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Drought Stress in Horticultural Plants
Reprinted from: Horticulturae 2023, 9, 7, doi:10.3390/horticulturae9010007 . . . . . . . . . . . . . 1

Xiang Li, Wenjie Jia, Jie Zheng, Lulin Ma, Qing Duan, Wenwen Du, Guangfen Cui, et al.
Application of Morphological and Physiological Markers for Study of Drought Tolerance in
Lilium Varieties
Reprinted from: Horticulturae 2022, 8, 786, doi:10.3390/horticulturae8090786 . . . . . . . . . . . 5
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Preface to ”Drought Stress in Horticultural Plants”

This Special Issue has been focused on “Drought stress in Horticultural plants”. The authors

throughout the duration of the Special Issue have contributed with original research and reviews

covering a large number of topics associated with the effects of drought stress on different

horticultural plants in open fields or in controlled environments. In addition, a good part of the

articles is framed within the analysis of the response mechanism to drought stress. Water deficit,

stress adaptation, drought responsive genes, gas exchange, enzyme activity are some of the keywords

most used in the accepted manuscripts.

Stefania Toscano, Giulia Franzoni, and Sara Álvarez

Editors
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Drought Stress in Horticultural Plants
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1 Department of Agriculture, Food and Environment, Università degli Studi di Catania, 95123 Catania, Italy
2 Department Agricultural and Environmental Sciences, Università degli Studi di Milano, Via Celoria 2,

20133 Milano, Italy
3 Unit of Woody and Horticultural Crops, Instituto Tecnológico Agrario de Castilla y Leon,

47071 Valladolid, Spain
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Drought stress is one of the main factors limiting horticultural crops, especially in
environments such as the Mediterranean basin, which is often characterized by sub-optimal
water availability. Global changes will determine the increase in semi-arid conditions, so all
horticultural crops will have to cope with water scarcity. Appropriate plant selection and
new cultivation methods, especially strategies of deficit irrigation, are crucial in improving
crop cultivation performance.

This Special Issue, entitled “Drought Stress in Horticultural Plants”, comprises
11 innovative publications, which could enrich our knowledge about the mechanisms
of plant to drought stress.

The plants that overcome drought stress develop different morphological, physiolog-
ical, and biochemical mechanisms. Yang et al. [1] provide a review that focuses on the
molecular mechanisms, and in particular on the main drought stress signals and signal
transduction pathways in plants, as well as the functional and regulatory genes related to
drought stress. The authors summarized the above aspects to provide valuable background
knowledge and a theoretical basis for future agriculture, forestry breeding, and cultivation.

Climate change is often cited as one of the future challenges facing the agricultural
sector because it significantly impacts both the agricultural sector and food security. The
incidence of extreme weather conditions, such as flooding, drought, heat or frost, among
others, is becoming more frequent, placing plants under stressful conditions. Another
review article written by Giordano et al. [2], focused its attention on the plants’ defense
mechanisms and the involved morpho-physiological, biochemical, and molecular changes
in the responses of ornamental plants to deficit irrigation. Drought stress tolerance can
be reached through the selection of species tolerant to drought stress or by increasing the
tolerance of sensitive species. In particular, this study analyzed the little-known response
of ornamental plants to water stress conditions, as this is an agricultural sector that is
constantly growing. From the different species analyzed in this manuscript, it was shown
that both sensitive and tolerant plants have innate defense mechanisms, which include
morphological changes (increase in leaf thickness, stomata density reduction and reduction
in plant growth), physiological changes (restoration of osmotic balance and the closure of
stomata), and synthesis of antioxidant molecules and enzymes. The drought-stress response
also includes hormonal activity, transcription factors, and the activation of specific genes.

Among the experimental articles, Ferreira et al. [3] evaluated the ecophysiological
parameters and the productivity of Vigna unguiculata (L.) Walp in response to water defi-
ciency during the reproductive phase. Over the course of this study, the limit value could be
established as a threshold water potential (−0.88 MPa) from which the water scarcity has
negative effects on the cowpea grown under the climatic conditions of northeastern Pará.

Duarte et al. [4] analyzed how water stress level estimation is possible with good
accuracy on the whole canopy, using majority voting at the tuber differentiation and
maximum rate of tuberization phenological stages; the use of machine learning algorithms
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allows us to determine which regions in the spectral signature of the leaves are more
influential to better estimate water stress from remote sensing using images in the visible
(400–700 nm) and near-infrared (NIR) (700–1000 nm) bands. The results could lead to the
use of more specific normalized water indices for water stress detection and estimation in
potato crops by using these machine learning algorithms. This work is an important base
for further research considering actual potato crop field conditions and cultural practices.

Bedding plants play an important role in public parks and private gardens. Very
frequently, particularly in the Mediterranean area, these plants can suffer from drought
stress because they are not always adequately watered. Romano and Toscano [5] analyzed
the morphological, physiological, and enzymatic responses of Zinnia elegans L. subjected to
different drought-stress levels. This study showed that the species response was different
in relation to their stress levels. With light deficit irrigation, the plants could perform as
well as fully irrigated plants. With medium deficit irrigation, the mechanisms were not
always suitable to overcome drought stress. With severe deficit irrigation, the strategies
adopted by the plants were not able to resist drought stress (e.g., stomatal closure, photo-
synthesis reduction, increase in water use efficiency and increase in enzyme activity and
proline content).

The Mediterranean environment is characterized by high summer temperatures often
associated with a shortage and poor quality of irrigation water. The presence of simultane-
ous stresses (drought and saline aerosol) has a cumulative negative effect on plant growth
and survival. Toscano et al. [6] wanted to analyze the effects of drought and aerosol stresses
on two species (Callistemon citrinus (Curtis) Skeels and Viburnum tinus L. ‘Lucidum’). The
interaction between the two stress conditions was found to be additive for almost all the
physiological parameters, resulting in enhanced damage on plants under stress combina-
tion. The overall data suggested that Viburnum was more tolerant compared to Callistemon
under the experimental conditions studied.

Hessini et al. [7] investigated the limits of tolerance to water deficit of the Damask
rose and identified the main physiological and biochemical mechanisms that are linked
to drought resistance. An integrated approach combining biochemical and physiologi-
cal studies revealed new insights into the mechanisms and processes involved in Rosa
damascena Mill. var. trigentipetala drought adaptation. In particular, under water-deficit
conditions, the contents of biomolecules were positively correlated with antioxidant and in-
hibitory enzyme activities (LOX, AChE). These results suggest adequate protection against
oxidative damage, and, thus, adaptation to water limitation. Water deficit can successfully
enhance health-promoting phytochemicals in roses, which could be manipulated through
agricultural techniques and screening programs to develop drought-tolerant genotypes.

In Asia, the mung bean is a nutritionally and economically important legume crop.
This crop is sensitive to water scarcity in the different stages of development of its growth
period, but the information regarding this is rather scarce. Ariharasutharsan et al. [8]
imposed water stress on two mung bean cultivars, VRM(Gg)1 and CO6 during the flower-
ing stage, evaluating physiological, biochemical, and transcriptional changes. Transcrip-
tional analysis of photosynthesis, antioxidants, and drought-sensitive genes showed that
VRM(Gg)1 increased transcripts more than CO6 under drought stress. Increased transcripts
of drought-responsive genes indicate that VRM(Gg)1 showed a better genetic basis against
drought stress than CO6. These results help us understand the mung bean response to
drought stress and will contribute to the development of genotypes with increased drought
tolerance using naturally occurring genetic variants.

The exploration and conservation of genetic diversity among plant accessions are
important for the management of plant genetic resources. Forty-six tomato accessions from
Jordan were collected by Makhadmeh et al. [9] and evaluated for their performance and
morphophysiology, as well as undergoing molecular characterization to detect genetic
diversity. The accessions were also subjected to two levels of water stress. Drought stress
negatively affected several traits, revealing a wide range of variations among tomato
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accessions. The results provide new insight into the use of informative molecular markers
to elucidate such a large genetic variation discovered in this collection.

Nemeskéri et al. [10], analyzed the use of plant growth-promoting rhizobacteria
(PGPR) to promote tolerance to drought stress in tomato cultivars. Drought-tolerant PGPR
may support plant development under limited water supply conditions when the plant’s
water demand is not completely satisfied under rain-fed conditions or when the availability
of irrigation water is limited. The authors analyzed the effects of two inoculation treatments
compared to control plants without artificial inoculation and three irrigation levels. In
particular, they measured the chlorophyll a fluorescence, leaf chlorophyll content (SPAD
value), canopy temperature, and yield. Different effects resulted according to the growth
stage and in relation to the irrigation levels. Based on the results, the authors recommend
the application of the PGPR given the positive effects observes on physiological processes,
leading to a higher marketable yield, particularly under water shortage.

Li et al. [11] analyzed the difference in drought tolerance of seven common lily varieties
based on morphological and physiological markers. The results showed differences in
the morphological indices of leaves and anatomical structures in these varieties. Drought
reduced chlorophyll content, inhibited net photosynthesis and increased enzyme activity,
malondialdehyde, proline, soluble sugar, and soluble protein. The structure of lily leaves
can therefore be used as one of the indices for classifying drought resistance. Genetic
diversity analysis and functional annotations of genes associated with the SSR information
obtained in this study provide valuable information on the most suitable genotype that can
be implemented in plant breeding programs and future molecular analysis to differentiate
the drought resistance of flower varieties.

Drought stress must be continuously investigated through multidisciplinary ap-
proaches in order to obtain valuable information about the mechanisms involved in plant
stress responses, leading to the identification of agronomic solutions to mitigate stressful
effects. Moreover, the study of plant response mechanisms, and particularly the genes and
the signal transduction involved in stress tolerance, will help the breeder in the selection
of drought-tolerant plants, the identification of suitable genotypes, and the adoption of
specific management strategies in drought-prone environments.

Overall, these papers provide insights into new research directions within this field,
covering the horticultural and ornamental species of interest. In the future, further research
will be focused on finding new approaches and species, with a particular interest in
maintaining plant productivity and food quality.

Author Contributions: Conceptualization, S.T., G.F. and S.Á.; writing—original draft preparation,
S.T.; writing—review and editing, S.T., G.F. and S.Á. All authors have read and agreed to the published
version of the manuscript.
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Application of Morphological and Physiological Markers for
Study of Drought Tolerance in Lilium Varieties
Xiang Li 1, Wenjie Jia 1,*, Jie Zheng 2, Lulin Ma 1, Qing Duan 1, Wenwen Du 1, Guangfen Cui 1, Xiangning Wang 1

and Jihua Wang 1,*
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Abstract: The shortage of water resources is an unfavourable factor that restricts the production of
flowers. The use of drought-resistant morphological markers is of great significance to distinguish the
drought resistance of flower varieties. In this paper, we study the difference in drought tolerance of
seven common lily varieties in the flower market by morphological and physiological markers. The
results showed that there were differences in leaf morphological indices and anatomical structures
among the seven varieties. Drought reduced the chlorophyll content, inhibited the photosynthetic
rate, and increased catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), malondialdehyde
(MDA), proline, soluble sugar, and soluble protein. After rewatering, the activities of CAT, POD,
and SOD of ‘Lyon’, ‘Royal Sunset’, and ‘Robina’ varieties decreased, which was opposite to the
varieties of ‘Immaculate’, ‘Elena’, ‘Siberia’, and ‘Gelria’. According to the membership function
value of physiological indices, the drought resistance of seven lily varieties from weak to strong was
‘Immaculate’, ‘Elena’, ‘Siberia’, ‘Gelria’, ‘Robina’, ‘Royal Sunset’, and ‘Lyon’. Drought resistance
is related to the thickness of leaves, palisade tissue, sponge tissue, and specific leaf area. Lily leaf
structure can be used as one of the indices to judge drought resistance.

Keywords: Lilium; drought tolerance; leaf morphology and structure; photosynthetic capacity;
antioxidant; membership function

1. Introduction

Global climate change intensifies the problem of drought and could expand the scope
of drought in subtropical arid areas [1]. The loss caused by drought is equivalent to 60% of
the loss associated with all climate disasters. Due to water shortages, the growth and
development of plants in arid and semiarid areas are restricted [2], and the physiological
and biochemical characteristics of plants are changed [3]. Lilies (Lilium spp.) are perennial
herbaceous bulbous flowers of the family Liliaceae (Lilium). Lilies are not only famous due to
their beautiful flowers but also their wide use as potted flowers and in landscaping all over
the world [4]. Abiotic stress is an important factor affecting the growth and development of
the lily. Abiotic stress affects the yield and ornamental quality and restricts the application
of lilies in open fields [5,6]. Drought and water shortages often occur in the main lily-
producing areas. Water shortage directly affects plant growth and development and then
affects the quality of cut flowers [7]. The shortage of water resources has become a serious
ecological problem, restricting the development of global flower production.

In response to drought stress, there could be differences between interspecific or even
intra-specific differences. Understanding the response of different species to water deficit
conditions will help to identify drought-resistant morphological markers and facilitate
the identification of drought-sensitive and drought-tolerant species [8]. Drought-induced
morphological and physiological changes can be used to find drought-resistant genotypes
or develop new flower varieties to improve drought productivity [9]. Leaves are the main

Horticulturae 2022, 8, 786. https://doi.org/10.3390/horticulturae8090786 https://www.mdpi.com/journal/horticulturae5



Horticulturae 2022, 8, 786

organs of photosynthesis and transpiration in plants, and they are also the most sensitive
organs of plants to drought stress. In the process of adapting to the external environment,
the anatomical characteristics of the leaf structure are related to the drought resistance
ability, such as the thickness of the cuticle on the epidermis, the developed transport
tissue, and the smaller stomata [10]. Therefore, drought resistance among plants has a
certain relationship with leaf morphology and anatomical structure [11]. Plants use the
morphological characteristics of drought adaptation to ensure maximum water absorption
under drought conditions. The leaf phenotype can be used to preliminarily judge the
drought resistance adaptability of the variety [12].

When the plant is under drought stress, the root system will quickly generate chemical
signals to transmit to the above-ground part, causing the stomata to close to reduce water
loss. The plant shrinks the stomata to prevent more water loss. Stomatal closure will
reduce the transpiration rate, limit CO2 absorption and transmission, and reduce the net
photosynthetic rate of the plant [13]. The change in chlorophyll content indicates the
process of photooxidation and degradation and reflects the effect of drought stress on
photosynthesis. The degree of inhibition of photosynthesis in plant leaves by drought
stress reflects the strength of drought resistance [14]. When photosynthesis is inhibited, the
supply of organic matter required for the development of plant reproductive organs will be
reduced, which will hinder reproductive development [15]. Under the influence of drought
stress, plant cells, tissues and organs accumulate reactive oxygen species (ROS), and
the activities of catalase (CAT), superoxide dismutase (SOD), and peroxidases (PODs) are
enhanced, which helps to remove ROS and reduce electrolyte leakage and lipid peroxidation
to maintain the vitality and integrity of organelles and cell membranes. An effective
antioxidant system is important to provide drought tolerance [16]. The balance of water
metabolism is broken, resulting in dehydration of the cell protoplasm and a decline in
water potential, resulting in the oxidative modification of proteins, lipids, and DNA and
damaging normal cell functions. Proline and soluble sugar, as widely distributed important
osmotic regulatory substances, can prevent damage to plants caused by drought stress by
maintaining cell turgor [6]. The concentration of protein and soluble sugar is considered a
general indicator of drought tolerance [17].

Plant drought resistance strategies are important in morphology, physiology, and
biochemistry. The evaluation of plant drought resistance mainly considers the molecular
as well as epigenetic levels of drought resistance and drought resistance recovery [18].
The study of the stress/recovery response helps us to better understand the ability of
plants to adapt to different environmental and climatic conditions [17]. Stress recovery
is an important part of the plant response. In the special case of drought, the carbon
balance depends not only on the rate and degree of photosynthesis decline under water
depletion but also on the capacity supply of photosynthesis restoration after water depletion.
After drought and rewatering, plants can quickly resume growth, eliminate the inhibition
of drought on plant growth, and sometimes even have a super compensation effect to
compensate for the loss of plants caused by drought [19]. It is necessary to have more
direct indicators for evaluation of flower production. Only by better understanding the
differences in the main adaptation mechanisms of these lily varieties to cope with drought
stress can we determine the key adaptation traits to distinguish their drought resistance.
However, the application of morphological and physiological markers to evaluate drought
tolerance of lily is very few.

The drought resistance membership function method is a better comprehensive eval-
uation method of drought resistance. The greater the average value is, the stronger the
drought resistance. Membership function analysis provides a way to comprehensively
evaluate the drought resistance of plants based on multiple determination, which can avoid
the one-sidedness of a single index and improve the reliability and accuracy of drought
resistance identification. The drought resistance membership function method is widely
used to evaluate the drought resistance of iris [20], citrus [21], and other flowers, as well
as abiotic stresses such as heavy metals [22], temperature [23], and salinity [24,25]. At
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present, few studies have compared and evaluated the drought resistance of several lily
varieties using leaf morphological structure and physiological indicators as markers [6].
We selected seven common lily varieties in the flower market as plant materials and used
pot experiments to determine the differences in leaf morphology and structure of different
lily varieties. According to the changes in photosynthesis, the antioxidant system and
physiological indices of lily leaves from drought stress to rewatering, we determined the
drought-resistance level of seven lily varieties. We hypothesize that the difference in the
leaf structure of the lily can reflect the drought resistance of varieties, which was consistent
with the level of drought resistance reflected by physiological indicators. So, the results of
this study can provide a reference for the selection of lily varieties in areas with a relative
lack of water resources and can also provide a reference for the evaluation of drought
resistance of other plants.

2. Materials and Methods
2.1. Test Site and Plant Materials

The experiment was conducted in the lily breeding experimental base (25◦7′33′′ N,
102◦45′48′′ E, 1951.1 m above sea level) of the flower Research Institute of Yunnan Academy
of Agricultural Sciences, China, from May 2020 to August 2020. The Seven different
lily varieties used in the experiment were: Oriental Hybrids ‘Siberia’, Pollen Abortion
Cultivar ‘Immaculate’, Longiflorum Hybrid ‘Gelria’, Double Petal Cultivar ‘Elena’, Oriental
Trumpet (OT) Hybrid ‘Robina’, Longiflorum Asiatic (LA) Hybrid ’Royal Sunset’, and
Asiatic Hybrid ’Lyon’. The test materials were healthy in appearance, no plant diseases
and insect pests, and the specifications were consistent specifications (bulb perimeter
diameter 12~14 cm) after vernalization treatment (Figure 1). Cultivated in a greenhouse
and exposed to a natural photoperiod (from May to August), the cultivation soil was
sandy soil, with field moisture capacity (FMC) of 23.20%, organic matter content of 5.34%,
pH 5.66, total nitrogen of 0.18%, total phosphorus of 0.08%, total potassium of 1.93%, alkali
hydrolysable nitrogen of 139.92 mg·kg−1, available phosphorus of 81.28 mg·kg−1, available
potassium of 112.68 mg·kg−1, available iron of 421.55 mg·kg−1, exchangeable calcium
of 988.41 mg·kg−1, and exchangeable magnesium of 110.70 mg·kg−1. The greenhouse
temperature was 14~25 °C, the relative humidity was 55~70%, and the greenhouse CO2
concentration was 389 µmol·mol−1.

2.2. Experimental Design

Lily bulbs were cultivated in boxes (0.6 m × 0.4 m × 0.25 m, length × width × height).
The row spacing was 12 cm, the plant spacing was 15 cm, and 9 plants were planted in each
box. Nine boxes were planted for each variety. One box was used for leaf morphological
analysis under natural conditions, and the other 8 boxes were used to analyse the changes
in leaf physiological indices under drought stress. When the plant grew to the budding
stage and the top growth stopped, the morphological indices were measured, and drought
stress began. The samples were collected at 0, 5, 10, 15, 20, 25, and 30 days of drought stress
and 5 days (35 days) of continuous rehydration after 30 days.

2.3. Soil Water Status

The gravimetric water content (GWC) was measured by the commonly used drying
and weighing method [26]. The soil water content was monitored 0–10 cm away from
the soil surface of each pot. See Table 1 for the GWC and relative water content (RWC) of
each treatment.

GWC =
M−MS

MS
× 100% (1)

RWC =
GWC
FMC

× 100% (2)

where M: original soil weight; MS: dry soil weight; FMC: field moisture capacity.
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Table 1. Changes in gravimetric water content (GWC) and relative water content (RWC).

0 d 5 d 10 d 15 d 20 d 25 d 30 d 35 d

GWC (%) 19.67 14.86 13.11 10.12 8.98 7.06 5.67 20.34
RWC (%) 84.78 64.05 56.51 43.62 38.71 30.43 24.44 87.67

2.4. Determination of Leaf Morphological Indices

In the first box of lily varieties used for morphological index measurement, all leaves
of 9 plants of each variety were collected for total leaf area calculation. The sixth fully
expanded leaf from the top branch point of 9 plants was selected for single leaf length,
width, area, dry weight, and specific leaf area (SLA).

SLA =
Leaf area

Leaf dry weight
(3)

Five plants were selected to collect the seventh fully expanded leaf from the top branch
point for paraffin section observation. The paraffin sections were placed into 1% safranine
dye solution for staining for 1–2 h, washed with distilled water, and decolorized with 50%,
70%, and 80% gradient alcohol for 60 s. Then, the sections were placed into the 0.5% solid
green dye solution for staining for 30–60 s, decolorized with anhydrous ethanol for 90 s,
placed into a 60°C oven for drying, and cleared with xylene for 5 min. The sections were
observed and imaged under an optical microscope (YS100, Nikon, Tokyo, Japan).
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2.5. Determination of Photosynthetic Index

Among the 8 drought stress treatment groups of each variety, the plants to be tested
were induced by light at 8:30~11:30 a.m. under natural light conditions. Three plants with
strong growth, relatively consistent growth, and small fluctuations in photosynthesis were
selected to measure the net photosynthetic rate (Anet), transpiration rate (E), stomatal
conductance (gs), and intercellular CO2 concentration (Ci) of the sixth fully expanded
leaf from the growth point by the Li-6400 photosynthetic determination system (LI-COR,
Lincoln, NE, USA). The readings were repeated 3 times, and the average value was taken
(air chamber temperature 14~22 °C, external CO2 concentration 389 µmol CO2 mol−1, air
velocity in air chamber 500 m·s−1) [27].

2.6. Determination of Physiological Index

In the 8 drought stress treatment groups of each variety, samples were taken from
9:00~10:00 a.m., and the seventh to twelfth leaves from the growth point were sampled
completely, and each 3 leaves were mixed into a sample. The content of chlorophyll a
(Chla) and b (Chlb) in leaves was determined according to the Arnon method [28]. The
activity of SOD was determined by the nitrogen blue tetrazole method, with 50% inhibition
of photochemical reduction in nitroblue tetrazolium as an enzyme activity unit (U); the
activity of POD was measured by guaiacol colorimetry, and the change in optical density
(d470 nm) at 470 nm per minute was 0.1, which is an enzyme activity unit (U); the activity
of CAT was determined by the ultraviolet (UV) absorption method, and the decrease of
240 by 0.1 within 1 min was taken as an enzyme activity unit (U) [29]. The content of MDA
was determined by two-component spectrophotometry [30]. The content of soluble sugar
was determined by anthrone colorimetry [31]. The content of free proline was determined
by the acid ninhydrin method [32]. Determination of protein content was performed by
the Bradford method [33]. A UV-visible spectrophotometer (UV-5800, Shanghai Metash
instruments Co., Ltd, Shanghai, China) was used to complete the index determination.

2.7. Data Processing and Statistical Analysis

The data were sorted with Excel 2021 and plotted with Origin 9.0. The Duncan test
was used with the statistical software SPSS 26 (SPSS Inc., Chicago, IL, USA) to test the
significance of differences between treatments (p < 0.05 level). Canonical discriminant
analysis (CDA) and correlation analysis were carried out. The results of morphological
and physiological indices were expressed as the mean ± standard deviation (SD). Based
on determining several drought resistance evaluation indices, the photosynthetic, physio-
logical, and antioxidant index data of lily leaves were quantitatively converted through
subordination function analysis (SFA), and the drought resistance of seven lily varieties
was comprehensively evaluated:

X(µ) = (X − Xmin)/(Xmax − Xmin) (4)

X(µ) = 1 − (X − Xmin)/(Xmax − Xmin) (5)

where X(µ) is the subordination function value; X is the relative value of an index under
drought treatment; Xmax is the maximum value in the index; and Xmin is the minimum
value in this indicator. If a certain index is positively correlated with drought resistance, it
shall be calculated with Formula (3); if there is a negative correlation, Formula (4) will be
used to calculate.

3. Results
3.1. Leaf Morphology and Anatomical Structure of Seven Lily Species

There were differences in leaf length, leaf width, single leaf area, and total leaf area
among the different lily varieties (Figure 2, Table 2). The maximum difference multiples of
leaf length, leaf width, single leaf area, and total leaf area among varieties were 1.5, 3.1, 4.0
and 2.2 times, respectively. ‘Robina’ had significantly higher leaf length, leaf width, single
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leaf area, and total leaf area than the other varieties, ‘Lyon’ had the lowest leaf length, leaf
width, and single leaf area, and ‘Gelria’ had the lowest total leaf area. The specific leaf area
of ‘Lyon’ was significantly lower than that of other lily varieties.
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Table 2. Leaf characteristics of seven lily varieties.

Varieties Leaf Length (cm) Leaf Width (cm) Single Leaf Area
(cm2)

Specific Leaf Area
(cm2·g−1)

Total Leaf Area
(cm2)

‘Siberia’ 10.71 ± 0.50 d 2.27 ± 0.05 d 16.33 ± 0.53 c 114.46 ± 20.63 ab 1148.30 ± 54.22 c
‘Immaculate’ 10.79 ± 0.58 c 2.49 ± 0.06 c 18.56 ± 0.50 b 123.01 ± 9.82 ab 1236.83 ± 43.93 b

‘Gelria’ 10.55 ± 0.62 d 1.41 ± 0.03 e 11.58 ± 0.80 d 129.48 ± 38.72 a 817.86 ± 27.39 e
‘Elena’ 10.79 ± 0.58 d 2.55 ± 0.07 b 17.55 ± 0.68 c 117.04 ± 18.87 ab 1209.21 ± 49.55 b

‘Robina’ 14.28 ± 0.65 a 2.61 ± 0.09 a 25.61 ± 0.50 a 103.72 ± 22.06 c 1826.84 ± 49.09 a
‘Royal Sunset’ 12.44 ± 0.67 b 1.22 ± 0.04 f 11.30 ± 0.46 d 101.58 ± 15.75 c 1138.22 ± 60.03 c

‘Lyon’ 9.37 ± 0.52 e 0.85 ± 0.05 g 6.38 ± 0.33 e 81.31 ± 15.03 d 992.79 ± 21.23 d

Values are the average ± standard error. Different letters within the same column indicate significant differences
between treatments (p < 0.05, n = 10).

The leaf thickness of the 7 lily species was 330.04–638.25 µm (Figure 3, Table 3). The leaf
thickness of ‘Lyon’ and ‘Royal Sunset’ was significantly higher than the leaf thickness of the
other varieties, and ‘Gelria’ had the largest thickness of palisade tissue. A very interesting
observation for us is that the mesophyll thickness is not in line with leaf dimensions for
‘Lyon’. The thickness of spongy tissue varied from 182.57 to 453.48 µm. ‘Lyon’ and ‘Royal
Sunset’ sponges have significantly higher tissue thicknesses than other varieties, and ‘Gelria’
sponges have the smallest tissue thickness. The maximum palisade tissue/spongy tissue
is ‘Gelria’. ‘Lyon’ and ‘Robina’ have the largest thickness of the upper epidermis. The
thickness of the upper epidermis of ‘Gelria’ was significantly lower than the thickness
of the upper epidermis of other varieties. Except for ‘Gelria’, the thickness of the upper
epidermis was greater than the thickness of the lower epidermis.
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Figure 3. Anatomical structure of leaves of seven lily varieties. UE: upper epidermis; LE: lower
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Table 3. Anatomical structure parameters of leaves of seven lily varieties.

Varieties Blade
Thickness (µm)

Palisade Tissue
Thickness (µm)

Spongy Tissue
Thickness (µm)

Palisade
Tissue/Spongy

Tissue

Upper
Epidermis

Thickness (µm)

Lower
Epidermis

Thickness (µm)

‘Siberia’ 452.65 ± 11.24 c 61.4 ± 4.29 c 306.61 ± 10.53 b 0.20 ± 0.01 cd 66.13 ± 2.39 b 46.23 ± 3.05 bc
‘Immaculate’ 446.88 ± 11.38 c 46.44 ± 3.67 d 298.15 ± 12.54 b 0.16 ± 0.01 e 65.15 ± 3.36 b 49.57 ± 2.32 ab

‘Gelria’ 330.04 ± 9.86 e 61.5 ± 4.19 c 182.57 ± 6.91 d 0.34 ± 0.04 a 23.87 ± 1.29 c 36.08 ± 2.81 d
‘Elena’ 407.86 ± 9.69 d 53.3 ± 4.48 cd 254.80 ± 8.14 c 0.21 ± 0.02 c 63.27 ± 3.68 b 34.98 ± 1.87 d

‘Robina’ 484.25 ± 8.47 b 86.14 ± 3.88 a 280.81 ± 11.17 bc 0.31 ± 0.02 b 77.10 ± 3.57 a 42.74 ± 1.92 c
‘Royal
Sunset’ 615.74 ± 12.28 a 77.80 ± 5.41 ab 437.49 ± 12.23 a 0.18 ± 0.02 de 64.46 ± 3.18 b 37.97 ± 3.15 d

‘Lyon’ 638.25 ± 11.97 a 75.83 ± 3.96 b 453.48 ± 11.96 a 0.17 ± 0.00 e 77.98 ± 2.38 a 51.68 ± 4.85 a

Values are the average ± standard error. Different letters within the same column indicate significant differences
between treatments (p < 0.05, n = 5).

3.2. Effects of Drought Stress on Photosynthesis in Lily Leaves

With the extension of drought stress treatment time, the content of Chla and Chlb
showed a downward trend (Figure 4). After 30 days of drought stress, the Chla of the
seven lily varieties decreased by 16.6%, 16.4%, 13.7%, 16.7%, 13.2%, 12.7%, and 12.0%,
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and the Chlb content decreased by 27.5%, 32.2%, 24.1%, 32.0%, 26.3%, 21.5%, and 19.8%.
The chlorophyll content of ‘Lyon’ was the lowest under drought stress. The chlorophyll
content of ‘Elena’, ‘Siberia’, and ‘Immaculate’ was greatly affected by drought stress.
Gs, E, and Anet in leaves of seven varieties decreased gradually with the extension of
stress time; Ci increased gradually with the extension of stress time, and showed the
opposite trend after rewatering (Figure 5). In general, 10 days of drought stress had little
effect on the photosynthetic parameters of lily leaves. The variation ranges of the above
parameters varied with different varieties, and they changed significantly on the 15th day.
The photosynthetic parameters of ‘Royal Sunset’ and ‘Lyon’ changed significantly after
20 days of drought stress. On the 30th day, the gs of the leaves of the seven lily varieties
decreased by 74.3%, 78.3%, 66.0%, 76.7%, 60.1%, 50.3%, and 21.8%, respectively. After
re-watering, ‘Robina’, ‘Royal Sunset’, and ‘Lyon’ had the best recovery effects on the net
photosynthetic rate, increasing by 56.0%, 43.9%, and 42.6%, respectively. A very interesting
phenomenon is that the net photosynthetic rate of ‘Royal Sunset’, ‘Lyon’, and ‘Robina’
recovers faster than other varieties after rehydration.
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3.3. Effects of Drought Stress on Antioxidant Enzyme Activity in Lily Leaves

Under long-term drought stress, the activities of CAT, POD, and SOD in lily leaves
showed an increasing trend (Figure 6). After 10 days of stress treatment, there was no
significant difference in the activity of CAT and SOD in lily leaves of all varieties (p > 0.05).
After 15 days of treatment, the activity of CAT, POD, and SOD in seven lily varieties
showed an increasing trend. With the extension of stress time, the activity of CAT, POD,
and SOD in ‘Royal Sunset’ and ‘Lyon’ continued to increase, and the content of MDA did
not change significantly. On the 20th day, the activity of antioxidant enzymes in lily leaves
of ‘Lyon’ was significantly higher than the activity of other varieties. The CAT, POD, and
SOD activities of ‘Siberia’, ‘Immaculate’, ‘Gelria’, and ‘Elena’ decreased significantly on the
25th day, and the MDA content increased by 141%, 176%, 136%, and 161%, respectively, on
the 25th day. After 30 days of stress treatment, the antioxidant enzyme activity of ‘Robina’,
‘Royal Sunset’, and ‘Lyon’ leaves were significantly higher than the antioxidant enzyme
activity of other varieties. The CAT, POD, and SOD activity of ‘Siberia’, ‘Immaculate’,
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‘Gelria’, and ‘Elena’ decreased compared with the CAT, POD, and SOD activity of the
25th day. After 35 days of re-watering treatment, the CAT, POD, and SOD activity of these
four varieties increased, and the MDA content decreased. In contrast, ‘Robina’, ‘Royal
Sunset’, and ‘Lyon’ decreased their antioxidant enzyme activity after stress recovery.
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Figure 5. Effects of drought stress on photosynthetic parameters of lily leaves: (a) Effects of drought
stress on stomatal conductance; (b) Effects of drought stress on transpiration rate; (c) Effects of
drought stress on intercellular CO2 concentration; (d) Effects of drought stress on net photosynthetic
rate. Different letters above bar graphs indicate significant difference among lily varieties (p < 0.05,
n = 3).
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3.4. Effects of Drought Stress on the Physiological Metabolism of Lily Leaves

After drought stress, the content of free proline, soluble sugar, and soluble protein
in lily leaves increased to varying degrees (Figure 7). Within 10 days of drought stress
treatment, the content of soluble sugar in ‘Lyon’ leaves was significantly higher than
the content of soluble sugar of other varieties. The content of free proline in ‘Siberia’,
‘Immaculate’, ‘Gelria’, ‘Elena’, and ‘Robina’ increased by 49.9%, 45.2%, 37.2%, 46.3%, and
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35.9%, respectively, after 15 days of stress treatment. The content of free proline and soluble
protein in ‘Siberia’, ‘Immaculate’, ‘Gelria’, and ‘Elena’ was significantly higher than the
content of free proline and soluble protein in ‘Robina’, ‘Royal Sunset’, and ‘Lyon’. The
content of free proline in ‘Lyon’ leaves was significantly higher than the content of free
proline of other varieties after 30 days of drought stress treatment. After stress recovery,
the content of free proline, soluble sugar, and soluble protein in the leaves of the seven
lily varieties decreased to varying degrees. After rehydration, the content of proline and
soluble protein decreased significantly.
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3.5. Evaluation of Drought Resistance in Lily Varieties

After 30 days of drought stress treatment, the physiological, photosynthetic, and
antioxidant systems were affected to the greatest extent. These time point data can reflect
the drought tolerance of lily. Rewatering treatment (35 d) could reflect the recovery ability
of lily under drought stress. First, the specific subordinate values of each drought resistance
index in each variety were obtained, and then the subordinate drought resistance values
of each index of the specified variety were accumulated. The average value was obtained
to evaluate the stress resistance, and the drought resistance strength was determined
according to the average value of each variety. The drought resistance of lily leaves at
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30 d and 35 d was evaluated by the indices CAT, POD, SOD, MDA, proline, soluble sugar,
soluble protein, Chla, Chlb, gs, E, Ci, and Anet. According to the SFA value, the drought
resistance of seven lily varieties was ranked from strong to weak as ‘Lyon’, ‘Royal Sunset’,
‘Robina’, ‘Gelria’, ‘Siberia’, ‘Elena’, and ‘Immaculate’ (Table 4).

Table 4. Membership function value and drought resistance ranking of lily.

Days Siberia Immaculate Gelria Elena Robina Royal Sunset Lyon

Chla
30 0.209 0.148 0.401 0.177 0.479 0.464 0.697
35 0.256 0.213 0.390 0.210 0.524 0.675 0.815

Chlb
30 0.366 0.202 0.497 0.198 0.495 0.633 0.731
35 0.396 0.225 0.494 0.266 0.566 0.703 0.846

CAT
30 0.220 0.104 0.362 0.139 0.801 0.811 0.918
35 0.434 0.186 0.373 0.219 0.452 0.533 0.820

SOD
30 0.042 0.087 0.108 0.107 0.707 0.806 0.941
35 0.216 0.085 0.198 0.108 0.324 0.695 0.811

POD
30 0.066 0.030 0.200 0.048 0.691 0.741 0.918
35 0.280 0.075 0.401 0.124 0.693 0.717 0.866

MDA
30 0.508 0.067 0.632 0.168 0.652 0.977 0.984
35 0.503 0.035 0.588 0.193 0.625 0.978 0.978

gs 30 0.117 0.029 0.219 0.048 0.465 0.478 0.943
35 0.302 0.169 0.088 0.089 0.924 0.144 0.778

E
30 0.444 0.171 0.496 0.217 0.757 0.853 0.847
35 0.548 0.173 0.380 0.119 0.929 0.712 0.770

Ci
30 0.190 0.064 0.413 0.162 0.432 0.503 0.852
35 0.358 0.069 0.176 0.084 0.850 0.744 0.909

Anet
30 0.353 0.269 0.527 0.311 0.619 0.624 0.794
35 0.198 0.139 0.180 0.145 0.797 0.603 0.675

Proline
30 0.227 0.254 0.162 0.317 0.304 0.585 0.879
35 0.178 0.085 0.408 0.174 0.469 0.590 0.845

Soluble protein 30 0.202 0.284 0.289 0.258 0.513 0.705 0.854
35 0.384 0.290 0.399 0.172 0.580 0.767 0.868

Soluble sugar 30 0.432 0.454 0.503 0.397 0.645 0.869 0.159
35 0.668 0.483 0.441 0.626 0.709 0.867 0.456

Average membership function 0.311 0.169 0.359 0.195 0.615 0.684 0.806

Rank 5 7 4 6 3 2 1

3.6. Canonical Discriminant Analysis

After treatment at different time points, all physiological levels of the tested lily
varieties were analysed by canonical discriminant analysis (CDA) to verify the drought
resistance of the seven lily varieties (Figure 8). According to the CDA results, a total of six
discriminant functions (DFSs) were identified, and the first two DFSs (DF1 and DF2) could
clearly identify the differences between them (Figure 8, DF1 and DF2 accounted for 55.1%
and 31.8% of the independent variable information in discriminant analysis, respectively).
In general, under drought stress treatment and rewatering treatment, combined with the
levels of key traits, including CAT, SOD, POD, MDA, proline, soluble sugar, soluble protein,
Chla, Chlb, gs, E, Ci, and Anet, the horizontal distribution position of drought tolerance of
seven lily varieties analysed by CDA was consistent with the results of the SFA.
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3.7. Correlation Analysis

The results showed that leaf thickness, palisade tissue, and sponge tissue thickness
were positively correlated with antioxidant enzyme activity, photosynthesis, proline, and
soluble protein and negatively correlated with MDA and Ci (Figure 9). The correlation
between other leaf structure indices and drought resistance was low. MDA, Ci, and SLA
were negatively correlated with antioxidant enzyme activity, photosynthesis, proline, and
soluble protein.
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4. Discussion

Leaves are a manifestation of the long-traits adaptation of plants to the environment.
Leaf morphology and structure are the organs with the greatest plasticity to adapt to
environmental changes in the process of evolution, reflecting the characteristics of water
use. It is necessary for plants to maintain a balance between water absorbed by roots
and transpiration of leaves. Drought response and resistance is one of the main limiting
factors of plant growth and development. Plant response and resistance to drought stress
are a combination of complex biological processes at the cellular, physiological, and bio-
chemical levels and the whole plant level [34,35]. Drought-resistant plants can adapt to
water deficient environment through morphological adaptation, physiological regulation,
and molecular signals. The response to drought stress is a process from “adaptation” to
“injury” [13]. Rewatering after a certain degree of drought stress will have compensatory
effects on photosynthesis, antioxidation, and physiology [36].

In the process of adapting to the arid environment, the plants growing in an arid area
for a long time have formed special morphological structures, including the thickening
of cuticle, the development of palisade tissue, the shrinking of cells, and the subsidence
of stomata. The SLA reflects the ability of plants to obtain resources. The plants with
low SLA value can better adapt to resource-poor and arid environments [37]. This study
found that the change in the SLA of seven lily varieties is basically consistent with the
drought resistance. ‘Lyon’ showed strong resistance among the seven lily varieties. ‘Gelria’
and ‘Robina’ have the largest ratio of palisade tissue/spongy tissue, indicating that the
palisade tissue is developed, which is related to variety differences. However, due to their
thin leaves, drought resistance is weakened, so the ratio of palisade tissue/spongy tissue
cannot be used as an indicator to evaluate the drought resistance of the lily [38]. The leaf
thicknesses of ‘Royal Sunset’ and ‘Lyon’ are significantly higher than the leaf thicknesses
of other lily varieties, which is consistent with their drought resistance. Narrow and thick
leaves and developed palisade tissue can prevent excessive transpiration and reduce leaf
surface temperature, which is a sign of strong drought resistance. The fence organization
ensures the transportation and maintenance of water and nutrients [39]. ‘Lyon’ has thick
leaves, a small single leaf area, and well-developed palisade tissue and sponge tissue,
showing stable characteristics of drought adaptation in morphology and anatomy. These
morphological characteristics have a surface area that can effectively prevent evaporation
and reduce evaporation and have important ecological significance for reducing water loss
and maintaining water balance in plants.

Drought stress affects the normal physiological and metabolic processes of plants.
Mesophyll is the main part of photosynthesis in leaves. This study found that drought stress
causes the loss of chlorophyll in lily leaves. Water deficit caused the loss of water in cells
and chloroplasts, and the activity of enzymes involved in carbon fixation in chloroplasts
was inhibited, thus affecting the synthesis of chlorophyll. This change can also be used as
an adaptive expression of the lily. By reducing the light absorption, reactive oxygen free
radicals formed by excess excitation energy could be prevented from further damaging the
photosynthetic system [40].

The decrease in chlorophyll in lily varieties with strong drought resistance was low,
which may be related to leaf structure. Chlorophyll is distributed mainly in the chloroplasts
of mesophyll cells. The mesophyll cells of the lily differentiate into palisade tissue and
sponge tissue. The palisade tissue is close to the upper epidermis and mainly carries out
photosynthesis. The thickness of palisade tissue and spongy tissue was positively correlated
with chlorophyll content and photosynthetic rate. Under drought stress, the membrane
system in plant cells, including the membrane structure related to photosynthesis, is
destroyed due to the lack of water, nutrients, and energy, resulting in the interruption of
physiological processes. These factors may directly or indirectly affect the chlorophyll
content. Chlorophyll content is reported to decrease significantly with decreasing soil
water content [41]. Plants that can maintain high chlorophyll content under drought stress
are considered able to use light energy more effectively, so they are considered to have
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enhanced drought resistance [42]. The results showed that the chlorophyll content of ‘Lyon’
decreased the least and that photosynthesis was inhibited the least. Through the change
range of Chla and Chlb under drought stress, the change range of Chlb under drought
stress was found to be large. The change range of Chlb content can be used to evaluate the
degree of inhibition of lily photosynthesis. The decrease in stomatal conductance is often
the main reason for the decrease in photosynthesis under drought stress [43].

Drought stress can be divided into two types: stomatal limitation and nonstomatal
limitation [44,45]. Under mild drought (0–10 d), all lily varieties showed a decrease in
stomatal conductance, transpiration rate, and intercellular CO2 concentration and no
change in antioxidant enzyme system activity, cell osmotic substances, or malondialdehyde
content, indicating that the lily was under mild drought stress at this stage (Figure 10).
There are gaps between mesophyll cells to form a ventilation system, which exchanges
gas with the outside world through pores on the epidermis [46]. The decrease in the
photosynthetic rate was caused by the decrease in stomatal factors.

Under moderate drought (15–20 days), the antioxidant enzyme system activity of lily
varieties began to increase, preventing the accumulation of ROS in cells and protecting cells
from excessive ROS. Under normal circumstances, the production and clearance of ROS
in cells are in a dynamic equilibrium state. At the same time, stimulated by the signal of
reactive oxygen species, the content of cell osmotic substances began to increase, such as
soluble sugars, Pro, and soluble protein, improving the drought resistance of plants [47].
The same results were also found in the study of walnut (Juglans regia L.) drought resistance.
Walnut varieties with strong drought resistance contain less starch in the form of soluble
sugar, and the content of free proline increases with the degree of drought stress [48].
At this stage, the stomatal conductance decreased, the transpiration rate decreased, and
the Ci of ‘Gelria’, ‘Siberia’, ‘Elena’, and ‘Immaculate’ began to rise, indicating that the
photosynthetic rate of the above varieties decreased and began to change from stomatal
factors to nonstomatal factors. At the initial stage of drought stress, the photosynthetic
rate of the leaves of the seven varieties of lily did not change significantly. The stomatal
conductance of leaves decreased significantly, and Ci increased. At this time, the decline in
photosynthesis was caused by the decrease in stomatal conductance.

Under severe drought (25–30 d), the antioxidant enzyme activities of ‘Gelria’, ‘Siberia’,
‘Elena’, and ‘Immaculate’ began to decrease, resulting in a reduction in the ability to re-
move ROS in cells, the accumulation of ROS, the oxidation of intracellular lipids, the
disintegration of chloroplasts and an increase in MDA accumulation. Due to the imbalance
between the production and utilization of electrons under drought stress, plants produce
ROS in chloroplasts, peroxisomes, mitochondria, endoplasmic reticulum, plasma mem-
brane, and the cell wall. When plants suffer from drought stress, the dynamic balance is
broken, excessive accumulation of ROS damages cells, and oxidative deterioration may
eventually lead to cell death [49]. Under ROS stress, the spatial configuration of various
membrane proteins or enzymes is disturbed, resulting in increased membrane permeability
and ion leakage, chlorophyll destruction, metabolic disorder, and even serious injury or
death of plants [50]. ROS attack the most sensitive biological macromolecules in plant
cells; induce lipid peroxidation, protein carbonylation, and DNA damage; and damage
the plant’s functions, leading to a disastrous series of events. To protect cells from the
harmful effects of excessive ROS, plants have evolved a series of complex enzymatic and
nonenzymatic antioxidant defence mechanisms to maintain the homeostasis of the intracel-
lular redox state. At this stage, the reduction in the photosynthetic rate was transformed
into nonstomatal factors. In comparison, ‘Lyon’, ‘Royal Sunset’, and ‘Robina’ continued to
increase the activity of antioxidant enzymes in cells, with less ROS accumulation and slower
chloroplast disintegration, and the intercellular CO2 concentration began to rise, indicating
that the photosynthetic rate of these varieties decreased at this stage and began to change
from stomatal factors to nonstomatal factors. Under the stimulation of ROS, the content
of osmotic substances in the cells of all varieties continued to increase, and the drought
resistance of plants increased. Drought stress leads to damage to the cell membrane system,
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and the increase in MDA content reflects the degree of damage caused by drought to cells.
Although ‘Robina’ has a large leaf area, its strong drought resistance may be related to its
triploidity. Research shows that under moderate and severe drought stress, the utilization
of water by triploids is better than the utilization of water by diploids [51]. ‘Robina’ and
‘Immaculate’ have similar leaf structures, but the increase in MDA content is low, indi-
cating that the triploid population has less damage due to drought and strong tolerance
to drought. This phenomenon is also found in polyploid Lonicera japonica [52]. Stomata
can quickly and sensitively sense drought stress [53]. Under drought stress, the stomatal
conductance of lily leaves decreased, and ‘Lyon’ stomatal conductance only decreased
by 21.8% after 30 days of drought stress, which may be related to the lily having small
and thick leaves and thicker palisade tissue. The same conclusion was reached in Brassica
napus varieties [54]. The photosynthetic rate of leaves did not change significantly. At this
time, the inhibition degree of stress on photosynthesis may be related to the role of the
antioxidant system. In conclusion, Chlb is more sensitive to adverse drought environments,
and the drought-resistant structure of leaves can protect the photosynthetic system of lily
leaves under drought stress.

After 5 days of rewatering, except for ‘Lyon’, ‘Royal Sunset’, and ‘Robina’, the antiox-
idant enzyme activity of other varieties increased, the ability to clear intracellular ROS
increased, ROS decreased, and the content of malondialdehyde decreased. The results
showed that the arid soil environment was alleviated, and the membrane lipid oxidation
caused by the accumulation of ROS was repaired after rehydration [55]. For varieties
with weak drought tolerance, the physiological functions of plants are inhibited, and the
activity of CAT, POD, and SOD cannot be maintained at a high level. After restoring water
conditions, the protective mechanisms were enhanced by increasing enzyme activity [56].
The protective mechanisms of improving enzyme activity in drought-tolerant varieties
will be relieved when the water condition is restored. Similar laws have been found in
soybeans [57]. Chlorophyll synthesis began to recover, and stomatal conductance and the
photosynthetic rate increased. Among these observations, the photosynthetic recovery rate
of ‘Lyon’, ‘Royal Sunset’, and ‘Robina’ was higher than the photosynthetic recovery rate
of ‘Gelria’, ‘Siberia’, ‘Elena’, and ‘Immaculate’. At the same time, due to the decrease in
the ROS signal, coupled with the increase in water absorption, the concentration of cell
osmotic substances gradually decreased.

In this study, morphological and physiological markers were used to screen the
drought resistance of different lily varieties. The relationship between drought resistance
physiology and leaf morphology of lily was revealed. It provides a reference for the devel-
opment of water-saving, efficient, and high-quality cut-flower production and the breeding
of drought-resistant varieties. In the future, we can combine the water balance mechanism
of different parts of lily and use transcriptomics, proteomics, and other biotechnology to
further study the drought-resistance mechanism of lily.
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Figure 10. Physiological adaptation model of the lily under drought stress and rehydration. The
green box indicates that the index decreases, the red box indicates that the index increases, and the
yellow box indicates that the index does not change. gs, stomatal conductance; Ci, intercellular CO2

concentration; Anet, net photosynthetic rate; E, transpiration; SOD, superoxide dismutase; POD,
peroxidase; CAT, catalase; MDA, malondialdehyde; ROS, reactive oxygen species; Chl a, chlorophyll
a; Chl b, chlorophyll b. The heatmap reflects the index changes of the seven lily varieties, and the
drought resistance gradually increases from left to right, followed by ‘Immaculate’, ‘Elena’, ‘Siberia’,
‘Gelria’, ‘Robina’, ‘Royal Sunset’, ‘Lyon’.
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5. Conclusions

There were differences in leaf morphological indices and anatomical structures among
the seven varieties, and the changes in the photosynthetic system, antioxidant enzyme
system activity, and cell osmotic material system of the lily varieties with different leaf types
were different under different drought conditions. From the analysis of the synergistic
changes in the above systems, the drought resistance of ‘Lyon’, ‘Royal Sunset’, and ‘Robina’
is better than the drought resistance of ‘Gelria’, ‘Siberia’, ‘Elena’, and ‘Immaculate’. Specific
leaf area may be one of the apparent indices that affect the drought resistance of the lily.
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Abstract: Drought-tolerant plant growth-promoting rhizobacteria (PGPR) may promote plant de-
velopment under limited water supply conditions, when plant’s water demand is not completely
satisfied under rain-fed conditions or when irrigation water availability is limited. The aim of this
study was to examine the effects of two inoculation treatments (B2: Alcaligenes sp. 3573, Bacillus sp.
BAR16, and Bacillus sp. PAR11 strains and B3: Pseudomonas sp. MUS04, Rhodococcus sp. BAR03, and
Variovorax sp. BAR04 strains) and compare those to a control (B0) without artificial inoculation on
chlorophyll fluorescence, leaf chlorophyll content (SPAD value), canopy temperature, and the yield
of the processing tomato cultivar H-1015 F1 grown under field conditions. The young seedlings of
the hybrid tomato variety H-1015 F1 were immersed in 1% of B2 or B3 products (BAY-BIO, Szeged
Hungary) for 5 min. Inoculated and untreated seedlings were grown under three irrigation treat-
ments [regular irrigation (RI), deficit irrigation (DI), and no irrigation (I0)], to reveal the effect of
PGPR under different levels of water stress. In the dry year (2018), higher canopy temperature and
chlorophyll fluorescence (Fv/Fm) were measured during flowering in plants treated with bacteria
than in untreated plants. In the stage of flowering and fruit setting, the B3 treatment led to a signif-
icant decrease in the Fv/Fm value, canopy temperature remained high, and the SPAD value was
statistically the same in all treatments. Under limited water supply, in most cases, PGPR led to a
significantly greater total yield but more unripe green berries compared to untreated plants. Under
moderate water shortage (dry year + deficit irrigation), the B3 treatment resulted in 26% more ripe,
marketable fruit and 49% less unripe fruit compared to the B2 treatment. On the other hand, in the
wet year (2020), the bacterial treatments generally did not affect physiological properties, though
the B2 treatment produced a higher marketable yield while the amount of green and diseased fruits
did not differ statistically, compared to the B3 treatment under deficit irrigation. Based on our study,
we recommend the application of the B3 PGPR product as it positively affected key physiological
processes, leading to a higher marketable yield particularly under water shortage.

Keywords: canopy temperature; chlorophyll fluorescence; rhizobacteria; tomato; water deficit

1. Introduction

Tomato (Lycopersicon esculentum Mill.) is a worldwide strategic crop. Recently, there
has been an increase in the consumption and production of various tomato products. The
growth and quality of tomato are influenced by several factors such as genotype, maturity
stage, environmental factors and nutrient and water supply conditions. The greatest factor
that limits yield in field-grown tomato is water shortage, which is increasingly prevalent
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due to ongoing climate change. The adverse effect of such factors on yield can be managed
by adopting appropriate irrigation techniques, the use of bio-fertilizers, and the use of
drought-resistant varieties. The application of different irrigation model systems provides
the possibility to determine irrigation timing and irrigation water dose for crops [1–4],
though this process requires knowledge of the response of the varieties to water-deficit
stress. Under water shortage, plants respond by decreasing water loss as a result of stomata
closing, which reduces transpiration as well as the inflow and delivery of atmospheric CO2
to the cells [5] but increases stomata resistance, therefore influencing the efficacy of water
consumption [6]. Transpiration efficiency (TE) is an important factor in water use efficiency
(WUE) and is defined as the quantity of water used (WU) or the evaporation devoted to
biomass production [7,8]. Under water shortage, a significant positive correlation was
found between fruit yield per plant and TE in sesame plants [9] and between WU, yield,
biomass, and WUE in green bean [6].

Under water shortage, plant growth is compromised following the decrease in tran-
spiration, the increase in canopy temperature, low stomata conductance [10] and reduced
chlorophyll fluorescence and photosynthesis activity [11]. Photosynthetic activity can be
assessed through the effectiveness of photochemical systems (PSI and PSII) and by measur-
ing leaf photosynthetic pigments (e.g., chlorophyll content). The maximum photochemical
quantum quantity (Fv/Fm) of the PSII photochemical system, as chlorophyll fluorescence,
is indicative of the degree to which photosynthesis is undisturbed [12]. Under dry con-
ditions, the quantity of photosynthetic pigments and chlorophyll fluorescence (Fv/Fm)
change, suggesting their importance for assessing drought tolerance in different tomato
genotypes [13,14].

Tomato is generally considered to have a high water demand [15], though it shows
different levels of sensitivity during development. If water shortage occurs in the early
phases of flowering, it causes flower drop [16]; if it occurs during fruit setting, then smaller
berries are formed [10]; and although the quantity of marketable fruit will be less, their
soluble dry matter content would be higher under water abundance [17]. Yield loss
associated with drought stress can reach 40–60% in cultivated crops [18]. Under such
stress conditions, the distribution and extent of the root system in dry soil are severely
compromised, thereby inhibiting water and nutrient uptake [9,19]. Genotypes with deep-
reaching, developed root systems or that are able to develop an interaction with the
microorganisms living in the soil may be able to withstand periods of dryness.

Recently, interest in soil microbes has significantly increased, with studies examining
the role of various bacteria in plant development and the reactions to salt and water stress.
In the ScienceDirect database (www.sciencedirect.com, accessed on 1 June 2022), using
soil microbe as keywords, the number of published research items has increased sharply
from 1271 to 7974 during the last decade (2012–2022), suggesting the importance of such
factors for sustainable agriculture under changing climatic conditions. In the rhizosphere,
fungi, bacteria form the largest group of soil microorganisms which interact with plants
fine tuning, and therefore key plant physiological processes [20]. Low soil moisture levels
(10–14%) stimulate increased root hair density and length compared to other soil moisture
levels, depending mainly on genetic [21] and hormonal regulation [22–24]. The bacterial
community alters the root’s hormonal state, improving not only the plant’s nutrient and
water uptake and thereby its development, but also leading to the secretion of various
biochemical substances on the root, which results in microbial colonization and a symbiotic
relationship [25,26]. Under water shortage, these PGPRs increase the biosynthesis of indole-
acetic acid (IAA) and abscisic acid (ABA), leading to a significant growth extension of
roots [24,27]. Bacillus species specifically boosted the generation of antioxidant substances
under salt stress [28]. Various microbes exhibited a significant role in mitigating the adverse
effects of abiotic stress, which represents a new eco-friendly approach for sustainable
agricultural production [29,30]. Rhizobacteria are used as bio-fertilizer, plant conditioners,
plant stimulants, and bio-pesticides [30,31]. PGPR inoculation with four strains has been
shown to help minimize fertilizer inputs by maintaining the photosynthetic efficiency
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and seed yield of durum wheat under especially dry conditions [32]. Tomato seedling
inoculation with PGPR had a positive effect on the process of photosynthesis, resulting
in enhanced chlorophyll fluorescence parameters due to increased evapotranspiration in
the thylakoid membrane. Consequently, improvements in marketable fruit yield, biomass
quantity, and water use efficiency were observed [33]. Additionally, other authors [34]
noticed that certain PGPR products also increased the soluble dry matter (Brix◦) and
vitamin C content of tomato berries. Despite the fact that microbes have been successfully
used in a number of plant species [35–37], to our knowledge, no bio-fertilizer provides a full
range of nutrients or is suitable for all plant species under changing climatic conditions [38].
There is still a large gap between the potential of PGPR and its practical use as an organic
fertilizer in plant production [39] as far as the assembly, composition, and structure of
rhizospheric microbes; and plant–microbe interactions occurring under drought stress
conditions remain mostly unknown [40]. There is also a considerable lack of knowledge not
only about the physiological effects of PGPR preparations suitable for tomato production,
but also suitable bacterial strain combinations and the ripening stage at which the treatment
should be applied. Since the frequency of heatwaves and drought periods is increasing,
and the availability of irrigation water is limited, stress-mitigating solutions should be
researched and applied, such as the application of PGPRs, but its effect might vary under
different water supply levels, so the research should cover that field as well.

The aim of the experiments was to examine the effect of new preparations containing
different rhizobacterial strains on the physiological characteristics, productivity, and quality
of processing tomatoes under different water supply conditions.

2. Materials and Methods
2.1. Research Materials and Planning

The tomato variety H-1015 F1 hybrid (Heinz Seeds Company, Germany) was used in
the 2018 and 2020 growing seasons. The experimental plot was located at the horticultural
experimental farm of the Hungarian University of Agriculture and Life Sciences in Gödöllő,
Hungary. The H-1015 F1 tomato variety is a medium-sized plant with early ripeness (approx.
114 days), resistant to plant pathogens and characterized by long berries of 75–80 g as well
as a high Brix◦ (6.2–6.8). The cultivation was performed in a slightly alkaline, clayey
brown forest soil, containing 40% sand, 47.5% silt and 11.5% clay in the 0–60 cm soil layer,
neutral in pH. Soil mineral content was: P2O5 281 mg kg−1, K2O 203 mg kg−1, and NH4
2.5 mg kg−1 with humus content of 1.6%. Sowing was performed in a greenhouse using
a Klasmann TS3 (Klasmann-Deilmann GmbH, Geeste, Germany) substrate. Before being
transplanted to the field, the four-week-old seedlings were inoculated with a PGPR product
and then grown in the field.

2.2. Rhizobacteria Inoculation

The seedlings of the hybrid tomato variety H-1015 F1 were treated with a mixture of
two bacterial strains (colony-forming unit: 109 CFU/mL) provided by Zoltán Bay Research
Institute (BAY-BIO, Szeged, Hungary) right before the transplantation to the field. Two
bacterial treatments were used: the B2 treatment consisting of Alcaligenes sp. 3573, Bacillus
sp. BAR16, and Bacillus sp. PAR11 strains, the B3 treatment consisting of Pseudomonas sp.
MUS04, Rhodococcus sp. BAR03, and Variovorax sp. BAR04 strains and the untreated plants
(control) were marked as B0. Before planting, the seedlings were immersed for 5 min in
20 litres of water containing 1% of bacterial solution. Seedlings were transplanted in a
plant density of ~35,000 plants ha−1, meaning single row distance of 150 cm and 19 cm
distance between plants. The two factors (irrigation and PGPR inoculation) were designed
in split-blocks. The size of each plot was 75 m2. Samples were taken randomly from each
plot in 4 replications. One replication consisted of 10 plants.
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2.3. Climatic Data and Irrigation Treatments during Tomato Development

Three irrigation treatments were applied: regular irrigation (RI), where the evapo-
transpiration (ETc 100%) amount was replenished; deficit irrigation (DI), where only 50%
of the ETc value was replenished to provide a moderate water shortage; and the I0 treat-
ment, where ETc was not replenished. Under I0 treatment, the plants received natural
precipitation during development along with nutrients after transplantation. The software
AquaCrop 6.0 (FAO Rome, Italy) was used to calculate the RI, i.e., the plant evapotranspira-
tion (ETc) value. A drip irrigation system was used to provide the necessary water.

Based on the precipitation quantities and temperatures of the years, 2018 can be
considered to be moderately dry and 2020 to be wet (Table 1). In 2018, temperatures were
relatively higher during tomato development than in 2020, with a significant difference
in precipitation abundance. In 2018, a significant amount of rain fell prior to flowering;
however, comparatively small amount of rain fell during flowering (ST1) and fruit setting
and fruit development (ST2 and ST3, respectively) and the temperatures that rose above
30 ◦C impacted yield. In contrast, with the exception of a few days, 2020 was characterized
by an even distribution of precipitation and temperatures of 30 ◦C during the development
phase (ST1–ST3) (Figure 1).

Table 1. Temperature (◦C), precipitation (mm) and irrigation (mm) during the 2018 and 2020 growing
years under deficit (DI), regular (RI) and no-irrigation (I0) conditions.

Year Tmax Average ◦C Tmin
Average ◦C Precipitation (mm)

Irrigation (mm) Total Water (mm)

DI RI I0 DI RI

2018 27.5 15.7 304.6 80.2 160.3 349.9 384.8 464.9
2020 25.7 14.5 375.1 54.8 102.7 380.1 429.9 477.8

DI = deficit irrigation; RI = regular irrigation.

2.4. Field Measurements

Ten plants were selected in each plot to physiological properties measurement. Leaf
chlorophyll content, chlorophyll fluorescence, and canopy temperature were measured on
four occasions between 10:00 a.m. and 1:00 p.m. using selected plants, at the beginning of
flowering (ST1), during flowering and fruit setting (ST2), during early fruit development
(ST3), and during fruit ripening (ST4). Leaf chlorophyll content was measured with a
portable chlorophyll meter (SPAD 502 Konica Minolta, Warington, UK). The instrument
measures leaf photosynthetic light adsorption percentage of leaves in red and near-infrared
range, with the specified calculated SPAD value correlating to the leaf chlorophyll content.
Chlorophyll fluorescence was measured using a PAM 2500 (Heinz, Walz, GmbH, Effeltrich,
Germany) portable chlorophyll fluorometer. The fluorometer measures initial (F0) and max-
imum (Fm) fluorescence in samples adjusted against the dark. Chlorophyll fluorescence,
expressed as the percentage of Fv/Fm, was specified using the following formula:

Fv/Fm =
Fm − F0

Fm

where F0 = initial fluorescence, Fm = maximum fluorescence, and Fv = variable fluorescence
(Fm − F0).

Canopy temperature was measured using a Raytek MX4 (Raytek Corporation,
Santa Cruz, CA, USA) portable infrared thermometer, simultaneously with the SPAD
and chlorophyll fluorescence measurements.
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Figure 1. Temperature (◦C) and precipitation (mm) data recorded during the growth stages of the
hybrid tomato variety H-1015 F1: ST0 = plantation–flowering, ST1 = flowering, ST2 = flowering and
fruit setting, ST3 = early fruit development, and ST4 = fruit ripening.

2.5. Yield Analysis

The harvested fruits of the specified plants were weighed and sorted in different
groups: group 1 (healthy, red-ripe marketable fruits), group 2 (healthy, green-unripe
fruits, and group 3 (rotten, damaged and unmarketable fruits). The soluble dry matter
content of the red-ripe, marketable fruits was measured using a Krüss DR201-95 handheld
refractometer (A. Krüss Optronic GmbH, Hamburg, Germany) and expressed as degrees
Brix (◦Brix).

2.6. Statistical Analysis

The data were analyzed using one-way and two-way analysis of variance using SPSS
20 (IBM Hungary Ltd., Budapest, Hungary) Windows software. The homogeneity of the
variance was assessed using Levene’s test. Duncan’s multi-range test was also used for
means separation among treatment at the p < 0.05 level.
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3. Results

Previously, we demonstrated that water shortage occurring during tomato plant’s
generative phase, from flowering to early berry ripening, negatively affected water con-
sumption and photosynthesis-related processes [11] as well as fruit quality. In a moderately
dry growing season (2018), canopy temperature and chlorophyll fluorescence were higher
with respect to the wet and humid growing season (2020). Nevertheless, leaf relative chloro-
phyll content (SPAD values) (Figures 2–4) remained unaffected by the growing seasons.
The effect of PGPR products varied with the development stages and climatic conditions of
the growing years. Under dry conditions (2018 growing season), the canopy temperature of
untreated plants was the lowest (26 ◦C) during flowering (ST1) but increased significantly
followed by the B2 and B3 treatments, attaining values ≥30 ◦C at the early fruit develop-
ment stage (ST3) particularly following the B3 treatment (Figure 2). In the wet growing
year (2020), the low canopy temperature (22.5–23.7 ◦C) was recorded during flowering
(ST1) increased by 13–15% during the flowering and fruit setting (ST2) as well as the early
fruit development stages (ST3). Under these particular conditions, the effect of the bacterial
treatment on canopy temperature was not revealed statistically (Figure 2).
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Figure 2. Effect of different bacterial treatments (B0 = control, B2 = Alcaligenes sp. 3573, Bacillus sp.
BAR16, and Bacillus sp. PAR11 strains and B3 = Pseudomonas sp. MUS04, Rhodococcus sp. BAR03,
and Variovorax sp. BAR04 strains) on canopy temperature during development stages (ST1 = during
flowering, ST2 = flowering with fruit setting, and ST3 = early fruit development) in the dry (2018)
and wet (2020) growing years. Values represent the mean ± SD of four replicates. Bars marked with
different letters are significantly different at the p < 0.05 level.
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Figure 3. Effect of different bacterial treatments (B0 = control, B2 = Alcaligenes sp. 3573, Bacillus sp.
BAR16, and Bacillus sp. PAR11 strains and B3 = Pseudomonas sp. MUS04, Rhodococcus sp. BAR03,
and Variovorax sp. BAR04 strains) on chlorophyll fluorescence (Fv/Fm) during development stages
(ST1 = during flowering, ST2 = flowering with fruit setting, and ST3 = early fruit development) in the
dry (2018) and wet (2020) growing years. Values represent the mean ± SD of four replicates. Bars
marked with different letters are significantly different at the p < 0.05 level.

Photosynthesis remains unchanged and plant development is not impeded in the
case of high chlorophyll fluorescence (Fv/Fm) and low SPAD value. Under dry growing
conditions, leaf chlorophyll content decreased, leading to reduced light absorption (i.e., the
utilization of light energy), increased light reflection, and a decreased Fv/Fm ratio. In a
moderately dry growing season (2018), B2- and B3-treated plants exhibited a significant
increase in chlorophyll fluorescence (0.77–0.79 Fv/Fm) during tomato flowering (ST1),
which subsequently decreased significantly during the flowering and fruit setting phase
(ST2). The largest decrease in Fv/Fm values was measured in B3-treated plants with respect
to untreated plants (Figure 3).
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Figure 4. Effect of different bacterial treatments (B0 = control, B2 = Alcaligenes sp. 3573, Bacillus sp.
BAR16, and Bacillus sp. PAR11 strains and B3 = Pseudomonas sp. MUS04, Rhodococcus sp. BAR03, and
Variovorax sp. BAR04 strains) on SPAD values during development stages (ST1 = during flowering,
ST2 = flowering with fruit setting, and ST3 = early fruit development) in the dry (2018) and wet (2020)
growing years. Values represent the mean ± SD of four replicates. Bars marked with different letters
are significantly different at the p < 0.05 level.

In the wet growing year (2020), photosynthesis was well balanced from flowering until
early berry development (ST1–ST3) with a Fv/Fm value between 0.76 and 0.79 in untreated
plants (Figure 3). Under these conditions, the Fv/Fm value was not significantly affected
by bacterial treatments, except for B3-treated plants, where values decreased significantly
during the flowering and fruit setting (ST2) stage. Regardless of the changes in climatic
conditions between the two years, the highest chlorophyll fluorescence (Fv/Fm) decrease
was measured during flowering and fruit setting (ST2) in the B3 treatment, thus influencing
photosynthetic activity and the ripening process.
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Under moderate dry growing conditions (2018), the leaf SPAD index ranged between
49 and 52 during the ST1–ST3 phase. The SPAD value measured in H 1015 F1 tomato plants
with bacterial treatment was only 4% less than values in untreated plants during flowering
stage (ST1) and remained unchanged with advancing maturity (Figure 4). However, in the
wet growing year (2020), the SPAD index gradually decreased during the ST1–ST3 phase.
The SPAD value was the highest during flowering (54), 6% lower during flowering and
fruit setting (ST2), and reached its lowest value (45 SPAD) during early fruit ripening (ST3);
however, the effects of the bacteria treatment were not statistically significant (Figure 4).

Results indicate that during the wet growing year, the effect of PGPR was not obvious
on physiological properties during plant’s generative phase. However, the impact was with
differing extent during the dry growing year and depending on water supply (Figure 5).
Under water shortage (I0) associated with moderately dry growing conditions (2018), the
canopy temperature of untreated plants (B0) was high and significantly decreased by
irrigation. Without irrigation (I0), canopy temperature remained unchanged around 30 ◦C
and was not significantly influenced by PGPR treatments but under irrigated conditions,
(DI, RI) the canopy temperature of bacterial treatments significantly increased with respect
to untreated plants (Figure 5a).

Regardless of water supply and in the dry growing season, chlorophyll fluorescence
ranged from 0.73 to 0.75 Fv/Fm during the generative phase and was not significantly
affected by bacterial treatments, except for B3, which caused a significant decrease in
chlorophyll fluorescence (0.69 Fv/Fm) during deficit irrigation (Figure 5b). A similar result
was observed during flowering and fruit setting (ST2), indicating that, at this stage, water
shortage (DI) and bacterial treatments significantly affected photosynthetic activity. In
the dry year growing year (2018), during flowering (ST1) and under non-irrigated (I0)
conditions, the leaf SPAD value was slightly reduced in the treatments treated with PGPR,
with no significant difference between PGPR-treated and untreated plants for leaf SPAD
values during the generative stage or under irrigated (DI, RI) conditions (Figures 4 and 5c).

Under moderate water shortage (dry year + deficit irrigation), PGPR treatments
(B2, B3) significantly affected plant water balance. Canopy temperature increased as
transpiration decreased, and photosynthetic activity (Fv/Fm) was satisfactory with the
exception of B3, as reflected in the crop’s quality traits. Under water shortage, PGPR
treatments significantly increased fruit quantity compared to untreated plants, though the
percentage of healthy green fruits increased considerably among the distribution of the
fruit types (Table 2). Depending on the degree of water shortage and different bacterial
formulations was associated with different effects on the crop.

In the dry growing season and I0 treatment, B3-treated plants produced 32% less green
berries than those B2-treated plants. A significant difference between the PGPR treatments
under moderate water shortage (dry year + deficit irrigation) was noticed regarding green
fruit yields. In fact, B3 treatment resulted in 26% more ripe marketable fruits and 49% less
unripe fruits compared to the B2 treatment.

Soluble solid content was the highest under dry conditions (I0) and decreased signifi-
cantly with irrigation. In the moderately dry growing year (2018), PGPR treatments had
no effect on the Brix◦ value, though both water supply and PGPR treatments exhibited a
negative impact under wet growing year (2020) (Table 2).

In the wet growing year (2020), there was a significant difference between the PGPR
treatments. In fact, the B2 treatment resulted in a greater marketable yield and a higher
Brix◦ value, but with higher percentage of diseased fruit compared to B3-treated plants and
this effect was more pronounced under regular irrigation (RI) (Table 2).
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Figure 5. Effect of different bacterial treatments (B0 = control, B2 = Alcaligenes sp. 3573, Bacillus
sp. BAR16, and Bacillus sp. PAR11 strains and B3 = Pseudomonas sp. MUS04, Rhodococcus sp.
BAR03, and Variovorax sp. BAR04 strains) on canopy temperature (a), chlorophyll fluorescence
(b) and SPAD (c) from flowering to early fruit development under different water supplies (I0 = non
irrigation, DI = deficit irrigation and RI = regular irrigation) during the dry growing year (2018).
Values represent the mean ± SD of four replicates. Bars marked with different letters are significantly
different at the p < 0.05 level.
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Table 2. Effects of different water supply (I0 = non irrigation, DI = deficit irrigation and RI = regular
irrigation) and bacterial treatments (PGPR) (B0 = control, B2 = Alcaligenes sp. 3573, Bacillus sp. BAR16,
and Bacillus sp. PAR11 strains and B3 = Pseudomonas sp. MUS04, Rhodococcus sp. BAR03, and
Variovorax sp. BAR04 strains) on the total yield (TY, t.ha−1), marketable yield (MY, t.ha−1), green
yield (GY, t.ha−1), diseased/unmarketable yield (DY, t.ha−1) and green biomass (GBm, t.ha−1) as
well as soluble solids (◦Brix) of the processing tomato variety H-1015 F1 grown during the dry (2018)
and wet (2020) growing years.

2018 2020

Water
Supply
(WS) a

PGPR b TY
tha−1

MY
ha−1

GY
tha−1

DY
tha−1

GBm
tha−1

Soluble
Solids
(◦Brix)

TY
tha−1

MY
ha−1

GY
tha−1

DY
tha−1

GBm
tha−1

Soluble
Solids
(◦Brix)

I0 B0 50.71 b 45.45 b 4.40 c 0.86 a 66.3 b 4.25 a 49.78 b 40.13 a 2.52 a 7.08 c 60.3 b 4.64 a
B2 68.6 a 57.46 a 11.05 a 1.70 a 84.7 a 4.36 a 56.78 a 39.92 a 4.43 a 12.40 a 70.0 a 4.55 a
B3 68.83 a 58.27 a 8.32 b 2.25 a 88.6 a 4.39 a 51.48 a 38.71 a 3.51 a 9.28 b 61.4 b 4.20 b

I0 62.72 B 53.72 B 7.92 A 1.60 A 79.87 B 4.33 A 52.68 A 39.59 A 3.49 A 9.59 B 63.9 A 4.46 A

DI B0 64.97 b 59.26 c 4.65 d 1.06 a 81.1 b 3.65 a 51.10 b 40.33 a 2.05 a 8.71 b 62.7 ab 4.00 a
B2 83.54 a 65.30 b 15.36 a 2.89 a 100.4 a 3.61 a 55.75 a 39.11 a 2.57 a 14.03 a 66.9 a 3.80 a
B3 93.28 a 82.56 a 10.28 b 2.36 a 116.3 a 3.69 a 47.05 c 31.71 b 1.70 a 13.62 a 56.2 b 3.88 a

DI 80.57 A 69.04 A 10.10 A 2.10 A 99.3 A 3.65 B 51.30 A 37.05 A 2.11 B 12.12 A 61.9 A 3.89 B

RI B0 72.43 b 59.75 b 9.92 b 2.71 a 87.5 b 3.38 a 48.40 b 34.51 a 1.71 a 12.21 b 64.5 a 3.40 a
B2 76.37 b 62.99 a 10.41 b 14.44 a 89.8 b 3.34 a 56.18 a 35.71 a 2.23 a 18.22 a 67.1 a 3.42 a
B3 85.01 a 69.72 a 13.16 a 2.14 a 98.1 b 3.22 a 43.58 c 29.36 b 2.83 a 11.34 b 54.7 b 3.04 b

RI 77.94 A 64.15 A 11.16 A 2.61 A 91.8 A 3.31 C 49.38 A 33.19 B 2.26 B 13.93 A 62.1 A 3.29 C

Significance WS * * ns ns * *** ns * * ** ns ***
PGPR * * * ns * ns *** * Ns *** ** ***

WS × PGPR ns ns ns ns ns ns ns ns ns ns ns ns

*** p < 0.001; ** p < 0.01; * p < 0.05; ns = non-significant. Capital letters indicate the mean separation among water
supply conditions, lower case letters indicate the mean separation among bacterial treatments. Averages followed
by different letters are significantly different at the p < 0.05 level using Duncan’s test.

4. Discussion

The frequency of high temperatures and dry periods caused by climate change neg-
atively affects the yield of major field-grown horticultural crops. It is widely recognized
that yield loss can be mitigated by irrigation management and bio-fertilizer application.
However, limited bacterial strains establish a symbiotic relationship with horticultural
crops. PGPR excretes various phytohormones and osmolytes which contribute to improve
plant stress tolerance by altering key physiological processes such as stomata closing, tran-
spiration and photosynthesis [10,22,41–44]. Nevertheless, the determination of the suitable
application period of the PGPR treatment during plant development might be crucial for
efficient output.

During tomato development stages, the PGPR treatments indirectly affected canopy
temperature and chlorophyll fluorescence. In a moderate dry growing year, canopy temper-
ature and chlorophyll fluorescence (Fv/Fm) significantly increased prior to flowering in the
B2 and B3 treatments, compared to the untreated control plants. However, during flowering
and fruit setting stages, chlorophyll fluorescence (Fv/Fm) underwent the greatest decrease
in B3-treated plants, regardless of the considered growing year (dry or humid). Similar
results were reported previously as a result of mycorrhiza inoculation, where chlorophyll
fluorescence (Fv/Fm) increased in tomato until flowering and fruit setting but decreased
with advancing maturity stages, especially under dry growing conditions [45,46]. Some
PGPR strains (Bacillus safensis (FV46), and Brevibacillus lateosporus (C9F)) reduced the Fv/Fm
value compared to control according to the finding of another study [47], which is similar
to our experiment in 2018 (ST2 and ST3) and in 2020 (ST2).

Tahir et al. [48] found that PGPR strains increased relative chlorophyll content (SPAD)
in leaves under good water supply and dry growing conditions compared to untreated
plants. Bacillus strains were reported to improve plant growth by affecting physiological pro-
cesses, such as increasing plant relative water and chlorophyll content under drought stress
conditions [49,50] and increasing chlorophyll production in maize during salt stress [51].
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Phylazonit bio-fertilizer containing Bacillus strains resulted in significant increases in SPAD
values in Uno Rosso F1 tomato cultivar with respect to untreated plants [45]. In contrast,
our results showed that the chlorophyll content of PGPR-treated H-1015 F1 tomato plants
remained unchanged during the phenological stages under different water supply con-
ditions. The different values are likely attributed to the different interactions of tomato
cultivars X PGPR strains.

Altered photosynthesis-related traits such as leaf chlorophyll content and chloro-
phyll fluorescence arising from water shortage during flowering and fruit setting affected
plant development, tomato berry weight, and consequently marketable yield [11]. The
physiological processes underlying plant tolerance to water shortage and the deleterious
effects on yield depend on various factors such as the considered plant species, the PGPR
strain [51,52] and the developmental stage at which their application is more efficient.

Pseudomonas species were found to be particularly suitable during tomato flowering
and fruit setting stages [53] while the beneficial effects of Bacillus bacteria were mostly
reported for soybean [54]. Bacillus-based bio-fertilizer increased tomato berry weight under
moderate water shortage [45]. Results indicated that under moderate water shortage (dry
year + deficit irrigation) occurring during the tomato flowering to early fruit development
stages, PGPR treatments resulted in improved water balance in H-1015 F1 tomato while
photosynthetic activity remained unchanged. The application of the B3 treatment under
these conditions led to a significant decrease in chlorophyll fluorescence and thus a reduc-
tion in photosynthetic activity. The B2 product contains Bacillus bacteria strains, leading to
the highest photosynthetic activity, greater green mass, and an extended ripening process.
This is in accordance with the findings of others, who reported that Bacillus-based products
successfully forms colonies in tomato rhizosphere and contribute to improved growth
and yield [55,56]. Root colonization and tomato plant growth were observed after 15 and
60 days, respectively [57].

The intense photosynthetic activity in leaves of B2-treated plants may have delayed
the translocation of assimilates into the berries, which was reflected in the distribution of
the fruit quality fractions and in a higher proportion of immature green berry formation.
Under moderate water shortage (dry year + deficit irrigation), the B3 treatment resulted
in greater quantities of marketable fruit and less green berries than the B2 treatment. This
proves that under water shortage, plant physiological processes, yield quantities, and
qualitative distribution are not only influenced by the bacterial composition of the applied
products but also by their interaction with the host plant. Based on our results, under water
shortage, both B2- and B3-treated plants produce better yields and more healthy green
berries than untreated plants (Table 2). A significant difference could be detected between
the two bacterial treatments under moderate water shortage (dry year + deficit irrigation).
In fact, the B3 treatment resulted in 26% more marketable and 49% less unripe fruit than
the B2 treatment. Contrary to expectations, the PGPR treatments did not impact either
the number of diseased berries or their soluble dry matter content (Brix◦) under moderate
water shortage. Other authors [34] reported that certain PGPR bio-fertilizers decreased the
quantity of diseased tomato berries and improved the Brixº value.

In the humid growing year, plants treated with B2 produced a greater marketable yield
and improved the Brix◦ value but also lead to more rotten berries than in B3-treated plants.
The results showed that the B2 bio-fertilizer, containing Alcaligenes strains in addition
to Bacillus, resulted in prolonged ripening and a greater quantity of unripe green fruits
via regulation of key physiological processes. However, the bio-fertilizer B3, containing
three different rhizobacteria strains, resulted in more concentrated ripening stages and less
unripe green fruits under water shortage conditions.

5. Conclusions

Our results show that in the case of water shortage, PGPR products influence plant
physiological processes and increase yield quantities. Under water shortage occurring
during tomato flowering and fruit setting, PGPR products significantly affected canopy

36



Horticulturae 2022, 8, 641

temperature, chlorophyll fluorescence (Fv/Fm), and plant water balance and photosynthe-
sis. The quali-quantitative distribution of fruit depends on the composition of the applied
products, variety X bacterial strain interaction, and the water supply regime. Under water
shortage, the Bacillus-species-containing B2 product resulted in undisturbed photosynthe-
sis, prolonged ripening, a higher percentage of unripe green fruit, and more diseased fruit
in good water supply. The B3 product, which has a different composition, was found to be
more effective than the B2 product because the decrease in chlorophyll fluorescence led to
a drop in photosynthetic activity and accelerated ripening processes, which contributed to
the generation of a greater marketable yield and less unripe green berries. Based on our
data, we recommend immersing young tomato seedlings, prior to transplantation, in a 1%
solution of B3 combination product consisting of Pseudomonas sp. MUS04, Rhodococcus
sp. BAR03, and Variovorax sp. BAR04 strains to improve the efficiency of the treatment. In
the dry year, the examined PGPR products did not influence the Brix◦ value of the tomato
fruit but had a negative effect in the wet year.
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11. Nemeskéri, E.; Neményi, A.; Bőcs, A.; Pék, Z.; Helyes, L. Physiological factors and their relationship with the productivity of
processing tomato under different water supplies. Water 2019, 11, 586. [CrossRef]

12. Lobos, G.; Retamales, J.B.; Hancock, J.F.; Flore, J.A.; Cobo, N.; del Pozo, A. Spectral irradiance, gas exchange characteristics and
leaf traits of Vaccinium corymbosum L. ‘Elliott’ grown under photo-selective nets. Environ. Exp. Bot. 2012, 75, 142–149. [CrossRef]

13. Ogweno, J.O.; Song, X.S.; Hu, W.H.; Shi, K.; Zhou, Y.H.; Yu, J.Q. Detached leaves of tomato differ in their photosynthetic
physiological response to moderate high and low temperature stress. Sci. Hortic. 2009, 123, 17–22. [CrossRef]

14. Mishra, K.B.; Iannacone, R.; Petrozza, A.; Mishra, A.; Armentano, N.; La Vecchia, G.; Trtilek, M.; Cellini, F.; Nedbal, L. Engineered
drought tolerance in tomato plants is reflected in chlorophyll fluorescence emission. Plant Sci. 2012, 182, 79–86. [CrossRef]
[PubMed]

37



Horticulturae 2022, 8, 641

15. Zheng, J.; Huang, G.; Jia, D.; Wang, J.; Mota, M.; Pereira, L.S.; Huang, Q.; Xu, X.; Liu, H. Responses of drip irrigated tomato
(Solanum lycopersicum L.) yield, quality and water productivity to various soil matric potential thresholds in an arid region of
Northwest China. Agric. Water Manag. 2013, 129, 181–193. [CrossRef]

16. Bahadur, A.; Chatterjee, A.; Kumar, R.; Singh, M.; Naik, P.S. Physiological and biochemical basis of drought tolerance in vegetables.
Veg. Sci. 2011, 38, 1–16.

17. Pék, Z.; Szuvandzsiev, P.; Neményi, A.; Helyes, L. Effect of season and irrigation on yield parameters and soluble solids content
of processing cherry tomato. Acta Hortic. 2015, 1081, 197–202. [CrossRef]

18. Shao, H.B.; Chu, L.Y.; Jaleel, A.; Zhao, C.X. Water-deficit stress-induced anatomical changes in higher plants. CR Biol. 2008, 331,
215–225. [CrossRef]

19. Zhang, X.; Lu, G.; Long, W.; Zou, X.; Li, F.; Nishio, T. Recent progress in drought and salt tolerance studies in Brassica crops. Breed.
Sci. 2014, 64, 60–73. [CrossRef]

20. Barriuso, J.; Solano, B.R.; Mañero, F.J.G. Protection against pathogen and salt stress by four plant growth-promoting rhizobacteria
isolated from Pinus sp. on Arabidopsis thaliana. Phytopathology 2008, 98, 666–672. [CrossRef]

21. Liu, T.; Yang, X.G.; Batchelor, W.D.; Liu, Z.J.; Zhang, Z.T.; Wan, N.H.; Sun, S.; He, B.; Gao, J.Q.; Bai, F.; et al. A case study of
climate-smart management in foxtail millet (Setaria italica) production under future climate change in Lishu county of Jilin, China.
Agric. For. Meteorol. 2020, 292–293, 108131. [CrossRef]

22. Sauter, A.; Dietz, K.J.; Hartung, W. A possible stress physiological role of abscisic acid conjugates in root-to-shoot signalling. Plant
Cell Environ. 2002, 25, 223–228. [CrossRef] [PubMed]

23. Cohen, A.C.; Travaglia, C.N.; Bottini, R.; Piccoli, P.N. Participation of abscisic acid and gibberellins produced by endophytic
Azospirillum in the alleviation of drought effects in maize. Botany 2009, 87, 455–462. [CrossRef]

24. Sharifi, R.; Ryu, C.M. Chatting with a Tiny Belowground Member of Holobiome: Communication Between Plants and Gowth-
Promoting Rhizobacteria. Adv. Bot. Res. 2017, 82, 135–160.

25. Kamilova, F.; Kravchenko, L.V.; Shaposhnikov, A.I.; Azarova, T.; Makarova, N.; Lugtenberg, B. Organic acids, sugars and
L-tryptophane in exudates of vegetables growing on stonewool and their effects on activities of rhizosphere bacteria. Mol. Plant
Microbe Interact. 2006, 9, 250–256. [CrossRef]

26. Oku, S.; Komatsu, A.; Tajima, T.; Nakashimada, Y.; Kato, J. Identification of chemotaxis sensory proteins for amino acids in
Pseudomonas fluorescens Pf0-1 and their involvement in chemotaxis to tomato root exudate and root colonization. Microbes Environ.
2012, 27, 462–469. [CrossRef]

27. Dodd, I.C.; Zinovkina, N.Y.; Safronova, V.I.; Belimov, A.A. Rhizobacterial mediation of plant hormone status. Ann. Appl. Biol.
2010, 157, 361–379. [CrossRef]

28. Zhang, Y.; Cui, G.; Zhang, W.; Lang, D.; Zhixian, L.; Zhang, X. Bacillus sp. G2 improved the growth of Glycyrrhiza uralensis Fisch.
related to antioxidant metabolism and osmotic adjustment. Acta Physiol. Plant 2021, 43, 152. [CrossRef]

29. Nadeem, S.M.; Ahmad, M.; Zahir, Z.A.; Javaid, A.; Ashraf, M. The role of mycorrhizae and plant growth promoting rhizobacteria
(PGPR) in improving crop productivity under stressful environments. Biotechnol. Adv. 2014, 32, 429–448. [CrossRef]

30. Singh, V.K.; Singh, A.K.; Singh, P.P.; Kumar, A. Interaction of plant growth promoting bacteria with tomato under abiotic stress: A
review. Agric. Ecosyst. Environ. 2018, 267, 129–140. [CrossRef]

31. Berg, G. Plant-microbe interactions promoting plant growth and health: Perspectives for controlled use of microorganisms in
agriculture. Appl. Microbiol. Biotechnol. 2009, 84, 11–18. [CrossRef] [PubMed]

32. Khanghahi, M.Y.; Leoni, B.; Crecchio, C. Photosynthetic responses of durum wheat to chemical/microbiological fertilization
management under salt and drought stresses. Acta Physiol. Plant 2021, 43, 123. [CrossRef]

33. Le, A.T.; Pék, Z.; Takács, S.; Neményi, A.; Helyes, L. The effect of plant growth-promoting rhizobacteria on yield, water use
efficiency and Brix Degree of processing tomato. Plant Soil Environ. 2018, 64, 523–529. [CrossRef]

34. Andryei, B.; Horváth, K.Z.; Agyemang Duah, S.; Takács, S.; Égei, M.; Szuvandzsiev, P.; Neményi, A. Use of plant growth
promoting rhizobacteria (PGPRs) in the mitigation of water deficiency of tomato plants (Solanum lycopersicum L.). J. Cent. Eur.
Agric. 2021, 22, 167–177.

35. Zhou, Y.; Sang, T.; Tian, M.; Jahan, M.S.; Wang, J.; Li, X.; Guo, S.; Liu, H.; Wang, Y.; Shu, S. Effects of Bacillus cereus on
photosynthesis and antioxidant metabolism of cucumber seedlings under salt stress. Horticulturae 2022, 8, 463. [CrossRef]

36. Papoui, E.; Bantis, F.; Kapoulas, N.; Ipsilantis, I.; Koukounaras, A. A sustainable intercropping system for organically produced
lettuce and green onion with the use of arbuscular mycorrhizal inocula. Horticulturae 2022, 8, 466. [CrossRef]

37. Sneha, S.; Anitha, B.; Sahair, R.A.; Raghu, N.; Gopenath, T.S.; Chandrashekrappa, G.K.; Basalingappa, K.M. Biofertilizer for crop
production and soil fertility. Acad. J. Agric. Res. 2018, 6, 299–306.

38. Kaur, R.; Kaur, S.; Kaur, G. Molecular and physiological manipulations in rhizospheric bacteria. Acta Physiol. Plant 2021, 43, 77.
[CrossRef]

39. Vejan, P.; Abdullah, R.; Khadiran, T.; Ismail, S.; Boyce, A.N. Role of plant growth promoting rhizobacteria in agricultural
sustainability: A review. Molecules 2016, 21, 573. [CrossRef]

40. Aslam, M.M.; Okal, E.J.; Idris, A.L.; Qian, Z.; Xu, W.; Karanja, J.K.; Wani, S.H.; Yuan, W. Rhizosphere microbiomes can regulate
plant drought tolerance. Pedosphere 2022, 32, 61–74. [CrossRef]

41. Yang, J.; Kloepper, J.W.; Ryu, C.M. Rhizosphere bacteria help plants tolerate abiotic stress. Trends Plant Sci. 2009, 14, 1–4.
[CrossRef] [PubMed]

38



Horticulturae 2022, 8, 641

42. Forni, C.; Duca, D.; Glick, B.R. Mechanisms of plant response to salt and drought stress and their alteration by rhizobacteria.
Plant Soil 2017, 410, 335–356. [CrossRef]

43. Davies, W.J.; Zhang, J. Root signals and the regulation of growth and development of plants in drying soil. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 1991, 42, 55–76. [CrossRef]

44. Bresson, J.; Varoquaux, F.; Bontpart, T.; Touraine, B.; Vile, D. The PGPR strain Phyllobacterium brassicacearum STM196 induces
a reproductive delay and physiological changes that result in improved drought tolerance in Arabidopsis. N. Phytol. 2013, 200,
558–569. [CrossRef]

45. Nemeskéri, E.; Horváth, K.; Pék, Z.; Helyes, L. Effect of mycorrhizal and bacterial products on the traits related to photosynthesis
and fruit quality of tomato under water deficiency conditions. Acta Hortic. 2019, 1233, 61–66. [CrossRef]

46. Horvath, K.Z.; Andryei, B.; Helyes, L.; Pék, Z.; Neményi, A.; Nemeskéri, E. Effect of mycorrhizal inoculations on physiological
traits and bioactive compounds of tomato under water scarcity in field conditions. Not. Bot. Hortic. Agrobot Cluj Napoca 2020, 48,
1233–1247. [CrossRef]

47. Costa-Santos, M.; Mariz-Ponte, N.; Dias, M.C.; Moura, L.; Marques, G.; Santos, C. Effect of Bacillus spp. and Brevibacillus sp. on
the Photosynthesis and Redox Status of Solanum lycopersicum. Horticulturae 2021, 7, 24. [CrossRef]

48. Tahir, M.; Khalid, U.; Khan, M.B.; Shahid, M.; Ahmad, I.; Akram, M.; Ijaz, M.; Hussain, M.; Farooq, A.B.; Naeem, M.A.; et al. Auxin
and 1-aminocyclopropane-1-carboxylate deaminase activity exhibiting rhizobacteria enhanced maize quality and productivity
under water deficit conditions. Int. J. Agric. Biol. 2019, 21, 943–954.

49. Gagné-Bourque, F.; Bertrand, A.; Claessens, A.; Aliferis, K.A.; Jabaji, S. Alleviation of drought stress and metabolic changes in
timothy (Phleum pratense L.) colonized with Bacillus subtilis B26. Front. Plant Sci. 2016, 7, 584. [CrossRef]

50. Zhou, C.; Ma, Z.; Zhu, L.; Xiao, X.; Xie, Y.; Zhu, J.; Wang, J. Rhizobacterial strain Bacillus megaterium BOFC15 induces cellular
polyamine changes that improve plant growth and drought resistance. Int. J. Mol. Sci. 2016, 17, 976. [CrossRef]

51. Chen, L.; Liu, Y.; Wu, G.; Veronican, N.; Jeri, K.; Shen, Q.; Zhang, N.; Zhang, R. Induced maize salt tolerance by rhizosphere
inoculation of Bacillus amyloliquefaciens SQR9. Physiol. Plant 2016, 158, 34–44. [CrossRef] [PubMed]

52. Kloepper, J.W.; Lifshitz, R.; Zablotowich, R.K. Free-living bacterial inocula for enhancing crop productivity. Trends Biotechnol.
1989, 7, 39–43. [CrossRef]

53. Bona, E.; Cantamessa, S.; Massa, N.; Manassero, P.; Marsano, F.; Copetta, A.; Lingua, G.; D’Agostino, G.; Gamalero, E.; Berta, G.
Arbuscular mycorrhizal fungi and plant growth-promoting pseudomonads improve yield, quality and nutritional value of
tomato: A field study. Mycorrhiza 2017, 27, 1–11. [CrossRef] [PubMed]

54. Mondani, F.; Khani, K.; Honarmand, S.L.; Saeidi, M. Evaluating effects of plant growth-promoting rhizobacteria on the radiation
use efficiency and yield of soybean (Glycine max) under water deficit stress condition. Agric. Water Manag. 2019, 213, 707–713.
[CrossRef]

55. Vaikuntapu, P.R.; Dutta, S.; Samudrala, R.B.; Rao, V.R.V.N.; Kalam, S.; Podile, A.R. Preferential promotion of Lycopersicon
esculentum (tomato) growth by plant growth promoting bacteria associated with tomato. Indian J. Microbiol. 2014, 54, 403–412.
[CrossRef]

56. Zhou, D.; Huang, X.F.; Chaparro, J.M.; Badri, D.V.; Manter, D.K.; Vivanco, J.M.; Guo, J. Root and bacterial secretions regulate the
interaction between plants and PGPR leading to distinct plant growth promotion effects. Plant Soil 2016, 401, 259–272. [CrossRef]

57. Kalam, S.; Basu, A.; Podile, A.R. Functional and molecular characterization of plant growth promoting Bacillus isolates from
tomato rhizosphere. Heliyon 2020, 6, e04734. [CrossRef]

39





Citation: Makhadmeh, I.;

Albalasmeh, A.A.; Ali, M.; Thabet,

S.G.; Darabseh, W.A.; Jaradat, S.;

Alqudah, A.M. Molecular

Characterization of Tomato (Solanum

lycopersicum L.) Accessions under

Drought Stress. Horticulturae 2022, 8,

600. https://doi.org/10.3390/

horticulturae8070600

Academic Editors: Stefania Toscano,

Giulia Franzoni, Sara Álvarez and

Aušra Brazaitytė
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Abstract: Exploring the genetic diversity among plant accessions is important for conserving and
managing plant genetic resources. In the current study, a collection of forty-six tomato accessions
from Jordan were evaluated based on their performance and their morpho-physiological, in addition
to molecularly characterizing to detect genetic diversity. Tomato accessions seedlings were exposed
to drought stress with 70% field capacity and 40% field capacity under field conditions in Jordan.
Drought stress had significantly negatively influenced the dry root weight, fresh root weight, root
growth rate, fresh shoot weight, dry shoot weight, and shoot growth rate. Moreover, proline content
showed a highly significant increase of 304.2% in response to drought stress. The analysis of twenty
morphological characters revealed a wide range of variations among tomato accessions. Accessions
were screened with fourteen SSR primers; six primers were informative to explain the genetic diversity.
Based on resolving power, primers LEct004 and LEat018 were most significant with all 46 accessions.
Interestingly, polymorphic information content (PIC) values ranged from 0.00 (Asr2 marker) to
0.499 (LEct004), which confirms that the SSR markers are highly informative. Our findings provide
new insights into using informative molecular markers to elucidate such wide genetic variation
discovered in our collections from Afraa and Abeel (the southern part of Jordan). Interestingly,
the SSR markers were associated with genes, e.g., LEat018 with ACTIN_RELATED PROTEIN gene,
the LEct004 with the HOMEOBOX PROTEIN TRANSCRIPTION FACTORS gene, and Asr2 with
ABA/WDS. Moreover, the AUXIN RESPONSE FACTOR8 gene was associated with the LEta014
SSR marker and the LEta020 with the THIOREDOXIN FAMILY TRP26 gene. Therefore, the genetic
diversity analysis and functional annotations of the genes associated with SSR information obtained
in this study provide valuable information about the most suitable genotype that can be implemented
in plant breeding programs and future molecular analysis. Furthermore, evaluating the performance
of the collection under different water regimes is essential to produce new tomato varieties coping
with drought stress conditions.

Keywords: tomato; SSRs; breeding; gene-associated SSRs; genetic diversity; drought stress

1. Introduction

Tomato (Solanum lycopersicum L.) is an annual herbaceous plant that belongs to the
Solanaceae Family [1–3]. Tomato is the second most economically important vegetable
grown worldwide, it forms a significant part of the agricultural industry and is also the
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second most consumed vegetable. It is known that tomato production is increased consid-
erably worldwide [2–5]. In Jordan, a wide range of tomato cultivars and accessions were
gathered from farmers and stored in the seed bank at the National Agricultural Research
Center (NARC) [6–8]. In Jordan, the production of tomatoes increases year by year with
high ability of export. Accession tomatoes are highly adapted to the Jordanian conditions
with large hereditary types used in breeding for tomato productivity and adaptation im-
provement. Therefore, they have been used for some time in breeding to make a character
of adaptation to abiotic stresses [6,7]. Accessions are an excellent source for improving the
tomato crop for drought and have existed in Jordan for several years. The collections of
accession frequently exist in the thousands, which can usually be subject to pre-screening
under different stress conditions to identify the most promising genotype [9]. Tomato
is known to be sensitive to environmental stresses, including drought stress which im-
pacts seed germination and plant development and performance [10]. Cattivelli et al. [11]
reported the effect of drought on stages of plant development to understand the drought tol-
erance from germination to reproduction through conventional and molecular approaches.
Drought stress during the vegetative or early reproductive phase usually reduces yield. It
often induces physiological and molecular changes in plant water relation parameters such
as cell turgor pressure, osmotic pressure, and water potential [12,13]. Drought stress at
different developmental stages causes several morphological and biochemical alternations
in various plant species. Water deficit at the early seedling stage might lead to higher dry
root weights, longer roots, coleoptiles, and higher root-to-shoot ratios [14–16], all of these
changes are parameters of interest and have been widely used as reliable markers toward
drought stress tolerance for evaluating various crop plants. Reduction in water potential
induces stomatal closure resulting in a decrease in photosynthesis, leaf expansion and
orientation, stomatal behavior, photosynthesis, respiration rate, solute translocation, and
ultimately yields [13,17]. Toxic substances generated during stress, such as reactive oxygen
species (ROS), cause oxidative damage to the cellular organization. Tomato plants have
developed an antioxidant system that scavenges toxic elements and accumulates osmo-
protectants, including proline, glycine betaine, and other osmoprotectants to keep osmotic
balance [13,17]. Drought stress tolerance was evaluated according to different tolerance
indices to characterize tomatoes’ physiological and genetic basis, including plant develop-
ment, fruit set, fruit weight, shoot and root morphology, water use efficiency (WUE), and
other physiological parameters [18]. Researchers have evaluated drought-tolerant tomato
breeding cultivars in response to drought conditions drought stress [18]. Pakmore VF and
the breeding line L03306 showed better performance in several deficit irrigation regimes.
These genotypes are considered a resource for the drought tolerance breeding program.

In recent years, crop physiology and agronomics have led to new insights into drought
tolerance. These insights have provided the breeders with new knowledge and tools for
plant improvement and the ability to detect the variation between species, varieties, and
accessions; for example, using several types of DNA molecular markers can be used such as
random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism
(RFLP), amplified fragment length polymorphism (AFLP), minisatellites, variable number
of tandem repeats (VNTRs), and simple sequence repeats (SSRs) [11,19–21]. SSRs are
sections of DNA consisting of (1–6) or (2–7) base pair units tandemly repeated throughout
the genome [20,22–24], to detect the variation degree [9,21,24] or phylogenetic [25–27]. The
hypervariability character of SSR markers, based on microsatellite DNA loci, enables this
method to be the main major in studying plant population genetics [8,20,28–31]. SSRs can
be used in gene mapping studies, for example, using 65 SSR primer pairs by Liu et al. [32]
in the cotton genome mapping [33]. Additionally, Shiri [34] used 38 maize hybrids and
12 SSR pairs to investigate the genetic diversity and then identify the informative SSRs for
drought tolerance. The amplified bands were 40, the number of alleles ranged from 2 to 6,
and the Polymorphism Information Content (PIC) ranged from 0.23 to 0.79. Tam et al. [35]
detected the genetic diversity within the 34 lines of tomato and 35 lines of pepper using
29 SSR primers (16 for tomato and 13 for pepper). Our study noticed that the genetic
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variations within the tomato and pepper collections were similar because all the bands for
both collections were polymorphic and the polymorphism percentages were equal (100%).

The specific goals of this research were to evaluate the genetic diversity of the tomato
accessions grown in Jordan and to determine (1) the extent of morphological variations
among tomato accessions, (2) the allele distribution in relation to the gene pool origins and
probable drought tolerance based on geographic origin, (3) evaluate the effect of drought
stress on tomato accessions at the seedling stage, (4) predict the function of candidate genes
that are associated with our SSR primers in tomato, (5) determine the expression pattern of
our target genes in plant tissues-specific, and (6) by combining phenotypes, SSR marker
genotypes, and putative expression pattern, we can understand the functional roles of our
genes which are related to the local adaptation to drought stress.

2. Materials and Methods
2.1. Plant Materials and Effect of Drought on Tomato Accessions at Germination Stage

Forty-six tomato accessions originating from different geographical regions in Jordan
were ordered from the Genebank of the National Center for Agricultural Research and
Extension (NCARE), Amman, Jordan, and were used in this study (Table 1). The seeds
were grown in growth chambers at the plant production department laboratories as well as
glasshouse of Jordan University of Science and Technology (JUST).At seedling stage, the
leaf sampleswere collected for DNA analysis at the Princess Haya Biotechnology Center
(PHBC) at the King Abdullah University Hospital (KAUH) and the University of Jordan.

Table 1. Tomato accession collection regions used in this study.

No. Accession No. Region of Location No. Accession No. Region of Location

1 JOR111 Kharja/Irbid 24 JOR972 Rhaba/Irbid

2 JOR112 Kharja/Irbid 25 JOR973 Rhaba/Irbid

3 JOR950 Kharja/Irbid 26 JOR974 Rhaba/Irbid

4 JOR951 Kharja/Irbid 27 JOR975 Rhaba/Irbid

5 JOR952 Al-al/Irbid 28 JOR976 Rhaba/Irbid

6 JOR953 Al-al/Irbid 29 JOR977 Rhaba/Irbid

7 JOR954 Al-al/Irbid 30 JOR978 Rhaba/Irbid

8 JOR955 Kharja/Irbid 31 JOR979 Rhaba/Irbid

9 JOR956 Qasfa 32 JOR980 Rhaba/Irbid

10 JOR957 Hebras/Irbid 33 JOR981 Rhaba/Irbid

11 JOR958 Hebras/Irbid 34 JOR982 Afra/Tafileh

12 JOR959 Sakib/Jarash 35 JOR984 Afra/Tafileh

13 JOR960 Anjara/Ajloun 36 JOR985 Abel/Tafileh

14 JOR961 Shtafina/Ajloun 37 JOR986 Abel/Tafileh

15 JOR962 AAfna-Ain Jannah/Ajloun 38 JOR987 Abel//Tafileh

16 JOR963 Afna-Ain Jannah/Ajloun 39 JOR988 Ain Al-Baida/TafilehTafileh

17 JOR964 Rhaba/Irbid 40 JOR989 Ain Al-Baida/Tafileh

18 JOR965 Rhaba/Irbid 41 JOR990 Ain Al-Baida/Tafileh

19 JOR966 Rhaba/Irbid 42 JOR991 Ain Al-Baida/Tafileh

20 JOR967 Rhaba/Irbid 43 JOR992 Ain Al-Baida/Tafileh

21 JOR968 Rhaba/Irbid 44 JOR993 Ain Al-Baida/Tafileh

22 JOR970 Rhaba/Irbid 45 JOR994 Ain Al-Baida/Tafileh

23 JOR971 Rhaba/Irbid 46 JOR995 Rashadeyeh/Tafileh
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2.2. Field Trial

Ten seeds of each tomato accession were sown at 8 cm depth (in 8 L pots containing
a mixture of soil: sand: peat moss in a volume ratio of 2:1:1) under greenhouse condi-
tions. Field capacity (FC) was determined by saturating the soil with water and recording
the weight of the soil after drainage had stopped. Soil moisture content was measured
gravimetrically by weighting soil samples before and after oven-drying at 105 ◦C for 24 h
divided by the weight of the dry soil. Di-ammonium phosphate (DAP) fertilizer was added
to the pots, the seeds were sown, and then the pots were covered with plastic to reduce
evaporation during development. When plumule started to emerge, small holes were
made carefully in the covers to enable the plants to grow, and 50 mL NPK (30:10:10) was
added per pot (60 g per 20 L) to avoid the appearance of mineral deficiency in plants.
Plants were exposed to drought stress at the beginning of the early seedling stage with 70%
field capacity and 40% field capacity under field conditions, and three randomly selected
accessions were used as a reference. Before irrigation, three reference pots were weighed
and watered to adjust the corresponding FC. The experiment was carried out using a
completely randomized design with three replications (ten seeds per replicate).

2.3. Vegetative Traits

After 60 days of growing, tomato plants were harvested. Three plants from each
replicate of each treatment were randomly selected to be used for further analysis. Shoots
and roots were separated manually to measure the fresh and dry weights after drying them
at (65 ◦C for 72 h) in the oven. The relative shoot or root weight was calculated as follows:

Relative of shoot or root weight = [shoot or root weight at drought treatment/shoot or
root weight at control] ×100.

The growth rate of shoot or root = shoot or root fresh weight/45 days.
Relative shoot or root growth rate = [shoot or root growth rate at drought treat-

ment/shoot or root fresh growth rate at control] ×100.

2.4. Determination of Proline Content

The free content of proline was estimated and extracted according to the protocol of
Bates et al. [36] _ENREF_32, and more measurement steps are discussed in the protocol by
Senthilkumar et al. [37].

2.5. Morphological Characteristics

The following 20 morphological characters related to the tomato accessions (Table S4)
during the seedling, immature, mature, and ripening stages were measured by a Tomato
descriptor (IPGRI, 1999). Additionally, fruit shape-related perimeter traits and fruit shape
index for the external shape and other characters were measured by a Tomato Analyzer
(TA) software program version 3 (Rodríguez et al., 2010).

2.6. Statistical Analysis
2.6.1. Drought Data Analysis

The phenotypic data were statistically analyzed by the SPSS software (version 17).
Analysis of variance (ANOVA) and means separation at LSD (0.05) in addition to T-Test
were also calculated using SPSS software to compare the treatments.

2.6.2. Morphological Data Analysis

Data were statistically analyzed by the SPSS software (version 17). Means, range,
maximum value, minimum value, standard deviation, standard error of the mean, and
sum were measured. Hierarchical cluster analysis was used to calculate morphological
similarity values between accessions using the Euclidean distance interval option and then
classified them by dendrogram using average linkage (within groups).
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2.7. DNA Extraction and Simple Sequence Repeat (SSR) Assays

Total genomic DNA was extracted from young leaves for five different plants per
line using a DNA Plant Kit (Qiagen). DNA quantification was performed with an ND-
1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). The DNA
quality was assessed using the absorbance ratio at 260 to that at 280 nm wavelengths
(A260/A280). DNA quantity was calculated as DNA (µg/µL) = A260 × 50, where A260
is the absorbance at 260 nm. Thus, the concentration of DNA in µg/mL was calculated as
DNA (µg/mL) = [A260 × 50] × DF where DF is the dilution factor. Fourteen SSR primers
designed for tomato DNA fingerprinting were used. These SSR primer sequences were
obtained from [38]. Six primers were selected for the next analysis to determine genetic
diversity in tomato collection (LEat018, LEct004, LEta014, LEta020, CT114, and Asr2) based
on the screening of fourteen SSR primers. Information about these primer sequences and
their information are presented in Table 2.

Table 2. Primers and their sequence, expected fragment, and melting temperature.

SSR Name Primer Sequence (5′~3′) Expected Fragment
Size (bp)

Melting Temperature
Tm (◦C)

LEat018 F: CGG CGT ATT CAA ACT CTT GG
R: GCG GAC CTT TGT TTT GGT GA 120 46.7

LEct 004 F: AGC CAC CCA TCA CAA AGA TT
R: GTC GCA CTA TCG GTC ACG TA 354 44.6

LEta 014 F: ACA AAC TCA AGA TAA GTA AGA GC
R: GTG AAT TGT GTT TTA ACA 120 44.8

LEta020 F: AAC GGT GGA AAC TAT TGAAAG G
R: CAC CAC CAA ACC CAT CGT C 175 46

CT114 F: ATA TTG CTT AGG CGT CAT CCA
R: TTG AAA CCA GCC GTT GC 1125 58

Asr2 F: AGA GAA GCA ATA CAA TAGGC T
R: TAT TAG ACA AAA CAT AGAGTC C 520 52

2.8. PCR Amplification and Product Electrophoresis

PCR amplification was performed for all the SSR markers and the best performing
conditions were identified. During the primer testing, a fraction of the total number of
plants was used for the polymerase chain reaction. PCR reactions were performed in
96-well plates using either the Perkin Elmer GeneAmp PCR system 9600 (PE Biosystems)
or the TECHNE Genius thermal cycler (Techne Ltd., Cambridge, UK) with the same
amplification program. Six SSR primer pairs were used for amplification reaction (Table 2).
The DNA from the 46 tomato samples was amplified using SSR markers following the
PCR amplification protocol by Promega (Madison, WI, USA). The PCR amplification
conditions were set up for one cycle of denaturation for 2 min at 94 ◦C, followed by 33-cycle
amplification with a 25 s denaturing at 94 ◦C, a 25 s annealing at the Tm (Tm varies for the
individual primers), a 25 s extension at 68 ◦C, and a final extension cycle at 68 ◦C for 5 min.

The PCR products of SSRs were separated using 3% Metaphor Agarose gel (FM-
CBioProducts) that was recommended to separate small-sized bands from SSRs [39] and
electrophoretic apparatus (MS Major Science, UK) and BIO-RAD (Criterion TM cassettes)
100 V for 1 h was applied. DNA loading dye of 1 X was added to the PCR products for
visual capture of DNA migration during electrophoresis. Five µL of 1000 bp and 100 bp
DNA ladder were used as a reference to estimate the size of specific DNA bands. Finally,
Gel Works ID advanced software analyzed the amplified DNA banding patterns. The
size of the allele fragments that SSR amplified was measured. Polymorphism information
content (PIC) was calculated as PIC = 1 − Spi2, where pi is the allele frequency [40].
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2.9. Data Scoring

The gel for each primer was analyzed separately by scoring the bands and coded by
(0) and (1) for the absent and present amplification bands for all test markers, respectively,
using SAGA 6 software). Genetic similarity values between accessions were calculated
using the Dice coefficient according to Dice [41]:

2 × |X ∩ Y|/(|X| + |Y|)

From the NTSYS-pc, version 2.0 software [42]. The genetic similarity matrix was
used to generate a dendrogram using the Unweighted Pair Group Method of Arithmetic
Averages (UPGMA).

2.10. Functional Assignments for Gene-Associated SSRs in Tomato

The sequence of SSR markers was used as a query to search against the Solanum
lycopersicum genomics that we already downloaded from NCBI genomics (https://www.
ncbi.nlm.nih.gov/genome/?term=tomato, accessed on 12 April 2022). Then, the alignment
sequence was compared using various databases, such as National Center for Biotechnology
Information (NCBI) gene bank, Phytozome, InterPro, and KEGG databases to predict the
candidate genes associated with our SSR primers in tomatoes. For the potential functions
of these genes, Phytozome v13 was used to obtain the annotations by KOG (Eukaryotic
Orthologous Groups), KEGG (Kyoto Encyclopedia of Genes and Genomes), ENZYME,
Pathway, and the InterPro family of protein analysis (Classification of protein families)
tools. In Phytozome, we made the blast sequence against five tomato genomics such as
Solanum lycopersicum ITAG2.4, Solanum lycopersicum ITAG3.2, Solanum lycopersicum ITAG4.0,
Solanum tuberosum v4.03, and Solanum tuberosum v6.1.

2.11. Putative Tissue Expression Pattern, Subcellular Localization, Root Cell Types and Tissues of
Our Target Genes

Putative tissue-specific expression profiles of Solyc11g005330, Solyc02g089940,
Solyc03g031970, Solyc01g097450, Solyc10g011690, and Solyc04g071580 genes that are as-
sociated with our SSR markers were extracted based on Solanum lycopersicum transcript
expression database from nineteen tissues and organs including flowers, leaves, roots,
and fruit from different developmental stages. Expression profiles were built using
the tomato plant Electronic Fluorescent Pictograph Browsers (Tomato eFP browsers)
(http://bar.utoronto.ca/eplant_tomato/) accessed on 12 April 2022 [43]. Moreover, the
putative subcellular localizations of our previous gene from Solanum lycopersicum were
examined based on tomato protein localization of fourteen different cell organs to recog-
nize possible synthesis sites using the tomato Cell eFP browsers (Tomato eFP browsers)
(http://bar.utoronto.ca/eplant_tomato/) accessed on 12 April 2022. Furthermore, the puta-
tive root cell types and tissues specific to our genes were examined using different root cell
types and tissues under various promoter toolboxes, such as AtWER, SIPEP, AtPEP, SICO2,
SISCR, SISHR, AtS32, AtS18, SIWOX5, SIRPL11C, and 35S promoters to determine the puta-
tive function of our genes at specific root cell types http://bar.utoronto.ca/eplant_tomato/
accessed on 12 April 2022.

3. Results
3.1. The Effects of Drought on Tomato Accessions at the Seedling Stage

Several parameters such as fresh root weight, dry root weight, root growth rate, fresh
shoot weight, dry shoot weight, and shoot growth rate were measured on the 46 tomato
accessions. Seedlings were grown under three levels of water stress (control, 70% FC, 40%
FC). However, all the parameters showed significant differences at 40% FC compared to
the control treatment, which was also significant at 70%FC (Table S1). As expected, all
morphological traits had a lower mean performance under drought stress (70% FC and
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40% FC) than under normal conditions. On average, all parameters had a reduction due to
drought stress at 70% FC and 40% FC compared with the control treatment (Table S3).

Drought stress is significantly affected by the proline concentrations in the leaf tissue
for 46 tomato accessions (Table S1). A highly significant increment in proline content was
detected at 40% FC compared to the control treatment (100% FC) by 304.2%.

3.2. Morphological Characterization among Tomato Accessions

In this study, Tomato Analyzer (TA) was used to assess the fruit shape variation in the
accessions by measuring the morphological characterizations rapidly and accurately and
quantifying traits that are impossible to quantify manually. The analysis of variance for all
the morphological characters indicates a wide range of variability among tomato accessions,
including fruit shape-related perimeter traits and fruit shape index for the external shape
fruit shape index internal (Table S4).

3.3. Genetic Variation among Tomato Accessions Revealed by SSRs

Our investigation tested 14 SSR primers; of these, six yielding polymorphic amplifica-
tion products were used, and the remaining 8 SSR primers either yielded no amplification
product or no polymorphic. The banding patterns of SSRs are shown in Supplementary
Figures S1–S6. Of the 46 tomato accessions, the genetic relationship among thirty-six
tomato accessions was analyzed using six SSR primer pairs. Two hundred and forty-seven
amplified bands were produced for 12 loci; of them, (11) loci were polymorphic and (1) loci
were monomorphic, shown in Table 3, indicating that there is high allelic variation. The
molecular weights ranged from 128 to 1170 bp. The number of alleles per locus varied
from 1 for (CT114 and Asr2) markers to 3 for (LEat018 and LEat020) SSR markers. The
percentage of polymorphic was 91.67% with a range between (zero to 0.49) (Table 4). The
highest values of the effective number of alleles (Ne*) [44], the gene diversity (h*) [45],
and the Shannon Index (I*) [46] were recorded for the LEct004 primer (350 bp loci) with
values of 1.99, 0.4996, and 0.6927, respectively. While the lowest value (zero) of the effective
number of alleles (Ne*), the gene diversity (h*), and the Shannon Index (I*) was shown by
Asr2 primer (536 bp loci) (Tables 3 and 4).

Table 3. SSR names, the total number of bands/primers, loci, monomorphic, polymorphic loci, and
percentage of polymorphism.

SSR Marker Locus Sample Size Ne* H* Average H* PIC I*

LEat018 139 36 1.52 0.34 0.34 0.34 0.52

132 36 1.26 0.21 0.20 0.36

128 36 1.95 0.49 0.48 0.68

LEct004 364 34 1.60 0.38 0.43 0.37 0.56

350 34 1.99 0.49 0.49 0.69

Lea014 175 36 1.38 0.27 0.27 0.28 0.45

190 36 1.38 0.27 0.28 0.45

LEta020 223 36 1.75 0.43 0.36 0.42 0.62

217 36 1.65 0.39 0.39 0.58

206 36 1.34 0.25 0.25 0.42

CT114 1170 36 1.69 0.41 0.41 0.60

Asr2 536 36 1.00 0.00 0.00 0.00

Mean 36 1.55 0.33 0.33 0.49

Ne* = Effective number of alleles, H* = gene diversity, I* = Shannon’s information index. The number of
polymorphic loci is 11 and the percentage of polymorphic loci is 91.67.
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Table 4. Diversity parameters of tomato accessions obtained from the analysis of SSR alleles.

SSR Name Total Bands/Primers No. of Loci Monomorphic Loci Polymorphic Loci Polymorphism %

LEat018 46 3 0 3 100

LEct004 40 2 0 2 100

Lea014 46 2 0 2 100

LEta020 46 3 0 3 100

CT114 33 1 0 1 100

Asr2 36 1 1 0 0

Total 247 12 1 11

3.4. UPGMA Dendrogram and Similarity

Genetic variation among tomatoes was evaluated based on bands obtained from SSR
profiling using Nie genetic distance and Unweighted Pair Group with Arithmetic Averages
(UPGMA). The coefficient of genetic similarity ranged from 0.30 between JOR956 and
JOR966 accessions to 1 between JOR950 and JOR951, JOR964 and JOR965, JOR955 and
JOR979, JOR955 and JOR980, JOR979 and JOR980, JOR955 and JOR988, JOR979 and JOR988,
and JOR980 and JOR988. The most similar tomato accessions reported above are from
Kharja, Rhaba, and Ain Al-Biada, whereas the most different are from Qasfa and Rhaba
shown in Table 1.

Moreover, similarity values for all tomato accessions using the UPGMA dendrogram
are shown in Figure 1. At a genetic similarity value of 0.62, the dendrogram is divided
into two groups except for 25 (JOR978) accessions collected from Rhaba. The first group
consists of three sub-groups: 1 (JOR111), 5 (JOR953), and 30 (JOR984) accessions with 80%
similarity, 6 (JOR954), 7 (JOR955), 26 (JOR979), 27 (JOR980), 34 (JOR988), 22 (JOR972), 19
(JOR968), 28 (JOR981), 18 (JOR967), 23 (JOR973), 20 (JOR970), 33 (JOR987), 35 (JOR989), and
36 (JOR990) accessions with 76% similarity, and 17 (JOR966) and 21 (JOR971) accessions
with 88% similarity. The tomato accessions reported in the first group were from kharja,
Al-al, Rhaba, Afra, Abel, and Ain Al-Baida. The second group consists of three sub-groups:
2 (JOR950), 3 (JOR951), 8 (JOR956), and 12 (JOR961) accessions with 76.5% similarity, 4
(JOR952), 11 (JOR959), 10 (JOR958), 15 (JOR964), 16 (JOR965), 9 (JOR957), 13 (JOR962), and
32 (JOR986) accessions with 85% similarity, and 14 (JOR963), 29 (JOR982), and 31 (JOR985)
accessions with 77% similarity. The tomato accessions reported in the second group were
from kharja, Qasfa, Shtafina, Al-al, Sakib, Hebras, Ain-Jannah, Abel, Afra, and Rhaba. The
number of alleles and the PIC value for each SSR marker are presented in Table 4.

Polymorphic information content (PIC) values ranged from 0.00 to 0.499 (mean 0.33),
confirming that the SSR markers are highly informative. The SSR marker had the highest
PIC value (LEct004), followed by LEat018 (0.488), while the (Asr2) marker had the lowest
PIC value. In this study, we found no relationship between the number of nucleotides
per repeat and PIC shown in Table 4. For example, LEat018 with the lower PIC (0.34) has
29 repeats compared to LEta020, which has PIC (0.36) with 11 repeats.
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TOR 8 gene (Solyc03g031970), and the LEta020 SSR marker was found to be associated 
with the gene THIOREDOXIN FAMILY TRP26 gene (Solyc01g097450). Furthermore, the 
CT114 marker was associated with the protein suppressor of the PHYA-105 1 (SPA1) gene 
(Solyc10g011690). In addition, the ABA/WDS-induced protein (ABA_WDS) gene 
(Solyc04g071580) was associated with the Asr2 SSR marker (Table 5).

Figure 1. Dendrogram of tomato accessions generated by UPGMA cluster analysis of the dissimilarity
values based on [45] coefficient.

3.5. The Functional Analysis of the Associated Genes with SSRs in Tomato

S. lycopersicum genomic sequence was used as a template for searching the sequence of
SSR primers to predict the potential functions of our six genes. Then, databases such as Phy-
tozome, NCBI, InterPro, and KEGG predicted more function annotations for these genes.
In context, these genes were related to a wide range of functions, indicating that these gene-
associated SSRs were potentially associated with essential biological functions, such as the
LEat018 SSR marker associated with ACTIN_RELATED PROTEIN gene (Solyc11g005330)
(Table 5). Additionally, the LEct004 SSR marker was associated with the HOMEOBOX
PROTEIN TRANSCRIPTION FACTORS gene (Solyc02g089940). Moreover, the LEta014
SSR marker had an associated gene annotated as AUXIN RESPONSE FACTOR 8 gene
(Solyc03g031970), and the LEta020 SSR marker was found to be associated with the gene
THIOREDOXIN FAMILY TRP26 gene (Solyc01g097450). Furthermore, the CT114 marker
was associated with the protein suppressor of the PHYA-105 1 (SPA1) gene (Solyc10g011690).
In addition, the ABA/WDS-induced protein (ABA_WDS) gene (Solyc04g071580) was asso-
ciated with the Asr2 SSR marker (Table 5).
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3.6. Putative Tissue Expression Pattern of Genes S. lycopersicum Transcript Expression

The expression profile of the genes based on S. lycopersicum transcript expression was
analyzed to understand their potential functions in different tissues (Figure 2). The results
showed that the gene Solyc11g005330 which is related to the ACTIN_RELATED PROTEIN
was highly expressed in all tomato tissues, especially in Mature Green Fruit, Breaker Fruit,
3 cm Fruit, Root, and Breaker Fruit + 10 (Figure 2 and Table 5), while the highest expression
levels for Solyc02g089940 gene concerning HOMEOBOX PROTEIN TRANSCRIPTION FAC-
TORS were observed in Fully Opened Flower, Leaves, Pimpinellifolium Leaf, Unopened
Flower Bud, and Root (Figure 2 and Table 5). Additionally, the highest expression levels
for the Solyc03g031970 gene encoding to AUXIN RESPONSE FACTOR 8 were recorded at
1 cm Fruit, 3 cm Fruit, 2 cm Fruit, Unopened Flower Bud, Mature Green Fruit, and Leaves.
The Solyc01g097450 gene, which is related to THIOREDOXIN FAMILY TRP26, showed no
clear expression level in any tomato tissue. On the other side, the highest expression levels
for the Solyc10g011690 gene concerning the protein suppressor of PHYA-105 1 (SPA1) were
observed in Root, 3 cm Fruit, Pimpinellifolium Immature Green Fruit, Pimpinellifolium
Breaker Fruit, Mature Green Fruit, and Breaker Fruit. In addition, the Solyc04g071580
gene related to ABA/WDS-induced protein (ABA_WDS) was a high expression in Breaker
Fruit + 10, Breaker Fruit, Mature Green Fruit, Pimpinellifolium Immature Green Fruit, 3 cm
Fruit, and Root.
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Figure 2. The putative “plant electronic fluorescent pictograph” tissue expression of Solyc11g005330,
Solyc02g089940, Solyc03g031970, Solyc01g097450, Solyc10g011690, and Solyc04g071580 genes of differ-
ent tissues and developmental stages. The more intense the red color of the expression bar, the more
gene expression detected [43].
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3.7. Putative Subcellular Localizations of the Genes Based on S. lycopersicum
Transcript Expression

Cell Electronic Fluorescent Pictograph tools were used to predict the putative subcellu-
lar localizations of the genes according to the protein localization of different cell organelles
in the tomatoes. The subcellular localization profiles showed that Solyc11g005330 and
Solyc01g097450 genes were highly expressed and presented in the cytosol (Figure 3), while
the Solyc02g089940, Solyc03g031970, Solyc10g011690, and Solyc04g071580 genes were highly
expressed and presented in the nucleus (Figure 3).
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Solyc10g011690, and Solyc04g071580 genes with different root cell types and/or tissues that related
tovarious promoters. The more intense the red color of the expression bar, the more gene expression
detected [43].

3.8. Putative Root Cell Types and Tissues Specific to the Genes Based on S. lycopersicum Transcript
Expression

Root analysis using eplant_tomato tools observed the highest expression levels of
the Solyc11g005330 gene in all root cell types under 35Spro, followed by phloem un-
der AtS32pro, endodermis, and cortex under SIPEPpro (Figure 4). Additionally, the
Solyc02g089940 gene was highly expressed in all root cell types under 35Spro, then endo-
dermis and cortex under SIPEPpro, and cortex under AtPEPpro. Moreover, the highest
expression levels of the Solyc03g031970 gene were reported for all root cell types under
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35Spro, followed by epidermis and procambium under AtS18. In addition, a highly ex-
pressed Solyc01g097450 gene was observed for all root cell types under 35Spro, followed
by endodermis and cortex under SIPEPpro, epidermis, and lateral root cap under AtWER.
Furthermore, the highest expression levels of the Solyc10g011690 gene were observed for
all root cell types under 35Spro, columella, and cortex under SICO2pro, then exodermis
and cortex under SIPEP. At the same time, the Solyc04g071580 gene was highly expressed
in exodermis and cortex under SIPEP, the cortex under AtPEPpro (Figure 4).
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4. Discussion

Natural variation in morphological parameters among genotypes is an essential analy-
sis for understanding the genetic diversity that can be used to improve cultivars [47]. The
current study revealed a wide range of diversity in tomatoes for most of the studied traits.

4.1. Drought Tolerance

Drought stress at different developmental stages causes various morpho-physiological
changes in the plant. Water stress at the seedling stage might lead to higher dry root
weights, longer roots, coleoptiles, and higher root/shoot ratios [14–16]. All of these changes
are parameters of interest and have been widely used as reliable morph-physiological
markers toward drought tolerance for various crop plants. Several parameters such as
fresh root weight, dry root weight, root growth rate, fresh shoot weight, dry shoot weight,
and shoot growth rate were measured for all tomato accessions. As expected, all mor-
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phological traits had a lower mean performance under drought stress (70% FC and 40%
FC) than under normal conditions. This agreed with Vurayai et al. [48] who observed
that the shoot: root ratio was significantly reduced by water stress imposed during the
vegetative, flowering, and pod filling stages compared to the non-stressed control plant.
Additionally, Yücel et al. [49] observed that the fresh root weight, fresh shoot weight,
dry root weight, and dry shoot weight decreased by screening nine chickpea genotypes
under water limited conditions. Drought stress is significantly affected by the proline
concentrations in the leaf tissue for tomato accessions [8]. A highly significant increment
in proline content was detected at 40%FC compared to the control treatment (100% FC).
Differences between accessions and treatments showed a significantly positive relationship,
which agreed with Vasquez-Robinet et al.’s study on the drought of potatoes [50]. The
accumulation of osmolytes was also investigated during drought stress in durum wheat,
e.g., proline was strongly upregulated by drought conditions that increased about twenty
times in plants stressed at 12.5% SWC [51]. Understanding the physiological mechanisms
in tomato accessions under drought stress conditions can help improve their performance
and adaptation to harsh stress conditions, improving yield potential which is the ultimate
target of crop breeding programs.

4.2. Morphological Characteristics

Several researchers were interested in the natural phenotypic variations which pos-
itively affect natural morphological diversity and genetic variations in a diverse popu-
lation [3,27]. In this study, the analysis of variance for all the morphological characters
showed a wide range of variation among tomato accessions, including fruit shape-related
perimeter, fruit shape index, curved fruit shape index, and fruit shape index internal. These
results are in line with Ranc et al. [52], which found a powerful link between the pheno-
typic variability present in the tomato germplasm and molecular polymorphisms using
simple sequence repeat (SSR) markers. Additionally, Brdar-Jokanović et al. [53] studied
the relationship between drought tolerance, growth type, and fruit size of different tomato
accessions. They found that accessions with sizeable fruit sizes had comparatively higher
water requirements.

4.3. Molecular Level

The genetic diversity analysis of crops is important for crop breeding. The selected
six SSR loci that have been previously reported to be highly informative in distinguishing
tomato genotypes [54,55] were used to detect the genetic diversities among the tomato
accessions in our study. Additionally, Abd El-Hady et al. [56] stated that the SSR markers
showed more polymorphic than RAPD markers. The average PIC value was higher than
the result reported by Benor et al. [57] after testing 39 inbred lines of tomatoes using
35 polymorphic SSR loci (PIC = 0.31) and lower than the result reported by He et al. [54]
after using 65 polymorphic SSR loci for testing 19 varieties of tomato (PIC = 0.37), indicating
that SSR markers are of great utility for genetic diversity studies of tomatoes. This study
revealed an exchange of genetic resources between farmers, particularly tomato accessions
collected from Afra and Abel (southern part of Jordan). On the other hand, Rhaba accessions
have special characteristics and agronomic traits such as sour taste and irregular shapes.
Moreover, the results were similar to those reported by He et al. [54] _ENREF_57, but these
results disagree with Smulders et al. [58], who found a positive relationship between the
number of repeats and PIC in tomatoes. Taken together, we demonstrated the importance of
these molecular markers and their allele detection and explained the vast genetic variation
in collections from Afraa and Abeel (the southern part of Jordan).

Interestingly, our investigation detected that the plants’ most frequent type of SSRs
was the TA/AT. This observation was subsequently confirmed with additional studies
such as those by Rajput et al. [59]. Additionally, comparing the area of tomato fruit for all
accessions, the number of alleles at each locus and the heterozygosity found that accession
numbers JOR111, JOR958, JOR981, JOR986, and JOR989 had the highest fruit area. In
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contrast, the accession numbers JOR973, JOR961, JOR950, JOR951, and JOR955 had the
lowest fruit area, and these accessions had more than one allele at the most heterozygous
loci (LEct018, LEta020). The highest frequency was detected for the CC genotype (at
LEct018) and AA genotype (at LEta020). It has been demonstrated that the SSR markers
are recommended to distinguish closely related genotypes because of their high degree of
variability and, therefore, become favored in population studies [60–62]. Consequently, it
assessed the genetic variability among tomato accessions using the SSR method to identify
the most suitable genotype for future use in plant breeding programs.

4.4. Putative Tissue Expression Analyses of Our Target Gene-Associated SSR Markers

BAR database tools were used to generate expression pattern profiles of our candidate
genes with different tissues, cell organs, and root cell types. In this context, a putative
expression and recognized synthesis sites of these genes provide an excellent way to under-
stand the epistatic relationship between our gene’s synthesis site and a putative function.
For example, the LEat018 SSR marker that associated with actin-related protein gene (ARP;
Solyc11g005330), and this gene has the actin family domain (IPR004000). This domain is
involved in the formation of filaments in the cytoskeletal system and plays important roles
in various cellular functions in the cytoplasm and the nucleus [63]. Additionally, plants
have many isoforms from actin protein which are probably involved in multiple functions
such as graviperception, cell shape determination, tip growth, cytoplasmic streaming, cell
wall deposition, etc. [64]. In addition, Nie et al. [65] reported that the AtARP4 gene from
Arabidopsis thaliana is vital for plant growth and is related to hormone response such as
salicylic acid, while any mutation in this gene can cause altered transcription response in
hundreds of genes that affect plant development and lead to early flowering. Moreover,
from our results, we found this gene was highly expressed in different tissues, presented in
the cytoplasm, and observed in all root cell types, phloem, endodermis, and cortex under
35Spro, AtS32pro, and SIPEPpro promoters which can drive expression in various root cell
types and tissues throughout the root, including the elongation zone and meristematic zone
(Figures 2–4). Previous studies reported that many actin-related protein (ARP) genes have
distinct transcript expression patterns in different tissues (such as roots, seedlings, xylem
precursor cells, pollen, flowers, leaves, and siliques) and cell organs such as cytoplasm and
nucleus [66,67].

Furthermore, the LEct004 SSR marker was associated with the HOMEOBOX PROTEIN
TRANSCRIPTION FACTORS gene (Solyc02g089940). This gene contains five domains, such
as IPR009057 (homeodomain-like), PR006563 (POX domain), IPR008422 (homeobox KN
domain), IPR016039 (thiolase-like), and IPR001356 (homeobox domain), that are reported to
be key regulators for plant development and growth [68,69]. Additionally, many homeobox
proteins were involved in transcriptional regulation and various metabolic pathways, such
as OsHOX22 and OsHOX24 genes from rice which have a negative regulator role in abiotic
stress response [70]. Moreover, this gene was found to be highly expressed in different
tissues, presented in the nucleus, and observed in all root cell types, endodermis and cortex
under 35Spro, SIPEPpro, and AtPEP promoters which can drive expression in various root
cell types and tissues throughout the root, including the elongation zone and meristematic
zone (Figures 2–4). Sakamoto et al. [71] reported that these domains could play a role in
suppressing target gene expression through their function as a nuclear localization signal.

In addition, AUXIN RESPONSE FACTOR 8 gene (Solyc03g031970) was associated
with the LEta014 SSR marker, which has four domains, such as IPR003340 (B3 DNA
binding domain), IPR010525 (auxin response factor), IPR003311 (AUX/IAA protein), and
IPR015300 (DNA-binding pseudo barrel domain). Recent evidence suggests that these pre-
vious domains are key regulators of auxin-modulated gene expression, such as regulating
diverse cellular and developmental responses in plants, including cell expansion, division,
differentiation, light responses, patterning of embryo responses, and embryonic and post-
embryonic development in some plants [72,73]. Thus, we found that this gene was highly
expressed in different tissues, presented in the nucleus, and observed in all root cell types
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and Epidermis and Procambium under 35Spro and AtS18 prompters (Figures 2–4). These
results are in line with Kang et al. [74], who found that ARF was expressed and localized
in the nucleus. Moreover, auxin response factors (ARFs) have played important roles in
the process of plant growth and development as they increase the contents of carotenoids
and enhance the tolerance to salt and drought in transgenic Arabidopsis [74]. Additionally,
Bouzroud et al. [75] showed that many of ARFs genes were differentially expressed in
tomato leaves and roots under salt, drought, and flooding stress conditions. Chen et al. [76]
reported that the ARFs genes could play essential roles in various plant physiological
processes by participating in ABA signaling pathways and regulating the expression of
some genes such as SlABI5/ABF and SCL3, which influence stomatal morphology and
vascular bundle development and ultimately improve tomato plant resistance to water
deficit. Additionally, Salehin et al. [77] found the aliphatic Glucosinolate (GLSs) levels are
regulated by the auxin-sensitive Aux/IAA repressors IAA5, IAA6, and IAA19, and any loss
of these gene expressions results in reduced GLS levels and decreased drought tolerance in
the Arabidopsis plant.

In addition, the LEta020 SSR marker was related to the THIOREDOXIN FAMILY
TRP26 gene (Solyc01g097450), and this gene contains two domains IPR008979 (galactose-
binding domain-like) and IPR010400 (PITH domain). Thioredoxin is a relatively small
and very stable redox protein known to be present in many plants such as arabidopsis
thaliana, Brassica napus, Zea may, Oryza sativa, Nicotiana tabacum, Spinacia olerace, and Pisum
sativum. The higher plants have at least two types of thioredoxin, f-type, which is the only
one related to activating fructose-1,6-bisphosphatase efficiently, and m-type, which can
trigger the NADP-malate dehydrogenase [78]. In this context, the expression and activity
of the Fructose-1,6 bisphosphatase gene are regulated in cytosolic by environmental factors
such as light and drought conditions [79]. Moreover, thioredoxin plays a role in various
critical biological processes, including anti-oxidative stress, cell cycle control, regulation of
receptors/transcription factors, structural functions/protein folding, signal transduction
(cell to cell), vacuolar inheritance, redox regulation of chloroplast enzymes, control of
chloroplastic translation, the structure of the photosynthetic apparatus/folding, and other
functions [80]. Additionally, from our results, we found that this gene did not show any
clear expression level in any tomato tissue, while being highly expressed in the cytosol as
well as observed in all root cell types, endodermis and cortex, epidermis and lateral root
cap under 35Spro, SIPEPpro, and under AtWER promoters.

Additionally, the CT114 SSR marker was linked with the protein suppressor of
the PHYA-105 1 (SPA1) gene (Solyc10g011690). This gene contains six domains such
as IPR000719 (protein kinase domain), IPR017986 (WD40 repeat-containing domain),
IPR002290 (serine/threonine/dual-specificity protein kinase, catalytic domain), IPR001680
(WD40 repeat), IPR015943 (WD40/YVTN repeat-like-containing domain) and IPR011009
(protein kinase-like domain). These domains play important roles in many cellular pro-
cesses, including division, proliferation, cellular activities, apoptosis, differentiation, plant-
specific developmental events, and protect cells from extreme environments [81,82]. Thus,
we found that this gene was highly expressed in different tissues, presented in the nucleus,
and observed in all root cell types, columella and cortex, exodermis and cortex under
35Spro, SICO2pro, and SIPEP promoters. Furthermore, the protein suppressor of PHYA-
105 1 (SPA1) is involved in regulating the circadian cycle and flowering time in plants,
and SPA1 has worked as a negative regulator of phytochrome A-mediated de-etiolation
in seed germination and seedlings of Arabidopsis [83]. Many researchers have recently
described links between anthocyanin accumulation and the CONSTITUTIVELY PHO-
TOMORPHOGENIC1/SUPPRESSOR OF PHYA-105 (COP1/SPA) in plants [84]. These
relationships are complex and they have a positive correlation between the increased antho-
cyanidin content during drought. Cirillo et al. [85] reported that in tobacco, the anthocyanin
content is considered the key regulator for drought stress tolerance by playing various
roles in osmotic balance, scavenging of ROS, re-assimilation of the excess of ammonium,
biochemical pH-stat, and regulation of leaf gas exchange [86].
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Finally, the Asr2 SSR marker was related to ABA/WDS-induced protein (ABA_WDS)
gene (Solyc10g011690), and this gene contains Interpro domain IPR003496 (ABA/WDS
induced protein). This domain is caused by water deficit stress (WDS) or abscisic acid
(ABA) stress. We found that this gene was highly expressed in different tissues, presented
in the nucleus, and observed in all root cell types, exodermis and cortex under SIPEPpro
and AtPEP promoters. Moreover, this gene is involved in the tolerance of various abiotic
stresses such as dehydration, heat, and salinity for different plant species such as durum
wheat, barley, and Pinus taeda L. [87,88].

5. Conclusions

Conclusively, this study assessed the genetic variation among tomato accessions using
the SSR markers to detect the diversity of Jordanian tomato accessions. Moreover, tomato
response to increasing drought stress was apparent through a significant reduction in
morphological traits in addition to physiological and biochemical alternation, e.g., increas-
ing the proline concentration. A wide range of variations were detected among tomato
accessions that are important in selection for adaptation and yield improvement. Here, we
demonstrated that the SSR method effectively discovers the genetic diversity of tomato
accessions, which is vital for germplasm classification, management, and further molecular
and breeding utilization. The bioinformatics analysis provides excellent information for
predicting the function of candidate genes in tomatoes. Furthermore, the evaluation of
these accessions under different water regimes could be helpful in producing new tomato
varieties coping with drought stress conditions. Further molecular and genetic validation
of the candidate genes would help understand the molecular mechanisms of drought stress
tolerance in tomatoes.
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weight, relative fresh shoot weight, relative shoot growth rate, and relative root growth rate. Table S4:
Phenotypic variations for 20 morphological traits of tomato accessions. Figure S1: Coefficients of
genetic similarity [45] for 36 local tomato accessions by using SSR markers. Figure S2: SSR patterns
using primer Asr2 for 41 tomato accessions. M = molecular weight marker (100 bp). Figure S3:
SSR pattern using primer LEat018 for 41 tomato accessions. M = molecular weight marker (100 bp).
Figure S4: SSR patterns using primer LEct004 for 41 tomato accessions. M = molecular weight marker
(100 bp). Figure S5: SSR patterns using primer LEa014 for 41 tomato accessions. M = molecular
weight marker (100 bp). Figure S6: SSR patterns using primer LEta020 for 41 tomato accessions.
M = molecular weight marker (100 bp). Figure S7: SSR patterns using primer CT114 for 41 tomato
accessions. M = molecular weight marker (1 kp, 100 bp) using 3% Agarose gel.
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of different growth type and fruit size. J. Anim. Plant Sci. 2017, 27, 869–876.

54. Korir, N.K.; Diao, W.; Tao, R.; Li, X.; Kayesh, E.; Li, A.; Zhen, W.; Wang, S. Genetic diversity and relationships among different
tomato varieties revealed by EST-SSR markers. Genet. Mol. Res. 2014, 13, 43–53. [CrossRef]

55. Abd El-Hady, E.A.; Haiba, A.A.; Abd El-Hamid, N.R.; Rizkalla, A.A. Phylogenetic diversity and relationships of some tomato
varieties by electrophoretic protein and RAPD analysis. J. Am. Sci. 2010, 6, 434–441.

59



Horticulturae 2022, 8, 600

56. Benor, S.; Zhang, M.Y.; Wang, Z.F.; Zhang, H.S. Assessment of genetic variation in tomato (Solanum lycopersicum L.) inbred lines
using SSR molecular markers. J. Genet. Genom. 2008, 35, 373–379. [CrossRef]

57. Smulders, M.J.M.; Bredemeijer, G.; RusKortekaas, W.; Arens, P.; Vosman, B. Use of short microsatellites from database sequences to
generate polymorphisms among Lycopersicon esculentum cultivars and accessions of other Lycopersicon species. Theor. Appl. Genet.
1997, 94, 264–272. [CrossRef]

58. Rajput, S.G.; Plyler-Harveson, T.; Santra, D.K.J.A.J.o.P.S. Development and characterization of SSR markers in proso millet based
on switchgrass genomics. Am. J. Plant Sci. 2014, 5, 175–186. [CrossRef]

59. Smith, D.; Devey, M.E. Occurrence and inheritance of microsatellites in Pinus radiata. Genome 1994, 37, 977–983. [CrossRef]
60. Vargas, J.E.E.; Aguirre, N.C.; Coronado, Y.M. Study of the genetic diversity of tomato (Solanum spp.) with ISSR markers.

Revista Ceres 2020, 67, 199–206. [CrossRef]
61. Alzahib, R.H.; Migdadi, H.M.; Al Ghamdi, A.A.; Alwahibi, M.S.; Afzal, M.; Elharty, E.H.; Alghamdi, S.S. Exploring Genetic

Variability among and within Hail Tomato Landraces Based on Sequence-Related Amplified Polymorphism Markers. Diversity
2021, 13, 135. [CrossRef]

62. Mittler, R.; Vanderauwera, S.; Gollery, M.; Van Breusegem, F. Reactive oxygen gene network of plants. Trends Plant Sci. 2004,
9, 490–498. [CrossRef]

63. Dominguez, R.; Holmes, K.C. Actin structure and function. Annu. Rev. Biophys. 2011, 40, 169–186. [CrossRef]
64. Nie, W.F.; Wang, J. Actin-Related Protein 4 Interacts with PIE1 and Regulates Gene Expression in Arabidopsis. Genes 2021, 12, 520.

[CrossRef]
65. McKinney, E.C.; Kandasamy, M.K.; Meagher, R.B. Arabidopsis contains ancient classes of differentially expressed actin-related

protein genes. Plant Physiol. 2002, 128, 997–1007. [CrossRef] [PubMed]
66. Mittler, R.; Vanderauwera, S.; Gollery, M.; Van Breusegem, F. Questions and future challenges. Trends Plant Sci. 2004, 10, 490–498.

[CrossRef] [PubMed]
67. Nagasaki, H.; Sakamoto, T.; Sato, Y.; Matsuoka, M. Functional analysis of the conserved domains of a rice KNOX homeodomain

protein, OSH15. Plant Cell 2001, 13, 2085–2098. [CrossRef] [PubMed]
68. Ito, Y.; Hirochika, H.; Kurata, N. Organ-specific alternative transcripts of KNOX family class 2 homeobox genes of rice. Gene 2002,

288, 41–47. [CrossRef]
69. Clark, S.E.; Jacobsen, S.E.; Levin, J.Z.; Meyerowitz, E.M. The CLAVATA and SHOOT MERISTEMLESS loci competitively regulate

meristem activity in Arabidopsis. Development 1996, 122, 1567–1575. [CrossRef]
70. Bhattacharjee, A.; Khurana, J.P.; Jain, M. Characterization of Rice Homeobox Genes, OsHOX22 and OsHOX24, and Over-

expression of OsHOX24 in Transgenic Arabidopsis Suggest Their Role in Abiotic Stress Response. Front Plant Sci. 2016, 7, 627.
[CrossRef]

71. Sakamoto, T.; Nishimura, A.; Tamaoki, M.; Kuba, M.; Tanaka, H.; Iwahori, S.; Matsuoka, M. The conserved KNOX domain
mediates specificity of tobacco KNOTTED1-type homeodomain proteins. Plant Cell 1999, 11, 1419–1432. [CrossRef]

72. Liscum, E.; Reed, J.W. Genetics of Aux/IAA and ARF action in plant growth and development. Plant Mol. Biol. 2002, 49, 387–400.
[CrossRef]

73. Kulaeva, O.N.; Prokoptseva, O.S. Recent advances in the study of mechanisms of action of phytohormones. Biochemistry 2004,
69, 233–247. [CrossRef]

74. Kang, C.; He, S.; Zhai, H.; Li, R.; Zhao, N.; Liu, Q. A Sweetpotato Auxin Response Factor Gene (IbARF5) Is Involved in Carotenoid
Biosynthesis and Salt and Drought Tolerance in Transgenic Arabidopsis. Front Plant Sci. 2018, 9, 1307. [CrossRef]

75. Bouzroud, S.; Gouiaa, S.; Hu, N.; Bernadac, A.; Mila, I.; Bendaou, N.; Smouni, A.; Bouzayen, M.; Zouine, M. Auxin Response
Factors (ARFs) are potential mediators of auxin action in tomato response to biotic and abiotic stress (Solanum lycopersicum).
PLoS ONE 2018, 13, e0193517. [CrossRef] [PubMed]

76. Chen, M.; Zhu, X.; Liu, X.; Wu, C.; Yu, C.; Hu, G.; Chen, L.; Chen, R.; Bouzayen, M.; Zouine, M.; et al. Knockout of Auxin
Response Factor SlARF4 Improves Tomato Resistance to Water Deficit. Int. J. Mol. Sci. 2021, 22, 3347. [CrossRef] [PubMed]

77. Salehin, M.; Li, B.; Tang, M.; Katz, E.; Song, L.; Ecker, J.R.; Kliebenstein, D.J.; Estelle, M. Auxin-sensitive Aux/IAA proteins
mediate drought tolerance in Arabidopsis by regulating glucosinolate levels. Nat. Commun. 2019, 10, 4021. [CrossRef] [PubMed]

78. Maeda, K.; Tsugita, A.; Dalzoppo, D.; Vilbois, F.; Schurmann, P. Further characterization and amino acid sequence of m-type
thioredoxins from spinach chloroplasts. Eur. J. Biochem. 1986, 154, 197–203. [CrossRef]

79. Daie, J. Cytosolic fructose-1,6-bisphosphatase: A key enzyme in the sucrose biosynthetic pathway. Photosynth Res. 1993, 38, 5–14.
[CrossRef] [PubMed]

80. Jacquot, J.J.; Lancelin, J.M.; Meyer, Y. Thioredoxins: Structure and function in plant cells. New Phytol. 1997, 136, 543–570.
[CrossRef]

81. Li, D.; Roberts, R.J.C. Human Genome and Diseases: WD-repeat proteins: Structure characteristics, biological function, and their
involvement in human diseases. Cell. Mol. Life Sci. CMLS 2001, 58, 2085–2097. [CrossRef]

82. Datta, S.; Ikeda, T.; Kano, K.; Mathews, F.S. Structure of the phenylhydrazine adduct of the quinohemoprotein amine dehy-
drogenase from Paracoccus denitrificans at 1.7 Å resolution. Acta Crystallogr. Sect. D Biol. Crystallogr. 2003, 59, 1551–1556.
[CrossRef]

83. Ishikawa, M.; Kiba, T.; Chua, N.H. The Arabidopsis SPA1 gene is required for circadian clock function and photoperiodic
flowering. Plant J. 2006, 46, 736–746. [CrossRef]

60



Horticulturae 2022, 8, 600

84. Maier, A.; Schrader, A.; Kokkelink, L.; Falke, C.; Welter, B.; Iniesto, E.; Rubio, V.; Uhrig, J.F.; Hulskamp, M.; Hoecker, U. Light
and the E3 ubiquitin ligase COP1/SPA control the protein stability of the MYB transcription factors PAP1 and PAP2 involved in
anthocyanin accumulation in Arabidopsis. Plant J. 2013, 74, 638–651. [CrossRef]

85. Cirillo, V.; D’Amelia, V.; Esposito, M.; Amitrano, C.; Carillo, P.; Carputo, D.; Maggio, A. Anthocyanins are Key Regulators of
Drought Stress Tolerance in Tobacco. Biology 2021, 10, 139. [CrossRef] [PubMed]

86. Hinojosa-Gomez, J.; San Martin-Hernandez, C.; Heredia, J.B.; Leon-Felix, J.; Osuna-Enciso, T.; Muy-Rangel, M.D. Anthocyanin
Induction by Drought Stress in the Calyx of Roselle Cultivars. Molecules 2020, 25, 1555. [CrossRef] [PubMed]

87. Yacoubi, I.; Hamdi, K.; Fourquet, P.; Bignon, C.; Longhi, S. Structural and Functional Characterization of the ABA-Water Deficit
Stress Domain from Wheat and Barley: An Intrinsically Disordered Domain behind the Versatile Functions of the Plant Abscissic
Acid, Stress and Ripening Protein Family. Int. J. Mol. Sci. 2021, 22, 2314. [CrossRef]

88. Hamdi, K.; Brini, F.; Kharrat, N.; Masmoudi, K.; Yakoubi, I. Abscisic Acid, Stress, and Ripening (TtASR1) Gene as a Functional
Marker for Salt Tolerance in Durum Wheat. Biomed. Res. Int. 2020, 2020, 7876357. [CrossRef] [PubMed]

61





Citation: Ariharasutharsan, G.;

Karthikeyan, A.; Renganathan, V.G.;

Marthandan, V.; Dhasarathan, M.;

Ambigapathi, A.; Akilan, M.;

Palaniyappan, S.; Mariyammal, I.;

Pandiyan, M.; et al. Distinctive

Physio-Biochemical Properties and

Transcriptional Changes Unfold the

Mungbean Cultivars Differing by

Their Response to Drought Stress at

Flowering Stage. Horticulturae 2022, 8,

424. https://doi.org/10.3390/

horticulturae8050424

Academic Editors: Stefania Toscano,

Giulia Franzoni and Sara Álvarez

Received: 13 February 2022

Accepted: 26 April 2022

Published: 10 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Distinctive Physio-Biochemical Properties and Transcriptional
Changes Unfold the Mungbean Cultivars Differing by Their
Response to Drought Stress at Flowering Stage
Gunasekaran Ariharasutharsan 1,2,†, Adhimoolam Karthikeyan 3,†, Vellaichamy Gandhimeyyan Renganathan 2,3,
Vishvanathan Marthandan 3,4, Manickam Dhasarathan 5, Ayyavoo Ambigapathi 2, Manoharan Akilan 2,6,
Subramani Palaniyappan 1,2, Irulappan Mariyammal 2, Muthaiyan Pandiyan 7,* and Natesan Senthil 8,*

1 Department of Genetics and Plant Breeding, Centre for Plant Breeding and Genetics,
Tamil Nadu Agricultural University, Coimbatore 641003, India; sutharsang7@gmail.com (G.A.);
palanimalliga3@gmail.com (S.P.)

2 Department of Plant Breeding and Genetics, Agricultural College and Research Institute,
Tamil Nadu Agricultural University, Madurai 625105, India; vgrenga@gmail.com (V.G.R.);
ambikabathya@gmail.com (A.A.); akilanmkarur@gmail.com (M.A.); mari.tnau@gmail.com (I.M.)

3 Department of Biotechnology, Centre of Innovation, Agricultural College and Research Institute,
Tamil Nadu Agricultural University, Madurai 625105, India; karthik2373@gmail.com (A.K.);
v_marthandan@cb.amrita.edu (V.M.)

4 Department of Seed Science and Technology, Amrita School of Agricultural Sciences,
Amrita Vishwa Vidyapeetham, Coimbatore 641032, India

5 Agro Climate Research Centre, Directorate of Crop Management, Tamil Nadu Agricultural University,
Coimbatore 641003, India; plantdr.dhasarathan@gmail.com

6 Department of Plant Breeding and Genetics, Anbil Dharmalingam Agricultural College and
Research Institute, Tamil Nadu Agricultural University, Trichy 620009, India

7 Regional Research Station, Tamil Nadu Agricultural University, Virudhachalam 606001,India
8 Department of Plant Molecular Biology and Bioinformatics, Centre for Plant Molecular Biology and

Biotechnology, Tamil Nadu Agricultural University, Coimbatore 641003, India
* Correspondence: mpandiyan8@yahoo.co.in (M.P.); senthil_natesan@tnau.ac.in (N.S.)
† These authors contributed equally to this work.

Abstract: Mungbean is a nutritionally and economically important pulse crop cultivated around
Asia, mainly in India. The crop is sensitive to drought at various developmental stages of its growing
period. However, there is limited or almost no research on a comparative evaluation of mung-bean
plants at the flowering stage under drought conditions. Hence, the aim of this research was to impose
the drought stress on two mungbean cultivars VRM (Gg) 1 and CO6 at the flowering stage and assess
the physio-biochemical and transcriptional changes. After imposing the drought stress, we found
that VRM (Gg) 1 exhibited a low reduction in physiological traits (Chlorophyll, relative water content,
and plant dry mass) and high proline content than CO6. Additionally, VRM (Gg) 1 has a low level
of H2O2 and MDA contents and higher antioxidant enzymes (SOD, POD, and CAT) activity than
CO6 during drought stress. The transcriptional analysis of photosynthesis (PS II-PsbP, PS II-LHC,
PS I-PsaG/PsaK, and PEPC 3), antioxidant (SOD 2, POD, CAT 2), and drought-responsive genes
(HSP-90, DREB2C, NAC 3 and AREB 2) show that VRM (Gg) 1 had increased transcripts more than
CO6 under drought stress. Taken together, VRM (Gg) 1 had a better photosynthetic performance
which resulted in fewer reductions in chlorophyll, relative water content, and plant dry mass during
drought stress. In addition, higher antioxidative enzyme activities led to lower H2O2 and MDA levels,
limiting oxidative damage in VRM (Gg) 1. This was positively correlated with increased transcripts
of photosynthesis and antioxidant-related genes in VRM (Gg) 1. Further, the increased transcripts of
drought-responsive genes indicate that VRM (Gg) 1 has a better genetic basis against drought stress
than CO6. These findings help to understand the mungbean response to drought stress and will aid
in the development of genotypes with greater drought tolerance by utilizing natural genetic variants.
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Horticulturae 2022, 8, 424. https://doi.org/10.3390/horticulturae8050424 https://www.mdpi.com/journal/horticulturae63



Horticulturae 2022, 8, 424

1. Introduction

With the effects of global warming and drastic climate changes, drought is the major
abiotic stress that affects crop production in arid and semi-arid regions of the world. It is
brought about by a scarcity of rain or a vast difference in rainfall quantity [1,2]. Drought
impairs plant growth and development and accounts for over 70% of agriculture yield
losses worldwide. However, it relies on the drought intensity, duration, phenophases of the
crop, and environmental stress factors. An increasingly warming climate and decreased
water availability are likely to upsurge the occurrence and severity of drought in the near
future. Therefore, boosting the tolerance to drought is a major aim of crop improvement
programs. Much progress has been made in understanding the effect of drought stress
on plants. Decoding the molecular mechanisms underpinning plant response during
drought is not easy due to the intricacy of drought behavior, environmental factors, and
their interactions [3]. When subject to drought, plants undergo a series of morphological,
physiological, and biochemical changes that seriously reduce plant growth and develop-
ment [4,5] Physiological responses include (i) a reduction in the content of chlorophyll, rate
of photosynthesis, and transpiration, (ii) stomatal closure, (iii) dehydration of cells [6–8].
Drought stress causes increased peroxidation of lipid membranes and mass accumula-
tion of reactive oxygen species (ROS) [9–11]. The augmented ROS accumulation causes
damage to proteins, lipids, cell membranes, carbohydrates, and nucleic acids and leads to
disruption of cellular homeostasis and subsequently cellular death [12]. Both enzymatic
and non-enzymatic antioxidant systems are fundamental to protecting the cells against
toxic ROS and minimizing the oxidative stress effects [13–17]. Previously, it was shown
that ROS production under drought stress can be minimized by increasing the antioxidant
enzymatic activities in mungbean [18]. Masoumi et al. [19] reported that tolerant soybean
plants enhanced their antioxidant enzyme activities and antioxidant contents in response
to drought stress, whereas drought-sensitive plants were unable to do so. The lower level
of MDA along with enhanced activities of SOD and CAT in black gram plants can be linked
to its ability to cope up with water scarcity by limiting the damaging effects of drought
through up-regulation of antioxidant enzymes [20].

Physiological and transcriptome responses of soybean to drought stress were inves-
tigated by Xu et al. [21]. Physiological traits such as photosynthetic rate, stomatal con-
ductance, transpiration, and water potential were reduced, while SOD and CAT activities
were enhanced, and POD activity remained unchanged. Furthermore, in drought-stressed
plants, a total of 2771 differentially expressed genes were identified, and they were involved
in different biochemical and molecular pathways, including ABA biogenesis, compatible
compound accumulation, secondary metabolite synthesis, fatty acid desaturation, and
transcription factors. In another study, Mahdavi Mashaki, et al. [22] employed RNA-Seq
to investigate transcriptome profiles in drought-responsive contrasting genotypes of Ira-
nian kabuli chickpea under drought stress in root and shoot tissues at the early flowering
stage. Of these, 261 and 169 drought stress-responsive genes were identified in the shoots
and the roots, respectively, and 17 genes were common in the shoots and the roots. Sev-
eral molecular mechanisms are involved in the stress response and their corresponding
drought-related pathway, (i.e., ABA, proline, and flavonoid biosynthesis). Lopez et al. [23]
showed the importance of phosphorous homeostasis, as well as several other key factors, in
response to drought stress in the common bean. Upregulation of several key transcription
factors, remodeling of cell walls, synthesis of osmoprotectant oligosaccharides, protection
of the photosynthetic apparatus, and downregulation of genes involved in cell expansion
were all revealed by RNA-seq analysis of the drought-tolerant landrace PHA-683 in re-
sponse to drought, but there was a significant proportion of DEGs related to phosphate
starvation response.

Mungbean (Vigna radiata), native to India, is a short-duration grain legume and is
extensively cultivated in Asia. This crop mainly features high protein (25%) and nutrient
(carbohydrates, lipids, minerals, and vitamins) contents. It also improves soil fertility by
fixing atmospheric nitrogen [24]. India is the world’s leading mungbean grower, with
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2.17 million tonnes of grains from a 4.32 m ha area. Mungbean yield in India is still low
(502 kg/ha), considerably lower than the productivity of other main pulse crops [25]. In
India, mungbean is mainly grown under rainfed conditions at high temperatures, with
low humidity and rainfall. Thus, the mungbean is exposed to drought at various develop-
mental stages of its growing period [26,27]. This crop is comparatively surviving under
drought conditions. However, in comparison to other developmental stages, mungbean
growth is sensitive to drought during flowering and post-flowering. Drought stress during
these stages can decrease the grain yield ranging from 30% to 80%. Regardless of their
importance, the studies that investigated the impacts of drought-influenced mungbean
are limited [28,29]. Under drought, comparative evaluation of physio-biochemical and
transcriptional changes between mungbean cultivars at the flowering stage lacks existing
information in the literature. Taking into account the above, in this research, we aimed at
revealing the physio-biochemical and transcriptional alterations in two mungbean cultivars
(VRM (Gg) 1 and CO6) at the flowering stage under drought conditions.

2. Materials and Methods
2.1. Plant Materials and Drought Treatment

Seeds of mungbean varieties CO6 and VRM (Gg) 1 were provided by Agricultural
Research Station, Tamil Nadu Agricultural University, Virinjipuram, Tamil Nadu, India.
The seeds for two varieties were sown in pots (15 L, 30 cm height, 33.0 cm diameter at top
and 25.5 cm bottom diameter) containing 3:1 ratio of soil and compost in a greenhouse at
Agricultural College and Research Station, Madurai, Tamil Nadu, India. The experimental
design was a completely randomized design (CRD) with three replications of 15 plants
(5 plants per pot). During the experiment period, the temperature was maintained at 28 ◦C,
and relative humidity was 65%. Three different sets of plants were maintained. Watering
was done regularly until the flowering started. When the flowering was observed, drought
stress for 6 days (soil moisture, 50%) and 12 days (soil moisture, 25%) were imposed in two
sets; the third set was kept as the control 0 days (soil moisture, >80%). Soil moisture was
measured using Lutron PMS-714 soil moisture meter.

2.2. Plant Sampling

The fully expanded leaves from three to five plants were sampled following the
0, 6, and 12 days of drought stress and immediately frozen into liquid nitrogen and
then stored at −80 ◦C. Leaf relative water content (RWC), chlorophyll content, leaf gas
exchange parameters, and plant dry mass were used to estimate at 0 and 12 days of
drought stress plants. Proline, protein, hydrogen peroxide (H2O2), malondialdehyde
(MDA), enzymatic (SOD, POD, and CAT), and non-enzymatic (Ascorbic acid) antioxidants
assays were conducted at 0, 6, and 12 days of drought stress plants. Quantitative real-time
polymerase chain reaction (qRT-PCR) analysis was conducted at 0 and 12 days.

2.3. Physiological Traits

Total chlorophyll content was measured according to Arnon [30]. Plant dry mass was
measured after drying the plant at 80 ◦C to a constant weight. RWC was measured as the stan-
dard method described by Barrs and Weatherly [31]. RWC = (FW − DW)/(TW − DW) × 100,
where FW is the fresh leaf weight, DW is the dry leaf weight, and TW is the turgid weight of the
leaves. Photosynthetic gas exchange parameters were measured by portable photosynthesis
system Li-6400 (LiCor, Lincoln, NE, USA).

2.4. Proline Estimation

Proline content was estimated according to the methodology described by Bates et al. [32].
Leaf samples (1 g) were taken and homogenized in 3% aqueous sulphosalicylic acid and
centrifuged at 10,000 rpm for 15 min at 4 ◦C. The supernatant was carefully taken, and
then the acid-ninhydrin solution (1.25 g of ninhydrin in 30 mL glacial acetic acid) was
added. The mixture was then incubated for an hour at 100 ◦C and cooled in ice to stop
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the reaction. For extracting the reaction mixture 4 mL of toluene was added and vortexed
thoroughly for 2 min. The solute is then measured for absorbance at 520 nm. Toluene
was considered as a blank, and the content of proline was calculated giving to the formula:
[(µg proline/mL × mL toluene)/115.5 µg/µmole]/[(g sample)/5] = µg proline/g FW.

2.5. Damage Index; Determination of MDA and H2O2 Contents

MDA content estimation was done following the Stewart and Bewly method [33] to de-
termine lipid peroxidation. Leaf samples (1 g) were homogenized in 0.1% of trichloroacetic
acid (TCA) and then centrifuged at 12,000 rpm for 15 min at 4 ◦C. After centrifugation,
0.5 mL of the supernatant was collected and mixed with a 1 mL volume of 20% TCA con-
taining a 0.5% thiobarbituric acid (TBA) solution. The sample was incubated for another
30 min at 95 ◦C and placed in ice bath to stop the reaction followed by centrifuging at
12,000 rpm for 10 min. The resulting solute was measured for absorbance at 532 nm. MDA
content was estimated by the 155 mM−1 cm−1 extinction coefficient. Results were stated as
µmol/g fresh weight. The H2O2 content was determined following the method previously
elucidated by Loreto and Velikova [34]. Leaf samples (1 g) were homogenized in ice-cold
0.1% TCA and centrifuged at 12,000 rpm for 15 min at 4 ◦C. After that, 0.5 mL of 10 mM
potassium phosphate buffer and 0.75 mL of 1 M KI were added to 0.5 mL of the super-
natant. The absorbance was measured at 390 nm against a blank, and the H2O2 content
was inferred by a standard calibration curve, previously made solutions with known H2O2
concentration. H2O2 concentration was expressed as µmol/g fresh weight.

2.6. Assay of Antioxidant Enzymes

Approximately 1 g of sampled leaves were weighed and finely chopped to powder
with liquid nitrogen. About 10 mL of ice-cold 50 mM potassium phosphate buffer with
0.1-mM Na2 EDTA and 1% (w/v) polyvinylpyrrolidone (PVP) was used to homogenize the
powder. The pH of the buffer should be 7.8 for SOD and POD assays whereas it is 7.0 for
CAT assay. After filtering the homogenate with a 4-layered muslin cloth, it was centrifuged
at 12,000 rpm at 4 ◦C for 15 min. The aliquot part in the supernatant was gathered for
enzyme activity assays. For recording the SOD activity, the protocol of Madamanchi and
Alscher [35] was followed. The amount of enzyme that reduces nitroblue tetrazolium (NBT)
to half was referred to be one unit of SOD. The solute was read at an absorbance of 560 nm.
As guaiacol was the electron donor, the POD activity was recorded at 470 nm as proposed
by Chance and Maehly [36] in which one unit POD function was referred to as one unit
change in absorbance of 0.01 unit in a minute. As described by Aebi [37], the activity of
CAT was found. In an interval of 2 min, a reduction in the absorbance at 240 nm was
recorded after the digestion of H2O2. It is found that one unit of CAT produces 1 mM of
H2O2 in a minute for which the results are expressed in units/mg of protein.

2.7. Ascorbic Acid Content

Ascorbic acid (referred to as vitamin C) was measured following the method pre-
viously reported by Arakawa et al. [38] with minor modifications. Leaf samples and
5 mL of 5% trichloroacetic acid (TCA) were homogenized in the mortar and centrifuged
at 10,000 rpm for 10 min at 4 ◦C. Then, 1 mL of clear supernatant, 1 mL of 5% TC, 1 mL
alcohol, 0.5 mL 0.4% phosphoric acid (H3PO4)-alcohol, 1 mL of 0.5% 4,7-diphenyl-1,10-
phenanthroline (BP)-alcohol, and 0.5 mL 0.03% ferric trichloride (FeCl3)-alcohol were added
into to a tube and incubated at 40 ◦C for 1 h. The reaction was ended at room tempera-
ture, and absorbance was measured at 534 nm with a spectrophotometer (Unicam UV-330,
Cambridge, UK). Results were expressed as the unit’s µmol/g fresh weight.

2.8. RNA Isolation, cDNA Synthesis, and qRT-PCR Analysis

According to the manufacturer’s guidelines, total RNA was isolated using an RNeasy
plant mini kit (Qiagen, Hilden, Germany) and treated with RNase-free DNAseI (Promega,
Madison, WI, USA). The RNA quantity was assessed using the bio spectrometer (Eppen-
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dorf, Hamburg, Germany) based on the absorbance ratio at 280 nm. Further, the quality
of RNA was tested on 1% agarose gel via electrophoresis. The first-strand cDNA was
done by transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science, Penzberg,
Germany) following the manufacturer’s guidelines. Sequence information of the follow-
ing genes, photosystem II oxygen-evolving complex protein (PS II-PsbP), photosystem II
chlorophyll A/B binding protein (PS II-LHC), photosystem I PsaG/PsaK (PS I-PsaG/PsaK),
phosphoenolpyruvate carboxylase 3 (PEPC 3), superoxide dismutase 2 (SOD 2), peroxidase
(POD), catalase-2 (CAT 2), heat shock protein-90 (HSP-90), dehydration responsive element-
binding transcription factor (DREB2C), NAC transcription factor 3 (NAC 3), and abscisic
acid-responsive elements-binding factor 2 (ABF 2) were obtained from NCBI database
[https://www.ncbi.nlm.nih.gov/ (accessed on 29 May 2019); Vigna radiata var. radiata
(Mungbean)]. Primer 5.0 software was used to design the corresponding primer pairs of the
concerned gene sequences for qRT-PCR reaction (Table S1) and were verified to produce
a single peak in the melting curve by using a Light Cycler 480® Real-Time PCR System
(Roche Applied Science, Penzberg, Germany). Aliquots for qRT-PCR reactions included
10 µL of final volumes containing 1 µL of cDNA, 0.5 µL each primer (10 µM), and 5 µL (2×)
of FastStart Essential DNA Green Master mix (Roche Applied Science, Penzberg, Germany)
and 3 µL of ddH2O. All reactions were performed in 96-well plates using a Light Cycler
480® Real-Time PCR System with three technical replicates. The thermal conditions are as
follows: 95 ◦C for 5 min, followed by 40 cycles of 95 ◦C for 10 s, 60 ◦C for 30 s, and then
72 ◦C for 30 s. Actin gene (internal control) from mungbean was used to normalize, and
transcripts change was calculated using the 2−∆∆CT method.

2.9. Statistical Analysis

The experimental data are presented as the mean and standard error of the mean. All
statistical analyses were performed using SPSS statistical package (SPSS Inc., Chicago, IL,
USA). In order to find out the differences among the groups, Duncan’s multiple range test
for one-way ANOVA was performed at a p-value < 0.05 statistical significance.

3. Results
3.1. The Effect of Drought Stress on Physiological Traits

Chlorophyll content, plant dry mass, and RWC were observed in two mungbean
cultivars following the 12 days of drought stress and compared with the control (Figure 1).
After 12 days under drought stress, CO6 plants showed severe wilting, whereas a few
leaves of the VRM (Gg) 1 plants had slowly begun to curl. Notably, considerable reduc-
tions in chlorophyll content and plant dry mass were observed in the CO6 compared to
the respective control. Next, we determined the RWC at the control and drought stress
conditions. Mungbean cultivar VRM (Gg) 1 did not show any considerable changes in
RWC when subjected to drought stress. In contrast, RWC had a considerable decrease in
the CO6 after 12 days of drought stress.

During the 12 days of drought stress, photosynthetic gas exchange parameters (leaf net
photosynthesis rate, stomatal conductance, and intercellular CO2 concentration) were de-
termined in both cultivars (Figure 1). After 6 days of the drought stress, no major difference
in the leaf net photosynthetic rate among VRM (Gg) 1 and CO6 was observed compared to
their respective control. However, after 12 days of drought stress, the reduction in CO6 was
higher than observed in VRM (Gg) 1. The differences observed in stomatal conductance
after drought stress were also similar to the differences seen in leaf net photosynthetic rate,
with the same trend as in leaf net photosynthetic rate but to a smaller extent. However,
after drought stress, CO6 plants showed an increased intercellular CO2 concentration than
in VRM (Gg) 1 revealing the opposite relationship between stomatal conductance and leaf
net photosynthetic rate.
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3.2. Proline Content

Proline accumulation is an eminent metabolic response of plants to drought and is
also used as an indicator to determine drought tolerance. The difference in proline content
during the 12 days of drought stress was estimated in both cultivars. Under the control
conditions, a slight difference was seen in the proline content of both cultivars. VRM (Gg) 1
showed a considerably high amount of proline than CO6 after 6 and 12 days of drought
stress. The proline content of VRM (Gg) 1 and CO6 under drought stress are presented
in Figure 2.

3.3. Changes in MDA and H2O2 Accumulation

During the 12 days of drought stress, MDA, a product of lipid peroxidation was
detected among two cultivars. Compared to their respective controls, the amount of MDA
content was increased in both cultivars under stress. However, the amounts of upsurge
were the degree of difference. After 12 days of stress, the content of MDA was considerably
increased in CO6 (119%) than in VRM (Gg) 1 (49%), further revealing that the VRM (Gg) 1
plants cope with a smaller amount of membrane damage compared to CO6 (Figure 2).
Likewise, the accumulation level of H2O2 in plants as a response to drought stress imposed
on VRM (Gg) 1 and CO6 was also estimated (Figure 2). Six days after drought stress, no
major changes in H2O2 content were obtained in both cultivars under stress and control
conditions. However, after 12 days, H2O2 levels exhibited a significant increase between
both types of plants compared with respective controls. Notably, the magnitudes of increase
were different in CO6 (139%) and VRM (Gg) 1 (51.75%). Under control conditions, both
cultivars showed no major difference in MDA and H2O2 (Figure 2).

3.4. Activity of Enzymatic and Non-Enzymatic Antioxidants

The effect of drought on enzymatic antioxidants viz., SOD, POD, and CAT were
evaluated on the mungbean cultivars (Figure 3). After 12 days of drought stress, the three
antioxidant enzyme activities were higher in both cultivars. No major changes in SOD
activity were found 6 days after drought stress in the VRM (Gg) 1 and CO6 compared to
their respective control. However, a significant increase was found in 12 days after drought
stress in both cultivars. The increase in VRM (Gg) 1 was high compared to CO6. Unlike
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SOD, POD and CAT activities in the VRM (Gg) 1 and CO6 significantly increased 6 days
after drought stress and maintained a higher level after 12 days of drought stress compared
to their respective controls. However, the increase in VRM (Gg) 1 was high compared to
CO6. Ascorbic acid is one of the most abundant water-soluble antioxidant compounds in
plants. The response of ascorbic acid content for drought stress in VRM (Gg) 1 and CO6
was estimated and is presented in Figure 3. The ascorbic acid content was higher in the
VRM (Gg) 1 than the CO6. After 12 days of drought stress, the ascorbic acid content was
slightly increased in the VRM (Gg) 1. No significant changes were seen in the CO6 than
their respective controls.
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3.5. Transcriptional Profiling of Photosynthesis, Antioxidant, and Stress-Responsive Genes

After 12 days of drought stress, four photosynthesis-related genes (PS II-PsbP, PS II-
LHCB, PS I-PsaG/PsaK, and PEPC 3) transcripts levels were analyzed between VRM (Gg) 1
and CO6 by qRT-PCR analysis (Figure 4). Under control conditions, the transcripts of
photosynthesis-related genes in VRM (Gg) 1 and CO6 showed no major differences. How-
ever, after 12 days of drought stress, transcripts level increased in both cultivars compared
with respective controls. Noticeably, the transcripts level was higher in VRM (Gg) 1 than
CO6. Further, we analyzed the three antioxidants (SOD 2, POD, and CAT 2) and four
drought stress-responsive genes (HSP-90, DREB2C, NAC 3, and AREB 2) in both cultivars.
Like photosynthesis genes, transcripts of antioxidant and drought stress-responsive genes
also did not exhibit major differences in VRM (Gg) 1 and CO6 under controlled conditions.
However, the transcripts levels were increased in VRM (Gg) 1 than CO6 after 12 days of
drought stress. Together, these results suggest that VRM (Gg) 1 exhibited better perfor-
mance under drought stress compared to CO6, owing to the transcripts differences of these
genes under drought stress.
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DREB2C, NAC 3 and AREB 2) related genes in two mungbean cultivars VRM (Gg) 1 and CO6. Values
followed by the same letter are not significantly different (p ≤ 0.05) according to duncan’s multiple
range test. Bars present means ± SE (n = 3).

4. Discussion

In the present study, the response of mungbean cultivars to drought stress was investi-
gated in terms of analyzing the physio-biochemical and transcriptional changes. We found
that chlorophyll content and plant dry mass were decreased during drought stress, and
the cultivar VRM (Gg) 1 showed a lower decrease compared to CO6, indicating improved
photosynthesis and plant growth development. Additionally, VRM (Gg) 1 subjected to
drought stress did not show any major changes in RWC. However, the RWC had a signifi-
cant decrease in CO6, suggesting better water maintaining capacity in VRM (Gg) 1. We also
found that when VRM (Gg) 1 and CO6 were exposed to drought stress, the photosynthetic
gas exchange parameters (leaf net photosynthetic rate and stomatal conductance) were de-
creased. Notably, the stomatal conductance in VRM (Gg) 1 plants showed lower decreases
than that in CO6 under drought stress. This changing pattern in stomatal conductance is
comparable to that in leaf net photosynthetic rate among the plants of VRM (Gg) 1 and
CO6, showing that the better leaf net photosynthetic rate in VRM (Gg) 1 was related to
the regulation of stomatal conductance. In contrast, the intercellular CO2 concentration
of VRM (Gg) 1 was lower than CO6 plants. This fact was because of the varied reduc-
tion of leaf net photosynthetic rate in VRM (Gg) 1 and CO6. It might be the reason for
increased CO2 assimilation and decreased intercellular CO2 concentration in the VRM
(Gg) 1 plants compared to CO6. Therefore, photosynthesis and growth in the VRM (Gg) 1
were better when imposed the drought stress. Moreover, we investigated the transcripts
level differences of photosynthesis-related genes under drought stress. PS II-PsbP, PS
II-LHCB, PS I-PsaG/PsaK, and PEPC 3 are major genes related to photosynthesis. In our
study, following 12 days of drought stress, the transcripts levels of all the genes excluding
PS I-PsaG/PsaK considerably increased in both cultivars compared to their control. Notably,
the transcripts level in VRM (Gg) 1 was high compared to CO6, suggesting that VRM (Gg) 1
had better photosynthetic capacity than CO6 under drought stress. Proline accumulation
is an important metabolic response to drought in plants and it is also employed as an
indicator to regulate the drought tolerance. After 6 and 12 days of drought stress, VRM
(Gg) 1 had a much higher level of proline than CO6. Collectively, these results are in line
with the reports of Li et al. [39]. Ansari et al. [40] Favero Peixoto-Junior et al. [41], who
described that the genotype is referred to as tolerant to drought stress if it keeps better
photosynthetic performance, chlorophyll content, RWC, plant dry mass, and proline under
stress conditions.

Many studies showed that drought stress causes oxidative damage, characterized as
an accumulation of H2O2 and MDA [42,43]. Our results showed that, after the drought
stress, the accumulation of H2O2 and MDA was low in VRM (Gg) 1 whereas high in
CO6. A lower H2O2 and MDA content in VRM (Gg) 1 specified that it has stable ROS
scavenging and better protective mechanism. In several crops, including mungbean,
wheat, and muskmelon [28,40,44] under drought stress, the genotypes with contrasting
drought tolerance showed differences in H2O2 and MDA content. Additionally, a higher
accumulation of proline in VRM (Gg) 1 was vital, and it acts as a compatible solute that
prevents the protein and membrane structure while also scavenging ROS to maintain the
cellular redox level under drought stress and agrees with the statement of Yamada et al. [45].
Plants with tolerance to abiotic stress possess a robust antioxidant system to defend them
from oxidative stress by keeping increased antioxidant enzymes and antioxidant molecule
activity and contents under stress conditions [46]. SOD, POD, and CAT are major enzymes
protecting the plants against ROS-induced oxidative damage [14,47]. Many research reports
detailed that the up-regulated expression of SOD, POD, and CAT leads to decreased ROS
production under stress conditions [44,48]. In our study, SOD, POD, and CAT activities
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were heightened over time in VRM (Gg) 1 compared with the CO6 under drought stress
and corroborate with the low ROS production observed in VRM (Gg) 1. Abid et al. [44]
and Ali et al. [28] showed SOD, POD, and CAT activities were higher in VRM (Gg) 1 than
CO6 under drought stress which was in concurrence with our findings. Likewise, the
accumulation of non-enzymatic antioxidant ascorbic acid was higher in VRM (Gg) 1 than
in CO6. However, the increase was non-significant, and only a marginal increase was
observed. Taking together, we conclude that VRM (Gg) 1 has a stronger antioxidant system
than CO6.

Drought stress regulates the expression of genes in plants at both transcriptional and
post-transcriptional levels. Drought tolerance in plants is thought to be mediated by many
genes and biological pathways. Heat-shock proteins serve as molecular chaperones for
various client proteins in abiotic stress response and play a significant role in preventing
the plants against abiotic stresses. The plant’s HSP90 genes had a major role in response to
abiotic stresses, including drought [49,50]. Song et al. [51] reported that the overexpression
of Hsp90 in Arabidopsis thaliana improved the plant’s sensitivity to drought stresses. VRM
(Gg) 1 exhibited higher expression of Hsp90 in leaves than CO6 during drought stress,
suggesting the possible role of preventing the cells from oxidative damage in VRM (Gg) 1
plants. DREB is the key transcription factor playing a pivotal role in drought stress response
and tolerance to drought [52–55]. In the present study, the DREB2C transcription factor
was examined in VRM (Gg) 1 and CO6 under drought stress. After ten days of drought
stress, the expression level of DREB2C in leaves was expressed considerably higher in
VRM (Gg) 1 than in CO6. Similarly, NAC 3 and AREB 2, which play critical roles during
various abiotic stresses, also showed higher expression in VRM (Gg) 1 compared to CO6.
Previously, several studies demonstrated the possible involvement of NAC 3 and AREB 2
in drought tolerance [56,57]. From these outcomes, we inferred that it might be possible
that the higher expression of Hsp90, DREB1, NAC 3, and AREB 2 is likely to contribute to
the better performance of VRM (Gg) 1 during drought stress.

VRM (Gg) 1 had better photosynthetic activity during drought stress, resulting in
fewer losses in chlorophyll, relative water content, and plant dry mass. Furthermore,
enhanced antioxidative enzyme activities resulted in decreased H2O2 and MDA levels in
VRM (Gg) 1, limiting oxidative damage. These physio-biochemical alterations positively
correlated with increased transcripts of photosynthesis and antioxidant-related genes in
VRM (Gg) 1 and were consistent with the earlier studies on, mungbean, faba bean, and
alfalfa responses to drought stress [58–60]. The increased transcripts of drought-responsive
genes suggest that VRM (Gg) 1 has a stronger genetic base for drought tolerance than CO6.
However, supplement research is needed to understand the exact genetic and molecular
mechanism underlying drought tolerance.

5. Conclusions

In this study, we found that the mungbean cultivar VRM (Gg) 1 performed well
and exhibited tolerance to drought stress compared to CO6, as supported by the physio-
biochemical and gene transcriptional changes. In the future, VRM (Gg) 1 will need to
be tested under field conditions before being employed in mungbean drought-tolerant
breeding programs. VRM (Gg) 1 is a potential source to detect the quantitative trait locus
(QTL)/gene (s) associated with drought tolerance. Collectively, the obtained results from
our study could be used in the future search for drought-tolerant genotypes or in breeding
programs with an aim to obtain tolerant mungbean genotypes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae8050424/s1. Table S1: Details of primers used for quantitative
real-time PCR (qRT-PCR) analysis. Reference [61] is cited in the supplementary materials.
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Abstract: Drought affects plant growth and yield in many agricultural areas worldwide by producing
negative water potentials in the root zone that reduce water availability, affecting plant development
and metabolism. This study investigated the effect of varying moisture regimes (100% field capacity
(FC), well-watered plants, 50% FC (moderate water stress), and 25% FC (severe water stress)) on
growth parameters, chlorophyll content, and bioactive molecule patterns, and the impact on an-
tioxidant, lipoxygenase (LOX), and acetylcholinesterase (AChE) activities in Rosa damascena. The
water deficit treatments reduced biomass production for both treatments (−29 and −33%, respec-
tively, for MWS and SWS) and total chlorophyll (−18 and −38% respectively for MWS and SWS),
relative to the control. The 50% FC treatment had the greatest effect on the phenolic profiles and
their respective functionalities, with significant increases in the levels of total phenolic, benzoic
(gallic, p-coumaric, and syringic acids) (+32%), and cinnamic (caffeic and trans-cinnamic acid) acids
(+19%) and flavonoids (epicatechin-3-O-gallate) (+15%) compared to well-watered leaves (control
leaves). The 50% FC treatment also exhibited the highest potential antioxidant activities (apart from
NO-quenching activity), evidenced by the lowest IC50 and EC50 values. The inhibitory LOX and
AChE capacities varied depending on the severity of stress, with superior activity in the 50% FC
treatment. Overall, the drought tolerance in rose was associated mainly with its suitable manipulation
of antioxidant production and orderly regulation of LOX and AChE activities.

Keywords: AChE activity; antioxidant; drought stress; LOX activity; phenolics; damask rose

1. Introduction

The severity and incidence of drought are expected to increase with the predicted
change in typical precipitation patterns associated with climate change [1]. Water deficits
are anticipated to reduce world crop production by up to 30% by 2025 compared to current
yields [2]. In arid and semi-arid zones, the potential of water resources to expand landscapes
and grow ornamental plants is threatened. Water distribution to the floral industry is in
strong competition with other demands, such as agriculture, urban management, and
human consumption [3], and should be used optimally and with high efficiency [4].

Limited water supply to plants incites a chemical signal in the aerial system through
xylem sap, eliciting partial stomatal closure to avert water loss by evaporation. As a
result, plants shift to a water-saving strategy that decreases intracellular CO2, reducing
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the amount of NADPH+, H+, and ATP available for CO2 fixation within the Calvin cycle,
thus decreasing NADP+ regeneration and affecting the photosynthetic electron transport
chain [5,6]. Such effects promote the production of free radicals and reactive oxygen species
(ROS), generating oxidative stress [7].

Alternatively, to manage water status, a non-antioxidant system (phenolic compounds)
can be synthesized in different plant parts to keep ROS production below toxic levels during
abiotic/biotic stresses. Depending on the stress intensity and plant efficiency to trigger
these mechanisms, the production of such metabolites can increase or decrease under
drought conditions [8].

To confront drought constraints, dehydrated plants could normalize a latent source
of phenols valuable for economic exploitation. Nonetheless, abiotic constraints have the
opposite effect on polyphenol yields, i.e., the increment of polyphenol quantity in tissues
is negatively correlated with plant biomass production [9]. Furthermore, water scarcity
may be related to increases in phenolic pools by reallocating the incorporated C as plant
growth progressively declines [10]; thus, optimal polyphenol yields would be required
with respect to stress-tolerant species [11].

Saudi Arabia is rich in flora, including a multiplicity of aromatic and ornamental
species such as Damask rose (Rosa damascena Mill. var. trigentipetala) that belongs to the
Rosaceae family, a perennial bushy shrub renowned in the perfumery, cosmetic trade, and
food industries [12].

The major bioactive molecules isolated from different organs of Rosa damascena are
flavonoids, glycosides (kaempferol, cyanidin 3,5, D-glycoside, and quercetin), gallic acid,
terpenes, and anthocyanins. The leaves are noteworthy sources of vitamins C, A, B, and K,
pectin, tannins, and carotenoids [13].

The flowers of R. damascena have analgesic, anti-inflammatory, astringent, antibac-
terial, antidepressant, and antiviral activity, as well as diuretic effects, and they are used
in popular medicine as a sedative [13]. A leaf methanol extract of Damask rose with
high amounts of (+)-catechin and (+)-epi-catechin had higher antioxidant activities than
butylated hydroxytoluene (BHT), Trolox, and butylated hydroxyanisole (BHA) standards.

Agricultural practices, genetic makeup, and environmental factors affect the quality
of plant products [11]. In semi-arid and rainfed areas where water is scant, incorporating
different shade net houses and mulch types over the soil surface are key to meeting the
increasing demand for herbs [3,4].

Despite the economic importance of Rosa damascena Mill. var. trigentipetala for the
livelihood for Saudi smallholder farmers, it is cultivated in a traditional and primitive
manner [14]. Yet, no published information is available on (i) its limits of tolerance, or
(ii) the underlying mechanisms implicated in its tolerance to water deficit. Therefore, an in-
vestigation of its responses to drought and the mechanisms involved may support to know
how to improve drought tolerance in Rosa species. This study aimed to (i) determine the
limits of tolerance to water deficit of Damask rose, and (ii) identify the main physiological
and biochemical mechanisms that are linked to drought resistance. Such information will
be crucial in defining culture conditions that optimize biomass, biomolecules production
and anti-oxidation efficiency, along with a better valorization of this underused species in
water management to improve secondary metabolites production with a global goal of new
water-efficient genotype screening programs.

2. Materials and Methods
2.1. Experimental Design and Irrigation Treatment

The experiment was undertaken from January to May 2020 in a greenhouse at the Biology
Department, Faculty of Science, Taïf University, Saudi Arabia (21◦26′02.4′′ N, 40◦29′36.9′′ E),
with a natural photoperiod (approximately 14 h light), temperature (day/night) of 32/22 ◦C,
and relative humidity of 70%.

Two-year-old rooted cuttings of Rosa damascena Mill. var. trigentipetala were trans-
planted to Wagner pots (height: 30 cm; diameter: 20 cm) filled with sandy soil and watered
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daily with half-strength nutrient solution [15]. Uniform cuttings were selected, grouped
into ten replicates (main factor), and exposed to one of three irrigation regimes—25%, 50%,
or 100% field capacity (FC) as non-stress (WW), moderate water stress (MWS), and severe
water stress (SWS) treatments, respectively—for 90 days. The pots were watered to their
corresponding weights every two days with quarter-, half-, and full-strength Hewitt nutrient
solution, respectively. Soil FC (%) for the 100%, 50%, and 25% FC treatments were 11.5%,
5.75%, and 2.9%, respectively. Evaporation from the soil surface was prevented by enclosing
the pots in plastic bags. Ten pots without plants were used to monitor soil evaporation.

2.2. Growth Parameters and Leaf Water Potential (Ψw) Measurement

Leaf water potential (Ψleaf) was recorded on five mature and fully spread leaves using
a Scholander pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, CA, USA)
at first light (ΨPD, 07:00 h) and midday (ΨMD, 12:00 h).

Fresh material of each plant was then placed in clean paper bags, labeled, and oven-
dried at 60 ◦C for 48 h to determine the respective dry weight (DW) following the protocol
of Wasli et al. [8].

2.3. Relative Chlorophyll Content (RCC)

The pigment concentrations in rose leaves were determined by measuring the absorp-
tion spectra of frond extracts using a UV spectrophotometer (Spectro UV-VIS Dual Beam
8 auto cell UUS-2700). Two hundred mg of leaf plant material frozen in liquid N2 was
ground to a fine powder (on ice) and immediately immersed in 5 mL acetone (80/20 v/v)
solution. The total extraction took place after 72 h in darkness at 4 ◦C, with the absorbance
of the extracts measured at 663, 645 and 470 nm for Chl a and Chl b and carotenoids,
respectively [16]. Varian 220Z, Mulgrave, Victoria, Australia

2.4. Characterization and Quantification of Phenolic Pools by Colorimetric and Chromatographic
Analysis

Contents of total phenolic compounds and flavonoids (obtained with 3 g dry powder
in 30 mL methanol 80%) were determined according to the method of Wasli et al. [17], and
the results were expressed as mg of gallic acid or mg catechin per gram of dried residue,
respectively using a UV-spectrometer (Varian 220Z, Mulgrave, Victoria, Australia).

In turn, to characterize and quantify individual phenolics dried samples (evaporated
with in a rotavap at 40 ◦C) were hydrolyzed according to the method of Proestos et al. [18]
with some modifications. Next, 10 mL of MeOH (80:20 v/v) containing butylated hydroxy-
toluene (0.5 g/L) was added to 250 µg of the dried sample. Then, 5 mL of 1 M HCl was
added. The mixture was stirred carefully and sonicated for 15 min and refluxed in a water
bath at 90 ◦C for 2 h. The obtained mixture was injected to RP-HPLC using a system model
Agilent 1200 with the UV spectra of standards measured from 200–400 nm. The column
was a reversed phase Zorbax SB-C18 of 4.6 mm× 250 mm and 3.5 µm particle size. The
column temperature was thermostated at 25 ◦C. The injected sample volume was 20 µL,
and peaks were monitored at 280 nm. The mobile phase comprised acetonitrile (solvent A)
and water/sulfuric acid (98:2) (solvent B). The optimized gradient elution occurred as at a
flow rate of 0.6 mL/min: 0–5 min, 10–20% A; 5–10 min, 20–30% A; 10–15 min, 30–50% A;
15–20 min, 50–70% A; 20–25 min, 70–90% A; 25–30 min, 90–50% A; 30–35 min, return to
initial conditions.

The compounds were identified by comparing the retention times and peak area with
pure standards and reported as mg per g sample dry weight. For quantitative analysis, the
limits of detection and quantification were calculated from calibration curve parameters
obtained by injecting known concentrations of a different standard. The results were
expressed in mg per g of dry weight.

Standards with high purities were purchased from Sigma–Aldrich, including catechin
hydrate (≥96% purity), chlorogenic acid (≥96% purity), caffeic acid (≥97% purity), p-
coumaric acid (98% purity), ellagic acid (≥95% purity), epicatechin-3-O-gallate (≥96%
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purity), ferulic acid (≥95% purity), gallic acid (≥95% purity), rosmarinic acid (95% purity),
luteolin-7-O-glucoside (≥95% purity), kaempferol (≥97% purity), sinapic acid (98% purity),
syringic acid (≥96% purity), and trans-cinnamic acid (≥95% purity).

2.5. Biological Activities

The antiradical capacity of rose extract (RE) against the 2,2′-azino-bis (3-
ethlybenzothiazoline-6-sulfonic acid) (ABTS) radical was assessed according to Wasli
et al. [8]. Briefly, 250 µL of stable radical ABTS (prepared by reacting ABTS stock solution
(7 mM) with potassium persulfate (2.45 mM) in a 1:1 ratio) was added to 50 µL of increas-
ing RE concentrations ranging from 25 to 100 µg/mL. After 6 min of incubation at room
temperature, the absorbance was read against a blank at 734 nm using an ELX800 microplate
reader (Bio-Tek Instruments, lnc.; Winooski, VT, USA). The ABTS scavenging ability was
expressed as IC50 (mg/mL), the inhibiting concentration of 50% of the synthetic radical.

The inhibition percentage (IP%) of ABTS radical was calculated as follows:

IP (%) = [(Acontrol − Asample)/Acontrol] × 100 (1)

The NO scavenging assay followed the protocol of Wasli et al. [16]. Briefly, 200 µL
of different rose extracts (25–150 µg/mL) were mixed with 200 µL sodium nitroprusside
(3.33 mM) in 100 mM PBS (pH 7.4). The reaction was initiated by adding Griess reagent,
and the absorbance was measured at 562 nm. The results were expressed as CI50 (µg/mL).

For ORAC assessment, AAPH (240 mM), fluorescein (70.30 nM), and Trolox (3.24–
130.88 µM) were prepared in 75 mM of phosphate buffer with a pH of 7.4. Fluorescence
intensity (an excitation wavelength of 485 nm and emission wavelength of 520 nm) was
applied every 90 s over a total measurement period of 120 min. The results were expressed
in micromoles of Trolox equivalents (TE) per gram (mmol TE/g).

The FRAP assay (reaction of reductants) was traduced by the altering of the test
solution from yellow to green.

One milliliter of RE from different treatments at different concentrations ranging from
50 to 500 µg/mL was mixed with 2.5 mL of Na3PO4 buffer (0.2 M, pH 6.6) and 2.5 mL
potassium ferricyanide (K3Fe (CN)6; 1% w/v). The mixtures were incubated in a water bath
at 50 ◦C for 20 min. Then 2.5 mL of TCA (10%, w/v) were inserted followed by a vigorous
centrifugation for 10 min at 650 g. At the final step, 2.5 mL of the supernatant was blended
with 2.5 mL of deionized water and 0.5 mL of FeCl3 solution (0.1%, w/v). The absorbance
was assessed at 700 nm against a blank sample and ascorbic acid was used as a positive
control. The EC50 value (µg/mL) expressed the RP [17].

For the β-carotene test, 20 mg of β-carotene was suspended in 10 mL of chloroform;
linoleic acid (50 mg) and Tween 80 (1 g) were then added to 1 mL of this solution [19].
Chloroform was removed using a vacuum at 40 ◦C, before adding 100 mL of oxygenated
water. The resulting β-carotene/linoleic acid emulsion was vigorously shaken before
250 µL was added to each well of 96-well microliter plates along with 50 µL of test samples.
The initial absorbance at 470 nm was recorded.

The emulsion system with two controls (one containing BHA as a positive control
(Figure 1) and the other with the same volume of distilled water instead of the extracts) was
incubated at 50 ◦C for 2 h, and the absorbance at 470 nm was read using a model ELX800
microplate reader (Bio-Tek Instruments, lnc.; Winooski, VT, USA).

Readings for all samples were taken immediately and after 2 h incubation. Blanching
inhibition of the β-carotene was determined as follows:

% inhibition =
((Ct=0 − Ct=2)− (Et=0 − Et=2)

(Ct=0 − Ct=2)
× 100 (2)
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Figure 1. Standard curve of butylated hydroxyanisol (BHA) as a positive control in the β-carotene
linoleic acid model system.

2.6. Lipoxygenase (LOX) Inhibitory Activity

LOX activity was assessed according to Wasli et al. [17]. In a 96-well quartz plate, 10 µL
R. damascena leaf extract (10–100 µg/mL) was added to 5 µL enzyme solution (0.054 g/mL),
50 µL linoleic acid (0.001 M), and borate buffer 937 µL (0.1 M, pH 9), and the absorbance
measured at 234 nm. Enzymatic activity was approximated as (A0 − Ae/A0) × 100, where
A0 is the absorbance of the control reaction, and Ae is the absorbance of the extract. The
results were expressed as IC50 values.

2.7. Acetylcholinesterase (AChE) Inhibitory Activity

Sixty microliters of R. damascena sample at different concentrations (50–100 µg/mL)
was mixed with 425 µL Tris-HCl buffer (0.1 M, pH 8) and 25 µL enzyme (0.28 µM/L),
incubated at 37 ◦C for 15 min, before adding 75 µL substrate (0.005 g iodine acetylcholine
in 10 mL buffer) and 475 µL 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) (0.059 g in 50 mL
buffer) to finish the reaction. The absorbance was read at 405 nm, and the results were
traduced to IC50 values [20].

2.8. Data Analysis

Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test. The
statistical tests were applied using Graph Pad Prism, version 6, at a p < 0.05 significance
level. Multivariate data analysis was carried out using Pearson’s correlation in XLSTAT,
considering variables centered on their means.

3. Results and Discussion
3.1. Effect of Moderate and Severe Drought Stress on Growth Activity and Chlorophyll Content

Biomass production and water status are considered to be the most-used criteria for
assessing plant behavior to osmotic stress [14,21]. Both water deficit treatments decreased
whole-plant FW and DW, declining by approximately 29% under moderate (50% FC) water
stress and 48% and 33% under severe (25% FC) water stress, respectively, relative to the
well-watered plants. In turn, water stress increased the root-to-shoot dry weight ratio,
relative to the control plants (Table 1, p ≤ 0.05).

Water stress reduced leaf water potential (Ψw) from –1.6 MPa (for control plants) to
−2 and −2.4 MPa, respectively, for MWS and SWS (Table 1, p ≤ 0.05). Leaf water content
also declined in response to water stress, more so in the SWS treatment (Table 1, p ≤ 0.05).

Reduced biomass accumulation in response to drought is mainly due to the reduction
in leaf biomass explained by the reduction in leaf area, leaf number, and leaf size [22]. The
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greater inhibition in shoot growth than root growth (as indicated by the lower shoot-to-root
ratio) is explained by the preferential allocation of dry matter to roots, representing a
criterion for drought adaptation [23,24]. Changes in root architecture in cereals due to the
fact of enhanced cytokinin degradation are a promising strategy for enhancing nutrient
uptake, biofortification, and drought tolerance [25].

Table 1. Changes in physiological parameters of Rosa damascena Mill. var. trigentipetala plants under
three watering regimes: well-watered (100% field capacity (FC), WW), moderate water stress (50%
FC, MWS), or severe water stress (25% FC, SWS).

Parameters Control MWS SWS

Whole plant FW (g/plant) 20.3 ± 2.6 a 14.4 ± 2.2 b 10.5 ± 1.0 c

Whole plant DW (g/plant) 8.6 ± 0.6 a 6.07 ± 1.3 b 5.7 ± 0.5 bc

Shoot/root ratio 0.81 ± 0.10 a 0.55 ± 0.1 b 0.54 ± 0.09 b

Leaf Ψw (–MPa) 1.6 ± 0.1 c 2.00 ± 0.05 b 2.40 ± 0.14 a

Leaf WC (%) 63.4 ± 1.5 a 60.6 ± 1.4 ab 52.6 ± 2.4 b

Chl a (mg/g FW) 0.58 ± 0.01 a 0.52 ± 0.01 a 0.49 ± 0.05 b

Chl b (mg/g FW) 0.52 ± 0.02 a 0.33 ± 0.04 b 0.24 ± 0.07 c

Chl (a + b) (mg/g FW) 1.10 ± 0.03 a 0.90 ± 0.05 b 0.68 ± 0.02 c

Chl a/b ratio 1.11 ± 0.04 c 1.57 ± 0.17 b 2.04 ± 0.56 a

CAR (mg/g FW) 0.23 ± 0.04 a 0.15 ± 0.01 b 0.09 ± 0.01 c

Whole plant fresh weight (g/plant), whole plant dry weight (g/plant), shoot/root ratio, water content (WC%), leaf
water potential (Ψw), chlorophyll a, chlorophyll b, total chlorophyll (a + b), chlorophyll a/b ratio, and carotenoids
(CAR). Values are the mean of six replicates and standard deviations. Values with different superscripts differed
significantly at p < 0.05 (Tukey’s test).

In the same line, total chlorophyll (T Chl), Chl a, and Chl b concentrations decreased
with water stress (Table 1). Chl b was the most affected pigment, declining by 37% in the
MWS treatment and 54% in the SWS treatment, relative to well-watered plants. The Chl
a/b ratio increased with water stress by 29% and 46% in the MWS and SWS treatments,
respectively (Table 1).

A chlorophyll reduction might be considered an adjustment mechanism to ROS gen-
eration from energy absorption by photosynthetic apparatus [7], owing to the presence
of antioxidant leaf pigment betalain (betacyanin and betaxanthin), which absorbed a sig-
nificant amount of radiation and protected drought-stressed chloroplasts from harmful
excessive light.

In addition, the increased Chl a/b ratio could be correlated with the reduced size of the
PSII light-harvesting antenna, ensuring the supply of electrons from PSII to keep pace with
the excitation rate of PSI [26].

3.2. Variation in Phenolic Pools under Moderate and Severe Drought Stress

Table 2 showed the TPh and TF values based on the absorbance results of the FC
reagent–reactive extract solutions and aluminum chloride method compared with the gallic
acid and catechin equivalent standard solutions. Under the control condition (WW; 100%
FC), R. damascena leaves had 45.63 mg GAE/g DW and 13.44 mg CE/g DW for TPh and
TF contents, respectively. At 50% and 25% FC, the levels of TPC significantly increased in
leaves by about 31% and 13% respectively for MWS and SWS, relative to the control.

Correspondingly, a higher concentration and stimulation of flavonoids was detected,
with TFC values changing from 13.44 to 16.97 mg CE g−1 DW (under MWS) and from 13.44
to 15.74 mg CEg−1 DW (under SWS) in control and dehydrated leaves, respectively (Table 2).

Phenolic characterization by the RP-HPLC method, showed ten phenolic acids (caffeic
chlorogenic, p-coumaric, ellagic, ferulic, gallic, syringic, sinapic, rosmarinic, and trans-
hydroxy-cinnamic acids) with four flavonols/flavonones (catechin hydrate, epicatechin-3-
O-gallate, luteolin-7-O-glucoside, and kaempferol-3-O-rutinoside) (Figure 2). Rosmarinic
acid was the major detected phenolic acid, with an amount of 33.94 ± 0.05 mg/g DW,
followed by syringic (6.05 ± 0.33 mg/g DW) and trans-cinnamic acids (6.55 ± 0.45 mg/g
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DW). Moderate water stress enhanced cinnamic and benzoic forms by approximately
1.5-fold compared to well-watered plants (Figure 2). It was observed that severe water
dehydration induced a significant increase in the biosynthesis of phenolics, in particularly
with respect to ferulic acid and its derivatives (Figure 2).

Table 2. Total polyphenol and flavonoid contents in Rosa damascena Mill. var. trigentipetala plants
under three watering regimes: well-watered (100% field capacity (FC), WW), moderate water stress
(50% FC, MWS), or severe water stress (25% FC, SWS).

WW MWS SWS

TPC (mg GAE/g DW) 45.63 ± 1.23 c 66.02 ± 4.51 a 52.83 ± 3.77 b

TFC (mg CE/g DW) 13.44 ± 2.04 c 16.97 ± 0.98 a 15.74 ± 0.44 b

Compounds

Benzoic acids 7.34 ± 0.19 c 10.84 ± 0.97 a 8.45 ± 0.74 b

Gallic acid 0.24 ± 0.02 b 0.33 ± 0.05 a 0.13 ± 0.03
Ellagic acid 0.93 ± 0.08 a 0.50 ± 0.04 0.37 ± 0.06
p-Coumaric acid 0.12 ± 0.00 b 0.14 ± 0.04 0.10 ± 0.01 b

Syringic acid 6.05 ± 0.09 c 9.87 ± 0.84 a 7.85 ± 0.64 b

Cinnamic acids 46.95 ± 0.72 c 58.12 ± 1.41 a 55.26 ± 2.5 b

Caffeic acid 4.3 ± 0.03 c 16.09 ± 0.25 a 12.83 ± 0.20 b

Rosmarinic acid 33.94 ± 0.05 a 30.99 ± 0.60 a 33.89 ± 1.4 a

trans-Cinnamic acid 6.55 ± 0.48 c 9.14 ± 0.31 a 7.28 ± 0.66 b

Chlorogenic acid 0.45 ± 0.03 a 0.43 ± 0.02 a 0.08 ± 0.00 b

Ferulic acid 0.13 ± 0.01 a 0.11 ± 0.02 a 0.14 ± 0.01 a

Sinapic acid 1.62 ± 0.12 a 1.36 ± 0.21 b 1.04 ± 0.29 c

Flavonoids (Flavonols/flavonones) 18.42 ± 0.97 b 21.68 ± 1.73 a 18.97 ± 0.50 b

Luteolin-7-O-glucoside 8.89 ± 0.32 a 7.82 ± 0.87 b 7.17 ± 0.13 b

Epicatechin-3-O-gallate 4.51 ± 0.53 c 9.80 ± 0.50 a 8.30 ± 0.24 b

Catechin hydrate 0.47 ± 0.01 b 0.54 ± 0.09 a 0.29 ± 0.04 c

Kaempferol-3-O-rutinoside 4.55 ± 0.11 a 3.52 ± 0.27 b 3.03 ± 0.09 b

Values are the mean of three replicates and standard deviations. Values with different superscripts differed
significantly at p < 0.05 (Tukey’s test).

The flavonol and flavanone groups accounted for approximately 32% of the total
phenolic constituents in control leaves, which were mostly represented by luteolin-7-O-
glucoside, epicatechin-3-O-gallate, and kaempferol-3-O-rutinoside, with minor amounts
of catechin hydrate (Table 2). Moderate water stress raised flavonoid levels by 1.2-fold
despite the decline in luteolin-7-O-glucoside (–12%), and kaempferol (–23%). Although
severe water stress increased flavonoid content by about 8.48%.

Higher phenolic contents suggest that rose can efficiently accumulate secondary
metabolites in order to adapt to water deficiency [27]. Phenols play a key role in cell
protection and osmotic adjustment, either directly by inducing ROS detoxification processes
or indirectly by stimulating the antioxidative defense system [28]. Phenols can function as a
filter to absorb radiation by limiting chlorophyll excitation in the photosynthetic apparatus
during unfavorable conditions [29].

The shielding contribution of flavonoids is ascribed to their OH groups, the om-
nipresence of double bonds, and their predilection to glycosylation and methylation [30].
Flavonoids with an ortho-dihydroxy pattern in the B-ring in skeleton verge are thought to
preserve in higher amounts than mono-hydroxylated in the B-ring [31]. Such biomolecules
can also uphold the integrity of the envelope membrane through lipid adjusting during
cellular dehydration [32].

Many studies have reported a variation in phenolic composition under abiotic stress.
For example, Meot-Duros and Magné [33] reported an accumulation of caffeic acid in
the leaves of Crithmum maritimum exposed to water stress (due to the nature of sandy
substrate) and ionic stress (due to the sea sprays). In Prunella vulgaris, moderate drought
stress enhanced the production of ursolic, rosmarinic, and oleanolic acids [34]. As recorded
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by Bettaieb-Rebey et al. [28], ferulic acid was involved in the adaptation of S. officinalis
to drought stress through the assimilation of UV light and its transformation into blue
fluorescence, which sheltered the plants from the destructive effects of UV light. Cinnamic,
vanillin, p-hydroxybenzoic, and vanillic acids were showed to be involved in drought
tolerance of Q8 rice cultivar [35], which could be related to cell wall lignification correlated
with the implication of specific amino acids for osmotic adjustment [36]. Al Yasi et al. [21]
suggested that the cell wall rigidity of Damask rose exposed to drought allows it to cope
with toxic molecules and ROS [37,38].

Horticulturae 2022, 8, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 2. RP-HPLC chromatograms of Rosa damascena plants. The signal was monitored at 280 nm. 
The peak numbers corresponded to (1) gallic acid; (2) catechin hydrate; (3) chlorogenic acid; (4) epi-
catechin3-O-gallate; (5) caffeic acid; (6) syringic acid; (7) p-coumaric acid; (8) sinapic acid; (9) ferulic 
acid; (10) luteolin 7-O-glucoside; (11) trans-hydroxycinnamic acid; (12) rosmarinic acid; (13) ellagic 
acid; (14) kaempferol-3-O-rutinoside. Well-watered (100% field capacity (FC), WW), moderate wa-
ter stress (50% FC, MWS), and severe water stress (25% FC, SWS). 

The flavonol and flavanone groups accounted for approximately 32% of the total 
phenolic constituents in control leaves, which were mostly represented by luteolin-7-O-
glucoside, epicatechin-3-O-gallate, and kaempferol-3-O-rutinoside, with minor amounts 
of catechin hydrate (Table 2). Moderate water stress raised flavonoid levels by 1.2-fold 
despite the decline in luteolin-7-O-glucoside (–12%), and kaempferol (–23%). Although 
severe water stress increased flavonoid content by about 8.48%. 

Higher phenolic contents suggest that rose can efficiently accumulate secondary me-
tabolites in order to adapt to water deficiency [27]. Phenols play a key role in cell protec-
tion and osmotic adjustment, either directly by inducing ROS detoxification processes or 
indirectly by stimulating the antioxidative defense system [28]. Phenols can function as a 
filter to absorb radiation by limiting chlorophyll excitation in the photosynthetic appa-
ratus during unfavorable conditions [29]. 

The shielding contribution of flavonoids is ascribed to their OH groups, the omni-
presence of double bonds, and their predilection to glycosylation and methylation [30]. 
Flavonoids with an ortho-dihydroxy pattern in the B-ring in skeleton verge are thought 
to preserve in higher amounts than mono-hydroxylated in the B-ring [31]. Such biomole-
cules can also uphold the integrity of the envelope membrane through lipid adjusting 
during cellular dehydration [32]. 

Many studies have reported a variation in phenolic composition under abiotic stress. 
For example, Meot-Duros and Magné [33] reported an accumulation of caffeic acid in the 
leaves of Crithmum maritimum exposed to water stress (due to the nature of sandy sub-
strate) and ionic stress (due to the sea sprays). In Prunella vulgaris, moderate drought stress 
enhanced the production of ursolic, rosmarinic, and oleanolic acids [34]. As recorded by 
Bettaieb-Rebey et al. [28], ferulic acid was involved in the adaptation of S. officinalis to 

min0 5 10 15 20 25 30 35

mAU

0

50

100

150

200

250

MWS

SWS

1

1

12

12

1

5

5 6

6
11

10

10
11

8
6

4

2

2

2

ND

mAU

0

50

100

150

200

250

mAU

0

50

100

150

200

WW
12

7

ND

ND
ND

ND

ND

ND

ND

ND

5

ND
NDND ND

14

14

14

13

13

13

8

8

7

7

4

4

ND

ND

10
11

9

9

9

3

3

3

Figure 2. RP-HPLC chromatograms of Rosa damascena plants. The signal was monitored at 280 nm.
The peak numbers corresponded to (1) gallic acid; (2) catechin hydrate; (3) chlorogenic acid;
(4) epicatechin3-O-gallate; (5) caffeic acid; (6) syringic acid; (7) p-coumaric acid; (8) sinapic acid;
(9) ferulic acid; (10) luteolin 7-O-glucoside; (11) trans-hydroxycinnamic acid; (12) rosmarinic acid;
(13) ellagic acid; (14) kaempferol-3-O-rutinoside. Well-watered (100% field capacity (FC), WW),
moderate water stress (50% FC, MWS), and severe water stress (25% FC, SWS).

Changes in flavonoid groups have occurred in diverse plants under water limitation;
for instance, kaempferol and quercetin increased in dehydrated tomato plants [39]. Ding
et al. [40] suggested that characteristic catechins (a subgroup of flavan-3-ols) play essential
key roles in the stress response of tea plants by minimizing excess ROS production.

Luteolin is an inhibitor of α-amylase activity in plants. Thus, drought-stressed Achillea
pachycephala species reduced their photosynthetic rate and soluble sugars, producing signals
for discriminate gene expression patterns [31].

The metabolic investigation of flavonoid alternation by LC-QTOF-MS, during drought
stress in Arabidopsis thaliana (wild type, Col-0); proved that glycosides flavonoid forms
(kaempferol, quercetin, and cyanidin) were assigned in the mitigation of oxidative and
drought stress.

3.3. Moderate and Severe Drought Stress Effects on Antioxidant Activities

Rosa damascena Mill. var. trigentipetala extracts were explored for their antioxidant
potentialities using distinct in vitro methods—ABTS•+, NO•, ORAC, FRAP, and β-carotene–
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linoleic acid model systems—to estimate their quenching ability for distinct radicals and
their aptitude for reducing trivalent iron +(Fe III) to its bivalent form (Fe II) and inhibiting
the bleaching of the antioxidant pigment β-carotene [41].

The results confirmed an increment in antioxidant activities in both drought stress
treatments (Table 3). Indeed, quenching activities against ABTS•+ and peroxyl radicals
were found to be increased, as shown by their superior ORAC values and decreased
IC50 values. A similar trend occurred for RPA, with EC50 values decreasing from 356 to
189 µg/mL (for MWS) and from 356 to 234 µg/mL (for SWS), respectively. The MWS
samples (IC50 = 0.42 mg/mL) could also inhibit β-carotene bleaching more than the control
(IC50 = 0.67 mg/mL) and SWS (IC50 = 0.55 mg/mL) samples.

Table 3. Antioxidant activities in Rosa damascena Mill. var. trigentipetala plants under three watering
regimes: well-watered (100% field capacity (FC), WW), moderate water stress (50% FC, MWS), or
severe water stress (25% FC, SWS).

ABTS•+

(IC50 µg/mL)
NO•

(IC50 µg/mL)
ORAC

(µmol/TE g)
FRAP

(EC50 µg/mL)
β-Carotene

(IC50µg/mL)

WW 89.11 ± 0.14 a 139.28 ± 0.01 b 11.53 ± 0.38 d 356.24 ± 11.44 a 420 ± 0.02 c

MWS 54.87 ± 0.83 c 79.67 ± 0.07 c 25.09 ± 4.17 b 189.18 ± 9.10 c 670 ± 0.01 a

SWS 63.19 ± 1.68 b 75.44 ± 0.03 c 19.34 ± 0.07 c 234.78 ± 34.12 b 550 ± 0.08 b

Ascorbic acid 1.9 ± 0.01 d 213 ± 0.17 a - - -
BHA - - - - 0.024 ± 0.00 d

BHT - - - 18.5 ± 0.00 d -
Trolox - - 39.14 ± 0.30 a - -

Values are the means of three replicates and standard deviations. Values with different superscripts differed
significantly at p < 0.05 (Tukey’s test).

Water limitation also affected NO-quenching activity, despite not being completely
aligned with the previous tests. The inhibited activity of NO radicals raised by approxi-
mately two-fold in both treatments, suggesting that, despite the overall increase in antioxi-
dant activity in water-stressed plants, the effects on leaves vary depending on the specific
reaction and/or mechanism involved. Our results showed that Rosa damascena Mill. var.
trigentipetala extracts were more active against NO than the reference compound, ascorbic
acid (IC50 = 213 µg/mL).

The dependence on antioxidant activity, obtained from various assays, in relation to
TPh and TF had a linear correlation between the IC50 values for the ABTS•+ (r = −0.87 and
−0.76) scavenging activity, ORAC quantity (r = −0.75 and −0.69), EC50 values of FRAP
(r = −0.99 and −0.86) and β-carotene linoleic acid (r = −0.90 and −0.84) model systems,
respectively (Table 4).

Indeed, the antioxidant capacity and extract phenolic content are always positively
correlated, owing to the direct contribution of phenolic compounds in antioxidant activ-
ities [42]. Nevertheless, a moderate correlation between TPh (or TFC) and antioxidant
activity was observed for the NO-quenching potential with r values ranging from 0.5 to
0.6. Likewise, a high linear correlation occurred between the ABTS•+ and NO• scavenging
activities; FRAP and β-carotene assays and caffeic acid; and syringic acid, trans-cinnamic
acid, and luteolin-7-O-glucoside, indicating the potential role of cinnamic and benzoic acids
with flavonol groups in offsetting oxidative stress under water-limited conditions.
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Table 4. Correlation coefficients between total phenolic content (TPC)/total flavonoid content (TFC),
individual phenolic compounds, and the IC50/EC50 values for ABTS•+, NO, ORAC, FRAP, and
β-carotene activities.

Variables TPC TFC ABTS•+ NO• ORAC FRAP β-Carotene

TPC 1 0.97 –0.87 –0.54 –0.75 –0.99 –0.90
TFC 0.97 1 –0.76 –0.56 –0.69 –0.86 –0.84
GA 0.26 0.45 –0.17 0.21 –0.11 –0.18 –0.42
Chl A –0.22 –0.02 0.31 0.65 0.27 0.30 0.05
CA 0.99 0.95 –0.99 –0.91 –0.89 –0.99 –0.97
Sy A 0.97 0.99 –0.95 –0.76 –0.93 –0.95 –0.99
FA –0.65 –0.79 0.59 0.23 0.49 0.598 0.77
trans-CA 0.88 0.96 –0.84 –0.57 –0.73 –0.85 –0.95
RA –0.76 –0.87 0.70 0.38 0.64 0.71 0.86
EA –0.84 –0.71 0.88 0.99 0.79 0.88 0.73
p-CA 0.32 0.51 –0.24 0.14 –0.29 –0.25 –0.48
Sp A –0.61 –0.43 0.67 0.90 0.60 0.67 0.46
EP-3-O-G 0.99 0.96 –0.99 –0.91 –0.99 –0.99 –0.97
Lut-7-O-glu –0.74 –0.59 0.80 0.96 0.65 0.79 0.62
C 0.12 0.33 –0.04 0.34 –0.01 –0.05 –0.29
K-3-O-R –0.99 –0.97 0.99 0.89 0.81 0.99 0.98

GA, gallic acid; Chl A, chlorogenic acid; CA, caffeic acid; SyA, syringic acid; FA, ferulic acid; trans-CA, trans-cinnamic
acid; RA, rosmarinic acid; EA, ellagic acid; CA, p-coumaric acid; Sp A, sinapic acid; EP-3-O-G, epicatechin-3-O-gallate;
Lut-7-glu, luteolin-7-O-glucoside; C, catechin hydrate; K-3-O-R, kaempferol-3-O-rutinoside. Blue color reflects a
strong correlation between different parameters (r > 0.5); red color shows a correlation for the same parameter.

3.4. Moderate and Severe Drought Stress Effects on LOX and AChE Inhibitory Enzyme Activities

LOX isoforms play a pivotal role in the mobilization of storage lipids during the
germination process [43], and play a critical role in the generation of protective components,
such as jasmonates, divinyl ethers, and leaf aldehydes, which assist plants to recover from
biotic (insects and pathogens) and abiotic stress [44,45]. In turn, LOX reactions with
unsaturated fatty acids can produce off-flavors/off-odors and cause food spoilage [41].

The inhibitory potential for LOX activity varied depending on the severity of stress. Mod-
erate water stress had higher anti-LOX activity (27 µg/mL) compared to SWS (48 µg/mL),
as reflected in the lower IC50 values (Table 5). Increased lipid peroxidation under stress
conditions is principally induced by higher lipolytic activity in the membrane, stimulating
LOX activity [42,45,46]. The ability to reduce LOX activity (either directly or by down-
regulating its expression) is considered beneficial for plants, as LOX are oxidative enzymes
that can set radicals and ROS free [47,48]. The stimulation of PgLOX3 (LOX3 isoform) gene
expression is a possible adaptative strategy under water deficit [48].

Table 5. Inhibitory activities of lipoxygenase (LOX) and acetylcholinesterase (AChE) in hydromethano-
lic extracts in leaves of rose plants under three watering regimes: well-watered (100% field capacity
(FC), WW), moderate water stress (50% FC, MWS), or prolonged water stress (25% FC, SWS).

LOX (CI50 µg/mL) AChE (CI50 µg/mL)

WW 56 ± 3.07 a 321 ± 1.50 a

MWS 27 ± 0.34 c 205 ± 4.63 c

SWS 48 ± 2.77 b 281 ± 3.87 b

Variables TPC TFC LOX AChE
TPC 1 0.97 −0.74 −0.99
TFC 0.97 1 −0.85 −0.96
LOX −0.74 −0.85 1 0.93
AChE −0.99 −0.96 0.93 1

Data represent the mean ± standard deviation of three independent assays. Values with different superscripts
significantly differ (p < 0.05) for correlation coefficients between total phenolic content (TPC)/total flavonoid
content (TFC) and IC50 values for LOX and AChE activities. Red color shows a correlation for the same parameters.
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The genomic DNA structure of PgLOX3 disclosed a nucleotide sequence with high
identity with EST in severely drought-stressed Populus encoding the PgPsad2 protein,
which suggests the involvement of PgLOX3 genes in drought stress tolerance [48].

The recognition of new AChE inhibitors derived from natural sources with few side
effects is required [41]. Our research showed that moderately dehydrated rose leaves had
a higher inhibitory AChE capacity (CI50 = 205 µg/mL) than severely dehydrated leaves
(CI50 = 281 µg/mL).

The correlation analysis (Table 5) showed strong correlation coefficients between
TPC/TFC and the IC50 values of LOX (r =−0.74; r =−0.85) and AChE (r =−0.99; r = −0.96),
indicating the potential role of non-antioxidant compounds in hampering LOX and AChE
enzymes under drought stress. The inhibition of AChE activity was considered a tolerance
mechanism in Pimpinella anisum leaves exposed to Zn excess, which could be linked to the
omnipresence of bioactive molecules [41].

4. Conclusions

In summary, an integrated approach combining biochemical and physiological studies
revealed new insights into the mechanisms and processes involved in Rosa damascena
drought adaptation. When cultivated under water-limiting conditions, R. damascena shoot
and whole plant biomass production significantly declined, whereas that of shoot/root was
not affected. In addition, such constraints resulted in a significant reduction of chlorophyll
linked with an alteration in water potential, probably to support its nutrient use efficiency
associated with the preservation of an adequate level of chlorophyll in leaves. In turn, the
contents of biomolecules under water deficit were positively correlated with antioxidant
and inhibitory enzyme activities (LOX, AChE), as evaluated using different test systems,
suggesting an adequate protection against oxidative damage, and thus adaptation to water
limitation. Moisture deficit can successfully enhance health-promoting phytochemicals in
rose, which could be manipulated through agricultural techniques and screening programs
to develop drought-tolerant genotypes.

Further omics technologies such as transcriptomics and proteomics could help us to
identify pathways/cycles involved in the establishment of enhanced drought tolerance.
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Abstract: Effects of drought and aerosol stresses were studied in a factorial experiment based on a
Randomized Complete Design with triplicates on two ornamental shrubs. Treatments consisted of
four levels of water container (40%, 30%, 20%, and 10% of water volumetric content of the substrate)
and, after 30 days from experiment onset, three aerosol treatments (distilled water and 50% and
100% salt sea water concentrations). The trial was contextually replicated on two species: Callistemon
citrinus (Curtis) Skeels and Viburnum tinus L. ‘Lucidum’. In both species, increasing drought stress
negatively affected dry biomass, leaf area, net photosynthesis, chlorophyll a fluorescence, and relative
water content. The added saline aerosol stress induced a further physiological water deficit in plants
of both species, with more emphasis on Callistemon. The interaction between the two stress conditions
was found to be additive for almost all the physiological parameters, resulting in enhanced damage
on plants under stress combination. Total biomass, for effect of combined stresses, ranged from 120.1
to 86.4 g plant−1 in Callistemon and from 122.3 to 94.6 g plant−1 in Viburnum. The net photosynthesis
in Callistemon declined by the 70% after 30 days in WC 10% and by the 45% and 53% in WC 20%
and WC 10% respectively after 60 days. In Viburnum plants, since the first measurement (7 days),
a decrease of net photosynthesis was observed for the more stressed treatments (WC 20% and WC
10%), by 57%. The overall data suggested that Viburnum was more tolerant compared the Callistemon
under the experimental conditions studied.

Keywords: Callistemon citrinus (Curtis) Skeels; Viburnum tinus L. ‘Lucidum’; plant biomass; root/shoot
ratio; gas exchange; relative water content

1. Introduction

The Mediterranean environment is characterized by high summer temperatures often
associated with shortage and poor quality of irrigation water. These conditions represent
a limit for optimal plant growth and somehow even survival [1]. Along coastal areas,
plants in many cases are also affected by salinity stress (soil salinity and spray aerosol) that
represents a relevant restriction affecting distribution and survival of native plants [2]. The
presence of simultaneous stresses (drought and saline aerosol), which have a cumulative
negative effect on plant growth and survival [3]. Álvarez et al. [4] have investigated on
drought and saline aerosol stress separately, but only a few studies report the effect of
interaction between these stresses. These two abiotic stresses share common physiological,
biochemical, and molecular responses in plants. Therefore, plants can undergo synergistic
negative effects subjected to both stresses [5].

In coastal areas, the management of landscape and its ornamental value due to the
expansion of tourist industry and, as a consequence, the growing of residential uses implies
a large interest in green areas realization [6]. Since the end of XX century, tourism has
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grown by almost 75% in the Mediterranean coasts [7], and projections, before the COVID-
19 pandemic, showed a continuing increase in the number of tourists, until to reach
637 million by 2025 [8]. For these reasons the areas destined for both private gardens and
public parks are increasing, due to the importance to have recreational areas near homes
and hotels. Due to residential use of coastal area, the consumption of water resources has
increased, and the irrigation of these area in the summer months for the metropolitan area
of Barcelona (Spain), determines a consumption of approximately of 4.28 litres/m2/day to
watering the gardens; this water quantity represents about the 50% of the total domestic
water consumption [9]. These quantities of water not always are available; for this reason
the expansion of green areas, especially under suboptimal environmental conditions, has
motivated number of studies to identify the most suitable species to be used in gardens [10]
and their most suitable cultivation methods [11]. Many ornamental plants adopted in green
areas present, at inter and intraspecific levels, relevant differences on response to stress
conditions [12]. The interest in ornamental species choice is linked to individuate plants
that are able to tolerate environmental stresses. The negative effects of abiotic stresses
hamper important physiological functions [4] and damage organographic structure and,
consequently, aesthetic features of plants.

In nature, all living organisms included plants are continuously exposed to different
abiotic and biotic stresses, quite often overlapping at the same time. Abiotic stresses, like
drought, salinity, floods, heat, and frost shock and other environmental extreme events,
represent the main reasons of losses in plant growth and crop yield [13]. The combination
of abiotic stresses, like drought and salinity, often occurs in climatic areas where warm
summers are associated with lack of rain/irrigation water, especially along the coasts,
resulting in severe yield losses compared to a single stress [14]. Current knowledge
indicate that plants are able to manage with a number of overlapping biotic and abiotic
stresses through exhibition of tailored responses, which can hardly be understood from
data coming from results of a single independently imposed stress [15–17]. Facing these
threats, plant resilience results are especially important when stresses could cause negative
effects on plant growth and reproduction [18].

The response of plants to both salt and drought stress differs according to the different
potentially usable species [19] and, sometimes, within the cultivars of the same species [20].
Salt stress in coastal areas, can occur both at the root and foliage level. At root level, the
presence of high levels of ions in the irrigation water or soil reduce the plants’ performance.
At foliage level, the direct action of saline water spray is due to salt accumulation on leaves.
Plants are generally more susceptible to salt damage when the salt directly arrives on
leaves than when the saline water arrives to the soil and roots [21]. The salinity stress can
be even worse in presence of sandy banks, since marine aerosol carries salts and dust on
leaves. The abrasive action of the dust can enhance the salt damage. Moreover, in coastal
environments, marine aerosol contains salts and other pollutants that can affect growth and
sometimes even survival of indigenous plant species [22]. These two aspects can show an
independent trend [23] or, in other words, there is a positive relationship between tolerance
to salt spray and to soil salinity [24]. Plants are usually 3 to 4 times more tolerant to salt in
the roots than in the leaves [24].

Effects of saline aerosol strongly depend on the intensity and on the duration of the
stress [25]. Effects of marine aerosol and pollutants on coastal vegetation have been studied
for several decades in the European Mediterranean regions [26]. Several experiments
demonstrated that leaves can absorb sodium and chlorine ions from sea water drops
accumulated on the surface [27]. The salt experimentally applied on leaves of sensitive
species induces symptoms similar to those observed on coastal or roadside vegetation near
the sea [28]. The abrasive action of the wind excoriates leaf surface and creates possible
ways for salt absorption [29]. The damage observed in plants near the sea is attributed
to the excessive absorption of chlorine and sodium ions, facilitated by the presence of
surfactants that are present in polluted sea water [26].
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As consequence, the efficiency of photosynthesis and gas exchanges is negatively
influenced by saline aerosol [30], although differences can be found among species [31]
because of the characteristics of their cuticles and the epithelial cells [32]. The salts that
lay on the surface of the leaf after the evaporation of water [33] can negatively modify the
water balance and compromise the characteristics of the cuticle or guard cells, resulting
in incomplete stomatal closure [34]. Although the combined action of drought and salt
stress has been a key issue for ornamental plants quality [35,36]. The response to saline
aerosol in plants subjected to differentiated conditions of water availability has been
little investigated.

Callistemon citrinus (Curtis) Skeels (Myrtaceae) and Viburnum tinus L. ‘Lucidum’ (Adox-
aceae) play an important role in European market as ornamental potted shrubs for the
showy flowering of Callistemon and brilliant color of foliage in Viburnum [37,38]; these two
species show from moderate to high tolerance to drought and salt stress, allowing their use
also in marginal urban areas [39,40]. Although various investigations have been carried
out to study the physiological responses of these species to drought and salt stress [4,40],
little information is available on the combined effects of two stresses (drought and saline
aerosol), which are very frequent in coastal area in the Mediterranean environments.

In this view, it appears quite relevant to elucidate the morphological and physiological
mechanisms of adaptation of potted C. citrinus and V. tinus to drought and saline aerosol
stress in order to discriminate effects of single stress or cumulative actions of the two
stresses. Responses of the two species to the different stress factors were focusing on growth
parameters, leaf gas exchanges, photosystem efficiency, water relations, and leaf functional
traits. The information obtained from this experiment could be used to discriminate the
effects of drought and saline aerosol stress and to understand how the combination of
the two stressors can modify the responses of plants, with the aim to individuate the
most functional strategy adopted by plants to overcome these conditions, which are very
common in the Mediterranean coastal areas.

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

The experiment was carried out during 2019 springtime on two ornamental shrubs,
Callistemon citrinus (Curtis) Skeels and Viburnum tinus L. ‘Lucidum’, grown in a cold
greenhouse located in Catania area, Italy (37◦41′ N 15◦11′ E 80 m a.s.l.). Two-month-
old rooted cuttings of both species were transplanted into 3.4 L pots, filled with sand
(75%), silt (18%) and clay (7%), and fertilized with 2 g L−1 Osmocote Plus (14/13/13,
+microelements). At the beginning of the experiment, the dry biomass of the plants was on
average 27.8 ± 2.09 g and 33.6 ± 3.28 g for Callistemon and Viburnum, respectively.

In the experiment two species (Callistemon and Viburnum), four water regimes (WC
40%, WC 30%, WC 20%, and WC 10%) and three saline aerosol solutions (S0, distilled water;
S1, 50% of simulated sea water solution, and S2, 100% of simulated sea water solution)
were studied. For the beginning 4 weeks the plants of the two species were subjected to the
differentiated water regimes; after this period, three saline aerosol treatments for another
4 weeks were imposed on the same plants differently subject to water stress. To determine
the volumetric content of water in the substrate, an automated management system with
dielectric sensors EC 5TE (Decagon Devices Inc., Pullman, WA, USA) was used. Two
sensors were used for each treatment and for each replicate, and data were recorded using
a data acquisition system (data logger) CR1000 (Campbell Scientific Ltd., Loughborough,
UK). Sensors were calibrated following the protocol of Starr and Paltineanu [41] and
Tribulato et al. [42]. Sensors were calibrated where a series of each measurement is taken
in connection with samples of volumetric soil to quantify the relationship between the
substrate (measured with the 5TM) and the volumetric water content (WC). The sensors
were installed 10 cm below the substrate surface at the center of each sample pot. The use
of the probes was preceded by their calibration to determine the real content of water in
the substrate samples, which were placed in a thermo-ventilated oven at 70 ◦C until the
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constant weight (W cal.) reached (R2 = 0.9742). The irrigation, scheduled at 8:00 a.m. and
at 7:00 p.m., was activated when the water content dropped below the pre-set threshold
values of WC 10% (severe drought stress), WC 20% (moderate drought stress), WC 30%
(light drought stress), and WC 40% (control, Capacity Control) of the volume of the
substrate. The same threshold values were adopted to determine irrigation interruption.
Full composition of saline aerosol solution was as follows: NaCl, Na2SO4, MgCl2, CaCl2,
and KCl at concentrations of 23.48, 3.92, 4.98, 1.10, and 0.66 g L−1 respectively, with a
concentration of 401.8 mM NaCl [43] while in the treatment S1 it was reduced to 50%. The
treatments were performed by spraying the canopies of plants twice a week.

For each species, triplicates of four plants for 12 treatments (144 plants in total for each
species) were adopted. The mean air temperatures and relative humidity levels during the
experimental periods were registered on a data logger (CR 1000; Campbell Scientific Ltd.,
Loughborough, UK). The mean temperature was 25.2 ◦C, the relative humidity levels were
66% (Figure S1) and mean photosynthetic active radiation (PAR) was 13.7 MJ m−2 d−1.

2.2. Biomass and Leaf Area

At the end of the experiment, six plants per treatment were separated into stems,
leaves, and roots. The dry biomass was determined by drying weighed fresh samples in
a thermo-ventilated oven at 70 ◦C up to constant weight. Total leaf area was measured
with leaf area meter (Delta-T Devices Ltd., Cambridge, UK) and the SPAD index of 25 fully
expanded leaves per each replicate was registered using a SPAD-502 chlorophyll meter
(Minolta Camera Co., Osaka, Japan).

2.3. Leaf Gas Exchanges, Chlorophyll a Fluorescence, and Relative Water Content

At 7, 15, 30, 45, and 60 days from experiment onset, leaf gas exchange was measured
using a CO2/H2O infrared gas analyzer (LCi, ADC Bioscientific Ltd., Hoddesdon, UK).
The measurements were carried out from 09:00 a.m. to 1:00 p.m. For each treatment,
net photosynthetic rate (AN) and stomatal conductance (gs) were measured. The mean
irradiance was 224.6, 149.2, 137.0, 170.4, and 290.6 µM m−2 s −1 of photosynthetically active
radiation (PAR) at day 7, 15, 30, 45, and 60 respectively. With a normal concentration of
CO2, the temperature in the measurement chamber was 32.1, 33.3, 32.3, 33.9, and 32.9 ◦C at
day 7, 15, 30, 45, and 60 respectively; the H2O reference as partial pressure was 20.1, 19.4,
23.6, 20.5, and 22.4 mBar at the day 7, 15, 30, 45, and 60 respectively.

The chlorophyll a fluorescence was measured using the modulated chlorophyll fluo-
rimeter OS1-FL (Opti-Sciences Corporation, Tyngsboro, MA, USA). Under abiotic stress
conditions, one parameter that is commonly used to identify the presence of photosynthetic
plant damage in plants is the measurement of chlorophyll a fluorescence. The ratio variable
to maximal fluorescence ratio (Fv/Fm) (i.e., the maximum primary photochemical effi-
ciency of the PSII) allows the evaluation of the efficiency of the PSII photosystem, indirectly
measuring the physiological state of the plant. Every leaf was dark-adapted using cuvette
clips for 15 min. The chlorophyll a fluorescence was expressed as the Fv/Fm ratio, which
indicates the maximal quantum yield of PSII photochemistry, where Fm = the maximal
fluorescence and Fv = the variable fluorescence.

The Relative Water Content (RWC) was measured at the end of the trial between
12:00 a.m. and 2:00 p.m. For the determination of RWC, 30 leaf discs of 10 mm in diameter,
per each replicate were collected, and their fresh weights (FW) were registered. Samples
were then soaked for 24 h in distilled water in dark conditions and their turgid weight
(TW) was determined. The samples later were dried at 75 ◦C up to constant dry weight
(DW). The RWC was measured by using the following formula

RWC% = (FW − DW/TW − DW) × 100

2.4. Statistical Analysis

The experimental design was a completely randomized experiment with three repli-
cates. The CoStat version 6.311 (CoHortSoftware, Monterey, CA, USA) was used for
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statistical analysis. Data were subjected to three-way ANOVA to compare the effects of
drought (D), saline aerosol (A), and species (S). For each species, data were subjected to
two-way ANOVA to compare the effects of drought and saline aerosol treatments. The
differences between means were conducted by Tukey’s test (p < 0.05). The data presented in
Figures are means ± standard error (SE) (Graphpad 7.0). The Heat map was realized using
Graphpad 7.0. The principal component loading plot and scores of PCA were performed
using Minitab 16, LLC.

3. Results

Statistical analysis results, main and interaction effects of drought, salinity, and species
on morphometric parameters were reported in Table 1. Three-way ANOVA showed that
the morphometric characteristics were affected by drought, saline stress, and species
(Table 1). The statistical analysis revealed that total biomass data were statistically different
for drought and saline aerosol factors and interactions among all three factors were also
significant. Epigeous biomass and leaf number data were statistically significant for all
factors and interactions. Significant differences were detected in the root/shoot ratio for
the three factors, while the interactions were only significant for DxS and AxS. Total leaf
area was statistically significant for the three factors and interactions, except AxS. SPAD
data were significantly different for saline aerosol and species, while the only significant
interaction was the AxS.

Table 1. Summary of the main and interaction effects of drought, saline aerosol, and species treatments on total and epigeous
dry biomass, root/shoot ratio, total leaf area, leaf number, and SPAD of potted Callistemon and Viburnum plants with the
corresponding significance of the F-values.

TB EB R/S TLA LN SPAD

Main Effects

Drought (D)
F 41.86

p < 0.001 ***
F 45.77

p < 0.001 ***
F 3.28

p < 0.001 ***
F 32.49

p < 0.001 ***
F 5.09

p < 0.01 ** F 2.34
ns

Saline Aerosol (A)
F 24.25

p < 0.001 ***
F 34.18

p < 0.001 ***
F 5.63

p < 0.01 **
F 46.51

p < 0.001 ***
F 3.49

p < 0.05 * F 4.12
p < 0.05 *

Species (S)
F 0.85

ns
F 22.91

p < 0.001 ***
F 154.95

p < 0.001 ***
F 448.94

p < 0.001 ***
F 1195.39

p < 0.001 *** F 19.12
p < 0.001 ***

Interaction

D × A
F 9.40

p < 0.001 ***
F 10.34

p< 0.001 ***
F 1.35

ns
F 4.29

p < 0.01 **
F 6.07

p < 0.001 *** F 1.30
ns

D × S
F 1.92

p < 0.001 **
F 0.67

p < 0.01 **
F 1.85

p < 0.01 **
F 4.29

p < 0.01 **
F 3.62

p < 0.05 * F 2.73
ns

A × S
F 6.33

p < 0.001 **
F 4.23

p < 0.05 *
F 3.53

p < 0.05 *
F 0.50

ns
F 4.62

p < 0.05 * F 3.43
p < 0.05 *

D × A × S
F 10.77

p < 0.001 ***
F 14.11

p < 0.001 ***
F 1.80

ns
F 6.20

p < 0.001 ***
F 5.00

p < 0.001 *** F 1.13
ns

TB = Total dry biomass; EB = Epigeous dry biomass; R/S = Root to shoot ratio; TLA = Total leaf area; LN = leaf number. Significance of
differences of parameters: ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001 with the corresponding significance of the F-values.

To better understand effects of drought and saline aerosol stress, two species were
separately analyzed. The individual and the combined effects of drought and saline aerosol
stress on plant growth were reported in Tables 2 and 3.

In Callistemon, the total dry biomass was affected by drought and saline treatment, but
no interaction was detected among the experimental factors. Drought effect on total dry
biomass showed a reduction in WC 30%, WC 20% and WC 10% of about 10%, 22%, and
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28% respectively. Saline stress also caused a reduction for this parameter by ~10% for S1
and S2 compared with the S0 (Table 2).

In Callistemon, the epigeous dry biomass showed a similar trend as the total dry
biomass with a reduction by ~10, 24, and 33% WC 30%, WC 20%, and WC 10% respectively
as compared with the control (Table 2). Saline stress as well affected a reduction for this
parameter by ~9% for S1 and S2 compared with the S0 (Table 2).

The root-to-shoot ratio increased in Callistemon plants grown under higher deficit
irrigation (WC 10%) as well as for the saline stress conditions in S1 and S2, with an increase
by 36% (Table 2, Figure 1a).

The combination of two abiotic stresses resulted in a greater decrease in total leaf area,
as shown by the lower values obtained for the WC 10%, S0, S1, and S2 (Table 2, Figure 1b).

Similarly at the total leaf area, the combination of the two stresses resulted in a greater
decrease in the leaf number in WC 10% S0, S1, and S2 (Table 2, Figure 1c).

In Viburnum plants, the total dry biomass varied with drought, but not with saline
aerosol treatment. Drought affected total dry biomass, which showed a reduction in WC
30%, WC 20%, and WC 10% of ~14%, 18% and 23% respectively, compared with control.
The saline stress, instead, did not show any significant reduction (Table 3).

The combined effects of drought and saline aerosol stress showed a significant interac-
tion (Table 3) while the highest decrease was observed from WC 10% S2 (~33%) compared
with the control plants (Table 3, Figure 2a).

Table 2. Effects of drought and saline aerosol treatments on total (TB) and epigeous (EB) dry biomass, root/shoot ratio
(R/S), total leaf area (TLA), and leaf number (LN) of potted Callistemon plants.

Aerosol/Drought WC 40% WC 30% WC 20% WC 10% Mean A × D

TB (g plant−1) ns
S0 130.9 ± 2.9 113.2 ± 2.4 94.2 ± 1.6 94.2 ± 0.9 108.1 ± 4.7 a **
S1 116.1 ± 0.7 102.3 ± 8.5 96.4 ± 0.9 88.1 ± 4.4 100.7 ± 3.7 b
S2 113.4 ± 1.9 107.1 ± 6.9 89.9 ± 2.2 77.0 ± 3.5 96.9 ± 4.7 b

Mean 120.1 ± 2.9 A *** 107.6 ± 3.6 B 93.5 ± 1.3 C 86.4 ± 3.0 C

EB (g plant−1) ns
S0 113.0 ± 2.4 96.1 ± 0.9 80.2 ± 1.6 76.8 ± 2.0 91.5 ± 4.4 a **
S1 99.3 ± 1.6 89.7 ± 8.6 80.3 ± 1.8 70.6 ± 2.8 84.9 ± 3.8 b
S2 97.4 ± 1.8 91.6 ± 6.6 75.8 ± 1.0 58.9 ± 1.2 80.9 ± 4.8 b

Mean 103.2 ± 2.7 A *** 92.5 ± 3.3 B 78.8 ± 1.0 C 68.8 ± 2.8 D

R/S p < 0.01
S0 0.16 ± 0.01 0.18 ± 0.02 0.17 ± 0.00 0.20 ± 0.02 0.18 ± 0.01 ns
S1 0.17 ± 0.01 0.14 ± 0.01 0.20 ± 0.02 0.25 ± 0.01 0.19 ± 0.01
S2 0.16 ± 0.00 0.17 ± 0.01 0.19 ± 0.02 0.30 ± 0.01 0.20 ± 0.02

Mean 0.17 ± 0.01 B *** 0.16 ± 0.01 B 0.19 ± 0.01 B 0.25 ± 0.02 A

TLA (cm2) p < 0.05
S0 3979.9 ± 139.3 3611.7 ± 14.0 2978.9 ± 116.3 2364.8 ± 60.1 3233.8 ± 190.3 a ***
S1 3345.9 ± 123.7 2977.2 ± 61.2 2969.4 ± 122.4 2101.6 ± 90.8 2932.1 ± 144.7 b
S2 3503.9 ± 51.0 3315.5 ± 136.2 2878.1 ± 90.3 2030.8 ± 115.2 2848.5 ± 176.7 b

Mean 3609.9 ± 110.4 A *** 3301.5 ± 101.4 B 2942.1 ± 57.6 C 2165.7 ± 68.4 D

LN (n◦) p < 0.01
S0 1050.2 ± 59.7 928.1 ± 13.3 908.5 ± 57.2 804.5 ± 43.2 922.7 ± 30.7 a *
S1 1073.0 ± 40.0 865.5 ± 118.0 905.6 ± 25.1 651.8 ± 39.9 871.7 ± 47.3 ab
S2 907.8 ± 13.8 931.4 ± 86.1 913.6 ± 160.0 727.7 ± 69.5 861.3 ± 25.7 b

Mean 1010.3 ± 33.2 A *** 905.3 ± 43.9 B 898.0 ± 10.7 B 727.3 ± 34.3 C

*: p < 0.05; **: p < 0.01; ***: p < 0.001; ns: p > 0.05 Data followed by a different letter were significantly different according to LSD Test.
WC 40%: control; WC 30%: light drought stress; WC 20%: moderate drought stress; WC 10%: severe drought stress. S0: Distilled water,
S1: 50% Synthetic seawater solution, S2: 100% Synthetic seawater solution. Data are means ± standard error (n = 3). Three biological
replicates were used for the measurements. TB = Total dry biomass; EB = Epigeous dry biomass; R/S = Root to shoot ratio; TLA = Total leaf
area; LN = Leaf number.
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WC10%: severe drought stress) × saline aerosol treatment (S0: Distilled water, S1: 50% Synthetic seawater solution, S2: 
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Figure 1. Interaction effect of drought (WC 40%: control; WC 30%: light drought stress; WC 20%: moderate drought stress;
WC 10%: severe drought stress) × saline aerosol treatment (S0: Distilled water, S1: 50% Synthetic seawater solution, S2:
100% Synthetic seawater solution) for Callistemon plants on root to shoot ratio (a), total leaf area (b), and leaf number (c).
Data are means ± standard error (n = 3). Three biological replicates were used for the measurements. Data were subjected
to two-way ANOVA and differences among means were determined using Tukey’s post-test. Different letters indicate
statistical differences for p < 0.05.
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(WC10%) for 30 days (p < 0.0026 **) showed a reduction by 70% compared to control. At 
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Figure 2. Interaction effect of drought (WC 40%: control; WC 30%: light drought stress; WC 20%: moderate drought
stress, WC 10% severe drought stress) × saline aerosol treatment (S0: Distilled water, S1: 50% Synthetic seawater solution,
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means ± standard error (n = 3). Three biological replicates were used for the measurements. Data were subjected to two-
way ANOVA and differences among means were determined using Tukey’s post-test. Different letters indicate statistical
differences for p < 0.05.
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The root-to-shoot ratio varied with saline aerosol stress but not with drought and the
interaction among them (Table 3). An increase in Viburnum plants grown under saline
aerosol stress (S1) was observed with an increase by ~20% compared with the control plants
(Table 3).

In Viburnum plants, the total leaf area varied with drought and saline treatment, but no
interaction was significant. Drought reduced the total leaf area in WC 30%, WC 20%, and
WC 10% by ~16%, 19% and 24% respectively compared with the control plants (Table 3).
Saline stress also affected a reduction for this parameter by ~18% for S1 and by 11% for S2
compared with the S0 (Table 3).

At the end of the experiment, with the intensification of water and saline aerosol
stress (WC 10% S2), a reduction in leaf number was observed. In particular, leaf number
decreased by 33% compared with WC 40% and S1 (Figure 2b).

In Callistemon plants, the combination of the two stresses together resulted in a signifi-
cant decrease for SPAD index, as shown by the lowest values obtained for the WC 10% in
S1 and S2 (Figure 3a). No interaction effects were observed in Viburnum plants (Figure 3b).

Leaf damage was observed in both species and in particular in Callistemon plants,
although the percentage of leaf damaged was always lower than 10% (data not shown).

Table 3. Effects of drought and saline aerosol treatments on total (TB) and epigeous (EB) dry biomass, root/shoot ratio
(R/S), total leaf area (TLA), and leaf number (LN) of potted Viburnum plants.

Aerosol/Drought WC 40% WC 30% WC 20% WC 10% Mean A × D

TB (g plant−1) p > 0.05
S0 126.3 ± 8.0 105.2 ± 0.7 111.4 ± 2.8 95.4 ± 2.1 109.6 ± 3.9 ns
S1 114.7 ± 1.6 103.8 ± 3.6 95.0 ± 4.4 99.4 ± 6.1 103.2 ± 2.9
S2 126.0 ± 3.9 106.9 ± 2.2 95.6 ± 1.2 88.9 ± 2.2 104.3 ± 3.5

Mean 122.3 ± 3.2 A *** 105.3 ± 1.3 B 100.7 ± 3.1 BC 94.6 ± 2.8 C

EB (g plant−1) p < 0.05
S0 103.8 ± 4.9 85.3 ± 1.6 91.6 ± 2.8 76.2 ± 3.3 89.2 ± 3.3 a **
S1 87.9 ± 4.5 83.4 ± 2.4 71.5 ± 2.3 78.5 ± 4.7 80.3 ± 2.4 ab
S2 99.1 ± 3.8 84.0 ± 2.7 76.4 ± 1.8 69.8 ± 4.2 82.3 ± 3.6 b

Mean 96.9 ± 3.2 A *** 84.3 ± 1.2 B 79.8 ± 3.3 BC 74.8 ± 2.4 C

R/S ns
S0 0.22 ± 0.0 0.23 ± 0.0 0.22 ± 0.0 0.26 ± 0.1 0.23 ± 0.0 b *
S1 0.31 ± 0.1 0.24 ± 0.0 0.33 ± 0.0 0.27 ± 0.0 0.29 ± 0.0 a
S2 0.27 ± 0.0 0.27 ± 0.0 0.25 ± 0.0 0.27 ± 0.0 0.27 ± 0.1 ab

Mean 0.27 ± 0.0 ns 0.25 ± 0.0 0.27 ± 0.0 0.27 ± 0.0

TLA (cm2) ns
S0 6386.0 ± 240.3 5073.1 ± 9.9 5288.2 ± 436.3 4736.0 ± 111.4 5370.8 ± 215.9 a ***
S1 4890.8 ± 184.6 4584.9 ± 124.1 3963.6 ± 268.0 4202.1 ± 202.5 4401.4 ± 136.3 c
S2 5805.8 ± 251.1 4732.9 ± 308.6 4637.6 ± 145.8 4008.3 ± 319.6 4796.2 ± 225.3 b

Mean 5694.2 ± 245.5 A *** 4784.9 ± 123.0 B 4629.8 ± 245.3 BC 4315.5 ± 157.5 C

LN (n◦) p < 0.05
S0 125.0 ± 14.0 113.3 ± 3.2 141.4 ± 8.7 125.0 ± 10.1 126.2 ± 5.2 ab *
S1 157.1 ± 8.9 146.2 ± 11.0 117.5 ± 5.3 127.1 ± 13.5 137.0 ± 6.4 a
S2 137.8 ± 6.6 125.2 ± 10.7 115.5 ± 1.8 106.2 ± 8.2 121.2 ± 4.8 b

Mean 140.0 ± 7.0 ns 128.2 ± 6.6 124.8 ± 5.1 119.4 ± 6.3

*: p < 0.05; **: p < 0.01; ***: p < 0.001; ns: p > 0.05 Data followed by a different letter were significantly different according to LSD Test. WC
40%: control; WC 30%: light drought stress; WC 20%: moderate drought stress; WC 10%: severe drought stress. S0: 0% Distilled water, S1:
50% Synthetic seawater solution, S2: 100% Synthetic seawater solution. TB = Total dry biomass; EB = Epigeous dry biomass; R/S = Root to
shoot ratio; TLA = Total leaf area; LN = Leaf number.
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ter deficit. The AN was reduced by water deficit and plants exposed to severe water stress 
(WC10%) for 30 days (p < 0.0026 **) showed a reduction by 70% compared to control. At 
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Figure 3. SPAD index in Callistemon (a) and Viburnum (b) potted plants subjected to drought (WC 40%: control; WC 30%:
light drought stress; WC 20%: moderate drought stress; WC 10% severe drought stress) and saline aerosol treatment
(S0: Distilled water, S1: 50% Synthetic seawater solution, S2: 100% Synthetic seawater solution). Data are means ± standard
error (n = 3). Three biological replicates were used for the measurements. Data were subjected to two-way ANOVA and
differences among means were determined using Tukey’s post-test. Different letters indicate statistical differences for
p < 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ns: p > 0.05.

Gas exchange measurements in Callistemon plants were severely affected under water
deficit. The AN was reduced by water deficit and plants exposed to severe water stress
(WC 10%) for 30 days (p < 0.0026 **) showed a reduction by 70% compared to control. At
the end of the trial, 60 days, with a reduction by 45% and 53% in WC 20% and WC 10%
plants (p < 0.0002 ***). The addition of saline aerosol stress, after 30 days, differences were
amplified comparing treatments with control plants, and at the end of the trial, Callistemon
showed significant differences (p < 0.0001 ***) in WC 20% S1 and S2 and WC 10% S0, S1,
and S2 treatments compared with the control plants (Figure 4a, Table 4).

The gs in Callistemon plants was reduced in WC 10% after 7 days (p < 0.0068 **). At
30 days significant differences (p < 0.0000 ***) were observed in the more stressed treatments
(WC 20% and WC 10%). No significant differences were observed at the end of the trial
(p > 0.5225 ns) (Figure 4b, Table 4).

Table 4. Summary of the main and interaction effects of days (T) and drought (D) in the first 30 days,
and of days (T), drought (D), and saline aerosol (A) for the other 30 days on net photosynthesis (AN)
and stomatal conductance (gs) of potted Callistemon.

Factor AN gs

Main effect
Days (T) p > 0.1360 ns p > 0.9479 ns

Drought (D) p < 0.001 *** p < 0.001 ***
Interaction

T × D p > 0.9195 ns p > 0.3881 ns
Main effect
Days (T) p < 0.000 *** p > 0.9335 ns

Drought (D) p < 0.000 *** p > 0.7446 ns
Aerosol Saline (A) p < 0.0223 * p > 0.7487 ns

Interaction
T × D p < 0.02 * p > 0.1859 ns
T × A p > 0.2517 ns p > 0.4371 ns
D × A p < 0.0492 * p > 0.1965 ns

T × D × A p > 0.695 ns p > 0.4665 ns
Data were subjected to two-way ANOVA to compare the effects of days (T) and drought (D), while data were
subjected to three-way ANOVA to compare the effects of days (T), drought (D), saline aerosol (A). Significance of
differences of parameters: ns = not significant; * p < 0.05; *** p < 0.001.
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Figure 4. Trend of net photosynthesis (AN) (a) and stomatal conductance (gs) (b) in Callistemon plants
affected by drought (WC 40%: control; WC 30%: light drought stress; WC 20%: moderate drought
stress; WC 10% severe drought stress) and saline aerosol treatment (S0: Distilled water, S1: 50%
Synthetic seawater solution, S2: 100% Synthetic seawater solution). The plants were subjected of
drought stress for four weeks; subsequently the plants were also treated with saline aerosol treatment.
Data are means ± standard error (n = 3). Three biological replicates were used for the measurements.

In Viburnum plants, as observed for Callistemon, since the first measurement (7 days) a
decrease of net photosynthesis was observed for the more stressed treatments (WC 20%
and WC 10%, by 57%, p < 0.0068 **) and remained thereafter significant for the entire
experimental period. With the addition of saline aerosol stress after 30 days, also for
Viburnum plants, the differences with the control plants, at the end of the trial, were more
pronounced in WC 20% S1 and S2, and WC 10% S0, S1, and S2 (p < 0.0000 ***) (Figure 5a,
Table 5).

The gs in Viburnum plants was reduced in WC 10% since the first measurement
(p < 0.0068 **). At 30 days significant differences (p < 0.003 **) were observed in the more
stressed treatments (WC 20% and WC 10%). With the addition of saline aerosol stress the
differences with the control plants, at the end of the trial, were more pronounced in WC
10% S0, S1, and S2 (p < 0.0009 ***) (Figure 5b, Table 5).
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Figure 5. Trend of net photosynthesis (AN) (a) and stomatal conductance (gs) (b) in Viburnum plants
affected by drought (WC 40%: control; WC 30%: light drought stress; WC 20%: moderate drought
stress; WC 10% severe drought stress) and saline aerosol treatment (S0: Distilled water, S1: 50%
Synthetic seawater solution, S2: 100% Synthetic seawater solution). The plants were subjected of
drought stress for four weeks; subsequently the plants were also treated with saline aerosol treatment.
Data are means ± standard error (n = 3). Three biological replicates were used for the measurements.

Table 5. Summary of the main and interaction effects of days (T) and drought (D) in the first 30 days,
and of days (T), drought (D), and saline aerosol (A) for the other 30 days on (AN) and stomatal
conductance (gs) of potted Viburnum.

Factor AN gs

Main effect
Days (T) p < 0.001 *** p < 0.0024 **

Drought (D) p < 0.001 *** p < 0.000 ***
Interaction

T × D p < 0.0117 * p > 0.6831 ns
Main effect
Days (T) p < 0.0000 *** p < 0.0123 *

Drought (D) p < 0.0000 *** p < 0.0000 ***
Aerosol Saline (A) p < 0.0001 *** p > 0.1899 ns

Interaction
T × D p < 0.0002 *** p < 0.0298 *
T × A p > 0.1567 ns p > 0.2644 ns
D × A p > 0.0677 ns p> 0.1738 ns

T × D × A p < 0.0000*** p > 0.5243 ns
Data were subjected to two-way ANOVA to compare the effects of days (T) and drought (D), while data were
subjected to three-way ANOVA to compare the effects of days (T), drought (D), saline aerosol (A). Significance of
differences of parameters: ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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Chlorophyll a fluorescence is a good non-destructive marker of stress in plants. In
our experiment, the maximum quantum efficiency of PSII (Fv/Fm ratio) decreased at the
end of the experiment in both species. The Fv/Fm ratio in Callistemon showed significant
differences (p < 0.0034 **) at the end of the experiment in WC 20% and WC 10% S0, S1,
and S2 treatments compared with the control plants (Figure 6a, Table 6). No significant
differences for Fv/Fm were observed between WC 30% and control plants (Figure 6a).
Significant differences was observed in Viburnum at the end of the trial in WC 20% S0, S1,
and S2 and WC 10% S0 and S1 (p < 0.0000 ***) compared with the control plants (Figure 6b,
Table 6).

In Callistemon the RWC was only influenced by drought treatments and, in the most
stressed treatment (WC 10%), the decrease from the control (WC 40%) was by 37%; in
Viburnum, instead, the RWC was influenced by saline aerosol stress with a decrease in the
more stressed treatments by 8% (Figure 7a,b).
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Figure 6. Trend of maximum quantum efficiency of PSII (Fv/Fm) in plants of Callistemon (a) and
Viburnum (b) subjected to drought (WC 40%: control; WC 30%: light drought stress; WC 20%: moder-
ate drought stress; WC 10% severe drought stress) and saline aerosol treatment (S0: Distilled water, S1:
50% Synthetic seawater solution, S2: 100% Synthetic seawater solution). Data are means ± standard
error (n = 3). Three biological replicates were used for the measurements.
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Table 6. Summary of the main and interaction effects of days (T) and drought (D) in the first 30 days,
and of days (T), drought (D), and saline aerosol (A) for the other 30 days on of maximum quantum
efficiency of PSII (Fv/Fm) of potted Callisemon and Viburnum.

Factor Fv/Fm
Callistemon

Fv/Fm
Viburnum

Main effect
Days (T) p < 0.0001 *** p < 0.0002 ***

Drought (D) p < 0.0000 *** p < 0.0000 ***
Interaction

T × D p < 0.0018 ** p < 0.0259 *
Main effect
Days (T) p > 0.4355 ns p < 0.0000 ***

Drought (D) p < 0.0000 *** p < 0.0005 ***
Aerosol Saline (A) p < 0.0000 *** p > 0.7511 ns

Interaction
T × D p > 0.4146 ns p < 0.0157 *
T × A p < 0.0418 * p > 0.1429 ns
D × A p < 0.0000 *** p < 0.4412 *

T × D × A p < 0.0099 ** p > 0.6064 ns
Data were subjected to two-way ANOVA to compare the effects of days (T) and drought (D), while data were
subjected to three-way ANOVA to compare the effects of days (T), drought (D), saline aerosol (A). Significance of
differences of parameters: ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001
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Figure 7. Relative water content (RWC) at the end of the experiment in plants of Callistemon (a) and Viburnum (b) subjected
of drought (D: WC 40%: control; WC 30%: light drought stress; WC 20%: moderate drought stress; WC 10% severe drought
stress) and saline aerosol treatment (S: S0: Distilled water, S1: 50% Synthetic seawater solution, S2: 100% Synthetic seawater
solution). Data are means ± standard error (n = 3). Three biological replicates were used for the measurements. Data were
subjected to two-way ANOVA and differences among means were determined using Tukey’s post-test. Significance of
differences of parameters: ns = not significant; ** p < 0.01; *** p < 0.001.

To visualize the effects of drought and saline aerosol stress on the relationships among
the measured parameters, a correlation-based heat map was displayed (Figure 8). The
heat map clearly revealed a considerable variation among the lines in their responses to
progressive drought stress and interaction with saline aerosol stress. Cumulative effects
of increasing the drought quantity and salinity levels have resulted in higher decreases in
vegetative growth. Under severe treatments, the total and epigeous dry biomass decreased
in all lines, while the R/S ratio increased in both species. The reduction of the total leaf
area and the total leaf number was specifically observed in Callistemon. In Callistemon the
combination of the two stresses together resulted in a significant decrease in SPAD values
while effects were observed in Viburnum. Irrigation and saline aerosol treatments noticeably
affected the leaf relative water content (RWC), chlorophyll a fluorescence (Fv/Fm) in the
most stressed Callistemon plants; the differences in net photosynthetic activity (AN) and
stomatal conductance (gs) were more prominently in Viburnum plants.
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From the PCA analysis, effects were summary score plot, similar response of the two 
species to drought and saline aerosol stress treatments were observed (Figure 9a,b). In 
Callistemon, the first two PCs were related with eigen values >1 and explained more than 
80% of the total variance, with PC1 and PC2 accounting for 75.2% and 10.0%; in Viburnum 
the values were 57.7% and 18.2% respectively for PC1 and PC2. The PCA showed that the 
most morphological and physiological parameters were associated in Callistemon with the 
WC40% and WC30% and related saline treatments, whereas the Spad index and R/S ratio, 
were associated with the WC10% S1 and WC10% S2 (Figure 9a). 

Figure 8. Heat map analysis summarizing the morphological and physiological changes of potted
Callistemon and Viburnum plants responses to drought (WC 40%: control; WC 30%: light drought
stress; WC 20%: moderate drought stress; WC 10% severe drought stress) and saline aerosol treatment
(S0: Distilled water, S1: 50% Synthetic seawater solution, S2: 100% Synthetic seawater solution). Blue
color indicates higher and white color indicates lower value. The mean values were normalized.
TB = total dry biomass; EB = epigeous dry biomass; R/S = root to shoot ratio; TLA = total leaf area;
LN = leaf number; SPAD = SPAD index; RWC = relative water content; Fv/Fm = maximum quantum
efficiency of PSII; AN = net photosynthesis; gs = stomatal conductance.

From the PCA analysis, effects were summary score plot, similar response of the two
species to drought and saline aerosol stress treatments were observed (Figure 9a,b). In
Callistemon, the first two PCs were related with eigen values >1 and explained more than
80% of the total variance, with PC1 and PC2 accounting for 75.2% and 10.0%; in Viburnum
the values were 57.7% and 18.2% respectively for PC1 and PC2. The PCA showed that the
most morphological and physiological parameters were associated in Callistemon with the
WC 40% and WC 30% and related saline treatments, whereas the Spad index and R/S ratio,
were associated with the WC 10% S1 and WC 10% S2 (Figure 9a).

In Viburnum, the most important morphological and physiological parameters were
also associated with the WC 40% and WC 30% and saline treatments, the SPAD index was
associated with WC 20% S2, WC 10%, and WC 10% S2, whereas the R/S ratio with WC
20%, WC 20% S1, and WC 10% S1 (Figure 9b).
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hence help the plant species choice is lacking [2]. In our study, two ornamental shrubs 
exposed to drought and subsequently saline aerosol for 4 weeks showed different re-
sponses. The analysis of physiological and morphological traits presented in this study 
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Figure 9. Principal component loading plot and scores of PCA epigeous and total dry biomass, R/S ra-
tio, total leaf area, leaf number, Spad index, gas exchange, chlorophyll a fluorescence, and RWC for Cal-
listemon (a) and Viburnum (b) as drought and saline aerosol stress treatments. TB = total dry biomass;
EB = epigeous dry biomass; R/S = root to shoot ratio; TLA = total leaf area; LN = leaf number.

4. Discussion

The selection of ornamental plants tolerant/resistant to number of stresses is a priority
to increasing the private or public gardens, in urban and peri-urban coastal areas, but
information in literature to discriminate the response of plant species to abiotic stress and
hence help the plant species choice is lacking [2]. In our study, two ornamental shrubs
exposed to drought and subsequently saline aerosol for 4 weeks showed different responses.
The analysis of physiological and morphological traits presented in this study may help
to clarify the different strategies adopted by these species. In our study, the interaction
between drought and saline aerosol stress was responsible for plant growth parameters in
both shrubs. Dry biomass in Callistemon plants decreased under drought and saline aerosol
treatments without interaction effects. In Viburnum, the effects of the two stresses appeared
to be more evident in epigeous dry biomass; in fact, the differences due to the drought and
saline aerosol stresses were more pronounced than in total biomass. Plants subjected to
drought stress did not show the same amount of total biomass compared to plants grown
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under optimal irrigation, and these reductions also increased when saline aerosol stress
was imposed. Significant interactions were observed between the water regime and saline
aerosol treatment: plants, under the WC 10% treatment, were the most stressed due to the
lack of water and were the most affected by the adoption of the saline solution. Species’
response to stresses in terms of growth is the final manifestation of several interacting
physiological and biochemical parameters and has been often used to characterize salinity
or drought tolerance [44].

When plants are subjected to drought and/or saline stresses, the reduction of leaf
area is considered an avoidance mechanism leading to the reduction of water losses by
regulating the stomata closure, which is the most common defense strategy of many
species under osmotic stress [45,46]. In our trial, the total leaf area of Callistemon showed
interaction effects with differences due to saline aerosol in the control and light drought
stress, while in Viburnum plants no interaction effects were observed. Previous attempts
to study environmental stresses, such as drought, reported that plants can shift biomass
allocation and change root/shoot ratios to cope with various environmental conditions [47].
It is proved that increasing R/S ratio is one of the avoidance mechanisms that enable
plants to optimize water uptake under drought condition [48]. In presence of drought
stress, plants need a wider root surface, while in saline aerosol stress conditions in some
cases this surface can be even reduced to minimize toxic ions uptake and their consequent
accumulation in the shoots, inducing in both situations a different distribution of the
roots [49–51]. Our results reported that the plants of Callistemon in presence of severe
drought stress and saline aerosol (10% WC S1 and S2), showed a higher R/S ratio thus
optimizing water uptake.

Drought and salinity stresses induce the generic response of creating a physiological
water deficit in plants. So far, interaction between drought and saline aerosol stress was
reported to be detrimental for a number of physiological parameters, with the result of an
increase of damage in plants under combined stress [52]. Both drought and salinity stresses
induce a very complex photosynthetic response in plants, which occur in different leaf cell
sites during the different steps of plants growth and development. The strength, length,
and rate of development of the stress affect plant reactions to water shortage and salinity,
because these issues dictate whether mitigation processes occur or not [53]. As a result,
both single and overlapped water shortage and saline aerosol stress imposed to plants
lead to drastic inhibition of net photosynthetic rate, stomatal conductance, and increased
oxidative damage [52].

In our study, the photosynthetic rate and the stomatal conductance in both shrubs
significantly decreased under both drought and saline aerosol treatments. As reported
by Toscano et al., [54] in a study regarding two ornamental shrubs subjected by drought
stress, a severe water deficit also had a negative effect on the photosynthetic rate and
stomatal conductance of both species; however, these parameters were more affected,
particularly in early summer, when these plants had very low gs values. Other studies
reported that both stresses can adversely affect the photosynthetic activity in plants [55–58].
Good photosynthesis activity, even under salinity aerosol stress, can contribute to the
biosynthesis of different related primary metabolism as an antioxidant defense mechanism,
which help plants in detoxifying free radicals induced by stress conditions [43].

In this work, as expected, drought and saline aerosol stress resulted in reduced
photosynthesis as a consequence of reduced CO2 assimilation following stomatal closure.
Achou et al. [59] reported the same results in a study on tomato plants. Moreover, stomatal
closure minimizes water loss by transpiration, which leads to a decrease in photosynthetic
carbon assimilation [60–62] and affects osmotic regulation [63,64]. Beside the gas exchange
analyses, the stress conditions can be also monitored using chlorophyll a fluorescence that
is a non-destructive method, largely used in studying plant response and adaptation to
stressful environments [43]. The reduction of Fv/Fm can help to assess the tolerance of
different species to the different stresses.
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The combination of drought stress and saline aerosol treatments determined signif-
icant reduction in the values of parameter Fv/Fm at the end of the experiment in both
species in plants treated with severe water deficit (20% WC and 10% WC). This indicates
that no photo-damage of PSII reaction centers or relaxing, developing slowly quenching
excitation energy, occurred [65]. Instead, in the combination of the two stresses, the lower
Fv/Fm values indicated that PSII had been damaged. In a study conducted by Umar
et al. [66] the maximum quantum yield of PSII (Fv/Fm) decreased in all sunflower cultivars
when exposed to combined stress as compared with control while the Fv/Fm was not
much affected under salt and drought stress alone. A study on the effect of marine aerosol
on ornamental plants showed that Callistemon citrinus has been considered as interme-
diate saline spray tolerant species [6]. The tolerance of the species was evaluated using
chlorophyll a fluorescence and relative derived indexes, classifying this species as medium
tolerant [6].

RWC is a strong parameter to detect water status in plant tissues and is more reliable
than cell water potential since, through a direct connection with cell volume, it better
demonstrates the balance between the plant water content and transpiration rate. In
general, by increasing drought stress intensity, the reduction in RWC can be due to a
decrease in water potential of leaves [67]. RWC is an indicator of the water status of
plant tissues during drought stress. It decreases with the water deficit increase, although
this reduction is genotype specific [68]. In particular, in Callistemon the reduction for
effect of drought stress was of about 37%; in Viburnum differences were observed only in
correspondence of saline aerosol. In our study, the lowest RWC was obtained at 10% WC
treatment in Callistemon and at 10% WC, S1 and S2 in Viburnum.

Gas exchanges are closely related to the status of leaf water, which could be also
considered indicators of stress under drought and saline conditions. In different studies it
was reported that gas exchanges had a close relationship to leaf water status, in fact, the
net photosynthesis of the plants decreased with the relative water content and leaf water
potential [69–71]. Similar results were found in our experiment, where the more stressing
treatments, showed a major reduction of RWC and gas exchanges.

To better understand the tolerance mechanisms to environmental stresses it is interest-
ing to study and interpret the morphological and physiological parameters collected from
plants grown under stressed and not-stressed conditions. Correlation analysis, PCA, and
clustering give useful indication for evaluating the relationships between the parameters
and their principal components for stress tolerance [72,73]. In our study, heat map and PCA
showed that the differences in stress tolerance between Callistemon and Viburnum were
largely linked to variations in physiological parameters, especially in Callistemon plants.
The PCA analysis confirmed that the drought and saline aerosol treatments with higher
water capacity did not differ between both shrubs analyzed, demonstrating that the level
of stress did not influence the plant morphology and physiology. To overcome stressful
conditions, plants implement a different change such as the increase in the R/S ratio and
the increase in the SPAD index. A heat map is a visual method that can be useful to show
the intensity of variation between multiple parameters measured from different treatments.
After drought stress, the saline aerosol amplified the negative effects, especially in plants
previously damaged by water shortage.

From the visual appearance and ornamental quality point of view, Viburnum showed
lower changes compared with Callistemon at severe stress conditions. In mild stress con-
ditions, Callistemon can also be considered as ornamental plants for garden and urban
green areas.

5. Conclusions

The experiment demonstrates the combined effects of the two stresses investigated—
drought and saline aerosol—on morphological and physiological parameters of two or-
namental shrubs largely adopted in Mediterranean green areas near the sea. Both species
showed a tolerance to saline aerosol, probably for the sclerophyll leaf characteristics, as
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demonstrated by small presence of leaf necrosis that can be associated to higher toler-
ance. Plants exposed to severe drought stress were more sensitive to saline aerosol, as
demonstrated by marked reductions in plant morphological and physiological parameters.
Results of this experiment can be useful for the utilization of these two species in coastal
seaside green areas with or without irrigation systems and subjected to different degrees of
salinity stress. The overall data analyses at morphological and physiological levels suggest
that Viburnum tinus was the more tolerant species compared to Callistemon citrinus.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae7120517/s1, Figure S1: Mean air temperature (◦C) and relative humidity (%)
during the trial.
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Abstract: Bedding plants in the nursery phase are often subject to drought stress because of the
small volume of the containers and the hydraulic conductivity of organic substrates used. To analyse
the morphological, physiological, and enzymatic responses of zinnia (Zinnia elegans L.) plants at
different irrigation levels, four treatments were performed: irrigated at 100% (100% field capacity,
FC); light deficit irrigation (75% FC), medium deficit irrigation (50% FC), and severe deficit irrigation
(25% FC). The growth of zinnia was significantly influenced by drought stress treatments. Different
morphological parameters (dry biomass, leaf number, root to shoot ratio (R/S)) were modified only in
the more severe drought stress treatment (25% FC). The stomata density increased in 50% FC and 25%
FC, while the stomata size was reduced in 25% FC. The net photosynthesis, stomatal conductance,
and transpiration were reduced in 50% FC and 25% FC. The relative water content (RWC) was
reduced in 25% FC. Severe drought stress (25% FC) increased proline content up to seven-fold.
Catalase (CAT), peroxidase (GPX), and superoxide dismutase (SOD) activity significantly increased
in 50% FC and 25% FC. Principal component analysis (PCA) showed that the morphological and
physiological parameters were mostly associated with the 100% FC and 75% FC treatments of the
biplot, whereas the stomata density, R/S ratio, and antioxidant enzymes (GPX, CAT) were associated
with 50% FC, and proline and DPPH were associated with 25% FC, respectively.

Keywords: Zinnia elegans L.; bedding plants; deficit irrigation; stomata characteristics; gas exchange;
proline; enzyme activity

1. Introduction

Bedding plants play a relevant role in public green areas and private gardens. These
plants can suffer from drought stress because they are not always properly watered, es-
pecially when grown in pots or show small root systems [1]. Bedding plants are in fact at
greater risk of undergoing drought stress during the nursery phase because they are culti-
vated in small pots that can limit root growth, making the plants subject to greater levels of
drought stress. Furthermore, the hydraulic conductivity of the substrates, which are often
organic, used in the production of bedding plants decreases rapidly with small changes
in the substrate water content [2], making the extraction of water very difficult for plants
when the water content in the substrate is low. However, limited research exists regarding
the physiological mechanisms that allow bedding plants to tolerate drought stress.

Drought stress results in damage to the plant’s physiological and biochemical pro-
cesses and represents one of the most relevant environmental factors that impair plant
growth and performance [3]. Plants may exhibit numerous drought stress response mecha-
nisms at the morphological and physiological levels [4,5]. At the level of the whole plant,
some species increase their root biomass to enhance water uptake [6] and hence maintain
the water state of the plant and ensure photosynthesis in drought conditions. In the nurs-
ery stage of bedding plant cultivation, this acclimatization response may not be possible
because both root growth and available water are limited by the small pots.
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Exposure to drought stress causes morphological changes in shoots; the plants pro-
duce smaller leaves and drop the older leaves to reduce transpiration and hence water
loss [7]. The reduction in leaf area, if it can help maintain a favourable water status of
the plant, reduces plant photosynthesis and plant carbon gain. Photosynthesis, which is
essential for plant growth, markedly declines in plants in drought conditions because this
process is highly sensitive to drought stress [8]. Although several studies have analysed
the influence of drought conditions in the modification of the photosynthesis in bedding
plants [9], there is limited research-based information linking the morphological, physio-
logical, and biochemical acclimatization to drought in bedding plants. This information
can be important for deepening the knowledge on the physiological responses of plants
to drought, individuating guidelines to mitigate drought stress, and for selecting and
developing suitable species to resist water shortages [10].

In drought conditions, water loss reduction at the leaf level is determined by tran-
siently lowering stomatal conductance (gs) [11]; this can help maintain the level of foliar
photosynthesis in drought conditions, albeit at a lower rate, for a longer time. In plants
exposed to drought stress, a good correlation between gs and leaf water potential was
observed [12].

Osmotic adaptation on a cellular scale is a drought acclimatization response to the
concentration of compatible solutes within cells [13]. This reduces leaf water and maintains
the potential gradient necessary for root water uptake from the substrate and allows
the maintenance of a positive turgor potential in drought conditions [14]. Although
light-harvesting mechanisms, including photosystems, are generally tolerant to drought
stress, severe stress levels can impair photosystem II [15]. Drought stress causes lipid
peroxidation and causes irreversible damage to the structural and functional integrity of
the membrane [16]. For this reason, the accumulation of malondialdehyde (MDA) in the
cell and the stability of the cell membrane are widely used as indicators of plant tolerance
to drought stress [17].

Plants show various physiological and biochemical responses to drought stress. The
accumulation of osmotic compounds, such as proline, is one of the most common plant
responses to drought stress [18]. Proline is a compatible solute involved in cellular osmotic
regulation and the protection of cellular components during dehydration [19].

Activation of the antioxidant defence and osmoprotection systems are two main
drought resistance mechanisms in plants [20,21]. The overproduction of reactive oxygen
species (ROS) under stress conditions is a typical tolerance response [22]. ROS assure
a key role in the process of acclimatization to various abiotic stresses [23]. Antioxidant
mechanisms, both enzymatic and non-enzymatic, are known to be involved in plant
protection against ROS. A physiological mechanism for mitigating the negative effects of
ROS on plant cells are antioxidant enzymes; among these are catalase (CAT), superoxide
dismutase (SOD), and ascorbate peroxidase (APX), which determine the protection of plant
cells against oxidative damage [24]. Studies have shown antioxidant enzymatic activity
is positively associated with plant stress tolerance, which has been found in various field
crops, such as pea [25], maize [26], and wheat [27].

Proline also works as a free radical scavenger and suppresses free radical-mediated
damage during drought stress. Several studies have demonstrated that, during drought
stress conditions, proline content increases, and proline buildup is associated with more
efficient drought tolerance in tall fescue and other plants [19].

Among the ornamental summer flowering plants, zinnia (Zinnia elegans L.) is rightly
appreciated for its spectacular display of colourful flowers [28]. It belongs to the Composi-
tae family (Asteraceae) and it is native to Central America and Mexico. Zinnia flowers
have a long vase life and present uniform and bright colours and sturdy stems [29]. It is
one of the suitable bedding and cut flower plants grown during the summer season in hot
climates [30].

The application of deficient irrigation strategies to floriculture can make a significant
contribution to the conservation of irrigation water. In the near future, the warming climate
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will enhance the frequency and severity of drought [31]. Therefore, in a changing climate,
studying the main physiological limits to productivity in drought conditions will be crucial
for enhancing yield stability.

Because the increased drought frequency strongly negatively affects plant growth and
development [32], analyzing the effects of water deficit on plants is relevant to hypothesise
the influence of future climate changes on the growth of a particular plant species [33].
Among bedding plants, studying the response to drought stress in various species and/or
cultivars is strategic to individuate genotypes able to improve landscape performance and
expand the use of these plants in drought areas [34].

The aim of this research was to determine the morphological, physiological, and
enzymatic responses of zinnia plants at different irrigation levels and to evaluate the
response to different intensities of drought and hence the possibility to reduce the water
quantity used in the nursery phase.

2. Materials and Methods
2.1. Experimental Conditions, Plant Material, and Irrigation Treatments

The trial was realised in a nursery near Catania, Italy (37◦41′ N 15◦11′ E 89 m a.s.l.) in
April 2021 on zinnia (Zinnia elegans L.). Seeds of zinnia ‘Limette’, (Fratelli Ingegnoli, Milan,
Italy) were sown in cellular trays on the substrate Brill® Semina Bio (Geotec, Bolzano, Italy).
At the fourth leaf stage, the seedlings were transplanted into 10 cm Ø pots (one plant per
pot), filled with peat and soil (2/1, v/v), and fertilised with 2 g L−1 of Osmocote Plus
(14/13/13, N,P,K + microelements).

Plants were grouped into three repetitions of nine plants per treatment and irrigated
every day for 30 days. Four treatments were performed: irrigated at 100% (100% field
capacity, FC), light deficit irrigation (75% FC), irrigated at 75% from the 100% FC treatment,
medium deficit irrigation (50% FC), irrigated at 50% from the 100% FC treatment and severe
deficit irrigation (25% FC), and irrigated at 25% from the 100% FC treatment. Water loss
was determined following the methodology of Toscano et al. [35] through the gravimetric
method; during the experimental period, the differences in weights (weight after irrigation,
weight when drainage stopped, and weight before reirrigating) were calculated.

The treatments started when the plants showed four leaves and ended after 30 days
when approximately 50% of plants showed the beginning of inflorescence emergence.

To determine the maximum water-holding capacity of the substrate, pots were mixed
and submerged in water to 50% of their height, and the substrate was left to imbibe
overnight. To avoid water evaporation, aluminium foil was placed on the upper surfaces of
the containers. The next day, the containers were removed from the water bath and left to
drain until reaching a constant weight. The weight of each container was then determined
and considered as the weight at volumetric water content. Then, the substrate was dried in
a thermo-ventilated oven at 105 ◦C until reaching a constant weight to determine the dry
weight and calculate the volumetric water content. The difference between the fresh and
dry weight was calculated, and the volumetric water content was determined (75%) and
used as the substrate’s container capacity [36].

The mean air temperature, relative humidity, and global radiation were determined
on a data logger CR1000 (Campbell Scientific Ltd., Loughborough, UK) during the experi-
mental periods. The minimum, maximum, and mean temperatures were 16.9, 54.6, and
26.2 ◦C, respectively. The mean relative humidity (RH) was 58.8%.

2.2. Biomass and Leaf Area

After the experimental period ended, for six plants per treatment, the roots were
separated from the substrate with tap water, and the aerial parts were divided into stems
and leaves. Drying the weighed samples in a thermo-ventilated oven at 70 ◦C until
reaching constant weight allowed the determination of dry biomass. The total leaf area
was measured using a leaf area meter (Delta-T Devices Ltd., Cambridge, UK).
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2.3. Stomata Characteristics

Unfolded and mature leaves (4 leaves per treatment and for each repetition) were
detached from the plants and used for stomata characteristics. A microscope (Nikon Eclipse
E200, Japan) was utilised for determining the number and size of the stomata. On each
slide, along a diagonal transect of the peel, four stomata for three leaves for each repetition
were measured for pore lengths at 40×. Stomatal size (S) was defined by guard cell length
and width.

2.4. Leaf Gas Exchange, Chlorophyll a Fluorescence, and RWC

At the end of the trial, the gas exchange in six plants per treatment (two plants for
each repetition and three leaves per plant) was measured with a CO2/H2O infrared gas
analyser (LCi, ADC Bioscientific Ltd., Hoddesdon, UK). The reliefs were carried out in the
morning (from 09:00 to 13:00). For each drought stress treatment, the net photosynthetic
rate (AN), stomatal conductance (gs), transpiration rate (E), and water use efficiency (WUE)
were determined.

The chlorophyll a fluorescence (Fv/Fm) was recorded in the same leaves using a
modulated chlorophyll fluorimeter OS1-FL (Opti-Sciences Corporation, Tyngsboro, MA,
USA). The leaf was dark-adapted using cuvette clips for 15 min (Opti-Sciences Corporation,
Tyngsboro, MA, USA). The chlorophyll a fluorescence was reported as the Fv/Fm ratio,
where Fm = the maximum fluorescence and Fv = the variable fluorescence.

The relative water content (RWC) was evaluated on fully opened leaves. For each
replicate, 30 discs 10 mm in diameter were taken, and the fresh weights (FW) were deter-
mined. Then, the samples were immersed in distilled water for 24 h and re-weighed to
measure the turgid weight (TW). Subsequently, the samples were dried at 75 ◦C for 24 h to
measure the dry weights (DW). The RWC was expressed according to the formula:

RWC% = (FW − DW/TW − DW) ∗ 100

2.5. Determination of Chl and Carotenoid Content

After ending the experiment, chlorophyll a (Chl a), chlorophyll b (Chl b), total chloro-
phyll, and carotenoids were determined. For the extraction, 100 mg of fresh material
was extracted with 5 mL of 99% methanol and incubated in the dark for 24 h at 4 ◦C.
Quantification was performed by spectrophotometry (7315 Spectrophotometer, Jenway,
Staffordshire, UK) at 665.2 nm, 652.4 nm, and 470 nm. The calculation of chlorophylls was
performed following the formula reported by Lichtenthaler et al. [37]:

Chl a = 16.75A665.2 − 9.16A652.4.
Chl b = 34.09A652.4 − 15.28A665.2.

Carotenoids = (1000A470 − 1.63Chla − 104.96Chlb)/221.

2.6. Estimation of Proline Content

Proline content was determined according to Ahmad et al. [38] using L-proline as
the standard. Leaf samples (1 g) were homogenised in 5 mL of 3% aqueous sulfosalicylic
acid and centrifuged at 14,000× g for 15 min (Neya 10R, REMI, Mumbai, India). The
homogenate (2 mL) was added at the same quantity of acetic acid and ninhydrin, mixed
and incubated for 1 h at 100 ◦C. Then, the reaction was stopped in an ice bath, and the
supernatant was extracted with 4 mL of toluene. The absorbance of the extract was read at
525 nm (7315 Spectrophotometer, Jenway, Staffordshire, UK).

2.7. Estimation of MDA Content

Malondialdehyde (MDA) content was determined according to Li et al. [39]. Leaf
samples (0.5 g) were extracted in 1.5 mL of 5% trichloroacetic acid (w/v). The homogenate
was centrifuged at 5000× g for 10 min, and then the extract was diluted to 10 mL. A
quantity of 2 mL of the diluted extract was homogenised with the same quantity of 0.67%
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thiobarbituric acid. The mixture was incubated at 95 ◦C for 30 min and then centrifuged
at 5000× g for 10 min. The MDA content was calculated using the following formula:
C (µmol/L) = 6.45 × (A532 − A600) − 0.56 × A450.

2.8. Extraction and Assay of Antioxidant Enzymes

Leaf samples (0.5 g) were extracted with 4 mL of extraction buffer (50 mM potassium
phosphate, 1 mM ethylenediaminetetraacetic acid [EDTA], 1% polyvinylpyrrolidone [PVP],
1 mM dithiothreitol [DTT], and 1 mM phenylmethylsulfonyl [(PMSF), pH 7.8). The samples
were centrifuged (15,000× g for 30 min, 4 ◦C), and the supernatant was used for the enzyme
assay [40].

The catalase activity (CAT; EC 1.11.1.6) was evaluated according to Aguilera et al. [41]
with modifications; 20 µL of the extract was homogenised to 830 µL potassium phosphate
buffer (50 mM, pH 7). The reaction started with the addition of 150 µL of H2O2, and the
decrease was monitored at 240 nm for 2 min. The unit of CAT was expressed as units
mg−1 protein.

The glutathione peroxidase activity (GPX) was determined according to Ruley et al. [42].
The same amount of extract and 17 mM H2O2 was homogenised with 2% guaiacol to obtain
a final volume of 1 mL. The increase in absorbance was monitored at 510 nm for 3 min. The
activity of GPX was defined as units mg−1 protein.

The superoxide dismutase activity (SOD; EC 1.15.1.1) was evaluated following Gian-
nopolitis and Ries [43]. The SOD activity was read at 560 nm; the unit of SOD was defined
as the amount of enzyme required to cause 50% inhibition of the reduction of NBT. The
unit of SOD was expressed as units mg−1 protein.

Using Bradford’s method [44], the protein content was quantified.
All samples were read using a spectrophotometer (7315 Spectrophotometer, Jenway,

Staffordshire, UK).

2.9. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activity

The scavenging activity against the DPPH radical was evaluated using DPPH. A
quantity of 1 g of fresh weight was homogenised with 1.5 mL of 80% methanol, sonicated
for 30 min, and centrifuged for 10 min at 5 ◦C and 5000× g. Subsequently, 0.01 mL of the
supernatant was homogenised with 1.4 mL of DPPH solution (150 µM) and incubated
for 30 min in the dark. Later, the samples were read at 517 nm. The DPPH activity was
expressed as Trolox equivalent antioxidant activity (mg TE g−1).

2.10. Statistical Analysis

The trial was conducted as a randomised complete design with three replicates. The
statistical analyses were conducted with CoStat version 6.311 (CoHort Sofware, Monterey,
CA, USA); one-way ANOVA was adopted. The differences between the means were
determined using Tukey’s test (p < 0.05). The data presented in the figures are the means ±
standard error (SE) (Graphpad 7.0). The principal component loading plot and scores of
PCA were performed using Minitab 16, LLC.

3. Results
3.1. Evapotranspiration

Figure 1 shows the trend of evapotranspiration (L day−1) in the 100% FC treatment
during the experimental period. The amounts of water manually added to each pot were
1.88, 1.41, 0.92 and 0.47 L, respectively, for 100% FC, 75% FC, 50% FC and 25% FC. The
electrical conductivity of the water was 0.005 dS m−1.
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3.2. Biomass and Leaf Area

The growth of zinnia was significantly modified by drought stress treatments. Plant
height was reduced because of the different irrigation regimes (Table 1). By increasing the
level of drought stress from control to 25% FC, the height was reduced by ~17% and ~38%,
respectively, for 50% FC and 25% FC (p < 0.001). No significant differences were observed
in 75% FC compared with unstressed plants (Table 1). A similar trend was observed for the
stem diameter, with a reduction in more stressed treatments by ~23 and ~37%, respectively,
for 50% FC and 25% FC (p < 0.001). Leaf number was significantly reduced under 25%
FC (by 39%) compared with the other treatments (p < 0.001) (Table 1); the total leaf area
showed a decrease from the moderate deficit irrigation with a reduction of 21% in 50% FC
and by 50% in 25% FC. (p < 0.001). No significant differences were observed in 75% FC
(Table 1).

Table 1. Effects of irrigation treatments on plant height (cm), stem diameter (mm), leaf number (n.), total leaf area (cm2),
leaf, stem, root fresh weight (g plant−1), total dry biomass (g plant−1), and root/shoot ratio (R/S) of potted zinnia plants at
the end of the experimental period. Plants were irrigated every day. Four treatments were performed: irrigated at 100%
(100% field capacity, FC); light deficit irrigation (75% FC), irrigated at 75% from the 100% FC treatment; medium deficit
irrigation (50% FC), irrigated at 50% from the 100% FC treatment and severe deficit irrigation (25% FC), and irrigated at 25%
from the 100% FC treatment.

Drought
Stress

Plant
Height

(cm)

Stem
Diameter

(mm)

Leaf
Number

(n.)

Total Leaf
Area
(cm2)

Leaf Fresh
Biomass

(g plant−1)

Stem Fresh
Biomass

(g plant−1)

Root Fresh
Biomass

(g plant−1)

Total Dry
Biomass

(g plant−1)
R/S

100% FC 17.2 ± 0.3 a 4.6 ± 0.1 a 15.8 ± 0.4 a 210.4 ± 4.5 a 7.6 ± 0.2 a 2.7 ± 0.2 a 7.8 ± 0.6 a 2.1 ± 0.1 a 0.5 ± 0.0 b

75% FC 15.8 ± 0.8 ab 4.6 ± 0.0 a 14.8 ± 0.4 a 218.5 ± 6.4 a 8.1 ± 0.7 a 2.8 ± 0.2 a 7.7 ± 0.6 a 2.6 ± 0.0 a 0.7 ± 0.0 b

50% FC 14.2 ± 0.3 b 3.6 ± 0.2 b 13.8 ± 0.6 a 166.2 ± 9.2 b 5.5 ± 0.3 b 1.7 ± 0.1 b 6.0 ± 0.3 a 1.9 ± 0.3 a 1.1 ± 0.2 a

25% FC 10.7 ± 0.2 c 2.9 ± 0.2 b 9.7 ± 0.4 b 104.4 ± 5.5 c 3.6 ± 0.3 c 1.1 ± 0.1 c 3.0 ± 0.5 b 1.0 ± 0.1 b 0.4 ± 0.0 b

Significance *** *** *** *** *** ** *** ** *

The values are the means ± standard error (SE). The statistical analysis was one-way ANOVA; * significant at p < 0.05; ** significant at
p < 0.01; *** significant at p < 0.001. The values in the same column followed by the same letter are not significantly different at p < 0.05
(Tukey’s test).

A similar trend was detected for the leaf and stem fresh weight, with a reduction of
28% (leaf) and 15% (stem) and 56% (leaf) and 44% (stem), respectively, for 50% FC and 25%
FC (p < 0.001 and p < 0.01). The light deficit treatments (75% FC) showed the same trend
as unstressed plants. Root fresh biomass was only modified in 25% FC, with a reduction
of 54% compared with the other treatments (p < 0.001) (Table 1). In addition, the the total
dry biomass decreased only in 25% FC (by ~48%) (p < 0.01) compared with the other
treatments (Table 1). The root-to-shoot ratio increased in plants grown under moderate
deficit irrigation treatments (50% FC) (p < 0.05) (Table 1).

Stomata density showed significant differences among the irrigation treatments, with
an increase in the more severe drought stress (50% FC and 25% FC) (Table 2). The drought
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stress influenced the stomata size only in 25% FC. The latter showed a significant reduction
of 31% compared with 100% FC and 75% FC. The 50% FC treatment did not show a
significant change among treatments (Table 2 and Figure 2).

Table 2. Effects of irrigation treatments on stomata density (n mm−2) and size (µm) of potted zinnia
plants at the end of the experimental period. Plants were irrigated every day. Four treatments were
performed: irrigated at 100% (100% FC); light deficit irrigation (75% FC), irrigated at 75% from the
100% FC treatment; medium deficit irrigation (50% FC), irrigated at 50% from the 100% FC treatment
and severe deficit irrigation (25% FC), and irrigated at 25% from the 100% FC treatment.

Drought Stress
Stomata

Density (n mm−2) Size (µm)

100% FC 321.8 ± 25.2 b 84.8 ± 1.7 a

75% FC 253.8 ± 23.9 b 83.8 ± 4.8 a

50% FC 376.2 ± 9.7 a 72.4 ± 0.6 ab

25% FC 396.2 ± 8.0 a 55.7 ± 0.1 b

Significance * **
The values are the means ± standard error (S.E). The statistical analysis was one-way ANOVA; * significant at
p < 0.05; ** significant at p < 0.01. The values in the same column followed by the same letter are not significantly
different at p < 0.05 (Tukey’s test).
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Figure 2. Light microscopy of leaf portions showing stomata traits in different drought stress
treatments.

Significant effects of drought stress treatments for gas exchange were observed in
zinnia plants (Figure 3). The net photosynthesis, stomatal conductance, and transpiration
rate showed similar behaviours. Significant differences for AN were observed in the 50%
FC and 25% FC treatments compared with the control plants and 75% FC. In particular, the
plants irrigated at 50% FC and 25% FC showed a reduction of ~30% and 66% compared with
control plants (Figure 3a). A similar trend was observed for the stomatal conductance, with
a reduction of ~51% and 80%, respectively, for 50% FC and 25% FC (Figure 3b) compared
with the control and 75% FC. The transpiration rate showed a significant reduction only
in the severe drought stress treatment, with a reduction of 61% compared with 100% FC
and the other stress treatments. (Figure 3c). Water use efficiency (WUE) showed significant
differences among the more stressed treatment (25% FC) and the other treatments with an
increase of ~45% (Figure 3d).
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Figure 3. Net photosynthesis (AN) (a), leaf conductance (gs) (b), transpiration rate (E) (c), and water
use efficiency (WUE) (d) in zinnia. Plants were irrigated at field capacity (100% FC) or subjected to
drought stress (75% FC, 50% FC, and 25% FC). Mean values ± standard error (S.E) (n = 6). Different
letters indicate significant differences among the treatments as determined by Tukey’s test.

Significant differences for Chl a and b, total Chl, and carotenoids were observed in the
25% FC treatment. In particular, the plants irrigated at 25% FC showed reductions of ~36%,
39%, 37%, and 40%, respectively, for Chl a and b, total Chl, and carotenoids compared with
control plants (Figure 4a–d). Among the other treatments, no significant differences were
observed (Figure 4a–d).

The RWC under light and moderate drought stress (75% FC and 50% FC) did not
show significant differences compared with control plants and the other treatments. In the
condition of severe drought stress (25% FC), a significant reduction of ~32% was observed
(Table 3).
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Figure 4. Chlorophyll a (a), chlorophyll b (b), total chlorophyll (c), and carotenoids (d) in zinnia
plants. Plants were irrigated at field capacity (100% FC) or subjected to drought stress (75% FC, 50%
FC, and 25% FC). Mean values ± standard error (S.E) (n = 6). Different letters indicate significant
differences among the treatments as determined by Tukey’s test.

Table 3. Effects of irrigation treatments on relative water content (RWC, %) and chlorophyll a
fluorescence (Fv/Fm) of potted zinnia plants at the end of the experimental period. Plants were
irrigated every day. Four treatments were performed: irrigated at 100% (100% FC); light deficit
irrigation (75% FC), irrigated at 75% from the 100% FC treatment; medium deficit irrigation (50% FC),
irrigated at 50% from the 100% FC treatment and severe deficit irrigation (25% FC), irrigated at 25%
from the 100% FC treatment.

Drought Stress RWC (%) Fv/Fm

100% FC 73.8 ± 3.1 a 0.74 ± 0.01 a

75% FC 66.7 ± 2.7 a 0.73 ± 0.00 a

50% FC 66.7 ± 2.9 a 0.72 ± 0.02 ab

25% FC 50.7 ± 1.5 b 0.68 ± 0.02 b

Significance ** *
The values are the means ± standard error (SE). The statistical analysis was one-way ANOVA; * significant at
p < 0.05; ** significant at p < 0.01. The values in the same column followed by the same letter are not significantly
different at p < 0.05 (Tukey’s test).

In zinnia plants, a reduction in the maximum quantum efficiency (Fv/Fm) was ob-
served only in severe drought stress conditions (10% FC), with a value of 0.68
(Table 3).

The amount of leaf proline content increased in 25% FC. Severe drought stress (25%
FC) increased proline content up to seven-fold compared with the control plants (Figure 5a).
Among the other treatments, no significant differences were observed (Figure 5a).

The MDA content did not show a significant change among treatments (Figure 5b).
The results showed that drought stress significantly affected enzyme activity (Table 4).

The CAT activity significantly increased in moderate and severe drought stress (50% FC
and 25% FC). The increment was 41% for CAT and 33% for GPX. In addition, SOD activity
showed a similar trend: an increase of 42% in 50% FC and 25% FC was observed (Table 4).

The results showed that drought stress significantly affected DPPH activity (p ≤ 0.01).
DPPH activity significantly increased with severe drought stress treatment. The increment
from control to 25% FC was ~23%, while among the other treatments, no significant
differences were observed (Table 4).

In order to visualise congruence among 100% FC, 75% FC, 50% FC, and 25% FC plants
based on all of the morphological, physiological, and biochemical variables, the whole
dataset was subjected to a principal component analysis (PCA; Figure 6). The PCA showed
that the morphological and physiological parameters were mostly associated with the
100% FC and 75% FC treatments of the biplot, whereas the stomata density, R/S ratio, and
antioxidant enzymes (GPX, CAT) were associated with the 50% FC treatment, and proline
and DPPH were associated with the 25% FC treatment (Figure 6).
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Figure 5. Proline content (a) and malondialdehyde content (MDA) (b) in zinnia plants. Plants were
irrigated at field capacity (100% FC) or subjected to drought stress (75% FC, 50% FC, and 25% FC).
Mean values ± standard error (S.E) (n = 6). Different letters indicate significant differences among
the treatments as determined by Tukey’s test. ns: no significant.

Table 4. Effects of irrigation treatments on catalase (CAT), peroxidase (GPX), and superoxide dismu-
tase (SOD) activity of potted zinnia plants at the end of the experimental period. Plants were irrigated
every day. Four treatments were performed: irrigated at 100% (100% FC), light deficit irrigation (75%
FC), irrigated at 75% from the 100% FC treatment; medium deficit irrigation (50% FC), irrigated at
50% from the 100% FC treatment and severe deficit irrigation (25% FC), irrigated at 25% from the
100% FC treatment.

Drought Stress

Enzyme Activity

CAT
(U mg−1

Protein)

GPX
(U mg−1

Protein)

SOD
(U mg−1

Protein)

DPPH
(mg TE g−1 FW)

100% FC 0.0040 ± 0.0005 b 5.6 ± 0.6 b 29.5 ± 0.2 b 6.7 ± 0.1 b

75% FC 0.0042 ± 0.0008 b 5.9 ± 0.4 b 23.4 ± 0.1 b 6.9 ± 0.1 b

50% FC 0.0069 ± 0.0003 a 8.0 ± 0.9 a 45.8 ± 3.3 a 6.7 ± 0.2 b

25% FC 0.0072 ± 0.0001 a 9.2 ± 0.5 a 44.0 ± 1.5 a 8.6 ± 0.4 a

Significance ** ** *** ***
The values are the mean ± standard error (S.E). The statistical analysis was one-way ANOVA; ** significant at
p < 0.01; *** significant at p < 0.001. The values in the same column followed by the same letter are not significantly
different at p < 0.05 (Tukey’s test).
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4. Discussion

Drought tolerance is the capacity of plants to continue to be functional at lower tissue
water potentials. Drought stress determines considerable changes in the physiological and
biochemical activity of plants, including photosynthesis, respiration, transpiration, hor-
mone metabolism, and enzyme activity [45]. The mechanisms of drought tolerance involve
the maintenance of turgor (by the accumulation of solutes) and/or desiccation tolerance (by
protoplasmic resistance) [46]. In urban areas, it is important to select species for planting
that are able to tolerate water shortages without losing their aesthetic appearance [47].
Water availability is one of the principal factors that limit bedding and landscaping plant
cultivation, particularly for seasonal and annual garden flowers with shallow roots [1]. In
the nursery phase, the generalised use of containers, often of small volume, determines
root restriction effects [35].

Because of the showiness of flowering herbaceous species, it is difficult to convince
people not to use them in urban landscaping. These plants are particularly sensitive to
water deficiency. Annual plants are vulnerable to increasing temperatures and decreasing
rainfall, as they must complete their life cycle in a single season, and the persistence of the
population is highly dependent on the reproductive capacity of a season [48]. As for woody
plants, herbaceous plants also adopt different physiological and biochemical mechanisms
to overcome drought stress. One of the first responses to drought stress is a reduction in
plant growth. In our study, the drought stress treatments significantly reduced the height,
shoot and root dry biomass, leaf number, and leaf area in the more stressed treatments.
A moderate reduction in the amount of water applied to container-grown zinnias did
not reduce the morpho-biometric characteristics. Previous studies have shown that dry
biomass reduced significantly with increasing drought stress treatments in Trachyspermum
ammi L. [49] and Ocimum basilicum L. [50]. At the end of the drought treatment, the plant
biomass reduction could be linked to a reduction in cell elongation and expansion; lower
water absorption led to a reduction in the production of metabolites to maintain normal
cellular activity [51].

A lower water amount can have positive effects on growth, so light drought stress can
be a useful water-saving strategy. In our study, the plants grown at 50% FC showed no
reduction in growth parameters. In a study on parsley, Borges et al. [52] demonstrated that
water reduction significantly modified the development of the aerial parts. According to
Zulfiqar et al. [53], a reduction in biomass is a good strategy in Tagetes erecta to improve
water uptake under drought stress in the long term. Drought stress influences the aerial
parts of the plants more than the roots; furthermore, the growth of the aerial parts of
the plant decreases earlier than the roots, causing an increased root-to-shoot ratio. This
ratio is not always modified by drought stress. Sánchez-Blanco et al. [54] found that the
R/S in Pistacia lentiscus and Phillyrea angustifolia was not influenced under water stress
treatments. In our study, except for 50% FC, the same trend was observed. Eziz et al. [55], in
a meta-analysis to explain the patterns of plant biomass allocation related to drought stress,
found that roots of woody plants were more resistant than those of herbaceous plants to
drought. Furthermore, drought stress in herbaceous plants had a more negative influence
on the leaf mass fraction of woody plants. In our study, leaf fresh biomass reduced as water
stress increased. A similar response was observed for the total leaf area and leaf number.
The reduction of the leaf area is due to a reduction in the leaf number [36] or leaf size (unit
leaf area) [56]. Thus, plants decrease water limitation by reducing the transpiration area.
This is a typical mechanism of stress avoidance used by plants to overcome water stress
conditions [57].

The gas exchange rates are most affected by water shortage. The principal site of
stress in the plants is the photosynthetic apparatus, which is very sensitive to drought;
as a consequence, the photosynthetic activity is reduced because of stomatal closure and
complex non-gassing effects [58]. In the present study, AN, gs, and E significantly decreased
in the leaves of zinnia under moderate and severe drought stress, and AN decreased
substantially in 25% FC, indicating that the reduction in AN in the first stage might be
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determined by the stomatal closure inhibition of CO2 uptake. Drake et al. [59] suggested
that many small stomata lead to greater stomatal resistance and stomatal control, as well
as a rapid response in water stress conditions. In our study, in the more stressed treatments
(50% FC and 25% FC), an increase in stomata density and a decrease in size were observed.
With the reduction of transpiration, the water use efficiency generally increases. Different
studies have reported that stressed plants are more able to utilise the energy obtained by
photosynthesis because of higher WUE [57]. This is in accordance with our results, which
showed that the most stressed plants activated this mechanism by increasing the WUE
values. Another typical avoidance strategy during drought stress conditions is a change in
the size and density of the stomata [57].

A high RWC during drought stress is a key mechanism for maintaining the metabolic
activity in plants; it is a well-known mechanism for inducing drought tolerance in breeding
activity [60]. Babaei et al. [61], in a study on Tagetes minuta, noted that the low RWC values
in this species during drought showing a low recovery capacity. A higher RWC is generally
maintained by plants under moderate drought stress in relation to plants under severe
drought stress. Furthermore, the growth parameters were more negatively influenced by
the imposed water stress than they were in zinnia with higher RWC values.

Chlorophylls are responsible for the correct functioning of the photosynthetic appara-
tus because they are essential pigments of the superior assimilating tissues of plants. Under
salt or water stress, the pigment photosynthetic (chlorophyll a + b) content can be indica-
tive of stressful conditions [62]. Severe drought stress can also impair the concentrations
of photosynthetic pigments [63]. A decrease in chlorophyll content under severe water
stress has been noted in different species, including Catharanthus roseus [64], Helianthus
annuus [65], Tagetes erecta [66], and Viola x witthrockiana [67]. In our study, the effects of the
severe drought stress (25% FC), were highlighted in the leaves by a significant lowering
of the chlorophyll a and b, total chlorophyll, and carotenoid content. A physiological
adaptation mechanism of plants under drought stress conditions could be the maintenance
of high chlorophyll content, even if this is correlated with the biological characteristics of
the plant [68]. Indeed, Lu et al. [69] observed that increasing the chlorophyll content was a
more effective strategy to avoid photooxidation damage and ROS induction by drought.
Plants under drought stress typically accumulate osmotic compounds, such as proline, and
change phytohormones [18]. Proline has been found to enhance cell turgor, maintain cell
osmotic adjustment, and defend cells during dehydration [67]. In our study, it was noted
that proline concentration was higher in zinnia plants under severe drought conditions
compared with control plants. These results agree with the results of other studies [70] and
underline the relevance of proline as a protective element in the stress response [71]. In
addition, Oraee et al. [72] showed that the proline concentration was higher in plants under
drought treatments compared with well-watered plants. In drought stress conditions,
proline accumulation was inversely proportional to the water status of plants [73]; this was
confirmed in our study, in which the highest values of proline in 25% FC corresponded to
the lowest values of RWC. This suggests the contribution of this solute in plant osmotic
adjustment. Similarly, in Indian grain soybean cultivars exposed to mild water stress, an
increased proline accumulation corresponded to a smaller reduction in the relative water
content and shoot and root fresh/dry weight [74].

Plants, when synthesizing antioxidants and increasing the activity of antioxidative
enzymes, activate a protective mechanism against abiotic stress [75]. Antioxidative en-
zymes that control ROS level in cells—superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POX)—are commonly produced in response to drought. Numerous studies
have found that drought-tolerant plants have strong scavenging systems that allow them
to maintain low levels of ROS and reduce membrane lipid peroxidation during stress [22].

Among the antioxidative enzymes that act in scavenging ROS species, APX, SOD, and
GPX have a key role. Ascorbate peroxidase (APX) acts directly on the H2O2 molecules
and reduces them to water. SOD conducts the dismutation reaction by reducing the O−2

molecule to H2O2; APX and GPX convert H2O2 to water, thus assuring its removal [76]. In
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this study, plants under 50% FC and 25% FC showed a significant increment in antioxidant
activity at the end of the trial. CAT, SOD, and GPX activity was significantly enhanced at
moderate and severe drought stress (50% FC and 25% FC). A similar trend was reported
by Amiri et al. [77]. In a study by Tian et al. [78], the results indicated that the increase
in enzyme activity in marigold was a tolerant response to drought treatment, while this
self-regulation level was lower with the improvement of water deficit. The decrease in CAT
activity leads to the accumulation of H2O2 and an enhancement in lipid peroxidation, thus
increasing MDA and causing damage in plants [78]. Recent studies have observed that
proline may also play a role as an antioxidant and not only as an osmotic protectant. Thus,
the accumulation of proline plays a key role under drought stress as an antioxidant or
through stabilizing macromolecules during water stress [79]. The enhancement of DPPH
activity observed in the more stressed plants is in line with other studies [61,80]. The total
antioxidant activity is the combined results of all enzymatic and non-enzymatic antioxidant
activity in plants subjected to abiotic stresses. Tolerant plants generally show a higher
antioxidant content to defend against oxidative stress by keeping high antioxidant enzyme
and antioxidant molecule activity and contents under stress conditions [81].

Through the general analysis of the data, we observed an interesting result that the
activity of antioxidant enzymes is strongly linked to the increase of secondary metabolites;
this is similar to the findings of Catola et al. [82] that secondary metabolites work as
substrates for enzymes involved in enzymatic antioxidant reactions [51]. The PCA analysis
reported in the present study could help to better understand the influence of drought
stress on morphological, physiological, and biochemical characteristics. The PCA results
demonstrated the boundary between the drought treatments and the control group was
clear. Correlation analysis demonstrated that there were complex and close relationships
in the more stressed treatments (50% FC and 25% FC) between the antioxidant enzyme
activity, DPPH, proline accumulation, and stomata density, which cooperated to tolerate
drought stress. The sensitivity of zinnia plants to drought stress is different, so the response
time is also different.

5. Conclusions

The changes in growth parameters, stomata characteristics, gas exchange, osmotic
regulators, and antioxidant activity were measured to study the response mechanism of Z.
elegans to drought stress. During drought exposure in the nursery phase, zinnia showed
adaptive changes to water limitation. At the physiological level, zinnia responded to the
drought stress by reducing the RWC and biomass and increasing the levels of osmotic
regulators (proline) and antioxidant activity. In severe deficit irrigation, the strategies
adopted by the plants were not able to resist drought stress. With light deficit irrigation,
the plants could perform as well as fully irrigated plants. In medium deficit irrigation, the
mechanisms were not always are suitable to overcome drought stress.
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Abstract: This work presents quantitative detection of water stress and estimation of the water stress
level: none, light, moderate, and severe on potato crops. We use hyperspectral imagery and state of
the art machine learning algorithms: random decision forest, multilayer perceptron, convolutional
neural networks, support vector machines, extreme gradient boost, and AdaBoost. The detection
and estimation of water stress in potato crops is carried out on two different phenological stages
of the plants: tubers differentiation and maximum tuberization. The machine learning algorithms
are trained with a small subset of each hyperspectral image corresponding to the plant canopy. The
results are improved using majority voting to classify all the canopy pixels in the hyperspectral
images. The results indicate that both detection of water stress and estimation of the level of water
stress can be obtained with good accuracy, improved further by majority voting. The importance of
each band of the hyperspectral images in the classification of the images is assessed by random forest
and extreme gradient boost, which are the machine learning algorithms that perform best overall on
both phenological stages and detection and estimation of water stress in potato crops.

Keywords: water stress; potato; hyperspectral image; machine learning; band importance

1. Introduction

Potato (Solanum tuberosum L.) is the third most important food crop in the world [1].
The potato provides an economic and rich source of carbohydrates and it is included in the
diet of both developed and undeveloped countries. Water deficit is the most important
abiotic stress affecting the development, productivity, and quality of potato cultivars [2].
Hence, it is important to detect, as early as possible, signs of water stress in potato plants
avoiding production and quality losses. Due to climate change, crops worldwide are
suffering from unexpected and longer severe weather changes such as droughts, which
are becoming increasingly more intense [3]. Specifically in Colombia, a good portion
of areas suitable for potato production are vulnerable to increased aridity, soil erosion,
desertification, and variations in the hydrological system as a consequence of climate
change [4]. Therefore, there is a need to map water stress in potato crops using non-
destructive technologies such as remote sensing.

Recently, a spectroradiometer (350–2500 nm) was used to explore the effect of water
stress on the spectral reflectance of bermudagrass and five vegetation indexes were stud-
ied [5]. In the case of potato crops, 12 vegetation indexes including four Normalized Water
Indexes (NWIs), have been studied to detect water stress in potato leaves under different
watering conditions using also a spectroradiometer (350–2500 nm) [4]. The results indicate
clear differences in the spectrum of water-stressed leaves in the 700–1300 nm range [4].
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Remote sensing technologies using unmanned aerial vehicles (UAVs) acquiring visible
and thermal images were used to map water stress in barley crops [6]. The detection of
water stress in plants using aerial imagery has focused on thermal imagery to estimate
plant temperature relative to the air temperature computing NWIs. Since stomata close
under water stress, the temperature of the leaves relative to the air increases [6–8]. More
recently, remote sensing imaging technologies using visible, near-infrared (NIR), short
wave infrared (SWIR), and thermography have been proposed to detect water stress in
potato crops [9]. Rather than using broadband multispectral images, hyperspectral imagery
and machine learning algorithms have been proposed to determine the quality of food
products [10]. Hyperspectral imagery (400–1000 nm) has also been proposed to detect wa-
ter stress in potato crops using spectral indexes [11]. Hyperspectral imagery (400–2500 nm)
was used in combination with partial least squares–discriminant analysis (PLS-DA) and
partial least squares–support vector machine (PLS-SVM) classification to detect abiotic and
biotic drought stress in tomato canopies [12]. Hyperspectral imagery (450–1000 nm) in
combination with machine learning algorithms (random forest and extreme gradient boost)
has been also used to detect water stress in vine canopies [13]. Another possibility for
detecting water stress in plants is to use radar remote sensing technologies [14,15] with the
advantage of penetrating the clouds, a limitation of visible and thermal imagery. Finally,
ultrasound wave spectroscopy has also been used to estimate the water content of plant
leaves using convolutional neural networks and random forest algorithms [16].

As previously indicated, work on detecting water stress in potato cultivars has been
based on vegetation indexes (NDVI, the Simple Ratio, the Photochemical Reflectance
Index, the pigment-specific simple ratio of Chlorophyll-a, the reflectance water index, the
Normalized Water Indexes and the dry Zea N index). Here we use a hyperspectral camera
(400–1000 nm) and several well-known machine learning algorithms to detect water stress
in potato hyperspectral images and to estimate the degree of water stress: none, light,
moderate and severe, using all images bands. The use of machine learning algorithms
allows us to determine which regions in the spectral signature of the leaves are more
influential to better estimate water stress from remote sensing using images in the visible
(400–700 nm) and near-infrared (NIR) (700–1000 nm) bands.

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

The experiment was developed in greenhouse number 17 of AGROSAVIA (Cor-
poración Colombiana de Investigación Agropecuaria), Tibaitatá research center, Colom-
bia (4◦41′25.7064′ ′ N, 74◦12′08.23′ ′ W) at 2543 m above the sea level. Certified seeds of
Solanum tuberosum L., variety Diacol Capiro were planted in the greenhouse. The experi-
ment consisted of a randomized complete blocks design in a factorial 2 × 4 arrangement.
The first factor considered was the level of plant development (phenological stage), this
was fixed according to [17]: tubers differentiation (TD) and maximum tuberization (MT)
(Appendix A). The second factor was the level of water stress severity, determined by the
hydric potential of the leaves, measured using a Scholander pressure chamber in Mega
Pascals (Mpa). Control plants have a hydric potential in the 0–−0.49 Mpa range, light
(L) water stress has a hydric potential in the −0.5–−0.59 Mpa range, moderate (M) water
stress has a hydric potential in the −0.6–−0.89 Mpa, and severe (S) water stress has a
hydric potential equal to or lower than −0.9 Mpa. These hydric potential ranges were
selected based on [18,19], and previous research experience of AGROSAVIA in greenhouses
containing potato crops.

Potato plants were sown in a greenhouse in a loamy soil that was kept at field capacity
(soil water potential did not decline below −0.033 MPa) by drip irrigation from sowing
until the 9th and 13th week after sowing, when each stage of development was reached
(TD and TF, respectively). At that time, the water supply was suspended, and the water
potential in the leaf was measured daily until reaching each level of stress (L, M, S). Control
plants had a water supply throughout the experiment.
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2.2. Hyperspectral Imagery

The hyperspectral images were acquired using a 710-VP Surface Optics Corporation
camera with 520 × 696 pixels and 128 spectral bands in the 400–1000 nm range, using
the Environment for Visualizing Images (ENVI) format. The images were taken at 3 m
above the plant’s canopy level and the camera looking downwards. The image acquisition
campaigns were done at around the same hour of the day. Figure 1 shows a false-color
image of the canopy of a plant loaded and visualized with MultiSpec [20]. As can be seen
from this image a Spectralon reflectance white panel is also used on each image to convert
the hyperspectral intensity images to reflectance. It is easy to segment the white Spectralon
panel from the hyperspectral image by computing the average of the red, green, blue,
and NIR bands and dividing that image by the maximum intensity. Figure 2 shows this
normalized average, where the Spectralon reflectance panel can be segmented from the
image using a threshold above 0.5.
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Figure 1. Hyperspectral image taken at 3 m above the canopy. False-color image showing red as
band 90, green as band 60, and blue as band 40.

The reflectance of each hyperspectral image can be computed using:

ρ(x, y, λ) =
I(x, y, λ)ρS(λ)

Is(λ)
(1)

where ρ(x, y, λ) is the reflectance image at pixel coordinates x, y and waveband λ, I(x, y, λ)
is the raw intensity image at pixel coordinates x, y, and waveband λ, ρS(λ) the known
reflectance of the Spectralon panel at λ wavelength (0.99 at visible and NIR ranges) and
Is(λ) the mean intensity of the Spectralon panel at waveband λ. Once the hyperspectral
images are converted to reflectance, it is necessary to segment the canopy from its back-
ground. The Normalized Difference Vegetation Index (NDVI) has widely been used to
detect vegetation canopy [21]:

NDVI =
ρNIR − ρred
ρNIR + ρred

(2)

where ρNIR, ρred are the reflectances at the NIR and red wavelengths, respectively. However,
the NDVI is affected by several factors including shadows [21] that could lead to 0/0
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undefined values. To avoid this, we used the Soil-Adjusted Vegetation Index (SAVI) that
overcomes the issues of the NDVI [21] and selected those values where SAVI > 0.3 (Figure 3):

SAVI = 1.5
ρNIR − ρred

(0.5 + ρNIR + ρred)
(3)
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From the image campaign at the tubers differentiation phenological stage, 64 images
were acquired to be used for the machine learning algorithms (stressed and control plants)
with water stresses that range from 3 to 20 days. From the image campaign at the maximum
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tuberization phenological stage, 52 images were acquired to be used for the machine
learning algorithms (stressed and control plants) with water stresses that range from zero
to nine days. The reading and preprocessing of the hyperspectral images were done using
Python 3.8.5 that comes with Anaconda [22]. The Python spectral library [23] was used to
read the hyperspectral images.

There are control plants that provide images for the control class and there are several
images for each stress condition, taken at different days after the application of each
stress level.

2.3. Machine Learning Algorithms

Two supervised classification tasks for the two phenological stages of the potato crops
were carried out: detection of water stress i.e., the plant is water-stressed or not (two
classes) and the estimation of the water level of stress i.e., the plant is not water-stressed, is
lightly water-stressed, is moderately stressed or severely stressed (four classes). To perform
these classification tasks six well-known machine learning algorithms were used:

• Random decision forest (RF) [24] using 100 trees, with a balanced class weight. RF are
an ensemble of decision trees, the class predicted corresponds to the class most voted
for the decision trees.

• Multi-layer perceptron (MLP) [25] with an input layer having equal nodes as the
number of bands (128) and an output layer having equal nodes as the number of
classes (2 or 4). Each layer is followed by a batch normalization layer [26], a dropout
layer [27] with a probability of 0.2, a rectified linear activation function (RELU, a
function that will output the same input if it is positive, zero otherwise) [28] on
the input layer, and a Softmax activation function [28] on the output layer for the
case of four classes or a Sigmoid activation function [28] for the case of two classes
classification (see Figure 5). An MLP neural network consists of layers of nodes: an
input layer, hidden layers and an output layer. Except for the input nodes, each node
is a neuron that uses a nonlinear activation function. Each node on a layer connects
with each node of the following layer by a weight function. The neural network learns
the weights from the training data.

• Convolutional neural networks (CNN) [29] with two convolutional layers using a
kernel size of 3 and 20 filters each one. The two convolutional layers are followed by
a batch normalization layer, a dropout (0.2) layer, and a RELU layer. After the two
convolutional layers, a flatten layer follows to flatten out the last convolutional layer
into MLP nodes. After the flatten layer, an input MLP layer of size equal to the half
of nodes of the flatten layer follows, then a middle MLP layer with half the nodes
of the previous layer and an output layer with equal nodes as the number of classes.
Each MLP layer is followed by a batch normalization layer, a dropout (0.2) layer, and
a RELU layer for the case of the first MLP layer and the second MLP layer. The last
MLP layer is followed by a Softmax activation function in the case of four classes or
a Sigmoid activation function, in the case of two classes (Figure 4). Convolutional
neural networks are a kind deep learning neural network specialized on images, with
convolutional layers applying different kinds of filters on patches of the images and
then on previous convolutional layers, to capture variabilities at higher scales.

• Support vector machine (SVM) [30] using linear SVM with default parameters. SVM
maps training examples to points in space so as to maximize the width of the gap
between the classes.

• Extreme gradient boost (XGBoost) [31] using tree classifiers (gbtree) as weak learners
and 100 estimators. Gradient boosting produces an ensemble of weak predictions
(usually trees) models and generalizes them by the optimization of a differentiable
loss function. XGBoost in an implementation of gradient boosting that uses a more
regularized model formalization to control overfitting.

• AdaBoost (AB) [32] with 100 estimators. An AdaBoost classifier works by fitting a
classifier that first fits the dataset and then fits additional copies of the classifier, but
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giving more weight to the incorrectly classified instances, so subsequent classifiers
focus on harder cases.
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Figure 5. Multi-layer perceptron layout.

The RF, SVM, AB classifiers were implemented in Python 3.8 using the sklearn library.
The MLP and CNN were implemented in Python 3.5 using the keras library with tensorflow
under the hood in the High Performance Computing servers of Agrosavia, given the
memory required by CNN. The XGBoost classifier was implemented using xgboost python
library in Python 3.8.

Given the size of the images (520× 696× 128) and equipment memory constraints and
processing times, only 10000 pixels were selected at random from the canopy (identified
using SAVI > 0.3) on each image to train the classifiers forming a training dataset. In the case
of CNN, a window of size 5× 5× 128 was selected centered on each one of the 10,000 pixels
selected at random in the canopy to form the CNN dataset. To evaluate the classifiers, five-
fold cross-validation was employed to measure the probability of classfication overfitting,
due to the tendency of classifiers to overfit the training dataset. Here, 80% of the dataset
is used for training and 20% for testing the classifiers on each one of the five-fold cross-
validation runs. In the case of MLP and CNN, 20% of the 80% available data for training
is used for validation in such a way that the MLP or CNN models are saved only if the
computed loss improves for the validation data, as an extra measure to avoid overfitting
the dataset. Furthermore, the classifiers were trained with the full training dataset and then
used to classify the whole canopy on each image (containing many more pixels unseen by
the classifiers) using majority voting, i.e., selecting the class most pixels are classified with.
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3. Results

Figure 6 shows the classification performance using two classes (water stress or
control) for the phenological stage tubers differentiation using overall accuracy, sensitivity,
and specificity (see confusion matrices in the Appendix B), where the standard deviation
of the mean is indicated for accuracy, sensitivity, and specificity, as error bars. As can be
seen from these results RF and XGBoost achieve the best classification performance, being
XGBoost the best.
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Table 1 compares the classification performance using the best three classifiers found:
RF, XGBoost, and CNN alone and using Majority Voting (MV). This table shows that both
RF and XGBoost correctly classify all the images using majority voting, followed by CNN.

Table 1. Comparison of classification performance of RF, XGBoost, and CNN alone and using MV for tubers differentiation
phenological stage using two classes.

RF RF + MV XGBoost XGBoost + MV CNN CNN + MV

Accuracy 0.8691875 1 0.98120469 1 0.69395156 0.875
Sensitivity 0.86965626 1 0.98114434 1 0.71711594 0.875855327
Specificity 0.86857087 1 0.98123905 1 0.69385401 0.875855327

Figure 7 shows the classification performance for the tubers differentiation pheno-
logical stage and four classes: control and three levels of water stress: light, moderate,
and severe (see confusion matrices in the Appendix B), where the standard deviation of
the mean is indicated for accuracy, sensitivity, and specificity, as error bars. In this case,
XGBoost performs best, followed by RF and MLP. Table 2 compares the classification
performance of the three best classifiers: RF, XGBoost, and CNN alone and using MV. In
this case, XGBoost performs best, followed by RF and CNN.

Table 2. Comparison of classification performance of RF, MLP, and CNN alone and using MV for tubers differentiation
phenological stage using two classes.

RF RF + MV XGBoost XGBoost + MV CNN CNN + MV

Accuracy 0.811439063 0.90625 0.985457813 1 0.63530625 0.703125
Sensitivity 0.879199269 0.961538462 0.991209678 1 0.591587693 0.66889881
Specificity 0.707431992 0.829861111 0.978625726 1 0.495725174 0.517834596
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Figure 8 shows the classification performance at the maximum tuberization pheno-
logical stage using two classes: control and water stress (see confusion matrices in the
Appendix B), where the standard deviation of the mean is indicated for accuracy, sensi-
tivity, and specificity, as error bars. The best classifiers are XGBoost followed by RF and
CNN. Table 3 compares the classification performance of RF, XGBoost, and CNN alone
and using MV over all the images. This table shows RF and XGBoost both achieve perfect
classification using MV of all the images taken at this phenological stage.
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Table 3. Comparison of classification performance of RF, XGBoost, and CNN alone and using MV for tubers differentiation
phenological stage using two classes.

RF RF + MV XGboost XGBoost + MV CNN CNN + MV

Accuracy 0.92025577 1 0.99373077 1 0.84420769 0.980769231
Sensitivity 0.92156596 1 0.99353142 1 0.8555923 0.979166667
Specificity 0.91676559 1 0.99376627 1 0.83643118 0.982758621
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Figure 9 shows the classification performance at the maximum rate of tubers phenolog-
ical stage using four classes: control, light, moderate, and severe water stress (see confusion
matrices in the Appendix B), where the standard deviation of the mean is indicated for accu-
racy, sensitivity, and specificity, as error bars. Here, XGBoost obtains the best performance,
followed by RF and CNN. As in the case of the two classes, the classification accuracies
are good and allow estimation of the water stress from the first day. Table 4 compares the
classification performance of RF, XGBoost, and CNN alone and using MV, where it can be
noticed that XGBoost in combination with MV achieves perfect classification, followed by
RF and CNN.
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Table 4. Comparison of classification performance of RF, XGBoost, and CNN alone and using MV for the maximum
tuberization phenological stage using four classes.

RF RF + MV XGBoost XGBoost + MV CNN CNN + MV

Accuracy 0.894794231 0.980769231 0.997425 1 0.797767308 0.961538462
Sensitivity 0.914904761 0.991666667 0.997991496 1 0.775300134 0.964285714
Specificity 0.818412336 0.964285714 0.996019078 1 0.713138567 0.982758621

Figure 10 shows XGBoost classification results on some images of the tubers differ-
entiation phenological stage using four classes. The color code here is green for no water
stress, blue for light stress, yellow for moderate stress, and red for severe stress. Figure 10a
shows the classification for a control plant (no water stress). Figure 10b shows a plant that
suffered light stress. Figure 10c shows a plant that suffered moderate stress. Figure 10d
shows a plant that suffered severe stress.

Figure 11 shows some XGBoost classification results for the maximum tuberization
phenological stage using the same color code as in Figure 10.

Figure 12 shows the band importance for RF classification in the detection (two
classes) and estimation (four classes) of water stress at the phenological stage of tubers
differentiation. Figure 13 shows the same band importance for RF classification of two
and four classes at the phenological stage of the maximum tuberization. As indicated in
Figures 12 and 13 the most important bands for classification in RF are the violet, the red
edge, and a few wavelengths in the NIR.
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Figure 10. XGBoost classification of (a) image of a control plant, (b) image of a plant with light stress, (c) image of a plant 
with moderate stress, (d) image of a plant with severe stress. 
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with moderate stress, (d) image of a plant with severe stress.
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Figure 11. XGBoost classification of (a) control plant, (b) plant with light stress, (c) plant with moderate stress, (d) plant
with severe stress.
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stress indices specially designed for potato crops.
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4. Discussion

The results indicate that even using a small subset of pixels, taken at random from the
hyperspectral images, it is possible to obtain good classification accuracies for detecting
and estimating water stress in potato crops. The results also indicate that as early as one day
after the onset of the stress in the tubers differentiation phenological stage and on the same
day of the onset of the stress in the maximum tuberization water stress can be detected and
measured. Other researchers like [33] also found that hyperspectral imaging could be useful
to detect water supply conditions of leafy vegetables growing under greenhouse, using
modified partial least square regression algorithm, trained to classify different levels of leaf
water potential, obtaining a correlation coefficient of 0.826. In this sense, hyperspectral
imaging could become a useful tool for the design of precision irrigation systems that allow
optimizing the use of water in crops such as potatoes, although it is necessary to develop
more studies in real conditions of commercial cultivation.

It was evident that over all classification tasks and phenological stages XGBoost
provides excellent classification accuracies alone or in combination with majority voting,
followed closely by random forest. Random forest and XGBoost also provide a direct
measure of band importance to detect and estimate water stress. In this case, XGBoost
seems to better use the whole spectral signature of the canopy, while RF uses a reduced
subset of bands. Although the SVM algorithm did not show the best results in this study,
the authors of [34] reported promising results when using this algorithm (R = 0.7684)
in combination with the Kullback–Leibler divergence (KLD) dimensionality reduction
method to select the most relevant bands of hyperspectral images, in the detection of
moisture content in maize leaves at the seedling stage. For future experiments, it may be
useful to evaluate some combinations of algorithms that have proven to be efficient in the
detection of relative water content in leaves, from remote hyperspectral sensing, as reported
by [35] who used artificial neural networks (ANN) after selecting the most important bands
through partial least squares regression (PLSR), improving the performance of ANN alone.

CNN is a deep learning neural network algorithm that extracts features from images.
However, despite being the deep learning neural network most used to analyze images [10],
its classification performance was lower than RF and XGBoost, and only by using majority
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voting, it was possible to improve its performance to classify all image pixels. This is
probably because CNN exploits the spatial structure of the images (such as edges) and not
the spectral signature of the images. In this case, the canopy consists of mostly leaves with
no spatial clues related to water stress.

Our results indicate that using machine learning and spectral images constitute a
phenotyping tool useful to detect and estimate water stress in potato plants, which can also
be used in processes of genetic improvement, by choosing those phenotypes that better
resist water stress. The reflectance images obtained may be sensitive to the physiological
and biochemical changes of the substances and pigments that are degraded and mobilized
due to water stress.

5. Conclusions

This work shows that detection of water stress, as well as estimation of the water
stress level, is possible with good accuracy incremented on the whole canopy, using
majority voting at the tubers differentiation and maximum rate of tuberization phenological
stages. In particular, the classification results are more accurate and available from the
first day of stress for both the tubers differentiation and maximum rate of tuberization
phenological stages. Extreme gradient boost performed best overall phenological stages
and classification tasks, followed by random decision forests. XGBoost and RF also provide
a measure of the importance of each band to detect or estimate water stress in potato crops.
In the case of RF, these bands are the violet, red edge, and some specific NIR bands, while
in the case of XGBoost it includes some additional bands in the visible (green, yellow, red)
and NIR, exploiting better the spectral signature.

These results could lead to the use of more specific normalized water indexes for water
stress detection and estimation in potato crops using these machine learning algorithms.
However, they are not intended to be used by producers, since this research work was
conducted under greenhouse conditions. In this sense, these results are an important basis
for further research considering actual potato crop field conditions and cultural practices.
It will allow to design advanced tools for early detection of water stress, increasing the
efficiency in the application of irrigation.
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of flowering. Gómez et al. report that the stage of maximum tuberization and beginning of filling
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Appendix B

Table A1. Four Classes, Tubers Differentiation.

RF

63,977.80 246.00 340.00 1436.20
6514.60 10,013.60 38.60 1433.20
4497.20 2.40 7114.20 386.20
8758.40 393.20 89.80 22,758.60

SVM

59,562.00 538.80 166.20 5733.00
13,379.40 1381.00 37.80 3201.80
9828.60 58.00 223.20 1890.20

21,264.40 388.00 47.60 10,300.00

CNN

52,467.80 4374.40 1091.40 8066.40
7442.60 7230.20 79.40 3247.80
4198.00 3643.40 2123.40 2035.20
9497.20 2412.60 592.40 19,497.80

MLP

53,304.20 3697.40 668.80 8329.60
10,808.20 4085.00 80.00 3026.80
5405.00 2299.80 1266.80 3028.40

17,965.20 1482.40 587.60 11,964.80

XGBoost

329,137.00 90.00 69.00 704.00
4314.00 85,073.00 14.00 599.00
416.00 5.00 59,409.00 170.00
2869.00 32.00 25.00 157,074.00

Ada Boost

51,866.40 2866.40 3189.60 8077.60
12,534.60 2287.20 498.00 2680.20
7042.40 114.80 3204.60 1638.20

18,669.00 1172.80 1264.00 10,894.20

Table A2. Four Classes, Maximum Tuberization.

RF

56,866.20 51.20 995.00 87.60
1690.80 11,658.00 618.00 33.20
3996.60 539.40 19,275.80 188.20
1678.60 2.40 1060.40 5258.60

SVM

52,848.20 1664.60 2907.80 579.40
3598.00 8849.20 1474.20 78.60

10,426.40 2783.60 9784.40 1005.60
2296.80 165.60 2138.20 3399.40

CNN

50,919.00 2418.20 3942.80 720.00
1010.40 8773.20 3995.00 221.40
3454.80 299.40 18,737.60 1508.20
613.00 188.00 2661.00 4538.00
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Table A2. Cont.

MLP

56,069.80 626.20 690.80 613.20
5170.00 7803.20 942.60 84.20

14,354.60 992.60 7957.60 695.20
3486.80 20.60 895.00 3597.60

XGBoost

289,738.00 150.00 91.00 21.00
520.00 69,382.00 95.00 3.00
291.00 26.00 119,683.00 0.00
131.00 3.00 8.00 39,858.00

Ada Boost

48,421.80 3685.40 4595.60 1297.20
2715.60 8295.00 2920.80 68.60
6624.40 3534.20 11,884.60 1956.80
1909.00 104.80 2486.40 3499.80

Table A3. Two Classes, Tubers Differentiation.

RF CNN XGBoost

58,628.0 7372.0 47,915.2 18,084.8 323,446.0 6554.0
9372.0 52,628.0 19,694.0 42,306.0 5475.0 304,525.0

SVM MLP Ada Boost

43,555.4 22,444.6 47,570.6 18,429.4 46,091.2 19,908.8
23,343.4 38,656.6 24,596.0 37,404.0 18,315.6 43,684.4

Table A4. Two Classes, Maximum Tuberization.

RF CNN XGBoost

54,926.80 3073.20 52,422.00 5578.00 288,103.00 1897.00
5220.20 40,779.80 10,624.40 35,375.60 1363.00 228,637.00

SVM MLP Ada Boost

48,065.40 9934.60 54,502.60 3497.40 49,767.60 8232.40
8949.60 37,050.40 16,840.80 29,159.20 6870.40 39,129.60
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Abstract: Cowpea (Vigna unguiculata (L.) Walp.) is a leguminous species widely cultivated in northern
and northeastern Brazil. In the state of Pará, this crop still has low productivity due to several factors,
such as low soil fertility and climatic adversity, especially the water deficiency. Therefore, the present
study aimed at evaluating the physiological parameters and the productivity of cowpea plants under
different water depths. The experiment was conducted in Castanhal/Pará between 2015 and 2016.
A randomized block design was applied with six replications and four treatments, represented by
the replacement of 100%, 50%, 25% and 0% of the water lost during crop evapotranspiration (ETc),
starting from the reproductive stage. The rates of net photosynthesis (A), stomatal conductance (gs),
leaf transpiration (Eleaf), substomatal CO2 concentration (Ci), leaf temperature (Tleaf) and leaf water
potential (Ψw) were determined in four measurements at the R5, R7, R8 and R9 phenological stages.
Cowpea was sensitive to the water availability in the soil, showing a significant difference between
treatments for physiological variables and productivity. Upon reaching a Ψw equal to −0.88 MPa,
the studied variables showed important changes, which allows establishing this value as a threshold
for the crop regarding water stress under such experimental conditions. The different water levels in
the soil directly influenced productivity for both years, indicating that the proper water supply leads
to better crop growth and development, increasing productivity.
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1. Introduction

The cowpea production in Brazil is concentrated in northeastern and northern regions
and it was introduced in the state of Pará by migrants from northeastern Brazil, with the
Vigna genus responsible for 80% of the state production, generating more than 70 thousand
direct jobs [1]. However, this crop still has low productivity in the Pará state, reaching
approximately 821 kg ha−1 [2] as a function of several factors such as improper seed
management, low soil fertility and climatic adversity, mainly the water deficiency [3,4].

Hayatu and Mukhtar [5] found that the effect of water stress on cowpea genotypes
leads to a reduction in several components (chlorophyll fluorescence, chlorophyll content,
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specific leaf area and shoot biomass) and it is more severe when it occurs during reproduc-
tive stages and in treatments of severe water stress. Therefore, there is no physiological
variable that indicates tolerance to water deficiency in isolation [6]. According to Martínez-
Vilalta and Garcia-Forner [7], it is advisable to evaluate more than one variable, including
water potential, stomatal conductance, and the temperature and transpiration of leaves,
considered important to evaluate the responses of plant species to water stress.

As a manner of increasing crop productivity, reducing production costs, enhancing
income for rural producers, reducing environmental damage and maximizing the natural
resource use, it is essential to adopt technologies, as well as the suitable irrigation manage-
ment [8]. The proper irrigation depth must be considered to ensure a good water supply,
avoiding crop stress and favoring plant growth [2]. Thus, the more detailed knowledge
on cowpea development in response to water depths is an important factor to generate
low-cost technology with increased local production.

In northern Brazil, there is a demand for studies on the physiological and produc-
tive behavior of cowpea according to water limitation for purposes of management and
increasing water use efficiency and grain productivity. Thus, the present study aimed to
evaluate the ecophysiological parameters and the productivity of cowpea in response to
water deficiency during the reproductive phase.

2. Material and Methods

The experiment was carried out in the municipality of Castanhal, located in north-
eastern state of Pará, Brazil, from 2015 to 2016, in area of approximately 0.5 hectares,
situated at the experimental farm belonging to the Federal Rural University of the Amazon
(UFRA) (1◦19′24′′ S Latitude, 47◦57′38′′ W Longitude, 41 m Altitude). The climate of
the experimental area is defined as Am according to Köppen’s climatic classification, a
tropical climate, showing a moderate dry season with average annual rainfall from 2000 to
2500 mm. The driest season occurs between June and November, while the rainiest season
is from December to May.

A randomized block design was used, with six replications and four treatments,
evaluating different levels of water availability in the soil, starting from the reproductive
phase of cowpea. The experimental units consisted of plots with 22 × 24 m, separated by a
1 m border area, with a spacing of 0.5 m between planting lines and 0.1 m between plants,
composing a density of 200,000 plants per hectare.

To identify the physical and chemical attributes of the soil in the experimental area,
two collections were carried out at a depth of 0–20 cm, which corresponded to a large part
of the effective depth explored by the cowpea root system [4]. The analyses were performed
at the Soil Laboratory of the Brazilian Agricultural Research Corporation–Eastern Amazon
(Belém, Pará, Brazil), and the results are expressed in Table 1.

Table 1. Physical and chemical attributes of the soil from the experimental area.

Attributes 2015 2016

pH (H2O) 4.9 3.7
N (%) 0.05 0.0

P (mg dm−3) 2 20
K+ (mg dm−3) 26 30

Na2+ (mg dm−3) 9 2
Ca2+ (cmolc dm−3) 0.5 1.0

Ca2++Mg2+ (cmolc dm−3) 0.8 1.2
Al3+ (cmolc dm−3) 0.8 0.6

Sand (g kg−1) 835 835
Silt (g kg−1) 125 125

Clay (g kg−1) 40 40
Soil density (g cm−3) 1.56 1.56

Field capacity (m3 m−3) 0.20 0.20
Permanent wilting point (m3 m−3) 0.11 0.11
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Sowing was carried out manually on 23 September 2015 and on 17 September 2016.
The cultivar used was BR3-Tracateua, which is recommended for the region [1]. Fertil-
izations were performed according to the soil chemical analysis, applying 350 kg ha−1 of
chemical fertilizer with NPK formulation 10-20-20 for the 2015 experiment, and 195 kg ha−1

of chemical fertilizer with NPK formulation 6-18-15 for the 2016 experiment. Fertilization
and other management practices were carried out following technical recommendations
for the crop in the region [3].

Four treatments were tested: T1—the replacement of 100% of the water (irrigation +
rainfall) lost by the crop evapotranspiration (ETc); T2—replacement of 50% of the water
lost by ETc; T3—replacement of 25% of the water lost by ETc; and T4—without replacement
of the water lost by ETc. For the T4 treatment of each block, mobile covers of 100-micron
transparent polypropylene were built, with 1.5 m height, aiming at preventing the entry
of water through rainfall, starting from the reproductive stages and installed only in the
rainfall period, during the day. The plastic cover was not installed during the night to
avoid possible heating by the retention of long-wave radiation at night. Coincidentally, no
rain events occurred during the night.

A drip irrigation system was used. To determine the water depth, the reference
evapotranspiration (ET0) was calculated using the Penman–Monteith equation [9] using
data obtained from the meteorological station of the National Institute of Meteorology
(INMET), installed 2 km from the experimental area. The ET0 was multiplied by the crop
coefficient (Kc) of each cowpea phase available in the literature [2] to obtain the maximum
crop evapotranspiration.

During the vegetative phase, all treatments were kept close to the field capacity—that
is, with replacement of 100% of the ETc. The differentiation of water depths in T2 and T3
treatments, as well as the interruption of irrigation in T4, occurred 36 days after sowing (DAS)
for 2015 and 2016, when the crop reached the reproductive phase. Irrigation was interrupted
58 DAS in 2015 and 61 DAS in 2016, when the grain ripening phase (R9) was reached.

It is important to mention that, during the experimental period, the irrigation was
interrupted when precipitation exceeded the daily ETc, aiming not to raise the soil moisture
above the field capacity, controlling the entry of water into the soil and restarting the
irrigation when soil moisture reached the value before the rain event. It was monitored
using Time Domain Reflectometer sensors installed in each treatment.

In the center of the experimental area, an automatic meteorological station was in-
stalled for meteorological data collection, including air temperature, relative air moisture,
volumetric water content in the soil and rainfall. All sensors were connected to a CR10×
datalogger (Campbell Scientific, Inc., Logan, UT, USA), configured for reading every ten
seconds, recording total and average values every ten minutes. To quantify the deficiencies
caused by treatments subjected to water deficit, the sequential water balance was carried
out according to Carvalho et al.; for more details, see in Nunes et al. [10]. Accumulated
soil water deficiency was obtained as a cumulative difference between daily ETc and daily
actual evapotranspiration.

The phenological stages of cowpea were monitored daily. In order to achieve this,
the Geptz and Fernández scale was used. For each treatment, in all blocks, 1 m-long lines
containing 10 plants were selected, which were monitored from plant emergency. The
change regarding the phenological phase was characterized when 50% + 1 of the plants
from the line showed the characteristics described by Farias et al. [1].

Productivity was measured 65 DAS in 2015 and 68 DAS in 2016, when 90% of the
plants reached the R9 phenological stage. In both years, the productivity was determined
considering two planting lines previously separated in each treatment, from where three
samples of 1 m2 were collected, represented by 2 m-long lines. After collection, the grains
were dried for 72 h, weighed, and the production was estimated for each treatment.

Determinations of net photosynthetic rate (A), stomatal conductance (gs), leaf transpira-
tion (Eleaf), substomatal CO2 concentration (Ci), and leaf temperature (Tleaf) were performed
between 8 and 11 h am using a portable, open-system infrared gas analyzer (model LI-6400 XT,
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LI-COR Biosci. Inc., Lincoln, Nebraska, USA), set up to work with a constant photosynthetic
photon flux density of 1500 µmol photons m−2 s−1, with a CO2 flow of 400 µmol mol−1.
Measurements were carried out at 7, 14, 21, and 28 days after treatment onset (DAT), corre-
sponding, respectively, to the phenological stages R5, R7, R8 and R9.

Air temperature (Tair) and relative humidity (RH) followed environmental condi-
tions. The average Tair during leaf gas exchange measurement intervals in 2015 (2016)
were 27.5 ± 0.03 ◦C (29.8 ± 0.27 ◦C); 27.6 ± 0.04 ◦C (29.8 ± 0.36 ◦C); 29.4 ± 0.03 ◦C
(30.4 ± 0.26 ◦C) and 29.2 ± 0.07 ◦C (30.9 ± 0.34 ◦C) at 7, 14, 21 and 28 DAT, respectively.
The average RH under same conditions were 67.1 ± 2.47% (69.4 ± 1.03%); 62.9 ± 1.82%
(70.6 ± 1.91%); 63.4 ± 1.84% (66.9 ± 1.17%) and 66.0 ± 1.61% (63.4 ± 1.85%) at 7, 14, 21
and 28 DAT, in 2015 (2016), respectively.

Two healthy and fully expanded leaflets from the medium portion of the third or fourth
leaf from the apex were sampled for leaf gas exchange measurements. After that, the same
leaflets were excised and immediately placed in a Scholander-type pressure chamber (model
3115, Soilmoisture equipement Copr., Santa Barbara, California, USA) for leaf water potential
(Ψw) determination. Ecophysiological data collections followed the same randomized block
design, with six replications and four treatments, evaluating different levels of water availabil-
ity in the soil, starting from the reproductive phase of cowpea, including two samples per
treatment in the six blocks, composed of 48 plants per collection.

Results were submitted to regression analysis, and the significance of the generated
equations was verified according to the F test [4], considering them valid as long as they were
greater than 95% of probability. Productivity and ecophysiological variables data were subjected
to analysis of variance and the means were compared by Tukey’s test at 5% probability, using
ORIGIN PRO 8.0v software (OriginLab Corp., Northampton, MA, USA) [11].

3. Results

The experiment of 2015 was carried out under effect of an El Niño phenomenon [12].
However, the daily averages of meteorological data observed between September and
November 2015 and 2016 showed similar patterns in air temperature (Tair), reference
evapotranspiration (ET0), global solar radiation (Sin), and vapor pressure deficit (VPD)
variables (Figure 1). The average Tair values were 28.0 and 27.2 ◦C for 2015 and 2016,
respectively. The average ET0 values were 5.0 mm day−1 in 2015 and 4.9 mm day−1 in 2016.
The Sin showed average values equal to 20.6 and 19.5 MJ m−2 day−1 for 2015 and 2016,
respectively, while the VPD valus were equal to 0.96 kPa for 2015 and 0.93 kPa for 2016.

The total water blade applied for all treatments in 2016 was higher than those applied
in 2015, which can be explained by the rainfall of 141.2 mm during the cowpea vegetative
phase in 2016, while there was no rainfall in the same period in 2015, directly influencing
the total number of irrigations (Table 2). However, when comparing only the reproductive
phase (differentiation of treatments), the water blade was higher in 2015 than in 2016, since
the precipitation values in this interval were 30.5 and 12.2 mm, respectively.

Data of soil moisture and precipitation for 2015 and 2016 are shown in Figure 2. For
both years, soil moisture was controlled during the vegetative period, in order that all
treatments had the same water availability. Despite the treatments receiving the same blade,
there are small differences in the volumetric water content between them, which may be
associated with the differences generated by the installation locations of the sensors.

From the reproductive phase, the volumetric soil water content varied between treat-
ments, exhibiting an expected pattern. In 2015, T1 showed the highest volumetric soil water
content, equal to 0.21 m3 m−3, followed by T2 with 0.18 m3 m−3, T3 with 0.16 m3 m−3, and
T4 with 0.14 m3 m−3, while in 2016 the results were 0.22, 0.18, 0.16, and 0.12 m3 m−3, for
T1, T2, T3 and T4, respectively.
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Figure 1. Meteorological conditions during the experimental period in 2015 and 2016. Global solar radiation (A), air
temperature (B), reference evapotranspiration (C) and vapour pressure deficit (D).

Table 2. Water blade applied before the differentiation of treatments (irrigation + precipitation), water blade applied after
the differentiation of treatments (irrigation + precipitation), total water blade during the experiment (total), number of
irrigations (NI) and crop evapotranspiration (ETc) in 2015 and 2016.

Experiment Treatments

Water Depth (mm)

Vegetative Phase Reproductive Phase
Total NI Total ETc

Irrigation Rainfall Irrigation Rainfall

2015

T1 173.83 0 113.45 30.47 317.75 58 308.23
T2 173.83 0 56.73 30.47 261.03 58 241.03
T3 173.83 0 28.36 30.47 232.66 58 207.45
T4 173.83 0 0 0 173.83 35 173.83

2016

T1 87.64 141.18 113.81 12.19 354.82 40 304.98
T2 87.64 141.18 56.09 12.19 297.10 40 241.05
T3 87.64 141.18 28.45 12.19 269.46 40 209.09
T4 87.64 141.18 0 0 228.82 17 177.12
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Figure 2. Volumetric soil water content and rain during the experimental period in 2015 (A) and 2016 (B). FC is the field
capacity, PWP is the permanent wilting point, RAW is the readily available water.

When cowpea reached the R9 stage, irrigation was interrupted to reduce the contained
grain moisture, accelerating the grain maturation process. At this time, the values of
available soil water content were 108%, 54%, 33% and 3%, and 122%, 47%, 8% and 0% for
T1, T2, T3, and T4 treatments in 2015 and 2016, respectively.

Using mobile covers, it was possible to control the entry of water into the soil in T4,
which provided a greater change in volumetric soil water content for all treatments. In
2016, T4 reached 0.117 m3 m−3 of volumetric soil water content at 47 DAS, close to the
permanent wilting point (PWP), corresponding to 0% available soil water content. Ferreira
et al. [13] report that each species differs regarding the response to soil moisture and that
PWP in isolation is not a suitable criterion for establishing water availability to the plant.
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Figure 3 shows the report of ANOVA (Tukey’s test at 5% probability) applied for
averages of Net photosynthetic rate (A), Leaf transpiration (Eleaf) Stomatal conductance (gs)
and Substomatal CO2 concentration (Ci) of cowpea in response to water deficiency under
different reproductive phases during 2015 and 2016. It was noted that A, Eleaf, gs and Ci were
higher (p ≤ 0.05) in the absence of water deficiency regardless of the reproductive phase as
well as the year evaluated. Considering that the T1 treatment represents a hypothetically
ideal condition in terms of water availability, it is clear that throughout the reproductive
phase the ecophysiological variables remained at close levels despite the phenological
evolution, corroborating the hypothesis that the differences found over time were more
related to the water deficiency factor than due to the natural aging of the plant.

Figure 3. Net photosynthetic rate—A (A), Leaf transpiration—Eleaf (B), Stomatal conductance—gs (C) and Substomatal CO2

concentration—Ci (D) of cowpea plants in differents reproductive phase in response to accumulated soil water deficiency in
the 2015 and 2016 (E–H) experiments, respectively. Means followed by the same letter do not differ statistically between
treatments (Tukey teste, p ≤ 0.05).

The effects of accumulated water deficiency for the variables as a function of the
imposed treatments were more significant (p ≤ 0.05) after the reproductive phase R5,
becoming more accentuated in phases R8 and R9, when all variables differed statistically
between treatments (p ≤0.05), corroborating that the water stress is more severe during the
reproductive stage [5]. However, in the 2016 experiment, variables A, Eleaf and gs started to
differ significantly (p ≤ 0.05) in phase R7. Between phases R5 to R8, all ecophysiological
variables showed, in treatments T2 and T3, respectively, values associated with leaf water
potential levels (Ψw) greater and lesser than −0.8 MPa (data not shown).

The highest rate of A in response to water availability (p ≤ 0.05) occurred in treatment
T1 corresponding to 37.8 µmol CO2 m−2 s−1 in phase R7 and 38.4 µmol CO2 m−2 s−1 in
phase R8, in 2015 and 2016, respectively. At the end of the experiment (phase R9), the rates
of A, Eleaf, gs and Ci were reduced (p ≤ 0.05) to 7.5 (8.5) µmol CO2 m−2 s−1; 2.8 (2.9) mmol
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H2O m−2 s−1; 78.9 (82.8) mmol H2O m−2 s−1, 207.5 (206.9) mmol H2O m−2 s−1 in the year
2015 (2016).

As there was no significant difference in the effect of water deficiency between the 2015
and 2016 experiments in the ecophysiological variables analyzed [14], data were grouped
for regression analysis. Figure 4 shows leaf water potential (Ψw), Stomatal conductance (gs),
Net photosynthetic rate (A), Substomatal CO2 concentration (Ci), leaf transpiration (Eleaf)
and leaf temperature (Tleaf) of cowpea over the reproductive phase under different water
deficiency values. All variables’ responses were fit to an exponential model (except leaf
temperature) that could explain the effects of water deficiency on cowpea ecophysiology
variables with high precision, especially Eleaf, A and gs (R2 > 0.9).

Figure 4. Leaf water potential—Ψw (A), stomatal conductance—gs (B), net photosynthetic rate—A (C), substomatal CO2

concentration—Ci (D), leaf transpiration—Eleaf (E) and leaf temperature—Tleaf (F) of cowpea plants during the reproductive
phase according to accumulated soil water deficiency in the 2015 and 2016 experiments, Castanhal, Pará. ** Significant by
the F test (p ≤ 0.01).

Ψw measurement results indicate that the highest values were found in T1 for both
years, with averages close to −0.6 MPa (Figure 4A). The T4 treatment, which suffered
the greatest influence from water deficiency among the treatments with interruption of
irrigation, showed more negative values, reaching averages equal to −1.21 MPa in 2015
and −1.22 MPa in 2016 at the end of the experiment. The other treatments followed a
natural trend for water availability in the soil, with averages of −1.01 and −1.03 MPa for
T2 and −1.16 and −1.18 MPa for T3, in 2015 and 2016, respectively.
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As expected, the Ψw was directly related to the soil moisture, decreasing according
to increasing soil water deficiency (Figure 4A). The results are similar to those obtained
by Dias and Bruggemann [15] that found leaf water potential to vary between −0.82 and
−1.18 MPa, with a water deficit imposed in the reproductive phase, but differ from those
obtained by Micheletto et al. [16], who observed Ψw values of −2.30 and −2.57 MPa,
respectively, for common bean submitted to a water deficit. It is important to mention that
the leaf water potential can vary according to the crop phenological stage, cultivar, water
availability in the soil, vapor pressure deficit, and the time and place of recording [7].

For gs, as expected, lower average values were found in T4, showing 78.95 mmol
H2O m−2 s−1 in 2015 and 82.79 mmol H2O m−2 s−1 in 2016, at the end of the cowpea crop
cycle (Figure 4B). The T2 treatment presented 380.57 and 394.24 mmol H2O m−2 s−1, and T3
presented 153.74 and 168.31 mmol H2O m−2 s−1, in 2015 and 2016, respectively, at the last
measurement date. These results indicate a direct relationship between gs and available water
content—that is, the lower the water content in the plant, the lower the stomatal opening.

The T1 treatment, which was maintained close to the field capacity during the entire
experimental period, showed a higher degree of stomatal opening than the other treatments,
reaching average values of up to 716.17 mmol H2O m−2 s−1 in 2015 and 712.20 mmol
H2O m−2 s−1 in 2016. Regarding the final average values of gs, there were reductions of
31% for T2, 72% for T3, and 86% for T4 in 2015, and 28% for T2, 69% for T3 and 85% for T4
in 2016.

In both years, there was a decline in the A of cowpea plants according to the advance
of water deficiency (Figure 4C). T1 showed the highest rates during the experimental
period, reaching averages of 31.91 and 32.75 µmol CO2 m−2 s−1 in the last observation,
while T4 reached only 7.57 and 8.49 µmol CO2 m−2 s−1 at the end of the cycle in 2015 and
2016, respectively.

The A showed significant reductions throughout the experiment, following a exponen-
tial pattern (Figure 4C). Reductions of 24%, 53% and 76% for the T2, T3 and T4 treatments
were observed at the end of the reproductive phase in 2015. In 2016, reductions of approxi-
mately 32%, 57% and 74% were found for T2, T3 and T4, compared to the T1 treatment,
respectively.

In the two years of experimental conduction, for all evaluations, the values of Ci
responded exponentially to the soil water supply, with higher values of Ci according to
the greater water availability (Figure 4D). Thus, T4 always presented the lowest values,
closely followed by T3, in relation to other treatments, showing 207.52 and 206.92 µmol
CO2 m−2 s−1 for T4, and 209.72 and 211.6 µmol CO2 m−2 s−1 for T3, in 2015 and 2016,
respectively, at the end of the reproductive phase. T1 and T2 also showed similar trends
in 2015 and 2016, but with higher values, corresponding to 267.08 and 256.95 µmol
CO2 m−2 s−1, and 249.32 and 245.98 µmol CO2 m−2 s−1, respectively.

The T1 treatment showed the highest average Eleaf, varying from 8.74 to 9.78 mmol
H2O m−2 s−1 in 2015 and from 8.68 to 9.53 mmol H2O m−2 s−1 in 2016. The other
treatments behaved as expected, with 7.36 and 7.17 mmol H2O m−2 s−1 for T2, 4.63 and
4.78 mmol H2O m−2 s−1 for T3, and 2.78 and 2.96 mmol H2O m−2 s−1 for T4, in 2015 and
2016, respectively. With decreased water supply to the plant, Eleaf responded negatively,
with reductions of 18%, 48% and 69% for T2, T3 and T4 in 2015, respectively, and 19% for
T2, 46% for T3, and 67% for T4 in 2016, when compared to T1, in the last measurement.

With the stomatal closure to avoid water loss through transpiration, there was an
increase in Tleaf (Figure 4B), which reduced the photosynthetic capacity due to the decrease
in CO2 inflow by reducing gs. In the present study, the increase in Tleaf between treatments
reached a difference of up to 4 ◦C, with the highest Tleaf found for T4, equal to 37.77 ◦C in
2015 and 37.38 ◦C in 2016, while there was little variation (≈2 ◦C) in T1 throughout the
experimental period for the two years studied. The other treatments followed a natural
trend for soil water availability, with final average values of 34.23 and 34.02 ºC for T2 and
36.54 and 36.06 ◦C for T3, in 2015 and 2016, respectively.
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When the Ψw reached −0.88 MPa (related to treatment T3), the analyzed variables
significantly decreased (Figure 3), except leaf temperature, which increased (Figure 5A–D),
corresponding to 60% for gs, 34% for A, and 39% for Eleaf, in addition to an increase of 3 ◦C
in Tleaf. In both experimental years, the response of echopysiological variables was similar,
with a reduction (increase) in such variables A, gs, Eleaf (Tleaf) according to the increase in
water deficiency. Similar water deficiency effects were found by Rivas et al. [17], studying
the tolerance of cowpea to water deficit, where by reducing the irrigation depth, there were
reductions of 75% in Ψw, 83% in gs and an increase of 3.57% in Tleaf, also corroborating the
results obtained by Medrano et al. [18], Dias and Bruggemann [15], Singh and Reddy [19]
and Hayatu and Mukhtar [5]. Such results suggest this Ψw value as the threshold for water
stress of cowpea in response to the water deficiency imposed.

Figure 5. Leaf temperature—Tleaf (A), leaf transpiration—Eleaf (B), net photosynthetic rate—A (C) and stomatal conductance—gs
(D) of cowpea plants according to the leaf water potential (Ψw) in the 2015 (red) and 2016 (blue) experiments, Castanhal, Pará.

In both years, the cowpea grain productivity proved that the differentiated soil water
availability directly influenced production, as the greater the deficiencies caused by the
treatments, the lower the final values of grain weight (Figure 6). The average values of
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productivity were 1474 (T1), 1098 (T2), 943 (T3), and 638 kg ha−1 (T4) in 2015, and 1597 (T1),
1295 (T2), 1069 (T3), and 684 kg ha−1 (T4) in 2016. Ainsworth and Rogers [20] report that
plants submitted to water deficiency show less stomatal opening and a reduction in the
interval that stomata remain open. In 2015, the decrease in productivity of the treatments
was 25% for T2, 36% for T3 and 57% for T4. In 2016, these were 19%, 33% and 57%, for T2,
T3 and T4, respectively.

Figure 6. Productivity of cowpea plants in the 2015 (A) and 2016 (B) experiments, Castanhal, Pará. (Bars represent standard
error.) Columns followed by the same letter do not differ statistically between treatments (Tukey teste, p ≤ 0.05)

4. Discussion

The total water blade applied in T1 (100% of ETc replacement) was sufficient to
supply the water demand of cowpea during both years (317.75 and 354.82 mm in 2015 and
2016, respectively), since according to Farias et al. [1] the total crop water consumption is
approximately 267.73 ± 10.21 mm for the cultivar under the local conditions. Studying the
response of different genotypes of cowpea for drought tolerance, Bastos et al. [21] found
reduced plant production with 50% of available water, causing considerable changes in
production components according to water availability.

In a study on cowpea plants submitted to water deficiency, reductions in Ψw, gs, and
Eleaf were also observed, with increased diffusive resistance to water vapor by stomatal clo-
sure, reducing transpiration and CO2 supply for photosynthesis [22]. Taiz and Zeiger [23]
report that inhibitions of growth and photosynthesis occur in plants suffering from water
deficiency during drought periods, indicating that the sensitivity of certain physiological
processes to water deficiency is a consequence of the plant strategy to deal with the water
availability variation.

The reduction observed in gs is explained by Ainsworth and Rogers [20], who report
that plants keep their stomata closed to avoid water losses under conditions of water stress,
with a certain turgor (higher water potential) maintained in some species, which is an
important characteristic of drought tolerance as observed in studies with C3 plants and on
cowpea by Medrano et al. [18] and Singh and Reddy [19].

According to Taiz and Zeiger [23], gs is recognized as the variable that suffers the
greatest influence, as it is controlled by the stomatal opening and closure, mainly according
to environmental conditions, such as vapor pressure deficit, relative air moisture, and
global solar irradiation. It is possible to observe that several factors can influence the
stomata, but the effect of stress caused by water deficit on this parameter is evident, which
can be used as an indicator of water deficiency [18].

The exponential decrease in the A occurred possibly as a result of the decline in gs, as
the stomatal opening is the main responsible for the entry and exit of gases in the plant and
affects the process of photosynthetic gain by controlling the CO2 inflow [20]. The reduction
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in photosynthetic activity by reducing the CO2 assimilation is an indicator of the water
deficiency effect [24].

According to Ainsworth and Rogers [20], the greater the lack of water in the plant,
the lower the stomatal opening degree and, consequently, the greater the resistance to the
entry of atmospheric CO2; therefore, the intrafoliar concentrations of CO2 tend to decrease
substantially. Souza et al. [22], evaluating the water relations and gas exchange of cowpea
submitted to different irrigation managements, found that the reduction in irrigation leads
to linear reductions in the plant photosynthetic rate.

The response pattern of the Ci as a function of accumulated soil water deficiency
demonstrates that the Ci reduction occurs with decreased availability of water to the plant.
According to Matthews et al. [24], the increase in Ci values is usually followed by increases
in gs. Under such conditions, there is an increase in the activity of ribulose-1.5-bisphosphate
carboxylase-oxygenase (rubisco), increasing CO2 consumption [25]. The increase in the
Ci under low water availability, as seen in Figure 4D, may be related to a decrease in the
enzymatic activity involved in the CO2 fixation process. Zhao et al. [26] suggest that an
increase in the Ci associated with a decrease in gs, in conditions of water deficiency, may
indicate a decrease in carboxylation efficiency. Therefore, when there is an increase in the
Ci, with a decrease in gs, the decrease in A indicates that this limitation is not only due to
the increase in stomatal resistance, but also to the effect of water stress on photosynthesis.

As observed in previous variables in the present study, with increased soil water
deficiency, the transpiration levels decreased, a mechanism used by the plant to prevent
dehydration through transpiration [23]. The Eleaf control by stomata is a mechanism used
by many species to restrict water loss and overcome drought periods [7]. According to
Medrano et al. [18], the maintenance of Tleaf equal or slightly lower than the environment
indicates the cooling capacity of plants, through the maintenance of the gs, aiming at
keeping the plant protected from very high thermal ranges. According to Lin et al. [27],
Eleaf has important effects in tropical plants, such as cooling the leaf, since in order to
evaporate the water from the leaf, the water removes its thermal energy, reducing the Tleaf
from 2 to 3 ◦C compared to the air temperature. Singh and Reddy [19] found significant
reductions in Tleaf in cowpea plants submitted to water deficiency during the vegetative
and reproductive phases.

The increase in Tleaf showed a direct relationship with the water availability in the soil,
with higher Tleaf values according to the greater water deficiency. The increase in Tleaf as a
function of water stress can be explained by the reduction in loss of latent heat through
transpiration, which usually reduces under these conditions [27]. Data from previous
studies show that Tleaf is usually higher than the air temperature under dry conditions,
resulting in an increase in the leaf/environmental temperature ratio [19].

The lower productivity was due to the reduced soil water supply. Bastos et al. [21]
observed a reduction of 60% in the productivity levels (grain yields) studying cowpea
genotypes under water deficiency. Similar results were found by Hayatu and Mukhtar [5]
and Nunes et al. [10] that found reductions of 21.38%, 36.12% and 49.50% in treatments
under water restriction. Souza et al. [4] found significant reductions in the productivity of
this cultivar when it was submitted to rainfed conditions, corresponding to a reduction of
41% under water deficiency of 26 mm, and 72% under a deficiency equal to 76 mm.

According to Hetherington and Woodward [28], since gs has the function of regulating
gas exchange, it also has great affinity for the photosynthetic process, participating directly
in plant growth and development. In this sense, the plant suffers a reduction in gs and Eleaf
and, as a consequence, there is an increase in Tleaf and a reduction in final productivity [23].
Under such conditions, the reduction in leaf area of plants as well limits productivity due
to the decreased light interception and CO2 absorption [29].

5. Conclusions

The reduction in soil water content reduces the water potential and gas exchange of
the plant, reducing crop productivity.
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The irrigation depth of T1 showed the best result for all the studied variables. There-
fore, it is the most indicated for cowpea (BR3-Tracuateua) under the climatic conditions of
northeast Pará.

The value of −0.88 MPa was established as threshold water potential, from which the
water deficiency causes negative effects for cowpea (BR3-Tracuateua) grown under the
climatic conditions of northeastern Pará.
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Abstract: There is increasing concern regarding global warming and its severe impact on the farming
sector and food security. Incidences of extreme weather conditions are becoming more and more
frequent, posing plants to stressful conditions, such as flooding, drought, heat, or frost etc. Especially
for arid lands, there is a tug-of-war between keeping high crop yields and increasing water use
efficiency of limited water resources. This difficult task can be achieved through the selection of
tolerant water stress species or by increasing the tolerance of sensitive species. In this scenario, it is
important to understand the response of plants to water stress. So far, the response of staple foods
and vegetable crops to deficit irrigation is well studied. However, there is lack of literature regarding
the responses of ornamental plants to water stress conditions. Considering the importance of this
ever-growing sector for the agricultural sector, this review aims to reveal the defense mechanisms
and the involved morpho-physiological, biochemical, and molecular changes in ornamental plant’s
responses to deficit irrigation.

Keywords: ornamental species; water deficit; water stress; defense mechanisms; climate change;
stress responsive genes; stress adaptation

1. Introduction

Climate change refers to anomalous atmospheric conditions, as well as sudden un-
expected climatic events, such as floods, hurricanes, intense and/or prolonged drought,
extreme temperatures, etc. Drought is among the environmental stressors that has the most
severe impact on crops throughout the world [1–3]. One-third of arable lands are already
defined as arid or semi-arid ones [4], and the severity of drought shows increasing trends [5]
since a 5 ◦C increase in mean air temperature is expected in the following years [6–10].
According to experts, the drylands on Earth will increase by 30% and the drier summers
and reduced rainfall are expected to affect mostly Asian mid-continental regions, southern
Europe, Northern and South Africa [11]. The reduction of usable water sources and the
continuous demographic growth make it necessary to improve water use efficiency in the
farming sector in order to ensure food security for the years to come. A big step towards
this goal has been made by the introduction of soilless cropping systems, where the use of
irrigation water is under continuous control [12]. However, the appropriate supply of water
to crops, even in soilless conditions, requires the monitoring of various parameters, such as
the growth substrate humidity, the climatic and microclimatic conditions, and most impor-
tantly, the water status of plants [13], which is more complex to quantify than climatic and
growth substrate related parameters [14]. Furthermore, there may be differences between
species or even cultivars of the same species in terms of water stress, especially under
deficit irrigation conditions where a genotype dependent response is observed. Scientists
are looking for mechanisms that regulate the response of plants to water stress, aiming to
either identify the most tolerant species or increase tolerance in the sensitive ones. For this
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purpose, genetic studies are based on breeding and genetic engineering of model plants,
such as Arabidopsis thaliana [1,15,16], so that the obtained responses could be extrapolated
to other crops such as staple food, medicinal, aromatic, and fiber plants. The efficient use of
water is a crucial point in cultivating ornamental plants which have to respond to different
needs, e.g., moderate use of natural resources, climate change, environmental pollution,
increasing production costs, and maximizing profits [17,18]. Unfortunately, there is still
no standard protocol for the irrigation of ornamental species, and water requirements of
plants are covered based on growers’ personal experience [14,19].

Knowing the response of different species to water stress conditions would allow the
identification of morphological indices and biochemical markers useful for distinguishing
sensitive and tolerant species to water deficit stress [20–22]. Therefore, in this review, the
morphological, biochemical, physiological, and molecular responses of the main orna-
mental plants cultivated throughout the world have been studied. Moreover, a literature
update regarding the genes involved in ornamental plants’ response to water stress is also
presented and discussed.

2. The Effect of Deficit Irrigation on Morphology, Growth, and Quality of
Ornamental Plants

The growth and morphology of ornamental plants have an aesthetic value and are
very important parameters which guide the consumer’s choice. The effects of deficit
irrigation on the leaf are related to orientation changes, to reduction of leaf area and leaves
number, to reduction of trichomes and canopy area, and to increase in leaf thickness as
plant responses to avoid water losses [23–26] (Figure 1, Table 1).
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Lantana and Ligustrum, two important ornamental plants of the Mediterranean area,
showed an increase in spongy and palisade tissue, following severe water stress [24].
The change in the leaf anatomy serves to increased diffusion of CO2 from the external
atmosphere to the spaces between cells [25,27], while thicker leaves presented higher
chlorophyll content and photosynthetic activity [27]. Therefore, these responses related to
leaf anatomy constitute an avoidance mechanism to reduce water losses.

Water stress has an impact on the morphology of Chrysanthemum morifolium Ramat
cv. Hj inflorescences, an ornamental plant characterized by ray and disc florets [28]. The
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reduction of soil moisture reduces the number and shape of ray florets, while the number
of disc florets increases. In Callistemon citrinus, the number of inflorescences did not
change under moderate stress but reduced when severe stress was implemented [14].
Avoidance mechanisms are also evident in Viburnum opulus L. and Photinia × fraseri, two
Mediterranean species which show alterations of leaf parameters under both moderate (60%
evapotranspiration [ET]) and severe (30% ET) water stress conditions [27]. The changes in
leaf parameters depend on the intensity of water deficit as well as on the genotype.

Reduction in leaf thickness in terms of epidermal thickness, palisade, and spongy tis-
sue, and higher stomatal density have been associated with greater water stress sensitivity
in Passiflora alata plants [29], whereas Passiflora setacea has shown fewer leaf anatomical and
is considered more tolerant to deficit irrigation. Moreover, deficit irrigation may change
the shape of chloroplasts in Paeonia ostii plants, e.g., from an oval shape in control plants to
a more rounded shape in stressed plants [30]. All the above-mentioned examples reveal
the diversity in plants’ responses to water stress related to leaf parameters and highlight
the complexity of the defense mechanisms against water stress.

Growth reduction is one of the first manifestations that plants are subjected to with
water stress. For example, the application of water stress for one, two, or three weeks
decreased the growth of poinsettia (Euphorbia pulcherrima) in terms of plant height (67.4,
57.0, and 49.0 cm, respectively) and leaf area (2.91, 1.22, and 0.93 cm2, respectively) [18].
In addition, Rosa damascena Mill., a rose from Damascus which is widespread all over
the world for its perfume and use in cosmetics and medicine, was subjected for 90 days
to 100% of field capacity (FC), moderate water stress (50% FC), and severe water stress
(25% FC) [10]. On the other hand, the number of leaves was not reduced by stress, so the
reduction in aerial biomass was mainly attributed to a reduction in leaf area [31].

Antirhinum majus cv. Butterfly is an ornamental plant widely used to beautify urban
areas and gardens, which also responds to water stress with a reduction of plant growth
parameters (leaves, shoots, flowers), as well as with changes in plant nutritional status
(the content of N, P, K, Mg, and Ca) [32]. Similarly, two cultivars of Matthiola incana L.,
an ornamental plant of the Brassicaceae family widely appreciated for its beautiful and
colorful flowers, was subjected to 5 levels of water stress, namely 90%, 80%, 70%, 60% of
field capacity [33].

Adonis amurensis and Adonis pseudoamurensis, two species belonging to the Ranun-
culaceae family [7] (Table 1), exhibited reduced growth only in the last days of deficit
irrigation treatment, indicating that they can tolerate water deficit conditions. Moreover,
water stress reduced shoot dry mass in purple coneflower plants (Echinacea purpurea L.)
by 51.5% [34], while five species of Passiflora spp. (P. edulis, P. gibertii, P. cincinnata, P. alata,
P. setacea) showed a reduction in growth within the range of 50–75%, following water deficit
conditions [29].

Water stress may also increase the root-to-shoot ratio. This is an adaptive response to
deficit irrigation as a result of the increase in the root system growth and the concomitant
reduction in the aerial part of the plant [14]. In this way, the plant tries to cope with reduced
water availability by increasing water absorption though roots and reducing water loss
from leaves at the same time [25,35,36]. Water stress may also cause changes in roots
architecture. For example, in Callistemon citrinus plants subjected to water stress, the main
roots were longer, whereas the growth of small roots, lateral and thinner ones, was elimi-
nated [37]. Similar results were reported for Nerium oleander L., Pittosporum tobira Thunb.,
and Ligustrum japonicum Thunb. ‘Texanum’ (Mediterranean ornamental shrubs) plants [12],
subjected to four levels of water stress (90%, 80%, 70%, and 60% of container capacity).

Rafi et al. [26] examined the morphological response to water stress in two na-
tive, and therefore already adapted to the local climate conditions, ornamental species,
namely Althea rosea and Malva sylvestris, and two exotic ones, namely Rudbeckia hirta and
Callistephus chinensis. The results showed that, concerning roots length, volume, and den-
sity, a decreasing trend was observed with increasing water stress severity in the case of
C. chinensis and M. sylvestris. In contrast, in A. rosea, the length of the roots increased as
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the deficit irrigation levels increased, while roots density decreased in R. hirta plants when
water stress was more severe.

Three potted Bougainvillea genotypes (B. glabra var. Sanderiana, B. × buttiana ‘Rosenka’,
B. ‘Lindleyana’ (=B. ‘Aurantiaca’) were grown on three irrigation levels (100%, 50%, and 25%
of substrate moisture) and two canopy shapes (globe and pyramid), aiming to identify the
most tolerant genotype and the most useful shape [38]. Moreover, the results showed that
total dry biomass was reduced as water stress increased, with the B. ‘Lindleyana’ genotype
recording the highest reduction (33%), followed by B. glabra var. Sanderiana (20%) and
B. × buttiana ‘Rosenka’ (5.5%). The effect of water stress on leaves number was the highest
in the case of B. ‘Lindleyana’ plants (reduced by 43%), followed by B. glabra var. Sanderiana
(reduced by 33%) and B. × buttiana ‘Rosenka’ (reduced by 19%). The authors also suggested
that the leaf area was reduced (by 43%) by water stress when canopy shape was pyramidal
compared to the global one, while water deficit also reduced the content of N, P, and K in
the three genotypes examined [38]. Moreover, according to Rouphael et al. [39], water stress
is responsible for the reduction in leaf macronutrient contents in plants, probably because
of the lower solubilization due to the water deficit, and therefore the lower absorption and
translocation of nutrients [40].

Tolerance mechanisms have also been recorded in Nerium oleander L., an evergreen
shrub belonging to the Apocynaceae family which is widespread in dry and semi-arid
regions, such as the Mediterranean ones. In the work of Kumar et al. [1], 1-year-old
Oleander plants were pot grown in a greenhouse and were normally irrigated until acclima-
tized. Subsequently, they were subjected to water stress and plants were analyzed after
15 and 30 days of stress initiation. The results showed that there were no effects on stem
elongation (cm) and fresh weight of leaves (g) after 15 days of stress, whereas the effects
became significant after 30 days of stress.

Four species belonging to the genus Sedum L. (Crassulaceae family), namely Sedum spurium,
S. ochroleucum, S. album, and S. sediforme, also called “Green roofs” and being used to adorn
the urban area and mitigate area pollution, showed different tolerance to water stress im-
plemented with interruption of irrigation for 4 weeks [22]. All species showed a reduction
in plant growth, and changes in morphological parameters (stem length, fresh weight)
which allowed to establish a gradual tolerance to deficit irrigation.
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3. Effect of Water Stress on Physiological Parameters, Hormonal Activity, and
Biochemical Changes
3.1. Gaseous Exchange

The complete or partial closure of stomata to reduce water losses in the instance of
water stress involves variations in gaseous exchange in leaves (Figure 1, Table 2). Several
parameters are considered to measure the changes in gaseous exchange, e.g., stomatal
conductance (gs), transpiration rate (E), and leaf relative water content (RWC) [26]. In
Damask rose, the stomatal conductance was reduced by 19% in mild stress (50% of field
capacity) and by 36% in severe water stress (25% of field capacity) compared to the control
treatment (100% of field capacity) [10]. The transpiration rate increased twofold in mild
stress (0.88 mmol H2O m−2 s−1) and remained unchanged under severe stress conditions
(0.43 mmol H2O m−2 s−1), compared to the control (0.44 mmol m−2 s−1). In the same con-
text, stomatal conductance was reduced with increasing water stress in Nerium oleander L.,
Pittosporum tobira Thunb., and Ligustrum japonicum Thunb. ‘Texanum’, while the values for
the same parameter were higher in N. oleander than in P. tobira and L. japonicum. [12]. In
addition, N. oleander had a larger leaf area than the other two species. These results showed
that N. oleander was more tolerant to water stress than the other two Mediterranean shrubs.
In another study, stomatal conductance was reduced in all five species of Passiflora spp.
which were subjected to water stress until stomatal closure and rehydrated when plants
exhibited wilting symptoms [29]. Moreover, at the time of rehydration, the five species ex-
hibited different conductance recovery rates, demonstrating different adaptation to deficit
irrigation as well as different adaptation strategies [29].

In tolerant plants, leaf RWC decreases as soil moisture is reduced [7]. In four species
examined by Rafi et al. [26] (Althea rosea, Malva sylvestris, and two exotic Rudbeckia hirta and
Callistephus chinensis), there was a reduction trend for the RWC parameter as water stress
increased, while the most sensitive species were C. chinensis and M. sylvestris, recording
lower relative water content by 59.0% and 52.5% compared to untreated plants, respectively.
A reduction in relative leaf water content relative water content was also observed in
Adonis amurensis and Adonis pseudoaumernsis [7] (Table 1), while for both species, the relative
water content decreased slowly at the onset of stress, and then decreased rapidly.

Leaf water potential (Ψw) and osmotic potential (Ψπ) are two physiological parameters
related to leaf water content and cell turgor. They reduce with increasing stress, as shown
in Bougainvillea plants subjected to water stress [38]. Moreover, water deficit may reduce
evapotranspiration values, stomatal conductance, and water potential, as shown in the
case of Callistemon citrinus plants [14].

Navarro-Rocha et al. [41] compared the morphological and physiological responses
to deficit irrigation in Geranium macrorrhizum, a plant widely used for its ornamental
characteristics (in particular, for its pink and white flowers), and the presence of germacron
sesquiterpene, an important essential oil constituent. The authors examined two varieties
of two different origins, namely a variety selected in England (Bevans’ (BV)), and a wild
Hungarian geranium (GH) [41]. Cuttings of both varieties were grown in greenhouses
within pots for 5 months, and after that, some pots were selected and subjected to stress
with water holding for six weeks. In both genotypes, water potential did not increase
excessively during the deficit irrigation period, and the authors attributed resistance to
water stress to the closure of stomata which allowed to regulate water losses. The water
potential remained constant for 20 days and then increased, resulting in accelerated water
losses from the plants. The greater foliar growth and the better water status of leaves in GH
variety were at the expense of root biomass, which was greater in the BV genotype (root
mass fraction = root biomass/total biomass = 0.87 kg kg−1). Moreover, both genotypes
had similar root water contents which also indicates that GH plants might have a higher
transpiration rate. In effect, under adequate water availability conditions, the larger leaf
area means higher growth rate, while under water shortage, it results in rapid water
losses through increased transpiration. The authors concluded that G. macrorrhizum can
tolerate water stress for at least one month. Although belonging to the same species, the
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two varieties had different morphological and physiological responses to water stress,
suggesting that Bevan variety is more suitable for ornamental purposes under water stress
conditions [41].

In another experiment, Viburnum opulus L. and Photinia × fraseri ‘Red robin’ were
grown both in open air and greenhouse conditions and subjected to moderate and severe
water deficit. In both species, the water potential of leaves decreased as the water deficit
increased, with more negative values being observed in the greenhouse experiment, while
the response of P. × fraseri plants was delayed compared to V. opulus. On the other hand,
in the field experiment, severe stress reduced stomatal conductance in V. opulus and photo-
synthetic activity in P. × fraseri plants, while under greenhouse conditions, the reduction
of stomatal conductance, transpiration, and photosynthesis already occurred even with
moderate and severe stress in the case of V. opulus and P. × fraseri, respectively. The various
physiological changes observed under moderate stress suggested that the decidual V. opulus
was more sensitive to water stress, compared to the evergreen P. × fraseri [27].

The closure of the stomata and the reduction of gaseous exchanges imply a reduction
in photosynthetic activity. Moreover, water use efficiency defines the relationship between
photosynthesis and transpiration (Pn/E). According to the literature, an increase in WUE
under water stress conditions is associated with an adaptation to deficit irrigation, while
WUE reduction is associated with sensitive species [42–44]. However, plants with low WUE
were more competitive in arid environments because they consumed more resources more
rapidly thus suppressing competitors. On the other hand, plants with high WUE show
a better performance in the absence of competition and regardless of water availability,
probably because they had better water and nitrogen reserves [45]. The WUE can increase,
decrease, or remain unchanged under water deficit conditions, depending on the genotype
and the water stress level [46].

In Callistemon citrinus, the water deficit increased the ratio between photosynthesis
and stomatal conductance (Pn/gs) [14]. Thus, photosynthesis increased as stomatal con-
ductance decreased up to a stomatal conductance of approximately 100 mmol m−2 s−1,
whereas for stomatal conductance values less than 100 mmol m−2 s−1, photosynthesis was
rapidly reduced, suggesting that other parameters (biochemical limitations) may influence
photosynthesis. The effect of water deficit on Pn/gs may vary based on many factors, such
as the species, variety, and stress intensity [14]. For example, in Callistemon plants, photo-
synthesis remained at acceptable values when stomatal conductance had values between
100 and 200 mmol m−2 s−1, which correspond to moderate water stress [14]. Moreover,
the moderate water stress in Callistemon determined higher Pn/gs and root/shoot ratios,
indicating the formation of small plants but of good quality with reduced losses of water
and inflorescences similar to the control.

3.2. Chlorophyll Content and Photosynthesis

The physiological status of plants can be assessed via the integrity of the photosyn-
thetic apparatus, and therefore the efficiency of the photosystems [25]. Adverse environ-
mental conditions, such as water stress, can damage the photosystems [25]. For example,
in Damask rose, the photosynthetic activity was reduced by 31% with moderate water
stress (4.5 µmol CO2 m−2 s−1) and by 55% with severe water stress (2.9 µmol CO2 m−2

s−1), compared to the control (7.5 µmol CO2 m−2 s−1) [10]. An indirect measurement to
evaluate this damage is the fluorescence of chlorophyll a. In particular, the values of this
parameter increase when photosystem II does not work efficiently due to an imbalance
between the number of electrons present in the photosystem and their use [47]. The Fv/Fm
ratio records the maximum quantum yield of PSII reaction centers and it is used to measure
the degree of plant stress [25] and an Fv/Fm ratio between 0.78–0.85 indicates the absence
of stress [25]. Ornamental plants of the Mediterranean area, such as Callistemon [48], were
considered tolerant to water stress since, during the treatment with different levels of
deficit irrigation, they kept constant optimum values of Fv/Fm (0.8), showing that they
have adopted particular strategies to dissipate the reducing power created during the stress
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conditions [49]. The tolerance of the species is observed in practice with the recovery of
plant when the stress is over or lessened [25]. In contrast, maximum quantum yield of PSII
(Fv/Fm) and net photosynthesis were reduced in Paeonia ostii plants when subjected to
water stress [30].

In other species such as Althea rosea, Malva sylvestris, Rudbeckia hirta, and Callistephus
chinensis, water stress significantly affected chlorophyll a and b content in all four species,
while total chlorophyll content was reduced by 16%, 18%, 31%, and 55% in A. rosea, R. hirta,
C. chinensis, and M. sylvestris, respectively [26]. In Nerium oleander L. plants, chlorophyll a
did not show a reduction after 15 days of stress but it was reduced by more than 50% after
30 days of stress. On the other hand, chlorophyll b increased in the first 15 days of stress
and decreased similarly to chlorophyll a at prolonged stress conditions. In contrast, the
carotenoids content was reduced even after 15 days of stress.

Oleander appears to be resistant to water stress because the symptoms related to plant
growth, water loss, and reduction of chlorophyll a and b content are visible only after a
month of stress [1]. The reduction of photosynthetic pigments in conditions of water deficit
is also shown for Antirhinum majus cv. Butterfly [32], Sedum sp. L. [22], Matthiola incana
L. [33], and Paeonia ostii [30], indicating sensitivity to water stress conditions.

In purple coneflower (Echinacea purpurea L.) plants subjected to water deficit con-
ditions, the chlorophyll content was reduced by up to 37.3%, and that of carotenoids
increased by up to 83%, compared to control plants. The increase in carotenoids attenuates
the oxidative stress caused by deficit irrigation, as carotenoids prevent the production of
singlet oxygen, thus mitigating the damage experienced by this radical [34].

In Rhododendron delavayi, the application of 9-days of water stress resulted in reduced
photosynthetic activity and damage to chloroplasts, along with a reduction in stomatal con-
ductance and transpiration [50]. Moreover, chloroplasts had an oval shape in control plants,
whereas under stress, the chloroplasts became swollen. However, when plants were re-
watered, the photosynthetic activity and other parameters were recovered, demonstrating
a strong tolerance capacity of this species [50].

3.3. Oxidative Stress: ROS Production and Adaptive Responses

Water stress causes an excess of excitation energy due to the slowdown of photo-
synthetic activity. This energy causes the formation of oxygen free radicals or ROS in
chloroplasts, mitochondria, and peroxisomes [25]. ROS include superoxide anion (O2

−),
hydrogen peroxide (H2O2), hydroxyl radical (OH−), singlet oxygen (1O2), and ozone (O3).
These molecules are very reactive due to the presence of single electrons at their outer
orbitals and may convert to other forms either spontaneously or enzymatically, e.g., O3
decomposes into H2O2, O2

− and 1O2; O2
− can be transformed into H2O2, and H2O2

can react with Fe2+ to form OH [25]. ROS are produced by plants not only under stress
conditions since they are by-products of aerobic metabolism and are also used as signal
molecules, while at normal conditions, their level is kept low by antioxidant enzymes ac-
tivity [22]. Abiotic or biotic stress may raise the content of ROS, including water stress [25].
An excess of ROS indicates a condition of oxidative stress because, being radical, these
molecules are very reactive and may damage or cause cell death [51]. Oxygen radicals
affect membranes, proteins, and the genome, therefore cellular structures and metabolism
are severely altered [52,53].

Various molecules can be used as an index of oxidative stress, such as H2O2 and
MDA (malondialdehyde), and electrolyte leakage. H2O2 at low concentrations is a signal
molecule for the development of tolerance to various biotic and abiotic stresses, while
when its concentration increases, it may contribute to oxidative stress as it can oxidize the
thiol groups of enzymes by inactivating them [7]. For example, a high increase in H2O2
and O2

− with increasing water stress was observed in Paeonia section Moutan DC plants
subjected to 12 days of water stress [30].

On the other hand, malondialdehyde (MDA) is a marker molecule of lipid peroxida-
tion and it is formed by the oxidation of polyunsaturated fatty acids caused by ROS. In the
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case of purple coneflower plants (Echinacea purpurea L.), water stress increased the MDA
content by up to 75.8% compared to non-stressed plants, highlighting the important infor-
mation that can be revealed regarding the susceptibility of various species to stressors [34].
Moreover, an increase in H2O2 and MDA was recorded and shown for Adonis amurensis
and A. pseudoamurensis plants subjected to water stress [7]. In particular, in the case of
water-stressed plants of A. amurensis, H2O2 increased from 2.07 µmol g−1 FW to a maxi-
mum of 4.56 µmol g−1 FW, while in A. pseudomurensis, the increase was greater and up to
9.13 µmol g−1 FW in the first 20 days of water stress and then decreased. Concerning MDA
content, A. pseudomurensis contained higher amounts, demonstrating that it was more
susceptible to water stress than A. amurensis. Similarly, Koźmińska et al. [22] examined the
response to water stress in four species of Sedum L. and suggested that the MDA presence
may confirm the sensitivity of the species to this stressor. In the same context, the lack of
changes in MDA content detected in other species may indicate the presence of effective
defense mechanisms against oxidative stress. Finally, electrolyte leakage is another index
for stress evaluation which indicates membrane stability under stress conditions. Therefore,
water deficit tolerant plants are expected to present low electrolyte leakage values [26].

However, plants have an “innate” defense mechanism which can either block the
formation of ROS or block their oxidative activity when they are formed. This innate
immunity refers to secondary metabolites and antioxidant enzymes that plants synthesize
to protect themselves against stressors [51,54]. Among the detoxifying enzymes, the
most commonly measured are superoxide dismutase (SOD), catalase (CAT), peroxidase
(POD), glutathione peroxidase (GPX), and ascorbate peroxidase (APX). Catalase is found
in peroxisomes, while the rest of the enzymes are found in different organelles [55]. The
quantity and presence of antioxidant molecules or enzymes can reveal the plant’s response
to stress.

For example, in Adonis amurensis plants, the CAT and POD enzymes reduce their
activity within the first 10 days of stress initiation (2.08 and 521.15 U g−1min−1, re-
spectively), while after 30 days of stress, both enzymes increase their activity (3.42 and
695.39 U g−1min−1, respectively) compared to the control at the same day (2.62 and
554.31 U g−1min−1, respectively) [7]. The POD enzyme also showed a similar trend
in A. pseudoamurensis, examined by the same authors. In both species (A. amurensis
and A. pseudoamurensis), SOD enzyme reached the maximum of its activity in 10 days
after stress (7.76 × 106 and 7.02 × 106 U g−1 h−1 FW, respectively), and then it reduced
as stress retained (2.49 × 106 and 4.12 × 106 U g−1 h−1 FW, respectively). Similarly, APX
reaches its maximum activity at 30 days of stress in both species [7]. Moreover, in both
species, H2O2 and MDA were detected at low concentration at the beginning of deficit
irrigation implementation, probably due to the concomitant accumulation of antioxidant
molecules and enzymes. Then, the concentration of H2O2 and MDA increased with the
persistence of stress, a finding which indicates that in conditions of severe stress, both
species were unable to reduce oxidative stress, despite the increase of antioxidant enzymes
content, probably due to the disruption of the antioxidant defense mechanism [56].

In the case of Nerium Oleander L. [1], water stress induced a 6-fold increase in APX
(ascorbate peroxidase) content compared to the control treatment after 15 days of stress and
4.5 times after 30 days of stress, while GR (glutathione reductase) increased its activity by
1.6 times after 30 days of stress. The activation of other antioxidant enzymes tested, such as
SOD and CAT, was not observed in Oleander plants, indicating they were not involved in
the plant defense mechanism.

An increase in all enzymes tested, namely (catalase (CAT), peroxidase (POX), ascorbate
peroxidase (APX), and superoxide dismutase (SOD), especially the activity of CAT, was
observed in Purple coneflower plants (Echinacea purpurea L.) subjected to water deficit [34].
Moreover, after 12 days of deficit irrigation application in Paeonia ostii plants, a signif-
icant increase in the activity of peroxidase (POD) and ascorbate peroxidase (APX) was
observed [30]. On the other hand, the SOD enzyme activity was increased in the first four
days of stress, and then it was reduced in the 8 following days compared to control plants.
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Apart from enzymes, secondary metabolites are responsible for plant’s tolerance to
stressors. The main antioxidant secondary metabolites are tocopherol, ascorbate, glu-
tathione, phenols, alkaloids, flavonoids, and proline [25,47,51,57–60]. Phenolic compounds,
including flavonoids, were found to be increased in response to water stress, indicating
their important role in the overall defense mechanism of plants [34,61,62].

In Nerium Oleander L., the total phenols content was slightly increased within the
first 15 days of stress and further increased after 30 days of stress. Flavonoids behave as
an inducible defense mechanism and their concentration increases only in conditions of
severe stress (e.g., after 30 days of deficit irrigation) [1]. In PanAmerican and Cinderella,
two cultivars of Matthiola incana L. subjected to water deficiency, the anthocyanin content
increased from 0.92 to 1.31 (g FW) and from 0.90 to 1.44 (g FW), respectively, while the
phenolic compounds content increased from 0.22 to 0.43 (mg GAE g−1 FW) and from
0.27 to 0.38 (mg GAE g−1 FW) [33]. Moreover, water stress increased the total phenols
content by 17%, 29%, and 38% in plants of C. chinensis, A. rosea, and R. hirta respectively,
compared to control plants [26], while an increase in the content of secondary metabolites
such as chlorogenic acid, luteoloside, and 3,5-dicaffeoylquinic acid was also observed in
the flowers of Chrysanthemum morifolium under water stress conditions [28]. Finally, the
increase of phenols and flavonoids are an index of sensitivity to deficit irrigation in the
case of S. album and S. sediforme, compared to more tolerant S. spurium and S. ochroleucum
in which phenols or flavonoids are not formed after stress. However, phenolic compounds
alone are not a safe index for stress tolerance and other molecules and enzymes have to be
measured to evaluate plants response to water stress.

Ascorbic acid is another important antioxidant molecule which regulates the con-
centration of pro-oxidants, such as H2O2 and the closure of stomata and photosynthetic
activity. Its action is reflected in leaf growth, flowering, and senescence [63,64]. The content
of ascorbic acid, and other antioxidant compounds, such as phenols and flavonoids, is
highly affected by various abiotic stressors, such as salinity, high temperature, and water
stress [63]. For example, in Conocarpus lancifolius Engl., an ornamental species belonging
to the Combretaceae family and considered as tolerant to semi-arid environments [63], the
increase in phenols and flavonoids content in response to water stress was not accompanied
by an equal increase of ascorbic acid content. According to the authors, this response to
deficit irrigation is the result of a balance between various antioxidant molecules trying
to cope with the oxidative stress, or of the faster synthesis of phenols and flavonoids
compared to ascorbic acid. The same authors also suggested that phenols, such as caffeic
acid and quercetin, have greater antioxidant power than ascorbic acid, hence the higher
content detected [63].

3.4. Biochemical Changes

Water stress affects the osmotic balance due to changes in plant water status [65,66].
The main physiological responses of plants trying to adapt to the osmotic stress caused
by deficit irrigation are the osmotic adjustment (OA) [3,67], or the accumulation of solutes
in cells at levels that allow water uptake [31,68,69]. These solutes are proline, amino
acids, glycine betaine, sugars [67,70,71]. However, the energy used and committed for the
synthesis of these molecules cannot be used for growth and is called “fitness cost”.

Proline has been found to accumulate in plants following numerous abiotic stres-
sors [72,73]. In addition to its osmoprotective activity, proline is also an antioxidant and
activator of antioxidant enzymes and is involved in the activation of genes activated by
stress [74]. Its accumulation is considered an index of stress tolerance [26]. However, in
some species, the higher proline content is associated with stress conditions rather than
stress tolerance, meaning that plants with higher proline accumulation are considered
sensitive to water stress [26]. This is confirmed by the negative correlation which is usually
found between RWC and proline content [75]. In particular, water stress increased proline
content by 363%, 115%, 103%, and 83%, in M. sylvestris, C. chinensis, R. hirta, and A. rosea,
respectively, compared to control plants. However, the proline content was higher in
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M. sylvestris and C. Chinensis which are considered sensitive to water stress, compared
to the other two species (R. hirta and A. rosea) which are considered tolerant to water
stress [75]. Moreover, in the Damask rose, the proline content increases from 14.5 mM
(C) to 33.8 mM (50% FC), and 75.5 mM (25% FC), under water deficit [10]. An increase in
proline content under severe water conditions (30 days of withholding water) was also
found in Adonis amurensis and Adonis pseudoamurensis [7].

Osmolytes such as soluble sugars and proteins may increase at a certain level of stress
and then reduce as stress progresses, denoting the fact that this mechanism is effective at
first when the plant tries to defend itself and up to a point where stress interferes too much
with plant physiological processes, seriously compromising the synthesis of soluble sugar
and proteins. For example, under deficit irrigation conditions, Oleander plants accumulated
much more sugar than proline and glycine betaine, which only slightly increased their
concentration with stress (about 1.3 times, compared to the unstressed control treatment).
It could be suggested that in Oleander plants, sugars assume a more important role as
osmoregulatory compounds compared to proline and glycine betaine, thus demonstrating
their importance in plant metabolism and in defense mechanism as well [1].

3.5. Hormonal Activity

Hormones hold a key position in plant defense mechanism against abiotic stresses [7].
Abscisic acid (ABA) plays an important role in resistance to water stress [76] since it
regulates stomata closure to and reduces transpiration. Moreover, ABA is also involved in
the increase of the antioxidant response of plants against ROS [77]. Some studies showed
that adaptation of plants to arid environments is linked to the reduction in gibberellins
(GA) and a concomitant increase in ABA content [78,79]. For example, an increase in ABA
and a decrease in GA content was recorded in Adonis amurensis and Adonis pseudoamurensis
plants subjected to deficit irrigation. Since GA is a growth-promoting hormone [80], its
reduction may indicate a plant strategy of reducing water consumption needed for plant
growth and biomass production, while increasing tolerance to stress at the same time.

Ethylene is also important in plants’ response to stress and it has been found to
induce leaves senescence under deficit irrigation conditions [25]. Moreover, in the work
of Gadzinowska et al. [81], an attempt was made to study the biochemical mechanism
which regulates the adaptation of sweet briar rose (Rosa rubiginosa L.) to arid lands, through
analyzing auxin, cytokinin, and gibberellin synthesis. The authors reported that after
30 days of stress, a 3-fold increase (39 µg/g DW) in abscisic acid concentration was observed
in stressed sweet briar seedlings compared to control plants (approximately 13 µg/g DW),
demonstrating the significant role of abscisic acid in the species response to prolonged
stress. Moreover, a series of gibberellins were detected, namely GA1, GA3, GA4, GA5, GA6,
GA7, GA8, GA9, among which GA3, GA4, GA5, and GA6 increased with stress, especially
GA3 which increased by 329.8% (3-fold compared to the control) [81]. On the other hand,
GA9 content was reduced by 65.5% compared to the control. According to the authors, the
tolerance of rose plants to water stress was due to the reduction of specific gibberellins
(e.g., GA7, GA8, and GA9), since through gibberellins, deficiency plants may reduce their
growth and use excessive energy towards the defense mechanisms against water stress,
thus confirming the concept of “fitness cost” [81].

The same authors also showed that deficit irrigation resulted to the accumulation
of specific auxins, such as indole-3-acetic acid (IAA), indole-3-acetic acid methyl ester
(IAA-Met), indole-3-carboxylic acid (IAA-CarbA), indole-3-acetyl-l-aspartic acid (IAA-
AsA), indole-3-acetyl-l-glutamic acid (IAA-GluA), and indole-3-butyric acid (IBA). In
contrast, the content of other auxins, such as Oxo-IAA (oxindole-3-acetic acid), 4-Cl-IAA
(4-chloroindole-3acetic acid), and 5-Cl-IAA (5-chloroindole-3-acetic acid), was reduced
under water stress conditions [81]. The role of auxins against water stress consists in the
increase of lateral roots and induction of stress genes which allow the synthesis of ABA
and the modulation of antioxidant enzymes [82].
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Concerning cytokinins, a varied response was observed and 8 cytokinins were in-
creased, whereas 6 others were reduced. In particular, the cytokinin Kinetin riboside in-
creased up to 136.2% compared to the control [81]. According to the authors, the reduction
in cytokinins content due to an over-expression of the cytokinin oxidase/dehydrogenase
(CKX) enzyme also resulted in reduced growth of roots and the entire plant, allowing
the accumulation of bioactive molecules [81]. Besides, some cytokinins may activate tran-
scription factors to increase tolerance to water stress through the stimulation of salicylic
acid. Finally, the authors, after comparing the total amount of auxins, cytokinins, and
gibberellins, highlighted that stress increased the total content of gibberellins at the expense
of auxins and cytokinins [81]. This finding suggests that in the rose plants examined, the
overall hormonal balance is more important for plants response to water stress than the
changes in specific groups of hormones.
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4. Stress Genes Involved in Plant Tolerance Mechanism against Water Stress

The first perception of water stress by plants is achieved through the root system.
The plant responds to stress with physiological, biochemical, and molecular changes and
this response depends on the activation of specific genes. Studies on Arabidopsis thaliana
revealed the transcription products of these genes and identified transcription factors
synthesized during the water stress response [25]. From these studies, it emerged that the
intensity of stress activates specific genes involved in the response [83]. A target example
of the response to water stress is the synthesis of dehydrin as well as the activation of ABA
and ethylene pathways. Among the transcription factors involved in this response are
ABRE, AREB, AREB/ABFs, DREB/CBF, ABF/AREB, NAC, WRKY, AP2, ethylene response
elements [84], MYB2, and MYC2 [85].

Genes involved in the response to deficit irrigation also encode proteins, such as the
late embryogenesis abundant (LEA) [86,87], and membrane proteins, such as aquaporins,
i.e., the water channels [25].

Dendrobium catenatum is a species belonging to the Orchidaceae family, appreciated
not only as an ornamental plant but also for its pharmacological properties [88]. The
polysaccharides contained in the stems of the species possess anti-inflammatory and
antioxidant properties. The content of these polysaccharides is very sensitive to the amount
of light and water available to the plant. Huang et al. [88] performed a genetic analysis
of superoxide dismutase (SOD) in Dendrobium catenatum. SOD enzymes could be found
in different cellular compartments, and were distinguished according to the cofactor they
were bound to, e.g., Cu, Fe, and Mn (Cu/ZNSOD, Fe/SOD, and Mn/SOD) [89]. Genetic
screening led to the identification of 8 genes that code for the SOD enzyme, namely 4 genes
for Cu/ZNSOD: DcaCSD1, DcaCSD2, DcaCSD3, DcaCSD4, with probable localization of
the gene products being chloroplast and cytoplasm; 3 genes coding for FeSOD: DcaFSD1,
DcaFSD2, DcaFSD3, with localization of the gene product being chloroplasts (excluding
DcaFSD3); and 1 gene coding for MnSOD: DcaMSD1, which product was located in the
mitochondrion (Table 3). Furthermore, DcaCSD2, DcaCSD3, DcaCSD4, and DcaMSD1 genes
were expressed more in flowers and leaves than in roots and stems. Through phylogenetic
analysis, Huang et al. [88] also found that these genes were phylogenetically linked to
gene sequences of Arabidopsis, Oryza sativa, Phalaenopsis equestris, and Apostasia shenzhenica.
The authors then identified the gene regions in these genes involved in the synthesis of
hormones (gibberellins, abscisic acid, salicylic acid), and the response to cold, light, and
water stress, while they also revealed that all SOD genes were upregulated under severe
deficit irrigation conditions [88]. DcaCSD2 and DcaCSD1 genes were upregulated by up to
6 times and three times under water stress, respectively, compared to control [88]. Finally,
the authors highlighted that FeSOD and MnSOD are usually found in algae and bryophytes,
while Cu/ZnSOD is present only in higher plants, indicating that this form evolved later,
and probably due to environmental stresses which became more complex over time [88].
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Table 3. Water stress responsive genes.

Gene Species
Cellular or
Subcellular
Localisation

Activity during Water Stress References

DcaCSD1-2-3-4 Dendrobium catenatum
Chloroplast
(DcaCSD1),
citoplasm

Cu/ZnSOD synthesis [88]

DcaFSD1-2-3 Dendrobium catenatum Chloroplast Fe/SOD synthesis [88]

DcaMSD1 Dendrobium catenatum Mitochondrion [88]

HjCYC2c Chrysanthemum
morifolium Young inflorescence Adjusting of shape flowers of

Chrysanthemum morifolium [28]

FLS Chrysanthemum
morifolium Young inflorescence Adjusting of pathways of

flavonoids during water stress [28]

Lhca, Lhcb (18 genes), Psa
(11 genes), Psb (15 genes)

(all involved in
photosynthetic apparatus

synthesis),
F3H, DFR, ANS (flavonoids

biosynthesis)
PP2C (abscisic acid

synthesis), BAK1 and BRI1
(brassinosteroids synthesis)

Rhododendron delavayi Leaves

Response to stimulus;
Biosynthesis of secondary

metabolites (flavonoids and
brassinosteroids);

Synthesis of photosystem I and
II proteins, and electron
transport chain proteins;

Synthesis of ATP synthase

[50]

F3H, CCOAOMT, CYP98A
CAD, GLU, ZEP, NCED,

CCD, TKL, RPI, FBP, KCS,
ECH, PPT, LOX, CYP, ORP

Paeonia ostii Leaves

Increase of proline, flavonoids,
stilbenoid, diarylheptanoid,

and gingerol.
Reduction of chlorophylls,

carotenoids, phenylpropane
and fatty acids.

[30]

In studies with Rhododendron delavayi plants, an evergreen ornamental species, sub-
jected to deficit irrigation for 9 days, it was revealed through transcriptome sequencing
analyses the expression of 22,728 differentially expressed genes (DEGs) [50]. DEGs encod-
ing photosystem I and II proteins, electron transport chain proteins, and light-harvesting
chlorophyll-protein complex (Lhca, Lhcb, Psa, Psb genes) were found to be downregulated
in the presence of deficit irrigation treatment, whereas the same DEGs were upregulated in
the absence of stress (control or re-watered plants), allowing the recovery of photosynthetic
activity. Other DEGs involved in the antioxidant response system (synthesis of flavonoids,
anthocyanins, and antioxidant enzymes SOD, CAT, POD, GSH, APX) and in the transduc-
tion of the hormonal signaling were also upregulated during stress (Table 3). According
to the authors, the presence and expression of these genes allowed Rhododendron delavayi
plants to protect their photosynthetic activity and to exhibit a strong tolerance to water
stress [50]. In fact, Rhododendron delavayi was shown to have a high concentration of MDA,
SOD activity, and proline, and soluble sugars content during stress, while the values of the
same parameters were reduced with re-watering [50].

Zhao et al. [28] sequenced the HjCYC2c gene in Chrysanthemum morifolium Ramat.
cv. Hj, which is downregulated in ray florets but upregulated in disc florets, after water
stress. They also identified the FLS gene, which is involved in flavonoids biosynthesis
and determines the symmetry of Chrysanthemum flowers. It was also observed that in the
case of water stress, FLS was downregulated in ray florets and upregulated in disc florets.
According to the authors, these two genes interacted with each other in both the synthesis
of flavonoids and the regulation of flower symmetry in Chrysanthemum morifolium under
water stress conditions [28]. Moreover, the gene expression analysis of water-stressed
Paeonia ostii plants revealed 22,870 DEGs, of which 12,246 were up-regulated and 10,624
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were downregulated. Those upregulated were mostly DEGs involved in the biosynthesis of
proline, arginine, flavonoids and stilbenoids (F3H, CCOAOMT, CYP98A), where the down-
regulated ones were mainly involved in the biosynthesis of pigments, phenylpropanoids,
fatty acids, and in photosynthesis (CAD, GLU, ZEP, NCED, CCD, TKL, RPI, FBP, KCS, ECH,
PPT, LOX, CYP, ORP) [30].

The response of sensitive and tolerant ornamental plants to water stress is shown in
Figure 2, where in sensitive plants, morphological and physiological changes appear at
low and middle levels of stress above which plants generally fail to survive, whereas in
tolerant plants, morphological and physiological changes appear at levels between middle
and high stress.

Horticulturae 2021, 7, x FOR PEER REVIEW 16 of 22 
 

 

MDA, SOD activity, and proline, and soluble sugars content during stress, while the val-
ues of the same parameters were reduced with re-watering [50]. 

Zhao et al. [28] sequenced the HjCYC2c gene in Chrysanthemum morifolium Ramat. cv. 
Hj, which is downregulated in ray florets but upregulated in disc florets, after water stress. 
They also identified the FLS gene, which is involved in flavonoids biosynthesis and deter-
mines the symmetry of Chrysanthemum flowers. It was also observed that in the case of 
water stress, FLS was downregulated in ray florets and upregulated in disc florets. Ac-
cording to the authors, these two genes interacted with each other in both the synthesis of 
flavonoids and the regulation of flower symmetry in Chrysanthemum morifolium under wa-
ter stress conditions [28]. Moreover, the gene expression analysis of water-stressed Paeonia 
ostii plants revealed 22,870 DEGs, of which 12,246 were up-regulated and 10,624 were 
downregulated. Those upregulated were mostly DEGs involved in the biosynthesis of 
proline, arginine, flavonoids and stilbenoids (F3H, CCOAOMT, CYP98A), where the 
down-regulated ones were mainly involved in the biosynthesis of pigments, phenylpro-
panoids, fatty acids, and in photosynthesis (CAD, GLU, ZEP, NCED, CCD, TKL, RPI, FBP, 
KCS, ECH, PPT, LOX, CYP, ORP) [30]. 

The response of sensitive and tolerant ornamental plants to water stress is shown in 
Figure 2, where in sensitive plants, morphological and physiological changes appear at 
low and middle levels of stress above which plants generally fail to survive, whereas in 
tolerant plants, morphological and physiological changes appear at levels between middle 
and high stress. 

 
Figure 2. Graphic representation of morphological and physiological changes in drought-sensible 
and drought-tolerant ornamental plants as water stress level increases. 

Table 3. Water stress responsive genes. 

Gene Species 
Cellular or 
Subcellular 
Localisation 

Activity during Water Stress References 

DcaCSD1-2-3-4 Dendrobium catenatum 
Chloroplast 
(DcaCSD1), 
citoplasm 

Cu/ZnSOD synthesis [88] 

DcaFSD1-2-3 Dendrobium catenatum Chloroplast Fe/SOD synthesis [88] 
DcaMSD1 Dendrobium catenatum Mitochondrion  [88] 

HjCYC2c Chrysanthemum morifolium Young inflorescence Adjusting of shape flowers of 
Chrysanthemum morifolium [28] 

FLS Chrysanthemum morifolium Young inflorescence Adjusting of pathways of 
flavonoids during water stress [28] 

Lhca, Lhcb (18genes), Psa (11 
genes), Psb (15 genes) (all involved Rhododendron delavayi Leaves Response to stimulus; 

Biosynthesis of secondary [50] 

Figure 2. Graphic representation of morphological and physiological changes in drought-sensible
and drought-tolerant ornamental plants as water stress level increases.

5. Agricultural Practices to Mitigate Water Stress in Ornamental Plants

A sustainable practice to cope with water stress, with wide spreading use in agri-
culture, is the application of biostimulants. They are substances of natural origin and
microorganisms, such as fungi and bacteria, that are beneficial to plants. Recent studies
have revealed that they can mitigate or eliminate the oxidative damage caused by biotic
and abiotic stresses on vegetable crops. Furthermore, the use of biostimulants in agriculture
can help reduce the excessive use of fertilizers and pesticides [90].

Mycorrhizal fungi have been found to increase the resistance of plants to water
stress [25]. They absorb water through their hyphae, which they transfer to the plant. They
can also regulate the stomatal opening through hormonal signals. Furthermore, they are
involved in osmotic adjustment with greater accumulation of solutes, such as proline, in
plants treated with mycorrhiza [25]. Besides, they improve the nutritional status of plants.
In the work by Asrar et al. [32], Glomus deserticola (AMF) was used to inoculate seeds of
Antirhinum majus cv. Butterfly. The seedlings were then subjected to various treatments, e.g.,
80% (control treatment), 60%, 40%, and 20% of soil water content. The authors showed that
Glomus deserticola increased tolerance to water stress in A. majus since mycorrhiza-treated
plants showed increased leaf water potential and leaf water content, and reduced leaf
electrolyte leakage, compared to non-mycorrhiza-treated stressed plants [32]. Furthermore,
in the presence of fungi plants had a better growth and higher yield of flowers, a better
nutritional status (in terms of macro elements content), and a greater accumulation of
chlorophyll. The main effect of AMF seems to be the increased surface area, the improved
architecture and the higher length of roots which allow the greater absorption of water from
the soil. Furthermore, the lower proline accumulation in mycorrhiza-treated stressed plants
indicated their higher tolerance compared to the non-mycorrhiza-treated stressed plants.

Another example of the beneficial effect of biostimulant was the better performance
of Petunia spp., Viola tricolor, and Cosmos spp. plant grown under water deficit conditions
which was achieved through the use of Ascophyllum nodosum extracts [91]. Biowaste soluble
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hydrolysates also increased the photosynthetic activity and gas exchange of Hibiscus spp.
subjected to water deficit [92]. According to some authors, the positive effects of the various
biostimulants is the higher accumulation of biomass, the increased number of flowers, and
finally, the production of hormones, such as gibberellins and cytokinins, which stimulate
growth under stressful conditions [93].

Darvizheh et al. [34] showed that the exogenous application of salicylic acid and
polyamine spermine in purple coneflower plants (Echinacea purpurea L.), an ornamental
plant also known in medicine for the anti-inflammatory and antioxidant properties of
its extracts, increased the antioxidant defense, the pigment contents (chlorophyll and
carotenoids), plant biomass, flavonoid, and proline content, whereas it reduced MDA
content when plants were subjected to water stress.

Another way to increase resistance to water stress is to expose plants to irrigation
cycles and water stress. In these cases, plants responded with better recovery, meaning they
adapted to water stress by modulating their physiology for survival [23]. In fact, the plants
reduced gas exchanges to reduce transpiration while maintaining good photosynthetic
activity. Moreover, light water stress is used to reduce plant growth in pots, as shown in
Cornus alba, Lonicera periclymenum, and Forsythia × intermedia plants in the work by Davies
et al. [94].

6. Conclusions

Concerning the response of plants to environmental stress, such as drought, the
species or even the cultivars within the same species, are divided into sensitive and tolerant.
Sensitive genotypes generally cannot sustain their growth under prolonged or severe stress.
On the other hand, tolerant genotypes manage to survive severe or prolonged stress, but
up to specific limits which vary among the species and varieties. From the different species
analyzed in this review, it emerged that both sensitive and tolerant plants have an innate
defense mechanism which includes morphological changes, such increase of leaf thickness,
and the reduction of stomata density and plant growth, as well as physiological changes,
such as the restoration of osmotic balance, the closure of stomata, and the synthesis of
antioxidant molecules and enzymes. The response to water stress also includes hormonal
activity, transcription factors, and the activation of specific genes. Therefore, in tolerant
species, the stress response is greater than in sensitive plants, in terms of the amount
of molecules produced and enzymes activity. The better understanding of the defense
mechanisms of plants against water stress is of major importance in order to apply targeted
practices that will increase tolerance and allow the survival of crops under unfavorable
conditions. In this context, the use biostimulants is a novel and eco-sustainable agricultural
practice which may ensure not only improved water use efficiency in both sensitive and
tolerant ornamental plants, but also high yields under deficit irrigation. Another practical
application could be the irrigation management according to species or variety specific
requirements that could allow revegetation and landscaping even in regions with limit
water resources. Therefore, future studies are needed in order to better understand the
synergistic effects of biostimulants and the innate defense system of plants under stress,
as well as to establish specific agronomic protocols that allow sustainable cropping of
ornamental plants under stressful conditions. Finally, considering the species- or variety-
dependent response of plants to stressors and to biostimulant products application, further
studies are needed to identify those combinations that allow better crop performance under
water limitations.
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Abstract: With the global climate anomalies and the destruction of ecological balance, the water
shortage has become a serious ecological problem facing all mankind, and drought has become a
key factor restricting the development of agricultural production. Therefore, it is essential to study
the drought tolerance of crops. Based on previous studies, we reviewed the effects of drought stress
on plant morphology and physiology, including the changes of external morphology and internal
structure of root, stem, and leaf, the effects of drought stress on osmotic regulation substances,
drought-induced proteins, and active oxygen metabolism of plants. In this paper, the main drought
stress signals and signal transduction pathways in plants are described, and the functional genes
and regulatory genes related to drought stress are listed, respectively. We summarize the above
aspects to provide valuable background knowledge and theoretical basis for future agriculture,
forestry breeding, and cultivation.

Keywords: drought stress; osmotic regulation; LEA protein; ROS; signaling; drought-responsive gene

1. Introduction

Drought is one of the most important factors restricting agricultural production,
which seriously affects crop yield [1,2]. Moreover, as one of the main restraining factors in
the process of plant growth, drought can hinder plant respiration, photosynthesis, and stom-
atal movement; thus, affecting plant growth and physiological metabolism. In response to
drought stress, plants activate their drought response mechanisms, such as morphological
and structural changes, expression of drought-resistant genes, synthesis of hormones,
and osmotic regulatory substances to alleviate drought stress. To better reveal the mech-
anism of drought resistance of plants, based on a lot of previous work, we summarized
the status quo and progress of studies on the morphological structure, physiological and
biochemical mechanism changes, internal signal transduction system, and molecular regu-
lation mechanism of plants under drought stress in recent years. Under drought conditions,
plants sense water stress signals and produce signal molecules, such as abscisic acid (ABA),
Ca2+, inositol-1, 4, 5-triphosphate (IP3), cyclic adenosine 5′-diphosphate ribose (cADPR),
NO, etc., and directly or indirectly lead to the morphological and physiological changes of
plants through signal transduction. Indirectly, drought stress signals induce the expression
of downstream genes. Functional gene products, such as proline (pro), glycine betaine
(GB), soluble sugar (SS), late embryogenesis abundant (LEA) proteins, and aquaporin
(AQP) can be involved in plant metabolism and, thus, affect plant state. Regulatory gene
products, such as calcium-dependent protein kinases (CDPKs), mitogen-activated protein
kinases (MAPKs), HD-zip/bZIP, AP2/ERF, NAC, MYB, and WRKY can cause changes in
plant morphology or physiology by regulating signal transduction pathways or acting as
transcription factors to regulate the expression of downstream genes, and further enable
plants to successfully survive in the arid environment (Figure 1).
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Figure 1. The process of plant drought-tolerance development. 

We will elaborate from the following four parts. The first is the effect of drought stress 
on the external morphology and internal structure of plants. The second part elaborates 
the physiological and biochemical responses from the perspectives of osmotic regulation 
metabolism, drought-induced protein metabolism, and reactive oxygen metabolism. Here 
we summarize some important drought-regulating substances and we also briefly sum-
marize the generation and scavenging process of reactive oxygen species (ROS). The third 
part is the signal transduction pathway in plants. We describe common signals in detail 
and elucidation of intracellular signal transduction pathways. The fourth part is about the 
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We will elaborate from the following four parts. The first is the effect of drought stress
on the external morphology and internal structure of plants. The second part elaborates
the physiological and biochemical responses from the perspectives of osmotic regula-
tion metabolism, drought-induced protein metabolism, and reactive oxygen metabolism.
Here we summarize some important drought-regulating substances and we also briefly
summarize the generation and scavenging process of reactive oxygen species (ROS).
The third part is the signal transduction pathway in plants. We describe common sig-
nals in detail and elucidation of intracellular signal transduction pathways. The fourth
part is about the molecular regulation mechanism of plants. From the perspective of
genes, the anabolism and regulation mechanisms of osmotic regulation-related substances,
drought-induced proteins, signaling path-related substances, and transcription factors are
summarized respectively. All of the advances indicate that it is of great significance to study
the effects of drought stress on plants and explore the mechanism of drought tolerance.

2. Effects of Drought Stress on Plant Morphological Characteristics

When plants are subjected to drought stress, they will first respond to changes in
external form and internal structure. The most significant effect of water loss is that the
plant grows slowly and even dies. Studies have shown that plants under abiotic stress
can adapt to changing environmental factors through phenotypic plasticity. Therefore,
under the influence of the environment, xerophytes have formed certain morphological
characteristics in the process of evolution, and adapted themselves to drought in their
ontogenetic development under these characteristics. The drought-resistant plants have
morphological and structural characteristics that were adapted to the arid environment in
terms of leaves, stems, roots, and so on.

2.1. Drought Stress and the External Form of Plants

The obvious symptoms of water deficit during the vegetative period are plant height
decreased, leaf wilting, number and area of leaves changed. Plant height, severely affected
by drought, is closely related to cell enlargement and leaf senescence. The decrease in plant
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height is mainly due to decreased cell expansion, increased leaf shedding, and impaired
mitosis under drought conditions. Some studies have reported that plant height of lily [3],
maize [4], cane [5], and rice [6] decreased significantly under drought stress. In addition to
the changes in plant height, different organs of plants also differ significantly in morphology.
As an indicator of the degree of water shortage in direct response, leaves are the main
organs for plant assimilation and transpiration. Plant leaves generally adopt smaller
leaf areas, larger leaf thickness, and higher leaf tissue density to adapt to drought [7].
The change of leaf area, which directly affects plant photosynthesis and yield, is one of
the most easily observed features of plant leaves under drought stress. Previous studies
have shown that the main reasons for the change of plant leaf area are the leaf turgor
pressure, canopy temperature, and availability of photoassimilates [8]. Under the condition
of drought, the leaf turgor pressure and the rate of photosynthesis of plant leaves decrease,
which leads to the decrease of leaf area [9]. For morphological responses, Prunus sargentii
and Larix kaempferi experienced a significant decrease in leaf size, respectively in leaf
width and length under drought conditions [10]. Furthermore, Maclura pomifera [11],
Oryza sativa [6], Triticum aestivum [12], Lens culinaris [13], Dracocephalum moldavica [14] all
showed an obvious decrease in leaf area under drought stress. However, different plants
have different responses to drought stress, such as sugarcane leaves showed marginal
elongation under drought stress [5]. Another easily observed leaf morphology phenomenon
is leaf rolling, for the loss of the potential pressure due to water loss from the upper
epidermis of the leaf when plants are short of water. Under drought stress, the flag leaf
of wheat would be severely rolling [15]. In a xerophytic environment, conifers have thick
horny film, and their wilting and rolling motion can resist direct sunlight to improve their
water retention [16,17].

Apart from leaves, plant roots, as organs that directly absorb water, also play a
significant role in drought stress [18]. Developed roots can help plants to fully absorb and
utilize the water stored in the soil so that plants can survive the drought period [19]. What is
more, researches have shown that water is the main environmental factor affecting the
development of plant roots [20]. Therefore, the morphological changes of plant roots in arid
areas are particularly important. Root system configurations such as root hair, root branches,
and root density can significantly affect the water deficiency of plants. Drought stress can
inhibit the development of cotton seedlings, promote the elongation and thinning of fine
roots, shorten the life of fine roots with different diameters, promote the elongation of root
hairs, and accelerate their death [21]. Cunninghamia lanceolate can increase root complexity
and elongation, reduce root branching angles, leading to steeper and deeper roots system
to adapt to drought stress [22]. Maize treated by drought stress obtains more water from
dry soil by reducing lateral root branch density, making axial root elongation and rooting
depth larger [23]. Water also had a certain effect on the distribution of plant roots. Soybean,
field pea, and chickpea were sensitive to the soil moisture content of biomass decreased
more than the root, leading to a higher root/shoot ratio of soybean [24]. Drought can
also affect the external morphology of plants in other ways, such as the average internode
length of sugarcane increased by 39.02% after drought treatment in an early vegetative
stage, and drought stress would destroy the full root structure [25]. In addition to the above
characteristics, the root to stem ratio of plants also changes. The shoot and root biomass
of soybean decreased significantly under drought stress. Under the condition of water
restriction, the height, leaf size, and stem girth of maize plants decreased significantly [26].

2.2. Drought Stress, the Internal Structure, and Physical Property of Plants

In addition to the external form, the internal structure of plants also changed. There is
a developed cuticle in the outer wall of the leaf epidermis. The cuticle is a kind of lipid
membrane, which can reduce the loss of water to the atmosphere and acts as a barrier
for plant water evaporation. The thick cuticle can improve the plant’s energy reflection
and reduce transpiration, thus enhancing the plant’s drought resistance. The cuticular
lipids content of Arabidopsis thaliana leaves increased significantly under water shortage
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treatment. The increase of epidermal wax per unit area under drought stress was mainly
due to the increase of wax alkanes. Moreover, the water deficit increased the total amount
of cutin monomers, changed the proportion of the cutin monomers amount, increased the
thickness of the leaf cuticle, and the accumulation of osmium in the plant cuticle [27].
Tea leaves improve drought resistance through increasing wax coverage, cuticle thickness,
and osmiophilicity [28]. In addition, plant leaves tend to increase mesophyll palisade
tissue, decrease spongy tissue, increase the number of cell layers, but decrease the volume
and shorten the intercellular space to adopt drought [29]. Stomatal development is another
important index related to water stress. The drought process appeared to increase stomatal
length, stomatal width, stomatal density, and stomatal opening. The reduced stomatal
density of Hordeum vulgare leaves could increase its tolerance to water stress [30]. Ap-
ple cultivars, which exhibited significantly thicker cuticle, longer palisade cells, and thicker
spongy parenchyma had superior drought tolerance [31]. In the observation of micromor-
phology of blackberry after drought treatment, it was found that with the extension of
stress time, the morphology of leaf epidermis cells underwent a series of expansion changes.
Moreover, the walls of the epidermal cells and spongy tissue cells of the leaves thickened
with the duration of drought. Especially after treatment for a period of time, the spongy
tissue cells were obviously compressed and filled with sclerenchyma [32]. What is more,
the degree of lignification and channeling tissue on the epidermis had a great influence on
the drought resistance of the plant. The study found that plants with water deficits had
lower levels of lignin in their leaves than those with adequate water [33]. The xylem of the
stems and roots of the stress-treated plants was thicker than that of the normal rapeseed
plants. In addition, drought stress reduced the vessel’s inner diameter and increased the
number and inner diameter of root vessels [34]. Fresh and dry weights are also significantly
reduced under water deficit conditions [35]. In the study of Matthiola incana, the relative
water content did not change significantly with the increase of drought stress, but plant
height, stem fresh weight, stem dry weight, root fresh weight, and root dry weight all
decreased significantly [36]. Besides, water stress had significant effects on the essential oil
content and essential oil composition of Rosemary. With the decrease of soil water content,
stalk length, fresh weight, and fresh and dry weight of root decreased. At the same time,
the content of essential oil also presents the trend of first rising and then falling [37].

3. Effects of Drought Stress on Plant Physiological and Biochemical Characteristics

When plants are subjected to drought stress, a series of changes will occur in their
appearance, leading to a series of physiological and biochemical changes in plants. For ex-
ample, the changes in photosynthesis, osmotic regulatory substances, drought-induced pro-
teins, and antioxidant enzymes all reflect the different degrees of influence of plants under
drought stress.

3.1. Photosynthetic Capacity

Photosynthesis is one of the main processes affected by water stress. Leaf photosyn-
thetic products are the material basis of plant growth. The net photosynthetic rate directly
reflects the material productivity per leaf area. Therefore, theoretically speaking, it is a
reliable index to measure the biological production level of plants. The photosynthetic
rate and transpiration rate decrease with the decrease of soil relative water content. Pre-
vious studies have shown that the decrease of photosynthetic rate under drought stress
is the result of stomatal limitation and non-stomatal limitation. The stomatal limitation
was the main factor of photosynthetic rate decrease under mild drought. However, un-
der severe drought conditions, non-stomatal factors were the main reason for the decline
of the photosynthetic rate. When water is deficient, it will lead to the decrease of photo-
synthesis directly through decreasing CO2 availability resulted in diffusion limitations of
the stomata and the mesophyll [38]. Stomatal closure limits leaf absorption of CO2 and
prevents transpiration water loss due to turgor pressure and/or reduced water potential.
In a study by Victor Santos et al., they pointed out that photosynthesis in the canopy of the
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central Amazon forest decreased by 28% in the dry season and by 17% in the undergrowth,
compared with that in other seasons in 2015. They further suggested that the reduction
in photosynthesis was only related to the closure of stomata in trees in the canopy and
undergrowth [39]. It was also found in wheat that drought decreased stomatal conduc-
tance, increased stomatal resistance, and decreased photosynthetic rate and transpiration
rate [40]. However, with the increase of water deficit, non-stomatal factors began to play an
important role. At this time, the potential photosynthetic CO2 assimilation rate decreases,
which cannot be eliminated by increasing the external CO2 concentration. The decrease
of photosynthesis, which is dominated by non-stomatal factors, is related to the decrease
of activity or component content of many important processes related to photosynthesis.
For example, Ribulose-1,5-bisphosphate (RuBP) content and activity, as well as apparent
quantum yield, play a very important role in the photosynthetic assimilation process.
In the study by Carmen Gimenez, it was found that there was an obvious S-shaped curve
relationship between the photosynthetic rate and RuBP in sunflower leaves, suggested that
the reduction of photosynthetic rate was to some extent restricted by RuBP content [41].
Dhammika’s study on tobacco also confirmed that RuBP synthesis is limited under wa-
ter stress due to inhibition of the activity of synthetic enzymes [42]. Another substance
that is important for plant photosynthesis under water stress is the enzyme Ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCo). The activity of the RuBisCo enzyme had
no significant change or was less affected under mild water shortage, but decreased under
severe drought. In addition, changes in photochemical and biochemical processes such
as electron transfer rate decrease and photophosphorylation are also observed. The direct
manifestation of these changes is the occurrence of “photoinhibition”. With the increase of
drought intensity, the net photosynthetic rate, transpiration rate, and stomatal conductance
of cotton decreased [43]. Ma Ping et al. studied the effects of drought on photosynthesis in
apples. Soil relative water content (SRWC) decreased from 87% to 24% within 15 days after
the irrigation treatment was stopped, while leaf relative water content (LRWC), net photo-
synthetic rate (Pn), and stomatal conductance (GS) all showed a decreasing trend. Moreover,
they noted that the photochemical reaction was only slightly downregulated under severe
drought conditions. With the intensification of drought conditions, the activity of RuBisCo
decreased significantly, and the actual efficiency of photosystem II (ΦPSII) decreased [44].

The chloroplast is the site of photosynthesis in green plant leaves, which mainly uses
chlorophyll to absorb, transfer and transform light energy. Chlorophyll is continuously
metabolized in plants, closely related to photosynthesis and yield formation of plants.
As the most important and effective pigment in photosynthesis, chlorophyll can reflect the
growth status of plants and the degree of stress. Chlorophyll content tends to decrease
under drought stress and the ratio of chlorophyll “a”, “b”, and carotenoid was changed,
thus, in turn, causes changes in photosynthetic function [45]. The reason for the decrease
of chlorophyll content in leaves may be the degradation of chlorophyll directly caused by
drought. Drought stress could significantly reduce the contents of chlorophyll a, chloro-
phyll b, and total chlorophyll in chickpea during vegetative growth and anthesis [46].
In the study of 13 durum wheat native varieties from Iran and Azerbaijan, it was found
that different wheat varieties had different responses to drought stress. The chlorophyll
level of susceptible wheat cultivars decreased significantly under drought stress, while the
chlorophyll content of resistant wheat cultivars was still maintained [47]. In Chinese
cork oak (Quercus variabilis) seedlings, chlorophyll a, chlorophyll b, carotenoids (Car),
and total chlorophyll contents were significantly decreased at 40% and 20% field capacity,
despite there was no significant change in Chl a/Chl b and Car/Chl ratios [48]. The total
chlorophyll content and the ratio of Chl a/Chl b in oil palm were significantly decreased
under water stress [49]. However, not all plants show reduced chlorophyll content under
drought stress. Soheila pointed out that chlorophyll content in borage increased at lower
irrigation levels, mainly due to lower leaf area index and more radiation interception [50].
Besides, drought makes it difficult for plants to absorb nutrient elements and causes symp-
toms of deficiency of elements, which is also manifested as decreased chlorophyll content.
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Changes in plant pigments lead to the color of the plant changed into yellowish-brown
when they suffer from drought. From the point of view of drought resistance, plants with
high chlorophyll content generally have stronger drought resistance.

The pathways of CO2 assimilation in photosynthesis can be divided into the C4
pathway, C3 pathway, and Crassulacean acid metabolism (CAM) pathway. Under drought
stress, the C4 pathway was significantly superior to the C3 pathway. The leaves of C4
plants have a typical Kranz wreath structure and water use efficiency (WUE) is significantly
higher than that of the C3 pathway. Under the condition of water shortage, the C4 pathway
can assimilate CO2 to produce more organic matter, which is conducive to the plant to
resist early drying. The stomata of CAM plants open at night, absorb CO2, and form malic
acid catalyzed by phosphoenolpyruvate carboxylase (PEPC), which is stored in vacuoles.
Stomatal closure during the day, MAL decarboxylation gives off CO2. Because CAM
fixes CO2 by stomatal opening at night, transpiration loss during the stomatal opening
in the day is avoided, and the contradiction between stomatal transpiration and CO2
absorption under drought stress is solved. Different species have different assimilation
pathways and different environmental conditions can significantly change the carbon
metabolism pathways of plants. That is to say, changes in growth and development
level, growth conditions, nutritional status, and biological regulators can lead to a mutual
transformation of CO2 fixation pathways in plants. Increased ABA content in plants
under drought conditions promotes the operation of the C4 pathway. Similarly, the C3
pathway can also be transformed into the CAM pathway [51]. Winter’s studies on different
varieties of orchids and Mesembryanthemum crystallinum L. (Aizoaceae) have shown that
some species with highly flexible photosynthetic phenotypes have changes in assimilation
pathways when the external environment changes. They operate in C3 mode when not
stressed, or in CAM mode when drought or salinity stressed [52–54]. Milton Garcia support
that the C3-CAM shift is present in the cactus seeding process. Ideas are put forward that
there is a facultative component of CAM expression in the cactus. Shortly after germination,
the expression of C3 photosynthesis can promote plant growth when there is sufficient
water. Facultative CAM components can accelerate the development of constitutive CAM
and contribute to plant survival in water-deficient environments [55].

3.2. Osmotic Regulation Metabolism

Osmotic regulation is an important way for plants to reduce osmotic potential and
resist adversity stress under water stress. When plants are subjected to drought stress,
osmotic regulation can be realized in three ways, namely, the decrease of intracellular water,
the decrease of cell volume, and the increase of cell contents. These three pathways coexist
in plants, but not all plants have osmotic regulation. Osmotic regulation is generally con-
sidered to be the active regulation of cells to reduce osmotic potential by increasing solute.
Its initial effect is to reduce the free energy of water bound inside the cell, maintain the
difference of water potential inside and outside the cell, and enable the cell to absorb water
under the condition of lower external water potential. Thus maintaining the turgor pressure
required for cell growth [56]. Osmotic regulation can maintain stomatal conductance to
moderate water deficit by maintaining turgor pressure. It helps to keep the content of CO2
in mesophyll intercellular space at a high level so as to avoid or reduce the photosynthetic
inhibition on photosynthetic organs. Osmotic regulation can maintain normal or mini-
mize damage to biochemical, physiological, and morphological processes related to cell
growth, stomatal opening, and photosynthesis during environmental stress. The osmotic
regulating substances in plants mainly include organic osmotic regulating substances
and inorganic ions entering from the external environment. Organic osmotic regulating
substances, such as amine compounds (glycine betaine and polyamines), amino acid com-
pounds (proline), and trehalose, fructan, mannitol, and other compounds, play a major
role in regulating the osmotic type of cytoplasm. These substances are usually of small
molecular weight, highly soluble, and have little toxicity to cells. They can maintain the
normal osmotic pressure level, protect the protein activity and cell membrane structure, etc.
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The osmotic regulation of inorganic ions is closely related to the ion pump. For example,
the Na+, K+, H+ pump can regulate the concentration of inorganics inside and outside the
cell, thus changing the osmotic potential of the cell. At the same time, the change of inor-
ganic ion concentration will cause a change in cell morphology and function. Suomin Wang
et al. proposed that K+ and free proline accumulation played an important role in drought
adaptation of xerophytic plants and Na+ accumulation is one of the most effective strategies
for succulent xerophyte to adapt to drought [57]. At present, there are more studies on
osmotic regulation substances such as proline (Pro), soluble sugar (SS), glycine betaine
(GB), etc. Some studies have found that Pro accumulation is a protective measure taken by
plants to resist drought stress [58]. When PEG concentration was 30%, Pro content in rice
increased significantly [6]. Under drought stress conditions, osmotic regulation substance
content increased, which was positively correlated with plant stress resistance. However,
the variation range of osmotic regulation substance was different among different species.
By decreasing soluble sugar, polysaccharide, and fructose contents and increasing proline,
glucose, and trehalose contents, Lanzhou lily can improve its resistance to drought stress by
changing the contents of osmotic regulation, and secondary metabolites [3]. The contents
of soluble carbohydrates sucrose, glucose, and fructose in Maclura pomifera increased at
the initial stage of drought stress but decreased after 22 days of severe drought stress.
In addition, the affinity of osmotic substances proline and mannitol increased significantly
under drought stress [11]. In the study of Farooq et al., the contents of proline, glycine be-
taine, total soluble carbohydrate, and sucrose were significantly increased due to drought
stress in several pistachio genotypes [59].

As an osmotic regulating substance, proline (Pro) is preferentially stored in plant
vacuoles. When the cell is subjected to osmotic stress, Pro is transported to the cytoplasm,
and the osmotic potential is reduced by increasing the concentration of the cytoplasm so
that the cell can still absorb extracellular water under the condition of low osmotic potential;
thus, maintain the cell protoplasm and the external environment of osmotic balance [60].
Pro has a strong ability to hydrate, so it can also play a protective role in cell structure.
In the event of plant injury, Pro interacts with proteins to form a hydrophobic skeleton to
stabilize and protect biological macromolecules and cell membrane structures. Pro is also a
variety of free radical scavengers [58]. Pro can reduce the oxygen damage caused by stress
through chelating singlet oxygen and hydroxyl radical. Another way of Pro to remove
ROS is to stimulate the activity of POD, catalase (CAT), superoxide dismutase (SOD),
polyphenol oxidase (PPO), and other enzymes in plants. Under the stress of adversity,
Pro can bind to proteins to form a protective film with water molecules on the surface
of proteins. The formation of a protective membrane restrains the flow of water to the
outside of the cell and reduces the loss of water. Moreover, the protective membrane has a
good protective effect on proteins and other biological macromolecules, maintaining the
high structure and activity of biological macromolecules. For denatured proteins under
the stress of adversity, Pro can improve the hydrophilicity of denatured proteins after
combining with it. It keeps the dissolved state of the denatured proteins so as to avoid the
agglutination of the denatured proteins interfering with the metabolic activities of the cells.
Therefore, Pro is an important osmotic regulating substance.

Glycine betaine is a water-soluble substance with amphoteric characteristics. As an
effective non-toxic osmotic regulator, it can bind to both hydrophilic and hydropho-
bic regions of biological macromolecules such as enzymes. Drought stress can cause
the accumulation of glycine betaine and it can improve the drought-resistant ability of
plants [61], which have been proven in sunflower [62], wheat [63], barley [64], pepper [65],
Axonopus compressus [66], etc. The application of glycine betaine can effectively improve
the osmotic regulation ability, stomatal conductance, and carboxylation efficiency of CO2
assimilation so as to promote photosynthesis [67]. In other words, under drought stress,
glycine betaine can stabilize the structure and properties of biological macromolecules,
such as the key enzymes of the dicarboxylic acid cycle, terminal oxidases, and the pho-
tosystem, etc., which have important physiological significance in maintaining normal
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respiration and photosynthesis of plants [58]. Soluble sugar (SS) is an important energy and
carbon source in the organism and participates in many processes of plant life metabolism.
The soluble sugar in general plants includes glucose, fructose, sucrose, and other carbo-
hydrates. The accumulation of soluble sugar can reduce the water potential of cells and
improve the ability of plants to absorb water and retain water. In addition, most osmotic
regulators fail to protect proteins and biofilms with further water loss under severe drought
stress. Only soluble sugars can take the place of water molecules and form hydrogen
bonds with proteins to maintain the specific structure and function of proteins. Moreover,
the increase of soluble carbohydrates between biofilms can avoid the direct collapse of the
biofilm system.

However, osmotic regulation also has limitations. The improvement in drought
resistance of plants is only temporary. Moreover, it has a very limited effect on plant
drought tolerance. If drought stress is severe, the turgor pressure of plants cannot be
maintained. The effects of drought are present even within the range of osmotic adjustment
of water potential. Osmotic regulation can only alleviate drought damage of plants to a
certain extent.

3.3. Drought-Induced Proteins

Drought-induced proteins are newly synthesized proteins in plants under drought
stress, which play a protective role in plant adaptation to stress and can improve plant
drought tolerance. Drought-induced proteins can be divided into two categories according
to their functions: (1) functional proteins, which play a direct protective role in cells,
mainly include ion channel proteins, LEA proteins, OSM proteins, and metabolic enzymes,
etc. (2) Regulatory proteins, including protein kinases, phospholipase C, phospholipase D,
G protein, calmodulin, transcription factors, and some signaling factors, are involved
in signal transduction or gene expression regulation in water stress and play indirect
protective roles. Three important drought-inducible proteins, LEA, AQP, and dehydrin,
are highlighted below.

3.3.1. Late Embryogenesis Abundant Protein

Late embryogenesis abundant (LEA) protein is a dehydrating protective protein
enriched in the late stage of seed embryo development. LEA protein is rich in lysine
and glycine, most of which are between 10 and 30 kD, and a few of which are above
30 kD. LEA is a large family of proteins, with more than 50 of them found in Arabidopsis
alone [68]. It is regulated by plant development stage, ABA and dehydration signal, etc.,
and can be expressed in many tissues and organs of plants, with high hydrophilicity
and thermal stability. The ability to capture enough water into cells is closely related
to the dehydration tolerance of plants and the protection of tissues from water stress.
Most LEA proteins do not have a stable secondary structure, but they may acquire an
α-helix structure after drying [69]. LEA protein can participate in the process of crop
resistance to environmental stress and plays a key role in this process, which is closely
related to its amino acid composition and structure. Most LEA proteins contain a high
proportion of polar amino acids, which makes them highly hydrophilic. What is more,
most LEA proteins contain some conserved sequences. These sequences can form high
helical folding under stress conditions, and such structure may have a hydrophobic effect
with the membrane system of some denatured proteins. By stabilizing lipid membrane
or functional proteins, a large amount of water loss can be prevented, thus reducing the
influence of the external environment on intracellular metabolism [70]. In addition, there is
a dynamic equilibrium between random conformation and α-helix in the dissolved state
of LEA protein, which is also one of the reasons that LEA protein can participate in the
resistance of crops to environmental stress [71].

One of the important functions of LEA protein in response to stress such as drought
is its ability to scavenge ROS. Plants will produce a large number of reactive oxygen
free radicals under adverse conditions, which have strong oxidation properties and can
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damage cell membranes and proteins, etc. Therefore, the scavenging of reactive oxygen free
radicals becomes an important protection mechanism of plants under adverse conditions.
Hara et al. found that the dehydrin CuCOR19 in Citrus reticulata can scavenging hydroxyl
radicals and hydrogen peroxide and reduce the damage of reactive oxygen free radicals
to plants [72]. Dean et al. found that glycine, lysine, and histidine were vulnerable to free
radical attacks, and the total contents of glycine, lysine, and histidine in citrus dehydrin
CuCOR19 were up to over 40%. Therefore, LEA protein could consume part of free radicals
through three amino acids and play a protective role on plants. Because the LEA protein
has no obvious secondary structure, the oxidation of some amino acids is obviously not
sufficient to completely destroy its function [73]. Lea protein can prevent the loss of water
by binding to the lipid membrane through the α helix structure, so it has the function of
binding to the membrane to stabilize the membrane. For example, in corn, dehydrin DHN1
can bind to vesicle membrane containing acidic phospholipids, and its helicity will be
significantly enhanced, indicating that functional conformational changes of DHN1 have
occurred at the membrane interface, which may be related to dehydrin maintaining the
stability of vesicle membrane and other intimal structures under adversity [74]. Hara et al.
also found that overexpression of CuCOR19 in tobacco could inhibit lipid membrane
peroxidation of tobacco [75]. Thalhammer et al. found that the Arabidopsis LEA proteins
COR15A and COR15B could bind to lipid membranes under drought conditions and play
a protective role in lipid membranes [76]. In addition to scavenging reactive oxygen free
radicals and maintaining the stability of the intimal system, LEA protein can be used as
a cryo-protectant and metal ion protectant to participate in a wide range of stress. It was
found that most of the LEA proteins of the dehydrin family play an important role in
the process of cold resistance in plants. The accumulation of dehydrin gene WCS120 was
significantly correlated with its survival rate during winter in wheat [77]. Overexpression
of DHNS in Arabidopsis thaliana showed that the cold tolerance of Arabidopsis thaliana was
improved [78]. There is no domain associated with metal ion binding in dehydrin, but the
proportion of histidine in dehydrin is high. It is speculated that the high proportion of
histidine in dehydrin makes dehydrin have the ability to bind metal ions. It was also
found that His-X and His-X3-His (X is an arbitrary amino acid) structures existed in many
dehydrators, and further study confirmed that the ability of these domains to bind metal
ions was significantly higher than that of other amino acids [79]. However, in the study
of Ricinus communis, it was found that there was no correlation between the ability of
dehydrin to bind metal ions and histidine content, which indicated that dehydrin had a
more complex mechanism of binding metal ions [80].

Similar to soluble sugar in cells, LEA proteins with high hydrophilicity bind a large
number of water molecules, allowing plants to maintain normal metabolism without dam-
aging cells even in the event of severe dehydration [81]. The facultative α-helix structure
formed by LEA protein interacts with the cell membrane under dehydration conditions,
making the cell membrane maintain a relatively stable state even under dehydration
conditions, thus preventing water loss [71]. In addition, most of the LEA genes have
ABA response elements in their promoter regions, so the increase of endogenous ABA
content in plants under drought conditions can also lead to the increase of LEA gene expres-
sion [82]. Under drought stress, LEA protein is also a good enzyme protectant. For example,
the LEA genes of Boea hygrometrica, LEA1, and LEA2, were transferred into tobacco (Nico-
tiana tabacum L.) to obtain transgenic tobacco. It has found that the transgenic tobacco
superoxide dismutase (SOD), peroxidase (POD), and photosynthetic system II related
enzyme activity was increased. Moreover, the water content of leaves also increased. Thus,
the stability of its protein is enhanced [83]. Overexpression of some LEA genes can improve
the drought resistance of plants. Studies have confirmed that the overexpression of wheat
LEA gene TaLEA3 into Leymus chinensis can improve drought resistance [84].
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3.3.2. Dehydrin

Dehydrin, a member of the Lea-II family with a molecular weight of 9~200 kDa, is a
drought-induced protein widely found in higher plants. It is produced during late embryo-
genesis and responds to low temperature and exogenous ABA, or typically accumulates
in dehydration stressed plants under drought, salt, and extracellular freezing. Dehydrin
is rich in glycine and lysine and lacks cysteine and tryptophan. It is highly hydrophilic.
In addition, dehydrin is a heat-stable protein that remains stable in boiling water and is
thought to play an important role in protecting cells from damage caused by cell dehydra-
tion. An important structural feature of dehydrin is that it has three conserved regions: K, S,
and Y fragments. The K fragment consists of 15 amino acids (EKKGIMD-KIKEKLPG) and
is rich in lysine. The K fragment is usually located at the C end of the protein sequence and
can form the amphipathic α-helix, which is the important structural basis of its hydrophilic-
ity [70]. The S fragment is composed of a series of serine residues, and phosphorylation of
the S fragment has been shown to enable dehydrin to enter the nucleus guided by signal
peptides [85]. The conserved sequence of fragment Y is (T/V) D (E/Q) YGNP, located at the
N-terminal of the dehydrated protein. The fragment Y is homologous to the nucleic acid
binding sites of some bacterial and plant molecular chaperones. In addition, dehydrin has
some conservative less rich in polar amino acid of Φ fragments and approved a similar
nuclear localization signal (NLS) sequence [86]. According to the number of K, S, and Y
fragments, the plant dehydrin gene family can be divided into five subfamilies: Kn, SKn,
YnSKn, YnKn, and KnS.

In an aqueous solution, dehydrin forms the largest amount of hydrogen bonds with
neighboring water molecules, while the proportion of external hydrogen bonds is very
low, which does not form the hydrophobic core required for folding protein. Therefore,
the dehydrin protein presents an unstructured and disordered protein form without a fixed
three-dimensional structure. However, when the microenvironment around the dehydrin
protein changes, the conformation of the dehydrin protein also changes. In the dehydrated
state, the K fragment forms an α-helix type conformation in which the negatively charged
amino acids lie on one side of the helix, the hydrophobic amino acids on the other, and the
positively charged amino acids lie on the polar nonpolar interface. The α-helix with both
hydrophilic and hydrophobic properties can interact with the dehydrated surfaces of other
proteins or biofilm surfaces [87]. Therefore, dehydrin plays a stabilizing role in protecting
the membrane system. Stress often dehydrates plant cells, destroys the hydration protection
system on the surface of membrane lipid bilayers, reduces the space between membrane
lipid bilayers, and causes membrane fusion and severe destruction of membrane structure.
The amphiphilic α-helix formed by the K fragment in the dehydration condition enables
the dehydrin to participate in the hydrophilic and hydrophobic interactions. Due to its high
hydration ability, dehydrin binds with membrane lipids to prevent excessive loss of water in
cells, maintain the hydration protection system of membrane structure, prevent the decrease
of membrane lipid bilayer spacing, and thus prevent membrane fusion and the destruction
of biofilm structure [88]. Dehydrin also protects the protein. The amphipathic α-helix
formed by the K fragment can bind the dehydrin to the hydrophobic point of the partially
denatured protein, acting as a molecular chaperone to prevent the further denaturing of
the protein. In addition, the middle fragment of dehydrin contains a large number of polar
amino acid residues, which can produce synergistic effects with small polar molecules and
low molecular weight substances (carbohydrates, amino acids, water molecules, etc.) in
the nuclear matrix and cytoplasmic matrix, enhancing the protective effect of dehydrin on
proteins [70].

3.3.3. Aquaporin

Aquaporin (AQP) is a class of intrinsic proteins in the plasma membrane or vacuolar
membrane that specifically transport water, ranging from 26 kD to 30 kD, and belongs to the
same family of major intrinsic protein (MIP) proteins as ion channels and glycerol channels.
Based on the homology and structural characteristics of amino acid sequences, the AQPs
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family of plants is classified into four types: plasma membrane intrinsic proteins (PIPs);
tonoplast intrinsic proteins (TIPs); nodulin 26-like intrinsic proteins (NIPs); small and
basic intrinsic proteins (SIPs) [89]. Among them, PIPs are mainly located in the plasma
membrane and can be divided into PIP1, PIP2, and PIP3 according to the homology
difference between N-terminal and C-terminal sequences. TIPS are mainly distributed in
the vacuolar membrane and can be divided into five groups according to different tissue
location, namely α, β, γ, δ and ε, which are important aquaporins in plants. NOD26 is
the first member of the NIP family found in plants, located on the symbiotic membrane of
soybean and rhizobia [90]. According to the structural differences of ar/R of aquaporins
and the specificity of transport substrates, NIPS is divided into three categories: NIPI, NIPI,
and NIPIII. This subfamily can transport other substances except for water molecules [91].
SIPs are the smallest family of AQPs in plants, mainly located in the endoplasmic omentum,
and can be divided into SIP1 and SIP2 according to the different NPA sequences in the
N-terminal and B-ring [92].

The expression of AQP showed strong temporal and spatial specificity. AQP is highly
expressed in tissues and organs that need a lot of water flow, such as root epidermis,
outer cortex and endodermis cells, xylem parenchyma cells near xylem vessels, phloem as-
sociated cells, guard cells, etc. The physiological function of AQP is closely related to its
expression period and location, and its functions cover a series of physiological processes
such as seed maturation and germination, cell elongation, root growth, leaf extension
and movement, petal expansion, pollen, and ovule development [93–98]. At the sub-
cellular level, AQP is mainly distributed in membrane systems such as cell membrane,
vacuole membrane, endoplasmic omentum membrane, chloroplast membrane, and mito-
chondrial membrane. It was also found that AQP was redistributed at the subcellular level
in different tissue sites and in different environments [99,100]. AQP located in the cell mem-
brane at the cellular and subcellular levels is mainly responsible for water absorption and
effluent. AQP located on the invaginated plasma membrane contributes to water transport
between the protoplast and the vacuole. AQP located in the vacuolar membrane plays a
role in regulating turgor. The specific distribution of plant AQP indicates that strong water
flow across cells occurs in this region. In general, at the cellular level, the plasma membrane
intrinsic protein (PIP) is mainly responsible for water absorption and outflow, and the
vacuolar membrane intrinsic protein—tonoplast intrinsic protein (TIP)—is responsible for
regulating turgor pressure, thus maintaining the integrity of cells [101]. For the whole
plant, the specific distribution of plant AQP indicates that there is strong water flow across
cells in this region [102].

AQP plays an important role in water transport. During the transmembrane trans-
port of water in plants, AQP promotes the transmembrane transport of water inside and
outside of cells by reducing the resistance encountered in the transmembrane transport
of water and accelerates the rate of water migration between cells along the gradient of
water potential. This is an important function of AQP in the transmembrane transport
of water between different intracellular regions. At the same time, AQP is also the main
way of water in and out of the cell, balancing the water potential inside and outside the
cell. For example, the AQP on the cell membrane of plant root cells can regulate 70%~90%
of the water flowing through the root. Water is absorbed by the root system of the plant,
which passes through the casparian strip into the vessels. The vascular system ensures that
water is transported in large quantities through the plant. In many plants, AQP expres-
sion has been found in vascular bundles and adjacent tissues [103,104]. This suggests that
plant AQP can accelerate water transport and facilitate water flow in and out of vascular
bundles. In addition, plant AQP can maintain the water potential balance between xylem
parenchyma cells and transpiration flow [105]. When the transpiration and water potential
of the ducts are higher than that of parenchyma cells, the water will be stored in the vacuole
through AQP transport. When the water potential of parenchyma cells is higher than the
transpiration water potential of the ducts, AQP will transfer the stored water to the ducts.
Water is transported across the plasma membrane and vacuole membrane of parenchyma
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cells through AQP. In addition to water molecules, aquaporin also transports other physi-
ologically important neutral small molecules, such as CO2, H2O2, glycerol, NH3/NH4

+,
boron, silicon, and urea, which are involved in a series of important physiological processes
in plants, such as photosynthesis, nutrient absorption, cell signal transduction, and stress
response. The function of AQP determines its positive role in drought stress.

3.4. Reactive Oxygen Metabolism
3.4.1. Production and Basic Function of Reactive Oxygen Species

Oxygen is necessary for aerobic organisms to maintain their own life activities.
When oxygen is not completely reduced in the metabolic process, a series of metabolites
and their derivatives with more active chemical properties will be produced, called reactive
oxygen species (ROS). ROS include superoxide radical O2

−, H2O2, singlet oxygen 1O2,
hydroxyl radical ·OH, and organic oxygen radical (RO·, ROO·), etc. [106]. Under normal
conditions, the ROS produced in plants maintains a balance with its scavenging system.
However, when plants are under drought stress, ROS production and clearance will be out
of balance. Drought can cause the increase of reactive oxygen free radicals and make plant
cells suffer oxidative stress. When ROS exceeds the capacity of the ROS scavenging system,
it will cause the accumulation of ROS and oxidative damage. The production of these free
radicals will lead to a variety of harmful cytological effects, such as biofilm lipid peroxida-
tion, protein denaturation, DNA strand breakage, and blocked photosynthesis. Two types
of protection systems, enzymatic and non-enzymatic, have been formed correspondingly
in the process of long-term evolution in plants to maintain a moderate level of ROS.

ROS can be produced in plants through many metabolic pathways. For example,
in the process of photosynthesis and respiration, plant mitochondria, chloroplasts and
peroxisomes, and some other organelles or parts with high oxidation activity or strong
electron transfer function can also produce ROS. Chloroplasts are the main source of
ROS production in green plants [107]. When plants are in a water-deficient environment,
the absorption efficiency of light energy decreases. The blocked fixation of carbon dioxide
in plants results in a decrease in NADP+ supply and a relative increase in the rate of
photosynthetic electron transfer to O2. Oxygen and so on are used as electron acceptors to
form O2

−. In turn, O2
− can trigger a series of chain reactions to produce a large amount of

ROS in plants [108]. Mitochondria are another important ROS-producing organelle. In the
process of electron transfer in the respiratory chain, some electrons leak in the midway,
making O2 form O2

− [109]. ROS in plants can also be produced in the plasma membrane
and plasmid. NADPH oxidase, pH-dependent cell wall peroxidase, oxalate oxidase,
and amine oxidase on the plasma membrane are all sources of ROS. Besides, enzymes in
the endoplasmic reticulum and other organelles, such as cyclooxygenase, peroxidase,
and lipoxygenase, can produce ROS through a series of chemical reactions.

The ROS function has two sides. ROS can destroy plant biofilm systems. For example,
·OH can directly induce the peroxidation decomposition of the unsaturated fatty acid
chain in phospholipids, thus destroying of membrane structure. However, the peroxides
and NO in ROS are mainly produced by NADPH oxidase, glutathione oxidase, and NO
synthase, with low activity, so they cannot directly interact with lipids to induce lipid
peroxidation (LPO). Pacher et al. showed that they can react quickly to produce peroxyni-
trite, which initiates the LPO reaction [110]. The forced destruction of membrane structure
will lead to a series of biological dysfunction. ROS can also degrade biomacromolecules
in plants. Almost all proteins or enzymes can be damaged by ROS oxidation. ROS can
lead to decreased or loss of protein function, peptide chain breakage, protein cross-linking,
the transformation of amino acid residues change, and changes in immunochemical prop-
erties, etc. [111]. The damage of ROS to protein is mainly through carbonylation and
glycosylation. The oxygen-free radicals can interact with the sulfhydryl group of the active
center of the enzyme to oxidize it into disulfide bonds, resulting in the inactivity of the
enzyme. ROS can indirectly disrupt plant growth and development through the loss of
enzyme activity. ROS can also interact with purines, pyrimidines, and deoxyribose in
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DNA molecules to cause the breakage, degradation, and modification of single or double
strands of DNA, thus damaging genetic material [112]. In addition to the toxic effects of
plant damage, ROS in plants is also involved in the process of resisting external stress
and regulating plant growth and development. Oxidative burst is an important process
in which ROS is involved in plant defense response. When the pathogen infects the plant,
the plant produces a large amount of ROS through oxidative burst, which directly kills
the pathogen [113]. In addition to biotic stress, ROS also plays a key regulatory role in
response to abiotic stress [114].

3.4.2. Reactive Oxygen Scavenging System

In order to protect plants from ROS damage, there are endogenous antioxidant protec-
tion systems, including non-enzymatic antioxidants and antioxidant enzymes. The syner-
gistic effect of antioxidants and antioxidant enzymes makes the production and quenching
of ROS in vivo in a dynamic balance, thus alleviating or mitigating stress damage and mak-
ing plants adapt to drought stress. The non-enzymatic scavenging systems of ROS in plants
mainly include ascorbate, reduced glutathione (GSH), vitamin E, mannitol, carotenoids,
and flavonoids. These substances can react directly with ROS or appear as substrates
of enzymes in the ROS scavenging mechanism. In addition, some small molecules such
as vitamins are also involved in scavenging oxygen free radicals and preventing lipid
peroxidation. It is an indispensable part of the body’s anti-oxidation defense system. En-
zymes involved in antioxidant protection in plants mainly include SOD, CAT, APX, DHAR,
MDHAR, GR, and POD. The main function of SOD is to remove O2

−, and can convert O2
−

to H2O2. SOD plays a key role in the enzyme system and is the first line of defense against
ROS elimination system in plants. CAT and POD are mainly responsible for the removal of
H2O2 in organisms. Besides, APX, GR, DHAR, and MDHAR are also very important H2O2
scavenging enzymes. Together, they form a second line of defense against ROS elimination
systems in plants. GPX plays an important role in scavenging oxidative metabolism of
lipids and alkyl peroxides, constituting the third line of defense against ROS scavenging.

SOD is one of the most important metal enzymes in the antioxidant enzyme system
and plays a core role in the protective enzyme system. It alternately oxidizes and reduces
the metals connected with the enzyme, and catalyzes the disproportionation reaction of
O2
− to generate O2 and H2O2. Its activity is considered to be an important index of

plant stress resistance. Generally speaking, SOD activity in plants under drought stress
is positively correlated with an antioxidant capacity [115]. SOD activity increased under
mild or short-term water stress but decreased under severe or long-term water stress.
However, some studies believe that the change of SOD activity is complex. For example,
with the increase of stress intensity, SOD activity always decreases, or first decreases and
then increases, or remains unchanged. The above differences may be due to the fact that
the response of plants to water deficit is initiated not by water deficit itself, but by the
degree of water deficit perceived by plants. Plant SOD can be divided into three types:
Mn-SOD, Cu/Zn-SOD, and Fe-SOD according to the metal atoms bound by SOD. Cu/Zn-
SOD is composed of two subunits, each of which contains a Cu and a Zn, and is the most
abundant one among the three superoxide dismutases. Each subunit of Mn-SOD and
Fe-SOD contains only one metal ion. Mn-SOD and Fe-SOD have similar sequences and
identical characteristic domains. Lower plants are dominated by Fe-SOD and Mn-SOD,
while higher plants are dominated by Cu/Zn-SOD. Cu/Zn-SOD is mainly located in
cytoplasm and chloroplasts, Mn-SOD is mainly located in mitochondria, and Fe-SOD is
generally located in chloroplasts of some plants. In addition to cytoplasm, chloroplast,
and mitochondria, SOD also exists in glyoxylate circulators and peroxisomes [116].

APx is one of the important components of the AsA-GSH redox pathway in plants.
APx is about 30 kDa and generally exists in monomer form. Homodimer may also appear
in some cAPx. It uses ascorbic acid (AsA) as an electron donor to catalyze the reaction
between AsA and H2O2 to produce MD (monodehydroascorbate acid) and water. AsA,
as both reactant and reaction product, can be recycled continuously, so that APx can be fully
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catalyzed to protect the chloroplast to maintain normal function. Four APx isozymes have
been isolated: cytoplasmic isozyme cAPx, APx in chloroplasts, soluble sAPx in chloroplast
stroma, and tAPx in membrane binding form in chloroplast thylakoids. In addition, a kind
of peroxide object binding APx was also found. tAPx and sAPx exist in similar molar ratios
in chloroplasts. Cytoplasmic cAPx and chloroplast APx have different electron donors and
different internal sequences.

CAT is a heme-containing tetramer enzyme found in all plant cells that rapidly breaks
down H2O2 into H2O and O2. CAT mainly exists in peroxisomes in cells and is responsible
for scavenging H2O2 produced in peroxisomes. CAT is also found in glyoxylic acid
circulators and its function is mainly to remove H2O2 produced by photorespiration
or fatty acid β-oxidation reaction [117]. Since H2O2 can be directly diffused across the
membrane, H2O2 generated by other parts can also be diffused into peroxisomes and
decomposed by CAT. In synergy with SOD, H2O2 can remove potentially harmful O2

−

and H2O2 in plants, thus minimizing the formation of ·OH. CAT is not directly involved in
the decomposition process of H2O2. Its scavenging mechanism is that the heme iron of the
enzyme reacts with H2O2 to generate an iron peroxide active body, which then oxidizes
1 molecule of H2O2.

The non-enzymatic ROS scavenging system in plants mainly includes ascorbate, re-
duced glutathione (GSH), vitamin E, mannitol, carotenoids, and flavonoids, which can react
directly with ROS or act as enzyme substrates in the ROS scavenging mechanism. In ad-
dition, as an indispensable part of the body’s anti-oxidation defense system, some small
molecules such as vitamins also participate in the removal of oxygen free radicals, prevent-
ing lipid peroxidation. For example, some cysteine-rich small molecular proteins in plants,
such as metallothionein (MT) [118] and gibberellin-induced protein (GIP) [119], can also
degrade H2O2. Overexpression of these antioxidant proteins can significantly reduce the
content of H2O2 in plants after abiotic stress treatment, thus improving the stress resistance
of transgenic plants.

Actually, there are two types of glutathione: reduced glutathione (GSH) and oxidized
glutathione (GSSG). Among them, reduced glutathione (GSH) is commonly known as
glutathione, which can scavenge free radicals in cells that have toxic effects. GSH is a
mercapto tripeptide compound formed by the polymerization of glutamic acid, cysteine,
and glycine, in which the mercapto group as the active group is easy to combine with
some substances, such as free radicals and heavy metals to play a detoxification effect.
In the biosynthesis of glutathione, GSH biosynthesis catalyzed by glutamate-cysteine ligase
(GCL) and glutathione synthetase (GS) plays a crucial role in maintaining homeostasis and
preventing redox damage [120]. For example, when a small amount of H2O2 is generated
inside the cell, GSH reduces H2O2 to H2O under the action of GPx, and its own is oxidized
to GSSG. Under the action of glutathione reductase, GSSG receives H to reduce to GSH,
so that the scavenging reaction of free radicals in the body can be carried out continuously,
thus stabilizing the membrane structure.

Ascorbic acid (AsA), also known as vitamin C, is a kind of abundant small molecule
antioxidant substance commonly found in plants [121]. AsA can act as an important
antioxidant and enzyme cofactor in plants, regulating photosynthesis, photooxidation,
cell division, and playing an important role in plant signal transduction [122,123]. In plants,
AsA content was positively correlated with plant stress resistance. The content of AsA
varies greatly among different tissues of plants. For example, Smirnoff has suggested that
AsA is present in chloroplast stroma in significantly higher concentrations than in other
tissues [124]. As an important antioxidant in plants, AsA can directly or indirectly reduce
the amount of ROS. AsA can directly remove ROS including O2

−, 1O2. Indirectly, AsA can
reduce α-tocopherol and act as an electron donor for APx to remove H2O2, thus achieving
the ROS scavenging purpose [125]. In addition, AsA also plays an important role in
photoprotection as a cofactor in the lutein cycle, thereby protecting organisms and their
normal metabolism from damage caused by oxidative stress [126]. More importantly,
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because the end product of the AsA oxidation reaction is non-toxic DHA or 2, 3-DKG,
the free radical reaction chain can be terminated.

The ascorbate-glutathione cycle (AsA-GSH) is the main pathway of AsA and GSH
regeneration. In this cycle, AsA acts as an electron donor for ascorbate peroxidase (APx)
to remove H2O2. Monodehydroascorbate (MDHA) generated by oxidation can be re-
duced by MDHAR, and can also disproportionate to generate AsA and dehydroascorbate
(DHA). DHAR uses GSH as an electron donor to reduce DHA to AsA, and the oxidized
glutathione (GSSG) generated can be reduced to GSH again by GR, so as to complete the
process of scavenging ROS, such as H2O2 and regenerating AsA and GSH. The AsA-GSH
cycle plays an important role in the antioxidant protection of plants under drought stress.
A study on the response of AsA-GSH circulatory metabolic enzymes in Coffea canephora to
drought stress showed that APX, GR, and DHAR activities increased under drought stress,
but MDHAR activity had no significant change [127]. By studying sunflower and sorghum,
Jingxian et al. found that there were differences in the response of AsA-GSH circulatory
metabolic enzymes to drought stress in different plant organelles. They proposed that the
chloroplast AsA-GSH cycle was the main method to remove H2O2 in sunflower under
drought stress, while the cytoplasmic AsA-GSH cycle was the main method to remove
H2O2 in sorghum [128].

4. Drought Stress Signal Transduction in Plants

The signal transduction process of plants from sensing environmental stimuli to
responding to them generally includes three parts: (1) the sensory transduction and
response of sensory cells to environmental stimuli, namely the original signal sensory
transduction process, producing intercellular messenger; (2) the intercellular messenger
is transmitted between cells or tissues, and finally acts on the receptor cell site; (3) the
transduction and response of acceptor cells to intercellular messengers lead to physiological,
biochemical, and functional changes in the acceptor tissues, which are ultimately reflected
in the response of plants to environmental stimuli or adversity [129].

4.1. Plant Drought Stress Signal

The decrease of soil water content caused the change of leaf water status, and then
affected the physiological function of plants. Leaf water potential reflects plant water
status and is related to specific stress degrees. The decrease of leaf water potential and
turgor pressure affected the synthesis, transportation, and distribution of plant hormones,
such as ABA and cytokinin. Changes in turgor pressure caused by cell water loss may be
the reason for cell perception of water stress, which is also known as the hydraulic signal
of plant drought stress [130]. Besides hydraulic signal, the electrical signal also plays an
important role in plant signal transduction under drought stress. Fromm et al. proposed
through their study on maize in dry soil that electrical signals play an important role in the
communication between roots and shoots of water-deficient plants [131]. What is more,
when plants feel the initial drought signal, the osmotic stress signal is converted into an
intracellular chemical signal by the membrane receptor, which triggers the downstream
effector to produce the second messenger. Then the signal is amplified gradually through
the cascade transmission of the signal. In the process of signal transduction of dry early
stress, the second messengers involved in signal transduction mainly included plant
hormone signals, Ca2+, IP3, phosphatidic acid, and ROS signals.

Plant hormones are a kind of chemical signal molecules that regulate plant growth.
They often play a regulatory role in a low concentration. They can transmit cell signals
in different parts of plants and among cells so that the remote transmission of plant sig-
nals can be realized. When soil water content decreases, some physiologically active
substances act as chemical signals, and their content increases, which is called a positive
signal. For example, under drought stress, the content of IAA, ABA, and ethylene in-
creases. In contrast, a decrease in a biologically active substance is called a negative signal,
such as cytokinins.
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ABA is a small molecule lipophilic plant hormone, which is a crucial signal molecule
in plant water stress. As a kind of plant hormone, ABA can control plant growth, in-
hibit seed germination and promote aging. In addition to regulating plant growth and
development, ABA is also involved in regulating plant responses to various external
stresses, embodied in content increasing greatly when the plant is in drought, high salt,
low temperature, and other adversities. Moreover, ABA plays a pivotal role in the informa-
tion connection between the aboveground and underground parts of plants. When plants
are under drought stress, ABA produced in the rhizosphere can be used as a positive
signal to regulate the physiological activities of aboveground parts. When plants are under
water stress, root cells are the first to experience environmental changes and produce
ABA, which transmits the signal to other organs and tissues of plants through vascular
bundles, causing senescence of leaves and stomatal closure, so as to reduce water loss.
ABA can be transported from the underground part to the aboveground part through the
xylem, leading to increased ABA content in the leaves. In fact, ABA induces a wide range
of downstream signaling factor responses, including kinases, phosphatases, G-proteins,
and proteins in the ubiquitin pathway.

ABA has multiple receptors, such as ABAR/CHLH, •GCR2, •GTG1/2, and
PYR/PYL/RCAR. These receptor proteins have the activity of protein kinases, which can
be activated by binding ABA molecules to change the protein structure, and then activate
or inhibit the activity of downstream signaling proteins to transmit signals between cells.
Research on ABA receptors is still ongoing, and the exact function of the different receptors
remains questionable. ABAR/CHLH is a magnesium ion chelatase H subunit located in
plant cyto-plastids/chloroplasts. It not only catalyzes the synthesis of chlorophyll in cells
but also participates in the reverse signal transfer between plastids/chloroplasts and the
nucleus under stress conditions [132,133]. GCR2 protein is a G protein coupled receptor
located in the plasma membrane of the cell. The C-terminal of GCR2 protein can interact
with the A subunit of G protein (GPA1) to form a complex. The specific binding of ABA
and GCR2 protein induces the release of G protein. The G protein is then separated into Gα
and Gβγ dimer, and the signal response of ABA is regulated by the downstream effector of
GCR2 protein [134]. G protein, consisting of Gα, Gβ, and Gγ subunits, plays an important
role in response to plant hormone signaling by synergistic G-protein coupled receptors
and their downstream effectors. GTG1/2 was first identified and named by Pandey et al.
through bioinformatics analysis. In the ABA signal transduction pathway model with
GTG1/2 as the receptor, GPA1–GTP promoted GTG–GTP to maintain a high level by
inhibiting GTG1/2 protease activity, thus reducing the binding probability of GTG–GDP
and ABA. On the contrary, the binding of GTGSGDP to ABA can lead to the configuration
change and then initiate ABA signaling response, but the specific molecular mechanism has
not been clarified. The PYR/PYL/RCAR protein binds to ABA molecules outside the cell
membrane, which in turn binds and inhibits the phosphatase activity of the downstream
protein phosphatase PP2C [135].

As an essential mineral element in plants, Ca2+ plays an important role in maintaining
the stability of cell membrane and cell wall structure and participating in intracellular
homeostasis and regulation of growth and development in terms of cell structure and phys-
iological functions. Wang et al. found that extracellular Ca2+ can activate the increase of
intracellular Ca2+ concentration through the calcium-sensing receptor (CAS) on the plasma
membrane of guard cells of Arabidopsis thaliana, thus confirming the role of extracellular
Ca2+ as the first messenger [136]. In addition, as mentioned above, in response to drought,
plants synthesize the hormone ABA, which causes stomatal closure to reduce water loss.
During stomatal closure, the concentration of Ca2+ in the cytoplasm increases, and Ca2+

acts as the second messenger in osmotic stress response [137]. Drought-induced transient
increase of intracellular Ca2+ in guard cells promotes stomatal closure, maintains plant
water, improves water use efficiency, and ultimately enhances plant adaptation to drought
by interacting with or without ABA signaling pathways and downstream signal trans-
duction mechanisms. In stomatal closure, the ABA-dependent Ca2+ signaling pathway is
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the main pathway. ABA activates plasma membrane calcium channels in various ways
and stimulates intracellular calcium reservoirs to release Ca2+. More Ca2+ will inhibit the
inward potassium channel and further affect the anion channel. The phenomenon of anion
outflow and depolarization will block the inward potassium channel and promote the
outward potassium channel, leading to potassium ion outflow [138]. The guard cells are
under low turgor pressure due to a large outflow of anions and potassium ions, making
the stomata close gradually. IP3 and cyclic adenosine 5′-diphosphate ribose (cADPR) are
also key second messengers in guard cells that can regulate Ca2+ concentration. IP3 and
cADPR can release Ca2+ in guard cells and increase the concentration of Ca2+, while ABA
can rapidly increase IP3 and cADPR in guard cells. These three second messengers ini-
tiate calcium channels to transfer calcium ions into the cytoplasm and accumulate in
large quantities, causing ion channels to interact with each other to produce a series of
effects that promote stomatal closure [139,140]. Ca2+ transmits stress signals downstream
by interacting with protein receptors. Major Ca2+ signal transduction pathways are in-
volved in calcium-regulated kinase-mediated phosphorylation, including the regulation of
downstream gene expression by Ca2+ regulating transcription factors and Ca2+ sensitive
promoter elements [141]. Calcium-dependent protein kinases (CDPKs), calmodulin (CaM),
and calcineurin B-like proteins (CBLs), which have been identified in plants, can recog-
nize specific Ca2+ and rely on these calcium signals to transmit downstream to adapt to
drought stress.

A certain amount of ROS produced under stress can be used as signal molecules to
activate relevant active substances or defense systems, and mitigate the damage caused by
abiotic stress [142]. Among ROS, H2O2 is mostly used as an important signal molecule for
animal and plant cells to respond to various stresses because H2O2 is a very stable ROS
with the longest half-life and strong diffusivity. Different plant organelles have different
responses to cellular REDOX signals under drought stress. Although H2O2 is produced
faster in peroxisomes and chloroplasts, mitochondria are the most vulnerable organelles
to oxidative damage [143,144]. Increased mitochondrial production of H2O2 may be an
important alarm signal, up-regulating the antioxidant defense system or triggering pro-
grammed cell death when oxidative stress intensifies. Studies have shown that H2O2 can
regulate calcium mobilization, protein phosphorylation, and gene expression. Pei et al.
found that H2O2 can regulate Ca2+ influx in protoplasts and increase of [Ca2+]cyt in guard
cells by activating Ca2+ channels in the plasma membrane of guard cells of Arabidopsis
thaliana. In addition, they further proposed that ABA-induced H2O2 production and
H2O2

−activated Ca2+ channels are important mechanisms of ABA-induced stomatal clo-
sure [145]. Mori et al. also reported an inevitable link between ROS signaling and stomatal
closure in plants [146]. Yan et al. also reached the same conclusion: ABA can promote the
production of ROS, and the ROS produced can act as signal molecules to regulate stomatal
closure [147]. In addition, H2O2 also induces the phosphorylation of mitogen-activated
protein kinase (MAPK), which is involved in multiple signal transduction cascades that
regulate downstream gene expression [148].

4.2. Intracellular Transduction Pathways and Regulation Mechanisms of Plant Drought
Stress Signals

Drought stress signal transduction can be divided into two pathways. The first path-
way is the ROS-activated MAPK cascade pathway. MAPK cascade regulates antioxidant
defense system and osmotic regulation system in plants. Furthermore, the damage caused
by drought stress can be relieved by removing ROS and changing the osmotic poten-
tial of cells. The other pathway is Ca2+-dependent stress signaling bypass mediated by
calmodulin-dependent protein kinase (CDPK). Ca2+ signal is produced under drought
stress, and Ca2+ signal further regulates the expression of plant protective proteins, such as
LEA protein through CDPK, which is involved in the late response to drought stress,
and ultimately enhances the drought resistance of plants.

Mitogen-activated protein kinases (MAPKs) are a class of important protein kinases
involved in signal transduction, which play an extremely important role in plant growth,
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development, and stress response [149]. The MAPK cascade consists of three components:
MAPK, MAPKK (MAPK kinase), and MAPKKK (MAPK kinase kinase). When the first
member of this pathway, MAPKKK, is activated, the other two components undergo se-
quential phosphorylation and are activated in turn. The reason is that MAPKKK can double
phosphorylate the serine (Ser) and serine/threonine (Ser/Thr) in MAPKK, thus activating
it. The protein kinase of MAPK containing n conservative district and a very conservative
TXY motif between the VII and the III subregion [150]. MAPKK initiates MAPKK by dual
phosphorylation of threonine (T) and tyrosine (Y) residues at both ends of the X site [151].
As a result, MAPKK phosphorylates MAPKK and MAPKK phosphorylates MAPKK. Acti-
vated MAPKK can activate transcription factors and also cause cellular signaling responses
through interactions with other proteins.

The full name of CDPK is calmodulin-dependent/calmodulin-independent protein
kinase or calmodulin-like domain protein kinase. It belongs to Ser/Thr type protein kinases
and is a large family encoded by multiple genes. Under the stimulation of external signals,
plant cells showed changes in Ca2+ concentration and then activated CDPK. CDPK reg-
ulates downstream gene expression and product activity through the phosphorylation
cascade. These products play an important role in the regulation of gene expression, en-
zyme metabolism, ion, and water transmembrane transport, and other microscopic aspects
so that plants show macroscopic changes such as growth and development, stress resistance
changes [152].

5. Drought Stress Signal Transduction in Plants

Generally, drought stress response genes can be divided into functional genes and
regulatory genes. The products of functional genes directly resist environmental stress,
such as aquaporin genes, osmoregulatory factors (such as sucrose, proline, and betaine)
synthase genes, protective proteins (such as LEA protein, molecular chaperone, etc.) genes.
The products of regulatory genes, such as protein kinase genes, protein phosphatase
genes, phospholipid metabolism-related genes, and stress-related transcription factor
genes, are involved in signal transduction and regulation of gene expression to indirectly
respond to stress. These proteins act by participating in plant stress signal transduction
pathways or by regulating the expression and activity of other effector molecules.

5.1. Functional Genes
5.1.1. Osmotic Adjustment Related Genes

According to the different pathways of proline accumulation, the related enzymes
can be divided into three categories. The first category is the enzymes related to proline
synthesis, including4-pyrroline-5-carboxylate synthetase (P5CS), pyrroline-5-carboxylate
reductase (P5CR), and ornithine-δ-aminotransferase (δ-OAT). The second category is re-
lated to the degradation of proline enzymes, including proline dehydrogenase (ProDH)
and 4-pyrroline-5-carboxylate dehydrogenase (P5CDH). The third category is proline
transport-related enzyme ProT. The synthesis sites of proline in plants are cytoplasm and
chloroplast, and the synthesis pathways include glutamic acid (Glu) and ornithine (Orn)
synthesis pathways [153]. Glutamic acid synthesis pathway mainly occurred under os-
motic stress and nitrogen deficiency, while ornithine synthesis pathway existed in nitrogen
abundant environment [154]. In the glutamic acid synthesis pathway, Glu is catalyzed by4-
pyrroline-5-carboxylate synthetase (P5CS) to produce glutamic semialdehyde (GSA). Subse-
quently, GSA is automatically cycled to form pyrroline-5-carboxylic acid (P5C), which gen-
erates proline (Pro) under the action of pyrroline-5-carboxylate reductase (P5CR) [155,156].
Substrates and enzymes in the first step of the ornithine synthesis pathway are different
from those in the glutamate pathway. The substrate was ornithine (Orn) and the enzyme
was ornithine-δ-aminotransferase (δ-OAT). The substrates and products under the two
pathways mainly include Glu, Orn, GSA, P5C, and Pro. The enzymes required for the
reaction include P5CS, P5CR, and δ-OAT. Kishor et al. transferred the P5CS and P5CR
genes into tobacco. It was found that although the mRNA levels of both were increased,
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the proline level of P5CR transgenic tobacco was not significantly increased, while the
proline level of P5CS transgenic tobacco was significantly increased [157]. La Rosa et al.
obtained the same result that when soybean P5CR gene was overexpressed in tobacco,
the activity of P5CR was increased five times, but the level of proline in transgenic tobacco
was not significantly increased [158]. These results indicated that the increase of proline
was more affected by P5CS than by P5CR. Therefore, the P5CS enzyme is the rate-limiting
enzyme of proline metabolism and determines the synthesis of proline. Sharma et al. found
that Arabidopsis P5CS1 mutants underproduce proline during stress [159]. Baocheng et al.
introduced P5CS cDNA from moth bean (Vigna aconitifolia L.) into rice (Oryza sativa L.)
genome. The transgenic plants showed overproduction of the P5CS enzyme and accumu-
lation of proline [160]. Similarly, in transgenic AtP5CS tobacco, its proline content was
significantly increased, and its osmotic regulation ability was enhanced [161]. The same
effect was also shown in potato [162], sugarcane [163], soybean [164], etc. δ-OAT is another
key enzyme in proline synthesis and its activity was significantly enhanced under drought
conditions [165]. Overexpression of δ-OAT in plants can significantly increase proline
content in tobacco, rice, etc. [166,167]. In addition, the degradation of proline occurs in
mitochondria and is the reversal of the synthesis pathway of glutamic acid. Proline is first
oxidized by proline dehydrogenase (ProDH) to P5C, which is reduced to glutamic acid
by 4-pyrroline-5-carboxylate dehydrogenase (P5CDH) [168]. Studies have shown that
Arabidopsis proline dehydrogenase (PDH1) mutants block Pro catabolism and found that
plants maintain growth through active Pro catabolism under low water potential [159].
What is more, proline transport requires the participation of ProT. This transporter belongs
to the amino acid/auxin permease (AAAP) gene family in plants and is a typical Na+-
dependent sub-amino acid transporter. The transporter is directly absorbed by proline
coupling along with the Na+-electrochemical gradient, which requires the participation
of Na+-K-ATPase and belongs to active transport [169]. However, many studies have
proved that the alteration of ProT expression cannot change proline accumulation in a
directed way. In Arabidopsis thaliana plants overexpressing HvProT, the proline content in
the aboveground part decreased while that in the root increased [170].

The synthesis of glycine betaine (GB) in plants, mainly accomplished by the en-
zymatic reaction, has been elucidated in many studies. Choline, as the initiator of GB
synthesis, is obtained through the methylation of three adenosine-methionine-dependent
phospho-ethanolamine (PE) catalyzed by the cytoplasmic enzyme phospho-ethanolamine
N-methyltransferase (PEAMT) [171]. The PEAMT enzyme has two tandem methyltrans-
ferase domains at the N terminal and C terminal. The N-terminal methyltransferase
domain methylate PE to phosphate-monomethyl-ethanolamine (P-MME), and the C-
terminal methyltransferase domain methylate P-MME to phosphate-dimethylethanolamine
(P-DME), and P-DME to phosphocholine (PC) [172]. PC is then converted to choline in dif-
ferent ways. McNeil et al. found a different transformation pathway for PC in spinach and
tobacco, the former by direct dephosphorylation to choline, and the latter by first contain-
ing PC in phosphatidylcholine and then metabolizing it to choline [173]. Next, betaine is
synthesized by a two-step oxidation reaction. The first step was to oxygenate choline into
betaine aldehyde with the help of a ferredoxin-dependent choline monooxygenase (CMO).
The CMO catalyzed step is the rate-limiting step in GB biosynthesis [174]. The second step
is NAD+-dependent betaine aldehyde dehydrogenase (BADH) catalyzed the oxidation
of betaine aldehyde into betaine [175,176]. CMO is a ferredoxin-dependent rate-limiting
enzyme encoded by a single gene. CMO has Rieske-type [2Fe-2s] active site and is the only
matrix enzyme with the Rieske iron-sulfur center, usually localized in the chloroplast or
other subcellular compartments [177]. Under normal conditions, CMO activity is low and
unstable. Since the reduced ferredoxin is produced by photosynthetic electron transport,
the CMO activity in plants can be improved to a certain extent under light induction.
The CMO plays a balancing and speed-limiting role in this process. Due to the toxic effect
of betaine aldehyde on plant cells in this step, CMO should not only synthesize enough
betaine aldehyde for further synthesis of betaine but also limit the excessive accumulation

203



Horticulturae 2021, 7, 50

of betaine aldehyde in the plant. The catalytic enzyme BADH is a dimer encoded by a single
chain nuclear gene with two alleles. It is composed of two monomers of equal molecular
weight. It belongs to the superfamily of aldehyde dehydrogenases and also has nonspecific
effects on other aldehyde substrates [178]. BADH is dependent on both NAD+ and NADP+,
but in plants, BADH shows higher activity in the presence of NAD+ [179]. The BADH of
monocotyledons may be located in microsomes, while that of dicotyledons may be located
in the chloroplast stroma. BADH has two isozymes (BADH I and BADH II), in which
BADHII plays a more important role [180]. BADH, as the most important catalytic enzyme
in the synthesis of betaine, has low activity under normal conditions. However, under the
stress conditions of low temperature, drought, and high salinity, the isozyme activity of
BADH was significantly increased, which resulted in the synthesis of a large amount of
betaine, indicating that the activity of BADH was induced by stress. With advances in
genomics and proteomics as well as genetic engineering techniques, some plant species
have been engineered using genes from the GB biosynthetic pathway that confer tolerance
to abiotic stresses. Most of the plants that have been genetically engineered to produce
GB are naturally non-GB accumulative plants [181]. Shen et al. isolated and identified the
CMO gene from spinach and transferred it into tobacco, and found that salt tolerance and
drought tolerance of transgenic tobacco were also significantly improved [182]. Similarly,
other studies have also shown that CMO transgenic rice and tobacco can significantly
improve their tolerance to salt and drought stress [183,184]. Ishitani et al. isolated and
cloned the BADH gene from barley and transferred it into tobacco, which improved the
drought tolerance of tobacco to a certain extent [185]. Fan et al. transferred the SoBADH
gene from spinach into the sweet potato and found that the transgenic plants showed
stronger BADH activity and eventually showed increased tolerance to abiotic stress [186].
Li et al. transferred the SoBADH gene into tomatoes to produce transgenic plants with
higher levels of betaine and greater stress resistance [187].

The metabolism of soluble sugar in plants is very complex. Taking sucrose as an
example, FBPase (fructose-1, 6-bisphosphatase) and sucrose phosphate synthase (SPS) are
important rate-limiting enzymes in the sucrose synthesis pathway. The enzyme FBPase,
one of the key enzymes in the gluconeogenesis pathway, catalyzes the hydrolysis of
fructose-1 6- diphosphate (FDP) to fructose -6- phosphate (F6P). The catalytic product of
FBPase in the cytoplasm is sucrose, while the catalytic product of FBPase in the chloroplast
is starch. Cho et al. constructed FBPase overexpressed Arabidopsis lines and found that
the soluble sugar content of the transgenic plants was significantly increased [188]. On the
contrary, decreasing the activity of FBPase in potato cytoplasm by antisense technique
resulted in a decrease in sucrose synthesis rate [189]. SPS catalyzed the synthesis of
sucrose-6-phosphate using uridine diphosphate glucose (UDPG) as the donor and fructose
6-phosphate as the receptor. Sucrose 6-phosphate is dephosphorylated and hydrolyzed to
form sucrose and phosphate ions under the action of sucrose phosphate phosphorylase
(SPP). This reaction is basically irreversible. However, SPS and SPP exist in the plant
body in the form of complex, so SPS catalysis of sucrose production is actually irreversible.
Therefore, SPS is a key enzyme controlling sucrose synthesis in plants [190]. Park et al.
transferred the Arabidopsis AtSPS1 gene into tobacco and found that the sucrose content
of transgenic tobacco increased, accompanied by plant height growth, stem diameter
thickening, and fiber lengthening [191]. Moreover, previous studies have confirmed that
the SPS activity and sucrose content of transgenic plants obtained by introducing ZmSPS1
into tomato [192], potato [193], and Arabidopsis [194] were significantly increased.

5.1.2. Drought-Induced Protein Genes

LEA protein is a protein that is highly expressed in late embryonic development.
It plays a crucial role in plant response and resistance to drought, mainly by capturing
water, stabilizing and protecting the structure and function of proteins and membranes,
and protecting cells from water stress as a molecular chaperone and hydrophilic solute [195].
Sivamani introduced the ABA-responsive gene HVA1 (a member of group 3 LEA protein
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genes) into spring wheat (Triticum aestivum L.), and found that the transgenic wheat had
significantly higher water use efficiency and better growth characteristics under water
deficit condition than the control wheat [196]. Under drought stress, seed germination
rate, seedling fresh weight, and root length of CmLEA-S (a melon Y3SK2-type LEA gene)
transgenic plants were significantly higher than those of wild-type plants. They also
had less wilting and yellowing, more proline, less MDA, and stronger APX and CAT
activities [197]. Luo et al. constructed Capsicum annuum L. plants with the expression
of CaDHN5 (a dehydrin gene) downregulated by VIGS (Virus-induced Gene Silencing)
and Arabidopsis plants with transgenic overexpression of CaDHN5. It was found that
CaDHN5 was positively correlated with the expression of manganese superoxide dismutase
(MnSOD) and peroxidase (POD) genes [198]. Under drought stress, seed germination rate
and survival rate of OeSRC1 (a Ks-type dehydrin gene) transgenic tobacco plants were
higher than those of wild-type tobacco plants, and they accumulated more free proline,
but electrolyte leakage did not change significantly [199].

Plant aquaporin (AQP) is a membrane channel located in the plasma membrane and
intracellular module, which can promote the transport of water, small neutral molecules,
and gases across biofilm [200]. Aquaporin belongs to the MIP family of proteins that regu-
late cellular water movement and maintain water relationships in plants, especially under
drought stress. As mentioned earlier, AQP can be divided into PIPs, TIPs, NIPs, and SIPs,
as well as the genes that encode them. Among them, plasma membrane intrinsic proteins
(PIPs) and tonoplast intrinsic proteins (TIPs) mediate the main pathways of intracellu-
lar water transport, maintain intracellular and intercellular water relations under stress,
and are involved in many processes of the drought stress response. Zhang etc. found that
rose water channel protein RhPIP2;1 can influence plant growth and stress reaction by
interacting with the membrane MYB protein RhPTM [201]. Overexpression of CrPIP2;3 in
Arabidopsis thaliana (a PIP2 gene from rose) can promote the survival and recovery of trans-
genic plants under drought stress by regulating water homeostasis, thus affecting drought
tolerance of plants [202]. The seed germination rate, seed yield, seed vigor, and root
length of transgenic Arabidopsis thaliana lines overexpressing JcPIP2;7 (a plasma membrane
intrinsic protein gene) and JcTIP1;3 (a tonoplast intrinsic protein gene) under mannitol
condition were significantly higher than those of the control [203]. Peng et al. tested the
effect of the ginseng PgTIP1 gene by transgenic it into Arabidopsis plants and showed
that it altered root morphology and leaf water channel activity, thereby altering drought
tolerance [204]. The overexpression of CsTIP2;1 in Arabidopsis plants increased the expan-
sion of mesophyll cells, midrib aquiferous parenchyma abundance, H2O2 detoxification,
and stomatal conductance, and then significantly improved the water and oxidation state,
photosynthetic capacity, transpiration rate, and water use efficiency of leaves under the
condition of continuous dry soil [205].

5.2. Regulatory Genes

Regulatory genes are genes that regulate stress signal transduction and functional
gene expression. The regulatory genes of drought stress response can be divided into
the following categories. The first is the transcription factors related to the regulation of
stress gene expression, including bZIP, MYB, MYC, EREBP/APZ, CBFI (CRT/DRE binding
factor), DREB1A (DRE binding), etc. These transcription factors can be strongly induced by
water stress and their expression can further regulate the expression of various functional
genes. The second type of protein kinases is related to the sensing and transduction of
stress signals, such as receptor protein kinases, ribosomal protein kinases, transcription
regulatory protein kinases, etc. These kinases usually play the role of stress signal cascading
amplification. Among them, the most important are the three key kinases included in
the MAPK cascade: MAPK, MAPKK, and MAPKKK. The third type is related to the
second messenger generation and transduction of enzymes, such as phospholipase D,
phospholipase C. Phospholipase C catalyzes the hydrolysis of PIP into diesterphthalein
glycerol (DG) and inositol triphosphate (IP3). IP3 can induce the release of Ca2+ stored
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in the endoplasmic reticulum into the cytoplasm, and thus initiate the intracellular signal
transduction process.

5.2.1. Signal Transduction Related Genes

The key step of ABA biosynthesis is to catalyze 9-cis-epoxycarotenoid dioxygenase
(NCED) [206]. In Arabidopsis thaliana, drought tolerance is regulated by the NCED gene.
The overexpression of the AtNCED3 gene in Arabidopsis leads to the increase of endoge-
nous ABA level, and drought and ABA promote gene transcription. Overexpression
of this gene in plants resulted in a decrease in leaf respiration rate and an increase in
drought resistance. The antisense inhibition of this gene made it sensitive to drought,
suggesting that the expression of this gene plays a key role in ABA biosynthesis under
drought stress [207]. Under drought stress, the increased activity of ABA synthase (such
as ZEP, NCED, LOS5/ABA3, and AAO) in plant root cells produced a large amount of
ABA, which was transported to leaf cells through transpiration flow. ABA is perceived
by ABA receptors on guard cells and is transported across the membrane by intracellular
second messengers [calcium messenger, proton messenger, inositol triphosphate (IP3), etc.].
Thus, a variety of ion channels and enzymes related to physiological and biochemical
reactions are activated to regulate stomatal movement and eventually lead to stomatal
closure. Other studies have shown that under drought conditions, ABA promotes open
stomatal closure and inhibits closed stomatal opening in isolation. During stomatal closure,
ABA, H2O2, and NO may all act on the MAPK signaling pathway. In the future, tomato-
derived LeNCED1 was transferred into tobacco (with tetracycline as control). When tobacco
leaves were treated with tetracycline, the increase of ABA content in the leaves induced
NCED transcription, but there was no significant difference in the tomato transformed with
LeNCED1 under the strong promoter CaMV35S [208].

Calmodulin, calmodulin-like proteins, calmodulin B-like proteins, and calcium-dependent
protein kinases (CDPKs) are the four major families of calcium-binding proteins in plants. As a
Ca2+ signal sensor, CDPK is closely related to the further transmission of cellular Ca2+ signal.
Because the N-terminal serine/threonine-protein kinase domain of CDPKs can be fused with
the carboxy-terminal calmodulin-like domain containing the EF-hand calcium-binding site,
CDPKs are independent of exogenous calmodulin interactions but can be directly activated by
Ca2+ binding [209,210]. Although most CDPK genes are commonly expressed in organisms,
some CDPK genes are expressed only in specific tissues or are induced by hormonal, biological,
or abiotic stress conditions. Salt stress, drought stress, and other abiotic stress can significantly
improve the transcription level of CDPK [211,212]. Urao et al. cloned two CDPK genes,
named AtCDPK1 and AtCDPK2, from Arabidopsis thaliana. The expression of these two genes
can be induced by drought, suggesting that these two genes are involved in osmotic stress
signal transduction [213]. The protein kinases AtCDPK10 and AtCDPK30 expressed in maize
protoplasts can activate the promoter of the HVA1 gene induced by drought and high salt
stress, and the mutant without the CDPK region is not responsive to various stresses and ABA.
Therefore, it is speculated that AtCDPK10 and AtCDPK30 are the positive regulators of the
plant stress signal transduction pathway [214]. Moreover, Saijo et al. found that overexpression
of OsCDPK7 in rice enhanced drought stress resistance of rice [215].

The MAP protein kinase genes isolated from Arabidopsis thaliana were induced by
drought, high salinity, and low-temperature stress, including AtMPK3, AtMPK4, AtMPK6,
AtMEK1, and AtMEKK1. Studies have shown that the MAP kinase cascade system is not
only regulated by phosphorylation and dephosphorylation at the protein level but also
induced by environmental stress signals at the transcriptional level. Mizoguchi et al. found
that AtMEKK1 is involved in the MAP kinase cascade signaling of drought, high salinity,
low temperature, and traumatic stress in Arabidopsis. The cascade pathway consists of At-
MEKK1 (MAPKK kinase), AtMEK1 (MAPKK kinase), and AtMPK4 (MAPKK kinase) [216].
It has also been reported that drought or high salinity also activates SIMK (stress-induced
MAPK) in Medicago sativa cells and SIPK (salicylic acid-induced protein kinase) in tobacco
cells. Chitlaru et al. found that hypertonic stress could rapidly activate a protein kinase,
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and confirmed that the protein kinase belonged to MEK1 [217]. Xiong et al. found that
the OsMAPK5 gene in rice was induced by a variety of biological and abiotic stresses,
and overexpression of this gene in rice could enhance drought resistance, salt resistance
and low-temperature tolerance of transgenic rice [218].

5.2.2. Transcription Factor Genes

In the process of signal transduction under drought stress, transcription factors (TF)
regulate and reduce the damage to plants from multiple levels by activating multiple
pathways, which plays a crucial role in the growth and development of plants under
stress [219]. Among them, the transcription factor gene families related to drought stress
mainly include HD-Zip/bZIP, AP2/ERF, NAC, MYB, and WRKY. However, Different tran-
scriptional factors play different transcriptional regulatory roles under drought conditions,
depending on plant species and strain, development stage, and drought treatment intensity.
Gong et al. pointed out that the 43 transcription factor genes in drought response of tomato
drought-resistant lines mainly came from 5 families with the most abundant expression
changes, which were WRKY, NAC, BHLH, AP2/EREBP, and HSF in turn, while MYB, bZIP,
and CCAAT families had less abundant expression [220]. Different from tomato, the high-
est abundance of the 261 transcription factor genes in rice were MYB (35 members) and
AP2/EREBP (28 members), followed by 21 bHLH, 11 HSF, 27 NAC, and 15 WRKY. Moreover,
drought-resistant rice cultivars could activate more upregulated transcription factors than
non-drought-resistant rice cultivars. For example, the number of upregulated transcription
factors in the AP2 family of rice drought-resistant variety was 35 more than that of rice
non-drought-resistant variety after 18 days of drought [221].

The HD-Zip transcription factors belong to a homeobox protein encoding 60 con-
served amino acid homeodomains (HD), which consists of six families, namely HD-Zip,
KNOX, PHD, BELL, WOX, and ZF-HD [222]. Among them, homeodomain-leucine zip-
per (HD-zip) is a plant-specific transcription factor, which consists of DNA-homologous
domain and additional Leu zipper (Zip) components [223]. The former binds specifically
to DNA, while the latter mediates the formation of protein dimer, a transcription factor
involved in regulating plant growth and development under normal growth conditions
and environmental stress [224]. Based on sequence conservatism, structural characteristics,
function, and other characteristics, HD-Zip transcription factors can be divided into four
subfamilies (HD-Zip I~ HD-Zip IV). Different subfamily members have different biologi-
cal functions, some are involved in the cross-interaction of multiple hormonal pathways,
and some interact with key genes and downstream genes of hormonal pathways [222].
Atalou et al. proposed that the expression of subfamily I and II genes of the HD-Zip family
of transcription factors were induced by drought stress. These two genes participate in the
hormone signaling pathway, regulate the expansion, division, and differentiation of plant
cells by interacting with the hormone pathway genes and downstream genes, and thus
improve the drought resistance of plants [225]. Expression analysis by Deng et al. showed
that CpHB-7 negatively regulates the expression of ABA-responsive genes, which also
explains the reduced sensitivity of transgenic plants with ectopic CpHB-7 to ABA during
seed germination and stomatal closure [226]. Arabidopsis thaliana with overexpression of
HD-Zip I subfamily gene Hahb-4 showed strong tolerance to water stress and insensi-
tivity to ethylene because the overexpression of Hahb-4 gene inhibited the expression of
ethylene synthesis genes ACO, SAM, and downstream ethylene signaling genes ERF2 and
ERF5 [227]. Fan et al. silenced RhHB1, which encodes a homeodomain-leucine zipper I
γ-clade transcription factor in rose flowers, resulting in an increased content of JA-Ile and
a decreased tolerance to dehydration. It has also been shown that RhHB1 can inhibit the
expression of lipoxygenase 4 (RhLOX4) by directly binding to the promoter of RhLOX4.
In other words, the JA feedback loop mediated by the RhHB1/RhLOX4 regulatory module
provides dehydration tolerance by fine-tuning the level of bioactive JA [228].

AP2/ERF transcription factors play an important role in plant stress resistance and
previous studies have shown that they can participate in the process of drought stress
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resistance in plants through different pathways. AP2/ERF can regulate drought stress
response by affecting the synthesis of plant hormones. Cheng et al. proposed that as
the upstream component of jasmonic acid and ethylene signals, ERF1 can integrate JA,
ET, and abscisic acid signals through stress-specific gene regulation, and play a posi-
tive role in drought tolerance [229]. Wan et al. found a drought-induced upregulated
ERF transcription factor gene OsDERF1, and the overexpression of OsDERF1 in rice re-
duced the tolerance of rice to drought stress at the seedling stage. It has been demon-
strated that OsDERF1 can directly bind to the GCC boxes in the promoter regions of
negative regulatory factors OsAP2-39 and OsERF3 and activate their expression. However,
OsAP2-39 and OsERF3 can bind to the GCC box of ACS and ACO promoter of ethylene
synthesis genes and inhibit the expression of these genes, thus inhibiting the synthesis of
ethylene. Therefore, the reduction of ethylene content by overexpression of OsDERF1 is
one of the important reasons for the decrease of drought tolerance in rice [230]. Zhang et al.
found that overexpression of JERF1 can improve drought tolerance of transgenic rice and
that JERF1 can activate expression of OsABA2 and Os03G0810800, two key enzymes of
ABA synthesis, and increase ABA content. These results suggest that JERF1 may regulate
drought response through the ABA pathway. Moreover, AP2/EREBP can also respond
to drought stress by affecting metabolite synthesis in plants. By overexpressing DREB1A
in Arabidopsis thaliana, Maruyama et al. found that the contents of starch degrading en-
zyme, sucrose metabolizing enzyme, and sugar alcohol synthase changed, affecting the
content changes of monosaccharide, disaccharide, and trisaccharide, thus enhancing the
drought resistance of transgenic plants [231]. In upland rice, OsERF71-overexpressing
lines, different from OsERF71 interference lines, were found to enhance drought resistance
by increasing the expression of OsP5CS1 and OsP5CS2 regulating proline synthesis [232].
The overexpression of FaDREB2 in Broussonetia papyrifera can increase the content of soluble
sugar and proline in vivo, and thus enhance the tolerance [233]. It was also found in rice
that when the rice gene JERF3 was overexpressed, the accumulation of sugar and proline in
rice could be increased to resist drought [234]. Similarly, overexpression of GmERF3 could
improve the drought resistance of tobacco by increasing soluble sugar and proline content,
respectively [235]. In addition, some people have pointed out that AP2/EREBP protein
is also involved in ROS clearance. Through GUS activity test and SOD activity detection,
Wu et al. found that JERF3 can bind to the GCC box of NtSOD, thereby activating the
expression of NtSOD, improving the activity of SOD, enhancing the ability of ROS scaveng-
ing, and improving the tolerance of tobacco to osmotic stress [236]. What is more, AP2/ERF
transcription factor can also regulate drought resistance of plants by participating in the
regulation of wax synthesis. Wang et al. found that OsWR1 physically interacts with
the DRE and GCC boxes in the promoter of wax-related genes OsLACS2 and OsFAE1′-L,
which can directly regulate the expression of these genes, thereby altering long-chain
fatty acids and alkanes to regulate wax synthesis. Therefore, the drought resistance of
overexpression of OsWR1 was significantly improved [237].

MYB is one of the largest transcription factor families in plants. It is widely involved in
the regulation of secondary metabolism, response to hormones and environment, the guid-
ance of cell differentiation and morphogenesis, and also plays a key role in resistance to
drought and other abiotic stresses [238]. The N-terminal of MYB transcription factor is a
conserved helix-turn-helix (HTH) protein DNA binding domain consisting of 52 amino
acids, which directly determines the accuracy of binding to target genes and can bind to cis
components, such as GCC box, DRE, ABRE, W box, etc. The C-terminal is the transcrip-
tional initiating region, which determines the transcriptional activity of a transcription
factor and its interaction with other genes or components to manipulate the expression
efficiency of downstream genes [239]. According to the structure of the DNA binding do-
main, the MYB transcription factor family can be divided into 1R-MYB, 2R-MYB, 3R-MYB,
and 4R-MYB subfamilies. In Arabidopsis plants overexpressing OsMYB3R-2, expression of
genes dehydration-responsive element-binding protein 2A, COR15a, and RCI2A was signifi-
cantly increased, leading to enhanced abiotic stress resistance [240]. The Arabidopsis thaliana
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overexpressing GaMYB85 had higher free proline and chlorophyll content, showed higher
seed germination rate under mannitol treatment, and higher drought resistance efficiency
than the wild type under water shortage conditions, most probably via an ABA-induced
pathway. Furthermore, the ectopic expression of GaMYB85 resulted in increased transcrip-
tion levels of stress-related markers such as RD22, ADH1, RD29A, P5CS, and ABI5 [241].
GbMYB5 gene silencing decreased the proline content and antioxidant enzyme activity
increased the malondialdehyde (MDA) content and decreased the tolerance of cotton to
drought stress. However, in tobacco lines overexpressing GbMYB5, proline content and
antioxidant enzyme activity increased, while MDA content decreased. The expression
levels of the antioxidant genes SOD, CAT, and GST, polyamine biosynthesis genes ADC1
and SAMDC, and the late embryogenesis abundant protein-encoding gene ERD10D and
dry-responsive genes NCED3, BG, and RD26 were significantly increased in tobacco over-
expressing GbMYB5 [242]. Wang et al. constructed GmMYB84 overexpressing soybeans,
which has longer primary root length, greater proline, and ROS contents, higher antiox-
idant enzyme activities [peroxidase (POD), catalase (CAT), and superoxide dismutase
(SOD)], lower dehydration rate, and reduced malondialdehyde (MDA) content. In addi-
tion, they found that some ROS-related genes of the transgenic plants were upregulated
under abiotic stress, and GmMYB84 could directly bind to the promoters of GmBOHB-1
and GmBOHB-2 genes through electrophoretic mobility shift assay and luciferase reporter
analysis [243]. Chen found that MdMYB46 can directly bind to lignin biosynthesis-related
gene promoter to promote secondary cell wall biosynthesis and lignin deposition, and can
also directly activate stress response signals to improve salt and osmotic stress tolerance of
apple [244]. Geng also found that MdMYB88 and MdMYB124 could regulate root xylem
development and regulate cellulose and lignin accumulation in response to drought by
directly binding to MdDVND6 and MdMYB46 promoter under drought conditions [245].

The WRKY protein family, named for its highly conserved WRKYGQK DNA domain,
is a zinc finger-type transcription regulator, which is a unique transcription factor in plants.
In addition to the presence of at least one highly conserved WRKYGQK sequence and zinc
finger structure, the WRKY domain also specifically interacts with the (T) (T) TGAC (C/T)
sequence (W box) of the target gene promoter [246]. W-boxes are found in the promoters
of many genes related to plant defense response and even in the self-promoters of some
WRKY transcription factor genes. Therefore, WRKY transcription factors may regulate the
expression of downstream functional genes or other regulatory genes through binding with
W-box, thus participating in the regulation process of various physiological activities in
plants. Overexpression of TaWRKY10 in tobacco enhanced drought resistance, which was
characterized by higher proline and soluble sugar content, lower ROS, and MDA content,
and increased germination rate, root length, survival rate, and relative water content
under stress conditions. This is because TaWRKY10 plays a positive role in drought
stress by regulating osmotic balance, scavenging ROS and transcription of stress-related
genes [247]. Moreover, Yan et al. found that GhWRKY17 regulates plant sensitivity to
drought by reducing ABA levels, and regulates the expression of ROS scavenging genes,
such as APX, CAT, and SOD. In other words, GhWRKY17 responds to drought and salt
stress by regulating the ABA signaling pathway, and ROS production in plant cells [248].
Similarly, GhWRKY68 responds to drought and salt stress by regulating ABA signaling
and cellular ROS, too [249]. In addition, WRKY transcription factors also can participate in
the process of stress resistance by regulating the expression of other transcription factors.
Wei et al. proposed that two ERF family genes NtERF5 and NtEREBP-1 in transgenic
plants overexpressing TcWRKY53 were negatively induced, suggesting that TcWRKY53
may regulate osmotic stress responses through interaction with ERF transcription factors
rather than direct regulation of functional genes [250].

The NAC family of transcription factors is a class of plant-specific transcription factors
with a variety of biological functions, which is characterized by highly conserved and
specific NAC domains in the N-terminal of proteins. NAC plays an important role in
plant resistance to drought stress by directly or by regulating the expression of genes
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involved in drought response. Fujita et al. indicated that RD26, as a dehydration-induced
NAC protein, plays a transcriptional role in ABA-induced gene expression in plants un-
der abiotic stress [251]. Moreover, Yong et al. showed that LlNAC2 was involved in
DREB/CBF-COR and ABA signaling pathways to regulate stress tolerance in lily [252].
Arabidopsis thaliana with overexpression of PwNAC2 exhibited greater drought tolerance
by scavenging ROS, reducing membrane damage, slowing water loss, and increasing
stomatal closure. In addition, the ABA or CBF pathway marker genes transgenic with
the PwNAC2 gene were significantly increased in Arabidopsis, suggesting that PwNAC2
enhanced plant tolerance to abiotic stress through multiple signaling pathways [253].
Jiang et al. proposed that RhNAC3, as a positive regulator, could improve the dehydra-
tion tolerance of rose petals mainly by regulating osmotic regulation-related genes [254].
In transgenic Arabidopsis thaliana, overexpression of VvNAC17 enhanced drought resistance
and upregulated expression of ABA and stress-related genes such as ABI5, AREB1, COR15A,
COR47, P5CS, RD22, and RD29A [255]. However, excessive expression of stress-related
genes may have negative effects on plant growth and development. Nakashima found
that transgenic plants overexpressing OsNAC6 improved drought, high salinity, and blast
resistance, but resulted in dwarfing and low yield.

6. Conclusions

As mentioned above, in the past studies, the changes of plant external morphology
and internal biochemical properties under drought stress have been described in detail.
We have also gained a good understanding of signal transduction networks and molecular
regulatory mechanisms in plants. Nevertheless, our current research is still incomplete and
there are still many scientific problems to be solved. For example, ABA signaling networks
are poorly described. In addition, although some famous abiotic stress-related gene families,
such as AP2/ERF, MYB, NAC, etc., have been extensively studied by predecessors, there are
still many unknown mechanisms in the large molecular regulation. Plants respond to water
scarcity in different ways, and this is a complex process that we still need to work on
unraveling. The research on the strategies of plants to cope with drought stress can help
us to better use scientific means to improve the adaptability of plants to water shortage
environment and increase the yield of crops to play a more important role. Therefore,
this review provides valuable background knowledge and theoretical basis for selective
breeding, cross breeding, and molecular breeding of agricultural and forestry crops in the
future by systematically analyzing and summarizing the mechanisms of plant response
to drought.
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