, as well
as the differences in publications’ temporal distribution, spatial distribution (cooperation
networks) and intellectual bases between China and foreign countries. It will be helpful
for scholars to gain a quantitative and intuitive grasp of the current state of research and to
track the research hotspots and dynamic frontiers in the field of “horticultural plants-Cd
responses”. This study also provides a systematic theoretical basis for subsequent research
on “horticultural plants-Cd responses”, aiding scholars in their efforts to understand and
address the challenges in this field.

2. Materials and Methods

2.1. Data Sources

All data in this study were derived from the databases of Web of Science (WOS)
and China National Knowledge Infrastructure (CNKI), which cover a wide range of high-
quality academic research studies from around the world, ensuring the comprehensive-
ness and authority of the data sources. The search period extended from January 1999 to
September 2024. On 6 September 2024, research studies related to “horticultural plants
and cadmium” were retrieved from the databases of WOS and CNKI. In the database of
WOQS, the retrieval formula was set as follows: (TS =“horticultural plant” OR “horticultural
flower” OR “vegetable” OR “fruit tree” OR “fruit” OR “horticultural flower” OR “orna-
mental plant” OR “ornamental flower” OR “garden flower” OR “flower plant” OR “flow-
ering plant” OR “landscape greening plant” OR “landscape plant” OR “greening plant” +
TS = “cadmium” OR “Cd”). In the database of CNKI, the retrieval formula was set as fol-
lows: (subject = “horticultural plant” OR “horticultural flower” OR “vegetable” OR “fruit
tree” OR “horticultural flower” OR “ornamental plant” OR “ornamental flower” OR “gar-
den flower” OR “flower plant” OR “flowering plant” OR “landscape greening plant” OR
“landscape plant” OR “greening plant” + TS = “cadmium” OR “Cd”). Through careful
reading and screening, 1598 unrelated or duplicate research records were excluded, leav-
ing a total of 4318 relevant research records—2311 from the WOS database and 2007 from
the CNKI database-related to “horticultural plants-Cd responses”. These retained records
served as the foundational data for analysis.

2.2. Analysis Method

CiteSpace is a sophisticated tool for visualizing and analyzing scholarly literature,
which generates graphical representations derived from quantitative analytical
methods [55,56]. It was initially developed by Dr. Chen and his research group in 2004 and
has been progressively refined and disseminated ever since [57,58]. Currently, CiteSpace is
widely applied in research fields such as environmental pollution and plant science [59-62].
In the present study, CiteSpace 6.3.R1 (https://citespace.podia.com/) was used to conduct
a visualizing bibliometric analysis based on those retained research records from the
databases of WOS and CNKI. In the analysis of literature growth trends and predominant
publication outlets, we utilized data that had been processed through CiteSpace. Subse-
quently, we refined and arranged these data to create visual graphs for bibliometric exam-
ination. CiteSpace was also employed to graphically represent the distribution of authors,
countries, research institutions and keywords since 1999. CiteSpace emphasizes the use
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of connecting lines to illustrate the prominence of each subject area and dissects the clus-
tering connections among various nodes [63-66]. As a result, the software is capable of
precisely uncovering the core aspects of research topics related to “horticultural plants-Cd
responses”. Additionally, an analysis of the general publication trends was carried out
using Microsoft Office Excel 2020 and Origin 2022 to create the corresponding charts.

3. Results and Discussion
3.1. Temporal Distribution of Publications on “Horticultural Plants-Cd Responses”

Research literature analysis is the process of examining the volume, trajectory and
composition of scholarly publications within a specific academic domain. This type of
analysis enables researchers to understand the annual publication volume, cumulative
publication volume and annual average increase and to forecast future trends in schol-
arly output within their field of study [67]. The study analyzed a total of 4318 relevant
research records—2311 from the Web of Science (WOS) database and 2007 from the China
National Knowledge Infrastructure (CNKI) database —related to “horticultural plants-Cd
responses”. A statistic analysis of research studies on “horticultural plants-Cd responses”
by year is shown in Table 1. In the WOS database, there are a greater number of studies
related to “horticultural plants-Cd responses” compared to the CNKI database; however,
overall, there is an upward trend, indicating that scholars from both domestic and interna-
tional backgrounds have a significant interest in this field of research.

Table 1. Statistical chart of research studies on “horticultural plants-Cd responses” by year.

Years 1999 2000 2001 2002 2003 2004 2005 2006 2007
WOS 7 4 7 17 15 21 27 27 31
CNKI 1 1 6 2 9 9 17 25 56
Years 2008 2009 2010 2011 2012 2013 2014 2015 2016
WOS 52 64 61 77 55 74 78 107 108
CNKI 71 91 82 71 77 76 82 121 121
Years 2017 2018 2019 2020 2021 2022 2023 2024

WOS 112 125 159 203 181 258 258 183

CNKI 114 132 168 147 141 162 133 92

The academic interest in the effects of Cd on plants can be traced back to the early
1990s. One of the earliest studies on the effects of cadmium on plants is the 1990 study by
Assche F.V. and Clijsters H., titled “Effects of metals on enzyme activity in plants” pub-
lished in the journal “Plant, Cell & Environment” [68]. This study explored the impact of
metals on the activity of plant enzymes, laying the foundation for subsequent research
on the effects of Cd on plant growth. In addition, the literature reviewed by Wang W.
in 1991, titled “Literature review on higher plants for toxicity testing”, published in the
journal “Water, Air, & Soil Pollution”, also involved the study of Cd in plant toxicity test-
ing [69]. Nonetheless, research on “horticultural plants-Cd responses” started relatively
late. As shown in Table 1, seven articles were published in the WOS database, while only
one article was published in the CNKI database.

As shown in Figure 1, the global research on “horticultural plants-Cd responses”
in the WOS database exhibits an overall publication trend that divides the study into
three distinct research stages: Stagel, the initial exploration stage (1999-2007); Stagell, the
steady growth stage (2008-2018); and Stagelll, the rapid development stage (2019-2024).
In comparison, from the overall publication trend in the CNKI database, the study re-
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lated to “horticultural plants-Cd responses” is also divided into the three distinct research
stages: Stagel, the initial exploration stage (1999-2006); Stagell, the steady growth stage
(2007-2014); and Stagelll, the rapid development stage (2015-2024). Over time, the focus
on “horticultural plants-Cd responses” has varied, with the annual publication count in a
particular field serving as an indicator of the research’s developmental progress [70]. Scien-
tific research on “horticultural plants-Cd responses” has experienced a significant increase
in publication volume and has entered a phase of rapid development. Globally, there has
been an annual average increase of 216.60 articles in the WOS since 2019, while in China,
the annual average increase has been 134.44 articles in the CNKI since 2015.
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Figure 1. Annual publication volume and cumulative publication volume at different stages from
the databases of WOS (A) and CNKI (B) (1999-2024).

As shown in Figure 2 and Table 1, the annual publication volume on “horticultural
plants-Cd responses” exhibited a trend of fluctuating growth in both domestic and in-
ternational research contexts. In terms of annual publication volume, from 1999 to 2006,
the international research studies on “horticultural plants-Cd responses” were published
more than that in China; however, from 2007 to 2019, China’s publication volume of re-
search studies began to surpass the international publication volume. From 2020 to the
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present, the international publication volume on “horticultural plants-Cd responses” has
been significantly higher than that of China. This reflects the trend observed in various
research domains, where the global scientific community has consistently maintained a
higher output of publications compared to China during this period. It is important to
note that publication volumes can be influenced by numerous factors, including research
funding, academic collaborations and the focus of research interests at a global level. As
shown in Figure 2, compared to China, the international cumulative publication volume
has increased by 15.15%, indicating a year-by-year rise in the number of publications and
a continuous increase in global scientific attention to “horticultural plants-Cd responses”.
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Figure 2. Trend comparison of annual publication volume and cumulative publication volume from
the databases of WOS and CNKI (1999-2024). Different color and number indicated the varying

annual publication volume.
3.2. Spatial Distribution of Publications on “Horticultural Plants-Cd Responses”

3.2.1. Countries” Cooperation Networks
The progression of research on “horticultural plants-Cd responses” varies across na-
tions. Examining the geographic spread of scholarly efforts and collaborative initiatives
provides insight into the research trends within this specific domain [67,71,72]. As shown
in Figure 3, the number of nodes in the country cooperation networks from the database
of WOSis N =93, E=512 and D =0.1197. “N = 93” stands for the number of nodes, which
represent 93 distinct countries in the country cooperation networks. “E = 512" stands for
the number of edges, which represent 512 connections or relationships between nodes in
the country cooperation networks. “D = 0.1197” stands for “density,” which refers to the
ratio of actual edges (connections) to the maximum possible connections in the country
cooperation networks [73]. Therefore, the co-occurrence knowledge graph in the realm of
“horticultural plants-Cd responses” revealed a network comprising 93 distinct countries
interconnected by 512 collaborative ties, with a network density of 11.97%, which demon-
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strated a certain level of collaborative activity between distinct countries, being neither
too extensive to manage nor too limited to lack diversity. The cooperation among these
countries is relatively frequent but not overly dense, with numerous potential opportuni-
ties for collaboration yet to be tapped into, allowing for further strengthening of partner-
ships among multiple nations. The top 10 productive countries from the database of WOS
are shown in Table 2. In terms of publication volume, the five most productive countries
are the People’s Republic of China (1165 articles), India (200 articles), Pakistan (176 arti-
cles), the USA (144 articles), and Saudi Arabia (120 articles). Their respective proportions
are 52.79%, 9.06%, 7.97%, 6.52%, and 5.44%, indicating that China is the most productive
country, actively engaging in partnerships with other countries worldwide.
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Figure 3. Mapping of country collaboration networks from the database of WOS.

Table 2. Top 10 productive countries from the database of WOS.

Rank Countries Publication Number  Percentage (%) First Published Year
PEOPLES R
1 CHINA 1165 52.79 2002
2 INDIA 200 9.06 1999
3 PAKISTAN 176 7.97 2008
4 USA 144 6.52 2001
5 SAUDI ARABIA 120 5.44 2011
6 IRAN 105 4.76 2002
7 POLAND 88 3.99 2001
8 EGYPT 73 3.31 2009
9 SPAIN 72 3.26 1999
10 TUNISIA 64 2.90 2003

3.2.2. Authors’ Cooperation Networks

As shown in Figure 4, there are N = 274 nodes in the authors’ cooperation network,
E = 342 connections, and a network density (D) of 0.0091 within the WOS database. The
number of nodes (N = 274) represents a broad base of 274 researchers contributing to
the study field of “horticultural plants-Cd responses”, and the number of edges (E = 342)
shows the 342 connections between these authors through a research collaboration or co-
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authorship on a published paper. A density of 0.0091, or 0.91%, is quite low, suggesting
that while there is collaboration, it is not widespread across the entire network. Most au-
of the total number of authors in the

network. The authors’ collaboration network within WOS shows a significant number
all density, indicating a decentralized

thors likely collaborate with only a small fraction

of authors and collaborations, but with a low over

structure with opportunities for further collaboration and network growth.
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Figure 4. Mapping of author collaboration networks from the databases of WOS (A) and CNKI (B).
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“horticultural plants-Cd responses”. The number of edges (E =244) shows a moderate level
of collaboration through co-authorship on a publication, indicating that there is an active
exchange of ideas and research efforts. A density of 0.0063, or 0.63%, is considered sparse,
which means that while there are collaborations, they represent only a small fraction of all
possible connections among the authors. The authors’ collaboration network within CNKI
shows a moderate level of collaboration with low-density rate, indicating the network is
not fully connected but has considerable potential for expansion and strengthening of col-
laborative ties. Further analysis could reveal key authors or keyword clustering that could
be targeted for interventions to enhance collaboration. In summary, the network of col-
laborations among authors in the WOS database seemed denser compared to that in the
CNKI database.

In the authors’ cooperation network, the circles (nodes) represent individuals such as
authors or researchers in the network, and the number and thickness of the lines (edges)
reflect the collaborative relationships and tensity between these individuals (authors or
researchers) [74]. As shown in Figure 4, whether it is the WOS database or the CNKI
database, it is evident that among the research teams in the field of “horticultural plants-
Cd responses”, the team centered around Lin L. is the largest. Additionally, the teams
centered around Liao M. are also gradually growing. The top 10 productive authors from
the databases of WOS and CNKI (1999-2024) are summarized in Table 3. In the WOS
database, Lin L. has a total of 75 research articles published, followed by Liao M. with 43,
Wang J. with 38, Tang Y. with 37, and Xia H. with 34. In the CNKI database, Lin L. has a
total of 35 research articles published, followed by Liao M. with 25, Liu S. with 14, Guan
P. with 10, and Shi ]J. with 8. It is observed that Chinese scholars (Lin L. and Liao M.) are
leading researchers in both domestic and international research fields for “horticultural
plants-Cd responses”. In recent years, the research teams led by Lin L. and Liao M. from
Sichuan Agricultural University have maintained active research interests in the field of
“horticultural plants-Cd responses”. They have been focusing particularly on the effects of
intercropping, straw application, and exogenous substances on horticultural plants under
Cd stress [75-78].

Table 3. Top 10 productive authors from the databases of WOS and CNKI (1999-2024).

WOSs CNKI
Rank Author Quantity Year Rank Author Quantity Year
1 Lin L 75 2015 1 LinL 35 2013
2 Liao M 43 2014 2 Liao M 25 2013
3 Wang | 38 2016 3 Lius 14 2013
4 Tang Y 37 2016 4 Guan P 10 2014
5 Xia H 34 2016 5 ShiJ 8 2015
6 Liang D 34 2016 6 Ding | 8 2013
7 Wang X 33 2017 7 LiuP 7 2008
8 Lv X 25 2016 8 Wang L 6 2013
9 Cuypers A 12 2010 9 Pan Z 6 2013
10 Yasin NA 12 2020 10 Chen B 6 2020

3.2.3. Institution Cooperation Networks

Analyzing the institutions and collaborations behind publications related to “horti-
cultural plants-Cd responses” can provide an accurate understanding of the distribution
of research efforts in this field [79,80]. As shown in Figure 5, there are N = 291 nodes in
the institutions’” cooperation network, E = 718 connections, and a network density (D) of
0.017 within the WOS database. Nevertheless, there are N = 254 nodes in the institutions’
cooperation network, E = 87 connections, and a network density (D) of 0.0027 within the
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CNKI database. Comparatively, the collaboration network in the WOS database is larger
than that in the CNKI database, which may reflect differences in the research fields and
regions covered by the different databases. The number of connections in WOS is much
higher than in CNKI, indicating that collaborations recorded in WOS are more frequent.
Both databases have low network densities, but the network density of WOS is higher
than that of CNKI, meaning that the collaborative ties in WOS are relatively more inten-
sive compared to the maximum possible number of connections. The low density of both
networks indicates a substantial opportunity to increase the number of collaborative rela-
tionships, especially in the CNKI database, where the potential for collaboration may be
even greater. These data can help us understand the current state and potential for collab-
oration between different research fields and regions, providing a reference for promoting
future collaborations.
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CNKI (B).
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The top 10 productive institutions from the databases of WOS and CNKI (1999-2024)
are summarized in Table 4. In terms of publication volume from the database of WOS, the
five most productive institutions are Chinese Academy of Sciences (159 articles), Sichuan
Agricultural University (139 articles), Zhejiang University (81 articles), King Saud Univer-
sity (72 articles), and Egyptian Knowledge Bank (71 articles). Chinese Academy of Sci-
ences, as a leading research institution, has a substantial output (159 articles), reflecting
its broad research capabilities and extensive resources. Sichuan Agricultural University
(139 articles), with a high number of publications, is particularly active in the field of “hor-
ticultural plants-Cd responses”, indicating a focused research effort and potentially strong
faculty in this area. Zhejiang University’s significant publication volume (81 articles) sug-
gests a strong commitment to research on horticultural plants’ responses to Cd, indicating
well-funded programs and collaborative efforts. The productivity of King Saud University
(72 articles) indicates a substantial contribution to this field, suggesting a research focus
that aligns with environmental and agricultural priorities. The significant number of pub-
lications from Egyptian Knowledge Bank (71 articles) reflects a dedication to advancing
knowledge in the agricultural sciences, which is crucial for a country where agriculture is
a vital sector.

Table 4. Top 10 productive institutions from the databases of WOS and CNKI (1999-2024).

Database Rank Research Institute Count Year
1 Chinese Academy of Sciences 159 2004
2 Sichuan Agricultural University 139 2014
3 Zhejiang University 81 2002
4 King Saud University 72 2011
WOS 5 Egyptian Knowledge Bank (EKB) 71 2011
6 Nanjing Agricultural University 70 2008
7 Ministry of Agriculture & Rural Affairs 65 2009
8 Chinese Academy of Agricultural Sciences 51 2009
9 University of Chinese Academy of Sciences 46 2005
10 University of Agriculture Faisalabad 46 2015
College of Horticulture,
! Sichuan Agricultural University 37 2013
Institute of Fruits and Vegetables,
2 Sichuan Agricultural University 31 2015
College of Landscape Architecture,
3 Sichuan Agricultural University 23 2013
College of Life Sciences,
4 Guizhou University 16 2014
5 Graduate School of Chinese Academy of Sciences 14 2009
CNKI 6 Cpllgge of Llfe Sc1.ence and Technology, 13 2016
Xinxiang University
College of Resources and Environment,
7 Yunnan Agricultural University 12 2012
3 College of Horticulture and Landscape Architecture, 1 2020
Henan University of Science and Technology
Shenyang Institute of Applied Ecology,
? Chinese Academy of Sciences 10 2007
10 College of Life Sciences, 9 2003

Nanjing Agricultural University
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Comparatively, in terms of publication volume from the database of CNKI, the five
most productive institutions are College of Horticulture, Sichuan Agricultural University
(37 articles), Institute of Fruits and Vegetables, Sichuan Agricultural University (31 arti-
cles), College of Landscape Architecture, Sichuan Agricultural University (23 articles), Col-
lege of Life Sciences, Guizhou University (16 articles), and Graduate School of Chinese
Academy of Sciences (14 articles). College of Horticulture, Sichuan Agricultural Univer-
sity (37 articles) focusing on horticulture suggests specialized research in plant cultivation
and responses to environmental stressors like Cd. The focus of Institute of Fruits and
Vegetables, Sichuan Agricultural University (31 articles) signifies research aimed at under-
standing and mitigating the impact of Cd on these essential food crops. It is observed that
Sichuan Agricultural University is highly productive across both databases, indicating a
strong focus on horticultural research related to Cd. The prominence of Sichuan Agricul-
tural University in both databases suggests that this region of China is a hub for research
on “horticultural plants-Cd responses”. Zhejiang University and the Chinese Academy of
Sciences also show consistent productivity. The higher publication volumes in WOS sug-
gest a wider scope of research or more extensive international collaborations. The CNKI
data show a more concentrated effort within specific colleges and universities in China.

3.3. Visual Analysis of Intellectual Base on “Horticultural Plants-Cd Responses”

The intellectual base, which constitutes a comprehensive collection of prior references
in a given field, primarily focuses on analyzing the most frequently cited topics, their inter-
connectedness, and the relationships among these central topics [81]. The top 10 highest
cited articles from the database of WOS are shown in Table 5; these have been influential in
shaping the discourse and have significantly contributed to the intellectual base, which en-
compasses the foundational theories, concepts, and empirical evidence that form the core
of the scholarly discipline or field of “horticultural plants-Cd responses”.

Table 5. Top 10 highest cited articles from the database of WOS.

Journal
. Article cres Impact e
Title Author Year Journal Institutions Citation Reference
Types Factor
(5 Years)
International
. Journal of Universita
. giﬁ erfffgil‘fl geztczl‘ 2020  Environmental  Review della 44 1124 82]
a u ty ’ ) Research and Calabria
Public Health
Unravelling
C::ﬁﬁg;;gzcil;y Gallego, Env1rgrr:£1nental Universidad
. . SM. 2012 . Review de Buenos 5.2 891 [83]
plants: Insight into Experimental .
et al. Aires
regulatory Botany
mechanisms
Cadmium in soils . . . .
and groundwater: A <P 5019 Applied Review  Oruversity 3.4 634 [84]
- A.etal Geochemistry of Bremen
review
Cadmium toxicity in . Ecotoxicology Gansu
lants: Impacts and Haider, and Agricul-
plants: fmpa FU. 2021 . Review & 63 618 (85]
remediation tal Environmental tural
strategies etak Safety University
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Table 5. Cont.

Journal
. Article e Impact el s
Title Author Year Journal Institutions Citation Reference
Types Factor
(5 Years)
Cadmium in plants: Huazhong
uptake, toxicity, and Ismael, Critical Agricul-
Iptake, tox T MA. 2019 Metallomics . 3.7 386 [86]
its interactions with ot al Review tural
selenium fertilizers ’ University
Cadmium Reviews of COMSATS
bioavailability, Shahid Environmental Institute of
uptake, toxicity and g 2017 Contamination Review Informa- 7.1 369 [87]
L. M. et al. .
detoxification in and tion
soil-plant system Toxicology Technology
A critical review on
effects, tolerance
mechanisms and Rizwan Critical Government
’ 2017 Chemosphere . College 7.7 341 [88]
management of M. et al. Review . .
L University
cadmium in
vegetables
Cadmium stress in Critical . .
.. . . University
plants: A critical El Reviews in Critical Mo-
review of the effects,  Rasafi, 2020 Environmental . 14.5 243 [89]
. . Review hammed 6
mechanisms, and T.etal. Science and .
. Polytechnic
tolerance strategies Technology
Morphological and
physiological He SY Zhejiang
responses of plants o t’al ’ 2017 Pedosphere Review Gongshang 5.3 238 [90]
to cadmium ’ University
yoxicity: A review
Toxicity of cadmium
. .. Henan
and its competition Qin, SY. Aoricul-
with mineral ot ’al ’ 2020 Pedosphere Review ;gural 5.3 237 [91]
nutrients for uptake University

by plants: A review

Among these 10 articles, the most highly cited was “The Effects of Cadmium Toxic-
ity”, authored by Genchi G. et al., with 1124 citations. It was published in the “Interna-
tional Journal of Environmental Research and Public Health” (IF = 4.4) in 2020 [82]. The
article pointed out the main sources, routes of transmission, and half-life of Cd. The study
also demonstrated that Cd can induce a variety of epigenetic changes in mammalian cells
both in vivo and in vitro, leading to pathological risks and the development of various
types of cancers. The research also proposed that plants such as sunflowers (Helianthus an-
nuus L.) and Indian mustard (Brassica juncea) possess the ability to remove cadmium from
contaminated soil and water. The second most highly cited was “Unravelling cadmium
toxicity and tolerance in plants: Insight into regulatory mechanisms”, authored by Gallego
S.M. et al., with 891 citations. It was published in “Environmental and Experimental Botany”
(IF =5.2) in 2012 [83]. This article provided a comprehensive review of the mechanisms by
which plants absorb, transport, and accumulate Cd, as well as an overview of the detoxifi-
cation processes that plants employ to combat Cd. Additionally, it discussed the oxidative
stress caused by Cd and the antioxidant defenses plants activate in response. Furthermore,
the article elucidated the impact of reactive oxygen and nitrogen species on Cd-induced
toxicity in plants. The third most highly cited was “Cadmium in soils and groundwa-
ter: A review”, authored by Kubier A. et al., with 634 citations. It was published in “Ap-
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plied Geochemistry” (IF = 3.4) in 2019 [84]. This article examined the concentration of Cd in
rocks, sediments, and soils and discussed anthropogenic sources of Cd. It also explored
the hydrochemical behavior of Cd, including its solubility, complexation, and sorption.
Additionally, the article presented case studies of elevated Cd concentrations in soil and
groundwater. The fourth most highly cited was “Cadmium toxicity in plants: Impacts and
remediation strategies”, authored by Haider F.U. et al., with 618 citations. It was published
in “Ecotoxicology and Environmental Safety” (IF = 6.3) in 2021 [85]. This article reviewed the
sources of Cd contamination in the environment, the soil factors that affect Cd uptake,
and the dynamics of Cd in the soil rhizosphere. It also discussed the mechanisms of Cd
uptake, translocation, and toxicity in plants. The article highlighted how Cd toxicity in hor-
ticultural plants such as tobacco, rapeseed, pea and Thlaspi caerulescens L. can reduce the
uptake and translocation of nutrients and water, increase oxidative damage, disrupt plant
metabolism, and inhibit plant growth and development. Furthermore, the article explored
plant defense mechanisms against Cd toxicity and potential remediation strategies. These
strategies include the use of biochar, mineral nutrients, compost, organic manure, growth
regulators, and hormones, as well as the application of phytoremediation, bioremediation,
and chemical methods. This article, published in 2021, has garnered 618 citations, indicat-
ing widespread attention and recognition within the international academic community.

In general, these 10 highest cited papers theoretically analyzed the main sources of
Cd, critical thresholds, pollution pathways, and toxicity characteristics. They systemati-
cally dissected the stress responses and detoxification mechanisms of plants to Cd, and in
practice, they proposed targeted suggestions for the management methods and remedia-
tion technologies for Cd. Additionally, as shown in Table 5, these 10 highly cited papers
are all review articles. The reason might be multifaceted. On one hand, the topics covered
by these reviews could be at the forefront of research, attracting attention from a broad
spectrum of scholars and consequently leading to frequent citations. On the other hand,
cadmium pollution and its impact on plants and the environment are of interest across
various disciplines, including environmental science, toxicology, plant biology, and pub-
lic health. These reviews might serve as interdisciplinary bridges, appealing to a wide
academic audience.

3.4. Visual Analysis of Research Hotspots on”Horticultural Plants-Cd Responses”
3.4.1. Keyword Co-Occurrence Network Analysis

Keywords serve to encapsulate the principal content of a research article, extracting
essential details like objectives, methodologies, and perspectives [92]. The frequency anal-
ysis of these keywords is vital for pinpointing trending issues and evolutionary trends
within a specific domain [67,93,94]. As shown in Figure 6, in keyword co-occurrence
network analysis within the WOS database, there are 260 nodes (N = 260), 1254 edges
(E =1254), and a network density of 0.0372. In contrast, within the CNKI database, there
are 285 nodes (N = 285), 751 connections (E = 751), and a network density of 0.0186. Key-
words with higher centrality are highlighted in pink circles on the map. For instance, in

Zanes

the WOS database, keywords such as “plants”, “phytoremediation”, and “glutathione” are

i

emphasized. Similarly, in the CNKI database, keywords like “cadmium stress”, “antiox-
idant enzymes”, “cadmium contamination”, “growth”, “phytoremediation”, “rapeseed”,
“heavy metal”, “photosynthesis” and “Cd stress” stand out. This visual representation
helps researchers quickly identify key themes and important concepts in their research
field. The size and position of the pink circles can intuitively show the importance of
the keywords, that is, their frequency of occurrence in the literature and the degree of
association with other keywords. In the WOS co-occurrence network, the plant-related

terms were Phaseolus vulgaris [95] and Brassica juncea [96]. Additionally, “bean Phaseolus
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vulgaris” is also mentioned. In the CNKI co-occurrence network, the plant-related terms
included =% (rapeseed), /) 13§ (pakchoi), 546 E TE (Medicago sativa L.), J&%% (Solanum ni-
grum L.), & 4R4¢ (Lonicera Japonica Thunb.), among others. The plants mentioned are likely
to be the focus of significant research within the respective databases, indicating areas of in-
terest for scientists and scholars. Despite having fewer nodes (N = 260) compared with the
CNKI, WOS has more connections within the field of “horticultural plants-Cd responses”,
indicating a higher degree of interlinkage between keywords. This could mean that the
keywords in WOS are more frequently co-occurring in the research articles, suggesting a
denser network of research topics in the field of “horticultural plants-Cd responses”. This
could imply a more interdisciplinary research environment or more consistent use of cer-
tain combinations of keywords. The density of the network in WOS (Density = 0.0372) is
almost double that of CNKI (Density = 0.0186), indicating a relatively more interconnected
network of keywords in WOS. A higher density suggests a more closely knit group of
topics that frequently appear together in the context of the research articles indexed. The
sparser network in CNKI might suggest opportunities for researchers to explore new inter-
sections between existing areas of research. Conversely, the denser network in WOS could
indicate a more established body of research where connections between topics are well
explored. The comparison of keyword co-occurrence networks between WOS and CNKI
databases highlighted differences in the structure and interconnectivity of research topics.
WOS showed a denser network with more connections, suggesting a more interconnected
research landscape. CNKI, with a higher number of nodes and a sparser network, might
indicate a broader range of distinct research areas with potential for further integration.
Understanding these differences can help researchers identify trends, opportunities for
collaboration, and areas ripe for interdisciplinary exploration.

Analyzing a knowledge graph allows for the identification of research topics and
trends within the field of “horticultural plants-Cd responses” by examining the signifi-
cance and connections of keywords. It is recognized that in Citespace, centrality is a mea-
sure of how much a node affects the shortest paths between other nodes; a higher centrality
value suggests a greater level of influence [23]. A node is considered to be a key node when
its centrality value exceeds 0.1. The top 10 high-frequency keywords from the databases of
WOS and CNKI are shown in Table 6. International research findings from the databases
of WOS showed that the top 10 high-frequency keywords are accumulation (752), toler-
ance (587), heavy metals (562), oxidative stress (505), toxicity (496), growth (493), responses
(270), Cd (269), cadmium stress (232), and phytoremediation (222); moreover, the central-
ity value of phytoremediation is above 0.1, indicating that globally, research hotspots have
focused on topics such as accumulation, tolerance, and oxidative stress, as well as the
formation of core keywords like phytoremediation. Domestic research findings from the
databases of CNKI showed that the top 10 high-frequency keywords are cadmium stress
(625), antioxidant enzymes (115), cadmium contamination (104), growth (91), seed germi-
nation (90), phytoremediation (85), rapeseed (83), physiological characteristics (79), heavy
metal (78) and photosynthesis (63); moreover, the centrality values of cadmium stress, an-
tioxidant enzymes, cadmium contamination, growth, phytoremediation, and rapeseed all
exceed 0.1, indicating that in China, research hotspots have focused on topics such as an-
tioxidant enzymes, growth, and seed germination, as well as the formation of multiple
core keywords including antioxidant enzymes, growth and seed germination.

164



Horticulturae 2025, 11, 28

ene expressm#’n nq}lc‘DXI

phgtoextgactlon eedjmgs
ot copper
translocation antioxidaw enzymes
photosynthesis = _ abiotic stress, i metabolism
cadmium toxicity o 25 s i glut@one
TS T -
induced oxidative stress’ aII:vnatlon gicﬁsyr_?thesis Dy hydrogen peroxide
@ ® . S
salicylic acid L e e g : @ lead
= ) 2@ le) .
superoxide,dismutase . © Z (R @ s ” expression
2 ® hyperacgumula;or 2 i
heavy metal stress. . asc&rbateperoxn dase cﬁlorophgll.ﬂuorescence cadmium
cultivars et o @ : B ) PR A S PRPT S
- 1 T haan sk ARG IeE Telah ey | : lipia perexiaation
abscisic acid o TN, SIS enzyme activity S
enmadanls ® « ©° brassicaju nceéa & . leavas
v ¢, e e o ) (2) '
7 ® . v °
protein © _ © ® ® ~a soil
accumiulation . % LSS AN 0 SRS eSS S aas
& Lol S X B SSRIIAS COIRE) VUG AL S zinc
& = - ‘proline  ®  © == S
e LSS phyto!(f,@.\d}_-at-orﬁ
=1 tolerance P ® 5 o S N
N\ 7} . caamium siress
cd
heav@eta ﬂ \ @ thespgnses
0. 1
p@m at@ stresw Y8 @’
(A)
(transport factor) (hiochar)
L RERE LR . :
R i85 K (cogmiasaccumulation)
(accumulation) Y < &
. (vﬁble) ®#  (cadmium content) idh%(blomass)
sg&memedia%‘lon) (hybrid) o ® ¢ @ (malondiald. de)
ield) ® ° o ® :%( obacco)
‘91)& o) o ® — F &
(absorption) @ ikt @ (mtrlc omde)
PRY B RO +@ (tolerance) °® B 7 A
£ ® cotton
(Medlcago sativa L.) (39"0“0"“c tra'ts))(regctlveéx%gﬁl speaes). e (photosynfhetlc properties)
® - ° ]
(Solanu%\gnlgrum L) J ° ® 7. o Y e tg T sesne) (see‘%mg growth)
SIS H f
(saliﬂc(ﬁfzid) ) . g (t.:ombined stress) (Qadmlumoreswtance) ich oLt
! & o (Sun ‘ower) ° * P (tﬁh?to) (enrichment coefficient)
dlﬁ *J‘%' i o O ) g ﬁ:
(iseledl‘ing) S R (Lonjcera ja%f‘nlca Thunh) ° (physiological indicators)
% lg{- ® igv@
(gene ;:;;essnon) Z gt ° g Z @ﬁewe% 5 .(,,..ys;.,.ogyfaﬁ,%ffemimy)(physlologlca| responses)
(variety) . . % ‘re5|s ance) c d
e 2 [ = @ e © )
o [O) ®
Z Bh 3 |71 o ? & - (pai(ghm)
% ﬁ > (proline) LR s "@i °
: (cadmi stress) (cullifnben) (quality) ehLE R
= (chlorophyll)

‘ £}
(germtion) » ® ﬁﬁﬂz?{; ’(‘éﬁ‘:h) }E. }ﬂ
(root morphology) (photosynthesis)
oy

(antnoxlw ‘4‘@ (hhaﬁetan
(cadmium conta n) Y A
h) ﬂ%% & ﬁ g (p%i%gqliltciha(racterist?g)ed)

(seed germination) (ph, mediation)

(B)
Figure 6. Mapping of keyword co-occurrence networks from the databases of WOS (A) and
CNKI (B).

165



Horticulturae 2025, 11, 28

Table 6. Top 10 high-frequency keywords from the databases of WOS and CNKI.

Database Rank Keyword Count  Centrality Year
1 accumulation 752 0.08 1999

2 tolerance 587 0.08 2002

3 heavy metals 562 0.05 1999

4 oxidative stress 505 0.04 2001

5 toxicity 496 0.05 2006

WOs 6 growth 493 0.05 2002
7 responses 270 0.05 2005

8 Cd 269 0.03 2002

9 cadmium stress 232 0.08 2005

10 phytoremediation 222 0.11 2004

1 cadmium stress 625 0.43 2001

2 antioxidant enzymes 115 0.16 2004

3 cadmium contamination 104 0.13 2000

4 growth 91 0.16 2007

5 seed germination 90 0.06 2007

CNKI 6 phytoremediation 85 0.14 2001
7 rapeseed 83 0.18 2001

8 physiological characteristics 79 0.08 2006

9 heavy metal 78 0.08 2005

10 photosynthesis 63 0.09 2007

3.4.2. Keyword Clustering Analysis

The CiteSpace software evaluates the effectiveness of a knowledge map by consider-
ing two key metrics: the Q value and the S value [97]. The Q value, also known as modular-
ity, ranges from 0 to 1, with a score above 0.3 denoting that the divided community struc-
ture is significant. The S value, also known as weighted mean silhouette, which stands for
the silhouette score, measures the average clarity of the clusters [98]. An S value above 0.5
suggests that the clustering outcomes are reasonable, while an S value above 0.7 indicates
that the clustering outcomes are reasonable and persuasive [67,93]. As shown in Figure 7,
in keyword clustering analysis within the WOS database, Q = 0.3598, and S = 0.6751. The
Q value (0.3598) is slightly above the threshold of 0.3, indicating that the community struc-
ture identified in the clustering analysis is statistically significant, meaning that the nodes
(keywords) within these communities are more closely connected than they would be if
distributed randomly. The S value (0.6751) exceeds the threshold of 0.5 but is below 0.7.
This suggests that the clustering results are reasonable and the clustering effect is good,
but there may still be room for improvement, and the optimal clustering effect has not yet
been achieved. The international clusters from the WOS database are #0 cadmium stress,
#1 phytoremediation, #2 heavy metals, #3 subcellular distribution, #4 phaseolus vulgaris,
#5 transcriptome, #6 chlorophyll fluorescence.

Comparatively, in keyword clustering analysis within the CNKI database, we have
Q =0.4425, and S = 0.7693. The Q value (0.4425) being greater than the threshold of 0.3
indicates that the community structure identified in the clustering analysis is significant,
meaning that the nodes (keywords) within these communities are more closely connected
than they would be if distributed randomly, demonstrating a good clustering effect. An S
value (0.7693) exceeding the threshold of 0.7 suggests that the clustering results are persua-
sive, meaning that the clustering effect is not only reasonable but also has good discrim-
ination and internal consistency. The domestic clusters from the CNKI database are #0
3K (rapeseed), #1 H4¢Z (chlorophyll), #2 Hii & {LHE (antioxidant enzymes), #3 B IR R
(physiological indicators), #4 £ (growth), #5 4% ¥ & (cadmium content), #6 %75 %% (cad-
mium contamination), and #7 @/} (cadmium stress). By observing the connections be-
tween different clusters, potential interdisciplinary cross-points can be discovered. The
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results of clustering analysis revealed that clusters like phytoremediation, subcellular dis-
tribution, transcriptome, and chlorophyll fluorescence are emerging topics globally. Mean-
while, in China, research on growth and physiological characteristics, including chloro-
phyll and antioxidant enzymes, continues to be an area of emerging interest.
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Figure 7. Mapping of keyword clustering from the databases of WOS (A) and CNKI (B).
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Through keyword clustering, it is possible to identify research trends and hotspots
within a specific field, as well as help researchers discover areas or topics that have not been
fully explored [99,100]. As shown in Table 7, the symbol “#” denotes a cluster, while “note”
indicates the count of citation references within each cluster “#”. The mean (year) of pub-
lications within a cluster “#” acts as a simple but informative metric, highlighting whether
the articles are relatively recent or dated [101]. A summary of the international keyword
clustering from the databases of WOS showed the following: #0 (cadmium stress), with 65
nodes; #1 (phytoremediation), with 62 nodes; #2 (heavy metals), with 35 nodes; #3 (sub-
cellular distribution), with 32 nodes; #4 (phaseolus vulgaris), with 28 nodes; #5 (transcrip-
tome), with 27 nodes; #6 (chlorophyll fluorescence), with 9 nodes. In contrast, domestic
keyword clustering summary from the databases of CNKI showed the following: #0 j#i=¢
(rapeseed), with 33 nodes; #1 M4t % (chlorophyll), with 31 nodes; #2 %Ll (antioxi-
dant enzymes), with 31 nodes; #3 4 #45#5 (physiological indicators), with 24 nodes; #4
4K (growth), with 23 nodes; #5 4% 7 & (cadmium content), with 22 nodes; #6 75 4% (cad-
mium contamination), with 22 nodes; and #7 &1 (cadmium stress), with 21 nodes. The
largest cluster from the databases of WOS was “cadmium stress”, labeled 2011, consisting
of 65 keywords, including primary terms such as cadmium stress, nitric oxide, antioxidant
enzymes, gene expression, and phytoremediation. In contrast, the largest cluster from the
databases of CNKI was “rapeseed”, labeled 2010, consisting of 33 keywords, including
rapeseed, phytoremediation, cadmium, cadmium stress, and enrichment. Keywords were
extracted from each cluster based on a weighting algorithm. The five most significant key-
words in each cluster are displayed from left to right, arranged according to their level
of importance.

Table 7. The comparison of keyword clustering from the databases of WOS and CNKI (1999-2024).

Database Label Node S Value Mean Keywords
(Year)
cadmium stress (48.72, 1.0 x 10~%; nitric oxide (37.96, 1.0 x 10~%);
#0 65 0.622 2011 antioxidant enzymes (33.25, 1.0 x 10~%); gene expression (24.24,
1.0 x 107%); phytoremediation (20.33, 1.0 x 107%)
phytoremediation (65.32, 1.0 x 10_4); cadmium stress (41.58,
#1 62 0.658 2012 1.0 x 10~%); oxidative stress (35.32, 1.0 x 10~4); hyperaccumulator
(33.78, 1.0 x 10~%); ornamental plant (32.78, 1.0 x 10~%)
heavy metals (20.15, 1.0 x 10*4); nutrients (14.44, 0.001); yield
#2 35 0.798 2005 (12.66, 0.001); root morphology (12.03, 0.001); nutrient uptake
(12.03, 0.001)
subcellular distribution (24.82, 1.0 x 10~%); antioxidant activity
WOS #3 32 0.689 2017 (17.15,1.0 x 1074y, piriformospora indica (9.58, 0.005); pectin (9.24,
0.005); heavy metals accumulation (9.24, 0.005)
phaseolus vulgaris (10.17, 0.005); nitrogen metabolism (9.49,
#4 28 0.654 2005 0.005); senescence (9.18, 0.005); glutamine synthetase (9.18, 0.005);
ammonium (9.18, 0.005)
transcriptome (31.09, 1.0 x 10~%); cd stress (21.63, 1.0 x 107%);
#5 27 0.625 2015 qrt-per (19.03, 1.0 x 10~%); genes (14.27, 0.001); expression pattern
(14.27,0.001)
chlorophyll fluorescence (31.64, 1.0 x 10~*); ascorbate-glutathione
#6 9 0.865 2010 cycle (20.61, 1.0 x 10_4); photosynthesis (14.08, 0.001); stomatal

conductance (12.75, 0.001); spectral reflectance (12.75, 0.001)
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Table 7. Cont.

Database

Label

Node

S Value

Mean
(Year)

Keywords

CNKI

#0

33

0.809

2010

rapeseed (81.78, 1.0 x 10*4); phytoremediation (76.45, 1.0 x 10*4);
cadmium (34.73, 1.0 x 10~%); cadmium stress (29.26, 1.0 x 10~%);
enrichment (28.24, 1.0 x 10~%)

#1

31

0.798

2013

chlorophyll (51.5, 1.0 x 104); stress (42.96, 1.0 x 10~%);
malondialdehyde (34.65, 1.0 x 10*4); heavy metal (33.31,
1.0 x 10~*); seed germination (31.06, 1.0 x 10~%)

#2

31

0.794

2010

antioxidant enzymes (39.92, 1.0 x 10~%); physiological
characteristics (39.56, 1.0 x 10_4); Cd stress (38.7, 1.0 x 10_4);
reactive oxygen species (28.2, 1.0 x 10~%); seedling growth (24.37,
1.0 x 107%)

#3

24

0.684

2016

physiological indicators (58.05, 1.0 x 10~%); pakchoi (50.45,
1.0 x 10~%); nutrient elements (16.25, 1.0 x 10~*); seedling (13.61,
0.001); cotton (12.54, 0.001)

#4

23

0.836

2011

growth (66.1, 1.0 x 10~%); photosynthetic properties (29.97,
1.0 x 107%); photosynthesis (28.68, 1.0 x 10~%); enrichment
coefficient (24.04, 1.0 x 10~*); physiological responses (18.38,
1.0 x 107%)

#5

22

0.753

2015

cadmium content (23.78, 1.0 x 10~%); biochar (22.5, 1.0 x 10~%);
yield (20.38, 1.0 x 10~%); soil (18.49, 1.0 x 10~*); resistance (17.07,
1.0 x 107%)

#6

22

0.83

2013

cadmium contamination (78.99, 1.0 x 10~%); biomass (25.74,
1.0 x 10~%); physiology and biochemistry (18.42, 1.0 x 1074);
transport factor (17.39, 1.0 x 10~%); cadmium (15.88, 1.0 x 10~%)

#7

21

0.605

2014

cadmium stress (151, 1.0 x 10~%); cadmium (54.98, 1.0 x 10~%);
cadmium contamination (24.91, 1.0 x 10*4); heavy metal (17.4,
1.0 x 10~%); Cd stress (12.6, 0.001)

3.5. Visual Analysis of Dynamic Frontier
3.5.1. Evolution Trends

Through CiteSpace analysis, a timeline mapping of keywords regarding the field of

“horticultural plants-Cd responses” was generated, revealing the temporal scope and evo-
lution trends of emerging research themes. The timeline mapping of keywords from the
databases of WOS and CNKI progresses from left to right, with the circular nodes repre-
senting keywords (Figure 8). The size of each node corresponds to the occurrence rate of
its respective keyword throughout the timeline, and a higher occurrence rate implies an
area of intense research interest. The year a node appears on the timeline marks the initial
emergence of the keyword, with a more extended presence indicating a more enduring re-
search focus [102]. The international timeline settings were defined in the following way:
time span = 1999-2024, slice length =1, and g-index (k =8). There were 260 nodes and 1254
connection lines in the network mapping. The node with the biggest size, labeled 1999,
was “accumulation”, subsequently joined by increasingly prominent high-frequency key-
words such as “tolerance” (labeled 2002), “heavy metals” (labeled 1999), “oxidative stress”
(labeled 2001), “toxicity” (labeled 2006), and “growth” (labeled 2002). The current research
emphasis is centered on rhizosphere, subcellular distribution, biochar, and yield.

169



Horticulturae 2025, 11, 28

009 - -

oW ©°0°0-°® 0 -

H’— —— #1 phytoremediation
tosue . deficiency nickel absorption

5°|'|5 cadmium contaminated soil

e2d heavy metal phytoextraction
COPPEr phytdremediation hyperaccumulator

biomass

eld

ability . B> .
organicacids _ rhizosph organic matter
bioavallablllt"y

rerfiediaf

char

[o]
M stress tolerance
'.‘ @ o

=
. ) = ool . e o SN #0 3K
protectefityme o
rapeseed absorption o (rapeseed)
ohytoren pESe enrichment  veeetable tolerance  Loncersjaponica Thunb
s e . oo . #1 B
. #2 HiiUL B
e @ - ° - ® o TR R AR e
(antioxidant enzymes)
antioxidant enzyme: tobacco
physiological characteristics. #3 EFIRIE
oo —e- _— o = (_physiologicfindicators)
Medicago sativa L nutrient elements transport factor
physiological indicators - combined stress. \tton anti-stress physiology
pakchoi
ool — ak
oo Sotarum nigrum . S S (growth)
h h S = ichme soil remediation
photosynthetic properties
QI'OWth physiological responses
. »—8 s — Sy #5 Wa

abscisic acid

= remediation o ot morphology pH sdcadd (cadmium content)
- resistance SOII yleld cadmium content  Photosynthetic physiology physiological mechanisms
e £ - — #6 ISR
chinese cabbage " oo S mineralelements opton  wntbiocremiy % (cadmium contamination)
. insport f: r
cadmium contamination cadmium accumulation bicghar s

biomass

L. HTHREMA
Bine cloning ~(cadmium stress)

functional analysig

® Py
S{rmeoms of pisening
strawberry  agrocybe

accumulation """

®
cadmium stress

nutrient utilzation sanai regulati
dry matter e

(B)
Figure 8. Timeline mapping of keywords from the databases of WOS (A) and CNKI (B).

Comparatively, in timeline mapping of keywords from the CNKI database, there were
238 nodes and 652 connection lines in the network mapping. The node with the biggest
size, labeled 2001, was “cadmium stress”, subsequently joined by increasingly prominent
high-frequency keywords such as “antioxidant enzymes” (labeled 2004), “cadmium con-
tamination” (labeled 2000), “growth” (labeled 2007), “seed germination” (labeled 2007),
and “phytoremediation” (labeled 2001). The current research emphasis is centered on
transport factor, cadmium absorption, physiological responses, gene expression, and tran-
scriptome. The results above showed that keywords in CNKI tended to describe specific
biochemical processes and molecular mechanisms, while those in WOS focused more on
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plant physiology and the responses of the entire organism. Both databases demonstrated
a sustained interest in phytoremediation and heavy metal pollution research, but CNKI
might concentrate more on molecular and genetic mechanisms, while WOS might place
more emphasis on physiological and applied studies. This evolutionary process, in terms
of timeline mapping of keywords, intuitively showcases the gradual developmental trajec-
tory of international and domestic research in “horticultural plants-Cd responses”.

3.5.2. Research Frontiers

CiteSpace’s burst detection feature was utilized to quantify the prevalence and chrono-
logical emergence of keywords within scholarly texts, subsequently establishing the dy-
namic frontiers and prospective orientation of the field’s research on “horticultural plants-
Cd responses” [103,104]. Keywords that emerge and continue to appear for at least two
years often represent a trend, which can assist in predicting future research hotspots and
trajectories [67]. Table 8 lists the top 20 keywords with the strongest citation bursts from
the 1999-2024 co-occurrence networks in both the WOS and CNKI databases, which pro-
vides a clear view of the timing and magnitude of keyword outbursts. The term “Year”
indicates the initial appearance of a term in our dataset, “Strength” measures the magni-
tude of its mutation, “Begin” marks the start of its mutation period, and “End” denotes
its termination. International keywords with strong citation bursts, arranged in descend-
ing order of strength, from the databases of WOS were “leaves” (28.2), “copper” (15.34),
“thlaspi caerulescens” (12.27), “zinc” (11.13), “lipid peroxidation” (9.99), “superoxide dismu-
tase” (8.98), “bean phaseolus vulgaris” (8.69), “metabolism” (8.22), “hydrogen peroxide”
(8.17), “rhizosphere” (8.07), etc., indicating that the listed keywords are at the forefront of
research, garnering increased attention from the global scientific community. Emerging
topics emphasized the importance of the temporal scope [26]. In light of this, the temporal
scope of keyword bursts on the research of “horticultural plants-Cd responses” in WOS
showed a sustained span: “leaves” (13 years), “zinc” (13 years), “copper” (12 years),”bean
phaseolus vulgaris” (11 years), “chlorophyll” (10 years), “thlaspi caerulescens” (10 years),
“lipid peroxidation” (10 years), “nickel” (8 years), etc. This analysis indicates that in the re-
search on “horticultural plants-Cd responses”, certain themes and indicators have received
long-term and continuous attention within the international research community. The en-
during research interest in these keywords may be related to their importance in plant
physiology, nutrient cycling, and environmental pollution remediation. Researchers are
likely exploring the tolerance, accumulation mechanisms, and potential impacts on human
health of horticultural plants under Cd stress through these keywords [14,105-108].

In comparison, domestic keywords with strong citation bursts, arranged in descend-
ing order of strength, from the databases of CNKI were as follows: “rapeseed” (7.23),
“chlorophyll” (7.08), “malondialdehyde” (5.7), “gene expression” (5.52), “protective en-
zyme” (5.36), “transport factor” (4.94), “germination” (4.89), “cadmium absorption” (4.82),
“growth” (4.69), “vegetable” (4.66), etc. The analysis suggests that these keywords are cor-
related with the research interests of domestic scientists. The temporal scope of keyword
bursts on the research of “horticultural plants-Cd responses” in CNKI showed a sustained
span: “chlorophyll” (11 years), “rapeseed” (10 years), “protective enzyme” (10 years), “ac-
cumulation” (8 years), “malondialdehyde” (8 years), etc. The data suggest that in the
research on “horticultural plants-Cd responses” within the CNKI database, certain key-
words have maintained a consistent focus over the years. These continuous research in-
terests could be attributed to the desire to understand the physiological and biochemical
changes in plants under Cd stress, develop Cd-tolerant or low-Cd-accumulating crop va-
rieties, and ensure food safety by reducing the uptake of toxic elements in edible parts of
plants.
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The burst strength indicators for the terms “biochar” and “yield” in the WOS database,
which were 7.62 and 7.89, respectively, suggest that these topics have gained notable
research attention since 2021 and 2022, respectively. Their sustained interest up to the
present (2024) indicate that they are emerging as new frontiers in international scientific in-
quiry. In the CNKI database, “gene expression” and “transcriptome” show burst strengths
of 5.52 and 4.6, respectively. These topics, whose notable research interest began in 2021,
persist to date (2024), indicating that they have emerged as new domestic research frontiers
in China. The comparison above clearly demonstrates the research interest and trends of
different topics in the two databases, while also revealing the differences in research focus
between international and domestic scientific communities. On the whole, China has ex-
hibited a lagging development trend, which is reflected in the fact that it began to focus on
gene expression and transcriptome research only after the global frontier shifted towards
biochar and cadmium co-stress and yield response.

4. Conclusions and Outlook

As a highly carcinogenic environmental contaminant, the persistence of Cd in the en-
vironmental medium and its toxic effects on horticultural plants have garnered widespread
attention from researchers around the world in recent years, as reflected by the abun-
dance of research articles on this issue in academic publications. By utilizing a visual-
izing bibliometric analysis software, CiteSpace, this study integrated and analyzed a to-
tal of 4318 relevant research records—2311 from the WOS database and 2007 from the
CNKI database—related to “horticultural plants-Cd responses”, covering the period from
1999 to 2024. From the temporal distribution of publications, domestically and interna-
tionally, research on “horticultural plants-Cd responses” has experienced three distinct
phases: Stagel, the initial exploration stage; Stagell, the steady growth stage; and Stagelll,
the rapid development stage. The annual publication volume on “horticultural plants-Cd
responses” has exhibited a trend of fluctuating growth in both domestic and international
research contexts, while, compared to China, the international cumulative publication vol-
ume has increased by 15.15%, indicating a year-by-year rise in the number of publica-
tions and a continuous increase in global scientific attention to “horticultural plants-Cd
responses”. From countries’, authors” and institutions’ cooperation networks, in terms of
publication volume, the five most productive countries are the People’s Republic of China
(1165 articles), India (200 articles), Pakistan (176 articles), the USA (144 articles), and Saudi
Arabia (120 articles). Their respective proportions of the total global output are 52.79%,
9.06%, 7.97%, 6.52%, and 5.44%, indicating that China is the most productive country and
is actively engaging in partnerships with other countries worldwide. Chinese scholars
(Lin L. and Liao M.) are leading researchers in both domestic and international research
fields for “horticultural plants-Cd responses”. The five most productive institutions, with
their respective article counts, are Chinese Academy of Sciences (159 articles), Sichuan
Agricultural University (139 articles), Zhejiang University (81 articles), King Saud Univer-
sity (72 articles), and Egyptian Knowledge Bank (71 articles). This distribution reflects the
broad research capabilities and extensive resources of these institutions, with the Chinese
Academy of Sciences leading in research output. The analyses above underscore the im-
portance of research output from countries, authors, and institutions as an indicator of
the field’s development and the focus areas within the field of “horticultural plants-Cd
responses”. They also highlight the value of monitoring the temporal distribution trends
of publications to understand research priorities and achievements at the national, author,
and institutional levels. The highest cited articles have been influential in shaping the dis-
course and have significantly contributed to the intellectual base, which encompasses the
foundational theories, concepts, and empirical evidence that form the core of the scholarly
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discipline or field of “horticultural plants-Cd responses”. From keyword co-occurrence
network and clustering analysis, international research hotspots have focused on accumu-
lation, tolerance, and oxidative stress, while in China, the focus has been on antioxidant
enzymes, growth, and seed germination. Phytoremediation, subcellular distribution, and
the transcriptome are the world’s emerging topics, while in China, growth and physiolog-
ical characteristics are still emerging topics. The analysis of timeline mapping and out-
burst keywords revealed the temporal scope and evolution trends and research frontiers
of emerging research themes. On comparison, it is seen that China exhibited a lagging de-
velopment trend, which is reflected in the fact that it began to focus on gene expression and
transcriptome research only after the global frontier shifted towards biochar and cadmium
co-stress and yield response.

To enhance future research on “horticultural plants-Cd responses” in China, the fol-
lowing suggestions could be considered:

(1) Emphasize interdisciplinary research: Collaboration should be encouraged between
different disciplines such as biology, soil science, environmental science, and public
health to develop a comprehensive understanding of Cd stress and its impacts on
agriculture and the environment.

(2) Focus on biochar and co-stress studies: Since the global research frontier has shifted
towards biochar and co-stress studies, Chinese researchers should focus more on how
biochar can mitigate Cd stress and how plants respond to multiple stresses such as
Cd and drought or exogenous substances.

(3) Promote phytoremediation research: Research should be supported on phytoreme-
diation techniques using horticultural plants that can hyperaccumulate Cd, such as
Thlaspi caerulescens, Lonicera japonica Thunb., to remediate contaminated soils.

(4) Invest in plant breeding and genetic engineering: Cd-resistant horticultural plant
varieties should be developed through traditional breeding and genetic engineering
techniques to reduce the impact of Cd on agriculture and food safety.

(5) Leverage International Collaboration: International research institutions should col-
laborate to share knowledge, resources, and expertise and to stay abreast of the latest
advancements in cadmium research.

(6) Foster innovation in nanotechnology: The use of nanotechnology should be explored
in addressing Cd stress, e.g., nanomaterials for soil remediation or nanosensors for
monitoring Cd levels in horticultural plants and soil.

By implementing these strategies, China can improve its research capabilities in the
area of “horticultural plants-Cd responses” and contribute to global efforts in managing
this significant environmental and health challenge.
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