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Preface to ”Plant Responses to Biotic and Abiotic

Stresses: Crosstalk between Biochemistry and

Ecophysiology”

The growth and productivity of crops, fruit trees, legumes, and halophytes are severely impacted

by the detrimental effects of biotic and abiotic stress. Biotic stress, caused by living organisms,

disrupts the nutrient supply to host plants, leading to reduced vigor and, in some cases, the

death of the plant. Biotic stress is a significant contributor to pre- and post-harvest losses in

agriculture. On the other hand, abiotic stress, encompassing factors like drought, salinity, cold,

heat, and heavy metals, is the primary cause of global crop yield reduction, causing more than a

50 percent decrease in yields of major food, oil-seed, and cash crops. These stresses induce a cascade

of morphological, physiological, biochemical, and molecular changes that unfavorably affect plant

growth and productivity, interfering with stress tolerance and adaptation.

Drought, salinity, extreme temperatures, and oxidative stress are examples of biotic and abiotic

stresses that often occur in combination, compounding the damage to plant cells. The complexity of

these stress stimuli results in equally intricate responses from plants. For instance, severe stresses

during critical growth phases can directly cause mechanical damage and alter the synthesis of

essential macromolecules in cells. Furthermore, all these stresses lead to oxidative damage and the

generation of reactive oxygen species (ROS) within plant cells. Plants possess mechanisms to mitigate

oxidative damage, such as activating antioxidant enzymes and accumulating compatible solutes that

scavenge ROS. However, if the production of activated oxygen surpasses the plant’s detoxification

capacity, deleterious reactions occur, leading to symptoms like loss of osmotic responsiveness,

wilting, and necrosis.

This Special Issue of Plants aims to provide a multi-perspective analysis, encompassing gas

exchange, metabolomics, proteomics, isotopic, and genomic approaches, to investigate the drivers

and specific strategies employed by plants for their enhanced adaptation to stressful growth

conditions. By delving into the intricacies of trait selection, phenotypic plasticity, and other factors,

this issue seeks to shed light on the physiological and molecular mechanisms that underlie plants’

ability to thrive in challenging environments.

The collection of research presented in this Special Issue represents a collaborative effort

by experts in the field, bringing together diverse insights and methodologies to deepen our

understanding of plant stress responses. It is our hope that this collection will not only contribute

to the body of knowledge in plant science but also inspire further research and innovative strategies

to enhance plant resilience and productivity in the face of increasing stressors in our changing world.

M. Iftikhar Hussain, Adele Muscolo, and Mukhtar Ahmed

Editors

xi





Citation: Hussain, M.I.; Muscolo, A.;

Ahmed, M. Plant Responses to Biotic

and Abiotic Stresses: Crosstalk

between Biochemistry and

Ecophysiology. Plants 2022, 11, 3294.

https://doi.org/10.3390/

plants11233294

Received: 9 October 2022

Accepted: 23 November 2022

Published: 29 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Editorial

Plant Responses to Biotic and Abiotic Stresses: Crosstalk
between Biochemistry and Ecophysiology

Muhammad Iftikhar Hussain 1,* , Adele Muscolo 2 and Mukhtar Ahmed 3,4

1 Department of Plant Biology & Soil Science, Universidad de Vigo, Campus Lagoas Marcosende,
36310 Vigo, Spain

2 Department of Agriculture, Mediterranea University, Feo di Vito, 89122 Reggio Calabria, Italy
3 Department of Agricultural Research for Northern Sweden, Swedish University of Agricultural Sciences,

90183 Umeå, Sweden
4 Department of Agronomy, Pir Mehr Ali Shah Arid Agriculture University, Murree Road,

Rawalpindi 46300, Pakistan
* Correspondence: iftikhar@uvigo.es

Biotic and abiotic stresses, such as drought, salinity, extreme temperatures (cold and
heat) and oxidative stress, are often interrelated; these conditions singularly or in combina-
tion induce cellular damage. For example, severe stresses during critical growth phases
may directly result in mechanical damage and changes in the synthesis of macromolecules
in cellular settings. In addition, these stresses often lead to oxidative damage and involve
the formation of reactive oxygen species (ROS) in plant cells. Usually, plants have mecha-
nisms to reduce their oxidative damage via the activation of antioxidant enzymes and the
accumulation of compatible solutes that effectively scavenge ROS. However, if the produc-
tion of activated oxygen exceeds the plant’s capacity to detoxify it, deleterious degenerative
reactions do occur, the typical symptoms being loss of osmotic responsiveness, wilting and
necrosis. Given that plants face stressful conditions, imposed by changing environmental
conditions that affect their growth and development during their whole life cycle, plants
have to be able to perceive, process and translate different stimuli into adaptive responses.

The current Special Issue in Plants aims to analyze, from a multi-perspective ap-
proach (ranging from gas exchange, metabolomics, proteomics, isotopic and genomics,
etc.), drivers (e.g., trait selection, phenotypic plasticity) and specific strategies used by
the plants at physiological and molecular levels for their better adaptations to stressful
growth conditions.

In total, 20 manuscripts (research and review) are included in this Special Issue. Fur-
thermore, this Special Issue presents research findings in various experimental models
(crops, fruit trees, legumes and halophytes) and areas ranging from cellular to ecophysio-
logical and biochemical aspects.

Abideen et al. [1] used Phragmites karka to investigate the potential effects of salinity
(control, 100 and 300 mM NaCl in a nutritional solution) and drought (at 50 percent water-
holding capacity) and studied the correlations between stress tolerance, photosynthetic
processes, biomass and ethanol output. They further discuss that plants exhibit an efficient
photosynthetic system to grow in salty and dry environments, making it a viable crop for
biofuel production.

Badar et al. [2] studied how to reduce the dangers of pharmaceutical pollution in
the environment and investigated the bioremediation capability of edible crops and their
associated microbial communities to successfully remove these pollutants. They tested
paracetamol, which is also known as acetaminophen, at three concentrations (50, 100 and
200 mg/L) in terms of absorption, transport, accumulation and degradation in various
organs of spinach (Spinacia oleracea) under controlled laboratory settings. Growth and
photosynthetic machinery of the plants was negatively impacted by rising paracetamol
stress levels. LC-MS data showed the drug absorption and translocation from roots to
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aerial parts and drug breakdown after eight days. Several bacterial strains (Burkhulderia,
Sphingomonas, Pseudomonas, Staphylococcus, Stenotrophomonas and Kocuria) were
isolated from spinach shoots and roots.

Hussain et al. [3] studied the rehabilitation of salt-degraded marginal soils through the
selection and assessment of crop cultivars that can withstand salt stress. They evaluated
the effects of different salinity levels (0, 7 and 14 dS m−1) on six barley genotypes (113/1B,
59/3A, N1-10, N1-29, Barjouj and Alanda01) and evaluated different physiological, bio-
chemical and stable isotopic responses. All measured plant traits responded to salt in a
genotype-specific way. They showed that the genotypes (Barjouj and Alanda01) proved
their suitability under the sandy desert soils of Dubai, UAE, as they exhibited higher grain
yield, while 113/1B and Barjouj have greater grain protein content. The present research
demonstrated that saline marginal sandy desert soils could support the cultivation of salt-
tolerant barley genotypes for food and nutrition security as well as for the rehabilitation of
marginal lands.

Riaz et al. [4] assessed the phytochemical potential of Ziziphus species, i.e., Z. jujuba,
Z. mauritiana, Z. spina-christi and Z. nummularia, from desert environments. Leaf length,
leaf width, leaf area and leaf petiole length were higher in Z. jujube, while Z. mauritiana
exhibited higher dry biomass. Z. jujube had the largest fruit length, fruit stalk length, fruit
diameter, fruit width, fruit area, seed length and seed diameter, while Z. nummularia had the
highest fruit dry weight and widest seeds. Secondary metabolites were found in the fruits
and leaves of Ziziphus species, including phenol, flavonoids and antioxidant activity. The
highest levels of fruit phenols (304.4 mg GAE/100 g), leaf phenols (314.2 mg GAE/100 g),
fruit flavonoids (123.7 mg QE/100 g) and leaf flavonoids (113.4 mg QE/100 g) were all
accumulated by Z. nummularia. Moreover, irrigated and drought plantations led to a
significant variation in morphological, fruit characteristics and phytochemical constituents
that might be useful for future production technologies for this medicinal plant.

Hussain et al. [5] evaluated lowland rice genotypes under well-watered (WW) and
terminal water stress (TWS) for improving drought stress and yield stability. Genotypes
Look Pla and Lep Nok were found to be stress tolerant, whilst genotypes Chor Lung, Hom
Nang Kaew and Hom Chan were found to be moderately tolerant genotypes. Genotypes
Hom Pathum, Sang Yod, Dum Ja and Pathum Thani-1 were found to be extremely stress
tolerant and relatively high yielding. Different stress-tolerance metrics, such as the stress-
tolerance index (STI), the geometric mean productivity (GMP), the mean productivity
index (MPRO) and the harmonic mean index (MHAR), showed significant and favorable
correlations with GY during WW.

Ndiate et al. [6] demonstrated, in a greenhouse study, the impact of biochar (5%),
arbuscular mycorrhizal fungus (20 g/pot, AMF) and biochar + AMF on maize (Zea mays L.)
plants grown under salt stress (0, 50, 100, and 150 mM NaCl), to describe the mitigating
technique against salinity. Plant height and fresh weight were decreased by 17.84% and
39.28%, respectively, compared to the control after 90 days of treatment with 100 mM NaCl.
The growth parameters rose by 22.04%, 26.97%, 30.92% (height) and 24.79%, 62.36% and
107.7% (fresh weight) when the saline-treated soil (100 mM NaCl) was supplemented with
AMF, biochar and biochar + AMF, as compared to control. The biochar + AMF enhanced
plant nutrient uptake, (ii) improving soil nutrient content, (iii) increasing antioxidant
enzyme activity and (iv) improving the contents of palmitoleic acid (C16:1), oleic acid
(C18:1), linoleic acid (C18:2) and linolenic acid (C18:3). They concluded that biochar and
AMF addition to saline and alkaline soils can successfully reduce abiotic stress and enhance
plant development.

Elkelish et al. [7] investigated cysteine (Cys) (25 and 50 ppm as a foliar application) and
lipoic acid (ALA) (0.02 mM, grain dipping pre-cultivation treatment) under water deficit
and well-watered irrigation (100% and 70% of the required dose). The deficit irrigation
increased cellular oxidative damage via increased malondialdehyde (MDA) level and
hydrogen peroxide (H2O2). Superoxide dismutase (SOD), ascorbate peroxidase (APX),
catalase (CAT) and peroxidase (POX), osmolytes and chlorophyll (Chl) were among the

2



Plants 2022, 11, 3294

enzymatic antioxidants that benefited from Cys administration. The ability of the plant to
scavenge reactive oxygen species (ROS), leaf relative water content (RWC), grain number,
total grain yield, weight of 1000 kernels and gluten index was improved. Additionally,
heatmap plot analysis uncovered numerous significant connections between the various
characteristics that were examined, which may be explored.

El-Serafy et al. [8] showed that hydro-priming and halo-priming with silicon (Si)
and silicon nanoparticles (SiNPs) can improve salinity tolerance of the ornamental plant
Lathyrus odoratus. They highlighted that halo-priming with Si or SiNPs increased Lathyrus
seedling salt-stress tolerance. This effect was confirmed using seawater treatments, which
improved the germination percentage, seedling growth and activation of the antioxidant
machinery, which detoxifies reactive oxygen species (ROS).

Alnusairi et al. [9] investigated the effect of exogenously applied nitric oxide (NO)
(50 μM and 100 μM) in protecting wheat plants from NaCl-induced oxidative damage
by modulating protective mechanisms. They showed that the exogenous-sourced NO at
both concentrations up-regulated the antioxidant system for averting the NaCl-mediated
oxidative damage on membranes. Enhancing salt tolerance by NO was concomitant with
an obvious down-regulation in the relative expression of SOS1, NHX1, AQP and OSM-34,
while D2 protein was up-regulated.

Farooq et al. [10] evaluated total carbon (TC), total nitrogen (TN) and isotopic natural
abundance of C (δ13C) and N (δ15N) in soil and foliage of coniferous plantation (CPF),
natural broadleaved forest (NBF) and mixed-forest stands at three different soil depths
(i.e., 0–10, 10–20 and 20–40 cm) and how soil-available nutrients are affected by different
forest types. Results showed that soil nutrient availability was higher in mixed forests.
The findings provided evidence that forest type and soil depth alter TC, TN and soil δ15N,
whereas δ13C was only driven by soil depth. Moreover, plantations led to a decline in
soil-available nutrient content compared with NBF and mixed-forest stands.

Farooq et al. [11] evaluated the effects of intercropping of peanut (Arachis hypogaea L.)
with tea plants (Camellia oleifera), in comparison with the mono-cropping of tea and peanut.
Soil health and fertility were examined. The results showed that the intercropping enhanced
soil nutrient status and positively impacted soil conservation, increasing soil organic carbon
(SOC), soil nutrient availability and soil enzymatic responses at different soil depths.

Rehman et al. [12] evaluated the morpho-physiological traits of two spring wheat
cultivars (Millet-11, Punjab-11) and two advanced lines (V-07096, V-10110) exposed to
terminal heat stress under late sowing. Results showed that improved grain yield was
associated with the highest chlorophyll contents, showing stay green characteristics with
maintenance of high photosynthetic rates and cooler canopies under late sowing and
revealed that advanced lines and Punjab-11 with heat-adaptive traits could be promising
sources for further use in the selection of heat-tolerant wheat genotypes.

Umnajkitikorn et al. [13] evaluated the potential of using elevated nitrogen priming
prior to water shortage to mitigate plant stress through nitric oxide accumulation. Results
indicated that plants primed with nitrogen possessed a higher photosynthetic rate, relative
water content, electrolyte leakage and lipid peroxidation under water-deficit conditions,
compared to control plants. The induction of water-deficit tolerance was supported by the
activation of the antioxidant-defense system, induced by the accumulation of nitric oxide
in leaves and roots of rice plants.

Hussain et al. [14] investigated the salinity-tolerance mechanisms of six contrasting
quinoa cultivars belonging to the coastal region of Chile using agro-physiological parame-
ters. Results suggested that all measured plant traits, except for C:N ratio, responded to
salt in a genotype-specific way. Results indicated that the genotypes (Q21 and AMES13761)
proved their suitability under sandy desert soils of Dubai, UAE, as they exhibited higher
seed yield, while NSL106398 showed a higher seed protein content. The present research
highlights the need to preserve quinoa biodiversity for a better seedling establishment,
survival and stable yield in the sandy desert UAE environment.
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Hassan et al. [15] evaluated the impact of various Cd concentrations (0, 5, 25, 50 and
100 M) on physiological and biochemical parameters in two sorghum (Sorghum bicolor L.)
cultivars—JS-2002 and Chakwal Sorghum. The Cd absorption was increased in both
cultivars while Cd uptake in JS-2002’s leaf, stem and root was greater than that of Chakwal
Sorghum. The superoxide dismutase (SOD), peroxidase (POD) and catalase activities were
also lowered by Cd stress at higher levels (50 and 100 M). Results showed that JS-2002 had
a higher Cd tolerance.

Hussain et al. [16] investigated the phenolic compound and flavonoid composition and
allelopathic effects of an aqueous extract of aerial parts from Acacia melanoxylon R. Br. on
seedling growth and plant biomass of the general biotest species, lettuce (Lactuca sativa). The
acacia flower aqueous extract (AFE) and phyllodes aqueous extract (APE) reduced the leaf
fresh weight, leaf dry weight, root fresh weight and root dry weight in lettuce. The mean
root length decreased by 37.7% and 29.20%, following treatment with Acacia flower extract
(AFE) at a concentrations of 75% and 100%, respectively. In total, 13 compounds of gallic
acid, protocatechuic acid, p-hydroxybenzoic acid, p-hydroxybenzaldehyde, vanillic acid,
syringic acid, p-coumaric acid and ferulic acid were among the phytochemical substances
found from both parts. Rutin, luteolin, apigenin and catechin are some of the principal
flavonoid chemicals found and are potential causes of the allelopathic effects of floral and
phyllodes extracts from A. melanoxylon.

Hussain et al. [17] studied allelopathy, which is an ecological phenomenon that oc-
curs when biomolecules from various crops, cultivated plants and bacteria or fungi are
produced and released into the soil rhizosphere and have an impact on nearby species.
Sorghum allelopathy has been utilized in relation to green manure, crop rotations, cover
crops, intercropping and mulching, plant aqueous extracts or powder. From various plant
tissues of sorghum and root exudates, a variety of allelochemicals, including benzoic acid,
p-hydroxybenzoic acid, vanillic acid, ferulic acid, chlorogenic acid, m-coumaric acid, p-
coumaric acid, gallic acid, caffeic acid, p-hydroxibenzaldehyde, dhurrin and sorgoleone,
was identified. Among them, sorgoleone has been studied for its mode(s) of action, specific
activity, selectivity, release in the rhizosphere, uptake in vulnerable species and transloca-
tion. The importance of sorghum allelopathy as an ecological tool for managing weeds
is discussed in this review, which also highlights the most recent discoveries regarding
the allelochemicals found in sorghum, their mechanisms of action and their place in the
environment.

Khan et al. [18] reported that the global temperature has been steadily rising at a pace
of 0.15–0.17 ◦C every decade. Therefore, measures for thermotolerance are required to main-
tain crop output under increased temperatures. This review was carried out with the goal of
providing information on the wheat reaction in three research fields, including physiology,
breeding and genetic advancements. At the heading, anthesis and grain-filling stages
of wheat growth, the ideal temperatures are 16 ± 2.3 ◦C, 23 ± 1.75 ◦C and 26 ± 1.53 ◦C,
respectively. The high temperature has a negative impact on the phenology, growth and
development of the crop. The pollen viability, seed germination and embryo develop-
ment are all slowed down by the high temperature before anthesis. The accumulation of
starch granules, stem-reserve carbohydrates and photosynthate translocation into grains
is reduced by the high post-anthesis temperature. The reviewed work showed that the
genotypes with higher levels of proline, glycine betaine, heat-shock protein expression, stay
green and antioxidant enzyme activity, specifically catalase, peroxidase, super oxide dis-
mutase and glutathione reductase, can tolerate high temperature effectively by supporting
cellular physiology.

Raza et al. [19] demonstrated that the maize–soybean intercropping system has many
persistent constraints, including lodging, which pose severe limitations to the development
and sustainability of this cropping system. The lodging phenomenon is influenced by
a variety of morphological and anatomical traits. Because of the shading from maize,
soybean stems develop a shade-avoidance response, which causes stem elongation and
significant lodging. The primary agro-techniques needed to investigate lodging in the

4



Plants 2022, 11, 3294

maize–soybean intercropping system for sustainable agriculture, however, have not yet
been clearly defined. The present review suggests that controlling lodging requires a
variety of strategies, including agronomic, chemical and genetic ones, that could be useful
in lowering lodging hazards in the maize–soybean intercropping system. Therefore, further
research is needed from agronomists, physiologists, molecular biologists and breeders to
address this difficult issue.

Finally, we encourage readers to view the articles published in this Special Issue of “Plant
Responses to Biotic and Abiotic Stresses: Crosstalk between Biochemistry and Ecophysiology”.
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Abstract: Plant photosynthesis and biomass production are closely associated traits but critical to
unfavorable environmental constraints such as salinity and drought. The relationships among stress
tolerance, photosynthetic mechanisms, biomass and ethanol yield were assessed in Phragmites karka.
The growth parameters, leaf gas exchange and chlorophyll fluorescence of P. karka were studied when
irrigated with the control and 100 and 300 mM NaCl in a nutrient solution and water deficit conditions
(drought, at 50% water holding capacity). The plant shoot fresh biomass was increased in the low
NaCl concentration; however, it significantly declined in high salinity and drought. Interestingly
the addition of low salinity increased the shoot biomass and ethanol yield. The number of tillers
was increased at 100 mM NaCl in comparison to the control treatment. High salinity increased the
photosynthetic performance, but there were no significant changes in drought-treated plants. The
saturated irradiance (Is) for photosynthesis increased significantly in low salinity, but it declined
(about 50%) in high salt-stressed and (about 20%) in drought-treated plants compared to the control.
The rates of dark respiration (Rd) and compensation irradiance (Ic) were decreased significantly
under all treatments of salinity and drought, with the exception of unchanged Rd values in the control
and drought treatments. A-Ci curve analyses revealed a significant improvement in the Jmax, Vc,
max, and triose-phosphate utilization (TPU) at lower salinity levels but decreased at 300 mM NaCl
and drought treatments compared to the control. In the chlorophyll fluorescence parameters (Fv/Fm,
maximum photochemical quantum yield of PSII, and Y(NO)), the non-photochemical yields were
not affected under the salt and drought treatments, although an effective photochemical quantum
yield (YII) and electron transport rate (ETR) were significantly enhanced in water deficit compared to
control plants. P. karka regulates an efficient photosynthesis mechanism to grow in saline and arid
areas and can therefore be used as a sustainable biofuel crop.

Keywords: bioethanol; salt tolerance; water deficit conditions; chlorophyll fluorescence; photosynthetic
efficiency
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1. Introduction

Plants of arid and semi-arid regions display severely subdued growth and even death
in the presence of either drought or saline conditions [1]. Species belonging to these
conditions gradually exhibit lesser vegetation cover and can lead to desertification in the
region [2]. NaCl stress and water deficit are common abiotic stress factors on a global scale
and cause deleterious effects on plant biomass and stability [3–5]. Functionally, plants
can reduce the harmful effects of water limitation and ion toxicity (due to soil salinity) by
altering their growth, water relations, and photosynthesis [6–8]. Growth inhibition and
leaf shedding under such conditions also help plants to maintain their water status and
survive [9]. Most likely, biomass production in halophytes is related to photosynthesis and
their protective photosystem (PS I and II) performances under salt stress [3,10]. Applying
eco-physiological tools to assess the functional contribution of photosynthesis and their
associated adjustments is important for biomass production [11–13].

The beneficial effects of low NaCl concentrations (100 mM) on growth and photosyn-
thesis have been frequently observed in many studies [14,15]. It was reported that sodium
ion acts as a cheap osmoticum for leaf turgor maintenance [14]. For instance, members of
Chenopodiaceae attain benefits from sodium [16,17]. In C4 species, it was assumed that
Na+ facilitate pyruvate conversion into phosphoenolpyruvate, found in mesophyll, before
being added to the Calvin cycle. In addition, two halophytic species: Kochia childsii and
Atriplex tricolor were cultivated in a sodium-deficient medium that declined photosystem
II activities in mesophyll chloroplasts [18]. However, higher concentrations of Na+ have
deleterious effects on the photosynthetic apparatus [15].

The declined carbon fixation in salt and drought-stressed plants is also linked to lower
stomatal conductance, and therefore, disturbance in the flow of electrons to Photosystem
II can be possible [13,14]. The deficiency of electron and proton acceptors causes exces-
sive light to release a surplus amount of energy as heat and chlorophyll fluorescence in
plants to prevent the production of reactive oxygen species (ROS) [19,20]. Stress-tolerant
plants regulate the photosynthetic rate and photoprotective mechanism to reduce the dele-
terious effects of ROS, which are linked with the optimum ATP synthesis, and NADP
formation [21,22]. The above-said parameters are very informative in assessing the pho-
tosynthesis and physiological performance of plants [11]. The understanding of carbon
assimilation and energy conversion phenomenon are linked to the production of all types
of bio-compounds (e.g., ethanol), and therefore, the full potential of plants can be utilized
in stressed conditions. In particular, halophytes are much-suited candidates due to their
natural distributions in extreme conditions (e.g., salinity and water deficit).

It was recently demonstrated that Phragmites karka exhibits an efficient mechanism
to tolerate salt and drought stresses, but a detailed analysis of their photochemistry and
bioethanol potential is still poorly known [3]. In this study, P. karka plants coordinated
changes involving the rate of photosynthesis and efficient photosystem II activity under
saline and water deficit conditions. This plant accumulates a high amount of soluble sugar
and lignocellulosic biomass [21,22]. This paper unlocks the potential of this accumulated
sugar and cellulose and subsequent hemicellulose conversion into the ethanol yield on
those areas that seem not suitable for agriculture. The effects of salt and drought stress on
photosynthesis and their relationship with the biomass and ethanol yield was evaluated.
The establishment of a suitable growing condition of the selected biofuel crop and subse-
quent ethanol potential can be helpful in the remediation of the increasing saline lands of
Pakistan and other arid regions of the world.

2. Material and Methods

2.1. Plant Growth Conditions

Seeds of Phragmites karka were collected from the population located at the University
of Karachi, Pakistan. A growth experiment was carried out under controlled growth
chamber conditions in a growth chamber in Giessen, Germany: optimum temperature
of 25 ± 2 ◦C, relative humidity around 50%, and photoperiod 16–8 h day–night, while
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the light intensity was 200–250 μmol m−2 s−1 photosynthetically active radiations. In the
beginning, plant seeds were germinated in the plastic tray with wet clay soil for seedling
emergence. Wuxal Super (Aglukon, Düsseldorf, Germany) was used as the nutrient for a
further seven weeks. Subsequently, seedlings were transplanted into the soil (composed of
50% sand, 30% clay, and 20% gravels) in plastic pots (35 cm in height, 11 cm in diameter,
and three plants per pot). The plants were irrigated periodically (12 h, from 8 am to 8 pm)
with a basic nutrient solution (1/2 strength Hoagland modified after Epstein, 1972 [23]) in
a quick check system [24]. The pots were divided into four groups (at the age of thirty-five
days (35) after seed germination): control, at 100% water holding capacity (WHC), low and
high salinity (100 and 300 mM NaCl in a nutrient solution with 100% WHC), and drought
(reduced water supply at 50% WHC). Each pot contains three plants, while there are eight
pots for each treatment. Plants of the control treatment were irrigated only with a nutrient
solution, whereas the salt concentration was stepwise raised by adding 50 mM NaCl per
day until the final concentration of desired NaCl was reached in the growth medium. In
parallel to the salinity experiment, a drought treatment was started by gradually (5% per
day) reducing the soil water saturation from 100 to 50%. The water holding capacity was
measured as described by Veihmeyer and Hendrickson (1931) [25]. The treatments were
designed based on the preliminary growth trials. The plants of all four treatments were
maintained for a further five weeks. At the end of the experimental period, the soil water
potential was −1.5 MPa in salinity and −0.5 MPa in drought. After 10 weeks, the plants
were harvested for an eco-physiological analysis (total age) under these conditions.

2.2. Plant Harvest and Growth Parameters

Before the plant harvest, nondestructive growth parameters such as the predawn leaf
water potential and midday gas exchange of leaves were recorded. The fresh weight (FW)
of leaves, stems, and roots was noted. Plants were harvested and dried at 80 ◦C for 24 h
for calculating the dry weight (DW). The leaf relative water content (RWC) was calculated
separately using the equation:

LRWC (%) = [(FW − DW)/(TW − DW)] × 100 where TW is turgid weight

A leaf is converted into a small disc and immersed for three hours to attain full
turgidity at room temperature. Turgid small discs are taken out from the water and dried
immediately with the help of tissue paper. The dried leaf discs are quickly weighed to
determine the turgid weight (TW).

2.3. Soil Water Potential

The water potential in the soil was assessed using Wescor soil in a psychrometer
(attached to a data logger) when the soil dried had an initial moisture concentration of 50%
WHC; all this took about 4 weeks. Weight was assessed on a daily basis during this course
of time. Soil samples were dried in the oven at the end of the experiment; the dry samples
were weighed to determine the constant weight and dry weight. Water loss (up to 50%
WHC for dry soil) was detected as a weight loss, which relates to the soil’s ability to hold
water. This function is used to calculate potential water based on the known water content.

2.4. Leaf Gas Exchange and Chlorophyll Content

LI-COR 6400 (LI-COR, Lincoln, NE, USA) was used to determine the gas exchange
parameter, with 400 μmol m−2 s−1 CO2 and a 500 μmol m−2 s−1 flow rate. Different
PAR values ranged 0–2000 μmol photon m−2 s−1 to calculate the dark respiration (Rd),
compensation irradiance (Ic), saturation irradiance (Is), and photosynthetic efficiency (Φc),
as described by [26]. In contrast, different CO2 concentrations were plotted to calculate
the maximum Rubisco carboxylase activity (Vc, max) and maximum rate of electron
transport to regenerate RuBP (Jmax) and triose-phosphate utilization (TPU) [27]. The
relative chlorophyll content was measured using a SPAD 502 densitometer (Konica Minolta,
Ramsey, NJ, USA).
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2.5. Leaf Chlorophyll Fluorescence

The chlorophyll fluorescence was measured on similar leaf sections to those selected
for the gas exchange (Pulse-controlled Junior PAM, Walz, Effeltrich, Germany). The leaves
were kept in complete dark for 30 min to determine the following parameters, as described
in Abideen et al. (2020) [28]: minimal fluorescence (Fo) with modulated light (<0.1 μmol
photon m−2 s−1) and maximal fluorescence (Fm) with saturating pulse (10,000 μmol
photons m−2 s−1 for 0.6 s) determined the maximum photochemical quantum yield of PSII.

Maximum photochemical quantum yield of photosystem II (Fv/Fm) = Fm − Fo/Fm) [29].
Effective photochemical quantum yield YII = Fm’ − Fs/Fm’ and NPQ = Fm/Fm’ − 1 [30].

NPQ = Fm/Fm’ − 1 [30].
Non-photochemical quenching Y (NO) = F/FmY (NPQ) = F/Fm’ − F/Fm [31].
The coefficient of photochemical quenching (qP) = Fm’ − Fs)/(Fm’ − Fo’) [32].
Electron transport rate ETR = PSII × PPFD × 0.5 × 0.84 [33].

2.6. Lignocellulosic Analysis and Soluble Sugar Content

The lignocellulosic content was analyzed in dry shoots by the neutral detergent fiber
(NDF) determination. The acid detergent fiber (ADF) was determined by using the residue
left from the NDF analysis. Hemicellulose was determined by subtracting the ADF from
NDF [34]. The ADF and NDF-treated shoot biomass were then hydrolyzed with 72%
H2SO4 to determine the cellulose levels. Dry plant leaves were brought to a powdered
form and shaken for an hour at 100 ◦C with deionized water, and the filtrate was obtained
to treat with Anthrone’s reagent to calculate the soluble sugar. The mixture was heated in a
boiling water bath for 11 min, followed by cooling at room temperature. The optical density
of green to dark green color was observed at 630 nm on a spectrophotometer (DU530
UV–Vis) [35].

2.7. Statistical Analysis and Calculation

Data (n ≥ 4) were analyzed by one-way analysis of variance (ANOVA, SPSS, ver. 11),
and significant differences among means (p < 0.05) were determined by the Bonferroni test.

The conversion of dry matter per pots into tons of biomass/hectare was performed
by calculating the plant yield per pot [36]. Firstly, the surface area of the pot in cm2 is
calculated. Then, the unknown yield per hectare (x) is calculated in relation to the area that
is 10,000 m2, as shown by Zhao et al. [36]. The theoretical yield of ethanol cellulose and
total soluble sugar data per hectare levels was determined by the following equation:

Ethanol yield from soluble sugar (L ha−1) = total soluble sugar content (%) in dry
matte (t ha−1) × 0.51 (conversion factor of ethanol from sugar) × 0.85 (process efficiency of
ethanol from sugar) × 1000/0.79 (specific gravity of ethanol, g mL−1) [36].

The ethanol yield from cellulose and hemicellulose (L ha−1) = cellulose and hemicellu-
lose content (% DW) in dry matter × dry biomass (t ha−1) × 1.11 (conversion factor of sugar
from cellulose and hemicellulose) × 0.85 (process efficiency of sugar from cellulose and
hemicellulose) × 0.51 (conversion factor of ethanol from sugar) × 0.85 (process efficiency
of ethanol from sugar) × 1000/0.79 (specific gravity of ethanol, g mL−1) [36].

3. Results

Shoot fresh biomass was stimulated in the control at 100 mM NaCl, and it significantly
decreased with an increase in the NaCl concentrations, as well as in drought treatment,
while the relative water content was unchanged in all treatments (Figure 1). The number
of tillers was increased only at 100 mM NaCl and decreased substantially in the other
treatments compared to the control plants. The number of nodes was decreased at 300 mM
NaCl and drought as compared to the other treatments.
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Figure 1. Plant fresh and dry shoot biomass, number of tillers, number of nodes of Phragmites karka
grown at 0, 100, and 300 mM NaCl and drought. Different lower-case letters indicate significant
differences due to salt treatments, according to Bonferroni’s test (p < 0.05).

An analysis of the light curves (Figure 2) showed significant changes in various
treatments of salinity and drought. High salinity treatment caused an increase in the
photosynthetic efficiency, but there was no significant change in the drought treatment
when compared to the control plants. The saturated irradiance (Is) for photosynthesis was
found to increase significantly (p < 0.001) between plants of the control and low salinity,
but the Is decreased significantly (about 50%) in high salt-stressed plants, with a lesser
decrease (about 20%) in drought treatment with respect to control treatment. The rates of
dark respiration (Rd) and compensation irradiance (Ic) were decreased significantly under
all treatments of salinity and drought, but Rd was similar in the control and drought-treated
plants (Figure 3) and changes in the net photosynthesis with increased CO2 concentration
and carbon assimilation under salinity and drought conditions (Figure 4). Analyses of
the A-Ci curve revealed a significant improvement in the Vcmax, Jmax, and TPU at low
salinity but decreased at 300 mM NaCl and drought treatment, as compared to the control
(Figure 5). The chlorophyll fluorescence parameters were not affected under salt and
drought treatments although YII and ETR were significantly increased in drought-treated
plants as compared to the NaCl treatments and non-saline control plants (Table 1).
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Figure 2. Light response curve between the net photosynthesis (A) and light intensities (PAR;
0–2500 μmol photon m−2 s−1) on leaves of Phragmites karka under 0, 100, and 300 mM NaCl
and drought.

Figure 3. Dark respiration (Rd), compensation irradiance (Ic), saturation irradiance (Is), and photo-
synthetic efficiency (Φc) of Phragmites karka under 0, 100, and 300 mM NaCl and drought. Different
lower-case letters indicate significant differences due to salt treatments, according to Bonferroni’s test
(p < 0.05).
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Figure 4. CO2 response curve between net photosynthesis (A) and variable intercellular CO2 concen-
trations on leaves of Phragmites karka under the 0, 100, and 300 mM NaCl and drought.

Figure 5. A-Ci curve was used to determine the following parameters: maximum rate of Rubisco
carboxylase activity (Vc,max), maximum rate of electron transport (Jmax), and utilization of triose
phosphates (TPU) under 0, 100, and 300 mM NaCl. Different lower-case letters indicate significant
differences due to salt treatments, according to Bonferroni’s test (p < 0.05).

Table 1. Chlorophyll fluorescence parameters (Fv/Fm, maximum photochemical quantum yield of
PSII; Y(II), effective photochemical quantum yield of PSII; coefficient of photochemical quenching
(qP); Non-photochemical quenching (NPQ) Y(NPQ), yield for heat dissipation; Y(NO), and yield of
non-photochemical; and ETR, electron transport rate under saline and drought conditions. Different
lower-case letters indicate significant differences due to salt treatments, according to Bonferroni’s test
(p < 0.05).

Treatments Fv/Fm Y(II) qP NPQ Y(NO) Y(NPQ) ETR

0 0.81 ± 0.005a 0.51 ± 0.012a 0.70 ± 0.015abc 0.59 ± 0.026b 0.30 ± 0.006a 0.18 ± 0.008abc 40.77 ± 0.91a
100 0.82 ± 0.006a 0.50 ± 0.020a 0.68 ± 0.033b 0.66 ± 0.093b 0.29 ± 0.018a 0.19 ± 0.020b 40.22 ± 1.63a
300 0.82 ± 0.005a 0.51 ± 0.030a 0.68 ± 0.032b 0.63 ± 0.057b 0.29 ± 0.013a 0.18 ± 0.020b 41.14 ± 2.45a

Drought 0.81 ± 0.004a 0.59 ± 0.014b 0.78 ± 0.017ac 0.47 ± 0.092a 0.27 ± 0.015a 0.13 ± 0.019ac 47.12 ± 1.12b
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The cellulose content was enhanced with 100 mM NaCl in Phragmites karka, but it was
reduced substantially under drought conditions. Plants treated with the 300 mM NaCl
reduced the hemicellulose content as compared to control and 100 mM NaCl. The shoot
total sugar was enhanced in each stress treatments as compared to the control. Plants
treated with 300 mM NaCl improved the chlorophyll (SPAD) levels as compared to the
control treatments (Table 2).

Table 2. Shoot cellulose (%), hemicellulose (%), total sugar (mg/g DW), and leaf chlorophyll (SPAD
arbitrary values) of Phragmites karka under 0, 100, and 300 mM NaCl and drought. Values represent
the mean ± S.E. of three replicates (n = 4). Different lower-case letters indicate significant differences
due to salt treatments, according to Bonferroni’s test (p < 0.05).

Treatments Cellulose Hemicellulose Soluble Sugar Chlorophyll

Control 29.17 ± 1.14b 22.31 ± 1.11b 51.91 ± 4.21a 40.51 ± 0.56a
100 mM NaCl 34.56 ± 1.20c 20.77 ± 2.00a 78.61 ± 2.73c 43.91 ± 0.36a
300 mM NaCl 26.67 ± 1.49b 17.72 ± 1.56a 79.40 ± 2.97c 47.47 ± 0.45b

Drought 20.06 ± 0.63a 14.82 ± 0.44a 69.50 ± 8.27b 39.69 ± 1.99a

The dry biomass per hectare was improved substantially at 100 mM NaCl compared
to the other stress treatments. The ethanol yield was estimated from the total sugar and
cellulose and hemicellulose data (Figure 6). Interestingly, the addition of 100 mM NaCl
enhanced the ethanol yield per hectare by using the total sugar, cellulose, and hemicellulose
in plants. The ethanol yield per hectare declined substantially under the higher salinity
and drought conditions.

Figure 6. Plant dry biomass per hectare; ethanol yield per hectare from sugars; cellulose and
hemicellulose; and the total ethanol yield of Phragmites karka under 0, 100, and 300 mM NaCl and
drought. Values represent the mean ± S.E. of four replicates (n = 4). Different lower-case letters
indicate significant differences due to salt treatments, according to Bonferroni’s test (p < 0.05).
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4. Discussions

Halophyte grasses are abundantly distributed in coastal and inland saline habitats
of semi-arid regions and could be a good source of lignocellulosic biomass [37]. These
plants are adapted to grow under saline conditions because of their salt resistance, high
water use efficiency, and fast growth rates [38]. The cultivation of these plants is highly
cost-efficient, because they utilize saline water and wastelands not fit for conventional
agriculture [37–39]. The growth of different halophyte grasses has been optimized in
low and/or moderately saline conditions, such as Phragmites australis [40], Phragmites
communis, Pennisetum clandestinum [15,41], Panicum antidotale, and Spartina maritima [42].
The optimum shoot growth of P. karka was observed in low salinity (100 mM NaCl), and
the growth decreased in higher salinity (300 mM NaCl) and drought treatments. Our
results are also in agreement with several subtropical halophyte grasses, such as Aeluropus
lagopoides, Sporobolus ioclados, Urochondra setulosa, and Halopyrum mucronatum that showed
the optimum growth under non-saline conditions [43]. Besides P. karka, other species
belonging to the genus Phragmites showed dose-dependent growth responses under saline
conditions [40,41]. Therefore, we could suggest that our test species is one of the best
candidates for using the sustainable utilization of saline land, particularly in arid and
semi-arid regions of the world.

The rate of the leaf gas exchange varies with the duration and levels of salinity and
drought conditions [44]. The ability of a plant to maintain its chlorophyll level, stomatal
conductance, and rate of efficient CO2 assimilation under saline conditions are closely
related to the salt tolerance ability of the plant [45]. The photosynthetic efficiency of P. karka
was decreased with an increase in the salinity; however, it remained comparable in drought
treatment with the non-saline control (0 mM NaCl).

The survival of plants under drought and salinity without compromising the biomass
is difficult; however, the salt-resistant plant maintains an optimum water use efficiency
and rate of photosynthesis and fast growth rate. Under high salinity, plants improve their
water use efficiency by decreasing their transpiration rate [46]; however, this reduces the
CO2 uptake, and therefore, photosynthesis is inhibited. Phragmites karka optimized net
photosynthesis with a minimum water loss and favored higher photosynthetic rates (A) at
100 mM NaCl. However, at a higher salinity and under drought treatment, plants ensured
their survival but with a growth reduction. A similar strategic reduction in photosynthetic
efficiency and growth was reported for many halophytes under various abiotic stresses,
such as Desmostachya bipinnata [47], Aeluropus lagopoides, and Sporobolus tremulus [48], under
various abiotic stresses [45,47]. An effective CO2 and water exchange is necessary for
the survival of plants under stress conditions [47,48]. Phragmites karka exhibited higher
energy requirements with increasing concentrations of NaCl, as indicated by an increase in
compensation irradiance (Ic). High salt concentrations (300 mM NaCl) caused a reduction in
photosynthetic machinery, which leads to a decrease in the level of Is. However, unutilized
light by the photosystem may trigger photochemical damage [49]. Our data is in agreement
with several published reports [44,49,50].

The data extracted from A-Ci curves showed a significant decrease in the maximum
rate of Rubisco carboxylase activity (Vc, max), maximum rate of photosynthetic electron
transport to regenerate Ribulose-1,5-bisphosphate (Jmax), and utilization of triose phos-
phate (TPU) under higher salinity and drought conditions. The reduction of TPU in P. karka
indicates that the synthesis of sucrose/starch might be inhibited due to the reduced re-
generation of phosphate (Pi) under stress conditions [15]. In addition, it may also cause
growth inhibition under stress conditions, which is also evident in the lower values of
the cellulose and hemicellulose contents in P. karka plants growing at 300 mM NaCl and
drought [51,52]. Any alteration in the electron transport (ETR) disturbs the availability
of the electron acceptors (like NADP+) and utilization of ADP that ultimately limits the
regeneration of ribulose-1,5-bisphosphate [52]. Hence, it can be suggested that, under high
salinity and drought conditions, the biochemical efficiency of the photosynthetic apparatus
in P. karka plants decreased due to the colimitation of Vc, max, Jmax, and TPU.
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The chlorophyll fluorescence data provides detailed insights into the integrity and effi-
cient functioning of photosystem II (PSII). The maximum quantum yield of photosystem II
(Fv/Fm) indicates the level of photoinhibition [53]. In the present study, unaffected Fv/Fm
in all treatments suggested that there was no sign of photoinhibition, and it indicated the
resilient ability of P. karaka in response to salt and drought stress. Our findings are also
in agreement with other salt-resistant plants such as Urochondra setulosa and other halo-
phytes [54,55]. It is also supported by the higher values verified for the maximum electron
transport rates (ETR) in this experiment, where higher electron transport rates (ETR) were
found in all treatments, especially under drought conditions. Non-Photochemical Quench-
ing (NPQ) is an indicator of dissipating nonradiative energy from the light-harvesting
complex (LHC II) of PSII that prevents the overreduction of ETC and therefore avoids
damage to the photosynthetic process. Growth inhibition under water stress is caused by
lower leaf expansion (due to less turgid cells, P. karka buffered the loss of the photosynthetic
active leaf surface area by maintaining a high electron transport rate and Φ PSII under
drought [3]). A higher NPQ was observed in P. karka at a higher salinity, indicating the
efficient heat dissipation mechanism under a saline condition so NPQ serves as an index of
stress for the plant [56,57]. Under severe stress situations, P. karka used a regulated and ef-
fective Y (NPQ) in this study to release absorbed light energy as heat that ultimately caused
no change in the nonregulated process Y(NO). A similar strategy of heat dissipation has
been documented in Paspalum paspalodes and Paspalidium geminatum [48]. The upregulation
of the xanthophyll cycle and synthesis of photoprotective compounds such as carotenoids
and the activity of photorespiration also support plant heat dissipation, which is critical to
avoiding photosystem II damage under suboptimum situations [48,58,59].

The cell wall composition in grasses mostly consists of cellulose microfibrils inter-
linked with glucuronoarabinoxylans and polyphenolic depositions [60]. The synthesis of
higher cellulose and hemicellulose in P. karka under saline conditions protects and supports
the plant from lodging and higher light gaining, which promote growth and seedling vigor
under saline and drought stress [61]. Generally, plants can reduce the cellulose synthesis
and influence lignin accumulation under stress [62,63]. However, in salt-tolerant plants, the
crude fiber, cellulose, and hemicellulose contents increased under salt stress [63]. Higher
cellulose, hemicellulose, and total sugars in P. karka at a low salinity (100 mM NaCl) treat-
ment suggest it could be a source of lignocellulose for bioethanol production in salt-affected
lands. The cellulosic and hemicellulosic contents of P. karka are also comparable with the
other bioenergy crops, such as Cynodon dactylon (35.7% cellulose, 25% hemicellulose) and
Panicum virgatum (16.8% cellulose, 27.8% hemicellulose) [34].

Plants have been known as promising energy feedstock for ages and used for bioenergy
production due to their lower cultivation cost, lower carbon dioxide emissions, and it
is abundant in nature [64,65]. The per hectare dry biomass of P. karka was improved
substantially at 100 mM NaCl. Higher per hectare aboveground dry biomass is reported in
different feedstock crops for bioethanol [64], such as sweet sorghum [65]. The ethanol yield
from the total sugars, cellulose, and hemicellulose contents were also estimated for P. karka
in this study. Interestingly, the addition of 100 mM NaCl in the growth medium enhanced
the yield of the ethanol per hectare by using the total sugar, cellulose, and hemicellulose in
plants. Hence, the prospect of P. karka as feedstock for ethanol is probably very high, which
could be helpful in utilizing the saline wastelands, as well as minimizing the energy crises
and land competition for food and fuels.

5. Conclusions

This study reflects the contributions of different photochemical, stomatal, and biochem-
ical factors on the growth performance, dry biomass, and predicted bioethanol production
of Phragmites karka under dry, arid saline conditions. This study shows that the higher
saturated irradiance (Is) of light, maximum rate of Rubisco carboxylase activity (Vc, max),
maximum rate of electron transport (Jmax), and utilization of triose phosphates (TPU)
are responsible for the change in the growth of P. karka under suboptimum conditions.
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An increase in the respiratory rates exerts positive effects on the plant performance and
metabolism by providing more energy to invest in the biomass and ethanol production.
Growth inhibition under higher salinity and drought could be attributed to limited stom-
atal closure and decreased CO2 assimilation. P. karka can be grown and produce a higher
dry biomass and ethanol yield per hectare in saline and arid areas and could therefore
be used as a sustainable biofuel crop. An increase in the maximum quantum yield, ef-
fective quantum yield, and lower photochemical quenching parameters are important in
protecting plants by dissipating excessive energy, especially in drought conditions. These
results clearly postulate that P. karka can be cultivated in areas of low salinity with the
optimal photosynthetic performance. The production of higher ethanol and lignocellulosic
contents in salinity can be useful in reducing the energy crises, land competition, and
environmental protection.
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Abstract: The occurrence and persistence of pharmaceuticals in the food chain, particularly edible
crops, can adversely affect human and environmental health. In this study, the impacts of the
absorption, translocation, accumulation, and degradation of paracetamol in different organs of the
leafy vegetable crop spinach (Spinacia oleracea) were assessed under controlled laboratory conditions.
Spinach plants were exposed to 50 mg/L, 100 mg/L, and 200 mg/L paracetamol in 20% Hoagland
solution at the vegetative phase in a hydroponic system. Exposed plants exhibited pronounced
phytotoxic effects during the eight days trial period, with highly significant reductions seen in the
plants’ morphological parameters. The increasing paracetamol stress levels adversely affected the
plants’ photosynthetic machinery, altering the chlorophyll fluorescence parameters (Fv/Fm and PSII),
photosynthetic pigments (Chl a, Chl b and carotenoid contents), and composition of essential nutrients
and elements. The LC-MS results indicated that the spinach organs receiving various paracetamol
levels on day four exhibited significant uptake and translocation of the drug from roots to aerial
parts, while degradation of the drug was observed after eight days. The VITEK® 2 system identified
several bacterial strains (e.g., members of Burkhulderia, Sphingomonas, Pseudomonas, Staphylococcus,
Stenotrophomonas and Kocuria) isolated from spinach shoots and roots. These microbes have the
potential to biodegrade paracetamol and other organic micro-pollutants. Our findings provide novel
insights to mitigate the risks associated with pharmaceutical pollution in the environment and explore
the bioremediation potential of edible crops and their associated microbial consortium to remove
these pollutants effectively.
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1. Introduction

The United Arab Emirates (UAE) is situated in the Arabian desert, facing harsh climatic
conditions and water scarcity. Such a situation poses a severe constraint to agricultural
development. Therefore, alternative irrigation water sources are essential for achieving
sustainable agriculture. The UAE is highly dependent on desalination for water supply
and ranks among the highest per capita water consumers in the world [1]. Therefore,
the reuse of treated wastewater for irrigation is a highly attractive alternative to reduce
reliance on desalination and save the limited freshwater resources in the UAE. However,
significant barriers exist to the widespread use of treated wastewater for irrigation due to
the presence of emerging contaminants, especially pharmaceuticals, that may adversely
affect soil quality and/or public health. Although these pollutants have been detected in
very low concentrations (ng/L and μg/L), they pose a substantial risk to the environment
due to their daily entry into terrestrial ecosystems [2].

Emerging contaminants such as pharmaceuticals have raised concerns in recent years
because of the potential for chronic toxicity and the development of resistance to micro-
bial pathogens in humans and ecosystems [3]. The presence of pharmaceuticals, their
toxic degradation products, and different microscopic contaminants in reclaimed water
poses a new challenge for wastewater professionals and the pharmaceutical enterprise, as
wastewater treatment plants are not designed to eliminate them effectively [4]. Despite
the fact that many drugs are naturally bioactive compounds, their toxicity to flora is not
widely known. Thus, it is important to assess pharmaceutical contaminations and their
phytotoxicity in plants.

Studies report that various drugs can enter plant organs via the roots and leaves and
induce phytotoxicity, depending on the composition and concentration of the compound
and plant species [5]. In addition, deadly doses vary between studies; however, the range
of plant toxicity of antibiotics is from 4 to more than 10,000 μg [6]. These pollutants
can be detoxified, disrupted, and separated once taken up by roots and translocated to
leaves [7,8]. Moreover, the physicochemical properties of pharmaceuticals, physiological
characteristics of plants, and plant–pharmaceutical interactions (e.g., water solubility,
half-life, sorption affinity) all collectively influence the transport and accumulation of
pharmaceuticals in plants [6,9].

Paracetamol, also named acetaminophen, is one of the most widely consumed anal-
gesic drugs among over-the-counter (OCT) and prescribed medicines [10]. The global
paracetamol market is expected to be valued at 126.2 USD million in 2022 due to the
COVID-19 pandemic and is forecast to adjust to 121.7 USD million by 2028 [11]. Parac-
etamol is considered one of the most rapidly growing contaminants on the planet and
has previously been reported in concentrations of up to 200 μg/L in wastewater effluents
and 28.70 μg/L in surface waters [12], despite having high removal efficiency and a 90%
elimination rate in wastewater treatment plants within 15 days [13–15].

Researchers have described the strong tendency of paracetamol and other pharmaceu-
ticals towards sorption, accumulation, and persistence in plants and soil sediments [6,16,17],
and reported a variety of phytotoxic effects in different organs of plants in soil and hy-
droponic systems, all of which were influenced by the applied doses [18,19]. According
to recent findings, leafy vegetables (such as lettuce, spinach, cabbage, and celery) have
the greatest ability to receive and accumulate emerging contaminants in their edible tis-
sues [20,21]. Spinach and lettuce are the most common plants that uptake pharmaceuticals
and other emerging contaminants from treated wastewater effluents used for irrigation [22].
In cucumber, a 5 mg/L paracetamol dose inhibited Cytochrome P450 [23], whereas beans
treated for three weeks with 1–4 g/L paracetamol promoted phytotoxicity by reducing
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stomatal conductance and β carotene concentration [24]. Moreover, paracetamol tested at
lethal doses of 151 mg/L for 168 h in Brassica juncea (Indian mustard) resulted in bleach-
ing and dot-like lesions on the adaxial side of the leaf after 72 h, and necrosis was seen
after seven days [25]. However, when paracetamol was applied at the concentration of
151–181 mg/L, it did not display any symptoms of toxicity in Hordeum vulgare (barley),
Lupinus luteolus (pale yellow lupine), and Phragmites autralis [26]. Similarly, relatively lower
toxic effects and only 12–18% inhibition were reported in Linum usitatissimum (flax) and
Aromoratia rusticana (horseradish) [26].

Recent studies conducted at the Sharjah sewage treatment plant have reported the
presence of pharmaceutical pollutants in treated wastewater in urban areas with paraceta-
mol; a concentration of 5235 ng/L paracetamol was reported in effluent wastewaters [27,28].
Despite being classified as a pseudo-persistent drug, paracetamol is discharged into the
environment on a regular basis, presenting major issues for both human health and the
ecosystem [6,29,30]. Moreover, there is scarce information on the effects of the accumulation
of and long-term exposure to minute concentrations of this drug on both human and plant
growth and development.

Thus, spinach (Spinacia oleracea), a green vegetable, is the subject of our study, which
aims to evaluate the absorption, translocation, accumulation, and degradation of parac-
etamol in various organs in a controlled laboratory setting. The study also assessed parac-
etamol’s phytotoxicity on several morphological and physiological traits, and identified
several bacterial strains in spinach roots and shoots. We hypothesized that the regular
use of wastewater with low concentrations of emerging contaminants (e.g., paracetamol)
in crop irrigation would concentrate them in the soil and other environmental matrixes,
and result in their uptake into, translocation to and accumulation in different organs of
the plants. It was also hypothesized that the accumulated paracetamol and its degrada-
tion products in the tissues of the plants would affect essential element absorption and
biochemical processes, affecting pigment synthesis and photosynthesis efficiency.

2. Results

2.1. Paracetamol Uptake and Metabolism in Spinach

The results showed that paracetamol treatments, exposure periods, and their interac-
tions significantly affected paracetamol concentrations in spinach shoots and roots (Table 1,
Figure 1, Supplementary Figures S2–S4). Spinach plants treated with 50 mg/L, 100 mg/L,
and 200 mg/L paracetamol accumulated 75 μg/g, 136 μg/g, and 1012 μg/g paracetamol,
respectively, after four days in shoot tissues. After eight days, the drug concentrations
significantly declined to 56 μg/g, 73 μg/g, and 396 μg/g in the 50 mg/L, 100 mg/L, and
200 mg/L treatments, respectively, indicating the biodegradation of paracetamol after day 4.
Paracetamol concentrations in plants treated with 200 mg/L paracetamol paracetamol were
significantly greater than in plants treated with 50 mg/L and 100 mg/L over the two
treatment periods (Table 1, Figure 1a, Supplementary Figure S2).

The accumulated levels of paracetamol were very low in the roots compared to in the
shoots. The concentrations in plants’ roots treated with 50 mg/L, 100 mg/L, and 200 mg/L
paracetamol were 6.5 μg/g, 7.8 μg/g, and 10.3 μg/g, respectively, after four days, with
significant reductions observed in the concentrations (to 2.3 μg/g, 2.6 μg/g, and 3.6 μg/g,
respectively) after eight days (Table 1, Figure 1b, Supplementary Figure S3). The results
indicate high translocation of paracetamol after its uptake from the roots to the shoots. The
translocation factor in plants treated with 50 mg/L, 100 mg/L, and 200 mg/L paracetamol
significantly increased from 11.54, 17.46, and 98.74, respectively, after four days to 24.12,
27.63, and 112.15, respectively, after eight days (Table 1, Figure 1c). However, there were
insignificant effects of the interaction between paracetamol treatments and exposure period
on the translocation factor (p ≥ 0.05, Table 1, Figure 1c).
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Table 1. Results of two-way ANOVAs showing the effects of different paracetamol treatments,
exposure periods, and their interactions on the concentration of paracetamol (μg/g DW) in spinach
shoots, roots, and translocation factor.

Variable Factor df F-Ratio p-Value

Shoots
Period (P) 1 488.82 <0.001

Treatments (T) 2 1538.01 <0.001
P × T 2 332.65 <0.001

Roots
Period (P) 1 587.76 <0.001

Treatments (T) 2 45.42 <0.001
P × T 2 11.49 <0.01

Translocation Factor
Period (P) 1 26.52 <0.001

Treatments (T) 2 591.35 <0.001
P × T 2 0.17 ns

ns: non-significant at p ≤ 0.05.

  

  
Figure 1. Effect of different paracetamol treatments at different time points on the concentration of
paracetamol (μg/g DW) in spinach (a) shoots, (b) roots, (c) translocation factor, and (d) dry leaves.
Error bars represent means ± S.E. of three biological replicates. Means with different upper-case
and lower-case letters indicate significant differences (p ≤ 0.05) between the different paracetamol
treatments at four and eight days, respectively. Asterisks (*) indicates significant differences between
four and eight days at a certain concentration.

The dried leaves from plants treated with different paracetamol concentrations were
collected and assessed after eight days. On day eight, the concentration of paracetamol
in dried leaves treated with 100 mg/L and 200 mg/L paracetamol was greater (143 μg/g
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and 628 μg/g, respectively) than in fresh leaves (73 μg/g and 396 μg/g, respectively). The
accumulation of paracetamol increased in dried leaves with an increase in the applied
doses of the pharmaceutical drug (Figure 1d, Supplementary Figure S4).

2.2. Influence of Paracetamol on Plant Growth Parameters

The effect of different paracetamol levels was evident on the leaves, shoot and root
lengths, number of leaves, and shoot growth tolerance index (%) (Supplementary Table S1,
Figure 2). Spinach root length, shoot length and number of leaves were significantly
reduced in the 200 mg/L paracetamol group compared to the controls. There was no
significant difference between the lower two paracetamol concentrations (50 mg/L and
100 mg/L) in all growth traits (Supplementary Table S1, Figure 2a–d). The sensitivity of
the growth to paracetamol was organ-specific. For example, the reductions at 50 mg/L,
100 mg/L, and 200 mg/L, compared to controls, were 17.4%, 13.0%, and 34.8%, respectively,
in leaf number, 31.0%, 41.4%, and 58.6%, respectively, in shoot length, and 20.7%, 62.3%,
and 66.0%, respectively, in root length, indicating that leaf number was least affected and
root length was most affected. Moreover, shoot tolerance was significantly lower (p ≤ 0.05)
at 200 mg/L than root tolerance (Supplementary Table S1, Figure 2d). In addition, plants
exposed to higher paracetamol concentrations showed leaf margin necrosis and increased
numbers of withered leaves and browning in the root tissues (Supplementary Figure S5).
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Figure 2. Effects of different paracetamol treatments on spinach (a) shoot length, (b) root length and
(c) number of leaves, and (d) growth tolerance index (%) of spinach shoots (GTIS) and roots (GTIR)
after eight days. Error bars represent means ± S.E. of three biological replicates. For subfigures (a–c),
means with the different letters are significantly different at p ≤ 0.05. For subfigure (d), different
upper-case and similar lower-case letters indicate significant differences between GTIS and non-
significant differences between GTIR, respectively, at the different paracetamol treatments.

2.3. Impact of Paracetamol on Photosynthetic Pigments and Chlorophyll Fluorescence

Besides detecting possible damage in the photosynthetic apparatus of plants, fluores-
cence measurements allow for qualitative and quantitative analysis based on the absorption
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and utilization of light energy [31]. Two-way ANOVA showed significant effects of parac-
etamol and treatment period and their interaction on the maximum quantum efficiency
of PSII and Fv/Fm (Table 2). There was no significant difference in Fv/Fm between four
and eight days in the non-treated plants (control). The Fv/Fm values decreased with the
increase in paracetamol concentration, but the reduction was more pronounced after eight
days than four days. The Fv/Fm of plants treated with 50 mg/L, 100 mg/L and 200 mg/L
decreased below the control by 0.1%, 2.2% and 2.6%, respectively, after four days and 9.8%,
9.05%, and 10.3%, respectively, after eight days (Figure 3a). A significant reduction in the
quantum yield efficiency of photosystem II was also seen, of 7.87%, 7.25%, and 11.84%
after eight days in plants treated with 50 mg/L, 100 mg/L, and 200 mg/L paracetamol,
respectively, as compared to four days with 0.13%, 1.67% and 4.25% reductions, respectively
(Figure 3b).

Table 2. Results of two-way ANOVAs showing the effects of different paracetamol treatments,
exposure periods, and their interactions on chlorophyll fluorescence (Fv/Fm and ΦII), Chl a, Chl b,
carotenoids, and total chlorophyll content (mg/g FW) in spinach.

Variable Factor df F-Ratio p-Value

Fv/Fm

Period (P) 1 29.45 <0.001
Treatment (T) 3 7.07 <0.01

P × T 3 3.66 <0.05

ΦII
Period (P) 1 21.07 <0.01

Treatment (T) 3 10.93 <0.01
P × T 3 3.43 <0.05

Chl a
Period (P) 1 6.19 <0.05

Treatment (T) 3 1.77 ns
P × T 3 1.52 ns

Chl b
Period (P) 1 10.02 <0.01

Treatment (T) 3 2.32 ns
P × T 3 2.31 ns

Carotenoids
Period (P) 1 4.34 ns

Treatment (T) 3 1.70 ns
P × T 3 1.68 ns

Total
Chlorophyll

Period (P) 1 7.11 <0.05
Treatment (T) 3 1.89 ns

P × T 3 1.71 ns
ns: non-significant at p ≤ 0.05.

The two-way ANOVA results showed significant effects of paracetamol treatment
period on Chl a, Chl b, and total chlorophyll (Table 2). Interestingly, Chl a, Chl b, and
total chlorophyll significantly increased after eight days compared to after four days.
Such differences were more obvious at higher paracetamol concentrations (100 mg/L
and 200 mg/L). The results indicate that more prolonged exposure at higher paracetamol
concentrations enhanced the chlorophyll synthesis. After eight days, Chl a significantly
increased by 25.34% with 200 mg/L paracetamol treatment and Chl b content increased
by 4.05% and 33.23% with 100 mg/L and 200 mg/L paracetamol treatments, respectively,
compared to the control. However, there were insignificant effects on all the pigments for
the different paracetamol treatments and the interactions between periods and treatments
(p ≥ 0.05, Table 2, Figure 3).
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Figure 3. Effects of different paracetamol treatments and exposure periods on (a) Fv/Fm, (b) quantum
yield of electron transport in photosystem II (ΦII), (c) Chl a, (d) Chl b, (e) carotenoids and (f) total
chlorophyll (mg/g FW). Error bars represent ± S.E. of three biological replicates. Means with
different upper-case and lower-case letters indicate significant differences (p ≤ 0.05) at days four and
eight, respectively.

2.4. Plant Nutrients and Elements
2.4.1. Macronutrients

There were significant effects of different paracetamol treatments on the concentration
of nutrients in spinach shoots and roots (Supplementary Table S2, Figure 4). In the roots,
there were gradual decreases in the concentrations of two macronutrients (Ca, K) with the
increase in paracetamol treatments (Figure 4a,b). In the 50 mg/L, 100 mg/L, and 200 mg/L
paracetamol treatments, Ca decreased by 33.1%, 39.9% and 49.8%, respectively, and K
decreased by 65.1%, 69.1%, and 76.1%, respectively. For Mg, the concentration decreased
by 40.2% and 46.3% in the 50 mg/L and 100 mg/L paracetamol treatments, respectively,
but only 13% in the 200 mg/L treatment (Figure 4c). However, the lower paracetamol
treatments (50 mg/L and 100 mg/L) significantly reduced the concentrations of the two
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macronutrients. Additionally, the high paracetamol treatment (200 mg/L) significantly
increased the concentrations of Ca and K in the shoots (Figure 4a,b) and reduced the
concentrations of Mg in the shoots compared to the control. Still, the reduction in the
concentrations of Mg caused by the 200 mg/L treatment was less than that in the 50 mg/L
and 100 mg/L treatments (Figure 4c).
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Figure 4. Effects of different paracetamol treatments on concentrations (mg/kg DW) of (a–c) macronu-
trients, (d,e) micronutrients and (f) sodium in shoot and root systems of spinach. Error bars represent
means ± S.E. of three biological replicates. Means with different upper-case and lower-case letters
indicate significant differences (p ≤ 0.05) in nutrient and sodium concentrations between shoots
and roots, respectively, at the different paracetamol treatments. Asterisks (*) indicate significant
differences (p ≤ 0.05) in the concentration of a nutrient or sodium between shoots and roots at a
certain paracetamol level.
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2.4.2. Micronutrients

The effects of the paracetamol treatments on the two micronutrients (Fe and Mn)
in both roots and shoots were significant (Supplementary Table S2). Unlike most of the
other elements, the concentration of Fe was significantly greater in roots than in shoots.
The concentration was considerably greater in the roots of plants treated with 200 mg/L
paracetamol. There was no significant difference in Fe concentration in the shoots of plants
across the different paracetamol treatments (Figure 4d).

The Mn concentration was significantly reduced in shoots of plants treated with
100 mg/L and 200 mg/L paracetamol than in the control and 50 mg/L. The concentration
of Mn was significantly greater in the shoots than in the roots. In the latter, Mn was
significantly lower in plants treated with 50 mg/L than in the control and the higher
concentrations (Figure 4e).

2.4.3. Sodium

Sodium (Na) decreased in the roots by 4.9%, 5.4%, and 6.9% in the 50 mg/L, 100 mg/L
and 200 mg/L paracetamol treatments, respectively. Moreover, Na also decreased in the
shoots of the treated plants as compared to the control plants (Figure 4f).

2.4.4. CHNS Analysis

Elemental analysis of spinach shoots using the CHNS analyzer revealed significant
effects of paracetamol on N and S percentages in the spinach shoots (Supplementary
Table S3). There was a considerable increase in the weight percentage of nitrogen in
spinach shoots treated with 200 mg/L of paracetamol (3.84%), which was similar to control
shoots (3.88%), and lower in those treated with 50 mg/L and 100 mg/L (2.94% and 2.78%,
respectively) as shown in Figure 5. C was higher in shoot samples treated with 50 mg/L
(42.01%) and 100 mg/L paracetamol (42.09%) compared to the control (41.03%), which was
close to plants treated with 200 mg/L (40.74%). The percentages of H and S detected in all
paracetamol-treated shoot samples were similar to control shoots (Figure 5). Overall, the
C/N ratios in control and 200 mg/L paracetamol treated shoots samples were similar and
lower than those in 50 mg/L and 100 mg/L treated plants (Figure 6).

Figure 5. Variation in weight percentages of C, H, N, and S in spinach shoots after eight days of
paracetamol treatment.
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Figure 6. Variation in C/N ratio in spinach shoots after eight days of paracetamol treatments.

2.5. Microbial Analysis

VITEK® 2 microbial identification system provided rapid identification of the bacterial
flora in spinach roots and shoots (Tables 3 and 4). Among the identified bacterial strains,
members of Burkhulderia, Sphingomonas, Pseudomonas, Staphylococcus, Stenotrophomonas, and
Kocuria were prominent in spinach root and shoot cultures.

Table 3. Microbial consortium of spinach roots treated with paracetamol for eight days.

Treatment
Isolate and Colony

Description
Organism Probability (%) Confidence Role in Plants

Control spinach
roots

Gram +ve micrococcus,
yellowish moist,

moderate size
Kocuria kristinae 98 Excellent

Identification
Antagonist bacteria

in spinach [32].

Gram −ve, white, large
flat, and dry

Pasteurella
pneumotropica 90 Good

Identification

Endophytic
bacterium capable of
fixing nitrogen and

solubilizing
phosphate [33].

Gram −ve, moderate
moist

Comamonas
testosteroni 99 Excellent

Identification

Spinach microbiota
[34]. Involved in the

degradation of
aromatic compounds

[35].

Gram −ve, small moist Acinetobacter
Iwoffii 99 Excellent

Identification

Spinach microbiota
[34,36]. Involved in
the degradation of
paracetamol and

aromatic compounds
[35].

50 mg/L
paracetamol-

treated spinach
roots

Gram −ve, yellow, large,
and dry

Burkhulderia
cepacia group 95 Very Good

Identification

Spinach microbiota
[36]. Increased

growth parameters
in Zea mays [37].
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Table 3. Cont.

Treatment
Isolate and Colony

Description
Organism Probability (%) Confidence Role in Plants

Gram −ve, pale yellow,
small, moist

Pseudomonas
florescens 98 Excellent

Identification

Involved in the
degradation of

paracetamol and
aromatic compounds

[35], Spinach
microbiota [36].

Phosphorus-
solubilizing,

protease production
in Phragimates

australis [38]. Salt
tolerant in
groundnut

(Arachishypogaea)
[39]. Antifungal,

plant growth
promotion.

Increased growth
parameters,

increased Pb uptake,
root elongation in
Brassica napus and

Solanum nigrum [40].

Gram +ve, white, large
and moist

Staphylococcus
haemolyticus 95 Very Good

Identification

Spinach microbiota
[36]. Increased

growth parameters
in Triticum aestivum

[41].

Gram −ve rods, pale
yellow

Stenotrophomonas
maltophilia 95 Very Good

Identification

Spinach microbiota
[36]. Increased

growth parameters
in Triticum aestivum

[41].

100 mg/L
paracetamol-

treated spinach
roots

Gram +ve, pale yellow,
moderate, moist Kocuria kristinae 87 Acceptable

Identification

Antagonist bacteria
in spinach [32].

Gram +ve, white, small,
round Kocuria rosea 98 Excellent

Identification

Capable of growing
on naphthalene,

phenanthrene and
fluoranthene, on all

three polycyclic
aromatic

hydrocarbons
(PAHs) [42].

200 mg/L
paracetamol-

treated spinach
roots

Gram −ve,
coccobacillus,

yellow, large and dry
colonies

Brucella
melitensis- Highly

pathogenic
91 Good

Identification

Foodborne pathogen.
Contaminant of leafy

vegetables and
causes human

brucellosis [43,44].

31



Plants 2022, 11, 1626

Table 3. Cont.

Treatment
Isolate and Colony

Description
Organism Probability (%) Confidence Role in Plants

Gram −ve bacilli,
yellow, large and

moist colonies

Sphingomonas
paucimobilis 92 Good

Identification

Spinach microbiota
[35]. Increase in

growth parameters
in Triticum aestivum
[41]. Involved in the

degradation of
paracetamol and

aromatic compounds
[35]. Spinach

microbiota, involved
in PPCP

biodegradation,
produces

lignin-degrading
enzymes [36,45].

Gram +ve, white,
moderate size

Staphylococcus
auricularis 98 Excellent

Identification

Spinach microbiota,
increases growth

parameters in
Triticum aestivum

[36,41].

Table 4. Microbial consortium of spinach shoots treated with paracetamol for eight days.

Treatment
Isolate and Colony

Description
Organism Probability (%) Confidence Role in Plants

Control
spinach shoots

Gram +ve, white moist,
moderate size colonies

Staphylococcus
hominis ssp

hominis
N.A.

Low
Discrimination

Organism

Epiphytic bacteria
from fruits and leafy

greens, spinach
microbiota [36],

potential biocontrol
agents, able to reduce
the proliferation of E.
coli O157:H7 and S.
enterica in fruits and

vegetables [46].

Gram +ve, white moist,
moderate size colonies

Aerococcus
viridans N.A.

Low
Discrimination

Organism

Epiphytic bacteria on
leafy greens, capable
of fixing nitrogen and
solubilizing phosphate

[33].

Gram −ve, moderate
yellow moist colonies Oligella ureolytica N.A.

Low
Discrimination

Organism

Pathogenic bacteria
[47].

Gram −ve, moderate
yellow moist colonies

Aeromonas
salmonicida NA

Low
Discrimination

Organism

Plant growth
promoting

rhizobacteria, involved
in biodegradation of

xenobiotic compounds
from contaminated

water/soil
environment [38,48].
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Table 4. Cont.

Treatment
Isolate and Colony

Description
Organism Probability (%) Confidence Role in Plants

50 mg/L
paracetamol-

treated spinach
shoots

Gram −ve bacilli,
yellow, large and

moist colonies

Sphingomonas
paucimobilis 89 Good

Identification

Spinach microbiota,
involved in the
degradation of

paracetamol and
aromatic compounds

[34–36].

Gram +ve, white,
moderate size

Staphylococcus
hominis ssp

hominis
95 Very Good

Identification

Spinach microbiota
[36]. Epiphytic

bacteria from fruits
and leafy greens are
potential biocontrol

agents, able to reduce
the proliferation of E.
coli O157:H7 and S.
enterica in fruits and

vegetables [46].

100 mg/L
paracetamol-

treated spinach
shoots

Gram +ve, pale yellow,
moderate, moist Kocuria rosea 98 Excellent

Identification

Capable of growing on
naphthalene,

phenanthrene and
fluoranthene, on all

three polycyclic
aromatic

hydrocarbons (PAHs)
[42].

Gram −ve, white,
moderate size, moist Escherichia coli 93 Very Good

Identification

Foodborne pathogen,
spinach microbiota

[34].

200 mg/L
paracetamol

treated spinach
shoots

Gram +ve, white,
moderate, moist

Staphylococcus
vitulinus 98 Excellent

Identification
Spinach microbiota

[34,36].

Gram +ve, white,
moderate, moist Gamella bergeri 90 Good

Identification

Epiphytic bacteria
from fruits and leafy
greens are potential

biocontrol agents, able
to reduce the

proliferation of E. coli
157:H7 and S. enterica

in fruits and
vegetables [46].

3. Discussion

Results showed that the effects of paracetamol on spinach uptake, accumulation,
degradation, and phytotoxicity were concentration- and organ-dependent. There were
obvious deleterious effects of increasing paracetamol stress on spinach growth, morpholog-
ical and physiological parameters. Leaves displayed symptoms of withering, burning, and
necrosis on the margins at higher (100–200 mg/L) paracetamol levels. This result is aligned
with observations of a significant decrease in the shoot and root elongation of wheat after
21 days of application of 1.4–22.4 mg/L paracetamol treatments [49]. A similar toxic effect
of higher concentrations (>10 mg) of paracetamol was also seen in cucumber plants after
seven days of exposure, with a significant reduction in the biomass of leaves and roots [50].
Growth reduction is observed to be an adaptive survival mechanism for plants to endure
the oxidative stress damage caused to the cellular components [51].

The photosynthesis machinery of spinach was highly susceptible to paracetamol and
was impaired due to the xenobiotic stress. A significant decline occurred in the chlorophyll
fluorescence parameters with time. Our results are consistent with a previous finding [24],
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demonstrating that PSII, PSI, and electron transport in the bean plants were inhibited by
paracetamol stress, causing a potential decrease in the photosynthetic activity. A similar
decreasing trend was observed in chlorophyll fluorescence for the model macrophyte
Lemna minor used for environmental risk assessment; when treated with paracetamol,
its photosynthetic activity significantly decreased by up to 37% in comparison with the
control [16]. Moreover, a 40% reduction in the quantum yield of photosystem II was also
reported in maize treated with 10 mg/L paracetamol [52].

Our study indicates an inconsistency in the response of chlorophyll content and pho-
tosynthetic efficiency of spinach plants treated with paracetamol. Although paracetamol
significantly affected photosynthetic pigments at higher concentrations (>100 mg/L) with
the exposure period, it overall decreased the photosynthesis efficiency (Figure 3, Table 2).
Similarly, in the macrophyte Lemna minor, paracetamol exposure resulted in chlorophyll
levels similar to those found in control plants. The endpoint of Chl b was more sensitive
to paracetamol than that of Chl a and raised the Chl b content of L. minor. However,
the Fv/Fm (maximal quantum yield of PSII) was not significantly affected [53]. A recent
study [54] also reported that increasing paracetamol concentration and exposure time
resulted in non-significant increases in total chlorophyll contents, photosynthetic capacity
and photosynthetic rates, but significantly increased the photochemical reflectance index in
lettuce. In addition, it has been reported that a lower concentration of Panadol (1.0 mg/L),
another paracetamol, enhanced chlorophyll content and photosynthetic efficiency of Vigna
radiate plants [55]. The authors indicated the possibility of using a lower concentration of
Panadol as a plant growth regulator. Similarly, a significant increase in the chlorophyll
(27.46%) and carotenoids (41.8%) was found with 500 μM chronic treatment with paraceta-
mol in lettuce. With increasing concentrations of paracetamol, the chlorophyll content also
increased. However, high concentrations of paracetamol had an inhibitory effect on the
photosynthetic activity of plants and reduced the rate of photosynthesis in the experimental
variants compared to the control plants [56].

In nature, plants employ various stress-tolerance strategies to combat biotic and abiotic
stresses in their surrounding environment by altering gene expression, protein synthesis,
and post-translational modifications that aid in the re-establishment of cellular homeostasis
for their survival [51]. Our results showed a significant reduction in the growth tolerance
index of spinach shoots. However, the photosynthetic pigments in paracetamol-treated
plants increased with the increase in paracetamol concentration and exposure period. Inter-
estingly, the leaves became noticeably greener at the end of the exposure time relative to the
control plants. It has been reported that chlorophyll biosynthesis might offset the reduction
in electron transport efficiency and Calvin cycle activities under prolonged paracetamol
stress [56,57]. The chlorophyll content of cells can act as a protective mechanism against
induced oxidative stress, scavenging the accumulated ROS [58]. In addition, the significant
increase in the carotenoid content could help deactivate excited chlorophyll and safeguard
the photosynthetic system through modulation of lipid peroxidation products, thereby
attenuating and/or preventing ROS-induced damage to the photosynthetic system [59].
Still, the increases in levels of chlorophyll and carotenoids were not enough to reduce
the ROS-induced damage in spinach plants, especially shoots, treated with 200 mg/L
for eight days [60,61]. At 200 mg/L, spinach plants showed lower shoot tolerance with
the appearance of several morphological anomalies, such as leaf withering, burning, and
necrosis (Supplementary Figure S5).

Organic xenobiotics must pass via the stomata or traverse the epidermis, which is
covered by the cuticle, to permeate into a leaf. Stomata are found on the leaf’s lower
(abaxial) side, whereas the thicker cuticle layer is located on the upper (adaxial) side. The
stomatal system regulates the penetration of organics into the leaves by having multiple
openings that can be enlarged as needed. The plant regulates the intake of chemicals
of various molecular masses through the movement of two guard cells that control the
opening and closing of the stomata by adjusting the diameter of the opening. K plays a
crucial role in regulating the movement of these guard cells, cell elongation, and other
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vital physiological activities. A rise in K+ concentration opens the stoma, facilitating
the movement of the xenobiotic into the leaves [62]. Spinach is categorized as a nitrate
accumulator, and vegetables grown on sewage sludge-contaminated soil may accumulate
nitrate in edible plant portions due to extremely high nitrogen levels in the soil created by
the sludge [63]. Additionally, increased potassium uptake is also reported to facilitate the
uptake and transport of nitrate to the plant’s aerial parts, improve nitrate metabolism and
utilization, and have an indirect effect on chlorophyll synthesis [64,65].

Our results indicated significant increases in the major essential nutrients and ele-
ments, such as Ca, K, Fe, and N, in spinach plants treated with higher concentrations
(100-200 mg/L) of paracetamol compared to the controls. These essential ions and ele-
ments regulate the cellular processes, are involved in chlorophyll production, and possibly
contribute to photosynthesis, respiration, oxygen transport, and gene regulation, affect-
ing plant growth and development [66]. In addition, increases in micronutrients, such
as Fe and Zn, significantly increased antioxidant activities and reduced oxidative stress,
enhancing chlorophyll content and gaseous exchange attributes in spinach plants irrigated
with tannery wastewater with chromium [60]. A progressive decline was observed in
the Na levels of both shoot and root tissues of plants treated with increasing levels of
paracetamol (Figure 4f), likely supporting plants’ adaptation to abiotic stress and affecting
the absorption and/or distribution of organic solutes and vital nutrients in the plants [67].

Plant detoxification of xenobiotics is similar to mammalian detoxification; following a
phase I activation event, a phase II conjugation process with hydrophilic molecules such as
glutathione or glucose occurs. The phase III reactions of xenobiotic detoxification include
xenobiotic conjugate storage, degradation, and transfer [9,64]. Conjugation with sugar is
one of the main xenobiotic detoxification processes in plants. Huber et al. (2009) pioneered
the discovery of paracetamol conjugates in plants, involving a dual detoxification mecha-
nism. They discovered two metabolic pathways in the hairy root culture of horseradish,
which culminates in the synthesis of glutathione and a glucose conjugate [68]. However,
the fate of drugs in spinach is yet unknown.

Our results showed that the highest accumulations of paracetamol were observed after
four days in the shoots and roots of spinach plants treated with 200 mg/L (Figure 1a,b and
Supplementary Figures S2 and S3), and in dry leaves assessed after eight days (Figure 1d,
Supplementary Figure S4). Additionally, after eight days, significant reductions of 59.06%
and 60.93% in paracetamol concentrations were observed in spinach shoots after 100 mg/L
and 200 mg/L paracetamol treatments, respectively (Figure 1a, Supplementary Figure S2).
A similar trend of degradation with time was observed in the roots, but paracetamol
accumulation was low (Figure 1b, Supplementary Figure S3). The higher translocation
factor of paracetamol in spinach shoots (Figure 1c) indicates its high mobility into the aerial
parts of spinach. In addition, the significant reduction in paracetamol levels after eight
days indicates its conjugation ability.

Our findings coincide with a previous investigation carried out on Typha latifolia
plants, reporting the uptake and accumulation of paracetamol to be significantly higher
(0.077 μg/g FW) in leaf tissues at the end of the first week of 1 mM Paracetamol treatment,
indicating a 78% transfer of the total amount. Then, after 30 days, a gradual decrease
in the concentration was seen, and only 30% of the drug was present in the shoots [69].
Other studies reported a reduction in the paracetamol concentration immediately after
its uptake in cucumber [50], Solanum nigrum [70], and Lemna minor [16]. The cucumber
plants took up paracetamol and conjugated it quickly with glutathione. The paracetamol–
glutathione conjugates in cucumber plants exposed to 5 mg/L for 144 h were 15.2 nmol/g
and 1.2 nmol/g in cucumber roots and leaves, respectively [50].

Endophytes are nonpathogenic bacteria or fungi that naturally inhabit almost all plant
species. Endophytes have a great ability to break down xenobiotics in plants, allowing
them to withstand stress under unsuitable soil conditions [71,72]. The inoculation of
endophytic bacteria enhances the phytoremediation ability of several plants for remediation
of polluted soil and water [73,74]. For example, the inoculation of Leptochloa fusca with
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endophytic bacteria enhanced the biodegradation of organic and inorganic pollutants,
decreasing pollutants’ toxicity [74] and promoting plant growth. Although the microbial
removal of paracetamol seems to be an effective remediation technique, few bacterial
strains, including Pseudomonas, Burkholderia, Stenotrophomonas, Pseudomonas, Rhodococcus,

Bacillus, Delftia, Kocuria, Staphylococcus, Acinetobacter and Sphingomonas, are capable of
degrading paracetamol and other organic pollutants [35,75–78]. These microorganisms can
use paracetamol as their sole carbon, nitrogen, and energy source.

Moreover, inoculated endophytic bacteria can also regulate the metabolic activities of
organic pollutants and horizontal gene transfer from native endophytes [79]. The metabolic
pathways of biodegradation, however, remain poorly characterized. Two key metabolites
identified during microbial degradation of paracetamol, hydrolytic phenolic dead-end
metabolite hydroquinone and 4- aminophenol, were described as carcinogenic and highly
toxic compounds. Furthermore, paracetamol phenolic derivatives can cause DNA cleavage
and mutagenesis in animal cell lines [76,78].

VITEK 2 provided quick and accurate identification of the microbes contributing
to paracetamol degradation. We also identified bacterial strains in paracetamol-treated
spinach shoots and roots capable of removing paracetamol (Tables 3 and 4). The iso-
lated bacteria belong to the genera Pseudomonas, Sphingomonas, Burkholderia, Staphylococ-
cus, Stenotrophomonas, and Kocuria [35,76,78]. It has been reported that a consortium of
Stenotrophomonas and Pseudomonas microbial strains could degrade paracetamol up to 4 g/L.
In contrast, pure cultures of the strains degraded paracetamol completely at 0.4 g/L, 2.5 g/L,
and 2 g/L, respectively [77]. The consortium also had significantly higher degradation
rates and greatly improved tolerance to paracetamol with a shorter lag time. This also
raises serious concerns regarding the development of drug-resistant strains and promotion
of the growth of opportunistic pathogens [43,44]. Hence, apart from the beneficial role of
bacteria in bioremediation, their antimicrobial resistance and pathogenic potential cannot
be underestimated.

4. Material and Methods

Pure analytical grade paracetamol (>98% purity) was purchased from Sigma-Aldrich.
All solvents and chemical reagents used were of analytical grades.

4.1. Seed Germination and Seedling Development

Spinach (Spinacia oleracea L. cv. Matador) seeds were purchased from a local agricul-
tural shop. Seeds were soaked in water for one hour to increase germination potential
and then surface sterilized using 5% commercial bleach for 5–7 min, rinsed thrice with
distilled water, air-dried, and soaked in pots (9 cm diameter and 7 cm height) containing
approx. 350 g of garden organic potting soil. The plants were grown in a CONVIRON plant
growth chamber (model E-15) adjusted to a 25/15 ◦C day/night regime. The lighting in
the chamber was white light (1400 μmol/m2/s of 167 photosynthetically active radiation)
provided by five (400 W) metal halide and five (400 W) high-pressure sodium lamps.

4.2. Hydroponic Cultivation and Paracetamol Exposure

A hydroponic system setup, as described previously [79] was used for the experiments.
Briefly, four seedlings with two true leaves were removed from the soil pots, thoroughly
rinsed with distilled water, and transferred into glass jars containing 20% Hoagland nutrient
solution (Hoagland’s No. 2 basal salt mixture). The jars were covered with aluminum
foil to prevent roots from exposure to light and then kept in the growth chambers. The
culture jars were aerated frequently, and the nutrient solution was replenished as needed
to maintain nutrient solution balance. All experimental material and distilled water used
to prepare treatment solutions was autoclaved at 121 ◦C for 30 min before use to minimize
the risk of contamination.

After two weeks of adaptation and upon reaching the 4-6 true leaf stage, plants
were exposed to three levels of paracetamol (50 mg/L, 100 mg/L, and 200 mg/L) in 20%
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Hoagland nutrient solution for an experimental period of 8 days. All treatments were
performed in triplicate; each replicate was a mix of four plants in a jar. The treatment
solutions were replaced every four days to maintain the same stress levels. Additionally,
+ve controls (20% Hoagland nutrient solution in jars with plants) and –ve controls (20%
Hoagland nutrient solution without plants) were also included in the experiments in
triplicates to determine the abiotic losses of the pharmaceutical. The jars were organized in
a randomized block design, with treatment as the main block. In addition, the jars of the
different blocks were randomized every two days. Spinach plants were harvested at two
time points, i.e., after four days and eight days of paracetamol treatments, to determine the
fate of the xenobiotic. Plants were thoroughly washed with distilled water, dried, separated
into shoots and roots, weighed, and stored at −80 ◦C until further analysis.

4.3. Assessment of Plant Growth Parameters

Spinach shoot and root lengths were measured using a standard scale, and the number
of leaves was counted manually. Fresh weight (FW) of plants (shoots and roots separated)
was assessed at harvesting, and dry weight (DW) was calculated after freeze-drying the
samples at −84 ◦C in Freeze Dryer (Labconco Freezone- 6L).

The plant samples were lyophilized, and the growth tolerance indexes for shoots
(GTIS %) and roots (GTIR %) were determined based on their respective dry weights [80],
as follows:

GTIS% =
Average dry weight of shoots grown in media containing paracetamol

Average dry weight of shoots grown on media without paracetamol
∗ 100 (1)

GTIR% =
Average dry weight of roots grown on media containing paracetamol
Average dry weight of roots grown on medium without paracetamol

∗ 100. (2)

Chlorophyll Fluorescence Analysis: The initial fluorescence (Fo), variable fluorescence
(Fv), maximum fluorescence (Fm), potential quantum efficiency of photosystem II (ΦII),
(Fv/Fm), and (Fv/Fo) were recorded from the third middle section of fully expanded
leaves exposed to light, using a pulse-modulated fluorescence monitoring system (FMS-2,
Hansatech Instruments Ltd., Norfolk, UK). Measuring setup and calculation of selected
parameters were adopted from Hussain and Reigosa (2021) [81]. After the measurements,
the same leaves were collected to analyze photosynthetic pigments.

Quantification of the Photosynthetic Pigments: Three replicates of 50 mg leaves, each
from four plants from a jar, were immersed in 15 mL falcon tubes containing 5 mL of
methanol. The tubes were wrapped with aluminum foil and kept at 4 ◦C for 48 h until
complete bleaching of the leaf occurred to extract the photosynthetic pigments. After
complete extraction, 200 μL of supernatant was pipetted in triplicate into 96 well plates
and blank wells with methanol. The absorbance of the extracts was measured using an ab-
sorbance microplate reader (E.L. x 808- Biotek) at wavelengths of 666 for chlorophyll a, 653
for chlorophyll b, and 470 for carotenoid (Cx+c). According to Lichtenthaler (1987), the con-
centrations of the pigments were calculated using the following absorption coefficients [82],
with V being the extract volume (mL) and W the leaves fresh weight (g):

Chlorophyll a (mg/g) = [15.65 × (A666) − 7.34 × (A653)] × V/(1000 × W)

Chlorophyll b (mg/g) = [27.05 × (A653) − 11.21 × (A666)] × V/(1000 × W)

Total Chlorophyll (mg/g) = Chlorophyll a + Chlorophyll b

Cx + c (mg/g) = [1000 × (A470) − 2.86 × (Chla) − 129.2 × (Chlb)]/245 × V/(1000 × W)

4.4. The Fate of Paracetamol in Spinach

We followed a previously reported [83] extraction method for determination of parac-
etamol concentration from plant shoot and root tissues. Briefly, 100 mg of lyophilized
and ground spinach shoots and roots samples were extracted in 4 ml EDTA (150 mg/L)
and vortexed for 1 min. Then, 5 mL of a mixture of ACN: MeOH (65:35) was added
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and vortexed for 2 min following the addition of 3 gm Na2SO4 and 0.5 gm NaCl with a
1.5 min vortex. The mixture was kept overnight at 4 ◦C, then centrifuged the next day at
10,000× g for 20 min. The supernatants were filtered through 0.22 μm sterile PES membrane
syringe-driven filters (Jet-Biofil, Guangzhou, China) for LC/MS analysis.

4.4.1. Liquid Chromatography–Mass Spectrometry (LC–MS) Analysis

LC–MS analysis was performed using Waters Acquity UPLC H-Class, Xevo TQD
system (Waters Corporation, Milford, M.A, USA) equipped with electrospray ionization
operated in the positive ionization mode. The sample injection volume was 10 μL, and
chromatographic separation of analytes was carried out on an Acquity UPLC BEH C18
1.7 μm (2.1 × 100 mm) column. Mobile phases consisted of 0.1% formic acid in water
(solvent A) and acetonitrile with 0.1% formic acid (solvent B). The run time was 8 minutes,
with a retention time of 3.2 min for paracetamol (Supplementary Figure S1). The gradient
separation method is shown in Supplementary Table S4.

Calibration standards in the range of 0.5–200 μg/L were prepared with paracetamol in
methanol in triplicate, and used to determine the paracetamol concentration in all samples
from their respective peak areas. The limit of detection (LOD) and limit of quantification
(LOQ) were calculated using the standard deviation (SD) of the responses and the slope
(S) of the calibration curve, via the formulas LOD = 3.3 × (SD/S) and LOQ = 10 × (SD/S),
yielding the values of LOD = 2.220791163 and LOQ = 6.729670192. The SD of the response
was determined based on the standard deviation of y-intercepts of the calibration curve,
where LOD= 0.819811731 and LOQ= 2.484277972.

4.4.2. Translocation Factor

The translocation of paracetamol from roots to shoots in different treatments was
determined by calculating the translocation factor (TF) [80].

TF =
Paracetamol concentration in shoots
Paracetamol concentration in roots

4.5. Plant Elemental Analysis

A closed-vessel microwave-assisted digestion procedure assessed the essential nutri-
ents (macro- and micronutrients), and elements in spinach organs [84]. Briefly, 100 mg of
lyophilized samples was digested with 5 mL concentrated nitric acid (70% Sigma-Aldrich,
Merck, Darmstadt, Germany) and 1 mL H2O2 (≥30%, Sigma- Aldrich, Merck, Darmstadt,
Germany) in PFA Teflon® vessels. The volume was made up to 10 mL with distilled water.
The mixture was kept at room temperature for 15–20 min for cold digestion. The vessels
were sealed, and samples were heated using an Anton Paar microwave digestion system
using the following time and temperature program: ramping to 200 ◦C for 20 min, and
maintaining the temperature at 200 ◦C for 20 min.

After cooling down to room temperature, the digested solutions were filtered through
0.22 μm sterile PES membrane syringe-driven filters (Jet-Biofil, Guangzhou, China); their
volume was made up to 30 mL using Milli-Q water and they were refrigerated at 4 ◦C.
Elemental analysis was carried out via Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES; ICAP 7000, Thermo Fisher Scientific, Cambridge, UK). Paraceta-
mol with 20% Hoagland growth media solution samples (having different paracetamol
concentrations) were filtered through 0.22 μm sterile PES membrane syringe-driven filters
(Jetbiofil) and diluted with distilled water before ICP-OES analysis.

For simultaneous analysis of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S);
a known amount of plant material was oven-dried at 70 ◦C, finely ground and packed
in tin foil capsules and analyzed by an automated Vario MACRO cube CHNS analyzer
(PerkinElmer, Waltham, USA). Plant total C, N, H, and S was expressed as the percentage
of elements in dried plant material.
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4.6. Microbial Analysis

Our study employed the VITEK® 2 (BioMerieux, Marcy L’Etoile, France) micro-
bial identification system to identify paracetamol-degrading bacteria in spinach roots
and shoots.

Spinach shoot and root samples were weighed under aseptic conditions under a Class
II Biosafety Cabinet, surface sterilized with 70% ethanol for 7 min, and washed three times
with sterile distilled water. Then, 2.5% bleach was added to the samples for 10 min and they
were washed thrice with sterile distilled water. After sterilization, samples were crushed in
10 mL of sterile distilled water. One milliliter of the extract was taken from each sample and
serially diluted to 1 × 10−5. Then, from each diluted sample extract, 100 μL was spread on
Luria Bertani (LB) agar plates, wrapped with parafilm, and incubated at 28 ◦C, and bacterial
growth was observed for 72 h. Gram’s staining was used for preliminary identification of the
isolated bacterial strains. Bacterial suspensions were prepared in sterile saline, and the density
was adjusted using VITEK 2 DensiCheck (BioMerieux, Marcy L’Etoile, France) to a McFarland
standard of 0.5–0.63. Gram-positive and Gram-negative bacteria were identified using G.P.
and G.N. cards, respectively, via VITEK 2 G.N. (21341 BioMerieux, Marcy L’Etoile, France)
and G.P. (21342 BioMerieux, Marcy L’Etoile, France) Identification Kits.

4.7. Statistical Analysis

Two-way ANOVAs were used to assess the impacts of paracetamol treatments (0 mg/L,
50 mg/L, 100 mg/L, and 200 mg/L) and exposure time (four and eight days) and their
interaction on pigments, chlorophyll fluorescence traits and paracetamol concentrations
in spinach organs. In addition, ANOVAs were used to assess the impacts of paracetamol
concentrations on evaluated parameters, including shoot length, root length, leaf num-
ber, growth tolerance index of shoots and roots, plant nutrients and elements. Pairwise
comparisons of the means were performed using the post-hoc Tukey’s Honest Significant
Differences (HSD) test to identify which pairs of treatments were significantly different.
Three biological replicates (each replicate was a mix of four plants in a jar) were used for
the assessments. Data were statistically analyzed using SYSTAT (version 13).

5. Conclusions

The results demonstrated that the edible leafy spinach plant can uptake, accumu-
late, and metabolize paracetamol, which is one of the most commonly used over-the-
counter drugs. Despite the bioremediation process (in planta and microbial), higher doses
(100 mg/L and 200 mg/L) of paracetamol and its formed metabolites induced phytotoxi-
city, causing oxidative stress and irreversible damage to spinach roots and edible shoots.
Accumulation of these pseudo-persistent pharmaceutical pollutants in the water, soil, and
plant matrix over time may increase the population of emerging opportunistic pathogens in
biofilms, have a high risk for horizontal gene transfer, generate new multiple-drug-resistant
strains, and thus pose a direct threat to animal and human health via the food chain.

These findings could facilitate the development of guidelines for improving wastew-
ater treatment and utilization methods. Additionally, our research also provides a new
perspective exploring the synergistic roles of plants and associated beneficial microbes in
promoting plant growth and enhancing the bioremediation process of contaminants of
emerging concern (CEC) in the environment. The fast growth of spinach and its fast uptake
and degradation of paracetamol recommend it as a potential plant for the phytoremediation
of polluted lands. The harvested plants could be used as a source of biofuel.

Our extended research plan will offer a detailed evaluation and deeper understand-
ing of the biochemical and molecular repercussions of these pollutants and contribute
to addressing the fears arising in the flora and microbial community for endorsing the
application of treated wastewater to promote sustainable agricultural development in the
United Arab Emirates.
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Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/plants11131626/s1, Table S1. Results of one-way ANOVAs showing the effect of
different paracetamol treatments on the morphological attributes of spinach after eight days. Table S2.
Results of one-way ANOVAs showing the effect of different paracetamol treatments on the concentra-
tion (mg/kg DW) of several macronutrients, micronutrients and sodium in spinach shoots and roots
after eight days. Table S3. Results of one-way ANOVAs showing the effect of different paracetamol
treatments on C, H, N, and S percentage in spinach. Table S4. Gradient separation method for
LC–MS analysis of paracetamol, Figure S1. LC–MS chromatogram of Paracetamol standard, Fig-
ure S2. LC–MS chromatograms showing the concentration of paracetamol (Retention time: 3.2 min)
in spinach shoots for (A) 50 mg/L, (B) 100 mg/L and (C) 200 mg/L paracetamol treatments after
four days, and for (D) 50 mg/L, (E) 100 mg/L and (F) 200 mg/L paracetamol treatments after eight
days, Figure S3. LC–MS chromatograms showing the concentration of paracetamol (Retention time:
3.2 min) in spinach roots for (A) 50 mg/L, (C) 100 mg/L and (B) 200 mg/L paracetamol treatments
after four days, and for (D) 50 mg/L, (E) 100 mg/L and (F) 200 mg/L paracetamol treatments after
eight days, Figure S4. LC–MS chromatograms showing the concentration of paracetamol (Retention
time: 3.2 min) in spinach dry leaves for (A) 50 mg/L, (B) 100 mg/L, and (C) 200 mg/L paracetamol
treatments after eight days, Figure S5. Images of untreated (control) and treated spinach plants with
50 mg/L, 100 mg/L, and 200 mg/L paracetamol (a,b).
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Abstract: Salinity is a major threat to agricultural productivity worldwide. The selection and evalua-
tion of crop varieties that can tolerate salt stress are the main components for the rehabilitation of
salt-degraded marginal soils. A field experiment was conducted to evaluate salinity tolerance po-
tential, growth performance, carbon (δ13C) and nitrogen isotope composition (δ15N), intrinsic water
use efficiency (iWUE), harvest index, and yield stability attributes in six barley genotypes (113/1B,
59/3A, N1-10, N1-29, Barjouj, Alanda01) at three salinity levels (0, 7, and 14 dS m−1). The number
of spikes m−2 was highest in Alanda01 (620.8) while the lowest (556.2) was exhibited by Barjouj.
Alanda01 produced the highest grain yield (3.96 t ha−1), while the lowest yield was obtained in
59/3A (2.31 t ha−1). Genotypes 113/1B, Barjouj, and Alanda01 demonstrate the highest negative δ13C
values (−27.10‰, −26.49‰, −26.45‰), while the lowest values were obtained in N1-29 (−21.63‰)
under salt stress. The δ15N was increased (4.93‰ and 4.59‰) after 7 and 14 dS m−1 as compared to
control (3.12‰). The iWUE was higher in N1-29 (144.5) and N1-10 (131.8), while lowest in Barjouj
(81.4). Grain protein contents were higher in 113/1B and Barjouj than other genotypes. We concluded
that salt tolerant barley genotypes can be cultivated in saline marginal soils for food and nutrition
security and can help in the rehabilitation of marginal lands.

Keywords: Hordeum vulgare; stable isotope composition of carbon and nitrogen; saline water stress;
isotope ecology; yield stability; ion homeostasis

1. Introduction

Global agriculture is unable to cope with the existing climate change scenario and to
feed the worlds growing population that is projected to increase from 6.7 billion (2005) to
9.2 billion by 2050 [1]. Among all these anthropogenic factors, drought, salinity, and climate
change are the principal players behind the land degradation and desertification leading to
a significant reduction in crop production and yield decline [2–5]. Due to the scarce water
resources and drought episodes, the irrigation water requirement in Arabian Gulf countries
is mostly fulfilled through salty ground water and treated wastewater that is recruited to
irrigate a significant land area (forestry, landscaping, roadside plantation) [5]. To meet the
growing need of agriculture, date palm fruit gardens and landscaping, the Gulf countries
are using desalinated water (7.2%) and groundwater (91%) to meet their requirements [6].
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In this context, appropriate crop accessions that can be well adapted to the marginalized
lands and available non-conventional water resources are suitable options for long-term
rehabilitation and desertification resistance [3,7–10].

Barley is an important grain crop and ranked fourth among the cereal crops after wheat,
rice, and maize [11]. It is mainly used as food, animal fodder, and as a raw material for
beer production [12]. Several authors have demonstrated that barley can tolerate a number
of environmental stresses, such as drought [13,14], salinity [15], and heavy metals [16].
However, salt tolerance within genotypes of barley under field conditions has not been
evaluated intensively. Therefore, the study of genetic diversity and phenotypic plasticity
should be integrated in order to evaluate and select the most tolerant genotypes within
a wide range of salinity among this plant species. Furthermore, the growth, yield, and
productivity of barley are highly variable in the Middle East and North Africa region
because the local cultivars do not have sufficient tolerance potential against prevailing
environmental constraints, especially drought and salinity. Most researchers have evaluated
the variation in salinity tolerance using growth chamber or green house at a single level of
salinity and there was no validation of those results under the field setting. Meanwhile,
studies conducted in a controlled growth chamber generally involve the determination of
salinity stress on seeding growth over a short period of time (often 1–7 days), which does
not correspond to salt stress in the field that might indicate a wide variation in the growth,
development, physiological, and yield traits [17].

It has been observed that among the population of particular crop genotypes, wide
variation exists at various growth and development stages for salinity tolerance. However,
it was difficult to predict which salinity range will be appropriate for the screening, se-
lection, and evaluation of genotypes that can best correlate with genetic diversity under
field conditions. This kind of study is very important in order to develop efficient breeding
programs and tool kits of salt tolerant crop genotypes and to assess the growth, physio-
logical, and yield traits under field conditions [18]. Efforts to enhance crop yields under
salinity stress have also had limited success because the underlying mechanisms of salt
tolerance have not been turned into useful selection criteria to evaluate a wide range of
phenotypic plasticity and genotypes. Several authors have studied the salinity tolerance
potential among a wide range of crop plants at the germination and seedling growth stages
and showed a large genetic difference among them [19,20]. However, little attention has
been paid to show a correlation regarding this early evaluation of salinity tolerance at ger-
mination with field condition [21]. However, it is worthwhile to mention that these authors
made significant efforts to explain the Na+ exclusion, K+ accumulation, and K+/Na+ as
reliable indicators for selecting suitable genotypes that can tolerate soil and irrigation water
salinity [22]. The success of dual-purpose barley in marginal environments is subject to
proper agronomic management practices along with the use of improved genotypes.

It is an urgent task of agronomists, plant physiologists, and plant breeders to identify
and evaluate the genotypes and plant phenotypic plasticity using non-invasive, rapid, and
reliable methods in order to screen the desired traits in a particular environment. The
evaluation of the salinity tolerance potential of different genotypes and plant phenotypic
attributes is highly necessary in order to understand physiological responses of the target
genotypes and concerned traits associated with them [23,24]. The present situation can
be changed through the introduction of new salt tolerant and higher yielding barley
genotypes that have good yield stability and better salt tolerance potential. This will
help to conserve freshwater resources as well as economic and ecological benefits for
the sustainable development of salt-degraded marginal lands [6,25,26]. It is important
to screen, select, and evaluate the large collection of barley genotypes to check their
performance (growth, yield stability, physiological characteristics) and traits are suited to
salinity tolerance under field condition. In the present field study, a set of 28 genotypes
from a previous trial [27–29] were selected for elucidating the performance of different
agronomical attributes (growth, number of tillers, plant biomass), yield traits (number of
spikes, number of grains/spike, grain yield, harvest index), and biochemical attributes
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(Na+, Cl−, K+), to find more suitable and tolerant genotypes under sandy marginal lands.
The current study will provide a basis to promote barley cultivation on a large scale in
the salt affected agro-ecosystem environment of the UAE. In addition, genotypes that
showed stable yield and salt-tolerance potential will be included in the barley breeding
programs for the development and release of salt-tolerant cultivars for seed multiplication
and distribution among NARS for multi-location testing and large-scale cultivation.

The phenotypic plasticity, genotype variability, and agronomic adaptation of barley
are extremely wide and vary significantly from hot arid to subtropical humid climates.
Barley batini land races have not been characterized for salt tolerance on morphological,
biochemical, ecophysiological, and isotopic bases. The main aim of the present study was
the evaluation of batini barley land races and genotypes through the elucidation of salinity
tolerance potential, growth performance, leaf ion homeostasis, leaf carbon and nitrogen
isotope discrimination, intrinsic water use efficiency, harvest index, and yield stability
attributes on six barley genotypes (113/1B, 59/3A, N1-10, N1-29, Barjouj, Alanda01) at
three salinity levels (0, 7 and 14 dS m−1). For this study, it was hypothesized that batini
barley land races and genotypes are genetically diverse and vary for salt tolerance potential.
The evaluation of the plasticity of physiological attributes, such as number of tillers/m2,
fresh biomass (FW), dry biomass (DW), grain yield, harvest index, and leaf Na+, K+, and
Cl− concentration, leaf carbon and nitrogen isotope discrimination, and intrinsic water use
efficiency, may help to develop a better understanding of mechanisms of salt tolerance.

2. Materials and Methods

2.1. Experiment Site and Climatic Conditions

The field trials were conducted at an agriculture experiment research station (ICBA,
Dubai, UAE) from December 2013 to May 2014. The site is located at N 25◦05.847;
E 055◦ 23.464. The experimental field was nutrient-poor, sandy soil (sand 98%, silt 1%, and
clay 1%), calcareous (50–60% CaCO3), porous (45% porosity), and moderately alkaline
(pH 8.22). The electrical conductivity of saturated extract (Ec) is 1.2 dS m−1 and the soil
has good drainage capacity and is classified as carbonatic, hyperthermic typic, and tor-
ripsamment. To keep the area drained and to control soil salinization at the experimental
station, a sub-surface drainage system is installed at 2 m depth from the soil surface. From
December to February, the temperature is significantly lower, days are cooler and dry
(10 ◦C, temperature at night), while during the summer season (April to October), the
temperature is high, can reach up to 50 ◦C, and the climate is extremely hot and dry with
lots of humidity. During summer, there is almost no chance of rainfall and the sky is mostly
cloudless. Average annual temperature, rainfall, and humidity are shown in Figure 1.

2.2. Plant Material and Growth Conditions

Six barley (Hordeum vulgare L.) genotypes used in this study (Table 1) include germplasm
obtained from ICARDA (27 barley entries from the Barley Observation Nursery (se-
lected from 328 entries), specifically 5 entries from the Heat Nursery Q2-4 (selected from
458 entries) and 11 entries from the Special Heat Nursery (selected from 320 entries), eval-
uated during the cropping cycle (1999–2003) [30]. A few lines are among the best lines
selected from a set of Omani Batini barley landrace from 2308 subpopulations (Batini 1-7
and 1-5) evaluated by Jaradat et al., [27,28] for tolerance to different levels of continuous
salinity during germination and seedling growth attributes.

Table 1. The Barley GeneBank accession names and entry number in this study.

S.No. Accessions Name Collection Type Entry Code/Pedigree

1 113/1B Batini 113/1B
2 59/3A Batini 59/3A
7 N1-10 nurseries Manitou//Alanda/Zafraa
8 N1-29 nurseries Rhn-03//L.527/NK1272

17 Barjouj varieties Barjouj
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Table 1. Cont.

S.No. Accessions Name Collection Type Entry Code/Pedigree

18 Alanda01 varieties Alanda01

Figure 1. Monthly average values of mean (T mean), maximum (T maxi), and minimum (T min) air
temperature and reference evapotranspiration (ETo) in the ICBA weather station, Dubai, UAE from
December 2013 to June 2014.
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The field plot was prepared by harrowing 1–2 times, followed by planking. Organic
fertilizer (N 1.5, K 1.65 and Na 1.22%; pH 7.7, C:N ratio 16.5, organic matter 41% and
moisture 1.64%) was applied (30 t ha−1) at the surface before soil was incorporated. The
seeds (1600 per each genotype) of each individual barley line were sown (2 November 2013)
manually in the rows (0.5 m spacing) in the field with a plot size of 2 m × 4 m (plot area
of 8 m2). The experimental design was a RCBD split plot with three replications. The
main-plot factor was the salinity level (0, 7 dS m−1, 14 dS m−1) and the subplot factor
was the genotypes that were randomized within each main-plot. The target salinity was
maintained throughout the cropping season and a portable EC meter was used to monitor
the salinity twice a week. The crop was irrigated using a drip irrigation system, spreading
on the soil surface, having a 4 L hr−1 flow rate. A distance of 0.5 m was maintained between
rows while the drippers were 0.25 m apart (Figure 2). The irrigation period was variable
and depended upon the climatic conditions and crop development stage, ranging from full
tillering to dough making. The irrigation program was established so that the plant receives
total irrigation (net irrigation + effective rainfall) of around 80% crop evapotranspiration
(ETc) plus 20% leaching requirement. During the grain filling period, a net (mesh size of
c. 15 × 15 mm2) was used to prevent the entry of small birds and to save the grain losses.
The impact of saline water treatments (0, 7, 14 dS m−1) on growth attributes, stable isotope
composition of carbon and nitrogen, leaf ion homeostasis, yield components, harvest index,
grain protein contents, and yield stability was evaluated on a selected set of 6 barley
genotypes (Batini landraces, varieties, and heat nurseries) (Table 2).

  
(a) (b) 

  
(c) (d) 

Figure 2. (a) Barley field plots for sustainable crop production in sandy marginal hyper-arid desert
soils at ICBA, Dubai, UAE. (b) Irrigation systems, seedling growth, tillering and spike development.
(c) Barley crop at grain filling stage. (d) Barley crop at maturity stage.
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Table 2. Physical and chemical characteristics of experimental soil.

Soil Characteristics

Sample
Location

pHs
ECe

(dS m−1)
Total N

mg kg−1
P

mg kg−1
K

mg kg−1
% Organic

Matter
Sand
(%)

Silt (%) Clay (%)
Textural

Class

Pre-sowing 2013 Control 6.55 1.538 52.62 5.46 79.2 0.83 97.53 2.26 0.2 Sand

Post-harvest (2014) 7 dS/m 7.35 2.04 52 41.51 45.95 1.46 97.6 2.2 0.2 Sand
14 dS/m 7.89 4.1 51.59 46.74 41.61 1.32 97.6 2.2 0.2 Sand

2.3. Growth, Agro-Morphological, Leaf Ion Homeostasis and Yield Traits Measurements

From each subplot, the whole plant was harvested from the middle 1 m of two central
rows and data were recorded for different agronomical traits (growth, number of tillers,
plant biomass), yield traits (number of spikes, number of grains/spike, grain yield, harvest
index), and biochemical attributes (Na+, Cl−, K+). The samples were collected to measure
fresh biomass (FW) and dry biomass (DW) after the plant samples were dried at 70 ◦C for
72 h. Briefly, the dried leaves were ground into a fine powder and then ashed for 6 h at
550 ◦C. After that, 2 N HCl was added to the cooled ash, and the solution was filtered and
tested after 15 min. Inductively coupled plasma optical emission spectrometry (Perkin
Elmer Optima 4300DV) was used to determine the concentrations of different elements and
expressed as mg/100 g dry weight (DW) [31].

2.4. Harvest Index (%)

The harvest index was calculated by using the following formula.

Harvest index (%) = Grain yield/dry biomass × 100 (1)

2.5. Grain Yield

A sample line of 1 m length was harvested, and seeds were removed from the panicle
of plants/plot, threshed, weighed (g m−2), then converted into t ha−1.

2.6. Stable Carbon and Nitrogen Isotope Analysis

The leaf samples from each treatment and control were collected, oven dried, and
ground into a fine powder. Total N and C contents (% dry matter) were measured by
elemental analysis (Flash EA-1112, Swerte, Germany). Dry ground plant material was
weighed (1700–2100 μg) using a high precision analytical balance (Metler Toledo GmbH,
Greifensee, Switzerland), and filled in tin capsules (5 × 3.5 mm, Elemental Microanalysis
Limited, Okehampton, UK). Tin capsules (pressed are in the shape of a microball) were
combusted (1600–1800 ◦C) using an automated elemental analyser coupled to an Isotope
Ratio Mass-Spectrometer (Finnegan: Thermo Fisher Scientific, model MAT-253, Swerte,
Germany). The Isotopic Ratio Mass Spectrometer has an analytical precision better than
0.3‰ for 15N and 0.05‰ for 13C.

Carbon and nitrogen isotope compositions were calculated as:

δ (‰) = [(Rsample/Rstandard) − 1)] × 1000 (2)

where Rsample is the ratio of 13C/12C or 15N/14N, and Rstandard were the standards used.
Atmospheric N2 was the standard for nitrogen while Vienna PeeDee Belemnite (VPDB)
was the standard for carbon. The accuracy and reproducibility of the measurements of δ13C
and δ15N were checked with an internal reference material (NBS 18 and IAEA-C6 for C),
and (IAEA-310A and IAEA-N1 for N), and acetanilide for C/N% ratios, respectively.

Carbon isotope discrimination is a measure of the carbon isotopic composition in plant
material relative to the value of the same ratio in the air on which plants feed:

Δ (‰) = [(δa − δp)/(1 + δp)] × 1000 (3)
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where Δ represents carbon isotope discrimination, δa and δp refer to δ13C of air CO2 and
plant material, respectively.

Farquhar et al. [32] and Farquhar and Richards [33] indicate that carbon isotope
discrimination in leaves of plants can be expressed in relationship to CO2 concentrations
inside and outside of leaves in its simplest form as:

Δ = a + (b − a) Ci/Ca

Δ = 4.4 + (27 − 4.4) Ci/Ca (4)

where a is discrimination that occurs during the diffusion of CO2 through the stomata
(4.4‰), b is discrimination by RuBisCO (27‰), and Ci/Ca is the ratio of the leaf intercellular
CO2 concentration to that in the atmosphere Ci/Ca- ratio of intercellular to atmospheric
CO2 concentration. Equation (4) establishes a direct and linear relationship between Δ and
Ci/Ca. Therefore, the measurement of Δ gives an estimation of the rate-weighed value
of Ci/Ca.

Intrinsic Water Use Efficiency (iWUE)

The term “intrinsic water-use efficiency” can be defined as the ratio of the instanta-
neous rates of CO2 and transpiration at the stomata. Intrinsic water use efficiency (iWUE)
was calculated according to the following equation:

iWUE = A/g = Ca [1 − (Ci/Ca)] × (0.625) (5)

where A is the rate of CO2 and “g” is the stomatal conductance.
Carbon isotope discrimination (Δ13C), the ratio of the leaf intercellular CO2 concen-

tration to that in the atmosphere (Ci/Ca), and intrinsic water use efficiency (iWUE) were
determined according to the theory documented by Farquhar et al. [32] and Farquhar and
Richards [33]. The close relationship between Δ13C and Ci/Ca has been explained on the
basis that the observed differences reflect the variation of Ci/Ca in the carboxylation step
of photosynthesis, in response to environmental constraints that affect stomatal regulation.
Both Ci/Ca and iWUE were derived from δ13C basic data using Equations (4) and (5) as
reported previously [34–36].

2.7. Grain Protein Contents Measurements

From each barley genotype, 200 mg FW (three replicates/treatment) were employed
for the quantification of grain protein contents using commercial bovine serum albumin
(BSA) through Bradford assays [37], as reported previously [38].

2.8. Statistical Analysis

Experiment field data were analyzed through SPSS (version 19.00) using a general
linear model. The differences between treatment means, genotypes, and their interaction
were determined using Tukey’s test (p ≤ 0.05). The yield stability of different genotypes
at different levels of salinity was computed through static yield stability index (S2i) and
dynamic yield stability index (W2i) [39,40] as reported previously [41].

3. Results

3.1. Impact of Salinity Treatments and Genotypes on Growth Attributes

The present study assessed whether barley could be extended as a crop to more
salt-degraded marginal sandy areas in UAE by irrigating with low quality saline water
(EC = 7 and 14 dS m–1). Soil biochemical analysis showed that the soil is sandy loam
type. The soil samples showed that soil had low organic matter (OM) content (Table 2)
and low contents of nitrogen, phosphorus, and potassium. Mean squares for number of
tillers, spike numbers, grain yield, and harvest index were significant (Table 3). The results
of the present study demonstrate that both water salinity levels and genotypes in each
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assessment act independently on the above mentioned attributes. The environmental data
(temperature, humidity, and evapotranspiration) during the study period 2013–2014 are
shown in Figure 1.

Table 3. Effect of salt stress on biomass and agro-physiological traits, and yield components across
6 barley genotypes.

Salt Stress Level
Plant Dry

Biomass (t ha−1)
Number of Tillers

m−2
Number of Spike

m−2
Number of Grain

Spike−1
Grain Numbers

Per Plant

Control 130.1 a 700.5 a 652.2 a 46.3 a 664.3 a
7 dS m−1 Nacl 109.3 b 629.4 b 583.9 b 40 b 482.8 b

14 dS m−1 Nacl 89.8 c 572.9 c 519.6 c 34.2 c 357.8 c
Salinity Treatment (T) ** ** ** ** **

Genotype (G) ** ** ** ** **
T × G interaction ** ** ** ** **

Values in a single column sharing the same letter are not significantly different (p ≤ 0.05) according to Tukey’s
honestly significant difference (HSD) test. (**) are significant at p ≤ 0.05 or 0.001, respectively.

3.2. Effect of Salt Stress on Morpho-Physiological Characteristics

Salt water significantly affected the plant dry biomass (PDB) due to irrigation water
salinity at all levels. Saline water treatments caused a reduction in PDB from 16% to 31%
at 7 and 14 dS m−1 respectively (Table 3). Barley genotype 113/1B (of Batini) produced
the highest plant dry biomass (116.2 t ha−1), followed by N1-29 and 59/3A (110.3 and
109.1 t/ha). The lowest PDB was produced by Barjouj (105 t ha−1) (Table 4). In addition,
the number of tillers m−2 significantly reduced following exposure to severe salt stress
(572.9) as compared to control (700.5). The percentage reduction in the number of tillers
m−2 was 18–10% from 14 to 7 dS m−1 NaCl stress. Physiological traits, e.g., number of
spikes m−2, were also decreased at each salinity stress and the highest reduction (20%)
was observed at 14 dS m−1 NaCl, respectively, compared to the non-saline treatment
(Table 3). Barley genotypes 113/1B, 59/3A, and Alanda01 exhibit the highest tillers m−2,
namely 681.1, 635.1, and 616.4, respectively. However, barley genotype N1-29 exhibits the
smallest tillers m−2 (606) as compared to other genotypes. There was significant variation
in the production of the number of spikes−2. The number of spikes m−2 was highest in
barley variety Alanda01 (620.8), followed by 113/1B (593), while the lowest number of
spikes m−2 (556.2) was exhibited by Barjouj, respectively (Table 4). Genotype Alanda01
exhibited the highest grain numbers/plant (527.9) followed by 113/1B (508.4) while the
lowest grains/plant was produced by Barjouj (480.5) (Table 4). A similar pattern of variation
was obtained for number of grains/spike in the corresponding barley genotypes.

Table 4. Barley genotype difference in biomass and agro-physiological traits across all
salinity treatments.

Genotypes
Plant Dry Biomass

(t ha−1)
Number of
Tillers m−2

Number of
Spike m−2

Number of
Grain Spike−1

Grain Number
per Plant

Grain Protein
Content (mg/g DW)

113/1B 116.2 a 681.1 a 593 b 40.9 b 508.4 b 19.3 a
59/3A 109.1 c 635.1 b 577.5 c 39.5 c 497 c 16.3 b
N1-10 107.6 d 608.6 e 573.1 c 39.1 c 490.3 c 16 b
N1-29 110.3 b 606 f 572 c 39 c 491 c 16.3 b
Barjouj 105 e 610.4 d 556.2 d 37.6 d 480.5 d 19.3 a

Alanda01 107.8 d 616.4 c 620.8 a 43.4 a 527.9 a 16.6 b

Genotype means with different letters within a column for a given trait are significantly different at p ≤ 0.05)
according to Tukey’s honestly significant difference (HSD) test.

3.3. Leaf Mineral Analysis

The concentrations of Na+ and Cl− ions were significantly higher in the barley leaves
grown under saline water irrigation compared to control (Table 5). However, the use of
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saline water also significantly increased the K+/Na+ ratio in the leaf tissues (Table 4). The
K+ content was higher with saline water, while the rest of the elements did not show
any changes. A significant difference was observed regarding Na+ and K+ concentrations
among the barley genotypes (Table 6). Genotypes Barjouj and N1-29 showed the highest
grain yield among the salinity treatments as compared to control and at the same time also
accumulated higher K+ levels. It was also noticed that these genotypes have a substantial
amount of Na+ in the leaf tissue that might counterbalance the toxicity effect through the ac-
cumulation of K+ ions. Potassium concentrations varied widely, 2.6-fold, ranging from 599.4
to 639.2 mg/100 g DW. Sodium concentration also varied from 435.9 to 924.3 mg/100 g DW.
Genotypes significantly differed for all traits, including Cl− ions concentration that was
significantly higher in Barjouj while the lowest was observed in N1-10 (Table 6). Overall,
“N1-10” was the genotype with the highest K+/Na+ ratio, followed by N1-29, while Barjouj
and Alanda01 exhibit the smallest K+/Na+ ratio among all the barley genotypes.

Table 5. Effect of salt stress on biomass and agro-physiological traits, and yield components across
6 barley genotypes.

Salt Stress Level K+ Cl− Na+ K+/Na+

Ratio
% N % C C:N Ratio Protein

Control 87.7 c 114.5 c 118 c 0.78 b 2.2 a 29.6 a 14.5 a 13.6 b
7 dS m−1 Nacl 772.3 b 984.3 b 994.2 b 0.84 b 2.8 a 27.6 b 10.2 b 17.5 a
14 dS m−1 Nacl 1024.2 a 1226.1 a 1157.2 a 1.00 a 2.8 a 27.2 b 9.7 c 17.8 a

Salinity Treatment
(T) ** ** ** ns ns ** ** **

Genotype (G) ** ** ** ns ns ns ** ns
T × G interaction ** ** ** ** ns ns ** ns

Values in a single column sharing the same letter are not significantly different (p ≤ 0.05) according to Tukey’s
honestly significant difference (HSD) test. ns (non-significant), (**) are significant at p < 0.05 or 0.001, respectively.

Table 6. Barley genotype difference in biomass and agro-physiological traits across all
salinity treatments.

Genotypes
K+ (mg 100 g−1

DW)
Cl− (mg 100 g−1

DW)
Na+ (mg 100 g−1

DW)
K+/Na+ Ratio Leaf N% Leaf C% C:N Ratio

113/1B 615.1 c 760.3 c 526.1 d 1.0 a 3.0 a 28.9 a 9.6 c
59/3A 599.4 d 741.8 d 557.1 c 0.9 b 2.6 b 27.9 b 11.5 a
N1-10 575.2 e 717.7 e 435.9 f 1.12 a 2.6 b 28.2 a 11.3 a
N1-29 638.6 a 779.0 b 507.2 e 1.08 a 2.6 b 27.9 b 11.5 a
Barjouj 639.2 a 784.7 a 924.3 a 0.66 c 3.1 a 28.9 a 9.6 c

Alanda01 620.8 b 760.5 c 899.7 b 0.66 c 2.6 b 27.8 b 10.8 b

Genotype means with different letters within a column for a given trait are significantly different at p ≤ 0.05)
according to Tukey’s honestly significant difference (HSD) test.

3.4. Effect of Salt Stress on Carbon (C%) and Nitrogen (N%) and C:N Ratios

The level of carbon was reduced at all salinity levels other than control (Table 5). In
contrast to C contents, the nitrogen level was elevated at all salty water concentrations.
Genotype 113/1B and Barjouj exhibited the highest N% and it was significantly higher
than all other genotypes (Table 6). The C% was higher in three barley genotypes, 113/1B,
N1-10, and Barjouj, respectively. There was not much difference in the leaf C% among the
rest of the barley genotypes (59/3A, N1-29, Alanda01) that exhibit around 27.9%. The C:N
value was lowest in 113/1B and Barjouj genotypes while a higher C:N ratio was obtained
in 59/3A, N1-10, and N1-29 (Table 6).

3.5. Effect of Irrigation Water Salinity, and Genotype on Grain Yield, Stable Isotope Composition of
Carbon and Nitrogen

The water salinity generally decreased grain yield among all the genotypes (Table 4).
The ANOVA conducted for the carbon isotope data indicated that the Δ values differed
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among varieties (p ≤ 0.05). Most of the varieties provided higher dry matter, and grain
yield showed, in most cases, higher Δ values. There was a significant reduction in grain
yield that decreased from 62.6% and 48.9% following 20 and 10 dS m−1 salt water irrigation,
respectively, compared to the control (Table 7). In this context, harvest index (HI) values
were reduced following increasing salinity level. HI (%) was decreased by 14% and 9.86% at
20 and 10 dS m−1 salinity, respectively, as compared to control (Table 7). Genotypes Barjouj
and Alanda01 exhibit higher grain yield (3.96 and 3.87 t ha−1), respectively, followed
by N1-10 (2.88 t ha−1), than all other genotypes. The lowest yield was produced by
59/3A (2.31 t ha−1), which was 42% less than the salt tolerant genotype Alanda01 (Table 8).
Genotypes Barjouj and Alanda01 exhibit higher HI (36.6%, 36.2%), followed by N1-10
(26.8%), while the lowest HI was observed in 59/3A (20.8%) (Table 8).

Table 7. Genotype and treatment effects on seed yield, harvest index, carbon and nitrogen isotope
attributes of six barley genotypes grown under different water salinity levels.

Treatments
Grain Yield

(t ha−1)
Harvest Index (%) δ 13C Δ13C Ci/Ca iWUE δ N15 Protein

Control 3.8 a 29.4 a −25.3 a 17.8 a 0.59 a 102.3 a 3.3 c 13.6 b
7 dS m−1 Nacl 2.89 b 26.5 b −24.7 a 17.1 a 0.56 a 109.4 a 4.5 b 17.5 a

14 dS m−1 Nacl 2.2 c 25.3 c −25.5 a 17.9 a 0.60 a 99.9 a 4.8 a 17.8 a
Salinity Treatment (T) ** ** ns ns ns ns ** **

Genotype (G) ** ** ns ns ns ns ** ns
T × G interaction ** ** ns ns ns ns ** ns

SY, Seed yield (t ha−1); HI, harvest index (%); Ci/Ca, ratio of intercellular to ambient CO2 concentration; iWUE, in-
trinsic water-use efficiency; δ13C, stable carbon isotope composition (‰); Δ13C carbon isotope discrimination (‰);
SY, seed yield (t ha−1); δ15N, stable nitrogen isotope composition. Values in a single column sharing the same
letter are not significantly different (p ≤ 0.05) according to Tukey’s honestly significant difference (HSD) test. ns,
(**) are non-significant or significant at p ≤ 0.05 or 0.001, respectively.

Table 8. Genotype and treatment effects on seed yield, harvest index, carbon and nitrogen isotope
attributes of six barley genotypes grown under different water salinity levels.

Genotypes GY (t/ha) HI δ13C Δ13C Ci/Ca iWUET δ15N Protein

113/1B 2.50 c 21.4 c −26.49 a 19 a 0.64 b 88.4 d 4.6 a 19.3 a
59/3A 2.31 d 20.8 d −25.63 b 18.1 b 0.61 b 98.4 c 4.4 a 16.3 b
N1-10 2.88 b 26.8 b −22.73 c 15.1 c 0.47 c 131.8 b 4.4 a 16.1 b
N1-29 2.49 c 21.9 c −21.63 d 13.9 d 0.42 d 144.5 a 4.4 a 16.3 b
Barjouj 3.87 a 36.2 a −27.10 a 19.6 a 0.67 a 81.4 e 4.6 a 19.3 a

Alanda01 3.96 a 36.6 a −26.45 b 18.9 b 0.64 b 88.9 d 3.13 c 16.6 b

SY, Seed yield (t ha−1); HI, harvest index (%); Ci/Ca, ratio of intercellular to ambient CO2 concentration; iWUE, in-
trinsic water-use efficiency; δ13C, stable carbon isotope composition (‰); Δ13C carbon isotope discrimination (‰);
SY, seed yield (t ha−1); δ15N, stable nitrogen isotope composition. Values in a single column sharing the same
letter are not significantly different (p ≤ 0.05) according to Tukey’s honestly significant difference (HSD) test.

The δ13C was less negative (−25.5‰) and (−24.7‰) after treatment with saline water
(14 and 7 dS m−1) as compared to control (−28.88‰), respectively. Genotypes 113/1B and
Barjouj demonstrate the highest negative δ13C values (−26.49‰, −27.10‰), followed by
59/3A (−25.63‰) Alanda01 (−26.45‰), while the smallest values were obtained in N1-29
(−21.63‰) under salt stress condition. N1-29 showed the lowest negative value of δ13C
(−21.63‰). The carbon isotope discrimination (Δ13C) values were higher in 113/1B and
Barjouj (19.6‰ and 19.0‰), while the lowest Δ13C values were observed in N1-29 (13.9‰),
respectively. A significant difference (5.7‰) (p > 0.05) was observed after salinity treatment
in carbon isotope discrimination (Δ13C), that was in the range of 13.9–19.6‰. Genotypic
differences for δ15N traits were also examined for salinity treatment, proving higher in
treated plants (4.5‰ and 4.8‰) than control treatments (3.3‰). There was not much
difference in the barley genotypes for nitrogen isotope composition, which was in the range
of 4.4–4.6‰ in most of the genotypes, while Alanda01 exhibit low δ15N (3.13‰) values as
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compared to other genotypes. The leaf N concentration has significant G × T interaction
and the δ15N of tolerant genotypes was reduced to a greater extent than sensitive ones at
all salinity stress, thus causing a significant G × T interaction (Table 8).

The ratio of intercellular to ambient CO2 concentration (Ci/Ca) was significantly
less (0.56 and 0.60) after treatment with 7 and 14 dS m−1 as compared to control (0.0.59),
indicating the closing of stomata and inhibition of CO2 (Tables 7 and 8). The maximum
value of Ci/Ca was observed in genotype Barjouj (0.67), followed by Alanda01 (0.64),
113/1B (0.64), and 59/3 A (0.61), respectively (Table 8). The intrinsic water use efficiency
(iWUE) values significantly increase following salinity treatment. A continuous increase in
the values of iWUE was observed with increasing level of salinity. Our results revealed
that iWUE was increased to 58.45%, and 37.85% at 14 and 7 dS m−1 NaCl treatments,
respectively, as compared to non-saline condition (Table 7). The maximum values of iWUE
were observed in genotype N1-29 (144.5) followed by N1-10 (131.8). The minimum iWUE
value was documented in Barjouj (81.4) (Table 8).

3.6. Impact of Water Salinity on Protein Content in Barley Genotypes

There was a significant impact of saline water stress on the protein contents of barley
grains. As compared to control, protein contents in barley grains were enhanced (17.5 and
17.8 mg/g DW) following exposure to both medium and higher salinity. Barley genotypes
varied greatly for grain protein contents (Figure 3). GPC was highest in the genotypes
113/1B and Barjouj, ranging from 16.5 to 20.8 mg/g DW. In this regard, the highest GPC
was observed in these two genotypes at higher salt stress (14 dS m−1). The lowest GPC was
observed in genotype Alanda01 (13.5) (Figure 3) in control treatment. GPC ranged from
14.3 to 16.1 mg/g DW, 14.1 to 17.7 mg/g DW, and 14.3 to 18.6 mg/g DW, respectively, in
barley genotypes 59/3A, N1-10, and N1-29.

 

Figure 3. Changes in grain protein contents (mg g−1) in 6 barley genotypes following exposure
to three different salinity levels (0, 7, 14 dS m−1). Each bar represents the mean (±S.E.) of three
replicates. Bars with different lower case letters indicate significant difference with respect to control
at p ≤ 0.05 according to Tukey’s HSD test.

3.7. Grain Yield Stability Evaluation

Barley genotypes, varied greatly for mean grain yield across the treatments (mi)
(Table 9). The barley genotypes exhibited very different scores for both static environmen-
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tal variance (S2i) and dynamic Wricke’s ecovalence (W2i). The static environment variance
for grain yield among the six barley genotypes ranged from 0.122 to 1.031 while Wricke’s
ecovalence varied from 0.101 to 1.077. In these stability analyses, the lowest values demon-
strate the stability in yield over saline environments. The variety ‘Barjouj’ was static stable
and high yielding, ranking first for S2i grain yield index across all saline environments,
and it was followed by Alandra01. The genotype ‘Alandra01’ showed stable mean yield
(W2i) and ranked first among all the genotypes across all environments. Moreover, variety
‘Alandra01’ was static stable (S2i) and high yielding, ranking second for W2i grain yield
index (Table 9).

Table 9. Environmental variance (Si2) and Wricke’s ecovalence (Wi2) over the saline treatment for the
6 barley genotypes with highest averaged mean yield across treatments (mi).

S.No. Accessions Name Collection Type mi Si2 Wi2

1 113/1B Batini Landraces LR 2.533 0.912 0.222
2 59/3A Batini LR 2.431 0.538 1.077
7 N1-10 nurseries NS 2.458 0.542 0.154
8 N1-29 nurseries NS 2.353 1.031 0.717

17 Barjouj varieties VT 3.118 0.122 0.111
18 Alanda01 varieties VT 3.058 0.349 0.101

VT: varieties; NS: Nurseries; LR: Batini landrace.

3.8. Grain Yield Stability Evaluation

The barley varieties, nurseries, and landraces showed higher mean grain yield across
the treatments (mi) (Table 9). The barley genotypes exhibited very different scores for
both static environmental variance (S2) and dynamic Wricke’s ecovalence (W2). The static
environment variance for grain yield among the six barley genotypes ranged from 0.122
to 1.031 while Wricke’s ecovalence varied from 0.101 to 1.077. In these stability analyses,
the lowest values demonstrate the stability in yield over saline environments. The variety
‘Barjouj’ was static stable and high yielding, ranking 1st for S2i grain yield index across all
saline environments, and it was followed by Alandra01. The genotype ‘Alandra01′ showed
stable mean yield (W2i) and ranked first among all the genotypes across all environments.
Moreover, variety ‘Alandra01′ was static stable (S2i) and high yielding, ranking second for
W2i grain yield index (Table 9).

4. Discussion

In hyper arid, salt-degraded, and marginal environments, there are several production
constraints that significantly disturb growth, productivity, and crop yield stability. Under
the prevailing conditions of the UAE, there is a severe lack of freshwater resources and most
of it is only available for domestic purposes and other high value issues. In this situation,
the management of available natural water resources (i.e., underground low-quality saline
water) and nutrient poor sandy soils, and their conversion to a sustainable production
system for food and feed is a most appropriate approach to the rehabilitation of these
degraded lands. Soil biochemical analysis indicates that the soil is sandy with almost no
organic matter content (Table 3).

Irrigation with saline water decreased the plant dry biomass at all salinity levels,
ranging from 16–31%. Meanwhile, genotype 113/1B exhibited the maximum dry biomass
(116.2 t/ha) and Barjouj produced the lowest PDB (105 t ha−1) (Table 4). In this context, the
number of tillers m−2 decreased following exposure to higher salt stress and the reduction
was 10–18% at 7–14 dS m−1 NaCl stress. According to the reports of Arif et al. [42], sodium
stress is a serious global concern for sustainable agriculture that disrupts morphological,
cellular, and physiological traits, affecting plant growth and development at all stages of
development. Physiological traits, e.g., number of spikes m−2, were also decreased at each
salinity stress and the highest reduction (20%) was observed at 14 dS m−1 NaCl, respectively,
compared to the non-saline treatment (Table 3). Barley genotypes 113/1B, 59/3A, and
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Alanda01 exhibit the highest tillers m−2 while N1-29 exhibits the smallest tillers m−2. There
was significant variation in the production of the number of spikes−2. The highest number
of spikes m−2 was obtained in barley variety Alanda01 followed by 113/1B while the
lowest number of spikes m−2 was exhibited by Barjouj, respectively (Table 4). Genotype
Alanda01 exhibited the highest grain numbers plant−1 followed by 113/1B while the lowest
grains/plant was produced by Barjouj. A similar pattern of variation was obtained for
number of grains spike−1 in the corresponding barley genotypes.

Understanding the biochemical, morphological, and physiological response mecha-
nisms that play a role in improving adaptation to saline water environments is limited and
the development of even more salt tolerant barley cultivars is of vital importance [41–45].
This study investigated the salinity tolerance of genetically diverse barley genotypes and
landraces based on agro-morphological, biochemical, physiological, and photosynthetic
carbon isotope discrimination attributes in order to identify promising genotypes for salt
tolerance screening. The current study showed that salt stress reduced PDB from 16%
to 31% in field plots that received highly saline water (14 dS m−1)(Table 3). Barley geno-
type 113/1B showed higher dry biomass while Barjouj exhibited the lowest PDB (Table 4).
Morpho-physiological traits varied among barley genotypes due to genotypic differences,
differences in saline environment, and also genotype by environment interactions. It is
critical to understand the scope of such variations in order to develop breeding strategies
and improve selection methods.

Salinity stress can cause inhibition of the photosynthetic process and hence agricultural
productivity, yield stability, and environmental sustainability. Plants’ ability to become pho-
tosynthetically active in adverse saline conditions, on the other hand, is largely untapped.
Salt stress has been shown to reduce barley yield by interfering with reproductive devel-
opment and grain filling [46,47]. In barley, both successful seed setting and grain filling
processes are critical for determining final grain yield. During the growth, reproductive,
and grain filling periods, barley genotypes were exposed to salt stress (14 dS m−1), with
an average of number of spikes m−2. However, 113/1B, 59/3A, and Alanda01 showed
a greater number of tillers m−2 as compared to other genotypes, while genotype N1-29
displayed the lowest tillers m−2. We observed a significant reduction in grains per spike
and grain weight across genotypes grown under saline conditions, resulting in a reduction
in grain yield of 23% on average when compared to non-saline conditions (Table 4). Geno-
type Alanda01 revealed highest grain numbers plant−1 (527.9) followed by 113/1B (508.4)
while Barjouj (480.5) produced the lowest grains plant−1. Meanwhile, severe salinity stress
during the grain filling stage may have an impact on other yield components, such as grain
filling duration and grain filling process, and hence can cause significant effects in lowering
grain weight and yield in barley [46–48].

In response to salt stress, Na+ and Cl− levels were significantly higher in the barley
leaves while the K+/Na+ ratio in the leaf tissues increased consistently. The K+ content
was higher with saline water, while the rest of the elements did not show any changes. The
K+ levels were consistent with K+ availability, even under saline environment, and they
could also be linked to the physiological changes seen in barley. Plant exposure to a saline
environment can cause higher Na+ absorption via roots, which leads to the development
of osmotic and water stress [48–50]. In comparison to the control, increased salinity levels
resulted in an increase in tissue sodium and chloride content. Under severe salt stress,
the increase in tissue sodium affects cell wall integrity and cell expansion, in addition to
oxidative damage [51]. In this context, Na+ stress confines the absorption of other essential
nutrient elements (K+, Ca2+, P, N) [48,52] that trigger the disturbance in the ion homeostasis,
physiological, and biochemical cell activities [53].

Genotypes Brjouj and N1-29 showed the highest grain yield among the salinity treat-
ments as compared to control and at the same time also accumulated higher K+ levels.
It was also noticed that these genotypes have a substantial amount of Na+ in the leaf
tissue that might counterbalance the toxicity effect through the accumulation of K+ ions.
Potassium concentrations varied widely, 2.6-fold, ranging from 599.4 to 639.2 mg/100 g DW.
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Similar genotypic variation for salinity stress tolerance was demonstrated in barley [54].
Such genotypic variation for salt tolerance might be due to the presence of a discrepancy
among physiological traits, such as photosynthetic capacity, ion uptake, and maintenance
of plant water status or antioxidant potential [54]. Other researchers also demonstrated
that barley exhibits tolerance to medium salinity [55,56]. Our results showed that N con-
centration increased after salinity treatments. Barley cultivars 113/1B and Barjouj showed
highest N% and it was significantly higher than all other genotypes. The C% was higher
in three barley genotype, 113/1B, N1-10, and Barjouj, respectively. Several researchers
demonstrated that salt stress impedes the plant growth, physiological attributes, and yield
contributing factors, such as the number of fertile tillers, grain weight, yield per square
meter, and finally grain yield. The carbon metabolism, plant growth, and nutritional defi-
ciency due to excess sodium accumulation in soil and plant tissues will lead to oxidative
disorders and lower crop yield [6,7,10,57–59].

Effect of Irrigation Water Salinity, and Genotype on Grain Yield, Stable Isotope Composition of
Carbon and Nitrogen

The assessment of stable isotopes of carbon and nitrogen (δ13C and δ15N) provides a
very useful parameter that can help to analyze the impact of the surrounding environment
in which the plants are growing. Meanwhile, carbon isotope discrimination can provide
an integrated assessment of the stomatal regulation of internal CO2 content as well as
elaborate C3 plant species’ long-term photosynthetic carbon [32,33]. Leaf growth and area
development, photosynthesis, and nitrogen use are all closely related to crop yield. Salinity
inhibits leaf growth, limiting grain yield and yield characteristics [60]. The current findings
show that when salinity increased from 7 to 14 dS m−1, grain yield fell, ranging from 24%
to 42.10%. Meanwhile, Ci/Ca was much lower, indicating that the stomata had closed
(Table 8). Stomatal closure can reduce CO2 supply to carboxylation sites, lowering the
activity of Ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO), carbon synthesis,
and translocation [32,33]. Higher Δ13C is caused by a higher Ci/Ca ratio mainly due to
a larger stomatal conductance, which can lead to a higher photosynthetic rate and hence
a higher yield, i.e., positive relationship between Δ13C and yield. Genotypes Barjouj and
Alanda01 exhibit higher HI (36.6%, 36.2%), followed by N1-10 (26.8%), while the lowest
HI was observed in 59/3A (20.8%) (Table 8). When different barley genotypes were tested
for salinity tolerance, they demonstrated better Ci/Ca and yield potential, indicating their
adaption to the Dubai climate. There was a substantial difference in seed yield and harvest
index between different genotypes which could be attributable to genetic differences. Such
variances are much more pronounced in genotypes Barjouj and Alanda01, and 59/3A
which had grain yield variation of 1.6%. HI (%) was decreased by 14% and 9.86% at
20 and 10 dS m−1 salinity, respectively, as compared to control (Table 7). This is due to
some genotypes’ superior tolerance to the UAE’s agro-climatic conditions. Genotypes
Alanda01 and Barjouj had the maximum photosynthetic CO2 rate (Ci/Ca), yield, and
productivity and were the most suited and well-adapted genotypes for the Dubai marginal
soil environment. N1-10 and N-29 had the lowest rates (37% and 30% lower Ci/Ca than
Barjouj), indicating that they were the least adapted. The Ci/Ca ratio of intercellular to
ambient CO2 concentrations did not differ significantly between the remaining genotypes
(113/1B, 59/3A, Barjouj, Alanda01).

Although variation in plant N isotopic composition (15N) does not offer a measure of
NUE, it can be used to follow N mobility and infer N sources and/or N cycle dynamics in
vegetation at the local, community, and landscape scales. The diffusion gradient for CO2
into the leaf through the stomata is linked to both the efficiency of water usage (carbon (C)
fixed per unit water transpired) and the efficiency of N use (C fixed per unit N absorbed).
Plants need the majority of their water to support photosynthesis through transpiration.
Photosynthesis accounts for more than half of total leaf N [61], and total leaf N content
and photosynthetic capability are frequently associated [62]. If the CO2 diffusion gradient
steepens, reductions in stomatal conductance (gs) or higher investments in foliar N can
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result in higher water-use efficiency (WUE), while lower intercellular CO2 concentrations
can diminish N-use efficiency (NUE) by reducing rates of C fixation per cell. For salinity
treatment, phenotypic differences for 15N characteristics were also investigated, and they
were found to be larger in treated plants (4.5 and 4.8) than in control treatments (3.3).
In terms of nitrogen isotope composition, most genotypes were in the range of 4.4–4.6,
while Alanda01 had low 15N (3.13) values when compared to other genotypes. The leaf N
concentration has a substantial G x T interaction, and tolerant genotypes’ 15N was lowered
to a greater extent than sensitive genotypes under all salinity stress conditions, resulting in
a significant GxT interaction (Table 8). Carbon isotope discrimination (Δ13C), the difference
in 13C/12C composition between plant C and environmental CO2, has frequently been
used to estimate WUE. Previous studies have demonstrated negative correlations between
Δ13C and WUE under a CO2 in various species, such as barley, cowpea, and wheat [63–66].
Following salinity treatment, the intrinsic water use efficiency (iWUE) values dramatically
rise. The genotype N1-29 exhibited highest iWUE values, followed by N1-10, while Barjouj
demonstrated the lowest iWUE values (Table 8).

5. Conclusions

In conclusion, we found that barley genotypes exhibited wide genetic variability at
various salinity levels tested under UAE desert conditions. We did not find this surprising
as the genetic diversity of barley might occur because of large variation among climate
and seasonal characteristics, cultivation history, and intensity of selection pressure. These
genotypes can be profitable in marginal areas using low quality saline ground water and,
through genotypic/phenotypic trials, can be utilized for the growth and production of
barley and for the rehabilitation of UAE marginal lands. Most of the barley genotypes
that exhibited higher grain yield showed high Δ13C values. Furthermore, stress toler-
ance indices, static yield stability index, dynamic yield stability index, and physiological
characteristics (selective uptake and transport of Na+ and K+ and plant vigour) helped
us in the assessment of salinity tolerance and comparison of yield from different barley
genotypes that will further elucidate adaptation strategies for salt-degraded and marginal
lands. Furthermore, the dynamics of this study demonstrated no risk of salt accumulation
in these sandy soils of Dubai, UAE, suggesting the sustainability of barley production
when irrigated with saline water. Therefore, further investigation is required to certify the
genetic variability and adaptive mechanisms of barley for enhancing salt tolerance and
crop productivity.
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13. Chloupek, O.; Dostál, V.; Středa, T.; Psota, V.; Dvořáčková, O. Drought tolerance of barley varieties in relation to their root system

size. Plant Breed. 2010, 129, 630–636. [CrossRef]
14. Kebede, A.; Kang, M.S.; Bekele, E. Advances in mechanisms of drought tolerance in crops, with emphasis on barley. Advan. Agron.

2019, 156, 265–314.
15. Sayed, M.A.; Nassar, S.M.; Moustafa, E.S.; Said, M.T.; Börner, A.; Hamada, A. Genetic mapping reveals novel exotic and elite QTL

alleles for salinity tolerance in barley. Agronomy 2021, 11, 1774. [CrossRef]
16. wa Lwalaba, J.L.; Zvobgo, G.; Gai, Y.; Issaka, J.H.; Mwamba, T.M.; Louis, L.T.; Fu, L.; Nazir, M.M.; Kirika, B.A.;

Tshibangu, A.K.; et al. Transcriptome analysis reveals the tolerant mechanisms to cobalt and copper in barley. Ecotoxicol.
Environ. Saf. 2021, 209, 111761. [CrossRef] [PubMed]

17. Rajendran, K.; Tester, M.; Roy, S.J. Quantifying the three main components of salinity tolerance in cereals. Plant Cell Environ. 2009,
32, 237–249. [CrossRef] [PubMed]

18. El-hendawy, S.E.; Hu, Y.; Schmidhalter, U. Growth, ion content, gas exchange, and water relations of wheat genotypes differing in
salt tolerances. Aust. J. Agric. Res. 2005, 56, 123–134. [CrossRef]

19. Chen, Z.; Pottosin, I.I.; Cuin, T.A.; Fuglsang, A.T.; Tester, M.; Jha, D.; Zepeda-Jazo, I.; Zhou, M.; Palmgren, M.G.;
Newman, I.A.; et al. Root plasma membrane transporters controlling K+/Na+ homeostasis in salt-stressed barley. Plant
Physiol. 2007, 145, 1714–1725. [CrossRef]

20. James, R.A.; Munns, R.; Von Caemmerer, S.; Trejo, C.; Miller, C.; Condon, A.G. Photosynthetic capacity is related to the cellular
and subcellular partitioning of Na+, K+ and Cl– in salt affected barley and durum wheat. Plant Cell Environ. 2006, 29, 2185–2197.
[CrossRef]

21. Ebrahim, F.; Arzani, A.; Rahimmalek, M.; Sun, D.; Peng, J. Salinity tolerance of wild barley Hordeum vulgare ssp. spontaneum.
Plant Breed. 2020, 139, 304–316. [CrossRef]

22. Poustini, K.; Siosemardeh, A. Ion distribution in wheat cultivars in response to salinity stress. Field Crops Res. 2004, 85, 125–133.
[CrossRef]

23. Rozema, J.; Schat, H. Salt tolerance of halophytes, research questions reviewed in the perspective of saline agriculture. Environ.
Exp. Bot. 2013, 92, 83–95. [CrossRef]

24. Wu, D.; Cai, S.; Chen, M.; Ye, L.; Chen, Z.; Zhang, H.; Dai, F.; Wu, F.; Zhang, G. Tissue metabolic responses to salt stress in wild
and cultivated barley. PLoS ONE 2013, 8, e55431. [CrossRef] [PubMed]

25. Rasouli, F.; Pouya, A.K.; Simunek, J. Modeling the effects of saline water use in wheat-cultivated lands using the UNSATCHEM
model. Irrig. Sci. 2013, 31, 1009–1024. [CrossRef]

26. Liang, W.; Ma, X.; Wan, P.; Liu, L. Plant salt-tolerance mechanism: A review. Biochem. Biophys. Res. Commun. 2018, 495, 286–291.
[CrossRef]

27. Jaradat, A.A.; Shahid, M.; Al-Maskri, A.Y. Genetic diversity in the Batini barley landrace from Oman: I. Spike and grain
quantitative and qualitative traits. Crop Sci. 2004, 44, 304–315. [CrossRef]

28. Jaradat, A.A. Saline agriculture in the Arabian Peninsula: Management of marginal lands and saline water resources. J. Food
Agric. Environ. 2005, 3, 302–306.

60



Plants 2022, 11, 1516

29. Shahin, S.M.; Salem, M.A. The challenges of water scarcity and the future of food security in the United Arab Emirates (UAE).
Nat. Res. Conserv. 2015, 3, 1–6. [CrossRef]

30. Al-Dakheel, A.J.; Fraj, M.B.; Shabbir, G.M.; Al Gailani, A.Q.M. Evaluation of Batini barley landraces from Oman and breeding
lines under various irrigation salinity levels. Agric. Sci. Res. J. 2012, 2, 42–50.

31. Hussain, M.I.; Reigosa, M.J. Higher peroxidase activity, leaf nutrient contents and carbon isotope composition changes in
Arabidopsis thaliana are related to rutin stress. J. Plant Physiol. 2014, 171, 1325–1333. [CrossRef]

32. Farquhar, G.D.; Ehleringer, J.R.; Hubick, K.T. Carbon isotope discrimination and photosynthesis. Ann. Rev. Plant Physiol. 1989, 40,
503–537. [CrossRef]

33. Farquhar, G.D.; Richards, R.A. Isotope composition of plant carbon correlates with water use efficiency of wheat genotypes. Aust.
J. Plant Physiol. 1984, 11, 539–552.

34. Hussain, M.I.; Reigosa, M.J. Seedling growth, leaf water status and signature of stable carbon isotopes in C3 perennials exposed
to natural phytochemicals. Aust. J. Bot. 2012, 60, 676–684. [CrossRef]

35. Hussain, M.I.; El-Keblawy, A.; Mitterand Tsombou, F. Leaf age, canopy position, and habitat affect the carbon isotope discrimina-
tion and water-use efficiency in three C3 leguminous prosopis species from a hyper-arid climate. Plants 2019, 8, 402. [CrossRef]
[PubMed]

36. Hussain, M.I.; Reigosa, M.J. Evaluation of photosynthetic performance and carbon isotope discrimination in perennial ryegrass
(Lolium perenne L.) under allelochemicals stress. Ecotoxicology 2017, 26, 613–624. [CrossRef]

37. Bradford, M.M. A rapid sensitive method for the quantification of microgram quantities of protein utilizing the principle of
protein dye binding. Ann. Biochem. 1976, 72, 248–254. [CrossRef]

38. Hussain, M.I.; Reigosa, M.J. Allelochemical stress inhibits growth, leaf water relations, PSII photochemistry, non-photochemical
fluorescence quenching and heat energy dissipation in three C3 perennial species. J. Exp. Bot. 2011, 62, 4533–4545. [CrossRef]

39. Roemer, T. Sind die ertragsreichen Sorten ertragssicherer? Mitteilung Deutsche Landwirtschafts-Gesellschaft. DGL-Mitt. 1917,
32, 87–89.

40. Wricke, G. Uber eine Methode zur Erfassung der okologischen Streubreite in Feldversuchen. Z. Pflanzenzuchtg. 1962, 47, 92–96.
41. Hussain, M.I.; Al-Dakheel, A.J.; Reigosa, M.J. Genotypic differences in agro-physiological, biochemical and isotopic responses

to salinity stress in quinoa (Chenopodium quinoa Willd.) plants: Prospects for salinity tolerance and yield stability. Plant Physiol.
Biochem. 2018, 129, 411–420. [CrossRef]

42. Arif, Y.; Singh, P.; Siddiqui, H.; Bajguz, A.; Hayat, S. Salinity induced physiological and biochemical changes in plants: An omic
approach towards salt stress tolerance. Plant Physiol. Biochem. 2020, 156, 64–77. [CrossRef]

43. Rasel, M.; Tahjib-Ul-Arif, M.; Hossain, M.A.; Hassan, L.; Farzana, S.; Brestic, M. Screening of salt-tolerant rice landraces by
seedling stage phenotyping and dissecting biochemical determinants of tolerance mechanism. J. Plant Growth Regul. 2021, 40,
1853–1868. [CrossRef]

44. Khalil, S.R.; Ashoub, A.; Hussein, B.A.; Brüggemann, W.; Hussein, E.H.; Tawfik, M.S. Physiological and molecular evaluation of
ten Egyptian barley cultivars under salt stress conditions. J. Crop Sci. Biotech. 2022, 25, 91–101. [CrossRef]

45. Hussain, M.I.; Al-Dakheel, A.J. Using alternate water resources for cultivation of salt tolerant perennial grasses under marginal
environment. In Proceedings of the TROPENTAG, Management of Land Use Systems for Enhanced Food Security-Conflicts,
Controversies and Resolutions, Berlin, Germany, 16–18 September 2015.

46. Djanaguiraman, M.; Prasad, P.V.V.; Stewart, Z.P.; Perumal, R.; Min, D.; Djalovic, I.; Ciampitti, I.A. Agroclimatology of Oats, Barley,
and Minor Millets. Agroclimatol. Link. Agric. Clim. 2020, 60, 243–277.

47. Vasilakoglou, I.; Dhima, K.; Giannakoula, A.; Dordas, C.; Skiada, V.; Papadopoulou, K. Carbon assimilation, isotope dis-
crimination, proline and lipid peroxidation contribution to barley (Hordeum vulgare) salinity tolerance. Plants 2021, 10, 299.
[CrossRef]

48. Torun, H.; Novák, O.; Mikulík, J.; Strnad, M.; Ayaz, F.A. The Effects of exogenous salicylic acid on endogenous phytohormone
status in Hordeum vulgare L. under salt stress. Plants 2022, 11, 618. [CrossRef]

49. Hussain, M.I.; Farooq, M.; Muscolo, A.; Rehman, A. Crop diversification and saline water irrigation as potential strategies to save
freshwater resources and reclamation of marginal soils—A review. Environ. Sci. Pollut. Res. 2020, 27, 28695–28729. [CrossRef]

50. Yu, H.; Chen, F.; Ma, J.; Khan, Z.I.; Hussain, M.I.; Javaid, I.; Ahmad, K.; Nazar, S.; Akhtar, S.; Ejaz, A.; et al. Comparative
evaluation of groundwater, wastewater and canal water for irrigation on toxic metal accumulation in soil and vegetable: Pollution
load and health risk assessment. Agric. Water Manag. 2022, 264, 107515. [CrossRef]

51. Sellami, S.; Le Hir, R.; Thorpe, M.R.; Vilaine, F.; Wolff, N.; Brini, F.; Dinant, S. Salinity effects on sugar homeostasis and vascular
anatomy in the stem of the Arabidopsis thaliana inflorescence. Int. J. Mol. Sci. 2019, 20, 3167. [CrossRef]

52. Shahzad, B.; Rehman, A.; Tanveer, M.; Wang, L.; Park, S.K.; Ali, A. Salt stress in brassica: Effects, tolerance mechanisms, and
management. J. Plant Growth Regul. 2022, 41, 781–795. [CrossRef]

53. Altaf, M.A.; Shahid, R.; Ren, M.X.; Altaf, M.M.; Khan, L.U.; Shahid, S.; Jahan, M.S. Melatonin alleviates salt damage in tomato
seedling: A root architecture system, photosynthetic capacity, ion homeostasis, and antioxidant enzymes analysis. Sci. Hortic.
2021, 285, 110145. [CrossRef]

54. Thabet, S.G.; Alomari, D.Z.; Alqudah, A.M. Exploring natural diversity reveals alleles to enhance antioxidant system in barley
under salt stress. Plant Physiol. Biochem. 2021, 166, 789–798. [CrossRef] [PubMed]

61



Plants 2022, 11, 1516

55. Akhter, M.S.; Noreen, S.; Mahmood, S.; Ashraf, M.; Alsahli, A.A.; Ahmad, P. Influence of salinity stress on PSII in barley
(Hordeum vulgare L.) genotypes, probed by chlorophyll-a fluorescence. J. King Saud Univ. Sci. 2021, 33, 101239. [CrossRef]

56. Sabagh, A.E.; Hossain, A.; Islam, M.S.; Barutcular, C.; Hussain, S.; Hasanuzzaman, M.; Akram, T.; Mubeen, M.; Nasim, W.;
Fahad, S.; et al. Drought and salinity stresses in barley: Consequences and mitigation strategies. Aust. J. Crop Sci. 2019, 13,
810–820. [CrossRef]

57. Javed, S.A.; Arif, M.S.; Shahzad, S.M.; Ashraf, M.; Kausar, R.; Farooq, T.H.; Hussain, M.I.; Shakoor, A. Can different salt
formulations revert the depressing effect of salinity on maize by modulating plant biochemical attributes and activating stress
regulators through improved N supply? Sustainability 2021, 13, 8022. [CrossRef]

58. Derakhshani, B.; Jafary, H.; Maleki Zanjani, B.; Hasanpur, K.; Mishina, K.; Tanaka, T.; Kawahara, Y.; Oono, Y. Combined
QTL mapping and RNA-Seq profiling reveals candidate genes associated with cadmium tolerance in barley. PLoS ONE 2020,
15, e0230820. [CrossRef]

59. Derakhshani, Z.; Bhave, M.; Shah, R.M. Metabolic contribution to salinity stress response in grains of two barley cultivars with
contrasting salt tolerance. Environ. Exp. Bot. 2020, 179, 104229. [CrossRef]

60. Taleisnik, E.; Rodriguez, A.; Bustos, D.; Erdei, L.; Ortega, L.; Senn, M.E. Leaf expansion in grasses under salt stress. J. Plant Physiol.
2009, 166, 1123–1140. [CrossRef]

61. Evans, J.R. Photosynthesis and nitrogen relationships in leaves of C3 plants. Oecologia 1989, 78, 9–19. [CrossRef]
62. Liu, J.; Zhang, J.; Estavillo, G.M.; Luo, T.; Hu, L. Leaf N content regulates the speed of photosynthetic induction under fluctuating

light among canola genotypes (Brassica napus L.). Physiol. Plant. 2021, 172, 1844–1852. [CrossRef]
63. Hubick, K.; Farquhar, G. Carbon isotope discrimination and the ratio of carbon gained to water lost in barley cultivars. Plant Cell

Environ. 1989, 12, 795–804. [CrossRef]
64. Barbour, M.M.; Warren, C.R.; Farquhar, G.D.; Forrester, G.U.Y.; Brown, H. Variability in mesophyll conductance between barley

genotypes, and effects on transpiration efficiency and carbon isotope discrimination. Plant Cell Environ. 2010, 33, 1176–1185.
[CrossRef] [PubMed]

65. Ismail, A.M.; Hall, A. Correlation between water-use efficiency and carbon isotope discrimination in diverse cowpea genotypes
and isogenic lines. Crop Sci. 1992, 32, 7–12. [CrossRef]

66. Bort, J.; Belhaj, M.; Latiri, K.; Kehel, Z.; Araus, J.L. Comparative performance of the stable isotope signatures of carbon, nitrogen
and oxygen in assessing early vigour and grain yield in durum wheat. J. Agric. Sci. 2014, 152, 408–426. [CrossRef]

62



Citation: Alnusairi, G.S.H.; Mazrou,

Y.S.A.; Qari, S.H.; Elkelish, A.A.;

Soliman, M.H.; Eweis, M.; Abdelaal,

K.; El-Samad, G.A.; Ibrahim, M.F.M.;

ElNahhas, N. Correction: Alnusairi

et al. Exogenous Nitric Oxide

Reinforces Photosynthetic Efficiency,

Osmolyte, Mineral Uptake,

Antioxidant, Expression of

Stress-Responsive Genes and

Ameliorates the Effects of Salinity

Stress in Wheat. Plants 2021, 10, 1693.

Plants 2022, 11, 576. https://doi.org/

10.3390/plants11050576

Received: 20 December 2021

Accepted: 17 January 2022

Published: 22 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Correction

Correction: Alnusairi et al. Exogenous Nitric Oxide Reinforces
Photosynthetic Efficiency, Osmolyte, Mineral Uptake,
Antioxidant, Expression of Stress-Responsive Genes and
Ameliorates the Effects of Salinity Stress in Wheat. Plants 2021,
10, 1693

Ghalia S. H. Alnusairi 1, Yasser S. A. Mazrou 2,3 , Sameer H. Qari 4 , Amr A. Elkelish 5 , Mona H. Soliman 6,* ,

Mohamed Eweis 6, Khaled Abdelaal 7 , Gomaa Abd El-Samad 8, Mohamed F. M. Ibrahim 9

and Nihal ElNahhas 10

1 Department of Biology, College of Science, Jouf University, Sakaka 72388, Saudi Arabia;
gshalnusairi@ju.edu.sa

2 Business Administration Department, Community College, King Khalid University, Guraiger,
Abha 62529, Saudi Arabia; ymazrou@kku.edu.sa

3 Faculty of Agriculture, Tanta University, Tanta 31512, Egypt
4 Biology Department, Al-Jumum University College, Umm Al-Qura University, Mecca 21955, Saudi Arabia;

shqari@uqu.edu.sa
5 Botany Department, Faculty of Science, Suez Canal University Ismailia, Ismailia 41522, Egypt;

amr.elkelish@science.suez.edu.eg
6 Botany and Microbiology Department, Faculty of Science, Cairo University, Giza 12613, Egypt;

amradel807080@googelmail.com
7 Plant Pathology and Biotechnology Laboratory, Excellence Center (EPCRS), Faculty of Agriculture,

Kafrelsheikh University, Kafr Elsheikh 33516, Egypt; khaled.elhaies@gmail.com
8 Department of Agronomy, Faculty of Agriculture, Ain Shams University, Cairo 11566, Egypt;

Gomaa_abdelsamad@agr.asu.edu.eg
9 Department of Agricultural Botany, Faculty of Agriculture, Ain Shams University, Cairo 11566, Egypt;

Ibrahim_mfm@agr.asu.edu.eg
10 Department of Botany and Microbiology, Faculty of Science, Alexandria University, Alexandria 21526, Egypt;

nihal.elnahhas@alexu.edu.eg
* Correspondence: monahsh1@gmail.com; Tel.: +20-1005-145-454

In the original publication [1], the acknowledgements section was not included. The
acknowledgements are hereby published as follows:

Acknowledgments: The authors strongly acknowledge the Deanship of Scientific Research at King
Khalid University for funding this work through the Program of Research Groups under grant
number (RGP 01/258/42). Y.S.A.M. and K.A. would like to extend their appreciation to the Graduate
Studies and Research Affairs Sector of Kafrelsheikh University and Tanta University, Egypt. We also
thank all staff members of our laboratories for their helpful discussions and comments.

The original publication has also been updated.

Reference

1. Alnusairi, G.S.H.; Mazrou, Y.S.A.; Qari, S.H.; Elkelish, A.A.; Soliman, M.H.; Eweis, M.; Abdelaal,
K.; El-Samad, G.A.; Ibrahim, M.F.M.; ElNahhas, N. Exogenous Nitric Oxide Reinforces Photo-
synthetic Efficiency, Osmolyte, Mineral Uptake, Antioxidant, Expression of Stress-Responsive
Genes and Ameliorates the Effects of Salinity Stress in Wheat. Plants 2021, 10, 1693. [CrossRef]
[PubMed]

63





plants

Article

Variations in Morphological Characters and Antioxidant
Potential of Different Plant Parts of Four Ziziphus Mill.
Species from the Cholistan

Muhammad Umair Riaz 1 , Muhammad Ali Raza 2 , Amjad Saeed 1, Mukhtar Ahmed 3,*

and Tanveer Hussain 1,*

Citation: Riaz, M.U.; Raza, M.A.;

Saeed, A.; Ahmed, M.; Hussain, T.

Variations in Morphological

Characters and Antioxidant Potential

of Different Plant Parts of Four

Ziziphus Mill. Species from the

Cholistan. Plants 2021, 10, 2734.

https://doi.org/10.3390/

plants10122734

Academic Editor: Biancaelena

Maserti

Received: 11 November 2021

Accepted: 9 December 2021

Published: 12 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Forestry, Range and Wildlife Management, Faculty of Agriculture and Environment,
The Islamia University of Bahawalpur, Bahawalpur 63100, Pakistan; cumair84@yahoo.com (M.U.R.);
amjadsaeed101@gmail.com (A.S.)

2 National Research Center of Intercropping, The Islamia University of Bahawalpur, Bahawalpur 63100,
Pakistan; razaali0784@yahoo.com

3 Department of Agronomy, PMAS-Arid Agriculture University, Rawalpindi 46300, Pakistan
* Correspondence: ahmadmukhtar@uaar.edu.pk (M.A.); dr.tanveer@iub.edu.pk (T.H.)

Abstract: Genus Ziziphus (Z.) contains various important species in tropical and subtropical regions
that are globally famous for their food and medicinal uses. However, no comprehensive study
was available on the morphology and phytochemistry of Ziziphus species, mainly under different
growth conditions, i.e., irrigated and desert (Cholistan). Therefore, this study was carried out to
evaluate the morphological and phytochemical characteristics of Ziziphus species, i.e., Z. jujuba, Z.
mauritiana, Z. spina-christi, and Z. nummularia, found in the irrigated and desert conditions. Our
results revealed significant variations for most of the measured parameters, showing a large-scale
diversity among Ziziphus species under irrigated and desert conditions. Specifically, Ziziphus species
showed better morphology of all measured parameters of leaves and fruits under irrigated conditions
compared to desert conditions, indicating that the optimum water availability in irrigated conditions
improved the morphological parameters of Z. species. Meanwhile, among all Ziziphus species, the
maximum leaf length (7.4 cm), leaf width (4.1 cm), leaf area (30.6 cm2), and leaf petiole length (1.3 cm)
were observed for Z. jujuba, and the highest leaf dry weight (55.4%) was recorded for Z. mauritiana.
Similarly, the highest fruit length (3.9 cm), fruit stalk length (1.5 cm), fruit diameter (3.6 cm), fruit
width (3.8 cm), fruit area (66.1 cm2), seed length (2 cm), and seed diameter (1.1 cm) were measured
for species Z. jujuba, while the maximum fruit dry weight (49.9%) and seed width (1.4 cm) were
recorded for species Z. nummularia. Interestingly, compared to irrigated conditions, higher values of
bioactive contents, i.e., phenol, flavonoid, and antioxidant activity, in fruits and leaves of Ziziphus
species under desert conditions indicated the positive impact of desert climate on the phytochemistry
of the Z. plants. Among Ziziphus species, Z. nummularia accumulated the maximum fruit phenols
(304.4 mg GAE/100 g), leaf phenols (314.2 mg GAE/100 g), fruit flavonoids (123.7 mg QE/100 g), and
leaf flavonoids (113.4 mg QE/100 g). Overall, this study demonstrated the significant morphological
and phytochemical variations of the Ziziphus species under irrigated and desert conditions, which
could be utilized for future studies to improve the production and medicinal potential of the Ziziphus,
especially in desert areas.

Keywords: bioactive; desert; irrigated; flavonoid; phenol; phytochemistry

1. Introduction

Genus Ziziphus Mill., commonly called Ber, comprises deciduous or evergreen trees
and shrubs, widely distributed in the tropical and sub-tropical areas of the world [1]. Zizi-
phus belongs to the family Rhamnaceae, which contains 100 species in the Old-world (i.e.,
African, European, and Asian) and New-world (i.e., America). Ziziphus species are pantrop-
ical and paraphyletic and generally split into three different geographical lineages [2].
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Recent studies revealed that these lineages are categorized into genus Condaliopsis and
Sarcomphalus, regarded as new world Ziziphus and genus Ziziphus, considered old-world
Ziziphus [3,4]. Ziziphus species are reported as a good food source, especially for those
who live in desert areas, because it fulfills nutritional needs and maintains health and
food security and economic welfare [5]. In addition, these species contain a high content
of several minerals (i.e., vitamin C, phosphorus, calcium, and iron), amino acids (i.e.,
asparagine, glutamic acid, arginine, aspartic acid, serine, glycine, and threonine), and
sugars (i.e., sucrose, fructose, glucose, and starch) [6]. Furthermore, local communities
eat Ziziphus fruit (Ber) directly in fresh or dry form. Numerous companies use its fruit to
make butter, pastes, and flour [7]. Its leaves are the source of vegetables and medicine for
treating various diseases (i.e., diabetes, asthma, and depression). It is also a great source
of fodder for livestock due to its high nutritional value [1]. Notably, Ziziphus species are
drought-tolerant plants usually found as natural vegetation in the deserts [8] and exist in
pastures, coastal, and wet mountain regions [9]. These species comprise diverse plants from
shrubs to small or medium-sized trees, having an extensive range of canopy morphology
such as spreading, semi-erect, and erect, and its height ranges from 4 to 16 m [10]. Z. leaves,
fruits, and flowers have great diversity in shape, color, and taste [11–13].

Environmental factors, i.e., temperature, light, and rainfall, affect plant growth and de-
velopment in several ways [14,15]. However, trees can cope with changing environmental
conditions by alternating their organs and tissues [16]. In this perspective, due to Ziziphus
species’ drought-tolerant and heat resistant characteristics [17], they can grow well under
stress conditions, i.e., high temperature and low rainfall, thus, are responsible for diverse
morphological patterns to mitigate these effects [18]. Such interspecific patterns between
plant traits and climatic factors were previously reported by many scientists [19–21], which
strongly correlate mean annual rainfall, nutrient availability, and light intensity with leaf
shape, leaf area, and leaf size. However, there is no study available in the current litera-
ture on determining the morphological characteristics of Ziziphus plants under different
growing conditions, especially in Cholistan (high-temperature region, where total rainfall
is less than total evapotranspiration). Morphological characteristics are the most vital
determining indices for better characterization, taxonomic classification, and agronomic
value of the plants while examining the genetic diversity. Notably, the information about
the phenotypic diversity of Ziziphus, particularly the native desert species (e.g., Ziziphus
jujuba, Ziziphus mauritiana, Ziziphus spina-christi, and Ziziphus nummularia) is minimal.
Therefore, a comprehensive study is needed to determine the morphological plasticity of
each component of the Ziziphus species present in the desert. Such information is also
crucial for the commercial production of Beri with better yield, lower inputs, and improved
nutrition [2,22]. In addition, this type of study could also enhance our understanding of
adaptations and responses of morphological traits in different desert environments, which
could help us better utilize the desert lands under changing climatic conditions.

Ziziphus species are mainly used as traditional medicine and possess important phy-
tochemicals, i.e., flavonoids, phenols, triterpenoids, and alkaloids [23–26], which play
a promising role in the treatments of many diseases, i.e., cancer, ulcer, and inflamma-
tion [27,28], due to their therapeutic prospective, i.e., antioxidant properties [29,30]. Pre-
viously, scientists reported that the antioxidant compound in Ziziphus species can inhibit
or delay the oxidative damage caused by reactive oxygen species in humans and animals,
thus reducing several ailments, i.e., inflammation and aging [31–33]. Similarly, flavonoids
and phenols are natural antioxidants, which possess a broad range of multiple biological
activities and unique structures, playing important roles in minimizing the risks of oxida-
tive stress-based complaints and infectious ailments [34–36]. These findings conclude that
Ziziphus species are a rich source of phytochemicals for humans and animals. However,
how desert conditions affect the quantity of phytochemicals in Ziziphus species is rarely
investigated. Therefore, we hypothesized that desert conditions could affect the phyto-
chemistry of Ziziphus species, ultimately influencing the therapeutic prospective of these
species. A morphological characterization is an important tool in identifying species and
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determining phenotypic diversity among various plant species. The present research was
designed to investigate the variations of (i) morphological characters (i.e., qualitative and
quantitative), (ii) bioactive contents (i.e., phenols, flavonoids), and antioxidant potential of
different parts of Ziziphus species (Z. jujuba, Z. mauritiana, Z. spina-christi, and Z. nummula-
ria) under different growth conditions, i.e., irrigated and desert (Cholistan). In addition,
these types of phytochemical investigation of Ziziphus species can help to quantify the
different bioactive compounds and their potential use as medicine and will reduce the
pressure on other medicinal plant species, which are being used in traditional medicines,
thus, providing an alternative against different ailments.

2. Materials and Methods

2.1. Characteristics of the Study Area

This study was conducted for one year in the Cholistan desert with a hot and arid
climate, extended over a vast area of 2600 km2, adjacent to the district Bahawalpur, Southern
Punjab, Pakistan (Figure 1). Cholistan desert lies between 75◦24′ E and 27◦42′ N [37]. The
average rainfall of this region ranges from 100 to 250 mm, falling mainly during the
monsoon season. Mean summer and winter temperature ranges from 34 to 38 ◦C and 14
to 16 ◦C, respectively. During summer (May–July), the maximum temperature reaches
52 ◦C while the minimum temperature during the winter falls below zero (Metrology
Department, Government of Punjab, Pakistan). The soil of the Cholistan desert is a mixture
of sandy silt and sandy clay [38].

 

Figure 1. Study area map.
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2.2. Morphological Characterization

Seventy-two samples (24 plants; 12 plants from the desert and 12 plants from the
irrigated area) of fruits, leaves, and seeds of four Ziziphus species were collected randomly
from three districts, i.e., Bahawalnagar, Bahawalpur, and Rahim Yar Khan, of the Cholistan
desert and Irrigated plains, providing the opportunity to study the relationship between
environmental factors and morphological traits of different Ziziphus species under the
desert and irrigated conditions. Plants with similar morphological characters were selected
for the measurement of morphological parameters. Fruit and seed collection was done
at the final stage of fruit ripening (March) from the naturally grown old plants, while
leaves were collected before the fruit set (October–November). At each location in the
irrigated and desert conditions, three individual plants of each Ziziphus species (Z. jujuba, Z.
mauritiana, Z. spina-christi, and Z. nummularia) were selected to study the 27 morphological
characters [2]. Fruit, leaves, and seed were collected to measure the quantitative and
qualitative characteristics of Ziziphus species. For qualitative measurements, selected plant
parts of each species were subjected to visual analysis to identify traits according to the
available key for each parameter. Fruit shape, fruit apex, fruit base, fruit color, stalk color,
leaf color, leaf shape, leaf veins, leaf base, leaf apex, leaf margin, leaf petiole color, and
leaf petiole surface were recorded to determine the qualitative morphological characters of
Ziziphus species. Furthermore, for the measurement of quantitative traits, three random
fresh samples of fruits and three random fresh samples of leaves of each species from each
growing condition were sampled [18]. To calculate fruit and leaf dry weight, 100 g of fresh
fruit samples and leaves were used. Fruit weight (g), fruit length (cm), fruit width (cm),
fruit diameter (cm), fruit area (cm2), stalk length (cm), leaf length (cm), leaf width (cm), leaf
area (cm2), leaf weight (g), and petiole length were recorded to evaluate the quantitative
characters of Ziziphus species [8]. Fruit, leaves, and seed sizes were measured using a
vernier caliper, while the electrical weigh-balance was used to measure the weights of fruits
and leaves [39]. Furthermore, leaf area was measured by multiplying leaf length with leaf
width. The following equation determined fruit area:

Fruit Area = 2πr2 + 2πrl

where, π = 3.14, r = fruit radius, and l = fruit length.

2.3. Preparation of Fruits and Leaves for Chemical Analysis

Fresh fruit and leaf samples of four Ziziphus (Z) species (Z. jujuba, Z. mauritiana, Z.
spina-christi, and Z. nummularia) were collected from the different growing conditions, i.e.,
irrigated and desert (Cholistan). Collected samples were analyzed for the determination of
phytochemicals and antioxidant potential. Firstly, the collected samples were thoroughly
washed with clean water to remove any contamination and then dried under the shade
for about 15 to 17 days. After that, the leaf and fruit samples were ground and stored in
zipped plastic bags for analysis in the laboratory. Subsequently, 200 g of plant material
powder was mixed with 1000 mL of N-hexane (solvent) and kept soaked for two weeks at
room temperature. During this duration, the soaked solution was shaken regularly every
three days. A muslin cloth was used to filter out any coarse material from soaked material,
and the obtained filtrate was boiled to evaporate the menstruum. Finally, a Whatman
filter paper was used to filter the mixture, and the final extract was collected in a petri
dish. A similar extraction method was repeated with methanol in place of N-hexane as
a solvent [40]. N-hexane extract was used to measure the total phenolic and flavonoid
contents, while methanolic extract was used to evaluate free radical scavenger DPPH (1,
1-diphenyl-2-picrylhydrazyl) activities.

2.4. Total Phenolic Content

The Folin-Ciocalteu reagent method was used for the determination of phenol quantity
in plant extract (sample). N-hexane (0.2 mL) extract was mixed with the Folin reagent
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(750 μL) and 6% sodium carbonate Na2CO3 (750 μL), followed by a dark incubation of the
mixture for 90 min. After dark treatment, the absorbance of the sample was calculated
at 765 nm through a spectrophotometer. Gallic acid was used for the preparation of the
standard curve (0.250 mg/L). Total phenolic content was measured from the standard
curve and stated as milligrams (mg) of gallic acid equivalents (GAE) per 100 g of extract
(mgGAE/100 g) [41].

2.5. Total Flavonoid Content

For the determination of flavonoids, the aluminum chloride colorimetric method was
used; 1 mL of 2% aluminum chloride solution (AlCl3, 6H2O) was mixed with 1 mL N-
hexane plant extract (sample). This mixture was incubated for 10 min at room temperature,
and the absorbance of the sample was calculated at 420 nm through a spectrophotometer.
Quercetin was used as standard (0–100 mg/L). Quantity of flavonoid was measured from
the standard curve and stated as milligram (mg) of quercetin equivalents (QE) per 100 g of
extract (mg QE/100 g) [42].

2.6. Free Radical Scavenger DPPH (1,1-Diphenyl-2-picrylhydrazyl) Activity

DPPH radical scavenging assay was implemented to measure the antioxidant poten-
tial of the plant extract [41]. A solution containing 0.004% 1,1-diphenyl-2-picrylhydrazyl
(DPPH), 1 mL methanol, and 3 mL of plant extract was prepared and kept in the dark
for 30 min. Then, the absorbance of the mixture was calculated at 517 nm with a spec-
trophotometer, and an extract-free solution was used as a control. A low absorbance of
the reaction mixture highlighted a vast radical scavenging activity. For measuring the
percentage inhibition of DPPH radical of the samples, the calculation was done through
the following equation:

DPPH Inhibition (%) = {(Ab−As)/Ab} × 100

where Ab is the absorbance of blank, and As is the absorbance of the sample.

2.7. Statistical Analysis

Data were analyzed using computer software Statistix 8.1. Growing conditions were
allocated to main plots while Ziziphus species were maintained in the sub-plots. Significant
differences were determined using ANOVA in combination with the LSD (least significance
difference) test to determine the differences among the plant species. The significance of
differences was evaluated at p < 0.05 levels. Tables report the means of calculated means
based on the three replicates per treatment.

3. Results

3.1. Qualitative Morphological Characters
3.1.1. Fruit Morphological Parameters of Ziziphus Species under Irrigated and Desert
Conditions

The morphological characterization of Ziziphus species in the present study revealed
significant changes for various qualitative morphological traits among Ziziphus species
under different growing conditions, i.e., irrigated and desert (Cholistan). Overall, the fruit
shape was noticed as oval, orbicular, rounded, and ovate, and the fruit stalk color was
observed as light green and dark green in all the studied species under both conditions. The
fruit apex was found as retuse and truncate in Z. jujuba, oblate and rounded in Z. mauritiana,
obtuse in Z. spina-christi, and oblate in Z. nummularia in both growing conditions. The fruit
base was observed as rounded in Z. jujuba and Z. spina-christi, while in Z. mauritiana and
Z. nummularia, it showed a flat pattern in desert conditions. In irrigated lands, the fruit
base was shown as rounded and oval in Z. jujuba, orbicular in Z. mauritiana, rounded in Z.
spina-christi, and flattened in Z. nummularia. Moreover, the color of the ripened fruit was
yellowish-green to red in Z. jujuba, dark green in Z. mauritiana, light-green to yellow in
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Z. spina-christi, and yellow-green to red in Z. nummularia under both growing conditions
(Table 1).

Table 1. Qualitative morphological characters of fruits of Ziziphus species.

Desert Irrigated

Parameters Z. jujuba Z.
mauritiana

Z. spina-
christi

Z. nummu-
laria Z. jujuba Z.

mauritiana
Z. spina-
christi

Z. nummu-
laria

Shape Oval Orbicular Oval Orbicular Oval,
rounded

Rounded,
ovate

Oval,
rounded Orbicular

Apex Retuse Oblate Obtuse Oblate Retuse,
truncate

Rounded,
oblate Obtuse Oblate

Base Rounded Flattened Rounded Flattened Rounded,
oval Orbicular Rounded Flattened,

rounded

Color
Yellowish
green to

red
Dark green Light green

to yellow

Red,
yellow,
green

Yellowish
green to

red
Dark green Light green

to yellow

Red,
yellow,
green

Stalk color Light green Green Light green Light green Light green Light green,
green Light green Light green,

green

3.1.2. Leaf Morphological Parameters of Ziziphus Species under Irrigated and Desert
Conditions

Variations in the leaf morphological characters were recorded for the studied Ziziphus
species in different growth conditions. Leaf shape was observed as oval and oblong in Z.
jujuba, oval and lanceolate in Z. mauritiana, oval, ovate, and cordate in Z. spina-christi and,
oval and rounded in Z. nummularia in desert conditions. In contrast, leaf shape was found
as oval and oblong in Z. jujuba, oval, ovate, and cordate in Z. mauritiana, oval, ovate, and
cordate in Z. spina-christi and, rounded and ovate in Z. nummularia in irrigated conditions.
Leaf apex was an obtuse shape for all the studied species, except for the acute leaf apex
in the Z. spina-christi in both growing conditions. In the desert conditions, the shape of
the leaf base was measured as round and acute in Z. jujuba and Z. mauritiana, rounded
and cordate in Z. spina-christi, and round only in Z. nummularia. Moreover, the shape of
the leaf base was determined as cuneate and rounded in Z. jujuba, acute and rounded
in Z. mauritiana, rounded and cordate in Z. spina-christi, and round in Z. nummularia in
irrigated plains. Leaf margins showed no variation as all the species exhibited an entire
shape in both growing conditions. However, leaf color varied among the studied species as
Z. jujuba showed shining dark green leaves, Z. mauritiana showed light green leaves, and
both Z. spina-christi and Z. nummularia showed dull green leaves in both growth conditions.
Moreover, variations were shown in the surface of the leaf petiole, even sometimes in the
same species of Ziziphus. Leaf petiole surface was detected as glabrous in Z. nummularia and
pubescent in Z. jujuba. At the same time, some species (Z. mauritiana and Z. spina-christi)
were covered with hairs in both growing conditions (Table 2).

3.2. Quantitative Morphological Characters
3.2.1. Fruit Morphological Parameters of Ziziphus Species under Irrigated and Desert
Conditions

In the current study, different growing conditions significantly (p < 0.05) changed
the fruit length, fruit width, fruit diameter, fruit area, dry fruit weight, seed length, seed
diameter, and seed width, while both growing conditions showed non-significant differ-
ences for fruit stalk length of Ziziphus species; data are shown in Table 3. The maximum
fruit length (2.7 cm), fruit width (2.8 cm), fruit diameter (2.8 cm), fruit area (38.1 cm2),
seed length (1.6 cm), seed diameter (1.0 cm), and seed width (1.4 cm) were noticed under
irrigated conditions. In contrast, minimum fruit length (2.5 cm), fruit area (36.1 cm2), fruit
width (2.6 cm), fruit diameter (2.6 cm), seed length (1.4 cm), seed diameter (0.9 cm), and
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seed width (1.2 cm) were observed in desert conditions. In addition, the highest (32%)
and lowest (27%) values of dry fruit weight were measured in the irrigated and desert
conditions, respectively.

Table 2. Qualitative morphological characters of leaves of Ziziphus species.

Desert Irrigated

Parameters Z. jujuba Z.
mauritiana

Z.
spina-christi

Z.
nummularia Z. jujuba Z.

mauritiana
Z.

spina-christi
Z.

nummularia

Shape Oval, oblong Oval,
lanceolate

Oval, ovate,
cordate

Oval,
rounded Oval, oblong Oval, ovate,

cordate Oval, ovate Rounded,
ovate

Apex Obtuse Obtuse Obtuse,
acute Obtuse Obtuse Obtuse Obtuse,

acute Obtuse

Base Rounded,
acute

Rounded,
acute

Cordate,
rounded Rounded Cuneate,

rounded
Acute,

rounded
Cordate,
rounded Rounded

Margin Entire Entire Entire Entire Entire Entire Entire Entire

Veins Prominent Branched Branched Less
prominent Prominent Much

branched
Less

branched
Less

prominent

Color Shining dark
green Light green Dull green Less dull

green
light and dark
shining green

Light and
dark green Dull green

Less dull
shining
green

Petiole
surface Pubescent Hairs Hairs Glabrous Pubescent Hairs Hairs Glabrous

Petiole
color Green Red, green Green, red

and yellow Red Green Red, green Green, red
and yellow Red

Table 3. Mean value of some quantitative characters for fruits of Ziziphus species.

Fruit
Length

(cm)

Fruit
Width
(cm)

Fruit
Diameter

(cm)

Fruit
Area
(cm3)

Fruit
Stalk

Length
(cm)

Fruit dry
Weight

(%)

Seed
Length

(cm)

Seed
Width
(cm)

Seed
Diameter

(cm)

Conditions
(C)

Irrigated 2.7 a 2.8 a 2.8 a 38.1 a 1.2 a 32.2 a 1.6 a 1.4 a 1.0 a

Desert 2.5 b 2.6 b 2.6 b 36.1 b 1.2 a 26.5 b 1.4 b 1.2 b 0.9 b

LSD (0.05) 7.2 6.1 0.02 1.6 0.02 1.3 0.03 0.03 0.02

Species
(S)

S1 3.9 a 3.8 a 3.6 a 66.1 a 1.5 a 14.9 d 2.0 a 1.3 b 1.1 a

S2 2.6 b 2.5 b 2.5 c 31.0 c 1.0 c 29. 1 b 1.5 b 1.3 b 1.1 a

S3 2.5 c 2.3 c 2.7 b 33.1 b 1.2 b 24.4 c 1.3 c 1.3 b 0.8 b

S4 1.5 d 2.0 d 2.0 d 17.8 d 1.0 c 48.9 a 1.0 d 1.4 a 0.8 b

LSD (0.05) 0.03 0.02 0.03 1.9 0.01 0.9 0.02 0.01 0.2

Interaction (C × S) * * NS NS * NS NS * *

S1, S2, S3, and S4 represent four Ziziphus species, i.e., Z. jujuba, Z. mauritiana, Z. spina-christi, and Z. nummularia, respectively. Means are
averaged over three replicates. Means that do not share the same letters in the column differ significantly at p ≤ 0.05. While the symbol *
represents significant interaction.

Among Ziziphus species, the highest fruit length (3.9 cm), fruit stalk length (1.5 cm),
fruit diameter (3.7 cm), fruit width (3.8 cm), fruit area (66.2 cm2), seed length (2.1 cm), and
seed diameter (1.2 cm) were measured for species Z. jujuba. In comparison, the maximum
dry fruit weight (50%) and seed width (1.3 cm) were recorded for species Z. nummularia,
respectively. Whereas the minimum fruit length (1.6 cm), fruit width (2.1 cm), fruit area
(17.9 cm2), fruit diameter (2.1 cm), seed length (1.1 cm), and seed diameter (0.8 cm) were
noted for species Z. nummularia; while the lowest fruit stalk length (1.0 cm), and dry fruit
weight (15%) and seed width (1.3 cm) were determined for Z. mauritiana and Z. jujuba,
respectively, indicating that the different growing conditions caused a significant change in
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the morphology of Ziziphus fruit. Furthermore, the interactive results for Ziziphus species
and growing conditions were significant for fruit length and seed diameter, while a non-
significant interaction was found for fruit diameter, fruit width, fruit area, dry fruit weight,
fruit stalk length, seed length, and seed width (Table 3).

3.2.2. Leaf Morphological Parameters of Ziziphus Species under Irrigated and Desert
Conditions

Growing conditions and Ziziphus species exhibited significant (p < 0.05) variations
for leaf area, leaf length, leaf petiole length, leaf width, and leaf weight, as presented
in Table 4. The highest leaf area (30.6 cm2), leaf length (7.4 cm), and leaf width (4.1 cm)
were determined for Z. jujuba; while the maximum leaf petiole length (1.3 cm) and leaf
dry weight (55%) were obtained for Z. mauritiana under irrigated conditions, suggesting
that optimum water conditions can improve the tree physiology (net photosynthetic rate,
nutrient, and water uptake from soil) of Ziziphus species by improving the leaf morphology,
as observed in this study. Whereas the lowest leaf area (5.5 cm2), leaf length (2.6 cm), leaf
petiole length (0.5 cm) and leaf width (2.1 cm), and leaf dry weight (38%) were noticed
for Z. nummularia and Z. spina-christi, respectively, in desert conditions. Moreover, the
interactive results for Ziziphus species and growing conditions were found significant for
leaf dry weight, while it was found non-significant for leaf area, leaf length, leaf petiole
length, and leaf width (Table 4).

Table 4. Mean value of some quantitative characters for leaves of Ziziphus species.

.
Leaf Length

(cm)
Leaf Width

(cm)
Leaf Area

(cm3)
Leaf Petiole
Length (cm)

Leaf Dry
Weight (%)

Conditions (C) Irrigated 4.9 a 3.2 a 17.9 a 1.0 a 50. 5 a
Desert 4.8 a 3.1 b 16.3 b 0.9 b 43.9 b

LSD (0.05) 0.4 0.07 0.8 0.03 0.9
Species (S) S1 7.4 a 4.2 a 30.6 a 1.3 a 45.6 c

S2 5.1 b 3.0 c 16.5 b 1.3 a 55. 4 a
S3 4.5 c 3.4 b 15.8 b 0.8 b 37.7 d
S4 2.6 d 2.1 d 5.5 c 0.5 c 50.1 b

LSD (0.05) 0.2 0.1 0.9 0.04 1.2
Interaction (C × S) NS NS NS NS NS

S1, S2, S3, and S4 represent four Ziziphus species, i.e., Z. jujuba, Z. mauritiana, Z. spina-christi, and Z. nummularia, respectively. Means are
averaged over three replicates. Means that do not share the same letters in the column differ significantly at p ≤ 0.05.

3.3. Total Phenol and Flavonoid Contents in Fruits and Leaves of Ziziphus Species under Irrigated
and Desert Conditions

In the current study, different growing conditions significantly (p < 0.05) altered the
phytochemical (i.e., total phenol and flavonoid) contents in fruits and leaves of Ziziphus
species; data are shown in Table 5. Compared with irrigated conditions, the relative increase
in the total phenol and flavonoid contents in leaves and fruits of Ziziphus species were 3.6%
and 3.9%, respectively, under desert conditions, suggesting that drought conditions favor
the production and accumulation of phenol and flavonoid Ziziphus species.

In addition, among Ziziphus species, the highest fruit phenols (304.4 mg GAE/100 g),
leaf phenols (314.2 mg GAE/100 g), fruit flavonoids (123.7 mg QE/100 g), and leaf
flavonoids (113.4 mg QE/100 g) were measured for species Z. nummularia. Meanwhile, the
lowest leaf phenols (234.5 mg GAE/100 g) and fruit phenols (207.6 mg GAE/100 g) were de-
termined for species Z. mauritiana, while the minimum leaf flavonoids (87.9 mg QE/100 g)
and fruit flavonoids (95.6 mg QE/100 g) were noticed for species Z. spina-christi. Fur-
thermore, the interactive results for Ziziphus species and growing conditions were found
significant for leaf flavonoids and fruit flavonoids, whereas it was found non-significant
for leaf phenols and fruit phenols.
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Table 5. Total phenol contents, total flavonoid contents, and % inhibition of DPPH scavenger activities in the fruits and
leaves of Ziziphus species.

Total Phenol
Fruit (mg

GAE/100 g)

Total Phenol
Leaves (mg
GAE/100 g)

Total
Flavonoids
Fruit (mg
QE/100 g)

Total
Flavonoids
Leaves (mg
QE/100 g)

Fruits (%
Inhibition of

DPPH)

Leaves (%
Inhibition of

DPPH)

Conditions
(C) Irrigated 261.8 b 271.1 b 102.4 b 98.0 b 53.2 b 58.5 b

Desert 272.0 a 280.9 a 108.0 a 104.1 a 65.4 a 69.0 a

LSD (0.05) 0.3 0.9 1.2 1.4 11.0 3.6

Species (S) S1 284.6 b 296.9 b 98.7 c 94.3 c 59.6 b 64.8 b

S2 207.6 d 234.4 d 102.9 b 108.9 b 57.7 c 62.5 c

S3 271.0 c 258.4 c 95.6 d 87.9 d 66.7 a 70.7 a

S4 304.4 a 314.2 a 123.7 a 113.4 a 53.1 d 57.1 d

LSD (0.05) 1.4 1.2 1.9 2.2 1.4 1.7

Interaction (C × S) * * NS NS * NS

S1, S2, S3, and S4 represent four Ziziphus species, i.e., Z. jujuba, Z. mauritiana, Z. spina-christi, and Z. nummularia, respectively. Means are
averaged over three replicates. Means that do not share the same letters in the column differ significantly at p ≤ 0.05. While the symbol *
represents significant interaction.

3.4. DPPH Scavenger Activities for the Fruits and Leaves of Ziziphus Species under Irrigated and
Desert Conditions

In the current study, different climatic conditions significantly (p < 0.05) changed the
antioxidant potential of leaves and fruits of Ziziphus species; data are presented in Table 5.
The maximum % inhibition of DPPH in leaves (69%) and fruits (65%) were calculated
under desert conditions. In contrast, minimum % inhibition of DPPH in leaves (58%) and
fruits (53%) were measured in irrigated conditions.

Among Ziziphus species, the maximum % inhibition of DPPH in fruits (67%) and
leaves (71%) were measured for species Z. spina-christi. Whereas the minimum % inhibition
of DPPH in fruits (53%) and leaves (57%) were determined for species Z. nummularia,
indicating that the different levels of water availability directly altered the antioxidant
activity potential of Ziziphus plants. Furthermore, the interactive results for Ziziphus species
and climatic conditions were significant and non-significant for % inhibition of DPPH in
leaves and fruits, respectively.

4. Discussions

This study reveals that improved water conditions under irrigated areas, influenced
by irrigation, have significant impacts on various morphological parameters of Ziziphus
species. Compared to desert Ziziphus plants, the better morphology of all studied Zizi-
phus species in irrigated conditions resulted in large leaves and fruits of Ziziphus species.
Similarly, variations in the fruit size of different Ziziphus species (Z. jujuba and Z. spina-
christi) were also reported by Zeinelabdin [43] under different types of growing conditions
in Sudan. However, the observed differences among the different Ziziphus species with
respect to petiole surface were not matched with the previous findings reported by Al-
malki and Alzahrani [44]; these ontogenic changes in petiole surface were associated with
genetic characters of Ziziphus species [13]. In line with this, Li et al. [18] also studied the
significant effects of different environmental conditions on the leaf shape (leaf morphology)
for the different varieties of Z. jujuba, which also suggests that Ziziphus species respond
to changing environmental factors, i.e., nutrient provision and light intensity, in terms of
their leaf morphology. Our results showed the morphological variation in the studied
qualitative traits that could be utilized to optimize Ziziphus species in the Cholistan desert.
Previously, Akter and Rehman [1] also characterized the morphological traits such as fruit

73



Plants 2021, 10, 2734

shape, fruit apex, fruit base, and fruit color, leaf shape, leaf apex, leaf base, leaf margin, and
leaf color for the determination of morphological differences in the different genotypes of
Z. mauritiana. Moreover, Ivanišová et al. [45] performed an analysis regarding the morpho-
logical characteristics of the fruits and leaves for different genotypes of Z. jujuba grow in
agroecological conditions in Ukraine.

In our results, the mean values of fruit length and fruit width of Z. mauritiana were
noted as 2.53 cm and 2.55 cm, respectively. In similar research, the average fruit length
and fruit width of Z. mauritiana were recorded as 1.60 cm and 1.16 cm by Yahia et al. [42].
They studied the features of Z. mauritiana under arid conditions. Variations in Ziziphus
morphology could be attributed to different sampling sites and ecological effects. Similarly,
the fruit size, leaf size, and petiole length of Z. spina-christi and Z. nummularia were
larger than the previous findings under semi-arid conditions. This higher phenotypic
diversity among the Ziziphus species can result from their cross and self-incompatibility
characteristics [2]. Furthermore, Baghazadeh-Daryaiia et al. [46] also evaluated the petiole
length, leaf size, and fruit pulp weight for Z. spina-christi in high rainfall conditions to
understand the differences between the plant morphologies. In addition, Sabaghzadeh and
Morid [47] also measured some values for the fruit diameter (23.9 mm) and fruit length
(39.4 mm) for Ziziphus mauritiana under a cold semi-arid climate. These morphological
differences were allied with changing climatic conditions, immigration, and proximity.
Kumar et al. [48] found that fruit content depends on environmental and genetic factors, as
the good quality seed is responsible for higher pulp weight and fruit size, which otherwise
relies on the size of the seed. In Ziziphus plants, fruit with high weight is a supreme
fruit character, while ecological conditions and cultivars can greatly influence the fruit
weight. Our results were in accordance with the previous findings, which reported 78–83%
moisture content in fruits of Z. jujuba cultivars [49]. Similarly, the difference in the fruit
weight in Ziziphus plants was also reported by [50,51], who calculated the different weights
of fruit and seed, which estimates high variability in Ziziphus plants. Variations in the fruit
weight of Z. jujuba genotypes in different agroecological zones were reported previously
by many scientists [52,53]. The difference in the weight of fruits from similar geographical
areas may be a consequence of genotypic effects [54]. Prasad and Bankar [55] reported that
genotypes with bigger and smaller sizes were responsible for varying the fruit weight in
Ziziphus. In addition, the leaves of terrestrial plants are highly diverse and very sensitive
to climate (high temperature and low rainfall). For instance, the variations in leaf traits,
i.e., leaf size and leaf shape, are strongly correlated with the availability of light quantity
and quality, and mean annual precipitation [18]. Therefore, we can conclude that (1) the
extreme weather conditions, i.e., high temperature and low rainfall, significantly affect
the morphological, physiological, and biochemical traits of Ziziphus species present in
deserts; and (2) these types of extreme weather conditions favor the accumulation of some
important biochemicals (flavonoids and phenols) in fruits and leaves of Ziziphus species,
which are the primary source of medicine for local people living in these regions.

However, interestingly, the stressful conditions (desert) significantly improved the phy-
tochemistry of Ziziphus species and increased the accumulation of phenols and flavonoids
in leaves and fruits; it also enhanced the antioxidant activity (measured as DPPH) in all
Ziziphus species, suggesting that Ziziphus species cope with water stress under desert con-
ditions through increased antioxidant activity, which ultimately increases their medicinal
and nutritional value. Results revealed that desert conditions significantly affect the total
phenol and flavonoid content in Ziziphus plants. Our findings with phenolic content (fruit
214.20–309.23 mg GAE/100 g) and flavonoid content (fruits 98.06–127.41 mg QE/100 g and
leaves 91.13–177.57 mg QE/100 g) were much higher than the previous results reported
by Yahia et al. [42]; they determined the range of phenolic content in fruit as 148.75 to
293.46 mg GAE/100 g. In comparison, flavonoid content ranged from 21.21 to 46.51 mg
QE/100 g and 90.26 to 92.22 mg QE/100 g in the fruits and leaves of two Ziziphus species,
respectively. In Ziziphus leaves, flavonoid contents are located in the cuticula and epider-
mis, resulting in higher flavonoid content in leaves than fruits. Similarly, our results with
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flavonoid content in fruits ranged between 98.06 and 127.41 mg QE/100 g are greater than
the previous findings of Cosmulescu et al. [41], where the total flavonoid content in full
mature fruit was given as 26.27 and 19.9 mg QE/100 g in two cultivars of Ziziphus jujuba.
Variations in the bioactive contents can be affected by many factors, i.e., fruit maturity, geo-
graphical locations, cultivar type, and other horticulture factors. Ziziphus species can grow
well under dry conditions and high temperatures. Their fruit quality is best under sunny,
dry, and hot conditions. In contrast, tropical plants with a higher content of flavonoids
rely on the availability of light, while the amount of phenol depends mainly on different
geographical conditions [42]. Furthermore, the amount of flavonoid content is related to
the size of the Ziziphus fruits [46].

Similarly, Memon et al. [56] also reported the different values of the phenolic amount
in ber fruit (Z. mauritiana), i.e., 12.8 mg GAE/1 g. Moreover, Ashraf et al. [57] also recorded
the variation of flavonoid and phenol content in different leaf extracts of Ziziphus plants.
They found the highest value for phenol in chloroform extract, while the maximum amount
of flavonoid was noted in methanol extract. Differences in the quantity of flavonoids
and phenols in various parts of Ziziphus species may be linked to nature, availability, and
solubility of the chemical compound being extracted. Water and carbon fluctuations in the
leaves can influence the morphological, physiological, developmental, and biochemical
mechanisms of the plants, which are important for the preparation of primary and sec-
ondary metabolites, and also provide mechanical stability to the plants. Photosynthesis
in the leaves of Ziziphus plants is very sensitive to water scarcity, which significantly af-
fects the productivity and development of the plant [18]. Therefore, combined with the
previous findings, our results also showed that the different Ziziphus species bear different
phytochemical profiles as the phenols and flavonoid levels varied between all the studied
species.

Antioxidant activity differences were also reported by Ashraf et al. [57], where the leaf
extracts of Ziziphus mauritiana were analyzed to evaluate antioxidants. Different solvents
(methanol, chloroform, and hexane) with different concentrations (mg/mL) were used to
prepare leaf extracts. Methanol extract with 0.4 and 0.8 (mg/mL) concentrations revealed
the highest percentage inhibition of DPPH. The leaf extract of Ziziphus mauritiana was
observed to be endowed with the highest DPPH activities with an increase in concentration
(mg/mL). At the same time, the percentage inhibition of DPPH can also be strongly
influenced by the procedure of solvent extraction. Besides, variations in the antioxidants
potential were also attributed to the different ripening stages of Ziziphus fruits measured
by Cosmulescu et al. [41], where the antioxidant values ranged from 1661.4 to 1154.6 (mg
acid ascorbic/100 g) in different cultivars of Ziziphus jujuba. Current findings agree well
with the previous results reported by Yahia et al. [42], who indicated higher values of
antioxidant potential in leaves than fruits of Ziziphus lotus and Ziziphus mauritiana due
to the high number of bioactive compounds, i.e., polyphenols including flavonoids and
tannins in the genus Ziziphus. Moreover, our findings follow the earlier studies, which
endorse the high degree of variability between the Ziziphus species [58–60]. Such variation
of antioxidants contents in different parts of Ziziphus plants mainly rely on the diverse
weather conditions, i.e., temperature and rainfall [58].

5. Conclusions

Present inquiries outspread the different arrangements of morphological characters to
recognize the distinctive morpho-types among the Ziziphus species. The results indicated
the significant impact of different water conditions on the morphology of four Ziziphus
species. Under irrigated conditions, Ziziphus species showed better morphology as com-
pared to desert conditions. Observed results explored the high interspecific morphological
differences among the species studied. Ziziphus includes highly marked and easily rec-
ognized plant individuals. Intraspecific diversity within species was also highly variant,
which could be attributed to ecological effects and different growing conditions. We find
that this study provides a vast range of variations in the phenols, flavonoids, and antiox-
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idant activities in the fruits and leaves of the understudied Ziziphus species. Further, a
higher amount of bioactive compounds in fruits and leaves of Ziziphus species under desert
conditions than irrigated conditions greatly highlights the impact of the desert on the phy-
tochemistry of the Ziziphus plants. However, further research is required to understand the
resource capture mechanism of Ziziphus species in desert conditions, especially under the
changing climate (high-temperature and low rainfall regions). A series of comprehensive
studies are required to identify the physiological and biochemical mechanisms responsible
for the accumulation of important phytochemicals in Ziziphus species.
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Abstract: Lowland rice is an important cereal crop that plays a key role in the food security and the
economy of Thailand. Terminal water stress (TWS) in rainfed lowland areas poses threats to rice
productivity due to stress occurrence at terminal crop stages and extreme sensitivity of rice to TWS. A
two-year study was conducted to characterize the performance of yield and yield attributes of twelve
Thai lowland rice genotypes under TWS, to identify stress-tolerant genotypes using stress response
indices and to identify promising stress indices which are correlated with grain yield (GY) under
well-watered (WW) and TWS conditions for their use as rapid identifiers in a rice crop breeding
program for enhancing drought stress tolerance. Measurements were recorded under WW and
TWS conditions. Highly significant variations were observed amongst assessed genotypes for their
yield productivity responses. According to stress response indices, genotypes were categorized into
stress-tolerant and stress susceptible genotypes. Genotypes Hom Pathum, Sang Yod, Dum Ja and
Pathum Thani-1 were found highly stress tolerant and relatively high yielding; genotypes Look Pla
and Lep Nok were stress tolerant, whereas genotypes Chor Lung, Hom Nang Kaew and Hom Chan
were moderately tolerant genotypes. Hence, stress-tolerant genotypes could be potentially used
for cultivation under rainfed and water-limited conditions, where TWS is predicted particularly in
southern Thailand to stabilize rice productivity. Stress tolerance indices, including stress tolerance
index (STI), geometric mean productivity (GMP), mean productivity index (MPRO) and harmonic
mean index (MHAR), indicated strong and positive associations with GY under WW and TWS; thus,
these indices could be used to indicate stress tolerance in rice crop breeding program aimed at a
rapid screening of lowland rice genotypes for stress tolerance.

Keywords: lowland rice; terminal water stress; grain yield; stress indices; stress tolerance

1. Introduction

Rice is an important cereal after wheat that contributes to food security worldwide [1].
However, water stress has limited the production of both cereal crops [2]. Lowland rice
systems contribute a major portion of rice production [3], and rainfed lowland rice is
cultivated on approximately 6.2 million hectares worldwide [4]. In Thailand, rice is a
major crop contributing to the food security and economy of the country. Even though rice
production in southern Thailand contributes only 6% of the total rice production [5], it is of
great importance to the regional food security. Rainfed lowland rice is a major production
system in southern Thailand. However, rainfed lowland rice production systems are
extremely vulnerable and variable in nature as water stress can occur at any crop growth
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stages. Climate change has also caused an increase in temperature and fluctuations in
rainfall occurrence leading to regular heat and drought stress intervals [6,7]. Water stress is
considered an important abiotic stress deleteriously affecting field crop productivity [6,8].
Rainfed lowland rice is cultivated in the rainy season in Thailand [7,9]. Due to seasonal
variations in rainfall and occurrence of WS at different crop developmental stages, lowland
rice production is drastically affected.

Water stress occurrence is critical under rainfed conditions as it affects plant growth
and development [10]. Occurrence of water stress at various crop growth stages negatively
influences the performance of specific attributes [11], leading to declined yield [12]. Timing
of stress occurrence during early growth, mid-season and at terminal stages impact on
severity of yield losses [13]. A stress event at early rice growth stages has an influence on
leaf numbers and size, tillering capacity and stem height and affects panicle development,
ultimately resulting in a reduced yield [14,15]. Water availability after the stress interval
at the early growth stage helps plants recover, leading to lesser loss in yield. However,
terminal water stress (TWS) intervals highly influence plant performance and lessens the
chances of recovery to occur, leading to increased yield losses as rice is extremely sensitive
to TWS [16]. TWS delays various plant development stages including panicle initiation
and flowering [17], leading to spikelet sterility and reduction in number of panicles [18]. In
addition, TWS causes abortion of ovules, deteriorates the grain filling process and alters
source to sink distribution of assimilates, leading to reduced grain yield (GY) [19,20].

Stress-tolerant genotypes are genotypes that have the potential to maintain higher
productivity under water stress [21]. Due to the extreme sensitivity of rice to TWS, different
rice genotypes exhibit differential responses [10,18,22]. In the perspective of farmers,
a stress-tolerant genotype is that which is highly capable of maintaining yield under
limited water availability [23]. Therefore, high yielding genotypes under a diverse range of
environments are desired and the cultivation of such genotypes could help to maintain
rice productivity [2]. The GY of stress-tolerant genotypes is less affected under water stress
as compared to stress susceptible genotypes. Cha-um et al. [24] reported that panicle size
and filled grains of two stress tolerant rice genotypes were not significantly reduced as
compared to two stress susceptible genotypes. According to Ichsan et al. [2], there are
various local genotypes used by farmers around the world that have tolerance against
water stress, in addition to stress-tolerant genotypes developed by research institutions
and organizations. To enhance the resistance of rice against water stress, these genotypes
are potential sources of germplasm, which are available in each growing season. In
addition, it was observed that wild genotypes exhibited less decline and maintained GY
under water stress as compared to cultivated genotypes [25]. Therefore, the identification
and cultivation of stress tolerant genotypes from local germplasm could help to stabilize
productivity under terminal water stressed environments.

Several techniques and procedures are used to study water stress tolerance in rice
genotypes at different crop growth stages [14,18,26,27]. A drought stress scoring method
was used as the main criteria for the assessment and selection of rice cultivars for stress
tolerance at reproductive crop growth stages in field trials [28] and genotypes producing
high yields under water stress were selected as stress-tolerant genotypes. Numerous stress
tolerance indices have been used [6,29–38] based on mathematical association among
yield production under well-watered (WW) and water stressed conditions. According
to Clarke et al. [38] and Fernandez [32], stress indices are generally based on the stress
sensitivity or stress tolerance of tested genotypes. In the selection of stress tolerant geno-
types, these indices provide the effect of water stress based on yield losses occurring under
stress as compared to optimal or WW conditions [39]. The relative yield performance of
a specific genotype in comparison to other tested genotypes under the same water stress
indicates stress tolerance [40], and measure of reduction in yield under stress refers to the
stress susceptibility of a genotype [41]. The stress susceptibility index (SSI) for a genotype
was suggested by Fischer and Maurer [37], whereas geometric mean productivity (GMP)
and stress tolerance index (STI) were proposed by Fernandez [32]. The mean productivity
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(MPRO) index is an average yield under WW and water stressed conditions [33]. Harmonic
mean index (MHAR) was suggested by Schneider et al. [34]. The tolerance index (TI) is
the difference in productivity between WW and water stressed conditions [35]. The yield
stability index (YSI) was defined by Bouslama and Schapaugh [36]. All these indices have
been used widely and are proposed in drought stress tolerance studies. However, the posi-
tive or negative associations of these indices with GY may vary. The significant differences
among various indices were reported by Golabadi et al. [42] and Saba et al. [43] except SSI.
Significant positive associations for GY under WW and stress indices (GMP, MP, STI, YSI,
TOL and YI) and GY under water stressed conditions and stress indices (STI, GMP, MP, YSI
and YI) have been observed by Golabadi et al. [42] and Arif et al. [44]. Hence, evaluating the
associations of stress indices with GY under different environments is necessary. Therefore,
the objectives of the current study were to (i) evaluate the performance of yield and yield
attributes of Thai lowland rice genotypes under TWS and identify stress tolerant genotypes
using stress indices; (ii) to identify promising stress indices which are correlated with GY
under WW and TWS conditions for their use as rapid identifiers in rice crop breeding
program for enhancing drought stress tolerance.

2. Results

2.1. Effect of Water Stress on Yield Performance and Productivity

In this study, different lowland rice genotypes were assessed based on the perfor-
mance of yield and yield attributes in response to terminal water stress (TWS) applied at the
terminal crop growth stage. In both years, treatment and genotype effect resulted as highly
significant different (p < 0.001) for most of the yield attributes except a non-significant differ-
ence for days to maturity (DM) under treatment effect in 2018–2019 (Table 1). Interactions
of genotype and treatment effects indicated non-significant differences in both years, except
for a significant difference for days to flowering (DF) (p < 0.05) and a highly significant
difference for DM (p < 0.001) in 2018–2019 (Table 1). DF, number of tillers (NT), number
of panicles (NP), grain yield (GY) and biomass were highly significant different; DM was
moderately significantly different, whereas no significant difference was observed for plant
height (PH) under the effect of years. Mean comparisons indicated that all tested genotypes
differed and a significant variability in performance prevailed under well-watered (WW)
and TWS conditions. TWS resulted in a delay in flowering duration (Figure 1a,b) of all
genotypes except genotype 9 in the first year (Figure 1a). Flowering occurred 4 days earlier
in genotype 9 (Table 2). Delay in flowering duration ranged 2–19 days in the first year
while 1–4 days in the second year (Table 2). The maximum delay in flowering was observed
for the top three genotypes 7, 12 and 6 by 19, 8 and 6 days in the first year and for 11,
8, 3, 4 and 5 by 7 and 4 days in the second year, respectively. TWS caused delays in the
maturity duration (Figure 1c,d) of most of the genotypes except for genotypes 7, 9 and
10 in the first year (Figure 1a). Genotypes 7, 9 and 10 matured earlier in the first year by
19, 5 and 11 days (Table 2). In the second year, maturity duration was increased for all
genotypes under TWS (Figure 1d). The delay in maturity duration ranged 4–14 days in
the first year while 3–8 days in the second year (Table 2). PH was reduced under TWS
for all genotypes in both years (Figure 1e,f). PH was reduced 4–13% in the first year and
2–14% in the second year (Table 2). Reduction in PH was higher than 10% for genotypes
1, 2, 4, 7, 8 and 11 (Table 2). NT (Figure 2a,b) and NP (Figure 2c,d) were reduced under
TWS (Figure 2). However, reduction in NT and NP ranged one–two tillers and panicles per
plant (Table 2). No change was observed in NT of genotypes 1, 5 and 6 in the first year and
genotypes 2, 5, 6, 8, 9 and 10 in the second year (Table 2). Genotypes 1 and 3 maintained
their NP under TWS in the first year, whereas the NP of all genotypes were affected in the
second year (Table 2). TWS caused decline in GY (Figure 3a,b) and biomass (Figure 3c,d) of
all genotypes in both years (Figure 3). GY was decreased 17–45% in the first year, whereas
21–52% in the second year (Table 2). The GY of genotypes 1, 7, 9, 11 and 12 in the first
year and GY of genotypes 2, 9, 11 and 12 in the second year decreased more than 30%,
indicating a major decline in GY under TWS (Table 2). Similarly, biomass was reduced
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20–41% in the first year and 15–38% in the second year (Table 2). Biomass reduction of
genotypes 4 and 12 in the first year and genotypes 1, 3 and 10 in the second year was more
than 30%, indicating a major decline in biomass under TWS (Table 2).

Table 1. The analysis of variance for days to flowering (DF), days to maturity (DM), plant height
(PH), number of tillers (NT), number of panicles (NP), grain yield (GY) and biomass (BM) of twelve
lowland rice genotypes.

Year Traits
Treatment
(T) Effect

Genotype
(G) Effect

Interaction
(T × G)

Year Effect

2018–2019

DF *** *** * ***
DM ns *** *** **
PH *** *** ns ns
NT *** *** ns ***
NP *** *** ns ***
GY *** *** ns ***
BM *** *** ns ***

2019–2020

DF *** *** ns
DM *** *** ns
PH *** *** ns
NT ** *** ns
NP *** *** ns
GY *** *** ns
BM *** *** ns

***: highly significant (p < 0.001), **: moderately significant (p < 0.01), *: significant (p < 0.05), ns: non-significant.
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Figure 1. Days to flowering (a,b), days to maturity (c,d) and plant height (e,f) of twelve lowland
rice genotypes under well-watered (WW) and terminal water stressed (TWS) conditions during
2018–2019 (a,c,e) and 2019–2020 (b,d,f). Vertical bars show ± standard errors for means of three
repetitions. Capital letters represent the significant (p < 0.05) differences among genotypes in WW
condition. Small letters represent the significant (p < 0.05) differences among genotypes in TWS
condition. Centered stars above each pair of the bars represent the significance of parameters for
each genotype under WW and TWS conditions.
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Table 2. Changes in performance of yield and yield attributes of twelve lowland rice genotypes under terminal water
stressed conditions. Changes in days to flowering (DF) and days to maturity (DM) are presented by difference in days.
Changes in number of tillers (NT) and number of panicles (NP) are presented by difference in numbers (no.), whereas
changes in plant height (PH), grain yield (GY) and biomass (BM) are presented by % difference.

Genotypes

2018–2019 2019–2020

DF DM PH NT NP GY BM DF DM PH NT NP GY BM
Days Days % no. no. % % Days Days % no. no. % %

1 3 5 −9 0 0 −39 −20 3 7 −10 −1 −1 −25 −38
2 4 7 −10 −1 −1 −26 −24 3 4 −12 0 −1 −43 −20
3 5 8 −4 1 −0 −28 −21 4 4 −8 −2 −2 −26 −30
4 3 10 −13 −1 −1 −18 −41 4 6 −8 −1 −1 −26 −24
5 2 5 −3 0 −1 −21 −21 4 5 −5 0 −1 −24 −19
6 6 5 −4 0 −1 −23 −28 −2 8 −8 0 −1 −22 −24
7 4 −19 −11 −1 −1 −31 −20 1 4 −10 −1 −1 −21 −23
8 19 14 −8 −1 −1 −17 −25 4 7 −14 0 −1 −25 −22
9 −4 −5 −4 −1 −2 −30 −28 1 4 −2 0 −1 −52 −17

10 2 −11 −8 −1 −1 −26 −26 2 3 −6 0 −1 −36 −38
11 3 11 −11 −1 −1 −45 −29 7 6 −3 −1 −1 −34 −19
12 8 4 −5 −1 −1 −36 −38 3 3 −7 −1 −1 −33 −15
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Figure 2. Number of tillers (a,b), and number of panicles (c,d) of twelve lowland rice genotypes
under well-watered (WW) and terminal water stressed (TWS) conditions during 2018–2019 (a,c) and
2019–2020 (b,d). Vertical bars show ± standard errors for means of three repetitions. Capital letters
represent the significant (p < 0.05) differences among genotypes in WW condition. Small letters
represent the significant (p < 0.05) differences among genotypes in TWS condition. Centered stars
above each pair of the bars represent the significance of parameters for each genotype under WW
and TWS conditions.

2.2. Association among Yield and Yield Attributes under Terminal Water Stress

Figure 4 indicates combined correlations among yield and yield attributes, including
the DF, DM, PH, NT, NP, GY and biomass of twelve lowland rice genotypes. Under WW
condition, highly positive associations among DF and biomass (0.89), DF and DM (0.98),
DM and biomass (0.86), NT and NP (0.95), moderately positive associations among DF
and PH (0.82), DM and PH (0.76), PH and biomass (0.82) and positive associations among
PH and GY (0.56) and GY and biomass (0.64) were observed. Whereas highly negative
associations among DF and NP (−0.94), DM and NP (−0.90), DM and NT (−0.84), PH and
NP (−0.87), PH and NT (−0.97), NT and biomass (−0.88) and NP and biomass (−0.87)
were detected. Under the TWS condition, highly positive associations among DF and
biomass (0.89), DF and DM (0.99), DM and biomass (0.91), PH and biomass (0.86), NT and
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NP (0.97) and moderately positive associations among DF and PH (0.73), DM and PH (0.74)
and GY and biomass (0.73) were observed. Whereas highly negative associations among
DF and NP (−0.92), DF and NT (−0.85), DM and NP (−0.91), DM and NT (−0.84), PH and
NP (−0.85), PH and NT (−0.92), NT and biomass (−0.83) and NP and biomass (−0.86)
were detected (Figure 4).
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Figure 3. Grain yield (a,b) and biomass (c,d) of twelve lowland rice genotypes under well-watered
(WW) and terminal water stressed (TWS) conditions during 2018–2019 (a,c) and 2019–2020 (b,d).
Vertical bars show ± standard errors for means of three repetitions. Capital letters represent the
significant (p < 0.05) differences among genotypes in WW condition. Small letters represent the
significant (p < 0.05) differences among genotypes in TWS condition. Centered stars above each pair
of the bars represent the significance of parameters for each genotype under WW and TWS conditions.

Figure 4. Combined correlation matrix, scatter plot and data distribution for yield and yield attributes
of twelve lowland rice genotypes under well-watered (WW) and terminal water stressed (TWS)
conditions. Diagonals indicate the distribution of each parameter. Scatter plots are shown in the
bottom of diagonals. Values of correlations and significance are indicated with stars and are shown on
the top of the diagonal. Values and stars in the blue color (1) indicate correlation among parameters
in WW whereas, values and stars in the red color (2) indicate correlation among parameters in TWS
conditions. DF: days to flowering, DM: days to maturity, PH: plant height, NT: number of tillers,
PN: number of panicles, GY: grain yield, ***: highly significant (p < 0.001), **: moderately significant
(p < 0.01), *: significant (p < 0.05).
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2.3. Genotypic Classification Corresponding to Stress Indices

Seven stress tolerance indices, including SSI, GMP, STI, MPRO, MHAR, TI and YSI,
were computed to distinguish stress-tolerant genotypes from stress-sensitive ones based
on GY and RY and the promising values of stress indices under TWS conditions (Table 3).
In addition, stress tolerance indices were also studied for hierarchical clustering using a
heatmap (Figure 5) and the assessed genotypes were categorized into two main groups:
(1) stress tolerant and (2) stress susceptible group and four subgroups (A–D). Subgroup A
consisted of four genotypes with the highest GY, RY and stress indices values under TWS;
hence, these genotypes could be considered as highly tolerant genotypes. Subgroup B
consisted of two genotypes with higher GY, RY and higher stress indices values under TWS;
hence, they could be considered as stress-tolerant genotypes. Subgroup C was moderate
stress tolerant (three genotypes), as they exhibited intermediate values for GY, RY and
stress indices. Subgroup D also consisted of three genotypes that exhibited lower values
for GY, RY and stress indices; hence, these genotypes were considered stress susceptible
genotypes correspondingly.

Table 3. Values of seven stress tolerance indices for lowland rice genotypes based on grain yield observed under well-
watered and terminal water stressed conditions. (Values taken as average from two growing years 2018–2019 and 2019–2020).

Lowland Rice Genotypes YWW YTWS RYTWS SSI GMP STI MPRO MHAR TI YSI

1 Look Pla 10.02 6.55 0.87 1.19 8.10 6.75 8.29 7.92 3.47 0.65
2 Hom Nang Kaew 8.04 5.54 0.73 1.07 6.67 4.58 6.79 6.56 2.50 0.69
3 Pathum Thani-1 9.00 6.56 0.87 0.93 7.68 6.07 7.78 7.59 2.43 0.73
4 Hom Chan 7.00 5.52 0.73 0.72 6.21 3.97 6.26 6.17 1.48 0.79
5 Hom Pathum 9.68 7.55 1.00 0.75 8.54 7.51 8.61 8.48 2.13 0.78
6 Dum Ja 8.64 6.68 0.89 0.78 7.60 5.94 7.66 7.54 1.96 0.77
7 Chor Lung 8.22 6.03 0.80 0.91 7.04 5.10 7.12 6.96 2.18 0.73
8 Sang Yod 8.61 6.83 0.90 0.71 7.66 6.04 7.72 7.61 1.78 0.79
9 Khao Dawk Mali-105 7.19 4.22 0.56 1.41 5.51 3.12 5.71 5.32 2.97 0.59

10 RD-15 5.91 4.08 0.54 1.06 4.91 2.48 5.00 4.83 1.82 0.69
11 Tia Malay Dang 7.51 4.52 0.60 1.36 5.82 3.49 6.01 5.64 2.99 0.60
12 Lep Nok 9.72 6.37 0.84 1.18 7.87 6.37 8.04 7.69 3.35 0.66

YWW is mean yield under well-watered conditions, YTWS is mean yield under terminal water stressed conditions, RYTWS is relative yield
under water stressed conditions, SSI is stress susceptibility index, GMP is geometric mean productivity, STI is stress tolerance index, MPRO
is mean productivity index, MHAR is harmonic mean index, TI is tolerance index and YSI is yield stability index.

2.4. Association among Stress Tolerance Indices and Grain Yield

Highly positive associations were observed among YWW and YTWS (0.85), YWW and
GMP (0.95), YWW and STI (0.95), YWW and MPRO (0.97), YWW and MHAR (0.94), YTWS
and GMP (0.97), YTWS and STI (0.97), YTWS and MPRO (0.96) and YTWS and MHAR (0.98).
Whereas YTWS and YSI (0.64) were positively and YTWS and SSI (−0.64) were negatively
correlated (Figure 6). Correlation assessment among stress indices revealed that there were
highly positive associations among GMP, STI, MPRO and MHAR (1.00), whereas there was
a moderate positive association among SSI and TI (0.81). In contrast, a highly negative
association among SSI and YSI (−1.00) and moderate negative association among TI and
YSI (−0.81) were observed (Figure 6).
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Figure 5. Heatmap of stress indices among twelve lowland rice genotypes under well-watered
and terminal water stressed conditions. Group 1 refers to stress-tolerant genotypes, whereas group
2 refers to stress susceptible genotypes. Subgroup A is highly stress tolerant; subgroup B is stress
tolerant; subgroup C is moderately stress tolerant, whereas subgroup group D is stress susceptible.
Dark red and dark blue colors indicate higher correlation followed by light red and light blue with
minimum or no correlation among genotypes and indices.

 

Figure 6. Correlation matrix (Pearson’s) of grain yield under well-watered (YWW), grain yield
under terminal water stress (YWS), stress susceptibility index (SSI), geometric mean productivity
(GMP), stress tolerance index (STI), mean productivity index (MPRO), harmonic mean index (MHAR),
tolerance index (TI) and yield stability index (YSI) for lowland rice genotypes. Values were taken as
average from two growing years 2018–2019 and 2019–2020. Diagonals indicate the distribution of
each parameter. Scatter plots with lines are shown in the bottom of diagonals. Values of correlations
and significance levels indicated with stars are shown on the top of diagonals. Correlation coefficients
are proportional to intensity of color and size of correlation values. ***: highly significant (p < 0.001),
**: moderately significant (p < 0.01), *: significant (p < 0.05).
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3. Discussion

Water stress is critical to rice crop productivity, especially in rainfed lowland environ-
ments. Rainfed lowland rice is vulnerable as it is dependent upon natural precipitation.
Variability in seasonal rainfalls and the occurrence of hot, dry spells have increased in
rainfed areas. According to Campozano et al. [45] and Spinoni et al. [46], water stress
occurrence is expected to be more common, severe and extended as a result of variations
in rainfalls due to climate change. Water stress due to climate change would impact on
rainfed rice crop productivity. Rice is extremely sensitive to water stress [2,14,15] and rice
productivity is significantly affected under terminal water stress (TWS). Different rice geno-
types exhibit differential response to TWS, producing a range of grain yield (GY). Hence, it
becomes critical to evaluate the performance of yield attributes and yield productivity of
rice genotypes under TWS and to identify stress-tolerant genotypes. This strategy will help
to stabilize the rice productivity under TWS occurrence and provide sufficient information
for genotypic stress tolerance. Furthermore, identification of promising stress tolerance
indices under well-watered (WW) and TWS could be useful for their use in rapid selection
process for water stress tolerance in the rice crop breeding program.

Twelve lowland rice genotypes were evaluated under WW and TWS conditions in
the current experimental study to examine their responses and identify stress-tolerant
genotypes. It was observed that all genotypes indicated significant variations in their
performance for yield and yield attributes under WW and TWS conditions. Generally,
in our study, day to flowering (DF) and day to maturity (DM) were increased and DF
and DM were significantly positive and strongly correlated. TWS caused delay in panicle
emergence; hence, delaying the flowering time of most of genotypes. Delayed flowering in
rice was also observed under water stress by Davatgar et al. [47], Saikumar et al. [48] and
Hussain et al. [49]. Late flowering in rice under TWS is considered as a common impact of
TWS [50,51]. Delayed panicle emergence and longer grain filling duration increased the
time to maturity, thus increasing the total irrigation water input under TWS. All genotypes
consumed more water input in delayed maturity under TWS after resuming irrigation.
Plant height (PH) was decreased for all genotypes possibly due to limited water availability
resulting in reduced cell elongation. Reduction in the PH of rice genotypes under water
stress has been reported in numerous studies [47–49,52,53]. Significant positive correlation
was observed among PH and GY and biomass while significant negative associations were
indicated among PH and number of panicles (NP) and number of tillers (NT). NT and
NP were reduced for all genotypes under TWS in both years. Increase in tiller mortality
with increased duration of water stress has been reported by Zain et al. [54]. According to
Davatgar et al. [47], water stress at terminal crop stages alters the source to sink association,
which results in a reduced number of panicles. NT and NP were highly correlated, which
indicated that more tillers produced more panicles. Stress induced at the terminal stage
significantly reduced GY and biomass of all genotypes. TWS increases spikelet sterility
and reduced grain weight resulting in declined final GY. Reduction in final GY under
various water stress levels have been reported in several studies [19,48,55,56]. Biomass
of all genotypes was reduced under TWS. However, genotypes with higher biomass
produced higher GY. Strong positive association among GY and biomass was observed,
and our results were in line with the findings of Torres and Henry [53], Torres et al. [56]
and Kumar et al. [55]. High variability among genotypes for their performance of yield
and yield attributes indicated that the genotypes could be used in the rice crop breeding
program to exploit specific plant attributes such as early maturity, shorter plant height,
higher tillering capacity and better GY under TWS for improvement in drought tolerance.

Explored genotypes exhibited highly significant variability in their GY productivity
under WW and TWS conditions, which demonstrated that studied genotypes possessed
significant genetic variability. Genotypes were differentiated based on GY productivity,
relative yield (RY) and performance of computed stress indices which were further catego-
rized into stress tolerant, and stress susceptible groups based on hierarchical clustering.
Subgroup A was highly stress tolerant; subgroup B was stress tolerant; subgroup C was
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moderately stress tolerant, whereas subgroup group D was found stress susceptible. Highly
stress-tolerant genotypes indicated the highest GY, RY and improved indices under TWS,
whereas tolerant genotypes indicated higher GY, RY and better indices. However, stress-
susceptible genotypes indicated lowered GY, RY and inadequate performance for stress
indices. According to GY and performance of stress indices, hierarchical clustering helped
to identify similarly acting genotypes under evaluation. Highly significant and positive
correlation observed among GY under WW and GY under TWS exhibited that genotypes
that performed better in WW conditions also produced well under TWS. Similar findings
were also reported by Raman et al. [57]. Strongly significant and positive associations of
stress indices, GMP, STI, MPRO, MHAR with GY under WW and TWS were observed, which
indicated that GMP, STI, MPRO and MHAR were better performer and promising indices
to evaluate rice genotypes under WW and TWS conditions. Raman et al. [57] found that
GMP and STI were suitable indices in identifying entries under non−stressed and extreme
water stressed conditions. GMP has also been reported [31] as a better predictor for GY
under water stress when stress was applied at the flowering stage. SSI, TI and YSI were
not correlated with GY under WW. SSI was negatively correlated, YSI was significant and
positively correlated, whereas TI was not correlated with GY under TWS. Weak associations
of SSI, TI and YSI indicated that these indices were not adequate for evaluating lowland
rice genotypes under TWS. Anwar et al. [29] also found that SSI, TI and YSI were not
appropriate predictors of GY under WW and stressed conditions for evaluating wheat
genotypes for drought stress tolerance. GMP, STI, MPRO and MHAR have been found to be
suitable stress indices to evaluate genotypes under WW and stressed conditions for various
crops including rice, wheat, maize and soyabean. Therefore, it was concluded that GMP,
STI, MPRO and MHAR were appropriate indices for their use as rapid selection criteria for
screening stress tolerant lowland rice genotypes grown under water stressed conditions,
especially when stress is applied at reproductive or terminal crop stages.

4. Materials and Methods

4.1. Plant Material

Twelve commonly cultivated Thai lowland rice genotypes including Look Pla (1),
Hom Nang Kaew (2), Pathum Thani-1 (3), Hom Chan (4), Hom Pathum (5), Dum Ja (6),
Chor Lung (7), Sang Yod (8), Khao Dawk Mali-105 (9), RD-15 (10), Tia Malay Dang (11) and
Lep Nok (12) were used for assessment in this study. Germplasm for genotypes 2, 4, 6, 7,
8 and 11 were collected from Phatthalung Rice Research Center, Phatthalung, Thailand
(7◦33′59.0′′ N, 100◦07′32.7′′ E) (https://ptl-rrc.ricethailand.go.th/address.php (accessed on
21 September 2021)). Germplasm for genotypes 3, 9 and 10 was collected from commercial
seed market. Whereas seeds for genotypes 1, 5 and 12 were collected from farmers in
Songkhla province, Thailand.

4.2. Site Description and Crop Management

This research study was conducted in the sheds located at field research area (7◦00′14.5′′
N, 100◦30′14.7′′ E) of Faculty of Natural Resources, Prince of Songkla University, Hat Yai,
Songkhla Province, in Southern Thailand (Figure 7) for two consecutive years during
2018–2019 and 2019–2020. Topsoil was prepared and a uniform soil sample was collected
prior to soil filling in planting containers for soil properties analysis. Soil physicochemical
properties observed for both years are indicated in Table S1. Planting was performed
on 12 September 2018 and 2 September 2019 for 2018–2019 and 2019–2020, respectively.
Completely randomized design (CRD) with three repeats was used to design the experi-
ments for both years. Seeds were sown at 5 cm soil depth by direct seeding in containers
having the capacity of 12 kg soil. Three plants were maintained in each container after
thinning at seedling stage. Experiments were subjected to two treatments, including control
under well-watered (WW) and drought under terminal water stressed (TWS) conditions.
Each genotype in treatments was placed in separate group of containers. Automatic drip
irrigation system, having the dripper head water flow capacity of 8 litters of water per hour,
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was installed to apply irrigation for specified time for each day. Plants in both treatments
were irrigated equally till 75 days after planting (DAP). To induce TWS, irrigation was
stopped at 75th DAP in TWS treatment only for 13 days until temporary wilting was
observed, following which irrigation was resumed till maturity. Irrigation water amount
as total water consumption for each genotype in each treatment for both growing years
was calculated by dripper water flow capacity, irrigation time duration for each day and
size of container used in experiments. Total water consumption for genotypes in WW and
TWS conditions for each year is shown in Figure S1. Thinning, weeding, fertilization and
insect pest management was completed through standard crop management practices.

 

Figure 7. Experimental location at Faculty of Natural Resources, Prince of Songkla University,
Songkhla, Thailand (Source: adapted from ArcGIS: v−10.5).

4.3. Crop Data Collection

Days to flowering (DF) and days to maturity (DM) were recorded at 50% of panicle
emergence and 50% plants at physiological maturity, respectively, from planting date. Plant
height (PH) was measured from base of the stems to the flag leaf tip. GY and biomass were
recorded by randomly selected three plants for each genotype from each replication as well
as each treatment. Plants were hand−harvested, and number of tillers (NT) and number
of panicles (NP) were counted per plant as an average from three plants. Grain and plant
biomass samples were dried to obtain dry weight in an oven at 70 ◦C for different time
durations till constant weight was observed.

4.4. Computation of Stress Tolerance Indices

Stress tolerance indices were computed to differentiate and identify stress tolerant
genotypes from stress susceptible genotypes. GY under WW and TWS conditions was
taken as average over 2 years of data to compute stress indices according to methodology
adopted by Mansour et al. [6]. Seven different stress tolerance indices comprising stress
susceptibility index (SSI) (1) [37], geometric mean productivity (GMP) (2) [32], stress
tolerance index (STI) (3) [32], mean productivity index (MPRO) (4) [33], harmonic mean
index (MHAR) (5) [34], tolerance index (TI) (6) [35] and yield stability index (YSI) (7) [36]
were computed. Mean relative yield (RY) indicates the performance of specific genotype in
relation to other examined genotypes under similar level of water stress. Hence, RY under
TWS was calculated as GY of each genotype under TWS divided by highest GY achieved in
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all genotypes. Genotypes with higher GY under WW and TWS, higher RY and exhibiting
promising values for stress tolerance indices were classified as stress tolerant genotypes.

Stress Suceptibility Index (SSI) =
(

1 − YTWS

YWW

)
/ D (1)

Geometric Mean Productivity (GMP) =
√

YWW × YTWS (2)

Stress Tolerance Index (STI) = (YTWS × YWW) / aww (3)

Mean Productivity Index (MPRO) = (YTWS + YWW) / 2 (4)

Harmonic Mean Index (MHAR) = 2(YWW × YTWS) / (YWW + YTWS) (5)

Tolerance Index (TI) = (YWW − YTWS) (6)

Yield Stability Index (YSI) = YTWS / YWW (7)

where, YTWS = mean yield under terminal water stressed (TWS) condition, YWW = mean
yield under well-watered (WW) condition, D = environmental stress intensity, which
is 1 (mean yield of all genotypes under TWS/mean yield of all genotypes under WW
condition) and aww is an average value for all examined genotypes for grain yield under
WW conditions.

4.5. Analysis of Data

Data collected from 2 years of experiments was used to test the significance of results
and mean comparisons in R software. Two-way analysis of variance (ANOVA) was
performed for yield and yield attributes of all genotypes from three replicates with effect
to applied treatments. The effect of years among 2018–2019 and 2019–2020 was also
examined. Mean comparisons were made by using the least significant difference (LSD)
and p-value < 0.05 was considered as significantly different [58], which was represented
using capital and small letters and stars. Pearson’s correlation analysis was used to correlate
yield and yield attributes as well as computed stress tolerance indices. “Corr” and “GGally”
packages of R program were used to compute correlation matrices and visuals. ClustVis [59]
software was used to create heatmap and hierarchical clustering [58] for various stress
indices taken as an average over two years.

5. Conclusions

Terminal water stress (TWS) significantly reduced the performance of yield and
yield attributes. Studied genotypes were found unique in their yield potential as they
reflected different responses under well-watered (WW) and TWS conditions. Genotypes
Look Pla (1), Pathum Thani-1 (3) Hom Pathum (5), Dum Ja (6) Sang Yod (8), and Lep
Nok (12) were found water stress tolerant as they produced relatively higher grain yield
(GY), promising values for stress indices and improved performance under TWS. The
performance of stress tolerant genotypes was less affected under TWS as compared to
stress susceptible genotypes. Hence, these genotypes are potentially recommended for
sustaining yield productivity in such environments where TWS occurrence is predicted,
especially in southern Thailand. Stress-tolerant genotypes could be used in obtaining better
GY under TWS and for improvement in drought tolerance. Strong associations of GMP,
STI, MPRO and MHAR with GY under WW and, especially under TWS conditions, indicated
that these indices could be used to indicate stress tolerance in rice crop breeding programs
for a rapid selection process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10122565/s1, Table S1: Details of soil properties analyzed for experimental soil for
2018–2019 and 2019–2020. Figure S1: Total amount of irrigation water consumed by lowland rice
genotypes under well-watered (WW) and terminal water stressed (TWS) conditions during 2018–2019
(a) and 2019–2020 (b).
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adnanmustafa780@gmail.com

* Correspondence: cailq@gsau.edu.cn; Tel.: +86-138-9327-3886

Abstract: This study reports the mitigating strategy against salinity by exploring the potential ef-
fects of biochar (5%), Arbuscular mycorrhizal fungi (20 g/pot, AMF), and biochar + AMF on maize
(Zea mays L.) plants grown under saline stress in a greenhouse. The maize was grown on alkaline
soil and subjected to four different saline levels; 0, 50, 100, and 150 mM NaCl. After 90 d for 100 mM
NaCl treatment, the plant’s height and fresh weight were reduced by 17.84% and 39.28%, respec-
tively, compared to the control. When the saline-treated soil (100 mM NaCl) was amended with
AMF, biochar, and biochar + AMF, the growth parameters were increased by 22.04%, 26.97%, 30.92%
(height) and 24.79%, 62.36%, and 107.7% (fresh weight), respectively. Compared to the control and
single AMF/biochar treatments, the combined application of biochar and AMF showed the most
significant effect in improving maize growth under saline stress. The superior mitigating effect of
biochar + AMF was attributed to its effective ability in (i) improving soil nutrient content, (ii) enhanc-
ing plant nutrient uptake, (iii) increasing the activities of antioxidant enzymes, and (iv improving the
contents of palmitoleic acid (C16:1), oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3).
Thus, our study shows that amending alkaline and saline soils with a combination of biochar-AMF
can effectively mitigate abiotic stress and improve plant growth. Therefore, it can serve as a reference
for managing salinity stress in agricultural soils.

Keywords: biochar; alkaline soils; abiotic stress; Arbuscular mycorrhizal fungi; fatty acids; Zea mays L.

1. Introduction

Biochar is an alkaline byproduct of the fast or slow pyrolysis of different biomass in
a limited oxygen environment. Due to its high pH, biochar application to soils is mostly
popular for the management of acidic soils [1,2]. Studies have shown that when applied to
alkaline soils, biochar decreased the soil bulk density, cation exchange capacity, organic
carbon content, nitrate retention, and bioavailable potassium [3,4]. The negative effect of
biochar on the availability of phosphorus in alkaline soils was reported by Baigorri et al. [5].
The authors observed that the adsorption of phosphorous to Al/Fe-modified biochar
decreased its bioavailability and partially explained the observed negative effects of pristine
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biochar applied to alkaline soils. Understanding the role of pristine (unmodified) biochar
in alkaline soils has been extended to studying their interactions with traditional NPK
fertilizers. Mete et al. [6] showed that when biochar was applied together with NPK
fertilizer, then it significantly improved seed yield and total biomass in three genotypes
of soybean in alkaline soils. These different studies reveal that under the right conditions,
biochar can induce beneficial effects on crops grown on alkaline soils.

In soils having a large concentration of soluble salts (e.g., containing Na+ ions), plants
suppress growth due to the negative effects of high saline concentration on osmotic balance,
ion homeostasis, and oxidative stress due to reactive oxygen species (ROS) [7,8]. According
to Foyer and Noctor [9], ROS can disrupt cellular functions and negatively affect nucleic
acids, activities of oxidant proteins, and induce lipid peroxidation. Thus, researchers have
suggested that the accumulation of ROS under salinity stress in plants is one of the major
causes of reduced global agricultural productivity [10]. The study of Farhangi-Abriz and
Torabian [10] showed that under increased saline stress, the activities of catalase (CAT),
ascorbate peroxidase, peroxidase (POD), and superoxide dismutase (SOD) in the leaves and
roots of common bean (Phaseolus vulgaris L. cv. Derakhshan) were significantly increased.
According to the authors, amending the soils with biochar suppressed saline-induced
oxidative stress and improved the growth of the bean plant.

The management of saline soils with appropriate rates of biochar has a mitigating
effect on N leaching, enhances N retention, and reduces volatilization of ammonia [11].
Also, the application of biochar to alkaline soils has been shown to favor the colonization
of ammonia-oxidizing microorganisms and inhibit N leaching [12]. Cui et al. [13] reported
that co-application of biochar and effective microorganisms significantly inhibited saliniza-
tion, improved soil fertility, increased soil nutrient content, enhanced enzymes activities,
thereby improving the growth of S. cannabin. The inoculation of saline contaminated soils
with Arbuscular mycorrhizal fungi (AMF) strain Glomus mosseae improved the growth of
tomato (Lycopersicon esculentum L. cv. Zhongzha105) plants by improving root colonization,
contents of chlorophyll, fruit fresh weight, fruit yield, and total plant growth [14]. Mycor-
rhizal colonization can be enhanced when AMF is co-applied with biochar to mitigate the
adverse effects of drought-related stress on plant growth [15]. The few studies that have
reported on the combined application of biochar and AMF suggest that biochar modifies
the physicochemical properties of soils which improves AMF colonization [16]. Due to the
limited number of studies on the co-application of biochar and AMF in alkaline-saline soils,
the specific mechanisms for improving plant growth in these soils is not clear. Thus, this
study was designed to study the growth of maize (Zea mays L.) in alkaline soils under saline
induced stress and to evaluate the effects of the combined application of AMF and biochar
on maize growth parameters. It was hypothesized that AMF and biochar would have
additive effects on plant growth, lipid metabolism, and nutrient availability, meaning that
combining the two treatments would result in greater plant growth than either treatment
alone under salinity stress.

2. Results

2.1. Effect of AMF and Biochar on Fatty Acids Composition of Maize Leaves

Table 1 shows the contents of fatty acids in the leaves of 90 days old plant under saline-
induced stress. The contents of myristic acid (C14:0), palmitic acid(C16:0), palmitoleic
acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), linolenic acid
(C18:3), arachidic acid (C20:0), and behenic acid (C22:0) were affected differently for the
different treatments. The contents of C14:0, C16:0, and C18:0 were not significantly altered
for different treatments compared to S0. With increasing salinity, the content of unsaturated
fatty acids (C16:1, C18:1, C18:2, and C18:3) was observed to decrease for control (S1, S2,
S3), biochar (BS1, BS2, BS3), and AMF (AS1, AS2, AS3) treatments. Compared to S0, the
contents of C16:1, C18:1, C18:2, C18:3 was significantly (p < 0.05) decreased by 44.02%,
33.49%, 25.99%, and 0.53% in S3 treatment, respectively. Nevertheless, the contents of C20:0
(52.82%) and C22:0 (87.77%) were increased significantly (p < 0.05) improved for the same
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treatment. Also, relative to S3 treatment, BS3 treatment positively impacted the contents of
C16:1, C18:2, C20:0, and C22:0while negatively affecting C18:1 and C18:3 (Table 1). For AS3
treatment, the contents of C16:1, C18:1, C20:0, and C22:0 were significantly decreased while
C18:2 and C18:3 were only slightly increased. The combined application of biochar and
AMF (ABS3) demonstrated the most significant positive effect on the contents of all fatty
compared to S0 while C22:0 was negatively affected relative to S3. Specifically, the contents
of C16:1, C18:1, C18:2, C18:3 and C20:0 were increased by 161.36%, 101.3%, 65.07%, 12.17%,
18.23% relative to S3 or 46.31%, 33.89%, 22.17%, 11.58%, 88.31%, and 56.46% relative to S0.

2.2. Influence of AMF and Biochar on Soil Nutrient Content

The following acronyms will be used as defined in the materials and method section
(Table 2): S0, S1, S2 and S3 (0, 50, 100, and 150 Mm NaCl treatment, respectively); BS0, BS1,
BS2 and BS3 (biochar + 0, 50, 100, and 150 Mm NaCl treatment, respectively); AS0, AS1,
AS2 and AS3 (AMF + 0, 50, 100, and 150 Mm NaCl treatment, respectively); ABS0, ABS1,
ABS2 and ABS3 (biochar + AMF + 0, 50, 100, and 150 Mm NaCl treatment, respectively).
Figure 1 gives a summary of the selected physicochemical properties of the soil after the
growth of maize. After maize growth, the soil pH was decreased in the S0, S1, BS0, AS0,
ABS0, ABS1 treatments by 0.42, 0.03, 0.48, 0.38, 0.44, 0.38 units while S2, S3, and A3 had an
increase of 0.06, 0.20, and 0.05 units compared to the original soil (pH 8.25), respectively
(Figure 1A). Compared to the S0 treatment, only the BS0 and ABS0 treatments experienced
a slight decrease in pH. For different treatments, the content of potassium was either
increased or decreased with an increment in the concentration of NaCl (Figure 1B). For
instance, under no amendment, the content of K was decreased by 3.83%, 23.76%, and
23.8% when the concentration of NaCl was 50 (S1), 100 (S2) and 150 mM (S3), respectively.
This decrement was also observed for AS0, AS1, AS2, AS3, and ABS3 with values lowered
by 24.68%, 20.72%, 8.82%, 11.64%, and 21.37%, respectively. This observation shows that
increase in the concentration of Na+ ions has a negative impact on available K+ ions
needed for plant growth, which has been sighted as a major concern for saline soils [17].
Nevertheless, amending the alkaline soil with biochar (BS0, BS1, BS2, BS3) and biochar +
AMF (ABS0, ABS1, and ABS2) significantly (p < 0.05) improved the content of K; with the
largest increment recorded for BS3 (32.49%), ABS0 (24.62%), ABS1 and (23.31%) relative
to S0. When compared with the saline-treated control (S1, S2, S3), biochar (BS1, BS2, BS3),
AMF (A1, A3, except A1), and biochar + AMF (ABS1, ABS2, ABS3) treatments significantly
(p < 0.05) improved K in soil. Thus, biochar amendment with/without AMF can effectively
mitigate K+ ion loss in high pH saline soils. Phosphorus and nitrogen are important
nutrient requirements for plant growth which can become deficient when the soil health
and fertility are threatened. For the control (S0, S1, S2, and S3) and AMF (AS0, AS1, AS2,
and AS3) treatments, the content of P was decreased as the concentration of NaCl was
increased (Figure 1C). Relative to the S0 treatment, the content of P was increased by 22.58%
for B0 but was decreased by 38.45% and 30.41% for A0 and AB0 treatments, respectively.
Also, relative to the saline (S1, S2, S3) treatments, biochar (BS1, BS2, BS3), AMF (AS1, AS2,
AS3), and biochar + AMF (ABS1, ABS2, ABS3) amendments showed contrasting effects on
available P. For instance, the available P was increased by 21.43%, 12.78%, 11.97%, 4.23%,
7.43%, 46.43%, 18.94% for BS1, BS2, BS3, ABS1, ABS2, ABS3, and AS1, respectively, but
decreased for AS2 and AS3 treatments. From this result, it is evident that salinity negatively
impacts available P and the individual or co-application of biochar with AMF can mitigate
this negative effect.
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Table 2. Treatment arrangement.

Code Description

S0 0 mM NaCl without soil amendment
S1 50 mM NaCl without soil amendment
S2 100 mM NaCl without soil amendment
S3 150 mM NaCl without soil amendment

BS0 biochar without NaCl and AMF
BS1 biochar and 50 mM NaCl without AMF
BS2 biochar and 100 mM NaCl without AMF
BS3 biochar and 150 mM NaCl without AMF
AS0 AMF inoculation without NaCl and biochar
AS1 AMF inoculation with 50 mM NaCl but without biochar
AS2 AMF inoculation with 100 mM NaCl but without biochar
AS3 AMF inoculation with 150 mM NaCl but without biochar

ABS0 combined AMF inoculation and biochar but without NaCl
ABS1 combined AMF inoculation, biochar and 50 mM NaCl
ABS2 combined AMF inoculation, biochar and 100 mM NaCl
ABS3 combined AMF inoculation, biochar and 150 mM NaCl

From Figure 1, it can be observed that the content of N significantly decreases in
the control treatment as the saline content was increased from 0–150 mM; except for S1
treatment (Figure 1D). For instance, compared to the S0 treatment, N was increased by
26.4 mg kg−1 and decreased by 47.3 and 74.9 mg kg−1 when the soil was treated with
50 (S1), 100 (S2), and 150 Mm (S3) of NaCl, respectively. The application of biochar alone
(BS0, BS1, BS2, BS3) and in combination with AMF (ABS0, ABS1, ABS2, ABS3) significantly
improved the content of N under increasing salt stress. For no salt treatments (BS0, AS0,
and ABS0), N content was improved by up to 74.25%, 16.61%, and 90.89% for BS0, AS0, and
ABS0 amendments relative to S0 treatment, respectively. Under increasing salt stress, N
content was improved progressively when biochar and/or AMF were applied. Specifically,
for BS1, BS2, and BS3 treatments, the amount of N (relative to S1, S2, and S3) increased by
37.3%, 88.91%, and 105.6% (or 50.25, 57, and 50.57% relative to S0), respectively. Similarly,
the recorded increment in the content of N for ABS1, ABS2, and ABS3 was 50.88%, 95.79%,
and 102.44% (or 65.11, 62.71, and 48.29% relative to S0), respectively. Additionally, applying
AMF alone did not mitigate N loss (−18.05%) when 50 mM NaCl was added but showed a
positive effect at saline concentrations of 100 (8.25%) and 150 mM (26.08%). Thus, amending
alkaline soils with biochar, biochar + AMF, and AMF alone can mitigate the negative effect
of Na+ ions on N content, with biochar and biochar + AMF exhibiting the most significant
effects at 100 and 150 mM of Na+ ions.
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Figure 1. Influence of Arbuscular mycorrhizal fungi (AMF) and biochar on (A) soil pH, (B) exchangeable K, (C) available P,
and (D) total N after harvesting. Data present the mean ± standard deviation of three replicates and mean values followed
by different letters are significantly different at p < 0.05 according to Duncan multiple range test. S0, S1, S2, and S3 (0, 50,
100, and 150 Mm NaCl treatment, respectively); BS0, BS1, BS2 and BS3 (biochar + 0, 50, 100, and 150 Mm NaCl treatment,
respectively); AS0, AS1, AS2 and AS3 (AMF + 0, 50, 100, and 150 Mm NaCl treatment, respectively); ABS0, ABS1, ABS2 and
ABS3 (biochar + AMF + 0, 50, 100, and 150 Mm NaCl treatment, respectively).

2.3. The Effects of Salinity, Biochar, and AMF on Plant Growth Parameters

Plant growth parameters were evaluated based on the maize height after 45 and
90 days of growth, total fresh weight, and the total number of leaves after 90 days
(Figures 2 and 3). The plant height after 45 days of growth was 2.73%, 16.02%, and 4.92%
shorter compared to S0 when the saline concentration was 50 (S1), 100 (S2), and 150 mM
(S3), respectively (Figure 2A). After 90 days of growth for the same treatments (Figure 2B),
the plant height was 6.22%, 17.84%, and 17.3% shorter, respectively. When the soil was
amended with biochar and/or AMF without NaCl, the plant height was increased by
23.67%, 28.67%, 2.11% after 45 days and by 21.08%, 18.65%, 7.3% after 90 days for BS0,
ABS0, and AS0 compared to S0, respectively. Under increasing saline stress, biochar en-
hanced plant growth by 19.68% (BS1), 24.19% (BS2), 14.38% (BS3) after 45 days and by
24.21% (BS1), 26.97% (BS2), 13.4% (BS3) after 90 days when compared to S1, S2, and S3,
respectively. This significant (p < 0.05) increment in the plant height was also recorded
when the soil was amended with biochar + AMF (ABS1, ABS2, and ABS3). Comparatively,
the biochar treatments demonstrated a significant effect in improving the plant’s height
compared to single AMF treatment; with biochar + AMF being a better option.
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Figure 2. Impact of AMF and biochar on the height of corn plants under different levels of salinity after 45 (A) and 90 (B)
days of growth. Data present the mean ± standard deviation of three replicates and mean values followed by different
letters are significantly different at p < 0.05 according to Duncan multiple range test. The significance of acronyms is the
same as in Figure 1.

 

Figure 3. Impact of AMF and biochar on plant fresh weight (A), number of healthy leaves (B), and dry weight (C) under
different concentrations of salinity. Data present the mean ± standard deviation of three replicates and mean values
followed by different letters are significantly different at p < 0.05 according to Duncan multiple range test. The significance
of acronyms is the same as in Figure 1.

Figure 3 shows the difference in the total plant fresh weight (Figure 3A), the number
of leaves (Figure 3B), and the total plant dry weight (Figure 3C). As shown, increasing the
concentration of NaCl negatively affects the total plant fresh weight (Figure 3A). Increasing
the NaCl concentration by 50 (S1), 100 (S2), and 150 mM (S3) significantly decreased the
plant’s fresh weight by 31.62%, 39.28%, and 32.28% relative to S0, respectively. When no
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salt was applied to the soil, biochar and AMF amendments improved the plant’s fresh
weight by 50.21%, 54.28%, and 34.4% for BS0, ABS0, and AS0, respectively. Compared
to the saline treatments (S1, S2, and S3), biochar amendments improved the plant’s fresh
weight by 74.84%, 62.36%, 71.14% for BS1, BS2, BS3 and 108.5%, 107.7%, 67.48% for ABS1,
ABS2, and ABS3, respectively. For the treatments containing only AMF, the plant fresh
weight was increased for AS1 (51.49%) and AS2 (24.76%) but was decreased as the salt
content was increased to 150 mM for AS3 (−14.91%). Compared to the S0 treatment, all
the treatments with biochar induced a significant improvement in plant fresh weight and
demonstrates the individual ability of biochar or when combined with AMF to alleviate
saline-related stress on plant growth.

The mean number of healthy leaves decreased with increasing salt stress for the
control treatment (S1, S2, S3) (Figure 3B). Amending the soil with biochar (BS0, BS1, BS3)
or combined with AMF (ABS0, ABS1, ABS2) or with AMF alone (AS0, AS1, AS2) mitigated
the adverse effect of increasing saline concentration on the number of healthy leaves.
Nevertheless, at a higher saline concentration (150 mM), the different amendments had
fewer leaves when compared to S0 but higher when compared to the S3 treatment.

The total plant dry weight (Figure 3C) was negatively affected by increasing NaCl
concentration. This observation corroborates the negative impact of saline stress on plant
water content observed in Figure 3A. The plant dry weight was 4.03 g for S0 treatment but
was decreased by 35.06%, 35.21%, and 36.95% in the S1, S2, and S3 treatments, respectively.
The different amendments demonstrated positive impacts on the plant dry weight, both
in the absence and presence of saline stress. For instance, biochar (BS0), AMF (AS0), and
biochar + AMF (ABS0) increased the plant dry weight by up to 75.38%, 50.74%, and 90.31%
when compared to S0, respectively. Under increased NaCl concentration, biochar, AMF
(except AS3), and biochar + AMF treatments significantly improved the plant dry weight.
For example, at the highest saline concentration and when compared to S0, the plant
dry weight was 76.4% (BS3) and 63.6% (ABS3) larger than the corresponding untreated
S3 sample.

2.4. The Effects of Salinity, Biochar, and AMF on the Nutrient Uptake Ability of the Maize Plant
during Growth

Figure 4 shows the nutrient uptake ability of maize plants under different saline
concentrations before and after amending the soil with biochar and/or AMF. It can be
observed that increasing the saline concentration from 0 to 150 mM (S0 to S3) induced a
negative effect on the nutrient uptake ability of the plant. Specifically, %N was decreased
from 3.481 to 1.694, %P from 0.265 to 0.189, and %K from 1.562 to 0.937. This corroborates
the observed negative effect of increasing salt stress on maize growth observed above
(Figures 2 and 3). Under no salt stress, the biochar and AMF treatments (AS0, ABS0,
and BS0) enhanced the nutrient uptake ability of the plant compared to S0 treatment.
Under increasing saline stress, all treatments containing biochar exhibited a superior effect
on promoting nutrient uptake compared to single AMF treatments, with a combined
application of biochar + AMF showing the best effect relative to S0 and saline controls (S1,
S2, and S3). From this result, it can be inferred that the application of biochar and/or AMF
to alkaline and saline soils can enhance plant growth by suppressing salt-related stress
thereby improving soil fertility, improving nutrient availability, and promoting the uptake
of essential nutrients required for growth.

2.5. Influence of AMF and Biochar on Photosynthetic Pigments in Plant

The effect of increasing saline concentration and the mitigating effects of different
amendments on photosynthetic pigments were evaluated and the results are shown in
Figure 5. Compared to S0, the content of chlorophyll a was decreased by 27.11%, 51.56%,
and 65.78% (S3) as the salt content was increased in S1, S2, and S3, respectively (Figure 5A).
Similarly, the contents of chlorophyll b were decreased by 26.8%, 30.93%, and 51.55%
(Figure 5B) while carotenoid was decreased by 16.08%, 44.48%, and 44.41% (Figure 5C) in
S1, S2, and S3, respectively. From this result, it is evident that under increasing salt stress,
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plant growth becomes inhibited as the required nutrients are made less available which
results in a reduced photosynthetic rate.

 
Figure 4. Effect of biochar and/or AMF on percentage of N, P, and K uptake by the maize plant under salinity stress. Data
present the mean ± standard deviation of three replicates and mean values followed by different letters are significantly
different at p < 0.05 according to Duncan multiple range test. The significance of acronyms is the same as in Figure 1.

Amending the alkaline soil with biochar alone or combined with AMF significantly
improved the plant’s photosynthetic ability as chlorophyll a, chlorophyll b, and carotenoids
were significantly (p < 0.05) improved. The contents of chlorophyll a, chlorophyll b, and
carotenoids were increased by 52.89%, 15.46%, 25.78% for B0 and 68%, 52.58%, 89.46% for
AB0 compared to S0, respectively. Similarly, the A0 treatment improved the contents of
chlorophyll a and carotenoids by 34.22% and 50.34%, respectively, while decreasing that of
chlorophyll b by 6.19%. Under increasing saline stress, all amendments containing biochar
showed positive effects on improving the photosynthetic ability of the maize plant while
the single AMF treatment demonstrated negative effects on chlorophyll b at 100 (AS2) and
150 mM NaCl (AS3). Of all treatments, the combined application of biochar + AMF induced
the most significant effect on improving the contents of photosynthetic pigments under salt
stress. Relative to the S0 treatment, the content of chlorophyll a was 61.33%, 78.67%, 86.22%;
chlorophyll b was 38.14%, 19.59%, 19.59%; and carotenoid was 130.6%, 95.89%, 71.18%
higher in ABS1, ABS2, ABS3 treatments than in the S1, S2, S3 treatments, respectively.
This observation is in agreement with the superior ability of biochar + AMF treatments
in significantly enhancing nutrient uptake by the plant (Figure 4) under increased saline
stress relative to other treatments. Therefore, amending alkaline and saline soils with AMF,
biochar, or biochar + AMF can play an important role in mitigating stress-related adverse
effects in these soils that inhibit plant growth.

2.6. Impact of AMF and Biochar on Antioxidant Enzyme Activities

The activities of SOD and POD in the leaves of the maize plant were significantly
(p < 0.05) affected after 90 days of growth under different saline conditions (Figure 6).
Compared to S0, increasing the saline concentration reduced the activity of SOD by 25.41%,
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32.26%, and 34.04% in S1, S2, and S3 treatments, respectively (Figure 6A). For similar
treatments, the content of POD was increased by 15.41% for S1butdecreased by 38.44% for
S2 and 44.09% for S3. After amending the soil with biochar (BS0), AMF (AS0), and biochar +
AMF (ABS0), the activity of SOD was increased by 1.55%, 10.01%, and 15.18%, respectively.
Also, while the BS0 (7.14%) and ABS0 (21.04%) treatments enhanced the activity of POD,
the AS0 treatment induced a 4.41% decrease in its activity compared to S0.

μ

μ

μ

 

Figure 5. Effect of biochar and AMF on photosynthetic pigments: (A) Chlorophyll a; (B) Chlorophyll b; (C) Carotenoid. Data
present the mean ± standard deviation of three replicates and mean values followed by different letters are significantly
different at p < 0.05 according to Duncan multiple range test. The significance of acronyms is the same as in Figure 1.

 

Figure 6. Impact of AMF and biochar on the activity of SOD (A) and POD (B) in maize under different levels of salinity. Data
present the mean ± standard deviation of three replicates and mean values followed by different letters are significantly
different at p < 0.05 according to Duncan multiple range test. The significance of acronyms is the same as in Figure 1.
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Under different saline conditions, the amendments showed diverse effects on the
activities of SOD and POD. Relative to S0 treatment, the content of SOD in biochar amend-
ments was lower by 21.52% (BS1) or insignificantly higher by 0.08% (BS2) and 0.17% (BS3)
when compared to S1, S2, and S3, respectively. Similarly, an insignificant increase was
observed for AS1 (1.69%) and AS2 (3.42%) and a decrease for AS3 (7.91%). The application
of biochar mitigated the adverse effect of saline stress on the activity of POD (BS1, BS2,
BS3) while AMF only had a positive effect at a lower saline concentration (AS1). Of all
treatments, the combined application of biochar and AMF showed the most significant
(p < 0.05) effect on the activities of SOD and POD under saline stress. Compared to S0,
the activity of SOD was 28.74%, 40.63%, and 47.5% higher for ABS1, ABS2, ABS3 than
for S1, S2, S3, respectively. Similarly, the activity of POD was19.86%, 61.03%, and 77.21%
higher in ABS1, ABS2, ABS3 treatments than for S1, S2, S3, respectively. This result shows
that biochar + AMF had the most significant effect on the activities of SOD and POD
under increasing saline stress, making this combination the best for improving antioxidant
activities in alkaline and saline soils.

3. Discussion

The application of biochar to alkaline soils have demonstrated both positive and
negative effects on the availability of nutrients such as K, P, and N. Chen et al. [18] showed
that biochar nanoparticles can reduce P retention in alkaline soils by up to 23% and 18%
and the authors associated this effect to increased leaching of P associated to Fe/Al oxides
in soils. Contrarily, Cui et al. [13] observed that the co-application of biochar and effective
microorganisms enhanced the growth of Sesbania cannabina in coastal saline-alkali soil. Our
study shows that the application of biochar without/without Arbuscular mycorrhizal fungi
(AMF) (Glomus mosseae) had a positive effect on the available nutrients (N, K, and P) in
alkaline soil (Figure 1). Although the overall effect of biochar and/or AMF on soil pH was
not significant, a significant increase was observed in the nutrient uptake ability of maize
plants (Figure 4) and the measured growth parameters (Figures 2 and 3).

Salt-affected soils are prone to nutrient deficiency and excess Na+ ions in soils affect
the availability of plant nutrients either by direct competition or indirectly by increasing
the osmotic pressure of the soil solution and retarding mass uptake of nutrients by the
roots [19,20]. For saline soils, nutrients such as N, P, and K are in low quantities mostly
due to low levels and rapid loss of organic matter [21]. This observation agrees with
our results (Figure 1) given that the contents of N, P, and K were respectively reduced
by 26.75%, 28.94%, and 23.8% when the NaCl concentration was increased to 150 mM
for the control (S3). Under similar conditions, the individual application of biochar and
combined application with AMF demonstrated the most significant effect in alleviating the
adverse effects of saline stress on nutrient availability. Specifically, when compared to S0,
the contents of N, P, and K were higher by 77.32%, 8.51%, and 56.3% in BS3 compared to S3
treatment, while in biochar + AMF (ABS3) treatment, it was 75.04%, 32.99%, 2.44% higher,
respectively (Figure 1).

Nutrient deficiency and low use efficiency have negative impacts on the photosyn-
thetic potentials of plants and their subsequent resistance to stress [22]. When plants are
under stress, they may suffer chlorophyll degradation which results in a reduction of
the plant’s photosynthetic ability [23]. From Figure 5, it can be observed that increasing
salinity reduced the plant’s photosynthetic ability. The saline-related stress significantly
reduced the contents of photosynthetic pigments, with the reduction increasing with NaCl
concentrations and most severe for chlorophylls a and b. Amending the soils with biochar
and/or AMF alleviated the negative effects of increasing salinity on maize photosynthetic
ability, with the biochar treatments being more effective than single AMF treatments. The
colonization of plant roots by AMF has been reported to be beneficial for plant growth in
low pH soils, and this effect was significantly improved when AMF was co-applied with
biochar [15]. Thus, biochar application to soils played a modifying role in improving the
physicochemical characteristics for effective colonization by AMF and it can be inferred that
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by improving soil fertility and nutrient uptake, biochar and/or AMF provided a conducive
environment for plant growth.

The secretion of antioxidant enzymes is one key mechanism by which plants mitigate
the adverse effects of biotic and abiotic stress [24,25]. By scavenging ROS, antioxidants
can mitigate the adverse effects of oxidative stress induced by high saline concentrations
thereby promoting plant growth [14]. As observed by Farhangi-Abriz and Torabian [10],
an increase in the concentration of NaCl causes an increase in antioxidant enzymes such
as CAT, SOD, and POD in the leaves and roots of bean seedlings. In our study, increasing
the saline concentration decreased the contents of both SOD and POD (Figure 6) while
co-application with biochar and/or AMF showed diverse effects. Nevertheless, applying
biochar alone or combined with AMF mostly demonstrated an enhancing effect on the
activities of SOD and POD; with the combined application of biochar + AMF showing
the most significant (p < 0.05) increase. Our result may differ from that of Farhangi-
Abriz and Torabian [10] primarily due to the difference in the plant types and growth
stages considered.

The ability of plants to alter the contents of unsaturated fatty acids is an impor-
tant mechanism through which they adapt to stress. Through the activities of fatty acid
desaturases, plants modify their membranes to provide a suitable environment for the
functioning of photosynthetic proteins [26]. Oleic acid (18:1) has been reported to be critical
for resistance against pathogens [27] while linolenic acid (C18:3) is an important stress
signal [28]. The importance of C18:1 and C18:2 levels have been documented in several
studies and it was reported that they play important roles in the regulation of fungal devel-
opment, seed colonization, and mycotoxin production by Aspergillus spp. [29,30]. When
plants are subjected to saline stress, the content of C18:3 may decrease to indicate damages
caused by the stress [26]. Under drought stress, Brassica napus leaves showed decreased
levels of C18:3 and C18:2 [31]. Pál et al. [32] studied the effect of cadmium contamination
on the content of membrane lipids of maize plants. They found that while the content
of C16:0 in the leaves decreased that of C18:2 and C18:3 increased with increasing Cd
levels. Also, they observed that for the roots, the levels of C18:0 and C18:1 decreased
while those of C18:2 and C18:3 increased. We observed that saturated fatty acids (C14:0,
C16:0, and C18:0) that play an important role in controlling the hydrophobicity of mem-
brane proteins [33] were not significantly altered under saline stress and in the presence of
biochar. Nevertheless, the levels of saturated acids with longer chains (C20:0 and C22:0)
were significantly improved under increasing saline stress and in the presence of biochar.
Conversely, increasing salinity negatively affected unsaturated fatty acid concentrations
(C16:1, C18:1, C18:2) while the application of biochar demonstrated a mitigating effect and
increased the levels of unsaturated fatty acids. The combined application of biochar and
AMF showed the most significant effect in increasing the concentrations of unsaturated
fatty acids. Thus, by improving the levels of membrane unsaturation, the co-application of
biochar and AMF improved the growth of maize in alkaline soil under increasing saline
stress. Therefore, we infer that under conditions of stress, plants become better adapted to
handle different levels of stress by adjusting the fatty acid unsaturation levels. Also, soil
amendments that can improve the content of fatty acid unsaturation may enhance plants’
adaptability to stress.

4. Materials and Methods

4.1. Experimental Materials

The agricultural soil used in this study was a loess soil collected from Lanzhou, China,
with a bulk density of 1.25 g cm−3 and sampled from the surface 0–20 cm. The soil was
air-dried and sieved with a 2 mm mesh sieve. On average, the annual rainfall of the
study site was 415 mm and the annual temperature was about 6.2 ◦C. For soil charac-
terization, five soil samples were collected and properly mixed to make a representative
composite soil sample that had TN content of 1.74 ± 0.01 g kg−1, available phosphorus
25.1 ± 0.19 mg kg−1, soil organic carbon of 9.08 ± 0.09 g kg−1, and soil pH (in solution)
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8.25 ± 0.11. Soil pH was determined using a METTLER TOLEDO Desktop pH meter after
the soil sample was equilibrated in distilled water (1:5). Soil organic carbon was estimated
by the Wet Oxidation method [34]. TN and phosphorus were determined by the Kjeldahl
method [35] and Olsen method [36], respectively. The exchangeable K was evaluated by the
Ammonium Acetate extraction method [37]. The soil test was performed in the laboratory
of the College of Resources and Environmental Sciences at Gansu Agricultural University,
Lanzhou, China. For this study, a pot experiment was conducted in greenhouse conditions
(air temperature 30 ◦C; relative humidity 50%) from July to October 2020 at the Dingxi
experimental station of Gansu Academy of Agricultural Sciences (Tangjiao Town, Dingxi
city, 35◦350 N, 104◦360 E, 1970 m a.s.l), Gansu, China.

The biochar was prepared from corn straws collected from a cornfield in Tangjiao
Town, Dingxi city, and transported to the College of Resources and Environmental Sciences
of Gansu Agricultural University, Lanzhou, China. The straws were cut into 10–15 cm
pieces and pyrolyzed at a temperature ranging from 350 to 500 ◦C for 1 h under an oxygen-
deficient condition in an Oven-Electric Furnace (Heraeus MR 170, Meinerzhagen, Germany).
After pyrolysis and cooling, the biochar produced was ground to pass a 250 μm mesh
sieve and characterized. Total Organic Carbon (TOC) of biochar samples was measured
after oxidization with potassium dichromate following Nelson and Sommers [38]. The
total K contents were determined with a flame photometer (Jenway Flame Photometer,
Bibby Scientific Ltd-Stone-Staffs-St15 0SA–UK.), P was estimated by a spectrophotometer
as described by Sparks [39], and TN was determined by the micro-Kjeldahl method [40].
The %TN, %P, %K, and %TOC of biochar were 0.43 ± 0.01, 0.17 ± 0.004, 0.46 ± 0.003,
and 41.2 ± 0.41, respectively. The seeds of corn (Zea mays L.) were collected from Gansu
Provincial Key Laboratory of Arid Land Crop Science and kept at 4 ◦C for 24 h and
later washed with running distilled water for 30 min before planting. Round plastic
pots (21 cm in diameter * 16 cm in height) were used in this experiment. At the harvest
period, the plant nutrient uptake (N, P, and K) were estimated following Hashem et al. [15].
To determine the contents of N and K in maize shoot, dried and ground samples were
digested with H2SO4-H2O2 at 260–270 ◦C. N contents were determined by an Auto-analyzer
3 digital colorimeter (AA3, Bran + Luebbe, Hamburg, Germany) and K contents were
estimated using Flame Photometry (FP6400, Shanghai Precision Scientific Instrument,
Shanghai, China). The phosphorus was extracted by nitric-perchloric acid digestion and
measured using the Vanado-molybdophosphoric colorimetric method. Standard curve of
each mineral (10–100 μg−1 mL) used as reference.

4.2. Arbuscular Mycorrhizal Fungi (AMF) Inoculum

The Arbuscular mycorrhizal fungi (AMF) strain used was a single genus of Glomus
mosseae provided by the Gansu Provincial Key Laboratory of Arid Land Crop Science,
Lanzhou, China. It was multiplied with Zea mays (L.) as the host plant for 4 months in
sterilized soil in the greenhouse of the College of Resources and Environmental Sciences
of Gansu Agricultural University, Lanzhou, China. The methods previously described
by Gerdemann and Nicolson [41] and Giovannetti and Mosse [42] were used to deter-
mine AMF inoculum characteristics. Root mycorrhizal colonization, soil spores content,
arbuscules, and extraradical hyphae in the roots samples were observed accordingly. The
AMF inoculum consisted of mycorrhizal roots (80% root mycorrhizal colonization), soil
containing spores (50–80 per 10 g inoculum), and extraradical hyphae (2.5 m per 1 g soil)
mixed with soil.

4.3. Experimental Treatments and Design

The greenhouse pot experiment was conducted in a completely randomized design
with five replications per treatment and increasing salt stress. In total, there were 16 treat-
ments as mentioned in Table 2 The NaCl concentration in the pots was gradually increased
from 50 to 150 mM at a rate of 50 mM per 24 h. Frequent irrigations (thrice a week) with
saline solution permitted the various salt concentrations in the pots to be maintained at
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a constant level. There was a total of 80 pots in the present greenhouse experiment. The
biochar (5%) and/or AMF (20 g) were applied and thoroughly mixed with soil in each
treated pot. This was followed by the sowing of eight imbibed seeds in each pot. After
germination, the seedlings were thinned to four per pot.

4.4. Measurement of Plant Growth Parameters

The maize plant height was measured just before the final harvest. The height was
measured by holding a measuring tape close to the stem of the plant. Plant height was
recorded from the ground level to the base of the highest fully expanded leaf. The plant
fresh weight (FW) was also determined by weighing the different parts of the harvested
plant. The pots were cut away on two sides to permit careful root separation from the
soil. For each treatment, plants were removed from the soil and washed with distilled
water. After adsorbing residual water using tissue paper, an electronic balance was used to
measure plant shoot and roots FW.

4.5. Lipid Extraction and Analysis

3 g 12-week-old maize leaves were harvested from plants grown on saline soils and
transferred into 1.5 mL polypropylene reaction tubes. Fresh leaves were flash-frozen in
liquid nitrogen and stored at −80 ◦C. To each sample, 300 μL extraction solvent composed
of methanol, chloroform and formic acid (20:10:1, v/v/v) was used. The mixture was then
vigorously shaken (using a paint shaker) for 5 min. Briefly, 150 μL of 0.2 M phosphoric
acid, 1 M potassium chloride was added, and samples were centrifuged at 13,000× g at
room temperature for 1 min. Lipids were extracted and followed by separation using
two-dimensional thin-layer chromatography (TLC) on silica gel plates (pre-coated silica gel
plates, Merck 5626) according to Xu and Siegenthaler [43]. The first developing solvent was
acetone/toluene/H2O (91:30:8, by volume) and the second was chloroform/methanol/25%
NH3/H2O (65:35:3:2, by volume). The plates were shortly air-dried before being deli-
cately sprayed with 0.01% primuline and viewed under ultraviolet radiation. The trans-
esterification of individual lipids previously separated by TLC was performed with 5%
H2SO4 in methanol at 85 ◦C for 1 h. A Hewlett-Packard 5890 gas chromatography system
equipped with a hydrogen flame ionization detector and an FFAP capillary column (30 m;
i.d. 0.53 mm) was used to separate the fatty acid methyl esters. The column was run
isothermally at 190 ◦C, while the detector was kept at 230 ◦C. The internal standard was
heptadecanoic acid provided by Sigma Aldrich Chemical Co. (St. Louis, MO, USA). All
other used chemicals were purchased from Merck (Darmstadt, Germany) and were of
analytical purity.

4.6. Antioxidant Enzyme Activities

For protein extraction, young fresh leaves were collected from 6- and 12-week-old
maize plants. The leaves (1 g) were immediately frozen in liquid nitrogen, lyophilized,
and homogenized in 2-mL of 0.1 mM potassium phosphate (pH 7.8). The samples were
centrifuged for 15 min at 12,000× g (4 ◦C). The supernatants were collected into tubes and
stored at −20 ◦C until needed for enzymatic activity assays. The activity of superoxide
dismutase (SOD) was measured spectrophotometrically by determining the inhibition
of blue diformazan formation in the presence of riboflavin/nitroblue tetrazolium (NBT)
and light [44]. The modified assay solution was prepared with 1-mL of 50 mM sodium
phosphate (pH 7.8), 0.1 mM EDTA, 0.3 mM riboflavin, and 30 L of leaf extract. After 5 min
at room temperature, the solution was mixed with NBT to obtain a final concentration
of 0.03 mM NBT. The reaction mixture was then illuminated for 3 min with a fluorescent
light (75 W, 20 cm above the mixture) and absorbance was determined at 560 nm. The
reaction mixture without extract was used to calculate the control rate. NBT absorption
was insignificant. The activity of SOD is presented in min−1 mg−1 protein with one unit
described as 50% inhibition of blue diformazan formation. Also, the activity of Peroxidase
(POD) was determined by measuring the increase rate in absorbance at 470 nm with o-
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dianisidine as the substrate [45]. The assay solution was 1 mL of 0.01 M sodium phosphate
(pH 6.0) containing 1.3 mM H2O2, 1 mM o-dianisidine and 5 μL of extract. The activity
was expressed as ΔOD470 nm min−1 mg−1 protein.

4.7. Photosynthetic Pigments

Fresh leaves from 12-week-old maize plants were sampled for photosynthetic pig-
ments assessment [46,47]. The leaves were finely cut into small sections (~0.1 g) and ground
to a powder in 80% acetone (10 mL) and then centrifuged for 5 min at 10,000 rpm. After
collecting the supernatant, the procedure was repeated until the residue was colorless. The
absorbance of the solution was recorded at 480, 645 nm, and 663 nm. 80% acetone was
included as the blank solution. The photosynthetic pigments of leaves were determined
by estimating the contents of chlorophylls (Equations (1)–(3)) and carotenoids content by
(Equation (3)).

Chlorophyll a (mg g−1 FW) = (0.0127 * A663) − (0.00269 * A645) * V/W (1)

Chlorophyll b (mg g−1 FW) = (0.0229 * A645) − (0.00468 * A663) * V/W (2)

Carotenoids (mg g−1 FW) = [A480 + (0.114 * A663)−(0.638 - A645)] * V/W (3)

where A663, A645, A480 are absorbance at 663, 645, and 480 nm, respectively, and V is the
total volume of sample solution and W is the sample weight.

4.8. Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA) using Genstat statisti-
cal software (ver.12). Significant differences among treatments were computed by Duncan’s
multiple range tests (p < 0.05).

5. Conclusions

Maize cultivated on alkaline soils suffer from nutrient deficiency and this situation
may become worse if such soils are affected by salinization. The use of biochar or AMF
alone in amending such soils can mitigate the negative impacts of nutrient deficiency and
low levels of salinization but become inefficient under high saline concentrations. Our
study demonstrates that the combined application of biochar and AMF can effectively
alleviate the adverse effects of saline stress on plant growth by (a) improving soil fertility, (b)
increasing antioxidant enzymes activities and (c) increasing the levels of unsaturated fatty
acid. Nevertheless, biochar application in alkaline and saline soils has shown contrasting
results in different studies and this study adds to the limited literature on this. It is
suggested that (1) broader studies be conducted in the greenhouse with different plants and
different alkaline soils to have a larger picture of the effect of this amendment on alkaline
soils under saline stress, (2) researchers should perform small scale field experiments
with actual alkaline-saline soils to compare the mechanisms of different amendments in
improving soil fertility, and (3) researchers should evaluate the difference in plant-growth
improvement mechanisms of these amendments between actual alkaline-saline soils and
alkaline soils which are salinized in laboratory studies.
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Abstract: Cysteine (Cys) and α-lipoic acid (ALA) are naturally occurring antioxidants (sulfur-
containing compounds) that can protect plants against a wide spectrum of environmental stresses.
However, up to now, there are no conclusive data on their integrative roles in mitigation of drought
stress in wheat plants. Here, we studied the influence of ALA at 0.02 mM (grain dipping pre-
cultivation treatment) and Cys (25 and 50 ppm as a foliar application) under well watered and
deficit irrigation (100% and 70% of recommended dose). The results showed that deficit irrigation
markedly caused obvious cellular oxidative damage as indicated by elevating the malondialdehyde
(MDA) and hydrogen peroxide content (H2O2). Moreover, water stressed plants exhibited multiple
changes in physiological metabolism, which affected the quantitative and qualitative variables of
grain yield. The enzymatic antioxidants, including superoxide dismutase (SOD), ascorbate perox-
idase (APX), catalase (CAT) and peroxidase (POX) were improved by Cys application. SOD and
APX had the same response when treated with ALA, but CAT and POX did not. Moreover, both
studied molecules stimulated chlorophyll (Chl) and osmolytes’ biosynthesis. In contrast, the Chl
a/b ratio was decreased, while flavonoids were not affected by either of the examined molecules.
Interestingly, all above-mentioned changes were associated with an improvement in the scavenging
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capacity of reactive oxygen species (ROS), leaf relative water content (RWC), grain number, total
grain yield, weight of 1000 kernels, gluten index, falling number, and alveographic parameters (P,
W, and P/L values). Furthermore, heatmap plot analysis revealed several significant correlations
between different studied parameters, which may explore the importance of applied Cys and ALA
as effective compounds in wheat cultivation under water deficit conditions.

Keywords: wheat; water stress; antioxidant capacity; grain quality; alveographic parameters;
alpha-lipoic acid; cysteine

1. Introduction

Wheat (Triticum aestivum L.) is an extremely important cereal crop for human nutrition
and animal feed worldwide. Though wheat cultivation is pervasive in a wide spectrum
of ecosystems, many parts of the world (particularly in the arid and semiarid regions)
suffer from drought stress as a major constraint hindering its expansion from meeting the
growing demands day by day for the population [1,2].

Frequent climate change scenarios and rareness of fresh water are two major limiting
constraints to sustainable agriculture and preserving food security worldwide. These two
major problems may be exacerbated in the semiarid regions where the annual precipitation
(200 to 750 mm/year) is not sufficient to meet the needs for farming throughout the
year [3,4]. In plants, drought stress or water deficit can trigger a wide spectrum of successive
events at morphological, biochemical, and molecular levels that may contribute to the
adaptation or tolerance processes to such conditions [5–8]. Among these responses is
the excessive release of reactive oxygen species (ROS) that induce oxidative damage to
plant cell components, i.e., protein, lipids and, nucleic acids [9–11], and the development
of several efficient non-enzymatic and enzymatic antioxidant systems [1,12,13]. Plant
resilience to drought stress is mostly attained by accumulating compatible solutes, ion
homeostasis, and redox management [5,14–16]. Additionally, water shortage can trigger
a cascade of interconnected responses that coordinate the physiological metabolisms of
plants, such as altering the signaling pathways, gene expression, hormonal homeostasis,
and photosynthetic machinery, leading eventually to affecting crop productivity [8,17–21].

Sulfur-containing molecules and a number of non-protein and protein thiols have been
evidenced to play a fundamental role in plant tolerance to various abiotic stresses [22–24].
These molecules can work together, representing a crucial network of responses that enable
plants to cope with environmental stresses [24]. Therefore, special attention should be
given to reveal a complete picture in this respect.

Alpha-lipoic acid (1,2-dithiolane-3-pentanoic acid; ALA) is a dithiol short-chain fatty
acid that is ubiquitous both in prokaryotic or eukaryotic organisms [25]. It has received
great attention as a dietary supplement for humans because of its antioxidant and therapeu-
tic properties [26,27]. This antioxidant capacity depends on its two sulfhydryl moieties [25]
which enable it to scavenge free radicals and chelate metals [28]. In cereal crops, a few
studies during the seedling stage have reported that exogenous ALA can enhance the pho-
tosynthetic performance in maize under drought stress [29], ameliorate lipid peroxidation,
and induce the antioxidant systems of maize under osmotic stress [25]. Furthermore, it can
regulate the ion homeostasis and osmotic potential in wheat under saline conditions [30].
In addition, it has been found that there is a close connection between the endogenous
ALA and the cellular redox status of wheat seedlings grown under excess copper [31].

Cysteine (Cys) is an essential thiol-containing amino acid that comprises amino group
(NH2), carboxylic acid (COOH) and sulfhydryl group (SH) as reactive centers. This distinct
structure enables Cys to be a potent antioxidant and efficient scavenger for reactive oxygen
species (ROS). This is due to the presence of the thiol side chain, which smoothly oxidizes,
protecting against the oxidative damage induced by biotic and abiotic stresses [32,33].
Moreover, Cys is involved in synthesizing a wide array of vital and defensive molecules
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such as protein, glutathione, phytoalexins, thionins, glucosinolates, metallothioneins, and
phytochelatins [23,32,34–36]. Additionally, Cys is implicated in different sulfur metabolism
pathways and the synthesis of methionine [33]. These responses can regulate plant growth
and development via the importance of methionine and/or S-adenosylmethionine (SAM)
as precursors for some vital phytohormones, i.e., ethylene and polyamines [37,38]. Several
lines of evidence have suggested that exogenous Cys can alleviate the deleterious effects of
heavy metals in plants through its roles in metal sequestration and detoxification [35,36].
Similarly, applied Cys has been shown to delay the senescence of postharvest green leafy
vegetables by decreasing the rate of Chl degradation, cellular respiration, and ethylene
biosynthesis [39]. Up to now, there are no conclusive data to elucidate the role of ALA
and/or Cys in wheat plants subjected to water deficit. The current research explores
novel approaches to learn more about the combined effect of biomolecules on the diverse
parameters of wheat plants under water deficit.

2. Materials and Methods

2.1. Plant Material, Treatments, and Experimental Design

A field experiment was conducted during the period from November to April in
2018/2019 and 2019/2020 at a private farm at Beheira Governorate, Egypt (latitude:
30.8481 N; longitude: 30.34 E; mean altitude: 60 m above sea level). Healthy and uni-
form wheat grains (Triticum aestivum L, Cv. Giza 168) were divided into two groups. The
first group of grains was soaked in distilled water for 4 h and then sown in the experimental
soil, whereas the second group was soaked for 4 h in a solution containing 0.02 mM α-lipoic
acid (ALA, Cayman Chemical Company, Michigan, USA). The experimental design was
Split-Split-Plot arranged into a randomized complete block design (RCBD) with three repli-
cates. Irrigation with two application levels of 70% and 100% of the recommended dose for
wheat plants was set up in the main plots, while ALA-treated and non-treated grains were
distributed in the sub plots. Cys foliar applications (Cys, Alpha Chemika, Mumbai, India)
at 0, 25 and 50 ppm plus 0.05% (v/v) Tween 20 as a non-ionic surfactant were randomly
distributed in the experimental units. The experimental unit was 15 m2 (3 × 5 m) with
sowing space 12 cm. Applied Cys was repeated three times during the growing season,
starting from the tillering to stem extension stage at 25, 45, and 65 days after sowing. At
the anthesis stage (85 days after sowing), leaves were collected for different biochemical
estimations, whereas the total yield (ton·ha−1), various physical/chemical properties and
alveographic parameters of grains were determined at the end of each season (158 days
after sowing).

2.2. Irrigation Requirements

A local weather station registered meteorological data. The mean daily temperature
data, wind speed at the height of 2 m, precipitation, daily solar radiation, and relative
humidity were used in developing the Reference Evapotranspiration (ETo) in mm/day.
The ETo was created according to the calculation procedure given in FAO paper n. 56 [40].
Estimation of irrigation requirement (IR) in m3/ha is derived from crop evapotranspiration
(ETc), which can be calculated by multiplying the ETo with the crop coefficient (Kc). It has
been taken into account that the sprinkler irrigation efficiency is 75% when calculating the
IR. Based on the quantities of IR calculated in Table 1, the irrigation quantities in the main
experimental plots were determined with two application levels of 70% and 100% from
IR. The period considered in this study was calculated ETo for two consecutive seasons
(2018/2019 and 2019/2020). The ETo equation can be expressed as:

ETo =
0.408 Δ (Rn − G) + γ

(
900

(T+273)

)
U2(es − ea)

Δ + (1 + 0.34 U2)
(1)

where Δ is the slope of the vapor pressure curve (kPa·◦C−1), Rn the surface net radia-
tion (MJ·m−2·day−1), G soil heat flux density (MJ·m−2·day−1), γ psychometric constant
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(kPa·◦C−1), T mean daily air temperature (◦C), U2 wind speed (m·s−1), es saturated vapor
pressure, ea actual vapor pressure.

Kc = Crop Coefficient, ETo = Reference Evapotranspiration (mm), IR = Irrigation Requirements (m3/ha). (2)

Table 1. Details of irrigation requirements of two consecutive seasons (2018/2019 and 2019/2020) for
wheat based on the reference evapotranspiration calculated by FAO 56 Penman–Monteith equation.
The irrigation system efficiency of 75% is considered in the calculations.

Growth Stage Kc

Season
2018/2019 2019/2020

Mean ETo,
mm

Total IR,
m3/ha

Mean ETo,
mm

Total IR,
m3/ha

Initial 0.7 3.1 578.7 3.9 728.0
Crop development 1.15 2.8 2037.4 2.8 2025.6

Mid season 1.15 3.8 4081.7 3.4 3687.7
Late season 0.25 5.9 1105.0 5.3 984.9

Total IR, m3/ha 7802.8 7426.2

2.3. Agricultural Management

Wheat grains were sown using 178.57 kg ha−1 at the 10th and 8th of November in the
first and second season, respectively. The recommended doses of mineral fertilizers (NPK)
were applied as follows: P (36 kg ha−1) was supplemented during the soil preparation as
calcium super phosphate 15.5% P2O5, while N (187.5 kg ha−1) was added as ammonium
nitrate (33.5% N) into seven equal portions, at 10, 20, 30, 40, 50, 60 and 70 days after sowing.
Additionally, K (79.2 kg ha−1) was supplemented as potassium sulfate (48% K2O) in two
equal portions at sowing and heading stages.

2.4. Determination of Chlorophyll (Chl)

The leaf content of Chl a and Chl b was determined as described by Costache et al. [41]
with some modification, small pieces of fresh leaves (0.5 g) were submerged into 10 mL pure
acetone for 24 h/4 ◦C in small dark bottles to avoid pigment degradation. The homogenate
was centrifuged at 4000 rpm for 15 min then the absorbance was measured at 645 and
663 nm, respectively. The concentration was calculated using the following equations:

Chl a (mg/g FW) = 11.75 A662 − 2.350 A645 × (V/1000 × W) (3)

Chl b (mg/g FW) = 18.61 A645 − 3.960 A662 × (V/1000 × W) (4)

where, A is the absorbance at 645 and 663 nm, V is the final volume of Chl extract in pure
acetone and W is the fresh weight of tissue extract. Additionally, Chl a+b and Chl a/b ratio
were calculated.

2.5. Determination of Osmolytes and Leaf Water Status

Proline concentration was determined with ninhydrin reagent as described by
Bates et al. [42]. Total soluble sugars were estimated by phenol-sulfuric acid method as de-
scribed by Chow and Landhäusser [43]. Leaf relative water content was determined accord-
ing to Ünyayar et al. [44]. Leaf discs from 10 leaves were weighed (FW) and placed immedi-
ately in distilled water for 2 h at 25 ◦C and then their turgid weights (TW) were recorded. The
samples were then dried in an oven at 110 ◦C for 24 h (DW). Relative water content (RWC)
was calculated by using the following formula: RWC = (FW − DW)/(TW − DW) × 100.

2.6. Determination of Oxidative Damage and Scavenging Capacity

The level of lipid peroxidation was measured by the determination of malondialde-
hyde (MDA) as described by Heath and Packer [45]. One gram of fresh leaves was
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homogenized in 10 mL diluted trichloroacetic acid (TCA; 0.1% w/v). The homogenate
was centrifuged at 4500 rpm for 15 min. The reaction mixture contained 1 mL from
the supernatant and 4 mL 0.5% (w/v) thiobarbituric acid (TBA) dissolved in 20% (w/v)
TCA. The mixture was heated in boiling water for 30 min then the mixture was cooled
at room temperature and centrifuged at 4500 rpm for 15 min. The absorbance of the
supernatant was measured at 535 nm and corrected for non-specific turbidity at 600 nm
using a spectrophotometer (UV-1601PC; Shimadzu, Tokyo, Japan). The MDA concentra-
tion (nmol·g−1 FW) was calculated using Δ OD (A532-A600) and the extinction coefficient
(ε = 155 mm−1 cm−1).

Hydrogen peroxide (H2O2) concentration was determined according to Velikova
et al. [46] with some modifications. Leaf samples of 0.5 g were homogenized in 3 mL of
1% (w/v) tri-chloroacetic acid (TCA). The homogenate was centrifuged at 10,000 rpm and
4 ◦C for 10 min. Subsequently, 0.75 mL of the supernatant was added to 0.75 mL of 10 mM
K-phosphate buffer (pH 7.0) and 1.5 mL of 1M KI. H2O2 concentration was evaluated by
comparing its absorbance at 390 nm to a standard calibration curve. The concentration of
H2O2 was calculated from a standard curve plotted in the range from 0 to 15 nmol mL−1.

The scavenging capacity of free radicals was estimated by the reduction of the reaction
color method of 1,1-Diphenyl-2-picrylhydrazyl (DPPH) with sample extract as described
by Huang et al. [47]. One gram of fresh leaves was homogenized in 20 mL of 70% methanol
(v/v) for 15 h and kept in dark until assay. A final concentration (0.15 mM) of DPPH
solution (3.9 mL) was mixed with sample solution (0.1 mL). The mixture was kept in the
dark at ambient temperature. The absorbance of the mixtures was recorded at 515 nm
for exactly 30 min. Blank was made from 3.9 mL of DPPH and 0.1 mL methanol and
measured absorbance at T0. The scavenging of DPPH was calculated according to the
following equation:

% DPPH scavenging = [(Abs T0 − Abs T30)/Abs T0] × 100 (5)

where Abs (T0) = absorbance of DPPH at 0 time, T30 absorbance at 30 min.

2.7. Determination of Non-Enzymatic Antioxidants

Carotenoids were quantified using the acetone and petroleum ether method as de-
scribed by de Carvalho et al. [48] using the following formula:

Carotenoids (mg/g FW) = A450 × V (mL) × 10/[A1%
1cm × W (g)] (6)

where A450 = absorbance at 450 nm, V = total extract volume; W = sample weight;
A1%

1cm = 2592 (β-carotene coefficient in petroleum ether). The specific wavelengths for all
estimated leaf pigments were determined using UV visible spectrophotometer (UV-1601PC;
Shimadzu, Tokyo, Japan).

Aluminum chloride colorimetric method was used for flavonoids determination [49].
Each plant was extracted (0.5 mL of 1:10 g mL−1) in methanol and was separately mixed
with 1.5 mL of methanol, 0.1 mL of 10% aluminum chloride, 0.1 mL of 1 M potassium
acetate, and 2.8 mL of distilled water. It was kept at room temperature for 30 min; the
reaction mixture’s absorbance was measured at 415 nm. The calibration curve was obtained
by preparing quercetin solutions at concentrations of 12.5 to 100 μg/mL.

The extraction of fresh leaves in cold MeOH 85% was used to determine total soluble
phenols according to the method of Folin–Denis as described by Shahidi et al. [50]. One
milliliter of crude extract was mixed with 0.5 mL of Folin–Denis reagent and were well
mixed in dry test tube, the tube was thoroughly shaken for 3 min, 1.0 mL of saturated
Na2CO3 solution was added and well mixed then 3 mL of distilled water was added. After
one hour, phenolic compounds were determined by reading the developed blue color
at 725 nm by using a spectrophotometer. Ascorbic acid (AsA) was determined using 2,
6-Dichloroindophenol titrimetric method [51].
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2.8. Determination of Antioxidant Enzymes Activity

To prepare the extraction of enzyme and soluble proteins, fresh leaves (0.5 g) were
homogenized in 4 mL 0.1 M sodium phosphate buffer (pH 7.0) containing 1% (w/v)
polyvinylpyrrolidone (PVP) and 0.1 mM EDTA, centrifuged at 10,000× g for 20 min at 4 ◦C
and then the supernatant was used for assays. Soluble proteins were evaluated by the
method of Bradford [52]. All studied enzyme activities and protein concentration in the
crude enzyme extract were measured using a spectrophotometer (UV-1601PC; Shimadzu,
Tokyo, Japan) as follows.

Superoxide dismutase (SOD) assay was based on the method described by
Beyer et al. [53]. The reaction mixture with a total volume of 3 mL contained 100 μL
crude enzyme, 50 mM phosphate buffer (pH 7.8), 75 μM NBT, 13 mM L-methionine,
0.1 mM EDTA and 0.5 mM riboflavin. The addition of riboflavin initiated the reaction then
the reaction mixture was illuminated for 20 min with a 20 W fluorescent lamp. One enzyme
activity unit was defined as the amount of enzyme required to result in a 50% inhibition in
the rate of nitro blue tetrazolium (NBT) reduction at 560 nm.

Catalase (CAT) activity was measured by monitoring the decrease in absorbance at
240 nm as described by Cakmak et al. [54]. The reaction mixture with a total volume of
3 mL contained 15 mM H2O2 in 50 mM phosphate buffer (pH = 7). The reaction was
initiated by adding 50 μL crude enzyme. The activity was calculated from the extinction
coefficient (ε = 40 mm−1 cm−1) for H2O2. One unit of enzyme activity was defined as the
decomposition of 1 μmol of H2O2 per minute.

The activity of ascorbate peroxidase (APX) was determined according to Nakano and
Asada [55]. The decrease of absorbance at 290 nm was monitored for 3 min. The reaction
mixture with a total volume of 3 mL included 100 μL crude enzyme, 50 mM phosphate
buffer (pH 7), 0.1 mM EDTA, 0.5 mM ascorbic acid, and 0.1 mM H2O2. The addition
of H2O2 initiated the reaction. One enzyme activity unit was defined as the amount of
enzyme required for oxidation of 1 μmol of ascorbate per minute. The rate of ascorbate
oxidation was calculated using the extinction coefficient (ε = 2.8 mm−1 cm−1).

Peroxidase (POX) activity was quantified by the method of Dias and Costa [56] with
some minor modifications. The assay mixture (100 mL) contained 10 mL of 1% (v/v)
guaiacol, 10 mL of 0.3% H2O2 and 80 mL of 50 mM phosphate buffer (pH = 6.6). The
volume of 100 μL of the crude enzyme was added to 2.9 mL of the assay mixture to start
the reaction. The absorbance was recorded every 30 s for 3 min at 470 nm.

2.9. Properties of Wheat Grains
2.9.1. Physical/Chemical Characteristics

Moisture was determined according to AACC standard method No 44-15.02 [57].
Weight per 1000 kernels and hectoliter weight were determined according to AACC stan-
dard method No 55-10.01 [57]. Wet gluten and gluten index were determined for wheat
meal. Ground whole grain was performed by laboratory mill (3100 with 0.8-mm screen).
Wet gluten was washed from whole-grain wheat meal by an automatic gluten washing
apparatus (Glutomatic system 2200, Perten Instruments AB, Huddinge, Sweden). Then,
it was centrifuged on a specially constructed sieve under standardized conditions. The
weight of wet gluten was forced through the sieve then total wet gluten was measured
according to AACC standard method No 38-12.01 [57]. The total wet gluten was expressed
as percent of sample, and the gluten index was expressed as percentage of wet gluten
remaining on the sieve after centrifuging. Hagberg falling number was determined accord-
ing to AACC standard method No 56-81.03 [57] using FN 1500 (Perten Instruments AB,
Hagersten, Sweden). This method is based on the ability of α-amylase to liquefy a starch
gel. The activity of the enzyme is measured by falling number (FN), defined as time in sec
required to stir and allow stirrer to fall a measured distance through a hot aqueous flour or
meal gel undergoing liquefaction. α-Amylase activity is associated with kernel sprouting,
and both of these are inversely correlated with FN. Protein (N×5.7) content was analyzed
according to AOAC standard method No 920.87 [58].
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2.9.2. Alveograph Test

Alveographic properties were evaluated using Chopin Alveograph (Chopin, Vil-
leneuve La Garenne cedex—France) according to AACC standard method No 54-30.02 [57].
Alveograph test was carried out to determine resistance of dough to extension (maximum
overpressure, P; this is average of maximum ordinates, measured in mm), extensibility
(average abscissa at rupture, L; abscissa at rupture of each curve is measured in mm on
zero line, from origin of curve to point corresponding vertically with clear drop due to
rupture of bubble; average of abscissae at rupture points of curves, expressed to nearest
unit, represents length), curve configuration ratio, P/L, and Deformation energy of dough,
W. Average curve is drawn based on average of ordinates up to L, expressed in 10−4 J.

2.10. Statistical Analysis and Data Visualization

A combined analysis of variance over the two seasons was carried out (Table 2). The
significance of difference among the studied varieties was tested by analyzing variance
(ANOVA) test as outlined by Snedecor and Cochran [59]. Mean comparisons for variables
were made among genotypes using least significant differences (LSD at 5%) tests. Moreover,
silhouette analysis was performed to evaluate the quality of the irrigation, seed soaking,
and foliar application treatments measurements clustering by testing the cluster distances
within and between each cluster [60]. Additionally, we performed a multidimensional
preference analysis to disclose the interrelationships amongst parameters in addition to the
similarity classification of in terms of dependent and independent variables [61]. Finally, hi-
erarchical clustering based on the correlation analysis was conducted and two-dimensional
heatmap plotting was constructed. Boxplot of the parameter’s classes and “seed soaking
and foliar application” levels are represented graphically, showing distribution of the data,
and the X inside the box represents the mean. Colored Mosaic plot was displayed to
summarizing the high dimensional data levels. The heatmap, Mosaic plot and Boxplot
were drawn with R software.

Table 2. Analysis of variance (mean square) of leaf chlorophyll concentration.

Source Df Chl a Chl b Chl a+b Chl a/b

(mg·g−1 FW) (mg·g−1 FW) (mg·g−1 FW) Ratio

Irrigation (I) 1 3.561 *** 1.746 *** 10.304 *** 0.399 ***
Seed soaking (S) 1 0.669 *** 0.783 *** 2.901 *** 0.708 ***
Foliar appl. (F) 2 0.067 *** 0.033 *** 0.196 *** 0.010 **

I × S 2 0.031 *** 0.101ns 0.019 ** 0.664 ***
I × F 2 0.004ns 0.001ns 0.003ns 0.014 **
S × F 2 0.001ns 0.001ns 0.000ns 0.011 **

I × S × F 2 0.001ns 0.002ns 0.000ns 0.000ns
ns, **, *** not significant or significant at p ≤ 0.01, p ≤ 0.001, analysis of variance.

3. Results

3.1. Changes in Chlorophyll Composition

Analysis of variance (Table 2) shows that all leaf chlorophyll compositions including
Chl a, Chl b, Chl a+b, and Chl a/b ratio were dramatically and significantly affected by
irrigation level (I), ALA as seed soaking (S) and Cys as foliar application (F) treatments.
However, the interaction between the irrigation level and seed soaking (I × S) was sig-
nificant in respect to the Chl a, Chl a+b and Chl a/ b ratios. Furthermore, the Chl a/b
ratio was significantly affected by the interaction treatments of I × F and S × F. Generally,
deficit irrigation caused an obvious and significant (p ≤ 0.05) decrease in Chl a, Chl b and
Chl a+b, whereas the Chl a/b ratio was significantly increased particularly in the plants
not treated with ALA (Figure 1). This trend indicates the positive effect of ALA as a seed
soaking treatment on maintaining the content of Chl b under water shortage. The highest
significant increase in Chl a, Chl b and Chl a+b was obtained by the treatment of 0.02 mM
ALA + 50 ppm Cys under well watered conditions. In contrast, under limited water supply,

119



Plants 2021, 10, 2318

the treatments of 0.02 mM ALA and/or 50 ppm Cys significantly reduced the Chl a/b ratio
compared to the untreated plants.

Figure 1. Effect of irrigation level, seed soaking by α-lipoic acid (ALA; 0 and 0.02 mM) and foliar
application by cysteine (Cys; 0, 25 and 50 ppm) on the chlorophyll concentration of wheat plants.
(A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, (D) chlorophyll a/b ratio. For each
parameter, the mean values ± SD followed by a different letter are significantly different according
to Tukey’s range test (p ≤ 0.05).

3.2. Oxidative Stress and Scavenging Capacity

To assess the efficiency of plants to scavenge the cytotoxic molecules which lead to
the oxidative damage, antioxidant activity by DPPH, and lipid peroxidation as indicated
by malondialdehyde (MDA) and H2O2 were determined (Table 3, Figure 2). The results
showed that all above-mentioned variables were significantly affected by irrigation level
(I), ALA as seed soaking (S) and Cys as foliar application (F) treatments. The interaction
treatment of I × S was significant with H2O2, while the interaction treatment of I × F was
significant with MDA and H2O2. The general tendency was that deficit irrigation resulted
in a significant increase (p ≤ 0.05) in the antioxidant activity, MDA and H2O2 compared to
the well watered plants. Despite being under water deficit, the treatment of 0.02 mM ALA
individually reduced the concentration of MDA and H2O2, and the increase of antioxidant
activity by DPPH did not reach the level of significance compared to ALA-untreated plants.
The foliar applications of Cys (25/50 ppm) either individually or combined with ALA
led to improve significantly (p ≤ 0.05) the antioxidant activity by DPPH in parallel with
reducing the concentration of MDA and H2O2 under water deficit conditions.
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Table 3. Analysis of variance (mean square) of ROS and scavenging capacity.

Source Df Antioxidant Activity MDA H2O2

by DPPH (%) (μmol g−1 FW) (μmol g−1 FW)

Irrigation (I) 1 1229.671 *** 15.484 *** 1015.590 ***
Seed soaking (S) 1 27.737 *** 0.697 * 15.906 ***
Foliar appl. (F) 2 239.534 *** 2.350 *** 7.408 ***

I × S 2 15.210ns 0.148ns 5.313 ***
I × F 2 10.787ns 1.528 *** 6.077 ***
S × F 2 15.547ns 0.045ns 0.314ns

I × S × F 2 10.570ns 0.176ns 0.036ns
ns, *, *** not significant or significant at p ≤ 0.05, p ≤ 0.001, analysis of variance.

Figure 2. Effect of irrigation level, seed soaking by α-lipoic acid (ALA; 0 and 0.02 mM) and foliar application by cysteine
(Cys; 0, 25 and 50 ppm) on the oxidative stress and scavenging capacity of wheat plants. (A) total antioxidant activity,
(B) Lipid peroxidation (MDA), (C) Hydrogen peroxide content. For each parameter, the mean values ± SD followed by a
different letter are significantly different according to Tukey’s range test (p ≤ 0.05).

3.3. Non-Enzymatic Antioxidants

Non-enzymatic antioxidants including carotenoids, total soluble phenols and ascor-
bic acid were significantly influenced by the irrigation level (I), ALA as seed soaking
(S) and Cys as foliar application (F) treatments, whereas flavonoids were significantly
affected by reducing the irrigation level (Table 4). The interactive treatments revealed that
flavonoids and total soluble phenols were affected by I × S. Ascorbic acid was also signifi-
cantly changed by I × F interaction treatment. Generally, carotenoids were significantly
(p ≤ 0.05) decreased under water deficit. Conversely, flavonoids, total soluble phenols and
ascorbic acid were increased with reducing the irrigation level (Figure 3). The highest
significant (p ≤ 0.05) increase in carotenoids was obtained by the treatment of 0.02 mM
ALA + 50 ppm Cys under well watered conditions. On the other hand, the treatment of
0.02 mM ALA + 50 ppm Cys achieved the maximum significant (p ≤ 0.05) increase in
flavonoids, total soluble phenols and ascorbic acid compared to the untreated plants under
water shortage.

3.4. Changes in the Activities of Antioxidant Enzymes

The activities of antioxidant enzymes including SOD, CAT, POX, and APX were sig-
nificantly affected by the irrigation level (I), ALA as seed soaking (S) and Cys as foliar
application (F) treatments (Table 5). Moreover, POX was affected by all the interactions
except the irrigation × seed soaking × Cys interaction. All antioxidant enzymes were
increased under water deficit condition compared to well watered condition (Figure 4).
Under water deficit conditions, SOD and APX were significantly (p ≤ 0.05) increased at
higher ALA concentration (0.02 mM) compared to the untreated plants with ALA (0 mM).
Conversely, the activity of CAT was significantly decreased at higher ALA concentration,
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whereas POX did not show any significant changes. All antioxidant enzymes were in-
creased by increasing the concentrations of Cys except POX at higher ALA under well
water condition. Under water shortage, the treatment of 50 ppm Cys without ALA and all
Cys treatments with ALA recorded the maximum significant (p ≤ 0.05) activities in SOD.
Additionally, the highest activity of CAT was achieved by the treatment of 50 ppm Cys
without ALA under water deficit conditions, whereas the highest POX value was recorded
at zero ALA concentration and 25 ppm Cys. Moreover, the treatment of 0.02 ALA + 50 ppm
Cys achieved the highest significant (p ≤ 0.05) activity regarding to APX.

Table 4. Analysis of variance (mean square) of non-enzymatic antioxidants.

Source Df Carotenoids Flavonoids
Total Soluble

Phenols
Ascorbic

Acid

(mg·g −1 FW) (mg·g−1 FW) (mg·g−1 FW) (μg·g−1 FW)

Irrigation (I) 1 0.055 *** 0.225 *** 1.046 *** 1836.1225 ***
Seed soaking (S) 1 0.026 *** 0.000ns 0.101 *** 592.922 ***
Foliar appl. (F) 2 0.021 *** 0.009ns 0.034 *** 771.960 ***

I × S 2 0.001ns 0.026 * 0.043 *** 0.233ns
I × F 2 0.001ns 0.006ns 0.001ns 77.160 **
S × F 2 0.001ns 0.008ns 0.006ns 37.307ns

I × S × F 2 0.001ns 0.005ns 0.004ns 4.423ns
ns, *, **, *** not significant or significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, analysis of variance.

Figure 3. Effect of irrigation level, seed soaking by α-lipoic acid (ALA; 0 and 0.02 mM) and foliar
application by cysteine (Cys; 0, 25 and 50 ppm) on the concentration of non-enzymatic antioxidants in
wheat plants. (A) Carotenoids, (B) Flavonoids, (C) Total soluble phenols, (D) Ascorbic acid. For each
parameter, the mean values ± SD followed by a different letter are significantly different according
to Tukey’s range test (p ≤ 0.05).
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Table 5. Analysis of variance (mean square) of antioxidant enzymes.

Source Df SOD CAT POX APX

(unit. mg−1 protein) (unit. mg−1 protein) (unit. mg−1 protein) (unit. mg−1 protein)

Irrigation (I) 1 1207.313 *** 560.742 *** 32852.022 *** 13.788 ***
Seed soaking (S) 1 129.925 *** 191.730 *** 2352.249 * 1.904 ***
Foliar appl. (F) 2 51.214 *** 140.043 *** 4573.021 ** 1.713 ***

I × S 2 0.0270ns 1.343ns 19834.022 *** 0.024ns
I × F 2 1.470ns 2.729ns 7253.027 *** 0.051ns
S × F 2 5.391ns 8.817ns 5868.582 ** 0.005ns

I × S × F 2 1.894ns 2.335ns 2776.361ns 0.009ns

ns, *, **, *** not significant or significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, analysis of variance.

Figure 4. Effect of irrigation level, seed soaking by α-lipoic acid (ALA; 0 and 0.02 mM) and foliar
application by cysteine (Cys; 0, 25 and 50 ppm) on the activities of antioxidant enzymes in wheat
plants. (A) SOD, (B) CAT, (C) POX, (D) APX. For each parameter, the mean values ± SD followed by
a different letter are significantly different according to Tukey’s range test (p ≤ 0.05).

3.5. Changes in Osmolytes and Leaf Relative Water Content

Proline, total soluble sugars, and leaf relative water content (RWC) were significantly
affected by the irrigation level (I), ALA as seed soaking (S) and Cys as foliar application
(F) treatments (Table 6). The interaction treatments revealed that there was a significant
relationship between the irrigation level and the seed soaking in ALA in respect to all
traits (proline, total soluble sugars and RWC), as well as the interaction treatment of
irrigation x foliar applications by Cys demonstrated a significant effect in proline. Generally,
plants subjected to water deficit exhibited an obvious and significant (p ≤ 0.05) increase
in both investigated osmolytes (proline and sugars). However, an opposite trend was
observed in respect to RWC (Figure 5). The foliar applications of Cys at both examined
concentrations (25/50 ppm) were showed to display a significant (p ≤ 0.05) increase in
proline in ALA-treated plants under well watered conditions. In this respect, the treatment
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of 50 ppm Cys + 0.02 mM ALA recorded the highest significant values under water deficit
conditions. In addition, total soluble sugars were significantly (p ≤ 0.05) improved by
increasing the concentration of Cys either in ALA-treated or non-treated plants under
both investigated levels of irrigation. Leaf relative water content (RWC) demonstrated
remarkable and significant (p ≤ 0.05) improvement in the plants that exposed to both
investigated concentrations of Cys under water deficit conditions.

Table 6. Analysis of variance (mean square) of osmolytes and leaf water status.

Source Df Proline Sugars Leaf RELATIVE
Water Content (RWC)

(μg·g−1 FW) (mg·g−1 FW) (%)

Irrigation (I) 1 202155.146 *** 28.178 *** 973.856 ***
Seed soaking (S) 1 8405.833 *** 2.002 *** 37.576 ***
Foliar appl. (F) 2 1919.463 *** 0.295 *** 18.286 ***

I × S 2 10332.723 *** 0.258 *** 21.098 **
I × F 2 414.193 *** 0.005ns 1.639ns
S × F 2 21.095ns 0.003ns 0.157ns

I × S × F 2 2.801ns 0.006ns 0.735ns
ns, **, *** not significant or significant at p ≤ 0.01, p ≤ 0.001, analysis of variance.

Figure 5. Effect of irrigation level, seed soaking by α-lipoic acid (ALA; 0 and 0.02 mM) and foliar application by cysteine
(Cys; 0, 25 and 50 ppm) on the concentration of osmolytes and leaf relative water content (RWC) of wheat plants. (A) Proline,
(B) Total soluble sugars, (C) RWC. For each parameter, the mean values ± SD followed by a different letter are significantly
different according to Tukey’s range test (p ≤ 0.05).

3.6. Grain Yield and Its Components

Analysis of variance (Table 7) shows that number of spikes per m2, number of grains
per plant and total grain yield (ton/ha) were significantly affected by the irrigation level
(I), ALA as seed soaking (S) and Cys as foliar application (F) treatments. The interaction
treatments demonstrated that number of spikes and total grain yield were affected by the
interaction between the irrigation level and seed soaking treatment by ALA. Additionally,
total grain yield was affected by the interaction between the irrigation level and Cys
treatments. The highest significant (p ≤ 0.05) number of spikes/m2 was obtained by the
treatment of ALA 0.02 + Cys 50 under well watered conditions (Figure 6A). Under limited
water supply, plants that were treated by Cys (25 or 50 ppm) displayed a significant
(p ≤ 0.05) increase in the number of spikes compared to the untreated plants regardless of
the ALA treatments. Additionally, the highest number of grains per plant was achieved by
the treatment of ALA 0.02 + Cys 50 under well watered conditions (Figure 6B). A similar
trend was observed under water deficit conditions. Enhancement of the number of spikes
and number of grains by ALA and Cys treatments was eventually reflected on the total
grain yield (ton/ha) (Figure 6C).
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Table 7. Analysis of variance (mean square) of grain yield and its components.

Source Df Spike Number Grain Number Grain Yield

per m2 per plant (ton·ha−1)

Irrigation (I) 1 15604.17 *** 6445.413 *** 18.261 ***
Seed soaking (S) 1 447.32 *** 238.702 *** 0.224 ***
Foliar appl. (F) 2 733.24 *** 190.810 *** 0.230 ***

I × S 2 433.33 *** 20.400ns 0.054 **
I × F 2 60.02ns 32.418ns 0.021 *
S × F 2 24.92ns 1.740ns 0.001ns

I × S × F 2 30.95ns 7.463ns 0.002ns
ns, *, **, *** not significant or significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, analysis of variance.

Figure 6. Effect of irrigation level, seed soaking by α-lipoic acid (ALA; 0 and 0.02 mM) and foliar application by cysteine
(Cys; 0, 25 and 50 ppm) on grain yield and its components of wheat plants. (A) number of spikes, (B) number of grains,
(C) Grain yield. For each parameter, the mean values ± SD followed by a different letter are significantly different according
to Tukey’s range test (p ≤ 0.05).

3.7. The Physical/Chemical Properties of Grains

Quality assessment of wheat grains was performed by evaluating some simple physi-
cal/chemical parameters (Table 8). All studied parameters including moisture content, wet
gluten, gluten index, falling number, weight of 1000 kernels and hectoliter weight were
significantly affected by reducing the irrigation level. Moreover, ALA as a seed soaking
treatment significantly affected gluten index, whereas applied Cys significantly affected
moisture content, gluten index, falling number and weight of 1000 kernels. No significant
effects were detected between all possible interaction treatments except irrigation x Cys
treatments in respect to the moisture content and falling number.

The highest significant (p ≤ 0.05) moisture content (Figure 7A) was obtained by the
treatment of 50 ppm Cys under well watered conditions compared to the control. The
wet gluten (Figure 7B) revealed an obvious and significant (p ≤ 0.05) increase under
water deficit conditions especially with increasing the concentration of Cys up to 50 ppm.
The highest significant (p ≤ 0.05) value in the gluten index (Figure 7C) was achieved by
the treatment of 0.02 mM ALA + 25 ppm Cys under deficit irrigation conditions. Falling
number displayed a significant (p ≤ 0.05) decrease in all treatments of Cys at both examined
concentrations compared to the Cys-untreated plants (Figure 7D). This increase was more
pronounced under deficit irrigation compared to the well watered conditions. The weight
of 1000 kernels (Figure 7E) was significantly (p ≤ 0.05) increased in parallel with rising
the concentration of Cys up to 50 ppm under both investigated levels of irrigation, but the
treatment of 0.02 mM ALA did not show any significant results. Furthermore, no significant
changes were observed in the hectoliter weight by all investigated treatments under the
same level of irrigation (Figure 7F). However, the treatment of 0.0 mM ALA + 50 ppm Cys
under well watered condition revealed a significant increase compared to the treatments of
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zero ALA + zero Cys, zero ALA + 25 ppm Cys and 0.02 mM ALA + 50 ppm Cys under
water limited supply.

Table 8. Analysis of variance (mean square) of physical and chemical properties of grains.

Source Df Moisture
Wet

Gluten
Gluten
Index

Falling
Number

Weight per 1000 Hectoliter Weight

(%) (%) (%) Sec. kernels (g) kg/L

Irrigation (I) 1 0.122 * 9.506 *** 58.778 *** 413.444 ** 1534.027 *** 6.250 *
Seed soaking (S) 1 0.003ns 0.034ns 32.111 ** 0.444ns 0.251ns 1.361ns
Foliar appl. (F) 2 0.112 * 0.280ns 10.333 * 3270.361 *** 11.861 * 0.027ns

I × S 2 0.063ns 0.466ns 1.000ns 4.000ns 0.694ns 0.027ns
I × F 2 0.081 * 1.041ns 4.777ns 130.527 * 0.027ns 0.583ns
S × F 2 0.017ns 0.181ns 5.444ns 3.694ns 1.750ns 0.861ns

I × S × F 2 0.017ns 0.031ns 4.333ns 20.083ns 0.361ns 0.861ns

ns, *, **, *** not significant or significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, analysis of variance.

Figure 7. Effect of irrigation level, seed soaking by α-lipoic acid (ALA; 0 and 0.02 mM) and foliar
application by cysteine (Cys; 0, 25 and 50 ppm) on the physical/chemical properties of wheat
grains. (A) Moisture content, (B) Wet gluten, (C) Gluten index, (D) Falling number, (E) Weight per
1000 kernels, (F) Hectoliter weight. For each parameter, the mean values ± SD followed by a different
letter are significantly different according to Tukey’s range test (p ≤ 0.05).

3.8. Alveographic Parameters of Wheat Grains

All alveographic parameters of wheat grains were significantly affected by irriga-
tion, seed soaking, and foliar application treatments interaction except seed soaking of
L (Table 9, Figure 8). All alveographic parameters of wheat grains were significantly in-
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creased by water deficit, high concentration of ALA (except L), and the highest Cys concen-
tration (except L). L values were decreased with increasing Cys concentration.

Table 9. Analysis of variance (mean square) of alveographic parameters of wheat grains.

Source Df P L W P/L

(mm H2O) (mm) (10−4 J)

Irrigation (I) 1 210.254 *** 110.250 *** 306.250 *** 0.005 **
Seed soaking (S) 1 132.255 *** 12.250ns 140.027 *** 0.010 ***
Foliar appl. (F) 2 2186.111 *** 582.750 *** 7596.694 *** 0.214 ***

I × S 2 38.022ns 1.361ns 0.694ns 0.002ns
I × F 2 2.333ns 5.250ns 3.083ns 0.001ns
S × F 2 7.001ns 0.750ns 13.527ns 0.001ns

I × S × F 2 0.777ns 9.027ns 3.694ns 0.001ns
ns, **, *** not significant or significant at p ≤ 0.01, p ≤ 0.001, analysis of variance.

Figure 8. Effect of irrigation level, seed soaking by α-lipoic acid (ALA; 0 and 0.02 mM) and foliar
application by cysteine (Cys; 0, 25 and 50 ppm) on the alveographic parameters of wheat grains.
(A) P, (B) L, (C) W, (D) P/L. For each parameter, the mean values ± SD followed by a different letter
are significantly different according to Tukey’s range test (p ≤ 0.05).

3.9. Correlation between Irrigation, Seed Soaking and Foliar Application Parameters

To assess the cluster quality of treatments based on the irrigation, seed soaking, and
foliar application treatments measurements by testing the cluster distances within and
between each cluster, the silhouette analysis plot was calculated and generated based on
the Euclidean distance metric (Figure 9). The results revealed that all the parameters except
P exhibited positive values indicating that clustering of treatments based on the irrigation
and seed soaking and foliar application showed mostly similar behavior with different
levels of effect, and the clustering configuration may have few clusters. Meanwhile,
two-dimensional heatmap plotting based on all parameters clustered the APX, P, and
RWC (%) in a separate cluster, indicating that these parameters almost have the similar
power to elucidate the water deficit effects when compared to the well watered condition.
While the second cluster comprised two distinctive sub-clusters, the first comprised MDA,
sugars, grain yield, weight per 1000 kernels, SOD, Chl a+b, wet gluten (%), and falling
number parameters/traits. At the same time, the second sub-cluster comprised Chl a, Chl
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a/b, proline, ascorbic acid, Chl b, protein (%), POX, H2O2, CAT, carotenoids, moisture
(%), P/L, and flavonoids parameters/traits (Figure 10). Boxplot analysis revealed that
the average of the parameter-classes leaf pigments, grain yield, and physical/chemical
properties of wheat grain classes decreased significantly under the water deficit compared
to well watered condition. The classes of non-enzymatic antioxidants, ROS and scavenging
capacity, antioxidant enzymes, osmolytes, leaf water status, and alveographic parameters of
wheat grains increased the water deficit significantly compared to well watered condition
(Supplementary Table S1).

Figure 9. Plot of silhouette analysis values for clustering of all parameters based on “seed soaking
and foliar application” treatments variables. On the y-axis each cluster is ordered by decreasing
silhouette value. The silhouette value can range between −1 and 1.
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Figure 10. Two-dimensional heatmap visualization shows the interaction between the irrigation treatments and both the
31 measured parameters included in the study and the six “seed soaking and foliar application” types.

Meanwhile, Boxplot representation of the “seed soaking and foliar application” treat-
ments on both water deficit and well watered conditions revealed that the average of all
treatments except treatments ALA 0.02 - Cys 25 and ALA 0.02 - Cys 50 showed minor vari-
ations under the water deficit compared well watered condition (Supplementary Table S1).
Moreover, multidimensional preference analysis was performed to summarize the interre-
lationships amongst treatments, parameters, and classes. The plot shows a high level of
consistency and interrelationships between each parameter and treatment type. Ultimately,
to summarize and visualize such high-dimensional data levels, a Mosaic plot representing
a contingency matrix of the water deficit and well watered treatments versus the 31 pa-
rameters and their classes included in the study was developed (Figure 11). The plot
further confirmed that the six “seed soaking and foliar application” treatments applied on
both water deficit and well watered plant groups exhibited different levels of effectiveness
(moderate to minor) to alleviate the negative effect of water deficit when compared to well
watered condition.
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Figure 11. Mosaic plot representing a contingency table of the water deficit and well watered treatments variants versus
the 31 parameters included in the study. The vertical size of the cells is proportional to the number of variants found in
the respective parameter; the horizontal size of the cells is proportional to the effect level of the six “seed soaking and
foliar application” types for each parameter under each parameter-class. The colors of the variants (seed soaking and
foliar application) are indicated at the bottom of the Mosaic plot in colored squares similar to the respective bars in the
Mosaic plot. Variants were not found at all possible locations of each parameter-class, which causes the reduction of several
bars to dashed lines drawn as place holders and indicating that at the particular location no variant has been found in
the parameter-class.

4. Discussion

In the present study, exposing wheat plants to deficit irrigation manifestly altered the
leaf chlorophyll composition. In this respect, it can be observed that Chl a, Chl b, Chl a+b
contents were significantly decreased in the water stressed plants compared to the well
watered ones (Figure 1A–C). This reduction could be attributed to increase the activity of
chlorophyllase [62], as well as water deficiency induced oxidative damage (Figure 2B,C)
which can collapse the membranes and chloroplast structure where the leaf pigments are
localized [63,64]. In contrast, the Chl a/b ratio (Figure 1D) in ALA/Cys-untreated plants
was significantly increased under water deficit conditions compared to the well watered
plants. It is well known that Chl a is the major cofactor for the photochemical reactions in
the plastid because it is required for the assembly of pigment–protein complexes, while Chl
b can also act as one of the accessory pigments in light-harvesting chlorophyll complexes
(LHCs) [65,66]. In this study, increasing the Chl a/b ratio may act as a protective and
adaptive behavior to maintain the function of photosynthetic apparatus under water
stress conditions.
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On the other hand, applied ALA and/or Cys were shown to enhance the content
of photosynthetic pigments (Chl a, Chl b and Chl a+b) under well watered and water
stressed conditions. However, an opposite trend was observed in Chl a/b ratio (Figure 1).
Sulfur-containing biomolecules (ALA and Cys) are considered very potent antioxidants
that can protect plants against abiotic stresses [24,30]. In this context, exogenous ALA
was shown to stimulate photosystem II and gene expression of carbon fixation enzymes
(Rubisco and PEP carboxylase) in maize seedlings exposed to drought stress [29]. These
responses were associated with a simultaneous down-regulation in the chlorophyllase
gene (Chlase) [29]. Moreover, Cys has been reported to improve Chl a and Chl b content
in oat plants subjected to drought stress [67]. This effect could be attributed to enhancing
the uptake of N in the plants, which is essential for Chl biosynthesis [68]. In contrast,
the Chl a/b ratio (Figure 1D) differentially responded to ALA treatments under water
deficit conditions. It was significantly decreased in the ALA-treated plants compared to
the ALA-untreated plants. This effect implies that ALA as an efficient antioxidant has a
more positive impact on Chl b than Chl a.

In the present study, water shortage led to an increase of H2O2 and the rate of lipid
peroxidation as indicated by malondialdehyde (MDA) (Figure 2B,C). The excessive genera-
tion of reactive oxygen species (ROS) under drought stress conditions has been evidenced
in several plant species [69–72]. This increase of toxic molecules should be restricted by
enhancing the overall antioxidant activities and scavenging capacity of plants (Figure 2A).
In this context, the treatments of ALA/Cys revealed beneficial effects as protectant antioxi-
dants by reducing MDA and H2O2 in parallel with enhancing the antioxidant capacity by
DPPH (Figure 2A–C). Previous investigations on the antioxidative role of ALA during Pb
toxicity revealed ALA-induced accumulation of various antioxidant molecules in wheat
plants [73]. Furthermore, ALA can enhance the photosynthetic performance in maize under
drought stress [29], ameliorate lipid peroxidation, and induce the antioxidant systems of
maize under osmotic stress [25]. Cysteine (Cys) has also been suggested as an important
precursor for the synthesis of glutathione in plants [24].

Carotenoids were significantly decreased in the water stressed plants compared to the
well watered plants (Figure 3A). This response could be explained by that carotenoids are
involved in the biosynthesis of ABA, the major signaling hormone in response to drought
stress [74]. In contrast, the treatments of ALA/Cys improved the content of carotenoids
under deficit irrigation. This synergistic effect may have occurred to keep the carotenoids
that mediate the xanthophyll cycle, leading to dissipating the exceeding light energy and
enhancing the photosynthetic capacity under drought stress. In this regard, earlier evidence
has confirmed that Cys can hinder energy transfer to prevent photooxidation [75].

On the other hand, flavonoids and total soluble phenols revealed a significant increase
in the water stressed plants compared to the well watered ones (Figure 3B,C). This over-
accumulation of secondary metabolites can enhance plant tolerance to drought stress and
alleviate the induced oxidative damage due to their higher antioxidant capacity [76,77].
In addition to their antioxidant properties, phenolic compounds can be involved in plant
tolerance to drought stress as a sink for carbon under stress conditions [78]. Furthermore,
flavonoids are widely distributed secondary metabolites that are synthesized through the
phenylpropanoid pathway, transforming phenylalanine into 4-coumaroyl-CoA, which
finally enters the flavonoid biosynthesis pathway [79]. The carbon skeleton of all secondary
metabolites including the compound-mediated phenylpropanoid pathway basically re-
lies on photosynthesis, since several changes in the stressed plants happen in carbon
metabolism to achieve the balance between the biomass production and formation of
defensive secondary compounds [76]. In this study, flavonoids and total soluble phenols
were relatively enhanced by the combined ALA/Cys treatments. This enhancement could
be attributed to the increase of the rate of photosynthesis by both compounds [29,80].

Alpha lipoic acid (ALA) is soluble in water and lipid phases, connects the activity of
antioxidants in the cell membrane (α-tocopherol) with other antioxidants in the cytoplasm,
i.e., ascorbic acid (AsA) and glutathione (GSH), leading to reinforcing the antioxidant
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power of plants [31]. Moreover, Cys is an important precursor of GSH biosynthesis in
plants [24]. In the current work, the treatments of ALA/Cys increased the concentration of
AsA under both investigated levels of irrigation (Figure 3D). These findings indicate that
the treatments of ALA/Cys can play a modulatory role in the operation of the GSH-AsA
cycle under the circumstances of this study [81].

The activities of antioxidant enzymes including superoxide dismutase (SOD), catalase
(CAT), peroxidase (POX) and ascorbate peroxidase (APX) were observed to be significantly
affected by deficit irrigation and ALA/Cys treatments (Table 5; Figure 4). Interestingly,
ALA and Cys exhibited differential effects on the activity of antioxidative enzymes, whereas
SOD and APX activity were positively upregulated by ALA treatment while CAT and
POX activity were decreased. Thus, ALA functions through the activation of the major
ROS scavenging system that includes APX and SOD. Reduction of H2O2 content was
accompanied by ALA and Cys-mediated elevation in APX, POX, and CAT activity. Further
investigations are necessary to reveal the mechanism of ALA and Cys signaling in the
modulation of antioxidative enzymes in specific organelles in response to water stress in
wheat leaves. Interestingly, Cys treatment during water deficit elevated the activity of all
antioxidative enzymes, which was all the higher for POX. Thus, the present work highlights
the integrative and synergistic role of ALA and Cys application in the upregulation of the
enzymatic antioxidative defense systems. It is further advocated that both ALA and Cys
are beneficial to instigate redox management and ROS scavenging activity [25,30,67,73].
Exogenously applied ALA and Cys have been suggested to mitigate the oxidative stress
and confer osmotic tolerance to wheat and soybean plants subjected to NaCl stress [30,68].

In the present work, ALA and Cys treatments also increased the proline, total soluble
sugars and leaf relative water content (RWC) of drought stressed wheat plants (Table 6,
Figure 5). Several lines of evidence demonstrated that to regulate the osmotic potential and
enhance water uptake under osmotic stress (drought or salinity), plants usually accumulate
considerable concentrations of some organic molecules such as proline and sugars that
function as osmotic regulators and enhance plant water relation [64,82,83].

It is noteworthy that the improved osmotic regulation in leaves was also associated
with the amelioration of yield attributes (Table 7, Figure 6) including number of spikes/m2,
number of grains/plant and grain yield (ton/ha). Several previous studies reported that
water deficit has a destructive effect on the yield of wheat plants [84,85]. Generally, water
stress can affect many aspects related to the field performance of grain crops such as the
photosynthesis and translocation of carbohydrates, which are responsible for the filling
of grains [86,87]. In this study, besides the amelioration of drought induced oxidative
damage, the treatments of ALA/Cys were evidenced to enhance photosynthetic pigments,
accumulation of osmolytes and improving the non-enzymatic and enzymatic antioxidants.
These positive effects could explain the increase of grain yield attributes.

ALA and Cys treatments improved moisture percentage and gluten index in grains
obtained from water stressed plants. Cys treatment further improved kernel weight (per
1000 kernels) under water deficit conditions. Analysis of alveographic characteristics
indicated that ALA and Cys applications were effective in improving flour and dough
quality of wheat grains. Total amino acid content, water relation, and growth characteristics
are known to be associated with physiochemical properties, as well as grain quality in
drought stressed wheat plants [88].

Additionally, Cys and ALA treatments (sulfur-containing molecules) significantly
improved grain attributes. In recent years, investigations have revealed the emerging role of
ALA (dithiol) as a potential antioxidant in plants [89]. Reduced ALA possesses 2 sulfhydryl
moieties which function as potential ROS scavenging sites. ALA is an important sulfur-
bearing compound that exerts a plethora of effects in plants subjected to abiotic stress [73].
ALA further activates a number of mitochondria-localized metabolic enzymes [90]. Sulfur
compounds are important regulators of signaling pathways associated with abiotic stress
tolerance in plants [91,92]. In the present work, application of the two sulfur-containing
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priming molecules (ALA and Cys) led to several synergistic effects that enhanced the
tolerance of wheat plants to water shortage.

Various physiochemical attributes have been improved in the presence of ALA and
Cys treatment during water stress in wheat plants. Future investigations are necessary to es-
tablish the possible role of ALA and Cys in the modulation of the glutathione-ascorbate cy-
cle in water stressed wheat plants. It is noteworthy that application of the two biomolecules
has led to an improvement in the gluten index and quality of grains (Table 8; Figure 7).
Thus, using ALA and Cys are effective in the grain filling stage of wheat plants under
water stress. This effect may indicate the presence of long distance signaling of ALA and
Cys from leaves to grains. Correlation analysis revealed significant interaction among
irrigation, seed soaking, and ALA/Cys treatments in wheat plants raised in the absence
and presence of drought stress. Thus, ALA and Cys are effective priming molecules
and bear agronomic importance in improving wheat yield in the arid cultivable regions.
Priming for drought or salinity allows stress tolerance and offers several benefits in many
crops [93]. This improvement was extended to the grain processing technology by affecting
the alveographic parameters (Tables 8 and 9). Analysis of alveographic characteristics
indicated that ALA and Cys application were effective in improving flour and dough
quality of wheat grains. In our present work, Cys and ALA treatment (sulfur-containing
molecules) significantly improved grain attributes. Various physiochemical attributes of
grains have improved in the presence of ALA and Cys treatment during water stress in
wheat plants, and alveographic parameters of wheat flour dough also was improved. This
improvement extended to the grain processing technology by affecting the alveographic
parameters (technological quality parameters). Such parameters are strongly related to the
flour yield and flour properties by enhancing the viscoelastic properties of dough [94]. In
this context, it has been found that altering water relation and total amino acid content is
concomitant with substantial changes in the physiochemical properties and grain quality
of drought stressed wheat plants [88].

5. Conclusions

The present work provides novel insights into the synergistic action of ALA and Cys as
effective stress priming molecules in the mitigation of drought stress in wheat plants. Ame-
lioration of drought stress in wheat plants is primarily attained by the enhancement in the
function of the antioxidative system and regeneration of osmotic tolerance in leaves. Apart
from their antioxidative role, these sulfur-containing compounds also appear beneficial in
the improvement of alveographic characteristics of wheat grain which determine various
attributes of dough quality. Therefore, applications of these two biomolecules provide both
physiological tolerance and restore yield attributes in wheat. Future investigations are
necessary to decipher the signaling mechanisms of these two biomolecules in relation to
various plant growth regulators in wheat plants. The molecular mechanism of ALA-Cys
crosstalk shall also provide new insights to wheat management in arid regions. From
our obtained results it can be concluded that applied ALA at 0.02 mM as seed soaking
treatment combined by Cys at 50 ppm as a foliar application could be recommended as
potent compounds in wheat cultivation under water deficit conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10112318/s1, Table S1: Germination assay of Wheat seed after soaking with different
concentration of α-lipoic acid.

Author Contributions: Conceptualization, A.E., M.M.E.-M., H.A., R.F., S.S. and M.F.M.I.; methodol-
ogy, A.E., M.M.E.-M., G.N., M.P., M.A.M.A., M.M.A.H., M.S. (Mostafa Shahin), S.M., A.A.E.-Y., M.S.
(Mohamed Shebl), M.S.J., A.O., H.G.A.E.-G., H.A., R.F., S.S. and M.F.M.I.; software, A.E., M.M.E.-M.,
G.N., M.P., M.A.M.A., M.M.A.H., M.S. (Mostafa Shahin), S.M., A.A.E.-Y., M.S. (Mohamed Shebl),
M.S.J., A.O., H.G.A.E.-G., H.A., R.F., S.S. and M.F.M.I.; validation, A.E., M.M.E.-M., G.N., M.P.,
M.A.M.A., M.M.A.H., M.S. (Mostafa Shahin), S.M., A.A.E.-Y., M.S. (Mohamed Shebl), M.S.J., A.O.,
H.G.A.E.-G., H.A., R.F., S.S. and M.F.M.I.; formal analysis, A.E., M.M.E.-M., G.N., M.P. and M.F.M.I.;
investigation, S.M., A.A.E.-Y., M.S. (Mohamed Shebl), M.S.J., A.O., H.G.A.E.-G., H.A., R.F., S.S.

133



Plants 2021, 10, 2318

and M.F.M.I.; resources, A.E., M.M.E.-M., G.N., M.P., M.A.M.A., M.M.A.H., M.S. (Mostafa Shahin),
S.M., A.A.E.-Y., M.S. (Mohamed Shebl), M.S.J., A.O., H.G.A.E.-G., H.A., R.F., S.S. and M.F.M.I.; data
curation, G.N., M.P., M.A.M.A., M.M.A.H., M.S. (Mostafa Shahin), S.M., A.A.E.-Y., M.S. (Mohamed
Shebl), M.S.J., A.O., H.G.A.E.-G., H.A., R.F., S.S. and M.F.M.I.; writing—original draft preparation,
A.E., M.M.E.-M., S.M., A.A.E.-Y., M.S. (Mohamed Shebl), M.S.J., A.O., H.G.A.E.-G., R.F., S.S. and
M.F.M.I.; writing—review and editing, A.E., M.M.E.-M., G.N., M.P., M.A.M.A., M.M.A.H., M.S.
(Mostafa Shahin), S.M., A.A.E.-Y., M.S. (Mohamed Shebl), M.S.J., A.O., H.G.A.E.-G., H.A., R.F., S.S.
and M.F.M.I.; visualization, M.A.M.A., M.M.A.H., M.S. (Mostafa Shahin), S.M., A.A.E.-Y., H.A., R.F.,
S.S. and M.F.M.I.; funding acquisition, A.E., M.M.E.-M., H.G.A.E.-G., H.A., R.F., S.S. and M.F.M.I., All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Amr Mossad, Agricultural Engineering Department,
Faculty of Agriculture, Ain Shams University, Cairo, Egypt for his great helpful efforts and revising
the irrigation requirements of wheat plants at the site of the experiments.

Conflicts of Interest: The authors declare no conflict of interest in this investigation.

References

1. Elkeilsh, A.; Awad, Y.M.; Soliman, M.H.; Abu-Elsaoud, A.; Abdelhamid, M.T.; El-Metwally, I.M. Exogenous application of β-
sitosterol mediated growth and yield improvement in water-stressed wheat (Triticum aestivum) involves up-regulated antioxidant
system. J. Plant Res. 2019, 132, 881–901. [CrossRef] [PubMed]

2. Sallam, A.; Alqudah, A.M.; Dawood, M.F.; Baenziger, P.S.; Börner, A. Drought stress tolerance in wheat and barley: Advances in
physiology, breeding and genetics research. Int. J. Mol. Sci. 2019, 20, 3137. [CrossRef]

3. Sharar, M.; Saied, E.M.; Rodriguez, M.C.; Arenz, C.; Montes-Bayón, M.; Linscheid, M.W. Elemental Labelling and Mass
Spectrometry for the Specific Detection of Sulfenic Acid Groups in Model Peptides: A Proof of Concept. Anal Bioanal Chem 2017,
409, 2015–2027. [CrossRef] [PubMed]

4. Lal, R. Soil carbon sequestration impacts on global climate change and food security. Science 2004, 304, 1623–1627. [CrossRef]
5. Ahmad, P.; Jamsheed, S.; Hameed, A.; Rasool, S.; Sharma, I.; Azooz, M.; Hasanuzzaman, M. Drought stress induced oxidative

damage and antioxidants in plants. In Oxidative Damage to Plants; Elsevier: Amsterdam, The Netherlands, 2014; pp. 345–367.
[CrossRef]

6. Alhaithloul, H.A.; Soliman, M.H.; Ameta, K.L.; El-Esawi, M.A.; Elkelish, A. Changes in Ecophysiology, Osmolytes, and
Secondary Metabolites of the Medicinal Plants of Mentha piperita and Catharanthus roseus Subjected to Drought and Heat Stress.
Biomolecules 2020, 10, 43. [CrossRef] [PubMed]

7. Habib, N.; Ali, Q.; Ali, S.; Javed, M.T.; Zulqurnain Haider, M.; Perveen, R.; Shahid, M.R.; Rizwan, M.; Abdel-Daim, M.M.;
Elkelish, A. Use of Nitric Oxide and Hydrogen Peroxide for Better Yield of Wheat (Triticum aestivum L.) under Water Deficit
Conditions: Growth, Osmoregulation, and Antioxidative Defense Mechanism. Plants 2020, 9, 285. [CrossRef]

8. Harb, A.; Krishnan, A.; Ambavaram, M.M.; Pereira, A. Molecular and physiological analysis of drought stress in Arabidopsis
reveals early responses leading to acclimation in plant growth. Plant Physiol. 2010, 154, 1254–1271. [CrossRef]

9. Gaber, A.; Refat, M.S.; Belal, A.A.M.; El-Deen, I.M.; Hassan, N.; Zakaria, R.; Alhomrani, M.; Alamri, A.S.; Alsanie, W.F.;
Saied, E.M. New Mononuclear and Binuclear Cu(II), Co(II), Ni(II), and Zn(II) Thiosemicarbazone Complexes with Potential
Biological Activity: Antimicrobial and Molecular Docking Study. Molecules 2021, 26, 2288. [CrossRef]

10. Miller, G.; Suzuki, N.; Ciftci-Yilmaz, S.; Mittler, R. Reactive oxygen species homeostasis and signalling during drought and
salinity stresses. Plant Cell Environ. 2010, 33, 453–467. [CrossRef] [PubMed]

11. Noctor, G.; Mhamdi, A.; Foyer, C.H. The roles of reactive oxygen metabolism in drought: Not so cut and dried. Plant Physiol.
2014, 164, 1636–1648. [CrossRef]

12. Elkelish, A.; Ibrahim, M.F.; Ashour, H.; Bondok, A.; Mukherjee, S.; Aftab, T.; Hikal, M.; El-Yazied, A.A.; Azab, E.; Gobouri, A.A.
Exogenous Application of Nitric Oxide Mitigates Water Stress and Reduces Natural Viral Disease Incidence of Tomato Plants
Subjected to Deficit Irrigation. Agronomy 2021, 11, 87. [CrossRef]

13. Ibrahim, M.F.; Elbar, O.H.A.; Farag, R.; Hikal, M.; El-Kelish, A.; El-Yazied, A.A.; Alkahtani, J.; Abd El-Gawad, H.G. Melatonin
counteracts drought induced oxidative damage and stimulates growth, productivity and fruit quality properties of tomato plants.
Plants 2020, 9, 1276. [CrossRef] [PubMed]

14. Bin-Jumah, M.; Abdel-Fattah, A.-F.M.; Saied, E.M.; El-Seedi, H.R.; Abdel-Daim, M.M. Acrylamide-Induced Peripheral Neuropathy:
Manifestations, Mechanisms, and Potential Treatment Modalities. Environ. Sci. Pollut. Res. 2021, 28, 13031–13046. [CrossRef]
[PubMed]

134



Plants 2021, 10, 2318

15. Nawaz, F.; Shehzad, M.A.; Majeed, S.; Ahmad, K.S.; Aqib, M.; Usmani, M.M.; Shabbir, R.N. Role of Mineral Nutrition in
Improving Drought and Salinity Tolerance in Field Crops. In Agronomic Crops; Springer: Berlin/Heidelberg, Germany, 2020;
pp. 129–147. [CrossRef]

16. Gaber, A.; Alsanie, W.F.; Kumar, D.N.; Refat, M.S.; Saied, E.M. Novel Papaverine Metal Complexes with Potential Anticancer
Activities. Molecules 2020, 25, 5447. [CrossRef]

17. Huang, G.-T.; Ma, S.-L.; Bai, L.-P.; Zhang, L.; Ma, H.; Jia, P.; Liu, J.; Zhong, M.; Guo, Z.-F. Signal transduction during cold, salt,
and drought stresses in plants. Mol. Biol. Rep. 2012, 39, 969–987. [CrossRef] [PubMed]

18. Ibrahim, M.; Ibrahim, H.A. Assessment of Selenium Role in Promoting or Inhibiting Potato Plants under Water Stress. J. Hortic.
Sci. Ornam. Plants 2016, 8, 125–139.

19. Ibrahim, M.F.; El-Samad, A.; Ashour, H.; El-Sawy, A.M.; Hikal, M.; Elkelish, A.; El-Gawad, H.A.; El-Yazied, A.A.; Hozzein, W.N.;
Farag, R. Regulation of agronomic traits, nutrient uptake, osmolytes and antioxidants of maize as influenced by exogenous
potassium silicate under deficit irrigation and semiarid conditions. Agronomy 2020, 10, 1212. [CrossRef]

20. Reddy, A.R.; Chaitanya, K.V.; Vivekanandan, M. Drought-induced responses of photosynthesis and antioxidant metabolism in
higher plants. J. Plant Physiol. 2004, 161, 1189–1202. [CrossRef]

21. Zou, J.-J.; Wei, F.-J.; Wang, C.; Wu, J.-J.; Ratnasekera, D.; Liu, W.-X.; Wu, W.-H. Arabidopsis calcium-dependent protein kinase
CPK10 functions in abscisic acid-and Ca2+-mediated stomatal regulation in response to drought stress. Plant Physiol. 2010, 154,
1232–1243. [CrossRef] [PubMed]

22. Colville, L.; Kranner, I. Desiccation tolerant plants as model systems to study redox regulation of protein thiols. Plant Growth
Regul. 2010, 62, 241–255. [CrossRef]

23. Meyer, A.J.; Hell, R. Glutathione homeostasis and redox-regulation by sulfhydryl groups. Photosynth. Res. 2005, 86, 435–457.
[CrossRef]

24. Zagorchev, L.; Seal, C.E.; Kranner, I.; Odjakova, M. A central role for thiols in plant tolerance to abiotic stress. Int. J. Mol. Sci. 2013,
14, 7405–7432. [CrossRef]

25. Terzi, R.; Saruhan, G.N.; Güven, F.G.; Kadioglu, A. Alpha lipoic acid treatment induces the antioxidant system and ameliorates
lipid peroxidation in maize seedlings under osmotic stress. Arch. Biol. Sci. 2018, 70, 503–511. [CrossRef]

26. Fogacci, F.; Rizzo, M.; Krogager, C.; Kennedy, C.; Georges, C.M.; Knežević, T.; Liberopoulos, E.; Vallée, A.; Pérez-Martínez, P.;
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Abstract: Water shortage is a major problem limiting the expansion of green areas and landscapes.
Using seawater as an alternative source of potable water is not a novel idea, but the issue of salt stress
needs to be resolved. Salinity has a negative impact on growth and the aesthetic value of ornamental
plants. In order to overcome these challenges, Lathyrus odoratus seeds were hydro-primed and halo-
primed with silicon (Si) and silicon nanoparticles (SiNPs), and exposed to seawater levels. Seawater
markedly reduced seed germination and growth of Lathyrus seedlings, but halo-priming was shown
to significantly alleviate its negative effects. Broadly, SiNPs increased the germination percentage,
reduced photosynthetic pigments and carbohydrates decrease, and enhanced water relations, despite
having a negative effect on germination speed. Halo-priming significantly increased the proline
content and the activities of certain enzymatic (SOD, APX and CAT) and nonenzymatic (phenolic
and flavonoids) compounds, that positively influenced oxidative stress (lower MDA and H2O2

accumulation), resulting in seedlings with more salt stress tolerance. Halo-priming with Si or SiNPs
enhanced the Si and K+ contents, and K+/Na+ ratio, associated with a reduction in Na+ accumulation.
Generally, halo-priming with Si or SiNPs increased Lathyrus seedlings salt stress tolerance, which
was confirmed using seawater treatments via improving germination percentage, seedlings growth
and activation of the antioxidant machinery, which detoxifies reactive oxygen species (ROS).

Keywords: Lathyrus odoratus; seed priming; seawater; antioxidant; proline; SiNPs

1. Introduction

Sweet pea (Lathyrus odoratus), an annual herb, belongs to the Fabaceae family, and
is an important ornamental plant in temperate regions. Lathyrus is a climbing plant that
reaches up to 2 m in height using tendrils. It is cultivated for its attractive, strongly fragrant,
and decorative flowers. It has a range of colors, including pure whites, pinks, oranges, reds,
blues, and lavenders. Lathyrus is widely used as a bed plant in landscapes and gardens,
and is cultivated for the floral industry. As a member of the legume family, these plants are
toxic and should not be eaten.

Currently, many countries are attempting to increase the amount of green areas and
landscapes in urban environments, due to their vital role in mitigating climate change,
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and the impact of heat [1,2], air pollution [3], and water pollution [4]. In addition, they
have a positive effect in terms of reducing respiratory illness, allergies, and improving
public health [3,5,6]. Expanding green areas is often challenging as a result of potable
water deficiency for irrigation; thus, seeking an alternative to clean water is crucial. Using
seawater as an alternative to potable water in agriculture was first attempted after the
Second World War. The major challenge for using seawater to irrigate landscapes is the
elevated salinity. Leaf necrosis and burns are common symptoms of foliage injury in
plants irrigated with low-quality or saline water [7,8]. Moreover, it causes a reduction
in shoot and roots growth. Despite this, landscape plants are highly variable in terms of
salinity tolerance, which can depend on various factors including climatic conditions, soil
or substrate type, irrigation method, plant species, and/or growth stage [9,10]. The impacts
of salinity on the growth and appearance of landscapes have attracted much attention. This
is in part due to its negative influence on the aesthetics and ornamental appearance. Much
effort has been focused on inducing salt tolerance, and seed priming is among the most
promising methods for achieving this.

Seed priming is a pre-sowing technique that leaves the seed partially hydrated. This
hydration only allows the pre-germinative physiological and biochemical metabolic pro-
cesses, without radical protrusion [11]. Seed priming can accelerate and homogenize seed
emergence, enhance the growth and vigor of seedlings [12]. Halo-priming and hydro-
priming are types of seed priming. Hydro-priming and halo-priming are defined as soaking
seeds in water and salt solutions respectively [13]. Seed priming has been successfully
demonstrated to elevate the germination percentage and speed, and enhance seedling vigor
under normal and stressed environments [14,15]. Hydro and halo-priming applications
enhanced plant growth and performance of wheat under salt stress conditions [16]. Silicon
(Si) is a beneficial element commonly used in the halo priming technique, both in bulk size
(sodium silicate) and nanoparticle size (SiNPs) [17,18]. Silicon application is an eco-friendly
strategy to improve plants’ salinity stress response [19]. It boosts plant resistance to salinity
and drought stress [20,21], reduces the negative impact of salt stress on chlorophyll content
and biomass production [22], boosts adaptive responses, such as phenolic compound
production, mineral uptake, and antioxidant activity [23,24]. Seed priming with sodium
silicate enhanced germination characteristics and seedling vigor of wheat plants under
drought stress [16]. Halo-priming with SiNPs improved seed germination and seedling
growth under salinity stress and normal conditions [18,25].

As a result of the importance of sweet pea cultivars as bedding plants in gardens and
landscapes, and the scarceness of potable water for landscapes irrigation, the current study
aimed to evaluate the effects of seed priming with (Si) and silicon nanoparticle (SiNPs)
treatments on plant growth, leaf water status, and the biochemical and physiological traits
in Lathyrus odoratus under seawater treatments.

2. Results

2.1. Germination Characteristics

The results in Figure 1 present the effect of seed priming application on germination
characteristics of Lathyrus seeds exposed to seawater treatments. Halo-priming application
with Si and SiNPs significantly improved the germination percentage (GP) of Lathyrus
seeds as compared with hydro-priming application. Concerning seawater levels, a gradual
decrease was observed in the GP with increasing seawater levels, as the highest salinity
level (30%) significantly reduced GP by 21.72%, as compared with unsalted treatments
(0%). The highest GP values of 80.02 and 80% were recorded with the treatments Si and
SiNPS-primed seeds under non-stressed condition, respectively. Meanwhile, the lowest GP
value was obtained by hydro-primed seeds under 30% saline condition (57.48%).
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Figure 1. Effect of seed priming on germination (%) and mean germination time of Lathyrus odoratus seeds irrigated with
seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different letters are significantly different at
p ≤ 0.05 level.

Halo-primed seeds with Si had the lowest mean germination time (MGT), which
produced 56.03 and 38.32% less than SiNPs and DW, respectively. A significant and
growing increase in the MGT value was observed with increased seawater levels, since
the highest salinity level (30%) increased MGT by 42.12%, as compared with unsalted
treatment (0%). In terms of seed priming and seawater interaction, the lowest MGT was
given by Si-primed seeds under non-stressed condition (1.04), while the highest MGT was
obtained by SiNPS-primed seeds under 30% saline condition (4.08).

2.2. Plant Growth

The height of Lathyrus seedlings significantly increased following halo-priming ap-
plication (Si or SiNPs) as compared with hydro-priming application (Figure 2). Seawater
treatments negatively impacted Lathyrus seedling height, as the lowest height of 16.44 cm
was observed with 30% salinity, while unsalted treatment (0%) significantly produced the
greatest seedling height (23.5 cm). Regarding the interaction, the tallest seedlings were
obtained by SiNPS-primed seeds under non-stressed condition (25.43 cm). However, the
shortest seedlings were given by hydro-primed seed under 30% saline condition.

When it comes to the seedling’s fresh and dry weights, halo-priming application
significantly enhanced seedling fresh and dry weights as compared to hydro-priming
application. SiNPs-application significantly produced the highest fresh and dry weights
(Figure 2). Seawater treatments led to a significant and gradual decrease in fresh and
dry weights with increased seawater levels, as the lowest weights were produced by the
highest seawater level (30%). In terms of the interaction, the SiNPS-primed seeds under
non-stressed condition significantly produced the heaviest fresh (0.47 g) and dry (0.043 g)
weights. However, the lowest fresh (0.17 g) and dry (0.018 g) weights were obtained by
hydro-primed seed under 30% saline condition.
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Figure 2. Effect of seed priming on plant height (cm), fresh weight (g), and dry weight (g) of Lathyrus odoratus seedlings
irrigated with seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different letters are significantly
different at p ≤ 0.05 level.

2.3. Leaf Water Status

The water status of Lathyrus leaves (leaf water content; LWC) and relative water
content (RWC) was significantly enhanced by halo-priming application as compared with
the hydro-priming application (Figure 3). Concerning seawater treatments, increasing
seawater levels led to a significant and gradual decrease in the LWC and RWC values. Leaf
water status was higher with SiNPS-primed seeds under non-stressed condition, which
recorded 87.51 and 87.16% for LWC and RWC, respectively. Meanwhile, a lower leaf water
status was reported with hydro-primed seeds under 30% saline condition, with respective
LWC and RWC of 81.53 and 80.05%.
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Figure 3. Effect of seed priming on leaf water content (%) and relative water content (%) of Lathyrus odoratus leaves irrigated
with seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different letters are significantly different at
p ≤ 0.05 level.

2.4. Photosynthetic Pigments

Leaf photosynthetic pigments (total chlorophyll and carotenoids) were significantly
impacted by seed priming and seawater treatments (Figure 4). In this regard, SiNPs produced
the highest chlorophyll and carotenoids levels, while the lowest pigment concentrations
were obtained by hydro-priming application. Leaf photosynthetic pigments were inversely
proportional to seawater treatments, since total chlorophyll and carotenoids content de-
creased significantly as seawater level increased, reaching its lowest values under 30% salinity
(1.36 and 0.367 mg g−1 FW for total chlorophyll and carotenoids, respectively). The treatment
of SiNPS-primed seeds under non-stressed conditions significantly produced the highest
chlorophyll (2.834 mg g−1 FW) and carotenoids (0.481 mg g−1 FW) concentrations, with
the least chlorophyll (1.214 mg g−1 FW) and carotenoids (0.364 mg g−1 FW) concentrations
observed with the treatment of hydro-primed seeds under 30% saline conditions.
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Figure 4. Effect of seed priming on total chlorophyll (mg g−1 FW) and carotenoids (mg g−1 FW) contents of Lathyrus
odoratus leaves irrigated with seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different letters are
significantly different at p ≤ 0.05 level.

2.5. Biochemical Parameters
2.5.1. Total Carbohydrates

Seed priming application significantly enhanced total carbohydrate content in Lath-
yrus leaves (Figure 5). Halo-priming application with Si or SiNPs significantly produced
higher carbohydrates than hydro-priming application, although there was a non-significant
difference between both materials (Si or SiNPs). Total carbohydrates decreased gradually as
seawater level increased, reaching its lowest record under 30% salinity, which was roughly
25.35% less than unsalted seedlings (0%). The treatment of SiNPS-primed seeds under
non-stressed conditions significantly presented the highest carbohydrate value (27.36%),
while the least carbohydrate value was observed with hydro-primed seeds under 30%
saline conditions (16.91%).

2.5.2. Proline Content

The results illustrated in Figure 5 show the effect of different seed priming applications
on the proline content produced in Lathyrus leaves subjected to seawater treatments. Proline
content has been decreased by the applications of halo-priming, as the lowest value was
noticed with SiNPs-application (3.29 μmol g−1 FW), while it was increased by 20.6% when
a hydro-priming application was used. Seawater levels caused remarkable variations in the
proline values. A significant and gradual increase was observed with increasing seawater
levels, reaching the highest proline content under 30% salinity (5.09 μmol g−1 FW) against
the lowest proline content found in unsalted Lathyrus leaves (1.98 μmol g−1 FW). The
maximum proline content was recorded with the treatment hydro-primed seeds under 30%
salinity (5.20 μmol g−1 FW), while the lowest proline content was given by SiNPS-primed
seeds under non-stressed conditions (1.78 μmol g−1 FW).
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Figure 5. Effect of seed priming on carbohydrates (%) and proline (μmol g−1 FW) contents of Lathyrus odoratus leaves
irrigated with seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different letters are significantly
different at p ≤ 0.05 level.

2.5.3. Total Phenols and Flavonoids Contents

The total phenols and flavonoids content significantly increased after halo-priming
applications (with Si or SiNPs) as compared with hydro-priming applications (Figure 6).
SiNPs significantly recorded the highest levels in this respect. Increasing seawater levels
caused a significant and growing increase, reaching the highest values when plants were
irrigated with 30% seawater. The highest levels of phenols (6.544 mg GAE g−1 DW) and
flavonoids (4.170 mg CAE g−1 DW) were detected in Lathyrus leaves that had been treated
with SiNPS-primed seeds under 30% salinity. Meanwhile, the hydro-primed seeds under
non-stressed conditions identified the lowest values in this regard (4.670 mg GAE g−1 DW
and 2.035 mg CAE g−1 DW for phenols and flavonoids, respectively).

2.5.4. Oxidative Damage Induced

Lipid peroxidation (MDA) and H2O2 content decreased significantly more with halo-
priming applications than with hydro-priming applications (Figure 7), as SiNPs-application
significantly produced the lowest values (34.2% for MDA and 70.9% for H2O2 lower as
compared to hydro-priming applications) in this respect. The MDA and H2O2 values
gradually increased with increasing seawater levels, with the maximum values being
obtained under 30% seawater. The lowest levels of MDA and H2O2 were presented by
SiNPS-primed seeds under non-stressed conditions, but hydro-primed seeds under 30%
saline conditions significantly caused the maximum values in this respect.
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Figure 6. Effect of seed priming on total phenols (mg GAE g−1 DW) and flavonoids (mg CAE g−1 DW) contents of Lathyrus
odoratus leaves irrigated with seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different letters are
significantly different at p ≤ 0.05 level.

Figure 7. Effect of seed priming on MDA (mg g−1 FW) and H2O2 (μmol g−1 FW) contents of Lathyrus odoratus leaves
irrigated with seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different letters are significantly
different at p ≤ 0.05 level.
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2.5.5. Antioxidant Enzyme Activities

Applications of halo-priming significantly increased the activities of superoxide dis-
mutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) enzymes in Lathyrus leaves
relative to hydro-priming applications, as the highest values were produced by the SiNPs-
application (Figure 8). The maximum levels of SOD and APX activities were observed by
30% salinity, while CAT activity decreased with increasing seawater levels. In terms of
the interaction effect, the highest levels of SOD and APX were detected by SiNPS-primed
seeds under 30% salinity, while the highest CAT value was given by the treatment of
SiNPs-primed seeds under non-stressed conditions. On the other hand, the lowest SOD
and APX activities were obtained by hydro-primed seeds under non-stressed conditions
and by hydro-primed seeds under 30% saline conditions for CAT activity.

Figure 8. Effect of seed priming on SOD (U mg−1 protein), CAT (U mg−1 protein), and APX (U mg−1 protein) activities of
Lathyrus odoratus leaves irrigated with seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different
letters are significantly different at p ≤ 0.05 level.
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2.6. Ion Contents

The results depicted in Figure 9 indicate the content of Si, K+, and Na+ accumulated in
Lathyrus leaves, and the K+/Na+ ratio in response to priming applications under seawater
treatments. Leaf Si content was significantly elevated following halo-priming applications,
as compared with the hydro-priming application. Increasing seawater levels caused an
increase in Si content reaching its greatest value at 20% salinity, and then decreased after
that. Regarding the interaction effect, both Si and SiNPS-primed seeds under 20% saline
conditions significantly showed the highest values of Si in Lathyrus leaves. The hydro-
priming application significantly exhibited the highest Na+ content, but SiNPs-application
significantly recorded the lowest Na+ value (30.7% less than hydro-priming application). A
gradual and significant increase was noticed with increasing salinity levels. Concerning
the interaction, the maximum Na+ content was obtained by hydro-primed seeds under
30% salinity. Meanwhile, the Si and SiNPS-primed seeds under non-stressed conditions
had the lowest Na+ content.

Figure 9. Effect of seed priming on Si (mg Kg−1), Na (mmol g−1 DW), K (mmol g−1 DW) contents, and K/Na ratio (g) of
Lathyrus odoratus leaves irrigated with seawater levels (0, 10, 20, and 30%). Data are mean value ± SE. Bars with different
letters are significantly different at p ≤ 0.05 level.
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The K+ content and K+/Na+ ratio significantly increased with halo-priming appli-
cations as compared with hydro-priming applications, which significantly recorded the
lowest K+ value and K+/Na+ ratio. A gradual and significant decrease was observed
with increasing seawater concentration. The treatment of SiNPS-primed seeds under non-
stressed conditions significantly exhibited the highest K+ value (1.9 mmol g−1 DW) and
K+/Na+ ratio (11.23). On the other hand, the treatment of hydro-primed seeds under 30%
saline conditions significantly exhibited the lowest K+ (0.70 mmol g−1 DW) and K+/Na+

ratio (0.44). The mechanisms involved in seed priming with Si or SiNPs for gaining salt
stress tolerance in Lathyrus seedlings are presented in Figure 10.

 

Figure 10. The mechanisms involved in seed primed Lathyrus (with Si or SiNPs) for gaining salt stress tolerance.

3. Discussion

Plant growth and development, as well as productivity, are predicted by seed ger-
mination. In the current research study, salt stress decreased GP and prolonged MGT,
as well as causing a pronounced inhibition of Lathyrus seedling growth. Salinity stress
decreased seed germination as a result of limited water absorption, slowed the breakdown
of seed storage material, and inhibited the production of storage proteins [26,27]. Basically,
salinity decreases cell expansion and division, and inhibits physiological and biochemical
processes [28,29], which causes a reduction in the photosynthetic rate, dry matter accu-
mulation, and total carbohydrates content. Furthermore, salt stress reduces chlorophyll
synthesis and activates degraded chlorophyllase enzymes [30,31]. In accordance with our
results, the negative effects of salt on plant growth features have been previously reported
by Al-Yasi et al.; Attia et al., [32,33].

In contrast, Si and SiNPs treatments improved the seed germination of Lathyrus seeds.
Si was found to be directly linked to the physiological process of seed germination in
Glycyrrhiza uralensis under saline conditions [29]. Halo-priming with SiNPs exhibited the
highest MGT value. Similar results were obtained by Siddiqui and Al-Whaibi [34].

The increase in mean germination time following SiNPs seed priming may be due
to the ability of silica to absorb moisture from the surroundings [35]. Furthermore, 1 g of
SiO2 nanoparticles (7 nm) has a surface adsorption of 400 m2 [36]. Increasing the seawater
levels caused a reduction in the GP and an increase in the MGT. Salts negatively impact
the levels of endogenous phytohormones, which essentially inhibit seed germination and
plant growth [37].

In our study, halo-priming applications enhanced plant height, shoot FW and DW,
leaf water status, leaf pigments, and total carbohydrate under salinity stress, more than
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the hydro-priming application. Silicon promotes cell elongation and division, leading to
elevated plant height [38,39].

Under salinity conditions, Si enhances photosynthetic activity by decreasing ion toxic-
ity and ROS content, preserving the structure and function of the organelles responsible
for photosynthesis [37], maintaining stomatal conductance, transpiration, membrane per-
meability, net photosynthesis, and chlorophyll levels [29]. Moreover, Si decreases the leaf
curve angle and increases leaf flatness, allowing for increasing light interception and more
photosynthetic pigments [39], and thus more carbohydrates and dry matter accumula-
tion. Silicon enhances growth performance directly, through blocking Na+ transport, and
indirectly, through different physiological processes that alleviate the negative effects of
salinity [37]. Increased biomass production is the main indicator of plant resistance [40].

Leaf water status is a good indicator of water relations in plants. Preserving a good
water status in plant cells helps to maintain osmotic adjustments and the activity of
metabolic processes, and increases plant resistance under salinity stress [41,42]. Under
seawater treatments, the LWC and RWC of Lathyrus leaves decreased gradually with
increasing seawater levels. Salts decrease the osmotic pressure in plant cells, so they have
a negative effect on water uptake by plant roots [43]. Halo-priming treatments exhibited
better leaf water status. Silicon decreases plant transpiration [29] due to Si accumulation
as external layers above cell walls of leaves and stems, leading to thicker leaves and stem
cuticle. In addition, Si improves stem hydraulic conductance [39]. Silicon alters the osmotic
pressure, which increases plant tolerance under salinity stress conditions [44,45]. Higher
water content in Si-plants grown under saline conditions is mainly associated with salt
dilution inside the plant, leading to plant growth improvements [44]. Therefore, it can be
concluded that Si improves the leaf water status and mitigates the osmotic stress induced
by seawater treatments in Lathyrus leaves.

Under seawater treatments, proline content gradually increased with increased sea-
water levels. Proline is normally produced in high amounts under salinity stress [46].
Proline plays a vital role in osmotic adjustment, sub-cellular structure protection, enzyme
activities, and can also increase the cellular turgor pressure, which is responsible for cell
expansion under salinity conditions [47,48]. Halo-priming treatments presented lower
levels of proline. Si decreases proline accumulation under salinity stress, which indicates
the role of Si in alleviating damage caused by salts [49]. Total phenols and flavonoids
contents of the metabolic Lathyrus leaf extract are gradually increased with higher seawater
concentrations, because salts stimulate phenolic compound synthesis.

Phenolic compounds, including flavonoids, are among the many sources of antioxi-
dants in plants and are considered to be a response to protect against the oxidative damage
caused by salts [50]. The chemical structure of phenols enables them to deactivate singlet
oxygen and act as hydrogen donors, allowing them to scavenge ROS [51,52]. Halo-priming
treatments demonstrated a significant increase in the total phenolic compound, and SiNPs
were superior in this respect which may be due to the nanoscale size of the insoluble SiNPs
accumulated in the epidermis. This may allow constitutional phenols to be produced on
the large adsorption surfaces of epidermal cells [53,54].

Plants alleviate the oxidative damage that occurs under saline conditions through
nonenzymatic (phenolic compounds) generation [55]. These processes play a vital role
in protecting plant cells from the oxidative damage [56] that occurs at the cell mem-
brane [28,57], and in ion balance and water status [58].

In our study, plants subjected to salt stress exhibited higher H2O2 and MDA levels;
however, halo-priming treatments revealed a significant decrease in this regard. H2O2
negatively impacts cell membrane lipids and causes oxidative damage, which was evi-
denced in the increased MDA accumulation (the indicator of lipid peroxidation) [59]. Si
significantly increased antioxidant enzyme activities (CAT, APX, and SOD) and reduced
ROS accumulation (H2O2) in Lathyrus leaves. In the case of saline conditions, the over-
production of reactive oxygen species (ROS) exposes plant cells at risk by inducing lipid
peroxidation, protein oxidation, nucleic acid damage, enzyme inhibition, and the initiation
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of the programmed cell death process [56]. The antioxidant enzymes CAT, SOD, and APX,
as well as non-enzymatic antioxidant substances (phenolic and flavonoids compounds,
proline, and carotenoids), had the ability to scavenge ROS compounds [55,56]. Si mitigates
the negative effects of salt stress by enforcing the antioxidant defense capability, which
reduces lipid peroxidation and plasma membrane permeability [49].

Silicon increases plant tolerance by regulating stress-related phytohormone biosyn-
thesis [60]. Using seawater to irrigate Lathyrus seedlings leads to increasing Si and Na+ in
the leaves and reduces the amount of K+, and the K+/Na+ ratio. Elevated K+/Na+ ratio
stimulates plant tolerance to salinity stress [61]. Under salinity stress, the K+/Na+ ratio
decreased due to Na+ toxicity which inhibits K+ uptake. This was also caused by Na+ and
K+ competition on binding sites [62]. Halo-priming treatments showed less Na+ and more
K+ accumulation in Lathyrus leaves than hydro-priming applications. Silicon increased K+

concentration in plant cells under saline conditions [49]. Under salinity stress, Si reduces
the net rate of Na+ uptake and accumulation in plants [63]. The deposited Si beneath the
cell walls of the roots, binds with Na+, causing an increase in K+ uptake and a reduction
in Na+ transported to the plant shoots [49]. Application of Si substantially increased K+

and decreased Na+ content in the cytoplasm because of the activity of H+-ATPase in the
tonoplasts and plasma membrane, as well as H+-PPase activation in tonoplasts under
salt-stress conditions [64]. The effects of Si on Na+ transport resulted from the blockage of
the apoplastic pathway [65], which alleviated Na+ toxicity under salt stress.

4. Materials and Methods

4.1. Location and Plant Materials

This pot study was undertaken at a greenhouse at the Faculty of Agriculture farm,
Tanta University, Tanta, Egypt, (latitude of 30◦47′ N: and longitude 31◦0′ E), during the
2019 and 2020 winter seasons. Mature and uniform Lathyrus seeds were surface-sterilized
for 5 min using sodium hypochlorite (10%), and then washed with distilled water. The
sterilized seeds were divided into three groups for priming with varying solutions; the
first group was hydo-primed with distilled water; the second group was halo-primed
with sodium silicate (Si) solution at 50 mg/L; and the third group was halo-primed with
20 mg/L of silicon nanoparticle (SiNPs) solution. The seeds were primed for 9 h, and
then the primed seeds were naturally air-dried. Each seed group was divided into four
groups, the first seed group was irrigated with tap water (1.52 dS m−1); the second, third,
and fourth groups were subjected to saltinity stress using seawater levels of 10% seawater
+ 90% tap water (9.33 dS m−1), 20% seawater + 80% tap water (14.87 dS m−1), and 30%
seawater + 70% tap water (21.60 dS m−1), respectively. Primed seeds were sown in plastic
pots of 25 cm diameter containing 9 kg soil, (10 seeds/pot) on September 15th of both
seasons. After sowing, the pots were irrigated three times for the week, in order to reach
the saturation percentage with seawater levels of 0, 5, 10, and 15% for the second, third,
and fourth groups, respectively, to avoid osmotic shock. From the second week, seawater
levels increased to the planned levels of 0, 10, 20, and 30% seawater for the second, third,
and fourth group respectively; all pots were irrigated every two days with the seawater
levels to reach the field capacity. Some physical and chemical properties of the soil were
determined as follows: sand, 67.24%; silt, 11.14%; and clay, 21.62%; EC, 1.66 dS m−1; pH,
7.34; Ca2+, 8.45 meq L−1; total N+, 0.26%; PO4

3−, 0.041%, and K+, 0.06%. Data of growth
performance and biochemical analysis were estimated 45 days after sowing.

4.2. Seawater Source and Chemicals

Seawater was collected from Marsa Matrouh beach, Mediterranean Sea, Egypt. The
water analysis is presented in Table 1. Sodium silicate (Na2SiO3, 99% purity) was bought
from Sigma-Aldrich Chemie (St. Louis, MO, USA), and silicon nanoparticles (15–45 nm, 99.5%
purity) were bought from Nano-technology Laboratory, Faculty of Science, Tanta University,
Tanta, Egypt).
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Table 1. A chemical analysis of seawater.

Component
EC

(dS/m)
pH

HCO3

(meq/L)
CL

(meq/L)
SO4

−2

(meq/L)
Ca+2

(meq/L)
Mg+2

(meq/L)
Na+

(meq/L)
K+

(meq/L)

Concentration 40.51 6.81 5.59 415 74.35 42.10 14.57 435.35 1.34

4.3. Experiment Layout

The current study was performed in a factorial randomized complete design. Primed
solutions were the first factor, while seawater concentrations were the second factor. The
experiment consisted of 12 treatments, with six replicates for each treatment; each replicate
consisted of three pots, and the pot contained 10 seeds.

4.4. Germination and Growth Characteristics

In order to calculate germinated seeds, the seeds were checked and counted on a daily
basis. Seeds were considered germinated when cotyledon appeared above the soil surface.
Germination percentage (GP) was estimated on day 18 and calculated according to the
following equation:

GP (%) = (number of germinated seeds on day 18/total seeds number) × 100.

Germination speed is expressed as mean germination time (MGT) according to the
equation of Ellis and Roberts [66].

MGT = ∑ Dn/∑ n.

where, n refers to the number of germinated seeds on day D0, and D refers to the number
of days from the beginning of the germination experiment. The seedlings were left to grow
for 27 days, and order to plant height, shoot fresh weight (FW), shoot dry weight (DW)
were determined.

4.5. Leaf Water Status

To determine the leaf water status, the relative water content (RWC) and leaf water
content (LWC) were estimated according to Clarke and Mccaig [67] and Barrs [68] as
follows: two leaf samples were separated, and immediately weighed, and the fresh weight
(FW) was recorded. After that, the same leaf samples were saturated in distilled water
at 4 ◦C for 24 h and their turgid weight was recorded (TW). Then, the same leaf samples
were oven-dried at 70 ◦C for 48 h until reaching a constant and the dry weight (DW) was
recorded. RWC and LWC were determined using the following formulae:

LWC = ((FW − DW) ÷ FW) × 100

RWC = (FW − DW) ÷ (TW − DW) × 100

4.6. Photosynthetic Pigments

Leaf pigments of sweet pea were estimated using methanol, as previously described by
El-Serafy [69] according to Dere, et al. [70]’s protocol. Samples of fresh leaves (0.2 g) were ho-
mogenized in 96% methanol (10 mL) for 1 min. The homogenate was filtrated, and centrifuged
for 10 min at 2500 rpm. The supernatant was used for chlorophyll determination using an
UVVIS spectrophotometer at wavelengths of 666 nm, 653 nm, and 470 nm for chlorophyll a, b,
and total carotenoids, respectively, and its contents are presented in mg g−1 FW.

4.7. Biochemical Parameters
4.7.1. Total Carbohydrates

Total carbohydrates were estimated as described by Weinmann [71]. In brief, 0.5 g
of dried leaves was mixed with 1 N sulfuric acid (10 mL) in a glass tube. The tube was
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bolted and heated at 100 ◦C in an oven over night. The total carbohydrates content was
estimated colorimeterically following the method of Dubois, et al. [72]. A total of 1 mL
of sugar solution was added to phenol solution 5% (1 mL) followed by 5.0 mL sulfuric
acid. The mixture was shaken thoroughly and maintained at 23–30 ◦C in a water bath for
20 min. The developed color was determined at 490 nm wavelength throughout the UVVIS
spectrophotometer analysis, and total carbohydrates content is expressed as percentage.

4.7.2. Proline Content

The proline content was determined as explained by Bates et al. [73] protocol. Briefly,
proline extract, ninhydrin acid and glacial acetic acid at volumes of 2, 2, 2 mL were
mixed and incubated in a boiling water bath for 1 h, and then were placed in an ice bath.
The 520 nm wavelength was used for absorbance determination. A standard curve was
constructed at certain levels of authentic proline.

4.7.3. Phenols and Flavonoids Determination

Total phenol content in leaves was determined with the Folin–Ciocalteu procedure us-
ing the standard of gallic acid, as previously described by El-Serafy and El-Sheshtawy [74],
according to Boateng, et al. [75], with some modifications. Dried leaf samples (1 g) were
mixed with 50 mL of methanol 80% and macerated at room temperature for two days. The
extract was maintained below 4 ◦C for total phenol estimation after being fully solvent
removed. A total of 1 mL of leaf extract was mixed with Folin–Ciocalteau reagent at a
volume of 1 mL, and left to stand for incubation (5 min). Then, a 2 mL of Na2CO3 solution
(70 g/L) was supplemented. Again, it was left for incubation at 25 ◦C for 2 h. Thereafter,
the absorbance was estimated at a wavelength of 750 nm. Phenolic content is expressed
as mg GAE g−1 DW. The methods of Boateng et al. [75] and Talukdar [76] were used for
total flavonoids estimation based on the aluminum chloride procedure. The mixture of
0.5 mL of the extract and 0.5 mL of aluminum chloride (2%) was left for incubation at room
temperature for 45 min. Then, the absorbance was determined at 420 nm wavelength for
the resulting mixture. Catechin (CAE) was used to calculate the standard curve, and the
flavonoids content is expressed in mg CAE g−1 DW.

4.7.4. Lipid Peroxidation Estimation

The content of MDA was determined and utilized as an indicator of lipid peroxidation
in Lathyrus leaves under tested treatments. MDA was estimated as described by Heath [77]
with little modification. A sample of 0.5 g of fresh leaves was centrifuged for 10 min at
12,000× g after mixing with 5.0 mL of TCA 5% (w/v). A total of 2 mL of the extract was
added to 2 mL of TBA (0.6%), and then heated for 10 min in a water bath (95 ◦C). The
absorbance was estimated at 532 and 600 nm wavelengths. MDA content (mg g−1 FW)
was calculated using the following formula

MDA content = 6.45 × (A532 − A600) − 0.56 × A450.

4.7.5. H2O2 Content

The content of H2O2 in Lathyrus leaves was estimated as described by Patterson [78].
A total of 0.5 g of each sample was homogenized in 6 mL of chilled acetone (100%) and
centrifuged for 10 min at 4 ◦C, at 12,000 g. Then, 1 mL of the final extract was added
to 5% Ti (SO4)2 (0.1 mL), and 0.2 mL of NH4OH solution. Thereafter, the mixture was
centrifuged for 10 min at 3000 g. A total of 4 mL of H2SO4 (2 M) was used for dissolving.
The optical density was measured at 412 nm wavelength. For calibration, a standard
curve was formulated using various levels of H2O2, and the obtained data were recorded
as μmol g−1 FW.
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4.7.6. Antioxidant Enzyme Activities

Fresh leaves were used for enzyme extraction as described by Murkherje and Choud-
huri [79], with simple modifications. A total of 0.3 g of fresh leaves was ground with
0.1 mM potassium phosphate buffer (PBS) solution (pH 7.8) and made into a homogenate
under ice conditions, which was centrifuged at 10,000 g for 20 min at 4 ◦C. The obtained
supernatant was retained at 4 ◦C for enzyme activity determination.

For superoxide dismutase (SOD, EC 1.15.1.1) determination, the nitro blue tetrazolium
procedure of Giannopolitis and Ries [80] was utilized as follows: 0.1 mL of enzyme extract
was mixed with 100 mM PBS (pH 7.8), Na2CO3 1.5 mM, NBT 2.25 mM, methionine 200 mM,
EDTA 3 mM, riboflavin 0.06 mM, in addition to distilled water. The reactions tubes with
or without enzymes extract (control) were illuminated for 10 min with a 15 W fluorescent
lamp; the blank tubes were not illuminated. The absorbance was spectrophotometrically
estimated at the 560 nm wavelength. SOD unit was expressed as the amount of enzyme
required to inhibit the rate of NBT reduction by 50% in the controls tubes.

Catalase (CAT, EC 1.11.1.6) activity determination was run according to Aebi [81].
In brief, 3 mL of the reaction solution was mixed with 50 mmol L−1 PBS (pH 7.0) and
10 mmol L−1 of H2O2 solution. Then, the enzyme activity was estimated by calculating
the amount of H2O2 which was consumed at 240 nm for 2 min.

Ascorbate peroxidase (APX, EC 1.11.1.11) determination was conducted as described
by Nakano and Asada [82]. A fresh leaf sample (0.1 g) was mixed with 0.2 mL of extraction
buffer, which consisted of 3.0 mM EDTA and 0.1 M Na-phosphate adjusted to pH 7.0, and
mixed with 1.0% Triton X-100 and 1.0% polyvinylpyrrolidone. Thereafter, the mixture was
centrifuged at 10,000 g for 20 min. The absorbance estimation was determined at 290 nm
wavelength. The reaction buffer consisted of 0.1 mM H2O2, 0.5 mM ascorbate, 0.05 mL
of extract containing enzyme, and 0.1 mM EDTA mL−1; the reaction was performed at
25 ◦C for 5 min. The coefficient of absorbance of 2.8 mM−1 cm−1 was used to calculate the
activity of APX.

4.7.7. Ion Estimation

Si was estimated according to Snyder [83] using ICP-OES. Briefly, 0.1 g of ground leaf
was mixed with 3.0 mL of NaOH (18.5 M) in 55 mL TeflonH vessels. Then, the mixture
was heated up to 200 ◦C for 15 min in a microwave, and maintained at this temperature
for 15 min. A total amount of 2 mL H2O2 was added to the mixture after cooling to the
room temperature. Then, the mixture was re-heated to 200 ◦C for 15 min, and left for
5 min at 200 ◦C. The mixture was filtered after cooling. A total of 9 mL of deionized water
was added to 1 mL of the filtrate and injected into the ICP-OES for determination. Dried
leaf samples (0.5 g) were digested with 0.5% HNO3 according to Deal [84]. Sodium (Na+)
and potassium (K+) contents were determined using flame photometry, and are expressed
as mmol g−1 DW.

4.8. Statistical Analysis

The present investigation was designed in a complete randomized layout in factorial
arrangement with two factors. The data sets of both tested seasons were collected and
subjected to ANOVA using the SPSS program Base 9, SPSS Inc. USA. A combined analysis
was performed. Duncan multiple rang test was used at p ≤ 0.05 probability level to compare
mean differences according to Waller and Duncan [85]. The results were presented as
means ± SE.
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5. Conclusions

This research study investigated the potential of seed priming with Si and SiNPs to
enhance salt stress tolerance in Lathyrus. Halo-priming application with SiNPs effectively
exhibited improved salt tolerance against seawater treatments in Lathyrus seedlings. De-
spite SiNPs application increasing MGT, their seedlings showed similar characteristics to
the seeds primed with Si, in terms of growth characteristics and salt stress tolerance. Halo-
priming with SiNPs improved growth traits, carbohydrates accumulation, photosynthetic
pigments content, K+/Na+ ratio, and enzymatic (SOD, APX and CAT) and nonenzymatic
(phenolic compounds) generation in salted seedlings. The decrease in MDA and H2O2
contents in halo-priming treatments protected the cell membrane from deterioration. Using
the seed priming technique for salt stress tolerance in Lathyrus seeds not only significantly
influenced plant growth and resistance, but also enhanced their aesthetic value and orna-
mental appearance. This is because the seed priming technique helped maintain the dry
matter and carbohydrate accumulation values, and preserved the physiological processes
under seawater treatments.
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Niğde Ömer Halisdemir University, Niğde 51240, Turkey; khawarjabran@gmail.com

6 Department of Agricultural Genetic Engineering, Faculty of Agricultural Sciences and Technologies,
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Abstract: Allelopathy is an ecological phenomenon that involves the production and release of
biomolecules from different crops, cultivated plants, and bacteria or fungi into the soil rhizosphere
and impacts other organisms in the vicinity. Sorghum possesses vital allelopathic characteristics due
to which it produces and releases different biomolecules from its root hairs, stems, and grains. Several
studies have reported that sorghum acts as an allelopathic crop, decreasing the growth and eco-
physiological attributes of surrounding plants and weeds growing simultaneously or subsequently
in the field. Sorghum allelopathy has been exploited in the context of green manure, crop rotations,
cover crops, and intercropping or mulching, whereas plant aqueous extracts or powder might be
an alternate method of weed control. A diverse group of allelochemicals, including benzoic acid,
p-hydroxybenzoic acid, vanillic acid, ferulic acid, chlorogenic acid, m-coumaric acid, p-coumaric
acid, gallic acid, caffeic acid, p-hydroxibenzaldehyde, dhurrin, sorgoleone, m-hydroxybenzoic acid
and protocatechuic acid, have been isolated and identified from different plant tissues of sorghum
and root exudates. These allelochemicals, especially sorgoleone, have been investigated in terms
of their mode(s) of action, specific activity and selectivity, release in the rhizosphere and uptake
and translocation in sensitive species. The present review describes the importance of sorghum
allelopathy as an ecological tool in managing weeds, highlighting the most recent advances in the
allelochemicals present in sorghum, their modes of action, and their fate in the ecosystem. Further
research should focus on the evaluation and selection of sorghum cultivars with high allelopathic
potential, so that sorghum allelopathy can be better utilized for weed control and yield enhancement.

Keywords: weed suppression; allelochemicals; sorgoleone; benzoquinone; phenolics; cropping systems

1. Introduction

1.1. Weeds and Challenges to Modern Crop Production

The presence of weeds in agricultural fields decreases the quantity as well as the
quality of the agricultural products, resulting in enormous financial losses for farmers [1].
Weeds are considered undesirable and detrimental plants that have harmful effects on
the growth of desired plants and reduces the production potential of those desired plants.
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Weeds compete with crops for resources such as light, nutrients, space, and water, causing
plant yields to suffer [2]. The presence of weeds is very common in crop plant fields,
decreasing crop yields and increasing production costs, and consequently making crop
production less cost-efficient [3]. Weeds cause a reduction of crop yields because of distur-
bances of plant growth due to allelopathy, competition, or both [4]. In recent decades, the
use of herbicides to control weeds is causing severe problems and danger to the ecosystem,
plants, and human beings. Meanwhile, long-term application of herbicides is the cause
of generating resistance in weeds, which is currently becoming a serious problem in the
development of sustainable agriculture worldwide. For example, triazines were one of
the first popular groups of herbicides, which were applied widely due to their significant
inhibition of the photosynthesis of various weeds [5–7]. The costs and unsustainability of
current weed management are becoming increasingly apparent to farmers, to the public
and to policymakers. This is evidenced by increasing demand for organic produce and
recent discussions around banning widely used herbicides such as glyphosate [8]. Reduced
reliance on chemical herbicides has led to searching for alternate natural products, such as
diverse secondary metabolites, which could serve as lead compounds for weed manage-
ment in the future [9]. The use of allelopathy may help improve plant and environmental
productivity through the ecological management of weeds, pests, and plant diseases. In
the last two decades, there has been a clear focus on plant-based natural products with the
potential to replace chemical herbicides [10–12].

Allelopathy refers to the beneficial or harmful impact of one plant on its neighboring
plants with the release of allelochemicals that influence their growth. Allelochemicals
are a less toxic, safer, range of chemicals released by plants via volatilization, exudation,
leaching, or residue decomposition [13]. Crop plants, such as soybean [14], sunflower [15],
wheat [16], alfalfa [17], maize [18], sesame [19], rice [20], sorghum [21] and many others,
have demonstrated allelopathic impacts on certain weed species. However, sorghum
(Sorghum bicolor L.) is a well-known allelopathic crop that has the potential to suppress the
weed growth due to the synthesis of sorgoleone [22,23]. It contains a range of allelochemi-
cals, i.e., benzoic, p-hydroxybenzoic, vanillic, ferulic, chlorogenic, m-coumaric, p-coumaric,
gallic, and caffeic acids [24], p-hydroxybenzaldehyde [25], dhurrin, sorgoleone [26], m-
hydroxybenzoic acid and protocatechuic acid [27] with the potential to reduce weed growth.
A comprehensive list of allelochemicals and secondary metabolites present in different
plant parts of sorghum (roots, stems, foliage and panicle) is documented in Table 1. In
sorghum, these allelochemicals are synthesized at greater concentrations in the adult stage
of the plants [28]. Their toxicity can persist up to 22 to 28 weeks [29]. The allelochemicals
are released into the soil rhizosphere during the plant life-cycle [30] or by the incorporation
of crop debris, i.e., stubble [31] or stalk [32] into the soil.

The mode of action of natural products includes multiple mechanisms, such as the
reduction in percent and rate of germination together with reductions in root and shoot
growth [33,34], interference with photosystem-II through electron transport [12], [35,36]
and primary action on ATP production. In addition, this includes the inhibition of chloro-
plast oxygen evolution, a strong effect on mitochondrial function, alteration of nutrient
absorption, chlorophyll pigments, carbon isotope discrimination [11,12], or water use effi-
ciency [12,37]. The biochemical and physiological action mode of some common phenolic
compounds on target plant species is shown in Table 2.

Table 1. A comprehensive list of allelochemicals and secondary metabolites present in different parts (roots, stems, foliage
and panicle) of Sorghum bicolor L.

Plant Species Plant Parts Secondary Metabolites References

Sorghum bicolor stems, leaves, roots ferulic, p-coumaric, syringic, vanillic and
p-hydroxybenzoic acids [38]

Sorghum bicolor roots p-coumaric acid, m-hydroxybenzoic acid and
protocatechuic acid [27]
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Table 1. Cont.

Plant Species Plant Parts Secondary Metabolites References

Sorghum bicolor whole plant
benzoic acid, p-hydroxybenozoic acid, vanillic acid,
m-coumaric acid, p-coumaric acid, gallic acid, caffeic

acid, ferulic acid and chlorogenic acid
[39]

Sorghum bicolor whole plant vanillic acid, p-hydroxybenzaldehyde, p-coumaric
acid and ferulic acid [25]

Sorghum bicolor roots sorgoleone [40,41]

Sorghum bicolor stems
methyl-1-(2-proponyl)-hydrozine,

1-aziridineethanol, 5-chloro-2-pentanone and
2-(methylseleno)-ethanamine

[42]

Table 2. Biochemical and physiological mode of action of some of the common phenolic compounds on the target plant
species, as reported in the literature.

Compounds Mechanisms Target Species References

Ferulic and p-hydroxybenzoic
acids Inhibition of photosynthetic attributes Rumex acetosa [36]

Ferulic and p-hydroxybenzoic
acids

Inhibition of relative water content, photosynthetic
performance and carbon isotope discrimination Lolium perenne [12]

Ferulic, p-coumaric,
o-hydroxyphenyl Stimulation of chlorophyll degradation mechanism Oryza sativa [43]

acetic acid

P-hydroxybenzoic acid Inhibits seedling growth, induces water stress, stomatal
closure [44]

Hydroxyamic acid Mitotic interference, inhibits seedling growth Lactuca sativa [45]
Caffeine Inhibits cell division, abnormal root growth Zea mays [46]

Caffiec acid Inhibits seed germination, plant growth, disruption of
plant–water relationship, reduce chlorophyll contents Euporbia esula [47]

2-Benzoxazolinone (BOA) Inhibits plasma membrane bound H+-ATPase in roots Avena fatua [48]

// Inhibits germination, seedling growth, induces oxidative
stress Lactuca sativa [49]

// Disruption of plant–water relationship, adverse effect on
transpiration and photosynthesis Lactuca sativa [45]

[50]
Caffeic, p-coumaric, ferulic,

salicylic acids Induces water stress Glycine max, Sorghum bicolor [51]

Benzoic acid and cinnamic acid
Disruption of membrane or alter membrane permeability,
efflux of ions, reduce chlorophyll content by damage of

thylakoid membrane
[52]

Ferulic and p-hydroxybenzoic
acids

Inhibition of photosynthesis, growth and carbon isotope
discrimination Lactuca sativa [53]

Benzoxazolin-2(3H)-one (BOA)
and cinnamic acid

Inhibition of leaf water content, photosystem-II efficiency,
photon energy, photochemical quenching

Dactylis glomerata,
Lolium perenne,
Rumex acetosa

[35]

Cinnamic acid

Decrease of photochemical efficiency of PSII, quantum
yield, fluorescence quenching, non-photochemical

quenching, portion of absorbed photon energy
thermally dissipated, photon energy absorbed by PSII

antennae and trapped by “closed” PSII
reaction centers, and carbon isotope composition

Lactuca sativa [54]

Phenolic compounds Reduction in hydraulic conductivity, net nutrient uptake Glycine max [52]
DIMBOA, MBOA Inhibits seed germination Avena fatua [55]

p-coumaric, vanillic, ferulic acids Inhibit photosynthesis and protein synthesis [56]

Benzoxazolin-2(3H)-one,
cinnamic acid

Reduction in leaf water relations, carbon isotopes
discrimination, intrinsic water use efficiency

Dactylis glomerata,
Lolium perenne,
Rumex acetosa

[37]

p-hydroxybenzoic acid Biochemical, physiological and isotopic traits inhibition Dactylis glomerata [57]
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1.2. Weed Management Strategies and Sorghum Allelopathy

Weeds are serious pests of plant species, and cause huge biological and economic
crop losses, disrupt functioning, and suppress growth, development and yield of crops.
The development of sustainable weed control strategies is urgently needed because of
environmental pollution and evolution of herbicide resistance in weeds. Indeed, allelopathy
is very important in natural, sustainable, and integrated weed management programs [58].
Sorgoleone, an allelopathic chemical secreted from Sorghum bicolor as root exudates in
dryland, constitutes an excellent example of a natural herbicide [59]. At the juvenile
stage, sorghum plants secrete significant concentrations of sorgoleone, reaching high
concentrations in the root hairs (0.5 mg g−1 of root fresh weight) [22,60]. The potential
of this allelopathic chemical is high in the suppression and inhibition of weed growth
without disturbing the crop species [60]. It also offers an auspicious platform to spot
its potential as a natural herbicide. Most broadleaf and grass weeds are susceptible to
the herbicidal potential of sorgoleone. The persistence of sorgoleone is high in soil due
to its hydrophobic nature and that it is absorbed by soil; thus, it possesses a long-term
herbicidal activity effect that lasts for seven weeks after incorporation [61]. Sorgoleone
directly affects the photosynthetic apparatus by disturbing the minerals and water uptake,
especially in lower plants [62]. In addition to the above, it also inhibits electron transport
in mitochondria and chloroplasts. The effectiveness of sorgoleone as an herbicide is
comparable to synthetic herbicides for commercial use [63]. Allelochemicals released from
sorghum plants have a direct influence on plant growth under laboratory, greenhouse and
field experiments [10,64].

Allelochemicals secreted by sorghum plants directly influenced the growth of cultivated
plants (such as rice and maize) in laboratory, greenhouse and field experiments [65,66].
Sorghum phytotoxicity differs with the plant organ, age, environmental factors, genotype
and targeted weed species. Sorghum can be utilized in various ways to affect weeds, e.g.,
as surface mulch [67], by assimilation in soil [68], in aqueous extracts sprays [21], or by
rotation [69], smothering [70] or mix cropping [71]. Figure 1 illustrates how sorghum can
impact different weeds through several biological control practices. Suppressive effects on
purple nutsedge density by incorporation of sorghum roots, stems and leaves in the soil
have been reported by [72]. Similarly, foliar addition of a sorgaab (sorghum water extract)
decreased the density and dry weight of purple nutsedge up to 44 and 67%, respectively,
with an increase in maize grain yield of 44% [73]. Allelopathic effects of sorghum depend
upon the genotype, age, location, environmental conditions and cropping system.

The only study about the formulation of sorgoleone available is by Uddin et al. [74].
According to this study, it was wettable powder formulation with 4.6% active ingredient,
i.e., sorgoleone; the formulation was prepared by blending methanol dissolved active
ingredient with different carriers (e.g., kaolin 79.2%, SiO2 9.2%) and surfactant poly-
oxymethylene monooctadecyl ether. These authors reported that the germination process
and seedling growth of Setaria viridis and Aeschynomene indica was decreased. Sorgoleone
(0.2 g active ingredient (a.i.) L−1) completely reduced germination and seedling growth of
broadleaf weeds (Galium spurium, Rumex japonicus, Aeschynomene indica, and Amaranthus
retroflexus). A 20–25% inhibition was observed in weeds after application of sorgoleone
as a post-emergence herbicide. Meanwhile, it was observed that sorgoleone 4.6 wettable
powder (WP) is more effective in inhibiting the weed plant biomass and growth [74]. In an
independent experiment, [64], the joint action of Sorghum bicolor (root exudate) and Fagopy-
rum spp. (root extract) on grasses (Setaria viridis) and broadleaf weeds (Galium spurium,
Rumex japonicus, Aeschynomene indica, and Amaranthus retroflexus) under greenhouse con-
ditions was observed A mixture of the two extracts (150 μg ml−1 of sorgoleone and
7.5 mg ml−1 of hairy root extract alone) significantly decreased germination and growth of
target seedlings; among them, the broadleaf weeds, Galium spurium, Aeschynomene indica,
Rumex japonicus, and Amaranthus retroflexus were the most susceptible.
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Figure 1. An illustration to demonstrate how sorghum can impact through several biological control practices on differ-
ent weeds.

Allelopathic potential of root exudates of Sorghum bicolor on physiological traits of
Triticum aestivum L., Triticum durum Desf., Hordeum spontaneum K. Koch., Avena fatua L. and
Phalaris minor Retz. were studied [75]. They showed that Phalaris minor Desf. was the most
sensitive in terms of reduced length, dry weight, and chlorophyll content as compared
to untreated control. In another study, seedling growth of broadleaf weed species was
suppressed more than grass weeds [76]. Weston et al. [77] published a comprehensive re-
view on allelopathic potential and phytotoxicity of sorghum under laboratory, greenhouse
and field conditions. They argued that allelochemicals in sorghum tissues vary depending
on the plant parts, cultivars and age. The use of sorghum residues as green manure also
induced adverse effects on weeds when incorporated as organic matter [78]. A variable
class of polyphenols, such as dhurrin and sorgoleone, was also documented from sorghum
roots, shoot and exudates [79].

The allelopathic potential of two sorghum varieties (Enkath and Rabeh) against differ-
ent weeds was evaluated at 26.6 plant m−2 planting densities, assessing their effects on
common purslane growth during 2009–2010 [80]. They found a significant reduction in
weed root and shoot biomass (46–57%) compared to the control, following the treatment
with sorghum. Sorghum cv. Enkath was more phytotoxic than cv. Rabeh. The main mecha-
nism responsible for weed growth inhibition included extensive root growth of sorghum
and allelochemicals released into the surrounding soil rhizosphere [80]. According to
another study [81], sorghum accessions (353) from selected African countries (Botswana,
Malawi, Mozambique, Namibia, Tanzania, South Africa, Zambia and Zimbabwe), showed
significant variation of 334.62–584.69 μg mg−1 root fresh weight in production of sor-
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goleone. Among all the tested accessions, the South African landrace IS9456 produced the
highest amount of sorgoleone (584.69 μg mg−1 root fresh weight), followed by an accession
from Botswana and a wild sorghum accession from Zimbabwe. The authors concluded that
wild sorghum varieties were superior in sorgoleone production compared to improved
varieties and hence possess more phytotoxic potential against weeds [81]. The seeds were
sown in pots, and sor1 gene expression was measured through RNA sampling from roots
collected at 5, 10, 15, 20, 25, and 30 days after seedling emergence (DAE). In the inhibition
test, cotton and three weeds were examined during single planting or planting with S.
bicolor. The result showed an early expression of sor1 genes in several S. bicolor accessions
by 5 days after emergence (DAE). Just one accession demonstrated the expression of sor1
up to 30 DAE. The plant biomass (roots and shoots dry weight) of spiny sandbur (Cenchrus
echinatus) and Bermuda grass (Cynodon dactylon) was highly decreased. However, it
is important to mention that the cotton intercropping with S. bicolor did not show any
negative effects [82].

The allelopathic potential of sorghum has been demonstrated by several researchers
in both laboratory and field studies [83,84], [21]. Three sorghum varieties (Hybrid sorghum
IS41245 and GDLP 34-5-5-3) were evaluated to check their phytotoxicity and production
of secondary metabolites such as sorgoleone [85]. Sorgoleone production and release of
biological nitrification inhibition (BNI) activity by roots are strongly correlated (1 μg of
sorgoleone is equivalent to 1 allylthiourea (ATU) activity). Soil nitrification was significantly
inhibited by sorgoleone, and it was variety dependent. In this context, GDLP 34-5-5-3
and Hybrid sorgo exhibited greater production and release of sorgoleone and BNI than
the variety IS41245 [85]. Sorgoleone is a hydrophobic molecule from the root hairs that
exudates into the soil environment and affects the growth of weeds competing with
sorghum [28]. The biosynthetic pathways of this molecule are relatively well known,
except for some unknown enzymes. GC-MS analysis showed that the suppression of
CYP71AM1 (P450 enzyme) in S. bicolor was mediated through RNAi and caused a decrease
in sorgoleone production [86]. The authors concluded that CYP71AM1 contributes to the
biosynthetic pathway of the allelochemical sorgoleone. Additionally, [87] also documented
nitrification inhibition due to the release of allelochemicals from sorghum root hairs in the
soil rhizosphere. The allelopathic potential of aqueous extract of two sorghum hybrids
(Medovyi and Dovista) and the variety Sylosne 42, was evaluated against germination and
seedling growth of Beta vulgaris L. and hybrid Ukrainian MS 97. Morphological traits, such
as bud number, leaf length and plant height were highly reduced after 14 days of treatment.
The results showed that the aqueous extract of Medovyi seeds was less phytotoxic than
that of Sylosne 42 [88].

2. Role of Sorghum Allelopathy in Agro-Ecosystem

The use of allelopathy in agricultural practices has been identified as a traditional
means to control weeds and has become an important field of study [13]. One approach to
utilize this development is to screen numerous crops and their cultivars for their allelopathic
properties. Injurious after-effects of sorghum on subsequent crops have long been known to
farmers without knowing the actual cause [89]. Experiments were conducted to evaluate the
allelopathic effects of different crops, including sorghum [90]. They tested/screened various
crops/plant species for their allelopathic effects. They found that sorghum was a highly
allelopathic crop because its residues (allowed to decompose in the field) reduced the weed
population up to 95%. Based on these studies, several scientific workers [91,92] proposed
that crop residue of winter planted sorghum could be utilized for natural weed control.

Previously, Cheema [39] has worked on the allelopathic potential of sorghum in
the field, and its possible use to control the weeds. He found that sorghum is a highly
allelopathic crop, which exhibits effects on the subsequent crops in rotation, and it also
influences weeds selectively. It was also observed that sorghum root residues, incorporated
with soil, suppressed the growth (dry weight) of weeds such as Chenopodium album, Phalaris
minor, Avena fatua, Rumex dentatus, Senebiera didyma, Polygonum bellardi and Anagalis arvensis
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by 20–48%, while purple nutsedge growth was decreased by 28 to 92%. On the contrary,
the growth of Melilotus parviflora was promoted by the sorghum residues. It was noted that
the amount of the material (sorghum) incorporated into the soil determined the observed
effects, so that the greater the quantity, the stronger the allelopathic effect.

Sorghum showed significant quantity of allelochemicals in stem, leaves and roots [38].
The chemical composition of sorghum residues showed significant concentration of phenolic
acids, especially, p-coumaric acid, along with ferulic, syringic, vanillic and p-hydroxybenzoic
acids. Subsequently, it was revealed that sorghum residues were significantly more toxic
at the time of harvest and that it requires approximately 22–28 weeks to decompose [93].
Several phenolic compounds were identified from sorghum, including p-coumaric acid,
m-hydroxybenzoic acid and protocatechuic acid as the principal inhibitors in sorghum
roots [27], whereas dhurrin and sorgoleone were more important allelochemicals present
in sorghum shoots [26]. Sorgoleone, which is released from the roots of living sorghum,
is phytotoxic to several weeds, even at low concentrations [94]. Following these stud-
ies, Cheema [24] identified nine allelochemicals in sorghum herbage, namely benzoic,
p-hydroxybenzoic, vanillic, m-coumaric, p-coumaric, gallic, caffeic, ferulic and chlorogenic
acids, while some unknown compounds were also present in residues. Similarly, vanillic
acid, p-hydroxybenzaldehyde, p-coumaric acid and ferulic acid were also detected in four
sorghum hybrids, with p-coumaric acid present at a significantly higher concentration
(7618 μg per g of plant dry weight) than ferulic acid [25].

Sorghum allelochemicals are produced either in the early seedling stage or near
maturity. It was reviewed that phenolic acid concentration was higher at each growth
stage [77]; even upon harvest a considerable amount of phenolic acid was observed [95].
The concentration of phenolic acid in young plants was again increased at the time of
heading. Cheema [24] observed that whole-crop sorghum incorporated at the pre-flowering
stage showed no allelopathic effects on wheat and weeds. However, the incorporation of
mature sorghum roots, leaves and stems exhibited very strong allelopathic effects on the
weeds and the wheat crop. In a later study, [95] found that the total phenol pool size of
sorghum differed from 4 to 156 kg/ha in above-ground parts of the plant and from 1 to
16 kg/ha in roots.

Allelopathic compounds of sorghum are species-specific and discriminatory in their
action, i.e., they inhibit the growth of some species, but might not affect certain species
and may have stimulatory effects on others [39]. The allelochemicals can also inhibit
the sprouting and growth of seedlings [68]. Previous studies documented a primary
action on ATP by sorgoleone, which then inhibits chloroplast and mitochondrial functions.
Sorgoleone has the potential to block chloroplast function at the photosystem-II complex,
whereas benzoic acid alters mineral uptake, chlorophyll content, photosynthesis, carbon
flow and phytohormone activities. Inhibition of weeds through sorghum allelopathy
resulted from the joint activity of various allelochemicals on various cell target sites was
proposed by [40]. Gonzalez [41] also proved that sorgoleone is a strikingly intense inhibitor
of electron transport in photosystem-II in both confined chloroplasts and PS-II layers. It
is clear from the above information that sorghum allelochemicals affected most processes
directly or indirectly related to growth. However, their effects were species-specific and
concentration-dependent.

Eco-Physiological Impact of Sorghum Allelochemicals

Allelopathy phenomena include examples when one crop may destroy or encourage
the germination, growth and yield of the associated crop(s) growing with it (crop mixtures
or intercropping) or of the following crop (monoculture or crop rotations) through the
release of leachates or washings from germinating seeds or decomposing crop residues [96].
Figure 2 shows an overall view of sorghum allelopathy, including the sources of allelo-
chemicals production from plant parts, i.e., leachates from the aerial parts, surface mulch,
soil incorporation, the spray of aqueous extracts, rotation, smothering, root exudates, or
mixed cropping. Moreover, factors affecting allelopathy are also depicted.
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Figure 2. Overall processes of sorghum allelopathy in the soil environment and factors affecting allelopathy. The figure
describes the way of allelochemical production from the plant parts, leachates from aerial parts, surface mulch, soil
incorporation, spray of aqueous extracts, rotation, smothering, root exudates, and mix cropping.

The germination and seedling growth of Sphenostylis sternocarpa (African Yam beans)
was evaluated under the treatment of sorghum stem and maize roots aqueous extracts [97].
They reported that sorghum stem aqueous extracts had significant effect on radicle growth
of both plants while degree of inhibition was increased with the increase in the concen-
trations of the extracts. Matos et al. [98] evaluated the bioherbicidal potential of sorghum
carried out on Cyperus rotundus L. young seedlings with four types of sorghum extract: root
extraction in alcohol, leaf extraction in alcohol, root extraction in water and leaf extraction
in water, and five concentrations (0%, 20%, 40%, 80% and 100%). The results demonstrated
that sorghum leaf extract had a significant impact on C. rotundus by interfering in plant
growth attributes. The alcohol and aqueous extract showed significant growth retardation
in C. rotundus, while leaf had more promising effects than roots [98].

Both extracts inhibited the tomato seed germination. In clay soil, B. napus extracts
increased the bacterial population; however, S. halepense extracts restricted bacterial growth
but stimulated fungal populations. Kim [99] explored the efficacy of allelochemicals
from sorghum residues and water extracts and revealed that seed germination and the
development of shoots and roots of crops such as radish, wheat, and rice were inhibited,
while maize was less sensitive. The allelochemicals were extracted as fractions of chemical
compounds such as methylene chloride, ethyl ether, hexane, and ethyl acetate. In another
study, Ben-Hammouda [100] determined the variability of allelopathic effects among
sorghum hybrids. Extracts obtained from different parts of the sorghum plant indicated
considerable contrasts in phytotoxicity to wheat seedlings. Each extract exhibited a different
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level of phytotoxicity, which differed depending on the assayed hybrid and the performed
measurement. The sorghum and sunflower water extracts (100% and 50% concentration),
applied directly to wheat leaves at 30 days after sowing (DAS), increased the wheat grain
yield by 5–14% over the control [101]. The maximum upturn in wheat yield (14%) was
obtained in plots where 100 per cent sorghum water extract was sprayed, which was
attributed to increased weed destruction and translocation of assimilates to the grain
resulting from reduced competition. The extract treatments enhanced 1000-grain weight
and the number of grains per spikelet, while the number of fertile tillers and spikelet
length was reduced. The efficiency of sorgaab as a natural weed inhibitor was evaluated
in Raya (Mustard) (Brassica nigra) [102]. They reported that the yield of the Raya crop
was considerably increased (33–58%) over the control by applying one to three sprays
of sorgaab. A significant effect of sorgaab treatment was also observed for plant height,
the number of pods per plant and 1000-seed weight. Cheema and Khaliq [67] conducted
experiments to explore the allelopathic effect of sorghum on mungbean. Applications
of three sprays of sorghum water extract (at 15, 30 and 45 days after sowing (DAS)) and
sorghum mulching at 10 and 15 t ha−1 increased the grain yield by 18.8, 7.2 and 12.8%,
respectively, over the corresponding controls. This improvement was mainly attributed
to a better weed control and enlarged leaf area, number of pods per plant and number of
grains per pod. In another study, Cheema et al. [73] demonstrated that sorgaab foliar spray
enhanced maize grain yields up to 13–44%, whereas the yield was increased by 36–40%
when mature and chopped sorghum herbage was applied on the soil surface at the time of
sowing. Likewise, three foliar sprays of sorgaab (sorghum water extract), applied after 15,
30 and 45 days of sowing were found to be effective in control of Cyperus rotundus L. in
maize, as contrasted to hand weeding. Similarly, Cheema et al. [21] checked one and two
foliar sprays of sorgaab against different varieties of wheat. The results showed that wheat
grain yield was increased by 10–22%, and that leaf area, productive tillers, grain number,
1000-grain weight and harvest index were also improved. The cultivar Parwaz-94 was
observed to be the most receptive to sorgaab, showing the largest increment in grain yield.

3. Sorghum Allelopathy and Sustainable Weed Management

Herbicide-resistant weeds are becoming increasingly competitive in agriculture systems,
reducing the yield of most of the crops, particularly cereals and food grain crops [103–107].
Meanwhile, efforts are on the top agenda to include allelopathic crop cultivars, e.g., wheat,
rice and sunflower that are yield stable and can also demonstrate phytotoxic influence on
weeds [108]. Sorghum is an important grain crop with significant potential to suppress
weeds under laboratory and field settings [84]. In less developed agriculture, weeds provide
stiff competition to crops, thereby limiting crop growth, yield and economic profit [109].

Any inexpensive weed control measure would be helpful to farmers, hence, many
plant species have been tested for their weed management potential, as they provide
effective control by the suppression of the weed germination in agro-ecosystems. The
effect of allelochemicals in Sorghum bicolor was previously reported [92]. Subsequently,
numerous studies have been carried out to investigate the allelopathic potential of sorghum
water extracts, sorghum mulch, and sorghum as cover crops on different weeds, and the
reported results indicated that mature sorghum expressed selective, species-specific and
concentration-dependent allelopathic effects [67,72,101,110]. The allelopathic impacts of
sorghum on different weed species are documented in Table 3.
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Table 3. Allelopathic effect of Sorghum bicolor L. alone and in association with other crops and their phytotoxic potential.

Plant Part
Phytotoxicity (% Reduction over

Control)
References

(Sorghum Crop Residues)
Sorghum root residues 25–50 [31]

Shoot extract 35–90
[100],

[67,101]
[111]

Shoot residues 42–98

[67]

Green manure, sorghum mulch 23–90

[31,92,112],
[112]

Living roots 62–78
Crop residue 29 [21]
Crop residue 35, 38, 49, 36 [32]

23, 44 [113]
Sorghum 32, 35, 40 [32]
Sorghum 59 [114,115]

Joint action of Sorghum + other crop residues
Sorghum herbage 23–41; 21–41 [116]

Sorghum +Eucalyptus 13–18; 28–32 //
Sorghum + Sunflower 30–35; 24–39 //

//
Sorghum + Sesamum 21–24; 19–24 //
Sorghum + Tobacco 10–14; 14 //
Sorghum + Brassica 21–27; 28–24 //

Sorghum + Sunflower 36–55; 42–63 //
//

Sorghum + Sunflower + Rice 18, 10, 17 [117]
Sorghum herbage 40 [118]

Sorghum bicolor × Sorghum sudanese
Sorghum root residues 20–60 [29]

[119]
Shoot extract 85–20 [120]

Shoot residues 25 [119]
[92,112]

Green manure, sorghum mulch 0–30 [29,112]

Living roots 50–90 [119]
[29]

3.1. Use of Sorghum Water Extracts for Weed Suppression

Sorghum allelopathy has been used to control weeds in crop rotations [31] and in-
tercropping systems [110] and by the use of sorghum mulches [32]. Similarly, the use of
sorghum water extracts has shown significant suppression of weeds [67]. Allelopathic
potential of water extracts were evaluated from different sorghum parts on weeds and
crops in laboratory and greenhouse experiments [99]. They revealed that the allelopathic
potential of sorghum was species-specific and relied upon source and concentration. Aque-
ous extract of sorghum leaves stems and roots significantly decreased the germination
and seedling development of Echinochloa colona and radishes. They concluded that stem
extract induced the most prominent inhibitory impact on E. colona, while each of the
three extracts produced a similar reaction in radishes. In another study, [99] isolated toxic
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compounds of sorghum, and its chemical composition was resolved as far as their hin-
drance of germination and seedling development of E. colona and radishes. All hexane,
ethyl ether, methylene chloride, ethyl acetic acid derivation and aqueous fractions were
checked individually, and results showed that the ethyl ether fraction had the maximum
inhibitory activity on E. colona. Of the eight fractions separated by rapid chromatography,
the fraction with the dissolvable mixes of butanol: acetic acid: water (8:1:1) had the greatest
lethality to plant species, E. colona and radish. Liquid chromatography coupled to mass
spectrometry was used to identify the toxic compounds 1 methyl-1-(2-proponyl)-hydrazine,
1-aziridineethanol, 5-chloro-2-pentanone and 2-(methylseleno)-ethanamine.

The feasibility of using aqueous extracts of allelopathic crops viz. sorghum and sun-
flower were investigated for weed control in wheat [101]. Spraying 100% water extracts
of sorghum and sunflower after 30 days following wheat sowing diminished aggregate
weed thickness up to 48% and 32% and whole weeds dry weight up to 51% and 51%,
respectively. The weed biomass of Rumex dentatus, Chenopodium album, Coronopus didymus,
and Fumaria parviflora, was reduced by 74%, 38%, 62% and 40%, respectively. Souza et al.
(1999) evaluated the allelopathic impact of sorgoleone from sorghum root exudates upon
Phaseolus vulgaris and Amaranthus retroflexus. Based on visual symptoms, P. vulgaris and
A. retroflexus were the least and most susceptible species to sorgoleone, respectively. Root
and shoot dry weights of P. vulgaris displayed an inversely proportional relationship with
sorgoleone concentration. Khaliq et al. [114] sprayed sorgaab sorghum water extract that
is obtained after soaking mature sorghum herbage in water for a period of one to two
days for its weed control activity on soybean. Spraying of sorgaab at 25 and 45 DAS
reduced the dry weight of all weeds by 20 to 42%, approximately, except that of Trianthema
portulacastrum, which showed a yield increase of 9% over the control. Pendimethalin spray
was also very effective in weed control but was more costly than sorgaab spray [114]. In
another study, sorghum phytotoxicity was evaluated against various weeds in field-planted
mungbean [121]. Plant dry biomass of target weeds (Convolvulus arvensis and Portulaca
oleracea) decreased by about 60% and 75%, respectively, when treated with sorgaab foliar
spray at 15, 30 and 45 DAS, while Trianthema portulacastrum remained unaffected [121].
Sorgaab reduced the weed thickness and dry weight by 32–62% and 47–75%, respec-
tively, compared to the control, in raya crop [102]. Cheema et al. [121] conducted a field
trial to observe the feasibility of sorghum allelopathy against the weed in traditional cot-
ton. Sorgaab sprays decreased the total weed density by 13–54% and biomass by 87%.
Cheema et al. [67] compared the concentration and frequency of sorgaab applications
with hand weeding and chemical herbicide for controlling weeds in flooded wheat in a
semi-arid district of Punjab. The dry weight and thickness of weeds were controlled by
using sorgaab up to 35–49% and 22–46%, respectively, corresponding an increase in grain
yield by 10–21%. Two foliar sprays of 10% sorgaab at 30 and 60 DAS were used to control
the weeds in wheat with maximum yield. Chemical weedicides and the hand weeding
technique were found to be wasteful for weed control because of higher costs in both cases.

Ahmad et al. [122] assessed the allelopathic potential of sorgaab as natural weed
control in maize. Spraying of sorgaab suppressed the total weed density by 34–57%
and horse purslane (Trianthema portulacastrum) density by 24–40%; the total dry weight
reduction ranged from 13 to 34%, and that of horse purslane from 12 to 34%. In an
independent study, Cheema et al. [21] used sorghum aqueous extracts as a foliar treatment
against some winter weeds in four wheat varieties. One (30 DAS) and two (30 and 60
DAS) foliar applications of SWE impacted negatively the thickness and biomass of many
weed species, such as Chenopodium album, Phalaris minor, Avena fatua, Convolvulus arvensis,
and Rumex dentatus. On the other hand, the growth and density of Melilotus parviflora
were improved. The obtained results showed that total biomass and weed thickness were
significantly decreased. The Parwaz-94 variety was the most receptive to the aqueous
sorghum extracts, showing the greatest increase in grain yield. The compound substances
discharged by the plant deposits left on the dirt surface act uniquely in contrast to those
released by the fused plant buildups.
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3.2. Use of Sorghum Residues/Mulches for Weed Suppression

Weed growth could be suppressed by growing sorghum crops because the sorghum
residues present on the soil surface release different allelochemicals which suppress the
weed germination and seedling development [96]. The chemical substances released by
the plant residues left on the soil surface respond differently than those released by plant
residues incorporated into the soil. In the former case, they might be concentrated on the
soil surface while, in the latter, the allelochemicals were diluted into the soil, following soil
incorporation. Since the intensity of the allelopathic effect depends on the concentration of
allelochemicals, their action is more intense on the soil surface under mulch [96]. On the
other hand, when the release of these products is slower, the effects can be noticed for a
more extended period. The higher the amount of plant material used for mulch, the greater
is the total amount of allelochemicals present in the mulch and released, leading to a higher
concentration of allelochemicals into the soil [123].

Allelopathic cover crops have been extensively used to inhibit weeds in organic
agriculture. In this context, sorghum crop mulch and crop residues could contribute
exceptionally to weed control [91]. Sorghum and sudan grass used as mulch resulted in
reductions of weed biomass by approximately 90% and 85%, respectively. These authors
concluded that the sorghum residues or mulches were allelopathic and could provide
excellent suppression of several annual weeds. In another study, it was revealed that wheat,
barley, oat, rye, sorghum and sudan grass mulch were very effective in the suppression of
several weed species [92]. Seedling growth and biomass of purslane and smooth crab grass
significantly decreased by 70% and 80%, respectively, following treatment with sorghum
mulch. The residues of sorghum and sudan grass completely inhibited smooth grass seed
development for 60 days, whereas wheat, oat, barley and rye residues likewise reduced
the aggregate weed biomass up to 75%, and also the early season weed development. In a
field trial, Cheema and Ahmad [72] demonstrated that the combination of whole sorghum
plants or different sorghum parts, separated or blended, generally suppressed the growth of
weeds, except for Melilotus parviflora, which was promoted. In situ integration of sorghum
roots reduced the dry weight of other weeds by 26 – 49%. The sorghum’s allelopathic effects
relied upon the phase of sorghum integration, the quantity of sorghum mass incorporated
into the soil and its developmental stage. These experiments showed that sorghum residues
could be adequately used to manage some of the weeds in wheat fields.

The sorghum residues incorporation into the soil as surface mulch at 0, 0.5, 1.0, 2.0 and
3.0% w/v, showed that the efficacy of sorghum allelochemicals was species-specific and
depended upon the source and concentration [99]. The sorghum stem residue considerably
restricted the seed germination of E. colona and radishes, but not that of rice. The crop
residues (maize, proso millet, safflower, grain sorghum and winter wheat) incorporation
into soil inhibited the seedling growth in goat grass (Aegilops triuncialis), and to a lesser
extent in winter wheat [124]. For instance, the residue of sorghum grain decreased seedling
development of goat grass by 78% and that of winter wheat by 50%. The sorghum stem
deposits impressively limited seed germination of E. colona and radishes, yet not that of rice.
The chopped residues of four crops (sunflower, sorghum, rice and wheat) was incorporated
in cotton fields at 5, 7.5 and 10 t ha−1 each [68]. Maximum reduction in weed population
(ca. 52%) was observed in plots where wheat residue was applied at 5.0 t ha−1. This was
followed by wheat (7.5 t ha−1), rice (7.5 t ha−1) and sorghum (10.0 t ha−1), with a reduction
in the weed population with respect to the controls of about 40%, in all cases. Regarding
dry weed biomass, the maximum reduction was observed in plots receiving sorghum crop
residues at 10.0 t ha−1, amounting to 45.3% less than in the control.

Narwal et al. [70] observed the following order of weed suppression: pearl millet
> maize > sorghum > cluster bean > cowpea. The residual suppression effect on weeds
even persisted in the next crop. The sorghum herbage (applied as surface mulch at 10
and 15 t ha−1) in mungbean fields showed a significant reduction in the dry weight of
Trianthema partulacastrum by 14 to 20% and 18 to 45%, respectively [32]; on the other hand,
the reduction in thickness and dry weight of other weeds (Cyperus rotundus, C. arvensis and
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P. oleracea) was in the range of 52–68% and 60–77%, respectively. Cheema and Khaliq [67]
studied the efficacy of allelochemicals of sorghum stalk integrated into the soil on rabi
weeds and wheat crop. Mature sorghum chopped herbage (2 to 6 Mg ha−1) caused the
reduction of weed dry weight by 20–41% and 42–56%, respectively, and an increase in
wheat grain yield by 6 to 17%. In another study, [32] conducted a field trial to check the
potential of sorghum allelochemicals to control the weeds in desi cotton, showing that
sorghum mulching (3.5, 7.0, 10.5 t ha−1) suppressed the cumulative density of weeds by
23–62%, whereas 52–70% and 54–64% reductions were noted by using chemical treatment
and hand weeding, respectively. The reduction in weed biomass under sorghum mulching
was up to 56%.

3.3. Effect of Sorghum in Crop Rotation

Inclusion of sorghum in a rotation can help to control weeds through secretion of allelo-
chemicals, which ultimately suppress the weeds. In a field trial in Nebraska, grain sorghum
reduced the weed density, biomass and seedling growth in soybeans or maize [125]. In
areas where sorghum has been included in the cropping system, weed infestation was
constantly lower after few years with arrangements of four lines of grain sorghum with
soybeans or maize [125]. Sorghum residues regularly delayed the growth of wheat crop;
however, they did not influence yields, most likely due to the degradation of the allelo-
chemicals in the soil over time [31]. No-till sorghum stover had little impact on stand
establishment, yet every row decreased the yields of wheat grains, potentially on the
grounds that allelochemicals drained gradually. In the rice-wheat crop rotation system,
grain sorghum was cultivated before the rice planting. It was observed that this rotation
with sorghum reduced the weed density in the succeeding rice crop with less herbicide
application [69]. Likewise, the winter weeds may be controlled due to wheat replacement
by oat and berseem clover (Trifolium alexandrinum L.).

3.4. Intercropping of Sorghum

Intercropping is a typical cultivation framework amongst livestock farmers of the
emerging world. The main aim behind mixing harvests or planting in an adjacent group-
ing is to amplify, utilize and lessen the danger of crop disappointment. Intercropping
maintains soil ripeness, reduces disintegration and may decrease insect harms. It has been
guaranteed that one purpose behind this is the destruction of weeds [126]. Intercropping
efficiency for weed control relies on the species consolidated, their relative extents and
plant geometry in the field [127]. The output of intercropping frameworks can be decreased
or improved, relying upon the inhibitory or stimulatory impacts of crops but ensuring
that the other resources, such as light, nutrients, water and space are not limited [128]. In
intercropping frameworks, the development and yield of segment crops increase because
of more prominent supplement retention or better weed control than in harvests, yet the
underlying mechanisms are not completely understood. Root exudates play a noteworthy
part in the efficiency of crop mixtures as they may enhance crop development and yield
of component crops through enhanced ion exchange, greater nutrient uptake and partial
weed control, compared with pure crops [129,130].

3.4.1. Allelochemicals Biosynthesis and Abiotic Stress Resistance

Plants as being sessile grow under natural environmental conditions where so many
factors are involved for their nurturing. Therefore, any deviation from their required
growth conditions at different growth stages exerts pressure [131]. Abiotic stresses are
environmental adversities that negatively influence the plant growth and cellular function-
ing [132]. Abiotic stresses are the major hurdles in sustainable agriculture development.
Currently, it is the main challenge for maintaining plant growth and crop productivity
under such stress scenario for sustainable agriculture. All these environmental factors
alone or in combination disrupt plant functions. Abiotic stresses are the chief cause of
deprived yield and crop failure of sorghum [133]. Drought is one of the main abiotic
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stresses that is increasing at a rapid rate. A plant experiences drought once during its
growth stage or throughout its life in certain regions. While living in the same biota, plants
compete within their species and with species of other plant communities for nutrients
and space. Allelochemicals are produced as tools for survival under these conditions.
Survival of sorghum is difficult due to decline in available water resources, and there
is a great need to adapt new strategies to grapple these stress factors. Plants produce
phenolic acids in response to stress that work as osmoprotectants and antioxidants to
scavenge oxidative stress [134]. Alteration in phenolic concentration is indispensable for
plant survival. The exogenous application of phenolic acids helps plants in coping with
harsh environmental conditions [135]. Moreover, phenolic acid is naturally a part of the
allelochemicals that plants produce in high concentration with fluctuating environmen-
tal conditions [136]. Currently, studies are being carried out to observe the beneficial
concentration of allelochemicals (phenolic acids) for the survival of plants and to protect
them from environmental adversities. The residues of sorghum crop were used to extract
water that resulted in inhibition of the germination and growth of the surrounding plants.
This reduction in growth was due to phenolic acids, which are the characteristic feature
of sorghum allelopathy [113]. Additionally, allelopathic sorghum was manipulated for
the suppression of weed growth in wheat. The allelopathic plant extract (sorgaab) from
sorghum was analyzed and it revealed higher concentrations of phenolic acids [137]. It
has been reported that these phenolic compounds are among the plant secondary metabo-
lites that are effective for abiotic stress tolerance in plants. Multifarious strategies can be
adopted to cope with abiotic stresses, but sorgaab extraction from sorghum leaves proved
to be efficient for minimizing the influence of adverse environmental factors [115].

3.4.2. Production of Allelochemicals in Response to Abiotic Stresses

Allelochemicals have the potential to suppress the growth of weeds by disrupting
water relations of plants in the root cell membrane. Additionally, they also result in
biochemical changes for the alleviation of oxidative stress after their exposure to abiotic
stresses [138]. Regardless of their benefits to cope with abiotic stresses, allelochemicals
have not been given proper attention to explore their benefits to cope with environmental
stresses [139]. Previous studies have explored potential groups of allelochemicals that
confer stress tolerance. These studies assisted in bridging the gap of the positive role
of allelochemicals that can exploited for stress resistance in sorghum [140]. However,
the concentration of allelochemicals generally varies, as they are produced differentially
during different growth stages, likewise the sensitivity of the plant against abiotic stresses
also varies [141]. Allelochemicals that are produced in high concentrations in response to
abiotic stresses include terpenoids and phenolic acids [142]. The synthesis of sorgoleone,
dhurrin, and kinetin occurs in root, stem and leaves of sorghum and work as a first line
of defense to alleviate abiotic stresses [143,144]. Higher accumulation of phenolic acids
is positively correlated for abiotic stress tolerance of sorghum [137,145]. Allelochemicals
are known to alleviate abiotic stresses. Numerous stress conditions alter the levels and
synthesis of allelochemicals [146]. Fluctuations in temperature, decreased availability of
water, and nutrient stress are the main environmental factors influencing the allelopathy.
Additionally, herbicidal applications and heavy metals are also reported for differential
regulation of allelochemicals [147]. Meanwhile, climatic factors also influence the synthesis
of allelochemicals. It was reported that root growth of sorghum was influenced due to
fluctuation in temperature, as optimum root growth goes along with sorgoleone production.
The increase in temperature causes heat stress conditions that ultimately suppress the
sorgoleone production in sorghum. The plants growing near the sorghum exert competition
stresses that intensify the influence of abiotic stresses, resulting in decreased sorgoleone
production [10].
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3.4.3. Stress Signaling by Allelochemicals in Sorghum

Abiotic stresses influence the transcriptional regulation of the allelochemicals. Sorghum
growing under natural growth conditions is directly influenced by environmental stresses.
Plants sense stress conditions and send signals to activate various molecular mechanisms
in cells that resultantly cause physio-biochemical changes in plants to adapt to changed en-
vironmental conditions [148]. Plants even have the potential to send signals to neighboring
plants with excessive production of allelochemicals under certain conditions [149]. Plants
respond to stress signals by perceiving external harsh conditions and transmit between
plant cells. The release of various type of allelochemicals such as soluble chemicals or
volatile organic compounds helps in the regulation of soil microbes that confers a beneficial
role by changing physio-chemical properties of the surroundings in the soil, which assist in
inhibiting the growth of the competitor plants. As plants send signals to the neighboring
plants, likewise, they also perceive beneficial signals from neighbors, which includes plant
volatiles [150]. Abiotic stress signals in plants are perceived by increased levels of abscisic
acid (ABA), calcium, and reactive oxygen species (ROS) that are commonly involved for
some other pathways as well. Thereby, the response of allelopathic chemicals toward
environmental pressure is likely to be related to elevated levels of ABA, calcium or ROS in
plants [151].

Sorghum perceives environmental stresses and transmits a signal to the nucleus
through complex cellular signaling networks that involves secondary messengers, i.e.,
calcium-associated proteins, reactive oxygen intermediates (ROIs), and mitogen-activated
protein kinase (MAPK) cascades. The signaling network activates several transcriptional
pathways that results in regulation of stress related genes resulting in physio-biochemical
changes to protect the cellular membrane of plants [151,152].

Allelochemicals modify the mitogen-activated protein kinases (MAPK), which is
the main enzyme for ethylene production [153]. The synthesis of allelochemicals occurs
with the intervention of antioxidant enzymes that further assist in scavenging oxidative
stress [154]. Moreover, these allelochemicals can trigger the gene expression pattern of
root meristematic tissues that eventually assist root growth functions under stressful
environments [83]. The literature shows great work has been done to understand the
abiotic response of sorghum at molecular levels, but less work has been done to reveal the
molecular basis of allelochemicals for conferring stress tolerance in sorghum.

3.4.4. Genetic Factors Responsible for Sorgoleone Production

Natural products from plants offer a broad array of molecules with great diversity
in their structure, biological activity and toxicologically, that can be used for managing
weeds. The sorgoleone has been studied thoroughly [154–156]. Firstly, it was discovered
during studying secondary metabolites that influenced the germination of witchweed [155].
It was noticed that allelochemicals can be absorbed by growing seedlings via hypocotyl
and cotyledon, resulting in hindering the photosynthesis process. The sorgoleone sustain
in soil for longer period than herbicides. Currently, studies are being done to identify
the QTLs to enhance the production of sorgoleone in sorghum. Numerous studies have
explored the biosynthetic pathway involved to produce sorgoleone [156]. Identification of
genes controlling the production of allelochemicals would help in improving our knowl-
edge regarding their synthesis pathways, release mechanisms into the soil rhizosphere,
and corresponding phytotoxicity against different weeds. Genetic mechanisms respon-
sible for the allelopathic effect of sorghum as a biological weed control are a new chal-
lenge, and fewer studies have focused on genetic factors. Recently, one of the studies by
Shehzad et al. [157] highlighted that sorgoleone is not only a phenolic compound that
contains allelochemical characteristics, but it also synthesizes other chemicals for the inhi-
bition of the growth of neighboring plants. The SOR1 gene is responsible for sorgoleone
production; it was reported that its higher transcript levels were observed from different
root, stem and leaves of sorghum [43]. It was further confirmed from another study that
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showed that the higher expression of SOR1 resulted in weed suppression, and additionally
the intercropping of sorghum and wheat exhibited no deleterious effect on cotton [82].

4. Conclusions and Future Perspectives

The study of the regulation of sorgoleone production by sorghum root hairs can
increase the possibilities of employing sorghum as mulch or cover crop for effective man-
agement of germinating weed seedlings. The effect of sorgoleone resembles pre-emergent
soil herbicides such as pendimethalin. Several researchers have proposed using a system-
atic approach employing candidate crops with better secondary metabolite profiles, and
different agronomic techniques for better weed management under field settings. The
phytotoxicity of sorghum and allelopathic interference has been elaborated under labora-
tory, greenhouse and in field trials. The present review also highlights the allelochemicals
production under abiotic stresses, stress signaling by allelochemicals, and genetic factors
responsible for sorgoleone production in sorghum. Different multidisciplinary approaches
that incorporate sorghum crops for strategic weed control might be an alternative with
great potential, using secondary metabolites that can also serve as lead compounds for
herbicide discovery programs. These approaches should ideally have to be focused on
weed control by employing agro-ecological and agronomic practices for better suppressing
weeds at pre- and post-emergence stages, representing an alternative to genetically modi-
fied crops, which are considered by many (at least in the EU) as possibly harmful to the
ecosystem and environment.
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Abstract: Salinity stress is one of the major environmental constraints responsible for a reduction
in agricultural productivity. This study investigated the effect of exogenously applied nitric oxide
(NO) (50 μM and 100 μM) in protecting wheat plants from NaCl-induced oxidative damage by
modulating protective mechanisms, including osmolyte accumulation and the antioxidant system.
Exogenously sourced NO proved effective in ameliorating the deleterious effects of salinity on the
growth parameters studied. NO was beneficial in improving the photosynthetic efficiency, stomatal
conductance, and chlorophyll content in normal and NaCl-treated wheat plants. Moreover, NO-
treated plants maintained a greater accumulation of proline and soluble sugars, leading to higher
relative water content maintenance. Exogenous-sourced NO at both concentrations up-regulated the
antioxidant system for averting the NaCl-mediated oxidative damage on membranes. The activity
of antioxidant enzymes increased the protection of membrane structural and functional integrity
and photosynthetic efficiency. NO application imparted a marked effect on uptake of key mineral
elements such as nitrogen (N), potassium (K), and calcium (Ca) with a concomitant reduction in
the deleterious ions such as Na+. Greater K and reduced Na uptake in NO-treated plants lead to a
considerable decline in the Na/K ratio. Enhancing of salt tolerance by NO was concomitant with
an obvious down-regulation in the relative expression of SOS1, NHX1, AQP, and OSM-34, while
D2-protein was up-regulated.

Keywords: nitric oxide; salinity stress; antioxidant system; osmolytes; photosystem II; Na+/H+

antiporters; Triticum aestivum L.
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1. Introduction

Being sessile, plants are frequently confronted with various environmental stresses,
resulting in considerable alternation in metabolism, which leads to a serious threat within
the yield and crop production [1,2]. Among the key stress factors, salinity seriously affects
the growth and development of plants [3–5]. Nowadays, at global levels, the problem of
salinity, particularly in the arid and semiarid regions, is increasing, and the problem has
been intensified due to the continuous usage of salt-rich water for irrigation purposes [6,7].
Such agricultural malpractices have to lead to the continuous addition of excess toxic salts
to soil, rendering the productive lands a saline wasteland. It has been estimated that 5–7%
of the global land and approximately 20% of irrigated land areas are affected by high
salinity [8–10]. Salinity stress proved to be detrimental to the growth and development of
existing crops through induction of aberrations in physiological and biochemical processes,
including chlorophyll synthesis, photosynthesis, respiration, and ion homeostasis [11–13].
Moreover, salinity stress negatively affects the metabolism, particularly the nitrogen or
carbon assimilatory pathway, which in turn reflects reduced growth and yield [14–16].

It has been reported that the availability of excess toxic salts at the subcellular level
triggers the excessive generation of reactive oxygen species (ROS), resulting in the induction
of oxidative stress [1,17,18]. These ROS include radicals such as superoxide, hydrogen
peroxide, hydroxyl, and peroxide, which are injurious to plant metabolism and growth at
higher concentrations [19–21]. The accumulation of ROS in plant tissue can result in the
oxidation of lipids [22,23], proteins [20,24], nucleic acids [25,26], and chlorophyll [27,28],
thereby disturbing the structural and functional integrity of cells. To avoid the deleterious
impact of accumulated ROS and also prevent their further generation, several defensive
mechanisms are being evolved to improve cellular functioning [29,30].

These mechanisms include the selective absorption of mineral ions for osmotic ad-
justment and up-regulation of antioxidant and osmoprotective agents accumulated in the
cytoplasm and organelles [11,31]. Additionally, osmolytes such as proline, glycine betaine,
and sugars accumulate to maintain cellular functioning by making the cells osmotically
stable. This takes place through the maintenance of the cell water content and assists in
scavenging ROS, hence maintaining the enzyme structure and functioning [32,33]. Fur-
thermore, the antioxidant defense system contributes to the neutralization of toxic ROS for
preventing oxidative damage effects [19,34].

Nitric oxide (NO) is an essential radical molecule implicated in several physiological
and biochemical functions of plants [13,35]. NO is involved in growth and development,
as well as in defense responses to a variety of abiotic stresses, including salinity [36,37].
Working with different plant species, researchers have considered NO as an endoge-
nous signaling molecule implicated in the regulation and coordination of the signaling
network [38,39]. NO is the leading molecule for several physiological and adaptive bio-
chemical changes [40]. The resultant effects, whether beneficial or deleterious, have been
shown depending on the concentration and the site of production [41,42].

Wheat (Triticum aestivum L.) is one of the most important and strategic cereal crops in
temperate zones. It is one of the preferred meals that are being used by approximately 36%
of the whole population. Worldwide, wheat supplies almost 55% of the carbohydrates and
20% of the food calories consumed globally [43]. During the last 20 centuries, the demand
for wheat has doubled due to urbanization and industrialization century. Salinity stress
directly affects wheat phenological aspects, root growth rate, root/shoot ratio, and total dry
matter yield [44]. Therefore, exogenous application of NO can improve salinity tolerance by
maintaining the antioxidant and osmolyte metabolism for better growth and yield in salt-
exposed seedlings. With this hypothesis, the present investigation was aimed to analyze
the possible involvement of exogenous NO in the regulation of growth of wheat through
the regulation of physiological, biochemical, and molecular attributes under salt stress.
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2. Results

2.1. Growth Parameters

Results depicting the influence of NaCl stress and NO application on growth param-
eters such as length and fresh and dry biomass in wheat are shown in (Table 1). Wheat
seedlings treated with 100 mM of NaCl showed a significant decline in shoot height and
fresh and dry weight, which was, however, mitigated by exogenous application of NO.
Relative to control, the observed decline in length and fresh and dry weight of wheat was
36.70%, 38.88% and 41.13% due to 100 mM NaCl. NO application at 50 μM caused an
enhancement of 14.25%, 4.82% and 12.98% in length and fresh and dry weight, respectively,
while 100 μM NO caused a maximum increase of 22.52%, 24.63% and 40.70% over the
control. Application of NO (50 and 100 μM) mitigated the effect of NaCl by 12.26% and
21.59% in shoot length, 16.30% and 32.29% in fresh weight, and 25.09% and 35.89% in dry
weight over the NaCl-stressed plants (Table 1).

Table 1. Effect of salinity stress (100 mM NaCl) on shoot length (cm) and shoot fresh and dry weight
(g) in wheat (Triticum aestivum L.) with and without exogenous application of NO. Data presented
are mean (±SE) of three replicates and different letters denote significant difference at p ≤ 0.05.

Shoot Length (cm) Shoot Fresh Weight (gm) Shoot Dry Weight (gm)

Control 22.26 ± 1.006c 4.573 ± 0.417c 1.206 ± 0.103bc
NaCl (100 mM) 14.09 ± 0.899e 2.725 ± 0.453f 0.7071 ± 0.012e
NO 50 μM 25.96 ± 2.65b 4.805 ± 0.116b 1.386 ± 0.055b
NO 100 μM 28.73 ± 1.08a 6.068 ± 0.073a 2.034 ± 0.06a
NaCl + NO 50 μM 16.06 ± 0.125d 3.256 ± 0.169e 0.944 ± 0.05d
NaCl + NO 100 μM 17.97 ± 0.047d 4.025 ± 0.18d 1.103 ± 0.1c

2.2. No Protects Chlorophyll and Photosynthetic Attributes in Salt-Stressed Wheat Plants

Salinity stress resulted in a considerable decline in the synthesis of chlorophyll a
(Chl a), chlorophyll b (Chl b), carotenoid, and total pigments reflecting in decreased
photosynthetic rate and stomatal conductance (Figure 1A–F). Relative to control, NaCl
treatment reduced the Chl ‘a’ by 31.1%, Chl ‘b’ by 32%, carotenoids by 26.56%, and total
pigments by 38.7%. Application of NO at both concentrations improved the chlorophyll
synthesis significantly over the control and also ameliorated the negative effects of salinity
by 3.62%, 4.07%, 7.23% and 13.33% with 50 μM NO and by 5.42%, 15.2%, 13.23% and
28.1% with 100 μM NO over the NaCl-treated counterparts. At 100 μM, application of
NO (100 mM NaCl + 100 μM NO) ameliorated the negative effect of NaCl on stomatal
conductance and photosynthetic efficiency by 28.39% and 36.51%, respectively, over the
NaCl-treated plants (Figure 1E,F).

2.3. No Maintains Leaf RWC by Improving the Proline and Sugar Content

Results showing the effect of NaCl and NO on the synthesis of proline, sugars, and
RWC are depicted in (Figure 2A–C). NO application improved the proline and soluble
sugar accumulation in both normal and NaCl-stressed wheat plants conditions, reflecting
in increased RWC in them over the controls. RWC was declined in NaCl-stressed plants
by 24.12% over control. However, an enhancement of 2.26% and 5.99% was observed
with 50 μM and 100 μM NO, respectively. Application of NO to NaCl-stressed plants
mitigated the negative effects on RWC by 3.25% at NaCl + 50 μM NO and by 8.27% at
NaCl + 100 μM NO over the NaCl (100 mM)-stressed plants. NO-treated plants (100 mM
NaCl + 100 μM NO) exhibited maximal accumulation of proline and soluble sugars with an
increase of 36.78% and 52.66% over the control plants, resulting in maximal amelioration of
salinity-induced decline in RWC (Figure 2A–C).
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Figure 1. Effect of salinity stress (100 mM NaCl) on (A) chlorophyll a, (B) chlorophyll b, (C) total
chlorophyll, (D) carotenoids, (E) photosynthetic rate, and (F) stomatal conductance in wheat (Triticum
aestivum L.) with and without exogenous application of NO (50 and 100 μM). Data presented are
mean (±SE) of three replicates, and bars with different letters denote significant difference at p ≤ 0.05.

2.4. No Application Reduces Oxidative Damage by Preventing Lipid Peroxidation, Hydrogen
Peroxide, and Improving Membrane Stability Index

Exogenous application of NO prevented the oxidative stress by reducing the formation
of hydrogen peroxide (H2O2), and hence the lipid peroxidation resulting in an increased
membrane stability index (Figure 3A–C). NaCl stress triggered the generation of H2O2 by
52.97% over control, causing an increase of 34.97% in lipid peroxidation and subsequently
a decline of 27.27% in the membrane stability index in them. Exogenous application of
NO at 50 and 100 μM proved significant in declining the NaCl-mediated generation of
H2O2 and hence preventing lipid peroxidation and protecting membrane stability. Maximal
protection to wheat seedlings was exhibited by seedlings treated with 100 μM NO, reducing
the generation of H2O2 and lipid peroxidation by 21.35% and 17.24% over the control, and
at 100 mM NaCl + 100 μM NO, H2O2 and lipid peroxidation was ameliorated by 21.14%
and 17.19% over the NaCl-stressed plants. The naCl-mediated decline in the membrane
stability index was assuaged by 4.2% and 7.62% in 50 μM and 100 μM NO-supplemented
seedlings, respectively (Figure 3A–C).
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Figure 2. Effect of salinity stress (100 mM NaCl) on (A) RWC, (B) proline, and (C) soluble sugar
content in wheat (Triticum aestivum L.) with and without exogenous application of NO (50 μM and
100 μM). Data presented are mean (±SE) of three replicates, and bars with different letters denote
significant difference at p ≤ 0.05.
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Figure 3. Effect of salinity stress (100 mM NaCl) on (A) hydrogen peroxide, (B) lipid peroxidation
(MDA), and (C) membrane stability index (MSI) in wheat (Triticum aestivum L.) with and without
exogenous application of NO (50 and 100 μM). Data presented are mean (±SE) of three replicates,
and bars with different letters denote significant difference at p ≤ 0.05.

2.5. Exogenous NO Up-Regulates Antioxidant System in Salinity-Stressed Wheat

In both normal and NaCl-exposed wheat seedlings, the activities of the antioxidant
enzymes and the contents of non-enzymatic antioxidants studied (glutathione (GSH) and
ascorbic acid (ASA)) were observed to increase with the application of NO, and obvious
effects were observed with 100 μM NO (Figure 4A–F). Increase in the activities due to
100 mM NaCl was 34.86% in superoxide dismutase (SOD), 26.17% in catalase (CAT), 35.67%
ascorbate peroxidase (APX), and 30.3% in glutathione reductase (GR) activity over the
control plants. GSH increased by 28.04%, while ASA content decreased by 15.29% due to
NaCl treatment. Application of NO increased the activity of SOD, CAT, APX, and GR by
5.54%, 8.83%, 22.22% and 7.45% at 50 μM and by 13.41%, 18.96%, 33.33% and 25.96% at
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100 μM over the control plants. Relative to the NaCl-treated seedlings, NaCl + NO-treated
ones showed a further increase in the activity of SOD, CAT, APX, and GR, with the increase
being more obvious in 100 mM NaCl + 100 μM NO-treated plants showing a percentage
increase of 8.27% for SOD, 13.39% for CAT, 5.44% for APX, and 20.9% for GR. ASA was
increased by 7.77% and 17.2% by application of 50 μM and 100 μM NO, respectively, and
amelioration of 5.88% and 13.6% in ASA content was observed when applied to NaCl-
stressed plants. Accumulation of GSH was enhanced maximally in NO-supplemented
plants with a percent increase of 29.44% and 33.33% with NaCl + 50 μM NO and NaCl +
100 μM NO, respectively, over the control (Figure 4A–F).

Figure 4. Effect of salinity stress (100 mM NaCl) on activity of (A) superoxide dismutase, (B) catalase,
(C) ascorbate peroxidase, (D) glutathione reductase, and (E) ascorbic acid and (F) reduced glutathione
content (Triticum aestivum L.) with and without exogenous application of NO (50 μM and 100 μM).
Data presented are mean (±SE) of three replicates, and bars with different letters denote significant
difference at p ≤ 0.05.
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2.6. No Improves Uptake of N, K, and Ca under Salinity Stress

Mineral elements were estimated to assess the salt tolerance mediated by exogenous-
applied NO. NaCl treatment declined the uptake of nitrogen (N), potassium (K), and
calcium (Ca) while increased the accumulation of sodium both in the leaf as well as root
(Table 2). Relative to control, N, K, and Ca were observed to decrease by 27.31%, 45.07%
and 40.7% in leaf and 25.2%, 32.5% and 34.62% in root tissues, respectively. In leaf tissues,
application of NO increased N, K, and Ca by 8.34%, 10.92% and 7.75% at 50 μM and by
19.04%, 25.33% and 28.63% at 100 μM concentrations, respectively. Such a positive influence
of NO was also observed when applied to NaCl-treated plants, resulting in significant
amelioration of decline in their uptake. Relative to salinity-stressed plants, uptake of N, K,
and Ca increased by 23.2%, 33.76% and 32.2%, respectively, with NaCl + 100 μM reflecting
in the mitigation of ill effects of salinity stress. In NaCl-treated plants, sodium accumulation
increased by 54.06% and 43.58% in leaf and root over the control plants. However, a decline
of 7.35% and 31.25% was observed in NO-treated plants at 50 μM and 100 μM, respectively,
in leaf tissues, and a similar trend was maintained in root tissues. Application of NO to
NaCl-treated plants limited the uptake of Na by 14.35% and 31.12% at NaCl + 50 μM and
NaCl + 100 μM, respectively (Table 2).

Table 2. Effect of salinity stress (100 mM NaCl) on nitrogen, potassium calcium, sodium, and Na/K ratio in wheat (Triticum
aestivum L.) with and without exogenous application of NO. Data presented are mean (±SE) of three replicates, and different
letters denote significant difference at p ≤ 0.05.

N
(mg g−1)

Na
(mg g−1)

K
(mg g−1)

Ca
(mg g−1)

Na/K
%

Leaf Root Leaf Root Leaf Root Leaf Root Leaf Root

Control 35.37 ± 1.05c 17.46 ± 1.02c 7.072 ± 0.51d 9.98 ± 0.87d 45.64 ± 0.74c 26.55 ± 1.44c 6.78 ± 0.502c 4.91 ± 0.54c 0.154 0.375
NaCl (100 mM) 25.71 ± 1.05f 13.06 ± 0.96d 15.39 ± 1.15a 17.69 ± 0.6a 25.07 ± 0.27f 17.92 ± 0.89f 4.02 ± 0.327ef 3.21 ± 0.29ef 0.613 0.987
NO 50 μM 38.59 ± 0.61b 19.3 ± 1.12b 6.55 ± 0.37d 7.66 ± 0.42e 51.24 ± 1.22b 30.02 ± 1.04b 7.35 ± 0.168b 5.56 ± 0.38b 0.127 0.255
NO 100 μM 43.69 ± 1.13a 25.31 ± 0.97a 4.86 ± 0.08e 5.51 ± 0.55f 61.13 ± 1.12a 34.75 ± 1.03a 9.5 ± 0.465a 6.93 ± 0.14a 0.079 0.158
NaCl + NO 50 μM 27.95 ± 0.11e 14.92 ± 0.97d 13.18 ± 0.61b 15.29 ± 1.01b 31.41 ± 0.6e 19.43 ± 0.65e 4.58 ± 0.302e 3.6 ± 0.51e 0.419 0.786
NaCl + NO 100 μM 33.48 ± 0.44cd 16.68 ± 1.08c 10.6 ± 0.53c 12.71 ± 0.54c 37.85 ± 0.9d 24.25 ± 0.58cd 5.93 ± 0.153d 4.56 ± 0.4cd 0.28 0.524

2.7. NO Regulates the Expression of SOS1, NHX1, AQP, OSM-34, and D2-Protein

To further explore the protective effect of exogenous NO on the wheat plants under
saline conditions, the relative gene expression of SOS1, NHX1, AQP, OSM-34, and D2
proteins was investigated by real-time (RT)-qPCR (Figure 5). Plants subjected to salt stress
(100 mM NaCl) dramatically exhibited an obvious and significant (p ≤ 0.05) increase in
the relative expression of SOS1, NHX1, AQP, and OSM-34 compared to the non-saline
conditions (control). However, an opposite and significant trend was observed with respect
to D2-protein.

On the other hand, under salt-stress conditions, NO-treated plants (50 or 100 μM)
showed a significant decrease in the relative gene expression of SOS1, NHX1, AQP, and
OSM-34 compared to the salt-affected NO-untreated plants (100 mM NaCl), while the
relative gene expression of D2-protein revealed an obvious and significant improvement
with the treatments of NO at 50 or 100 μM compared to the NO-untreated plants under
saline conditions. In this context, the treatment of 100 μM NO was more potent than the
other treatment of 50 μM.
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Figure 5. Effect of salinity stress (100 mM NaCl) on relative gene expression of (A) SOS1, (B) NHX1,
(C) Aquaporin, (D) OSM-34, and (E) D2 protein (Triticum aestivum L.) with and without exogenous
application of NO (50 μM and 100 μM). Data presented are mean (±SE) of three replicates, and bars
with different letters denote significant difference at p ≤ 0.05.

3. Discussion

Increased salinity levels in soils due to agricultural malpractices have led to the failure
of net agricultural productivity and crop survival [45]. Salinity stress has resulted in a
considerable decline in crop yields such as soybean [46] and tomato [47]. Hence, the
need for the prevention of crop losses to meet the demands of ever-increasing human
populations [48]. Accordingly, research investigations are needed to provide some better
alternatives for improving the protection mechanisms against stress to enhance the yield.
In this connection, we analyzed the efficiency of exogenously supplied NO in enhancing
growth through its involvement in the regulation of key physiological and biochemical
attributes. Increased salinity concentrations in soil solution potentially reduce the morpho-
logical parameters by restricting the cell division, leading to declined cellular elongation
and growth [49]. NO has the potential to ameliorate such adverse effects and enhance the
stress resilience of plants, which can be ascribed to the key role in stress mitigation [50,51].
Growth parameters showed an increase with increasing concentration of NO from 50 μM
to 100 μM and also ameliorated the decline triggered by salinity (100 mM NaCl) to a con-
siderable extent (Table 1). Our results are in corroboration with Fatma and Khan (2014) [41]
for mustard, Ahmad et al. (2016) [52] for chickpea, and Fan et al. (2013) [53] for cucumber.
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The ameliorative impact of exogenous NO on the growth parameters is believed to be due
to its cumulative effect on the uptake and accumulation of key mineral nutrients [54]. In
the present study, exogenous application of NO prevented excess accumulation of Na in
upper plant parts, preventing the intensity of NaCl-mediated generation of oxidative stress
in wheat plants (Table 2). Exogenously sourced NO triggers the vacuolar H+-ATPase and
increased Na+/H+ antiport activity, thereby reflecting inefficient compartmentalization of
Na+ [55].

Similar to our observation, the positive implication of NO in improving the K+, Ca2+,
and Mg2+ content and preventing salinity-triggered decline has been demonstrated in
Gossypium hirsutum [56]. Exogenously sourced NO increased uptake of N, K, and Ca, reach-
ing maximal values with 100 μM NO under normal conditions and also maintaining its
salinity stress amelioration potential. Earlier, it has been demonstrated that NO improves
the uptake of N, P, and K in wheat seedlings subjected to cadmium stress [57], reflecting
improved photosynthesis. Exogenously applied NO may have led to the maintenance
of cytosolic Na concentrations by improving the expression of Na+ transporters and H+

pumps [58]. In addition, NO application potentiates the Ca-mediated stress amelioration
by improving its uptake and partitioning to cellular compartments, and in the present
investigation, NO proved beneficial in improving the Ca and K uptake, causing a signif-
icant reduction in Na/K ratio [59,60]. Lowering the Na/K ratio strengthens the cellular
metabolism and protects enzyme activity, synthesis of metabolites, and yields performance
of crop plants [19,61]. Exogenous NO application restricted the uptake of deleterious
sodium ions, resulting in a significant decrease in the Na/K ratio by way of increasing
mineral uptake. In the present study, NO-mediated reduction in Na/K ratio contributes to
reduced susceptibility of wheat plants by mediating the exclusion of the deleterious ions
for the maintenance of the cellular osmotic potential [37,60]. NO application was advanta-
geous in improving the chlorophyll and carotenoid pigments at both the concentrations
and imparted a positive impact on the photosynthetic efficiency and stomatal conductance.
Earlier reports detect the reduction in chlorophyll contents in NaCl-stressed plants [62,63].
Enhancement of photosynthetic capacity following NO treatment was observed in salt-
stressed wheat plants by assisting in the synthesis of other pigments protecting components
such as cysteine and reduced glutathione that protect the chlorophyll breakdown as well
as up-regulation of the activity of enzymes involved in chlorophyll biosynthesis [64,65].
The optimal presence of NO modulates photosynthetic functioning by improving CO2
assimilation, photosynthetic rate, and chlorophyll fluorescence characteristic under normal
and stressful conditions [66].

Similar to our finding, exposure to salinity stress triggers the accumulation of os-
molytes for better protection of cellular functioning [19,67]. Moreover, NO application
leads to the maintenance of relative water content by improving the accumulation of pro-
line and soluble sugars to maintain the water potential below the external solution [68].
Overall physiologically, these osmoprotectants reduce cellular osmotic potential [69], and a
reduction in the hydraulic conductivity of the membranes occurs, possibly by decreasing
the number of water channels (aquaporins) [70]. NO application may have improved the
expression of proteins involved in the biosynthesis of osmolytes, mainly proline, and be
associated with a decrease in its catabolizing enzymes [71].

Salinity treatment was observed to increase the generation of free radical H2O2,
causing more significant damage to membrane lipids and loss of membrane stability
index [72]. For preventing the oxidative damage that is triggered by ROS, plants intensify
the ROS-scavenging mechanisms [73]. In the present study, 100 mM NaCl stress raised the
hydrogen peroxide and lipid peroxidation level, and NO supplementation in salt-stressed
plants maintained higher activity of an antioxidant system (SOD, CAT, APX, and GR)
than untreated plants. These results were in accordance with Elkahoui et al. (2005) [74]
in Catharanthus roseus, Hernandez et al. (2010) [75] in Brassica oleracea, and Carrasco-Ríos
and Pinto (2014) [76] in Zea mays. Earlier evidence from Lamattina et al. (2003) and
Corpas and Barroso (2015) [77,78] showed that NO mediated better growth and significant
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amelioration of the oxidative damage due to increased stabilization of macromolecules
such as lipids, proteins, and nucleic acids. Moreover, exogenously supplied NO controlled
the production of antioxidants and accumulation of ROS and directly interacted with lipid
alkoxyl and peroxyl radicals, leading to preventing the propagation of radical-mediated
lipid oxidation [79]. NO-treated plants significantly up-regulated the antioxidant system in
imparted quick elimination of excess accumulated free radicals, resulting in the stability of
structural and functional aspects of cellular membranes [52,76]. Greater activity of SOD,
CAT, APX, and GR has been correlated with improved stress tolerance, and NO-mediated
enhancement in their activities will lead to a further reduction in the intensity of oxidative
stress [54].

Under saline conditions, achieving ion homeostasis and conserving water status and
photosynthesis are the most important challenges for plant growth and development.
Therefore, different plant species develop a wide array of defensive mechanisms that can
protect them from the destructive effect of salt stress. In the current study, activation of
the signaling pathways of the plasma membrane (SOS1) and vacuolar (NHX1) Na+/H+

antiporters were observed by increasing the relative gene expression of the salt-stressed
plants compared to the unstressed ones (Figure 5). These two proteins have been found to
be responsible for excluding Na+ ions from the cytosol to outside plasma membrane or
inside vacuole, respectively. These responses enable plants to survive under salt stress by
avoiding Na+ toxicity on different plant metabolisms and maintain ion homeostasis in the
cytoplasmic matrix [80]. Aquaporins (AQPs) are well-known membrane channel proteins
that are responsible for water, metal ions, gasses, and small neutral solutes transport during
biotic and abiotic stresses [81]. Similarly, osmotin (OSM-34) is a cysteine-rich protein
synthesized in vacuoles to function as an osmoregulator under low water potential [82].
It can also control the oxidative damage induced by ROS, specifically H2O2, and isolate
Na+ in the vacuoles during salt stress [83]. Furthermore, overexpression of OSM-34 has
been found to reduce lipid peroxidation and increase the proline content under different
stresses [83]. In this study, the overexpression of aquaporin and OSM-34 in the salt-affected
plants reveals the importance of both proteins in the regulation of osmotic potential and
keeping plant–water relations under saline conditions. Conversely, exposing plants to salt
stress led to diminishing the relative expression of D2-protein, which is considered one of
the core proteins in the photosystem II center reaction. This protein is vulnerable to the
oxidative damage and photoinhibition process during stress conditions [84].

Applied NO has been found to counteract the detrimental effects of osmotic stressors,
i.e., drought [13] and salinity [85,86]. These effects may be due to enhancing the antioxidant
capacity, osmotic potential, nutrient homeostasis, and gas exchange [13,86]. In the present
investigation, exogenous NO, particularly at 100 μM, led to a significant downregulation
in the relative expression of SOS1, NHX1, AQP, and OSM-34 of the salt-affected plants
compared to the salt-stressed NO-untreated plants, while an obvious improvement in the
expression of D2- protein was observed by the treatments of NO (50 μM and 100 μM) in the
salt-stressed plants compared to the NO-untreated plants. These responses may imply that
applied NO can preserve photosynthesis, osmotic potential and minimize Na+ toxicity in
the salt-stressed plants, as there is no need to activate the ionic homeostasis (SOS1/NHX1)
or osmotic (AQP/OSM-34)-related proteins with enhancing the photosynthetic efficiency
(D2-protein) of the NO-treated plants under salt stress conditions.

4. Materials and Methods

4.1. Experimental Design and Treatment

Seeds of Triticum aestivum L. were surface-sterilized using 0.5% sodium hypochlorite
for 3 min and were repeatedly washed with distilled water and sown in earthen pots
having a diameter of 27 cm filled with peat, compost, and sand (4:1:1). At the time of
sowing, pots were supplied with 250 mL of full-strength Hoagland’s solution [87]. After
seedling growth for 10 days, pots were divided into two groups, and one set was supplied
with modified Hoagland’s solution containing 100 mM NaCl, and another set was given
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normal Hoagland’s solution every alternate day. NO (in the form of sodium nitroprusside
as NO donor) at the concentration of 50 μM and 100 μM (10 mL per pot) was applied
foliarly to both normal and NaCl-treated sets, and the control was supplied with an equal
amount of distilled water and was also maintained. Seedlings were allowed to grow for
another 20 days. After 1 month, plants were analyzed for different parameters such as
chlorophyll pigments, photosynthetic functioning, oxidative damage attributes, osmolytes,
and antioxidant system. The pot was laid in a complete randomized block design with
five replications.

4.2. Estimation of Photosynthetic Pigments and Measurement of Stomatal Conductance and
Photosynthetic Efficiency

Photosynthetic pigments were quantified in fresh leaves after extracting in dimethyl
sulfoxide (DMSO), and the optical density of the supernatant was measured by spectropho-
tometer at 480, 510, 645, 663 nm against DMSO [88]. Photosynthetic efficiency and stomatal
conductance were measured in upper fully expanded leaves at 13:00 by using the infrared
gas analyzer (CID-340, Photosynthesis System, Bio-Science, Pullman, WA USA).

4.3. Determination of Leaf Water Content, Proline, and Soluble Sugars

Relative water content (RWC) was determined by punching leaf discs from fresh
treated and normal plants, and their fresh weights were determined. After that, the same
leaf discs were kept in Petri dishes containing distilled water for 1 h to gain turgidity. After
recording turgid weight, the leaf discs were oven-dried at 80 ◦C for 24 h to record the dry
weight [89]. Calculations were completed using the following formula:

RWC (%) = Fresh weight − Dry weight/Turgid weight − dry weight × 100 (1)

For proline, 0.5 g of leaf sample was extracted in 3% (w/v) sulphosalicylic acid and was
subjected to centrifugation at 3000× g for 20 min. A total of 2 mL of the supernatant was
reacted with 2 mL of glacial acetic acid and 2 mL of ninhydrin reagent at boiling temperature
for 1 h. Subsequently, the samples were kept on an ice bath, and the content of proline was
separated using toluene, and absorbance was read spectrophotometrically at 520 nm [90].
Using the data obtained from the standard curve prepared at known concentrations, linear
regression is completed (comparing absorbance vs. proline concentration).

For estimation of sugar content, dry plant sample was extracted in boiling ethanol
(80 v/v) and centrifuged for 20 min at 5000× g. The concentration of soluble sugars was
measured by reacting the extract with anthrone reagent, and optical density was recorded at
585 nm. A standard curve of glucose was used to determine the soluble sugar content [91].

4.4. Measurement of Membrane Stability Index, Lipid Peroxidation, and Hydrogen Peroxide

Membrane stability index (MSI) was determined by chopping 0.1 g fresh leaf tissue
in test tubes containing 10 mL distilled water. After that, tubes were boiled at 40 ◦C for
recording the electric conductivity (EC1), and same tubes were boiled at 100 ◦C, and again
EC (EC2) was recorded [92]. Percent MSI was calculated using the formula:

(MSI) = [1 − (EC1/EC2)] × 100 (2)

Lipid peroxidation was measured by estimating the formation of malonaldehyde
(MDA) content. For lipid peroxidation determination, fresh leaves were extracted in
trichloroacetic acid (1%, w/v, TCA). After centrifugation at 10,000× g for 5 min, 1.0 mL
supernatant was mixed with 0.5% thiobarbituric acid, and mixture was boiled at 95 ◦C for
half an hour. After that, tubes were kept on ice bath followed by centrifugation for 5 min
at 5000× g for clarification, and optical density was read at 532 nm and 600 nm [93]. The
MDA concentration was determined by dividing the difference in absorbance (A532–A600)
by its molar extinction coefficient (155 mM−1 cm−1), and results expressed as mmol g−1

fresh weight.
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The concentration of hydrogen peroxide (H2O2) was estimated by extracting fresh
leaf samples in 0.1% (w/v) TCA using pestle mortar. After centrifugation at 12,000× g for
15 min, a known volume of the supernatant was mixed with 0.5 mL of 10 mM potassium
phosphate buffer (pH 7.0) and 1 M potassium iodide (1 mL). Subsequently, the optical
density of the mixture was taken at 390 nm [94], and computation was completed using a
standard curve of H2O2.

4.5. Assay of Antioxidant Enzymes

Antioxidant enzymes were extracted by homogenizing 5.0 g fresh leaves in chilled
pestle and mortar using 50 mM sodium phosphate buffer (pH 7.0) containing 1% (w/v)
polyvinyl pyrrolidine. The resulting homogenate was used as the enzyme source after
centrifugation at 15,000× g for 20 min at 4 ◦C, and the protein content was determined by
following [95].

The activity of superoxide dismutase (SOD, EC 1.15.1.1) was determined by adopting
the method of [96]. Briefly, enzyme aliquot was incubated under light and dark to monitor
the photoreduction of nitroblue tetrazolium (NBT) at 560 nm, and the activity of SOD was
expressed as enzyme unit (EU) mg−1 protein. One unit of enzyme activity represents the
amount of enzyme required for 50% inhibition of NBT reduction at 560 nm. For assaying
activity of catalase (CAT, EC 1.11.1.6), [97]’s method was adopted, and change in optical
density was recorded at 240 nm. An extinction coefficient of 36 × 103 mM−l cm−l was
used for calculation and expressed as EU mg−1 protein. For determination of ascorbic
peroxidase (APX) activity, 0.1 mL enzyme was added to 1 mL potassium phosphate buffer
(100 mM, pH 7.0), 0.1 mM EDTA, 0.5 mM ascorbate, and 0.1 mM H2O2. The disappearance
of H2O2 was observed as a change in absorbance at 290 nm [98]. The reaction was initiated
by addition of hydrogen peroxide, and oxidation of ascorbate was followed by the decrease
in absorbance at 290 nm at 30 s interval for 5 min. One unit of APX activity is defined
as the amount of enzyme that oxidizes 1 μM of ascorbate per min at room temperature.
For determination of glutathione reductase (GR, EC 1.6.4.2), activity change in absorbance
was recorded at 340 nm for 3 min following [99]. For calculation of activity, an extinction
coefficient of 6.2 mM−1 cm−1 was used.

4.6. Determination of Ascorbate and Reduced Glutathione

For determination of ascorbic acid, fresh leaf samples were macerated in 5% (w/v)
TCA, and to the extract, 2% (w/v) dinitrophenyl-hydrazine and 10% (w/v) thiourea were
added. The resultant mixture was kept in a boiling-water bath for 15 min and brought to
room temperature followed by centrifugation at 1000× g for 10 min. For dissolving the
resulting pellet, 80% (v/v) H2SO4 was added, and optical density was taken at 530 nm [100].
A standard curve of ascorbic acid was used for calculation.

Reduced glutathione (GSH) was estimated by homogenizing 500 mg fresh leaf tissue
in a phosphate buffer. After centrifugation at 3000× g for 15 min, 40 μL of 5, 5-dithiobis-
2-nitrobenzoic acid was added to 500 μL supernatant and allowed to stand for 10 min.
Absorbance was taken at 412 nm [101]. A standard curve of GSH was used for calculation.

4.7. Estimation of Mineral Ions

Estimation of mineral ions, including Na, K, and Ca, was completed using the flame
photometer after acid digesting the dried tissue [102]. For determining the nitrogen content
in treated and untreated tissues, the method of Subbiah and Asija [103] was adopted.

4.8. Gene Expression

Total mRNA was isolated from 0.5 g shoot parts of wheat plant of all treatments
after 2 weeks of salinity and NO foliar application using Total RNA extraction kit (Sigma-
Aldrich) according to the manufacturer’s protocol. The purified RNA was quantitated
spectrophotometrically and analyzed on 1% (w/v) agarose gel. Reverse transcription of RNA
was performed. The reaction mixture contained 10 as oligo dT primer (10 pml/μL), 2.5 μL
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5 × buffer, 2.5 μL MgCl2, 2.5 μL 2.5 mM dNTPs, 4 μL oligo (dT), 0.2 μL (5 Unit/μL) reverse
transcriptase (Promega, Walldorf, Germany), and 2.5 μL RNA. RT-PCR amplification
was performed in a thermal cycler PCR, programmed at 42 ◦C for 1 h and 72 ◦C for
20 min. Quantitative real-time PCR for Gene expression analysis used a SYBR® Green-
based method. Primers of 5 specific genes and housekeeping gene (reference gene) were
used in real-time analysis using (Rotor-Gene, Düsseldorf, Germany). A total reaction
volume of 20 μL was used. Reactions included 2 μL of template, 10 μL of SYBR Green
Master Mix, 2 μL of reverse primer, 2 μL of forward primer, and sterile distilled water for a
total volume of 20 μL. PCR assays were performed using the following conditions: 95 ◦C
for 15 min followed by 40 cycles of 95 ◦C for 30 s and 58 ◦C for 30 s. The CT of each sample
was used to calculate ΔCT values (target gene CT subtracted from β-Actin and tubulin
gene CT). The relative gene expression was determined using the 2−ΔΔCt method [104].

4.9. Statistical Analysis

Data are mean (±SE) of three replicates, and for testing significance of data, Duncan’s
Multiple Range Test was performed using One-Way ANOVA, and the least significant
difference (LSD) was calculated at p < 0.05.

5. Conclusions

Conclusively, it can be said that salinity reduces the growth of wheat through alter-
ations in the physiological and biochemical parameters studied. NaCl treatment increased
the lipid peroxidation inducing membrane dysfunction, hence leading to impeding the
uptake of important mineral elements. However, the application of NO effectively less-
ened the negative impact of salinity on growth and physio-biochemical parameters by
improving osmolytes and antioxidant metabolism. NO treatment dispelled the salt-stress-
mediated ravage by restricting the excess accumulation of Na+ and better scavenging of
ROS through the up-regulated antioxidant system (enzymatic and non-enzymatic). NO-
mediated osmoregulation in wheat plants directly affected the ROS scavenging and the
mineral nutrients uptake in wheat, leading to significantly alleviated NaCl stress. This
protective effect of NO extended to the molecular level by affecting the relative gene ex-
pression of the ionic homeostasis (SOS1/NHX1), osmotic (AQP/OSM-34), and photosystem
II (D2-protein)-related proteins. We recommend that future works focus on how the re-
sponses of wheat genotypes contrast in salt tolerance to NO treatment under both normal
and salt-stress conditions (in different stages of wheat ontogenesis).
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Abstract: Natural isotopic abundance in soil and foliar can provide integrated information related to
the long-term alterations of carbon (C) and nitrogen (N) cycles in forest ecosystems. We evaluated
total carbon (TC), total nitrogen (TN), and isotopic natural abundance of C (δ13C) and N (δ15N) in
soil and foliar of coniferous plantation (CPF), natural broadleaved forest (NBF), and mixed forest
stands at three different soil depths (i.e., 0–10, 10–20, and 20–40 cm). This study also explored how
soil available nutrients are affected by different forest types. Lutou forest research station, located in
Hunan Province, central China, was used as the study area. Results demonstrated that the topsoil
layer had higher TC and TN content in the mixed forest stand, resulting in a better quality of organic
materials in the topsoil layer in the mixed forest than NBF and CPF. In general, soil TC, TN, and δ15N
varied significantly in different soil depths and forest types. However, the forest type did not exhibit
any significant effect on δ13C. Overall, soil δ13C was significantly enriched in CPF, and δ15N values
were enriched in mixed forest. Foliar C content varied significantly among forest types, whereas
foliar N content was not significantly different. No big differences were observed for foliar δ15N and
δ13C across forest types. However, foliar δ13C and δ15N were positively related to soil δ13C and δ15N,
respectively. Foliar N, soil and foliar C:N ratio, soil moisture content (SMC), and forest type were
observed as the major influential factors affecting isotopic natural abundance, whereas soil pH was
not significantly correlated. In addition, forest type change and soil depth increment had a significant
effect on soil nutrient availability. In general, soil nutrient availability was higher in mixed forest.
Our findings implied that forest type and soil depth alter TC, TN, and soil δ15N, whereas δ13C was
only driven by soil depth. Moreover, plantations led to a decline in soil available nutrient content
compared with NBF and mixed forest stands.

Keywords: stable isotope; isotopic composition; C and N cycling; vegetation type; soil health

1. Introduction

Human activities and different natural environmental factors produce abrupt, large
scale, irreversible changes and alter forest structure and composition, consequently result-
ing in the changes of biogeochemical cycles [1,2]. Species composition significantly affects
the quality and quantity of carbon (C) and nitrogen (N) input by controlling surface soil
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and vegetation layer C and N contents and their turnover rates [3–5]. N is the essential
element in the natural ecosystem, and is a vital limiting resource for plant growth [5]. The
C cycle is crucial as it influences soil respiration and the plant photosynthetic process. The
13C and 15N natural abundance in the soils is a dynamic function of the rate and isotopic
composition and the C and N transformations in the forest ecosystem as it provides cohe-
sive insights into C and N cycles [6–8]. Over the years, the isotopic composition of C and
N in soil has been used to evaluate soil C turnover rates [9]. Despite its significance, the
increase in δ13C and δ15N values in soils remains challenging, especially given the various
factors that may discriminate against 13C and 15N natural abundance within soil profiles [9].
Therefore, ecologists seek numerous pathways to better understand how changes in the
forest type impact the ecosystem functioning.

Land is an indispensable natural resource for ecosystem functioning. In general, soil
organic carbon usually changes with human activities and land-use change. Litter inputs
usually lower the soil δ13C and δ15N, whereas a higher decomposition rate enhances δ13C
and δ15N [10,11]. However, in stable forest vegetation, soil organic carbon turnover rates
do not considerably alter with soil depth profiles [7,12]. In addition, the N cycle processes
in forests are impacted by vegetation type change, thus influencing soil δ15N [13–16]. These
biogeochemical cycles play an essential role in maintaining the overall ecosystem and soil
fertility [17,18].

Plantations are usually fast-growing species with shorter rotation cycles compared
to broadleaved natural forests and mixed-species forests. Ever-increasing forest product
demand has led to an upsurge in plantation forests worldwide [19]. Since the 1980s, dif-
ferent large-scale afforestation forestry programs have been introduced in China to meet
the ever-increasing demand for good quality timber and other forest products, resulting
in the conversion of many natural and mixed forests into coniferous monoculture plan-
tations [19,20]. These plantations are man-made and managed differently than natural
forest stands. Natural broadleaf forest species are generally more N-rich than coniferous
plantations and have less N retention capacity [21]. Moreover, natural forests have typically
stable vegetation with natural rotation cycles and less human interference than plantations.
Previous studies have described that soil quality indicators and different silvicultural
practices such as intercropping/inter cultivation, fallow period, irrigation application
techniques, use of organic and inorganic fertilizers, along with human activities, affect
greenhouse gas emissions [21–24], soil C and N storage, loss of inorganic N, soil fertility,
and soil structure [25,26]. However, in global analyses, details pertaining to fluctuations in
soil and foliar 13C and 15N natural abundance and their relation with influential factors
is scarce regarding the different sub-tropical forest types of eastern Asia. Soil nutrient
availability is a crucial indicator of soil fertility [27]. Soil fertility in forest ecosystems
can be influenced by numerous factors such as canopy dynamics, litter quality, parent
material, land-use history, species composition, environmental factors, and atmospheric
deposition [28–30]. Thus, this can directly affect the isotopic abundance, forest productivity,
and sustainability [31–33]. Therefore, studying the δ15N, δ13C, TC, and TN content in
leaves and soil, and variability in soil fertility is expected to provide insights into the
species’ resource utilization efficiency in an ecosystem and the consequences of different
silvicultural methods for these biogeochemical cycles.

The objectives of this study were: (i) to characterize the variability of soil and foliar
total C (TC), total N (TN) content, and 13C and 15N natural abundance in vertical depth
soil profiles in different forest types; and (ii) to analyze the effect of forest type change
(different forest types) on soil nutrient availability. Soil and foliar stable isotopic ratios are
influenced by atmospheric N2 inputs and processes that regulate N cycling and soil organic
matter (SOM) transformation. Moreover, different forest management regimes influence
the C and N isotopic abundance, for example, clear-cutting practices in plantations increase
soil N availability, which can enrich δ15N. Therefore, we hypothesize that: (a) TC and TN
content and δ13C and δ15N in soil and foliar would significantly vary in different forest
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types and at different soil depths; moreover, (b) forest structure and composition would
also considerably influence the soil nutrient availability.

2. Materials and Methods

2.1. Study Area

The study was conducted at the Lutou forest ecosystem observation and research
Station, Pingjiang County, Yueyang, Hunan Province, China. The geographic coordinates
of the research station are 113◦51′52′ ′~113◦58′24′ ′ E, 28◦31′17′ ′~28◦38′00′ ′ N (Figure 1).
The total area of the research station is 4762 ha. The soil type is the same in all three forest
types (Lateritic red soil). The study area is located in the humid subtropical zone. The
climate of the study area is warm and humid with abundant rainfall, sufficient sunshine,
and four distinct seasons. The mean annual temperature is 17.07 °C, and the mean annual
precipitation is 1312 mm, with an average humidity of 82%.

Figure 1. Location and climatic conditions of the study area.

2.2. Forest Types and Species

Natural broadleaved forest (NBF), coniferous plantation forest (CPF), and mixed forest
stands were used in the study. NBF and mixed forest stands were adjacent to each other,
and the CPF stand was at a 300–400 m (0.19–0.25 mile) distance from the first two forest
stands. All three forest stands were present in the same research station. There were no
water channels present on the ground in any forest type and watering was natural because
of the abundant rainfall. Litterfall biomass and understory vegetation were apparently
more in the mixed forest stand. We selected those trees where shrub presence around the
canopy projection area of trees was significantly less than the usual shrub presence in the
stands. Therefore, the direct influence of the shrub layer would be minimal. Still, these are
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field conditions; hence indirect effects might be possible. The characteristics of the study
area and forest types are shown in Table 1.

Table 1. Characteristics of the study area and selected forest types. Values are mean ± SE. Different
small letters represent the significant difference among forest types at p ≤ 0.05.

Mixed Forest NBF a CPF

Species C. eyeri + P. massoniana b C. eyeri C. lanceolata
Elevation 777 m (a.s.l) 800 m (a.s.l) 427 m (a.s.l)

Soil pH (0–40 cm) 4.60 ± 0.06 b 4.40 ± 0.15 c 4.81 ± 0.02 a

Soil BD (0–40 cm) c 1.28 ± 0.03 a 1.12 ± 0.08 c 1.25 ± 0.03 b

SMC (%) (0–40 cm) 16.3 a 11.63 b 10.48 b

Forest age 30–60 years 60 years 30 years
a NBF is natural broadleaf forest; CPF is coniferous plantations forest. b C. eyeri, Castanopsis eyeri; C. lanceolata,
Cunninghamia lanceolata; P. massoniana is Pinus massoniana. c BD, soil bulk density; SMC, soil moisture content.;
a.s.l, above sea level.

Detailed information about (1) NBF, (2) CPF, and (3) mixed forest stands is mentioned
below.

1. The mid-subtropical zone of China is covered with natural forests dominated by
broadleaf evergreen species, and Castanopsis eyeri (Fagaceae) is one of them [34]. C. ey-
eri is a vital part of forest ecosystems and provides services such as water conservation,
biodiversity protection, biomass maintenance, and local climate regulation [35]. The
C. eyeri (NBF) stand in the research station is the largest and most complete community
of Castonpsis, and therefore has crucial protection, scientific research, and landscape
values. The forest is neat, and the forest canopy undulating. At the Lutou forest farm,
it is mainly distributed on mountain slopes. The average slope gradient is 20–25◦. The
shrub layer includes species such as Rhododendron simsii, Ilex formosana, Daphniphyllum
oldhami, Toxicodendron vernicifluum, Cyclobalanopsis glauca, Eurya tetragonoclada, Sym-
plocos sumuntia, Rhododendron simiarum, Lindera aggregate, Eurya muricat, Dendropanax
dentiger, and Myrica rubra.

2. Chinese fir (Cunninghamia lanceolata) is a typical evergreen coniferous timber tree
species. The pure natural forest of C. lanceolata is rare to find, and mainly presents as
an artificial forest plantation. The CPF stand at Lutou forest station are present on both
flat soil and mountain slopes. The average slope gradient is 18–23◦. Besides timber
production, climate regulation, and soil and water conservation, it also provides
biomass energy [21,36]. The CPF stand was established 30 years ago under the Chinese
afforestation program for forest area enhancement in 1980–1990. It was established as
a plantation forest after clearing the site. The shrub layers’ primary species include
Litsea cubeba, Eurya mauricata, Rhus chinensis, Sapium discolor, Rhododendron mariesii,
Diplospora dubia, Ilex chinensis, and Rubus lambertianus.

3. The P. massoniana + C. eyeri mixed forest is an important forest type at Lutou forest
station. In Lutou, it is distributed in the ridges, hillside, and mountain slopes. The
average slope gradient was 20–25◦. P. massoniana is an evergreen coniferous species
that has been widely planted in the red soils of southern China since 1980, mainly
for soil conservation purposes [37,38]. At the Lutou forest ecosystem observation
and research station, the mixed forest stand is formed by planting P. massoniana in
the natural regenerated C. eyeri. The shrub layer primarily comprises Loropetalum
chinensis, Rhododendron longipetalon, Ilex latifolia, Camellia oleifera, Phobe hupehensis, Ilex
ficifolia, Eugenia glabra, Rubus cranbergii, Rata thunbergia, etc.

2.3. Soil and Foliar Sampling

Sampling was carried out in the first week of October 2020. Soil samples were collected
from nine selected locations (three locations from each forest type). Three 20 × 20 m plots
were established in each forest stand. The soil samples were obtained with a steel soil auger
(3.5 cm diameter) up to a depth of 0–10, 10–20, and 20–40 cm soil. After collection, soil
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samples were appropriately cleaned, and roots/stones were sorted out. Three composite
samples per forest type per soil depth were prepared for the analysis. A sufficient number
of mature and healthy foliage (5–8 per tree) of each forest type (three plots in each stand)
was collected from four to six different individuals (at least 5 m apart from each other)
using a long-handled pruner and pooled three composite samples for each forest type.
Leaves were placed in a clean, perforated plastic bag [15]. We tried to select the plots with
uniform topography to minimize the local terrain impact on trees/vegetation.

Field moist soils were air-dried at room temperature and sieved through a 2 mm mesh
size to remove stones, roots, and plant residues. The foliage samples were gently rinsed
with distilled water and oven-dried for 72 h at 65 ◦C. Later, soil and foliar samples were
finely ground with a ball mill (JXFSTPRP-64, Jingxin Co. Ltd., China) and used to measure
δ13C and δ15N, C and N content, SOC, and soil nutrient availability analysis [9,15].

2.4. Isotopic 13C, 15N Abundance, and C, N Content Analysis

δ13C, δ15N, TC, and TN content were measured using an isotope ratio mass spec-
trometer (IRMS) (IsoPrime 100, Isoprime Ltd., Cheadle, UK), connected to a CN elemental
analyzer (Vario MICRO cube, Elementar, Germany). C and N isotopic abundances were
calculated as δ13C and δ15N (‰) using the following formula:

δ13C and δ15N (‰) = (Rsample/Rstandard − 1) × 1000

where Rsample is the stable isotopic ratio in the samples and Rstandard is the ratio in the
standard. The Vienna Pee Dee Belemnite (VPDB) was used as a standard for δ13C and
atmospheric N2 was used as the standard for δ15N. The precision of isotopic composition
was checked using internal standards (i.e., acetanilide, L-histidine, D-glutamic, and glycine)
and positive and negative values were observed. Positive delta values indicate that there is
a greater percentage of isotope presence relative to the standard whereas negative values
indicate a lesser percentage of isotope presence relative to the standard. In general, the
analytical precision for δ13C and δ15N was better than 0.2‰ [9,15].

2.5. Determination of Soil Available Nutrients

Available nitrogen (AN) was determined by the Kjeldahl method [39]. Available
phosphorus (AP) was determined by the diacid extraction spectrophotometric colorimetry
method [40], and available potassium (AK) was determined using a flame photometer
method by ammonium acetate extraction [41]. Moreover, soil moisture content (SMC)
was calculated based on wet and dry weight, whereas soil pH was determined using a
potentiometric method (1:2.5 soil:water). Details about the soil laboratory analysis are also
available in our published papers [42,43].

2.6. Data Analysis

Two-way analysis of variance (ANOVA) at a 5% probability level was performed
to determine the effects of forest types and different soil depth profiles on the natural
abundance of C and N isotopes, soil TC and TN content, and soil nutrient availability. One-
way ANOVA at 5% probability level was performed to determine the differences between
foliar δ13C, δ15N and, foliar TC and TN content among forest types. A regression analysis
was conducted to analyze the foliar and soil isotopic abundance relationship. The Pearson
correlation test was performed to observe the relationship between isotopic dynamics
and influential factors. Means that exhibited significant differences were compared using
post-hoc Tukey’s HSD significance test. All statistical analyses were performed using the
SPSS Statistical Package (SPSS 17.0, Chicago, IL, USA).
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3. Results

3.1. Soil and Foliar TC, TN Content, and C:N Ratio

Two-way ANOVA revealed that soil TC, TN content, and C:N ratio varied significantly
among forest types (p < 0.05) and soil depths (p < 0.001) (Tables 2 and A1). Soil TN content
ranged from 0.56 g·kg−1 to 3.33 g·kg−1, while the soil TC content varied from 1.69 g·kg−1

to 46.88 g·kg−1. Moreover, the soil C:N ratio ranged from 3.01 to 14.06 (Table 2). Soil TN,
TC, and C:N ratio decreased as the soil depth increased among all forest types. In the
topmost soil layer, TC, TN, and soil C:N ratio was higher in the mixed forest stand, while
for the remaining two soil layers, it was greater in CPF (Table 2).

Table 2. Soil and foliar TC, TN content, and C:N ratio in different forest types at different soil depths.

Elements Depth Mix Forest NBF CPF

Soil

TN a (g·kg−1)
0–10 3.33 ± 0.03 aA 1.56 ± 0.01 cA 2.10 ± 0.02 bA

10–20 1.12 ± 0.03 bB 0.77 ± 0.01 cB 1.83 ± 0.01 aB

20–40 0.79 ± 0.04 bC 0.56 ± 0.01 cC 1.19 ± 0.01 aC

TC (g·kg−1)
0–10 46.88 ± 0.44 aA 16.63 ± 0.24 cA 26.02 ± 0.28 bA

10–20 10.19 ± 0.07 bB 4.17 ± 0.09 cB 19.40 ± 0.06 aB

20–40 5.33 ± 0.06 bC 1.69 ± 0.03 cC 8.91 ± 0.09 aC

C:N
0–10 14.06 ± 0.10 aA 10.65 ± 0.23 bA 12.39 ± 0.12 aA

10–20 9.07 ± 0.25 bB 5.40 ± 0.06 cB 10.62 ± 0.12 cB

20–40 6.73 ± 0.32 aC 3.01 ± 0.07 bC 7.48 ± 0.15 aC

Foliar
TN (g·kg−1) - 27.28 ± 1.96 ab 28.92 ± 1.43 a 26.40 ± 0.68 b

TC (g·kg−1) - 482.23 ± 3.77 b 495.72 ± 0.27a 475.30 ± 0.42 c

C:N - 15.33 ± 1.56 a 17.21 ± 0.83 a 18.02 ± 0.48 a

Note: Values are means ±SE. The different small letter represents the significant differences between forest types
and different capital letters between different vertical soil depths at p ≤ 0.05. a TN, total nitrogen; TC, total carbon.

In terms of foliage values, one-way ANOVA showed that foliar C content varied
significantly among forest types (p < 0.05), whereas foliar N content and foliar C:N ratio
were not significantly different (p = 0.242 and p = 0.155, respectively) (Table 2).

3.2. C13 and 15N Natural Abundance

Two-way ANOVA depicted that soil δ15N varied significantly among forest types
(p > 0.001) and soil depths (p = 0.048). However, forest type (p = 0.078) and interaction
of forest type × soil depth (p = 0.329) had no significant effect on soil δ13C, whereas soil
δ13C varied significantly with soil depth (p = 0.028) (Figure 2 and Table A1). A positive
correlation was present between soil δ15N-soil depth (r = 0.606) and soil δ13C-soil depth
(r = 0.470). Overall, soil δ15N values ranged from −1.61‰ to 5.19‰, and soil δ13C values
ranged from −28.23% to −25.00% (Figure 2).

One-way ANOVA illustrated that forest type had a considerable effect on foliar δ13C
(p = 0.03) and foliar δ15N (p = 0.047). Foliar δ15N values ranged from 6.39‰ to 8.90‰, and
foliar δ13C values ranged from −25.4‰ to −29.7‰. Foliar δ15N was enriched in the NBF
stand, and δ13C was less negative in the mixed forest stand (Figure 2).
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Figure 2. The natural abundance of (A) soil 15N (‰) and (B) soil 13C (‰) at different soil depths and (C) foliar 15N (‰) and
13C (‰) in different forest types. Values are means ±SE. The different small letters represent the significant differences
between forest types, and different capital letters represent the significant difference between different soil depths p ≤ 0.05.

3.3. Relationship between Soil, Foliar Isotopic Abundance, and C:N Ratio

A strong positive linear relationship was observed between soil and foliar δ13C
(r = 0.78, p = 0.04) and soil and foliar δ15N (r = 0.56, p= 0.03) across forest types and
soil depths (Figure 3A,B).

Figure 3. Linear relationships between (A) soil and foliar δ13C and (B) soil and foliar δ15N (‰) across three forest types at a
0–40 cm soil depth.
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3.4. Correlation between Isotopic Abundance and Potentially Influential Factors

Soil δ13C was positively correlated to SMC and foliar C:N ratio, while negatively
correlated to soil and foliar TN and soil TC whereas soil δ15N was positively related to soil
C:N ratio, foliar C:N ratio, and negatively correlated to SMC, foliar TC, and TN content
(Table 3).

Table 3. Pearson correlation between soil and foliar δ13C and δ15N and potentially influential factors across forest types and
soil depths.

Foliar δ13C Soil δ13C Foliar δ15N Soil δ15N

r p r p r p r p

Foliar TN a 0.220 0.263 −0.526 ** 0.001 Foliar TN 0.923 ** 0.001 −0.414 * 0.032
Soil TN 0.118 0.551 −0.470 * 0.015 Soil TN −0.152 0.448 −0.058 0.774

Foliar TC 0.047 0.81 −0.190 0.346 Foliar TC 0.395 * 0.041 −0.526 ** 0.004
Soil TC 0.167 0.403 −0.504 ** 0.012 Soil TC −0.124 0.536 −0.126 0.531

Foliar C:N −0.724 ** 0.001 0.551 ** 0.018 Foliar C:N −0.780 ** 0.001 0.404 * 0.036
Soil C:N 0.088 0.665 −0.406 * 0.038 Soil C:N −0.194 * 0.033 0.141 * 0.048
Soil pH −0.198 0.324 0.107 0.591 Soil pH −0.285 0.149 0.194 0.332

BD 0.567 ** 0.002 −0.043 0.862 BD −0.098 0.626 0.076 0.707
SMC −0.431 0.130 0.359 ** 0.015 SMC −0.321 ** 0.001 −0.478 ** 0.001

Forest type −0.261 0.186 0.267 0.179 Forest type −0.463 * 0.015 0.616 ** 0.001
Soil depth 0.005 1.02 0.470 * 0.013 Soil depth 0.005 1.01 0.040 * 0.842

Note: Correlation was significant at the 0.05 * and 0.01 ** level (2-tailed). a TN, total nitrogen; TC, total carbon; BD, soil bulk density; SMC,
soil moisture content.

Foliar δ13C was positively and negatively correlated to soil BD and foliar C:N ratio,
respectively, whereas foliar δ15N was positively related to foliar TC and TN content, and
negatively correlated to foliar C:N ratio and SMC (Table 3).

3.5. Soil Nutrient Availability

Two-way ANOVA illustrated that AN, AP, and AK varied significantly in different
forest types and soil depths (p < 0.05) (Tables 4 and A1). In the 0–10 cm and 20–40 cm soil
layers, AN content (177 mg·kg−1 and 109 mg·kg−1) was observed to be higher in the mixed
forest; in 10–20 cm, it was higher in the NBF (155 mg·kg−1). AN content decreased as the
soil depth increased in the mixed forest and NBF. AP content ranged from 29 mg·kg−1

to 82 mg·kg−1. In the 0–10 cm soil layer, the highest AP content was observed in CPF
(71 mg·kg−1), while in the remaining two layers (10–20 and 20–40 cm), the maximum
content was measured in the mixed forest. Among all forest types and soil depths, AK
ranged from 12 g·kg−1 to 147 g·kg−1. In the topmost soil layer, it was higher in the mixed
forest stand. In both the 10–20 cm and 20–40 cm layers, it was higher in NBF. Generally,
soil nutrient content decreased as the soil depth increased across all forest types (Table 4).

Table 4. Available soil nutrients in different forest types at different soil depths.

Elements Depth Mix Forest NBF CPF

Available N
(mg·kg−1)

0–10 177 ± 2.06 aA 167 ± 2.04 bA 155 ± 2.2 cA

10–20 142 ± 2.49 bB 155 ± 2.45 aB 137 ± 1.58 cB

20–40 109 ± 1.0 aC 105 ± 3.54 bC 98 ± 1.15 cC

Available P
(mg·kg−1)

0–10 62 ± 2.42 bB 55 ± 0.75 cA 71 ± 0.69 aA

10–20 82 ± 2.46 aA 54 ± 0.47 bA 36 ± 1.22 cB

20–40 60 ± 2.59 aB 38 ± 0.29 bB 29 ± 0.15 cC

Available K
(mg·kg−1)

0–10 147 ± 0.37 aA 104 ± 1.94 bB 91 ± 0.81 cA

10–20 41 ± 1.02 bB 119 ± 1.71 aA 22 ± 0.85 cB

20–40 22 ± 0.07 bC 41 ± 0.92 aC 12 ± 0.21 cC

Note: Values are means ±SE. The different small letters represent the significant differences between forest types,
and different capital letters represent the significant difference between soil depths at p < 0.05.
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4. Discussion

Among all forest types, soil TN content decreased as the soil depth increased. In the
topsoil layer, both TC and TN contents were enriched in the mixed forest. It indicates
that litter input was higher in the mixed forest due to mixed species composition and
more understory vegetation, which increased soil organic matter (SOM) more than both
NBF and CPF stands. Since soil organic carbon changes with the vertical soil depth
profiles, soil depth is widely used as a SOM decomposition rate indicator [44–46]. It also
points toward the better leaf litter quality in mixed forest with higher N release potential
during decomposition. This study observed a considerable difference in soil and foliar
TC, TN content, and C:N ratio among the NBF, CPF, and mixed forest. Tree species
vary in their nutrient transformation potential with changing forest structure and canopy
dynamics. These factors influence the various biogeochemical cycles [12,26,42]. Species
autecology affects the decomposition and the turnover rate of C and N dynamics [47].
Neirynck et al. [48] mentioned that different tree species such as Acer psedoplatanus, Fraxinus
excelsior, and Tilia platyphyllos significantly affect the C:N ratio and it was related mainly
to litter quality. Lovett et al. [49] also revealed that forest structure alters the C and
N dynamics because species composition affects nutrient cycling under their different
canopy structures, which can substantially influence the forest ecosystems’ overall nutrient
turnover rates [50,51].

In this study, a higher abundance of soil 15N and 13C was observed in CPF. Enriched
soil δ15N and δ13C in CFP could be due to more intensive forest management practices than
that in the NBF and mixed forest stands because the plantations are artificially managed
forests with added activities of humans and livestock. Pardo et al. [13] and Yang et al. [52]
also reported that different silvicultural techniques in plantations such as clear-cutting,
slash burning, site preparation, thinning, and pruning could enrich the soil δ13C and δ15N
in plantation forests because of higher soil C and N loss such as enhanced nitrification
followed by nitrate loss, which could have a direct impact on isotopic abundance. Rehman
et al. [53] reported that various forest protection activities could influence stable isotopic
abundance and C:N ratios. Moreover, it is generally believed that multiple factors such as
light availability, litter input, water use efficiency, soil physical, chemical, and biological
properties altered by the forest types may affect natural isotopic abundance in forest
ecosystems [50,51].

Forest type and soil depth significantly impacted soil δ15N, whereas soil δ13C was
only impacted by soil depth; moreover, both the soil δ13C and δ15N were enriched in the
topmost soil layer. Higher isotopic values in the upper soil layer can be due to higher
SOC. Ellert and Janzen [54] reported higher C content in the uppermost layer, providing
ample SOM that strongly influences the δ13C in the topsoil, whereas lesser C content in
the deeper layers determines the lesser δ13C values. Ngaba et al. [9] also reported that soil
depth increment significantly impacted the C and N isotopic abundance. Forest type had a
significant effect on foliar C (highest in CPF) and N (highest in NBF) abundance. Usually,
foliar δ15N values increased under N-rich conditions; in our study, higher foliar and soil
δ15N were observed in CPF. On average, foliar and soil δ15N patterns in sub-tropical forests
are higher than other forest types because of the gaseous N losses related to microbial
activities. Our study showed foliar C and N positively correlated with the soil isotopic
values; this indicates that foliar isotopic values of different species are consistent concerning
soil values.

When we studied the correlation of potentially influential factors concerning δ13C
and δ15N in soil and foliage, we observed that SMC, foliar TN, and foliar C:N ratio was
usually significantly related to soil foliar 13C and 15N natural abundance, either positively
or negatively. These factors can affect biogeochemical processes such as N mineraliza-
tion, nitrification/denitrification, soil respiration, root dynamics, thus altering the rate
of δ15N [55,56]. Moisture content is a vital factor influencing the nutrient content and
δ13C of the plant and soil. Philips et al. [57] stated that the δ13C depends on moisture
conditions, either caused by low atmospheric humidity, less precipitation, or low soil

207



Plants 2021, 10, 1499

moisture. Moreover, drought can also potentially influence the C fluxes and soil δ13C [58].
C isotopic abundance primarily depends on the water use efficiency; therefore, soil water
resources can affect the isotopic abundance [59]. Ngaba et al. [9] also stated mean annual
precipitation and land-use as the significant factor altering soil δ13C. While analyzing the
15N abundance between the north and south slopes of forests, Chen et al. [5] also reported
soil moisture content, leaf N content, and leaf C:N as the significant factors related to
isotopic abundance. This inferred that water retention capacity should be the critical factor
concerning the isotopic abundance of plant tissues.

In our study, a significant difference was observed in variability in macronutrient
availability among all forest types. Generally, AN and AK were higher in mixed forest
stand and AP in CPF. Plantation forests mostly have fast-growing species with successive
short rotations; hence, the fast growth demands more extensive nutrient availability, which
causes an imbalance in soils under plantations compared to mixed-species forest. Kooch
et al. [47] reported the decline in soil fertility with successive planting of fast-growing
monoculture species at the same site. The decline in soil available nutrients with soil depth
increase could be due to a large amount of plant litter deposition in the topsoil layer as
its decomposition results in a higher accumulation of soil nutrients in the uppermost soil
than the lower soil layers. Farooq et al. [43] cited that species structure influences the
soil properties, which is more noticeable at the upper layer of soil. Our study is also in
line with Selvaraj et al. [60], who stated that both available and soil total nutrient content
decreased with the soil depth, irrespective of stand age; moreover, Groppo et al. [61] and
Breulmann et al. [62] also supported this phenomenon regardless of species and land
use. However, the relative importance of the various soil-forming factors always remains
debated [28–30,60]. Soil conditions solely do not affect directly, but with an interplay of
other related factors such as the autecology of tree species, litter quality, parent material,
soil community effects, human activities, and local climatic conditions [3,63–65]. These
impacts are likely to have significant consequences for belowground communities [1].
Similarly, different land uses cannot directly affect soil fertility, but it can influence through
indirect effects such as organic/inorganic amendments [66–68], various stresses for plant
and nutrient availability [69,70], different planting materials [71,72], and atmospheric
deposition levels and turnover rates [73].

5. Conclusions

This study explored how δ13C, δ15N, TC, and TN content of soil and foliage and
soil nutrient availability is affected by different forest types. Forest type and soil depth
significantly affected the soil δ15N, while forest type effect on soil δ13C was not significant.
Significant changes in soil δ15N among different forest types indicated that 15N signatures
might dominate the processes of N cycling in different forest types. Across forest types
and soil depths, the observed δ13C and δ15N variations were attributed to SMC, soil TC,
soil TN, and soil C:N ratio. Variations in foliar δ13C were accredited to differences in soil
BD and foliar C:N ratio, whereas variation in foliar δ15N was accredited to SMC, foliar
TN, and TC. Our study also highlights that, on average, available forms of soil nutrients
were less in monoculture Chinese fir stands (CPF) than NBF and mixed forests. This dif-
ference was possibly caused by higher litter biomass accumulation from broadleaved and
mixed-species litter compared to CPF. Thus, the presence of broadleaved species within
a monoculture stand along with other management practices such as the introduction of
multi-layering and multi-aged plantations, avoiding clear-cutting practice, and burying
the cutting leftover rather than burning could improve soil health, sustainable manage-
ment, and production, which would enhance both economic and environmental aspects
to the forest industry. Overall, our results highlight the importance of forest types and
composition when studying biogeochemical cycling and its response in different terrestrial
ecosystems. Moreover, this study will also help to further understand the role of C and N
cycles concerning soil productivity.
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Appendix A

Table A1. Two-way ANOVA results (p values) for the studied soil variables at p ≤ 0.05.

Variable Forest Type Soil Depth Forest Type × Soil Depth

TN <0.05 <0.001 0.02
TC 0.04 <0.001 0.04
δ15N <0.001 0.048 <0.001
δ13C 0.078 0.028 0.329
C:N <0.001 <0.001 0.04
SOC 0.01 0.01 0.03
AN 0.04 <0.001 0.02
AP 0.02 0.03 <0.001
AK 0.05 0.05 0.02
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Abstract: Intercropping is one of the most widely used agroforestry techniques, reducing the harmful
impacts of external inputs such as fertilizers. It also controls soil erosion, increases soil nutrients
availability, and reduces weed growth. In this study, the intercropping of peanut (Arachishypogaea L.)
was done with tea plants (Camellia oleifera), and it was compared with the mono-cropping of tea and
peanut. Soil health and fertility were examined by analyzing the variability in soil enzymatic activity
and soil nutrients availability at different soil depths (0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm).
Results showed that the peanut–tea intercropping considerably impacted the soil organic carbon
(SOC), soil nutrient availability, and soil enzymatic responses at different soil depths. The activity
of protease, sucrase, and acid phosphatase was higher in intercropping, while the activity of urease
and catalase was higher in peanut monoculture. In intercropping, total phosphorus (TP) was 14.2%,
34.2%, 77.7%, 61.9%; total potassium (TK) was 13.4%, 20%, 27.4%, 20%; available phosphorus (AP)
was 52.9%, 26.56%, 61.1%; 146.15% and available potassium (AK) was 11.1%, 43.06%, 46.79% higher
than the mono-cropping of tea in respective soil layers. Additionally, available nitrogen (AN) was
51.78%, 5.92%, and 15.32% lower in the 10–20 cm, 20–30 cm, and 30–40 cm layers of the intercropping
system than in the mono-cropping system of peanut. Moreover, the soil enzymatic activity was
significantly correlated with SOC and total nitrogen (TN) content across all soil depths and cropping
systems. The depth and path analysis effect revealed that SOC directly affected sucrase, protease,
urease, and catalase enzymes in an intercropping system. It was concluded that an increase in the soil
enzymatic activity in the intercropping pattern improved the reaction rate at which organic matter
decomposed and released nutrients into the soil environment. Enzyme activity in the decomposition
process plays a vital role in forest soil morphology and function. For efficient land use in the cropping
system, it is necessary to develop coherent agroforestry practices. The results in this study revealed
that intercropping certainly enhance soil nutrients status and positively impacts soil conservation.

Keywords: Camellia oleifera; Arachis hypogaea; soil nutritional status; soil quality; cropping pattern;
silvicultural methods; sustainable production
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1. Introduction

The enhancement and maintenance of soil productivity and sustainability through
the long-term use of different silvicultural practices, such as varying planting density and
spacing, introducing native and exotic beneficial species, agroforestry and intercropping,
has been widely used worldwide [1–6]. Intercropping can enhance soil quality by incor-
porating a significant amount of topsoil and subsoil organic matter and releasing and
recycling nutrients [7–9]. It is the general opinion that intercropping is more suitable than
mono-cropping for the long-term maintenance of soil fertility [10]. Intercropping systems
are rarely dependent on external inputs such as fertilizers [11]; this also reduces the adverse
environmental effects such as soil erosion [12]. In China, trees/legume intercropping is
most commonly used because it reduces crop failure risk and improves land use [13].

Tea (Camellia oleifera) is an evergreen shrub of the Theaceae family, and it is widely
found in central and south China [14]. Moreover, it can also survive in nutrient-depleted
soils. Peanut (Arachishypogaea L.) is a leguminous crop that can fix the atmospheric N and
increase soil fertility [15]. According to the US Department of Agriculture, it produces a
considerable amount of organic N, improves soil organic matter (SOM), helps in nutri-
ent release and recycling, and improves soil structure. When peanut was intercropped
with maize, it played a crucial role in changing soil health by influencing soil microbes
composition [16]. Additionally, the dominant microbial species altered due to the peanut in-
tercropping, which shows a close and significant relationship between improving available
soil nutrients and soil enzyme activities [17].

Soil enzymes are continually playing dynamic roles in the maintenance of soil health.
Soil enzymes are the direct mediators for the biological catabolism of soil organic and
mineral components. They are often closely associated with SOM, soil physical properties,
and microbial activities and biomass. They are the better indicators of soil health as
changes in enzymes occurred much earlier than other soil parameters, thus providing
early indications of changes in soil health. Their activities can also be used as measures of
microbial activity and soil productivity [18,19]. Although they are present in a very nominal
quantity, their role in soil quality can never be ignored. Likewise, a soil nutrient’s total
content and soil nutrient availability directly affect the plant’s growth and development,
reflecting soil health [20–22]. In the southern Chinese province of Hunan, the adoption of
agroforestry (intercropping) in tea interests the growers because intercropping controls
weed growth and soil erosion. However, many of the sites where these plantations were
established are deficient in available macronutrients, albeit a high level of total phosphorus
(P). The available P rapidly forms insoluble complexes with cations, particularly aluminum
and iron. Less nutrient availability in forest soils is considered as one of the most important
causes of productivity decline [23]. Nutrient total status and availability are essential for
plant growth and development, and thus, macronutrient availability is vital for sustainable
productivity. Soil enzymes play a significant role in nutrient recycling in soil ecosystems.
In addition, soil enzymes play a crucial role in maintaining soil quality. They can provide
essential and early detection signals for soil metabolic activity and nutrient status changes.
However, few publications have focused on how legume intercropping with tea plantation,
specifically related soil enzymatic activities, influences soil fertility.

Therefore, the objectives of our current study were (1) to investigate the soil total
nutrient content and soil nutrient availability; (2) and the activities of soil enzymes (sucrase,
protease, urease, acid phosphatase, and catalase); and (3) to explore a correlation between
soil enzymatic activity and soil nutrients in different cropping systems and soil depths.
Three cropping systems, including peanut–tea intercropping, tea mono-cropping, peanut
mono-cropping, and four different soil depths (0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm)
were used in this study. Our hypotheses were that: (i) intercropping favors better nutrient
availability and total nutrient content than monoculture systems due to better litter quality
and decomposition, and nutrient availability will decrease with the increase in soil depth;
(ii) soil enzymatic activity will be higher in the peanut–tea intercropping system than in tea
monoculture because peanut influences soil microbial composition—thus, it can enhance
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soil microbial activity, which has a significant relationship with the improvement of soil
enzyme activities; and (iii) there will be a positive and considerable relationship between
soil nutrients and soil enzymatic activity across all cropping types and soil depths.

2. Results

2.1. Soil Organic Carbon

Among all the cropping systems and soil depth, SOC content ranged from 5.61 g.kg−1

to 19.93 g.kg−1. The topmost layer had the highest SOC content among all the cropping
systems. While comparing each cropping system at the same depth, the SOC content
was significantly different except at a 10–20 cm depth of CPM and CMM. SOC content
decreased as the soil depth increased in the PMM and CMM. However, in CPM, it was
observed to be highest at 20–30 cm. Overall, SOC was with the order of PMM = CPM >
CMM (Table 1).

Table 1. Soil organic carbon (g.kg-1) content at different soil depths in C. oleifera mono-cropping model
(CMM), peanut mono-cropping model (PMM), and Camellia–peanut inter-cropping model (CPM).

Cropping Model 0–10 cm 10–20 cm 20–30 cm 30–40 cm

PMM 19.93 ± 1.5 Aa 16.61 ± 1.39 Ab 8.62 ± 2.11 Ac 6.56 ± 1.79 Ac

CPM 16.77 ± 0.77 Ba 12.56 ± 4.48 Ba 14.37 ± 6.17 Bab 7.68 ± 2.22 Bb

CMM 13.9 ± 1.65 Ca 12.15 ± 1.93 Ba 9.89 ± 3.04 Ca 5.61 ± 3.11 Cb

Note: Two-way analysis of variance (ANOVA) test was performed and the values are mean ± SD. Different
uppercase letters indicate significant differences between different cropping systems at p < 0.05, while different
lowercase letters indicate significant differences in different depths p < 0.05.

2.2. Fluctuations in Soil Total Nutrient Status

TN ranged from 0.72 g.kg−1 to 1.51 g.kg−1 among all cropping types and soil depths.
PMM had the highest TN content among all the cropping systems at the topmost layer. TN
content decreased as the soil depth increase, apart from CPM, where it was observed as
the highest at 20–30 cm. There was a significant difference present in TN at each soil layer
among the three cropping systems, except at a 10–20 cm depth of CPM and CMM. In terms
of TP, among all the cropping patterns and soil depths, its content ranged from 0.21 g.kg−1

to 0.57 g.kg−1. CPM had the highest TP observed at 10–20 cm.
The TK content ranged from 0.05 g.kg−1 to 0.07 g.kg−1 among all soil layers and

cropping patterns. CPM had the highest TK content, and it was observed to be the highest
at 10–20 cm depth. At the same depths, there was a non-significant difference observed
between PMM and CMM; however, both were significantly different to PMM. Overall, the
TP and TK contents were in the order of CPM > CMM > PMM (Figure 1).

2.3. Variability in Soil Nutrient Availability

Among all the soil layers and cropping patterns, AN content ranged from 5.04 mg.kg−1

to 9.69 mg.kg−1. There was a non-significant difference observed for AN between different
cropping systems at each soil layer, except 10–20 cm depth. The AP content ranged from
7.55 mg.kg−1 to 110.58 mg.kg−1 among all the soil depths and cropping systems, and it
was observed to be the highest in the topsoil layer. Overall, the AP content was observed
highest in CPM. Similar to AP, AK was also observed to be higher in CPM compared to
both mono-cropping systems. On average, the AN content followed the order of PMM >
CPM > CMM, whereas AP content followed the order of CPM > CMM > PMM, and the
AK content followed the order CPM > PMM > CMM (Figure 2).
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Figure 1. Variability in (A) soil total nitrogen (TN), (B) total phosphorus (TP) and (C) total potassium (TK) content at
different soil depths in C. oleifera mono-cropping model (CMM), peanut mono-cropping model (PMM), and Camellia–peanut
inter-cropping model (CPM). Two-way analysis of variance (ANOVA) test was conducted and the values in the columns are
mean ± SD. Different uppercase letters indicate significant differences between the cropping systems at p < 0.05, while the
different lowercase letters indicate significant differences among the soil depths p < 0.05.

2.4. Soil Enzymatic Responses in Different Cropping Types

All enzymes had the highest activity in 0–10 cm for each cropping system except
CMM. In CMM, soil urease and protease activity were most increased at a 10–20 cm depth.
The protease content varied significantly for all the cropping systems in the 0–10 cm and
30–40 cm layer and was observed to be the highest in CPM. The sucrase content followed
the order PMM > CPM > CMM in all soil layers. For acid phosphatase, all layers followed
the order CPM > CMM > PMM. The urease activity varied significantly among all cropping
systems in the 0–10 cm, 10–20 cm, and 30–40 cm layers; only in the 20–30 cm layer was
there no significant difference observed. Catalase content was not significantly different in
the 0–10 cm, 20–30 cm and 30–40 cm among the cropping systems, and it was the highest
in PMM. However, in the 10–20 cm layer, it was observed highest in CPM (Figure 3).

2.5. Correlation between Soil Nutrients and Soil Enzymatic Activity

(1) In PMM, sucrase, protease and catalase had no significant correlation with any
nutrient. Urease was positively correlated to SOC, TN and AK, while negatively correlated
to TK. Acid phosphatase was positively correlated with SOC, TN and AK. (2) In CPM,
sucrase was positively related to TN; protease to SOC; urease to SOC, AN and AK; acid
phosphatase to SOC; and catalase to SOC and AK. (3) In CMM, sucrase was positively
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related to AP, while protease was negatively associated with AN. Urease, acid phosphatase
and catalase enzymes were positively associated with SOC, TN, TP, AP and AK (Table 2).

Figure 2. Variability in (A) soil available nitrogen (AN), (B) available phosphorus (AP) and (C) available potassium (AK)
content in different soil depths in C. oleifera mono-cropping model (CMM), peanut mono-cropping model (PMM), and
Camellia–peanut inter-cropping model (CPM). Two-way analysis of variance (ANOVA) test was conducted and the values
in the columns are mean ± SD. Different uppercase letters indicate significant differences between cropping systems at
p < 0.05, while different lowercase letters indicate significant differences among soil depths p < 0.05.

2.6. Path Coefficients between Soil Nutrients and Soil Enzyme Activity

In PMM, among all the soil nutrients, the direct path coefficients of soil TN (0.821)
and SOC (−0.534) on soil sucrase activity were relatively large. The direct path coefficients
of SOC (0.689) and AP (0.524) indicate the substantial direct effect of these nutrients on
protease activity. SOC also has a robust direct path coefficient with acid phosphatase
activity (1.045). The direct path coefficients of SOC (2.203) and TN (−2.069) on catalase
activity indicate that both had strong positive and negative effects on catalase activity,
respectively (Table A1).

In CPM, soil TN, SOC and AN had a robust positive effect on sucrase enzyme activity.
However, the path coefficient was small. SOC (0.469) had a sizeable direct path coefficient
with protease indicates the substantial direct effect on protease activity. Moreover, SOC
(0.7074) also has a robust positive path coefficient with urease activity. The direct path
coefficients of all soil nutrients with catalase activity were also positive. Compared with
the other four enzymes, the direct and indirect path coefficients of soil nutrient factors with
acid phosphatase were relatively small, indicating that soil nutrient factors had a more
negligible effect on acid phosphatase activity (Table A2).
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In CMM, soil AP (0.532) had a more significant direct path coefficient on sucrase and
TP (0.905), which strongly affected protease activity shows. The effect of soil nutrients on
urease activity was positive with a relatively more minor path coefficient. The direct path
coefficient of AP (0.885) on acid phosphatase was rather significant. In addition, TN (0.436)
had a direct effect on catalase activity (Table A3). Two-way ANOVA results of the testes
soil variables are shown in Table 3.

Figure 3. The activity of soil enzymes (A) protease; (B) sucrase; (C) acid phosphatase; (D) urease; and (E) catalase (mg.g−1)
at different soil depths in the three cropping models in the study site. A two-way analysis of variance (ANOVA) test was
conducted and the values in the columns were the mean ± SD. Different uppercase letters indicated significant differences
between the cropping systems at p < 0.05, while different lowercase letters indicated significant differences among soil
depths p < 0.05.
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Table 2. Correlation analysis of soil nutrients and enzyme activities in C. oleifera mono-cropping model (CMM), peanut
mono-cropping model (PMM), and the Camellia–peanut inter-cropping model (CPM).

Cropping Model Soil Enzyme SOC TN TP TK AN AP AK

PMM

Sucrase 0.21 0.22 0.04 −0.27 0.01 0.08 0.07
Protease 0.45 0.47 −0.05 −0.14 0.29 0.37 0.17
Urease 0.68 * 0.71 * −0.15 −0.5 * −0.14 0.25 0.58 *

Acid phosphatase 0.94 * 0.92 ** 0.13 −0.29 0.19 0.41 0.57 *
Catalase 0.17 0.05 0.06 −0.02 −0.11 0.2 −0.03

CPM

Sucrase 0.33 0.51 * −0.08 0 0.11 −0.18 0.22
Protease 0.56 * 0.21 0.11 0.2 0.39 0.32 0.38
Urease 0.75 * 0.26 0.32 0.23 0.43 * 0.03 0.46 *

Acid phosphatase 0.42 ** 0.34 0.15 −0.11 0.33 −0.03 0.13
Catalase 0.44 * 0.26 0.34 0.12 0.25 −0.14 0.41 *

CMM

Sucrase 0.35 0.41 0.38 −0.05 0.03 0.41 * 0.31
Protease 0.05 −0.01 0.17 −0.07 −0.55 * 0.19 −0.31
Urease 0.41 * 0.52 * 0.52 * 0.23 0.23 0.48 * 0.49 *

Acid phosphatase 0.51 ** 0.62 * 0.58 * 0.11 0.12 0.62 * 0.44 **
Catalase 0.43 * 0.52 * 0.54 * 0.01 −0.08 0.54 * 0.42 *

Note: Significant values are bold. Values given are the Pearson correlation coefficients. * Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

Table 3. Two-way ANOVA results for soil variables. *, ** and *** indicate a significant level at p < 0.05, p < 0.01 and p < 0.001,
respectively.

Cropping Model Soil Depth Cropping Model × Soil Depth
Variable F P F P F P

TN 122.6 ** 1233.6 * 365.5 **
TP 870.2 * 1364.4 ** 102.1 ***
TK 683.3 ** 65.3 0.274 89.2 **
AN 42.9 ** 78.3 ** 51.2 **
AP 632.4 ** 896.7 ** 3546.5 **
AK 536.2 * 336.3 *** 1456.5 **

Protease 256.3 0.066 256.5 ** 785.4 0.064
Sucrase 158.9 ** 447.3 ** 1235.9 *

A. phosphatase 1244.3 * 380.3 0.066 3225.0 **
Urease 1563.2 ** 125.6 ** 2132.5 **

Catalase 853.2 ** 0.072 ** 125.2 **

3. Discussion

In the present study, SOC was unanimously higher in the 0–10 cm soil layer among all
the cropping systems because of the higher litterfall on the topmost layer. Compared to
the mono-cropping of tea, SOC was higher in peanut–tea intercropping, possibly due to
the higher litterfall and tea biomass decomposition inputs. Growing different crops on the
same land simultaneously helps maintain the SOC and improve nutrient cycling [24,25]. A
similar kind of increase in tea soil SOC content was also observed by [26,27]. N is vital for
plant growth and development [22,28]. It is available in many soil forms, such as nitrate
and ammonia [29,30]. Peanut being a legume plant could fix atmospheric nitrogen [31,32]
and as a result, we found out that PMM had the highest amount of TN for the upper two
layers, while in the remaining two layers, it was observed to be highest in CPM. This could
be due to the tea plant deep root system, which makes way in the soil deeper layers for
the atmospheric N that the peanut plant fixes. Both TP and TK contents were higher in
the CPM among all the soil layers than the tea and peanut mono-cropping system. The
probable reason was that intercropping can provide a much more comprehensive ground
cover along with better water use efficiency [31,32].

Leguminous plants can convert the unavailable N form into a useable form [33]. The
comparison of CPM and PMM depicted that AN was 51.78%, 5.92%, and 15.32% lower
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in the 10–20 cm, 20–30 cm, and 30–40 cm layers of the intercropping system than in the
peanut mono-cropping system because the of higher urease activity in CPM, which led to
an increase in the NH3 loss from soil [34,35]. AP in the intercropping of tea and peanut
was higher in all the soil layers than the tea and peanut monoculture cropping. This is
because leguminous plant led to the acidification of the rhizosphere with the help of roots,
and these roots release the organic acids [36–39]. Due to acidification, the enzyme acid
phosphatase starts the dissolution of P-based minerals, which increases the P availability.
Maurya and Lal [40] obtained similar results, where the amount of P increased due to the
release of acid phosphatase by the chickpea, which led to the conversion of organic P into
inorganic P. AK content was higher in CPM compared to CMM and PMM in all soil layers.
AK was 11.1%, 43.06%, 46.79% higher in 0–10 cm, 10–20 cm, and 20–30 cm layers of the
intercropping system than the mono-cropping of tea. Similarly, AK was 13.4%, 9.29%, and
22.06% higher in 0–10 cm, 10–20 cm, and 20–30 cm layers of intercropping system than the
mono-cropping system of peanut. The increase in AK in the intercropping system can be
attributed to the increase in the soil enzymatic activity.

Soil enzymes play a significant role in the soil ecosystem’s overall biochemical func-
tioning [41–43]. A better understanding of the soil enzymatic activity in different cropping
systems with a depth effect can provide better knowledge about how intercropping systems
can improve soil fertility. It is evident from the previous studies that the mono-cropping
system could potentially harm the soil enzyme mechanism, which results in a significant
decrease in the soil enzymatic activity [44]. In our current study, a very considerable
increase in the enzyme activities was observed in the intercropping system of the tea and
peanut than in the mono-cropping systems. Protease is the main enzyme involved in the
catalysis of N minerals and N cycling [45]. The protease activity was higher in the layers of
0–10 cm and 30–40 cm for the intercropping system than both mono-cropping systems. This
change in protease activity might be attributed to a higher SOC content in the topsoil [46].
However, in the 30–40 cm layer, the increase might be due to a higher N content. Soil
sucrase enzymes catalyze sucrase to glucose and fructose with hydrolysis, and it is also
connected with the biomass of the soil microbes [47,48]. The mono-cropping of peanut
had the highest sucrase enzyme activity, possibly due to a higher SOM. These findings
are supported by Li et al. [41], who observed that soil enzyme activity was significantly
enhanced due to intercropping. Acid phosphatase is the main enzyme involved in ester
hydrolysis and phosphoric acid anhydrides [49,50]. It converts the esters and anhydrides
into phosphate, and is a key enzyme in P cycling in soil [51].

In our current study, acid phosphatase activity was higher in the intercropping of
peanut–tea than tea mono-cropping because the peanut was identified as a species whose
roots release an ample amount of acid phosphatase in the soil [52,53]. The soil urease
enzyme catalyzes urea into NH3 and CO2 with hydrolysis [54]. This is a necessary process
that regulates N availability to the plants after the application of urea. To some level,
urease indicates the availability of N in different cropping systems. The catalase’s primary
function is to decompose the organic matter into the plant’s useable form [55,56]. In our
current study, the mono-cropping of peanut had a higher activity of urease and catalase
than intercropping because of the SOM content of the mono-cropping of peanut. In this
study, the enzyme activity was more or less associated with the content and distribution
of SOC, TN and AK among all the cropping systems. Our results are in line with Tian
et al. [57] and Udawatta et al. [58]; they also observed a stronger correlation between SOC
and enzymes. An increase in the SOM and litter quantity enhances the soil activity [59,60]
and this increment has direct involvement in the improvement of nutrient cycling, along
with greenhouse emission [61–63], which, in return, has a positive impact on the ecosystem,
plant growth and overall SOC.
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4. Materials and Methods

4.1. Study Site

The study was conducted in Hunan Botanical Garden in Changsha city, Hunan
Province, China (113◦02′–113◦03′ E, 28◦06′–28◦07′ N) (Figure 4). The study area had a
typical subtropical humid monsoon climate, with a mean annual precipitation of 1378 mm,
mean annual temperature of 17.2 ◦C, and a mean annual relative humidity of 81%. The
mean annual average sunshine was 1814.8 h and the frost-free period was 275 days. The
site was the hillside, with a slope of about 5–15◦. The soil was classified as typical red
earth developed from the quaternary red clay reticulated parent material. The soil texture
ranged from clay loam to sandy loam, with a depth of about 1 m. The soil was acid with a
pH of 4.5–5.5. Soil bulk density was ranged between 1.16 to 1.22 (g/m3).

 

Figure 4. Location of the study area, Hunan botanical garden, Changsha, Hunan.

4.2. Experimental Design

In this study, three cropping models were set up which included: (1) a C. oleifera
mono-cropping model (CMM); (2) a peanut mono-cropping model (PMM), and (3) a
Camellia–peanut inter-cropping model (CPM). The C. oleifera monoculture stand was
established in 2010, and the line-row spacing of the C. oleifera was planted in 4 m × 3 m.
In CMM, an area with three lines and three rows of C. oleifera trees was selected as a plot
(about 110 m2). Four plots were set up for CMM in this study.

However, in PMM, the peanuts were planted in the open space beside the C. oleifera
forests according to the 0.25 m × 0.1 m spacing in April 2018. An area with 40 lines and
100 rows of peanut plants was selected as a plot (about 100 m2). Four plots were set up
for PMM in this study. Moreover, in CPM, an area with three lines and three rows of C.
oleifera trees was selected as a plot (about 110 m2). Peanuts were intercropped between C.
oleifera trees in April 2018. The spacing between the peanut and tea plant was 1 m. Four
plots of CPM were set up in this study. The three cropping models employed similar field
management practices during the study period.
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4.3. Soil Sampling

Soil samples were collected in September 2019. Four plots of 20 × 20 m were estab-
lished in each of CMM, PMM, and CPM plots; four pits were dug diagonally. A soil corer
was used to obtain soil samples from 0–10, 10–20, 20–30, and 30–40 cm depths from each
pit. Four replicates were taken from each plot for each depth. The rocks and plant residues
were removed from the soil samples. Soil samples were placed into self-sealing plastic
bags, labelled, and delivered to the laboratory for further analysis. For enzymatic activity
analysis, the soil samples were placed in −80 ◦C until further use. For nutrients analysis,
after air drying, the soil samples were passed through a 0.15 mm and 0.20 mm sieve for
the determination of soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP),
total potassium (TK), available nitrogen (AN), available phosphorus (AP), and available
potassium (AK).

4.4. Soil Chemical Analysis

Urease activity was measured following the method described in [64]. Five grams of
soil was incubated with 10 mL of citrate phosphate buffer (pH 6.7) and 5 mL of 10 % urea
solution at 38 ◦C for 3 h. Activity was determined by measuring the released NH4

+ with a
spectrophotometer at 578 nm. Acid phosphatase activity was analyzed with nitrophenyl
phosphate disodium (PhOH mg g1, 37 ◦C, 24 h), and catalase with KMnO4 (0.1 mol L−1

KMnO4 ug g−1, 30 ◦C, 20 h) [65]. Sucrase activity was determined by the method of [66].
For sucrose, the air-dried soil (5 g) was incubated with 15 mL sucrose. Five microliters
(5 mL) of phosphate buffer (pH 5.5) and five drops of toluene at 37 ◦C for 24 h, and the
reaction solution was filtered through the quantitative filter paper as rapidly as possible
after incubation. Filtrate (1 mL) was mixed with 3 mL salicylic acid at 100 ◦C for 5 min in
the water bath, and the mixture was adjusted to 50 mL and cooled with deionized water.
Sucrase activity was determined spectrophotometrically at 508 nm. The protease activity
was determined by ninhydrin colorimetry, expressed in milligrams of amino nitrogen in
1 g of soil cultured for 24 h in a 37 ◦C incubator [67].

SOC was determined by the hydrated potassium thermo-dichromate oxidation method.
TN was determined using the CN elemental analyzer, while the colorimetric method of the
molybdenum–antimony solution with royal acid was used to determine TP. The flame pho-
tometer method was used to determine TK. AN was analyzed by the Kjeldahl method [68];
AP was determined by the diacid extraction spectrophotometric colorimetry method [69],
and AK was determined using a flame photometer method by ammonium acetate extrac-
tion [70]. Detailed information about the total and available nutrients was also mentioned
in our published paper [6].

4.5. Statistical Analysis

Two-way analysis of variance (ANOVA) was performed to analyze the difference
in soil enzymatic activity, soil total nutrient status and soil nutrient availability between
different cropping systems at four different soil depths. Correlation analysis was performed
using the Pearson statistical method to analyze the association among the studied soil
parameters. Moreover, the path analysis using multiple linear analysis was also performed
to study the relationships betweesn soil enzyme and soil nutrients. Results were declared
statistically significant at p < 0.05 and the means that exhibited significant differences were
compared using Tukey’s significance test. All statistical analyses were performed using the
SPSS Statistical Package (SPSS 17.0, Chicago, IL, USA).

The multiple linear regression equations of soil sucrase activity (Y1), protease activity
(Y2), urease activity (Y3), acid phosphatase activity (Y4), catalase activity (Y5) and soil
nutrient factors are as follows:

The multiple linear regression equations in PMM are:

Y1 = -0.534X1 + 0.821X2 + 0.173X3 − 0.258X4 − 0.012X5 − 0.065X6 − 0.257X7 (1)
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Y2 = 0.689X1 + 0.354X2 − 0.392X3 + 0.020X4 + 0.225X5 + 0.524X6 − 0.195X7 (2)

Y3 = −0.021X1 + 0.443X2 − 0.394X3 − 0.157X4 − 0.115X5 + 0.233X6 + 0.275X7 (3)

Y4 = 1.045X1 − 0.128X2 − 0.042X3 + 0.080X4 + 0.134X5 + 0.069X6 + 0.048X7 (4)

Y5 = 2.023X1 − 2.069X2 − 0.181X3 + 0.065X4 + 0.065X5 + 0.244X6 + 0.169X7 (5)

The multiple linear regression equations in CPM are:

Y1 = 0.104X1 + 0.517X2 − 0.297X3 − 0.046X4 + 0.018X5 − 0.219X6 + 0.329X7 (6)

Y2 = 0.469X1 − 0.018X2 − 0.283X3 + 0.208X4 + 0.179X5 − 0.037X6 + 0.25X7 (7)

Y3 = 0.707X1 − 0.038X2 − 0.028X3 + 0.161X4 + 0.0009X5 − 0.017X6 + 0.196X7 (8)

Y4 = 0.219X1 + 0.239X2 + 0.053X3 − 0.139X4 + 0.154X5 − 0.131X6 + 0.031X7 (9)

Y5 = 0.243X1 + 0.143X2 + 0.197X3 − 0.037X4 + 0.015X5 − 0.274X6 + 0.264X7 (10)

The multiple linear regression equations in CMM are:

Y1 = 0.009X1 + 0.213X2 − 0.368X3 − 0.089X4 + 0.001X5 + 0.532X6 + 0.248X7 (11)

Y2 = 0.070X1 − 0.041X2 + 0.905X3 + 0.110X4 − 0.557X5 − 0.483X6 − 0.506X7 (12)

Y3 = 0.111X1 + 0.278X2 − 0.142X3 + 0.309X4 + 0.216X5 + 0.368X6 + 0.072X7 (13)

Y4 = 0.043X1 + 0.445X2 − 0.598X3 + 0.249X4 + 0.148X5 + 0.885X6 − 0.015X7 (14)

Y5 = −0.200X1 + 0.436X2 + 0.088X3 − 0.132X4 − 0.199X5 + 0.174X6 + 0.274X7 (15)

X1, X2, X3, X4, X5, X6 and X7 represent SOC, TN, TP, TK, AN, AP and AK, respectively.
These equations present the direct path coefficients. The indirect path coefficients were
obtained using the direct path coefficients multiplied by each soil nutrient’s correlation
coefficient. The direct path coefficient was the direct effect of soil nutrient factors on
enzyme activity.

5. Conclusions

In our study, the activity of enzymes, SOC, and TN was higher in the topsoil than the
subsoil because of the higher accumulation of SOM on the topsoil and the much favorable
moisture and temperature conditions of topsoil. SOC and most of the soil total nutrient
content and nutrient availability were significantly higher in the intercropping system.
Moreover, apart from soil catalase and urease, other enzymes’ soil enzymatic activities were
higher in the intercropping than in the mono-cropping system. Path analysis provides the
weighted effect of soil nutrients on soil enzymes in each cropping type. Intercropping may
also lead to an increase in the other soil quality indicators, such as SOM. Intercropping of
peanut with tea could significantly increase soil fertility. The long-term sustainability of the
soil ecosystem in tea farming can be achieved with the help of peanut–tea intercropping.
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Appendix A

Table A1. Path coefficients between soil nutrients factors (X) and soil enzyme activity (Y) in PMM.

Factors Code X1 X2 X3 X4 X5 X6 X7

Y1

X1 −0.534 * −0.518 −0.048 0.219 −0.021 −0.198 −0.315
X2 0.796 0.821 * 0.066 −0.320 0.099 0.304 0.550
X3 0.016 0.014 0.173 * 0.014 0.022 0.112 0.054
X4 0.106 0.101 −0.021 −0.258 * −0.080 0.041 0.065
X5 0.000 −0.001 −0.002 −0.004 −0.012 * −0.001 0.000
X6 −0.024 −0.024 −0.042 0.010 −0.007 −0.065 * −0.027
X7 −0.152 −0.172 −0.080 0.064 0.005 −0.105 −0.257 *

Y2

X1 0.689 * 0.668 0.062 −0.282 0.028 0.255 0.407
X2 0.343 0.354 * 0.028 −0.138 0.042 0.131 0.237
X3 −0.035 −0.031 −0.392 * −0.031 −0.051 −0.255 −0.122
X4 −0.008 −0.008 0.002 0.020* 0.006 −0.003 −0.005
X5 0.009 0.027 0.029 0.070 0.225 * 0.025 −0.005
X6 0.194 0.194 0.341 −0.084 0.058 0.524 * 0.215
X7 −0.115 −0.131 −0.060 0.049 0.004 −0.080 −0.195 *

Y3

X1 −0.021 * −0.020 −0.002 0.009 −0.001 −0.008 −0.012
X2 0.430 0.443 * 0.035 −0.173 0.053 0.164 0.297
X3 −0.035 −0.032 −0.394 * −0.032 −0.051 −0.256 −0.122
X4 0.064 0.061 −0.013 −0.157 * −0.049 0.025 0.039
X5 −0.005 −0.014 −0.015 −0.036 −0.115 * −0.013 0.002
X6 0.086 0.086 0.151 −0.037 0.026 0.233 * 0.096
X7 0.162 0.184 0.085 −0.069 −0.006 0.113 0.275 *

Y4

X1 1.045 * 1.014 0.094 −0.428 0.042 0.387 0.617
X2 −0.124 −0.128 * −0.010 0.050 −0.015 −0.047 −0.086
X3 −0.004 −0.003 −0.042 * −0.003 −0.005 −0.027 −0.013
X4 −0.033 −0.031 0.006 0.080 * 0.025 −0.013 −0.020
X5 0.005 0.016 0.017 0.042 0.134 * 0.015 −0.003
X6 0.026 0.026 0.045 −0.011 0.008 0.069 * 0.028
X7 0.028 0.032 0.015 −0.012 −0.001 0.020 0.048 *

Y5

X1 2.023 * 1.962 0.182 −0.829 0.081 0.749 1.194
X2 −2.007 −0.069 * −0.166 0.807 −0.248 −0.766 −1.386
X3 −0.016 −0.014 −0.181 * −0.014 −0.024 −0.118 −0.056
X4 −0.027 −0.025 0.005 0.065 * 0.020 −0.010 −0.016
X5 0.003 0.008 0.008 0.020 0.065 * 0.007 −0.001
X6 0.090 0.090 0.159 −0.039 0.027 0.244 * 0.100
X7 0.100 0.113 0.052 −0.042 −0.003 0.069 0.169 *

* indicate a significant level at p < 0.05.

Table A2. Path coefficients between soil nutrients factors (X) and soil enzyme activity (Y) in in CPM.

Factors Code X1 X2 X3 X4 X5 X6 X7

Y1

X1 0.104 * 0.202 −0.086 0.000 0.010 −0.007 0.105
X2 0.041 0.517 * −0.050 −0.003 0.004 −0.033 0.039
X3 0.030 0.088 −0.297 * −0.015 0.007 −0.068 0.174
X4 0.000 0.036 −0.098 −0.046 * −0.001 −0.018 0.132
X5 0.059 0.114 −0.113 0.002 0.018 * −0.072 0.102
X6 0.003 0.078 −0.092 −0.004 0.006 −0.219 * 0.049
X7 0.033 0.062 −0.157 −0.018 0.006 −0.033 0.329 *
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Table A2. Cont.

Factors Code X1 X2 X3 X4 X5 X6 X7

Y2

X1 0.469 * −0.007 −0.082 0.000 0.102 −0.001 0.080
X2 0.183 −0.018 * −0.048 0.015 0.039 −0.006 0.030
X3 0.136 −0.003 −0.283 * 0.069 0.068 −0.011 0.133
X4 0.000 −0.001 −0.093 0.208 * −0.009 −0.003 0.100
X5 0.267 −0.004 −0.108 −0.010 0.179 * −0.012 0.078
X6 0.014 −0.003 −0.088 0.017 0.059 −0.037 * 0.038
X7 0.150 −0.002 −0.150 0.083 0.055 −0.006 0.250 *

Y3

X1 0.707 * −0.015 −0.008 0.000 0.001 −0.001 0.063
X2 0.276 −0.038 * −0.005 0.011 0.000 −0.003 0.024
X3 0.205 −0.006 −0.028 * 0.053 0.000 −0.005 0.104
X4 0.000 −0.003 −0.009 0.161 * 0.000 −0.001 0.078
X5 0.403 −0.008 −0.011 −0.008 0.001 * −0.006 0.061
X6 0.021 −0.006 −0.009 0.013 0.000 −0.017 * 0.029
X7 0.226 −0.005 −0.015 0.064 0.000 −0.003 0.196 *

Y4

X1 0.219 * 0.093 0.015 0.000 0.088 −0.004 0.010
X2 0.085 0.239 * 0.009 −0.010 0.034 −0.020 0.004
X3 0.064 0.041 0.053 * −0.046 0.059 −0.041 0.016
X4 0.000 0.017 0.017 −0.139 * −0.008 −0.010 0.012
X5 0.125 0.053 0.020 0.007 0.154 * −0.043 0.010
X6 0.007 0.036 0.016 −0.011 0.051 −0.131 * 0.005
X7 0.070 0.029 0.028 −0.056 0.048 −0.020 0.031 *

Y5

X1 0.243 * 0.056 0.057 0.000 0.009 −0.008 0.084
X2 0.095 0.143 * 0.033 −0.003 0.003 −0.041 0.032
X3 0.070 0.024 0.197 * −0.012 0.006 −0.085 0.140
X4 0.000 0.010 0.065 −0.037 * −0.001 −0.022 0.106
X5 0.139 0.031 0.075 0.002 0.015 * −0.090 0.082
X6 0.007 0.021 0.061 −0.003 0.005 −0.274 * 0.040
X7 0.078 0.017 0.104 −0.015 0.005 −0.041 0.264 *

* indicate a significant level at p < 0.05.

Table A3. Path coefficients between soil nutrients factors (X) and soil enzyme activity (Y) in in CMM.

Factors Code X1 X2 X3 X4 X5 X6 X7

Y1

X1 0.009 * 0.083 −0.107 0.000 0.001 0.016 0.079
X2 0.004 0.213 * −0.063 −0.006 0.000 0.080 0.037
X3 0.003 0.036 −0.368 * −0.029 0.000 0.165 0.131
X4 0.000 0.015 −0.121 −0.089 * 0.000 0.043 0.099
X5 0.005 0.047 −0.140 0.004 0.001 * 0.176 0.077
X6 0.000 0.032 −0.114 −0.007 0.000 0.532 * 0.037
X7 0.003 0.026 −0.195 −0.036 0.000 0.080 0.248 *

Y2

X1 0.070 * −0.016 0.262 0.000 −0.317 −0.014 −0.162
X2 0.027 −0.041 * 0.154 0.008 −0.123 −0.072 −0.076
X3 0.020 −0.007 0.905 * 0.036 −0.212 −0.150 −0.268
X4 0.000 −0.003 0.299 0.110 * 0.028 −0.039 −0.202
X5 0.040 −0.009 0.344 −0.006 −0.557 * −0.159 −0.157
X6 0.002 −0.006 0.281 0.009 −0.184 −0.483 * −0.076
X7 0.022 −0.005 0.480 0.044 −0.173 −0.072 −0.506 *

Y3

X1 0.111 * 0.108 −0.041 0.000 0.123 0.011 0.023
X2 0.043 0.278 * −0.024 0.022 0.048 0.055 0.011
X3 0.032 0.047 −0.142 * 0.102 0.082 0.114 0.038
X4 0.000 0.019 −0.047 0.309 * −0.011 0.029 0.029
X5 0.063 0.061 −0.054 −0.015 0.216 * 0.121 0.022
X6 0.003 0.042 −0.044 0.025 0.071 0.368 * 0.011
X7 0.036 0.033 −0.075 0.124 0.067 0.055 0.072 *

225



Plants 2021, 10, 881

Table A3. Cont.

Factors Code X1 X2 X3 X4 X5 X6 X7

Y4

X1 0.043 * 0.174 −0.173 0.000 0.084 0.027 −0.005
X2 0.017 0.445 * −0.102 0.017 0.033 0.133 −0.002
X3 0.012 0.076 −0.598 * 0.082 0.056 0.274 −0.008
X4 0.000 0.031 −0.197 0.249 * −0.007 0.071 −0.006
X5 0.025 0.098 −0.227 −0.012 0.148 * 0.292 −0.005
X6 0.001 0.067 −0.185 0.020 0.049 0.885 * −0.002
X7 0.014 0.053 −0.317 0.100 0.046 0.133 −0.015 *

Y5

X1 −0.200 * 0.170 0.026 0.000 −0.113 0.005 0.088
X2 −0.078 0.436 * 0.015 −0.009 −0.044 0.026 0.041
X3 −0.058 0.074 0.088 * −0.044 −0.076 0.054 0.145
X4 0.000 0.031 0.029 −0.132 * 0.010 0.014 0.110
X5 −0.114 0.096 0.033 0.007 −0.199 * 0.057 0.085
X6 −0.006 0.065 0.027 −0.011 −0.066 0.174 * 0.041
X7 −0.064 0.052 0.047 −0.053 −0.062 0.026 0.274 *

* indicate a significant level at p < 0.05.
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Abstract: Wheat crop experiences high temperature stress during flowering and grain-filling stages,
which is termed as “terminal heat stress”. Characterizing genotypes for adaptive traits could in-
crease their selection for better performance under terminal heat stress. The present study evaluated
the morpho-physiological traits of two spring wheat cultivars (Millet-11, Punjab-11) and two ad-
vanced lines (V-07096, V-10110) exposed to terminal heat stress under late sowing. Early maturing
Millet-11 was used as heat-tolerant control. Late sowing reduced spike length (13%), number of
grains per spike (10%), 1000-grain weight (13%) and biological yield (15–20%) compared to timely
sowing. Nonetheless, higher number of productive tillers per plant (19–20%) and grain yield (9%)
were recorded under late sowing. Advanced lines and genotype Punjab-11 had delayed maturity
and better agronomic performance than early maturing heat-tolerant Millet-11. Advanced lines
expressed reduced canopy temperature during grain filling and high leaf chlorophyll a (20%) and b
(71–125%) contents during anthesis under late sowing. All wheat genotypes expressed improved
stem water-soluble carbohydrates under terminal heat stress that were highest for heat-tolerant
Millet-11 genotype during anthesis. Improved grain yield was associated with the highest chloro-
phyll contents showing stay green characteristics with maintenance of high photosynthetic rates and
cooler canopies under late sowing. The results revealed that advanced lines and Punjab-11 with
heat adaptive traits could be promising source for further use in the selection of heat-tolerant wheat
genotypes.

Keywords: canopy temperature; water soluble carbohydrates; heat stress; stay green; seed yield

1. Introduction

Wheat (Triticum aestivum L.) is a staple crop and nourishes billions of people daily,
while its productivity is significantly decreased under high temperature. Owing to global
climate changes, wheat yields are expected to decline by 6% for each 1 ◦C increase in
temperature. Therefore, gain yield of wheat crop must be increased by 60% until 2050 to
fulfil the food demands of burgeoning global population [1]. According to the International
Maize and Wheat Improvement Center (CIMMYT), world wheat producing regions are
grouped into eight different mega environments (MEs) [2]. The ME1 and ME5 are highly
productive irrigated environments in South Asia; however, wheat crop is exposed to
terminal heat stress in these MEs [3]. South Asia includes India, Nepal, Pakistan and
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Bangladesh where wheat is sown late due to the delay in the harvesting of previous crops,
i.e., rice and cotton in rice-wheat and cotton-wheat zones owing to delayed harvest of long
maturing semi-dwarf rice varieties and delayed picking of cotton respectively [4,5]. The
delay in wheat cultivation exposes the crop to high temperatures during flowering and
grain-filling stages termed as “terminal heat stress” [6]. Nonetheless, wheat grown on
≥13.9 million ha in the rice-wheat cropping system of South Asia [1] including rice-wheat
and cotton-wheat zones of Pakistan experience terminal heat stress [4,5].

Spring wheat in South Asia is sown in the months of November and December while
harvested during April and May particularly in rice-wheat and cotton-wheat cropping
zones. The timely planted wheat crop in these zones has temperature requirement of
12–22 ◦C during vegetative and reproductive growth periods particularly at anthesis and
grain filling stages.

Late sown wheat experiences higher canopy temperature (>31 ◦C) during reproductive
period adversely affecting many physiological processes resulting in shortened crop growth
cycle and reduced yields [6]. For example, high temperature during anthesis reduces pollen
viability by restricting embryo development and promotes anther sterility resulting in less
grain numbers [7,8]. High temperature exposure after anthesis decreases grain filling rate
which is associated with declined grain yield [7–10]. These decreases in grain filling rate
and duration accelerate senescence with the loss of chlorophyll and limits assimilate supply
towards developing grains [11].

Nonetheless, wheat plants evolve several physiological mechanisms to cope with
terminal heat stress which include early maturity [3,6], stay green [11,12], reduced canopy
temperature [13], accumulation of high stem water soluble carbohydrates [14] and high
biomass accumulation [13] to translate assimilates into yield. For instance, early maturity
as an adaptation strategy provides explanation for variation to physiological responses
and grain yield under high temperature among wheat genotypes during reproductive
period [3,6]. Stay green trait maintains high leaf chlorophyll contents that are associated
with grain yield and its components under heat stress [11,12,15]. Likely, the loss in green
area affects grain size that can be compensated by improving the remobilization of water-
soluble carbohydrates stored in stem and leaf sheaths to developing grains under high
temperature and drought stress [14]. However, studies showing the direct relationship of
water-soluble carbohydrates with grain yield under heat or drought stress are limited. In
addition, wheat plants with cooler canopy during grain filling, have capability to access
subsoil moisture which helps to maintain evaporation and photosynthesis under hot
irrigated conditions [16]. Wheat plants with cooler canopies also have positive association
with grain yield [13,17,18]. Therefore, these physiological traits can be the best combination
for genetic improvement of wheat genotypes to mitigate heat and drought stress because
of their common genetic basis [16,19,20].

Exploring combination of physiological traits needs identification of wheat genotypes
which produce high yield and express adaptation traits under high temperature exposure.
Therefore, developing heat tolerant genotypes through breeding is a major objective in
wheat improvement programs [3,6]. In view of global climate changes, these efforts
should be accelerated to reduce high temperature effects [1,21] as rise in the global average
temperature is a serious threat to wheat production in different MEs prone to terminal
drought or heat [3,22,23].

To cope with situation, at present, efforts for evaluation of exotic germplasm de-
veloped by CIMMYT are in progress through National Agriculture Research Programs
(NARPs). For this, elite nurseries of wheat germplasm are tested in MEs of South Asia
for their adaptability to heat and associated traits which are later assembled into mega
varieties for both improved productivity and heat tolerance [3,6,24]. Similarly, an interna-
tional wheat phenotyping network has been established in South Asia for application of
phenotyping techniques to accelerate selection and support breeding program for their suc-
cess by incorporating physiological traits into new generation of lines for heat or drought
tolerance [24]. Thus, physiological characterization of existing genotypes or plant genetic
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resources through phenotyping tools may provide better understanding of heat adaptive
traits and their integration into breeding programs may help to translate these genotypes
into desirable plant types [25,26]. The present study, therefore, compared the performance
of wheat genotypes including one widely grown and two promising advanced lines with
early maturing heat tolerant cultivar to identify morpho-physiological traits for adaptation
to terminal heat stress under late sowing. Most specifically the association of these traits
with grain yield was determined for their further use in cultivar selection.

2. Results

2.1. Crop Phenological Development

High temperature significantly reduced crop development period, including booting
(7–8 d), heading (2 d), anthesis (3 d), grain filling (10 d) and maturity period (10–12 d)
under late sowing. Among the genotypes, earlier heading (3, 3, 4 d), booting (9–11, 10–12,
11–15 d), anthesis (1–2, 2–5, 4 d) and maturity (10–13, 10–12, 10–11 d) were observed for
Punjab-11, V-07096 and V-10110 respectively compared to heat tolerant Millet-11 under
late sowing condition. However, delayed heading (2 d), booting (3 d) and anthesis (7 d)
were observed for heat tolerant Millet-11 while grain filling period was reduced for all
genotypes under late sowing condition. Interactions were significant for all phenological
traits (Table 1).

2.2. Physiological Traits

Wheat crop expressed a 20% and 71–125% increase in Chl a and b contents respectively,
under late sowing compared to timely sown crop during anthesis. Heat tolerant check
Millet-11 and advanced line V-07096 expressed the highest Chl a and b contents during the
first growing season (2012–2013), while these were highest in Punjab-11 and V-10110 during
the second growing season (2013–2014) under late sowing. Reduced canopy temperature
was observed in late sown crop during 2012–2013 and vice versa for 2013–2014. Heat
tolerant Millet-11 and advanced lines V-07096 and V-10110 expressed reduced canopy
temperature during both seasons. Maximum increase (50%) in stem water-soluble carbohy-
drates was found under late sowing. Nonetheless, all genotypes expressed similar stem
water-soluble carbohydrates under late sowing (Table 1).

Table 1. Mean comparison for crop phenology and physiological traits in wheat genotypes under late sown condition.

Wheat
Genotypes

Days to Heading Grain Filling Period (Days)

2012–2013 2013–2014

Planting Time Means
Genotypes

Planting Time Means
Genotypes

Normal Late Sown Normal Late Sown

Millet-11 92.00 g 94.50 f 93.25 D 35.67 a 18.50 e 27.08 AB
Punjab-11 103.00 c 100.17 e 101.58 C 32.50 b 23.00 d 27.75 A
V-07096 104.83 b 101.50 d 103.17 B 30.17 c 22.67 d 26.41 B
V-10110 107.00 a 103.33 c 105.17 A 29.50 c 22.67 d 26.08 B

Means SD 101.71 A 99.87 B 31.96 A 21.71 B
HSD SD = 0.36; G = 0.76, SD × G = 1.30 SD = 1.08.; G = 1.00, SD × G = 1.72

Wheat
Genotypes

Days to Booting

2012–2013 2013–2014

Planting Time Means
Genotypes

Planting Time Means
Genotypes

Normal Late Sown Normal Late Sown

Millet-11 77.67 f 80.67 e 79.17 C 78.67 f 81.33 e 80.00 C
Punjab-11 94.33 b 83.33 d 88.83 B 95.67 b 86.33 cd 91.00 B
V-07096 95.67 ab 85.33 c 90.50 A 98.33 a 86.67 c 92.50 A
V-10110 96.67 a 85.67 c 91.17 A 99.33 a 84.67 d 92.00 AB

Means SD 91.08 A 83.75 B 93.00 A 84.75 B
HSD SD = 0.71; G = 1.07, SD × G = 1.84 SD = 0.62; G = 1.09, SD × G = 1.88
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Table 1. Cont.

Wheat
Genotypes

Days to Anthesis

2012–2013 2013–2014

Normal
Late

Sown
Means

Genotypes
Normal Late Sown

Means
Genotypes

Millet-11 96.67 f 103.67 e 100.17 D 99.33 d 100.67 d 100.00 D
Punjab-11 107.33 cd 106.67 d 107.00 C 111.33 b 108.33 c 109.83 C
V-07096 110.33 b 108.00 bc 109.17 B 114.33 a 109.33 bc 111.83 B
V-10110 112.00 a 108.67 bc 110.33 A 115.33 a 111.33 b 113.33 A

Means SD 106.58 106.75 110.08 A 107.42 B
HSD SD = n.s.; G = 0.76, SD × G = 1.30 SD = 0.36; G = 1.31, SD × G = 2.26

Wheat
Genotypes

Days to Maturity

2012–2013 2013–2014

Normal Late Sown
Means

Genotypes Normal Late Sown
Means

Genotypes

Millet-11 132.67 b 122.33 c 127.50 B 134.67 b 119.00 d 126.83 D
Punjab-11 140.33 a 130.33 b 135.33 A 143.33 a 130.67 c 137.00 C
V-07096 140.67 a 130.33 b 135.50 A 144.33 a 132.33 b 138.33 B
V-10110 141.67 a 130.67 b 136.17 A 144.67 a 134.67 b 139.67 A

Means SD 138.83 A 128.42 B 141.75 A 129.17 B
HSD SD = 1.43; G = 0.99, SD × G = 1.71 SD = 0.95; G = 1.10, SD × G = 1.91

Wheat
Genotypes

Chl a (mg/g Fwt)

2012–2013 2013–2014

Normal Late Sown
Means

Normal Late Sown
Means

Genotypes Genotypes

Millet-11 0.10 d 0.12 a 0.11 0.08 e 0.09 d 0.08 C
Punjab-11 0.10 cd 0.11 b 0.10 0.12 ab 0.12 ab 0.12 A
V-07096 0.11 c 0.12 ab 0.11 0.11 c 0.09 d 0.10 B
V-10110 0.11 c 0.11 b 0.11 0.11 bc 0.13 a 0.12 A

Means SD 0.10 B 0.12 A 0.10 0.10
HSD SD = 0.006; G = n.s., SD × G = 0.006 SD = n.s.; G = 0.004, SD × G = 0.006

Wheat
Genotypes

Chl b (mg/g Fwt)

2012–2013 2013–2014

Normal Late Sown
Means

Normal Late Sown
Means

Genotypes Genotypes

Millet-11 0.07 0.15 0.11 D 0.03 e 0.03 e 0.03 D
Punjab-11 0.09 0.19 0.14 B 0.08 d 0.19 a 0.13 A
V-07096 0.10 0.19 0.15 A 0.09 c 0.09 c 0.09 C
V-10110 0.08 0.17 0.12 C 0.08 d 0.17 b 0.12 B

Means SD 0.08 B 0.18 A 0.07 B 0.12 A
HSD SD = 0.006; G = 0.004, SD × G = n.s. SD = 0.006; G = 0.004, SD × G = 0.006

Wheat
Genotypes

Canopy Temperature (◦C)

2012–2013 2013–2014

Normal Late Sown
Means

Normal Late Sown
Means

Genotypes Genotypes

Millet-11 22.53 21.32 21.92 B 23.27 25.15 24.21 AB
Punjab-11 22.67 22.36 22.52 A 23.92 25.53 24.73 A
V-07096 22.93 22.17 22.56 A 23.45 24.57 24.01 B
V-10110 22.82 22.1 22.46 AB 23.31 25.18 24.25 AB

Means SD 22.74 A 21.99 B 23.49 B 25.11 A
HSD SD = 0.50; G = 0.56, SD × G = n.s. SD = 0.88; G = 0.55, SD × G = n.s.
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Table 1. Cont.

Wheat
Genotypes

Water Soluble Carbohydrates
(μmol /g Fwt)

Average over two seasons

Normal Late Sown
Means

Genotypes

Millet-11 1.90 b 2.37 a 2.14
Punjab-11 1.34 c 1.99 ab 1.66
V-07096 1.29 c 2.04 ab 1.67
V-10110 1.05 d 2.04 ab 1.55

Means SD 1.40 2.11
HSD SD = n.s.; G = n.s., SD × G = 0.16

Letters among columns denote significant differences in means for sowing dates while letters within columns denote significant differences
between cultivars at P ≤ 0.05; SD = Sowing dates; G = Genotype; n.s. = non-significant; Fwt = Fresh weight basis.

2.3. Gas Exchange Traits

No significant difference was observed for photosynthetic (A) and transpiration rates
(E) under timely and late sown wheat while intercellular CO2 concentration (Ci) and stom-
atal conductance (Gs) were reduced under late sowing. However, lowest photosynthetic
and transpiration rates were found for advanced line V-07096. Regarding interactions,
the highest Gs was found for timely sown advanced line V-07096 and it was drastically
reduced under late sowing condition. On the other hand, highest Ci was found in advanced
line V-07096 under both sowing conditions while Gs was significantly reduced under late
sowing (Figure 1).
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Figure 1. Gas exchange traits (a) photosynthetic rate (b) transpiration rate (c) sub-stomatal CO2

(d) stomatal conductance in wheat genotypes under late sowing. Different lowercase letters indicate
significant differences among treatments; Means with same letters show non-significant difference at
p > 0.05.

2.4. Yield Related Traits

Terminal heat stress significantly reduced yield related traits in all the wheat geno-
types under late sowing. Among these traits, plant height, spike length, grains per spike,
thousand grain weight and biological yield were reduced more under late sowing than
timely sowing (Table 2). Total number of productive tillers were highest during both years,
while grain yield was high during first growing season and was similar under both timely
and late sowing in 2nd growing season. Advanced lines V-07096 and V-10110 expressed
the highest plant height, spike length, number of grains per spike, thousand grain weight
including biological and grain yields. Genotype Punjab-11 also expressed highest biological
and grain yields significantly similar to advanced line V-07096. For total productive tillers,
the differences among genotypes were non-significant. The interactions were significant
for spike length, thousand grain weight and biological yield, while these traits decreased
during second growing season, grain yield during both years and plant height during first
growing season were significant (Table 2).
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Table 2. Mean comparison for yield related traits in wheat genotypes under late sowing condition.

Wheat
Genotypes

Total Productive Tillers Per Plant

2012–2013 2013–2014

Planting Time Planting Time

Normal Late Sown
Means

Genotypes
Normal Late Sown

Means
Genotypes

Millet-11 5.03 6.33 5.68 4.50 5.50 5.00
Punjab-11 5.73 6.07 5.90 5.67 6.00 5.78
V-07096 4.87 6.07 5.47 4.67 5.83 5.19
V-10110 5.13 6.20 5.67 5.44 6.67 6.06

Means SD 5.19 B 6.17A 5.01 B 6.00 A
HSD SD = 0.63; G = n.s. SD × G = n.s. NS = 0.91, G = n,s, SD × G = n.s.

Wheat
Genotypes

Spike Length (cm) Grains Per Spike

Average over two seasons Average over two seasons

Normal Late Sown
Means

Genotypes
Normal Late Sown

Means
Genotypes

Millet-11 10.93 b 9.46 c 10.19 B 42.77 37.93 40.35 B
Punjab-11 10.93 b 10.02 bc 10.48 B 41.40 32.97 37.18 B
V-07096 11.91 a 10.49 b 11.20 A 48.87 44.20 46.53 A
V-10110 12.48 a 10.20 b 11.34 A 41.87 41.70 41.78 AB

Means SD 11.57 A 10.04 B 43.72 39.20
HSD SD = 0.61; G = 0.42, SD × G = 0.72 SD = n.s.; G = 4.79, SD × G = n.s.

Wheat
Genotypes

Thousand grain weight (g)

2012–2013 2013–2014

Normal Late Sown
Means

Genotypes
Normal Late Sown

Means
Genotypes

Millet-11 40.67 39.00 39.83 B 43.17 bc 42.00 c 42.58 B
Punjab-11 39.83 41.20 40.51 B 48.83 ab 43.33 bc 46.08 A
V-07096 47.67 47.90 47.78 A 49.50 a 39.83 c 44.67 AB
V-10110 46.00 48.23 47.11 A 51.50 a 43.17 bc 47.33 A

Means SD 43.54 44.08 48.25 A 42.08 B
HSD SD = n.s.; G = 3.73, SD × G = n.s. SD = 4.40; G = 3.43, SD × G = 5.99

Wheat
Genotypes

Biological Yield (g m−2)

2012–2013 2013–2014

Normal Late Sown
Means

Genotypes
Normal Late Sown

Means
Genotypes

Millet-11 1212.20 1049.70 1130.90 B 1110.50 b 988.00 b 1049.30 B
Punjab-11 1448.80 1216.70 1332.80 A 1472.90 a 1053.80 a 1263.40 A
V-07096 1577.20 1247.00 1412.10 A 1462.00 a 1106.30 b 1284.20 A
V-10110 1238.30 1137.80 1188.10 B 1129.00 b 973.80 b 1051.40 B

Means SD 1369.10 A 1162.80 B 1293.60 A 1030.50 B
HSD SD = 79.01; G = 122.18, SD × G = n.s. SD = 107.88; G = 83.03; SD × G = 143.1

Wheat
Genotypes

Grain Yield (g m−2)

2012–2013 2013–2014

Normal Late Sown
Means

Genotypes
Normal Late Sown

Means
Genotypes

Millet-11 199.18 b 228.67 ab 213.93 B 149.37 c 155.93 c 152.65 B
Punjab-11 251.87 a 239.50 ab 245.69 A 198.92 a 183.33 ab 191.13 A
V-07096 245.97 a 253.72 a 249.84 A 194.60 a 190.74 ab 192.67 A
V-10110 195.28 b 255.58 a 225.43 AB 163.24 bc 144.32 c 153.78 B

Means SD 223.08 B 244.37 A 176.53 168.58
HSD SD = 13.72.; G = 26.67, SD × G = 45.97 SD = n.s.; G = 12.55, SD × G = 21.63

235



Plants 2021, 10, 455

Table 2. Cont.

Wheat
Genotypes

Plant Height (cm)

2012–2013 2013–2014

Normal Late sown
Means

Genotypes
Normal Late sown

Means
Genotypes

Millet-11 105.88 bc 90.13 e 98.01 B 95.07 88.47 91.77 B
Punjab-11 106.93 b 95.78 de 101.35 B 106.10 95.73 100.92 A
V-07096 115.67 a 104.83 bc 110.25 A 103.60 98.90 101.25 A
V-10110 119.50 a 100.19 cd 109.84 A 101.40 91.50 96.45 AB

Means SD 111.99 A 97.73 B 101.54 A 93.65 B
HSD SD = 6.37; G = 3.48, SD × G = 6.69 SD = 0.02.; G = n.s., SD × G = n.s.

Letters among columns denote significant differences in means for sowing dates while letters within columns denote significant differences
between cultivars at P ≤ 0.05; SD = Sowing dates; G = Genotype; n.s. = non-significant.

Positive correlation was recorded for Chl a and b contents, and canopy temperature
with grain yield while no relationship was noted between stem water-soluble carbohydrates
and grain yield under both timely and late sowing (Figure 2). A significantly strong, and
positive relationship of 1000-grain weight was found with days to heading during both
years while with maturity time during the 2nd year only. Nonetheless, the relationship of
grain yield with heading and maturity time was non-significant during both years and
negative with maturity time during the 1st growing season (Table 3).

Table 3. Correlation co-efficient of heading and maturity time with thousand seed weight and seed
yield.

Pearson’s Correlation (rp) for Thousand Grain Weight and Grain Yield

Thousand Grain Weight Grain Yield

1st Year 2nd Year 1st Year 2nd Year

Days to heading 0.61
(0.0016)

0.58
(0.0034)

0.23
(0.2764)

0.37
(0.0792)

Days to maturity 0.27
(0.1981)

0.81
(>0.0001)

−0.12
(0.5871)

0.39
(0.0604)

3. Discussion

Identification of plant traits and developing wheat cultivars with improved adaptation
to terminal heat stress is priority for plant breeders around the globe. The present study
compared the performance of wheat genotypes to identify the morpho-physiological traits
for terminal heat stress tolerance under late sowing. Results showed that late sowing
reduced yield traits, including spike length, number of grains per spike, thousand grain
weight and biological yield than timely sown crop, albeit response varied between sowing
conditions and years. The reduced number of grains per spike in the present study might
be due to low grain fertility and floral spikelets associated with increased temperature
even by 1 ◦C during booting and anthesis stages [27]. Reduction in number of grains
depends on developmental stage, at which high temperature occurs and determined by
supply of carbohydrates during floral development, which is a sensitive process to high
temperature [28]. Higher number of grains per spike in advanced lines of the present
study might be attributed to increased availability of stem water-soluble carbohydrates.
Advanced lines including genotype Punjab-11 had higher thousand grain weight and grain
yield than heat tolerant early maturing check Millet-11 and maintained it under terminal
heat stress. Better agronomic and yield performance of the advanced lines and Punjab-11
seemed to be genotypic specific effects [29], while achieving and maintaining the optimal
grain weight is considered an index of heat stress tolerance and adaptation [30]. Another
possible reason for the decrease in yield traits of the present study might be attributed to
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reduced duration between different crop stages and less translation of biomass to yield
(Tables 1 and 2). Reduced biological yield, thousand grain weight and 6–20% decrease in
grain yield is reported in wheat crop exposed to terminal heat stress [3,23,31].
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Figure 2. Regression relationship of seed yield with (a) leaf Chl a, (b) Chl b, (c) canopy temper-ature
(d) stem water soluble carbohydrates. Filled box with black color indicate the data val-ues for timely
planted and white filled for late planted wheat crop.
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Nonetheless, a higher number of total productive tillers and grain yield during the
first growing season under late sowing might be due to superiority in physiological traits
of genotypes expressing high leaf chlorophyll contents and cooler canopies during anthesis
or grain filling stages. Both traits help the plants to maintain better photosynthetic perfor-
mance and remobilization of stem reserves to the developing grains during grain filling
under high temperature or drought stress [3]. High temperature increased transpiration
and keep crop canopies cool and turgid to maintain the photosynthetic performance [16].
Although relatively low transpiration and photosynthetic rates were found especially for
advanced line V-07096 under late sowing, these were significantly similar with timely
sowing supporting the hypothesis that genotypes maintained photosynthetic performance
under terminal heat stress.

Reduced canopy temperature response of wheat lines V-07096 and V-10110 was also
reflected with a decrease in gas exchange traits including A, E and Ci under late sowing
in the present study [16]. Higher leaf chlorophyll contents at anthesis in wheat genotypes
are an indicative of delayed senescence, high photosynthetic rate and remobilization of
assimilates under terminal heat stress. Both traits contributed to higher grain yield in wheat
genotypes under late sowing as evident from direct association of leaf chlorophyll contents
and canopy temperature with grain yield (Figure 2a,b). Stay green trait is highly dependent
on the environment and has a strong positive relationship with grain filling rate, duration
and grain yield under heat stress [20]. Grain yield and stay grain are controlled by similar
quantitative traits loci (QTLs) which are co-localized for productivity enhancement under
heat stressed environments [20]. Heat tolerant wheat lines developed with physiological
traits having cooler canopies and stay green showed superior yield and higher thousand
grain weight with better adaptability under terminal heat stress [3,24].

The stem water-soluble carbohydrate is a potential adaptive trait for developing heat
or drought tolerant wheat and 10–50% variation in stem water-soluble carbohydrates to
total stem dry weight has been reported in wheat [32,33]. Higher accumulation of stem
water-soluble carbohydrates in advanced lines along with early maturing heat tolerant
check Millet-11 of the present study indicated increased buffering capacity of these geno-
types to remobilize carbon reserves towards the developing grains accumulated during
stem elongation period under terminal heat stress [14].

Nonetheless, no relationship of stem water-soluble carbohydrates with grain yield in
the present study (Figure 2d) validates that weak association of water-soluble carbohydrates
with yield as reported earlier and response is dependent on environment [16,26]. Higher
stem water-soluble carbohydrates expressed under late sowing in the present study validate
the potential of trait under stress condition and should be further investigated. In addition
to superior physiological traits, wheat genotypes showed delayed maturity, however,
response was compensated with higher yields ranging 5.38–23.82% compared to early
maturing heat tolerant check Millet-11. Early maturity is as considered a breeding criterion
to escape the effects of terminal heat stress, however, short duration may be accompanied
with grain yield losses [3]. Interestingly, association of thousand grain weight with days to
heading was significant and strong during both years and with days to maturity in the 1st
year (Table 3).

Nonetheless, superior performance of advanced lines and Punjab-11 for grain yield
and physiological traits demonstrated their potential to be used for the physiological
breeding programs. Thus genotypes with heat adaptive traits should be considered in
parent selection for a targeted environment or for the identification of one or more adaptive
traits [24–46].

4. Materials and Methods

4.1. Study Site

This study was conducted during the winter (rabi) growing season of 2013–2014 and
2104–2015 at University of Agriculture Faisalabad (latitude, 31◦ 26’ N; longitude, 73◦ 06′ E;
altitude 184.4 m). The soil had sandy loam texture with Lyallpur series, an Aridisol, a fine
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silty, mixed, hyperthermic Ustalfic Haplargid according to USDA classification. Seeds of
wheat genotypes were obtained from Wheat Research Institute, Ayub Agriculture Research
Institute (AARI), Faisalabad.

4.2. Plant Material

The four wheat genotypes used in the present study were two widely cultivated
(Millet-11, Punjab-11) and two promising lines (V-07096, V-10110).

4.3. Creation of Heat Stress Environment and Experimental Design

Genotypes were cultivated at two sowing times viz. timely and late sowing. The crop
planted on the 10th and 13th of November was considered as normal sowing while on the
10th and 13th of December was recorded as late sowing during 2013 and 2014, respectively.
The delayed sowing was done with the objective to create a heat stress environment at
anthesis and during reproductive stages. The early maturing genotype Millet-11 was used
as heat tolerant check while Punjab-11 was selected for its high yield potential [47]. The
experimental treatments were randomized in complete block design (RCBD) with split-plot
arrangement with sowing dates into main plots and wheat genotypes into sub-plots and
each replicated thrice. Wheat genotypes were planted into net plot size of 5.7 m × 3.5 m at
inter-row spacing of 22.5 cm.

4.4. Climate and Weather Conditions

The Faisalabad features semi-arid sub-tropical climate and is located in Punjab-
Pakistan. The rice-wheat rotation is generally practiced as a cropping pattern in this
ecological zone. Wheat is grown as a spring crop starting from November and harvested in
April. The average maximum and minimum temperatures during winter were 21 ◦C and
6 ◦C, respectively. May, June and July are the hottest months during summer and December,
January and February are the coldest ones during winter [48]. Average annual rainfall is
about 300 mm and that is highly seasonal and 50% of it is received during monsoon in
July and August. However, in the present study, the temperature from sowing to booting
ranged between 16 to 28 ◦C during 2012–2013 and 9.6 to 28.1 ◦C during 2013–2014. The
maximum temperature of wheat crop sown under normal and late sowing from anthesis to
maturity including grain filling period ranged from 16.8 to 31.5 ◦C in 2012–2013 and 17.3 to
33.6 ◦C in 2013–2014 of present study and similar trend was observed for low temperature
(Figure 3).

4.5. Crop Husbandry

The seed rate of 125 kg ha–1 was used for wheat cultivation. Recommended fertil-
izers doses of nitrogen (N), phosphorus (P) and potassium (K) were applied at rate of
100–85–60 kg ha−1 using urea, single super phosphate and sulfate of potash, respectively.
Whole of the P and K were applied during land preparation and while N was applied in
three splits with the 1st half during land preparation as basal, 2nd at the 1st irrigation and
3rd at the 2nd irrigation. Crop was irrigated four times including the 1st as pre-saturated,
2nd at crown initiation, 3rd at tillering and 4th during anthesis stages. All plant protection
measures were performed as recommended and weeds were controlled manually.

4.6. Observations
4.6.1. Crop Phenology

Phenological measurements at different crop developmental stages such as days to
booting, heading, anthesis and maturity including grain filling period were recorded
following Zadoks scale [49].

4.6.2. Physiological Traits

For canopy temperature, measurements were taken during mid grain-filling stage
using Infrared Thermometer between 10:00 h to 14:00 h under clear bright sky with no wind.
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Two readings per plot were taken and averaged. Leaf chlorophyll contents were measured
according to Arnon et al. [50]. Five flag leaves were harvested from each plot at 10th days
after anthesis and 0.5 g leaf sample was extracted in acetone (80% v/v) and kept overnight
in sealed falcon tubes at 5 ◦C. The absorbance of the supernatant was determined at 645 nm
and 663 nm using a spectrophotometer (Hitachi-220 Japan). Water soluble carbohydrates
i.e., stem reserves were measured according to Yemm and Willis [51] and stem from main
primary tillers was collected at the 7th day after anthesis. Fresh material (0.5 g) was boiled
in 5 mL distilled water for 1 h. The extract was filtered and distilled water was added
up to 50 mL. The 5 mL anthrone reagent was added into 1 mL of the extract along the
sidewall of the test tube and vortexed. The mixture was heated in a water bath at 90–95 ◦C
for 20 min, cooled down and absorbance was taken at 620 nm using a spectrophotometer
(Hitachi-220 Japan).

Figure 3. Maximum and minimum temperatures during crop growing period (a) 2013–2014 and
(b) 2014–2015.

4.6.3. Gas Exchange Traits

Stomatal conductance (gs), sub-stomatal CO2 concentration (Ci), photosynthetic (A),
and transpiration rates (E) were recorded at anthesis stage from top the 3rd leaf of every
plant using infra-red gas analyzer (IRGA) (model, LCA-4; Analytical Development Com-
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pany, Hoddesdon, England) [52]. All these measurements were recorded at 13.00–14.00 h.
During measurements, leaf chamber molar gas flow rate was 248 μmol s−1, ambient CO2
conc. (Cref) 352 μmol mol−1, ambient pressure (P) of 98.01 k Pa, molar flow of air/leaf area
221.06 mol m−2s−1 and leaf chamber volume with gas flow rate (v) of 380 mL/min.

4.6.4. Yield Related Traits

Average plant height, spike length and number of grains per spike were recorded
at maturity by threshing 10 primary tillers manually. Numbers of productive tillers of
each genotype from selected plants were counted at maturity and averaged. The grains of
threshed plants for each replication were bulked separately for 1000-grains and weighed.
For straw yield, an area of 2 m2 was randomly harvested twice per plot, tagged and
weighed separately with the help of an electric balance. The harvested samples were
threshed manually and grain yield for each genotype was measured. Both straw and grain
yields were expressed as g m−2.

4.6.5. Statistical Analysis

Analysis of variance (ANOVA) was performed for data comparison using Statistix
8.1 software. The year was taken as factor to find the homogeneity or heterogeneity and
where year was significant, the data of both years were analyzed and presented separately,
otherwise pooled. MS-Excel was used to present data graphically. To overcome con-
founding effects of maturity among cultivars for physiological traits, co-variance analysis
was performed. The significant difference among treatment means was compared follow-
ing Tukey’s range test at 5% probability level. Pearson’s correlation was also performed
for heading and maturity time with thousand grain wight and grain yield to determine
relationship between them.

5. Conclusions

The present study revealed necessary variation among genotypes for various morpho-
physiological traits associated with adaptation to terminal heat stress. Advanced lines and
cv. Punjab-11 had better agronomic performance for most of the traits than heat tolerant
check Millet-11 under late sowing. A positive relationship of leaf chlorophyll contents and
canopy temperature was found with grain yield. Therefore, advanced lines and Punjab-11
with high biomass and grain yield, reduced canopy temperature and high leaf chlorophyll
contents can be promising sources to be utilized in physiological breeding for developing
climate resilience in wheat.
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Abstract: Under water deficit conditions, the essential macronutrient nitrogen becomes limited as a
result of reduced dissolved nitrogen and root nitrogen uptake. An elevated nitrogen level might be
able to mitigate these effects, integrated with the idea of using nitric oxide as abiotic stress tolerant
inducers. In this study, we evaluated the potential of using elevated nitrogen priming prior to
water shortage to mitigate plant stress through nitric oxide accumulation. We grew rice plants in
300 mg L−1 nitrogen for 10 weeks, then we primed plants with four different nitrogen concentrations:
100, 300 (control), 500 and 1000 mg L−1 nitrogen prior to inducing water deficit conditions. Plants
primed with 500 mg L−1 nitrogen possessed a higher photosynthetic rate, relative water content,
electrolyte leakage and lipid peroxidation under water deficit conditions, compared to control plants.
The induction of water deficit tolerance was supported with the activation of antioxidant defense
system, induced by the accumulation of nitric oxide in leaves and roots of rice plants. We originally
demonstrated the accumulation of nitric oxide in leaves of rice plants. The elevated nitrogen priming
can be used to enhance water deficit tolerance in irrigated paddy fields, instead of nitric oxide donors.

Keywords: rice; nitrogen; water stress; drought; antioxidant; reactive oxygen species; reactive
nitrogen species

1. Introduction

Water deficit conditions cause widespread crop loss globally due to abiotic stress. By
the end of the 21st century, drought and water deficit stress may account for more than
70 percent of crop loss below optimal productivity [1]. There are many methods to cope
with stresses from water deficit conditions: breeding strategies, cultural practices, and
irrigation approaches [2,3]. Drought stress induces mature and young leaf senescence.
The primary site of damage during stress is the chloroplasts, where more than 70% of the
leaf nitrogen (N) is sequestrated. In many annual crop species, chloroplast degradation
requires a main strategy to cope with drought stress—known as an escape strategy [4].
This strategy aims to utilize the accumulated nutrients, particularly nitrogen and energy
for acclimation and survival during stress episodes [5].

Under water deficit conditions, the loss of transpiration and cell turgor pressure lead to
a reduction in uptake and transport of nitrogen, silicon, magnesium and calcium and other
important nutrients [6]. Water deficit does not only limit nitrogen uptake but also restricts
nitrogen assimilation through the inhibition of enzymes involved in nitrogen metabolism,
such as nitrate reductase and glutamine synthetase [7]. Leaf yellowing commonly appears
as the consequence of water deficit due to low chlorophyll biosynthesis and high chloroplast
and chlorophyll degradation [5].
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Nitric oxide (NO) has been proposed as a regulator of the antioxidant defense system
during stress conditions [8–11]. Cai et al. 2015 found that the activity of nitric oxide
synthase (NOS) and the accumulation of NO in rice plants were activated under salinity and
drought stress [9]. Transgenic rice plants with overexpression of rat neuronal NO synthase
(nNOS) showed an improvement in drought and salt tolerance [9]. External application of
nitric oxide (NO) donor S-nitroso-N-acetylpenicillamine (SNAP) also alleviated the damage
from salinity stress on chickpea (Cicer arietinum L.) plants [11]. The application of sodium
nitroprussiate (SNP) (NO donor) also improved the chilling tolerance of winter wheat via
the accumulation of fructan [12]. Spraying rice seedlings with SNP also enhanced drought
tolerance, maintained leaf water potential, enhanced the antioxidant defense system and
improved the stability of membranes [13]. However, NO donors or the transgenic approach
are costly and inapplicable in many parts of the world. We were eager to search for a
simplified method to utilize NO-triggered tolerant mechanisms. NO can be generated as
a byproduct from a reaction catalyzed with nitrate reductase (NR) [14,15]. NR-generated
NO had a pivotal role in lateral root formation and nitrogen uptake under partial nitrate
nutrition in rice [16]. A high level of nitrogen application therefore becomes an interesting
option due to the fact that farmers can access and afford nitrogen fertilizer.

Long-term application of high amounts of chemical N fertilizer lessened the water
and nutrient use efficiency as well as inducing environmental problems and sensitivity to
insects and diseases [17,18]. However, with moderate drought stress an appropriate level
of N application can benefit the growth and yield of rice plants. Applying nitrogen can
induce leaf production and thus accelerate transpiration and drought stress severity, and
elevated nitrogen application levels may further stimulate rice shoot/root growth, pro-
mote photosynthesis, transpiration and yield [19,20]. High nitrogen levels also enhanced
plasticity of roots, allowing plants to extract more of the water available from the soil [21].
Moreover, high N application induced a reduction in mesophyll conductance (gm), which
limits photosynthetic capacity and N-use efficiency [17]. Some recent studies have also
shown that a high level of N in growing media enhanced the antioxidant defense system
and some nitrogen assimilation enzymes, such as glutamine synthetase (GS) and glutamate
synthase (GOGAT) but decreased N-use efficiency [22]. Although the effect of a large
amount of N in growing media or in soil has long been seen to promote photosynthesis
and N assimilation in various crop plants, regulation of high N levels triggering drought
tolerance through NO signaling has never been investigated.

We therefore hypothesized that if we increased the nitrogen concentration in the
fertilizer for only a short-period of time (priming), NO accumulation would be activated.
Thus, the antioxidant defense system would also be activated. An addition of nitrogen
could delay protein and chlorophyll degradation during a short period of water scarcity.
In this study we aim to identify the appropriate level of N for priming treatment prior to
stress episodes and to assess the mechanisms of nitrogen induced water deficit tolerance.

2. Results

2.1. Elevated Nitrogen Priming Enhanced Photosynthesis and Leaf Growth under Water
Deficit Conditions

An elevated nitrogen level is well-known for promoting plant growth. However, the
effects of an elevated nitrogen level for short term application (priming) on photosynthesis
and growth have not been investigated. Rice plants primed with an elevated N level
(500 mg L−1 and 1000 mg L−1 N) maintained higher photosynthetic activity (Figure 1a),
but only the 500 mg L−1 N promoted rice plant growth as indicated by increasing leaf
area under water deficit conditions (Figure 1b,c) when compared to the control plants (at
300 mg L−1 N). Elevated nitrogen priming failed to alter the net photosynthetic rate or
leaf area of rice plants under well-watered conditions. Low N level priming had lower
photosynthetic activity and growth under well-watered conditions (Figure 1).
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Figure 1. Growth and photosynthesis responses of rice plants to different nitrogen concentration
priming. (a) Net photosynthesis of the youngest fully expanded leaves of the greenhouse-grown
11-week old rice plants after maintaining relative soil moisture content at 10–15% for 7 days (WS),
compared with those under well-watered conditions (WW). (b) Leaf area of plants subjected to
different level of nitrogen priming. (c) Plant growth under different level of nitrogen priming. The
values shown are the Mean ± SE (n = 6 and 10, respectively). The different letters above the bars
indicate significant differences by one-way ANOVA and Duncan’s test (p ≤ 0.05).

2.2. Elevated Nitrogen Priming Promoted Relatively Higher Leaf Relative Water Content (RWC)
under Water Deficit Conditions

Elevated N-primed rice had higher RWC under water deficit conditions than normal
N and lower N-primed rice (Figure 2a). Stomata conductance and transpiration rate
from different priming nitrogen concentrations under water deficit conditions showed
no significant differences. However, under well-watered conditions N-primed plants
showed significantly lower stomata conductance (Figure 2b,c). A dramatically increased
instantaneous water use efficiency occurred only in rice plants subjected to 500 mg L−1

N-priming treatment (Figure 2d).

2.3. Elevated Nitrogen Priming Alleviated Chlorophyll and Protein Degradation as Well as Cell
Damage under Water Deficit Conditions

The elevated N-primed leaf maintained significantly higher chlorophyll and protein
content under water deficit conditions (Figure 3a,b) but had only significantly higher
protein content under well-watered conditions (Figure 3b). Electrolyte leakage (EL) was
lower in the 500 mg L−1 N-primed plants and low N-primed plants (Figure 3c). However,
excessive N (1000 mg L−1 N) had significantly higher electrolyte leakage (Figure 3c).

2.4. Elevated Nitrogen Priming Enhanced Antioxidant Defense Mechanisms under Water
Deficit Conditions

To elucidate the mechanisms of elevated-N priming in delaying leaf senescence, we
investigated the antioxidant defense system. Under well-watered conditions, SOD and CAT
activity were the same between different N priming treatments (Figure 4a,b), while APX
activity was slightly lower 100 mg L−1 and 500 mg L−1 N-primed plants and significantly
lower in 1000 mg L−1 N-primed plants, compared to nonprimed (300 mg L−1 N) plants
(Figure 4c). In contrast, under water deficit conditions, SOD and APX activities significantly
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increased in plants primed with 500 mg L−1 N, compared to control (Figure 4a,b). However,
CAT activity in elevated N-primed plants significantly increased under water deficit
conditions, compared to control (300 mg L−1 N) under well-watered conditions (Figure 4b).

Figure 2. Physiological responses associated with plant water status. (a) relative leaf water content
(RWC), (b) stomatal conductance, (c) transpiration rate and (d) instantaneous water use efficiency of
the youngest fully expanded leaves of the greenhouse-grown 11-week old rice plants after maintain-
ing relative soil moisture content at 10–15% for 7 days, compared with those under well-watered
conditions (WW). Values are the Mean ± SE (n = 6). The different letters above the bars indicate
significant differences by one-way ANOVA and Duncan’s test (p ≤ 0.05).

Figure 3. Biochemical responses associated with leaf senescence: (a) Total chlorophyll content, (b)
total leaf protein content and (c) electrolyte leakage of the youngest fully expanded leaves of the
greenhouse-grown 11-week old rice plants after maintaining relative soil moisture content at 10–15%
for 7 days (WS), compared with those under well-watered conditions (WW). Values shown are the
Mean ± SE (n = 4, 6 and 4, respectively). The different letters above the bars indicate significant
differences by one-way ANOVA and Duncan’s test (p ≤ 0.05).
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Figure 4. Enzymatic reactive oxygen species (ROS)-scavenging antioxidant responses: (a) Superoxide
dismutase (SOD), (b) catalase (CAT) and (c) ascorbate peroxidase (APX) specific activities of the
youngest fully expanded leaves of the 5 greenhouse-grown 11-week old rice plants after maintaining
relative soil moisture content at 10–15% for 7 days (WS), compared with those under well-watered
conditions (WW). Values are the Mean ± SE (n = 4). The different letters above the bars indicate
significant differences by one-way ANOVA and Duncan’s test (p ≤ 0.05).

2.5. Nitric Oxide Accumulation in Elevated Nitrogen Primed-Plants Alleviated Reactive Oxygen
Species (ROS) Accumulation under Water Deficit Conditions

To further investigate the mechanisms underlining the elevated nitrogen priming
in alleviation of oxidative damage, we therefore focused on the nitric oxide signaling
which has been reported to trigger antioxidant defense mechanisms and set up an in-lab
experiment to investigate the process with the application of nitric oxide donor and scav-
enger. Nitric oxide (NO) accumulation occurred under the PEG-induced water deficit
conditions for elevated nitrogen primed plant roots and leaves (500D), and plants without
elevated nitrogen priming but supplied with a nitric oxide donor, sodium nitroprusside
(SNP) (300D + SNP) (Figure 5). In contrast, the released NO and histological NO accu-
mulation remained low under PEG-induced water deficit in the plant without elevated N
priming (300D) and plants-primed with 500 mg L−1 N but supplied with a NO scavenger,
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) (500D + cPTIO)
(Figure 5).

Additionally, H2O2 content and staining showed low ROS levels in roots and leaves
in plants without PEG treatment (control condition) (Figures 6 and 7a,b). The accumu-
lation of ROS and lipid peroxidation were induced by PEG as shown in 300D. However,
ROS and MDA content remained low in 500D plants and 300D +SNP (Figures 6 and 7),
while the endogenous NO and released NO were more pronounced in these treatments
(Figures 6 and 7). The cPTIO also inverted elevated nitrogen priming effects, leading to
ROS accumulation and lipid peroxidation (Figures 6 and 7).
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Figure 5. Reactive nitrogen species accumulation responses. The epifluorescent images of rice (a) leaves and (b) roots after
1-h incubation in 20 μM DAF-FM DA. The plants were subjected to the different NO-associated treatments for 3. days:
300 mg L−1 N-primed (300C); 500 mg L−1 N-primed (500C); 300 mg L−1 N-primed with PEG water deficit induction (300D);
500 mg L−1 N-primed with PEG water deficit induction (500D); 300 mg L−1 N-primed with PEG water deficit induction +
Nitric oxide donor (300D + sodium nitroprussiate—SNP); 500 mg L−1 N-primed with PEG water deficit induction + Nitric
oxide scavenger (500D + cPTIO) (c) Relative fluorescent intensity of the histochemical nitric oxide (NO) accumulation of the
leaves and roots (d) Relative fluorescent units (RFUs) of the released NO after 2-h incubation in 7 μM DAF-FM. Values
shown are the Mean ± SE (n ≥ 30 and n = 4, respectively). The different letters above the bars indicate significant differences
by one-way ANOVA and Duncan’s test (p ≤ 0.05), and the small letters represent the statistics of the leaves and the capital
letters represent the statistics of the roots.

 

Figure 6. Reactive oxygen species accumulation responses. Hydrogen peroxide accumulation detected by 3,3’-
diaminobenzidine (DAB) staining of (a) leaves and (c) roots. Superoxide radical accumulation detected by nitro blue tetrazolium
(NBT) staining of (b) leaves and (d) roots of rice plants after 3-day growth in the different NO-associated treatments.
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Figure 7. Quantitative ROS accumulation and lipid peroxidation responses: quantitative hydrogen
peroxide accumulation in (a) leaves and (b) roots, and malondialdehyde (MDA) content of (c) leaves
and (d) roots of rice plants after 3-day growth in the different NO-associated treatments. Values
shown are the Mean ± SE (n = 4). The different letters above the bars indicate significant differences
by one-way ANOVA and Duncan’s test (p ≤ 0.05).

3. Discussion

Nitrogen is an essential nutrient that plays the main role in leaf development. In many
cases, high nitrogen application induced leaf area increment and total plant transpiration
increment while N also increases root growth, leading to the added water and nutrient
uptakes to support the increased transpiration and maintain high photosynthetic activity
and chloroplast functions during water deficit conditions [23]. However, high nitrogen
priming during a short period of nitrogen application effects were first investigated here
(prior to drought episodes). We found rice plants primed with 500 mg L−1 N prior to water
deficit conditions maintained higher photosynthetic rates (Figure 1a) but did not alter the
transpiration rate (Figure 2c), resulting in a dramatic increase in instantaneous water use ef-
ficiency (Figure 2d). Elevated nitrogen priming in our studies also induced plant responses
similar to the high soil-incorporated nitrogen application [20,21]. Haefele et al. [24] and
Zhong et al. [25] both suggested the use of high nitrogen fertilizer increases water-use
efficiency, drought tolerance and survival rates for C3 and C4 crops. The improvement
of photosynthetic capacity mainly depended on the activity of ribulose-1,5-bisphosphate
carboxylase (Rubisco). Around 15 to 30% of leaf nitrogen are invested in Rubisco [26].
The high nitrogen levels induced higher Rubisco content, which was generally degraded
during stress episodes [27]. The elevated N-primed rice might delay the degradation of
Rubisco and maintain a high photosynthetic rate under water deficit conditions, as well
as less sensitive stomatal behavior [24,25]. The maintenance of relative water content in
elevated N-primed plants may be explained by the accumulation of NO as shown in Li et al.
2013 where the NO donor could have induced fructans accumulation, which resulted in
plant cell water content regulation [12].

On the other hand, Gao et al. 2019 indicated that low nitrogen priming levels reduced
the transpiration rate, stomatal conductance and maintained a higher leaf relative water
content to mitigate drought-induced damage [28]. We also found slightly lower tran-
spiration rates (Figure 2c) and significantly higher leaf relative water content (Figure 2a)
in 100 mg L−1-N primed plants. Low nitrogen priming may also have induced lower
chlorophyll and protein content, slowing down the process of stress recovery [29].
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Although elevated N (500 mg L−1-N) priming benefits the tolerance of rice plants,
excessive N (1000 mg L−1-N) priming leads to stress symptoms, like decreasing photosyn-
thetic activity (Figure 1a), lower RWC (Figure 2a) and higher electrolyte leakage (Figure 3c),
compared to plants primed with 500 mg L−1 N under control conditions. Excessive nitro-
gen application can also generate an imbalance in the carbon/nitrogen ratio which causes
mature leaf senescence, leading to yield reduction after drought episodes [30]. Excessive
nitrogen has impacts on the antioxidant defense systems in wheat [31], and in our study
(Figure 4). Many nonenzymatic antioxidant molecules, such as GABA, 4-hydroxybenzoyl-
choline and several phenolic compounds were downregulated in the leaves of rice plants
grown under excessive N, which led to the overaccumulation of ROS [31].

Redox imbalance under water deficit conditions is accountable for significant plant cell
damage. The antioxidant induction system is a viable approach to alleviate cellular damage
and a higher tolerability of plants to water deficit conditions [10,32,33]. We observed
enhanced antioxidant enzyme activity in 500 mg L−1 N primed rice (Figures 1a and 2a).
Perhaps the one-day elevated N priming was sufficient to activate antioxidant systems.
Five-hundred mg L−1 N priming reduced membrane damage as demonstrated by the
lower electrolyte leakage (Figure 3c) and MDA content (Figure 7d), which were supported
by increasing SOD and APX activities (Figure 4a,c). Antioxidant defense systems act
as drought tolerance mechanisms in many crop species, including rice, creeping bent-
grass (Agrostis stolonifera L.), wheat (Triticum aestivum L.) seedlings and peanuts (Arachis
hypogaea L.) [34–38].

The antioxidant defense system that controls ROS status in plant cells has also been
reported to be regulated by the level of reactive nitrogen species (RNS) from both endoge-
nous production and exogenous application [8,9,35,36,39]. Cai et al. 2015 [9] found that
the overexpression of rat neuronal NO synthase (nNOS) in rice enhanced drought and
salt tolerance of rice with a higher NOS activity and the accumulation of NO, together
with a reduction in H2O2 accumulation, electrolyte leakage and MDA content. Using
NO donors, SNP as a seed priming solution and foliar spray has previously induced rice
drought tolerance in rice [13]. Because NO acts as a signaling molecule it can enhance
antioxidant capacity thus reducing oxidative damage [13]. The 500 mg L−1 N leaves and
roots accumulated higher endogenous NO and released NO, which was inhibited by the
NO scavenger, cPTIO (Figure 5b–d). The level of NO accumulation was close to that of the
normal N-primed (300 mg L−1 N) plants supplied with 1 mM SNP (Figure 5b,d). In con-
trast, 500 mg L−1 N primed plants possessed less O2

•− and H2O2 accumulation evidenced
by the NBT, DAB staining and H2O2 quantification (Figures 6 and 7a,b). We measured
only O2

•− and H2O2 because these two species have been reported to directly interact with
NO [40,41]. Adding cPTIO may mitigate such effects (Figures 6 and 7a,b). Control plants
(300 mg L−1 N) had less O2

•− and H2O2 further suggesting a relationship between elevated
N priming and increased NO (Figures 6 and 7a,b). This phenomenon might be explained
by the fact that NO in plants can be generated by NO synthase (NOS), nitrate reductase
(NR) and xanthine oxidoreductase [10]. When priming rice with elevated N, it induced
NR activity, promoting greater nitrite levels (precursors for both NO production and N
assimilation [42]. Higher NO levels in elevated N-primed rice promoted the antioxidant
defense system, causing less accumulated ROS and less oxidative damage while main-
taining photosynthetic functions. NO acted as a potent inhibitor of lipid peroxidation by
scavenging lipid alcoxyl (LO˙) and peroxyl (LOO˙) radicals [43]. NO also directly quenches
the ROS, such as superoxide radical (O2

•−) [44], limits oxidative damage and prevents the
onset of cell death [45]. Moreover, NO maintained membrane fluidness, cell wall relaxation,
cell enlargement and plant growth under stressful conditions [11,42]. Therefore, elevated
nitrogen priming demonstrated a water deficit tolerance through NO-mediated antioxidant
defense mechanisms.
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4. Materials and Methods

4.1. Plant Material and Greenhouse Growth Conditions

Seeds of Thai rice (Oryza sativa L. subspecies indica cv. Pathumthani 1) were germi-
nated on moist germination paper for 10 d at 28 ◦C in the dark. Seedlings were transplanted
into 2-L pots filled with 1:1 vermiculite: perlite. The seedlings were grown in the green-
house with day lengths of 11–12 h and daily average temperatures of 35 ± 4/24 ± 7 ◦C
day/night and 700–1500 μmol m−2 s−1 mid-day photosynthetically active radiation (PAR).
Plants were fertilized every other day with (N 300 mg L−1 equal in nitrate and ammo-
nium forms), P 20 mg L−1, K 75 mg L−1, Ca 25 mg L−1, Mg 17 mg L−1, S 55 mg L−1,
Fe 3.30 mg L−1, Mn 0.50 mg L−1, Zn 0.05 mg L−1, Mo 0.01 mg L−1, Cu 0.02 mg L−1) for
10 weeks until the plants were one week before panicle initiation. Then, different concen-
trations of nitrogen (N) fertilizer were applied by using N 100 mg L−1 (equal in nitrate and
ammonium forms), P 20 mg L−1, K 75 mg L−1, Ca 25 mg L−1, Mg 17 mg L−1, S 55 mg L−1,
Fe 3.30 mg L−1, Mn 0.50 mg L−1, Zn 0.05 mg L−1, Mo 0.01mg L−1, Cu 0.02 mg L−1 as base
fertilizer and added ammonium nitrate (NH4NO3) to reach target concentrations of 300,
500 and 1000 mg L−1 N and used double volume of the field capacity of the pots to wash
the previous nitrogen fertilizer. Water deficit stress was applied by withholding water for
~7 d when visual stress symptoms (i.e., leaf rolling) appeared (10–15% relative soil water
content) [7], when the gas exchange parameters were measured and the leaf samples were
taken for biochemical assays. The leaves were collected between 9.00 am and 11.00 am and
immediately frozen in liquid nitrogen and kept at −80 ◦C until use.

4.2. Gas-Exchange Measurements

Net photosynthetic rate and stomatal conductance were measured with the photosyn-
thesis system ADC LCi-SD (BioScientific, UK). The measurements were conducted under
900 ± 50 μmol m−2 s−1 light intensity and 380 ± 10 μmol mol−1 CO2 surrounding the
leaf (Ca) at 32 ± 2 ◦C. To calculate instantaneous transpiration, the transpiration rate was
divided by the net photosynthetic rate.

4.3. Leaf Area

After one-day post recovery, all remaining leaves were removed and all surface dust
was wiped away prior to measuring the area with an LI-3100C area meter (LI-COR, Lincoln,
NE, USA) in square centimeters.

4.4. Relative Water Content (RWC) of Leaves

RWC was determined according to Gao et al. 2019 [28]. Leaves were weighed
immediately to obtain fresh weight (FW), soaked in water overnight in the dark and
weighed again to obtain turgid fresh weight (TW), and then dried at 75 ◦C until constant
weight (DW). RWC was then calculated as follows:

RWC = (FW − DW)/(TW − DW) (1)

4.5. Electrolyte Leakage (EL)

The electrolyte leakage measurement was adjusted based on the method described
previously by Cai et al. 2015 [9]. After placing six 1 cm2 leaves from each treatment into
a 50-mL-tube with 20 mL distilled deionized water, the tubes were shaken and electro-
conductivity (ECi) was immediately measured with a pH/cond meter (WTW, inoLab,
Germany). After soaking the leaves for 12 h, the second conductivity was measured (ECf).
Then, the leaves were boiled for 1 h and the total electro-conductivity was measured (ECt).
The electrolyte leakage was calculated as follows:

% EL =

(ECf − ECi

ECt − ECi

)
× 100 (2)
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4.6. Determining SOD, CAT and APX Activities

Enzymes were extracted by the modified method of Umnajkitikorn et al. 2013 [46].
The frozen leaves were ground in liquid nitrogen with a mortar and pestle. Two hundred
fifty mg of the leaf powder were homogenized in 1 mL of the extraction buffer containing
50 mM potassium phosphate buffer (pH 7.8), 0.1 mM disodium EDTA, 1 mM ascorbic acid
and, 2% PVPP (w/v). The homogenate was centrifuged at 15,000× g for 20 min at 4 ◦C. The
supernatant was collected for SOD, CAT and APX activity assays.

SOD activity was assayed based on the method described by Beauchamp and Fridovich
1971 [47] and Vaidyanathan et al. 2003 [48]. One point two milliliters of the reaction mixture,
containing 50 mM sodium phosphate buffer (pH 7.8), 10 mM EDTA, 1 mM NBT, 5 mM
L-methionine, 0.2 mM riboflavin and mixed with 80 μL of extracts. Each reaction was
carried out at 25 ± 2 ◦C under a light intensity, which is sufficient to increase absorbance of
0.110/10 min (in the absence of the enzyme) for 30 min. Two hundred microliters of the re-
actions were taken to Nunc microwell 96-well plate (Thermo ScientificTM, Shanghai, China)
for the absorbance at 560 nm (A560), using spectrophotometer (Biotex, Epoch, Winooski,
VT, USA). The nonirradiated reaction mixture served as a blank and was deducted from
A560. One unit of SOD activity was defined as the amount of enzyme required to inhibit
the reduction of NBT by 50%.

CAT activity was assayed based on the method of Sunohara and Matsumoto 2004 [49].
One hundred and ninety microliters of the assay mixture contained 20 mM H2O2 in 50 mM
potassium phosphate buffer (pH 7.0), 0.1 mM disodium-EDTA and 10 μL of extracts. The
reactions were carried in Nunc 96 well UV transparent plate (Thermo ScientificTM, Vantaa,
Finland). The absorbance was measured at 240 nm with a UV/VIS spectrophotometer (Bio-
tex, Epoch, Winooski, VT, USA). The enzyme activity was defined as the amount of H2O2
decomposed min−1 mg protein−1. The molar coefficient of H2O2 (E) is 39.4 M−1 cm−1) at
240 nm.

APX activity was assayed based on the method of Sunohara and Matsumoto 2004 [49].
One hundred and eighty microliters of the assay mixture contained120 μL of 50 mM
potassium phosphate buffer (pH 7.0), 20 μL of 1 mM EDTA, 20 μL of 5 mM L-ascorbic
acid, 20 μL of 1 mM H2O2 and 20 μL of extracts. The subsequent decrease in ascorbic acid
was observed at 290 nm (E = 2.8 mM−1 cm−1) with a UV/VIS spectrophotometer (Biotex,
Epoch, Winooski, VT, USA). The enzyme activity was defined as the amount of ascorbic
acid (ASA) which decomposed min−1 mg protein−1.

4.7. Protein Quantification

The Bradford assay [50] was used for protein quantification using bovine serum
albumin as the standard.

4.8. The RNS and ROS Experiment

Rice seeds (Oryza sativa subspecies indica cv. Pathumthani 1) were germinated and
grown for 5 d at 25 ◦C in darkness. Seedlings were transplanted into 9-cm pots filled
with vermiculite 4 plants/pot and grown in the growth room with 12 h/12 h light/dark
cycles and 25/20 ◦C day/night cycles for 3 weeks with fertilizer containing 300 mg L−1 N.
Then, the plants were randomly divided into 6 groups and transferred to glass tubes with
the following treatments: (1) 300 mg L−1 N (300 C); (2) 500 mg L−1 a day and switched
back to the 300 mg L−1 (500 C); (3) 300 mg L−1 N + gradually increased polyethylene
glycol (PEG) 6000 (300 D); (4) 500 mg L−1 a day and switched back to the 300 mg L−1 +
gradually increased PEG (500 D); (5) 300 mg L−1 N + PEG 6000 + nitric oxide donor, 1 mM
SNP (300 D + SNP); (6) 500 mg L−1 N + PEG 6000 + 3 mM of Nitric oxide scavenger, 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) (500 D + cPTIO).
After 3 days under each treatment, the seedlings were harvested for further ROS and
RNS analyses.
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4.9. NO Determination

To histologically detect NO, the leaf and root segments were soaked for 1 h with
20 μM 4-amino-5-methylamino-2′,7′-difluorescein diacetate (DAF-FM DA; Sekisui Medical,
Tokyo, Japan). The epifluorescence images were captured with an Eclipse 90i microscope
(Nikon, Tokyo, Japan). The intensity of the fluorescent signal from at least 30 pictures of
each treatment was quantified by using Image J software (by Wayne Rasband, NIH, MD,
USA).

The concentration of NO released from the roots was assessed in leaf and root segments
of the seedlings in each treatment after incubation in 7 μM DAF-FM for 2 h. The fluorescence
intensity of the DAF-FM solution was measured as described in Fukudome et al. 2016 [51]
but adapted by adding 100 μL of the solution into the 96 well black plate (SPL life sciences,
Gyeonggi-do, Korea), then measured with a fluorescence spectrophotometer (Varioskan
Lux, Finland) at 495 nm and 519 nm as excitation and emission wavelengths, respectively.
The released NO was expressed as relative fluorescence units (RFUs) per fresh weight of
leaves or roots.

4.10. Histochemical Detection of H2O2 and O2
•−

H2O2 was detected in situ according to Fukudome et al. 2019 [39] and Signorelli et al.
2013 [52]. Detached leaves and roots were vacuum-infiltrated in the dark with 10 mM
potassium phosphate buffer, and 0.1% (w/v) 3,3’-diaminobenzidine (DAB), at pH 7.8. Sam-
ples were incubated overnight in the dark. The leaf segments were boiled in 95% ethanol at
90oC to remove chlorophyll. The clear leaf segments were then photographed. The staining
areas were calculated by Image J software (by Wayne Rasband, NIH, USA), in the red chan-
nel according to procedure described in [53]. Data were shown in Supplementary Figure S2.
The detailed method of staining area identification is given in Supplementary file 2.

Superoxide radical (O2
•−) was detected in situ essentially as described by to Fuku-

dome et al. 2019 [39] and Signorelli et al. 2013 [52]. Detached leaves and roots were
vacuum-infiltrated with 10mM potassium phosphate buffer, 0.1% (w/v) nitro blue tetra-
zolium (NBT), and 0.05% (v/v) Tween 20, pH 7.8. Treated samples were incubated overnight
in the dark, cleared and photographed as described above. The staining areas were cal-
culated by Image J software (by Wayne Rasband, NIH, MD, USA), in the blue channel
according to the procedure described in [53]. Data are shown in Supplementary Figure S2.

4.11. H2O2 Quantification

The frozen leaves were ground and 5–10 mg of samples were extracted with 1 mL of
20 mM K2HPO4 (pH 6.5), homogenized at 1500 rpm for 5 min at 4 ◦C and then centrifuged
for 5 min at 16,200× g at 4 ◦C. The H2O2 was colorimetrically quantified by Amplex
Red detection assay (Thermo Fisher Scientific). The measurement was performed on the
supernatant as described in Brumbarova et al. 2016 [54] with some modification of the
incubation time from 30 min to 15 min. The assay solutions were analyzed at 560 nm with
a UV/VIS spectrophotometer (Biotex, Epoch, Winooski, VT, USA). The standard curve was
also generated with H2O2 concentration from 0–5 μM.

4.12. Malondialdehyde (MDA) Measurements

The youngest fully expanded leaves were homogenized with 5 mL of 50 mM potas-
sium phosphate buffer pH 7.5 and centrifuged at 20,000× g for 25 min. For measurements
of MDA concentration, 4 mL of 20% trichloroacetic acid containing 0.5% thiobarbituric
acid were added to a 1 mL aliquot of the supernatant. The mixture was heated at 95 ◦C for
30 min, quickly cooled in ice and then centrifuged at 10,000× g for 10 min. The absorbance
of the supernatant was measured at 532 nm. The results are shown as MDA content mg–1

FW, using malondialdehyde tetrabutylammonium salt as a standard (Sigma-Aldrich, Cat
63287, Singapore).
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4.13. Statistical Analysis

The SPSS 25 statistical package was used for statistical analyses. The experiments
were based on a randomized complete block design.

5. Conclusions

Elevated N priming at approximately 60% more than normal N level enhanced water
deficit tolerance with NO-triggered antioxidant defense systems. The elevated N priming
also supported the sustainability of photosynthetic activity and relative water contentof the
leaves, together with the reduction of membrane damage. This approach has potential for
in-situ investigation in aerobic rice fields with fertigation systems as a potential mitigating
factor for enhancing drought tolerance in rice.

Supplementary Materials: The following are available online at https://www.mdpi.com/2223-774
7/10/2/381/s1, Supplementary file 1: Fertilizer Information and Formulation sheet. Supplementary
file 2: Figure S1: Examples of the picture calibrated for staining area evaluation. Figure S2: The ROS
staining area of tissue segments of rice plants after 3–day growth in the different NO-associated
treatments; Procedure for staining area quantification by image J.
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Abstract: Temperature across the globe is increasing continuously at the rate of 0.15–0.17 ◦C per
decade since the industrial revolution. It is influencing agricultural crop productivity. Therefore,
thermotolerance strategies are needed to have sustainability in crop yield under higher temperature.
However, improving thermotolerance in the crop is a challenging task for crop scientists. Therefore,
this review work was conducted with the aim of providing information on the wheat response in three
research areas, i.e., physiology, breeding, and advances in genetics, which could assist the researchers
in improving thermotolerance. The optimum temperature for wheat growth at the heading, anthesis,
and grain filling duration is 16 ± 2.3 ◦C, 23 ± 1.75 ◦C, and 26 ± 1.53 ◦C, respectively. The high
temperature adversely influences the crop phenology, growth, and development. The pre-anthesis
high temperature retards the pollen viability, seed formation, and embryo development. The post-
anthesis high temperature declines the starch granules accumulation, stem reserve carbohydrates,
and translocation of photosynthates into grains. A high temperature above 40 ◦C inhibits the
photosynthesis by damaging the photosystem-II, electron transport chain, and photosystem-I. Our
review work highlighted that genotypes which can maintain a higher accumulation of proline,
glycine betaine, expression of heat shock proteins, stay green and antioxidant enzymes activity viz.,
catalase, peroxidase, super oxide dismutase, and glutathione reductase can tolerate high temperature
efficiently through sustaining cellular physiology. Similarly, the pre-anthesis acclimation with heat
treatment, inorganic fertilizer such as nitrogen, potassium nitrate and potassium chloride, mulches
with rice husk, early sowing, presoaking of a 6.6 mM solution of thiourea, foliar application of
50 ppm dithiothreitol, 10 mg per kg of silicon at heading and zinc ameliorate the crop against the
high temperature. Finally, it has been suggested that modern genomics and omics techniques should
be used to develop thermotolerance in wheat.

Keywords: heat stress; photosynthesis; antioxidant enzymes; HSPs; QTLs; omics

1. Introduction

Climate change is the result of a higher level of greenhouse gases such carbon dioxide
(CO2), nitrous oxide, and methane (CH4). These gases can entrap the sun rays leading
towards the severity of extreme events for crops development [1,2]. It has been observed
that CO2 was increased 0.6 ± 0.1 ppm/year in the early 1960s and 2.3 ± 0.6 ppm/year
during the last decade. Meanwhile, the CH4 gas was doubled after the industrial revolution
until the 1980s and it is increasing at the rate of 12 parts per billion per year. However,
during the last three decades it was increasing 2–5 parts per billion per year. The nitrous
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oxide concentration was enhanced 18% more than the 1970s and increased 0.8 parts per
billion per year [3,4].

The escalating global warming evokes an extreme weather pattern, increases disease
incidences, insect pest survival, and ultimately influences crop productivity [5,6]. Global
warming potential (GWP) is the contribution of one molecule of compound over 100 years
to global warming as compared to CO2. It allows the comparison of different gas contri-
butions to global warming and how much energy emissions of 1 ton of gas absorbs more
than 1 ton of CO2 over a given time period. The larger global warming potential represents
more potential of the given gas to persist and the ability to warm the Earth temperature
over a given time period. The GWP of carbon dioxide is 1, CH4 28–36, and nitrous oxide
265–298 over 100 years. However, these gases possess more potential and persistency to
entrap the sun rays than CO2 but a major contributor in global warming is CO2 [7].

Agricultural crop productivity depends on biotic (diseases and insect pest) and abiotic
(heat, drought, and salinity) factors [8]. Among the abiotic stresses, the higher temperature
is a major concern influencing crop growth and development. The global temperature
roughly increased by 1.5 ◦C with the same accelerating trend in all regions from the 1970s,
as reported by the intergovernmental panel of climatic change (IPCC) and was predicted
to increase 2.5–5.8 ◦C until the 2100s [3]. The global average temperature annually in-
creased by 0.04–0.07 ◦C and 0.15–0.17 ◦C per decade since the 1880s and 1970s, respectively
according to the National Oceanic and Atmospheric Administration (NOAA, 2018). There-
fore, global warming characterized by an extreme temperature possesses the challenge to
improve the yield potential of crops.

Terminal and continual heat stresses are two major constraints influencing crops
growth and development. The temperature threshold levels were reported at different
stages for crops viz., cotton [9–13], rice [14–19], sorghum [20,21], barley [12], maize [9,22,23],
and soybean [23]. Wheat is an imperative staple food, the cheapest energy source, provides
8–20% of protein, and 70–75% of calories in our average diet [24], but a high temperature
restricts the wheat crop to express its full genetic potential. Therefore, there is a dire need
to understand the wheat response against the high temperature and a suitable strategy to
improve its productivity.

2. Impact of High Temperature on Wheat

High temperature influences the wheat productivity in tropical, subtropical, arid
and semi-arid regions of the world. The optimum temperature for wheat growth and
development are given in Table 1. The high temperature in the tropical region is an
inevitable constraint for wheat during germination and early growth stages, whereas in the
Mediterranean region, the reproductive stage is highly sensitive [25]. A high temperature of
3–4 ◦C above the optimum temperature at grain filling reduces 10–50% of the wheat yield in
Asia with the current production technology and varieties [26]. High temperature declines
0.07% per ◦C grain yield depending on the wheat variety [27]. Each degree increase in the
temperature at the grain filling duration reduces 6% of wheat yield globally [28,29] and
3–17% in South Asia including India and Pakistan [30]. It accredited directly or indirectly
the disturbance in different cellular, physiological functions and metabolic pathways
associated with the grain yield in wheat (Figure 1).

Table 1. Optimal temperature requirements of wheat at different growth stages.

Stages Optimum Temperature (◦C) Minimum Temperature (◦C) Maximum Temperature (◦C)

Root growth 17.2 ± 0.87 3.5 ± 0.73 24 ± 1.21

Shoot growth 18.5 ± 1.90 4.5 ± 0.76 20.1 ± 0.64

Leaf initiation 20.5 ± 1.25 1.5 ± 0.52 23.5 ± 0.95

Terminal Spikelet 16 ± 2.3 2.5 ± 0.49 20 ± 1.6

Anthesis 23 ± 1.75 10 ± 1.12 26 ± 1.01

Grain Filling Duration 26 ± 1.53 13 ± 1.45 30 ± 2.13

[28,30–47].
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Figure 1. Schematic illustration of the high temperature impact on wheat associated with the grain yield.

2.1. Cellular Metabolism

The plasma membrane is a highly organized structure composed of lipids and proteins.
It regulates the enzymatic activity and transport of ions. High temperature alters the
microtubules organization, expansion, elongation, and cell differentiation [48]. It increases
the kinetic energy of hydrogen bonds between adjacent fatty acids, weakens the bonds,
and leads to membrane fluidity. This fluidity, unsaturation of fatty acids, and disruption of
different proteins trigger the electrolyte leakage [49,50]. High temperature causes 25–55%
electrolyte leakage at 45 ◦C for 1 h [51], while 21–40% leakage at 40 ◦C for 30 min [52].
Therefore, the cell damages its internal composition and sustainable physiological processes
(e.g., photosynthesis, respiration, and transpiration) associated with the synthesis and
translocation of carbohydrates into the grains.

2.2. Grain Filling Duration

High temperature enforces the plant to complete the growing degree days earlier,
which results in early maturity and shorter life cycle of plant, lesser biosynthetic products
accumulation, and ultimately poor grain development [32,53,54]. Vernalization (VRN1,
VRN2) and the photoperiodic (PPD-A1, PPD-D1) sensitive gene determines the develop-
mental phases at volatile temperature events and triggers earliness in wheat by limiting
various growth phases [55,56]. The longer grain filling duration determines the appropri-
ate grains development associated with the grain yield [57]. However, high temperature
reduces the duration to uptake the available nutrients and translocation of photosynthates.

2.3. Grain Formation and Development

Vital events at the reproductive stage such as flowering initiation, pollen germination,
pistil receptiveness, and embryo development determine the florets fertility [58,59]. The
embryo sac and embryo formation are sensitive to high temperature [60]. Microgametoge-
nesis and microsporogenesis are sensitive to high temperature, which hinder the gametes
development and cause spores abortion [61,62].

Wheat grain contains 60–70% starch content and gradually drops under high tempera-
ture [63,64]. High temperature inhibits the starch accumulation into grains ascribable to
the enzymes inactivity viz., granule bound starch, soluble starch, and sucrose synthase
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during the grain filling phase [65,66]. It also declines the starch content synthesis [67,68],
stem reserves carbohydrates translocation [69,70], alters the structure of aleurone layer,
and endosperm of seed [71,72], which ultimately influences grain development.

2.4. Leaf Senescence

Leaf senescence is the reduction in green leaf area during the reproductive phase
due to the retardation in the chlorophyll content and carotenoids [73,74]. The chlorophyll
content and carotenoid have an indispensable role in harvesting sunlight for photosynthe-
sis [75]. High temperature disturbs the chloroplast integrity, leaf senescence, and ultimately
photosynthesis in wheat [76].

Leaf senescence during the grain filling duration degrades the leaf chlorophyll content.
Initially, chlorophyll-b is converted into chlorophyll-a during the chlorophyll cycle (Figure 2).
The chlorophyllase enzyme catalyzes chlorophyll-a into chlorophyllide-a or pheophytin
and subsequently into pheophorbide-a. Pheophorbide-a monooxygenase catalyzes the
pheophorbide-a and is converted to red chlorophyll catabolites ensuing fluorescent and
non-fluorescent chlorophyll catabolites [77,78]. A high temperature of 42 ◦C declines
the enzymes efficiency viz., 5-aminolevulinate dehydrogenase (45%), mg-protoporphyrin
IX methyltransferase (65%), protochlorophyllide oxidoreductase (70%), and increases
chlorophyllase (46%) in wheat [79].

 

Figure 2. Impact on the high temperature of leaf senescence. Enzymes associated with chlorophyll
synthesis viz., 5- aminolevulinate dehydrogenase, mg-protoporphyrin IX methyltransferase, and pro-
tochlorophyllide oxidoreductase, whereas chlorophyllase is responsible for chlorophyll degradation.

Chlorophyll deficiency reduces the absorbance of light energy and transfer to the
reaction centers (RCs) of PS-II and PS-I at high temperature in wheat [80,81]. Carotenoids
dissipate the excess light and protect the reaction centers against stress conditions [82].
Carotenoids viz., xanthophylls, and isoprene maintain the thylakoid membrane from leak-
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age [83]. However, thylakoid components are sensitive at a temperature above 40 ◦C and
inhibit the carotenoids biosynthesis pathways in the chloroplast [46,84], which interrupt
the photosynthesis stability and ultimately reduce the grain yield in wheat [25].

2.5. Protein Quality

The protein content, protein quality, and glutenin/gliadin determine the backing
quality of bakery products [85,86]. High temperature enhances the total protein content
but reduces the end use of protein quality [87,88], which is more or less dependent on
the grain protein concentration [89]. Protein fractions (albumin, globulin, gliadin, and
glutenin) are important components for the end use quality of wheat grain [90]. High
temperature at the grain filling duration decreases the albumin and globulin content [91],
whereas it increases the gliadin content at the expense of glutenin content in wheat [92].
Furthermore, high temperature increases the protein content but reduces the production of
glutenin, sedimentation index [71], and essential amino acids such as lysine, methionine,
and tryptophan content, which determines the viscoelastic properties of wheat loaf [45].

2.6. Physiological Process

Heat stress inhibits the photosynthesis, damaging photosynthetic apparatus, and
synthesis of ROS (reactive oxygen species) as discussed below.

2.6.1. Photosynthesis Response to High Temperature

A high temperature of 35/25 ◦C (day/night) at the grain filling duration inhibits the
leaf photosynthesis up to 50% in wheat (Figures 3 and 4). The net photosynthesis during
the wheat crop cycle is essential in controlling the crop biomass and grain yield under
a high temperature. The optimum temperature for net photosynthesis is 20–30 ◦C, but
a high temperature above 32 ◦C declines the photosynthetic rate rapidly in wheat [46].
The photosynthesis in wheat leaves is more sensitive than those, which are associated
with the synthesis and mobilization of stem reserves into developing grains during grain
filling. Photosynthesis is associated with the activity of photosynthetic apparatus, Rubisco
(Ribulose bisphosphate carboxylase/oxygenase) enzyme, and various green organs of the
plants such as chlorophyll content and carotenoids [76,93].

Figure 3. Photosynthetic (μmol m−2 s−1) response at the seedling and reproductive stage of 180
wheat genotypes with the grain yield per plant (g). Photosynthetic rate was recorded on a clear
day between 10:00 a.m. to 12:00 p.m. with the help of infrared gas analyzer (IRGA ADC, LCA-4,
Hoddesdon, UK). Data collected under normal and heat stress conditions at the vegetative (Zadoks
scale 39) and reproductive stages (Zadoks scale 69) [94]. It represented that the photosynthesis is
directly associated with the grain yield at both stages. As the photosynthetic rate decreases, it reduces
the grain yield in wheat.
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Figure 4. Photosynthetic (μmol m−2 s−1) response of 180 wheat genotypes with the grain yield per
plant (g) at the seedling and reproductive stages. Data collected under normal and heat stress (4–5 ◦C
above normal) conditions [94].

2.6.2. Photosynthetic Apparatus

High temperature disturbs the photosystem-II (PS-II) and photosystem-I (PS-I) me-
diated electron transport chain (ETC). A high temperature of 35–40 ◦C at the grain filling
phase directly damages the photosynthetic apparatus including the PS-II and PS-I mediated
electron transport chain [46]. PS-II is a complex subunit of chlorophylls and proteins and is
more sensitive than PS-I [73,95]. It harvests the light energy to oxidize the water molecule
and transfer electrons to plastoquinone (PQ) ensuing the cytochrome b6f complex, but a
high temperature declines the efficiency of PQ and Cytochrome b6f [96].

The light harvesting complex-II (LHC-II) is an assortment of proteins associated with
the PS-II core complex. It harvests the sunlight energy and transfers it to the PS-II core
complex to form multi-complex proteins [97]. High basal florescence separates the LHC-
II from the PS-II core complex and alters the energy distribution to PS-I [98]. A high
temperature of 32–38 ◦C also synthesizes the zeaxanthin, which destabilizes the thylakoid
membrane composition and photosynthetic apparatus [48].

2.6.3. Rubisco Activity

Rubisco is an essential light activated enzyme, which possesses the binding sites for
CO2 and Rubisco activase for the regulation of the Calvin cycle, but its efficiency gradually
declines under a high temperature of 25–40 ◦C in wheat [99]. Sugar phosphate inhibitors
viz., XuBP (D-xylulose-1, 5-bisphosphate), RuBP (Ribulose-1, 5-bisphosphate), CA1P
(2-Carboxy-D-arabinitol 1-phosphate), and CTBP (2-Carboxytetritol-1, 4-bisphosphate)
impaired with the active site, which modulate the Rubisco activity for photosynthe-
sis [100,101]. Rubisco activase removes these inhibitors from the active site and facilitates
the carboxylation reaction modulated by the Rubisco enzyme [102]. It also protects the
nascent proteins from aggregation but it is heat labile. Therefore, a high temperature of
>32 ◦C alters the composition for the accessibility of carbamylation [103,104].

High temperature declines the solubility of CO2 and enhances the O2 level from the
compensation point due to the reduction in evapotranspiration [105–107] and specificity
of the Rubisco enzyme activity, which is poor in discriminating O2 and CO2 [108,109]
(Figure 5). These factors stimulate the photorespiration and consume ATPs, release the
fixed CO2, and produce the photorespiratory metabolite (glyoxylate), which consume
NADH2 [110,111] and ultimately reduce the yield up to 20% in wheat [112].
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Figure 5. Rubisco enzyme activity pathway alteration at a high temperature. Rubisco has a characteristic of both oxygenation
and carboxylation activities. High temperature increases the synthesis of oxygen through photosynthesis, which enhanced
the solubility of oxygen than carbon dioxide. Therefore, it promotes the oxygenase activity of Rubisco and stimulates
photorespiration, which compartmentalized in chloroplast, peroxisomes, and mitochondria.

2.6.4. Reactive Oxygen Species

Reactive oxygen species (ROS) are synthesized during the malfunction of PS-II and
the Calvin cycle of photosynthesis [113] causing lipid per-oxidation and cell membrane
damage in wheat [114,115]. ROS such as super oxides (O-2), hydroxyl radical (OH-), and
hydrogen peroxide (H2O2) commonly synthesize at high temperatures. The manganese
superoxide dismutase (Mn-SOD) catalysis in mitochondria produces hydrogen peroxides,
whereas the auto-oxidation of ubisemiquinone complex-I and complex-III generates super
oxides radicals ensuing the oxidative stress in the cell, as well as DNA damage, protein
modification, and membrane instability [48,116].

Super oxides synthesize by the reduction of one electron, whereas further electrons
reduction generates peroxide, which is neutralized by two protons of hydrogen atom and
form H2O2, as shown in Figure 6. Hydrogen peroxide is produced by incomplete water
molecules oxidation, which is reduced by the manganese to form the hydroxyl radical [117].
The hydrogen peroxide concentration gradually increases from vegetative to milky dough
stage at a high temperature and negatively influences the photosynthesis [118].
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Figure 6. Synthesis of the reactive oxygen species and their consequences.

3. Tolerance Mechanism against High Temperature

The plant’s tolerance to high temperature facilitates adaptation in adverse conditions
through maintaining their physiology and ameliorate grain yield.

3.1. Phytohormones and Bioregulators

Phytohormones inevitably associated with the antioxidant enzymes activity and
growth regulation under heat stress conditions [119]. Phytohormones viz., proline, glycine
betaine, salicylic acid, abscisic acid, and ethylene maintain the physiology at a high tem-
perature through soluble salts accumulation in the cell and reducing H2O2 production in
wheat, as displayed in Figure 7.

 

Figure 7. Schematic illustration of osmolytes associated with thermotolerance in wheat.
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A high temperature of 30–35 ◦C discolorizes the chlorophyll, beta-carotene, and dam-
ages the photochemical activity. Glycine betaine accumulates in the chloroplast of leaves
and stabilizes PS-II, reaction centers in the thylakoid membrane [120,121], Rubisco enzyme,
and inhibits the ROS production [122]. It adjusts the osmotic pressure, ameliorate antioxi-
dant enzymes activity, and photosynthesis under high temperature in wheat [123]. Salicylic
acid acts as a phenolic hormone in plants and is responsible for osmoregulation, scavenges
ROS, and maintains the photosynthesis in wheat [124]. It also triggers the osmolytes
synthesis viz., glycine betaine, proline, and sugars under heat stress conditions [125–127].

Proline accumulation is determined by the proline dehydrogenase activity and Δ1-
pyrroline-5-carboxylate synthetase/reductase (P5CS) [128]. High temperature increases
the P5CS and decreases proline dehydrogenase in tolerant wheat seedlings. Proline de-
hydrogenase catalyzes the proline degeneration in mitochondria. However, glutamate
acts as a precursor in the presence of P5CS1 for the proline synthesis and accumulates in
plant under heat stress conditions [129,130]. The proline content is directly linked to a high
temperature of 35–40 ◦C and ameliorates the defense mechanism in wheat seedlings [131].
A high temperature of 35 ◦C than 25 ◦C accumulates a higher proline content (up to 200%)
and improves the photosynthetic efficiency and yield [132].

Bioregulators upregulate the antioxidant defense mechanism and maintains the PS-
II under high temperature. Foliar application during the grain filling period and seed
priming with a 6.6 mM solution of thiourea intensifies the antioxidant enzyme activity,
chlorophyll content, total soluble protein, amino acid, and grain weight in wheat [133].
Foliar application of 50 ppm dithiothreitol also ameliorates the adverse effect of high
temperature in wheat [134].

3.2. Stay Green

Stay green represents the chlorophyll retention and longevity of photosynthetic ap-
paratus for the adaptation of wheat under high temperature [135–137]. Stay green associ-
ated with the stabilized photosynthetic apparatus of chloroplast viz., scavenges of ROS,
and maintaining the photosynthetic apparatus indicates the slow degeneration of tissues
in wheat.

The stay green trait has the potential to protect photosystem-II in the chloroplast and
inhibits the ROS synthesis in wheat [138,139]. It maintains the green pigment at a high
temperature of >30 ◦C during the grain filling phase. The short grain filling duration and
high canopy temperature are associated with non-stay green genotypes in wheat [140].
Stay green is positively associated with the normal grain filling phase, membrane stability,
photosynthesis, stem reserve carbohydrates, and grain development [141,142].

Chlorophyll biosynthesis enzymes determine the senescence in wheat, which in-
fluences the assimilation and translocation of photosynthates into grains during grain
filling [37,143]. For example, the SGR mutant of Arabidopsis and rice exhibit the stay green
phenotype due to the suppression of Mg dechelatase enzyme, which is responsible for
chlorophyll degradation [144]. SGR mutants have also been reported in other species viz.,
pea, tomato, and pepper [142]. The NYC gene suppression also delays the senescence
of crops that catalyzed the chlorophyll breakdown for the conversion of chlorophyll-b
into chlorophyll-a [145]. The PPH genes mutant removes the phytol from phaeophytin
in Arabidopsis and results in stay green [146]. Genes NYC, PPH, and SGR have a poten-
tial role for stay green in arbidopsis and rice that must be explored in wheat to improve
thermotolerance.

3.3. Antioxidant Enzymes

Antioxidant enzymes protect the plant from ROS, convert the free radicals of oxygen
and hydroxyl into H2O2 followed by the water molecule. These enzymes scavenge the ROS,
balance the production/elimination of ROS from oxidative stress, maintain the growth,
development, metabolism, and overall productivity [147]. Antioxidant enzymes viz., POD
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(peroxidase), SOD (superoxide dismutase), CAT (catalase), and GR (glutathione reductase)
usually generate under a high temperature of 35/28 ◦C day/night in wheat [147–149].

The SOD enzyme converts the O−2 to H2O2, which is a less toxic form than the free
radicals [150,151]. CAT and POD convert H2O2 into H2O, but the CAT activity is higher
than other antioxidant enzymes in wheat [152,153]. CAT reduces several millions of H2O2
molecules into H2O and oxygen per minute [154,155]. GR protects the plant from oxidative
stress by reducing oxidized glutathione [156,157]. Glutathione peroxidase (GPx) efficiency
depends on high γ-glutamyl cysteine synthetase and glutathione synthetase activity for
the reduction of H2O2 into H2O [158].

3.4. Heat Shock Proteins

Wheat plant produces heat shock proteins (HSPs) at 32–34 ◦C and provides pro-
tection against high temperature [159,160]. High temperature disturbs the membrane
proteins in plants but upregulates the translation of heat shock genes, which encodes
for HSPs [132,161,162]. These HSPs protect the cell from adverse effects of heat stress by
maintaining photosynthesis, upregulation of other proteins, and cell metabolism [163].
There are different families of ATP dependent HSPs viz., HSP60, HSP70, HSP90, and
HSP100 except small HSPs based on molecular weight.

The small HSP (smHSP) in wheat genome assembles with other homo-oligomers
and facilitates binding in ATP independent manners. It assembles with HSP90 to prevent
unfolding and refolding of proteins under high temperature [159,160]. HSP60 expresses
constitutively in chloroplast and mitochondria [164,165]. The Rubisco large subunit binding
protein (chHSP60) is a cofactor of HSP60, which regulates the Rubisco enzyme folding at
high temperature [166].

HSP70 is a highly conserved protein, which recognizes only a short sequence of
the polypeptide chain, temporal and inhibits aggregation of non-native protein at high
temperature [167]. HSP110 is a sub family of HSP70 and inhibits the aggregation with
a greater capability than HSP70 [168]. HSP90 regulates transcription, cellular signaling,
and managing protein folding through assembling molecular proteins including HSP40
and HSP70 [118,168,169], whereas HSP100 interacts with different smHSPs and HSP70 to
prevent the aggregation of protein [170].

4. Tolerance Strategies against High Temperature

Strategies against heat stress viz., crop management, conventional, non-conventional,
and molecular approaches ameliorate the thermotolerance in wheat. These strategies are
further elaborated below.

4.1. Crop Management

Agronomic practices including seed priming, organic mulches, inorganic fertilizers,
and timely sowing with recommended management practices mitigate the heat stress in
wheat. Wheat seed priming in the aerated solution of CaCl2 (1.2%) for 12 h improves the
germination, growth, leaf area index, chlorophyll content, assimilation rate, and grain
yield [171–173]. Mulching with rice husk conserves water, improves water use efficiency,
maintains the water status in soil, and slows down the release of nitrogen for plant up-
take [174,175].

The application of inorganic fertilizers viz., nitrogen, and potassium maintain the
chlorophyll content, osmoregulation, cytokinin biosynthesis, protein stability, redox home-
ostasis, and photosynthesis at high temperature [25,176]. Zinc improves the superoxide
dismutase activity, membrane integrity, chlorophyll content, chlorophyll florescence, and
kernel growth at high temperature [27,177]. The silicon application at 10 mg/kg of soil at
heading improves the osmotic potential (26%), photosynthetic rate (21%), catalase activity
(38%), superoxide dismutase activity (35%), stomatal conductance (20%), and transpiration
rate (32%) in wheat under high temperature [178,179].
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Sowing time is a counteract strategy against high temperature. Delayed planting
compels the plants to complete their growing degree days earlier, but they have to face high
temperature during the anthesis and grain filling phase [53,180]. Wheat planted in normal
sowing dates utilizes a longer duration to capture the available reserves/carbohydrates
and improve the grain development [70,181,182].

4.2. Conventional Approaches for Thermotolerance

Thermotolerance is an inherited component stabilizing economic yield against heat
stress. Tolerance to high temperature is characterized as the least effect on growth, develop-
ment, and productivity. Screening of wheat genotypes is difficult in a spatial environment
under natural heat stress conditions. This is due to the consistent selection criteria that
have not been developed to screen diverse germplasm. The selection criteria based on
traits directly associated with the grain yield facilitates better improvement in the genetic
material for thermotolerance (Table 2).

Breeding has made considerable advances in the genetic basis, diversity, and de-
velopment of thermotolerant varieties. However, utilization and explorations of novel
genetic diversity facilitates the genetic improvement for thermotolerance in the breeding
program. However, the genetic gain is limited due to the narrow genetic basis [183,184].
Therefore, utilizing landraces and wild relatives increases the genetic variation in wheat
for developing thermotolerance. Breeding for thermotolerance utilizing land races and
wild relatives viz., Aegilops speltoides, Aegilops tauschii, Triticum turgidum, and Triticum
durum have the ability to maintain chlorophyll content, canopy temperature depression,
membrane stability, and photosynthesis under stress conditions [74,185–187].

Table 2. Major desirable selection criteria for the screening heat tolerance in wheat.

Traits References

Cell membrane stability [50,51,188,189]
Proline content [131,190–192]

Heat susceptibility index for grain yield [25,193–196]
Chlorophyll content [76,131,188,189,197,198]

Photosynthesis [48,106,107,117,199]
Stay green [70,137,140,142,143,200]

Grain filling duration [70,181,201]
Grains formation [59,67,202–204]

Grain development [67,71,203–205]
Early heading [46,64,204,206,207]

Canopy temperature depression [30,140,201,208–212]

4.3. Non-Conventional Approaches

Plants development utilizing genetic engineering or the indirect selection of traits
through molecular markers or omics technology facilitates the improvement against heat
stress in wheat.

4.3.1. Biotechnological Approach and Heat Shock Factors

Genetic engineering is the development of cultivar through incorporating the individ-
ual gene [213]. Advances in biotechnology enable the faster genetic gain than conventional
breeding methods. Several genes encoding heat shock factors have been identified in
wheat, but novel genes identification for thermotolerance remains a challenge (Table 3).
The identification of novel genes and their altered expression under high temperature in
wheat crop provides the molecular basis for improving thermotolerance.
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Table 3. List of genes encoding transcription factors related to thermotolerance.

TFs/Genes Source Function Reference

Hsf6A/wheat HVA1s promoter of barley Regulation of heat shock protein genes and
improve thermotolerance [214]

EF-Tu Ubiquitin 1 promoter of maize
Overexpression reduces the thermal

aggregation of leaf proteins, photosynthetic
membrane, and increases CO2 fixation

[215]

HvSUT1 Hordein B1 promoter of barley Increase sucrose transport into grains [216]

TaFER-5B Ubiquitin 1 of maize Reduces oxidative stress by scavenging ROS
and improves leaf iron content [217]

TaGASR1 Wheat variety TM107 Reduces ROS and hormonal signal
transduction pathway [218]

TaHsfC2a Monocot-specific HsfC2 subclass Thermotolerance development via the
ABA-mediated regulatory pathway [219]

TaHSP23.9 Chinese wheat based on proteomic analysis
Upregulation under heat stress facilitates in
seed development during the grain filling

phase
[220]

TaFBA1 F-box gene from wheat Upregulation improves photosynthesis and the
antioxidant enzyme activity [221]

TaHsfA2-1 Wheat Overexpression of heat shock proteins and
chlorophyll content [222]

SGR Arbidopsis and rice Binding of light harvesting complex during
photosystem-II [142,144]

NYC Arbidopsis and rice Responsible for the activity of chlorophyll
reductase to convert chl-b into chl-a [142,145]

PPH Arbidopsis and rice Responsible for the activity pheophytinase for
dephytylation to phaeophytin [142,146]

Quantitative Trait Loci (QTL)

Heat tolerance is under polygenic control and the QTL analysis enlightens the genetic
basis of thermotolerance in wheat. It facilitates the indirect selection of traits rather than the
selection based on phenotypic traits. Many QTLs have been identified for physio-morphic
traits in wheat, but few were identified against heat stress (Table 4), which facilitates in
gene pyramiding and marker assisted selection in wheat breeding programs for developing
thermotolerance.

Table 4. Major quantitative trait loci (QTL) identified for traits against heat stress.

Traits Chromosome References

Chlorophyll content 2A, 3A, 6A, 7A, 2B, 5B, 2D [223,224]
Chlorophyll florescence 1A, 2A, 3A, 3B, 2D, 1D [224,225]

Plasma membrane damage 7A, 2B [223]
Thylakoid membrane damage 6A, 7A, 1D [223]

Canopy temperature 7A, 1B, 2B, 3B [226]
Grain weight 1A, 2A, 4A, 1B, 2B, 3B, 4B, 6B, 6D [226–228]

Grains formation 1A, 4A, 2B, 3B, 5B [228,229]
Chlorophyll florescence 1A, 4A, 1B, 2B, 7D [230]

Senescence 2A, 3A, 6A, 7A, 3B, 6B [231,232]
Stay green 1A, 3B, 7D [233,234]

4.3.2. Omics Technology

Omics techniques facilitate the development of thermotolerance in wheat through the
identification of transcriptional, translational, and post translational mechanisms (Figure 8).
Transcriptomics represent the alteration in transcriptome factors under different environ-
mental conditions through the DNA microarray technology [235,236]. It has already been
used to study the glumes [237], grain development [238], and quality traits [239] for the
identification of candidate gene expression under heat stress conditions. MicroRNAs
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(miRNAs) are non-coding small RNA that serve as the regulation of post-transcriptional
gene expression in plants. Micromics assist in the candidate miRNA identification and
their role in transcriptome homeostasis, developmental, and cellular tolerance of plants
under high temperature [197].

Proteomics is the analysis of candidate proteins, the expression when they translated
from mRNA to functional proteins, and a further characterization of their role in the
heat tolerance mechanism [240]. Proteomic analysis revealed heat shock proteins, protein
synthesis, detoxification, photosynthesis, and protein quality under heat stress condi-
tions [115,241–245]. Hence, the omics technology provides us with a novel opportunity for
the identification of genes, their expression, and pathways linked to these genes. However,
the further genetic network and their component identification will be a challenge to adapt
plants in a high temperature environment.

Figure 8. Schematic diagram representing the omics techniques associated with thermotolerance development in wheat at
the molecular genetics level.

5. Conclusions and Future Prospects

Temperature is gradually increasing and affecting crop productivity. The impact of
high temperature on wheat crop has been extensively studied, but understanding the
mechanism of thermotolerance remains elusive. High temperature disrupts membrane sta-
bility, declines grain filling duration, grain formation, and starch accumulation into grains.
Inhibition in the physiological process has been observed due to the high temperature
stress. It disturbs the photosynthetic apparatus and generates the reactive oxygen species
leading towards oxidative stress. The strategy against high temperature requires systemat-
ically understanding the physiological, metabolic, and development process associated
with thermotolerance. The tolerance mechanism including more accumulation of proline,
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glycine betaine, antioxidant enzyme activity, heat shock protein, and stay green could be a
useful indicator for thermotolerance.

Crop management stabilizes the physiological process and metabolic pathways through
mulches, extra irrigation, inorganic fertilizers, early sowing, exogenous application of mi-
cronutrient, osmoprotectants, and bioregulators. Integrating crop management practices
with molecular genetics tools can ameliorate the adverse effects of high temperature, but
need to further explore the strategies associated with high yield under heat stress [246–258].
The tolerance development can be achieved through a selection based on thermotolerant
traits from existing germplasm and breeding utilizing land races and their wild rela-
tives. The suitable selection criteria based on thermotolerant traits requires developing
germplasm against heat stress. Recently, the canopy temperature depression at the repro-
ductive stage, grain filling duration, heat susceptibility index for grain yield, and stay
green have been established for screening germplasm against heat stress conditions. Stay
green with other useful traits provide the solution of the burning problem due to the high
temperature in wheat. Therefore, the contribution of the synthesis of chlorophyll turnover
equation in photosynthesizing leaves for the stay green trait expression has a good future
against high temperature stress.

The marker assisted breeding programs must be pooled with the transgenic approach
for thermotolerance QTLs and genes. Understanding the QTLs and omics techniques
pave the way to develop thermotolerance in wheat, but a further understanding of the
genes network and their regulation of expression related to high temperature would
be a challenge. There is a need to understand the molecular and biochemical basis of
thermotolerance from the upcoming changing climate for crop improvement. Functional
genomics also proved to be supportive against high temperature, but the alteration in
transcriptomes and proteomes needs to be further investigated against high temperature.
Noteworthy, molecular and genetic approaches facilitate crop adaptability coupled with
the economic yield under high temperature, but the expression of yield potential requires
the estimation of yield at the crop level. Therefore, the application of incorporating a
future scenario into crop models provides model-based recommendations to improve
thermotolerance in wheat.
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Abstract: Quinoa (Chenopodium quinoa Willd.) is a halophytic crop that shows resistance to
multiple abiotic stresses, including salinity. In this study we investigated the salinity tolerance
mechanisms of six contrasting quinoa cultivars belonging to the coastal region of Chile using
agro-physiological parameters (plant height (PH), number of branches/plant (BN), number of
panicles/plant (PN), panicle length (PL), biochemical traits (leaf C%, leaf N%, grain protein contents);
harvest index and yield (seed yield and plant dry biomass (PDM) under three salinity levels (0, 10, and
20 d Sm−1 NaCl). The yield stability was evaluated through comparision of seed yield characteristics
[(static environmental variance (S2) and dynamic Wricke’s ecovalence (W2)]. Results showed that
significant variations existed in agro-morphological and yield attributes. With increasing salinity
levels, yield contributing parameters (number of panicles and panicle length) decreased. Salt stress
reduced the leaf carbon and nitrogen contents. Genotypes Q21, and AMES13761 showed higher
seed yield (2.30 t ha−1), more productivity and stability at various salinities as compared to the other
genotypes. Salinity reduced seed yield to 44.48% and 60% at lower (10 dS m−1) and higher salinity
(20 dS m−1), respectively. Grain protein content was highest in NSL106398 and lowest in Q29 when
treated with saline water. Seed yield was positively correlated with PH, TB, HI, and C%. Significant
and negative correlations were observed between N%, protein contents and seed yield. PH showed
significant positive correlation with APL, HI, C% and C:N ratio. HI displayed positive correlations
with C%, N% and protein content., All measured plant traits, except for C:N ratio, responded to salt
in a genotype-specific way. Our results indicate that the genotypes (Q21 and AMES13761) proved
their suitability under sandy desert soils of Dubai, UAE as they exhibited higher seed yield while
NSL106398 showed an higher seed protein content. The present research highlights the need to
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preserve quinoa biodiversity for a better seedling establishment, survival and stable yield in the
sandy desertic UAE environment.

Keywords: salinity; Chenopodium quinoa; biomass; functional plant traits; biochemical traits; genotypes;
yield; salt stress

1. Introduction

Soil degradation due to salinity is a big issue in agriculture and forestry, especially in marginal
environments. Several factors, such as scarce water resources, loss of topsoil due to wind erosion,
sandy soils and high temperature in desert ecosystems are major constraints for crop production [1–3]
affecting 250 million people [4]. Many arid and semi-arid regions of the world exhibit a significant
portion of salt and degraded marginal lands. According to Wang et al. [4], approximately 20% of the
land area is degraded. Global Assessment of Soil degradation (GLASOD) reported that 12 million
heactares of land are degraded each year in arid ecosystems, at a cost to the global economy of up to
US $42 billion per annum [5]. Furthermore, the continuous increase in global demand for food, fuel
and feed has shifted the focus towards degraded lands, because land suitable for food production
is shrinking worldwide [6]. This situation is further aggreviated by strong winds in arid and semi
arid areas that cause erosion and land degradation, removing the top productive soil layers that can
support plant growth [7].

Salinity is a complex phenomenon that critically impacts the morphological and physiological
traits of crops through modifications in the osmotic balance, ion homeostasis, and reactive oxygen
species regulation, each having a complex and less understandable genetic basis. High accumulation
of salts in saline soils results into reduced water potential of soil solutions which causes difficulty
for plants to extract water from soil experiencing “osmotic stress” [8]. Specific ion toxicity, the result
of excessive uptake of certain ions (Na+ and Cl−) is the primary cause of growth reduction [2,9–11].
Toxic ions in salt-affected soils are usually sodium, chloride and sulphate [2,12]. The excessive Na+

accumulation causes ion toxicity and interferes with plant metabolism, while accumulation of K+ can
alleviate Na+ toxicity by adjusting osmotic potential and through ion balance. Crop performance
may also be adversely affected by salinity-induced nutritional imbalances [13,14]. These imbalances
may result from the effect of salinity on nutrient availability, competitive uptake, transport and/or
partitioning within the plant caused by physiological inactivation of a given nutrient resulting in
increased plant’s internal requirement for that essential element [2,15,16]. One or more of these
processes may occur at the same time, but whether they ultimately affect crop yield or quality depends
on the level of salt stress, composition of salts, crop species, the nutrient in question and a number
of environmental factors [15,16]. Therefore, it is imperative to advance our knowledge regarding the
identification and evaluation of genotypes and landraces that can be cultivated in nutrient poor and
sandy marginal soils. Moreover, these germplasms might have the potential for the restoration of these
regions. Several studies concerning salinity tolerance in cultivated crops have been reported, while
considerable advances have been made in the development of crop genotypes resistant to drought or
salinity [17,18]. Therefore, salt-affected soils can be utilized by growing salt tolerant plants, whether
halophytes or non-halophyte crops. The use of halophytic crop species can be considered as a valuable
option to sustain agricultural production under saline and dry conditions and potentially under
irrigation with saline waters [19,20]. However, it is imperative to explore intra-specific (inter-cultivar)
variation for salt tolerance of a crop by screening its available germplasm.

Halophytes have shown potential to be useful resources for global food production, and contribute
to the rehabilitation of salt-degraded lands. Quinoa (Chenopodium quinoa Willd.) is an important
facultative halophyte, and its demand has increased recently in all continents [21]. Quinoa is a highly
nutritious pseudo-cereal and has a wide potential to enhance food security through tolerating saline
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and marginal lands and to alleviate pressure on fertile agricultural soils [22]. Quinoa seeds are enriched
in proteins, amino acids (lysine, methionine, threonine) [23]. Different fatty acids (linoleic and linole)
and oleic acids have been reported in the seed oil [23]. From a human health perspective these fatty
acids are of high quality as compared to those reported from other cereals [24]. Moreover, quinoa seeds
are free from any allergic effects that may be caused by harmful chemicals or gluten, which is present in
other cereals [25]. Quinoa exhibit various minerals like calcium, phosphorus, potassium, magnesium,
phosphorus and zinc in sufficient quantity and protein contents (12–17%) [26]. The quinoa crop has
been internationally recognized as a contributor to global food security because it is tolerant to many
environmental constraints, such as frost [27,28], drought [29], and salinity [30]. In many developing
African countries, quinoa has been significantly introduced in agro-ecosystem and has contributed
to the regional food security [31,32]. However, evaluation of salinity tolerance potential of different
quinoa genotypes and the possible evaluation of their growth, development and yield behaviour in
salt-degraded marginal Arabian Peninsula Sandy desert soils are rarely studied.

The phenotypic plasticity, genotype variability and agronomic adaptation of quinoa are extremely
wide and varied significantly from hot arid to subtropical humid climates [33]. Under these
circumstances, it is viable to select, introduce, adapt and breed different quinoa genotypes in a
wide range of environments. However, to increase food security and agriculture productivity in
resource poor and degraded marginal lands like those of United Arab Emirates, it is imperative to
study the salt tolerance potential of different quinoa genotypes and assess their yield stability without
losing the grain quality. Jacobsen et al. [33], the quinoa plant photoperiod is a critical functional trait
and should be evaluated before introducing it in a particular environment. Most of the previously
referred studies have been carried out in quinoa germination and seedling growth responses under
the control growth chambers. It is important to understand that germination and early seedling
establishment stage is critical in the life cycle of plants, and many colleagues have documented these
phenomena [34,35]. However, yield response factors of different quinoa genotypes to saline and
marginal soil environment and their salinity tolerance mechanisms that may regulate seedling growth,
yield and grain quality attributes need to be evaluated under marginal and nutrient poor sandy soils.

Studying the salinity tolerance potential of different quinoa genotypes and the elucidation of seed
yield and yield stability is of paramount importance. Therefore, the evaluation of salinity tolerance
potential of different quinoa genotypes was conducted under the hyper arid climate of Dubai, UAE with
the following main objectives: (i) evaluation of the adaptation of accessions of different origins to the
UAE sandy desert marginal environment with spring sowing, (ii) assessment of the salinity tolerance
potential of six quinoa genotypes, (iii) determination of the variation and heritability of quinoa
morphological and quality traits and their interrelationship with yield attributes and (iv) identification
of the impact of saline water in growth, yield stability and grain protein content. The study will help to
discriminate between resistant and sensitive quinoa genotypes and to understand the mechanisms of
adaptation, for selecting genotypes tolerant to saline water irrigation in order to adapt to salt-degraded
marginal sandy desert in the hyper arid UAE environment.

2. Material and Methods

2.1. Experimental Site

The study was carried out at the International Center for Biosaline Agriculture (ICBA) research
station in Dubai (United Arab Emirates). The site has latitude of 25◦13 N, a longitude of 55◦17 E and is
16 m above mean sea level. The local climate is dominated by hot dry weather (April–October), with
no rainfall at all during this transitional period and higher air temperature (exceeding 50 ◦C) during
peak season (June, July, August) and high humidity. The winter season (December–February) is cool
and dry. The field plot soil is a well drained sandy coarse (97% Sand, 2.2% Silt, 0.2% clay). The soil,
classified as Carbonatic, Hyperthermic typic Torripsamment has an EC of 0.2 dS m−1. The soil physical
and chemical properties are presented in Table 1 as the mean of two consecutive years (2013 and 2014).
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Table 1. Soil classification, chemical and physical properties from 0–60 cm depth os soils at pre-sowing
2013 and post-harvest 2014 from each sub-plot, irrigated with 10 and 20 dS m−1.

Parameters Values

Pre-Sowing 2013 Post-Harvest 2014 Post-Harvest 2014

- 10 dS m−1 20 dS m−1

Sand (%) 97.60 97.60
Silt (%) 2.20 2.20

Clay (%) 0.20 0.20
Soil textural class Sand Sand

Ece dS m−1 2.04 4.10
pHs 7.04 7.31

Total N mg kg−1 52.00 51.59
P mg kg−1 41.51 46.74
K mg kg−1 45.95 41.61

%Organic matter 1.46 1.32

Ece: Electrical Conductivity.

2.2. Field Soil Physiological and Chemical Analysis

For the analysis of soil salinity, soil samples were taken from each of the sub-plot from 0–60 cm
depth prior to the experiment and after harvesting the crop. The air-dried samples were analyzed
for physiochemical analysis at the Central Analytical Laboratory, International Center for Biosaline
Agriculture, Dubai (UAE). Standard soil analysis methods [36] were used and the results were presented
on oven dried soil weight basis (Table 1). The electrical conductivity (EC) was measured in the soil
extract collected from the saturated soil paste (dS m−1). Soil pH of the saturated paste was measured
with a standard pH meter calibrated using buffer solutions (pH 4, 7 and 10). Soil texture was determined
by using standard Pipette method and wet sieving and sand, silt and clay contents were used on USDA
triangle to determine soil textural class. The total amount of nitrogen was determined using standard
Kjeldahl method and phosphorous through colorimetri procedure. Available K was detected in 1 N
ammonium acetate extract using a flame photometer. Organic carbon (OC) was measured through
dichromate oxidation and converted to organic matter by multiplying by a factor of 1.72 [37].

2.3. Land Preparation, Sowing, Plant Growth and Agronomic Practices

The experiemental soil was prepared by a disc plough, harrowed in order to obtain a good seed
bed. The organic fertilizer (40 t ha−1) was applied and incorporated into the soil to improve the soil
fertility. The chemical fertilizer {NPK (20:20:20)} at the rate of 50 Kg ha−1 was applied in two split
doses by banding alongside the rows. Experimental design was a randomized complete block with
split plot arrangement replicated three times. Quinoa genotypes (Table 2) were manually planted on
26 November 2013. Three salinity treatments (0, 10 and 20 dS m−1) were assigned to each main plot
(the salinity treatments were applied one month after the seedling establishment), and six genotypes
were assigned to the sub plots. Seeding was carried out by burying 3–4 seeds into the soil to a depth
of 1–2 cm close to the dripper. Each genotype was planted in five rows (3 m long) per plot, 25-cm
interplant spacing and 50 cm between the rows and one meter between two accessions. The plots were
drip irrigated through out the study period with water of different salinities through drop laterals.
The field was covered with acryl sheet, following sowing, to protect the plants from bird attacks
(Figure 1). The seedlings were thinned to one plant per point, later, following plant establishment.
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Table 2. A list of six quinoa (Chenopodium quinoa Willd.) genotypes native to the Chilian coastal region
that were used to identify ecophysiological indicators suitable for quantifying seedling salinity responses.

S. No. Code Germination Line Source Origin Status Seed Color

2 Q 18 C. quinoa PI614886 USDA Maule, Chile Cultivated Yellow
4 Q 21 C. quinoa PI614889 USDA Bio-Bio, Chile Cultivated Orche
5 Q 22 C. quinoa PI634918 USDA Chile // Yellow
8 Q 29 C. quinoa PI634925 USDA Chile // Yellow

11 AMES 13761 C. quinoa USDA USA - -
12 NSL 106398 C. quinoa USDA USA - -

Figure 1. Photos to illustrate the sandy desert marginal soil of ICBA (a); irrigation system installation
(b); quinoa seed sowing and covering with acryl sheet to protect from bird attacks (c); quinoa crop at
panicle stage (d).

2.4. Irrigation System and Treatment Application

During each growing season, saline water treatments (0, 10 and 20 dS m−1) were established and
applied after one month from sowing (to ensure plant establishment) using drip irrigation system.
Irrigation was supplied via a drip system (drip laterals of 16 mm in diameter), 0.25 cm emitters and
were delivering 4.0 L h−1. The experimental plots were equipped with three irrigation valves from
RainBird Company (Azusa, CA, USA). One valve was handling fresh, other saline and third valve
(a solenoid valve of 2” size) controlling both saline and fresh water after the main control valve. The 3rd
valve was controlling the irrigation water according to the main controller instructions. Saline irrigation
water was provided from seedlings (one month old) to the grain filling stage. The climate data in terms
of temperature, rainfall, wind speed and humidity was collected from weather station established at
the ICBA (Figure 2).
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Figure 2. Monthly values of mean (T mean), maximum (T max), and minimum (T min) air temperature,
relative humidity and reference evapotranspiration (ETo) in the ICBA weather station, Dubai, UAE.

2.5. Crop Phenology and Morphological Measurements

During the whole crop season, hand weeding was carried out when needed, without applying
any herbicide. The data was collected from the middle 1 m of the two central rows. Following the
completion of the physiological attributes, other morphological measurements were collected from
five plants from each subplot. The average plant height (cm) from the ground level to the tip of the
panicle on the main stem was measured at physiological maturity. The total number of branches from
the main stem at different node positions, including the basal branches were recorded.

2.6. Harvesting, Biomass and Yield Traits

The yield data was collected at physiological maturity (when the seeds from panicle became
hard [38]. From each plot, the number of panicles per plant was counted from five plants. The mean
length (cm) of three panicles was taken randomly and averaged. The plant fresh biomass was recorded
and then plant material was oven dried at 80 ◦C for three days and weighted. From each sub-plot,
a sample line of 1 m length from the central rows was harvested and seeds were removed from the
panicles of the plants, threshed, and weighed (g m−2) and then converted into t ha−1.
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2.7. Leaf Carbon (%) and Nitrogen Contents (%) Analysis

The leaf samples from each treatment/plot and control were collected, oven dried and ground into
a fine powder. Total N and C contents (% dry matter) were measured by elemental analysis, Flash
EA-1112 (Thermo Fisher Scientific, Schwerte, Germany).

2.8. Harvest Index (%)

Harvest index was calculated by using the following formula:

Harvest index (%) = Grain yield/dry biomass × 100 (1)

2.9. Grain Protein Contents Measurements

The grains (FW = 200 mg) from each genotype (three replicates/treatment) were crushed into
liquid nitrogen and protein contents were measured using Commercial bovine seroalbumin (BSA)
through Bradford assays [39] as reported by Hussain and Reigosa [40].

2.10. Statistical Analysis

The agro-physiological parameters were divided into two categories; yield and biochemical
traits (carbon (C%), nitrogen (N%), seed yield (SY), harvest index (HI), grain protein contents);
agro-morphological traits (plant dry matter (PDM), number of branches (BN), number of panicles (PN)).
For each trait, the genotype-treatment combinations (i.e., six genotypes crossed with three salinity
treatments) were subjected to analysis in order to summarize the relative merit of genotypic effects
and growing conditions as causes of changes in the plant ecophysiological attributes and Dunnett
test was employed as post-hoc test for multiple comparison. All analysis were conducted through
General Linear Modeling (GLM) procedure and analysis of variance (ANOVA) using the SPSS for
Windows version 17.0 software (SPSS Inc., Chicago, IL, USA). Difference between treatments means
were compared using Tukey’s HSD test. A Pearson’s correlation matrix was conducted to assess the
relative contribution of ecophysiological trait associations towards the seed yield at overall salinity.

A static yield stability index was calculated according to environmental variance (S2) [41].
Meanwhile, a dynamic yield stability index was presented following Wricke’s ecovalence (W2) [42].

3. Results

3.1. The Effect of Treatments and Genotypes on Growth Parameters

Quinoa plants were significantly shorter (69.44 cm) after treatment with salinity level of 20 dS m−1

as compared to the control (102.55 cm) (Table 3). Genotypes also showed a significant variation in
PH that was higher in quinoa genotypes AMES 13,761 (120.44 cm), followed by Q21 (87 cm), Q29
(79.88 cm) and NSL106398 (77 cm) (Table 4). The Q22 showed PH of 73.33 cm (Table 4). The Q18 had the
maximum number of branches/plant (19.0), followed by Q29 (15.66), Q21 (15.33) and AMES13761 (15.0)
(Table 4). The lowest number of branches/plant was recorded in Q22 (14.11). Water salinity decreased
the number of branches/plant that was significantly reduced at each salinity level as compared to
control. The highest numbers of panicles/plant were observed in Q18 (17.44), followed by Q29 (14.22)
and NLS106398 (13.56). Q21 and Q22 demonstrated in average a similar number of panicles (12), while
the lowest number of panicles was produced by AMES13761 (10.56). Quinoa genotypes, AMES 13761,
Q21, and Q29 produced longest panicles i.e., 20.78, 19.89, 18.78 cm respectively. Genotype Q18, Q22
and NSL106398 produced the smaller size panicle (17.0–17.74 cm). The application of S3 (20 dS m−1)
caused retardation in number of panicles/plant. However, average panicle length was unaffected by
salinity treatment. Quinoa genotype Q21 and Q22 produced the highest plant dry biomass (9.0 t/ha)
followed by Q18 and Q29 that on average produced 6.28 and 6.74 t/ha. AMES 13,761 (7.94 t/ha) and
NSL106398 produced on average 5.91 and 5.45 t/ha dry biomass, respectively (Table 4). Furthermore,
plant dry biomass was unaffected by saline water treatment at all salinity level compared to control.
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3.2. Saline Water Irrigation Impact on Carbon (C%) and Nitrogen (N%) and C/N Ratios

Genotypes differed for all traits, whereas a significant interaction existed between genotype and
treatments (GT) for leaf N%, grain yield and harvest index (Table 3). The highest salinity treatment was
lethal and affected all growth studied traits. There was significant difference in the leaf N% among the
genotypes and NSL106398 exhibited the highest N% (2.23%), followed by Q18 (1.58%). Genotype Q29
showed the lowest N% (1.4%) in the dry leaf samples. The C% value was the highest in genotype Q21
(27.82%), followed by AMES13761 (27.16%) and Q18 (27.05%) (Table 4). The genotype Q22 exhibited
the lowest values of C% (26.45%). Both salinity levels significantly decreased the C% as compared
to the control. There was significant variation in C:N ratio values that were highest in Q22, Q29,
AMES13761 and lowest in Q21. The results showed that N concentration was unaffected at all salinity
treatments compared to control (Table 4).

3.3. Seed Yield and Harvest Index

The yield components (seed yield, harvest index) were all affected by salinity (Table 3). Genotypes
Q21 and AMES13761 exhibited higher seed yield (2.30 t ha−1 and 1.77 t ha−1) than the other genotypes
(Table 4). The lowest yield was produced by Q18 (1.27 t ha−1) that was 44.7% less than that of Q21
(Table 4). Salinity significantly decrease the seed yield that was 44.48% and 60% lower following
exposure to 10 dS m−1 and 20 dS m−1, respectively (Table 3). Harvest index (HI) was significantly
decreased following saline water treatment. Our results indicated that there was 34.53% and 60.38%
reduction after 10 dS m−1 and 20 dS m−1 salinity treatment as compared to control, respectively (Table 3).
Harvest index greatly varied among the genotypes and ranged between 31.8–19.05%. The highest
HI values were observed in genotype AMES13761 followed by NSL106398 and the lowest in Q22.
The genotype × treatment interaction (G × T) was also significant for seed yield and HI (Table 4).

3.4. Grain Protein Contents

There was significant impact of salt stress on grain protein contents and it was genotype dependent.
The GP contents were the highest in NSL106398 (13.9 mg/g DW), followed by Q18 (9.89 mg/g DW),
AMES13761 (9.19 mg/g DW) and Q22 (9.12 mg/g DW), respectively. The lowest GP was recorded
in Q29 (8.76 mg/g DW) following salt stress treatment. There was a tendency of stimulation in GP
following salinity treatment as compared to control (Table 3).

3.5. Yield Stability Trend in Quinoa Genotypes

The grain yield stability among different quinoa genotypes is shown in Table 5. The static
environmental variance (S2) and dynamic Wricke’s ecovalence (W2) for different quinoa genotypes
was different. S2 was in the range of 1.019–3.461.

Table 5. Environmental variance (S2i) and Wricke’s ecovalence (W2i) over the ambient treatments
and three climate treatments for the six quinoa genotypes with highest averaged mean yield across
treatments (mi).

S. No. Genotypes Name Mi S2i W2i

1 Q 18 1.274 1.019 1.677
2 Q 21 1.082 3.461 2.080
3 Q 22 1.919 2.310 2.470
4 Q 29 1.494 2.591 2.349
5 AMES 13761 1.398 2.659 5.362
6 NSL 106398 2.577 2.540 9.586

However, a different trend was observed among six quinoa genotypes for W2 that varied from
1.67–9.58. In stability analysis, the lowest values demonstrate the stability in yield over saline
environments. The variety ‘Q18’ was static stable and high yielder, ranking 1st for S2i grain yield
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index across all saline environments. The quinoa ‘Q22’, ‘Q29’ and ‘NSL106398’ were found to produce
the the 2nd, 3rd and 4th highest static yield index among these tested genotypes and across all
salinity treatments. The genotype ‘Q18’ showed stable mean yield (W2i) and ranked 1st among all the
genotypes across all environments. Moreover, genotype ‘Q22’ was S2i and high yielder, ranking the
2nd for W2i grain yield index (Table 5).

3.6. Correlations between Seed Yield, Agro-physiological and Yield Attributes

Pearson’s correlations analysis showed significantly positive relationships between PH, TB, HI,
C% with SY. However, significant and negative correlations were observed between N% and protein
contents and seed yield (Table 6). The PH showed significant +ve correlation with AIL, HI, C% and
C:N ratio. The NOB and NOI exhibited significant +ve correlation with NOI and AIL. The NOI showed
+ ve relation with AIL, N%, and protein contents. Harvest index displayed positive correlations with
the C%, N% and protein content. N% exhibited +ve relation with C%, C: N ratio and protein contents.

Table 6. Pearson’s correlations among physiological and seed yield traits of quinoa as a result of
genotypic collective response for all three salinity levels.

Traits SY PH NOB NOP APL TB HI N% C% CN Ratio Protein

SY 1 - - - - - - - - - -
PH 0.46 ** 1 - - - - - - - - -

NOB −0.001 0.212 1 - - - - - - - -
NOI −0.039 0.034 0.832 ** 1 - - - - - - -
AIL −0.118 0.414 ** 0.267 ** 0.223 ** 1 - - - - - -
TB 0.209 −0.071 −0.026 0.08 0.058 1 - - - - -
HI 0.837 ** 0.503 ** −0.012 −0.107 −0.167 −0.268 ** 1 - - - -

N% −0.311 ** −0.201 0.136 0.244 ** 0.043 −0.174 −0.249 ** 1 - - -
C% 0.637 ** 0.422 ** 0.176 0.141 −0.031 0.025 0.637 ** −0.219 ** 1 - -

CN Ratio 0.119 0.264 ** 0.051 0.019 0.01 −0.153 0.186 −0.277 ** 0.182 1 -
Protein −0.311 ** −0.201 0.136 0.244 ** 0.043 −0.174 −0.249 ** 0.000 ** −0.219 ** −0.277 1

** Correlation significant at p ≤ 0.05 according to Tukey’s HSD test; SY: Seed Yield, PH: Plant Height, NOB, Branch
number; NOP: Panicles number, APL: Average Panicles Length, TB: Total Biomass, HI: Harvest Index, N%, Nitrogen
concentration; C%, Carbon concentration; Protein: Grain Protein contents.

4. Discussion

The rising global demand for nutritious and healthy food has challenged scientists to look for
alternate crops, especially for the marginal areas where agricultural production is inefficient due to
unfavorable climatic conditions, low soil fertility and lack of good quality irrigation water. In the
Arabian Peninsula, scientists are experimenting with quinoa production because it is rich in nutrients,
tolerant to salinity and uses much less water than other crops. Against this backdrop, this study
identified the agro-morphological traits (PDM, BN, PN) that showed a decreasing trend with increasing
salinity. Gómez-Pando et al. [13] showed that germination and plant height were highly decreased
in quinoa plants that were subject to different salinity levels. Additionally, some genotypes (total 15
genotypes) were tolerant and less affected while others were susceptible and their agro-physiological
attributes were decreased significantly following salinity treatment.

Under the saline and marginal UAE environment, some agro-physiological traits (PH, NBP, and
NPP) were decreased after salt stress while PL was unaffected at various salinity levels. A decrease in
dry matter yield with increasing soil salinity levels might be due to the inhibition of water availability
and hydrolysis of reserved foods and their translocation to the growing shoots [43,44]. Other factors
responsible for lower dry biomass yield may include panicle length, chlorophyll concentrations,
number of productive tillers, number of primary branches per panicle, and fertility percentage [45].
The reduction in number and size of the panicles per plant is directly related to lower seed yield [46].
Plant biomass, height and seed yield, number of branches, number of panicles, panicle weight
and harvest index were reduced in response to saline water irrigation and were subject to genotypic
variation [8]. Genotypic variability in seed yield and biomass has been reported before for quinoa plants
growing under comparable agroecological conditions [8,43,46]. Moreover, the significant interaction
between genotype and irrigation conditions for seed yield, biomass and different agronomical traits
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highlights not only the genotypic plasticity available in the species but also the need to assess genotypic
performance within each growing condition [47]. In the present study, PH was decreased after
salinity treatment and AMES 13,761 was the tallest variety while Q22 was dwarf genotype. This was
due to the stunted growth of plants caused by the high salt concentration in the nutrient medium.
Adolf et al. [48] evaluated 14 quinoa genotypes at different salinity levels and recorded growth and
biomass attributes. Pandela rosada and Utusaya were least affected and had capacity to be adapted to
the harsh climate of southern altiplano of Bolivia (3600 m above sea level). Another quinoa variety,
Amarilla de Maranganí was more tolerant and was not affected with respect to height and biomass
production. The results of this study also suggest that plant morphological and agro-physiological
characteristics are interrelated factors that highly impact the plant establishment, seedling growth, and
yield. Meanwhile, the responses of different quinoa genotypes against salinity were different indicating
their genetic diversity. According to different researchers, several mechanisms might contribute
towards genotypic differences in salinity tolerance in quinoa. These mechanisms may include Na+

exclusion from leaf mesophyll cells, better H+ pumping to restore membrane potential, and Na+

exclusion from leaf cells demonstrating salinity tolerance of quinoa [32,33,49]. The information about
these functional attributes might facilitate the restoration programs of degraded marginal salt affected
soils and will help to convert waste to wealth assets.

The evaluation and selection of salt tolerant quinoa genotypes is an important step to pursue their
adaptation uder marginal and sandy soils and to check the effect of salinity on grain yield and grain
protein contents. The present results demonstrated that significant genetic diversity exists between
different quinoa genotypes. Yield components like NPP and PL were different among genotypes.
Salinity significantly affected the number of panicles per plant and average panicle length also varies
from one to other genotype. According to the report of Long Nguyen [50]; panicle length in quinoa
is interconnected with grain yield and variation in this trait lead to significant variation in the final
yield. Several researchers have noticed that long panicle bearing genotypes demonstrated higher yield
than genotypes with shorter panicles [45,46]. From the results of present study, it was concluded that
differences in panicle length were connected with genotypic difference rather than salinity impact.

The seed yield was significantly decreased (60%) at high salinity. It is a typical phenomenon of
plants affected by environmental stresses that showed a restricted supply of CO2 as well as reduced
activity of RuBisCO. These processes leads to reduced photosynthesis, carbon assimilation, growth
and yield of the plants [16,51–54]. Previously published data showed that the small panicle length,
chlorophyll concentrations, number of productive tillers, and lower number of primary branches per
panicle were responsible factors in the low yield of quinoa [45].

The salinity treatment did not affect very much the leaf C and N. However, the allocation of N and
C was different among the different genotypes and changed in respect to the genetic variability. Grain
protein contents (GP) differed significantly after salinity treatment that was stimulated to a cetain
extent. Genotype, NSL106398 showed higher grain protein contents while the lowest was observed
in Q29. The reduction in quinoa plant dry biomass was 23.7% and 36% after treatment at 10 and
20 dS m−1 respectively. The growth of quinoa (cv. Hualhuas) was slightly increased following salinity
treatment [55]. The present results demonstrated the competitive advantage of salinity tolerant quinoa
genotypes in terms of morphological and ecophysiological attributes [6,13,18,21,43,45,56].

Our results indicate a difference in grain and biological yield (harvest index) among quinoa
genotypes, showing that Q21 had a higher seed yield, followed by AMES13761, and both genotypes
showed a typical genetic variation. Adolf et al. [48] reported similar results. They found that quinoa
genotype, Utusaya (Bolivian origin) had high stomatal conductance compared to control plants and
showed a reduction (25%) in CO2 while “Titicaca” (from Denmark) demonstrated higher reduction
(67%) in CO2 assimilation. To counteract the salinity, Utusaya variety possessed some genetically
improved salt tolerance mechanism (osmoprotectants) and water loss through transpiration was much
less than other genotypes. Recent studies highlighted that some adaptation mechanisms exist in
certain quinoa genotypes that control transpiration and thus, WUE, under saline conditions. Lately, it
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was correlated with morphological features (stomatal size reduction, density or both) [22,23,47–49].
A significant variation was also oberved in HI among genotypes while AMES13761 showed higher HI,
followed by NSL106398 and it was lowest in Q22. Morover, salinity also reduced HI after treatment at
10 dS m−1 and 20 dS m−1. These results demonstrated a greater adaptability of quinoa genotypes to
the agro-climatic conditions of UAE. Other researchers also documented that Chilean varieties were
less sensitive to photoperiod and hence more adaptable to saline and marginal environments [27–29].

The correlation between diggerent physiological, yield and quality characteristics of quinoa are
presented in Table 6. Several parameters were positively correlated with other contributing attributes
while some also have negative correlation. More prominent +ve correlation was found betweeen
NOB, NOI and AIL, TB, C:N ratio). The correlation among grain yield, biological yield and protein
contents of grains is often misleading. This can lead to wrong conclusions and policy guidlines for
future breeding strategies for marginal environments [57]. Confusion was largely provoked by the
fact that the relations between biomass, number of panicle and yield were positive or negative, and
sometimes there was no correlation depending on the crop and growing conditions.

Lessons from Different Stress Levels: Trade-off between Survival and Growth

In the present study, the Chilean-based quinoa genotypes displayed remarkable variation in plant
establishment, seedling growth, biomass yield, and panicle attributes and salinity responses yield
potential. Different salinity treatments (10, 20 dSm−1) caused a significant reduction in biological and
grain yield. Even though seed yield was reduced, quinoa was still able to perform relatively well
under these sandy, nutrient poor and marginal soil conditions as compared to other high productive
soil environments. Under low salt stress (10 dSm−1), average panicle length of quinoa varieties did
not differ in their responses to salinity. However, at high salinity (20 dSm−1), seed yield was not
highly reduced in all the tested varieties. In this regard, Q21 was highest yielder while Q18 was the
most affected with lowest seed yield. We speculate that Q18 employed a “survival” strategy with
a more reduced growth rate, biological yield (HI) but higher number of branches and number of
panicles and medium level of leaf C% and N%. The grain protein contents were comparative to
AMES13761 and Q21 but its seed yield was highly reduced at overall salinity, compared to other
varieties. These adaptations allowed Q18 to survive longer, but at the trade-off of the very high
reduction in growth rate and seed production. Several authors documented that there is great variation
in salinity tolerance among quinoa genotypes [22,23,43,47–49,58–60]. Previously, it was assumed that
only Bolivian Salares originated genotypes are high salt tolerance while, now, it is well known that
salinity tolerance does not related with geographic distribution and genotypes from Chile coastal areas
and highlands are even more salt tolerant [58–60]. Furthermore, it was recently reported that a wild
relative of quinoa (Chenopodium hircinum) was found to have a much higher salinity tolerance level
than quinoa cultivars [59]. Photoperiod and temperature attributes also played a significant role in the
growth, development and final grain yield of quinoa. Some researchers demonstrated that quinoa
genotypes originated from dry and cold environments were sensitive to the temperature as compared
to varieties originated from hot and humid climates [38]. It was evidenced previously that solar rays
affects phyllochron in the quinoa varieties. Thus varieties from these regions (Peru, Southern Chile and
Bolivia) were more sensitive to solar radiation than Ecudorian varieties. While, it was demonstrated
that Ecuadorian quinoas were more sensitives to photoperiod becuase they posess longest phyllochron.
However, in the present studies, we did not observe any growth and yield loss due to photoperiod and
most of the yield reduction was due to nutrient poor sandy soils and salt stress.

Salinity tolerance evaluation of quinoa indicated a significant diversity in growth strategies,
agro-physiological attributes, yield stability and salinity coping phenomena’s that will assist in the
restoration of sat-degraded marginal sandy soils. Quinoa as a highly nutritious crop and can be a
potential candidate in nutrient poor sandy and salt-degraded marginal soils in arid and semi arid
regions and will help to adapt the harsh environment, as well as also offer food security. The present
studies also suggest the supply of essential plant nutrients through chemical fertilizers and organic
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manures as soil amendments may be a possible strategy to increase nutrient availability and soil water
holding capacity in salt-degraded marginal sandy soils. Other management strategies could include
strong seeding establishment at the start of the sowing using fresh water encouraging seedling survival
for later irrigation with saline water under nutrient poor, sandy and vulnerable environment.

5. Conclusions

This study concluded that agro-physiological and yield stability attributes can be used to choose
quinoa genotypes of contrasting performance across different saline environment and provide a
platform to select certain quinoa genotypes for a broad or a specific adaptation. Overall, seedling
performance throughout the growth and yield period were genotype dependent. Results highlighted
that Chilian based quinoa genotypes showed sufficient adaptation under nutrient poor marginal soils
and harsh environment of UAE and were not sensitive to photoperiod conversely to other quinoa
genotypes. These genotypes might be useful for the rehabilitation of Dubai marginal soils. Therefore,
we suggest that regional farmers might use identified and optimally adapted genotypes of quinoa,
crop management strategies and adequate agronomic practices that can help to recover and use these
marginal lands for sustainable crop production and food security. This study can be useful for selection,
breeding, and up scaling quinoa genotypes in the Arabian Peninsula.
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Abstract: Lodging is one of the most chronic restraints of the maize-soybean intercropping system,
which causes a serious threat to agriculture development and sustainability. In the maize-soybean
intercropping system, shade is a major causative agent that is triggered by the higher stem length
of a maize plant. Many morphological and anatomical characteristics are involved in the lodging
phenomenon, along with the chemical configuration of the stem. Due to maize shading, soybean stem
evolves the shade avoidance response and resulting in the stem elongation that leads to severe lodging
stress. However, the major agro-techniques that are required to explore the lodging stress in the
maize-soybean intercropping system for sustainable agriculture have not been precisely elucidated
yet. Therefore, the present review is tempted to compare the conceptual insights with preceding
published researches and proposed the important techniques which could be applied to overcome
the devastating effects of lodging. We further explored that, lodging stress management is dependent
on multiple approaches such as agronomical, chemical and genetics which could be helpful to
reduce the lodging threats in the maize-soybean intercropping system. Nonetheless, many queries
needed to explicate the complex phenomenon of lodging. Henceforth, the agronomists, physiologists,
molecular actors and breeders require further exploration to fix this challenging problem.

Keywords: intercropping; lodging tolerance; agronomical management; lignin metabolism;
resistance genes
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1. Introduction

Climatic change and population explosions are the major threats to food security in the future [1,2].
It has been projected that, by 2050, the present world population will be enhanced by up to 30%,
which will make the world population nine billion or more people [3]. This problem can only be solved
through multiple cropping systems to fulfill the food demand and supply requirements which leads to
sustainable agriculture [4]. The maize-soybean intercropping is one of the most important systems that
plays a key role in the sustainability of food production systems [5]. The maize-soybean intercropping
system has great importance among the legume-cereal intercropping systems because of its maximum
yield and efficient use of resources [6,7]. Initially, it was developed in the South-Western region of
China and now it is progressing throughout the globe. It is estimated that from the total cropped area of
182.3 million hectares, about 83% area is used for intercropping in Africa [8]. In China, half of the total
grain yield is gained through multiple cropping systems [9]. The maize-soybean intercropping system
has been adopted in different parts of China due to its maximum production and land use efficiency [7].
The biggest challenge of this century has to be met by China to boost the production of cereals by
approximately 600 Mt by 2030 to achieve food security [7]. In another study, it is reported that annually
2.8–3.4 × 107 ha area was grown under the intercropping system in China [10]. Over 667 thousand
hectares of soybean are being intercropped with maize in the south-west of China [11,12].

Although this system has many advantages, in this intercropping system the spatial light pattern
affects the growth of soybean due to the shading of maize plants during the co-growth period [13].
In order to capture more light, the soybean plants increase their heights and this phenomenon is
called shade avoidance. Shade avoidance causes several morpho-physiological changes such as low
photosynthetic activities, increased intermodal length, decreased stem diameter and higher rate of
lodging [14]. Previous studies revealed that continuous and periodic prevailing of shade had decreased
the total grain production, approximately 25–45% [15,16]. However, the climatic factors such as
continuous storms and heavy rainfall comprise about 8% and 19% lodging to crops, respectively [17,18].
Many studies focused on the monocropping conditions of the soybean, fertilizer regulation and lodging
resistant cultivars [19,20]. In addition, higher N application rates could enhance the lodging threat due
to excessive canopy growth and stem elongation [21]. It is also noticed that excessive canopy growth
decreases the light interception which in turn elongates the stem length [22,23]. Chen et al. [24] briefed
that higher application of basal N decreased the lignin content in internodes. Moreover, it has been
seen that high planting densities also reduced the lignin content in stem which leads to weaker stem
and hence causes the plant lodging [25].

It has been described that the lodging of stem significantly impeded the photosynthetic activities
of the plant at the grain filling stage [26]. Some authors reported that Silicon (Si) had enhanced the cell
wall thickness of rice stems, shortened the internode length, changed the canopy structure of plant,
increased the photosynthesis and hence prompted the lodging resistance [27]. It has been observed
that Si improved the stem strength of rice at the reproductive stage [28] and also increased the content
of soluble sugars in maize [29]. Another speculation had revealed that the lodging angle at 25–90◦ from
the right angle could decrease the grain production by approximately 20–61% during the grain filling
stage in wheat [30]. Shading is an inevitable factor in intercropping systems; many researches have been
conducted to mitigate the adverse effects through breeding of shade tolerant cultivars of soybean [31].
However, developing the shade resistance potential of existing cultivars and clarifying the resistance of
different genotypes to shade, is one of the most economical and proficient ways to resolve this problem.
It has been reported that compounds of Ti can promote the growth of crops, biomass, enzyme activity,
chlorophyll content, iron (Fe) uptake and also compensated the nitrogen deficiency [32]. In addition,
it was observed that Ti nanoparticles transformed the expression of miRNAs 16 and modified the root
architecture [33,34]. The relationship between the heritability of lodging resistance and the height of
plant or seed yield has been elucidated previously [35]. In studies of multiple populations, a modest to
high lodging resistance heritability has been examined [36]. Although intensive QTLs (Quantitative
Trait Loci) techniques have directed to enhance the lodging resistance in soybean [37]. It is extensively
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reported that shade avoidance had increased the lodging rate in the maize-soybean intercropping
system. However, lodging depends on the stem breaking strength, anchorage of roots (root lodging)
and structural carbohydrates accumulation in the stem [38,39].

To date, many studies have been conducted about the relationship between lignin biosynthesis and
stem strength in intercropping but the approaches that explore how to manipulate the lignin metabolic
pathway that enhance the lodging resistance of intercropped soybean have not been elucidated yet.
This review endorsed the recent approaches and future prospects to enhance the stem mechanical
strength and lodging resistance of soybean under the maize-soybean intercropping system. Therefore,
the following modern agronomical, genetics, chemical and genomic approaches are described in this
review; (i) to mitigate the shade effect of tall stature plants on the small plants, (ii) how to create a
better light environment for intercropped soybean? (iii) to reduce the stem elongation and increased
the soybean stem diameter (iv) to enhance the structural carbohydrates contents, which ultimately
increased the lodging resistance and yield of soybeans under the maize-soybean intercropping system.

2. Lodging; A Serious Threat to Intercropping System

The maize-soybean intercropping system is widely adopted in the south-west of China.
Over 667,000 hectares area is under soybean maize intercropping system [11]. However, there are
still some drawbacks in this system likewise; taller plants (maize) shaded the short stature plants
(soybean) during the middle and later growth stages of soybean [12]. Shading of maize caused the
stem elongation, slender stem and lower amount of lignin content in the stem which resulting in the
soybean lodging [19,40]. It is previously documented that, lodging is one of the main factors that result
in the reduction of soybean yield up to 50% [41].

2.1. Stem Development and Lignin Metabolism under Intercropping

In intercropping system, the plant height, petiole length and internodal length of soybean plant
increased and stem diameter decreased due to the more allocation of carbon to the stem and petiole
elongation instead of leaves and roots development [42,43]. This mechanism helps the plants to
escape and found more light which results in increasing plant height and low stem diameter [44,45].
Furthermore, it was documented that shade conditions or low intensities of light under intercropping,
change the sheath of vascular bundles and stem mechanical layers of tissues which play an important
role in the stem anatomical structure to increase plant lodging resistance [46].

Another study had shown that shading of maize had increased the length of soybean stems by
up to 45.75% that resulted in lodging and ultimately reduced the final yield up to 20–40% [47]. It has
been described that the lodging of stem significantly hindered the photosynthetic activities of the plant
at the grain filling stage [26]. It is also reported that shade reduces the area of xylem, pith and ratio
of xylem tissues [48]. Moreover, it also decreases the stem cross-sectional area, number of vascular
bundles and thickness of stem skin [49]. Lignin consists of complex aromatic polymers and constitutes
the cell wall of vascular plants [50]. Previous studies observed that cell wall mechanical strength was
increased through crosslinking of hemicellulose and cellulose polymers [51]. Under shade conditions
the enzymatic activities that is, cinnamyl alcohol dehydrogenase (CAD), phenylalanine ammonialyase
(PAL), peroxidase (POD) and 4-coumarate: CoA ligase (4-Cl) were limited which resulted in lower
lignin production during lignin biosynthesis [52,53].

A significant and positive correlation of plant height with yield and yield associated parameters
has been reported [54]. Previous studies also found that higher lodging percentage with weaker
stems caused reduction in the transportation of carbohydrates and dry matter which resulted in the
enhancement of the risk of pest and pathogen attacks that resulted in lower yield [55]. However, it was
documented that non-structural carbohydrates are moved to seeds during the seed filling stage for
seed formation, the mechanical stability of plants depends on the structural carbohydrates (cellulose
and lignin) in the lower part of the stems [56]. Stem development relies on the primary constituents
of cell wall (lignin and cellulose) and they significantly correlated with stem mechanical strength
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and lodging resistance [44]. It has been described that the lodging of stem significantly hindered
the photosynthetic activities of the plants at the grain filling stage [26]. The consequence of stem
lodging caused a reduction in grain production, increased the harvest cost and lower the quality of
grains [30]. Another study revealed that 80% of the grain production reduced due to the impact of
lodging naturally and artificially on the total crop yield [57].

Stem development and lodging resistance also depend on the various environmental and field
management factors as depicted in Table 1. Moreover, the stem mechanical strength is influenced
by non- structural carbohydrates and structural carbohydrates mainly cellulose and lignin [58,59].
The accumulation of lignin and cellulose in the stem had significantly enhanced the stem mechanical
strength resulting in the increased lodging resistance which is previously reported in rice, wheat and
buckwheat stems [25,59]. The lignin metabolic pathway depends on the chemical activities of lignin
related enzymes PAL, 4-Cl, CAD and POD [60,61]. The lignin biosynthesis depends on the genotype
and environmental changes, likewise, a significant correlation has been found between the lignin
biosynthesis and lignin related enzyme activities (PAL, CAD, POD) in the stems of different lodging
resistance wheat and buckwheat cultivars [62,63]. Shade impacts the lignin biosynthesis by affecting the
activities of lignin related enzymes in the metabolic pathway of lignin [64–66]. However, further studies
revealed that shade resistant cultivars have maximum activities of lignin related enzyme (POD, 4-Cl,
CAD and PAL) as compared to shade sensitive cultivars [59,67]. Furthermore, it was found that shade
had slowed down the activities of lignin related enzyme that caused a lower lignin accumulation in
stem of soybean and ultimately leads to weaker stem and lodging [59].

As reported in earlier studies that the accumulation of cellulose and lignin in lodging resistant
varieties of rice were higher than that in lodging susceptible varieties of rice varieties [62,68]. It has
been found that shading caused the stem elongation and weaker stem which decreased the plant
mechanical strength [69]. Shading had also amplified the rate of lodging and conversely increment
in the intensity of light had improved the stem strength and lower the rate of lodging in maize [70].
Lodging tolerance can be increased by reducing the plant height and lower the center of gravity point
and decreased the aboveground weight of the plant on the basal stem [71–73]. Although all the above
posted findings had given some clues to understand the lodging mechanism in the intercropping
system, still there is a big gap of information that needs to be explored yet to get better insights on the
lodging phenomenon and its management under intercropping systems.

Table 1. Soybean constituents correlated with lodging resistance under maize-soybean
intercropping system.

Trait (s) Cropping System Behavior Reference (s)

Morphological Traits

Maize-soybean
Intercropping

Plant Height Positively Correlated with lodging [48]

Internodal-length Negatively correlated with
lodging resistance [47,73]

Stem Diameter Strongly correlated with resistance
to lodging [40,74]

Anatomical Features

Number of vascular bundles Positively correlated with lodging
resistance [75]

Width of vascular bundle
sheath

Strongly associated with
resistance to lodging [51,76]
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Table 1. Cont.

Trait (s) Cropping System Behavior Reference (s)

Cell Wall Thickness Strongly correlated with lodging
resistance [59]

Physical Aspects

Wind Significantly associated with
lodging [40]

Rainfall Strongly correlated with lodging [74]

Shade Negatively associated with
lodging resistance [59,77,78]

Biochemical Features

Lignin and Cellulose
Content

Positively associated with cell wall
thickness and lodging resistance [19,79]

2.2. Role of Carbohydrates and Lignin Biosynthesis

Lignin and cellulose, the structural carbohydrates, are the main constituents of the cell wall and
their components play a vital role in plant vigor, stem strength and the lodging resistance of plants [80].
High lignin concentrations in vascular bundles can increase the strength of the cell wall and boost
up the physical resilience of plant stem. The overall lignin content in the basal second internode
was significantly correlated with stem strength and elasticity [25,71]. During the development of
secondary cell walls, lignin is deposited in the carbohydrate matrix of the cell wall, which makes the
whole plant body rigid and allows the plant to develop upwards [81,82]. In addition, by increasing the
physical strength of the stem the threat of lodging could be minimized. Lignin was considered to be
a macromolecule that played a supporting and fundamental role in enhancing the stem mechanical
ability, increasing stem strength, maintaining stem stability and ultimately decreasing the lodging rate
by preserving the stem verticality [83–85]. Previous research data revealed that the lignin deposition in
the stem was positively correlated with stem breaking strength per section area which indicated that a
high concentration of lignin in stem had enhanced the stem physical strength. Furthermore, it was
revealed that the activities of the enzymes, that is, PAL, POD, CAD and 4CL played a key role in lignin
metabolic pathway [86].

Lignin biosynthesis mainly depends upon the multiple enzymatic activities. Among the lot,
the PAL enzyme is one of the most important enzymes that plays a role as rate limiting enzyme and
catalyst which convert the L-phenylalanine dehydrogenase into trans-cinnamic acid in the shikimic
acid pathway [76,87]. CAD is another important enzyme that takes part in the final reaction of the
reduction of lignin biosynthesis [61]. It is revealed that the lignin is biosynthesized through lignin
monomers polymerization through POD activity and oxidation reaction of monolignols carried by
peroxidase [88,89]. The previously conducted experiment had described the significant positive
correlation between the activities of lignin related enzymes (PAL, POD, CAD and 4CL) and lignin
content in stem of soybean [55]. Furthermore, some studies had also shown that lodging resistance
of plants and their varying degree of lodging tolerant is significantly depended on the level of genes
transcript abundance and their contribution rate to lignin related enzymatic activities that enhanced
the stem mechanical strength [90]. However, recent research had found that a strong correlation
between the expression levels of cinnamoyl-CoA reductase2 (CCR2), ferulate 5- hydroxylase (F5H2),
caffeic acid O-methyltransferase2 (COMT2), p-coumarate 3-hydroxylase (C3H1) and 4-coumarate:
CoA ligase1 (4CL1) and lignin contents that enhanced the lodging resistance in wheat [91]. In addition,
it is also described that auxin deposition in Arabidopsis was prompted by hyper-gravity which led
to particular lignin metabolic genes expression at a high level and successively led to the process
of lignification in stem inflorescence [92]. Moreover, it has been reported previously that auxin and
cytokinins up-regulated the genes expression to lignin related enzymes and secondary cell wall growth
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and development/lignification [93]. However, in maize–soybean intercropping, more research from
biologists and physiologists is still required to understand the shading phenomenon; how shade stress
of tall stature crops affects the biochemical and physiological activities of short stature crops that
related to lignin biosynthesis and lodging resistance? On the other hand, some biotic and abiotic
factors including cellular signaling such as hormones activities that play an essential role in the
up-regulation of lignin related enzymes and lignin biosynthesis (i.e., lignin and auxin relationship)
under the maize-soybean intercropping system have not been elucidated yet (Figure 1).

Figure 1. Role of carbohydrates and lignin enzymes in lodging resistance, green arrows represented
the increasing trend while red arrows represent the decreasing trend.

2.3. Plant Hormonal Activities and Shade Avoidance under Intercropping SYSTEM

Plant hormones are the major elements that take part in the regulation of many plant characters
which have a vital role in lodging resistance [94–96]. It has been reported that shade avoidance is
a complicated phenomenon that regulates the metabolic and transcriptional factors and ultimately
prompted the elongation of stem and apical dominance which in turn supports the young tissues
escaping from shade [44,97,98]. Some plants evolve and adapt the shade tolerance strategies to counter
the shading effect and enable them to survive under low light conditions [42]. The shade avoidance had
enhanced the lodging rate in maize-soybean intercropping system, however, lodging depends on the
stem breaking strength, anchorage of roots (root lodging) and structural carbohydrates accumulation
in the stem [38,39]. WU Yu-shan et al. investigated the relationship between shade avoidance
responses and yield analysis of various soybean cultivars under the relay intercropping system [78].
They concluded that under shady conditions the stem length and specific leaf area were increased
by 0.78 and 0.65% as compared to full light conditions. On the other hand, the diameter of stem,
leaf area, total biomass, number of nodes and branches were reduced than that of normal light
conditions [99]. However, the scientists have no comprehensive knowledge yet about the relationship
mechanism between the hormones and shade avoidance response under maize-soybean intercropping.
In addition, shade avoidance response is also a crucial factor that affects the normal growth of crops
in dense canopies [100,101]. In a recent study, Cui et al. [102] investigated the effect of Gibberellin
(GA) application on the maize hormonal and antioxidant activities and grain filling under high
planting densities. They illustrated the significant correlation between GA application and the level of
endogenous hormones and antioxidant activities of maize under high planting densities. They further
found that the exogenous application of GA had enhanced the antioxidant contents (SOD, CAT,
MDA and POD) and hormones level (IAA, ABA, ZR and GA3) and finally grain yield of high density
maize. Furthermore, it is also investigated that the exogenous application of indole-3-acetic acid (IAA)
repressed the bud growth of tillers while the zeatin (Z) hormone significantly promoted the growth of
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buds under low nitrogen environments [94]. The results of their study recommended that Z application
had a strong influence on the tillers and tillers buds growth regulation, therefore Z application supports
the strong soil anchorage of plants and ultimately creates a more lodging tolerance environment for
plants. Nevertheless, the relationship between phytohormones (auxin) and lignin in the maize-soybean
intercropping system is still uncertain yet (Figure 2).

Figure 2. Shade adaptive response of soybean to low light intensity and relationship between
phytohormone (auxin) and lignin.

3. Agro-Techniques for the Management of Lodging Stress

3.1. Genetic Manipulation for Increasing Lodging Resistance

The poor resistance to lodging could reduce the soybean yield potential. Previously,
independent studies have indicated a significant number of observations of quantitative trait loci
(QTL) for lodging resistance [103]. A recent investigation on the integration of QTLs in the lodging
resistance of soybean indicated the four QTLs which resulting in the two considerable QTL integrations
on chromosomes 6 and 19. Their finding could be useful to increase the lodging resistance in soybean.
Their results find a strong and pleiotropic relationship between the lodging resistance and QTL
integration on chromosome 6 [104]. Several genes and their QTLs revealed the resistance to lodging
and its related traits have been reported in rice (4CL gene family), wheat and barley [105–107].
Along with conventional breeding, we have to focus on the identification of lodging-resistance genes
especially for cereal crops [108]. Now, identification and transformation of desired genes are much
easier because of recent advances in breeding, genomics and biotechnology, which eventually help
to increase crop productivity [109]. So, the transformation of lodging susceptible genes to lodging
resistance genotypes has the potential to increase the grain yield of cereal crops under lodging prone
zones [110]. The population based studies have been reported for QTL mapping in cereals and
exhibited lodging resistance especially in wheat [111]. The QTLs study of phenotypic traits which
are directly associated with lodging resistance in cereals had already been reported like plant stalk
strength, pith diameter, culm diameter and culm wall thickness in wheat [112].
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These QTLs have significant effects on lodging but further validation is needed by fine mapping
or other advanced techniques. Currently, some of them have already been validated, for instance,
in winter wheat a dominant Rht5 gene related to dwarfism in plant height, has been marked on
chromosome 3BS linked with molecular marker Xbarc102 [113]. The recent studies revealed that
this region on chromosome 6A showed higher phenotypic variations for plant height and could be
used further for QTL mapping studies [114,115]. Rht3 is another dwarfing gene in wheat which
shortened plant height up to 59% but has not been used in commercial varieties [116]. Rht5, a plant
hormone (GA)-responsive gene for dwarfism, which significantly shortened the plant height up to
55% without having negative effects over coleoptile length and seedling vigor [117,118]. On the other
hand, some researchers also reported that Rht5 has negative effect over flowering time and delayed
by 4.8–14% in a thermal environment [119,120]. In addition, there is still an attention required from
molecular actors to identify the sequence of candidate genes through QTLs intervals, map-based
cloning to enhance the lodging resistance in soybean.

3.2. Proper Sowing Time and Planting Density

Sowing time and planting density are both key factors in the maize-soybean intercropping system
that affect the lodging resistance and yield of soybean crop [121]. Sowing time is a crucial factor that
enhanced the competition within the species which ultimately reduced the crop yield [122]. Therefore,
the selection of an optimal sowing time is vital perspective to enhance the lodging resistance and
yield under the maize-soybean intercropping system [123]. It has been observed that delay sowing
significantly decreased the risk of lodging by shortening the internodal length, plant height and center
of gravity point and by increasing the cell wall thickness, diameter and grain filling period [124].
For instance, only two weeks late sowing could reduce up to 30% threat of lodging in wheat [125].
Under the maize-soybean intercropping the tall stature crops adversely affected the short stature
crops at the both vegetative and reproductive stages as compared to relay intercropping in which
the adverse effect could only be observed at vegetative stage [7]. However, in intercropping systems,
the competition between the intercropped species could be decreased by fluctuating the planting
time [126]. Most importantly, under relay intercropping systems, the crop sown first have more
competition than the second crop [127]. On the other hand, under the relay intercropping system,
selecting an optimal planting time could reduce the co-growth duration among the intercropped
species and adverse effect of first sown crop could also be minimized on the second grown crop [128].
Furthermore, it is shown that fluctuating the planting time, 50 days of co-growth period of maize and
soybean in relay intercropping system enhanced the crop growth rate 17–64% as compared to 70–90
days of co-growth period. In maize-soybean relay intercropping the soybean production was recorded
maximum 2.11 t/ha at 50 days co-growth duration of maize and soybean [126].

High plant populations have been used extensively to increase crop production [77]. Under high
planting densities, mutual shading of plants disturbs the light environment of crop which reduced
the photosynthetic activities and carbohydrates accumulation in the stem that leads to lodging
easily [25,129]. It has been witnessed that planting densities were negatively correlated with the
lodging resistance of stem; however, high plant population had promoted the lodging and lower
grain production [129–132]. In addition, optimum planting densities could expand the structure of the
plant population and provide a better light environment, enhanced photosynthetic rate and ultimately
increased the lodging resistance of stem [74,133]. Furthermore, it was found that in strip intercropping
optimum planting densities that is, 17 and 20 plants/m2 had significantly enhanced the stem diameter
by 4.3% and 6%, respectively as compared to 25 plants/m2 planting density. Most specifically, the plant
height was decreased by 6.2% and 9.4% at 17 and 20 plants/m2, respectively than that of 25 plants/m2

planting density. In addition, decreasing the planting densities such as 17 and 20 plants/m2 could
decrease the lodging percentage by 50.3% and 19.3%, respectively as compared to 25 plants/m2

planting density [134]. However, further field experiments to optimize the planting densities in the
maize-soybean intercropping system Table 2.
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Table 2. Comparative analysis of maize-soybean intercropping system (MSIS) in different countries.

Planting Density in Monocropping
(×103 Plants ha−1)

Planting Density in
Intercropping (×103 Plants ha−1)

Country Maize
Soybean

Maize
Soybean Reference (s)

China
(MSIS)

59
117

59
117 [124,134,135]

Egypt 71
143

24
95 [136]

Ethiopia 44
500

44
375 [137]

Ghana 56
111

56
222 [138]

India 83
333

42
250 [139]

Nepal 40
200

40
200 [140]

Nigeria 33
200

33
200 [141]

Iran 36
400

36
400 [142]

3.3. Efficient Use of Fertilizers

Nitrogen (N), phosphorus (P) and potassium (K) are the important macro-elements, vital for
crop growth and development [143]. N fertilizer application rate and time of application had also a
significant effect on the lodging resistance of crops [144,145]. It has been described that high nitrogen
rate had reduced the diameter of basal or lower internode that cause lodging [146]. On the other hand,
the low application of nitrogen had enhanced the concentrations of water soluble carbohydrates as
in the middle internodes 21% and in the basal internodes 42% than that of high nitrogen rate [147].
Several researchers suggested that a high rate of nitrogen application promoted vegetative growth and
decreased the root anchorage in the soil and stem secondary cell wall composition (lignin content)
which resulted in lodging of the crops [25,133,148]. A higher rate of nitrogen application had reduced
the activities of lignin related enzymes (PAL, POD, CAD and 4CL) and lignin deposition in the cell
wall which decreased the lodging resistance [24]. Berry et al. [149] also observed that a low rate of N
had reduced the height of plant and also proliferated the stem diameter and cell wall width which
turns in high stem strength. Another study had found that increasing the amount of N in wheat crop
had progressively increased the cell wall constituents (lignin and cellulose content) and afterward it
was decreased gradually [148]. Many recent studies showed that lodging resistance of crop could be
improved at the price of yield sacrificing by minimizing the N application rate and rescheduling the
application of N fertilizers [149,150]. Furthermore, the relation between N and K has a fundamental
role in improving crop grain production and quality [146,150]. Increasing the level of K+ along with
elevated NH4+ could decrease the stem cell wall thickness. For an instance, the application of a
high level of N and P fertilizers in the absence of K decreased the 30%–35% grain production in rice
due to lodging [151]. However, with the application of K, the stem mechanical strength could be
increased [143]. An equal application rate of N and K had significantly promoted the root growth and
enhanced the root anchorage which resulted in lodging resistance [152].

The optimum level of K+ nutrition to plants was positively correlated with lignin accumulation
into the vascular bundles and cells of sclerenchyma of plant cell wall which ultimately enhanced the
stem diameter and lodging resistance [153]. In the same way, it has been noticed that K+ considerably
inhibited the adverse effects of a higher level of NH4

+ which in turns amplified the 20–27% of stem
mechanical strength in wheat [146]. However, K+ has a pivotal role in the process of photosynthesis and
metabolic activities of carbohydrates production in plants [154,155]. However, appropriate fertilization
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of nitrogen could enhance the lignin content in the basal internode and improved the stem lodging
resistance [24,79,156]. Conclusively, there is a still gap in nitrogen fertilization of soybean under
maize-soybean intercropping; henceforth a more attention is required from agronomists and plant
breeders for rescheduling the rate and application of nitrogen fertilizer which play a major role in
lodging resistance and crop final production.

Previous experiments have revealed that the efficiency of intercrops to absorb nitrogen (N) is
more than the sole-cropping, however, the total uptake of N by intercropped soybean and wheat
is greater than the total of the sole crops [157,158]. According to an estimation, soybean can fix
nitrogen about 39 to 182 kg N ha−1 [159]. It has been noticed that under high nitrogen conditions
legumes are usually shaded by the maize which results in shade avoidance response and low grain
production [160]. These adverse effects of cereal crops on legumes can be alleviated by fluctuating the
sowing date [161,162]. A recent meta-analysis explained the land and fertilizer nitrogen use efficiency
of intercropped maize and soybean [163]. They concluded that maize-soybean intercropping system
has greater potential to attain high land equivalent ratio (LER) and fertilizer nitrogen equivalent ratio
(FNER) by utilizing the optimum levels of nitrogen inputs. Whereas further studies are needed to
pinpoint the optimum combinations of sowing configuration, planting dates and fertilizer rate and
time to attain the high yields by reducing the lodging stress.

3.4. Development of Lodging Resistant Cultivars

Agronomists characterized the soybean cultivars into three sets depending on the genotypes
response towards lodging resistance: highly, moderately and susceptible cultivars [164]. In some
previously conducted experiments, different cultivars of soybean were grown under the maize-soybean
intercropping system to distinguish the more suitable and lodging resistance cultivars. In a previous
experiment, four recombinant inbred lines (B3, B15, B23 and B24) of Nandou-12 (that is shade tolerant
and widely grown in maize-soybean intercropping system of China) and Nan 032-4 (that is shade
susceptible cultivar) in were used [99], the lignin content in stem and lodging resistance index of B23
and B24 was significantly higher than that of B3 and B15 under both monocropping and intercropping
systems. Furthermore, another experiment was conducted in which three cultivars were selected on
the base of their response to lodging and shade stress [19]. A shade susceptible cultivar (Nan 032-4),
a moderate cultivar to shade and lodging tolerance (Jiuyuehang) and shade tolerance and lodging
resistance cultivar (Nandou-12) [19]. Their findings revealed that Nandou-12 had more accumulation
of lignin in stem and high enzymatic activities of lignin related enzymes (PAL, 4CL, CAD and
POD), hence more lodging resistance as compared to Nan 032-4 and Jiuyuehang cultivars under both
monocropping and intercropping systems (Figure 3). Along with these research outcomes, there is a
dire need to work out on the soybean cultivars which are well suited for intercropping systems with
greater lodging resistance.
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Figure 3. An overview of the most suitable approaches including molecular breeding
techniques, agronomical managements and chemical controls to mitigate the lodging stress in
maize-soybean intercropping.

3.5. Role of Silicon and Titanium

Si plays a pivotal role in the growth and development of plants as a beneficial micronutrient.
A significant impact of silicon has been observed on the plant height, internodal length and stem
strength and lodging tolerance [165,166]. It was found that the application of Si could be dispersed
from third to the fourth internode, which result in enhancement of lodging resistance [167]. A previous
study revealed that Si had enhanced the thickness of the cell wall and the vascular bundles size in
the rice stem [168]. With increase in the amount of Si application, the cellulose and hemicellulose
content are increased which contribute in the cell wall formation of rice stem [169]. However, it was
also identified that Si acts as ligands binding with hemicellulose in the rice cell walls [54,170]. A recent
research showed that appropriate concentrations of Si could improve the enzymatic activity of lignin
related enzymes and also prompted the gene expression of related enzymes [75]. It also revealed that
Si content also increased the lignin content in the stem cell wall and promoted the lodging resistance
of soybean under low light conditions. Moreover, Si also accelerated the photosynthetic activities,
stomatal conductance and increased the chlorophyll content of tobacco under cadmium stress [171].
Wang et al. [172] observed that Si element could amplify the photosynthetic rate by altering the leaf
structure and the content of chlorophyll in rice plants. In addition, Si element can change the leaf
anatomy to capture more light and enhance the light interception in the plant’s leaves and to improve
the vascular bundle sheath and sclerenchyma tissues, which help in lodging resistance [173,174].
Another research has concluded that Si could be used as fuel to ignite the process of lignification
and silicification for the cell wall and collenchyma cells thickness that increases the development of
keratinocyte and cellulose contents resulting in lodging tolerance [28].

On the other hand, the biological importance and role of titanium (Ti) in growth and development
has been studied for decades but still, it is not recognized as an essential nutrient for the plants.
However, recent research revealed that optimum concentration of Ti improves the leaf chloroplast
structure, total biomass, chlorophyll fluorescence, root architecture, RuBisCO enzyme activity and
total chlorophyll content of soybean plants under low light conditions [175]. In addition, how Ti
affects the lignin content is not elaborated yet under low light conditions. Therefore, in future RNAseq
transcriptional studies, proteomics and genomic profiling should be done to gain deeper insights
into the effects and benefits of Si and Ti on soybean stem strength, lodging resistance under the
maize-soybean intercropping system.
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3.6. Chemical Approaches

Foliar application of plant growth regulators at the suitable growth stage of a crop can enhance
the stem mechanical strength, reduce the plant height and inhibit lodging [176,177]. Plant growth
hormones that stop the biosynthesis of GA are being widely used in high input cropping systems to
decrease straw content and also increase the lodging resistance [176]. Many plant growth regulators
were extensively utilized to minimize lodging index through shortening the plant height and to obtain a
stable grain production [177,178]. The most common growth regulators that inhibit the GA production
have been used to decrease the growth of stem are the onium type elements, which have Chlormequate
chloride (2-chloroethyl-N, N, N-trimethyl-ammonium chloride, CCC) and Mepiquat-Cl. Some other
plant growth regulators which comprise N heterocycles for example, triazoles and imidazoles could
also be used to minimize the lodging risk [179]. The application of paclobutrazol had considerably
increased the lignin content in the stem cell wall and its function is closely related to enzymes present
in the basal second internode [180]. It had also enhanced the stem diameter, internode filling degree
and cell wall thickness with increasing the lodging resistance [71]. The Paclobutrazol chemical (PP333)
could prompt the enzymatic activities of lignin related enzymes that is, tyrosine ammonia-lyase (TAL),
phenylalanine ammonia-lyase (PAL) and cinnamyl alcohol dehydrogenase (CAD) and ultimately
proliferated the lignin content and lodging resistance [181]. A plant growth regulator (Trinexapac-ethyl)
has reduced the height of the plant in wheat [182,183]. In addition, some other chemicals are needed to
be introduced which are capable of enhancing the lodging resistance in intercropped soybean to get
better results.

4. Future Prospects

In the maize-soybean intercropping system, shade has a drastic effect on the normal growth and
development of soybean at both vegetative and reproductive stages. Shading of maize disturbs the
microclimate of soybean which results in shade avoidance response of soybean (stem elongation) and
finally causes lodging. The influence of lodging concerning the reduction of grain yield depends on
the types of cultivars and planting geometries. This review mainly focused on the multiple approaches
and genetic techniques which would be helpful to control the lodging under intercropping systems
(Figure 3). The damages induced by lodging in maize-soybean intercropping could be actively reduced
with more advanced crop breeding techniques. We further explored that, lignin and cellulose are the
main constituents of plant cell wall which play a vital role in plant vigor against biotic and abiotic
factors such as lodging. However, the molecular mechanism of lignin and cellulose formation and
their relation with hormones (indole-acetic acid, IAA) that how they affect each other has not been
explored thoroughly yet. Therefore, it is necessary to explore the biochemical association of hormones
and lignin biosynthesis pathways in the maize-soybean intercropping system.

In addition, researchers have to develop new techniques and tools to modify the lignin content
in soybean stem without altering its normal functions. In consequences of natural calamities like
high-speed winds and rainfall could damage the crops catastrophically through lodging. Therefore,
to escape from these devastating effects of lodging following approaches could be adopted: (i) breeding
of soybean cultivars with stronger and harder roots without disturbing the existing root numbers per
plant, (ii) suitable agronomic management’s that is, use of lodging resistant cultivars, rescheduling
the planting time and density and use of fertilizers. Furthermore, plant growth regulators can also
manipulate the height of the plant which helps in lowering the risk of lodging. Optimum levels of
N, P, K and Si fertilizers could play a significant role in the maize-soybean intercropping system.
Additionally, further studies are required to alter the plant canopy area which is a vital part of modern
agronomy techniques and it is usually obtained through the application of balanced nitrogen fertilizers.
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Abstract: Heavy metal stress is a leading environmental issue reducing crop growth and productivity,
particularly in arid and semi-arid agro-ecological zones. Cadmium (Cd), a non-redox heavy metal,
can indirectly increase the production of reactive oxygen species (ROS), inducing cell death. A pot
experiment was conducted to investigate the effects of different concentrations of Cd (0, 5, 25, 50,
100 μM) on physiological and biochemical parameters in two sorghum (Sorghum bicolor L.) cultivars:
JS-2002 and Chakwal Sorghum. The results showed that various concentrations of Cd significantly
increased the Cd uptake in both cultivars; however, the uptake was higher in JS-2002 compared to
Chakwal Sorghum in leaf, stem and root. Regardless of the cultivars, there was a higher accumulation
of the Cd in roots than in shoots. The Cd stress significantly reduced the growth and increased
the electrolyte leakage (EL), hydrogen peroxide (H2O2) concentration and malondialdehyde (MDA)
content in both cultivars, but the Chakwal Sorghum showed more pronounced oxidative damage
than the JS-2002, as reflected by higher H2O2, MDA and EL. Moreover, Cd stress, particularly 50 μM
and 100 μM, decreased the activity of different antioxidant enzymes, including superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT). However, the JS-2002 exhibited higher SOD, POD and
CAT activities than the Chakwal Sorghum under different Cd-levels. These findings revealed that
JS-2002 had a stronger Cd enrichment capacity and also exhibited a better tolerance to Cd stress due
to its efficient antioxidant defense system than Chakwal Sorghum. The present study provides the
available information about Cd enrichment and tolerance in S. bicolor, which is used as an important
agricultural crop for livestock feed in arid and semi-arid regions.

Keywords: Cadmium; heavy metal; food security; oxidative damage; antioxidants
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1. Introduction

Plants are adversely affected by various environmental factors that hinder their growth and
development. Heavy metal stress is one of the most critical abiotic factors that has gained enormous
attention over the last 30 years [1,2]. A heavy metal is defined as any element exhibiting high density
and that exerts its lethal effects even when available in trace amounts. In short, heavy metals belong to a
class of metals with an atomic density of more than 4 g cm−3 [1]. Among all elements discovered so far,
53 elements have been identified as heavy metals. However, most of them have no beneficial function
in plant metabolism. Among them, chromium (Cr), lead (Pb), cadmium (Cd), silver (Ag), cobalt (Co),
platinum (Pt), arsenic (As) and nickel (Ni) play the most devastating role in plant physiology [3].
Heavy metals exist in soils naturally in amounts that exert no apparent harm. However, due to
an increase in anthropogenic and geological activities in the past few decades, the concentration
of such metals in the environment has increased greatly, which is extremely harmful to plant and
animal species [3]. Heavy metals restrict plant growth by lowering the performance of different cell
components, such as the thylakoid membranes of chloroplast, lipids and proteins [4]. Besides, heavy
metals get incorporated into the food chain from plants to animals, thus leading to a potential risk of
different disorders in human beings [5].

Among all the heavy metals, Cd has gained extreme importance due to its massive involvement in
food chain contamination, as it is easily absorbed by the cells of various plant species [6–8]. Cd is readily
soluble in water, thus entering the semi-permeable membrane of root cells via an active transport
mechanism, following an analogous pathway used for zinc transport [9,10]. Cd ions’ movement
across the semi-permeable membrane takes place with the help of metal transporters (ZIP family),
which are a special type of transmembrane protein used for the transport of metals across biological
membranes [11,12]. Due to advancements in agricultural and industrial sectors, serious attention has
been given to issues related to Cd toxicity in the past few decades [13]. Cd presence in excessive amounts
(≥1 mM) in the soil is detrimental for plants, resulting in hazardous effects on many physiological
processes, including growth inhibition, root browning, chlorophyll degradation and chlorosis of
leaves [14–18]. Cd toxicity results from the increased concentration of Cd ions in both roots and shoots,
thus decreasing the crop biomass [19–22]. Agricultural crops absorb Cd via their roots from water
present in the soil, so that its uptake correlates with the total Cd available in soil solution [23–26].
Heavy metal accumulation, especially Cd, has been thoroughly investigated, but the exact mechanism
involved in Cd stress injury to plants is still not clearly understood.

Cd toxicity is the leading cause of oxidative damage, resulting in the reduced growth of plants
by inducing changes in membrane permeability and the later production of reactive oxygen species
at the organelle level. The different types of reactive oxygen species (ROS) formed due to Cd stress
include hydrogen peroxides (H2O2), hydroxyl radical (OH−) and superoxide anion (O2−), and these
are responsible for membrane damage [27,28]. These ROS are the primary causes of membranous
proteins and lipids oxidation, which are associated with cell death [29,30]. However, plants have
a natural defense system consisting of enzymatic and non-enzymatic antioxidants to protect them
against oxidative damage. Enzymatic antioxidants include superoxide dismutase (SOD), peroxidase
(POD), catalase (CAT) and ascorbate peroxidase (APX), while non-enzymatic antioxidants consist of
glutathione (GSH), ascorbate (ASA), carotenoids and α-tocopherol, which are an effective defensive
mechanism to safeguard plants against stress conditions [27,31]. At the cellular level, the first step
in the antioxidant defense mechanism is the production of superoxide dismutase for scavenging
O2−. The CAT and APX play an important role in H2O2 quenching [32–34]. Many studies have been
published concerning the defensive role of antioxidants against Cd stress in plants [35,36].

Sorghum (Sorghum bicolor) stands at the fifth position among the economically important crops
worldwide, while its number is third in the USA. It is a multipurpose crop that can be used not
only for food, fodder, and feed, but also as an important ingredient in the beverage industry and
in biofuels [35]. Due to its high climatic adaptability, greater fodder yield potential, better quality,
palatability, digestibility and bioactive compounds content, sorghum has been widely cultivated in
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south-Asia, Africa and Central America as an excellent animal feed [35]. It is also a rich source of
various phenolic compounds (luteolinidin, apigeninidin, naringenin, etc.) and essential vitamins
such as vitamin E [36]. Furthermore, sorghum is tolerant to various abiotic stresses, including high
temperature, drought, and heavy metal toxicity. Studies have shown that sorghum plants accumulate
large quantities of heavy metals in their roots and shoots with higher biomass production compared to
other summer crops [37,38]. The ‘JS-2002’ and ‘Chakwal Sorghum’ are two important sorghum cultivars
that are widely used as forages to feed livestock under the arid and semiarid regions of Pakistan.
The objectives of this study were therefore to evaluate the impact of Cd toxicity on physiological
and biochemical parameters, such as growth, Cd accumulation, oxidative damage and antioxidative
enzyme activities, in two sorghum cultivars during the stress period. These findings will provide
available information about Cd enrichment and tolerance in sorghum, which is used as an important
agricultural crop for livestock feed in arid and semi-arid regions. The results will also help to estimate
forage safety when the sorghum is cultivated in Cd contaminated soil.

2. Materials and Methods

2.1. Planting Material and Treatments

The present experiment was conducted during the summer season of 2017 in a research area
of the Agronomy Department Pir Mehr Ali Shah Arid Agriculture University, Rawalpindi, Pakistan.
The study area was located at 33.649◦ N latitude and 73.082◦ E longitude. Seeds of two sorghum
cultivars, viz. JS-2002 and Chakwal Sorghum, were obtained from National Agriculture Research
Centre Islamabad. Before sowing, seeds (50 g for each cultivar) were surface sterilized with 75%
ethanol for 10 min and thoroughly washed with distilled water. Both JS-2002 and Chakwal Sorghum
are diploids. Seeds were sown in plastic pots (18 cm diameter and 22 cm depth) containing 5 kg
of sandy loam soil that was collected from the research fields of the Department of Soil Sciences,
PMAS Arid Agriculture University Rawalpindi, Pakistan. Eight seeds were sown in each pot and
then thinned to three at the four-leaf stage. The pH of the soil was 7.3 with total Cd (0.21 mg/Kg),
and pots were arranged under a completely randomized design with three replicates. Plants were
watered daily to maintain field capacity and avoid drought stress. Four different Cd concentrations
(5, 25, 50, and 100 μM) were fertigated in the form of CdCl2 before sowing, while a control (without
Cd) was kept for comparison. A 400 mL per kg of Cd solution was irrigated evenly in each plastic pot.
At 55 days after sowing (DAS), fully expanded and mature leaves were collected for the measurement
of morphological parameters, oxidative damage associated with the reactive oxygen species and
activities of different antioxidant enzymes. Leaf samples were dissected and immediately immersed in
liquid nitrogen then stored at −80 ◦C in the freezer for further analysis. Similarly, leaf, stem and root
samples were collected at 55 DAS for the measurement of Cd accumulation.

2.2. Measurement of Growth Parameters

The height and the leaf number of each sorghum plant were measured at the 55th day after sowing
to obtain a clear view of Cd toxicity.

2.3. Estimation of Cd Accumulation

Fresh root, stem and leaf samples at the heading stage were thoroughly washed with deionized
water. Later, samples were dried in an oven for 24 h at 70 ◦C, then converted to powder form and
placed in a muffle furnace for 4 h at 550 ◦C for dry-ashing. After this, the obtained ash residues were
added with 1M nitric acid to make a standard volume. The amount of Cd accumulated was measured
by using a flame atomic absorption spectrophotometer (Unicam, 929 AAS).
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2.4. Determination of Cell Membrane Stability and Oxidative Damage

For each treatment, three plants were taken to measure the electrolyte leakage (EL) of leaves [39].
The leaf samples (1 g) were washed with distilled water to clean the contamination from the surface.
These were kept in closed vials containing 10 mL of distilled water, incubated in a rotary shaker at 25 ◦C
for 24 h, and the electrical conductivity (EC) of the solution (L1) was estimated. Later, samples were
autoclaved for 20 min at 120 ◦C, and final electrical conductivity (L2) was achieved after equilibration
at 25 ◦C. The EL (%) was measured as shown in Equation (1).

EL (%) =
L1
L2
× 100 (1)

Malondialdehyde (MDA), as the final product of lipid peroxidation, was estimated following the
procedure of [40], with minor changes. The reaction mixture comprised 500 μL of enzyme extract, 0.65%
(w/v) thiobarbituric acid (TBA) in 20% trichloroacetic acid (TCA), which was heated for thirty minutes,
then quickly cooled to stop the reaction. After this, the reaction mixture was centrifuged at 10,000× g
for ten minutes. The absorbance value of the reaction mixture was recorded spectrophotometrically
at 532 nm, while the non-specific absorption value at a wavelength of 600 nm was deducted from
absorbance value gradually.

MDA content was calculated using Equation (2).

MDA content = C× V
W

(2)

where W represents ‘sample fresh weight’, V represents ‘extract volume’, while C is the ‘variation in
non-specific absorption between two wavelengths’. It is given as mmol g−1 FW.

Hydrogen peroxide (H2O2) content was estimated by following the method described by [41].
Exactly 0.3 g of fresh leaf samples were taken and ground mechanically using 4 mL ice-cold acetone
(CH3COCH3). The homogenate was centrifuged at 12,000× g for 20 min at 4 ◦C. Then, the supernatant
was collected and mixed in 5% (w/v) ammonium hydroxide and titanyl sulphate solution. The mixture
was centrifuged again at 3000× g for 10 min at 4 ◦C. After this, the obtained supernatant was thoroughly
mixed in 2 M sulphuric acid, and the absorbance was recorded at 415 nm. H2O2 content was measured
using a standard curve.

2.5. Estimation of Antioxidant Enzyme Activity

Fresh leaf samples (0.4 g) were homogenized with 2 mL of ice-cooled 100 mM Na2PO4 buffer (pH
7.8) comprising 1.0% polyvinylpyrrolidone (PVPP) and 0.1 mM EDTA. The mixture was later centrifuged
at 12,000× g for 20 min at 4 ◦C. After centrifugation, the supernatant was collected and utilized for
various antioxidant enzymes analysis. The activity of SOD was estimated spectrophotometrically at
560 nm by measuring the potential of an enzyme to inhibit the photochemical reduction of nitroblue
tetrazolium (NBT) by O−2 radicals liberated by light-induced chemical reactions [42]. The POD was
determined spectrophotometrically by recording the fluctuation in absorbance value at 470 nm resulting
from guaiacol oxidation [43]. The CAT activity was measured by observing the decomposition rate of
hydrogen peroxide at 240 nm [43].

2.6. Statistical Analysis

Statistical analysis was carried out using statistix 8.1 (version 8.1. Statistix, Tallahassee, FL, USA).
Significant differences among all treatments were measured by using ANOVA (one way) in combination
with LSD test. The significance of differences was assessed at the 5% probability level (p < 0.05).
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3. Results

3.1. Effects of Exogenous Cadmium on Growth Parameters

Different concentrations of Cd significantly affected the plant height and leaf number in both
sorghum cultivars (Figure 1). Among the treatments, the highest plant heights (68 or 64 cm) and
leaf numbers (9 or 8) were reported in two controls, whereas the respective lowest plant heights
(21 or 17 cm) and leaf numbers (5 or 4) were recorded in JS-2002 or Chakwal Sorghum under 100 μM
Cd treatment. The results showed that JS-2002 exhibited significantly higher plant height and number
of leaves, particularly under the 50 μM treatment, than Chakwal Sorghum, as shown in Figure 1.
When compared with the respective control, Cd stress reduced the plant height of the JS-2002 cultivar
by 11%, 47%, 53% or 69% in treatments receiving Cd concentrations of 5, 25, 50 and 100 μM, respectively,
whereas the respective reductions in the height of the Chakwal Sorghum cultivar were 12%, 53%, 59%
and 73%. Moreover, the interactive effect of Cd and plant growth was antagonistic, since plant height
and leaf number reduced greatly with a gradual increase in Cd concentration (Figure 1).

Figure 1. Effect of cadmium toxicity on (A) stem length and (B) number of leaves in two sorghum
cultivars. Values are mean ± standard error (n = 5). Different letters in vertical column show significant
differences for a cultivar under different cadmium concentrations, whereas “*” shows a significant
difference between two sorghum cultivars under a particular cadmium concentration. Comparison of
mean was confirmed by LSD at p < 0.05.

3.2. Effects of Exogenous Cadmium on Cadmium Accumulation

The highest (42.44 or 37.9 μg Cd g−1 DW) Cd accumulation was found in roots, while the lowest
value (6.83 or 6.31 μg Cd g−1 DW) was observed in leaves of JS-2002 or Chakwal Sorghum (Figure 2).
In contrast to the control, different Cd stress levels significantly increased Cd accumulation in various
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plant organs (leaf, stem and root) of both cultivars, however such an increment was more pronounced
when Cd was applied at 50 or 100 μM, respectively. Moreover, JS-2002 showed a significant difference
in Cd accumulation compared to Chakwal Sorghum in all plant organs under different levels of
Cd toxicity (Figure 2).

Figure 2. Effect of cadmium toxicity on cadmium accumulation in (A) leaf, (B) stem, and (C) root of two
sorghum cultivars. Values are mean ± standard error (n = 5). Different letters in the vertical column
show significant differences for a cultivar under different cadmium concentrations, whereas “*” shows
a significant difference between two sorghum cultivars under a particular cadmium concentration.
Comparison of mean was confirmed by LSD at p < 0.05.

3.3. Effects of Exogenous Cadmium on Cell Membrane Stability and Oxidative Damage

The Cd application significantly enhanced membrane damage, which intensified with the increase
in Cd dosage (Figure 3A). The JS-2002 exhibited considerably lower EL as compared to the Chakwal
Sorghum under 50 and 100 μM Cd levels, while no significant difference was noticed in all other
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treatments, as shown in (Figure 3A). The Cd toxicity induced the massive production of ROS resulting
in oxidative stress. The results showed that Cd application significantly elevated the H2O2 content
in the leaves of two sorghum cultivars. However, the JS-2002 showed a significantly lower H2O2

concentration as compared with Chakwal Sorghum (50 and 100 μM Cd levels). Maximum values of
466μmol g−1 FW and 482μmol g−1 FW were observed in the 100μM treatment, while the corresponding
lowest values of 309 and 317 μmol g−1 FW were recorded in the control of JS-2002 and Chakwal
Sorghum (Figure 3B). Based on the results of MDA contents in both cultivars grown under 5, 25, 50,
or 100 μM Cd stress, a 27%, 54%, 47%, or 39% increase in the JS-2002 and a 31%, 58%, 51%, or 43%
increase in the Chakwal Sorghum was found in contrast to their respective control treatment (Figure 3C).
However, JS-2002 exhibited significantly lower MDA content as compared to Chakwal Sorghum under
all Cd treatments.

Figure 3. Effect of cadmium toxicity on (A) electrolyte leakage (EL), and (B) hydrogen peroxide (H2O2)
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or (C) malondialdehyde (MDA) content in two sorghum cultivars. Values are mean ± standard error
(n = 5). Different letters in vertical column show significant differences for a cultivar under different
cadmium concentrations, whereas “*” shows a significant difference between two sorghum cultivars
under a particular cadmium concentration. Comparison of mean was confirmed by LSD at p < 0.05.

3.4. Effect of Exogenous Cadmium on Antioxidant Enzymes Activity

Significant differences were observed in the antioxidant enzyme activities in the leaves of two
sorghum cultivars grown under different levels of Cd stress (Figure 4). The JS-2002 exhibited
significantly higher SOD activity under all Cd treatments, while POD and CAT showed significant
difference under the 5 or 25 μM treatments when compared to Chakwal Sorghum. Except for controls,
the maximum values of POD and CAT activities were recorded in the 25 μM Cd treatments in both
sorghum cultivars, however for SOD activity, the maximum values were observed in the 5 μM
Cd treatments (Figure 4A–C). The SOD activity increased by 12%, 22%, 28% or 9% in JS-2002 compared
to that in the Chakwal Sorghum under 5, 25, 50 or 100 μM Cd stress, respectively (Figure 4A). Moreover,
the JS-2002 showed a 12%, 11%, 15%, or 19% increase in POD and a 7%, 8%, 12% or 13% increase in CAT
in contrast to the Chakwal Sorghum under 5, 25, 50, or 100 μM Cd stress, respectively (Figure 4B,C).

Figure 4. Cont.
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Figure 4. Effect of cadmium toxicity on (A) superoxide dismutase (SOD), (B) peroxidase (POD), and (C)
catalase (CAT) activities in leaves of two sorghum cultivars. Values are mean ± standard error (n = 5).
Different letters in vertical column show significant differences for a cultivar under different cadmium
concentrations, whereas “*” shows a significant difference between two sorghum cultivars under a
particular cadmium concentration. Comparison of mean was confirmed by LSD at p < 0.05.

4. Discussion

Cd is a heavy metal with no apparent beneficial role in plant metabolism [14]. Stunting is the most
usual and visible response when plants are exposed to Cd stress, which could be correlated with the
Cd ion toxicity in plant metabolism, or a Cd induced interference in the uptake of several bio-elements
that are essential for growth and development [19]. It has been reported that phosphorus deficiency
was the main reason for stunted growth in plants under Cd stress, because Cd and phosphorus form
insoluble complexes [19]. A lack or shortage of photosynthetic machinery (leaf) results in the inhibition
of organic metabolites, thus leading toward stunted growth under heavy metal stress [44]. Our results
showed that Cd application reduced the growth of two sorghum cultivars, JS-2002 and Chakwal
Sorghum, as evident from a significant decrease in plant height and leaf number, with pronounced
hazardous effects at higher levels of stress. Our results are in line with the study of Daud et al. [45] who
observed a linear decrease in plant height and leaf width in cotton cultivars under heavy metal stress.

Plant species vary significantly in their potential to absorb Cd from the soil and transport
Cd towards different organs [46]. The amount of Cd absorbed by the roots and Cd translocated towards
the shoot depend on its bonding with the extracellular matrix, root efflux, complexion within cells
and transport efficiency [47,48]. In the present study, it was observed that the roots accumulated more
Cd than the stems or leaves in JS-2002 and Chakwal Sorghum. This possibly could be connected to the
fact that the root is the first organ coming into contact with the Cd ions in soil. In addition, the JS-2002
accumulated a higher concentration of Cd in the root, stem and leaves compared to Chakwal Sorghum
under Cd stress, which is in accordance with the findings of Wang et al. [26]. At the root level, the first
resistance against Cd stress may be provided by the cell wall and extracellular carbohydrates that play
an important role in reducing Cd uptake and transport [49]. The Cd accumulation in the roots often
hinders the uptake and translocation of other bio-elements, which aggravates Cd toxicity to plants [50].

Abiotic stresses, such as heavy metals, drought, high temperature and salt stress, initially disrupt
cell membrane integrity, resulting in increased membrane damage [51–54]. EL is an imperative index
in cell stress physiology and is used to evaluate the leakage of cell components. The results from this
study showed that Cd toxicity to both sorghum cultivars enhanced the ROS production, leading to a
noticeable increase in membrane damage. Our results are similar to the previous findings in pea and
barley [46,55], respectively. Significant increases in membrane damage of Chakwal Sorghum might be
connected to the strong imbalance between ROS production and the activity of antioxidative enzymes
for ROS scavenging. Cd is considered a non- redox heavy metal that lacks the potential to take part in
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Fenton-type reactions. Much clear evidence has shown that Cd can indirectly increase the production
of ROS through disturbance of electron transport, which is one of the main events taking place in
photosystem II [56]. In our study, the application of different Cd levels significantly elevated the H2O2

concentration in both sorghum cultivars compared to control, however the MDA content first increased
and then decreased with the gradual increase in Cd concentration (Figure 3B,C). Our results regarding
the increase in MDA and H2O2 concentration were in accordance with a previous study on wheat [28]
and rice in response to Cd stress [57]. In addition, the degree of oxidative damage was lower in JS-2002
in contrast to that in Chakwal Sorghum under all Cd treatments (Figure 3), which could be associated
with the more efficient ROS scavenging defense system in JS-2002.

Plants are provided with a natural defense system consisting of enzymatic and non-enzymatic
antioxidants to protect them against the oxidative damage induced by various environmental stresses.
SOD plays the most important role in the antioxidant defense mechanism, because it is the most effective
enzyme in stress resistance, involved in the dismutation of O2− into H2O2 and molecular oxygen in
plants under stress conditions [58]. In the present study, it was observed that the SOD activity in both
cultivars was initially decreased by Cd application. However, the JS-2002 exhibited significantly higher
SOD activity than the Chakwal Sorghum under all Cd concentrations. Interestingly, the SOD activity
firstly declined and then increased in response to 5, 25, 50 and 100 μM Cd concentrations, which is in
line with the findings of Liu et al. [59] in Sorghum. The possible reason could be associated with the
increased production of O2− radicals, leading to the activation of existing enzyme stock [58]. In addition,
a large amount of H2O2 accumulation is extremely harmful for cell metabolism. The CAT and POD
enzymes are responsible for the conversion of H2O2 to water and oxygen by dissociation of H2O2,
and thus play necessary roles in providing tolerance to unfavorable conditions in plants [53,60,61].
Our findings showed that the JS-2002 maintained higher POD and CAT activities than the Chakwal
Sorghum under Cd toxicity (25 μM), indicating the better antioxidant capacity of JS-2002. Interestingly,
the CAT and POD activities increased significantly in the leaves under 25 μM Cd stress in both cultivars,
as compared to other Cd stress concentration (5, 50 and 100 μM). Considerable increases in POD
and CAT activities could be induced by excessive production of H2O2 (a by-product of superoxide
dismutation by SOD) under 25 μM Cd stress. However, these responses were limited due to the severe
oxidative damage under higher Cd concentrations (50 and 100 μM) in sorghums. Previous studies on
other plant species have also shown that changes in antioxidant enzyme activities were associated
with the severity of Cd stress [27,57,58].

5. Conclusions

In the present study, different Cd doses were used to investigate the effects on growth,
Cd accumulation, oxidative damage, and antioxidative defense system in two sorghum cultivars.
The results found out that the majority of Cd was enriched in the roots, and the JS-2002 had a
greater Cd enrichment capacity than the Chakwal Sorghum in all plant organs (leaf, stem, and root).
In addition, the JS-2002 also showed a better tolerance to Cd stress in comparison with the Chakwal
Sorghum, which could be associated with higher antioxidative enzyme activities to cope with the
Cd-induced oxidative damage. The current study therefore provides a better understanding of the
concentration-dependent role of Cd in sorghum plants; however, intensive work is still required to
explain the interaction of Cd with various physiological and genetic functions in sorghum or other
plant species.
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Abstract: We studied the polyphenol (phenolic compounds and flavonoids) composition and
allelopathic effects of Acacia melanoxylon R. Br. aerial foliage aqueous extract (0%, 25%, 50%, 75% and
100%) on the seedling growth and plant biomass of the general biotest species, lettuce (Lactuca sativa).
Mean leaf fresh weight, leaf dry weight, root fresh weight and root dry weight were decreased
following exposure to Acacia aerial foliage, flowers aqueous extract (AFE) and phyllodes aqueous
extract (APE) after 6 days. The reduction in plant dry biomass was more than 50% following treatment
with AFE. The decrease in mean root length was approximately 37.7% and 29.20% following treatment
with Acacia flowers extract (AFE) at 75% and 100% concentration, respectively. Root dry weight of
L. sativa was reduced by both flowers and phyllodes extract. The reduction of protein contents in
lettuce leaves following Acacia foliage extract proved that both AFE and APE exhibit polyphenols
that causes the toxicity which led to decrease in leaf protein contents. High-Performance Liquid
Chromatography (HPLC) was employed to analyze the A. melanoxylon flowers and phyllodes. A total
of 13 compounds (accounting for most abundant compounds in flowers and phyllodes) include
different flavonoids and phenolic compounds. The phytochemical compounds detected were: Gallic
acid, protocatechuic acid, p-hydroxybenzoic acid, p-hydroxybenzaldehyde, vanillic acid, syringic acid,
p-coumaric acid, and ferulic acid. The major flavonoid compounds identified include rutin, luteolin,
apigenin, and catechin. Allelopathic effects of flower and phyllodes extracts from A. melanoxylon may
be due to the presence of above compounds identified by HPLC analysis.

Keywords: allelopathic potential; chemical composition; phenolics; Acacia melanoxylon; Lactuca sativa;
HPLC seedling growth Flavonoides

1. Introduction

Allelopathy can be referred as “any process that involves secondary metabolites produced by
plants, algae, bacteria and fungi that influence the growth and development of biological systems” [1].
For the last decades, the study of the allelopathic phenomenon has reached a specialized level of
knowledge, but it is still necessary to introduce it into the modern ecophysiological concept to give
answers to several unanswered questions [2,3]. The intensity of the allelopathic effect in the field will
depend, between others, on the different transformations that the organic compounds will suffer after
the release to the environment. Exotic plants are causing a serious threat to the native plants and
ecosystem through interfering in growth and ecophysiological attributes of neighbours [4–7].
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Nonindigenous plants present a serious risk to their neighboring plant [8]. Invasive plants
possess several phytotoxic compounds, when released into the environment impede the germination
and seedling growth of surrounding plant species at both ecosystem and species level [9,10].
Secondary metabolites are active allelopathic compounds released in the natural plant-soil-environment
ecosystem from allelopathic crops, weeds, halophytes, shrubs and trees and their natural leachates might
interfere with growth and physiological attributes of neighbouring plant species [3,10]. These toxic
metabolites can be stored in the vacuole, polymerised or directly liberated, but anyway, they will be
finally released to the environment where they can act as allelopathic agents on the metabolism of
neighbouring plants, and giving usually an advantage to the producer [11].

Acacia melanoxylon R. Br. commonly known as Blackwood belonging to the family Fabaceae,
subfamily Mimosoidae is a perennial tree, is native to Australia and Tasmania. It has now spread
to various parts of the world including Asia, Africa and Europe [12]. The tree has wider ecological
amplitude and has potential to grow in a wide range of soil types, and currently invading coastal
habitats of North Western Iberian Peninsula, (Spain and Portugal). It has been listed as one of the
most dangerous invasive species and currently invading the agriculture open fields, along the water
channels, and rivers [13]. The allelopathic effects of A. melanoxylon on neighboring plants has been
implied [14,15], but not thoroughly investigated. The phyllodes of A. melanoxylon have also been
previously shown to contain allelochemicals [14] and affecting the natural vegetation [16]. The search
for plant protection measures as an alternative to chemical weed control, which are widely used in
agronomic and field and horticulture crops is of paramount importance [17,18].

Alternative control methods can take advantage of ecological processes such as using natural water
extract of allelopathic plants, natural leachates and mixing the plant residues in the soil or applying
allelopathic substances through foliar spray [3,19]. Several authors evaluated the role of allelopathy for
weed management through allelopathic plant tissue aqueous extract. Brassica, mulberry and sorghum
aqueous extracts have demonstrated their allelopathic potential in the laboratory and field experiments
mainly through plant density reduction and biomass inhibition of Cyperus rotundus L. and Trianthema
portulacastrum L. [20,21]. Allelopathic water extracts are water-soluble allelochemicals extracted
from plants. Allelopathic water extract is used as natural herbicide because most of allelochemical
compounds are water-soluble and are easy to apply without additional wetting agent, and they are
more environmentally friendly than synthetic herbicide. According to Bajwa et al. [18], water extracts
of mature fine grains greatly control the population and biomass of a weed competitor, and fine grain
water extract reduces weed growth and density and increases wheat yield. However, allelochemicals
from different plants and the concentration of the extract has different effects on the target plants,
respectively [18].

Although, the role of A. melanoxylon allelopathy in controlling weeds and its phytotoxic impact
is well known; nonetheless, influence of aerial foliage aqueous extract on the horticulture crops like
lettuce has not been explored extensively. Meanwhile, as one of the most common cultivated vegetables
in the open agriculture fields that are colonized by Acacia melanoxylon R. Br., lettuce’ seedlings are very
sensitive to the changes in the environmental factorss and often used as a general biotest species in
allelopathic bioassays [19]. The findings from this study will elaborate a solid foundation to better
understand the allelopathic mechanism that drives the successful colonization of A. melanoxylon
in the North Western Iberian Peninsula. These findings will also help policy makers to prepare
guidelines and measures for prevention and possible control of invasive alien species. This study
elucidated the three hypothesis: (I) A. melanoxylon foliage water extract recruit adverse influences
on root/shoot length, fresh and dry weights of leaves and roots of lettuce and the adverse influences
notably upsurge with increasing concentration of Acacia foliage extract; (II) flower and phyllodes
aqueous extract intensify the allelopathy of A. melanoxylon on seedling growth of lettuce; (III) the
allelopathic potential of A. melanoxylon foliage might be due to the presence of different polyphenols
(phenolic compounds and flavonoids) and hence, these polyphenols can be used as lead compounds in
herbicide discovery program.
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2. Results

2.1. Effect of A. melanoxylon Foliage on Lettuce Growth and Biomass Accumulation

The phytotoxicity of A. melanoxylon (flowers and phyllodes) was evaluated by measuring the leaf
and root length and biomass accumulation of L. sativa seedlings grown in the presence or absence of the
Acacia aqueous extract. Tables 1 and 2 show the mean leaf fresh weight (LFW), leaf dry weight (LDW),
root fresh weight (RFW) and root dry weight (RDW) following exposure to Acacia aqueous extract
(AAE) after 6 days. It can be seen that Acacia flower extract (AFE) (100%) significantly decreased the
LFW (Table 1) while lettuce LFW was also reduced following treatment with A. melanoxylon phyllodes
extract (Table 1). Acacia flower extract (AFE) exhibits a slight but significant phytotoxic effect on
L. sativa, as revealed by a decrease in mean root fresh and root dry weight of approximately 51%
and 42.5%, respectively, compared to the control (Table 2). Treatments, including AFE, are much
more effective in reducing the leaf/root biomass, growth in L. sativa, with an inhibition percentage
reaching more than 60% after treatment with Acacia aqueous extract aqueous extract (50%). There were
non-significant differences in leaf dry/fresh weight ratio, root dry/fresh weight ratios, of the lettuce
grown with different levels of Acacia flowers/phyllodes aqueous extract.

Table 1. Effect of aqueous extract of aerial foliage of Acacia melanoxylon R. Br. on leaf fresh weight (g)
and leaf dry weight (g) of one month old general biotest species, Lactuca sativa L. LDFW ratio (Leaf dry
weight fresh weight ratio).

Growth
Characteristics

Treatments 100% 75% 50% 25%

Leaf fresh weight (g) Control 10.58 ± 0.60 10.58 ± 0.60 10.58 ± 0.60 10.58 ± 0.60
Acacia phyllodes 7.73 ± 0.3 * 7.93 ± 0.5 * 8.63 ± 0.2 * 8.29 ± 1.0 *

Acacia flowers 5.10 ± 0.4 * 5.62 ± 0.3 * 7.25 ± 0.34 * 6.85 ± 1.0 *
Leaf dry weight (g) Control 1.63 ± 0.15 1.63 ± 0.15 1.63 ± 0.15 1.63 ± 0.15

Acacia phyllodes 1.78 ± 0.04 * 1.77 ± 0.1 * 1.90 ± 0.4 * 1.98 ± 0.3 *
Acacia flowers 1.23 ± 0.2 * 1.21 ± 0.4 * 1.45 ± 0.8 * 1.64 ± 0.2

LDFW ratio Control 0.154 ± 0.07 0.154 ± 0.07 0.154 ± 0.07 0.154 ± 0.07
Acacia phyllodes 0.230 ± 0.0 * 0.223 ± 0.00 * 0.221 ± 0.0 * 0.238 ± 0.05 *

Acacia flowers 0.272 ± 0.1 * 0.215 ± 0.0 * 0.200 ± 0.0 * 0.240 ± 0.01 *

Each value represents the mean (± S.E.) of three replicates. * Asterik indicates significant differences as compared to
control for p < 0.05 according to LSD test.

Table 2. Effect of aqueous extract of aerial foliage of Acacia melanoxylon R. Br. on on root fresh weight
(g) and root dry weight (g) of one month old general biotest species, Lactuca sativa L. RDFW ratio (Root
dry weight fresh weight ratio).

Growth
Characteristics

Treatments 100% 75% 50% 25%

Root fresh weight (g) Control 6.31 ± 1.1 6.31 ± 1.0 6.31 ± 1.1 6.31 ± 1.2
Acacia phyllodes 4.57 ± 0.3 * 3.9 ± 0.6 * 4.11 ± 0.13 * 4.5 ± 0.4 *

Acacia flowers 3.82 ± 0.1 * 3.44 ± 1.3 * 3.79 ± 1.3 * 3.07 ± 0.6 *
Rood dry weight (g) Control 0.40 ± 0.02 0.40 ± 0.03 0.40 ± 0.04 0.40 ± 0.05

Acacia phyllodes 0.27 ± 0.04 * 0.32 ± 0.01 * 0.29 ± 0.09 * 0.37 ± 0.04 *
Acacia flowers 0.28 ± 0.2 * 0.28 ± 0.04 * 0.23 ± 0.001 * 0.27 ± 0.09 *

RDFW ratio Control 0.064 ± 0.02 0.064 ± 0.02 0.064 ± 0.02 0.064 ± 0.02
Acacia phyllodes 0.059 ± 0.01 0.082 ± 0.01 * 0.071 ± 0.01 * 0.082 ± 0.01 *

Acacia flowers 0.073 ± 0.14 * 0.081 ± 0.01 * 0.061 ± 0.01 * 0.088 ± 0.01 *

Each value represents the mean (± S.E.) of three replicates. * Asterik indicates significant differences as compared to
control for p < 0.05 according to LSD test.

The shoot length of L. sativa significantly inhibited by Acacia phyllodes extract (APE) at each
concentration tested, while 100% proved to be very lethal because it caused 50.78% phytotoxic effect in
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L. sativa shoot length (Table 3). The decrease in mean root length of was approximately 37.7% and
29.20% following treatment with Acacia flowers extract (AFE) (75% and 100%), respectively, compared
to the control (Table 3). Treatments, including Acacia flowers extract (AFE), are much more effective in
reducing the root growth in L. sativa, with an inhibition percentage reaching more than 50%.

Table 3. Effect of aqueous extract of aerial foliage of Acacia melanoxylon R. Br. on shoot length (cm) and
root length (cm) of one month old general biotest species, Lactuca sativa L. RS ratio (Root shoot ratio).

Growth
Characteristics

Treatments 100% 75% 50% 25%

Shoot length (cm) Control 15.30 ± 0.23 15.30 ± 0.23 15.30 ± 0.23 15.30 ± 0.23
Acacia phyllodes 7.53 ± 0.5 * 8.96 ± 1.5 * 7.66 ± 0.5 * 9.16 ± 1.6 *

Acacia flowers 8.96 ± 2.2 * 8.0 ± 0.5 * 8.16 ± 2.0 * 9.66 ± 0.5 *
Root length (cm) Control 27.77 ± 0.7 27.77 ± 0.7 27.77 ± 0.7 27.77 ± 0.7

Acacia phyllodes 21.33 ± 2.3 * 19.0 ± 1.5 * 22.66 ± 2.5 * 21.5 ± 2.7 *
Acacia flowers 19.66 ± 2.0 * 17.3 ± 2.0 * 22.0 ± 1.7 * 21.3 ± 2.0 *

RS ratio Control 1.82 ± 0.03 1.82 ± 0.03 1.82 ± 0.03 1.82 ± 0.03
Acacia phyllodes 2.83 ± 0.02 * 2.12 ± 0.02 * 2.95 ± 0.02 * 2.34 ± 0.02 *

Acacia flowers 2.19 ± 0.01 * 2.16 ± 0.02 * 2.69 ± 0.01 * 2.20 ± 0.02 *

Each value represents the mean (± S.E.) of three replicates. * Asterisk indicate significant differences as compared to
control for p < 0.05 according to LSD test.

The concentration-induced differences in root fresh weight that was significantly affected following
treated with Acacia flowers extract (AFE) at each concentration tested are given in Table 4. Root dry weight
of L. sativa was also reduced by both flowers and phyllodes extract (Table 4). However, AFE decreased
the root dry weight upto 40% and 39% after treatment with 75% and 50%, respectively.

Table 4. Effect of aqueous extract of aerial foliage of Acacia melanoxylon R. Br. on root fresh weight (g)
and root dry weight (g) of one month old general biotest species, Lactuca sativa L.

Growth
Characteristics

Treatments 100% 75% 50% 25%

Root fresh weight (g) Control 6.31 ± 0.34 6.31 ± 0.34 6.31 ± 0.34 6.31 ± 0.34
Acacia phyllodes 4.57 ± 0.7 * 3.90 ± 0.07 * 4.12 ± 0.3 * 4.49 ± 0.4 *

Acacia flowers 3.82 ± 0.1 * 3.44 ± 0.29 * 3.79 ± 0.6 * 3.07 ± 0.6 *
Root dry weight (g) Control 0.45 ± 0.042 0.45 ± 0.042 0.45 ± 0.042 0.45 ± 0.042

Acacia phyllodes 0.27 ± 0.02 * 0.323 ± 0.04 * 0.290 ± 0.09 * 0.373 ± 0.04 *
Acacia flowers 0.28 ± 0.06 * 0.286 ± 0.04 * 0.273 ± 0.01 * 0.270 ± 0.09 *

RDWFW ratio Control 0.071 ± 0.02 0.071 ± 0.02 0.071 ± 0.02 0.071 ± 0.02
Acacia phyllodes 0.059 ± 0.01 * 0.083 ± 0.01 * 0.070 ± 0.01ns 0.083 ± 0.01 *

Acacia flowers 0.073 ± 0.04ns 0.083 ± 0.04 * 0.072 ± 0.01ns 0.088 ± 0.01 *

Each value represents the mean (± S.E.) of three replicates. * Asterisk indicate significant differences as compared to
control for p < 0.05 according to LSD test.

2.2. Effect of A. melanoxylon Foliage on Lettuce Leaf Protein Contents

Both AFE and APE decreased the protein contents of leaves, (0.78 mg g−1) and (0.83 mg g−1),
respectively, following exposure at 100% as compared to control (1.03 mg g−1) (Figure 1). This reduction
of leaf protein contents in lettuce leaves following Acacia aerial part extract proved that both AFE and
APE exhibit polyphenols that causes the toxicity which led to decrease in leaf protein contents.

2.3. Chemical Composition of the Acacia melanoxylon Aerial Foliage

Table 5 demonstrtae the chemical composition of Acacia melanoxylon aerial foliage (flowers and
phyllodes). Several phytochemical constituents were identified from foliage extracts but we concentrated
mainly on phenolics and flavonoids. Among the phenolic compounds, eight (8) were most important
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and include Gallic acid, protocatechuic acid, p-hydroxybenzoic acid, p-hydroxybenzaldehyde, vanillic
acid, syringic acid, p-coumaric acid, ferulic acid constituents.

 

*

*

Acacia

Figure 1. Inhibitory effects of A. melanoxylon flowers and phyllodes extract (0% and 100%) on the leaf
protein contents (mg/g) of Lactuca sativa. Each bar represents the mean (± S.E.) of three replicates.
* Asterisks indicate significant differences at level 0.05 with respect to the control.

Table 5. Phenolics and flavonoids found in flower and phyllode extracts of Acacia melanoxylon R. Br.
RT: retention time (minutes) of compounds in column.

Sr. No. Common Name Scientific Name Flowers mg/L Phyllodes mg/L RT

PHENOLICS

1 Gallic acid 3,4,5-trihydroxy benzoic acid 4.4 3.41 6.5
2 Protocatechuic acid 3,4-dihydroxybenzoic acid 5.06 12.9
3 p-Hydroxybenzoic acid 4-hydroxybenzoic acid 12.33 1.46 21.9
4 p-Hydroxybenzaldehyde 0.91 0.16 28.6
5 Vanillic acid 4-hydroxy-3-methoxybenzoic acid 9.7 1.64 32.2
6 Syringic acid 4-hydroxy-3,5-dimethoxybenzoic acid 2.64 40.1
7 p-Coumaric acid 4-hydroxycinnamic acid 3.19 3.6 49.7
8 Ferulic acid 4-hydroxy-3-methoxycinnamic acid 3.87 57.9

FLAVONOIDS

9 Rutin 5342.39 5032.87 20.4
10 Quercetin 3,3′,4′,5,7-Pentahydroxyflavone 326.4 25.2
11 Luteolin 3′,4′,5,7-Tetrahydroxyflavone 388.89 706.89 26.2
12 Apigenin 4′,5,7-Trihydroxyflavone 85.55 28.5
13 Catechin (±)-3,3′,4′,5,7-Flavanpentol 765.44 7.9

Table 5 showed that p-hydroxybenzoic acid was in highest content (12.33 mg/L), followed by
vanillic acid (9.7 mg/L) and were the principal compounds in the flowers and phyllodes extract.
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In the phyllodes methanol extract, the major flavonoid compounds were rutin, luteolin, apigenin,
and catechin.

3. Discussion

Allelochemicals are released to the environment in different ways (by volatilisation, leaching,
exudation or decomposition) and can act in a direct or an indirect way on the receptor plants [16,19,22,23].
Their chemical nature is complex and diverse (organic acids, aldehydes, coumarins, quinones,
flavonoids, alkaloids, terpenoids, etc.), but the most part of them comes from three principal biosynthetic
routes, the route of shikimic acid (benzoic and cinnamic acids and their derivatives, coumarins,
glycosides, alkaloids, etc.), and the routes of acetic and mevalonic acids (terpenoids, steroids, complex
quinones, etc.) [3,9,10,16]. Allelopathic compounds are present in almost all plants and they can be
found in many parts of the plant like in roots, seeds, leave, fruits, stems, etc.

The leaf and root growth of lettuce was decreased following treatment with Acacia melanoxylon
R.Br. aerial foliage aqueous extract at all concentration tested. The phytotoxicity of A. melanoxylon
R.Br. was previously studied by Souto et al. [14], who reported that soil bioassays showed clear
inhibitory effects on growth and germination of understory plants, particularly soils from Eucalyptus
and Acacia stands. In this study, the effects of water soluble allelochemicals appear to alter a
variety of morpho-physiological functions and significantly reduced the leaf fresh and dry biomass.
Zhang et al. [24], showed that allelochemical (isoliquiritigenin) in the concentrations ranged between
0.2–1.0 mM exhibited toxic impacts that decreased the lettuce seedling growth. However, the results
were dose dependent. They reported that isoliquiritigenin is an important phytochemical that caused
>40% inhibition of radicle elongation in lettuce seedlings following exposure to 0.8 mM concentration.
In another study, Sánchez-Moreiras et al. [25] documented that natural product 2-(3H)-benzoxazolinone
caused a 50% reduction in the radicle length of lettuce at a concentration of 0.9 mM. Several authors
indicated that it is extremely difficult to separate the growth and physiological secondary effects afrom
the primary impacts caused by allelochemicals. However, the secondary impacts led to the disruption
of cell differentiation, plant water status, water uptake, respiration, signal transduction, photosynthesis
and enzyme function [3,6,7,10,17,26].

The germination and seedling growth (root, shoot length, plant biomass) of plant seeds constitutes
a primary step in the growth and development of many plant species and demonstrate an importance
to highlight the allelopathic activity. Our seedling growth bioassays showed that AFE and APE exhibit
significant amount of water soluble allelochemicals and had phytotoxic impact (p > 0.05) on lettuce
growth. These water soluble polyphenols (phenolic compounds and flavonoids) have allelopathic
effect on seedling growth, biomass and biochemical traits (leaf protein contents) of lettuce. In some
trials, low dose of allelochemicals showed stimulation while higher concentration was lethal. Similarly,
Al-Wakeel et al. [27] documented that A. nilotica leaf extract enhanced the plant growth in peas, while a
higher concentration was toxic that significantly decrease plant growth in the pea.

Several authors documented that, apart from environmental stresses, different invasive plant
species showed phytotoxicity on the physiological and biochemical attributes of lettuce. In our results,
Acacia melanoxylon flowers was highly deleterious at (100%) concentration tested and significantly
inhibited protein contents in L. sativa as compared to control. However, Wang et al. [28] evaluated
the leaf extract of alien invasive plant species, Solidago canadensis L. alone and joint application of
nitrogen and cadmium stress. The S. canadensis employee distinctly allelopathy on germination and
growth characteristics of lettuce and remarkably increased with increasing concentration of leaf extracts.
However, N application relieved the allelopathy, while Cd treatment proved to be lethal, inhibiting the
physiological traits of the lettuce.

In another study, BOA caused a significant reduction in leaf proteins due to protein denaturation,
following exposure to allelochemicals. They reported that protein synthesis was significantly reduced
following treatment with BOA [25]. However, contrary, there was an increase in leaf proteins in maize
and decrease in kidney beans following treatment with Acacia nilotica extract [29]. Another study
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conducted by Lu et al. [30] showed that leaf extracts from three invasive plant species [(Solidago canadensis
L., Erigeron annuus (L.) Pers., and Conyza canadensis L. Cronq)] inhibited the seed germination of lettuce.
Meanwhile, heavy metals (Cu, Pb) promoted the invasion of all three plant species and allelopathic
phenomena were more severe in the presence of heavy metals. Allelopathyic impact was significantly
varied from one to other invasive species and S. Canadensis demonstrated moe phytotix than others.
The allelopathic activity depended on a number of factors such as evaluating vegetation, extract
types and concentration, and environmental attributes. Our results showed that aqueous extract
of flowers and phyllodes from A. melanoxylon proved phytotoxic in nature (due to the presence of
phytochemicals) and hence decreased the growth and morpho-physiological parameters of L. sativa in
a dose-dependent manner (Tables 1 and 2). These results are in conformity with the earlier reports of
allelopathy in A. melanoxylon [13–15]. According to Chou et al. [31], foliage extract of Acacia confusa
Merr showed significant inhibitory effects on target plant species. Similarly, different concentrations of
Acacia auriculiformis A. Cunn. ex Benth. also showed phytotoxicity against a number of vegetations [32].
Similar results were reported for Acacia nilotica [29], Acacia auriculiformis [33], Acacia nilotica [27]. In the
present study, we found that flowers of A. melanoxylon were more phytotoxic as compared to phyllodes.
It might be due to the difference in phytotoxicity of different secondary metabolites present in two
plant organs and their chemical structure. Several other allelopathic crops, such as sorghum root
extract, significantly reduced growth and development of several weeds in the wheat fields [34].
The allelopathic crop residue also showed inhibition of germination of different weeds seeds [35].

The potential effect of the allelochemical will be higher or lower depending on the concentration,
the soil transformations, and the target species, but also on the environmental factors and the
simultaneous occurrence of other biotic or abiotic stresses. Most of the polyphenols, identified in the
present study (Table 5) are assumed to be water soluble and, mostly, phenolics have good potential as
templates for new herbicide classes [36,37]. Different polyphenols (phenolic compounds, flavonoids,
derivatives of hydoxybenzoic acids, derivatives of cinnamic acids) were identified and seem to be
water soluble; previously, it was elaborated that most of the allelochemicals, when in contact with
plant cell walls, caused phytotoxicity and interfered in the ecophysiological parameters of the target
plants [36,38,39]. These phytochemicals possess certain properties and can be used them as lead
compounds for new herbicide discovery program [3,19,23,40,41].

In terms of the allelopathy bioassay employed in this study, it has been widely used in evaluating
the allelopathic impact and is also short, simple and highly sensitive [42,43]. Germination, growth and
seedling development conditions of the pot experiment are similar to those in the natural environment
than that of the laboratory [30]. Therefore, it was suggested that growth and ecophysiological study
of the target plant in the natural environment needs further investigation to study the allelopathic
stress of the donor plant. Growth, fresh weight, dry weight, shoot length and root length attributes
are important biological attributes that were selected as to evaluate the A. melanoxylon allelopathy,
whose extract concentration will affect the abundance and competitiveness of recipient plants in
natural habitat. However, at present, we have not studied the allelopathic effect of A. melanoxylon
extracts on L. sativa seedlings at the molecular level, so the effects on cell division and elongation,
growth regulation system and respiration need to be determined in the future context.

The polyphenol composition of Acacia melanoxylon aerial foliage is shown in Table 5.
Several phytochemical constituents were identified from foliage extracts but we concentrated mainly
on phenolics and flavonoids. Among the phenolic compounds, eight were the most important and
include Gallic acid, protocatechuic acid, p-hydroxybenzoic acid, p-hydroxybenzaldehyde, vanillic acid,
siringic acid, p-coumaric acid, and ferulic acid constituents.

The p-hydroxybenzoic acid was highest in content (12.33 mg/L), followed by vanillic acid (9.7 mg/L)
and these were the principal compounds in the flower and phyllode extracts as shown in Table 5. In the
phyllode methanol extract, major flavonoid compounds were rutin, luteolin, apigenin, and catechin.
According to studies of Souto et al. (14), allelopathy was the main process involved in the inhibition of
soil microbial activity and retard the germination attributes of Lactuca sativa L., Dactylis glomerata L.
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and Trifolium repens L. following Acacia and Eucalyptus population as compared to the autochthonous
Quercus robur L. The phytotoxic effects were more prominent during Acacia blooming stages. In another
investigation carried out through gas chromatography and mass spectroscopy, Freire et al. [44]
documented the presence of several polyphenols and phytotoxic molecules such as cinnamic acid
derivatives, spinasteryl glucoside and dihydrospinasteryl glucosides. Physiological and biochemical
parameters (seedling growth, sugar contents and chlorophyll content) in Zea mays L. (maize) and
Phaseolus vulgaris L. were decreased by Acacia nilotica and Eucalyptus rostrata leaf leachates (29). In a pot
experiment, Acacia nilotica leaves extract showed a significant reduction in the growth and metabolic
activities of 45-day-old pea (Pisum sativum L.) plants. Meanwhile, higher concentration was inhibitory
while lower concentration was stimularory. Qualitative and quantitative HPLC analysis of water
extract of Acacia nilotica leaves revealed that protocatechuic and caffeic acids were the principal phenolic
compounds accompanied by ferulic, cinnamic acids and apigenin in higher quantity, whereas pyrogallic,
p-coumaric, syringic acids and coumarin were found in trace amounts [27].

4. Methods and Materials

4.1. Plant Materials

The fresh aerial parts (shoots exhibiting flowers and phyllodes) of Acacia melanoxylon were gathered
from natural population from the mountainous area, Lagoas Marcosende campus, University of Vigo,
during blooming stage (Pontecedra province, Spain, 42.2406◦ N, 8.7207◦ W). The seeds of Lettuce
(Lactuca sativa L. cv. Great Lakes California (Asteraceae, Asterales), a food and cash crop, were purchased
from Semillas Fito (Barcelona, Spain) and used for seedling growth bioassays.

4.2. Extraction of Polyphenols and HPLC Analysis

The fresh plant tissue was cut into small pieces with scissors and placed in the laboratory at
room temperature (25 ◦C) for air drying because phenolics are not stable to drying in an oven at
high temperature. The dry flowers or leaves (1 g), were mixed with 50 mL of methanol/HCl (1000:1,
v/v) in a 100-mL Erlenmeyer flask and kept in darkness for 12 h with hand shaking every three
hours. The mixture was filtered by using a filter paper and a funnel. The filtrate was saved in
refrigerator and the process was repeated with residual plant material for another 12 h by adding
50 mL of methanol/HCl. The mixture was filtered again and two methanolic fractions were combined
(approx. 100 mL). This mixture was dried in rotary evaporator under vacuum. The temperature of
rotary evaporator was maintained below 35 ◦C. The remaining material was dissolved in 40 mL of
ethanol/water (2:8, v/v) and filtered. Afterwards, three sequential extractions were carried out with
20 mL of diethyl ether. The mixture was extracted with an extraction funnel by shaking vigorously
for one minute each time, waiting until complete separation into two phases: the aqueous one in
the lower part and an organic one in the upper part of funnel. The organic phases were removed
and saved. We collected three ethereal phases in an Erlenmeyer flask. After that, three sequential
extractions were carried out with 20 mL ethyl acetate on aqueous phase, obtaining three new organic
phases that were collected and combined with ethereal ones. The total organic fractions obtained in
this way were dehydrated with anhydrous sodium sulphate for 30 min to remove minimum residual
water. Subsequently, it was filtered to withdraw sodium sulphate and evaporated to dryness in rotary
evaporator. The final residue containing phenolics were re-dissolved in 1 mL methanol/water (1:1, v/v)
and filtered through a 0.45-μm-pore-size nylon membrane filter and saved in refrigerator at 4 ◦C until
HPLC analysis. The henolics were extracted by the method as proposed by Macheix et al. [45] and was
optimized by Bolaño et al. [46].

4.3. Extraction of Flavonoids from Flowers and Leaves of A. melanoxylon

The flavonoids were extracted by the method of Markham 1989 with certain modifications.
The fresh plant tissue was cut into small pieces with scissors and placed in the laboratory at room
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temperature (25 ◦C) for air drying. The dried and powdered flowers or leaves (10 g) were macerated
with 300 mL of methanol/water (80:20) for 24 h at room temperature with continuous shaking.
The extract was obtained through filtration by using a Buchner funnel with a filter paper. This mixture
was dried in rotary evaporator under vacuum until all methanol was removed. The remaining material
was re-dissolved in 40 mL of ethanol/water (2:8, v/v) and filtered. The resultant aqueous material
was extracted with petroleum ether in an extraction funnel to remove fats, terpens, chlorophylls
and xanthophylls. This extraction was repeated three times. Afterwards the mixture was extracted
as per described in Phenolics acids, i.e., three sequential extractions with diethyl ether followed
by three sequential extractions with ethyl acetate. The total organic fractions obtained in this way
were dehydrated with anhydrous sodium sulphate for 30 min to remove minimum residual water.
Subsequently, it was filtered to withdraw sodium sulphate and evaporated to dryness in rotary
evaporator. The final residue was re-dissolved in 2.5 mL methanol and filtered through a 0.45 μm pore
size nylon membrane filter and saved in refrigerator at −20 ◦C until HPLC analysis.

4.4. UV-DIODE ARRAY Chemical Analyses

Analysis was performed using a Shimadzu chromatograph equipped with a UV-DIODE ARRAY
detector to identify phenolic and flavonoids. Identification of the compounds was made by using a
reverse-phase Waters Nova-Pak C-18 (4.6 × 250 mm) column with a 4μm particle size. For flavonoids,
the extracts were analyzed using two mobile phases: (A) methanol:phosphoric acid 999:l and (B) water:
phosphoric acid 999:1. Linear gradients starting with 20% (A) and ending with 100% (A) were used
over the first 40 min with an additional 5 min at 100% (A). The flow rate of the mobile phase was
1 mL/min and the eluate was analyzed at 250–400 nm. For the phenolic compounds, extracts were
analyzed using two mobile phases: (A) water: acetic acid 98:2 and (B) water: methanol: acetic acid
68:30:2. Linear gradients starting with 100% (A) and ending with 20% (A) were used over the first
59 min, with an additional 6 min at 20% (A). The flow rate of the mobile phase was 0.8 mL/min and the
eluate was analysed at 210–400 nm.

4.5. Acacia melanoxylon Flowers and Phyllodes Aqueous Extract Preparation for Bioassays

Fresh shoots of Acacia melanoxylon were collected from natural population in the surrounding
area of Lagoas Marcosende campus of University of Vigo, during flowering period. The flowers
and phyllodes were separated from branches and soaked in distilled water in the ratio of 1:1 (w/v)
at room temperature and left in the laboratory for 24 h. Similar extraction techniques were used
by Molina et al. [47], in their studies of Eucalyptus spp. and Lorenzo et al. [48], in their studies of
allelopathic effects of Acacia dealbata L. The extract was collected, filtered through filter paper and
described as 100%. Distilled water was added in this solution to make different dilution (75%, 50% and
25%). We examined effects of both phyllodes and flowers extracts made by mixing plant material in
water, as opposed to the often criticized method of tissue disruption and organic solvent extraction
that may yield artificially higher levels of specific compounds [37].

4.6. Plant Material and Growth Conditions

Lettuce (Lactuca sativa L. cv. Great Lakes California (Asteraceae, Asterales)), a food and cash
crop and the most widely used model species in allelopathic studies [49], was selected because of
its fast germination and homogeneity. The seeds of test species were purchased commercially from
Semillas Fito (Barcelona, Spain). The seeds were placed in plastic trays (32 × 20 × 6 cm) with a
5-cm-deep layer of perlite (500 g/tray). The trays were irrigated on alternate days with tap water
until germination of seeds and thereafter with 500 mL 1:1 Hoagland solution/tray, twice in a week.
Seedlings were germinated in darkened at 20 ◦C temperatures in environmentally controlled growth
chamber. For seedling growth, the environmental conditions were as follows; temperature: 18/8 ◦C
(day/night) and 12/12 h (light/darkness) photoperiod, 80% relative humidity and 200 μmol m−2 s−1

irradiance. One month old seedlings (when plants have three fully expanded leaves), were transferred
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to pots (10 cm) containing perlite (70g) to stimulate the development of root system and shifted to the
glass house with same growing condition and nutrient solution (100 mL/pot). Every second day the pots
were well watered with tap water through an automatic irrigation system. One week later, treatment
solutions (100 mL/pot) were applied three times (day one, three and five) and measurements were taken
on each day. The temperature in the glass house was maintained at 21 ± 2 ◦C with a relative humidity
of 75%. The glasshouse was ventilated with outside air to ensure steady CO2. Aqueous extract (100%,
75%, 50%, 25%) of Acacia melanoxylon (flowers and phyllodes) and control were watered three times
(days 1, 3 and 5) with 100 mL solution. The experiment was laid out in Randomized Complete Block
Design (RCBD) and replicated thrice.

4.7. Plant Growth Measurements

Information about plant height/root length was obtained with a ruler and values were expressed
in cm. The fresh and oven dry plant leaves and roots weight were obtained by first weighting
independently fresh leaves and roots then after drying these samples in a circulatory air oven at 70 ◦C
for 72 h. The samples were weighed again to get dry weight of plant.

4.8. Statistical Analysis

Data was analyzed with the statistical package SPSS® (version 21.00) for Windows® (SPSS Inc.,
Chicago, IL, USA). Data were analysed by using one-way analysis of variance (ANOVA) (Sokal and
Rohlf 1995) (when variance were homogeneous) or Kruskal-Wallis test (when heterogeneous). The LSD
test as post hoc test was used to determine main differences between treatment means. Significant
differences between means of treatment were compared at 5% probability level.

5. Conclusions

The exotic invasive tree in North Western Iberian Peninsula (Galicia, Spain), Acacia melanoxylon,
their aerial foliage (flowers and phyllodes) extracts have negative effects on the growth and biomass of
a general biotest species Lactuca sativa seedlings. Allelopathic effect of A. melanoxylon extracts at higher
concentration was stronger than that of lower concentration and flowers extract showed stronger
inhibition in different attributes than phyllodes extract. According to HPLC data of flowers and
phyllodes extracts, several phyto-chemicals were identified and they are represented as derivatives of
benzoic acid and cinnamic acid. Apart from these phenolic acids, a significant amount of flavonoids such
as rutin, quercetin, luteolin, apigenin, and catechin were identified that enhanced the phytotoxicity
of the extract. The presence of all these polyphenols thus affects the growth, biomass and root
development rate of L. sativa. What’s more, the inhibitory effect of flower extract is stronger than that
of phyllodes extract, which is one of the reasons that the allelopathic molecules are in much higher
amounts in flowers than phyllodes in A. melanoxylon.
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