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Plant Physiology under Abiotic Stresses: Deepening the
Connotation and Expanding the Denotation

Yanyou Wu
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Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China;
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Abstract: Abiotic stress factors influence many aspects of plant physiology. The works collected in
the Special Issue deepen plant physiology’s connotation (such as plant electrophysiology) under
abiotic stress and expand the denotation (such as environmental pollutants as abiotic stress factors).
At the same time, the achievements of the selected papers published in the Special Issue also exhibit
their potential application value in the production of horticultural plants.

1. The Effects of Various Abiotic Stresses

The effects of various abiotic stresses on substance metabolism, energy transformation,
and the growth and development of different plants are disparate. Abiotic stress includes
several adversities, such as drought, temperature, light, salinity, nutrients, and heavy met-
als, as well as complex stresses, such as karst environments, saline–alkali soils, and coastal
wetland environments. Water is the essential substance necessary for plant survival. A wa-
ter deficit adversely affects plant morphology, growth and development, and physiological
and biochemical processes. Therefore, water stress is also the most common abiotic stress
factor. Most of the research works collected in the Special Issue concern the effects of water
stress on plant physiology, biochemistry, and growth and development [1–4]; however,
these works also focus on some complex multifactorial stresses [5–7].

2. Moderate Drought Stress Has a Positive Effect on Plant Secondary Metabolism

Generally, water stress harms the primitive metabolism of plants [1–4], but appropriate
water stress has a positive effect on plant secondary metabolism and adaptation. Honório
et al. found that under moderate drought stress, the production of liriodenine and total
alkaloids in Annona crassiflora Mart. increased, but photosynthesis did not decrease [3].
Al-Quraan et al. demonstrated that drought can promote γ-aminobutyric acid (GABA)
accumulation, but it also inhibits the synthesis of chlorophyll a and chlorophyll b in green
pea seedlings (Pisum sativum L.) [2]. The abovementioned works show that humans can
control soil to reach a moderate humidity level to produce secondary metabolites.

3. The Application of Some Exogenous Organic Compounds Can Restore Metabolic
Activity Reduced Due to Drought Stress

Drought causes damage to the cell membrane, disrupts cell function, and reduces the
physiological vitality of plants. Yeast extract is rich in essential nutrients and is a natural
and safe biofertilizer. Chitosan is an environmentally friendly biological polysaccharide ob-
tained by the deacetylation of chitin, which is widely present in nature. However, Abdelaal
et al. presented that the application of yeast extract (8 g/L) or chitosan (30 mM) alone or in
combination can enhance the antioxidant capacity of plants and restore metabolic activity
reduced due to drought stress [8]. We can expect that appropriate drought combined with
the application of yeast extract and/or chitosan can increase the synthesis of secondary
metabolites in plants.
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4. Plant Electrophysiology Can Deepen the Understanding of Plant Physiology under
Abiotic Stress

When affected by abiotic stresses, the anatomy, function, and metabolic activities of
plant cells change, and these changes are bound to be reflected in the electrical properties
of plant tissues and organs. Plant electrical signals can quickly respond to water status in
the environment in real-time and characterize intracellular water metabolism. The works
collected in the Special Issue demonstrate plant electrophysiology’s great potential in the
study of plant stress biology. According to the Gibbs free energy equation and Nernst equa-
tion, the relationship model between the clamping force and the electrical signal (capacitive
reactance, resistance, impedance, and inductive reactance) of plant leaves can be quanti-
tatively reflected in real-time by the intracellular water-holding capacity, water transfer
rate, water-holding time, and water use efficiency of plant leaves. Broussonetia papyrifera
(L.) Vent. and Morus alba L. have different intracellular water metabolism mechanisms
adapted to soil water deficits [4]. The karst-adaptable plant Orychophragmus violaceus (L.)
O. E. Schulz adapts to karst drought environments by synergistically regulating intracel-
lular water transport, cell elasticity, and leaf anatomy [7]. The acquisition and analysis of
plant electrophysiological information have opened up a broad path for studying plant
physiology under abiotic stress.

5. The Environmental Pollutants Become Abiotic Stress Factors

Climate change and environmental pollution caused by human activities have gradu-
ally become abiotic stresses, which hugely impact plant life activities. With a background
of elevated atmospheric carbon dioxide, the adverse effects of low temperature on plant
growth and development are much greater than the adverse effects of high temperature
on plant growth and development [5]. Environmental pollutants such as sulfur dioxide
and bisulfites have become abiotic stress factors that seriously affect the physiological
activities of plants. The work of Li et al. shows that suitable concentrations of NaHSO3
can be used as a source of sulfur for plants to play a positive role in the physiological
activities of plants, and high concentrations of NaHSO3 reduce the photosynthetic capacity
of plants and adversely affect plant growth and development. The effects of bisulfites as
photorespiratory inhibitors are often masked [9].

6. Complexity and Diversity of Salinity Stress

Both salt in the soil and salt spray in the atmosphere can become abiotic stress factors.
The influence of salt stress on coastal plants is caused by the superposition of soil salinity
and atmospheric salt spray stress, and salt composition is also compounded. The root is
the earliest organ to respond to salt stress in the soil. Tilia cordata Mill. can only respond
to salinity by adjusting the stomatal conductance of leaves and reducing photosynthetic
capacity by improving water use efficiency, as its roots do not prevent salt intake. Pyrus
pyraster L. (Burgsd.) maintains stable photosynthesis under salt stress, as its roots limit the
transfer of salt ions to leaves [10]. The first organ to respond to salt spray in the atmosphere
is the leaves of plants. Callistemon citrinus significantly decreases photosynthetic capacity
under salt spray stress [11]. In fact, plants growing in soil salinization areas are not
simply affected by single-salinity adversity but by salinity–alkali compound adversity.
Wang et al. found that low concentrations of saline–alkali stress (NaCl:NaHCO3 = 3:1,
0~90 mM) can promote glucose metabolism and the synthesis of antioxidant enzymes,
while high concentrations of saline–alkali stress (NaCl:NaHCO3 = 3:1, 120~150 mM) reduce
the activities of peroxidase and catalase [6]. This is related to the fact that at an appropriate
concentration, bicarbonate improves the stress tolerance of plants [12]. In horticultural
plant production, saltwater dilution irrigation is an effective measure.
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Abstract: Citrus is grown globally throughout the subtropics and semi-arid to humid tropics. Abiotic
stresses such as soil water deficit negatively affect plant growth, physiology, biochemistry, and
anatomy. Herein, we investigated the effect(s) of three water regimes (control, moderate drought, and
severe drought) on the physiological and anatomical structure of 10 different citrus rootstocks with
different degrees of tolerance to drought stress. Brazilian sour orange and Gadha dahi performed
well by avoiding desiccation and maintaining plant growth, plant water status, and biochemical
characters, while Rangpur Poona nucellar (C. limonia) and Sunki × bentake were the most sensitive
rootstocks at all stress conditions. At severe water stress, the highest root length (24.33 ± 0.58), shoot
length (17.00 ± 1.00), root moisture content (57.67 ± 1.53), shoot moisture content (64.59 ± 1.71),
and plant water potential (−1.57 ± 0.03) was observed in tolerant genotype, Brazilian sour orange.
Likewise, chlorophyll a (2.70 ± 0.06), chlorophyll b (0.87 ± 0.06) and carotenoids (0.69 ± 0.08) were
higher in the same genotype. The lowest H2O2 content (77.00 ± 1.00) and highest proline content
(0.51 ± 0.06) were also recorded by Brazilian sour orange. The tolerance mechanism of tolerant
genotypes was elucidated by modification in anatomical structures. Stem anatomy at severe drought,
27.5% increase in epidermal cell thickness, 25.4% in vascular bundle length, 30.5% in xylem thickness,
27.7% in the phloem cell area, 8% in the pith cell area, and 43.4% in cortical thickness were also
observed in tolerant genotypes. Likewise, leaf anatomy showed an increase of 27.9% in epidermal
cell thickness, 11.4% in vascular bundle length, 21% in xylem thickness, and 15% in phloem cell
area in tolerant genotypes compared with sensitive ones. These modifications in tolerant genotypes
enabled them to maintain steady nutrient transport while reducing the risk of embolisms, increasing
water-flow resistance, and constant transport of nutrients across.

Keywords: drought stress; citrus; oxidative stress; proline; photosynthesis; water potential; vascular
bundle modifications
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1. Introduction

Citrus fruit crops in the family Rutaceae have the largest fruit industry globally [1,2].
Rootstock choice and selection for the citrus scion variety are the most valuable decisions
for growers for the implication of better yield and quality with other valuable characters.
Citrus rootstock controls the physiological, biochemical, morphological, and genetic char-
acteristics of scion cultivars grafted on selected rootstocks through the rootstock scion
interaction pathway [3]. Fruit juice quality and tree productivity of scion cultivars are also
affected by rootstock characters. Rootstock has a significant impact on nutrition, horticul-
tural and pathological traits of citrus cultivars, growth, vigor, stress resistance, and fruit
quality of the scion [4–7]. Rootstock controls translocation of water and nutrients from the
soil and distributes among different up ground plant organs, which were also disturbed
negatively by the impact of stresses [8,9].

Citrus plants affected by several biotic (fungal, viral, and bacterial diseases) and abiotic
(water deficit, heat, flooding, and salinity) stresses exhibit wide-ranging losses in citrus
production [10,11]. Cultivars of genus Citrus are grown in a climate of wide range due to
evergreens and perennial tree crops [12]. The capacity to tolerate the unfavorable climatic
conditions of the citrus crop is high but the estimated yield loss due to environmental
abiotic stresses in citrus is up to 82% [13]. Climate change conditioning causes a global rise
in temperature and limited the availability of freshwater for the crop. Meanwhile, crop
consumption is increasing rapidly resulting in reduced levels of groundwater ultimately
limiting productivity [14]. Global warming due to climate change caused frequent extreme
water deficit conditions, an important component for global agriculture [15,16]. Abiotic
stresses are interlinked with each other in which soil water deficit/drought is a serious
environmental factor, which frequently limits the growth and productivity of important
crop species [17]. Supply in water restriction can severely limit plant cell division, plant
growth, fruit development, and fruit production [18,19]. Soil water deficit for long-term
events causes permanent negative changes in the plant which can be in response to previous
stress. Water deficit conditions can be developed at different phenological stages which
can change physiological and molecular processes of the plant [20].

Plant responses to water stress are mediated by changes in root growth pattern and
stomatal closure at moderate stress resulting in reduced CO2 intake, impairing photosynthe-
sis, and loss in production [21,22]. Extreme water stress conditions alter the physiological
and morphological processes of the plant. The molecular and biochemical machinery is also
affected under stress conditions. Reactive oxygen species (ROS), i.e., hydrogen peroxide,
superoxide, singlet oxygen, and hydroxyl radical are excessively produced and accumulate
in plant cells at water deficit conditions. Photoinhibition or photooxidation caused by ROS
accumulation leads to uncontrolled photosynthetic components oxidation [23,24]. Water
deficit/drought damages photosynthetic apparatus and photosynthetic pigments (chloro-
phyll a, chlorophyll b, and carotenoids) which also reduced the photosynthetic rate [25,26].
Photosynthetic pigments are linked to stress tolerance in plants [27,28]. Resistant cultivars
had a higher amount of chlorophyll contents and carotenoids when exposed to water deficit
conditions [29]. Water deficit conditions decrease contents of total chlorophyll a and b
contents [30]. Water deficit conditions damage thylakoid lamella and reduce active oxygen
species’ chlorophyll contents [31]. The chlorophyll content is linked inversely with the
severity and duration of water deficit conditions [32]. After oxidative stress, accumulation
of proline acts as an adaptive stress response. The intracellular levels of proline can increase
by >100-fold during stress [33]. Proline accumulation acts as a compatible osmolyte to
buffer cytosolic pH and to balance cell redox status. Proline can also function as a molecular
chaperone stabilizing the structure of proteins and as a ROS scavenger [24,34].

Plant anatomical structure is also disturbed when the plant is subjected to water
deficit which affects the regulation of water through the vascular bundles. The effect of
drought stress firstly occurs on the cell structure [35,36]. Increased hydraulic resistance and
decreased growth are directly associated with xylem structure [37]. Anatomical changes
in citrus rootstocks under abiotic stress influence their ability to survive. In drought
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conditions, the xylem vessel becomes emboli and dysfunctional. Therefore, plants with
narrow and higher number of vessels are considered to be more drought tolerant [38]. The
plant cells that face an environment with a shortage of water have generally shown an
increase in vessel tissue, thick cell wall, reduction in cell size, and most severe condition
cell wall and the cell membrane becomes ruptured [39,40]. The anatomical changes may
occur to protect the plants under stress conditions. Multiple changes occur in response to
water stress such as alteration of xylem phloem ratio, wall structure, lumen size, and lumen
area that resist environmental stress on the plant [41]. The sensitivity of rootstock against
drought stress is directly related to vessel dimension [42,43]. The vessel density of root and
stem decreases with tree height as vessel diameter increases. The rootstock growth ability
is dramatically affected by several xylem traits, xylem phloem ratio, vessel size, and vessel
density [43,44]. Thus, traits play an important role in maintaining hydraulic conductance
of root and stem and leaves [37,45]. Vessel number and size is the key factor to maintaining
hydraulic conductance [46].

Strategies for drought tolerance are highly relevant in the case of rootstock selection
and multiplication for ensuring continuous productivity. Rootstocks with a higher root
growth ratio, better water use efficiency, higher root hydraulic conductivity, and lower
osmatic conductance can withstand drought conditions while maintaining higher growth
levels and mass accumulation [47,48]. After a severe drought, the recovery of tolerant
rootstocks is much better than other rootstocks. Therefore, screening of drought-tolerant
rootstocks is of utmost importance. For drought stress prevention, the plant increases water
uptake efficiency either by increasing root density or deepening roots [26].

Climate changes shift the weather conditions by a high degree of unpredictability;
water shortage in the soil and plant by a continuous increase in daily average temperature
every year are inevitable, which intimidate overall globe agriculture industry stability by
the negative effect on plant health and production consumer demand. Survival of the citrus
industry against the water deficit needs to evaluate a tolerant/resistant citrus rootstock
against the climate change scenario. The objective of the current study was to evaluate 10
citrus rootstocks against drought, based on visual changes, water potential, morphological
and biochemical characters. After initial screening, the two most sensitive and tolerant
genotypes were used to study the anatomical differences in leaf and stem to elucidate the
drought tolerance mechanism in tolerant genotypes.

2. Materials and Methods

2.1. Plant Materials, Experimental Site, and Growth Conditions

Six months old citrus rootstocks potted plants were taken as experimental material.
Ten genetically diverse citrus rootstocks were examined (details are given in Table 1). A
potted plant experiment was executed at the Institute of Horticultural Science, University
of Agriculture Faisalabad, Pakistan. Seeds of selected rootstock were taken from citrus
rootstocks progeny block, HIS, UAF, Pakistan.

Table 1. Characteristics of citrus rootstocks used in this study.

Rootstock Botanical Name Citrus Category Leaf Shape Parentage/Origin

Gabbuchini Citrus aurantium L. Sour orange hybrid Unifoliate
C. aurantium

‘Bittersweet’ ×
C. sinensis

Gada dahi
Citrus maxima Burm. Merrill/

Citrus grandis L. Osbeck/
Citrus decumana L.

Pummelo hybrid Unifoliate
Subcontinent

(Indo-Pak), seed
selection

Sour orange Citrus aurantium L. Sour orange Unifoliate Subcontinent
(Indo-Pak)

Keen sour orange Citrus aurantium L. Sour orange Unifoliate Selection/root sprout

Brazilian sour orange Citrus aurantium L. Sour orange Unifoliate Open-pollinated seed
selection

Rough lemon Citrus jambhiri Lemon Unifoliate Open-pollinated seed
selection

Sunki × bentake, Citrus spp. Unknown Trifoliate Citrus sunki × bentake
hybrid
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Table 1. Cont.

Rootstock Botanical Name Citrus Category Leaf Shape Parentage/Origin

X639 Citroncirus spp. Mandarin × Poncirus Trifoliate
Cleopatra mandarin ×

Poncirus trifoliata
hybrid

Kirrumakki nucellar Citrus limonia Osbeck Lime Unifoliate Unknow/Subcontinent
(Indo-Pak)

Rangpur Poona
nucellar Citrus limonia Osbeck Lime Unifoliate Unknow/Subcontinent

(Indo-Pak)

The seeds were sown in transparent grow bags (height 12′′ and width 6′′) and placed
in a growth chamber (Model: BST/PGC-175; Bionics Scientific Technologies (p) ltd., Delhi,
India) at 32 ± 2 ◦C, relative humidity oscillating between 80 and 95% and 12–14 h of light.
Potted media contained sand, silt, and clay (1:1:1). These plants were placed in the chamber
for six months before the treatment application and during growth, pots were regularly
irrigated with tap water (75% field capacity) and fertilized weekly with nutrient solution
(1.0 g L−1 Ca(NO3)2, 0.4 g L−1 KNO3, 0.6 g L−1 MgSO4 and 0.4 g L−1 NH4H2PO4 (MAP)).

2.2. Water Regimes and Treatments

Citrus rootstocks were subjected to water deficit treatment applications after six
months of growth in the controlled growth condition. Plants were exposed to three
different groups: controlled condition, moderate water deficit (moderate drought), and
severe water deficit (severe drought). Each treatment group consists of 10 citrus rootstocks
with three replications. Control plants (sufficient water and optimal temperature ~32 ◦C)
were irrigated once every two days (75% field capacity). Water deficit treatments were
moderate (50% field capacity) and severe (25% field capacity) deficit conditions. Water was
applied with 2 days interval for control and treated plants. The controlled and water deficit
exposed genotypes were kept at 32 ± 2 ◦C for day and night temperature in a controlled
growth room. Thereby, three experimental groups were established as control, moderate
water deficit, and severe water deficit conditions.

2.3. Morphological and Biomass Measurements

Leaves were visually observed for leaf necrosis or chlorosis on rootstock seedlings
after 15 days of stress applications. Plant height (cm) and root length (cm) were measured
with help of a scale after uprooting the plants at the end of the experiment (15 DAS). Leaf
water potential was determined to collect the healthy leaf samples at dawn (Shafqat et al.,
2021) by using a pressure chamber (Model 3000, Soil moisture Equipment, Santa Barbara,
CA, USA). Root and shoot fresh biomass were weighed on electric balance (TS-200 Digital
Electronic Scale), oven-dried (70 ◦C) for 48 h, and weighed again separately [48]. Shoot
and root moisture content were calculated using Equation (1):

Moisture content (%) =
Fresh weight − dry weight

Fresh weight
× 100 (1)

2.4. Biochemical and Stress-Associated Biomarker Measurements
2.4.1. Leaf Photosynthetic Pigments Contents

Leaf sample of 0.5 g was cut into small pieces and homogenized by adding 80% acetone
(v/v). The extract was transferred to a 15 mL tube [48]. Test tubes were placed in the dark
to avoid light for 24 h and filtered through filter paper. The absorbance was determined at
663 nm for chlorophyll a, 647 nm for chlorophyll b, and 470 nm for carotenoid. The Chl a,
Chl b, and carotenoids contents were determined using Equations (2)–(4), respectively.

Chl a (mg/g fresh weight) =
(12.7OD663 – 2.69 OD645)× V

1000 × W
(2)
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Chl b (mg/g fresh weight) =
(22.9OD645 – 4.68 OD663)× V

1000 × W
(3)

Carotenoids (mg/g fresh weight) =
O.D 480 + 0.114 (O.D 663) – 0.638 (O.D 645)

Em × 100
(4)

where V = volume of the sample, W = weight of fresh tissue, Em = 2500.

2.4.2. Determination of Proline

Proline contents were assessed by following the acid ninhydrin method [49]. Fresh
0.5 g leaf material was extracted using 10 mL of 3% sulfosalicylic acid (Panreac, Barcelona,
Spain) for 30 min. Centrifugation at 2000 g for 20 min at 4 ◦C was done. The 2 mL of
filtered aqueous extract was mixed with acid ninhydrin reagent (2 mL), and glacial acetic
acid (2 mL), and heated at 100 ◦C for 1 h. The reaction mixture after cooling was segregated
against toluene (4 mL) and the absorbance of the organic phase was recorded at 520 nm
using a spectrophotometer (IRMECO UV/VIS Model U2020). The resulting values were
related with a standard curve plotted using known amounts of proline (Sigma, St Louis,
MO, USA).

2.4.3. Determination of Hydrogen Peroxide (H2O2)

The leaf tissues of 0.1 g were ground in 1 mL of trichloroacetic acid solution (0.1%)
within an ice bath [50]. After preparation in Eppendorf, the samples were centrifuged at
9719× g for 15 min. The supernatant of 500 μL was transferred into a new tube having a
mixture of 1 M KI (1000 μL) and 10 mM potassium phosphate buffer (500 μL). Absorbance
was read at 390 nm in a UV-1900 spectrophotometer (Eppendorf BioSpectrometer® basic).
H2O2 content was calculated as μmol g−1 DW by comparing the absorbance values against
the standard curve of commercial H2O2.

2.5. Stem and Leaf Anatomical Evaluation
2.5.1. Plant Material and Experiment

Two highly tolerant (Brazilian sour orange and Gadha dahi) and highly sensitive
(Rangpur Poona nucellar and Sunki × bentake) genotypes from the first screening study
were selected to screen based on the leaf and stem anatomical study. These selected
rootstocks were exposed to the same treatments for 15 days then leaf and stem samples
were collected for anatomical studies.

2.5.2. Preservation, Sectioning, Staining, and Mounting

Stem and leaf samples (2 cm) were preserved in a formalin acetic alcohol (FAA)
solution containing 5% formalin, 10% acetic acid, 50% ethanol, and 35% distilled water.
Thereafter, the preserved material was subsequently transferred to an acetic alcohol solution
(acetic acid 25% v/v, ethanol 75%) for the long-term preservation of samples. A free-hand
sectioning technique was used to prepare permanent slides of stem and leaf transverse
sections cut with the razor blade, and some fine sections were carefully picked up on
wash glass for staining and dehydration through a series of washings with ethanol (30%,
50%, and then 70% for 15 min each). For staining, the lignified tissues (xylem vessels and
sclerenchyma) were transferred to safranin (1.0 g dissolved in 100 mL, 70% alcohol) for
20 min, dehydrated in 90% alcohol for 5 min, and stained with fast green (1.0 g dissolved
in 90% ethanol) for one minute. Finally, the tissues were washed three times with absolute
alcohol and then transferred to xylene for cleaning the contrast. The sections were mounted
in Canada balsam by putting a drop of resin on a slide and placing the sections on the
slides and photographed with a digital camera attached to a compound microscope.

2.5.3. Anatomical Traits

The stem and leaf cross-sectional area (mm2) was measured under a compound light
microscope (Olympus MX63, Japan) by recording the maximum length and width of the
root sections. Cells present in plants epidermis were measured with the help of ruler

9



Horticulturae 2021, 7, 554

or cm scales, and the length of the epidermal cell was multiplied by 41.5 to obtain a
value in micrometers. Vascular bundle length was calculated by measuring xylem and
phloem which were multiplied by 41.5 to obtain the value in μm. Xylem thickness was
calculated by the width of the xylem region. Metaxylem area, phloem cell area, pith cell
area, and the cortical area were calculated in μm2 by measuring the length and width of
each trait. Cortical thickness was obtained by measuring the total width of the cortical
region in micrometers. By using Equation (5), the areas of the different cells and tissues
were calculated (which was modified from the area of the circle).

Area =
Maximum length × Maximum width

28
× 22 (5)

2.6. Statistical Analysis

Throughout this study, all experiments were laid out using a full factorial split-plot
design arranged in randomized complete blocks using rootstocks as main plots and water
regimes in the subplots. All experiments were carried out using at least three biological
replicates for each treatment. The analysis of variance (ANOVA) was used to test the
significant differences among different drought levels (pDrought), rootstocks (pRootstocks),
and their interaction (pDrought × rootstocks). Tukey’s honestly significant difference (HSD) test
was used for post-hoc analysis (pDrought × rootstocks < 0.05). Moreover, the data matrix of all
dependent variables was used to perform the principal component analysis (PCA). Finally,
means of all dependent variables were used for two-way hierarchical cluster analysis
(HCA). Similarities and variations between treatments were presented as a heat map.

3. Results

3.1. Drought Negatively Affects the Roots and Shoots Length

Both root and shoot length were significantly affected by varying drought levels
(pDrought < 0.0001) and rootstocks (pRootstock < 0.0001) (Table 2). Briefly, the root length
of different citrus rootstocks was significantly reduced when plants were stressed with
different levels of drought. Although control Brazilian sour orange had the highest root
length (27.67 ± 0.58 cm; pDrought × Rootstock < 0.0001), shortest root lengths were recorded
by Sunki × bentake when stressed with moderate (10.33 ± 0.58 cm) or severe drought
(9.33 ± 0.58 cm) and Rangpur Poona nucellar rootstock under severe drought conditions
(10.33 ± 0.58 cm) (Table 2). On the other hand, while there were no significant differences
in shoot length of all tested rootstock, except Gabbuchini, under normal growth conditions,
shoot lengths were significantly reduced under various drought levels. Rangpur Poona
nucellar rootstock had the shortest shoots (5.33 ± 0.58 cm), followed by Sunki × bentake
(6.00 ± 1.00 cm) when stressed under severe drought (pDrought × Rootstock < 0.0001) (Table 2).

3.2. Drought Stress Disrupts the Water Relations of Citrus Rootstocks

As strong wilt phenotype was visually observed on citrus seedlings after 15 days post
applications (DPA; Figure 1), the water relations (water potential, root moisture content, and
shoot moisture content) were assessed (Table 2). For instance, water potential was reduced
significantly by water-deficient (pDrought < 0.0001) and rootstocks (pRootstock = 0.0018). Kirru-
makki nucellar rootstock had the highest water potential (−0.11 ± 0.66 Mpa), whereas, Keen
sour orange, Rough lemon, Brazilian sour orange, Sunki × bentake, X639, Kirrumakki nucellar,
and Rangpur Poona nucellar rootstocks had the lowest water potential when severely stressed
with water deficiency, without significant differences between them (pDrought × Rootstock =
0.0250; Table 2). Likewise, the moisture content of both root and shoot was significantly re-
duced by drought levels (pDrought < 0.0001) and rootstocks (pRootstock < 0.0001) (Table 2). Nor-
mal irrigated Brazilian sour orange had the highest moisture content of root (75.67 ± 0.59%)
and shoot (84.75 ± 0.65%), whereas Rangpur Poona nucellar rootstock had the lowest moisture
content of root (36.33 ± 0.58%) and shoot (40.69 ± 0.65%) under severe drought conditions
(Table 2).
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Table 2. Effect of different water regimes on the root length (cm), shoot length (cm), and water relations of 10 differentcitrus
rootstocks with distinct degrees of tolerance to drought stress.

Rootstock
Root Length

(cm)
Shoot Length

(cm)
Water Potential

(Mpa)

Moisture Content

Root
(%)

Shoot
(%)

C
on

tr
ol

Gabbuchini 25.33 ± 0.58 ab 21.00 ± 1.00 b −0.32 ± 0.02 a–e 66.00 ± 1.00 cde 73.92 ± 1.12
Gada dahi 24.33 ± 0.58 bc 24.33 ± 0.58 a −0.23 ± 0.02 a–d 69.00 ± 1.00 b 77.28 ± 1.12 b

Sour orange 24.33 ± 0.58 bc 23.67 ± 0.58 a −0.27 ± 0.06 a–e 64.67 ± 0.58 e 72.43 ± 0.65 e
Keen sour orange 25.33 ± 0.58 ab 25.33 ± 0.58 a −0.19 ± 0.02 abc 67.33 ± 0.58 bcd 75.41 ± 0.65 bcd

Rough lemon 26.00 ± 1.00 ab 25.00 ± 1.00 a −0.19 ± 0.03 abc 64.67 ± 0.58 e 72.43 ± 0.65 e
Brazilian sour orange 27.67 ± 0.58 a 25.00 ± 1.00 a −0.23 ± 0.02 a–d 75.67 ± 0.58 a 84.75 ± 0.65 a

Sunki × bentake 12.33 ± 0.58 jkl 24.67 ± 0.58 a −0.28 ± 0.05 a–e 65.33 ± 0.58 de 73.17 ± 0.65 de
X639 24.33 ± 0.58 bc 24.33 ± 0.58 a −0.26 ± 0.06 a–e 67.00 ± 1.00 b–e 75.04 ± 1.12 b–e

Kirrumakki nucellar 24.00 ± 1.00 bc 24.00 ± 1.00 a −0.23 ± 0.02 a–d 68.00 ± 1.00 bc 76.16 ± 1.12 bc
Rangpur poona nucellar 24.67 ± 0.58 bc 24.67 ± 0.58 a −0.23 ± 0.02 a–d 66.00 ± 1.00 cde 73.92 ± 1.12 cde

M
od

er
at

e
dr

ou
gh

t Gabbuchini 15.67 ± 0.58 ghi 12.00 ± 1.00 ghi −0.60 ± 0.05 a–f 55.67 ± 0.58 fg 62.35 ± 0.65 fg
Gada dahi 22.67 ± 0.58 cd 18.33 ± 0.58 c −0.15 ± 0.58 ab 64.67 ± 0.58 e 72.43 ± 0.65 e

Sour orange 19.00 ± 1.00 ef 15.67 ± 0.58 de −0.61 ± 0.06 a–f 54.00 ± 1.00 g 60.48 ± 1.12 g
Keen sour orange 21.00 ± 1.00 de 18.33 ± 0.58 c −0.62 ± 0.14 a–f 58.00 ± 1.00 f 64.96 ± 1.12 f

Rough lemon 17.33 ± 0.58 fg 14.33 ± 0.58 efg −0.68 ± 0.03 b–f 54.33 ± 0.58 g 60.85 ± 0.65 g
Brazilian sour orange 25.67 ± 0.58 ab 19.00 ± 1.00 bc −0.70 ± 0.03 c–f 65.00 ± 1.00 de 72.80 ± 1.12 de

Sunki × bentake 10.33 ± 0.58 lm 14.67 ± 0.58 def −0.66 ± 0.04 b–f 50.33 ± 0.58 h 56.37 ± 0.65 h
X639 16.33 ± 1.53 gh 13.00 ± 1.00 fgh −0.74 ± 0.06 def 54.33 ± 0.58 g 60.85 ± 0.65 g

Kirrumakki nucellar 15.33 ± 0.58 ghi 12.00 ± 1.00 ghi −0.11 ± 0.66 a 54.00 ± 1.00 g 60.48 ± 1.12 g
Rangpur poona nucellar 14.67 ± 0.58 hij 11.00 ± 1.00 hij −0.78 ± 0.03 efg 48.67 ± 0.58 hi 54.51 ± 0.65 hi

Se
ve

re
dr

ou
gh

t

Gabbuchini 11.67 ± 1.15 klm 08.33 ± 0.58 kl −1.30 ± 0.06 gh 46.33 ± 0.58 ij 51.89 ± 0.65 ij
Gada dahi 19.33 ± 0.58 ef 14.67 ± 0.58 def −1.14 ± 0.01 fgh 54.67 ± 0.58 g 61.23 ± 0.65 g

Sour orange 14.67 ± 0.58 hij 11.67 ± 0.58 hi −1.30 ± 0.05 gh 46.67 ± 0.58 ij 52.27 ± 0.65 ij
Keen sour orange 17.33 ± 0.58 fg 13.00 ± 1.00 fgh −1.39 ± 0.07 h 50.00 ± 1.00 h 56.00 ± 1.12 h

Rough lemon 13.67 ± 0.58 ijk 10.33 ± 0.58 ijk −1.39 ± 0.04 h 45.00 ± 1.00 jk 50.40 ± 1.12 jk
Brazilian sour orange 24.33 ± 0.58 bc 17.00 ± 1.00 cd −1.57 ± 0.03 h 57.67 ± 1.53 f 64.59 ± 1.71 f

Sunki × bentake 09.33 ± 0.58 lm 06.00 ± 1.00 lm −1.39 ± 0.03 h 39.67 ± 0.58 l 44.43 ± 0.65 l
X639 14.00 ± 1.00 hijk 08.33 ± 0.58 kl −1.36 ± 0.06 h 43.33 ± 0.58 k 48.53 ± 0.65 k

Kirrumakki nucellar 13.33 ± 0.58 ijk 08.67 ± 0.58 jk −1.38 ± 0.03 h 45.00 ± 1.00 jk 50.40 ± 1.12 jk
Rangpur poona nucellar 10.33 ± 0.58 lm 05.33 ± 0.58 m −1.40 ± 0.03 h 36.33 ± 0.58 m 40.69 ± 0.65 m

p-value
pDrought <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
pRootstock <0.0001 <0.0001 =0.0018 <0.0001 <0.0001

pDrought × Rootstock <0.0001 <0.0001 =0.0250 <0.0001 <0.0001

Data presented are means ± standard deviation (mean ± SD) of three replicates. Different letters indicate statistically significant differences
among treatments, while “ns” signifies no significant differences between them according to Tukey’s honestly significant difference test
(p < 0.05).

Figure 1. Effect of different water regimes on the leaf phenotype of 10 different citrus rootstocks with
distinct degrees of tolerance to drought stress.
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3.3. Water Deficiency Interrupts the Photosynthetic Pigments of Citrus Rootstocks

Drought stress considerably lessened chlorophyll a, chlorophyll b, and carotenoids
content of different rootstocks (pDrought < 0.0001; Table 3). Normal irrigated Brazilian sour
orange had the highest chlorophyll a content (3.74 ± 0.12 mg g−1 FW), while Rangpur
Poona nucellar rootstock had the lowest chlorophyll a content (1.57 ± 0.04% mg g−1 FW;
pDrought × Rootstock < 0.0001). Furthermore, there was no significant difference in chlorophyll
b content among all tested rootstocks, except Gabbuchini and Gada dahi, under normal
irrigation conditions. However, chlorophyll b content was significantly decreased under
water deficiency conditions (Table 3). Likewise, there were no significant differences in
carotenoids content of all studied citrus rootstocks, except Gabbuchini, under normal irri-
gation conditions. Nevertheless, carotenoids content was significantly reduced when citrus
rootstocks were stressed with different drought levels. It is worth mentioning that Rangpur
Poona nucellar rootstock had the lowest carotenoids content (0.14 ± 0.03 mg g−1 FW),
followed by Sunki × bentake (0.23 ± 0.02 mg g−1 FW) under severe drought conditions
(Table 3).

Table 3. Effect of different water regimes on the photosynthetic pigments, H2O2, and proline content of 10 different citrus
rootstocks with distinct degrees of tolerance to drought stress.

Rootstock
Chlorophyll a
(mg g−1 FW)

Chlorophyll b
(mg g−1 FW)

Carotenoids
(mg g−1 FW)

H2O2
(μmol g−1 FW)

Proline
(μmol g−1 FW)

C
on

tr
ol

Gabbuchini 3.52 ± 0.03 b 1.43 ± 0.06 abc 1.05 ± 0.04 ab 43.00 ± 2.65 d 0.33 ± 0.03 c–h
Gada dahi 3.54 ± 0.01 ab 1.47 ± 0.06 ab 1.13 ± 0.04 a 44.33 ± 5.03 d 0.35 ± 0.01 c–g

Sour orange 3.53 ± 0.02 b 1.53 ± 0.06 a 1.18 ± 0.04 a 42.33 ± 1.15 d 0.38 ± 0.02 c–f
Keen sour orange 3.57 ± 0.05 ab 1.50 ± 0.10 a 1.15 ± 0.08 a 46.00 ± 2.00 d 0.29 ± 0.00 fgh

Rough lemon 3.60 ± 0.08 ab 1.50 ± 0.10 a 1.15 ± 0.08 a 45.33 ± 2.52 d 0.32 ± 0.03 c–h
Brazilian sour orange 3.74 ± 0.12 a 1.57 ± 0.06 a 1.26 ± 0.12 a 45.00 ± 2.65 d 0.38 ± 0.02 c–f

Sunki × bentake 3.50 ± 0.05 b 1.53 ± 0.06 a 1.18 ± 0.04 a 44.67 ± 0.58 d 0.25 ± 0.01 ghi
X639 3.51 ± 0.06 b 1.57 ± 0.06 a 1.21 ± 0.04 a 39.67 ± 6.03 d 0.26 ± 0.00 ghi

Kirrumakki nucellar 3.57 ± 0.08 ab 1.57 ± 0.06 a 1.26 ± 0.04 a 42.67 ± 1.53 d 0.41 ± 0.01 bcd
Rangpur poona nucellar 3.68 ± 0.04 ab 1.53 ± 0.06 a 1.18 ± 0.04 a 44.67 ± 2.08 d 0.17 ± 0.02 i–l

M
od

er
at

e
dr

ou
gh

t Gabbuchini 2.95 ± 0.04 de 1.23 ± 0.06 cde 0.77 ± 0.08 c–f 64.33 ± 2.08 c 0.18 ± 0.03 i–l
Gada dahi 3.10 ± 0.01 cde 1.27 ± 0.06 bcd 0.85 ± 0.05 bcd 68.33 ± 3.06 bc 0.29 ± 0.01 fgh

Sour orange 2.99 ± 0.04 cde 1.03 ± 0.12 efg 0.79 ± 0.09 cde 64.67 ± 1.53 c 0.26 ± 0.04 ghi
Keen sour orange 3.12 ± 0.02 cde 1.23 ± 0.06 cde 0.82 ± 0.12 cde 62.67 ± 2.08 c 0.23 ± 0.06 hij

Rough lemon 3.14 ± 0.03 cd 0.93 ± 0.15 fgh 0.72 ± 0.12 c–f 62.00 ± 1.00 c 0.25 ± 0.05 ghi
Brazilian sour orange 3.19 ± 0.04 c 1.37 ± 0.06 abc 0.87 ± 0.04 bcd 66.00 ± 2.65 c 0.31 ± 0.02 d–h

Sunki × bentake 2.66 ± 0.05 g 0.80 ± 0.10 hi 0.61 ± 0.05 e–h 66.00 ± 1.73 c 0.14 ± 0.05 jkl
X639 3.11 ± 0.03 cde 1.13 ± 0.06 def 0.79 ± 0.09 cde 60.67 ± 1.53 c 0.25 ± 0.02 ghi

Kirrumakki nucellar 2.92 ± 0.03 ef 1.13 ± 0.06 def 0.90 ± 0.12 bc 64.67 ± 1.53 c 0.41 ± 0.00 bcd
Rangpur poona nucellar 2.54 ± 0.02 gh 0.73 ± 0.06 h–k 0.57 ± 0.07 f–i 64.67 ± 2.52 c 0.08 ± 0.06 l

Se
ve

re
dr

ou
gh

t

Gabbuchini 2.20 ± 0.03 jk 0.77 ± 0.06 hij 0.44 ± 0.04 c–f 83.00 ± 2.00 a 0.41 ± 0.01 abc
Gada dahi 2.45 ± 0.04 hi 0.83 ± 0.06 ghi 0.66 ± 0.01 d–g 83.33 ± 2.08 a 0.40 ± 0.00 cde

Sour orange 2.31 ± 0.03 ij 0.63 ± 0.06 i–l 0.41 ± 0.04 hij 84.00 ± 2.65 a 0.38 ± 0.06 c–f
Keen sour orange 2.24 ± 0.06 ijk 0.63 ± 0.06 i–l 0.49 ± 0.04 ghi 82.33 ± 3.06 a 0.34 ± 0.03 c–g

Rough lemon 2.71 ± 0.25 fg 0.57 ± 0.06 jkl 0.38 ± 0.08 ij 84.00 ± 1.00 a 0.29 ± 0.04 fgh
Brazilian sour orange 2.70 ± 0.06 g 0.87 ± 0.06 gh 0.69 ± 0.08 c–g 77.00 ± 1.00 ab 0.51 ± 0.06 a

Sunki × bentake 1.87 ± 0.04 l 0.47 ± 0.06 l 0.23 ± 0.02 jk 85.67 ± 4.16 a 0.18 ± 0.01 ijk
X639 2.10 ± 0.06 k 0.57 ± 0.06 jkl 0.36 ± 0.04 ij 81.00 ± 6.08 a 0.30 ± 0.03 e–h

Kirrumakki nucellar 2.10 ± 0.04 k 0.53 ± 0.06 kl 0.41 ± 0.04 hij 82.33 ± 2.31 a 0.51 ± 0.01 ab
Rangpur poona nucellar 1.57 ± 0.04 m 0.43 ± 0.06 l 0.14 ± 0.03 k 82.00 ± 1.73 a 0.10 ± 0.00 kl

p-value
pDrought <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
pRootstock <0.0001 <0.0001 <0.0001 =0.0261 <0.0001

pDrought × Rootstock <0.0001 <0.0001 <0.0001 =0.0978 <0.0001

Data presented are means ± standard deviation (mean ± SD) of three replicates. Different letters indicate statistically significant differences
among treatments, while “ns” signifies no significant differences between them according to Tukey’s honestly significant difference test
(p < 0.05).

3.4. Drought Stress Induced the Accumulation of Stress-Associated Biomarkers in
Citrus Rootstocks

Two major stress-associated biomarkers, including H2O2 and endogenous proline
content, were assessed (Table 3). Generally, both drought levels (pDrought < 0.0001) and
rootstocks (pRootstock = 0.0261) induced the H2O2 accumulation. Plants under drought
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stress conditions (moderate or severe) had significantly higher H2O2 levels, compared
with non-stressed rootstocks. It is worth mentioning that all tested rootstocks had their
highest H2O2 levels under severe drought conditions with no noticeable difference between
them (Table 3). Similarly, endogenous proline content was significantly affected by water-
deficient (pDrought < 0.0001) and citrus rootstock (pRootstock < 0.0001), and its levels were
boosted with raising the severity of drought stress. Brazilian sour orange had the highest
proline levels (0.51 ± 0.06 μmol g−1 FW) under severe drought conditions. Nevertheless,
there was no significant difference in proline content of different citrus rootstocks under
regular irrigation conditions (Table 3).

3.5. Principal Component Analysis (PCA) and Two-Way Hierarchical Cluster Analysis (HCA)
Revealed the Differences among Water Treatments and Citrus Rootstocks

To better understand the water deficiency and citrus rootstocks interactions, principal
component analysis (PCA) and two-way hierarchical cluster analysis (HCA) were carried
out (Figure 2). PCA-associated scatterplot revealed a clear separation among water deficit
treatment (control, moderate drought, and severe drought), as well as all studied rootstocks
with respect to PC1 (approximately 81.28%) and PC2 (about 11.94%) (Figure 2A). Moreover,
the PCA-associated loading plot showed that while root length, root moisture content,
shoot moisture content, shoot length, carotenoids, chlorophyll a, chlorophyll b, and water
potential were positively correlated with non-stressed control plants, H2O2, and proline
content were positively associated with water deficit treatments (Figure 2B).

In harmony with PCA findings, the HCA and its associated heatmap revealed the
differences among water-deficient treatments (Figure 2C). For example, HCA-associated
dendrogram among rootstocks revealed that all studied rootstocks were clustered sepa-
rately into three distinct clusters. Cluster (a) included all non-stressed rootstocks, Cluster (b)
included all moderate drought-stressed rootstocks except Rangpur Poona nucellar and
Sunki × bentake which were clustered with severely stressed rootstocks within Cluster (c).
Additionally, the HCA-associated dendrogram among investigated variables revealed that
they were clustered into two separate clusters. Cluster ‘I’ included root length, root mois-
ture content, shoot moisture content, shoot length, carotenoids, chlorophyll a, chlorophyll
b, and water potential which all were higher in regularly irrigated non-stressed control
rootstocks. On the other hand, Cluster ‘II’ included only H2O2 and proline contents which
were higher in citrus rootstocks grown under severe deficient water stress (Figure 2C).

3.6. Water Deficiency Alters the Anatomical Structure of Citrus Rootstocks

To better understand the mechanism of drought resistance in citrus, the effect of dif-
ferent drought levels on the anatomical structure of stem and leaves of two highly tolerant
(Brazilian sour orange and Gadha dahi) and two highly sensitive genotypes (Rangpur
Poona nucellar and Sunki × bentake) from the first screening study was investigated. As
we mentioned above, under drought stress conditions, the moisture content of both roots
and shoots was reduced, resulting in yellow, curled, wilted leaves, and some other adverse
wilt-associated symptoms (Figure 1). Briefly, under severe drought stress, the length of
epidermal cells and vascular bundles was reduced, as well as the thickness of the xylem
and cortical was thinner.

3.6.1. Effect of Drought Stress on Stem Anatomy of Citrus Rootstocks

Microscopic observation of stem cross-section showed that the highly tolerant geno-
types (Brazilian sour orange and Gadha dahi) had some features such as water-filled cells,
small cell gaps, tight and round cells under normal water conditions, as well as under
drought stress conditions (Figure 3).
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Figure 2. Principal component analysis (PCA) and two-way hierarchical cluster analysis (HCA)
of individual morphological and physiological parameters were assessed in 10citrus rootstocks
with distinct degrees of tolerance to drought stress under three water regimes. (A) PCA-associated
scatterplots, (B) PCA-associated loading plots, and (C) two-way HCA. Variations in the dependent
variables among studied treatments are visualized as a heat map. Rows correspond to dependent
variables, whereas columns correspond to different treatments. Low numerical values are light-
yellow-colored, while high numerical values are colored dark red (see the scale at the right bottom
corner of the heat map).

However, both drought levels and rootstocks (pDrought < 0.0001 and pRootstock = 0.0002,
respectively) significantly affected the length of the epidermal cell and vascular bundle
(Figure 4A,B, respectively), xylem thickness (Figure 4C), area of metaxylem cell (Figure 4D),
phloem cell (Figure 4E), pith cell (Figure 4F), pith thickness (Figure 4G), and cortical cell
(Figure 4H), and cortical thickness (Figure 4I). Under all water conditions, the anatomical
structures of the highly tolerant genotypes Brazilian sour orange and Gadha dahi performed
better than two highly sensitive genotypes Rangpur Poona nucellar and Sunki × bentake.
For instance, under regular irrigation, both Brazilian sour orange and Gadha dahi rootstocks
had the highest epidermal cell length (pDrought × Rootstock = 0.0255), vascular bundle length
(pDrought × Rootstock < 0.0001), xylem thickness (pDrought × Rootstock = 0.488), metaxylem cell
area (pDrought × Rootstock = 0.0140), phloem cell area (pDrought × Rootstock = 0.0346), pith cell area
(pDrought × Rootstock = 0.0316), pith thickness area (pDrought × Rootstock = 0.0112), cortical cell
area (pDrought × Rootstock = 0.0180), and cortical thickness (pDrought × Rootstock = 0.0319) with
no significant differences between them. Although, both moderate and severe drought
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stresses significantly reduced most, if not all, of these anatomical attributes, both highly
tolerant genotypes did not show noticeable changes under drought stress. Nevertheless, the
mesophyll cells of drought-sensitive Rangpur Poona nucellar and Sunki × bentake genotypes
were slightly deformed and had shorter epidermal cell and vascular bundle length, as well as
narrower metaxylem, phloem, pith, and cortical area (Figure 4).

Figure 3. Stem transverse section of two highly tolerant (Brazilian sour orange and Gadha dahi) and
two highly sensitive genotypes (Rangpur Poona nucellar and Sunki × bentake). PT: pith; CR: cortex;
XL: xylem; PL: phloem.

3.6.2. PCA and Two-Way HCA Divulged the Variations in Stem Anatomy of Different
Citrus Rootstocks

Briefly, the PCA-associated scatter plot showed a clear separation among water deficit
treatment (control, moderate drought, and severe drought), as well as all studied rootstocks
with respect to PC1 (approximately 87.29%) and PC2 (about 8.41%) (Figure 5A). It is worth
mentioning that the drought-tolerant rootstocks Brazilian sour orange and Gadha dahi
were grouped close to each other and separately from the two sensitive genotypes Rangpur
Poona nucellar and Sunki × bentake under normal irrigation and moderate drought, but
not severe drought conditions. Furthermore, the PCA-associated loading plot showed
that all studied stem anatomical features were positively associated with normal water
application (Figure 5B). In agreement with PCA results, the HCA and its associated heatmap
uncovered the differences among different rootstocks under water-deficient treatments
(Figure 5C). For example, HCA-associated dendrogram among rootstocks revealed that all
studied rootstocks separated into two distinct clusters. Cluster (a) included all non-stressed
rootstocks and the highly tolerant (Brazilian sour orange and Gadha dahi), grown under
moderate drought, whereas cluster (b) included all severely stressed rootstocks and the
two highly sensitive genotypes (Rangpur Poona nucellar and Sunki × bentake) that were
moderately stressed with drought (Figure 5C).
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Figure 4. Effect of different water regimes on the stem anatomical features of two highly tolerant (Brazilian sour orange and
Gadha dahi) and two highly sensitive genotypes (Rangpur Poona nucellar and Sunki × bentake). (A) Epidermal cell length
(μm), (B) Vascular bundle length (μm), (C) Xylem thickness (μm), (D) Metaxylem cell area (μm2), (E) Phloem cell area
(μm2), (F) Pith cell area (μm2), (G) Pith thickness area (μm2 × 103), (H) Cortical cell area (μm2), and (I) Cortical thickness
(μm). Data presented are means ± standard deviation (mean ± SD) of three biological replicates. Different letters indicate
statistically significant differences among treatments, while “ns” signifies no significant differences between them according
to Tukey’s honestly significant difference test (p < 0.05).
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Figure 5. Principal component analysis (PCA) and two-way hierarchical cluster analysis (HCA) of individual stem
anatomical features of two highly tolerant (Brazilian sour orange and Gadha dahi) and two highly sensitive genotypes
(Rangpur Poona nucellar and Sunki × bentake) under three water regimes. (A) PCA-associated scatter plots, (B) PCA-
associated loading plots, and (C) two-way HCA. Variations in the dependent variables among studied treatments are
visualized as a heat map. Rows correspond to dependent variables, whereas columns correspond to different treatments.
Low numerical values are light-yellow-colored, while high numerical values are colored dark red (see the scale at the right
bottom corner of the heat map).

3.6.3. Effect of Drought Stress on Leaf Tissue Structure of Citrus Rootstocks

Microscopic observation of citrus leaves cross-section showed that it had an asymmet-
ric heterogeneous structure that was characterized by two unequal palisade parenchyma
(Figure 6).
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Figure 6. Leaf transverse section of two highly tolerant (Brazilian sour orange and Gadha dahi) and two highly sensitive genotypes
(Rangpur Poona nucellar and Sunki × bentake). PT: pith; CR: cortex; XL: xylem; PL: phloem; PP: palisade parenchyma.

Like stem anatomy, citrus leaf anatomical attributes were significantly altered by both
drought levels and rootstocks. However, the anatomical changes in leaf tissue structure
were less significant in highly tolerant rootstocks (Brazilian sour orange and Gadha dahi)
than sensitive genotypes (Rangpur Poona nucellar and Sunki × bentake). Interestingly,
differences in all studied anatomical features of citrus leaves under different water regimes
were cultivar-dependent. These features included epidermal cell length (pDrought × Rootstock
= 0.0315; Figure 7A), vascular bundle length (pDrought × Rootstock = 0.0009; Figure 7B), xylem
thickness (pDrought × Rootstock = 0.0251; Figure 7C), metaxylem cell area (pDrought × Rootstock
= 0.0349; Figure 7D), phloem cell area (pDrought × Rootstock = 0.0197; Figure 7E), pith cell
area (pDrought × Rootstock = 0.0163; Figure 7F), pith thickness area (pDrought × Rootstock = 0.0335;
Figure 7G), cortical cell area (pDrought × Rootstock = 0.0250; Figure 7H), and cortical thickness
(pDrought × Rootstock = 0.0357; Figure 7I). Under all tested water regimes, highly tolerant root-
stocks Brazilian sour orange and Gadha dahi had thicker epidermal and vascular bundle,
as well as wider pith and cortical areas compared with sensitive genotypes (Rangpur Poona
nucellar and Sunki × bentake). Additionally, severe drought stress significantly reduced
the thickness of all leaf tissues, particularly in sensitive genotypes (Figure 7).

3.6.4. PCA and Two-Way HCA Revealed the Differences in Leaf Tissue Structure of
Different Citrus Rootstocks

In brief, the PCA-associated scatter plot showed a clear separation among water deficit
treatment (control, moderate drought, and severe drought), as well as all studied rootstocks
with respect to PC1 (approximately 93.24%) and PC2 (about 3.95%) (Figure 8A). It is worth
mentioning that the drought-tolerant rootstocks Brazilian sour orange and Gadha dahi
were grouped close to each other and separately from the two sensitive genotypes Rangpur
Poona nucellar and Sunki × bentake under all investigated water regimes. Moreover,
the PCA-associated loading plot showed that all studied anatomical features of citrus
leaves were positively associated with normal water application (Figure 8B). Like PCA,
the HCA and its associated heatmap revealed the differences among different rootstocks
under water-deficient treatments (Figure 8C). For example, HCA-associated dendrogram
among rootstocks revealed that all studied rootstocks separated into two distinct clusters.
Cluster (a) included all regularly irrigated genotypes and the two highly tolerant rootstocks
(Brazilian sour orange and Gadha dahi) that were grown under moderate drought. On
the other hand, cluster (b) included all severely stressed genotypes and the two sensitive
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rootstocks (Rangpur Poona nucellar and Sunki × bentake) that were moderately stressed
with drought (Figure 8C).

Figure 7. Effect of different water regimes on the leaf anatomical features of different two highly tolerant (Brazilian sour
orange and Gadha dahi) and two highly sensitive genotypes (Rangpur Poona nucellar and Sunki × bentake). (A) Epidermal
cell length (μm), (B) Vascular bundle length (μm), (C) Xylem thickness (μm), (D) Metaxylem cell area (μm2), (E) Phloem
cell area (μm2), (F) Pith cell area (μm2), (G) Pith thickness area (μm2 × 103), (H) Cortical cell area (μm2), and (I) Cortical
thickness (μm). Data presented are means ± standard deviation (mean ± SD) of three biological replicates. Different letters
indicate statistically significant differences among treatments, while “ns” signifies no significant differences between them
according to Tukey’s honestly significant difference test (p < 0.05).
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Figure 8. Principal component analysis (PCA) and two-way hierarchical cluster analysis (HCA) of individual leaf anatomical
features of two highly tolerant (Brazilian sour orange and Gadha dahi) and two highly sensitive genotypes (Rangpur Poona
nucellar and Sunki × bentake) under three water regimes. (A) PCA-associated scatter plots, (B) PCA-associated loading
plots, and (C) two-way HCA. Variations in the dependent variables among studied treatments are visualized as a heat map.
Rows correspond to dependent variables, whereas columns correspond to different treatments. Low numerical values are
light-yellow-colored, while high numerical values are colored dark red (see the scale at the right bottom corner of the heat map).

4. Discussion

Water deficit conditions are a major environmental factor, which frequently limits the
growth and productivity of important crop species [17]. Restriction of water supply can
severely limit plant growth, development, and production [18,19]. Choice of rootstock
is among the most important decisions a grower makes, and implications for yield and
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quality are enormous. Rootstock in citrus trees influences the morphological, biochemical,
physiological, and genetic characteristics of grafted scion cultivars through the rootstock
scion interaction pathway [51]. Citrus rootstocks with better drought tolerance ability
can greatly reduce production losses [52]. In this study, plant material consisted of 10
genetically diverse citrus rootstocks belonging to different citrus categories, i.e., oranges,
pummelo, lemon, lime, their hybrids, and originating from diverse localities. The leaf
shape and size of these rootstocks also varied. These rootstocks are reported to have
different tolerance towards some biotic and abiotic stresses. The drought tolerance of
these rootstocks was studied in this investigation. Leaf water potential in plants is directly
related to water availability [53]. Leaf water potential indicates the whole plant water status,
and maintenance of high leaf water potential is found to be associated with dehydration
avoidance mechanisms. Our results demonstrated the decrease in leaf water potential
as drought conditions become severe compared with control. The maintenance of water
potential in leaves is a direct indicator of a plant dehydration avoidance mechanism,
as genotypes with better water potential at stress conditions are regarded as drought
tolerant [23,54,55]. In our studies, Brazilian sour orange showed drought tolerance by
performing best at severe drought and Rangpur Poona nucellar at moderate drought. For
insensitive genotypes, the decrease in leaf water potential indicated the mechanical injury
of leaf chloroplasts caused by stress conditions which result in reduced transpiration rate
and oxidative stress [16].

Citrus rootstocks with high chlorophyll a and b, and carotenoid contents against the
stresses, especially the water stress, are regarded as tolerant rootstocks [56]. The normal
functioning of photosynthetic machinery is affected by drought stress, the degradation, and
photo-oxidation of chlorophyll caused by transpirational imbalance at water stress hamper
the plant’s ability to harvest light reducing total photosynthetic output [21,57]. Results
showed that photosynthetic pigments chlorophyll a, chlorophyll b, and carotenoids reduced
significantly at elevated stress conditions and overall genotype Brazilian sour orange
and Gada dahi had the highest chlorophyll contents at drought conditions highlighting
their ability to tolerate drought stress. Plants with dark green leaves (chlorophyll) under
drought stress are considered tolerant. Visual assessments indicated the Brazilian sour
orange as a tolerant rootstock without changes in leaf green color and leaf necrosis; while,
Savage citrange emerged as the most sensitive, with maximum plant death and leaf
shedding during stress treatments. The compromised photosynthetic machinery reduces
carbohydrate transport and as a result plant growth is also reduced. The ability of plants to
maintain growth under limited water supply reveals their tolerance ability [43,58]. Results
showed that among citrus rootstocks, Brazilian sour orange and Gada dahi at water stress
conditions maintained steady root and shoot growth. The root and shoot moisture content
of these rootstocks were also high at stress conditions showing their tolerant nature. While,
Rangpur Poona nucellar had the lowest shoot and root growth and moisture content
emerged as the most sensitive.

Metabolic imbalances triggered by drought stress cause oxidative stress and as a result
ROS are produced and accumulated [59]. The increased oxidation greatly reduces metabolic
activities and the normal functioning of cell organelles. To combat oxidative stress, plants
also have a built-in antioxidant defense mechanism. Proline is an osmoprotectant that is
trigged as a result of ROS production in the cell, its production and accumulation work as
ROS scavenging, redox balance, and reduce cell damage which normalizes the functionality
of plant cells [60]. In drought-tolerant genotypes, the ROS production is reduced, and
proline concentration is increased with increasing severity of stress. The results show that
Brazilian sour orange has minimal ROS production and the highest proline concentration
at severe drought stress.

In citrus under drought stress, leaves are observed to be shorter with thick epider-
mal cells which facilitates reducing the transpirational rate and oxidative stress [61,62].
Modifications in vascular anatomy are important for plant acclimation potential. Vascular
bundles present in mid rid of leaves serve as a source to distribute nutrients and water. At
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stress conditions with reduced leaf size, the reduction in the vascular bundle is an indicator
of plants’ abilities to modify their anatomy under stress. In the vascular bundle, the xylem
acts as a source of water transport. The plants with greater xylem vessel diameter are
unable to survive harsh environmental conditions [63–65]. At the onset of drought, stress
transpiration, water uptake from roots, and stem hydraulic capacitance begin to decline.
That reduces growth, the vascular bundles in the stem are observed to be reduced along
with pith cell area and cortical thickness [66,67]. In this study, the results showed that with
increasing drought intensity the anatomy of both sensitive and tolerant genotypes was
modified, interestingly the two tolerant genotypes Brazilian sour orange and Gada dahi
had greater values for all the leaf and stem anatomy parameters at severe drought stress
than sensitive genotypes. This could be because of the continuous adaptability of tolerant
genotypes which enabled them to maintain growth and function as the amount of water
became limited, in response to sensitive genotypes in which the response could have been
triggered at very later stages which abruptly affect their growth. These modifications in
tolerant genotypes enabled them to maintain steady nutrient transport while reducing the
risk of embolisms, increasing water-flow resistance, and constant transport of nutrients
across [64].

5. Conclusions

Drought stress adversely affected plant water status, photosynthetic machinery, bio-
chemical balance, and anatomical structure of all the citrus rootstocks studied. The in-
tensifying drought reduced leaf water potential, and compromised the photosynthetic
apparatus by damaging photosynthetic pigments (chlorophyll “a”, “b”, and carotenoid) ap-
parent from lighter green color. Oxidative stress caused by ROS production which triggered
production of proline. Alteration in anatomical structures of leaf and stem were observed.
Citrus rootstocks Brazilian sour orange and Gada dahi performed best under drought
stress, mitigated damage at molecular biochemical and anatomical levels, while rootstocks
Sunki × bentake and Rangpur Poona nucellar were the most sensitive rootstocks.
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Abstract: The physiological and biochemical role of the γ-aminobutyric acid (GABA) shunt pathway
in green pea seedlings (Pisum sativum L.) was studied in response to soil water holding capacity
levels: 80%, 60%, 40%, 20%, and 10% grown under continuous light at 25 ◦C for 7 days and 14 days,
separately. Characterization of seeds germination pattern, seedlings growth (plant height, fresh and
dry weight, and chlorophyll contents), GABA shunt metabolite (GABA, glutamate, and alanine)
levels, total protein and carbohydrate levels, and oxidative damage (MDA level) were examined.
Data showed a significant effect of drought stress on seed germination, plant growth, GABA shunt
metabolites level, total protein and carbohydrate contents, and MDA level. A significant decline
in seed germination percentage was recorded at a 20% drought level, which indicated that 20%
of soil water holding capacity is the threshold value of water availability for normal germination
after 14 days. Seedling fresh weight, dry weight, and plant height were significantly reduced with
a positive correlation as water availability was decreased. There was a significant decrease with
a positive correlation in Chl a and Chl b contents in response to 7 days and 14 days of drought.
GABA shunt metabolites were significantly increased with a negative correlation as water availability
decreased. Pea seedlings showed a significant increase in protein content as drought stress was
increased. Total carbohydrate levels increased significantly when the amount of water availability
decreased. MDA content increased slightly but significantly after 7 days and sharply after 14 days
under all water stress levels. The maximum increase in MDA content was observed at 20% and 10%
water levels. Overall, the significant increases in GABA, protein and carbohydrate contents were to
cope with the physiological impact of drought stress on Pisum sativum L. seedlings by maintaining
cellular osmotic adjustment, protecting plants from oxidative stress, balancing carbon and nitrogen
(C:N) metabolism, and maintaining cell metabolic homeostasis and cell turgor. The results presented
in this study indicated that severe (less than 40% water content of the holding capacity) and long-term
drought stress should be avoided during the germination stage to ensure proper seedling growth
and metabolism in Pisum sativum L.

Keywords: drought stress; GABA: gamma aminobutyric acid; metabolism; pea; Pisum sativum L.;
seedling growth; water deficit

1. Introduction

Pea (Pisum sativum L.) was used by Mendel to lay the foundation of modern genet-
ics [1]. It is one of the major food legumes that can grow in different regions and rich
in proteins, vitamins, minerals, carbohydrates, and seed oil [2]. Pea is predominantly a
self-pollinated crop with limited variation in the number of flowers per node [3]. Most
garden pea germplasm/varieties lines have either one or two flowers per node [4]. The
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agro-ecological importance of pea is connected with its capability to form symbiotic nitro-
gen fixation with rhizobial bacteria that promotes and enhances seed germination, seedling
vigor and emergence, root and shoot growth, plant stand and biomass, and seed weight [5].

Drought is a major abiotic stress that affects plant growth and yield [6]. Plant species
and genotype adaptation and level of tolerance vary according to the type of drought stress
(meteorological, agricultural, hydrological, or socioeconomic drought) [7]. Drought limits
the productivity of many crops, especially during the seedling stage [8]. Water scarcity
negatively affects vegetative growth by direct influence on its metabolic sink strength and
fruit composition [9]. It causes reduced quality and quantity of the crop yield, growth rate,
leaf expansion, stem elongation [8,10], stomatal conductance [11], and grain filling) [12].
Increasing the level of CO2 in plants mitigates the impact of drought stress in many legume
species [13].

Physiological, biochemical, and morphological processes in plants can occur as a
result of drought stress causing changes in the expression of genes that lead to alteration
in protein production [8]. In addition, respiration, photosynthesis, enzyme activities, and
mineral nutrition, Redox (oxidation/reduction) homeostasis, and chloroplast metabolism
are influenced by drought [12,14]. Analysis of proteomics data in plant leaves showed
that many drought-responsive proteins that are involved in osmotic regulation, cell struc-
ture modulation, ROS scavenging, drought signal transduction, as well as carbohydrate
metabolism, were upregulated under drought stress [15].

Drought stress reduces the quality and yield of many crops. Extended periods of
water deficit results in a reduction in plant growth, photosynthesis efficiency and initiates
a series of actions to maintain plant survival. These actions include regulation of stomatal
conductance, osmotic adjustment, cell turgor maintenance, and protection of cellular
membranes, enzymes, and macromolecules from oxidative damage [16]. During drought
stress, plants close their stomata which leads to plasma membrane damage; consequently,
the internal CO2 concentration will be decreased, and excessive generation of reactive
oxygen species will be increased, leading to a reduction in the photosynthetic rate and
plant growth [17,18]. Water deficiency in maize caused a reduction in seedling survival
rate, acceleration of the post-pollination embryo abortion rate, and ultimately, yield loss by
postponing silking through the increase in the anthesis to the silking interval that leads
to a reduction in ear and kernel number per plant [19–22]. Furthermore, water scarcity
decreased photosynthetic efficiency, chlorophyll content, and CO2 exchange in maize
seedlings [21,23].

Drought stress decreased total barley (Hordeum vulgare L.) grain yield through a drop
in tillers, spikes, and grains number per individual plant [24]. In soybean, drought stress
decreased branch seed and total crop yields [25]. Cell elongation in higher plants can be
inhibited through water movement interruption to the surrounding elongating cells from
the xylem under severe water deficiency [26].

The development of candidate drought-tolerant associated genes is based on precise
screening for germplasm and breeding materials in limited water environments using
bioinformatics [27]. Various studies on some plant genes subjected to drought stress
described the biochemical pathways that are involved in drought acclimation. Proteins and
metabolites that were involved in protective mechanisms against drought conditions were
identified. These mechanisms include detoxification enzymes, redox status regulation,
signaling pathways, protein folding and degradation, photosynthesis stability, and primary
metabolism [18]. In addition, drought and low water content reduction lead to an increase
in sugar and amino acid concentrations in plants [28].

GABA is a four-carbon non-protein amino acid that increases in plant tissues under
stress [29]. The GABA shunt has a functional role in biotic and abiotic stress in plants
through the improvement in the antioxidant activity to restrict ROS species production,
plant cell signaling, and metabolism under stress [29,30]. The GABA shunt pathway is com-
posed of three enzymatic reactions. GABA is largely produced through glutamate decar-
boxylation that is catalyzed by glutamate decarboxylase enzyme, then GABA is catabolized
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inside the mitochondrial matrix to succinic semialdehyde (SSA) by GABA transaminase
enzyme. Then, succinate is produced from SSA oxidization by the mitochondrial succinic
semialdehyde dehydrogenase enzyme or reduced to gamma-hydroxybutyrate (GHB) [30].

GABA is made from glutamate by glutamate decarboxylase that is present in symbiotic
rhizobia bacteroids [31]. Furthermore, GABA was shown to be the second most plentiful
amino acid in detached pea (Pisum sativum L.) nodules through the nuclear magnetic reso-
nance analysis, which, in turn, reflects the vital role of GABA in amino acid cycling during
bacteroid metabolism [31]. Data showed that large amounts of GABA is accumulated in
root nodules, while GABA that is newly made appeared to be limited to pea nodules that
are metabolically active [32]. Bound forms of GABA accumulated in nodules of many
legume species, reaching 20% of the total nitrogen content [32].

Drought stress could increase the activation of GABA transporters (ProTs and AAP3)
that regulate the entry of GABA across the cell membrane. The entrance of GABA decreased
drought leaf wilting and improved membrane stability via the reduction in oxidative dam-
age in plants [33]. Endogenous GABA enhanced drought tolerance through the inhibition
of lipid peroxidation and photosynthesis [33]. In addition, GABA stabilized the intracel-
lular pH during drought stress and provided a source of nitrogen and carbon during the
Krebs cycle and carbon–nitrogen metabolism in the maturation of green peas [34]. Drought
stress directly influences metabolic sink strength during vegetative growth, which triggers
an imbalance in redox homeostasis that affects overall plant growth and development.

In this study, the effects of drought stress on the physiological and biochemical charac-
terization of the GABA shunt pathway in green pea (Pisum sativum L.) were investigated.
Characterization of seeds germination pattern, seedling growth (plant height, fresh weight,
dry weight, and chlorophyll content), oxidative damage (Malondialdehyde level), GABA
shunt metabolite levels (GABA, Glutamate and Alanine), total proteins, and total carbohy-
drate levels were determined.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The green pea seeds (Pisum sativum L.) that were used in this study were harvested in
2018 and obtained from local pea growers in Irbid/Jordan. All experiments were performed
in the laboratory using a plant growth medium. The growth medium was a mixture of peat
moss and perlite growth soil with a ratio of (2:1) wt/wt, later referred to as “soil” in a pot
(7 g). Seeds were surface disinfected with 6% (v/v) sodium hypochlorite for 10 min and then
washed five times with sterile distilled water. Surface sterilized seeds were planted in soil.
Tap water was used to irrigate the seeds at a full water holding capacity level (80–100%) for
two weeks until the appearance of seedlings) [35]. The two-week-old seedlings were then
subjected to drought treatments according to soil water holding capacity levels: 80%, 60%,
40%, 20%, and 10% separately for 7 days and another set for 14 days. Plants were grown at
25 ◦C under continuous cool white fluorescent lamp illumination (40 μmol m−2 s −1). For
assays and parameters determinations, three replicates of 6 pea (Pisum sativum L.) seeds for
each replicate were used.

2.2. Seed Sensitivity to Drought Stress Assay

Three replicates of 15 pea (Pisum sativum L.) surface-sterilized seeds were placed on
three filter papers as artificial growth surface in sealed Petri dishes and irrigated with tap
water in drought treatments according to full water holding capacity levels: 80%, 60%, 40%,
20%, and 10% separately for 14 days and allowed to grow at 25 ◦C. Radicle emergence from
the seeds was recorded daily for 14 days. Drought treatment effect on seed germination
was calculated.

2.3. Seedling Physiological Growth Parameters Assay

After each drought treatment for the 7 and 14 days separately, plant height (cm), fresh
weight (g), and dry weight (g) were determined. Shoot fresh weight (g) was determined
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by directly weighing the collected seedlings’ shoot tissues. Shoot dry weight (g) was
determined following weighing the seedlings’ shoot tissues after oven drying at 70 ◦C
for 48 h.

2.4. Chlorophyll Content Determination

After each drought treatment for the 7 and 14 days separately, fresh shoots tissues
were harvested. Chlorophyll pigments (Chl a and Chl b) extraction and determination were
performed according to Jeffrey et al. protocol [36] with the following adjustments: 300 mg
fresh leaves mixed with one ml of ice-cold 90% acetone were ground in an Eppendorf
tube using a micro centrifuge tube pestle to prepare the chlorophyll extract. The extracted
liquid was placed in a new Eppendorf tube and centrifuged at 11,000× g for 5 min. The
supernatant was used for the determination of both chlorophyll pigments. The resulted
supernatant absorbance was measured spectrophotometrically at 647 nm, 664 nm, and
750 nm wavelengths. Equation and extension coefficients [36] were used to calculate the
concentration of Chl a and Chl b (μg/mL). The average of three replicates for each treatment
was calculated.

2.5. Metabolites Extraction

After each drought treatment for the 7 and 14 days separately, fresh shoot tissues were
harvested. GABA shunt metabolites were extracted and determined according to Zhang
and Bown [37] with the following adjustments: 500 mg of fresh shoot tissues were ground
in an Eppendorf tube using a micro centrifuge tube pestle until a fine powder was obtained,
and then placed in 1.5 mL Eppendorf tubes and vortexed with 400 μL methanol for 10 min.
Methanol from samples was removed by overnight evaporation at room temperature.
To each tube, 500 μL of 70 mM lanthanum chloride was added and vortexed for 15 min.
Then tubes were centrifuged at 12,400× g for 5 min. One hundred and sixty microliters of
1 M KOH was added to the collected supernatants and vortexed for 10 min. Tubes were
centrifuged at 12,400× g for 5 min. The resulted supernatant (metabolites extract) was used
for the determination of GABA shunt metabolites (GABA, alanine, and glutamate). The
average of three replicates was used for each drought treatment.

2.6. GABA (γ-Aminobutyric Acid) Level Determination

The protocol of Zhang and Bown [37] was used for GABA determination with the
following adjustments: 50 μL of metabolites extract, 14 μL of 4 mM NADP+, 19 μL of
0.5 M potassium pyrophosphate, pH (8.6), 10 μL of (2 u/μL) GABASE enzyme (GABASE
enzyme (Sigma-Aldrich Corp., St. Louis, MO, USA) was suspended in 0.1 M potassium
pyrophosphate, pH (7.2), containing 12.5% Glycerol and 5 mM β-mercaptoethanol), and
10 μL of α-ketoglutarate were mixed in an Eppendorf tube to prepare the reaction mixture.
The change in absorbance at 340 nm after the addition of α-ketoglutarate was measured
after 90 min incubation at 25 ◦C using a microplate reader. The GABA level (nmol/mg
FW) was determined using the NADPH standard curve. For each drought treatment, the
average of three replicates was used.

2.7. Alanine Level Determination

The Bergmeyer protocol [38] was used for alanine determination with the following
adjustments: 180 μL of 0.05 M Na-carbonate buffer, pH (10), 7 μL of 30 mM β-NAD+, 10 μL
of sample extract, and 1 μL of 0.3 u/μL alanine dehydrogenase (Sigma-Aldrich, St. Louis,
MO, USA) enzyme suspension were mixed in an Eppendorf tube to prepare the reaction
mixture. The change in absorbance at 340 nm after the addition of alanine dehydrogenase
was measured after 60 min incubation at 25 ◦C using a microplate reader. The alanine
level (nmol/mg FW) was determined using the NADH standard curve. For each drought
treatment, the average of three replicates was used.
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2.8. Glutamate Level Determination

The Bergmeyer protocol [38] was used for glutamate determination with the following
adjustments: 180 μL of 0.1 M Tris-HCl pH (8.3), 8 μL of 7.5 mM β-NAD+, 10 μL of sample
extract, and 1 μL of 0.8 u/μL glutamate dehydrogenase enzyme suspension (Sigma-Aldrich,
St. Louis, MO, USA) were mixed in an Eppendorf tube to prepare the deamination reaction
mixture. The change in absorbance at 340 nm after the addition of glutamate dehydrogenase
was measured after 60 min incubation at 25 ◦C using a microplate reader. The glutamate
level (nmol/mg FW) was determined using the NADH standard curve. For each drought
treatment, the average of three replicates was used.

2.9. Total Protein Content Determination

After each drought treatment for the 7 and 14 days separately, fresh shoot tissues
were harvested. Total protein content was determined using a SMART BCA Protein Assay
Kit (Intron Biotechnology, Gangnam-gu, Seoul, Korea) according to the manufacturer’s
instructions. Five hundred milligrams of fresh shoots tissues mixed with 100 μL of distilled
water were ground in an Eppendorf tube using a micro centrifuge tube pestle. Fifty
microliters of the extracted liquid was obtained and mixed well with 1 mL of the kit working
solution. All tubes were incubated at 37 ◦C for 30 min and then kept at room temperature
for 5 min. The absorbance of the samples was measured at 562 nm using a microplate
reader. The BSA standard curve was used to determine the total protein concentration
(μg/mL). For each drought treatment, the average of three replicates was used.

2.10. Total Carbohydrates Content Determination

After each drought treatment for the 7 and 14 days separately, fresh shoot tissues
were harvested. Total carbohydrates content was determined using the Total Carbohydrate
Quantification Assay Kit (catalog number: ab155891, Abcam, Cambridge, MA, USA)
according to the manufacturer’s instructions. Fifty milligrams of fresh shoot tissues mixed
with 200 μL ice-cold kit assay buffer was ground in an Eppendorf tube using a micro
centrifuge tube pestle. Tubes were then centrifuged at 12,400× g for 5 min. The resulted
supernatant was collected. In a 96-well microplate, 30 μL of collected supernatant from
each sample and the kit standard solution wells were mixed with 150 μL of concentrated
H2SO4. The microplate was mixed well for 5 min on a shaker and then incubated at 90 ◦C
for 15 min. The microplate was cooled at room temperature for 15 min. Thirty microliters
of the kit developer solution was added to all treated samples and kit standard solution
wells, mixed on a shaker at room temperature for 15 min, and measured OD at 490 nm.
A glucose standard curve was used to determine the total carbohydrate concentration
(μg/mg FW). For each drought treatment, the average of three replicates was used.

2.11. Oxidative Damage Assay

After each drought treatment for the 7 and 14 days separately, fresh shoot tissues were
harvested. Lipid peroxidation as malondialdehyde (MDA) equivalent was determined by
estimating the TBA reactive substances (TBARS) as described by Heath and Packer [39]
with some adjustments: 20 mg of fresh shoots tissues was mixed with 0.25 mL of 0.5% (w/v)
thiobarbituric acid in 20% (w/v) trichloroacetic acid and 0.25 mL of 175 mM NaCl in 50 mM
Tris-HCl (pH 8) and ground in an Eppendorf tube using a micro centrifuge tube pestle.
Tubes were placed in a water bath at 90 ◦C for 25 min. Tubes were then centrifuged at
12,400× g for 20 min and the supernatant was collected. A microplate reader was used to
measure the absorbance of the supernatant at 532 nm. A standard curve of MDA was used
to calculate the MDA level (nmol/mg FW). For each drought treatment, the average of
three replicates was used.

2.12. Experimental Design and Data Analysis

A completely randomized design (CRD) was used for all experiments in this study.
All treatments and assays were replicated three times. For all assays parameters, mean
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and standard deviation (SD) values were determined. Results were expressed as mean.
Data analysis was performed by one-way analysis of variance (ANOVA) using the Least
Significant Difference (LSD) multiple comparison tests on the means using the SPSS version
16.0 software. For all data analyses, p-value ≤ 0.05–0.01 was considered significant, and
p-value < 0.01 was considered highly significant.

3. Results and Discussion

3.1. Seed Sensitivity to Drought Stress

Germination percentage of Pisum sativum L. was affected significantly (p < 0.05) by
drought treatments to all saturation levels (80%, 60%, 40%, 20%, and 10%) in pea seeds
for 14 days. In general, the germination percentage significantly decreased with a positive
correlation as water content decreased (Table 1). The highest seed germination percentage
was observed at the 80% saturation level (p < 0.05). A significant decline was recorded
at 40% water saturation level. After 14 days, the germination percentage was 100, 80,
and 30 at 60, 40, and 20% soil water saturation levels, respectively. No germination was
observed at 10% drought treatment point (Table 1). These results indicated that the 40%
water saturation level is the threshold value for normal pea seed germination after 14 days
(p = 0.0001, r = 0.929).

Table 1. Germination percentage of pea (Pisum sativum L.) in response to soil water holding capacity levels: 80%, 60%,
40%, 20%, and 10% grown under continuous light at 25 ◦C. Means followed by different letters are significantly different
(p ≤ 0.05) by LSD; r = correlation coefficient.

Treatment Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 8 Day 10 Day 12 Day 14

80% 0.0 40.0 a 59.0 a 75.0 a 75.0 a 95.0 a 100.0 a 100.0 a 100.0 a 100.0 a

60% 0.0 30.0 b 60.0 a 72.5 a 75.0 a 85.0 b 100.0 a 100.0 a 100.0 a 100.0 a

40% 0.0 12.5 c 45.0 b 60.0 b 65.0 b 70.0 c 75.0 b 75.0 b 80.0 b 80.0 b

20% 0.0 0.0 d 0.0 c 7.5 c 15.0 c 18.0 d 20.0 c 25.0 c 30.0 c 30.0 c

10% 0.0 0.0 d 0.0 c 0.0 cd 0.0 d 0.0 e 0.0 d 0.0 d 0.0 d 0.0 d

r * 0.987 0.924 0.929 0.913 0.953 0.942 0.942 0.929 0.929

* means α < 0.05.

Seed germination is a critical stage for plant survival. Drought stress greatly affects
seed germination, but the response intensity and harmful effects of stress depend on the
plant species [40]. A decrease in the germination of Eremosparton songoricum was observed
under drought stress [40]. The results of the current study indicated that as water saturation
decreased, a significant drop in the germination percentage in pea (Pisum sativum L.) was
observed. Similar to our finding, Liu et al.’s [41] study revealed that seed germination
of two maize cultivars (Liansheng15 cultivar and Zhengdan 958 cultivar) was reduced
under drought stress. Increased water deficit minimized absorption of water by seeds,
therefore preventing their germination [42]. However, it has been shown that failure of
the emergence of the root was due to a reduction in water level between the soil and the
seeds [43]. In addition, a reduced water gradient affected enzymatic reactions, which
caused a delay in seed germination [44].

Muscolo et al. [45] found significant differences between two lentil cultivars, Ustica
and Pantelleria, collected from Sicilian islands subjected to drought stress with a remarkable
decrease and delay in seed germination. Inhibition of seed germination was directly related
to energy production through respiration, enzyme and hormonal activity, reserve mobi-
lization, and dilution of the protoplasm to increase metabolism for successful embryonic
growth [45]. Water availability is a limiting factor for non-dormant seed germination. It also
affected the speed, uniformity, and percentage of seed emergence [46]. Dornbos et al. [47]
showed that the germination percentage was decreased during the seed filling stage in soy-
bean (Glycine max L.c.v Merr.) under severe drought stress. Inhibition of starch catabolism
under drought and salt stress decreased seed germination [48,49]. AL-Quraan et al. [50]
showed a significant decrease in seed germination of five wheat cultivars (Triticum aes-
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tivum L.) under salt and osmotic stress. Furthermore, AL-Quraan et al. [51] reported that
cold, heat, salt, and osmotic stresses significantly reduced seed germination in two lentil
(Lens culinaris Medik) cultivars. The results of this study showed that reduction in wa-
ter content had a severe impact on seed germination and early seedling growth in pea
(Pisum sativum L.) that might be caused by a reduction in water absorption by seeds during
metabolic processes and enzymatic activity in germinating pea seeds.

3.2. Seedling Physiological Growth in Response to Drought Stress

Seedling fresh weight, dry weight, and seedling height of Pisum sativum L. were
measured in response to drought treatments according to soil water holding capacity levels
of 80%, 60%, 40%, 20%, and 10% for 7 and 14 days, separately. Seedling fresh weight and
seedlings height were significantly reduced with a positive correlation as water availability
decreased (Table 2). The seedling fresh weight (p = 0.001, 0.05, r = 0.957, 0.979) and seedling
height (p = 0.001, 0.001, r = 0.867, 0.992) were reduced significantly after 7 and 14 days,
respectively. Dry weight reduction was not significant under all drought treatment after 7
(p = 0.096) and 14 days (p = 0.228), respectively.

Table 2. Seedling height (cm), fresh weight, and dry weight (gm), and water content (%) of pea (Pisum sativum L.) in response
to soil water holding capacity levels: 80%, 60%, 40%, 20%, and 10% grown under continuous light at 25 ◦C for 7 days and 14
days, separately. Means followed by different letters are significantly different (p ≤ 0.05) by LSD; r = correlation coefficient.

Day 7 Day 14

Treatment
Seedlings

Height
(cm)

Fresh
Weight

(gm)

Dry
Weight

(gm)

Seedlings
Height

(cm)

Fresh
Weight

(gm)

Dry
Weight

(gm)

80% 21.0 a 0.51 a 0.051 a 25.5 a 0.57 a 0.052 a

60% 15.0 b 0.355 b 0.046 a 14.5 b 0.415 a 0.046 a

40% 10.4 bcd 0.25 c 0.035 a 13.5 bc 0.3 ab 0.04 a

20% 6.36 d 0.185 cd 0.031 ab 11.5 bd 0.205 ac 0.031 a

10% 5.4 de 0.2 ce 0.03 ac 11.5 bd 0.21 ad 0.03 a

r * 0.992 0.957 0.979 0.867 0.979 0.995

* means α ≤ 0.05.

In agreement with our study, Embiale et al. [52] reported that unavailability of water
resulted in a significant decline in pea’s basal diameter increment, area, width, and expan-
sion length of leaf, number of branches and leaves, and total seedlings length. Plant cells
save water by avoiding active growth. Stomatal closure, diminished leaf water potential,
turgor loss, reduction in cell enlargement and growth [53], and inhibition of shoot and root
growth [54] are common plant responses due to water stress. In general, reduction in plant
biomass is positively linked with prolonged water deficiency and inhibition of cell expan-
sion per cell growth due to low turgor pressure [55]. Reduction in plant dry weight under
water stress could be due to imbalanced stomatal conductance that leads to a reduction in
carbon assimilation per unit leaf area and low biomass production [56,57]. Drought stress
was associated with reduced cellular division and elongation during germination, causing
a reduction in root length [58].

Khorasaninejad et al. [59] reported a reduction in shoot fresh and dry weight, root
dry weight, internodes, and internodes length of peppermint (Mentha piperita L.) under
drought stress. A decrease in root and shoot fresh and dry weights and shoot length was
observed in sensitive bean genotypes under water stress [60]. Zhang et al. [61] reported
that the length and width of maize leaves on seedlings were shorter under water stress due
to a reduction in chlorophyll content. A reduction in water content decreased plant height,
stem diameter, stem and root biomass, and total biomass of Populus nigra (poli) [62]. In
agreement with our study, Riad et al. [63] reported that decreasing water content resulted
in a reduction in plant growth parameters (root length, root, and leaves fresh and dry
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weights, and plant length), biomass accumulation, and vegetative growth of green peas as
compared with 100% water availability.

3.3. The Effect of Drought on Chlorophyll Content

Table 3 shows that the chlorophyll content were significantly decreased after 7 and
14 days as water content decreased. Pisum sativum L. seedlings possessed the highest total
Chl a and Chl b contents at 80% water saturation level (p = 0.020, 0.003) with positive
correlation (r = 0.938, 0.986) after 7 and 14 days, respectively. There was a significant
decrease with a positive correlation in Chl a and Chl b contents in response to 7 days and
14 days of drought treatments.

Table 3. Chlorophyll content (Chl a, Chl b, total chlorophyll) (μg/mL) of pea (Pisum sativum L.)
seedlings in response to soil water holding capacity levels: 80%, 60%, 40%, 20%, and 10% grown
under continuous light at 25 ◦C for 7 days and 14 days, separately. Means followed by different
letters are significantly different (p ≤ 0.05) by LSD; r = correlation coefficient.

Day 7 Day 14

Treatment Chl a Chl b Total Chl a Chl b Total

80% 7.670 a 5.350 a 13.020 a 10.470 a 9.950 a 20.420 a

60% 3.552 b 3.870 b 7.422 b 8.200 b 8.220 a 16.420 b

40% 2.500 c 1.420 c 3.920 c 6.460 c 7.040 ab 13.500 c

20% 2.300 cd 1.220 cd 3.520 cd 5.740 cd 5.380 bc 11.120 d

10% 1.140 e 0.699 e 1.839 e 3.210 e 4.870 bd 8.080 e

r * 0.913 0.963 0.938 0.975 0.998 0.986
* means α < 0.05.

Chlorophyll is a major chloroplast component and has a positive relationship with
photosynthetic rate. Our results agreed with Nyachiro et al.’s [64] study, which found a
significant reduction in Chl a and Chl b caused by drought stress in six wheat (Triticum aes-
tivum L.) cultivars. Shinde and Thakur [65] reported that drought stress significantly
reduced Chl a and Chl b contents in three varieties of chickpeas during vegetative growth
or anthesis. Our data indicated that decreased water availability caused a significant
decrease in Chl a and Chl b contents in Pisum sativum L. after 7 and 14 days. This reduc-
tion in total chlorophyll content leads to a reduction in photosynthesis and plant growth
which was correlated with a significant reduction in seedling growth under all water stress
levels. Depending on the duration and severity of drought stress, plant genotypes, and
environmental conditions, a reduction in Chl a and b contents has been reported in other
plant species [66,67]. Previous studies on Triticum aestivum and Zea mays [68], Gossypium
hirsutum [69], and Tectona grandis [70] found that the content of photosynthetic pigments
reduced as water availability decreased. It has been reported that metabolic imbalance
occurred as a result of a decrease in chlorophyll synthesis and an increase in chlorophyll
degradation under drought stress [71–73].

Nitrogen is a component of the chlorophyll structure in plant tissues. Under stress
conditions, a decline in chlorophyll content was associated with changes in nitrogen
metabolism as a result of proline synthesis to maintain osmotic adjustment [74]. Low nitro-
gen levels reduced photosynthetic rates due to a reduction in chlorophyll synthesis [75].
Severe water stress decreased stomatal conductance, transpiration, and photosynthetic
rate [56,76]. As a drought response mechanism, chloroplasts reduced light absorption by
decreasing the chlorophyll content [77]. Studies revealed that the inhibition of photosyn-
thesis efficiency as a result of an imbalance between light capture and usage under water
shortage enhances oxidative stress. Furthermore, under water stress, stomatal closure and
variation in photosynthetic metabolism lead to a reduction in CO2 availability and directly
impacted the photosynthetic rate [78]. Under severe drought conditions, chlorophyll con-
tent in wheat seedlings was reduced as a result of the increased activity of chlorophillase
and peroxidase enzymes [79]. In response to drought stress, chlorophyll content was
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reduced in the vegetative and flowering stages of the Avena species [80]. Alberte et al. [81]
reported a reduction in Chl a/b contents occurred in lamellar content in response to water
deficit. Patro et al. [82] and Ghotbi-Ravandi et al. [83] reported that stomatal closure due to
water deficit is a major factor inhibiting photosynthesis in Arabidopsis thaliana and barley
(Hordeum vulgare L.) seedlings, respectively. Moreover, drought stress significantly de-
creased the chlorophyll content in Pisum sativum L. seedlings [84] and three wheat varieties
(Triticum aestivum L.) [85]. The results of our study indicated that a water imbalance due to
drought stress caused a reduction in chlorophyll content that might be attributed to the
photosynthetic apparatus activity disturbance.

3.4. GABA Shunt Activation in Response to Drought Stress

The GABA shunt metabolites increased significantly as a result of drought stress
caused by different water saturation levels (Table 4). There were significant differences in
GABA, alanine, and glutamate content at 80%, 60%, 40%, 20%, and 10% soil water content
between the 7- and 14-day treatments. In general, there was a significant increase in GABA,
alanine, and glutamate (p = 0.001, 0.0001, 0.002, respectively) with a negative correlation
(r = −0.987, −0.968, −0.978, respectively) with water availability after the 7-day treatment.
A significant increase was also found in GABA, alanine, and glutamate (p = 0.0001, 0.003,
0.870, respectively) with a negative correlation (r = −0.906, −0.989, −0.939, respectively)
after the 14-day treatment. The increase in GABA content was about 4 and 5 times higher at
the 20% and 10% water levels, respectively, after the 14-day treatment when compared with
GABA content at the same water levels after the 7 day treatment. The increase in GABA
levels was accompanied by a slight but significant (p ≤ 0.01–0.05) increase in the levels of
alanine and glutamate after 7- and 14-day treatments under all water saturation levels.

Table 4. Levels of GABA shunt metabolites (GABA, alanine, and glutamate) of pea (Pisum sativum
L.) seedlings in response to soil water holding capacity levels: 80%, 60%, 40%, 20%, and 10% grown
under continuous light at 25 ◦C for 7 days and 14 days, separately. Metabolite levels were calculated
as nmol/mgFW. GABA (γ-Aminobutyric acid), Ala (alanine), Glu (glutamate). Means followed by
different letters are significantly different (p ≤ 0.05) by LSD; r = correlation coefficient.

Day 7 Day 14

Treatment GABA Ala Glu GABA Ala Glu

80% 3.966 a 0.185 a 0.166 a 22.291 a 0.535 a 0.429 a

60% 6.999 b 0.237 b 0.198 b 25.211 a 0.603 a 0.446 a

40% 8.170 bc 0.268 c 0.221 bc 25.648 ab 0.666 a 0.584 a

20% 10.106 cd 0.275 cd 0.228 bd 40.973 c 0.797 ab 0.590 a

10% 12.111 de 0.302 e 0.252 be 49.969 d 0.838 bc 0.722 a

r * −0.987 −0.968 −0.978 −0.906 −0.989 −0.939
* means α < 0.05.

The GABA shunt has been associated with physiological responses, such as cytosolic
pH regulation [86], nitrogen metabolism, and carbon fluxes into the Krebs cycle [87],
protection against ROS production [88], and osmoregulation and signaling [89]. The
GABA shunt is also involved in carbon and nitrogen metabolism, maintenance of cell
membrane integrity [90], and minimizing the negative effects of abiotic stresses on plant
metabolism [91].

Many studies reported that various stresses caused an increase in endogenous GABA
accumulation in plants [92]. The current study showed a significant increase in GABA
content as a result of a reduction in water availability to ease the metabolic damage in
pea seedlings during vegetative growth. Studies showed that GABA effectively decreased
leaf wilting and improved membrane stability induced by drought stress in perennial
ryegrass (Lolium perenne) [93], black pepper [94], and white clover (Trifolium repens) [33],
which confirmed the beneficial effect of GABA in protecting plants from oxidative stress.
Insufficient availability of oxygen resulted in significant suppression of melon seedling
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growth. However, seedling growth was significantly improved when exogenous GABA
was applied [95]. Several amino acid syntheses are regulated by the TCA cycle [96].
Glutamate, as a precursor amino acid of GABA production, is produced from the α-
ketoglutaric acid (an intermediate of the TCA cycle) transamination [90]. Glutamate
metabolic pathway activation via the TCA cycle was confirmed by GABA production
and defense of creeping bentgrass against drought stress [97]. An increase in endogenous
GABA levels due to an increase in glutamate content occurred in white clover in response
to drought stress [33]. Increased content of glutamic acid and GABA were found in six
winter wheat genotypes due to drought stress [98]. In addition, alanine was increased at
the beginning of drought stress due to an increase in glutamate levels [99]. In this study, the
increase in GABA content as water availability decreased mitigated the damaging effects of
drought stress on pea (Pisum sativum L.) seedlings by supplying enough carbon/nitrogen
source to the TCA cycle and amino acid synthesis.

3.5. The Effect of Drought on Seedling Proteins Level

In general, the total protein level in Pisum sativum L. seedlings increased with in-
creasing water deficit. A significant difference was found in the total protein level of pea
seedlings between the 7-day (p = 0.0001, r = −0.984) and 14-day (p = 0.0001, r = −0.982)
treatments (Figure 1). The total protein level was 2 to 3 times higher after 7-day treatments
when compared with the 14-day treatments under all water saturation levels. The sig-
nificant increase in protein content after 7 days indicated that Pisum sativum L. seedlings
could accumulate protein to lower the osmotic potential to maintain cellular structures and
metabolic stability under drought stress. However, the steady-state level of protein content
after 14 days indicated the ability of pea seedlings to tolerate prolonged water deficit by
keeping stable protein metabolism to adjust cellular osmolarity and provide protection
from further dehydration damage.

Figure 1. Total proteins level of pea (Pisum sativum L.) seedlings in response to soil water holding capacity levels: 80%, 60%,
40%, 20%, and 10% grown under continuous light at 25 ◦C for 7 days and 14 days, separately. Protein levels were calculated
as μg/mL. Means (columns) with different letter scripts are significantly different (p ≤ 0.05) by LSD.
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Under environmental stress factors, plants stimulated specific changes in protein
synthesis [100]. In agreement with our study, Guttieri et al. [101] reported increased protein
concentration under water deficit due to higher rates of nitrogen accumulation in hard
wheat (Triticum aestivum L.) grains. Ozturk and Aydin [102] also reported an increase in
protein and gluten content in winter wheat cultivars grain in response to drought stress
when compared with the fully irrigated treatment. During a combination of heat and
drought stress, glutamine, ornithine, tyrosine, valine, and tryptophan were accumulated in
Arabidopsis thaliana and purslane plants to maintain cellular osmotic adjustment and keep
leaf turgor in response to such stress combination [103,104]. Drought stress induced the ac-
cumulation of protein by enhancing the protein biosynthesis in wheat and barley [105,106].
However, a reserve of available substrates for protein synthesis could be associated with
amino acid accumulation to facilitate quick retrieval of osmotic adjustment and plant
metabolism in response to water deficiency [107]. In a study that used three Australian
bread wheat (Triticum aestivum L.) cultivars, Ford et al. [108] suggested that the cultivar
RAC875 had the highest capacity to withstand drought stress by increasing the cellular pro-
tein synthesis. Although there was an increase in total protein levels which were involved
in ROS scavenging, they observed a decrease in proteins involved in the Calvin cycle and
photosynthesis. In contrast to our results, Gołębiowska et al. [109] observed a decrease in
the number of differential proteins in leaves of winter barley subjected to drought stress
for three weeks. Mohammadkhani and Heidar [110] reported an initial increase followed
by a decrease in protein concentration in maize varieties (Zea mays L.) subjected to drought
stress. The initial increase in total soluble proteins might be due to the expression of new
proteins involved in stress adaptation. However, the decrease in protein concentration
might be due to a severe reduction in photosynthesis. Under water stress, proline amino
acid accumulated in plant cells prevents cellular oxidation through scavenge ROS [111]
and regulates plant osmotic pressure for efficient water absorption [112]. Free proline level
was reported to be increased under water deficit in wheat [113,114]. The amount of proline
was increased significantly in ginger (Zingiber officinale) in response to a reduction in water
availability and prolonged duration of drought stress [112].

3.6. The Effect of Drought on Seedling Carbohydrates Content

In the current study, data showed that the total carbohydrate level in Pisum sativum L.
seedlings increased as water availability decreased (Figure 2)., the total carbohydrate level
increased significantly (p = 0.0001) with a negative correlation (r = −0.970) in response to
drought stress for 7 days. Similar results were obtained under drought stress for 14 days
(p = 0.0001, r = −0.0980).
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Figure 2. Total carbohydrates level of pea (Pisum sativum L.) seedlings in response to soil water holding capacity levels: 80%,
60%, 40%, 20%, and 10% grown under continuous light at 25 ◦C for 7 days and 14 days, separately. Total carbohydrate level
was calculated as μg/mg FW. Means (columns) with different letter scripts are significantly different (p ≤ 0.05) by LSD.

Water stress induces carbohydrate accumulation and osmolytes synthesis to maintain
the water potential of plants [115,116]. Soluble sugar levels in plants also increased in
response to drought stress. Plants respond to water shortage by balancing their potential
osmotic proportion with the external environment by increasing their soluble sugars at the
cellular level, reducing activities in roots, reducing the metabolism of carbohydrates as a
result of severe pressure, and reducing the transfer of sugars in rinsing vessels [117]. In
agreement with our study, an increase in total soluble sugars in durum (Triticum durum L.)
wheat [118] and oligosaccharides in two sesame cultivars [119] were reported. In contrast,
Akinci and Losel [120] reported a decrease in total sugar in cucumber cultivars under
water stress. However, a major reserve of carbohydrates was detected in the leaves of
cucumber seedlings. Under drought stress, sugar accumulation might be due to the fact that
sucrose content increased because the enzyme activities involved in sucrose breakdown
were diminished [121]. Furthermore, sugars protect the cells during drought by two
physiological mechanisms. The first mechanism involves the hydroxyl group of sugars,
which substitute the water to maintain hydrophilic interactions and hydrogen bonding in
membranes and proteins during dehydration to prevent protein denaturation [122]. The
second mechanism involves sugar vitrification in dehydrated cells through the formation
of a biological glass in the cytoplasm to reduce water permeability [123]. Mohammadkhani
and Heidari [110] reported an increase in soluble sugar concentrations as a result of starch
degradation in two maize (Zea mays L.) cultivars. Soluble sugars accumulated only in
roots of eucalyptus trees under drought stress [124]. Regier et al. [62] reported an increase
in soluble sugar concentrations in the roots of two divergent clones of Populus nigra to
maintain osmotic adjustment under water deficit. Soluble sugars were also reported to be
increased and participated in plant metabolic regulation and stress signaling in response to
osmotic stress [125]. Additionally, increased soluble sugars may act as osmoprotectants
to stabilize the membranes and sustain cell turgor in response to water deficit [126]. Li
and Li [127] showed an increase in the glucose, fructose, and sucrose content in micro-
propagated apple plants (Malus domestica Borkh) in response to water stress. It is concluded
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from these previous studies that fluctuations of sugar concentrations in different plants
under drought stress might be due to variations in CO2 assimilation, partitioning of carbon
source-sink, activity of enzymes involved in sucrose–starch partitioning, and inhibition of
Calvin cycle enzymes.

3.7. Oxidative Damage in Response to Drought Stress

The accumulation of MDA, which is a byproduct of membrane lipids’ oxidative dam-
age, can be used as a marker for oxidative stress [128]. In this study, the MDA levels in the
pea seedlings were determined to evaluate the lipid peroxidation in response to drought
stress. Figure 3 shows that the malondialdehyde (MDA) level of pea (Pisum sativum L.)
seedlings was slightly but significantly increased after 7 days (p = 0.0001, r = −0.967). How-
ever, the MDA level was increased sharply and significantly under all water stress levels
reaching the highest level (140 nmol/mgFW at 10% water saturation level) (p = 0.0001,
r = −0.975) after 14 days. Our results showed that the pea seedlings suffered minor damage
under mild (60% water saturation level) drought stress, but severe lipid peroxidation and
oxidative damage of the cell membrane occurred with increased (40%, 20%, and 10% water
saturation levels) water deficit (Figure 3).

Figure 3. Malondialdehyde (MDA) level of pea (Pisum sativum L.) seedlings in response to soil water holding capacity levels:
80%, 60%, 40%, 20%, and 10% grown under continuous light at 25 ◦C for 7 days and 14 days, separately. The MDA level
was calculated as nmol/mg FW. Means (columns) with different letter scripts are significantly different (p ≤ 0.05) by LSD.

Many abiotic stresses lead to the accumulation of MDA in plant tissues due to lipid
peroxidation of cellular membranes and overproduction of ROS [39]. Severe water stress
caused agitation and instability in the metabolic processes in the mitochondria and chloro-
plasts, leading to high ROS production [129]. ROS resulting from oxidative stress are toxic
and highly reactive molecules that can damage cellular macromolecules and subcellular
structures [130,131]. The levels of MDA and H2O2 are indicators of the free radical reac-
tions occurring in plant-stressed tissues [132]. Similar to our findings, Pandey et al. [133]
reported that the MDA level was increased in Avena species leaves under drought stress,
increasing membrane leakage. In addition, Zlatev et al. [134] reported an increase in
membrane damage and ROS production in three bean (Phaseolus vulgaris L.) cultivars as
a result of water deficit. Similarly, Tatar and Gevrek [135] reported an increase in the
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level of MDA in wheat as the duration of drought stress increased. Leaves of growing
carrots (Daucus carota L.) accumulated high levels of MDA content under water deficit
stress [91]. Morabito and Guerrier [136] reported that oxidative stress occurred 12 h after
the application of drought stress. However, after a longer period of drought stress, an
antioxidants defense system was initiated. Abid et al. [137] showed that a higher MDA
concentration in wheat (Triticum aestivum L.) was associated with higher H2O2 content
and greater rate of O2

•− generation. Hernandez et al. [138] reported that salinity stress in
plant tissues could lead to cell membrane rupture due to the accumulation of ROS and
lipid peroxidation.

3.8. Correlation between GABA Level and All Physiological and Metabolic Parameters

Under all water treatment levels used in this study, the GABA level was negatively
correlated with seed germination, seedlings height, fresh and dry weight, and chlorophyll
content (Table 5). On the other hand, GABA level was positively correlated with protein
and carbohydrate contents and MDA level under all water treatments. The elevated level of
GABA metabolites (GABA, alanine, and glutamate), total proteins, and total carbohydrates
content might be involved in cellular osmotic adjustment, protecting plants from oxidative
stress, balancing of carbon and nitrogen (C:N) metabolism, and maintaining cell metabolic
homeostasis and cell turgor under water stress [9,22].

Table 5. Correlation analysis between the GABA level and all physiological and metabolic parameters
that were measured in this study under drought stress treatments after 7 and14 days, separately of
pea (Pisum sativum L.) seedlings. G% = germination percentage; r = correlation coefficient.

Drought Treatments Duration
r 7 Days 14 Days

GABA vs. G% −0.897 −0.989
GABA vs. Seedling height −0.886 −0.861

GABA vs. Fresh weight −0.937 −0.812
GABA vs. Dry weight −0.941 −0.911

GABA vs. Chl a −0.936 −0.894
GABA vs. Chl b −0.935 −0.901

GABA vs. Protein 0.988 0.956
GABA vs. Carbohydrates 0.955 0.923

GABA vs. MDA 0.967 0.877

4. Conclusions

Our study showed that water deficit had a suppressive effect on Pisum sativum L.
growth and metabolism. Drought stress significantly inhibited seed germination, decreased
fresh and dry weight and plant height due to a reduction in water absorption by seeds
during metabolic processes and enzymatic activities in germinating pea seeds and early
seedling growth. In addition, water deficit caused a significant decrease in chlorophyll
pigments that might be attributed to disturbances in the activity of the photosynthetic
apparatus. Pea seedlings suffered minor cellular damage under mild drought stress.
However, the oxidative damage and ROS production were more severe with increased
duration and levels of water deficit. The increase in GABA content as water availability
decreased mitigated the damaging effects of drought stress on pea (Pisum sativum L.)
seedlings by supplying enough carbon/nitrogen sources to the TCA cycle and amino acid
synthesis. The significant increase in protein content might lower the osmotic potential to
maintain cellular structures and metabolic stability under drought stress. Pea seedlings
tolerate prolonged water deficit by keeping stable protein metabolism to adjust cellular
osmolarity and to provide protection from further dehydration damage. Water deficit
induced carbohydrate accumulation to maintain water potential and osmotic adjustment
via the activation of osmolytes synthesis. Overall, the significant increases in GABA, protein
and carbohydrate contents were to cope with the physiological impact of drought stress on
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Pisum sativum L. seedlings by maintaining cellular osmotic adjustment, protecting plants
from oxidative stress, balancing carbon and nitrogen (C:N) metabolism and maintaining
cell metabolic homeostasis and cell turgor. According to data presented in the current
study, a sufficient water supply is vital for normal growth and metabolism in pea seedlings.
Severe (less than 40% water content of the holding capacity) and long-term drought stress
should be avoided during the germination stage to ensure proper seedling growth.
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Abstract: The Brazilian Cerrado is the second largest Brazilian biome. In recent decades, a reduction
in rainfall has indicated an extension of the dry season. Among the many native species of the
Cerrado of the Annonaceae family and used in folk medicine, Annona crassiflora Mart. has fruits of
high nutritional value and its by-products are sources of bioactive compounds, such as alkaloids. The
aim of the study was to investigate how water stress impacts the production of alkaloids. The study
was carried out in a nursery, and the knowledge was flood, field capacity and drought. Gas exchange,
chlorophyll a fluorescence, antioxidant enzymes, total soluble sugars, starch, reducing sugars, sucrose,
total alkaloids and liriodenine were analyzed. We observed that plants subjected to drought had an
increase in the production of total alkaloids and liriodenine, without a reduction in photosynthetic
metabolism. Plants kept under drought and flood conditions dissipated higher peroxidase activity,
while catalase was higher in flooded plants. Starch showed the highest concentration in flooding
plants without differing from drought plants; the lowest trehalose concentrations were found in both
drought and flooding plants. The drought stimulated the synthesis of total alkaloids and liriodenine
without reducing the primary metabolism, which suggests adaptation to Cerrado conditions.

Keywords: Annonaceae; antioxidant enzymes; carbohydrates; liriodenine; photosynthesis

1. Introduction

The Brazilian Cerrado is the second largest Brazilian biome, considered one of the
25 global biodiversity hotspots, present in more than twelve states and occupying approxi-
mately 25% of the national territory, with native flora characterized by small and twisted
trees [1].

This biome covers important aquifers and rivers [2] and is located in the central area
of the country, being the origin of large hydrographic regions in Brazil and in the South
American continent [3,4]. However, Lee et al. [5], Debortoli et al. [6] and Penereiro et al. [7]
reported reduction of approximately 70 mm in annual precipitation in the Cerrado region
between 1979 and 2006, indicating an extension of the dry season. Furthermore, although
with great biological diversity, the biome is under continuous threat of extinction due to
the expansion of agriculture and pastures, as occurs with other biomes [2,8].
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The Cerrado vegetation is exposed to high irradiances (1500 to 2500 μmol. m−2 s−1),
high temperatures (25–40 ◦C at midday) and in the dry season, low relative humidity (10 to
20%) [9]. Although there is abundance of light, the seasonality of the rainfall regime is one
of the factors that limits vegetation growth, leading to greater investment in root formation
to explore deeper soil layers [3]. As a consequence, species present in the Cerrado biome
tend to have smaller specific leaf area; on the other hand, they invest more in the bark in
order to guarantee their survival in situations of water and temperature stress [10], and
present lower growth rates and greater hydraulic conductance per leaf area unit when
compared to species from other biomes [11,12].

Many native Cerrado species belong to the Annonaceae family and are widely used
in folk medicine for the treatment of different diseases [13,14]. Native Annona crassiflora
Mart., widely spread throughout the Cerrado biome, popularly known as araticum do
cerrado, marolo, araticum cortiça or bruto, is among the species with the most consumed
fruits in this biome, with pleasant sensory characteristics and high nutritional value, rich in
phenolic and oligosaccharide compounds [15], carotenoids and vitamins [16], in addition
to alkaloids found in by-products such as leaves and stem bark [17], representing a natural
source of bioactive compounds due to their antioxidant properties [14] and seeds with high
lipid yield [18].

Alkaloids make up the most diverse group among nitrogenous compounds. Mul-
tiple biological activities have alkaloid origins, and there are several drugs available on
the market produced from natural plant alkaloids [19]. Several alkaloids are found in
Annona crassiflora Mart. leaves, peels and stems. Gonçalves et al. [20] isolated two alka-
loids, namely atherospermidine and liriodenine, from the stem; Pereira et al. [21] isolated
and characterized alkaloid stephelagin from the fruit peel and Egydio et al. [22] and
Ferraz et al. [23] identified dimethoxy-dihydroxy-tetrahydroprotoberberine, isolaurelin,
xylopine, anonaine, anoretin and romucosine in leaves.

Liriodenine, an alkaloid found in abundance in the Annonaceae family [20,24–27], has
several potent biological activities [28,29], including potential antibacterial [24], antipro-
tozoal [30,31], cytotoxic [32,33] and antifungal activities [34]. In particular, it has activity
against more than 20 phytopathogens, including Rhizopus stolonifer and Aspergillus glaucus,
fungi that impair seed germination [25].

Although there are several reports of alkaloids in Annonaceae, so far, there are no
reports on how drought conditions, similar to those periodically found in the Cerrado,
impact alkaloid production in the species, or how the species tolerate flooding conditions
and how these conditions would reflect on the synthesis of specialized metabolites such
as alkaloids. Thus, the aim of this study was to investigate how water stress impacts the
production of total alkaloids and liriodenine in Annona crassiflora Mart.

2. Materials and Methods

2.1. Plant Material

Annona crassiflora Mart. seedlings were obtained in the municipality of Paraguaçu—
Minas Gerais (April 2019) and transported to the nursery of the Department of Forest
Science of the Faculty of Agronomic Sciences, Unesp—Botucatu (coordinates 22◦51′ latitude
S and 48◦26′ longitude W), where they were submitted to a 6-month acclimation period.
Transplantation to 5-L polyethylene pots was carried out in November 2019. To fill the
pots, medium-texture Dystrophic Red Latosol was used [35,36], collected from the surface
layer (0–20 cm in depth).

During the period in which the experiment was conducted, plants were submitted to
humidity and temperature conditions shown in Figure 1.
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Figure 1. Average humidity and temperature between the 13th and 31st of May 2020 in the seedling
nursery of the Department of Forestry Science of the Faculty of Agronomic Sciences (FCA) (DAT:
days after transplanting).

2.2. Experimental Design

The experimental design was completely randomized, with three water stress levels
(Flooding (>0.01 MPa); Field Capacity (−0.01 MPa) (Control) and Drought (−1.5 MPa)),
with six replicates of two plants per plot. Plants remained in treatment (13–31 May 2020)
until the permanent wilting point was reached. Two days after this stress condition was
reached, the entire experiment was collected.

From the water retention curve, the percentage of water needed for the soil to reach
−0.01 MPa (Field capacity) (Control) and −1.5 MPa (Drought) was calculated, which
corresponded to 16% and 8% of water, respectively. After placing pots under the established
conditions, they were weighed daily and the evapotranspiration difference was replaced
to maintain previous conditions (−0.01 MPa and −1.5 MPa). To maintain plants under
flooding, pots were kept in flooded trays throughout the experiment.

The moisture values corresponding to the water retention tension obtained through
the soil water retention curve are shown below (Table 1).

Table 1. Water retention tension.

Tension Humidity (%)

Flooding (>0.01 MPa) 37
Field capacity (−0.01 MPa) 16

Drought (−1.5 MPa) 8

2.3. Gas Exchanges

Gas exchanges were monitored weekly in all treatments from 9:00 a.m. to 11:00 a.m.,
with the aid of a CO2 gas and infrared gas analyzer (“InfraRed Gas Analyzer—IRGA”,
model GSF 3000 Fl WALZ, Germany) with saturating light of 450 m−2 s−1 determined
by means of a light curve. For monitoring, six replicates (1 plant per replicate) of each
treatment were evaluated, taking measurements on the 2nd and 3rd fully expanded leaves.

CO2 assimilation rate (Anet, μmol CO2 m−2 s−1), transpiration rate (E, mmol water
vapor m−2 s−1) and stomatal conductance (gs, mol m−2 s−1) were determined. Water
use efficiency (WUE, μmol CO2 (mmol H2O−1)) was calculated using the relationship
between assimilated CO2 and the transpiration rate (Anet/E). The apparent carboxylation
efficiency was calculated according to the relationship between CO2 assimilation rate and
leaf intercellular CO2 concentration (Anet/Ci, mol m−2 s−1 Pa−1).
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2.4. Chlorophyll a Fluorescence

Chlorophyll a fluorescence was performed from 9:00 a.m. to 11:00 a.m. using a
fluorometer (LED-Array/PAM-Module3055-FL) on 18 plants (six replicates of 1 plant each)
and leaves were acclimated to a period of 30 min in the dark by covering them with
aluminum foil; then, an actinic light pulse of 4500 μmol m−2 s−1 was applied to obtain Fm
(maximum dark-adapted fluorescence) and Fm′ (maximum light-adapted fluorescence). In
addition to the maximum leaf light-adapted and dark-adapted fluorescence, Fo (minimum
dark-adapted fluorescence) and Fo’ values (minimum light-adapted fluorescence) were
also obtained.

The maximum quantum yield (Fv/Fm) [37], effective quantum yield (фPSII) [38],
photochemical quenching (qP) [39], non-photochemical quenching (NPQ) [40] and electron
transport rate (ETR) were calculated through Fm, Fo, Fm′ and Fo′, considering that 84% of
light is absorbed by chlorophyll, with 50% of photons activating photosystem II chlorophyll
and 50% photosystem I and photosystem II energy that cannot be dissipated (Ex), quantum
yield of unregulated non-photochemical energy loss in photosystem II (фNO) and quantum
yield of regulated non-photochemical energy loss in photosystem II (фNPQ) [41].

2.5. Carbohydrate Concentration

Total soluble sugars were extracted from the leaf material obtained from a pool of sam-
ples of two plants per replicate (six replicates per treatment), according to Garcia et al. [42],
with minor modifications, and starch was extracted according to Clegg [43]. The proce-
dure to determine the concentration of total soluble sugars was performed according to
Morris [44]; for starch, it was described by Yemm and Folkes [45]; for reducing sugars, it
was determined by Miller [46]; and for sucrose, it was established by Passos [47], with
minor modifications.

2.6. Activity of Antioxidant Enzymes, Hydrogen Peroxide and Lipid Peroxidation

The extraction of antioxidant enzymes was performed as described by Kar and
Mishra [48] from leaf material obtained from a pool of samples of two plants per replicate
(six replicates per treatment). The activities of superoxide dismutase, EC 1.15.1.1 and
catalase EC 1.11.1.6 enzymes were determined by the method of Peixoto et al. [49]; the
activity of the peroxidase EC 1.11.1.7 enzyme was established according to Teisseire and
Guy [50]; and soluble proteins were quantified as described by Bradford [51].

The hydrogen peroxide content was determined by the method of Alexieva et al. [52]
and lipid peroxidation was determined according to methodology proposed by Heauth
and Packer [53], and both analyses were obtained using a pool of leaf material from two
plants per replicate (six replicates per treatment).

2.7. Extraction of Total Alkaloids

Total alkaloids were extracted from the root material of 18 A. crassiflora plants (six repli-
cates of 2 plants each); the material was stored in a greenhouse with forced air circulation
at 30 ◦C for ten days, and subsequently ground to obtain 1 g of dry mass for each replicate.
Alkaloids were extracted from roots previously dried using the acid–base method. After
thorough grinding, the plant material was moistened with a saturated sodium carbonate
(Na2CO3) solution and left to dry for 48 h at room temperature. Alkaloids were extracted
with chloroform (CHCl3) by constant stirring for 1 h and then filtered and washed with
distilled water. The CHCl3 phases were extracted into a 1 M hydrochlo-ric acid (HCl)
solution before being alkalinized to pH 9.5 with a saturated solution of Na2CO3. The
alkaline solution was then re-extracted with CHCl3, dried with anhydrous sodium sulfate
(Na2SO4), filtered and evaporated at approximately 25 ◦C to obtain total alkaloids [25].

2.8. Quantification of Total Alkaloids and Liriodenine

To determine the total alkaloid content, the 18 samples were stored at room tempera-
ture, re-solubilized with CHCl3 and transferred to quartz cuvettes. The absorbance of each
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solution was obtained by spectrophotometer at 254 nm wavelength using liriodenine as
the standard for the elaboration of the standard curve (y = 0.0881x − 0.0112, R2 = 0.9949).

After obtaining the extract, liriodenine was quantified using ultra-high-performance
liquid chromatograph (UHPLC—Thermo Fisher-Scientific®, Waltham, MA, USA) with a
gradient pump and UV-Vis detector using C 18 reverse phase column (150 × 4, 6 mm and
5 μm in particle diameter). The mobile phase was 30:70 water (pH 3.5 with acetic acid) and
cratic isomethanol, with a flow rate of 1 mL/min, keeping the column temperature at 30 ◦C.
Detection was carried out in UV at 254 nm. For liriodenine quantification, calibration curves
were performed by analyzing the stock solution series (y = 0.3595x − 0.0011; R2 = 0.9989 for
samples with up to 10 μg of liriodenine in the extract and y = 0.3658x + 1.142; R2 = 0.9992
for samples with more than 10 μg [25].

2.9. Statistical Analysis

Data were submitted to analysis of variance (ANOVA) using the SigmaPlot software
Version 12 and means were compared by the Tukey test at 5% (p < 0.05) [54]. To present the
biochemical variables, a radar chart was used. Input variables were initially standardized
as a result of the different units, using the scale command from the basic package of the R
computing environment, which centers the mean at zero and changes the scale to standard
deviation [55].

3. Results

Annona crassiflora plants showed, in general, that the ability to adapt to water restric-
tion conditions (drought: −1.5 MPa) reflected in the increase in specialized metabolism,
unlike what occurred under flooding conditions (Figures 2 and 3, Table 2). In this ex-
periment, an increase in the production of total alkaloids without the occurrence of re-
ductions in the photosynthetic metabolism of plants (gas exchange and chlorophyll a
fluorescence) was observed when A. crassiflora plants were kept under drought stress
conditions (Figures 4 and 5).

Figure 2. Biochemical variables: (liriodenine; total alkaloids; hydrogen peroxide (H2O2); lipoperox-
ide, peroxidase (POD); catalase (CAT); superoxide dismutase (SOD); starch; sucrose; reducing sugar;
total sugars; trehalose) obtained from young A. crassiflora plants submitted to three water condition
levels (Field Capacity (−0.01 MPa); Flooding; Drought (−1.5 MPa)) at 18 days after the beginning of
treatments. Variables represented in the graph and that showed significant differences in statistical
analysis by Tukey tests at 5% are shown in Table 2.
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Figure 3. Chromatogram indicating liriodenine obtained from young A. crassiflora plants submitted
to three water condition levels [Field Capacity (−0.01 MPa); Flooding and Drought (−1.5 MPa)] at
18 days after the beginning of treatments.
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Table 2. Biochemical variables: liriodenine (μg.g−1), total alkaloids (μg.g−1), peroxidase (POD, μmol prupurogallin
min−1 mg prot−1), catalase (CAT, μKat μg−1 protein), starch (μg.g−1 FW) and trehalose (μg.g−1 FW) obtained from young
A. crassiflora plants submitted to three water condition levels (Field Capacity (−0.01 MPa), Flooding and Drought (−1.5 MPa)
at 18 days after the beginning of treatments.

Water Condition Total Alk Liriodenine CAT POD Trehalose Starch

Field capacity 54.26 B 10.8770 AB 0.0101 B 0.2681 B 83.90 A 69.713 B
Flooding 63.49 AB 8.4098 B 0.1034 A 0.6655 A 12.46 B 104.089 A
Drought 80.87 A 13.4374 A 0.0391 B 0.7656 A 13.16 B 89.381 AB

Averages followed by the same letter not differ based on the Tukey 5% significance test. Mean ± standard deviation (n = 4).

 

Figure 4. Carbon assimilation rate (Anet) and Rubisco carboxylation efficiency (Anet/Ci) in Annona crassiflora plants kept
under Field capacity (−0.01 MPa), Flooding and Drought (−1.5 MPa) conditions at 5, 10 and 18 days after the application of
treatments, respectively, and 168, 173 and 178 days after transplanting. Capital letters indicate significant differences among
treatments (p < 0.05).

At the same time that plants showed adaptation to water restriction conditions charac-
terized by responses observed in primary metabolism, the production of total alkaloids
and liriodenine was also increased. Plants kept under drought conditions produced higher
concentrations of total alkaloids in relation to those kept in soil with maximum water
availability (field capacity), while saturated soil did not cause significant variations in total
alkaloids but reduced the liriodenine concentration in relation to drought soils.

In this context, plants kept under water restriction showed greater carboxylation effi-
ciency of the Rubisco enzyme (Anet/Ci) compared to plants kept under flooding (Figure 4).
However, in both conditions, the carbon assimilation rate (Anet) was lower in relation to
plants without water restriction (Field Capacity) and without differences in relation to Ci
(data not shown). The other gas exchange variables did not show significant differences
(stomatic conductance (gs), transpiration (E), vapor pressure deficit (VPD) and water use
efficiency (WUE).

The chlorophyll a fluorescence was also impacted by treatments, and plants kept under
drought conditions had higher maximum quantum yield (Fv/Fm), effective quantum
yield (фPSII), potential quantum efficiency values (Fv′/Fm′) and lower fraction of energy
dissipated in the form of heat (D) compared to plants kept under flooding conditions
(Figure 5). Photosystem II energy that cannot be dissipated and used in the photochemical
phase (Ex), photochemical quenching (qP), non-photochemical quenching (NPQ), electron
transport rate (ETR), quantum yield of unregulated non-photochemical energy loss in
photosystem II (фNO) and quantum yield of regulated non-photochemical energy loss in
photosystem II (фNPQ) did not show significant differences.
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Figure 5. Maximum quantum yield (Fv/Fm), potential quantum efficiency (Fv′/Fm′), effective quantum yield (фPSII)
and energy dissipated in the form of heat (D) in Annona crassiflora plants kept under Field capacity (−0.01 MPa), Flooding
and Drought (−1.5 MPa) conditions at 5, 10 and 18 days after the application of treatments, respectively, at 168, 173 and
178 days after transplanting. Uppercase letters indicate significant differences among treatments; lowercase letters indicate
differences among times (p < 0.05).

Starch and trehalose were affected depending on the conditions in which plants were
kept, while total sugars, reducing sugars and sucrose did not show significant differences.
Starch was found in higher concentrations in plants kept under flooding but without
differing from plants kept under drought, and the lowest trehalose concentrations were
found both in leaves of plants kept under both drought and flooding, indicating that this
sugar may have been translocated to roots and used in order to neutralize the damage
caused by stress (Figure 2, Table 2).

In general, the enzymatic system acted satisfactorily, preventing membrane damage,
since there was no difference in lipid peroxidation and hydrogen peroxide among treat-
ments, possibly indicating that the antioxidant enzymes inhibited the activity of reactive
oxygen species. In plants kept under drought soil and flooding, higher peroxidase activity
(POD) was observed, while catalase activity (CAT) was higher only in plants kept under
flooding. Thus, flooded plants required greater enzymatic activity (Figure 2, Table 2).

4. Discussion

The increase in alkaloid production in A. crassiflora plants kept under drought stress
conditions seems to be related to their ability to adapt to the Cerrado conditions, which has
well-defined drought periods [56], since the photosynthetic process was preserved, ensur-
ing both primary and specialized metabolism. This ability to adapt to the Cerrado condi-
tions seems to be specific, since under flooding, reductions in primary metabolism were ev-
ident, affecting the specialized metabolism, especially the synthesis of alkaloid liriodenine.

The fact that drought stress causes increases in specialized metabolism substances such
as alkaloids has been shown by several authors, such as Ghorbanpour and Hatami [57]
in work with Hyoscyamus niger; Kleinwächter et al. [58] with thyme (Thymus vulgaris);
Kleinwächter and Selmar [59] with spices and medicinal plants; and Liu et al. [29] with
Catharanthus roseus. Specifically with the genus Annona, Castro-Moreno et al. [60] found
the highest liriodenine concentration in Annona lutescens roots at the end of the dry season
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(about 377 μmol/g), which is the first report of the presence of liriodenine in Annona
crassiflora roots under water stress (about 80.9 μg/g of total alkaloids and 13.47 μg/g of
liriodenine). Some periodic collections of Annona species tissues in an annual cycle allow us
to point out that although the biosynthesis of alkaloids is distributed throughout the plant,
the roots generally accumulate the greatest number of alkaloids and produce a higher yield
regardless of the phenological stage of plants [61].

In general, water restriction conditions lead to stomatal closure and reduced CO2
absorption and, as a consequence, there is a considerable decrease in the consumption of
NADPH + H+ for CO2 fixation via the Calvin cycle, which generates an excess supply and
accumulation of this equivalent reducer. Thus, metabolic processes are directed towards
the synthesis of highly reduced compounds such as isoprenoids, phenols and alkaloids
with the use of these accumulated reducing agents [62]. In this context, although there were
no significant differences in stomatal conductance in A. crassiflora, reductions in CO2 assim-
ilation rates (Anet) were observed due to water restriction (drought) and flooding, which
corroborates the results of Simonneau et al. [63] and Oliveira and Gualtieri [64], respectively,
and may have led to lower CO2 fixation in the Calvin cycle [65]. However, only A. crassiflora
plants kept under drought conditions showed greater synthesis of total alkaloids in relation
to those kept under field capacity, in addition to having higher carboxylation efficiency
(Anet/Ci) and higher liriodenine concentration in relation to flooded plants, which indicates
that these responses were evident when plants were under water restriction.

The high carboxylation efficiency in A. crassiflora indicates adaptation for survival
in environments with periods of low water availability, which is justified by the fact that
the species is native to the Cerrado, unlike the results obtained by Mantoan et al. [66]
with A. emarginata, showing a decrease in the carboxylation efficiency under irrigation
suspension conditions, which may be related to the fact that A. emarginata is a species
present in the Atlantic Forest, an environment with greater water availability. In addi-
tion, in plants submitted to water stress events, increased damage to the photosynthetic
apparatus is observed, causing changes in chlorophyll a fluorescence patterns, which
changes the light energy dissipation pathways and increases plant stress [67]. However,
in this experiment, plants kept under drought conditions did not show reductions in the
chlorophyll a fluorescence pattern, indicating that there was no significant damage to the
photosynthetic apparatus. Under flooding, damage is evidenced by low chlorophyll a
fluorescence values (фPSII, Fv/Fm, Fv′/Fm′) and high energy dissipation in the form of
heat (D) (Figure 5), which resulted in lower carboxylation efficiency of the enzyme ribulose
1,5-bisphosphate carboxylase (rubisco) (Figure 4). Thus, flooding directly affected the
photosynthetic apparatus in A. crassiflora, reducing its efficiency regardless of stomatal
conductance, as proposed by Parolin and Wittmann [68] and Oliveira and Gualtieri [64]. In
studies with Annona glabra, this reduction in photosynthetic efficiency did not occur, which
reinforces its characteristics of adaptation to restinga, a highly flooded environment [69].

The highest effective quantum yield (фPSII), maximum quantum yield in the dark
(Fv/Fm) and potential quantum efficiency (Fv′/Fm′) values observed in A. crassiflora plants
kept under drought conditions (similar to plants kept under field capacity) indicate that
the energy generated may have been destined both for the production of carbon skeletons
used in primary metabolism and for specialized metabolism [58,70]. On the other hand,
in plants submitted to flooding conditions, the low quantum yield in the dark (Fv/Fm),
low potential quantum efficiency (Fv′/Fm′) and greater heat dissipation of the antenna (D)
indicate a photoprotection mechanism to minimize damage to the photosystem [65].

Thus, in addition to the increase in NADPH + H that can be used for the synthesis of
specialized metabolites such as alkaloids, an increase in the production of free radicals from
the energy generated in the system is observed [58], and therefore, in stress situations, in-
creases in the production of hydroxyl radicals (OH), superoxides (O2

−), hydrogen peroxide
molecules (H2O2) and singlet oxygen (1O2) are observed, originating from redox reactions
that can be in the form of free radicals or in the molecular form of a non-radical [71,72].
Lipoperoxides are the result of the interaction between free radicals and fatty acids in cell
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membranes, and when this process occurs, the cell membrane integrity is compromised,
resulting in the production of carboxylic compounds such as monoaldehyde [73]. To protect
itself and try redox homeostasis, the plant has antioxidant enzymes, such as superoxide
dismutase (SOD), catalase (CAT) and peroxidases (POD) [74].

The enzyme that acts first is SOD, catalyzing the dismutation of two O2
•− radicals,

generating H2O2 and O2. Then, CAT, which is one of the main enzymes acting in the
elimination of H2O2 generated during photorespiration and β-oxidation of fatty acids,
converts two H2O2 molecules into water and molecular oxygen. Subsequently, POD,
located in the cytosol and vacuoles, catalyzes reactions that use H2O2 as oxidants, so this
reactive oxygen species (ROS) is also eliminated, even when SOD activity is low [74,75].

Within this complex enzyme system, no significant superoxide dismutase (SOD)
activity was observed in A. crassiflora; however, CAT activity was higher in flooded plants,
which seems to be a specific characteristic of saturated soils [76] and indicates an attempt
to reduce H2O2 accumulated by stress in order to avoid damage to lipids, proteins and
nucleic acids and ensure flooding tolerance [77]. POD activity was also observed, both
in plants kept in flooding and in drought, which indicates the continued elimination of
reactive oxygen species (ROS) from the system to avoid damage to cells. In this context,
POD seems to have been efficient, since no differences were observed in the hydrogen
peroxide or lipoperoxide concentration between treatments and control (Figure 2 heat
map), which could mean higher malondialdehyde concentrations, Which, in turn, would
represent damage to cell membranes [74].

It is noteworthy that to avoid the deleterious effect caused by reactive oxygen species
(ROS) in plant tissues, especially in root regions, plants can show greater activity of
antioxidant enzymes, especially POD, and accumulate amino acids in roots. Thus, with
the greater allocation of amino acids to roots, plants can increase their nitrogen reserve by
synthesizing alkaloids [57], which would explain their higher production in A. crassiflora
roots, especially when submitted to drought stress.

Roots are the main alkaloid production organ in plants of the genus Annona [25] and
alkaloid accumulation in certain situations, as observed in A. crassiflora roots, may indicate
osmotic adjustment due to the accumulation of precursor osmolytes, such as amino acids,
carbohydrates and sugars such as starch and trehalose [78]. The accumulation of osmolytes
can alter the water potential and favor water absorption even in soils with water restriction
and generate greater alkaloid [79], which may have occurred with A. crassiflora. Thus, even
under reduced soil water conditions, gas exchange and fluorescence were not negatively
affected, and alkaloid production still occurred.

Regarding the presence of osmolytes, starch interconversion into other sugars that act
as osmoprotectors can be considered, with the ability to influence the carbon allocation
for the entire plant, mitigating the negative effect of stress caused by water restriction.
Furthermore, in photosynthetic cells, starch can be synthesized and temporarily stored
in chloroplasts, and this “transient” starch is synthesized and degraded within a 24-hour
period [80–82]. Flooding caused an increase in starch concentration in A. crassiflora leaves,
as reported in wheat (Triticum spp.) [83,84], which may be a result of the rapid inhibition
of plant growth at the beginning of flooding, leading to lower consumption of sugars
produced by photoassimilation, in addition to reduction in photosynthesis [85–87].

Another aspect to be observed regarding the capacity of A. crassiflora plants to tolerate
abiotic stress was the presence of trehalose both in flooded plants and in those under
drought stress. As this non-transport-reducing disaccharide acts as a biostimulant in stress
tolerance, its lower concentrations in leaves may indicate its translocation to roots and
use in order to neutralize the damage that could be caused by stress, since two glucose
molecules are generated from the hydrolysis of trehalose [88]. In addition, trehalose syn-
thesis is induced from some stress condition in order to protect enzymes, proteins and lipid
membranes against denaturation under stress situations, also playing an osmoprotective
role [78,89].
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In summary, when A. crassiflora plants are under stress situations, e.g., due to lack
of water, CO2 assimilation tends to decrease and as a consequence, a smaller amount
of NADPH2 is consumed within the Calvin cycle. Thus, much of the energy produced
should be dissipated, and, despite the action of non-photochemical mechanisms, such as
photorespiration and the xanthophyll cycle, these are potentiated in this situation, and
numerous electrons are still transferred to molecular oxygen, generating ROS. Under this
situation, plants activate their antioxidant system (SOD, POD and CAT), thus blocking
the harmful effect of ROS, leading to a strong increase in the reduction potential of the
reducing equivalent (NADPH2), which can be directed to the synthesis of specialized
metabolites [62], which seems to have occurred with A. crassiflora plants. Furthermore,
starch and trehalose play a role in mitigating the effects of reduced soil water availability
to ensure root water absorption (osmoregulation). Thus, A. crassiflora plants under drought
stress showed increases in the content of total alkaloids, specifically liriodenine.

5. Conclusions

A. crassiflora plants are affected by flooding and drought conditions. Drought generates
a stimulus signal for the synthesis of total alkaloids and liriodenine without reducing
primary productivity, which denotes rusticity and adaptation of the species to the Cerrado
conditions. On the other hand, flooding stress is harmful to the photosynthetic apparatus,
which does not result in increased alkaloid production and reduces liriodenine production.
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Abstract: Plant electrical signals can quickly respond to the shifting environment. Almost all life
activities of plants are dependent on water. The measurement of plant electrophysiological indices
provides a more convenient method for studying the intracellular water utilization. In this study,
Morus alba L. (Morus alba or M. alba) and Broussonetia papyrifera (L.) Vent. (Broussonetia papyrifera
or B. papyrifera) were experimental materials, and the parameters were measured in two habitats
(waterfront, well-water and arid slopes, deficient-water). The physiological and electrophysiological
responses of leaves to different habitats were analyzed. The theoretically intrinsic relationships
between the clamping force and leaf impedance (Z), capacitive reactance (Xc), resistance (R), and
inductive reactance (Xl) were revealed as 3-parameter exponential decay and linear models based
on bioenergetics, respectively. Leaf intrinsic electrophysiological parameters were successfully
obtained by using the above-mentioned relationships and were used to manifest metabolic activity in
plants. The intracellular water-holding capacity (IWHC), water use efficiency (IWUE), water-holding
time (IWHT), and water transfer rate (WTR) of plant leaves were defined based on the intrinsic
electrophysiological parameters and were used to reflect the intracellular water metabolism. The
correlation between the physiological and electrophysiological parameters of the two plant species
in the two habitats was also analyzed. The results showed that Morus alba continuously adapted to
the shifting environment, the intracellular water metabolism was insensitive to soil water shortage
and was independent from the external physiological state. The intracellular water metabolism
in Broussonetia papyrifera was very sensitive to soil water shortage, and both intracellular water
metabolism and immediate physiological parameters could characterize the response of Broussonetia
papyrifera growth and development to soil water.

Keywords: electrophysiological signals; intracellular water metabolism; bioenergetics; plant physiological
information; water shortage response

1. Introduction

Morus alba L. (Morus alba or M. alba) and Broussonetia papyrifera (L.) Vent. (Broussonetia
papyrifera or B. papyrifera), belonging to the family Moraceae, grow fast, and adapt to
adverse environments [1]. The species M. alba is the sole food source of the domesticated
silkworm and is also an economically important perennial tree [2]. In addition, M. alba has
edible, medicinal, animal feed, biological materials, ecological protection, and other uses
with the developed society and scientific progress [3]. M. alba and B. papyrifera have great
differences in water use efficiency mechanisms and drought resistance. They can be used
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as comparison materials to further study the differential response of intracellular water
metabolism to water shortage based on electrophysiology.

Photosynthesis in green plants is of great significance to plant growth and develop-
ment [4]. The photosynthetic rate will decrease under drought stress [5]. Plant leaf water
potential is one of the main physiological indicators reflecting plant soil water status. When
combined with stomatal conductance and other information, it can determine the plant
drought resistance [6,7]. Researchers have reported that the increases of photosynthesis
were accompanied by the increased leaf water potential [8,9]. Both photosynthetic indexes
and leaf water potential represent the ability of plants to resist drought [10,11]. At the
same time, almost all life activities in plants involve charge separation, electron movement,
proton and dielectric transport, etc. [12]. The change in water content inevitably leads to
changes in membrane permeability and ion concentration inside and outside the cell. Once
a plant suffers from environmental stress, the moisture status, ion concentration and mem-
brane permeability of its cells will change immediately, and thereafter change the electrical
signal of plant. Therefore, electrophysiological indicators can be used as a theoretical basis
for reflecting the water status of plants [13–15]. When the environment changes, plant
electrical signals will change correspondingly [16–19]. Therefore, it is of great significance
to study the intrinsic electrical parameters of plants and the related environmental factors
and physiological responses, in order to evaluate the life phenomena of plant [20,21].

Drought can rapidly trigger plant electrical activity [22]. The ions and ionic groups
in plant mesophyll cells are electrolytes, which have been considered concentric spherical
capacitors with dual functions of inductance and resistance [23]. The mesophyll cells of
plants can record electrical activity caused by external stimuli. Due to the external stim-
ulation, changes in the structure and activity of the plant cell membrane directly affect
the physiological process of plants, mainly reflected in changes in the stomatal state, pho-
tosynthetic rate and plant electrical signal [24]. In addition to the influence of soil water
content on the electrical signals of plant leaves, the clamping force of the two electrodes
of a self-made parallel-plate capacitor is also the main factor affecting the electrophys-
iological parameters [25]. This phenomenon is mainly due to the change in electrolyte
concentration of mesophyll cells under different clamping forces. Therefore, the internal
relationship between clamping force and electrophysiological parameters can be revealed
under different water conditions, providing a fast and real-time method for monitoring
the physiological state of plant leaves. At the same time, exploring the correlation between
leaf water potential, water content, photosynthesis and electrophysiological information
has important practical significance for studying the mechanism of intracellular water
utilization in plants.

The water absorbed by roots is transported to the aboveground parts of the plant
through vessels in the roots, stems and leaves; only 1–3% of the water is retained in the plant
for photosynthesis and other life activities, and almost all of the rest is lost through tran-
spiration [26,27]. To explore the relationship between plants and water, the physiological
and molecular mechanisms of the plant response to drought stress are crucial for improv-
ing plant productivity and environmental efficiency [28–30]. Therefore, it is necessary to
directly and quantitatively monitor the intracellular water status of plant leaves.

In our previous study, we found that the growth and development of Morus alba and
Broussonetia papyrifera respond differently to the environment under short-term drought
stress [31]. Can immediate extrinsic parameters and intrinsic electrophysiological parame-
ters characterize the response mechanism of M. alba and B. papyrifera to water scarcity under
prolonged drought conditions? What is the difference between the electrophysiological-
based responses of M. alba and B. papyrifera in their intracellular water metabolism response
patterns under water-deficient conditions? Water has a high dielectric constant and is a
good condition for various electrolytes in cells to participate in chemical reactions [32].
Inevitably, the water metabolism of plants will not only lead to changes in intracellular
and extracellular membrane permeability and ion concentration, but also changes in plant
electrical signals [33]. The leaf resistance (R), capacitive reactance (Xc), impedance (Z), and
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inductive reactance (Xl) are related to the concentration of ions, ion groups and electric
dipoles, and variations in the electrolyte concentration are caused by intracellular water
metabolism. This study revealed for the first time the intrinsic mechanism of the clamping
force and leaf Z, Xc, R, and Xl of two mulberry species in two habitats and established a
physical model on this basis. Subsequently, the intrinsic electrophysiological parameters
of the plant leaves were successfully obtained by using these equations. Then the intra-
cellular water-holding capacity (IWHC), water use efficiency (IWUE), water-holding time
(IWHT) and water transfer rate (WTR) of the intracellular water metabolism indexes in
plant leaves were defined and applied according to the intrinsic electrophysiological param-
eters. This study aims to reveal the intrinsic mechanistic relationships between leaf Z, Xc,
R, and Xl and exogenous stimuli, and provide a novel method for rapid monitoring plant
physiological status. At the same time, this study was the first to discuss the correlation
between leaf water potential, leaf water content, photosynthesis and electrophysiological
information, which was of great significance for revealing plant leaf intracellular water
metabolic efficiency.

2. Materials and Methods

2.1. Experimental Materials

M. alba and B. papyrifera were grown in two habitats, waterfront and arid slope soil, at
Jiangsu University (N 32◦11′ and E 119◦27′). The average annual temperature, sunshine
hours, and precipitation in this test area are 15.4 ◦C, 2051.7 h, and 1106 mm, respectively.
The soil had a total organic matter content of 10.49 g·kg−1, a soil field water capacity of
25.5% and a pH value of 7.39. The tested leaves were sampled and measured at 9 a.m. to
11 a.m. on sunny days in June, and the measured temperature was 25.0 ± 2.0 ◦C.

2.2. Measurement of Electrophysiological Parameters of Plant Leaves under Different
Clamping Forces

The electrophysiological parameters of plant leaves were measured by an LCR tester
(Model 3532-50, Hioki, Nagano, Japan). Taken fully unfolded leaf from the fourth leaf
position of each plant. The electrophysiological parameters of leaves were determined
according to the method described by Xing et al. [34], the test parameters were further
modified and described in our previous studies [25,35] (Figure S1).

2.3. Calculation of Intrinsically Electrophysiological Parameters of Plant Leaves

The calculation principle of leaf electrophysiological parameters has been described
in our previous study [25,34,36] (Formula S1). According to bioenergetics, the model
relationship between plant intrinsic electrophysiological parameters and clamping force
was fitted according to the Nernst and Gibbs free energy equation.

2.4. Definition of the Intracellular Water Utilization Parameters

According to the model relationship between plant intrinsic electrophysiological
parameters and clamping force, intracellular water utilization parameters of leaves were
calculated by referring to the previous research method of Zhang et al. [25] (Formula S1).

2.5. Determination of Leaf Photosynthetic Parameters, Soil Moisture Content, Leaf Water Content

Net photosynthetic rate (PN, μmol (CO2)m−2 s−1) and transpiration rate (Tr,
mmol m−2 s−1) of M. alba and B. papyrifera were measured using li-6400 portable gas
exchange measurement system (LI-COR, Lincoln, NE, USA) equipped with a blue/red
light source from 9 a.m. to 11 a.m. in the two habitats [37,38]. According to the previous
research method of Yu et al. [31], after the determination of the photosynthetic parameters,
the soil moisture content and leaf water content of M. alba and B. papyrifera in the two
habitats were measured using the drying method.
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2.6. Determination of Leaf Water Potential

A water potential system (PSYPRO, Wescor, Inc., Logan, UT, USA) was used to
determine the water potential values of M. alba and B. papyrifera in the two habitats. A hole
punch with the corresponding diameter was selected to drill the hole, and it was quickly
put into the sample chamber of the C-52 water potential probe. After balancing for 6 min,
the measurement began. Three data points were measured each time, and the average
value was used as the water potential measurement value of the leaf at this time.

2.7. Data Analyses

Data were analyzed using exploratory data analysis by SigmaPlot software (version
10.0, Systat Software Inc., San Jose, CA, USA) and SPSS software (version 21.0, SPSS
Inc., Chicago, IL, USA). The statistical analysis included one-way analysis of variance
(ANOVA), and significant differences between the means were tested using Tukey’s test
at 95% confidence. The data are shown as the means ± SE. Graphs were prepared using
Origin Pro. 9.0 (Northampton, MA, USA).

3. Results

3.1. Soil Moisture Content of M. alba and B. papyrifera in Two Habitats

As illustrated in Table 1, the soil moisture content of M. alba and B. papyrifera was
different in the two habitats, which is, the TH level was significantly higher than that the
TL level.

Table 1. The soil moisture content of M. alba and B. papyrifera in two habitats.

Plants Treatment ξS (H2O) (%)

M. alba
TH 21.54 ± 0.89 a
TL 7.90 ± 0.54 b

B. papyrifera TH 21.26 ± 0.64 a
TL 7.77 ± 0.50 b

Note: values indicate the means ± SE, n = 5. Small letters indicate significant differences at 5% level (p ≤ 0.05).
TH is waterfront soil. TL is arid slopes soil.

3.2. Fitting Equation Parameters of M. alba and B. papyrifera in Two Habitats

Figure 1 randomly lists the fitting curves and equations of the relationship between
leaf Z (Figure 1A), Xc (Figure 1B), R (Figure 1C), Xl (Figure 1D) and champing force (F) in
Moraceae. The results show that the relationships of leaf Z, Xc, R, and Xl to the clamping
force correlated well. Subsequently, the fitting equation coefficients of both the clamping
force and leaf Z, Xc, R, and Xl in M. alba and B. papyrifera grown in two habitats were
calculated separately (Table 2). The correlation coefficients (R2) of the fitting equations of
Z-F, Xc-F, R-F, and Xl-F for sixteen leaves of B. papyrifera in two habitats were 0.9709–0.9938,
0.9769–0.9949, 0.9620–0.9940, and 0.9770–0.9943, and those in M. alba in two habitats were
0.9733–0.9937, 0.9673–0.9931, 0.9764–0.9960, and 0.9676–0.9933, respectively. Moreover, all
p values were less than 0.0001. This result shows that the fitting equations of Z-F, Xc-F,
R-F, and Xl-F had good correlations, indicating the real existence of intrinsic mechanism
relations between F and leaf Z, Xc, R, and Xl.

3.3. Electrophysiological Information of M. alba and B. papyrifera in Two Habitats

As shown in Table 3, the intrinsic electrophysiological parameters of M. alba and B.
papyrifera in the two habitats are depicted, and the leaf intrinsic impedance (IZ), intrinsic
resistance (IR), intrinsic inductive reactance (IXl), capacitive reactance (IXc), and intrinsic
capacitance (IC) of M. alba at the TH and TL levels were not significantly different. Moreover,
the leaf IZ, IR, IXl, and IXc of B. papyrifera at the TH levels were significantly lower than
those at the TL levels, and the leaf IC of B. papyrifera at the TH levels was significantly higher
than that at the TL levels. The IZ, IR, IXl, and IXc values of B. papyrifera at the TL level were
significantly increased by 325%, 335%, 331%, and 313%, respectively, compared to the TH
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levels. However, the IC values of B. papyrifera at TL levels were significantly decreased by
77% compared to the TH levels.

 

Figure 1. Fitting curves and equations of the relationships among leaf Z (A), Xc (B), R (C), Xl (D),
and champing force (F) in Moraceae.
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Table 2. Fitting equation parameters of M. alba and B. papyrifera.

Plants Treatment Z-F Xc-F R-F Xl-F

y0/k1/b1 R2/p< p0/k2/b2 R2/p< g0/k3/b3 R2/p< q0/k4/b4 R2/p<

M. alba TH-1 0.0249/0.1230/0.5424
0.9937/0.0001

0.0132/0.0921/0.5156
0.9931/0.0001

0.0315/0.1373/0.5671
0.9927/0.0001

0.0149/0.0999/0.5188
0.9933/0.0001

TH-2 0.0288/0.2364/0.5862
0.9925/0.0001

0.0173/0.2489/0.7858
0.9674/0.0001

0.0365/0.2418/0.5473
0.9960/0.0001

0.0194/0.2611/0.7665
0.9700/0.0001

TH-3 0.0178/0.1831/0.5822
0.9779/0.0001

0.0072/0.0874/0.4052
0.9795/0.0001

0.0230/0.2495/0.6632
0.9764/0.0001

0.0088/0.0998/0.4278
0.9792/0.0001

TH-4 0.0255/0.2368/0.5748
0.9878/0.0001

0.0177/0.2925/0.6980
0.9845/0.0001

0.0296/0.2419/0.5606
0.9879/0.0001

0.0195/0.3059/0.6904
0.9847/0.0001

TL-1 0.0337/0.1395/0.5515
0.9922/0.0001

0.0236/0.1842/0.7192
0.9832/0.0001

0.0393/0.1409/0.5402
0.9914/0.0001

0.0258/0.1915/0.7078
0.9842/0.0001

TL-2 0.0371/0.0561/0.3261
0.9918/0.0001

0.0290/0.1020/0.3708
0.9908/0.0001

0.0413/0.0547/0.3380
0.9910/0.0001

0.0314/0.1052/0.3696
0.9909/0.0001

TL-3 0.0537/0.2467/0.9774
0.9733/0.0001

0.0337/0.1832/0.6666
0.9673/0.0001

0.0622/0.2995/1.1238
0.9783/0.0001

0.0373/0.1972/0.6847
0.9676/0.0001

TL-4 0.0277/0.1153/0.8068
0.9792/0.0001

0.0167/0.1170/0.7476
0.9797/0.0001

0.0332/0.1279/0.8939
0.9789/0.0001

0.0186/0.1240/0.7530
0.9797/0.0001

B. papyrifera TH-1 0.0298/0.2235/0.6178
0.9889/0.0001

0.0145/0.1875/0.6226
0.9844/0.0001

0.0403/0.2442/0.6525
0.9889/0.0001

0.0167/0.2014/0.6237
0.9850/0.0001

TH-2 0.0252/0.1182/0.4428
0.9933/0.0001

0.0129/0.1109/0.5128
0.9899/0.0001

0.0343/0.1210/0.4478
0.9910/0.0001

0.0148/0.1179/0.5084
0.9905/0.0001

TH-3 0.0277/0.2136/0.5703
0.9914/0.0001

0.0138/0.1335/0.5496
0.9853/0.0001

0.0369/0.2539/0.5912
0.9932/0.0001

0.0158/0.1477/0.5528
0.9863/0.0001

TH-4 0.0349/0.1283/0.3730
0.9938/0.0001

0.0194/0.0936/0.4646
0.9887/0.0001

0.0438/0.1399/0.3266
0.9940/0.0001

0.0219/0.1013/0.4534
0.9894/0.0001

TL-1 0.0980/0.5444/0.5290
0.9793/0.0001

0.0513/0.3909/0.4726
0.9949/0.0001

0.1225/0.6150/0.5545
0.9844/0.0001

0.0582/0.4256/0.4785
0.9943/0.0001

TL-2 0.1448/0.6665/0.6820
0.9840/0.0001

0.0880/0.5156/0.5623
0.9858/0.0001

0.1700/0.7525/0.7302
0.9804/0.0001

0.0975/0.5559/0.5698
0.9851/0.0001

TL-3 0.1104/0.7424/0.4926
0.9807/0.0001

0.0794/0.6497/0.5687
0.9861/0.0001

0.1461/0.9212/0.6337
0.9944/0.0001

0.0937/0.7578/0.6509
0.9844/0.0001

TL-4 0.1176/0.9636/0.8204
0.9709/0.0001

0.0635/0.6419/0.7601
0.9769/0.0001

0.1480/1.1231/0.8556
0.9620/0.0001

0.0717/0.7038/0.7656
0.9770/0.0001

Note: Z: impedance, Xc: capacitive reactance, R: resistance, Xl: inductive reactance, F: clamping force. TH is
waterfront soil. TL is arid slopes soil.

Table 3. The electrophysiological parameters of M. alba and B. papyrifera in the two habitats.

Plants Treatment IZ (MΩ) IR (MΩ) IXl (MΩ) IXc (MΩ) IC (pF)

M. alba TH 0.22 ± 0.03 b 0.25 ± 0.03 b 0.21 ± 0.06 b 0.19 ± 0.06 b 358.55 ± 44.96 a
TL 0.18 ± 0.04 b 0.20 ± 0.06 b 0.18 ± 0.03 b 0.17 ± 0.02 b 325.33 ± 43.61 a

B. papyrifera TH 0.20 ± 0.03 b 0.23 ± 0.03 b 0.16 ± 0.02 b 0.15 ± 0.02 b 380.16 ± 45.24 a
TL 0.85 ± 0.09 a 1.00 ± 0.11 a 0.69 ± 0.08 a 0.62 ± 0.07 a 88.96 ± 10.86 b

Note: values indicate the means ± SE, n = 5. Small letters indicate significant differences at 5% level (p ≤ 0.05). Different
lowercase letters in the same column indicate significant differences in measurement factors. IZ: intrinsic impedance,
IXc: intrinsic capacitive reactance, IR: intrinsic resistance, IXl: intrinsic inductive reactance, IC: intrinsic capacitance.
TH is waterfront soil. TL is arid slopes soil.

3.4. Intracellular Water Utilization of M. alba and B. papyrifera in Two Habitats

The water use parameters of M. alba and B. papyrifera in the two habitats were obtained
by using the corresponding parameters of the fitting equations. The results showed that
there were significant differences in leaf specific effective thickness (d), IWUE, IWHC,
IWHT, WTR, and water content of M. alba and B. papyrifera between the two habitats. As
shown in Table 4, the leaf d of M. alba at the TH levels was significantly higher than that at
the TL levels, the leaf d values of M. alba at the TL levels were significantly decreased by
49% compared to the TH levels, but the leaf IWUE, IWHT, and WTR of M. alba in the two
habitats were not significantly different. However, the leaf d and WTR of B. papyrifera at the
TH levels were significantly higher than those at the TL levels, and the d and WTR values
of B. papyrifera at the TL levels were significantly decreased by 78% and 89%, respectively,
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compared to the TH levels, but the leaf IWUE and IWHT of B. papyrifera in the two habitats
were not significantly different.

Table 4. Water use parameters of M. alba and B. papyrifera in the two habitats.

Plants Treatment d IWUE IWHT WTR

M. alba TH 547.54 ± 58.45 a 0.12 ± 0.04 a 71.18 ± 5.14 a 93.18 ± 25.03 a
TL 279.29 ± 61.00 b 0.05 ± 0.01 a 53.03 ± 7.88 a 124.90 ± 35.21 a

B. papyrifera TH 468.86 ± 55.19 a 0.07 ± 0.02 a 72.88 ± 5.65 a 104.93 ± 19.79 a
TL 102.62 ± 12.17 c 0.13 ± 0.02 a 72.94 ± 4.17 a 11.66 ± 1.94 b

Note: values indicate the means ± SE, n = 5. Small letters indicate significant differences at 5% level (p ≤ 0.05). Different
lowercase letters in the same column indicate significant differences in measurement factors. d: Specific effective
thickness, IWHT: intracellular water-holding time, IWUE: intracellular water use efficiency, WTR: dynamic water
transfer rate. TH is waterfront soil. TL is arid slopes soil.

As shown in Figure 2, the IWHC and leaf water content of M. alba and B. papyrifera in
the two habitats were displayed and basically consistent. The leaf IWHC and leaf water
content of M. alba and B. papyrifera at the TH levels were significantly higher than those
at the TL levels. The leaf IWHC values of M. alba and B. papyrifera at the TL level were
significantly decreased by 19% and 89%, respectively, compared to those at the TH level.
The leaf water content values of M. alba and B. papyrifera at the TL level were significantly
decreased by 18% and 25%, respectively, compared to those at the TH level.

 

Figure 2. IWHC and leaf water content of M. alba and B. papyrifera in the two habitats. Note: values
indicate the means ± SE, n = 5. Small letters indicate significant differences at 5% level (p ≤ 0.05).
IWHC: intracellular water-holding capacity, Bp-TH: B. papyrifera at the TH level, Bp-TL: B. papyrifera
at the TL level, Ma-TH: M. alba at the TH level, Ma-TL: M. alba at the TL level.

3.5. Photosynthetic Parameters of M. alba and B. papyrifera in Two Habitats

The net photosynthetic rate (Figure 3A) and transpiration rate (Figure 3B) of the leaves
of M. alba and B. papyrifera in the two habitats are shown in Figure 4. The net photosynthetic
rate and transpiration rate of the leaves of M. alba and B. papyrifera at the TH levels were
significantly higher than those at the TL levels. The leaf PN values of M. alba and B. papyrifera
at the TL level were significantly decreased by 23% and 26%, respectively, compared to
those at the TH level. The leaf Tr values of M. alba and B. papyrifera at the TL level were
significantly decreased by 27% and 33%, respectively, compared to those at the TH level.
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Figure 3. The net photosynthetic rate (PN) (A) and transpiration rate (Tr) (B) of the leaves of M. alba
and B. papyrifera in the two habitats. Note: Values indicate the means ± SE, n = 5. Small letters
indicate significant differences at 5% level (p ≤ 0.05). Bp-TH: B. papyrifera at the TH level, Bp-TL: B.
papyrifera at the TL level, Ma-TH: M. alba at the TH level, Ma-TL: M. alba at the TL level.

 

Figure 4. The leaf water potential of M. alba and B. papyrifera in the two habitats. Note: values indicate
the means ± SE, n = 5. Small letters indicate significant differences at 5% level (p ≤ 0.05). Bp-TH: B.
papyrifera at the TH level, Bp-TL: B. papyrifera at the TL level, Ma-TH: M. alba at the TH level, Ma-TL:
M. alba at the TL level.

3.6. Leaf Water Potential of M. alba and B. papyrifera in Two Habitats

The leaf water potential of M. alba and B. papyrifera in the two habitats is presented
in Figure 4. The leaf water potential of the leaves of M. alba and B. papyrifera at the TH
levels was obviously higher than that at the TL levels, with significant differences observed
between the two habitats. The leaf water potential values of M. alba and B. papyrifera at the
TL level were significantly decreased by 39% and 70%, respectively, compared to those at
the TH level.
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3.7. Correlation of Different Physiological Information and Intracellular Water
Utilization Parameters

The Pearson correlation coefficients for the relationships between the different physio-
logical information and intracellular water utilization parameters of M. alba and B. papyrifera
are shown in Tables 5 and 6. In M. alba (Table 5), IZ showed a strong positive correlation
with IR, strong negative correlation with WTR, and positive correlation with IXl and IXc.
IR showed strong negative correlation with WTR. IXl was found to exhibit strong posi-
tive correlation with IXc and IWUE, strong negative correlation with IC and IWHC, and
negative correlation with WTR. IXc showed strong positive correlation with IWUE, strong
negative correlation with IC and IWHC, and negative correlation with WTR. IC was found
to exhibit strong positive correlation with IWHC and negative correlation and IWUE. D
showed positive correlation with Ψ and ξL. IWUE was negative correlation with WTR. Ψ
showed strong positive correlation with ξL and PN. ξL showed strong positive correlation
with PN. PN exhibited strong positive correlation with Tr.

Table 5. Pearson correlation coefficients among different physiological parameters of M. alba.

IR IXl IXc IC d IWHC IWUE IWHT WTR Ψ ξL PN Tr

IZ 0.961 ** 0.741 * 0.713 * −0.622 0.131 −0.583 0.624 0.184 −0.940 ** 0.289 0.260 0.261 0.123
IR 0.537 0.501 −0.404 0.215 −0.364 0.432 0.426 −0.857 ** 0.277 0.245 0.247 0.069
IXl 0.999 ** −0.951 ** −0.151 −0.927 ** 0.869 ** −0.477 −0.806 * 0.176 0.152 0.157 0.082
IXc −0.957 ** −0.169 −0.935 ** 0.868 ** −0.512 −0.785 * 0.163 0.140 0.146 0.080
IC 0.397 0.998 ** −0.714 * 0.642 0.705 0.119 0.131 0.073 0.026
d 0.449 0.295 0.649 −0.189 0.761 * 0.799 * 0.530 0.319

IWHC −0.671 0.676 0.669 0.183 0.193 0.129 0.057
IWUE −0.302 −0.720 * 0.549 0.550 0.406 0.259
IWHT −0.061 0.373 0.372 0.307 0.115
WTR −0.271 −0.252 −0.213 −0.122

Ψ 0.977 ** 0.839 ** 0.573
ξL 0.883 ** 0.667
PN 0.861 **

Note: ** correlation is significant at the 0.01 level (two-tailed). * Correlation is significant at the 0.05 level
(two-tailed).

Table 6. Pearson correlation coefficients among different physiological parameters of B. papyrifera.

IR IXl IXc IC d IWHC IWUE IWHT WTR Ψ ξL PN Tr

IZ 0.998 ** 0.970 ** 0.979 ** −0.930 ** −0.858 ** −0.901 ** 0.783 * 0.082 −0.893 ** −0.938 ** −0.931 ** −0.979 ** −0.885 **
IR 0.979 ** 0.985 ** −0.927 ** −0.854 ** −0.897 ** 0.792 * 0.066 −0.891 ** −0.935 ** −0.931 ** −0.977 ** −0.894 **
IXl 0.998 ** −0.931 ** −0.860 ** −0.899 ** 0.756 * −0.098 −0.880 ** −0.941 ** −0.937 ** −0.951 ** −0.917 **
IXc −0.939 ** −0.866 ** −0.908 ** 0.758 * −0.077 −0.889 ** −0.948 ** −0.942 ** −0.960 ** −0.917 **
IC 0.786 * 0.996 ** −0.769 * 0.038 0.977 ** 0.947 ** 0.921 ** 0.866 ** 0.782 *
d 0.738 * −0.400 −0.033 0.748 * 0.918 ** 0.931 ** 0.922 ** 0.694

IWHC −0.773 * 0.030 0.981 ** 0.922 ** 0.891 ** 0.823 * 0.745 *
IWUE 0.004 −0.746 * −0.617 −0.586 −0.657 −0.734 *
IWHT −0.126 0.032 0.015 −0.111 0.169
WTR 0.901 ** 0.875 ** 0.826 * 0.710 *
Ψ 0.996 ** 0.933 ** 0.765 *
ξL 0.939 ** 0.759 *
PN 0.869 **

Note: ** correlation is significant at the 0.01 level (two-tailed). * Correlation is significant at the 0.05 level
(two-tailed).

In B. papyrifera (Table 6), IZ showed strong positive correlation with IR, IXl and IXc,
was highly negatively correlated with IC, d, IWHC, WTR, Ψ, ξL, PN, and Tr, and positively
correlated with IWUE. IR showed strong positive correlation with IXl and IXc, was strongly
negatively correlated with IC, d, IWHC, WTR, Ψ, ξL, PN, and Tr, and positively correlated
with IWUE. IXl was strongly positively correlated with IXc, strongly negatively correlated
with IC, d, IWHC, WTR, Ψ, ξL, PN, and Tr, and positively correlated with IWUE. IXc was
found to be strong negative correlation with IC, d, IWHC, WTR, Ψ, ξL, PN, and Tr, and
positively correlated with IWUE. IC was strongly positively correlated with IWHC, WTR,
Ψ, ξL, and PN, positive correlation with d and Tr, and negative correlation and IWUE.
D was strongly positively correlated with Ψ, ξL, and PN and positively correlated with
IWHC and WTR. IWHC was found to be strongly positively correlated with WTR, Ψ, and
ξL, positively correlated with PN and Tr, and negatively correlated with IWUE. IWUE
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was negatively correlated with WTR. WTR was found to be strongly positively correlated
with Ψ and ξL and showed positive correlation with PN and Tr. Ψ was strongly positively
correlated with ξL and PN and positively correlated with Tr. ΞL was strongly positively
correlated with PN and showed positively correlation with Tr. PN was strongly positively
correlated with Tr.

4. Discussion

Water balance in plants is essential for plant growth. Leaf water potential can reflect
the water status of plants and the influence degree of the soil-vegetation-atmosphere
continuous system on the water in plants [39]. It can also reflect the ability of plants to
absorb water from soil and maintain plant growth and development [6]. The results showed
that leaf water content and water potential of M. alba and B. papyrifera were parallel to the
soil water content. The leaf water content and water potential in waterfront soil were higher
than those in arid slope soil, indicating that leaf water content and water potential could
respond to soil water deficit immediately. Furthermore, lower leaf water content and water
potential indicate soil water deficit, and plants can adapt to water shortage environments
by reducing water demand [40].

Photosynthesis is the basis of plant growth and development and one of the indicators
to observe the ability of plants adapting to the environmental stress. It is not only affected by
the physiological characteristics of plants but also restricted by environmental factors. Water
is an important factor involved in photosynthesis. With less soil moisture, photosynthesis
will be reduced [41]. Therefore, studying the response of photosynthesis to stress can
characterize the adaptability of plants to the environment. [42]. In this study, the PN
and Tr of M. alba and B. papyrifera in deficient-water soil were lower than those in well-
water soil, indicating that soil water deficit would lead to stomatal closure on leaves,
weaken transpiration, affect carbon dioxide absorption and reduce net photosynthetic rate,
and plants could only maintain their own growth and development with limited water.
The results also indicated that photosynthetic indexes could respond to soil water status
quickly [43]. At the same time, chloroplasts are the main site of photosynthesis in plants,
and low water potential results in damage to chloroplast thylakoid membrane structure,
weakened electron transfer and phosphorylation, and decreased photosynthetic rate [44].
The response of photosynthesis to soil moisture was consistent with our previous research
results [31].

Changes in electrical signals of plants are usually caused by changes in ion concentra-
tion, cell water status and membrane permeability of leaf cells immediately after plants
are subjected to environmental stress [33]. In mesophyll cell, the cell and organelle are
surrounded by cell membrane, so the cell can be regarded as a concentric circular capacitor
with the dual functions of inductance and resistance. The ions and ionic groups in the
mesophyll cell are electrolytes [23]. Almost all plant life activities are accompanied by the
separation of electric charges, the movement of electrons, the transport of protons and
media, etc. [36]. The clamping force stimulates the changes of plant leaves and immedi-
ately changes the membrane permeability of leaf cells, resulting in changes in electrolyte
concentration and changes in leaf Z, R, Xc, and Xl. According to the Nernst equation, it
revealed the Z (or R, Xc, Xl) = y + ke−bF of the theoretical internal relationship between Z,
Xc, R, and Xl and the clamping force.

The Nernst equation is used to quantitatively describe the diffusion potential of an ion
between A and B systems [25]. This equation relates chemical energy to galvanic electrode
potential, making a significant contribution to electrochemistry. Meanwhile, the Nernst equation
describes the relationship between the equilibrium potential of an ion and the ion concentration
on both sides of the ion-permeable membrane [45]. The results showed that the fitting equa-
tions of Z-F, R-F, Xc-F, and Xl-F had good correlation (R2 = 0.9620~0.9960, p < 0.0001), which
highlighted the real existence of the above internal mechanism.

Part of the energy that reduces the internal energy of system converts into external
work is defined as Gibbs free energy. In this study, the Gibbs free energy of leaf cell capacitor
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is theoretically equal to the work done by the clamping force [25]. The change in Gibbs free
energy resulting from a reversible transition from one state to another at constant pressure
and temperature is the amount of work available in that state change [46]. According
to the Gibbs free energy, it also revealed the theoretically intrinsic relationships between
leaves C and the clamping force, and the specific effective thickness (d) was defined. The
results showed that the leaf d of M. alba and B. papyrifera grown in the waterfront soil
was significantly higher than those of M. alba and B. papyrifera grown in the arid slope
soil. These results revealed the life phenomenon in plants; that was, when plant water
metabolism and growth were vigorous, the electrolyte concentration became low, water
was abundant in leaf cell, and leaf d became high.

So far, spontaneous period and intrinsic electrical signals cannot be detected in plants.
Most of the electrical signals in plants are induced by a variety of stimuli with low repro-
ducibility [47]. In this study, the intrinsic electrophysiological indices of IZ, IR, IXc, IXl
and IC of plant leaves were successfully determined by analyzing the intrinsic relationship
between leaf Z, R, Xc and Xl and clamping force. The results showed that IC of leaf in
waterfront soil was significantly higher than that in arid slope soil, with lower IZ, IR, IXl,
and IXc, but the leaf IZ, IR, IXl, IXc, and IC of M. alba grown in waterfront soil and arid slope
soil were not significantly different. Drought stress can affect plant water metabolism [5].
The results showed that the IWHC, WTR and water contents of B. papyrifera leaves grown
under adequate water supply were higher, but there was no significant difference between
IWHT and IWUE. In contrast to B. papyrifera, the d and IWHC of M. alba decreased with
decreasing soil moisture, while the IWUE, IWHT and WTR did not change significantly.
These results indicated that the intercellular water use characteristics of the two plant
species were obviously different and had different response patterns. M. alba responded
to water shortage by decreasing d. For B. papyrifera under water shortage, the effective
thickness d of leaves was greatly reduced, the water utilization rate was increased, and the
water transfer rate was decreased. These results were mainly due to the fast logarithmic
growth period of M. alba leaves, short life cycle, low photosynthesis and slow overall
growth (d), and water shortage had no effect on water metabolism of plants. However,
the leaf life cycle of B. papyrifera was long and the growth was fast, which was affected by
water deficit at any time. These revealed life phenomena peculiar to plants. In addition,
soil water deficit and slowing down of the intracellular water transfer rate resulted in less
water demand and therefore sufficient water for plants. As a result, leaf growth would be
slow and there would be a larger sacrifice of leaf growth (d). This is consistent with the
biological fact that plant biomass affects plant water use efficiency [48].

From Tables 5 and 6, correlation analysis between physiological indices and electro-
physiological parameters of the leaves of M. alba and B. papyrifera was analyzed. As shown
in Table 5, electrophysiological and intracellular water information of M. alba did not corre-
late with plant external physiological information (such as PN, Tr, Ψ, and ξL). However,
there were correlations between leaf water potential, water content and photosynthetic
parameters, as well as between electrophysiological parameters and intracellular water use
parameters, but they were not correlated with IWHT. The results indicated that the leaves
of M. alba had a short life cycle and leaf function period, and fell off quickly; the leaves
were thin, and the inner cells had little water, while the small cells were relatively stable in
all aspects under soil water deficit [31]. Plant external physiological information did not
affect the intracellular water status, indicating that the intracellular water metabolism of M.
alba of leaves was independent of environmental water metabolism. Because M. alba was
an acclimated species for a long time, it had gradually adapted to the shifting environment,
and the rapid growth of new leaves was compatible with the activity of continuous leaf
picking [3,49]. However, as shown in Table 6, contrary to M. alba, the electrophysiological
indices of B. papyrifera were well correlated, except IWHT. These results showed that the
leaves of B. papyrifera grew fast, had a long life cycle and leaf function period. The results
indicated that both plant intrinsic electrophysiological information and external instant
information in B. papyrifera were sensitive to soil moisture changes.
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M. alba and B. papyrifera have different adaptive mechanisms to soil water deficit. The
intrinsic water use efficiency and water transfer rate of M. alba leaves were not affected
by the soil water deficit, thus maintaining the constant water retention time in leaves, and
the growth of a single leaf was not affected. M. alba leaves had a short life cycle, so it
responded to environmental changes by reducing the number of leaves. The leaf life cycle
of B. papyrifera is long, the growth of an individual leaf was slow, and the water transport
rate was reduced, in order to maintain the time of water supply to cope with the soil water
shortage environment.

Previous studies have shown that the changes of plant electrophysiological parameters
Z, R, and C can directly reflect the changes of plant water status [30,50–52]. However, Z, R,
Xl, and Xc parameters alone cannot be used to determine water retention, transport and
utilization in plant leaf cells [25]. In this study, IWHC, IWUE, IWHT, and WTR were used
to accurately reveal the characteristics of intracellular water metabolism in leaves of M.
alba and B. papyrifera in different habitats. The indices in this paper were defined by the
intrinsic electrophysiological parameters of plant leaves and had the advantages of stability,
accuracy, and representativeness. It is of great significance to accurately describe plant
intracellular water metabolism.

5. Conclusions

Plant electrophysiological information can rapidly reflect soil water shortage condi-
tions. In this study, the internal relationship between leaf Z, R, Xc, and Xl and the clamping
force was revealed and established from the perspective of bioenergetics, and fitting equa-
tions were used to calculate the electrophysiological parameters IZ, IR, IXc, IXl, and IC.
Then, the leaf intracellular water use parameters d, IWUC, IWUE, IWUT, and WTR of
M. alba and B. papyrifera were defined based on the plant internal electrophysiological
parameters. The mechanism of plant water metabolism was evaluated, and the correlation
between plant physiological parameters (Ψ, ξL, PN, Tr) and electrophysiological parame-
ters was discussed. The results showed that the intracellular water metabolism based on
electrophysiology in M. alba and B. papyrifera had different response patterns to soil water
conditions. M. alba gradually adapted to the environment. These conclusions can be used
to obtain plant intracellular water information and provide theoretical support for studying
the adaptation mechanism of plants to shifting environment.
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electrophysiological parameter model.
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Abbreviations

C: capacitance, Z: impedance, Xc: capacitive reactance, R: resistance, Xl: inductive
reactance, F: clamping force, IC: intrinsic capacitance, IZ: intrinsic impedance, IXc: intrinsic
capacitive reactance, IR: intrinsic resistance, IXl: intrinsic inductive reactance, d: specific
effective thickness, IWHC: intracellular water-holding capacity, IWUE: intracellular water
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use efficiency, IWHT: intracellular water-holding time, WTR: the dynamic water transfer
rate. Ψ: water potential, ξL: leaf water content, PN: the net photosynthetic rate. Tr: the
transpiration rate.
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Abstract: Recent evidence suggests that the effects of temperature significantly affect the growth and
development of basil plants with detrimental impacts on yield. The current research investigated
the interactive effects of varying temperature and CO2 levels on the shoot and root morphology and
growth of early and late-season basil plants. Basil plants were subjected to control (30/22 ◦C), low
(20/12 ◦C), and high (38/30 ◦C) temperature under ambient (420 μL L−1) and elevated (720 μL L−1)
CO2 concentrations. Decreasing the temperature to 20/12 ◦C caused more adverse effects on the
morphological traits of the early-season basil. Relative to the control treatments, low- and high-
temperature stresses decreased 71 and 14% in marketable fresh mass, respectively. Basil exhibited
an increase in plant height, node and branch numbers, specific leaf area, anthocyanin and nitrogen
balance index, root tips, and root crossings when subjected to high-temperature stress. Furthermore,
elevated CO2 affected many morphological features compared to ambient CO2 concentrations. The
findings of this study suggest that varying the growth temperature of basil plants would more
significantly impact the shoot and root morphologies and growth rates of basil than increasing the
CO2 concentrations, which ameliorated the adverse impacts of temperature stress.

Keywords: genovese; leaf area; root length; nitrogen balance index; anthocyanin; epicuticular
leaf waxes

1. Introduction

Climate change is increasingly recognized as a serious, global agricultural concern
affecting plant growth and development with detrimental impacts on the yields of many
important crops. Over the past century, there have been a dramatic increase in atmospheric
carbon dioxide (CO2) concentrations with a corresponding rise in global temperatures [1].
Global atmospheric CO2 is rising (above 417 μL L−1 in 2021) [2] and is projected by climate
models to reach 540 to 970 μL L−1 by 2100 because of human activities, declining carbon
sinks, and natural global cycles [3,4]. As delineated in the fourth U.S. climate assessment,
global temperature is projected to rise in the range of 1.5 ◦C and 4.5 ◦C in the next century
due to the levels of atmospheric CO2 and other greenhouse gases increasing at an alarming
rate [1]. Atmospheric CO2 and temperature are critical in the photosynthesis, physiological,
and developmental processes that occur in many crops, especially C3 crops, including basil
(Ocimum basilicum L.) [5,6]. Since climate change induces multiple abiotic stressors that
affect crop yield worldwide, the impact of elevated CO2 and temperature stress on basil
growth and development has been distinguished as a vital area for additional studies. A
great deal of the research to date, nonetheless, has focused on individual abiotic stresses and
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not their interactions with less consideration on the morphology and growth parameters
of basil roots and shoots. Hence, it is imperative to understand the interactive effects of
elevated CO2 and temperature stress on basil growth and morphology to ensure sustainable
crop production.

Basil is an essential herbaceous aromatic plant with a noteworthy contribution to
enhancing cuisine nutrition, healthy living, and landscape aesthetics. Globally, a large
proportion of high-quality basil is cultivated for its essential oil, dry leaves, and flowers [7,8].
Generally, basil is widely adapted to various climates and regions, and therefore it is
cultivated throughout the globe. However, recent evidence suggests that basil growth and
development can be seriously impaired by low-temperature stress and is susceptible to
growth temperatures below 10 ◦C [9,10]. Low-temperature stress can be deleterious to
basil growth and morphology, especially during its seedling and vegetative stage, with
resultant effects on reduced productivity [10]. Chilling causes brown discoloration of
interveinal leaf areas (LA), increases leaf-blade thickening, decreases plant growth, and
deteriorates quality and marketability [9,10]. Moreover, low-temperature stress decreases
plant height (PH) and fresh mass (FM) of basil by 36% and 63%, respectively, after 15 days
of treatment [11]. However, according to previous studies, basil is a thermophilic plant that
can sustain growth at a temperature in the range of 29 ◦C and 35 ◦C [9,12]. Corroborating
this information, Walters and Currey [13] recorded increased biomass, PH, FM, dry mass
accumulation (DM), node numbers (NN), and internode length of basil when the growth
temperatures were increased to 29 ◦C.

The response of basil plants to elevated atmospheric CO2 has not been extensively
explored. However, previous research has indicated that elevated CO2 will significantly
impact basil growth and development primarily because of the significant role CO2 plays
in the respiration and photosynthesis of C3 plants [5,14]. Al Jaouni et al. [15] reported that
biomass production increased by 40% along with the photosynthetic and respiratory rate
of basil, which significantly improved by 80% when atmospheric CO2 was increased from
360 to 620 μL L−1. The improved photosynthetic rate was attributed to the role of elevated
atmospheric CO2 in repressing the oxygenation reaction of Rubisco, leading to improved
carbon gains [14].

Individual and multiple interacting abiotic stresses have been noted to significantly
affect plant roots’ growth and morphology due to the pivotal role the root system plays in
plant growth [16,17]. Root systems are instrumental in providing anchorage, water, and
nutrient acquisition for plant growth. Recent evidence suggests that the plant root system
is more critical than the above-ground traits to adapting to abiotic stress [17–19]. Varying
temperature levels have been noted to have either beneficial or detrimental impacts on plant
roots [20,21]. Lahti et al. [22] reported that spruce seedlings subjected to high-temperature
stress increased their total root biomass and length growth, indicating the beneficial growth
role of rising soil temperatures. Conversely, low-temperature stress constrained plant root
morphology, specifically length, depth, and width, when growth temperature decreased
to 18/13 ◦C (day/night), signifying the plant root’s sensitivity to chilling stress [17,23].
Previous studies on the interactive effects of multiple abiotic stresses on plants have shown
that increasing CO2 from the ambient concentrations ameliorates other abiotic stressors’
adverse effects by increasing the carbon gains in the plant roots [21]. Accordingly, further
investigation is crucial to thoroughly understand the interactive impacts of temperature
stress and elevated CO2 on basil root growth and morphology to determine promotive or
inhibitive role.

Under these considerations, it is imperative to note that understanding plant root
and shoot response to various abiotic stresses is vital in increasing crop productivity while
adapting to harsh environmental conditions. Moreover, limited information has been
provided on basil roots in response to individual and multiple abiotic stress. Therefore,
this study aims to investigate the individual and interactive impacts of elevated CO2 and
temperature stress on the growth and morphology of basil shoots and roots.
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2. Materials and Methods

Basil ‘Genovese’ (Johnny’s Selected Seeds, Winslow, ME, USA) seeds were planted
in polyvinyl-chloride pots (15.2 cm diameter by 30.5 cm height). Each pot was filled up
with 500 g gravel and then filled with a mixture of sand and topsoil (3:1 VV) in the soil-
plant-atmosphere-research (SPAR) units at the Rodney Foil Plant Science research facility
of Mississippi State University, Mississippi State, MS, USA, June–July 2019. The SPAR
units can control environmental conditions, including temperature and CO2 concentration
levels, at predetermined set points. More information on the SPAR chamber’s subtleties is
portrayed by Reddy et al. [24] and Wijewardana et al. [25].

Six seeds previously selected by size and quality were planted in each pot, and
approximately 14 days after sowing (DAS), the plants were thinned to one plant per pot,
and temperature and CO2 treatments were initiated. Throughout the experiment, basil
plants were irrigated with full-strength Hoagland’s nutrient solution [26] three times daily
(7 a.m., 12 p.m., and 5 p.m.) via an automated computer-controlled drip system. Irrigation
amounts were based on the evapotranspiration of the basil plants within each chamber.
Irrigation was then applied at 120% of the amount of water lost the previous day and split
between each irrigation cycle.

The experiment was organized in a randomized complete block design within a three
by two factorial arrangement with temperature and CO2 treatments. A total of six SPAR
chambers represents three blocks with ten replications. Each SPAR chamber consisted of
three rows of pots with ten pots per row in each SPAR chamber. All environmental growing
conditions except for temperature and CO2 were kept the same throughout the experiment.

2.1. Temperature and CO2 Treatments

Basil plants were randomly assigned to each chamber consisting of 20/12, 30/22, and
38/30 ◦C temperature treatments in combination with ambient (420 μL L−1) or elevated
(720 μL L−1) CO2 concentrations (Table 1). The day- and night-time temperatures were,
respectively, initiated at dawn and one hour after nightfall. Table 1 shows the average
environmental conditions in which the experiment was conducted. During the experiment,
three temperature treatments, 20/12, 30/22, and 38/30 ◦C, were regarded as low, optimum,
and high temperatures, respectively, for basil growth and development.

Table 1. Temperature-stress treatments based on the percentage of daily evapotranspiration (ET) imposed at 14 days after
sowing, mean and standard error day/night temperature, mean and standard error day chamber CO2 concentration, mean
and standard error day/night vapor pressure deficit (VPD), and mean and standard error day/night evapotranspiration
(ET) during the experimental period of 38 days for each treatment.

Treatments
Measured

Temperature (◦C)
CO2 (μL L−1) VPD (kPa)

Mean ET
(L H2O d−1)

Day/night Day Day/night Day/night

Control 30/22 ◦C, 420 μL L−1 26.27 ± 0.02 430.47 ± 0.98 1.82 ± 0.01 14.64 ± 1.41

Control + High CO2 30/22 ◦C, 720 μL L−1 26.34 ± 0.01 731.21 ± 1.52 1.98 ± 0.01 12.60 ± 1.27

High Temperature 38/30 ◦C, 420 μL L−1 32.16 ± 0.49 434.19 ± 1.21 2.80 ± 0.07 8.74 ± 0.64

Low Temperature 20/12 ◦C, 420 μL L−1 19.53 ± 0.56 431.08 ± 0.66 0.89 ± 0.08 8.59 ± 0.47

High Temperature + High CO2 38/30 ◦C, 720 μL L−1 32.09 ± 0.49 728.79 ± 0.83 2.87 ± 0.07 18.41 ± 1.86

Low Temperature + High CO2 20/12 ◦C, 720 μL L−1 19.56 ± 0.57 724.78 ± 0.35 0.95 ± 0.09 6.39 ± 0.37

2.2. Morphophysiological Measurements

At 17 and 38 days after treatment (DAT), basil plants from each treatment combination
were harvested to assess their phenotype and to obtain growth data on early- and late-
season effects of temperature and CO2. Basil phenotypic data of plant height (PH), node
number (NN), branch number (BN), and marketable FM were measured for each treatment
combination. LA was measured using the LI-3100 leaf-area meter (Li-Cor Bioscience,
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Lincoln, NE). Plant component FM was obtained from all basil plants using a weighing
scale. The plant FM samples were then dried in a forced-air oven at 75 ◦C for two days
to obtain basil dry mass (DM). Specific leaf area (SLA) is the measure of the leaf area
formed per unit of leaf biomass, and plants usually use variation in SLA as a means
of adapting to suboptimal conditions [27]. The measured DM and LA were utilized to
estimate SLA (cm2 g−1).

2.3. Root Image Acquisition and Analysis

The basil plants were severed at the soil surface and divided into stem and roots. The
roots were carefully washed to remove excess soil from the root system and ensure clean
measurements. The total root length (TRL) was measured using a meter ruler. Next, the
cleansed roots were soaked in a 5 mm Plexiglass tray filled with water, where individual
roots were straightened out and set apart for root imaging. A specialized dual-scan optical
scanner (Regent Instruments, Inc., Québec, Canada) connected to a PC was used to capture
gray-scaled root images according to the method described by Wijewardana et al. [25].
Acquired images were analyzed for the total root length (TRL), root surface area (RSA),
average root diameter (RAD), root volume (RV), number of roots (RN), number of roots
having laterals (RNL), number of tips (RNT), number of forks (RNF), and number of
crossings (RNC) using WinRHIZO Pro software (Regent Instruments, Québec, Canada).
More information on the root parameters can be found at www.regentinstruments.com
(1 March 2021).

2.4. Physiological Measurements

At 17 DAT, a Dualex® Scientific Polyphenols (FORCE-A, Orsay, France) device was
clipped on the second most fully developed basil leaf across treatments to obtain total
chlorophyll (TCI) in the mesophyll, flavonoids (Flav), anthocyanin (Anth) in the epidermis,
and a nitrogen balance index (NBI). The NBI shows the plants’ nitrogen status by utilizing
the proportion of chlorophyll and flavonoid units in the leaves. The TCI was evaluated as
the ratio of the leaf transmission of near-infrared and red wavelengths. The Flav and Anth
index is based on the measurement of chlorophyll fluorescence, while the NBI is a ratio
between chlorophyll and flavonol indexes.

NBI = Chl/Flav

2.5. Epicuticular Wax Content Determination

The epicuticular leaf waxes were extracted and quantitively analyzed in accordance
with the method of Ebercon et al. [28] with minor modifications as described by Singh and
Reddy [29].

2.6. Data Analysis

The experimental design was a randomized complete block in a factorial arrangement
with three temperature treatments, two CO2 treatments, three-block, and ten replications.
Data were analyzed using the PROC GLIMMIX analysis of variance (ANOVA) followed by
mean separation. Statistical analysis of the data was performed using SAS (version 9.4; SAS
Institute, Cary, NC, USA). The standard errors were based on the pooled error term from the
ANOVA table. Duncan’s multiple range test (p ≤ 0.05) was used to differentiate between
treatment classifications when F values were significant for the main effects. Model-based
values were reported rather than the unequal standard error from a data-based calculation
because pooled errors reflected the statistical testing. Diagnostic tests, such as Shapiro–
Wilk in SAS, were conducted to ensure that treatment variances were statistically equal
before pooling.

78



Horticulturae 2021, 7, 112

3. Results

3.1. Shoot Growth and Morphology

The analysis of variance revealed that temperature and CO2 independently affect the
morphological traits of basil (Table 2). The temperature treatments significantly affected
(p < 0.001) the PH of both the early-season (17 DAT) and late-season (38 DAT) basil. How-
ever, CO2 only affected (p < 0.01) the PH of the early-season basil (17 DAT) and no significant
difference (p > 0.05) of the late-season basil (38 DAT). Also, there was no interaction be-
tween temperature and CO2 effects on the PH of basil. At 17 DAT, low-temperature stress
decreased PH of basil plants by 55% and 46% when subjected to elevated CO2 compared to
the control temperature at ambient CO2. At 38 DAT, basil PH decreased by 17% and 22% at
the high- and low-temperature stresses, respectively, compared to the control temperature
at ambient CO2 (Table 3).

Table 2. The mean plant height (PH), node number (NN), branch number (BN), leaf area (LA), leaf dry mass (LDM), shoot
dry mass (SH DM), stem dry mass (ST DM), root dry mass (RDM), and root-to-shoot ratio (RS-Ratio) of basil plants grown
without temperature stress (Control), with low-temperature stress, and with high-temperature stress at 420 and 720 μL L−1

of CO2 concentration after 17 days of treatment.

Treatment PH a NN BN LA LDW SH DW ST DW RDW RS Ratio b

420 μL L−1

Control 36.5 a 7.1 b 15.3 c 1223.6 a,b 4.479 b 6.667 b 2.188 c 0.941 a 0.140 b

High Temperature 36.8 a 8.5 a 24.0 b 1044.9 b 4.366 b 6.893 b 2.528 b,c 0.891 a 0.128 b

Low Temperature 16.5 c 4.6 d 6.4 e 403.8 c 1.909 d 2.263 d 0.354 d 0.411 b 0.198 a

720 μL L−1

Control 36.6 a 7.0 b 15.3 c 1321.1 a 5.779 a 8.568 a 2.789 a,b 1.021 a 0.119 b

High Temperature 38.2 a 8.9 a 26.7 a 1139.41 a,b 5.227 a,b 8.340 a 3.113 a 0.966 a 0.121 b

Low Temperature 19.6 b 5.0 c 9.0 d 413.0 c 2.948 c 3.544 c 0.596 d 0.532 b 0.155 b

Treatment c,d *** *** *** *** *** *** *** *** **
CO2 ** * ** NS *** *** *** NS *

Trt * CO2 NS NS NS NS NS NS NS NS NS

a Plant-height units in centimeters (cm); node number and branch number on a per-plant basis; leaf area units in centimeters squared;
remaining parameter units are on a gram-per-plant basis. b RS ratio, root-to-shoot ratio (root dry mass/shoot dry mass). c SE, standard
error of the mean; PH = 1.2848; NN = 0.1487; BN = 1.0653; LA = 586.3; LDW = 2.2082; SH DW = 4.8444; ST DW = 2.7489; RDW = 0.8512; RS
ratio = 0.00981; RDW = 0.06842; RS ratio = 0.01446. d NS represents non-significant p > 0.05. *, **, *** represent significance levels at p ≤ 0.05,
p ≤ 0.01, and p ≤ 0.001, respectively.

At 17 DAT, low- and high-temperature stresses decreased the LA of basil by 67% and
15%, respectively, compared to the control temperature at ambient CO2 (Table 2). While at
38 DAT, low- and high-temperature stresses decreased the LA of basil by 40% and 34%,
respectively, compared to the control temperature at ambient CO2. However, the LA of
basil was not different (p > 0.05) when subjected to elevated CO2. The basil plants increased
in SLA by 21% under high-temperature stress, whereas they decreased SLA by 27% at
low-temperature stress (Figure 1). Elevated CO2 decreased the SLA of basil by 9% when
compared to the control treatments. However, SLA’s response to both CO2 and temperature
was not significant (p > 0.05).

At 17 and 38 DAT, the DM of basil leaf and stem were significantly different (p > 0.001)
when subjected to both low- and high-temperature stresses. Basil plants under low-
temperature stress showed a more decreased measure of biomass per plant than basil under
control temperature at ambient CO2. At 17 DAT, high temperature showed a 3% reduction
in leaf DM of basil, and this decline was ameliorated by elevated CO2 to increase basil leaf
DM by 17% (Figure 2C). However, at 38 DAT, high-temperature stress decreased basil leaf
DM by 16% compared to basil under control temperature at ambient CO2 (Figure 3C). It is
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imperative to state that elevated CO2 significantly (p > 0.001) increased both leaf and stem
DM of basil at 17 DAT. However, elevated CO2 did not show a significant effect on leaf
DM (p > 0.05) but stem DM (p < 0.05) at 38 DAT.

Table 3. The mean plant height (PH), node number (NN), branch number (BN), leaf area (LA), leaf dry mass (LDM), shoot
dry mass (SH DM), stem dry mass (ST DM), root dry mass (RDM), and root-to-shoot ratio (RS-Ratio) of basil plants grown
without temperature stress (Control), with low-temperature stress, and with high-temperature stress at 420 and 720 μL L−1

of CO2 concentration after 38 days of treatment.

Treatment PH a NN BN LA LDW SH DW ST DW RDW RS Ratio b

420 μL L−1

Control 61.7 a 10.0 b 29.9 a 6946.3 a 25.03 a,b 58.081 a,b 33.049 a,b 6.841 a 0.116 c

High Temperature 51.4 b 11.6 a 24.5 b 4616.3 b,c 18.63 c 43.274 c 24.645 c 7.387 a 0.164 a

Low Temperature 47.9 c,d 7.2 d 15.7 c 4149.3 b,c 16.62 c 25.206 d 8.589 d 3.049 b 0.123 b,c

720 μL L−1

Control 60.9 a 10.1 b 29.7 a 8078.9 a 28.39 a 67.126 a 38.733 a 8.511 a 0.128 b,c

High Temperature 50.9 b,c 11.4 a 24.7 b 5215.7 b 20.65 b,c 52.123 b,c 31.469 b,c 7.518 a 0.142 a,b

Low Temperature 47.3 d 7.7 c 17.1 c 3582.0 c 18.95 c 29.113 d 10.167 d 4.599 b 0.157 a

Treatment c,d *** *** *** *** *** *** *** *** **
CO2 NS NS NS NS NS NS * NS NS

Trt * CO2 NS NS NS NS NS NS NS NS *

a Plant height units in centimeters (cm); node number and branch number on a per-plant basis; leaf area units in centimeters squared; remaining
parameter units are on a gram-per-plant basis. b RS ratio, root-to-shoot ratio (root dry mass/shoot dry mass). c SE, standard error of the mean;
PH = 1.2848; NN = 0.1487; BN = 1.0653; LA = 586.3; LDW = 2.2082; SH DW = 4.8444; ST DW = 2.7489; RDW = 0.8512; RS ratio = 0.00981. d NS
represents non-significant p > 0.05. *, **, *** represent significance levels at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively.

 

Figure 1. Average specific leaf area (SLA) for basil plants grown without temperature stress
(control; 30/22 ◦C), with low-temperature (20/12 ◦C) stress, and with high-temperature
(38/30 ◦C) stress at 420 and 720 μL L−1 of CO2 concentration after 38 days of treatment.
The standard error mean for SLA was 1.2941. Different lower-case letters indicate a
significant difference at p = < 0.05 by the least significant difference.
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Figure 2. (A) Fresh mass (FM), (B) total dry mass (total DM), and (C) dry mass percent (DM %) for basil
plants grown without temperature stress (control; 30/22 ◦C), with low-temperature (20/12 ◦C) stress,
and with high-temperature (38/30 ◦C) stress at 420 and 720 μL L−1 of CO2 concentration after 17 days
of treatment. The standard error mean was FM = 3.7485, total DM = 0.497, and DM percent = 0.2487.
Different lower-case letters indicate a significant difference at p = < 0.05 by the least significant difference.
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Figure 3. (A) Fresh mass (FM), (B) total dry mass (total DM), and (C) dry mass percent (DM %) for basil
plants grown without temperature stress (control; 30/22 ◦C), with low-temperature (20/12 ◦C) stress,
and with high-temperature (38/30 ◦C) stress at 420 and 720 μL L−1 of CO2 concentration after 38 days
of treatment. The standard error mean was FM = 34.65, total DM = 5.5682, and DM percent = 0.4008.
Different lower-case letters indicate a significant difference at p = < 0.05 by the least significant difference.
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Contrary to the control temperature at ambient CO2, basil plant marketable FM
decreased by 71% and 14% when exposed to cold and heat stresses, respectively (Figure 2A).
Elevated CO2 ameliorated the adverse effects and decreased marketable FM by up to 63%
more at low temperatures than basil grown at the control temperature. At 38 DAT, similar
results were discovered for decreasing marketable FM (Figure 3A).

The basil plants showed a significant reduction in leaf wax content when subjected to
both low- and high-temperature stresses and elevated CO2 (Figure 4). However, there was
no interaction effect between CO2 and temperature treatments on basil leaf wax content.

 

Figure 4. Average epicuticular wax content for basil plants grown without temperature stress (control;
30/22 ◦C), with low-temperature (20/12 ◦C) stress, and with high-temperature (38/30 ◦C) stress at
420 and 720 μL L−1 of CO2 concentration after 34 days of treatment. The standard error mean for
wax was 0.9463. Different lower-case letters indicate a significant difference at p = < 0.05 by the least
significant difference.

3.2. Root Development Parameters

Amongst the root traits, TRL and RSA were more sensitive to the interactions between
temperature and CO2 than other root traits (Table 4). Basil RL, RAD, RV, RNT, RNF, and
RNC were also significantly affected by the main effects of temperature and CO2 (Table 4).
At 17 DAT, TRL decreased by 41% and 17% under low- and high-temperature stresses,
respectively, compared to the control temperature at ambient CO2. It is interesting to note
that the elevated CO2 mitigated the detrimental effects and decreased basil TRL by 27%
and 8% at low- and high-temperature treatments, respectively, compared to the control
temperature at ambient CO2. Similar results were observed with decreasing RSA of basil.
Under high-temperature stress, basil plants exhibited 31%, 27%, and 12% reduction in RSA,
RAD, and RV, respectively, compared to the control treatment. RNT, RNF, and RNC, which
influence root’s architecture, were observed to be considerably higher and lower under
high and low-temperature stress, respectively, compared with the control treatments.

3.3. Physiological Parameters

The results showed that temperature, CO2, and its interactions on basil’s epidermal
anthocyanin index (Anth) were discovered to be significant. The concentration of Anth in
basil increased by 7% and 10% under high-temperature stress at both ambient and elevated
CO2, respectively (Figure 5A). However, the Anth concentration of basil decreased by
21% and 2% under low temperature at both ambient and elevated CO2, respectively. The
results also showed a higher index of flavonoids under low-temperature stress, while under
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high-temperature stress, it decreased significantly (Figure 5B). Elevated CO2 significantly
increased the index of basil flavonoids under both high- and low-temperature stress. The
basil leaves showed significantly higher TCI when subjected to low-temperature stress
than the control treatments (Figure 5C). Comparing the basil TCI to the control treatments,
high-temperature treatments significantly increased the basil TCI. However, elevated
CO2 significantly decreased the NBI of the basil plant at both low- and high-temperature
stresses (Figure 5D). Similar results were observed of TCI when subjected to elevated CO2
at low temperatures.

Table 4. The mean longest root length (RL), total root length (TRL), root surface area (RSA), root average diameter (RAD),
root volume (RV), root tips (RNT), root forks (RNF), and root crossings (RNC) of basil plants grown without temperature
stress (control), with low-temperature stress, and with high-temperature stress at 420 and 720 μL L−1 of CO2 concentration
after 17 days of treatment.

Treatment RL a TRL RSA RAD RV RNT RNF RNC

420 μL L−1

Control 45.1 a 4572.9 a 854.3 a 0.598 a 14.00 a 10052 a 38545 a,b 2412.6 b

High Temperature 40.6 b,c 3792.2 b,c 623.4 b,c 0.524 c 9.68 b 12271 a 33856 b 2475.1 b

Low Temperature 36.9 c 2701.2 d 497.3 d 0.584 a,b 7.35 b 5448 b 17831 c 1115.2 c

720 μL L−1

Control 46.7 a 4159.1 a,b 738.6 a,b 0.561 a,b,c 15.45 a 12477 a 46580 a 3287.8 a

High Temperature 43.0 a,b 4194.4 a,b 715.4 b,c 0.541 b,c 9.78 b 10898 a 31358 b 2428.6 b

Low Temperature 39.9 b,c 3354.1 c 602.1 c,d 0.576 a,b 8.65 b 9624 a 22960 c 1480.0 c

Treatment b,c *** *** *** * *** ** *** ***
CO2 NS NS NS NS NS NS NS *

Trt*CO2 NS * * NS NS NS NS NS

a RL, TRL, RAD on a centimeter-per-plant basis; RSA, RV on a cubic-centimeter basis; RNT, RNF, and RNC on a number-per-plant basis.
b SE, standard error of the mean; RL = 1.4215; TRL = 212.96; RSA = 43.7643; RAD = 0.01825; RV = 1.0304; RNT = 1260.17; RNF = 2952.16;
RNC = 218.76. c NS represents non-significant p > 0.05. *, **, *** represent significance levels at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively;
within columns, values followed by the same letter are not significantly different.

Figure 5. Cont.
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Figure 5. (A) Epidermal anthocyanin index, (B) epidermal flavonoid index, (C) total chlorophyll
index, and (D) nitrogen balance index of basil leaf tissue subjected to no temperature stress (control;
30/22 ◦C), with low-temperature (20/12 ◦C) stress, and with high-temperature (38/30 ◦C) stress at
420 and 720 μL L−1 of CO2 concentration. The standard error mean was anthocyanin = 0.003594,
flavonoids = 0.02642, TCI = 0.88, and NBI = 1.4829. Different lower-case letters indicate significant
difference at p = < 0.05 by least significant difference.
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4. Discussion

Temperature and elevated CO2 remain important factors that significantly affect
the growth and development of C3 plants, including basil [13,30]. Hence, exploring the
interactive effects of multiple abiotic stressors on the growth and development traits
associated with basil roots and shoots is imperative. Understanding crop performance to
temperature stress and elevated CO2 is crucial during the early seedling stage because it
affects developing a uniform and healthy plant canopy.

In this current research, increasing the temperature to 38/30 ◦C at ambient CO2
concentration caused less adverse effects on the early season’s morphological features
(17 DAT) of basil. Previous research indicated an increase in the PH, NN, and BN primarily
because basil plants prefer warmer temperatures [31]. For instance, in this current study,
high-temperature stress caused a significant decrease in late-season basil PH, NN, and BN
by 17%, 16%, 18%, respectively, compared to the control treatments. However, in contrast
to the control treatments, there was a significant increase in the early-season basil PH, NN,
and BN by 1%, 20%, and 57%, respectively. These findings suggest that growing basil
under high-temperature stress is beneficial to basil at its early stage and detrimental to the
late-season basil.

On the other hand, growing both the early- and late-season basil under low-temperature
stress significantly decreased basil PH, NN, and BN by 55%, 35%, and 58%, respectively.
These results are in line with previous studies [9,13]. They reported a reduction in basil PH
when exposed to low temperature and increased PH of basil grown under high-temperature
stress. It is important to note that CO2 only affected the PH of basil at 17 DAT, and there was
no significant difference in basil at 38 DAT. Thus, these results signified the role of elevated
CO2 in ameliorating the adverse impacts of temperature stress due to the higher production
of carbon available for increased rates of photosynthesis. Several studies have surmised
the beneficial effects of elevated CO2 while varying the temperature levels [5,20,21,27].

Altering plants’ growth temperature could result in fewer basil leaves, perhaps due to
the reduction in the rate of emergence of plant NN and increased rate of leaf senescence [32].
Basil plants revealed the highest decrease in the LA when exposed to low-temperature
stress, indicating their sensitivity to cold stress compared to heat stress. There was a 27%
decline in the SLA of basil in response to cold stress because the LA is directly linked to SLA.
Correspondingly, Bannayan et al. [27] and Caliskan et al. [32] posited that increasing basil’s
growth temperature would increase SLA and vice versa. In this study, when SLA declined
in response to elevated CO2, there was no significant difference in the LA considering
elevated CO2. The present exploration also revealed a positive effect of elevated CO2
on basil’s total biomass, which is usually expected of C3 plants. The adverse impacts of
both low- and high-temperature stresses on the FM and DM of basil were ameliorated by
elevated CO2. Thus, these results suggest that basil plants could cope with sub-optimal
temperature conditions because of enhanced photosynthetic rates when CO2 is elevated.
Al Jaouni et al. [15] also reported that basil biomass production increased by 40% under
elevated CO2.

The plant root system is composed of various sorts of roots that change in morphology
and function. The root architecture illustrates the root system’s spatial organization in
the soil and is crucial for plants in obtaining water and nutrients required for growth and
development [33,34]. Recent evidence suggests that the root traits required for obtaining
resources from the soil are also linked with plants’ adaptive characteristics to reduce the
adverse effects of variation in growth temperatures [16,18]. The adaptive traits of the
plant’s roots to environmental changes indicated that TRL and RSA were more sensitive to
both temperature- and CO2 -change. Luo et al. [17] revealed root width and depth to be
susceptible to temperature changes. However, RNT and RNC, which influence the root’s
architecture, were considerably larger under high-temperature stress. Increasing the CO2
levels also contributed to increasing the RNC. These results are consistent with previous
studies on C3 crops, such as members of genus Brassica and order Fabales [17,35]. Previous
studies additionally revealed that high RNT and RNC contribute to a thinner RAD [36].
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In support of our research, basil plants showed decreased RAD and RV when subjected
to heat stress. This implies that a reduced RAD under temperature stress would obtain
additional soil nutrients and increase nutrient absorption, suggesting basil’s tolerance to
warmer conditions [17,37].

Analogous to shoot and root traits, basil plants’ physiological traits were also affected
by temperature stress. Growing basil plants under low-temperature stress significantly in-
creased the concentration of flavonoids index in basil leaves. While under high-temperature
treatment, the index of flavonoids of basil decreased considerably. These findings con-
tradict many studies [31,38,39] because increased flavonoids are usually associated with
thermophilic plant defense mechanisms against heat stress. Moreover, increased growth
temperature from 30/22 ◦C to 38/30 ◦C for basil under elevated CO2 produced more Anth
content. These results suggest that subjecting basil to temperature stress and elevated
CO2 does not cause a drastic loss in Anth, which matches those observed in earlier stud-
ies [15]. Moreover, epicuticular wax decreased significantly both under hot and cold stress
conditions, which is unexpected because increased wax content is always utilized as a
physiological trait for selecting thermophilic plants [40].

In contrast with the present results, previous studies have demonstrated that de-
creasing plant growth temperature significantly increased the chlorophyll index [41,42].
Many studies have utilized the plant chlorophyll index as a metric for characterizing the
plant’s tolerance to multiple abiotic stresses, especially temperature stress in grain and
vegetables [41,43,44]. Low temperature significantly increased the non-destructive TCI of
basil leaves by 18%. However, a reduction of TCI was observed for basil leaves when the
temperature was increased to 38/30 ◦C. It is important to note that the lowest basil TCI
was observed under elevated CO2 at 30/22 ◦C, while the maximum basil TCI was recorded
when basil was subjected to low temperatures at ambient CO2. In addition to using TCI
as an essential tool for selecting plants for adapting to multiple abiotic stressors, NBI has
been noted to determine in vivo the plant nitrogen status [42,45]. It can also be used to
measure the ratio of carbon and nitrogen capacity of plants. In this study, the NBI of basil
leaves was observed at maximum when subjected to 30/22 ◦C at ambient CO2, indicating
basil tolerance to heat stress. However, the lowest basil NBI values were recorded under
low-temperature stress, which further supports the previous information on the sensitivity
of basil to chilling stress.

5. Conclusions

Elevated CO2 and temperature stress independently affect the growth and morphol-
ogy of basil roots and shoots. Decreasing the basil’s growth temperature to 20/12 ◦C
was the major determining factor in both the early- and late-season basil’s morphological
features. Low-temperature stress also resulted in the significant reduction of physiological
parameters, thus repressing basil plants’ growth. Furthermore, the accelerated concen-
tration of chlorophyll and flavonoid pigment degradation of basil plants was observed
when elevated CO2 interacted with low-temperature stress. These results further proved
the susceptibility of basil plants to chilling stress. Contrarily, elevated CO2 remarkably
ameliorated the damage caused by low-temperature stress on the morphology and growth
of basil roots, shoots, and physiological parameters. However, basil, being a thermophilic
plant, was observed to increase its plant height, node numbers, branch numbers, net photo-
synthesis, specific leaf area, anthocyanin, and nitrogen-balance index when subjected to
high-temperature stress. The outcomes of this research suggest that altering the growth
temperature of basil plants would more significantly impact the growth and develop-
ment rates of basil than increasing the CO2 concentrations, which ameliorated the adverse
impacts of temperature stress.
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Abstract: Sugar, an osmoregulatory substance used by plants to adapt to abiotic stresses such as
drought and salinity, is one of the most important indexes of fruit quality. In this study, 0–150 mM
saline–alkali solutions (NaCl:NaHCO3 = 3:1) were used to irrigate the roots of 10-year-old “Junzao”
fruit trees during the growth period to explore the regulation mechanism of different concentrations
of saline–alkali stress on sugar and reactive oxygen metabolism in jujube fruit at maturity. The results
showed that under low stress (0~90 mM), the contents of sucrose, glucose, and fructose in the jujube
fruit and the activities of sucrose phosphate synthase (SPS), sucrose synthase decomposition direction
(SS-I), and sucrose synthase synthesis direction (SS-II) increased with increases in stress concentration,
results that were consistent with the relative expression trends of the SPS and SS genes; however,
the results were reversed under high concentrations (120 and 150 mM). The soluble acid invertase
(S-AI) activity decreased with increases in stress concentration under low stress, and the results were
reversed with high stress, which was consistent with the relative expression trends of the ZjcINV3,
ZjnINV1, and ZjnINV3. Research regarding the response of antioxidant enzymes in fruits under
saline–alkali stress showed that only the differences in peroxidase (POD) activity under saline–alkali
stress were consistent with sugar accumulation; the proline (PRO), catalase (CAT) decreased and the
malondialdehyde (MDA) superoxide dismutase (SOD) increased with increases in saline–alkali stress.
These results indicate that the sugar metabolism and antioxidase jointly promote and regulate sugar
accumulation in jujube fruits in a low saline–alkali environment.

Keywords: jujube; saline–alkali stress; sugar metabolism; antioxidant enzyme; RT-qPCR

1. Introduction

Xinjiang is a national high-quality fruit production area and the most advantageous
production area of the country for jujube cultivation. In 2020, the cultivation area comprised
about one-third of cultivation areas nationwide, and the annual yield comprised more than
50% of national production [1]; however, jujube is mostly grown in non-cultivated areas
in which soil salinization is a serious problem that affects the growth of jujube trees and
jujube quality.

Sugar is an important factor of fruit quality that is often affected by external envi-
ronments such as light, water, salinity, and temperature [2]. Some natural phenomena
in production and previous studies have shown that [3–6] mild salt stress can improve
sugar accumulation in fruits and severe salt stress can decrease the sugar content. In
a previous study, after sprayings with different concentrations of an NaCl solution, the
fructose, glucose, and sucrose in grapefruit increased under low salinity (20~60 mM) and
decreased under high salinity (100~150 mM) [6,7]. Differences in the sugar contents of fruits
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caused by different concentrations of salt stress have also been reported for tomatoes [4,8,9],
Lycium chinensis [5], and figs [10]. These differences are often related to the activities of
sucrose-metabolizing enzymes and gene expression levels [11]. Tomatoes [9] were treated
with 25~75 mM NaCl, and the salt-stress-induced AI and SS-I enzyme activities promoted
the accumulation of hexose. The up-regulation of SS, AI, and neutral invertase (NI) genes
under 75 mM NaCl stress was shown to lead to increases in the contents of glucose, fructose,
and sucrose in figs [10]. NaCl stress was shown to inhibit NI and AI and promoted SS,
which reduced the hexose and soluble sugar contents in wolfberry fruit; low salt (0.3%
and 0.6%) stress was shown to promote SPS activity and increase sucrose accumulation in
fruit, and high salt (0.9%) stress led to the opposite result. Salt stress has a concentration-
dependent effect on sugar metabolism [12,13] and leads to changes in oxidative stress in
plants [14–16]. Research has shown that decreases in the total soluble sugar of kiwi fruit
leaves [17] under NaCl stress are related to significantly increased proline levels. Bego-
nia [18,19] was shown to adapt to saline–alkali stress by increasing the activities of SOD
and POD and accumulating sugar to participate in osmotic regulation. The regulation
and adaptation of sugar to stress in plants is an integrated response that involves gene
expression regulation, post-transcriptional regulation, and the metabolite feedback of sugar
metabolism at multiple biological levels [20,21].

At present, there have been few reports on the effect of saline–alkali stress on the sugar
metabolism in jujube fruit. One report showed that the soluble sugar content in jujube fruit
first increased and then decreased with increases in saline–alkali stress (0~0.6%), specifically
demonstrating that 0.4% saline–alkali stress could significantly increase the soluble sugar
in jujube fruit by 13% [22]; however, there is still no extensive research on the response of
jujube fruit sugar accumulation in enzymatic and physiological of regulation under saline–
alkali stress that uses a combination of physiology, molecular and oxidase [23]. Taking into
account all these facts, the objectives of this study were to understand how jujube adjusts
osmolytes and antioxidase activity to increase carbohydrate metabolic under the conditions
of saline–alkali stress and to identify which genes are involved in the regulation of sugar
metabolism in jujube.

2. Materials and Methods

2.1. Experimental Materials

The experiment was conducted in a jujube orchard of Alar City 10 Regiment, Aksu
Prefecture, Xinjiang Region (40◦59′ N 81◦28′ E), located on the southern edge of the Takla-
makan desert; it has a continental arid desert climate with an annual average temperature
of 10.4 ◦C, an annual average precipitation of 40.1~82.5 mm, and an annual average evap-
oration of 1876.6~2558.9 mm. The materials used in the experiment were 10-year-old
“Junzao” jujube trees, with wild jujube as rootstock. The row spacing was 4 m, and the
plant spacing was 2 m (1250 trees/hm2). A rain shelter was arranged above the test site to
prevent the impact of rainwater on treatment (Figure 1A). Connections between treatments
were intercepted by digging a 100 cm deep ditch (Figure 1B) filled with a double-layer
plastic film to prevent leakage and isolate plots (Figure 1C) so that the treatments of each
plot did not affect each other. Four drip lines (two emitters with 0.3 m intervals; 3.2 L/h for
each emitter) located 0.4 and 0.8 m away from the tree row provided the salt–alkali solution
on both sides of the trees (Figure 1D). The soil was sandy loam, and the jujube trees were
distributed in a 0–60 cm soil layer.

2.2. Experimental Design

The experiment had a single-factor randomized block design. According to measure-
ments of the saline–alkali soil in the Alar jujube orchard, the ratio of NaCl to NaHCO3
was 3:1. The concentrations of saline–alkali used in the study were 0 (CK), 30, 60, 90,
120, and 150 μM. Each sample group comprised three plots of four plants, with a total of
72 jujube trees; each group was irrigated with the saline solution every 14 days after the
young fruiting stage for 3 irrigations in total.
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Figure 1. (A) Rain shelter to prevent the impact of rainwater; (B) connections between treatments
were intercepted by digging a 100 cm deep ditch; (C) the ditch was insulated with double-layer
plastic; (D) the drip lines used to provide the salt–alkali solution.

2.3. Sample Collection
2.3.1. Plant Sample Collection

Samples were collected at fruit maturation (120 days after flowering), and 30 fruits
were selected from a different part of each tree. The fruit samples were immediately put
into an incubator and brought back to the laboratory before the fruit pulp was extracted
and chopped. The pulp was quickly divided into three parts; one part was dried in
a vacuum-freeze lyophilizer (GOLD-SIM, FD5-3) for 72 h, pulverized, extracted as powder,
and stored at −20 ◦C in a cryogenic refrigerator for sugar content determination, while
the other two parts were quickly frozen with liquid nitrogen and stored at −80 ◦C in
a cryogenic refrigerator for enzymatic activity and enzyme gene determination.

2.3.2. Soil Sample Collection

Soil samples for each treatment were collected from three points under the trees: 0–20,
20–40, and 40–60 cm soil layers. Next, they were subjected to natural air drying, pushed
through a 2 mm soil sieve, and stored in sealed bags.

2.4. Experimental Method
2.4.1. Measurement of the Soil Salt Contents

For the preparation of leachate, we first weighed 10 g of drying soil sample and placed it
into a bottle, stirred in 50 mL of deionized water, and shook the mixture for 5 min. We then
filtered the mixture with filter paper to obtain a clear 5:1 water–soil immersion filter solution.

For the measurement of soil salt contents, we poured 20 mL of the immersion solution
into a dry evaporation dish and then placed it into a steam oven until the temperature rose
from 105 to 110 ◦C and the solution reached a constant weight.

2.4.2. Extraction and Determination of Sugars

Sugars were extracted and measured according to the protocol of Pu [24]. We weighed
1 g of freeze-dried jujube powder and performed ultrasonic extraction with distilled wa-
ter. After centrifugation, the supernatant was passed through a 0.45 μm microporous
membrane. Sugars were detected with high-performance liquid chromatography (HPLC)
using an Agilent 1206 HPLC system (Agilent Technologies, Waldbronn, Germany) with
an evaporative light-scattering detector cell maintained at 60 ◦C. The column was a Waters
XBridgeTM BEH Amide column (4.6 × 250 mm, 5 μm), the column temperature was 30 ◦C,
the atomization tube temperature was 60 ◦C, and the drift tube temperature was 60 ◦C. The
gas flow was 1.6 L/min, the gain value was 1.0, the mobile phase was acetonitrile/water
(volume ratio of 76:24) to which 0.2% triethylamine was added, the injection volume was
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10 μL, the running time was 18 min, and each sample was measured 3 times. We performed
linear regression analysis on peak area (Y) with mass concentration (X); developed standard
curves of sucrose (100 mg/mL), fructose (100 mg/mL), and glucose (100 mg/mL); and
established a regression equation (Table 1). Then, we calculated the contents of the sugar
components according to the peak area of the sample and the standard curve.

Table 1. Linear equation and correlation coefficients of constituent sugars in mixed standard solution
determined with HPLC–ELSD.

Sugar Constituent Regression Equation Correlation Coefficient

Fructose y = 749.23 X1.6239 R2 = 0.9993
Glucose y = 1046.9 X1.5509 R2 = 0.9991
Sucrose y = 1055.0 X1.6852 R2 = 0.9989

2.4.3. Enzyme Extraction and Activity Assays

Jujube and liquid nitrogen were placed in a mortar and ground into powder; then,
0.1 g of the powder was weighed and placed in a 2 mL centrifuge tube. The enzyme activity
was determined with a sucrose phosphate synthase kit (SPS), a soluble acid convertase
kit (S-AI), a neutral translate kit (NI), a sucrose synthetase kit (SS-I), a sucrose synthetase
kit (SS-II), a proline kit (PRO), a malondialdehyde kit (MDA), a superoxide dismutase
kit (SOD), a catalase kit (CAT), and a peroxidase kit (POD) produced by Suzhou Keming
Biotechnology Co., Ltd., Suzhou, China. We used a microassay determination method.

2.4.4. RNA Extraction

We used the TransGen Biotech TransZol Plant kit to extract RNA. The mortar, medicine
spoon, centrifuge tube, and gun head used for RNA extraction were treated with DEPC
water and operated in a low-temperature, enzyme-free environment.

2.4.5. cDNA

cDNA synthesis was performed using the TransGen Biotech EasyScript® One-Step
gDNA Removal and cDNA Synthesis SuperMix kits.

2.4.6. RT-qPCR

Fluorescence quantification was performed using the TransGen Biotech TransStart®

Green qPCR SuperMix kit. The PCR reaction was conducted with the synthesized cDNA
as the template. The reaction system comprised 10.5 L of the cDNA template, 0.2 L of the
left and right primers, two sets of 5 μL of PerfectStartTM Green qPCR SuperMix, 0.2 L of
Passive Reference Dye, and 3.9 L of ddH2O. The fluorescence quantification PCR (Applied
BiosystemsT M QuantStudio TM 5, Thermo Fisher Scientific, Waltham, MA, USA) response
procedure was set to 42 cycles of 94 ◦C degeneration for 30 s, 94 ◦C denaturation for 5 s,
55 ◦C annealing for 15 s, 72 ◦C extension for 10 s; finally, the system was heated at 1.6 ◦C/s
to 95 ◦C s and then maintained for 15 s, allowed to cool down for 60 s at 1.6 ◦C/s and then
held at 0.075 ◦C/s. The amplification of the selected and reference genes was conducted
using three biological replicates each. The gene expression of the control group was used
as the reference gene for analysis. The relative abundance of transcripts was calculated by
using the 2−ΔΔCt method. Enzyme gene from 11 gene by Zhang Chunmei [25], and primer
sequence information is shown in Table 2.

2.5. Statistical Analysis

DPS7.05 statistical analysis was performed. Values are presented as the mean (n = 3)
± standard error (SE). Duncan’s multiple range tests were conducted to determine whether
there were significant differences between individual treatments at p < 0.05.
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Table 2. The primer sequence of qRT-PCR.

Gene Symbol Primer Sequence (5′–3′) Primer Sequence (3′–5′)

ZjSPS1 AGTCCCACTCGCTACTTCGT TCCAAATCCTCCAGCACATA
ZjSPS2 TCCCAAGCCCTCAGGTATTT GTAGTTTCTGTTTGCGTGTAG
ZjSPS4 GCTATGACAGCAACGGAGAT AACAGCACAAAGCCTACACG
ZjSS1 AAGTCATAAGATCCGCACAG AACACGAACATATTCCCAAA
ZjSS2 ACTGTCTATTTCCCTTTCACG TCATTGTTATCCTCCCTGCT
ZjSS3 ATTGGGTGTAACGCAGTGTA TGTGGTTCATGGCTATAAGAT

ZjnINV1 TTTCTCGATGTTGACCCTGTT TTATGCAAGCCTTCCCTTCT
ZjnINV3 AACAGAGGAATACTCCCACA CATGAAATCGAATACCCAAT
ZjcINV3 TTTCTCGATGTTGACCCTGTT TTATGCAAGCCTTCCCTTCT
ZjvINV1 ATTCCAAAGGGTCCCAAAGC TGGTTAAGCCAGGGTCAGTG
ZjvINV2 ACCCGATAACCCGAAGGAAG GTCTGTACGGACGCCCAACC

UBQ2 CACCCGTTACTTGCTTTC CTCTTCCCATTGTCCTCC

3. Results

3.1. Differences in Soil Salt Content under Different Saline–Alkali Treatments

As shown in Figure 2, the salt content in different soil layers gradually increased
with increases in the saline–alkali stress. With increases in the saline–alkali stress, the
salinity in the 0–20, 20–40, and 40–60 cm soil layers under saline–alkali treatment increased
by 35.31~54.70%, 31.36~50.11%, and 19.66~39.62%, respectively, compared to the control.
The fitting curve of salt content in the 0–60 soil layer under saline–alkali treatment was
y = 0.0275X + 5.5005, R2 = 0.9860, and it increased by 2.02, 2.37, 3.31, 4.13, and 4.98 g/kg
compared to the control total salt of 4.65 g/kg. The fitted growth curve was y = 0.0256X + 1.0611,
R2 = 0.9842, and the total salt content of the treatment gradually increased.

Figure 2. Total salinity in 0–20, 20–40, and 40–60 cm soil layers under different saline–alkali treatments.
Note: Small letters indicate significant differences at a 5% level (p ≤ 0.05).

3.2. Effects of Different Saline–Alkali Stress Treatments on the Contents of Sugar Components in
Jujube Fruit

The differences in the sugar components and total sugar content of the jujube fruit
under saline–alkali treatment are shown in Table 3. Under low stress (0~90 mM), the
fructose and glucose contents in the fruit increased with increases in the saline–alkali stress,
and under high stress (120~150 mM), it decreased with increases in stress concentration;
when the stress was 90 mM, the fructose and glucose contents were the highest (99.03 and
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86.34 mg/g, respectively), and significantly higher than those of the CK treatment by 23.4%
and 24.8%, respectively, and significantly higher than those of 120 mM by 11.0% and 15.1%,
respectively. The sucrose content increased with increases in stress concentration under
0~60 mM and was the highest under 60 mM (206.11 mg/g), which was significantly higher
than the values of the control and 30 mM by 22.6 and 10.1%, respectively. Under 90~150 mM of
stress, the sucrose content decreased with increases in stress concentration, but there were
no significant differences among treatments. The content of soluble sugar was considered
to be the sum of the three sugar components, and its content changed with the stress of
saline–alkali in a trend consistent with those of fructose and glucose. At 90 mM, the soluble
sugar content was the highest (387.52 mg/g), which was significantly higher than that
of the CK treatment by 22.1%. At 30 mM of stress, the total soluble sugar content was
higher than that at 60, 120, and 150 mM by 7.8%, but the difference was not significant. The
sugar content changes in jujube fruit first increased and then decreased with increases in
saline–alkali stress.

Table 3. Differences in sugar component contents in jujube fruit under different saline stress conditions.

Saline–Alkali
Stress

Fructose
(mg/g)

Glucose
(mg/g)

Sucrose
(mg/g)

Sum of Soluble
Sugars
(mg/g)

0 mM 80.25 ± 3.10 c 69.17 ± 2.63 c 168.05 ± 5.38 c 317.47 ± 11.03 c

30 mM 92.95 ± 2.61 a,b 79.43 ± 1.34 a,b 187.25 ± 4.42 b 359.62 ± 7.52 b

60 mM 95.16 ± 0.46 a,b 80.94 ± 0.64 a,b 206.11 ± 1.74 a 382.20 ± 2.77 a,b

90 mM 99.03 ± 2.49 a 86.34 ± 2.29 a 202.15 ± 2.24 a 387.52 ± 6.94 a

120 mM 89.23 ± 2.16 b 75.01 ± 1.66 b,c 200.15 ± 2.08 a 364.38 ± 3.13 a,b

150 mM 86.82 ± 3.97 b,c 77.98 ± 4.40 b 199.91 ± 2.30 a 364.71 ± 9.64 a,b

Note: values indicate the means ± SE, n = 3. Small letters indicate significant differences at a 5% level (p ≤ 0.05).
Different lowercase letters in the same column indicate significant differences in measurement factors.

3.3. Comparison of Key Enzyme Activities of Sucrose Metabolism under Different Saline–Alkali
Stress Treatments

The differences in the activities of five sucrose-metabolizing enzymes in jujube fruits
under saline–alkali treatment are shown in Figure 3. Under low stress (0~90 mM), the
activities of SPS, SS-I, and SS-II significantly increased with increases in stress. The activities
of SPS and SS-I showed significant decreasing trends and SS-II showed a downward trend
under 120 to 150 mM of saline–alkali stress, but the differences were not significant. The
activity of SS-I was higher than that of SS-II. The NI activity increased with the increased
stress, and there were no significant differences between treatments except for the CK
treatment. The activity S-AI first decreased and then increased with increasing stress. When
the stress was 90 mM, the activity of S-AI was the lowest (10.21 μg/min/g).

3.4. Effects of Different Saline–Alkali Stress Treatments on Gene Expression of Key Enzymes of
Sucrose Metabolism in Jujube Fruit

11 genes and a reference gene (UBQ2) selected by Zhang [25] were used for study sugar
accumulation in the jujube fruits under the saline–alkali treatment. As shown in Figure 4,
the relative expression levels of 10 genes were all lower than those of the CK treatment,
and only the expression level of the ZjSPS4 gene was higher than that of the CK treatment,
which first increased and then decreased with increases in stress. The expression levels of
the sucrose synthase genes ZjSS1, ZjSS2, and ZjSS3 and the invertase genes first increased
and then decreased with increases in concentration (except for in the CK treatment), and
when the stress was 90 mM, the expression levels were significantly higher than in other
treatments. The expression of the ZjvINV2, ZjcINV3, ZjnINV1, and ZjnINV3 genes first
decreased and then increased, and when the stress was 60 mM, the expression levels were
significantly higher than in other saline treatments.
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Figure 3. Differences of the sucrose metabolic enzyme activities in jujube fruits under different
saline–alkali stress conditions. (A) SPS activity; (B) SS-I activity; (C) SS-II activity; (D) NI activity;
(E) S-AI activity. Note: values indicate the means ± SE, n = 3. Small letters indicate significant
differences at a 5% level (p ≤ 0.05).

3.5. Effects of Different Saline–Alkali Treatments on Proline, Malondialdehyde, and Antioxidant
Enzymes in Jujube Fruit

The effect of saline–alkali treatment on the antioxidant enzyme activity of jujube fruits
is shown in Figure 5. The PRO content decreased with increases in saline–alkali stress and
was significantly lower than that of the CK treatment (3.84 mg/g). The content at 30 mM
(2.56 mg/g) was 38.7% higher than that of the CK treatment, but there were no significant
differences among treatments. The SOD and MDA trends were similar, and there were
no significant differences between the 30 mM (480.01 U/g) and CK treatments; the SOD
content under 60~150 mM of stress was significantly higher than that under the 30 mM and
CK treatments. The CAT content had the same trend as the PRO content, and its activity
(223.57 umol/min/g) under the 30 mM treatment was 35.3% higher than that under the
150 mM treatment. The POD content first increased and then decreased with increases
in salt stress. The POD content under the 60 mM treatment (46.59 U/g) was significantly
higher than that under the CK and 150 mM treatments by 30.2% and 133.2%, respectively.
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Figure 4. Differences in key enzyme genes of sucrose metabolism in jujube fruits under saline–alkali
stress. Note: values indicate the means ± SE, n = 3. Small letters indicate significant differences at
a 5% level (p ≤ 0.05).

Figure 5. Cont.
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Figure 5. Effects of different saline–alkali treatments on the contents of PRO (A), MDA (B), SOD (C),
CAT (D), and POD (E) in jujube fruit. Note: values indicate the means ± SE, n = 3. Small letters
indicate significant differences at a 5% level (p ≤ 0.05).

4. Discussion

As an osmotic regulator, sugar plays an important role in maintaining osmotic balance
in response to saline–alkali stress. Sugar is an important indicator of fruit quality and
an important osmotic regulator used by plants to resist stress, and their accumulation in
plants experiencing salinity stress is an adaptive mechanism [26,27]. Sucrose, glucose, and
fructose are the main soluble sugar components in fruit; they act as signaling molecules
in plant metabolic processes and defense responses, and respond differently to stress.
According to previous studies [28,29], in order to resist stress, plants can accumulate sugar
to increase intracellular solute concentration, maintain osmotic balance and consequently
normal cell turgor, prevent the excessive dehydration of protoplasts, and reduce the harm
caused by stress, this is consistent with the response of this study under low salt stress
(0~90 mM); however, excessive stress will lead to an imbalance of permeability and the
inhibition of sugar accumulation [6,7,21], this is consistent with the inhibition of sugar
accumulation under high salinity stress (120~150 mM) in this study.

Effects of SPS and SS on sugar synthesis and decomposition by expression of related
genes under saline–alkali stress. The regulation of metabolic enzyme gene expression
and metabolic enzyme activity determines the amount of sugar accumulation in fruit [30–32].
Under saline–alkali stress, the changes in sucrose content were mainly affected by SPS
and SS-I activities, and the changes in fructose and glucose were mainly affected by SS-II
activities, which shows that sugar accumulation during fruit ripening is closely related to
SPS and SS under saline-alkali stress. A similar change was also observed in tomatoes [4,8],
wolfberries [5], and figs [10]; meanwhile, the relative expression levels of genes also
changed. The relative expression level of ZjSS1, ZjSS2, and ZjSS3 was consistent with
the change of SS-I enzyme activity under saline–alkali stress, but ZjSPS1, ZjSPS2 and
ZjSPS4 did not show significant trends consistent with the SPS enzyme; it may be that the
regulation of SPS activity by SPS genes may be controlled by both positive and negative
regulation of multiple genes in saline-alkali stress [30,33–35].
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Invertases and related genes’ response to saline-alkali stress regulates sugar content
in jujube fruit. As invertases, S-AI and NI also regulate sugar accumulation in response
to abiotic stress [36]. In this study, the activity of NI were no significant differences under
different treatments, and all significantly higher than control, indicating that NI was
significantly affected by saline–alkali stress, but there was no significant concentration-
effect [12,37,38]. The changes of S-AI activity with the stress concentration, contrary to the
accumulation of fructose and glucose. These results show that saline–alkali stress regulates
the conversion level of sucrose to fructose and glucose by S-AI, as well as controlling
intracellular sugar accumulation and osmotic concentration to maintain osmotic balance [5,39].
In addition, the responses of ZjcINV3, ZjnINV1, and ZjnINV2 to stress were consistent
with the trends of S-AI activity, which suggests that they could be crucial in regulating
S-AI activity in response to saline–alkali stress; this is consistent with the result that the
change of Hf VIN1 gene expression and VIN enzyme activity with a decrease in temperature
stress [40], which indicates that plants need more invertases to decompose sucrose into
hexose under low temperature, salinity and other stresses, to provide more energy for cells
to maintain increased respiratory consumption and enhance resistance to stress [36,37,39].
Hydrolyze sucrose by IN in vacuole for tissue utilization, and down-regulation of gene
expression can respond to the needs of sucrose decomposition under stress [39,40].

Response of antioxidant enzymes to salinity stress and regulation of sugar content
in jujube fruits. Sugar metabolism is often accompanied by biological oxidation in plants
with stress, and the protective mechanism of active oxygen in cells plays an important
role in responding to stress [14]. Salinity stress can cause an imbalance of reactive oxygen
species; (ROS), PRO, MDA, SOD, POD, and CAT are important indexes of the plant stress
response, and they act as potent salinity mitigators [15,41]. In the present study, PRO and
CAT presented similar activity decreases with increases in stress concentration. It has been
reported that proline is an osmoprotectant and scavenger of free radicals in plant cells,
accumulating in cells to protect osmotic balance [42,43]. In this connection, PRO decreased
indicating that osmotic balance gradually weakened in saline–alkali stress. It is possible
that with the increase of saline–alkali stress concentration, the membrane permeability
is destroyed, the proline anabolism in the jujube fruit is unbalanced, and the resistance
to salinity gradually weakens [44,45]. The inhibition of CAT activity during saline stress
is related to the destruction of cell metabolism and structure [46]. In this study, CAT
activity was found to be restrained by the different saline–alkali stress concentrations in
jujube fruit, which may be caused irreversible damage to the structure and function of CAT
proteins [47].

The MDA level directly reflects the degree of cell membrane damage and the level of
lipid peroxidation [47,48]; this elevation of MDA occurrence might be due to the impairment
of the cell membrane, reduction of lipid peroxidation level insufficient activity of enzymatic
antioxidant [49]. In the current experiment, the MDA content increased gradually in
a concentration-dependent manner in the “Junzao” jujube fruit under saline–alkali stress,
which indicates that membranes were increasingly severely damaged with increasing
saline–alkali stress. A similar increase in MDA was also observed in Arabidopsis [50],
tomato [51,52], wheat [53], maize [54], tobacco [55] with salt stress.

SOD content could reflect the antioxidant capacity of plants, and increases in activity
are usually related to plant tolerance [41,47]. In order to resist saline–alkali stress, the
jujube fruit can prevent cell damage by enhancing SOD activity, scavenging free radicals,
and maintaining the metabolic balance of reactive oxygen [56,57]. The MDA and SOD
presented similar activity increases with increasing saline–alkali stress, which indicates that
the level of SOD under salt-alkali stress is closely related to the damage degree reflected by
MDA to stress [47,56,58].

As a defensive enzyme, POD is mainly involved in ROS scavenging, and its activity is
related to plant tolerance [41]. In this study, the change in POD activity was consistent with
the response of sucrose in jujube fruits. Under low saline–alkali stress, the ability of POD to
scavenge excessive ROS in cells may be closely related to sugar accumulation; however,
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the protective effect of the antioxidant enzyme system was limited [38,57]. Saline–alkali
stress can lead to decreased enzyme activity when it reaches the minimum tolerance limit
of plants (60 mM), at which point their defense mechanism is destroyed and POD enzyme
activity decreases [38,41].

The concentration effect of stress on sugar accumulation is reflected in the enzyme
activity and antioxidase. The responses of MDA, SOD, and NI to different saline–alkali
stresses were consistent in this study, indicating that the hydrolysis of sucrose by NI to
fructose and glucose was closely related to the degree of lipid peroxidation damage and the
stress resistance of cell membrane [37,38]; this could be because that the responses of these
antioxidase and soluble sugars to saline–alkali stress play roles in maintaining cellular
redox homeostasis, promoting sugar accumulation, and maintaining osmotic material
balance [44,56].

Stress has a concentration effect on sugar accumulation in jujube fruit. Previous studies
have demonstrated that salt stress affects carbohydrate contents in the fruit, depending
on the magnitude of stress [10,17]. Moderate salt stress can improve the soluble solids,
or soluble sugar content in fruit [4–9], but the sugar content of grapes (100~150mM) [6,7],
figs (100 mM) [10], tomatoes (0.3%) [8], and Lycium chinensis (0.9%) [5] were inhibited
at the high saline stress. Similar results were obtained in this study, and under 90 mM
saline–alkali stress treatment, the content of fructose, glucose, soluble total sugar, and the
activity of SPS, SS-II, and POD in jujube fruit reaches the highest; meanwhile, there is still
no extensive research on that activity of enzymes and expression of genes in response to
saline–alkali stress and affect sugar accumulation in fruit [9,10,13], especially in jujube
fruit. The change of S-AI and ZjcINV3, ZjnINV1, ZjnINV2 showed an opposite trend
compared with the increase in sugar in this study. It has been evidenced that the transcript
levels and regulation of invertases play an important role in regulating sugar accumulation
in response to stress [10,11,13,37–40], which suggests a different transcriptional level of
invertase-encoding genes resulting in sugar accumulation in the fruit.

5. Conclusions

In summary, this research explored the effects of enzyme activities, gene expression,
and oxidase markers on sugar accumulation in jujube fruit under saline–alkali stress. In
“Junzao” fruit, low saline–alkali stress promoted the increase in soluble sugar content, and
high saline–alkali stress inhibited the accumulation of sugar. Increases in SPS and SS-II
activities and the inhibition of AI activities are the main reasons for the accumulation of
sucrose, glucose, and fructose, while down-regulation of ZjcINV3, ZjnINV1, and ZjnINV3
may be the key genes on sugar accumulation in fruit. The activity of POD reflects the
ability of “Junzao” fruit to resist saline–alkali stress by promoting sugar accumulation and
maintaining osmotic balance. Studying the relationship between environmental factors
and sugar accumulation of jujube could provide a theoretical basis for the ecological
regulation of fruit sugars’ metabolism, as well as provide relevant references for explaining
the influence of salinized soil on jujube fruit quality in Xinjiang.
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Abstract: Orychophragmus violaceus (L.) O. E. Schulz adapts to karst environments through a variety
of adaptability mechanisms. However, the leaf intracellular water translocation and utilization mech-
anism is still unknown. This study hypothesizes that plants adapt to dehydration by synergistically
adjusting the leaf anatomy, cell elasticity and intracellular water translocation. Leaf structure, elastic
modulus (Em), physiological capacitance (CP), impedance (Z), water potential (ΨL), leaf tensity (LT)
and chlorophyll fluorescence parameters of the detached leaves in plants of O. violaceus and Brassica
napus L. were measured at each water loss time (0, 1, 2, 3, 4 and 5 h). The uniform leaves were
randomly selected from five different plants for each species. The cell vacuole volume and transloca-
tion resistance of intracellular water could be represented by the electrophysiological parameters,
such as CP and Z. The results indicated that timely shrinkage of O. violaceus leaves and mesophyll
cells together with the increased water translocation resistance retained the intracellular water and
maintained the turgor pressure. Water within sponge parenchyma could also be translocated into
palisade parenchyma. The PSII reaction center was kept stable, and the photosynthetic activity of O.
violaceus was clearly inhibited at 3 h. Palisade parenchyma of B. napus leaves increased quickly to
improve the intercellular water translocation due to the strong cell stiffness. Gradually increasing
intracellular water translocation resistance and recovery of the cell elasticity slowed down the leaf
water loss, which, however, could not timely stop the damage on the PSII reaction center and the
photochemical efficiency. The photochemical efficiency was seriously inhibited at 4 h and 5 h. The
response mechanism of intracellular water to dehydration can be investigated with the help of leaf
electrophysiological traits. However, the direct determination of plant drought resistance using
electrophysiological information can still not be realized at present and needs further research.

Keywords: electrophysiology; anatomical structure; water potential; cell elasticity; water status

1. Introduction

The soils in karst areas are characterized by karst drought, high pH, low nutrients
and high bicarbonate. Droughts with a high degree of spatial heterogeneity in these areas
tend to occur increasingly frequently, which is the key factor limiting plant growth and
deteriorating the fragile karst environment [1]. Orychophragmus violaceus (L.) O. E. Schulz
belongs to Cruciferae, and is commonly called Chinese violet cress [2]. Some scholars
strongly recommend this typical karst adaptable plant as a marginal raw material for
terrestrial biomass [3]. This species is also cultivated as a medicine or ornamental plant and
has wide market prospects. Cultivation of this plant helps to improve the economic income
of local farmers in karst areas. O. violaceus is always taken as a model plant for studying the
adaptive mechanisms of plants under karst adversities. It has been reported that O. violaceus
adapts to karst adversities through a variety of adaptability mechanisms, i.e., photosyn-
thetic adjusting, carbonic anhydrase regulation [4] and inorganic nutrient utilization [5].
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Brassica napus L. is also a cruciferous plant with good karst drought resistance. B. napus is
an important oil crop in southern China, as this type of crop can extract edible oil and fuel,
thus having great economic value [6]. Besides, studies have reported that O. violaceus and
B. napus are all suitable as pioneer plants for ecological restoration in karst areas, but they
are different in adaptive mechanisms and drought resistance. Consequently, the B. napus
plants were selected as a comparative species for conducting the investigations on the leaf
intracellular water of O. violaceus. The studies on plant adaptive mechanisms aim to find
methods for effectively evaluating plant stress resistance and matching the heterogeneous
karst adversities during the ecological restoration. However, the determining methods
established based on the above-mentioned adaptive mechanisms are time consuming and
cannot determine the dynamic adaptability of a plant. In fact, plants adapt to adversities,
especially drought stress, by the timely regulation of photosynthesis and growth, which
is directly related to the intracellular water. Therefore, this study aims at investigating
the translocation and utilization mechanisms of leaf intracellular water in karst adapted
plants, and providing a basis for establishing a new method for effectively evaluating plant
drought resistance in the short-term.

Water stress alters metabolisms in plants, thereby reducing photosynthesis and limiting
plant growth [7]. Most (about 97%) of the water absorbed by plant roots dissipates through
transpiration, but only a small amount (1~3%) is retained in leaf cells to support plant
photosynthesis, growth and other physiological and biochemical processes. Researchers
have measured the drought resistance of plants by abscisic acid and the indicators related
to metabolism or osmoregulation. Abscisic acid (ABA) can induce stomatal closure and
reduce water loss in plants under water deficit [8]. To avoid cell damage, plants produce
substances such as phenolic compounds, proline, sugars, anthocyanins and glycosides,
which have protective effects on osmoregulation [9]. The intracellular water required for
photosynthesis is also regulated by carbonic anhydrase [10]. In fact, leaf intracellular water
regulated by the above-mentioned strategies exhibits complex changes, which makes the
determination of leaf intracellular water more difficult. Karst plants have made adaptive
changes in the anatomical structure and cell behavior for surviving, which can be reflected
by the leaf mechanical and electrophysiological traits. These leaf physical traits can be
easily determined and are responsive.

Plant leaves are the most sensitive organs to adversities. Leaves can balance water
gain and loss by rapidly adjusting anatomical structure and mechanical properties [11].
A water deficit can cause the leaf to shrink, and lead to changes in leaf density (LD) and
water movement within leaves, which can reduce water loss [12]. High leaf water storage
capacity is related to the increase in total leaf thickness, palisade tissue thickness, and
spongy tissue thickness [13]. Leaf elastic modulus (Em) varies with LD and can reflect the
variation of leaf anatomy. However, the leaf anatomical and mechanical properties only
reflect the static water status of plant. Leaf water potential (ΨL) follows a circadian rhythm
parallel to atmospheric evapotranspiration demand [14], and leaves can improve their
absorption ability of water after a certain drop in ΨL. Water loss also induces mesophyll
cells to generate and maintain a certain turgor pressure, thus changing the variation in
ΨL [15]. Leaf electrophysiological information is increasingly used for detecting plant water
status. A mesophyll cell can be modeled as a concentric sphere capacitor due to the special
composition and structure [16]. A cell membrane with strictly selective permeability will
influence the concentration of intracellular electrolytes. The water metabolism in leaves
alters the electrolyte concentration and changes the corresponding electrophysiological
parameters [12]. Intracellular water status can be obtained by measuring the electrophysio-
logical indicators such as physiological capacitance (CP), impedance (Z) and leaf tensity
(LT) of plant by a self-made parallel-plate capacitor [16]. Measurements of ΨL and elec-
trophysiological information can investigate the dynamic leaf water status. It is apparent
that the leaf intracellular water dynamic as well as the static status is of equal importance
for regulating the water availability. However, the synergistic mechanism of leaf anatomy,
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mechanical strength, ΨL and intracellular water translocation on intracellular water status
has not been reported yet.

Leaf dehydration is easy to be controlled, so experiments can be repeated multiple
times, data are more reliable and changes recorded during dehydration are not affected
by other parts of the plant [17]. In this study, the detached leaves of O. violaceus and
B. napus were used as experimental materials, they were soaked in double-distilled wa-
ter for 30 min and then quickly dehydrated. By comparing the corresponding changes
of chlorophyll fluorescence parameters such as maximum photosystem II (PSII) quan-
tum efficiency (Fv/Fm), electron transport rate (ETR), photochemical quenching (qP) and
non-photochemical quenching (NPQ) at different times of water loss, the photosynthetic
characteristics of O. violaceus and B. napus were studied. The synergistic influence of leaf
anatomical structure, mechanical strength, ΨL and intracellular water translocation on the
water status were determined, and the photosynthetic adaptive mechanisms were inves-
tigated. This study hypothesized that plants can adapt to dehydration by synergistically
adjusting the leaf anatomy, cell elasticity and intracellular water translocation. The results
of this study can provide a new method for determining the leaf intracellular water and
provide a basis for improving the evaluating efficiency of drought resistance of pioneer
plants for ecological restoration in karst areas.

2. Materials and Methods

2.1. Plant Materials

The experiment was conducted in the lab at Jiangsu University, Jiangsu Province
(32.20◦ N, 119.45◦ E), China. The leaves of Orychophragmus violaceus (L.) O. E. Schulz and
Brassica napus L. were selected as the experimental materials in this study. The study
area receives a mean annual air temperature of about 15.6 ◦C. The fourth and fifth fully
expanded uniform leaves were completely randomly taken from five different plants for
each species at 09:00–10:00 in the morning and immediately soaked into double-distilled
water for 30 min, in order to make sure all the leaves were in a uniform initial state (water-
saturated). As such, an accurate comparison could be made between O. violaceus and B.
napus. Thereafter, the water on the leaf’s surface was wiped off, and the leaves were placed
on a dry and ventilated table (26 °C for 5 h). Next, the measurements were taken at 0
(baseline), 1, 2, 3, 4 and 5 h after dehydration, and the determination of each parameter was
repeated five times with five different randomly selected leaves [10]. The photosynthetic
photon flux density (PPFD) in the lab was 160 μmol/m2·s, and the relative air humidity
was 40 ± 5%.

2.2. Determination of Leaf Water Potential, Leaf Area and Water Content

Leaf water potential (ΨL) was determined by using a dew point microvoltmeter in a
universal sample room (C-52-SF, Psypro, Wescor, Logan, UT, USA). The leaves were scanned
with a broad-leafed image analysis system (WinFOLIA, Regent Instruments Inc., Quebec,
Canada) to obtain the leaf area (LA, cm2). The fresh weight of the leaves (FW, g) was
recorded. The leaves were then dried in an oven at 80 ◦C to constant weight (DW, g). The
leaf water content (WC, %) was calculated by the following [18]:

WC =
FW − DW

FW
× 100% (1)

2.3. Leaf Elastic Modulus Measurement

The increased stresses (Fs, N) with increasing deformation rates (ΔX, %) of leaf at
each water loss time were recorded with the texture analyzer TA.XtplusC (Stable Micro
Systems, Godalming, Surrey, UK) using the P/2n probe with a diameter of 2 mm. The
working parameters and test mode were set up according to Xing et al. [10], and then
the leaf elastic modulus (Em, N per unit of deformation) was calculated according to the
following equation:

Fs = Em × ΔX (2)
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2.4. Determination of Leaf Anatomy and Leaf Density

Leaf anatomy was observed by using the paraffin sectioning method [19]. Leaf pieces
(0.5 × 0.5 cm) were cut off between the main veins and immersed under the formalin-acetic
acid-alcohol (FAA) fixing solution [10]. These paraffin sections were stained with safranin
and fast green dye and permanently mounted on slides. Samples were observed by using
inverted light microscopes (DMi8, Leica, Wetzlar, Germany), and images were taken. The
leaf’s total thickness (Dt, μm), upper and lower epidermis thickness, palisade parenchyma
thickness, sponge parenchyma thickness and palisade-sponge ratio (%) were measured
by the ImageJ software (National Institutes of Health—NIH, Bethesda, MD, USA). The
tightness degree of leaf tissue structure (CTR, %) is the ratio of palisade parenchyma
thickness to leaf thickness, and loose degree of leaf tissue structure (SR, %) is the ratio of
sponge parenchyma thickness to leaf thickness.

Leaf density (LD, g/cm3) was calculated as follows:

LD =
DW

Dt × LA
× 104 (3)

where DW (g) is the leaf dry weight, Dt (μm) is the leaf total thickness and LA (cm2) is the
leaf area.

2.5. Determination of Physiological Capacitance, Impedance and Leaf Tensity

The physiological capacitance (CP, pF) and impedance (Z, MΩ) at each water loss time
was determined by using the LCR HiTester (model 3532-50, Hioki, Nagano, Japan) with a
frequency and voltage of 3 kHz and 1 V, respectively [20]. Each leaf was clipped onto the
custom-made parallel-plate capacitor. The value of LT (cm2/cm) was calculated according
to the following equation [21]:

LT =
ACP

dL
=

CP
ε0

[
1000iRT

81, 000iRT + (81 − a)MΨL

]
(4)

where ACP (cm2) is the effective area of the leaf in contact with the capacitor plates, dL (cm)
is the leaf effective thickness, ε0 is the vacuum dielectric constant (with value of 8.854 ×
10−12 F/m); I is the dissociation coefficient (with value of 1), R is the gas constant (with
value of 8.30 × 10−3 L·MPa/mol·K), T is the thermodynamic temperature (T = 273 + t ◦C,
K), 81 is the relative dielectric constant of water at normal temperature, a is the relative
dielectric constant of the cytosol solute, M is the relative molecular mass of the cytosol solute
(g/mol), and ΨL (MPa) is the leaf water potential. In this study, the sucrose C12H22O11 was
identified as the solute in the cytosol, therefore, a was 3.30, M was 342 g/mol, and t was
20 °C [10].

2.6. Chlorophyll Fluorescence Parameters Measurement

Chlorophyll fluorescence (ChlF) parameters were determined by using an IMAGING-
PAM modulated chlorophyll fluorescence imaging system (PAM-2000, Walz, Germany).
Leaves were dark adapted for 30 min to ensure complete relaxation of all reaction cen-
ters before the measurements. The minimum fluorescence (Fo) was determined using a
measuring beam, whereas the maximum ChlF (Fm) was recorded after a 0.8 s saturating
light pulse (6000 μmol/m2·s). Maximum PSII quantum yield (Fv/Fm) was calculated as
(Fm − Fo)/Fm. Then the action light was applied, the minimum (Fo’) and maximum (Fm’)
fluorescence under light and the steady state fluorescence (Fs) were recorded after the
fluorescence value was stable. The electron transport rate (ETR) is calculated as follows:
ETR = PPFD × ΦPSII × 0.85 × 0.5, where the 0.5 represents the two-quantum absorption
per electron transport, and 0.85 represents the absorbed part of the incident photon is
85%, PPFD is the photosynthetic photon flux density. The qP is calculated as follows:
qP = F′m−Fs

F′m−F′o
, and the NPQ is calculated as follows: NPQ = Fm−F′m

F′m
.
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2.7. Statistical Analysis

Data are presented as means of at least five replicates (five uniform leaves from five
randomly selected plants for each species). The results were analyzed by one-way ANOVA
with the Duncan’s multiple comparison at p ≤ 0.05 with the SPSS22.0 software (SPSS, IBM,
Armonk, New York, NY, USA). The statistically significant differences between different
treatments for each species were determined, respectively. The data are shown as the means
± SE (n = 5).

3. Results

3.1. Leaf Water Potential, Leaf Area and Water Content

For O. violaceus, ΨL at 5 h was significantly lower than that at 0 h and 1 h, but there
was no significant difference between the values at 2~5 h. LA decreased significantly with
the increase of water loss time. The WC at 5 h was significantly lower than that at 0~3 h,
but there was no significant difference between the values at 5 h and 4 h. For B. napus,
ΨL and WC did not decrease significantly during the water loss, but the LA at 5 h was
significantly lower than that at 0 h and 1 h (Table 1).

Table 1. Leaf water potential (ΨL, MPa), leaf area (LA, cm2) and leaf water content (WC, %) at
different dehydration times.

Species
Water Loss

Time (h)
Leaf Water
Potential

Leaf Area
Leaf Water

Content

O. violaceus

0 −0.81 ± 0.05 a 20.10 ± 0.24 a 86.01 ± 1.20 a
1 −1.12 ± 0.11 ab 19.31 ± 0.14 b 82.74 ± 0.95 b
2 −1.20 ± 0.15 bc 18.77 ± 0.19 c 81.32 ± 0.82 bc
3 −1.29 ± 0.14 bc 18.13 ± 0.12 d 79.05 ± 1.03 cd
4 −1.49 ± 0.13 bc 17.45 ± 0.06 e 77.12 ± 0.96 de
5 −1.58 ± 0.13 c 16.81 ± 0.02 f 75.75 ± 0.55 e

B. napus

0 −0.83 ± 0.08 a 22.97 ± 0.38 a 81.52 ± 1.35 a
1 −1.00 ± 0.08 ab 22.68 ± 0.36 ab 79.94 ± 1.02 ab
2 −1.02 ± 0.09 ab 22.39 ± 0.34 abc 79.10 ± 0.81 ab
3 −1.10 ± 0.10 ab 21.98 ± 0.29 abc 78.49 ± 0.63 b
4 −1.02 ± 0.08 ab 21.66 ± 0.30 bc 77.87 ± 0.60 b
5 −1.20 ± 0.11 b 21.38 ± 0.29 c 77.11 ± 0.32 b

Note: Means (n = 5) in the same column for each plant species followed by different letters differ significantly at
p ≤ 0.05, according to one-way ANOVA.

3.2. Changes of Elastic Modulus and Leaf Anatomical Structure

The Em values of O. violaceus at 0, 1 and 3 h were significantly lower than those at other
levels. There was no significant difference between the values at 2 h and 5 h (Figure 1A).
The values of Em of B. napus at 0, 2 and 3 h were remarkably lower than that at 1 h but
higher than that at 4 h, there was no significant difference between the values at 4 h and 5 h
(Figure 1B).

With the extension of dehydration time, the values of total leaf thickness, sponge
parenchyma and lower epidermis of O. violaceus at 3~5 h were significantly lower than
those at 0 and 1 h, respectively. Additionally, the values of each parameter at 3~5 h exhibited
no clear difference. The value of the upper epidermis at 4 h was clearly lower than those at
0~2 h, and the value of palisade parenchyma at 0 h was clearly higher than those at 1, 3
and 4 h (Table 2).

109



Horticulturae 2022, 8, 1082

Figure 1. Changes of elastic modulus (Em, N per unit deformation) of O. violaceus (A) and B. napus
(B). (Note: Different letters appear above the error bars of the same plant species when subsequent
values differ significantly at p ≤ 0.05, according to one-way ANOVA).

Table 2. Leaf anatomical parameters of O. violaceus.

Water Loss Time
(h)

Thickness (μm)

Total Leaf
Thickness

Upper Epidermis
Palisade

Parenchyma
Sponge

Parenchyma
Lower Epidermis

0 150.63 ± 7.57 a 13.97 ± 0.81 a 27.66 ± 1.69 a 95.02 ± 5.70 a 13.98 ± 0.69 a
1 142.42 ± 0.54 ab 13.15 ± 0.38 a 20.88 ± 2.80 b 94.54 ± 2.05 a 13.85 ± 0.04 a
2 130.18 ± 2.56 b 13.20 ± 1.17 a 26.13 ± 1.36 ab 79.71 ± 2.80 b 11.15 ± 0.46 b
3 100.59 ± 5.61 c 12.06 ± 0.62 ab 20.77 ± 1.30 b 57.87 ± 3.03 c 9.90 ± 0.73 bc
4 98.42 ± 3.85 c 10.09 ± 0.56 b 20.28 ± 1.09 b 58.62 ± 3.11 c 9.44 ± 0.24 bc
5 106.20 ± 2.49 c 11.93 ± 0.63 ab 23.93 ± 2.12 ab 61.59 ± 2.22 c 8.74 ± 0.67 c

Note: Means (n = 5) in the same column followed by different letters differ significantly at p ≤ 0.05, according to
one-way ANOVA.

Table 3. Leaf anatomical parameters of B. napus.

Water Loss Time
(h)

Thickness (μm)

Total Leaf
Thickness

Upper Epidermis
Palisade

Parenchyma
Sponge

Parenchyma
Lower Epidermis

0 154.41 ± 2.94 ab 17.09 ± 0.85 a 33.19 ± 0.47 c 95.59 ± 2.96 a 8.54 ± 0.33 b
1 155.90 ± 1.59 ab 16.95 ± 0.43 a 37.71 ± 1.03 b 90.55 ± 1.42 a 10.69 ± 0.85 a
2 157.80 ± 3.89 a 16.53 ± 0.88 a 40.54 ± 0.74 a 89.05 ± 3.85 a 11.68 ± 0.52 a
3 138.78 ± 2.27 c 15.67 ± 0.62 a 30.80 ± 0.79 cd 80.61 ± 1.01 b 11.70 ± 0.74 a
4 153.46 ± 4.17 ab 15.32 ± 0.31 ab 32.12 ± 0.73 c 94.90 ± 3.31 a 11.13 ± 0.38 a
5 146.88 ± 1.29 bc 13.59 ± 0.46 b 29.04 ± 0.64 d 94.32 ± 1.96 a 9.93 ± 0.76 ab

Note: Means (n = 5) in the same column followed by different letters differ significantly at p ≤ 0.05, according to
one-way ANOVA.

For O. violaceus, the palisade-sponge ratio at 1 h was significantly lower than those at
2~5 h, but showed no clear difference with that at 0 h. The CTR at 1 h was significantly
lower than those at other water loss times, but there was no clear difference between those
values at 2~5 h. The SR at 1 h was remarkably higher than those at 2~5 h, but had no
significant difference with that at 0 h. For B. napus, the palisade-sponge ratio at 2 h was
significantly higher than those at 0 h and 3~5 h, but showed no significant difference with
that at 1 h, there was no significant difference between the values at 0, 4 and 5 h. The CTR
values at 1 h and 2 h were significantly higher than those at other levels, but there was
no significant difference between the values at 4 h and 5 h. The SR values at 1~3 h were
significantly lower than those at 0, 4 and 5 h (Table 4).
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Table 4. Comparison of leaf tissue characteristics between O. violaceus and B. napus.

Species
Water Loss

Time (h)

Palisade-
Sponge Ratio

(%)
CTR (%) SR (%)

O. violaceus

0 29.14 ± 1.05 bc 18.35 ± 0.40 b 63.04 ± 1.09 ab
1 22.24 ± 3.49 c 14.65 ± 1.92 c 66.39 ± 1.62 a
2 32.85 ± 2.07 ab 20.05 ± 0.74 ab 61.23 ± 1.76 bc
3 35.86 ± 0.76 ab 20.63 ± 0.32 ab 57.55 ± 0.35 c
4 34.70 ± 1.85 ab 20.60 ± 0.72 ab 59.50 ± 1.25 bc
5 39.09 ± 4.26 a 22.52 ± 1.75 a 58.01 ± 1.85 c

B. napus

0 34.76 ± 0.74 cd 21.50 ± 0.19 b 61.88 ± 0.79 a
1 41.69 ± 1.64 ab 24.19 ± 0.63 a 58.09 ± 0.83 b
2 45.74 ± 2.53 a 25.73 ± 0.90 a 56.38 ± 1.14 b
3 38.20 ± 0.51 bc 22.19 ± 0.21 b 58.09 ± 0.29 b
4 33.88 ± 0.41 cd 20.94 ± 0.11 bc 61.81 ± 0.48 a
5 30.83 ± 1.12 d 19.77 ± 0.49 c 64.20 ± 0.83 a

Note: Means (n = 5) in the same column for each plant species followed by different letters differ significantly at
p ≤ 0.05, according to one-way ANOVA.

3.3. Changes of Physiological Capacitance and Impedance

The electrophysiological parameters CP and Z could represent the cell vacuole volume
and resistance of intracellular water translocation [21,22]. The values of CP of O. violaceus
at 1, 5 h were lower than that at 0 h but higher than those at 3, 4 h (Table 5). The CP of
O. violaceus at 4 h was lower than those at other levels. The Z value of O. violaceus at 4 h
was clearly higher than those at 0~2 h and 5 h, those at 1, 2 and 3 h showed no clear
difference and were higher than the values at 0 and 5 h. The CP value of B. napus at 1 h was
significantly higher than those at other levels, and the value at 5 h was clearly lower than
those at other levels, and there was no clear difference between the values at 3 h and 4 h.
The CP of B. napus at 2 h was higher than that at 3 h or 4 h but lower than that at 0 h. The Z
value of B. napus at 5 h was higher than those at other levels, but the values at 0 h and 1 h
were clearly lower than those at 2, 4 and 5 h, and the value at 4 h was remarkably higher
than those at 0~3 h (Table 5).

Table 5. Leaf physiological capacitance (CP, pF) and impedance (Z, MΩ) at different dehydration
times.

Species Water Loss Time (h)
Physiological
Capacitance

Physiological
Impedance

O. violaceus

0 165.829 ± 3.203 a 0.686 ± 0.026 c
1 106.725 ± 0.112 bc 1.131 ± 0.088 b
2 95.636 ± 0.694 cd 1.256 ± 0.049 b
3 87.890 ± 7.766 d 1.328 ±0.092 ab
4 65.463 ± 4.508 e 1.486 ± 0.086 a
5 114.747 ± 3.202 b 0.875 ± 0.052 c

B. napus

0 278.716 ± 10.921 b 0.526 ± 0.027 de
1 322.141 ± 10.274 a 0.412 ± 0.019 e
2 161.440 ± 11.663 c 0.711 ± 0.032 c
3 133.522 ± 3.965 d 0.641 ± 0.024 cd
4 130.789 ± 1.907 d 1.017 ± 0.060 b
5 99.254 ± 2.585 e 1.165 ± 0.082 a

Note: Means (n = 5) in the same column for each plant species followed by different letters differ significantly at
p ≤ 0.05, according to one-way ANOVA.

3.4. Changes of Leaf Tensity and Leaf Density

The LT values of O. violaceus at 1 and 2 h showed no significant difference, the value at
5 h was higher than those at 1~4 h but lower than that at 0 h. The LT of O. violaceus at 4 h
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was clearly lower than those at other levels (Figure 2A). The LT value of B. napus at 0 h was
higher than those at 2~5 h but lower than that at 1 h, the value at 5 h was significantly lower
than those at other levels (Figure 2B). The LD values of O. violaceus increased significantly
at 3, 4, and 5 h compared to those at 0, 1 and 2 h, there was no significant difference between
the values at 3, 4 and 5 h (Figure 2C). The LD values of B. napus had no significant change
at 0~2 h. The LD value of B. napus at 3 h was clearly higher than those at 0~2 h and 4 h
(Figure 2D).

Figure 2. Leaf tensity (LT, cm2·cm−1) and leaf density (LD, g·cm−3) of O. violaceus and B. napus at
different dehydration times. (Note: (A) LT of O. violaceus; (B) LT of B. napus; (C) LD of O. violaceus;
(D) LD of B. napus. Different letters appear above the error bars of the same parameter in the same
plant species when subsequent values differ significantly at p ≤ 0.05, according to one-way ANOVA).

3.5. Chlorophyll Fluorescence Parameters

The Fv/Fm values of O. violaceus did not change significantly at 0~2 h, then decreased
as dehydration time increased (Figure 3A). Lower Fv/Fm value of B. napus was associated
with increasing dehydration time (Figure 3B). The ETR values of O. violaceus showed no
clear difference at 1 and 2 h, and the values of O. violaceus at 3 and 4 h also showed no
remarkable difference but were lower than those at 1 and 2 h. The ETR of O. violaceus at
0 h was remarkably higher than those at other levels, while that at 5 h was lower than the
values at other levels (Figure 3C). The ETR values of B. napus kept stable at 2~4 h, which
were clearly lower than that at 0 h but higher than that at 5 h (Figure 3D). The qP of O.
violaceus at 3 h was higher than that at 1 h but lower than those at 0 and 2 h, and the values
at 0 h and 2 h were significantly higher than those at other levels. The qP of O. violaceus
at 5 h was clearly lower than those at other levels (Figure 3E). The qP of B. napus at 1~3 h
showed no clear difference, they were significantly lower than the value at 0 h but higher
than those at 4 h and 5 h (Figure 3F). The NPQ of O. violaceus increased remarkably at 1
h compared to that at 0 h, then exhibited no clear difference between the values at 1~4 h,
the value at 5 h was significantly higher than those at 0~3 h, but showed no significant
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difference with that at 4 h (Figure 3G). The NPQ values of B. napus at 4 h and 5 h were
significantly higher than those at 0~2 h, but showed no significant difference with that at
3 h, and that at 0 h was clearly lower than the values at 2~5 h (Figure 3H).

Figure 3. The Fv/Fm, ETR, qP and NPQ of O. violaceus and B. napus at different dehydration times
(Note: (A,C,E,G) are the Fv/Fm, ETR, qP, NPQ of O. violaceus, respectively; (B,D,F,H) are the Fv/Fm,
ETR, qP, NPQ of B. napus, respectively. Different letters appear above the error bars of the same
parameter in the same plant species when subsequent values differ significantly at p ≤ 0.05, according
to one-way ANOVA).
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4. Discussion

4.1. Leaf Intracellular Water Translocation vs. Anatomical Structure and Electrophysiology

The present study aimed to investigate the responses of leaf anatomical and phys-
ical traits of O. violaceus and B. napus to dehydration. Changes of palisade or spongy
parenchyma in O. violaceus at different water loss times altered the intracellular water
distribution. Water in spongy parenchyma of O. violaceus maintained stable at 1 h but was
obviously lost at 3 h, while the water in palisade parenchyma maintained stable at 1~5 h
(Figure 4). Most importantly, the electrophysiological indices, i.e., CP, Z, have been success-
fully used to determine the dynamic traits and metabolism of the intracellular water [16].
CP is closely related to the change of vacuole volume [21]. By analyzing variations of CP
and Z of O. violaceus, we found that water translocation occurred within mesophyll cell or
between palisade and spongy parenchyma at 1~5 h. Water was mainly translocated from
spongy parenchyma into palisade parenchyma of O. violaceus at 3 h. Spongy parenchyma of
B. napus shrank at 1~3 h and recovered at 5 h (Figure 4), the water was mainly translocated
from spongy parenchyma into palisade parenchyma at 1~3 h, and the resistance of water
translocation increased with increasing water loss times. B. napus leaf also exhibited lower
water loss rate than O. violaceus during the dehydration period.

Figure 4. Leaf intracellular water translocation in O. violaceus and B. napus.

Anatomical structure, WC could just reflect the static leaf water status in a moment,
and the determination of anatomical structure was destructive. However, plant electrophys-
iology determination was non-destructive and could be used to investigate the dynamic
traits of intracellular water, which helped to study the water metabolism [23]. Therefore, it
has the potential to quickly determine the dynamic adaptability of O. violaceus and B. napus.

4.2. Dynamic Leaf Water Status under Dehydration

Responses of leaf traits to dehydration differ between O. violaceus and B. napus but
are all aimed at adjusting the leaf intracellular water and coping with water deficit en-
vironments [24]. At 1 h, spongy parenchyma contributed to the improvement of gas
exchange [25], which kept the transpiration and water loss in O. violaceus. Due to the
elasticity of mesophyll cells of O. violaceus, the palisade parenchyma was prone to shrink
as further water losing [26], which, however, maintained the intracellular turgor pressure
and kept the ΨL. Leaf Z represents the resistance to current, which is generated by the
transport of dielectric materials including inorganic and organic ions. It is negatively
correlated with the intracellular water transport rate [22]. Increased Z at 1 h enhanced the
translocation resistance of intracellular water and maintained the intracellular substances.
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Water loss at 1 h decreased the electron transport and photochemical efficiency, but did not
affect the integrity of the PSII reaction center of O. violaceus. Mesophyll cells of B. napus
with high stiffness helped to keep the leaf morphology and intracellular water. Increased
palisade parenchyma might be attributed to the translated water from intracellular HCO3

−,
which was regulated by carbonic anhydrase in B. napus leaves [27]. Increased palisade
parenchyma can improve the intercellular water transport efficiency and increase the mes-
ophyll cell superficial area, therefore improving the leaf water holding capacity [28]. As
a result, the intracellular water translocation resistance of B. napus was slightly reduced.
However, PSII of B. napus was more sensitive to dehydration than O. violaceus.

At 2~3 h, mesophyll cells of O. violaceus with high elasticity were prone to shrink,
caused by the increasing water loss. Sponge parenchyma occupies more spaces than pal-
isade parenchyma in leaves [29]. Shrinking sponge parenchyma in O. violaceus leaves clearly
decreased the mesophyll cell volume and reduced the transpired dissipation [25]. Mean-
while, water within the sponge parenchyma was translocated into palisade parenchyma,
but the stable translocation resistance of intracellular water, which was kept by the in-
creased CTR and slightly decreased ΨL, mitigated the water loss and maintained the leaf
water status of O. violaceus. However, damage of dehydration on the PSII reaction center of
O. violaceus became obvious at 3 h. No obvious water loss was observed due to the increased
translocation resistance of intracellular water in B. napus. However, recovery of the cell
elasticity of B. napus caused decrease in mesophyll cell volume but remarkably increased
the LD and also maintained the ΨL. Meanwhile, the decreased CTR was conducive to
the water movement among intercellular spaces. As a result, although the PSII reaction
center of B. napus suffered from the damage, it could still maintain stable light transport
and photochemical efficiency.

At 4~5 h, the mesophyll cells were prone to perform stiffness, and there was no obvious
change in leaf anatomy of O. violaceus. The intra- and inter-cellular water movement
declined due to the less WC and high LD, which alleviated the leaf water loss, kept the ΨL
and reduced the translocation resistance of intracellular water. The latter one might also be
attributed to the water regulation caused by carbonic anhydrase in O. violaceus leaves, since
the carbonic anhydrase of O. violaceus would be activated under water deficit conditions [4].
However, water deficit at this period significantly inhibited the photochemical efficiency
and damaged the PSII reaction center of O. violaceus. Previous studies have shown that the
destruction of plant leaf epidermis leads to the reduction of photosynthesis and increase of
water loss [30]. The upper epidermis of B. napus is thicker than that of O. violaceus, so it
can prevent further water loss from leaves and kept the ΨL. The remaining intracellular
water and cell elasticity recovered the volume of sponge parenchyma. The clearly increased
intracellular water translocation resistance of B. napus indicated that the water movement
within cells occurred. The photochemical efficiency was influenced by dehydration and
was seriously inhibited at 4–5 h, which was attributed to the slow water loss in B. napus
leaves.

5. Conclusions

This study explained the different translocation and utilization mechanisms of leaf
intracellular water in O. violaceus and B. napus by analyzing the leaf anatomical and physical
traits. Rapid water loss led to the timely shrinkage of O. violaceus leaves and mesophyll
cells due to the better cell elasticity compared with B. napus, and the increased intracellular
water translocation resistance helped to retain the intracellular water and maintain the
turgor pressure. The water within the sponge parenchyma could also be translocated
into the palisade parenchyma. Consequently, the PSII reaction center and photochemical
efficiency were kept stable. Photosynthetic activity of O. violaceus was clearly inhibited
after three hours from the onset of dehydration. Palisade parenchyma in B. napus leaves
increased quickly to improve the intercellular water translocation due to the strong cell
stiffness. Gradually increasing intracellular water translocation resistance, and the recovery
of cell elasticity and thick upper epidermis, helped to slow down the leaf water loss, which,
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however, could not timely stop the damage on the PSII reaction center and photochemical
efficiency. The photochemical efficiency was influenced by dehydration and was seriously
inhibited until 4 and 5 h, which was attributed by the slow water loss in B. napus leaves. The
response mechanism of intracellular water to dehydration can be investigated with the help
of leaf electrophysiological traits, thereby providing a basis for improving the evaluating
efficiency of plant drought resistance. However, the rapid and direct determination of plant
drought resistance by using leaf electrophysiological information can still not be realized at
present and needs further research.
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Abstract: Garlic is an important vegetable in terms of its economic value and also as a medicinal plant.
In this study, chitosan (300 mM) and yeast extract (8 g/L) were used individually or in combination
to improve the yields of garlic plants under drought conditions (i.e., 75% and 50% of the water
they would normally receive from irrigation) for two seasons. Significant decreases in numbers of
leaves per plant and plant height, plant dry weight, relative water content, and chlorophyll a and b
concentrations were found in stressed garlic plants in both seasons. The greatest reductions in these
characters were recorded in plants that received only 50% of the normal irrigation in both seasons.
Levels of hydrogen peroxide, products of lipid peroxidation such as malondialdehyde, and superox-
ide, as well as percentages of electrolyte leakage, were elevated considerably and were signals of
oxidative damage. The application of the yeast extract (8 g/L) or chitosan (300 mM) individually
or in combination led to a remarkable increase in the most studied characters of the stressed garlic
plants. The combination of yeast extract (8 g/L) plus chitosan (300 mM) led to increase plant height
(44%), ascorbic acid levels (30.2%), and relative water content (36.8%), as well as the chlorophyll a
(50.7%) and b concentrations (79%), regulated the proline content and levels of antioxidant enzymes
in stressed garlic plants that received 75% of the normal irrigation, and this decreased the signs of
oxidative stress (i.e., percentage of electrolyte leakage and levels of malondialdehyde, hydrogen
peroxide, and superoxide).

Keywords: garlic; drought stress; chitosan; yeast; antioxidant system; reactive oxygen species

1. Introduction

Garlic (Allium sativum L.) is an important vegetable crop in Egypt, where the annual
production during the 2018 season was 286,213 tons obtained from 315.85 ha [1]. Garlic
is the second most important species of the Allium genus and has several constituents in-
cluding phenolic compounds, saponins, organosulfur compounds, and polysaccharides [2].
Garlic bulbs also contain numerous bioactive compounds, such as alliin, allicin, diallyl
disulfide, and S-allylcysteine [3]. Shang et al. [3] found that these valuable bioactive
compounds are very important and play significant roles as antioxidant, antimicrobial,
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anti-inflammatory, and anticancer compounds. Furthermore, the volatile oil of garlic can be
used as a herbicide and insecticide to improve yield production [4,5]. During germination
and development plants are exposed to many stresses, such as biotic [6–9] and abiotic
stresses [10–15].

Drought is a very detrimental abiotic factor that obstructs the growth and decrease the
yield of many plants. It causes a decrease in morphological features such as leaf number,
leaf area, and plant height [16–19]. Physiological features such as relative water content
(RWC) and chlorophyll concentrations [20–22] are also significantly reduced. Drought has
negative effects on biochemical characters such as enzyme activity, the production of
hydrogen peroxide and superoxide, and lipid peroxidation [23–25]; and decreases the
yield [22–27]. Under drought conditions, biochemical and physiological features such
as proline content, levels of malondialdehyde (MDA), percentages of electrolyte leakage
(EL%), levels of superoxide and hydrogen peroxide, and enzyme activities were adversely
affected in plants [27]. A decrease in chlorophyll and the level of photosynthesis is a very
important signal in drought stress [28,29]. It is associated with a decrease in carbon dioxide
uptake, closed stomatal pores, and a reduction in the activity of enzymes of the Calvin
cycle pathway [30]. Reactive oxygen species (ROS), EL%, and levels of MDA are important
indicators of various stress factors [31,32]. In drought, ROS, especially superoxide and
hydrogen peroxide, have accumulated in numerous species [28,29]. The extreme occurrence
of these parameters could be due to damage to membranes in many plants, such as
sugar beets and barley. Oxidative damage can be controlled with the up-regulation of
antioxidant components, which enhances plant tolerance of stress conditions and can
scavenge ROS [33]. This mechanism depends on nonenzymatic and enzymatic compounds
such as ascorbic acid, catalase, and peroxidase, which decrease the damage to membranes,
proteins, and DNA [18].

Chitosan is an important polysaccharide and plays a pivotal role in human life because
of its biological activity and its safety in agricultural processes [27]. Application of chitosan
can increase leaf numbers, plant height, and chlorophyll content during stress (predomi-
nantly drought) by enhancing the nutrient status and antioxidant system of plants [34,35].
The foliar application of chitosan led to increased yields, nutrient uptakes, and chlorophyll
concentrations [36]. Ahmed [37] reported that chitosan (4 and 6 mL L−1) led to improve
productivity and storability of garlic plants. Additionally, Bistgani et al. [38] reported that
chitosan at 400 μL L−1 led to improved dry weights of thyme plants that were stressed
by drought.

Yeast is a natural, safe source of biofertilizer and can improve growth characters and
plant yields. It contains many essential components, such as cytokines, riboflavin, thiamine,
pyridoxine, and vitamins B1, B2, and B12, as well as other nutrients [39]. The valuable
components of yeast, such as cytokinins, can stimulate cell division and elongation, as well
as the synthesis of proteins and nucleic acids, and can increase mineral nutrients [40,41].
Application of yeast in drought conditions led to increased vegetative and yield characters
of wheat plants, such as grain yields and 100-grain weights [26]. Abdelaal et al. [29]
found that application of yeast led to improved plant fresh and dry weights, plant heights,
and chlorophyll concentrations, as well as yields of wheat under water stress. Moreover,
the application of yeast helped calendula plants to tolerate salt stress by improving their
morphological, physiological, and anatomical features [14]. In a study by Haider et al. [42],
yeast treatment at 6g/L resulted in maximum spike lengths, spike numbers, total phenols,
prolines, and carbohydrates in wheat under drought conditions. Additionally, yeast
application led to enhanced plant growth and differentiation and resulted in a remarkable
increase in the numbers of stems per plant, plant height, leaf area, and chlorophyll content
in potatoes [43]. Shalaby and El-Ramady [44] found that yeast extract led to improve yield,
components and storability of garlic. Also, Ali [45] reported that application of yeast extract
led to increase yield plant−1 and total yield of garlic plants.

Little information is available on the effect of chitosan and yeast on the physiological,
morphological, and biochemical characters of garlic plants in drought conditions. Hence,
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the aim of our study is to assess the impact of chitosan and yeast individually or in
combination as an environmentally friendly strategy for improving the yield of garlic
plants associated with their biochemical, morphological, and physiological characters in
drought conditions.

2. Materials and Methods

2.1. Experimental Site, Plant Materials, and Cultural Practices

Two field trials were conducted at a private farm in the Gharbia governorate during
2019/2020 and 2020/2021 to study the influence of chitosan (300 mM) and yeast extract
(8 g/L) applied in a foliar spray on the vegetative, physiological, biochemical, and yield
characters of garlic plants (Allium sativum L.) cv. Sids40 in drought conditions. The physio-
biochemical studies were carried out at the EPCRS Excellence Center, Faculty of Agriculture,
Kafrelsheikh University, Egypt. The experimental unit area was 14 m2 and consisted of six
rows, and the planting date was 25 September during both seasons. The experiment was
planned in a complete randomized block design with four replicates and each replicate con-
tain 20 plants. During soil preparation, 48 m3 ha−1 of organic manure, 110 kg P2O5 ha−1,
and 150 kg sulphur ha−1 were added to and mixed with the soil. Garlic cloves of uniform
size were sown on both sides of each row 7 cm apart. Fertilization (240 kg nitrogen and
135 kg potassium ha−1) was done three times, the first time at 30 days from planting,
the second time at 60 days from planting, and the third time at 90 days from planting. Chi-
tosan was purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA), chitosan solution
was prepared by dissolving 0.3 g in 0.1 N HCl and diluting with distilled water with pH
adjusted at 6.5 by 0.1 NaOH. Yeast extract was prepared by inoculating 8 g of active dry
yeast with 1 L of nutrient broth and incubated for 48 h. The foliar spray application of yeast
extract and chitosan was done twice, the first time at 40 days from planting and the second
time at 80 days from planting. The fertilization rates and other cultural practices were
carried out as recommended by the Egyptian Ministry of Agriculture. Experimental soil
was taken to study the physical and chemical characters according to AOAC [46] as follow:
electrical conductivity, 1.7 dS m−1; available nitrogen, 32.6 ppm; available potassium, 284
ppm; available phosphorus, 10.8 ppm; sand, 17.4%; silt, 34.6%; clay, 46.9%.

The foliar spray application of yeast extract and chitosan (1000 L ha−1) was done twice
with an apparatus from the Jining Bafang Mining Machinery Co., Ltd. (Jining Yanzhou,
China). The treatments were as follows:

• The plants (control) were irrigated eight times to simulate normal conditions of rainfall
(100% irrigation).

• The plants were irrigated six times to simulate 75%, or moderate, drought.
• The plants received 75% irrigation and were sprayed with yeast 8 g/L.
• The plants received 75% irrigation and were sprayed with chitosan 300 mM.
• Some plants received 75% irrigation and were sprayed with yeast 8 g/L plus chitosan

300 mM.
• The plants received four irrigations to simulate 50%, or severe, drought.
• The plants received 50% irrigation and were sprayed with yeast 8 g/L.
• The plants received 50% irrigation and were sprayed with chitosan 300 mM.
• The plants received 50% irrigation and were sprayed with yeast 8 g/L plus chitosan

300 mM.

The harvest dates were 16 April 2020, and 19 April 2021 after 200 days from sowing.

2.2. Morphological Characters

The samples were taken for morphological studies at 150 days from transplanting;
Plant height (cm), leaves number plant−1, and dry weight of plant (g) were recorded.

2.3. Physiological and Biochemical Studies

Physiological and biochemical studies were recorded in the fifth leaf at 150 days from
sowing as follow:
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2.3.1. Determination of Chlorophyll A, B Concentration and RWC

According to Lichtenthaler [47], samples of garlic fresh leaves were kept in solution
of 80% acetone and 95% ethanol in the refrigerator. The chlorophylls concentrations were
measured in extract at 663, 645 and 470 nm using a spectrophotometer. Relative water
content (RWC%) was calculated as follows: RWC= (FW − DW)/(TW − DW) × 100, where
FW is fresh weight, DW is dry weight and TW is turgid weight [48].

2.3.2. Determination of Proline Content

Garlic leaves (0.5 g) were placed in 3% sulphosalicylic acid and centrifuged for 20 min
at 3000× g. 2 mL supernatant from extract was added to 2 mL ninhydrin reagent and
2 mL of glacial acetic acid. Proline was determined as mg g−1 FW at 520 nm using a
spectrophotometer [49].

2.3.3. Assay of Electrolyte Leakage (EL%)

Ten discs of garlic leaves were placed in 25 mL deionized water and shaken for 20 h,
then initial electrical conductivity was recorded. The discs were heated in a water bath at
80 ◦C for 1 h and shaken at 21 ◦C, then the final conductivity was determined. EL% was
calculated as follow: initial/final conductivity × 100 [50].

2.3.4. Determination of Ascorbic Acid (AsA)

Garlic fresh leaves (500 mg) were taken to determine AsA, the samples was extracted
in 10 mL trichloroacetic acid 6% (TCA) and centrifuged for 20 min at 1000× g, then 4 mL of
the extract was mixed with 2 mL of dinitrophenyl hydrazine, then 1 drop of thiourea was
added to the mixture and boiled for 15 min. The mixture was cooled to room temperature,
5 mL of H2SO4 80% were added to the mixture. AsA was determined in supernatant by a
spectrophotometer at 530 nm as mg g−1 FW [51].

2.3.5. Assay of H2O2, O2
− and MDA

For detecting O2
−, garlic leaf samples were extracted in 50 mM phosphate buffer

(pH 7.5) at a ratio of 1:8 (w/v) and centrifuged twice at 18,000× g. for 20 min. The reac-
tion mixture for detecting O2

− consisted of 4 mM epinephrine as an electron acceptor in
100 mM Tris-HCl buffer (pH 7.8) in the presence or absence of 2100 U/mL CuZn-SOD [52].
Absorbance was measured at 480 nm by employing Asys Expert 96 microplate spectropho-
tometer (Shanghai, China) supported by Kim software.

The H2O2 were assayed according to the method described by Yu et al. [53]. Samples
of garlic leaf were extracted by homogenizing 0.5 g of garlic leaf with 3 mL of 50 mM
K-phosphate buffer (pH 6.5) at 4 ◦C. The samples were centrifuged for 15 min at 11,500× g.
3 mL of supernatant was mixed with 1 mL of 0.1% TiCl4 in 20% H2SO4 (v/v), then the
mixture was centrifuged at room temperature for 12 min at 11,500× g. The absorption of
the supernatant was measured spectrophotometrically at 410 nm to determine the H2O2
content and expressed as arbitrary units (nmol g−1 fresh weight).

The lipid peroxidation was measured as malondialdehyde (MDA), a decomposed
product of the peroxidized polyunsaturated fatty acid component of the membrane lipid,
using thiobarbituric acid (TBA) as the reactive material following the method of Heath
and Packer [54]. Garlic fresh leaves (500 mg) were homogenized in 3 mL 5% (w/v)
trichloroacetic acid (TCA) and the homogenate was centrifuged at 11,500× g for 10 min.
1 mL supernatant was mixed with 4 mL of TBA reagent (0.5% of TBA in 20% TCA). The re-
action mixture was heated at 95 ◦C for 30 min in a water bath and then quickly cooled
in an ice bath and centrifuged at 11,500× g for 15 min. The absorbance of the super-
natant was measured at 532 nm and was corrected for non-specific absorbance at 600 nm.
The concentration of MDA was calculated as μ mol g−1 fresh weight.
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2.3.6. Determination of Enzymes Activity

Garlic fresh leaves (500 mg) were homogenized and centrifuged (12,000× g) for 20 min
at 4 ◦C, then the supernatant was used to measure the activities of total soluble enzyme
using spectrophotometer. Activity of catalase (CAT) was determined at 240 nm in the
supernatant based on the consumption rate of H2O2 as μmol min−1 mg protein−1 [55].
The reaction mixture contained 50 mM K-phosphate buffer (pH 7.0), 15 mM hydrogen
peroxide and enzyme solution in a final volume of 700 μL. The reaction was initiated
with enzyme extract and the activity was calculated using the extinction coefficient of
39.4 M−1 cm−1.

SOD activity was determined as μmol min−1 mg protein−1 at 560 nm. The activity was
assayed based on the competition between SOD and NBT for the production of superoxide
from xanthine and xanthine oxidase interaction following Spitz and Oberley [56].

POX activity was measured as μmol min−1 mg protein−1 as described by Castillo et al. [57].
The reaction mixture contained 10 mM phosphate buffer at pH 6.1, 12 mM H2O2, 96 mM
guaiacol and enzyme extract. The blank contained a complete reaction mixture without
H2O2. Absorbance was recorded after 1 min at 470 nm and the activity was measured
using the extinction coefficient of 26.6 mM−1 cm−1.

2.4. Yield Characteristics

At harvest date (200 days), the plants were harvested for each replicate to deter-
mine total yield ha−1 while, total cured yield (ton ha−1) was calculated after curing for
7 days. A random sample of twenty bulbs was taken from each replicate to determine bulb
diameter (cm).

2.5. Statistical Analysis

The obtained data were statistically analyzed using ANOVA procedures using the
MSTAT-C statistical software package [58]. Duncan’s test was used to compare the means
between treatments [59] when the difference was deemed significant (p ≤ 0.05).

3. Results

3.1. Effect of Yeast Extract and Chitosan on Plant Height, Number of Leaves per Plant, and Dry
Weight of Plant for Garlic Plants in Drought Conditions

Drought stress significantly (p ≤ 0.05) decreased the number of leaves per plant, plant
height, and plant dry weight of the garlic plants compared with the control plants that
received normal irrigation during both seasons (Figure 1). These decreases were more
pronounced in stressed garlic plants that received 50% of the normal irrigation. The ap-
plication of yeast extract or chitosan individually or in combination caused a remarkable
increase in the dry weight and height of plants and in the number of leaves per plant of
stressed garlic plants that received 75% or 50% of the normal irrigation compared with
stressed untreated garlic plants. The number of leaves per plant, plant height, and plant
dry weight of garlic plants were greatly augmented by the application of yeast extract
plus chitosan under drought conditions. The best results were obtained in the plants that
received 75% irrigation followed by chitosan treatment during both seasons.
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Figure 1. Effect of yeast and chitosan on plant height, leaves number, plant dry weight of garlic
plants under drought during 2019/2020 and 2020/2021 seasons. The letters on the columns show
significant differences between the treatments according to ANOVA, Duncan’s multiple range test at
0.05 level. Data is the mean (±SE) of four replicates.

3.2. Effect of Yeast Extract or Chitosan on Concentrations of Chlorophyll A and B and on RWC in
Stressed Garlic Plants

A significant decrease (p ≤ 0.05) in concentrations of chlorophyll and in the RWC
was recorded in stressed garlic plants (75% and 50% of normal irrigation). The lowest
concentrations of chlorophyll a and b and lowest RWC were observed in stressed plants
that received 50% of normal irrigation compared with the control plants and the plants that
received 75% of normal irrigation (Figure 2). Spraying the stressed plants (75% and 50% of
normal irrigation) with yeast extract or chitosan caused a remarkable increase (p ≤ 0.05) in
concentrations of chlorophyll a and b and in the RWC compared with stressed untreated
garlic plants. The combination of yeast extract plus chitosan caused a remarkable increase
in concentrations of chlorophyll a and b and in the RWC in the stressed garlic plants (75%
of normal irrigation) without any significant differences compared with the control plants.
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Figure 2. Effect of yeast and chitosan on chlorophyll a, chlorophyll b and relative water content of
garlic plants under drought during 2019/2020 and 2020/2021 seasons. The letters on the columns
show significant differences between the treatments according to ANOVA, Duncan’s multiple range
test at 0.05 level. Data is the mean (±SE) of four replicates.

3.3. Effect of Yeast Extract or Chitosan on Proline Levels, Percentage of Electrolyte Leakage and
Concentration of Ascorbic Acid in Garlic Plants in Drought Conditions

Figure 3 shows that the proline content and EL% were considerably increased (p ≤ 0.05)
in garlic plants in drought conditions (75% and 50% of normal irrigation) compared with
the control plants. The garlic plants that received 50% of normal irrigation had high values
for proline and EL% compared with the control plants and plants that received 75% of
normal irrigation. Similarly, ascorbic acid was considerably improved in stressed garlic
plants in drought conditions, especially in plants that received 50% of normal irrigation in
both seasons, compared with controls. The foliar application of yeast or chitosan or the
combination of yeast plus chitosan led to a notable reduction in EL% in stressed garlic
plants in both seasons. The application of yeast plus chitosan regulated the levels of proline
in stressed garlic plants. The best results were observed with yeast plus chitosan in plants
that had received 75% irrigation. Likewise, the maximum value of ascorbic acid was
recorded with 50% irrigation plus yeast plus chitosan in both seasons.
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Figure 3. Effect of yeast and chitosan on proline content, electrolyte leakage and ascorbic acid of
garlic plants under drought during 2019/2020 and 2020/2021 seasons. The letters on the columns
show significant differences between the treatments according to ANOVA, Duncan’s multiple range
test at 0.05 level. Data is the mean (±SE) of four replicates.

3.4. Effect of Yeast Extract or Chitosan on Levels of Hydrogen Peroxide, Superoxide, and MDA of
Garlic Plants in Drought Conditions

Hydrogen peroxide, superoxide, and MDA are very important components of garlic
plants in drought conditions (Figure 4). Drought stress had a significant effect (p ≤ 0.05)
on the content of each of these components. These studied characters were significantly
augmented in garlic plants in drought conditions compared with control plants in both
seasons. The highest levels of all three components were found in the plants with 50% of
normal irrigation during both seasons, followed by plants with 75% of normal irrigation,
compared with the controls. Superoxide, hydrogen peroxide, and MDA were decreased
significantly in stressed garlic plants following the application of yeast or chitosan indi-
vidually or in combination. The best effects were recorded in the stressed plants with
75% irrigation plus yeast plus chitosan, without any significant differences compared with
the controls.
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Figure 4. Effect of yeast and chitosan on hydrogen peroxide level, superoxide level and lipid
peroxidation of garlic under drought during 2019/2020 and 2020/2021 seasons. The letters on
the columns show significant differences between the treatments according to ANOVA, Duncan’s
multiple range test at 0.05 level. Data is the mean (±SE) of four replicates.

3.5. Effect of Yeast Extract or Chitosan on Catalase, Peroxidase, and Superoxide Dismutase
Activity of Garlic in Drought Conditions

Drought stress induced the up-regulation of enzyme activity in garlic plants dur-
ing both seasons; catalase, superoxide dismutase, and peroxidase activity significantly
increased (p ≤ 0.05) in garlic plants that received two drought treatments compared with
controls (Figure 5). The maximum activities of the three substances catalase, peroxidase,
and superoxide dismutase were observed in the stressed garlic plants that received 50%
of normal irrigation during both seasons, followed by plants that received 75% of normal
irrigation, compared with the controls. However, yeast or chitosan applied individually or
in combination was effective in regulating the catalase, superoxide dismutase, and peroxi-
dase activity for both the 75% and 50% irrigations. Of all treatments, the greatest results
of catalase and peroxidase were observed during both seasons for the 75% irrigation plus
yeast plus chitosan, without any significant differences with controls.
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Figure 5. Effect of yeast and chitosan on catalase (CAT), superoxide dismutase (SOD) and peroxidase
activity (POX) of garlic under drought during 2019/2020 and 2020/2021 seasons. The letters on
the columns show significant differences between the treatments according to ANOVA, Duncan’s
multiple range test at 0.05 level. Data is the mean (±SE) of four replicates.

3.6. Effect of Yeast Extract or Chitosan on Bulb Diameter, Total Yield, and Total Cured Yield of
Garlic Plants in Drought Conditions

Bulb diameter (cm), total yield (ton ha−1), and total cured yield (ton ha−1) were
decreased significantly (p ≤ 0.05) in garlic plants that received 75% or 50% of normal
irrigation during both seasons compared with controls (Figure 6). The lowest values of
bulb diameter, total yield, and total cured yield were recorded in the stressed garlic plants
that received 50% of normal irrigation. A significant increase was noted in these yield
characters when plants received foliar treatment with yeast or chitosan separately or in
combination compared with stressed untreated plants during both seasons. The treatment
75% irrigation plus yeast plus chitosan had the best values for bulb diameter, total yield,
and total cured yield in comparison with other treatments and without any significant
differences with controls.
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Figure 6. Effect of yeast and chitosan on bulb diameter (cm), total yield (ton ha−1) and total cured
yield (ton ha−1) of garlic under drought during 2019/2020 and 2020/2021 seasons. The letters on
the columns show significant differences between the treatments according to ANOVA, Duncan’s
multiple range test at 0.05 level. Data is the mean (±SE) of four replicates.

4. Discussion

It is well recognized that drought is a main factor that can harm plant production
worldwide [26]. The stressed garlic plants in our study (subjected to 75% and 50% of
normal irrigation) displayed a remarkable reduction in number of leaves, plant height,
and plant dry weight during both seasons (Figure 1). The deleterious impact of drought
on garlic plants could be due to the diminution in water absorption from soil to leaves,
increased dehydration and reduced viscosity in the cells, and decreased cell division, all of
which can negatively affect vegetative growth characters, especially plant height, number
of leaves, and plant dry weight. The plants could adapt to drought conditions by producing
fewer leaves and stomata and staying smaller in size as well as increasing the concentration
of stress hormone such as ABA and salicylic acid [60]. A similar effect of drought or a water
deficit was also seen in other plants such as maize [29], barley [27,28], and faba beans [33].
The application of yeast extract or chitosan individually or in combination considerably
augmented the plant dry weight, plant height, and number of leaves in garlic plants in
drought conditions. This increase may have been due to the synergistic role of yeast and
chitosan in stimulating growth and increasing leaf numbers, root length, and plant dry
weight compared with untreated plants in drought conditions. This could also be due to the
fact that yeast is a biofertilizer and an essential source of many active compounds, such as
vitamins, amino acids, and hormones, which induce plant growth [42,43]. These findings
are in harmony with those recorded by El-Shawa et al. [14] and Abdelaal et al. [26]. Also,
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chitosan is a strong inducer of many secondary metabolites such as phenolic compounds
in plants under stress [27,38,61]. Jasmonic acid biosynthesis plays a pivotal role in the
regulation of water uptake in stressed plants. Chitosan is an anti-transpiration agent and
can affect stomatal movement [62].

In the treatments in our study, concentrations of chlorophyll a and b were consider-
ably reduced in garlic plants in both seasons (Figure 2). The reduction in chlorophylls
could have been because drought injures chlorophyll pigment and causes destruction of
light-harvesting protein complexes, decreases carbon dioxide fixation, and reduces NADP+

production through the Calvin cycle pathway. Drought causes oxidative damage to lipids,
proteins, and pigments in chloroplasts [63,64]. Our findings agreed with those of Shinde
and Thakur [65], who found that drought significantly decreased chlorophyll a and b
concentrations in chickpea plants [65] and barley plants [23,27,28]. Also, Gedam et al. [66]
reported that, membrane stability index (MSI), RWC, total chlorophyll content and antioxi-
dant enzyme activity as well as bulb yield were negatively affected in onion plants under
drought stress.

In the current research, RWC was considerably decreased in stressed garlic plants in
both seasons, and this reduction might be attributed to the detrimental impact on water
absorption, conductivity, and availability in the plants. These results are in agreement with
the findings of previous studies on cotton [67], Zea mays L. [68], and Pisum sativum L. [69].
The application of yeast and chitosan overcame the negative influences of drought and im-
proved chlorophyll concentrations because yeast is a rich source of many vital components
such as amino acids, which increase the chlorophyll content in garlic in drought conditions.
Moreover, the positive impact of chitosan may have been due to the improvement in
chloroplast numbers and chlorophyll synthesis because of an increase in potassium and
nitrogen, which are essential for growth and good yields [70]. Farouk and Amany [63]
and Khan et al. [71] found that chitosan can mitigate the negative effects of drought and
improve chlorophyll concentrations and total carbohydrate and photosynthesis processes
in maize and cowpea plants. Our findings showed a remarkable increase in EL% and
levels of proline and ascorbic acid in stressed garlic plants in drought conditions com-
pared with controls (Figure 3). This increase could be attributed to the oxidative stress
experienced by plant cells in drought, which negatively affects plasma membranes and
permeability. The resulting increase in proline, EL%, and ascorbic acid signals that ox-
idative damage is occurring. The MDA, hydrogen peroxide, and superoxide dismutase
were significantly augmented in stressed garlic plants, as well, and this also signaled that
oxidative damage was occurring in plants affected by drought compared with controls
(Figure 4). These high levels were seen in several plants in numerous conditions of abiotic
stress [32,72,73] and biotic stress [74–76]. These results are in harmony with those recorded
by Hafez et al. [27], who found that the MDA levels, EL%, and ROS increased consid-
erably in drought-stressed barley plants because of damage to plasma membranes and
the cytoplasm. Abdelaal et al. [23] reported that the levels of superoxide dismutase and
hydrogen peroxide, EL%, and MDA levels were considerably elevated in barley plants as a
response to drought. Interestingly enough, yeast extract and chitosan treatments helped
garlic plants to recover from drought stress and led to the regulation of the proline content,
increased the ascorbic acids, and reduced the EL% and superoxide dismutase, hydrogen
peroxide, and MDA levels compared with stressed untreated garlic plants. The helpful
effect of chitosan on stressed plants could be due to its role in increasing and regulating
proline as an osmolyte and very importantly, in stabilizing the plasma membrane and
protein levels and scavenging of ROS under stress [23,77,78]. Chitosan is also a significant
regulator of osmosis in drought stress, so the application of chitosan led to increased
membrane stability and decreased lipid peroxidation in many plants [79,80]. Proline plays
a central role in regulating the function of mitochondria, protecting the chloroplasts against
oxidative damage, and activating the gene expression that helps plants to recover from
stresses. Proline application significantly increased onion growth characters compared to
untreated plants, this effect may be due to improve cell membrane stability and RWC as

130



Horticulturae 2021, 7, 510

well as photosynthetic efficiency [81]. Also, Srmida et al. [81] stated that application of
proline could mitigate drought effect by increasing sugar content and via improving plant
self-defense system of onion plants.

The valuable impact of chitosan could be attributed to its role in enhancing membrane
stability and decreasing the levels of superoxide dismutase, hydrogen peroxide, and MDA
because of the existence of specific chitosan-like amino groups that react with ROS and
produce nontoxic radicals [82]. The activities of antioxidant enzymes such as catalase,
superoxide dismutase, and peroxidase were considerably augmented in drought-stressed
garlic plants compared with controls in both seasons (Figure 5). These antioxidant enzymes
play an important role in stressed plants to help them grow well and mitigate the oxidative
damage that can occur. Because of the increase in ROS levels, these findings were recorded
in many plants with different stresses [8,11,28,33]. The application of yeast or chitosan
individually or in combination led to adjustments in the catalase, superoxide dismutase,
and peroxidase activity, and this protected cells in drought stress compared with stressed
untreated garlic plants. The best result was achieved with 75% irrigation plus yeast plus
chitosan. This useful effect of chitosan could be due to the fact that chitosan decreases
the transpiration rate and stimulates stomatal closure, as well as regulates the antioxidant
enzymes, consequently mitigating the damaging impact of drought [83]. Also, chitosan
can improve the production of important amino acids, such as aspartic acid, proline,
serine, threonine, lysine, and phenylalanine, in drought [84]. Similarly, the use of yeast
extract helped stressed garlic plants to recover their enzyme activity during both seasons
compared with stressed untreated garlic plants. This adjustment with yeast treatments
was recorded in many plants in stressful conditions [26,29,41,42]. This impact of yeast
might be attributed to its role as a biostimulant and its ability to increase the hormonal
activity in plants [85] and act as a nutritional increment factor, which can increase the
growth and development of plants [86]. Bulb diameter, total yield, and total cured yield
were considerably reduced in stressed garlic plants (Figure 6). This decrease could be due
to the adverse effect of drought on morphophysiological features such as plant height,
plant fresh weight, RWC, number of leaves, and chlorophyll content. These results are
in agreement with the results recorded in several plants [23,30]. The application of yeast
or chitosan or the combination of the two considerably increased the bulb diameter, total
yield, and total cured yield in the stressed garlic plants. The effect of the yeast in this
outcome could be explained by the production of many important compounds, such as
amino acids, alkaloids, vitamins, and enzymes, as well as essential elements that increase
the photosynthetic rate. Also, this result might have been due to the supportive effect
of chitosan in inducing gene overexpression, which is involved in photosynthesis and
protein and hormone metabolism, consequently improving the yield. These results are
in agreement with those of Landi et al. [87] for strawberries, El-Shawa et al. [14] for
calendula, Abdelaal et al. [26] for wheat, and Pongprayoon et al. [34] for rice plants.
In general, the utilization of yeast extract and chitosan for increasing the yield production
of garlic plants in drought has multiple advantages because these natural compounds
are nontoxic, inexpensive, and environmentally friendly. The application of yeast plus
chitosan significantly increased the vegetative growth and bulb yield characters, as well as
improved the physiobiochemical characters of garlic in drought conditions.

5. Conclusions

Generally, we revealed that the application of yeast extract (8 g/L) plus chitosan
(300 mM) individually or in combination significantly increased the growth and bulb
yield of garlic plants exposed to drought conditions (75% or 50% of normal irrigation).
These treatments alleviated the adverse impacts of drought, increased the number of
leaves per plant, plant height, plant dry weight, chlorophyll a and b concentrations,
and RWC; decreased the oxidative stress signals such as EL% and levels of superoxide,
MDA, and hydrogen peroxide; as well as adjusted the production of proline, ascorbic
acid, and antioxidant enzymes such as peroxidase, catalase, and superoxide dismutase.
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Our findings revealed that yeast extract plus chitosan could be used as an inexpensive and
nontoxic technique that is safe for the environment compared with synthetic compounds
for improving the yield production of garlic plants in conditions of drought.
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Abstract: Sulphurous acid derived from sulfur dioxide (SO2) emission leads to the pollution of
irrigation water and the inhibition of plant growth. The safe concentration threshold of NaHSO3

in plants should be clarified to promote agricultural production. In this study, Orychophragmus
violaceus seedlings were used as experimental materials and five NaHSO3 concentrations (i.e., 0, 1, 2,
5, 10 mmol·L−1) were simultaneously sprayed on the leaf surface of different seedlings separately.
Leaf physiology responses under different concentrations were analyzed. The NaHSO3 did not
promote photosynthesis in O. violaceus under the 1 and 2 mmol·L−1 treatments. It was conducive
to the net photosynthetic rate (PN), photorespiration rate (Rp), chlorophyll content, actual photo-
chemical quantum yield (YII) and photochemical quenching (qP) under the 5 mmol·L−1 treatment.
However, quantum yield of regulated energy dissipation (YNPQ) and nonphotochemical quench-
ing (NPQ) were inhibited. Under the 10 mmol·L−1 treatment, PN, chlorophyll content, YII, qP,
dark respiration rate (Rd) and electron transport rate (ETR) showed significant decreases, while the
photorespiration portion (Sp) significantly increased. Our results demonstrated that NaHSO3 pro-
vided a sulfur source for plant growth and interfered with the redox reaction of the plant itself, and its
role as a photorespiratory inhibitor might be masked.

Keywords: agricultural production; redox; photorespiration; chlorophyll fluorescence; dose effect

1. Introduction

Orychophragmus violaceus is a member of the family Brassicaceae that is widely used for
beautifying the city and ecological restoration [1]. O. violaceus is also a healthy seasonal
vegetable that can be eaten year round and is widely distributed, especially in Yunnan,
Guizhou and other southern cities [2]. The plant species has high economic and ornamental
value. Sulfur dioxide (SO2) is a widely diffused air pollutant, which is easily dissolved
in the water of rivers or lakes and which forms sulfite and sulfuric acid. If the water
source polluted by SO2 is used for irrigation or spraying on greening plants, it may not
be conducive to the plants’ growth. Studies have shown that the toxicity of SO2 to plants
was mainly attributed to the highly active intermediate bisulfite [3]. Katainen et al. has
also reported that the treatment of sphagnum moss with 0.1 mmol·L−1 of H2SO3 increased
the net photosynthetic rate [4]. Therefore, HSO3

- may have a two-way effect on the
photosynthesis and growth of plants when it is used for irrigation.

NaHSO3 is one of the most commonly used sulfites, which can be used as a photosyn-
thetic accelerator in agricultural production [5–8]. However, the effect of NaHSO3 on the
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photosynthetic growth of plants depends on its concentration. Studies have shown that
0.5 mmol·L−1 of NaHSO3 is the best concentration to promote the photosynthetic oxygen re-
lease of Anabaena, while 1 mmol·L−1 of NaHSO3 can increase the net photosynthetic rate of
Satsuma mandarin by approximately 15% [9,10]. In general, low concentrations of NaHSO3
(<1 mmol·L−1) can significantly improve the photosynthetic oxygen release rate and dry
matter accumulation of algae and other lower plants [6,10,11], while most higher plants
after low concentrations of NaHSO3 (<8 mmol·L−1) spraying can significantly enhance the
photosynthetic carbon assimilation ability [7–9,12]. Bisulfite can represent a sulfur source
for plants. Botryococcus braunii reportedly stopped growing after surviving for 12 days in a
sulfur-free medium, but grew well under a bisulfite treatment of 0.1 or 0.8 mmol·L−1 [6].
However, the promotion of plant growth by the addition of low concentrations of NaHSO3
is not just attributed to the supply of sulfur nutrients. At present, the effect of NaHSO3
on the photorespiration of plants is still controversial. Kang et al. [7] demonstrated that
5 mmol·L−1 of NaHSO3 inhibited the photorespiration rate of Caragana korshinskii, and the
content of glyoxylic acid decreased significantly. However, Chen et al. [8] found that
photosynthetic and photorespiration rates increased simultaneously after soybean leaves
were treated with 5 mmol·L−1 of NaHSO3. Under normal conditions, photorespiration
consumes approximately a quarter of the total output of photosynthesis and the portion of
photorespiration will increase when the atmospheric carbon dioxide significantly affects
the stomata [13]. In recent years, studies on the effects of foliar sprays of NaHSO3 on
plants have mainly focused on the response of the photorespiration rate to NaHSO3 [7,8],
whereas the proportion of photorespiration in total photosynthesis has not yet been re-
ported. Therefore, variations in the portion of photorespiration must be determined when
studying the photosynthetic physiological mechanism of NaHSO3 in plants. In addition,
high concentrations of NaHSO3 (>8 mmol·L−1) can cause certain toxicity to the photo-
synthetic physiology of plants. Ten mmol·L−1 of NaHSO3 significantly decreased the
net photosynthetic rate of strawberry leaves [9]. The photosynthetic electron transport
of pea leaves was inhibited by high concentrations of sulfite [14]. It is interesting to
note that NaHSO3 is a chemical compound with both oxidizing and reducing properties.
Sulfite in plants can be reduced to sulfide by sulfite reductase or oxidized to sulfate by
sulfite oxidase [15]. During photosynthesis, plants produce and accumulate different forms
of reactive oxygen species (i.e., ROS) and reducing agents (i.e., ascorbic acid, thioredoxin
and reduced glutathione), which are important regulators of photosynthesis-related gene
expression [16]. Wei et al. showed that HSO3

− could react with superoxide anion to
form SO4

2− [17]. However, it has also been reported that NaHSO3 oxidation destroys the
structure of algae cell membranes [18]. When NaHSO3, which has both oxidation and
reduction properties, enters the plant, the normal redox reaction will be disturbed and
indirectly affect photosynthesis. However, few reports have focused on the regulation of
plant redox by NaHSO3.

O. violaceus was used as experimental material in this study, the mechanisms of differ-
ent concentrations of NaHSO3 on photosynthesis were investigated, the safe concentration
threshold of NaHSO3 in plant leaves was clarified and the theoretical basis for promoting
agricultural production and reducing agricultural ecological environment pollution could
be provided.

2. Materials and Methods

2.1. Plant Culture and Treatment

The experiment was carried out in the Key Laboratory of Modern Agricultural Equip-
ment and Technology of the Ministry of Education, College of Agricultural Engineering,
Jiangsu University (N 32◦11′ and E 119◦27′). The seeds of O. violaceus were placed on
wet gauze and germinated in a light incubator with a light intensity of 40 μmol·m−2·s−1.
Water was sprayed every day to keep the gauze moist. The seeds were seeded in a 12-hole
seedling tray with perlite and exposed to white light. Seedlings were cultivated in the tray
with a small amount of 1/4-strength Hoagland solution until the 2 leaf stage. The culture
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conditions were as follows: photoperiod of 12 h, CO2 concentration of 390 ± 10 μmol·mol−1,
relative humidity of air of 60 ± 5%, day/night cycle temperature of 28 ◦C/20 ◦C and light
intensity of 280 ± 20 μmol·m−2·s−1.

After 45 days of growth, the leaves of different seedlings were sprayed with 0 (CK),
1 (NS1), 2 (NS2), 5 (NS3) and 10 (NS4) mmol·L−1 of NaHSO3 solutions. The spraying was
conducted from 9:00 to 10:00 in the morning. The 50 mL NaHSO3 solution was sprayed
on plants in each pot every 5 days, and the seedlings were sprayed 5 cm from the top
in all directions. During the treatment period, the leaves of the seedlings were sprayed
every 5 days for a total of 5 times, and the experiment was carried out 25 days after the
spray treatment.

2.2. Gas Exchange Measurements

The third fully expanded leaves from the top were chosen for the gas exchange
measurement at 9:00–12:00 a.m. on a sunny day. A portable LI-6400XT photosynthesis
measurement system (LI-COR Inc., Lincoln, NE, USA) was used. The flow rate was set
to 500 μmol·s−1, and the leaf temperature was 30 ± 2 ◦C. The net photosynthetic rate
(PN), stomatal conductance (gs), intercellular carbon dioxide (Ci), transpiration rate (E)
and other photosynthetic parameters were selected from the two response curves under a
light intensity of 800 μmol·s−1 and a CO2 concentration of 400 μmol·mol−1. The PN-PAR
response curves were always fitted using the nonrectangular hyperbola equation [19],
which is expressed as follows:

PN =
α I + Amax −√

(α I + Amax)2 − 4 k α I Amax
2k

− Rd (1)

where PN is the net photosynthetic rate (μmol·m−2·s−1); I is the photosynthetically ac-
tive radiation (μmol·m−2·s−1); α (apparent quantum efficiency) is the initial slope of the
PN-PAR curves (μmol·μmol−1); Amax is the net photosynthetic rate at light saturation
(μmol·m−2·s−1); k is the curve representing the degree of curvature of the curve angle,
the value of which is [0,1]; and Rd is the dark respiration rate (μmol·m−2·s−1). The at-
mospheric CO2 concentration during the measurement was 400 μmol·mol−1. For every
measurement, the PAR was set at 800, 600, 400, 300, 250, 200, 150, 100, and 50 μmol·m−2·s−1.
After those photosynthetic parameters were acquired, the light saturation point (LSP) and
light compensation point (LCP) for the photosynthetic capacity were obtained.

The PN-Ci response curves were always fitted using the rectangular hyperbola equa-
tion [19], which is expressed as follows:

PN =
CE Bmax Ci

CE Ci + Bmax
− Rt (2)

where PN is the net photosynthetic rate (μmol·m−2·s−1); CE (carboxylation efficiency) is
the initial slope of the PN-PAR curves (mol·m−2·s−1); Ci is the intercellular CO2 concentra-
tion (μmol·mol−1); Bmax is the net photosynthetic rate at CO2 saturation (μmol·m−2·s−1);
and Rt is the total respiratory rate (μmol·m−2·s−1). The photosynthetically active radiation
during the measurement was 800 μmol·mol−1. For every measurement, the CO2 concen-
tration was set at 1500, 1200, 1000, 800, 600, 400, 350, 300, 250, 200, 100, and 50 μmol·mol−1.
After those photosynthetic parameters were acquired, the CO2 saturation point (CSP) and
CO2 compensation point (CCP) for the photosynthetic capacity were obtained.

The plant photorespiration portion was calculated as follows [20]:

Rp = Rt − Rd; Pt = PN + Rt; and Sp = Rp/Pt (3)

where the definitions of Rd and Rt are the same as those in Formulas (1) and (2); Rp was
the photorespiration rate (μmol·m−2·s−1); PN and Pt are the net photosynthesis rate
(μmol·m−2·s−1) and total photosynthetic rate (μmol·m−2·s−1) under specific CO2 con-
centrations and light intensities, respectively; and Sp is the photorespiratory portion.
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2.3. Chlorophyll-A Fluorescence (ChlF) Measurement

The ChlF parameters were measured on the third fully expanded leaves from the
top, which were the same leaves used for gas exchange measurements. Before the mea-
surements, the leaves were dark-adapted for 30 min to ensure complete relaxation of all
reaction centers. ChlF under dark adaptation was measured using a modulated chlorophyll
fluorescence imaging system (IMAGING-PAM, Heinz Walz Gmbh) from 19:00 to 21:00.
The minimum chlorophyll fluorescence (Fo) was determined using a measuring beam,
whereas the maximum chlorophyll fluorescence (Fm) was recorded after a 0.8 s saturating
light pulse (2800 μmol·m−2·s−1). Actinic light (340 μmol·m−2·s−1) was then applied for
3 min to drive photosynthesis. Maximum fluorescence in the light-saturated stage (F’m),
basic fluorescence after induction (F’o) and fluorescence yield in the steady state (Fs) were
determined. The actual photochemical quantum yield (YII) was calculated as (Fm’-F)/Fm’.
The quantum yield of regulated energy dissipation (YNPQ) was calculated as 1-YII-1/(NPQ
+ 1 + qL(Fm/Fo − 1)). The quantum yield of nonregulated energy dissipation (YNO) was
calculated as 1/(NPQ + 1 + qL(Fm/Fo−1)). The photochemical quenching coefficient (qP)
was calculated as (F’m−Fs)/(F’m−F’o), while the nonphotochemical quenching coefficient
(NPQ) was calculated as (Fm−F’m)/F’m = Fm/F’m−1. Subsequently, the photosynthetic elec-
tron transport rate (ETR) was calculated as PAR × YII × 0.85 × 0.5, where 0.5 and 0.85 are
the fractions of the excitation energy distributed to PSII and the fractional light absorbance,
respectively, PAR is the photosynthetically active radiation, and PSII is photosystem II.

2.4. Chlorophyll and Carotene Content

The third fully expanded fresh leaves from the top were picked and immediately
ground and extracted with 95% ethanol under dark conditions until the leaves turned
white. The absorbance of chlorophyll a (Chl a), chlorophyll b (Chl b) and carotene was
measured with a 7230 G spectrophotometer at 665 nm (OD665), 649 nm (OD649) and 470 nm
(OD470), respectively. The corresponding chlorophyll concentration was calculated from
the measured optical density values, and the chlorophyll content was determined by using
the following formula [21].

chlorophyll content
(

mg·g −1 FW
)
=

C × V × A
W × 1000

(4)

where C is the chlorophyll concentration (mg·L−1); V is the the amount applied for the
extraction (mL); A is the dilution ratio; W is the fresh weight of the sample (g).

2.5. Statistical Analysis

All measurements were based on 3 replicate plants. The statistical analysis included a
1-way analysis of variance (ANOVA), and significant differences between the means were
tested using Duncan’s multiple range test at 95% confidence.

3. Results

3.1. Effects of Foliage Spraying of NaHSO3 on Gas Exchange of O. violaceus

The values of PN, gs and E in the NS3 treatment were significantly higher than those
in the CK (Figure 1A,B,D). However, the values of PN, gs and E in the NS1, NS2, NS4 and
CK treatments showed no significant difference. The values of PN, gs and E in the NS4
treatment were significantly lower than those in the NS3 treatment (Figure 1A,B).
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Figure 1. Effects of foliage spraying of NaHSO3 on et photosynthetic rate (PN) (A), stomatal conductance (gs) (B), intercellu-
lar carbon dioxide concentration (Ci) (C), and transpiration rate(E) (D) of O. violaceus. Values are the means of five repetitions ±
SE. Bars with different letters show significant differences at p < 0.05 (Duncan).

3.2. Responses of Net Photosynthetic Rate of O. violaceus to Photosynthetically Active Radiation
(PAR) and Intracellular CO2 Concentration (Ci) under Foliage Spraying of NaHSO3

The correlation coefficients (R2) of the PN-PAR curve fitted by the nonrectangular
hyperbolic model and the PN-Ci curve fitted by the rectangular hyperbolic model were all
higher than 0.98, which indicated that the two models fit the curves mentioned above well.

Different concentrations of NaHSO3 affected the light response process differently.
When the PAR was less than 200 μmol·m−2·s−1, the PN increased rapidly as the PAR
increased, but significant differences were not observed between the values of PN in
different treatments (Figure 2A). When the PAR was greater than 200 μmol·m−2·s−1, the PN
value in the NS4 treatment increased more slowly than that in the CK as PAR increased.
The PN value was significantly lower than that in the CK when the PAR reached the light
saturation point (LSP). The foliar application of 10 mmol·L−1 of NaHSO3 decreased the
LSP and inhibited the photosynthetic efficiency (Figure 2A). The PN in the NS3 treatment
exhibited a clearer increase than that in the CK as the PAR increased. The foliar application of
5 mmol·L−1 of NaHSO3 promoted the photosynthetic capacity of O. violaceus (Figure 2A).

Different concentrations of NaHSO3 affected the CO2 response process differently
(Figure 2B). When the CO2 concentration was less than 400 μmol·mol−1, the values of
PN clearly increased as the CO2 concentration increased but slowed down when the CO2
concentration was greater than 600 μmol·mol−1 (Figure 2B). The values of PN in the NS2
and NS3 treatments were higher than those in the CK, and the PN value in the NS3 treatment
was the highest. The values of PN in the NS1 and NS4 treatments exhibited no significant
difference compared to those in the CK under different CO2 concentrations (Figure 2B).
The photosynthetic capacity of O. violaceus was the highest under the foliar application of
5 mmol·L−1 of NaHSO3, which was the optimal concentration.
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Figure 2. Net photosynthetic rate (PN) −photosynthetically active radiation (PAR) curve (A) and net photosynthetic
rate-intercellular carbon dioxide (Ci) curve (B) of O. violaceus under different concentrations of NaHSO3. Values are the
means ± SE. Symbols with different letters show significant differences at p < 0.05 (Duncan).

Significant differences were not observed between the values of Amax and Bmax in all
treatments (Table 1). The apparent quantum efficiency (α) is an important index that reflects
the light energy utilization rate of plants [22]. The light compensation point (LCP) reflects
the ability of plants to overcome their own assimilation resistance. The lower the LCP,
the less the consumption of photosynthetic products and the stronger the ability to use low
light intensity [23]. In this study, the values of α and LCP in the NS4 treatment decreased by
20.97% and 76.08% of those in the CK, respectively (Table 1). The O. violaceus treated with
10 mmol·L−1 of NaHSO3 showed improvement in the ability to use weak light and lower
consumption of photosynthetic products to resist the stress of high concentrations of sulfite.
The initial carboxylation efficiency (CE) can reflect the activity of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) and the ability of plants to utilize CO2 [24]. In this study,
the value of CE in the NS3 treatment increased by 105.77% relative to that in the CK, and the
values in the other treatments exhibited no significant difference compared to those in the
CK (Table 1).

Table 1. Photosynthetic parameters under different concentrations of NaHSO3.

CK NS1 NS2 NS3 NS4

Amax 11.33 ± 0.26 a 12.53 ± 2.27 a 11.66 ± 1.46 a 13.06 ± 0.57 a 8.61 ± 1.05 a
α 0.062 ± 0.00 a 0.055 ± 0.01 a 0.058 ± 0.01 b 0.058 ± 0.00 ab 0.049 ± 0.00 b

CE 0.052 ± 0.00 b 0.078 ± 0.00 ab 0.0745 ± 0.00 ab 0.107 ± 0.02 a 0.059 ± 0.01 b
Bmax 34.92 ± 4.03 ab 28.14 ± 2.35 b 40.19 ± 1.28 a 41.02 ± 0.51 a 33.31 ± 1.46 ab
LSP 314.28 ± 8.87 a 370.24 ± 35.24 a 327.22 ± 35.43 a 344.00 ± 7.09 a 287.31 ± 8.75 a
LCP 14.09 ± 0.59 ab 17.78 ± 2.74 a 14.12 ± 1.62 ab 9.88 ± 0.41 b 3.37 ± 0.54 c
CSP 1410.10 ± 75.77 a 919.69 ± 12.95 b 1203.71 ± 27.46 ab 1110.06 ± 249.37 ab 1292.54 ± 109.82 ab
CCP 52.97 ± 7.49 a 42.63 ± 0.23 a 51.64 ± 3.32 a 49.83 ± 8.29 a 54.78 ± 5.08 a

Note: Amax: maximum photosynthetic value of PN-PAR curve; α: apparent quantum efficiency; CE: initial carboxylation efficiency; Bmax:
maximum photosynthetic value of PN-Ci curve; LSP: light saturation point; LCP: light compensation point; CSP: CO2 saturation point;
CCP: CO2 compensation point; Values are the means ± SE. Bars with different letters show significant differences at p < 0.05 (Duncan).

As the NaHSO3 concentration increased, the values of the total respiratory rate (Rt)
initially increased and then decreased in the NS4 treatment and the value of Rt in the NS3
treatment increased by 80.63% compared with that in the CK (Figure 3B). The values of
the photorespiration rate (Rp) and Rt in each treatment showed the same change trends as
follows: NS3 > NS2 > NS4 > NS1 > CK (Figure 3A,B). The values of the photorespiration
rate (Rd) gradually decreased as the NaHSO3 concentration increased, and the value in
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the NS4 treatment decreased by 85.56% of that in the CK (Figure 3A). The values of the
photorespiratory portion (Sp) gradually increased, and the value in the NS4 treatment
increased by 53.85% of that in the CK (Figure 3A).

Figure 3. Photorespiration related parameters ((A): Rp, Rd and Sp; (B):Pt, PN and Rt) under different
concentrations of NaHSO3. Significant differences between the control and treatment groups are
indicated by asterisks (* p < 0.05, ** p < 0.01). Rd: the dark respiration rate; Rp: the photorespiration
rate; Sp: the photorespiratory portion; PN: the net photosynthetic rate; Pt: the total photosynthetic
rate; Rt: the total respiratory rate.

3.3. Effects of Foliage Spraying of NaHSO3 on Chlorophyll Content in Leaves of O. violaceus

Chlorophyll is a necessary molecule for the photosynthesis of plants. The NS1, NS2
and NS3 treatments promoted the synthesis of chlorophyll a and b in O. violaceus (Table 2).
The chlorophyll b contents in the NS4 treatment had no significant difference compared
with those in the CK (Table 2). The chlorophyll a, chlorophyll b and total chlorophyll
contents in the NS4 treatment were slightly lower than those in the NS1, NS2 and NS3
treatments (Table 2). The chlorophyll a/b in each treatment had no significant difference
compared with that in the CK (Table 2). The NaHSO3 promoted the synthesis of chlorophyll
in O. violaceus as a synchronous change of chlorophyll a and chlorophyll b. There was no
significant difference in carotenoids between the CK and other treatments (Table 2).
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Table 2. Effects of foliage spraying of NaHSO3 on chlorophyll content in O. violaceus leaves.

Treatment
Chlorophyll a
/(mg·g−1FW)

Chlorophyll b
/(mg·g−1FW)

Chlorophyll(a +
b)/(mg·g−1FW)

Chlorophyll a/b
Carotenoid

/(mg·g−1FW)

CK 0.812 ± 0.026 b 0.323 ± 0.019 b 1.135 ± 0.041 b 2.525 ± 0.104 a 0.141 ± 0.008 a
NS1 1.074 ± 0.046 a 0.445 ± 0.040 a 1.582 ± 0.074 a 2.459 ± 0.182 a 0.173 ± 0.018 a
NS2 1.099 ± 0.069 a 0.440 ± 0.022 a 1.540 ± 0.120 a 2.526 ± 0.059 a 0.159 ± 0.019 a
NS3 1.134 ± 0.076 a 0.440 ± 0.048 a 1.574 ± 0.261 a 2.648 ± 0.182 a 0.177 ± 0.014 a
NS4 1.038 ± 0.049 a 0.394 ± 0.013 ab 1.432 ± 0.122 a 2.632 ± 0.061 a 0.157 ± 0.009 a

Note: Values are the means ± SE. Bars with different letters show significant differences at p < 0.05 (Duncan).

3.4. Effect of Foliage Spraying of NaHSO3 on Chlorophyll a Fluorescence Parameters of
O. violaceus Leaves

The light energy absorbed by the PSII reaction center is mainly distributed into three
parts: photochemical pathway (YII), energy used for photoprotection mechanism (YNPQ)
and other nonphotochemical energy (YNO) and YII + YNPQ + YNO = 1 [25]. With increasing
NaHSO3 concentrations, the value of YII gradually increased. The value in the NS3 treat-
ment increased by 17.95% of that in the CK, and thereafter, a decreasing trend was observed
(Table 3). However, YNPQ is the opposite of YII and showed an initial decrease and then
an increase. In the NS3 treatment, YNPQ decreased by 16.28% relative to that in the CK,
although the value of YNO in each treatment had no significant difference compared with
that in the CK (Table 3). Photochemical quenching (qP) and nonphotochemical quenching
(NPQ) are two forms of energy dissipation in chloroplasts [26]. qP is the part of light energy
used for photochemical electron transfer, which reflects the utilization of light energy
to a certain extent, while NPQ is the part where excess light energy is dissipated in the
form of heat energy [26]. The values of NPQ in the NS2 and NS3 treatments decreased by
26.09% and 17.39% of those in the CK, respectively, while the values of qP in NS2 and NS3
increased by 18.57% and 14.29% of those in the CK, respectively (Table 3). The values of
NPQ and qP in the NS4 treatment exhibited no significant difference compared to those in
the CK. The reduction in the photochemical reaction in the NS4 treatment might be due to
the excessive NaHSO3 stress on O. violaceus, which would offset the appropriate amount of
NaHSO3 to promote the photochemical pathway. The apparent photosynthetic electron
transport rate (ETR) mainly reflects the electron transport in the PS II reflection center [27].
The value of ETR in the NS4 treatment decreased by 18.90% of that in the CK, while the
values in other treatments showed no significant difference compared with those in the CK.

Table 3. Effects of foliage spraying of NaHSO3 on chlorophyll a fluorescence parameters in O. violaceus leaves.

Treatment YII YNPQ YNO NPQ qP ETR

CK 0.39 ± 0.015 bc 0.43 ± 0.014 a 0.18 ± 0.021 a 0.46 ± 0.021 a 0.70 ± 0.020 bc 23.49 ± 1.064 ab
NS1 0.39 ± 0.033 bc 0.43 ± 0.038 a 0.18 ± 0.198 a 0.45 ± 0.057 a 0.72 ± 0.037 abc 21.91 ± 1.844 bc
NS2 0.45 ± 0.021 ab 0.36 ± 0.017 b 0.19 ± 0.020 a 0.34 ± 0.020 b 0.83 ± 0.061 a 25.31 ± 1.165 ab
NS3 0.46 ± 0.06 a 0.36 ± 0.01 b 0.18 ± 0.016 a 0.38 ± 0.016 ab 0.80 ± 0.010 ab 26.09 ± 0.337 a
NS4 0.34 ± 0.008 c 0.47 ± 0.004 a 0.19 ± 0.024 a 0.48 ± 0.024 a 0.63 ± 0.030 c 19.05 ± 0.447 c

Note: YII: actual photochemical quantum yield; YNPQ: quantum yield of regulated energy dissipation; YNO: quantum yield of nonregulated
energy dissipation; NPQ: nonphotochemical quenching; ETR: electron transport efficiency; Values are the means ± SE. Bars with different
letters show significant differences at p < 0.05 (Duncan).

4. Discussion

Sulfur is an essential mineral element for plants, and it is fourth in the list of major
plant nutrients after nitrogen, phosphorus and potassium [28]. Higher plants mainly up-
take inorganic sulfate from the soil by their roots, and they can also absorb the atmospheric
SO2 and exogenous HSO3

−, SO3
− and S2− through leaf stomata. During the process of

sulfur metabolism, exogenous sulfur is first converted into the form of sulfate (SO4
2−),

which can be absorbed by plants. After activation and reduction, sulfite (SO3
2−) can

be produced, which has potential cytotoxicity [29]. Many metabolic pathways of SO3
2−
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are observed in plants, and their metabolites are closely related to chlorophyll synthesis.
First, SO3

2− is reduced to sulfide (S2−) under the action of sulfite reductase and S2− reacts
with acetylserine (OAS) to form cysteine (Cys) [30]. As the precursor of sulfur-containing
amino acids, Cys is further synthesized into various sulfur-containing proteins, thus guar-
anteeing the early synthesis of chlorophyll; then, SO3

2− in chloroplasts could enter the
thiolipid reduction pathway to synthesize sulfoquinovosyldiacylglycerol (SQDG) through
two consecutive steps. SQDG is a sulfur-containing nonphosphorus glycerolipid that partic-
ipates in the formation of the granum lamellae of chloroplasts, and its content is positively
correlated with the chlorophyll concentration in the process of chloroplast dedifferenti-
ation and regeneration [31]. Although sulfur is not the main component of chlorophyll,
it obviously affects the synthesis of chlorophyll. It is noteworthy that the variation of
chlorophyll content will directly affect the absorption, transformation and utilization of
light energy by plants [32]. Ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase
(Rubisco) catalyzes the first step of the reaction of CO2 assimilation and photorespiration
carbon oxidation in photosynthesis and is considered the main factor controlling the rate
of photosynthesis. To ensure its catalytic ability, Rubisco must be activated by Rubisco
activase (RCA). Studies have found that NaHSO3 could promote the expression of RCA
genes at the transcription and translation levels, thus enhancing the initial activity of
Rubisco in plants [33]. RCA activity was sensitive to the ATP/ADP ratio observed in
the chloroplast matrix, and the activation of RCA depended on the hydrolysis of ATP
and was inhibited by ADP [34]. Wang et al. [35] reported that 1 mmol·L−1 of NaHSO3
acted similarly as phenazine methyl sulfate (PMS), a cofactor that catalyzed cyclic pho-
tophosphorylation, by promoting photophosphorylation and increasing the ATP supply,
thereby maintaining high levels of photosynthesis. Moreover, 5 mmol·L−1 of NaHSO3, as a
sulfur source absorbed and utilized by plants, may play an active role in O. violaceus. On the
one hand, the increase in HSO3

- in the leaves accelerated the metabolism of sulfate, and its
metabolites directly or indirectly promoted the increase in chlorophyll content, which was
conducive to the absorption of light energy by the treated leaves, which was consistent
with the results of Li et al. [36]. Meanwhile, the ratio of light energy to the photochemical
pathway and light protection mechanism was adjusted. As a result, more light energy was
allocated to the photochemical pathway (YII increased significantly, while YNPQ decreased
significantly), the light energy utilization rate increased and the final photosynthetic rate
increased. On the other hand, NaHSO3 may increase the expression of RCA genes by
promoting photophosphorylation and increasing the supply of ATP, thus increasing the
initial activity of Rubisco, which can catalyze the two reactions of RuBP carboxylation
(photosynthesis) and oxidation (photorespiration) simultaneously, and the photosynthetic
rate and photorespiration rate increase synchronously.

Photorespiration is a process in which plants fix oxygen and release CO2 under light
conditions. Photorespiration can alleviate photoinhibition, eliminate toxic intermediate
products and provide raw materials for other metabolic activities, and it plays an active
role in photosynthesis [37]. Studies have suggested that the activities of RuBP carboxylase
and RuBP oxygenase in high-yield genotype wheat were higher than those in low-yield
genotype wheat. High photosynthesis and photorespiration intensities are important
preconditions for ensuring high wheat yield [38]. The electron transport rate of PSII and
ATP production increased when a low concentration of NaHSO3 was sprayed on citrus
leaves, which decreased photoinhibition and thereby increased the net photosynthetic
rate [12]. Foliage sprayed with an appropriate concentration of NaHSO3 increased the
total photosynthetic and photorespiration rates, which was consistent with the results
reported in the studies mentioned above. Photorespiration consumed excess light energy
and protected the photosynthetic apparatus when the consumption ratio of photorespi-
ration to photosynthate was maintained, which indirectly maintained photosynthesis.
However, photorespiration consumes photosynthetic products without producing ATP,
and it has also been considered a negative factor in photosynthesis. Stomata are important
channels for CO2 and water exchange between plants and the environment [39]. In this
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study, the stomatal conductance of O. violaceus leaves in the NS4 treatment decreased,
which may be due to the stress caused by higher concentrations of NaHSO3. To respond to
the deficiency of water and CO2 caused by the decrease in stomatal conductance, the gene
expression of carbonic anhydrase (CA) in leaves is upregulated, which catalyzes the con-
version of intracellular HCO3

− into H2O and CO2 [40]. The contents of chlorophyll a
and b, the electron transport rate and the photosynthetic rate of soybean all reportedly
increased when the leaves were sprayed with an appropriate concentration of HCO3

− [41].
This demonstrated that the effect of HCO3

− on plants was similar to that of HSO3
− in

this study. One possible hypothesis was that competition may occur between HCO3
−

and HSO3
− in the process of photosynthesis due to their similar structure. Under high-

concentration NaHSO3 treatment, excessive HSO3
− accumulated in the cell sap to compete

with HCO3
− for the active site of CA, thereby hindering the combination of HCO3

− and
CA. Plants could not offset the deficiency of H2O and CO2 in their leaves by converting
intracellular HCO3

− when stomatal conductance decreased. The carboxylation of RuBP
was inhibited, and the total photosynthetic rate decreased. In addition, O. violaceus would
suffer from stress when they were sprayed with high concentrations of NaHSO3 (the reason
for stress will be explained later). A high photorespiration rate and Sp in plants had a
protective effect against photosynthetic apparatus damage in response to stress conditions,
while a high proportion of photorespiration would also consume photosynthates and
therefore decrease the net photosynthetic rate.

Among sulfites, the valence of sulfur is +4, which is both reducing and oxidizing.
Sulfite dissolved in water can not only obtain electrons to form sulfur precipitates but
also lose electrons to form sulfates: SO3

2− + 3H2O + 4e− � S + 6OH− E = −0.66;
SO3

2− + H2O − 2e− � SO4
2− + 2H+ E = +0.2. Sulfite in plants has both reduction and oxi-

dation properties, and it has dual effects on plant photosynthesis due to its concentration,
which is protective or inhibitory. As a nucleophilic substance, sulfite can attack diverse
substrates by splitting the disulfide bonds into peptides and cause inactivation of these
compounds, which is called sulfitolysis. Sulfitolysis can lead to chlorophyll destruction,
photosynthesis suppression, necrotic damage and growth retardation [42]. Therefore, if sul-
fite accumulates in plants and cannot be metabolized rapidly, it will cause serious damage
at the cellular and even the entire plant level [30]. Sulfate oxidase (SO) plays a vital role
in relieving this toxicity, and it can serve as a ‘safety valve’ to detoxify excess amounts of
sulfite and protect the cells from sulfitolysis [43]. Wei et al. [44] found that an appropriate
amount of NaHSO3 could react with the superoxide anion produced by the PSI recep-
tor of Chlamydomonas reinhardtii; as a result, an anaerobic environment was established,
hydrogenase (H2ase) was activated and the hydrogen production capacity was significantly
improved. Golan and Whitaker [45] also proved that NaHSO3 could be used as a reducing
agent to inhibit the activity of mushroom polyphenol oxidase (PPO), thereby playing a
certain role in preventing browning. Therefore, NaHSO3 had a certain degree of reducibil-
ity. At appropriate concentrations, it oxidized into sulfate to enter sulfate metabolism,
and it detoxified or reacted with active oxygen to reduce the damage of strong oxidizing
substances to cells. However, when the concentration of NaHSO3 increased to a certain
extent, its oxidation led to adverse impacts on plants. Lüttge et al. [18] indicated that
a certain concentration of bisulfite compounds interfered with membrane proteins and
lipids, which impaired membrane integrity and inhibited photosynthetic CO2 fixation
and ion transport processes. Lin et al. [46] reported that the active oxygen content in the
leaves of rice seedlings increased significantly as the NaHSO3 concentration increased.
Chlorophyll a fluorescence technology is often used to study photosynthesis under adver-
sity [47,48]. In this study, the ETR and YII in the NS4 treatment decreased significantly
compared to those in the NS3 treatment, while the YNPQ increased. The results demon-
strated that the leaves of O. violaceus suffered from mild stress when they were sprayed
with 10 mmol·L−1 of NaHSO3. Excessive HSO3

− not only had oxidative properties but
also induced the production of active oxygen. These strong oxidizing substances attacked
the cell biofilm system of plants, injured the photosynthetic apparatus and even a variety of
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organelles and affected the processes of photosynthetic CO2 absorption and ion transport,
thereby inhibiting the photosynthetic carbon assimilation and reducing the efficiency of
photosynthetic electron transport. To avoid further damage to plants caused by excess
light energy, plants need to convert part of the captured light energy into heat energy
through a heat dissipation mechanism. Physiological activities, such as protein synthesis,
nutrient absorption and transport were affected under stress, which reduced the dark
respiration rate.

5. Conclusions

The 5 mmol·L−1 of NaHSO3 was the appropriate concentration, which promoted the
photosynthetic capacity and increased production, while a concentration of 10 mmol·L−1

inhibited the photosynthesis and caused pollution of O. violaceus. Photorespiration had
a certain protective effect on plants that suffered from stress, but an excessive photores-
piration portion consumed photosynthates and decreased the net photosynthetic rate.
5 mmol·L−1 of NaHSO3 absorbed by plants could be considered a sulfur source. The results
helped to better understand the dose effect of HSO3

− on plant photosynthetic physiology,
which provided a theoretical basis for the reasonable utilization of NaHSO3 and promotion
of agricultural production.
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Abstract: Two-year-old seedlings of T. cordata and P. pyraster were exposed to salinity for 50 days,
whereby each plant was subject to regular applications of a substrate solution containing 100 mM
NaCl, amounting to a cumulative volume of 365 mL per plant. The adaptive reactions of the tree
species in coping with salt stress were studied. The measured parameters were the growth and
distribution of mass to organs, root to shoot mass ratio (R:S), content of assimilation pigments in the
leaves, gas exchange parameters (gs, E, An), and water use efficiency (WUE). The relative increase in
biomass was reduced under salt treatment for both species. A significant decrease in the total FW and
DW was observed only for T. cordata, which deposited 4.5 times more Na+ ions in the plant tissues
compared with P. pyraster. In P. pyraster seedlings, Na+ ions mainly accumulated in the root (75%), and
their distribution was limited to aboveground organs. Thus, a balanced content of the assimilation
pigments in the leaves was maintained under salt treatment. In the initial (osmotic) phase of salt
stress, P. pyraster reduced water consumption and maintained a steady rate of photosynthesis (An)
per unit area. T. cordata responded to salinity by regulating stomatal conductance and increasing
water use efficiency (WUE). T. cordata was not effective in blocking salt intake and transported Na+

ions to the leaves. Due to the high cumulative salt content in the substrate, the water potential of the
leaf tissues and the rate of photosynthesis significantly decreased in salt-treated T. cordata seedlings.
The results document the important role of the root system in the resistance of woody plants and in
ensuring their survival in conditions of excessive salinity. The investment in root growth improved
the water supply of P. pyraster seedlings and enhanced the retention of salt ions in the root system,
thus limiting their transfer to leaves.

Keywords: salinity; biomass; chlorophyll; woody plants; tolerance

1. Introduction

Salinity affects trees due to direct ionic toxicity, osmotic effects, and interfering with
nutrient uptake [1]. High amounts of salt in the soil limit root water uptake, and exces-
sive concentrations of toxic salts in plants adversely impact plant functions. Salt stress
induces a decrease in the aerial part of the plant associated with leaf abscission [2] and
decreases the rate of leaf area expansion [3]. Salinity significantly lowers the dry and
fresh weight of leaves, stems, and roots [4,5] and results in decreased leaf chlorophyll
and carotenoid contents [6,7]. The degradation of photosynthetic pigments lowers the
photo-reception efficiency of photosystems (PSI and PSII), which reduces the overall level
of photosynthesis [8,9].

Street trees are exposed to salinity due to the application of de-icing salts, which
lead to increased salt ion content in the surrounding soil structure, alkalinization, reduced
permeability, and soil aeration. Salinity has a negative impact on the growth and vitality
of street trees, which have relatively short lifespans and low species diversity. Only a few
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genera and species of trees dominate European cities [10]. The growth of tolerant tree
species, which successfully cope with salt stress, can help to increase biodiversity in the
urban environment.

In our study, we evaluated the growth and responses of two species of European
flora, Tilia cordata Mill. and Pyrus pyraster L. Burgsd., to substrate salinity. T. cordata is a
shade-tolerant tree [11–13], with broad ecological amplitude [14]. It is considered a drought-
resistant tree species, showing optimal growth on deep loamy soils [15–17]. T. cordata is
often used as an urban tree, since it is relatively resistant to adverse urban conditions and
responds well to pruning [18]. P. pyraster is found in Europe over a large temperate climate
zone [19,20], has relatively wide ecological amplitude [21], and grows on all soil types [22].
P. pyraster has quite a high demand for light and thus grows in rather extreme or marginal
site conditions (very dry or wet) without canopy growth competition [19,22,23]. It is not a
typical urban tree but has strong seasonal dynamics, favorable aesthetic properties, and
responds well to pruning, so it can be a promising tree for planting in urban conditions.
However, the tolerance of P. pyraster to urban conditions has not yet been investigated in
detail. There are little data in the literature on the responses of P. pyraster, more generally,
to environmental stressors in addition to a lack of comparison with urban trees. Both
of the studied species are tolerant to fluctuations in the soil water content [22,24]. The
salinity tolerance in plants varies among different species and is strongly influenced by the
environmental conditions and plant growth stage [3]. Woody plants are sensitive to salinity
in the early seedling stage, while they become more tolerant with increasing age [25].
Therefore, in the present study, the responses to salinity were investigated in seedlings.
The possible interspecific differences of the studied taxa in response to salinity would be
of wide interest because T. cordata is often used as an alley tree in urban settlements and
considered to be tolerant to the urban environment [18]. Similar to P. pyraster, most fruit
species [26] can be sensitive to salinity, which can fundamentally affect the possibilities for
their utilization in urban areas.

The aim of this study was to investigate the impact of salinity on woody plants in
the seedling stage, particularly how severe salinity affects the growth, water regime, and
physiological performance of tree species during early growth. The specific goals were to
find out how seedlings of T. cordata and P. pyraster cope with salinity in terms of (I) how
salinity affects their growth (mass accumulation in plant organs); (II) how salinity affects
their physiological performance represented by the parameters of the stomatal conductance
(gs), net photosynthetic rate (An), transpiration rate (E), relative water content (RWC), and
the water potential of leaf tissues (Ψwl); and (III) what mechanisms these tree species apply
when coping with salt stress.

2. Materials and Methods

2.1. Plant Material

The experimental plants were grown from seeds collected on original stands with
P. pyraster and T. cordata in Slovakia. The climatic conditions of these stands are fairly
similar (Table 1). The conditions in these stands are optimal for the studied taxa (submon-
tane altitudinal zone, an average January temperature of −3.5 ◦C, and an average July
temperature of 16–18 ◦C) within their natural area of distribution in Central Europe.

Upon the initiation of bud swelling, the two-year-old seedlings were placed in plastic
pots (volume of 0.5 L) containing a fertilized peat-based growth substrate (20% black
peat and 80% white peat moss, 0–5 mm fraction, pH of 5.5–6.5, enriched with nutrients
at 1.0 kg/m3 NPK 14:16:18). The potted plants were placed in the plastic bag to avoid
uncontrolled water and salt leakage.
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Table 1. The source stand conditions are given according to the climatic characteristics [27] of the
regions in Slovakia in which they are found.

Taxon Location Exposure
Altitude

(m)
TI.(◦C)

TVII.
(◦C)

Precipitation
(mm)

Type

P. pyraster Kremnica
hills (Tŕnie) S 540 −3 18 750 MW

T. cordata Dubeň
(Žilina) S 410 −3.5 16 800 MW

TI.: the average temperature in January; TVII.: the average temperature in July; S: south exposure; MW: moderately
warm region.

2.2. Experimental Design

The salt-treated plants were regularly saturated with 7.5 mL of the salt solution
(100 mM NaCl with electric conductivity 10.1 dS·m−1) per plant per day. Control plants
were saturated with water. The total amount of saline solution applied in the experiment
was 365 mL per plant. There were 20 replications for salt-treated plants, as well as the cor-
responding replication for control plants, and the proposed sample size allowed sufficient
homogeneity of variance to be maintained (verified by Bartlett’s test at a significance level
of α = 0.05).

The water content in the growth substrate was calculated based on wet weight [28]
and maintained at 80% water as per the weight of the fully saturated substrate.

Mn =
(Ww − Wd)

Ww
× 100

Mn = moisture content (%) of the material n;
Ww = wet weight of the sample;
Wd = weight of the sample after drying.

The water regime was imposed and maintained using a gravimetric approach, and
the pots were regularly weighed on a precision industrial scale (Kern & Sohn GmbH,
Balingen, Germany) with laboratory accuracy (max = 8000 g, standard deviation = 0.05 g)
at 2-day intervals.

Experimental plants were placed in a PolEko KK1450 (POL-EKO-APARATURA sp.j.,
Wodzisław Śląski, Poland) growth chamber in which a regulated environment was main-
tained with a 14/10 h photoperiod, the 250 μmol m−2·s−1 irradiation density, and 65%
air humidity. A temperature of 24 ◦C was maintained during the light period and 14 ◦C
during the dark period. After 17 days of acclimatization, the plants were daily treated with
a NaCl solution for 50 days from June to August (Figure 1).

The distribution of fresh and dry mass in the plant organs and the measurements of
the morphometric traits were performed at the beginning and end of the experiment.

The leaf gas exchange parameters (gs, An, E, WUE) were measured at the 20th, 30th,
40th, and 50th days of the experiment after a total applied dose of 155, 225, 295, and 365 mL
NaCl solution, respectively. The earlier measurements were not performed due to the
insufficient development of leaf area in the initial phenological stages.

The measurements of the water potential of the leaf tissue and relative water content
were performed at the 1st, 20th, 30th, 40th, and 50th days of the experiment after a total
applied dose of 0, 155, 225, 295 and 365 mL NaCl solution, respectively.

153



Horticulturae 2022, 8, 519

 

Figure 1. Two-year-old tree seedlings of (A,B) T. cordata and (C,D) P. pyraster; Control plants
grown in the growth chamber for 50 days (A,C); and plants grown under the salt treatment
(100 mM NaCl) (B,D).

2.3. Measurement and Analysis of Plant Parameters

The total fresh mass of the experimental plants (20 samples for each species and
variant) was determined at 10 a.m., before seedlings were planted in the pots, and again at
the end of the experiment. The plant roots were extracted from the growth substrate by
hand and gently washed to minimize the fine root loss.

The root parameters, including the root length (RL), root surface area (RSA), root
volume (RV), average root diameter (ARD), and the number of root tips (NRT), were
measured using the WinRhizo REG 2009 system (Regent Instruments, Québec, QC, Canada,
SK0410192). The total leaf area (LA) was determined by scanning fresh leaves using ImageJ
software at the end of the experiment. The dry weight of the plant organs was determined
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after the plant material was dried at 105 ◦C until a constant weight was reached. Then, we
calculated the leaf water content (LWC), specific root length (SRL), and root to shoot ratio
(R:S). The specific leaf area (SLA) [29] was calculated as the ratio of the leaf area to the leaf
dry mass [30].

2.4. Leaf Gas Exchange

The measurements were performed beginning 20 days after the first application of
100 mM NaCl. The net photosynthetic rate (An), stomatal conductance (gs), transpiration
rate (E), and water use efficiency (WUE) were measured using gasometer CIRAS-3 (PP-
Systems, Amesbury, MA, USA) and a PLC3 universal leaf cuvette, fitted with a 1.75 cm2

measurement window, on the fully expanded leaf for each plant on the upper part of the
seedling [31,32]. The measurements were performed between 8 a.m. and 11 a.m. The
molar flow rate of air entering the leaf chamber was kept constant at 300 cm3·min−1.
The conditions were maintained as an average leaf temperature of approximately 26 ◦C
(±0.26 ◦C SD), vapor partial pressure deficit of 1.38 ± 0.25 kPa, photosynthetically active
radiation (PAR) at 250 μmol·m−2·s−1, and CO2 concentration of 400 μmol·mol−1. Measure-
ments were taken following the full stabilization of An and gs after clumping of the leaf in
the cuvette, which took up to 5 min.

2.5. Leaf Water Potential and Relative Water Content

The water potential of the leaf tissues (Ψwl) was determined by psychrometric mea-
surement on a Wescor (model PSYPRO, EliTech Inc., Logan, UT, USA) using a C-52 sample
chamber at an ambient temperature of 21 ◦C from 7 a.m. to 3 p.m. The leaf samples were
taken from four plants of each taxon in the salt treatment and the control groups.

The relative water content (RWC; %) was determined using a gravimetric method [33]
with a 4 h saturation of leaf samples in water at 4 ◦C in the dark. The leaf samples were
taken from four plants of each taxon in the salt treatment and the control groups.

The RWC was calculated as:

RWC = [(FW − DW)/(SW − DW)] × 100

where FW, DW, and SW denote the fresh, dry, and fully saturated weights of the leaf
samples, respectively.

2.6. Determination of Chlorophyll and Carotenoid Pigments

The assimilation pigments chlorophyll a (Chla), chlorophyll b (Chlb), and carotenoids
were extracted with 80% acetone and MgCO3 powder using a mortar. Six circular leaf pieces
were taken from twenty plants of each taxon in the salt treatment and the control groups.
Samples were taken from the middle part of the seedlings. After complete extraction, the
mixture was filtered, and the volume adjusted to 10 mL with cold acetone. The resulting
extracts were immediately assayed spectrophotometrically. The absorbance of the extract
was measured at 440, 645, and 663 nm using a spectrophotometer (Lange DR 3900, Hach,
Loveland, CO, USA). The levels of each pigment were determined using the coefficients
and equations determined by Lichtenthaler and Buschmann [34].

2.7. Ion Contents

The analysis of selected elements (K, Na) was determined using an inductively coupled
plasma optical emission spectrometer (ICP-OES 720, Agilent Technologies, Mulgrave, VIC,
Australia) in axial plasma configuration together with the SPS 3 autosampler (Agilent
Technologies, Basel, Switzerland).

The samples were mineralized in the high-performance microwave digestion sys-
tem Ethos UP (Milestone S.r.l., Sorisole, Italy) in a solution of 5 mL HNO3 ≥ 69.0%
(TraceSELECT®, Honeywell Fluka, Morris Plains, NJ, USA), 1 mL H2O2 ≥ 30% for trace
analysis (Sigma-Aldrich, Saint Louis, MO, USA), and 2 mL of ultrapure water (18.2 MΩ cm−1;
25 ◦C, Synergy UV, Merck Millipore, Molsheim, France). In the experiment, multielement
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standard solution V for ICP (Sigma-Aldrich Production GmbH, Basel, Switzerland) was
used. The legitimacy of the whole method was verified using a certified reference material
(CRM–ERM CE278 K, Sigma-Aldrich Production GmbH, Basel, Switzerland) [35].

2.8. Statistical Analysis

The normality and homogeneity of variance for all the variables were determined
based on Shapiro–Wilk’s test (at a significance level of α = 0.001) and Levene’s test (at a
significance level of α = 0.05). Grubbs’ test was used to detect and remove single outliers
in the experimental dataset. Two-way ANOVA analysis comparing the effects of taxon,
salt treatment, and the interactions between them was used to assess differences between
P. pyraster and T. cordata seedlings grown under salt treatment. The multiple comparison
of means was performed using the Tukey honest significant difference (HSD) test (at
significance levels of α = 0.05). Regression analysis was applied for assessment of the
relationships between RWC, Ψwl, and the cumulative salt uptake.

Statgraphics Centurion XVII software (StatPoint Technologies, Warrenton, VA, USA,
XVIII, license number: B480-E10A-00EA-P00S-60PO) was used for statistical data analysis.

3. Results

3.1. Effect of Salinity on Growth and Mass Accumulation of Plant Organs

T. cordata is more efficient in biomass production compared to P. pyraster, as per the
documented data on the fresh weight (FW) and relative biomass increment (RBI) for the
control plants (Table 2). Salinity (salt stress) had a strong but variable effect on the growth
and mass accumulation of plant organs. RBI was significantly reduced for both species, but
only for T. cordata was the decrease in both total FW and DW considered significant. Under
salt treatment, the dry mass values of the aboveground organs (DWS) (−26%) as well as
of the root (DWR) (−46%) were significantly reduced for T. cordata seedlings. The stem
increment and leaf dry mass (DWL) were not affected, but salinity reduced the radial growth
of the stem manifested by the decrease in the stem dry mass (SDW) (−35%) compared to the
control (Table 2). The root growth in length (−47%) and volume (−54%) were also reduced.
Under salt treatment, DWS and DWR were not significantly reduced for P. pyraster seedlings.
P. pyraster adapted to salinity by investing in root growth, as it increased the number of
root tips (NRT) and maintained a balanced root length. The average root diameter (ARD)
and root volume (RV) (−32%) of the salt-treated seedlings were reduced. Salinity did not
significantly change the R:S for P. pyraster seedlings, but this was reduced for T. cordata.
Under salt treatment, T. cordata has limited root growth and preferentially accumulated
dry mass in the aboveground organs (leaves). The substrate salinity negatively affected
the growth and development of the leaves of both studied species, which is documented
by the reduction in leaf area (LA) (T. cordata −26%, P. pyraster −35%) compared to control
plants. In both species, the specific leaf area (SLA) was also reduced in response to salinity
(Table 2). However, leaf injury symptoms only appeared in Tilia seedlings. The first signs
of damage appeared after 35 days of the experiment (when 265 mL of 100 mM NaCl had
already been applied to the substrate) in the form of leaf yellowing (Figure 2A) and, later,
leaf edge burning (Figure 2B) and early leaf dropping (Figure 2B,C). P. pyraster seedlings
showed no symptoms of leaf damage during the experiment.

3.2. Leaf Water Status under Salt Treatment

The water potential of the leaf tissues was influenced by the taxon as well as by the
cumulative amount of applied saline solution at a concentration of 100 mM NaCl, which
was regularly applied to the substrate. At the beginning of the experiment, the water
potential of the leaf tissues was significantly higher for T. cordata (−0.71 MPa) compared to
P. pyraster (−1.46 MPa). From the beginning of the salt treatment, Tilia maintained balanced
Ψwl values (−1.00 ± 0.36) for 30 days, when 225 mL of 100 mM NaCl per plant had been
added to the substrate (Figure 3). However, Ψwl was significantly reduced at the 40th
day (−2.45 MPa) and 50th day (−3.22 MPa) of the salt treatment. P. pyraster maintained a
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balanced Ψwl (−1.50 ± 0.22 MPa) throughout the whole experiment (Figure 3). A significant
increase in the water potential was observed only at day 30 of the experiment.

Table 2. The growth parameters and biomass allocation of P. pyraster and T. cordata seedlings in
the pot experiment after 50 days of salt treatment. The multiple comparison of means (n = 20) was
performed using the 95% Tukey honest significant difference (HSD) test. Data are the mean values
and standard deviations (±SD). Mean values followed by different letters are significantly different.

p-Value Control 100 mmol NaCl
Parameter T S T × S P. pyraster T. cordata P. pyraster T. cordata

Stem length
(mm) 0.00 0.02 0.84 281.94 (±64.82) b 399.90 (±91.42) a 242.79 (±49.69) b 353.50 (±74.51) a

Stem increment
(mm) 0.00 0.02 0.42 117.44 (±62.65) b 235.70 (±82.90) a 65.86 (±37.06) c 210.40 (±71.10) a

LA (mm2) 0.00 0.00 0.02 12,843.20 (±4810.70) b 51,364.80 (±10,898.80) a 8340.84 (±2732.16) c 37,860.00 (±9278.79) d
SLA

(mm2·mg−1) 0.00 0.00 0.18 17.76 (±2.23) b 33.01 (±5.06) a 15.53 (±2.22) c 28.19 (±5.04) d
DWL (mg) 0.00 0.01 0.74 723.78 (±256.67) b 1594.65 (±423.24) a 544.57 (±183.86) c 1364.20 (±332.04) a
SDW (mg) 0.00 0.00 0.01 1134.83 (±469.02) b 2357.10 (±779.90) a 979.21 (±369.60) b 1542.45 (±397.21) c
DWS (mg) 0.00 0.00 0.08 1858.61 (±710.76) b 3951.75 (±1185.07) a 1523.79 (±505.60) b 2906.65 (±709.21) c

RBI (%) 0.01 0.00 0.36 123.80 (±67.41) b 175.13 (±70.47) a 54.87 (±37.68) c 80.49 (±45.98) c
FWS (mg) 0.00 0.00 0.00 4218.50 (±1628.89) a 11,942.20 (±3353.35) b 3201.21 (±1059.03) a 7386.70 (±1866.87) c
FWR (mg) 0.00 0.00 0.00 3588.11 (±1241.37) a 8170.40 (±2945.84) c 3083.79 (±1127.77) a 4164.90 (±885.26) a
RL (mm) 0.00 0.00 0.00 7826.26 (±1925.41) a 19,607.50 (±4212.76) b 8439.39 (±3935.52) ac 10,326.20 (±1812.39) c

SRL (mm·mg−1) 0.00 0.91 0.30 5.81 (±1.58) b 8.10 (±2.54) a 6.45 (±3.10) ab 7.59 (±2.05) a
DWR (mg) 0.00 0.00 0.00 1405.33 (±420.96) b 2650.30 (±928.65) a 1377.79 (±511.18) b 1429.55 (±331.48) b
RSA (mm2) 0.00 0.00 0.00 11,224.10 (±2955.99) b 25,545.90 (±6564.05) a 8812.52 (±3580.33) c 13,677.80 (±2451.54) d
ARD (mm) 0.13 0.00 0.00 0.54 (±0.06) a 0.49 (±0.06) b 0.40 (±0.06) c 0.49 (±0.04) b

NRT 0.00 0.00 0.00 2044.78 (±710.42) b 7375.80 (±2502.22) a 2742.93 (±1178.07) c 3923.70 (±976.10) d
RV (mm3) 0.00 0.00 0.00 4981.76 (±1804.35) b 12,760.70 (±4552.20) a 3386.21 (±1260.69) c 5919.14 (±1548.73) b

R:S 0.00 0.93 0.00 0.83 (±0.22) a 0.68 (±0.16) b 1.00 (±0.42) a 0.50 (±0.09) c

T—taxon; S—salt treatment; T × S—interaction between the taxon and salt treatment; LA—leaf area; SLA—specific
leaf area; DWL—dry mass of leaves; SDW—dry mass of the stem; DWS—dry mass of shoots; RBI—relative biomass
increment; FWS—fresh mass of shoots; FWR—fresh mass of roots; RL—root length; SRL—specific root length;
DWR—dry mass of roots; RSA—root surface area; ARD—average root diameter; NRT—number of root tips;
RV—root volume; R:S—root to shoot mass ratio.

 

Figure 2. The leaf damage on T. cordata seedlings due to a high concentration of Na+ ions. The first
symptoms appeared after 35 days of salt treatment in the form of (A) leaf yellowing; (B) leaf edge
burning; and (C) early leaf fall after 50 days of salt treatment.

RWC values for P. pyraster and T. cordata seedlings demonstrated differences in the
species responses to salinity (Figure 4). At the beginning of the experiment, the RWC values
were in the range of 96.95 ± 1.34% for T. cordata and in the range of 96.19 ± 0.26% for
P. pyraster. On day 30 of the salt treatment, a significant decrease in the RWC (84.04 ± 7.5%)
was observed for P. pyraster, but the values of this parameter later increased and remained
stable until the end of the experiment (89.48 ± 4.80%). The RWC values for T. cordata
steadily declined from the beginning of the saline treatment (Figure 4), but a significant
decrease (80.71 ± 6.49) was demonstrated on day 50 of the experiment after the cumulative
NaCl intake per plant exceeded 300 mL.
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Figure 3. Box plot for the water potential of leaf tissues (Ψwl) of the seedlings of P. pyraster and
T. cordata measured at the beginning of the experiment (0 mL) and during the experiment when
treated with 100 mM NaCl solution. Significant differences between measurements (p < 0.05) are
indicated by different letters.

Figure 4. Box plot for the relative water content (RWC) for seedlings of P. pyraster and T. cordata
measured at the beginning of the experiment (0 mL) and during the experiment when treated with
100 mM NaCl solution. Significant differences between measurements (p < 0.05) are indicated by
different letters.

The obtained data document different reactions of the studied species to salinity and,
therefore, varying mechanisms for regulating water uptake. The leaf tissues of T. cordata
have a demonstrably higher water potential than P. pyraster; however, at a higher cumula-
tive salinity level (above 300 mL per plant), the values of Ψwl decreased sharply, similar to
the RWC. P. pyraster maintained a balanced water potential and relative water content in
the leaves under salt treatment, even at a higher cumulative NaCl intake per plant.
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3.3. Salt Ion Uptake and Distribution

Significant differences were observed in the studied species in terms of the uptake
and distribution of salt ions to the plant organs. During the experiment, the same amount
of salt solution was applied to the substrate per plant, but T. cordata seedlings absorbed
significantly more Na+ ions compared to P. pyraster (Figure 5). P. pyraster accumulated
Na+ ions mainly in the root (75%), and a low amount of Na+ was distributed to the
aboveground organs—stems (19%) and leaves (6%) (Figure 6). Similarly, T. cordata retained
the majority of Na+ ions in the root system (55%); however, a relatively high proportion was
also distributed to the stems (34%) and leaves (11%). Compared to the untreated control,
T. cordata significantly increased the uptake of K+ ions, and preferentially distributed them
to the stem and leaves under salt treatment. The K+ content did not change in the leaves of
P. pyraster compared with the control, but it was significantly reduced in the stem and root
system (Figure 4). Increased NaCl uptake competed with K+ intake and led to a significant
change in the K+/Na+ ratio in the plant organs. The significant differences in the K+/Na+

ratio are influenced by the increased salt content in the substrate and are species-specific
(Figure 5). In the roots of P. pyraster, the K+/Na+ ratio decreased (−81%) from 15.1 (control)
to 2.8 (salt-treated seedlings). In T. cordata roots, the change in the K+/Na+ ratio was even
more pronounced (−94%) and decreased from 17 (control) to 1 for salt-treated seedlings
(Figure 5). A significant decrease (−96%) in the K+/Na+ ratio was detected in the leaves
of T. cordata in comparison to both the control as well as salt-treated P. pyraster seedlings
(−77%). Compared to P. pyraster, T. cordata distributed a six times higher amount of Na+ to
the leaves, which negatively affected the condition of the leaf apparatus and induced the
development of necrosis (Figure 2). P. pyraster blocked salt uptake at the level of the root
system, and thus protected its leaves from intoxication and damage.

3.4. Effect of Salinity on Photosynthetic Pigments

The content of photosynthetic pigments for the seedlings of the studied tree species
is species-specific. Compared to T. cordata, P. pyraster has a significantly higher content
of photosynthetic pigments according to the relevant parameters for the control and salt-
treated plants (Table 3). A significant reduction in the chlorophyll content was observed
in the leaves of T. cordata seedlings after the application of 100 mM NaCl in a cumulative
volume of 365 mL NaCl per plant. The contents of total chlorophyll (Chlab), Chla, and Chlb
were decreased by NaCl stress. The carotenoid content and the Chl a/b ratio did not change
for the salt-treated seedlings compared to the control. P. pyraster seedlings maintained a
balanced content of photosynthetic pigments in the leaves during 50 days of the continual
salt treatment.

Table 3. The contents of photosynthetic pigments in the leaves of P. pyraster and T. cordata seedlings
after 50 days of salt treatment. Mean values followed by different letters are significantly different.

p-Value Control 100 mM NaCl
Parameter T S T × S P. pyraster T. cordata P. pyraster T. cordata

Chl a (mg·mm−2) 0.00 0.04 0.02 378.15 (±78.82) a 289.94 (±41.93) b 380.93 (±87.60) a 221.22 (±45.92) c
Chl b (mg·mm−2) 0.00 0.02 0.05 145.29 (±34.35) a 122.54 (±16.31) b 143.13 (±32.20) a 95.52 (±19.79) c
Chl ab (mg·mm−2) 0.00 0.03 0.03 523.31 (±112.26) a 412.37 (±57.72) b 523.92 (±117.65) a 316.67 (±65.38) c

Chl a/b
(mg·mm−2) 0.00 0.96 0.25 2.62 (±0.14) a 2.37 (±0.10) b 2.66 (±0.29) a 2.32 (±0.11) b

Carotenoids
(mg·mm−2) 0.00 0.62 0.22 109.79 (±19.55) a 83.78 (±11.82) b 112.87 (±23.30) a 76.63 (±14.00) b

T—taxon; S—salt treatment; T × S—interaction between the taxon and salt treatment.
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Figure 5. The salt ion content (Na+, K+, and K+/Na+) in the (A) leaves, (B) stems, and (C) roots of
two-year-old seedlings of P. pyraster and T. cordata after 50 days of continuous 100 mM NaCl saline
application and in the control. The bars indicate the mean values of the ion content in the plant
organs from a sample of 10 plants. Significant differences (p < 0.05) are indicated by different letters.
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Figure 6. The content and distribution of Na+ ions in the plant tissues (leaves, stem, roots) of
P. pyraster and T. cordata seedlings grown for 50 days under salt treatment with 100 mM NaCl solution.
The values above the bars indicate distribution to the plant organs as a percentage of the total Na+
ion uptake.

3.5. Effect of Salinity on Leaf Gas Exchange

Species–specific differences were observed in all examined gas exchange parameters
(gs, E, An, WUE) (Table 4). The P. pyraster seedlings had significantly reduced gs and E in
response to salinity on day 20 of regular NaCl application to the substrate. The reductions
in gs and E were observed in response to the osmotic phase of the salinity stress. During
the experiment, P. pyraster seedlings maintained balanced values of both parameters (gs,
E) compared to the control under increasing cumulative NaCl intake to the substrate.
P. pyraster seedlings had balanced values of An and WUE without significant changes
compared to the control throughout the whole experiment. In response to the salt treatment,
the seedlings of T. cordata had reduced gs and increased WUE on days 20 and 40 of the
experiment, when the cumulative salt uptake was 155 and 295 mL per plant, respectively.
The transpiration rate decreased significantly on day 40 of the experiment (0.27 ± 0.12 mmol
H2O m−2·s−1) compared to the control (0.58 ± 0.19 mmol H2O m−2·s−1). A significant
decrease in An was observed on day 50 of the experiment, which indicates that salt stress
has a negative impacts on photosynthesis. The decreases in the stomatal conductance
and transpiration rate were transient for P. pyraster seedlings, which maintained balanced
photosynthesis even under conditions of higher cumulative salt content in the substrate.
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Table 4. The parameters of leaf gas exchange in the leaves of P. pyraster and T. cordata seedlings after
50 days of salt treatment (n = 5). Mean values followed by different letters are significantly different.

CSI (mL
Plant−1)

DOT

Parameter
p-Value P. pyraster T. cordata

T S T × S Control 100 mM NaCl Control 100 mM NaCl

155 gs (mmol H2O
m−2 s−1) 0.060.00 0.53 83.00 (±19.65) a 46.80 (±14.60) bc 69.50 (±4.95) ac 21.50 (±0.71) b

20th An (μmol CO2
m−2 s−1) 0.850.34 0.13 4.66 (±1.17) a 4.36 (±0.57) a 4.00 (±0.44) a 5.20 (±0.42) a

E (mmol H2O
m−2 s−1) 0.220.01 0.48 0.73 (±0.23) a 0.44 (±0.13) b 0.67 (±0.24) ab 0.23 (±0.01) b

WUE (mmol
CO2 mol−1 H2O) 0.000.00 0.00 7.11 (±3.15) a 8.61 (±1.23) a 6.61 (±2.55) a 22.60 (±0.46) b

225 gs (mmol H2O
m−2 s−1) 0.000.00 0.38 144.60 (±24.11) a 96.40 (±22.50) b 59.25 (±15.35) c 28.00 (±11.63) d

30th An (μmol CO2
m−2 s−1) 0.000.13 0.61 7.44 (±0.80) a 6.98 (±0.39) a 5.46 (±1.02) b 4.56 (±1.31) b

E (mmol H2O
m−2 s−1) 0.000.02 0.51 1.16 (±0.15) a 1.02 (±0.15) a 0.65 (±0.18) b 0.40 (±0.17) b

WUE (mmol
CO2 mol−1 H2O) 0.000.21 0.47 6.48 (±1.00) a 6.96 (±0.87) a 10.35 (±2.60) b 12.07 (±2.36) b

295 gs (mmol H2O
m−2 s−1) 0.000.00 0.90 103.2 (±29.12) a 69.25 (±27.11) ab 61.89 (±23.18) b 25.40 (±14.72) c

40th An (μmol CO2
m−2 s−1) 0.000.64 0.36 7.62 (±0.70) a 7.06 (±1.18) a 5.71 (±1.03) b 4.13 (±2.05) b

E (mmol H2O
m−2 s−1) 0.010.00 0.37 0.74 (±0.16) a 0.56 (±0.20) a 0.58 (±0.19) a 0.27 (±0.12) b

WUE (mmol
CO2 mol−1 H2O) 0.740.03 0.63 10.79 (±2.59) ab 13.35 (±4.48) ab 10.55 (±3.02) a 14.51 (±3.83) b

365 gs (mmol H2O
m−2 s−1) 0.000.21 0.80 115.00 (±30.22) a 101.80 (±39.06) a 56.57 (±25.05) b 37.00 (±8.79) b

50th An (μmol CO2
m−2 s−1) 0.000.06 0.42 7.36 (±0.82) a 6.86 (±1.21) a 5.11 (±0.74) b 3.95 (±0.85) c

E (mmol H2O
m−2 s−1) 0.000.27 0.93 0.87 (±0.17) a 0.79 (±0.22) ac 0.53 (±0.19) bc 0.43 (±0.13) b

WUE (mmol
CO2 mol−1 H2O) 0.350.75 0.96 8.47 (±1.62) a 8.91 (±0.91) a 9.66 (±3.05) a 9.98 (±3.47) a

DOT—day of treatment; CSI—cumulative NaCl intake per plant; T—taxon; S—salt treatment; T × S—interaction
between the taxon and salt treatment; An—net assimilation rate; E—transpiration rate; gs—stomatal conductance
to water vapor; WUE—water use efficiency.

4. Discussion

Salinity causes severe physiological dysfunctions in plants in addition to indirect
damage, even at low concentrations [25]. The growth reduction due to salinity has been
documented for many plant species, but not halophytes [26]. Several authors particularly
refer to the reduction in shoot growth [2,36–39]. In our study, salinity significantly reduced
the fresh and dry matter of T. cordata seedlings (FW: 56%; DW: 34%). A significant reduction
in shoot and root matter was not confirmed for P. pyraster seedlings under salt treatment,
where the mass accumulation did not change compared to the control plants. P. pyraster
invested in root growth, increased the number of root tips and maintained the balanced
parameters RL and SRL under salt treatment. Our previous research shows that P. pyraster
maintains a balanced ratio of the mass distribution between underground and aboveground
organs (R:S) even under conditions of water scarcity [40,41]. The findings suggest the
effective water uptake and retention of salt ions in the root system of P. pyraster. T. cordata
demonstrably reduced the length of the root (−47%) and the number of root tips (−47%)
under salt treatment, which reduced the exploratory capacity of the root system. The
obtained data indicate both effective water uptake as well as retention of salt ions in the root
system for P. pyraster. The continuous growth of roots allows for the continuous exploration
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of new soil for water and the partial alleviation of water stress through improvements in
the water supply [42]. Increasing the proportion of root system mass in plants exposed to
salinity has a positive effect through the increased retention of toxic salt ions in the root,
thus limiting their transfer to aboveground organs (especially leaves) [2], which can be a
typical mechanism of resistance or survival in condition of excessive salinity [43,44].

Under salt treatment, the seedlings of the studied tree species had reduced leaf area
(Pyrus: 35%; Tilia: 26%), which is considered a typical response to salt stress. P. pyraster
formed smaller leaves and showed significantly reduced shoot growth (−43%). According
to Munns and Tester [1], a significant reduction in the size of individual leaves or the
number of shoots is the main effect of salinity that manifests in dicotyledonous species.
T. cordata seedlings maintained balanced stem growth and dry matter accumulation in the
leaves even after salt treatment. The reduction in the leaf area was due to damage and early
leaf fall. The first symptoms of leaf damage appeared on T. cordata seedlings on day 35
from the beginning of the salt treatment. The salt ions were accumulated in the leaves to
the level of toxic concentration, which caused leaf damage and the decay of photosynthetic
pigments. According to Munns and Tester [1], the “ion-specific” phase of plant response to
salinity begins when a toxic level of salt concentration in leaf tissues is reached. According
to these authors, the leaf development during long-term salinity is mainly influenced by the
ability of plants to prevent the accumulation of salt ions in assimilation organs in addition
to producing new leaves faster than salt-intoxicated leaves are dying.

The control of salt uptake by the roots and the regulation of salt distribution to the
aboveground organs are important mechanisms in preventing the concentration of salt ions
in plant leaves. It is considered to be a significant characteristic of the plant tolerance to
salinity [45–49]. Both studied tree species accumulated salt ions mainly in the root (Pyrus
75% and Tilia 55%). However, when the same cumulative volume of the salt solution was
applied to the substrate (365 mL) in each plant, T. cordata seedlings deposited 4.5 times more
Na+ ions in the plant tissues (Figure 5) and specifically distributed six times more Na+ ions
to the leaves compared to P. pyraster. A high salt uptake negatively affected the condition
and functionality of the assimilation apparatus of T. cordata. P. pyraster blocked the salt
uptake in the root system (75%) and deposited a portion of the Na+ ions the stem (19%),
thus protecting the leaf apparatus from intoxication and damage. The effective limitation
of the salt uptake and the deposition of ingested salt ions in the root can be considered
a manifestation of the tolerance of P. pyraster seedlings to salinity. The mechanisms for
blocking salt ions in the stem and root system have been identified for P. amygdaliformis and
P. elaeagrifolia [50]. These species showed no symptoms of leaf damage even after 30 days of
150 mM NaCl treatment nor any changes in the photosynthetic rates. A similar restriction
and blocking of Na+ ions in trunk wood is reported for P. communis by Boland et al. [51].

Salinity affects nutrient uptake and significantly reduces K+ content in the plant
tissues of many species [52–54]. The exclusion of Na+ from plant tissues is considered
a mechanism for the optimization of the K+/Na+ ratio [55,56]. The ability of plants to
optimize the K+/Na+ ratio (through K+ retention or the prevention of Na+ accumulation
in leaves) is considered to be a key feature of salt tolerance [57,58]. Under salt treatment,
T. cordata significantly increased the uptake and distribution of K+ to the leaves and stems,
while P. pyraster maintained a balanced K+ content in only the leaves, probably due to the
effective restriction of Na+ transfer and deposition in leaves (Figure 5A,B). The seedlings of
the studied tree species each applied different strategies for the optimization of the K+/Na+

ratio in the plant tissues, i.e., an increased K+ uptake (T. cordata) or restricted uptake and
transfer of Na+ (P. pyraster).

Salinity also affects the water–plant relationship, as the salts present in the substrate
prevent the absorption of water by the root system due to the osmotic effect [59]. The
accumulation of salts in the root zone causes a decrease in the osmotic potential, with
a consequent decrease in the water potential [60–62]. Under salinity conditions, plants
show symptoms of dehydration, indicating a lower water potential due to poor water
uptake or less water availability in the substrate [63,64]. P. pyraster quickly reduced water
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uptake due to the higher concentration of the salt ions in the root zone. The decrease in
the RWC (Figure 4) was the result of a high concentration of the external salt solution,
which according to Greenway and Munns [65], causes osmotic stress and dehydration at
the cellular level. P. pyraster was effective in the restriction of salt uptake and transport to
the leaves. Salt ions were maintained in the root system and in the stem, which allowed the
restoration of the water uptake through a slight increase in the water potential of the leaf
tissues (Figure 3). The balanced values of the water potential were maintained for P. pyraster
even under increasing cumulative salt content in the substrate. The decrease in the RWC
and Ψwl under increasing salinity was observed for T. cordata seedlings. The significant
decrease in Ψwl (−2.48 MPa) was accompanied by the severe symptoms of the leaf damage.
T. cordata was not effective in blocking salt uptake by the root system and transported Na+

ions to the leaves that were damaged due to salt accumulation. The T. cordata seedlings
were particularly affected by ionic stress, which dominates only at high levels of salinity or
in sensitive species that lack the ability to control Na+ transport [1].

The data obtained in our study indicate the species-specific content of photosynthetic
pigments in the leaves of T. cordata and P. pyraster. The contents of Chla, Chlb, and Chlab
were significantly reduced only for T. cordata seedlings after the regular application of
100 mM NaCl solution in the total cumulative volume of 365 mL per plant. The chlorophyll
parameters were not reduced for P. pyraster compared to the control plants. The balanced
content of photosynthetic pigments indicates the tolerance of P. pyraster to salinity. Saline-
tolerant plants have increased or unchanged chlorophyll content in the leaves when treated
with salt, while chlorophyll content decreases in saline-sensitive plants [66,67]. Chlorophyll
content in leaves is considered to be a biochemical indicator of the plant’s tolerance to
salinity [54]. Compared to T. cordata, P. pyraster seedlings have a significantly higher content
of carotenoids, which, according to several studies, stabilize the photochemical processes
of photosynthesis under stress conditions [68].

The seedlings of P. pyraster and T. cordata had reduced gs in the early response to salt
treatment (after 20 days). The decrease in the transpiration rate (E) was observed only for
P. pyraster. Stomatal plant responses are induced by the osmotic effect of salinity in the root
zone [1]. A reduction in gs can prevent excessive water loss by transpiration, similarly to
what has been observed for plants in desiccating soil [69]. P. pyraster limited water loss
in the initial (osmotic) phase of salt stress and maintained a steady net photosynthetic
rate (An) per unit area throughout the whole experiment. The rate of photosynthesis
per leaf unit area often remains unchanged for salt-treated plants, even under reduced
stomatal conductance [70]. It is associated with changes in the cell anatomy that give rise
to smaller, thicker leaves and lead to higher chloroplast densities per unit leaf area [1]. As
these authors state, when photosynthesis is expressed on the basis of a chlorophyll unit
and not on the basis of leaf area, the reduction due to salinity can usually be measured.
Therefore, the reduction in the leaf area due to salinity means that photosynthesis per plant
is always reduced.

The ratio of stomatal opening and the level of photosynthesis (water use efficiency,
WUE) are used as indicators of plant tolerance to osmotic stress [2,71]. T. cordata seedlings
responded to salinity by increasing WUE. The increase in WUE was evident in two stages
(on days 20 and 40) of the experiment, which is related to the increasing cumulative NaCl
uptake per plant. Due to the high accumulation of Na+ ions in the leaves (ionic stress), the
abovementioned adaptive reactions decreased the water potential of the leaf tissues and
also significantly decreased the net photosynthetic rate (An) on day 50 of the experiment.
Despite the adaptive reactions of T. cordata seedlings to osmotic stress, Ψwl significantly
decreased on day 40 of the experiment due to the high accumulation of Na+ ions in the
leaves (ionic stress). In the long term, a high salinity level had a negative impact on
photosynthesis (decrease in An) in T. cordata seedlings. The accumulated salts in the leaves
may inhibit enzymes involved in carbohydrate metabolism or exert a direct toxic effect on
photosynthetic processes [1].
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5. Conclusions

Differences in tolerance to salinity were identified for P. pyraster and T. cordata seedlings
as well as different mechanisms when coping with salt stress. The results document the
significance and role of the root system in the resistance and survival of woody plants
under saline conditions. Balanced root growth improves water supply and has a positive
effect via the retention of toxic salt ions, which restricts their transfer and accumulation
in leaves.

Under salt treatment, P. pyraster maintained a balanced growth and biomass accumula-
tion in the root, as observed in the balanced root parameters RL, SRL, FWR, and DWR, and
the increased number of root tips. The P. pyraster seedlings reduced the size of the leaf area
in response to osmotic stress, i.e., increased salinity in the root zone. The seedlings formed
smaller leaves, effectively regulated stomatal conductance, and maintained balanced values
of RWC and Ψwl. P. pyraster blocked salt uptake via the root system and in the stem, thus
protecting the leaf apparatus from intoxication and damage. The rate of photosynthesis per
leaf unit area (An) remained unchanged under increasing salinity throughout the whole
experiment. The reduced water loss, effective limitation of the salt uptake, deposition of
ingested salt ions in the stem and roots, balanced content of photosynthetic pigments, and
protection of the leaf apparatus against intoxication observed in P. pyraster seedlings are
indicative of their tolerance to salinity.

We consider the effective limitation of the salt uptake and deposition of the ingested
salt ions in the root to be a manifestation of the tolerance of P. pyraster seedlings to salinity.
This tree species reduced water loss in the initial (osmotic) phase of salt stress and main-
tained a steady rate of photosynthesis (An) per unit area throughout the whole experiment.

T. cordata seedlings regulated water loss (gs) and maintained balanced photosynthesis
(An) in the early response to osmotic stress. However, they were not effective in the
restriction of salt uptake by the root system. Na+ ions were transported to the leaves,
which were damaged by the accumulation of salt ions. The seedlings were not able to
cope with the ionic stress that dominates at high levels of salinity or in sensitive species
that lack the ability to control Na+ transport. Despite adaptive reactions (gs regulation,
growth restriction), a significant decrease in Ψwl and An was observed for salt-treated
T. cordata seedlings. The obtained findings show weak tolerance to salinity for T. cordata in
the juvenile stage of growth.

This comparison of the early stages of growth shows that P. pyraster can cope with
salinity in urban conditions. However, a deeper study of the effects of different forms and
levels of salinity on these tree species is necessary in order to further our understanding of
the mechanisms of salinity tolerance.
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Abstract: The growth and aesthetic value of ornamental plant species used near coastlines are nega-
tively influenced by salt spray. The presence of surfactants could enhance salt damage. To analyze
the influences of salt spray and surfactants alone and in combination with each other, individual
Callistemon plants were subjected to different treatments for 8 weeks: a solution simulating the com-
position of seawater (salt spray), a solution containing an anionic surfactant (surfactant), a solution
with salt spray and anionic surfactant (salt plus surfactants), and deionized water (control). To study
the influence of different climatic conditions, two growing periods, from January to March (I CP)
and from May to July (II CP), were established. Salt spray, alone or with surfactant action, influences
plants’ growth and aesthetic features in different cycle periods. The percentage of leaf damage
significantly increased with salt spray and salt plus surfactants during II CP (~27%). Additionally,
the Na+ and Cl− contents were enhanced in the leaves in both CPs, but the contents in the roots
were only enhanced in the II CP. The gas exchanges were significantly influenced by the treatments,
especially during the II CP, when a reduction in net photosynthesis due to salt spray was observed
starting from the second week of stress. At the end of the experiment, in both cycle periods, the
leaf proline content increased in the salt spray and salt plus surfactants treatments. In both CPs,
PCA revealed that the morphological and physiological parameters were directly associated with the
control and surfactants treatments, whereas the mineral contents and biochemical parameters were
directly correlated with the salt and salt plus surfactants treatments. The additive effect of surfactant
stress, compared to salt stress, did not appear to be significant, with the exception of CP II, and for
some parameters, the solubilization action of surfactants was favored by higher temperatures.

Keywords: coastal areas; ornamental plants; gas exchange; chlorophyll a fluorescence; enzyme
activity; proline

1. Introduction

In coastal gardens and ornamental green areas, one of the main problems observed
is related to salt stress originating from sea spray, which damages plants [1,2]. In this
landscape, salt spray may limit plant growth and survival [3], altering coastal species’
composition [4] and thus influencing the ornamental and ecological value of plant commu-
nities [5,6].

The negative effects of salts on ornamental plants are observed above all on their
aesthetic appearance, which is an essential trait [7]. The visual aspect, although a subjective
parameter, is of fundamental importance when evaluating the salt tolerance of landscape
plants [8]. Among the different species used in urban landscaping, salt tolerance differs con-
siderably [9] according to the morphological and physiological characteristics of different
genotypes. Most ornamental plant species are non-halophytes; therefore, the assessment of
salt tolerance is necessary [10]. The species selected for inclusion in urban green areas must
not only survive but must also maintain suitable aesthetic characteristics [11].
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Although plant species typical of coastal areas are resistant to the presence of salt on
their leaves [12], plant growth and reproduction can be negatively affected when they are
exposed to salt spray, and when salt water penetrates into the groundwater [13]. When salt
is applied to roots, the damage is less significant than that seen from salt sprays [14]. Salt
spray can reduce plant growth because it determines water stress; leads to the disruption
of membranes and enzyme systems; causes the inhibition of nutrient uptake, necrosis, and
the loss of leaves, and can lead to mortality [15].

In modern societies, surfactants are often used in the form of detergents and pesticides.
Given their wide usage, these substances cause pollution in aquatic environments. The
foliar absorption of sea salt through stomatal and cuticular penetration can be increased by
the presence of surfactants in seawater [16].

The wide uses of surfactants in chemical industries, such as household products,
industrial cleaning, ink, pharmaceuticals, and personal care, can affect the environment and
human health. In 2014, 15.93 million tons of surfactants were used, and in 2022 this figure
is expected to be over 1/3 more (24.19 million tons of surfactants) [17]. The phenomenon is
worrying for the coastal ecosystem because about 10% of this amount is released into the
sea [18].

The damage to coastal flora is mainly caused by the synergic effects of marine salt and
surfactants, but also by the direct actions of the surfactants [19] that are responsible for
the solubilization of cell membranes [20], the increase in the permeability of cuticles [21],
and the dissolution of epicuticular waxes [22], all of which are processes that facilitate the
foliar absorption of salt, and its phytotoxic effects. The effect of surfactants is to degenerate
epicuticular waxes and modify the photosynthetic processes by causing the leaves to absorb
greater quantities of sea salt [23].

Bussotti et al. [24] observed that resistance to salt spray depends on different behaviors
determined by leaf structure (sclerophyllia, cuticle thickness). Reductions in gas exchanges
and photosystem II (PSII) efficiency have been observed in the presence of salt spray
because, although the cuticle of the leaves protects against external agents, it cannot prevent
the penetration of ions and the consequent osmotic and ionic stress [25]. Modifications
in the chlorophyll content and consequently reductions in photosynthesis activity occur
in the presence of saline stress [26]. Stomatal limitation reduces the diffusion of CO2 in
the mesophyll and can contribute to the generation of additional reactive oxygen species
(ROS), which may cause irreversible damage [27].

Photosynthetic pigments can be damaged by ROS, altering the metabolism because
they are highly reactive in the absence of protective mechanisms [28]. In cellular compart-
ments, to counteract the effects of reactive oxygen species, plants have developed different
mechanisms. Generally, plants activate various antioxidant enzymes (superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPX)) [29]. In many species, a close
relationship is clear between stress tolerance and antioxidant activity [30–32]. Catalase,
guaiacol peroxidase, and L-ascorbate peroxidase are all involved in the plant’s responses
to biotic and abiotic stresses. In particular, these enzymes are involved in the scavenging
of reactive oxygen species (ROS), partially reduced forms of atmospheric oxygen, that are
highly reactive and capable of causing oxidative damage to the cell.

Among the ROS, the most dangerous is the superoxide anion; this is scavenged
in plants by superoxide dismutase, which converts the superoxide anion to hydrogen
peroxide [33]. Furthermore, in the context of the detoxification of toxic ROS, the superoxide
anion is a fundamental component of the ascorbate-glutathione cycle [34].

In the presence of abiotic stress, plants accumulate metabolic components, which act
as plant osmotic regulators, such as proline (Pro) and malondialdehyde (MDA) [35–37].

Few studies have been conducted on the response of plants to interactions between
natural stresses in coastal areas; research has generally focused on single stress, leading to
a suitable but incomplete understanding of the response mechanism of plants [38]. The
effect of stress depends on both the intensity of the stress factor and on its duration and
therefore makes it more difficult to understand the response mechanisms and interactions
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between other stresses [39]. In coastal areas, salt spray is often associated with pollutants,
and the role of surfactants is critical in some cases of environmental damage to coastal
vegetation [40]. Interactions with environmental conditions are often important as well;
surfactant experiments carried out during winter produced damage lower down in the
plants than experiments in warmer seasons [41].

To better understand the influence of some of the stronger factors affecting the orna-
mental plants used in the coastal landscape, we selected Callistemon of the Myrtaceae family;
this entire genus is endemic of Australia and occurs in the form of shrubs or small trees. The
Callistemon genus is characterized by a suitable tolerance to drought, salt, and root restric-
tion stresses [42–44]. One of the most interesting ornamental species is Callistemon citrinus
(Curtis) Skeels, characterized by fast growth and abundant blooming with bright colors
and various shapes and volumes [45].

The research related to the effects of salt spray and its interactions with surfactants in
ornamental shrubs is sparse. The aims of this study were to define (i) the influence of salt
spray and surfactants and their interactions on Callistemon plants during two cycle periods
with different climatic conditions; (ii) the morphological, physiological, and biochemical
mechanisms involved in responding to salt spray and surfactants; (iii) the relationships
among different parameters, in order to better understand the action mechanisms.

2. Materials and Methods

2.1. Plant Materials and Treatments

Both cycle periods were operated in an unheated greenhouse located near Catania,
Italy (37◦41′ N 15◦11′ E 89 m a.s.l.). In 3 L pots (16 cm), filled with peat and perlite (2:1
v/v), rooted cutting (two months old) of Callistemon (Callistemon citrinus (Curtis) Skeels)
were transplanted; 2 g L−1 of Osmocote Plus (14:13:13 N, P, K plus microelements) was
added to each pot. A drip system with one 2 L h−1 emitter into each pot was used,
and the plants were irrigated daily. The plants were subjected for 8 weeks to different
treatments: (a) a solution simulating the composition of seawater-salt spray [46] with a
concentration of 401.8 mM (salt spray); (b) a solution containing an anionic surfactant
(sodium dodecylbenzene-sulfonate 82.52%, 50 mg L−1) (surfactants) [3]; (c) a solution
containing salt spray and anionic surfactant (salt plus surfactants); (d) control plants
treated only with deionized water (control). The plants were sprayed twice a week with
different aqueous solutions. To avoid salt deposition on the soil, plastic discs were placed
over the soil surfaces of the potted plants. To investigate the effects of different climatic
conditions, two growing periods were considered: January to March (I CP), with transplant
in November, and May to July (II CP), with transplant in February.

2.2. Plant Materials and Treatments

At the ends of both cycle periods, three pots per replication were randomly chosen
for the determination of shoots’ and roots’ fresh and dry biomass, total leaf area, leaf
number, chlorophyll content, and leaf damage. The dry biomass (DW) of the shoots (leaves
plus stems) and the whole plant (leaves, stems, and roots) was determined by drying the
weighed samples in a thermo-ventilated oven at 70 ◦C until constant weights were obtained.
A leaf area meter (Delta-T Devices Ltd., Cambridge, U.K.) was used for determining the
total leaf area and percentage of leaf damage (necrotic area on total area). The protocol of
Moran and Porath [47] was adopted to measure the chlorophyll content. Dry leaves and
roots were ground in a Wiley Mill and then passed through a 20-mesh screen for the mineral
analysis. Na+ and Cl− contents were determined by chromatography on a Dionex IC 25
(Dionex Corp., Sunnyvale, CA, USA). Ion concentrations were expressed in g kg–1 DW.

2.3. Chlorophyll Content, Gas Exchanges, Chlorophyll a Fluorescence and RWC Measurements

The gas exchanges were registered during both cycle periods, every two weeks
(10:00 am and 2:00 pm). Net photosynthetic rate (AN) and stomatal conductance (gs)
were registered on fully expanded leaves through a CO2/H2O IRGA (LCi, ADC Bioscien-
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tific Ltd., Hoddesdon, UK). Simultaneously, the efficiency of PSII was registered using a
modulated chlorophyll fluorimeter OS1-FL (Opti-Sciences Corporation, Tyngsboro, MA,
USA). Using cuvettes, the leaves were darkened for 20 min before measurement. The
chlorophyll a fluorescence was reported as the Fv/Fm ratio, which shows the maximal
quantum yield of PSII photochemistry, where Fm = the maximal fluorescence and Fv = the
variable fluorescence.

2.4. Estimation of Proline Content

The protocol of Bates et al. [48] was used for determining the proline content, using
L-proline as the standard. In total, 1 g of fresh leaf samples was homogenized in 5 mL of
3% aqueous sulfosalicylic acid and centrifuged at 14,000× g for 15 min (Neya 10R, REMI,
Mumbai, India). The supernatant (2 mL) was blended with an equal volume of acetic acid
and acid ninhydrin, vortexed, and incubated for 1 h at 100 ◦C. An ice bath was used to
stop the reaction, and the solution was extracted with 4 mL of toluene. The sample was
read spectrophotometrically at 525 nm using toluene as the blank (7315 Spectrophotometer,
Jenway, Staffordshire, UK).

2.5. Extraction and Assay of Antioxidant Enzymes

In total, 0.5 g fresh leaf sample was extracted with 4 mL of buffer (50 mM potassium
phosphate, 1 mM EDTA, 1% PVP, 1 mM DTT and 1 mM PMSF, pH 7.8). The samples
were centrifuged at 15,000× g for 30 min at 4 ◦C [49]. The supernatant was picked up
and stored at −80 ◦C for the determination of enzyme activity. The catalase activity (CAT)
was measured via the protocol of Aebi [50]. Then, 20 μL of supernatant was blended with
830 μL of potassium phosphate buffer (50 mM, pH 7). The reaction was initiated by the
addition of 150 μL of H2O2, and we registered the decrease in absorbance (240 nm) for
2 min. The GPX activity was determined using the protocol described by Ruley et al. [34].
A reaction mixture consisting of suitable quantities of enzymatic extracts was employed,
with equal amounts of 17 mM H2O2 and 2% guaiacol. The reaction was registered for 3 min
at 510 nm. The Giannopolitis and Ries [51] protocol was used for determining the SOD
activity (560 nm).

2.6. Climate Conditions

The climate conditions (air temperatures (◦C) and relative humidity (RH %)) in both
cycle periods were registered using a CR 1000 data logger (Campbell Scientific Ltd., Lough-
borough, UK). The mean air temperatures during I CP and II CP were 13.4 ◦C and 21.4 ◦C,
respectively, and the mean relative humidity values were 86% and 76.0%, respectively
(Figure S1).

2.7. Statistical Analysis

Both experimental trials were conducted via a randomized complete design; three
replicates in each cycle period (CP) and for each treatment (T) were used. Statistical analysis
of the data was performed using CoStat release 6.311 (CoHort Software, Monterey, CA,
USA). The data were subjected to two- and one-way analysis of variance (ANOVA), and
the means were compared via a Tukey’s test at p < 0.05. The data presented in the figures
are the means ± standard error (SE).

3. Results

Table 1 shows the main effects and the interaction effects (over cycle periods and
treatments) of morphometric parameters and mineral contents. The two-way ANOVA
showed that the parameters were influenced by cycle and treatments (Table 1). The total
and shoot dry biomass were statistically different in different cycle periods. Significant
differences were found in the root/shoot ratio depending on the two factors and their
interactions. Leaf number and total leaf area were only statistically significant for the cycle
periods. There were no significant differences in chlorophyll content for any factors. The
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mineral contents in the leaves and in the roots were significantly different between cycle
periods and treatments, and their interactions had an effect too. Leaf damage was only
significantly different between treatments. To better understand the effects of the cycle
periods on the treatments, the two cycle periods were separately analyzed.

Table 1. Summary of the main effects and interaction effects of cycle periods (I CP and II CP) and
treatments (control, salt spray, surfactants, and salt plus surfactants) on total and epigeous dry
biomass, root/shoot ratio, leaf number, total leaf area, chlorophyll content, Na+ and Cl− in leaves
and roots, and leaf damage of Callistemon plants with the corresponding significance of the F-values.

Total
Dry

Biomass

Shoot
Dry

Biomass

R/S
Ratio

Leaf
Num-
ber

Total
Leaf
Area

Chlorophyll
Content

Na+

Leaves
Cl−

Leaves
Na+

Root
Cl−
Root

Leaf
Damage

Main
Effects
Cycle

periods
(CP)

F 12.21
**

F 24.42
***

F 178.26
***

F 21.50
***

F 25.59
***

F 0.68
ns

F 19.74
***

F 852.36
***

F 674.85
***

F 98.51
***

F 0.84
ns

Treatments
(T)

F 1.06
ns

F 1.21
ns

F 3.60
*

F 1.33
ns

F 1.60
ns

F 0.12
ns

F 123.46
***

F 522.64
***

F 346.21
***

F 12.27
***

F 440.64
***

Interaction

CP × T F 0.50
ns

F 0.66
ns

F 3.50
*

F 0.67
ns

F 0.57
ns

F 0.11
ns

F 7.37
**

F 184.15
***

F 164.62
***

F 13.94
***

F 9.23
ns

Significance of differences in parameters: ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001 with the
corresponding significance of the F-values.

Salt spray, alone or in combination with the surfactant, significantly influenced the
biomass accumulation in both growing periods (Table 2). The total dry biomass was
reduced in I CP under all treatments by 30% in relation to the control plants (Figure 1a).
During II CP, the total dry biomass was only reduced in the treatment with salt by 33%
(Table 2). Shoot dry biomass showed a similar trend in both cycle periods (Table 2).

All treatments slightly modified root dry biomass (data not shown), and in I CP,
enhanced the root/shoot ratio (Table 2).

The effects of treatments on leaf numbers and total leaf area were observed in both
cycle periods (Table 2). Leaf number and total leaf area were significantly reduced during
I CP in all treatments, with a reduction of 64% in relation to the control plants (Table 2).
A similar trend was registered during II CP, but with only a minor reduction for both
parameters (by 20% and 14% for leaf number and total leaf area, respectively).

The chlorophyll contents in both cycle periods did not change according to the treat-
ments (Table 2).

At the end of I CP, a seven-fold higher leaf Na+ content was registered in plants treated
with salt spray and salt spray plus surfactants in relation to the control plants and those
treated with surfactants only. In II CP, this increase was amplified; 8- and 11-fold increases
were noted in plants treated with salt spray and salt spray plus surfactants, respectively
(Table 2).

A similar trend was registered for the leaf Cl− content; at the end of the I CP, a five-fold
higher Cl− content was noted in the plants treated with salt spray and with salt spray
plus surfactants in relation to the control plants and those treated with surfactants only. In
CP II, we noticed a six-fold increase in plants treated with salt spray and salt spray plus
surfactants (Table 2).

No significant differences were observed in the root mineral content during I CP. In II
CP, on the other hand, an increase in the Na+ content by 33% was observed in plants treated
with salt spray and by 44% in those treated with salt plus surfactants. The Cl− content
increased by 50% in plants treated with salt spray and salt spray plus surfactants (Table 2).
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Figure 1. Net photosynthesis (AN) (a,b) and leaf stomatal conductance (gs) (c,d) in Callistemon
plants during I CP and II CP. Plants were subjected twice a week to nebulization treatments for
8 weeks, depending on their treatments: Control (deionized water), salt spray (solution simulating
the composition of seawater), surfactants (sodium dodecylbenzene-sulfonate), and a solution with
seawater and anionic surfactant. Mean values ± SE (n = 4).

The leaf damage percentages were significantly different among treatments. During
I CP, the average leaf damage percentage was 18% in plants treated with salt spray and
salt spray plus surfactants. During II CP, the maximum value (~27%) was observed in salt
spray plus surfactants plants; no leaf damage was observed in plants treated with only
surfactants in either cycle period (Table 2).

Values are the means ± SE of three replicate samples. n.s. = not significant; *, **, ***
significant at p < 0.05, 0.01 and p < 0.001, respectively. The values in the same column
followed by the same letter are not significantly different at p ≤ 0.05 (Tukey’s test). The
gas exchange in both cycle periods was significantly modified as a result of the treatments
(Figure 1). From the first measurement (2 weeks), Callistemon plants in I CP treated with
salt spray alone or in combination with surfactants showed reductions of 33% and 50% in
AN, compared with the control plants; at the end of I CP, a reduction of 23% in this activity
in salt spray and salt spray and surfactant plants was observed (Figure 1a). The stomatal
conductance values during I CP showed no significant differences (Figure 1c).

During II CP, the reduction in photosynthesis activity was significant immediately
after the second week, and this trend was maintained until the end of the experimental
period. Under control conditions, the net photosynthesis was about 5 μmol CO2 m−2 s−1.
Salt spray alone or in combination caused a progressive decrease in net photosynthesis
assimilation; at the end of the cycle period, a reduction of ~60% was reached (Figure 1b). A
similar response was registered in the stomatal conductance. During the warmer season,
stomatal conductance showed higher values throughout the growth cycle, but a more
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intense reduction was seen at the end of the trial in the salt spray plus surfactants group
(~60%) (Figure 1d), compared with the control plants.

The different values of chlorophyll a fluorescence (Fv/Fm ratio) after exposure to
different treatments in different growth periods are presented in Figure 2a,b. The plants
treated with salt spray and salt spray plus surfactant showed reductions in both cycle
periods, compared with the control plants; the Fv/Fm achieved respective values of 0.67
and 0.71 in I CP, and 0.67 and 0.65 during II CP.

  
(a) (b) 

Figure 2. Maximum quantum efficiency of the PSII (Fv/Fm) of Callistemon plants during I CP (a) and
II CP (b) treated with distilled water (control), salt spray, surfactants, and salt plus surfactants. Values
are means ± SE (n = 3).

In the final part of the experiment, in both cycle periods, the leaf proline content
increased in the salt spray and salt plus surfactants treatment groups, compared with the
control and surfactants plants, in both cycle periods, by 65% and 37% in I CP, and 75% and
63% in II CP (Figure 3).

 

Figure 3. Proline contents in leaves of Callistemon during I CP ( ) and II CP ( ) treated with distilled
water (control,  and  ), salt spray ( and ), surfactants ( and ), and salt plus surfactants (
and ). Values are means ± SE (n = 3). Values with the same letter are not significantly different as
determined by Tukey’s test (p < 0.05).

The enzyme activities, SOD, CAT, and GPX, exhibited significant differences in the
cycle periods, depending on treatments (Figure 4).
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(a) (b) 

 

 

(c)  

Figure 4. Effects of different treatments on catalase (CAT (a)), peroxidase (GPX (b)), and superoxide
dismutase (SOD (c)) activity in Callistemon plants during I CP (( ) and II CP ( ) treated with distilled
water (control, and ), salt spray ( and ), surfactants ( and ), and salt plus surfactants ((
and ). Values are means ± SE (n = 3). Values with the same letter are not significantly different by
Tukey’s test (p < 0.05).

The CAT activity at the end of I CP showed no significant differences. In II CP,
however, the salt spray and the salt spray plus surfactants treatment groups showed
significant increases in this enzyme by 47% compared with the control and surfactants
treatments (Figure 4a).

The GPX activity during I CP was lower in the surfactants compared with the other
treatments (Figure 4b). In the final part of II CP, however, the salt treatments increased the
activity of this enzyme by 42% and 12% in the salt and salt plus surfactants treatments,
respectively (Figure 4b).

In I CP, the SOD activity was much lower and showed its highest values in the salt
treatments, with an increase of 20%. In the second cycle period, the observed values were
much higher and were again even higher in the salt treatment groups, with increases of
21% and of 42% in the salt spray and salt plus surfactants groups, respectively (Figure 4c).

To visualize the associations among the different treatments in terms of the plants’
morphological, physiological, and biochemical parameters in the two cycle periods, a
principal component analysis was performed for all analyzed parameters (PCA; Figure 5a,b;
Tables S1 and S2). The first two principal components (PC1 and PC2) accounted for 59%
and 28% and 73% and 19% of the total variance during I CP and II CP, respectively, and
these components were associated with eigenvalues higher than one.

177



Horticulturae 2022, 8, 261

 
(a) 

 
(b) 

Figure 5. Principal component loading plot and scores of the PCA on the total and shoot dry biomass,
R/S, leaf number, total leaf area, chlorophyll content (Chl), Na+ leaf and root content, Cl− leaf and
root content, leaf damage, gas exchange (AN and gs), Fv/Fm, proline (Pro), and enzyme activity
(GPX, CAT, and SOD), for Callistemon plants undergoing different salt treatments (control, salt spray,
surfactants, and salt plus surfactants) according to the first two principal components in I CP (a) and
II CP (b).

During I CP, PCA revealed that the morphological and physiological parameters
were directly affected by the control and surfactants treatments, whereas the mineral
contents and the biochemical parameters were directly correlated with the salt and salt
plus surfactants treatments (Figure 5a).

A similar trend was found at the end of II CP (Figure 5b).
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4. Discussion

The negative influence of salinity on ornamental plants has been studied. Nevertheless,
only a limited number of papers have provided information on the effects of salt spray
alone or in combination with surfactants. The identification of plants tolerant to salt spray
is particularly important in the selection of shrubs and trees to be used in green areas [9].

A large number of studies on salt stress have used NaCl as the salinizing agent [52–54].
However, the compositions of salts in seawater are rather different. Saline solutions
containing a single salt may give rise to misleading and erroneous interpretations of plants’
responses to salinity [55,56]. In our studies, we have added to deionized water a solution
reproducing the composition of seawater [46] so as to simulate the effects of salt spray
along coastal areas.

Salt spray can hinder plant growth because it causes drought stress, disrupts mem-
branes and enzyme systems, reduces nutrient uptake, causes necrosis or leaf loss, and can
lead to plant mortality [15].

In both cycle periods, the total and shoot dry biomass were reduced in the presence of
salt spray, alone or in combination with surfactants. Fragmented cuticles, disaggregated
chloroplasts, and nuclei disrupted stomata, collapsed cell walls, coarsely granulated cy-
toplasm, and disorganized phloem leading to reduced biomass were observed after the
application of spray NaCl [57].

Salt treatments reduced the epigeous dry biomass, reduced the leaf number and total
leaf area, and did so more extensively during II CP. This behavior confirms that the plants
reduce their leaf area to overcome stress [58]. Plants implement different mechanisms to
overcome abiotic stress (drought, saline stress), including a reduction in the total leaf area,
which leads to a reduction in water losses through stomata closure, which is the principal
defense strategy of species subject to osmotic stress [12].

Reductions in leaf area can therefore be a strategy of adaptation. The reduction in
this parameter is generally related to a decrease in the total leaf number and size. In the
presence of abiotic stress (drought and salt stress), plants reduce their leaf size so as to
reduce the surface available for both the depositing of salt and the loss of water through
transpiration [59]. Reduction in leaf number was observed in plants of Scaevola sericea [60]
and Crambe maritime [61] sprayed with seawater. This agrees with the results of our study.
The plants grown during II CP and treated with salt spray showed a greater reduction in
leaf number. This result agrees with the experiments of Bussotti et al. [41], who found that
the damage of surfactants was greater in the warmer season.

Aesthetic quality is the most important trait in ornamental plant species [62]. Visual
quality is a practical tool used to evaluate the salt response of ornamental species [63].
Common responses in the presence of salt stress include leaf necrosis and reductions in
chlorophyll [64]; greater sensitivity has been observed in older leaves [65]. In our study,
leaf necrosis as a symptom of leaf damage was registered, and this ranged from minimal
(surfactant) to moderate (salt spray and salt spray plus surfactants). Leaf damage could lead
to a reduction in the photosynthetic rate, which might manifest in diminished growth [66].

A potential biomarker of salinity tolerance is indicated by the absorption and accu-
mulation of ions in the leaves [2]. The Na+ contents significantly increased during salt
treatments in both cycle periods, although this was greater during the summer cycle, and
the presence of surfactants intensified this effect further still. In this case, the presence
of surfactants increased the phytotoxic effects, as reported by Sànchez-Blanco et al. [67].
High-rated absorptions of Na+ and Cl− in the shoots reduce growth rate due to ion toxicity.
Excessive Na and Cl accumulation leads to molecular damage-causing growth arrest and
plant death because these ions induce cytoplasmic toxicity [68].

Different studies suggest ornamental plants exposed to salt treatments show a reduc-
tion in net photosynthesis and stomatal conductance. In our work, salt treatments, alone or
in combination with surfactants, caused a reduction in net photosynthesis as a consequence
of the reduced CO2 assimilation following stomatal closure, which particularly occurred
during II CP.
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The reduction in Fv/Fm is a clear signal that the PSII was affected by the presence of
salt and that photoinhibition occurred. Generally, plants under normal conditions presented
Fv/Fm ratios close to 0.8 [7], but in our case, the reduction in Fv/Fm was correlated with
salt spray. The plants showed a reduction in this index in the presence of salt, and this
reduction was greater when the salt was combined with a surfactant. For different plant
species, regardless of whether the PSII damages occur in the leaves, this index is considered
one of the most effective tools for the measurement of plant stress response, particularly
before any morphological changes manifest [69]. The reduction in photosynthetic capacity
is correlated with reductions in chlorophyll fluorescence in ornamental species; these cause
physiological modifications that will lead to losses in sales for the growers [70].

One of the mechanisms adopted to defend against salt stress is proline accumulation,
which can be used as a selection criterion for salt tolerance because an increase in this amino
acid may be positively correlated with the level of salt tolerance [71]. In fact, modifications
in soluble protein and proline content could regulate cellular redox potential [72] and help
scavenge free radicals [73].

Increased ROS production, which damages biomolecules (e.g., lipids, proteins, and
nucleic acids) and harms redox homeostasis, was observed in the presence of salt stress [74].
The increase in ROS activity causes an increase in oxidative stress due to ionic toxicity
and osmotic imbalance and has negative effects on photosynthetic pigments [75]. In the
presence of saline stress, plants produce reactive oxygen species (ROS), such as hydroxyl
radical (OH•), singlet oxygen (1O2), superoxide radical (O2

•−), and hydrogen peroxide
(H2O2), which have a toxic effect on plants [76]. Our results show that the enzyme activity
was similar between the control and surfactant treatments but was significantly increased
under the salt spray treatment. These results showed that Callistemon plants have significant
salt tolerance, and as reported by Sklodowska et al. [77], a greater increase in SOD activity
could help preserve membrane integrity and osmoregulation by helping regulate the level
of superoxide radical in the presence of high saline levels.

To better understand the tolerance mechanisms related to salt stress and surfactants,
it will be relevant to investigate and understand the morphological, physiological, and
biochemical parameters of plants grown under stressed and not-stressed conditions (Sup-
plementary Tables S1 and S2). To evaluate stress tolerance and the relationships among
the different parameters analyzed in our study, an effective approach is the analysis of
principal components (PCA) [12]. Our PCA results demonstrate that the variations in stress
tolerance between Callistemon during I CP and II CP are linked to variations in biochemical
and mineral contents.

5. Conclusions

Our trial has demonstrated the combined effects of salt spray and surfactant on the
ornamental shrub species largely used in Mediterranean green areas near the sea. Salt spray,
alone or in combination with surfactant action, influences plants’ growth and aesthetic
features, especially during warmer seasons when transpiration is more intense and causes
stomatal opening. To overcome stressful conditions, plants undergo several changes, such
as the activation of enzymes and the accumulation of proline and minerals (Na+ and Cl−).
Interaction with surfactants amplifies these adverse effects.

The results of this trial help us to better understand the responses of plant species
used in green areas near the coastline and will thus guide the choice of plant species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8030261/s1, Figure S1: Air temperature (◦C) and
relative humidity (%) during the two cycle periods, Table S1: Pearson’s correlation coefficients
among morphometric, physiological, and biochemical parameters from Callistemon potted plants
exposed to different treatments during I CP, Table S2: Pearson’s correlation coefficients among
morphometric, physiological, and biochemical parameters from Callistemon potted plants exposed to
different treatments during II CP.
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