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1. Introduction

Contemporary agriculture is characterized by a highly intensive nature and productiv-
ity. Furthermore, this activity is denoted by the substantial impact on natural ecosystems
caused by water consumption and the use of fertilizers, plant growth promoters and her-
bicides/pesticides. In addition, it should also be considered that along the entire supply
chain, such activity produces large quantities of waste and causes the emission of significant
amounts of greenhouse gases (GHG) [1]. This places agriculture among the anthropogenic
activities that contribute significantly to climate change. At the same time, agriculture is
seriously affected by these processes, suffering the impact of abiotic stresses such as salinity,
drought and high temperatures.

Abiotic stresses can significantly decrease plant growth and development, as well as
negatively influence crop quality and productivity. As a result of climate change, abiotic
stresses will be characterized by increasing intensity and frequency in the coming years
and will put more intense pressure on agricultural systems. Consequently, crop production
could dramatically decline, an especially worrisome prospect considering that agricultural
systems must also cope with the food needs of the world ever-growing population. For
these reasons, new or effective low or no climate-impacting measures need to be considered
and developed to maintain/increase crop production and the resilience of agricultural
systems, while working to minimize the impact of abiotic stresses.

An agronomic tool of increasing interest is the use of different formulations of certain
organic materials and microorganisms, defined by the term biostimulants. Biostimulants
are usually grouped into different families based on the raw materials used for their pro-
duction: humic substances, complex organic materials, beneficial chemical elements (e.g.,
silicon), inorganic salts, algae and plant extracts, protein hydrolysates, chitin and chitosan
derivatives, antiperspirants (e.g., kaolin), amino acids and other compounds [2]. These sub-
stances can improve plant stress tolerance, crop nutrient use efficiency, the bioavailability
of nutrients in the soil or rhizosphere and quality traits. For the abovementioned reasons,
biostimulants can benefit crops when applied under optimal environmental conditions and
in states of abiotic and biotic stress.

In this context, the aim of this Special Issue Agriculture, entitled “Abiotic Stresses,
Biostimulants and Plant Activity”, was to advance knowledge on the effect of biostimu-
lants, both in crops grown under normal conditions and in the presence of abiotic stress
conditions. We focused, in particular, on heat, salt, drought stress, potentially toxic metals,
multiple stresses, and improving plant tolerance. Therefore, this Special Issue paid atten-
tion to scientific contributions regarding the stimulatory and protective effects of different
biostimulants on crops, their mechanism of action, and their qualitative, economic, and
environmental benefits.

2. Special Issue Overview

Related to the use of plant extracts capable of promoting beneficial effects in crops
grown in non-stressful conditions, interesting experimental evidence has emerged regard-
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ing two plant extracts obtained from Moringa and Lemna minor. In particular, a foliar
extract of Moringa (Moringa oleifera L.) was tested on different barley accessions [3]. The leaf
extract positively influenced the crop growth and yield, albeit with different strengths in
the different accessions considered. The greatest effect of Moringa extract was ascertained
on total crop yield, followed by increases recorded in straw weight and number of tillers
per plant. This research, therefore, showed that the foliar application of Moringa extract
could be an effective solution to stimulate growth and yield in barley.

Another study proposed the use of an extract from duckweed (Lemna minor L.), a
free-floating aquatic species, to promote beneficial effects in olive plants. The foliar applica-
tion of the extract stimulated plant growth and improved physiological and biochemical
traits in the treated samples [4]. Indeed, the extract positively influenced leaf net photo-
synthesis, stomatal conductance, sub-stomatal CO2 concentration and chlorophyll content.
Furthermore, the duckweed extract increased the uptake of nutrients like nitrogen (N),
potassium (K), calcium (Ca), magnesium (Mg), iron (Fe) and zinc (Zn). The broad diversity
of bioactive compounds (including phytohormones, phenolics and glutathione) found in
the extract, through untargeted metabolomic profiling, explained the stimulatory effect
observed on the olive plants.

Heat, found among the abiotic stresses exacerbated by climate change, is expected
to affect plant growth, crop yields, and product quality. The negative effects of this
environmental stress can also impact the characteristics of olive pollen. In this context, the
potential of selenium–methionine (Se-met) to mitigate the negative effects of heat stress
on olive pollen germinability, morphology and cytosolic Ca2+ content was investigated [5].
A temperature of 40 ◦C caused a marked reduction in the olive pollen germination rate,
changes in the morphology of the external pollen wall, and a decreased response to Ca2+-
agonist agents. The adverse effects of heat stress were counteracted by Se-met, which
improved the germination rate, and Ca2+-cytosolic homeostasis, containing the hydrogen
peroxide toxicity.

Since heat stress can influence the metabolic processes that enable callus formation,
a study investigated the effect of rapid high-temperature (RHT) treatment at 50, 65, and
80 ◦C on sweet potato tubers [6]. The results showed that appropriate RHT treatment
at 65 ◦C can stimulate the metabolism of reactive oxygen species (ROS) at the injury site
of sweet potato on the first day. However, significant ROS formation and scavenging
activity were maintained within five days after RHT treatments. Consequently, ROS
induced the phenylalanine ammonia-lyase (PAL), 4-coumarate-CoA ligase and cinnamate-
4-hydroxylase activities of the phenylpropane metabolic pathway and promoted the rapid
synthesis of chlorogenic acid, p-coumaric acid, rutin, and caffeic acid at the injury site,
which stacked to induce callus formation. These results evidenced that appropriate high-
temperature rapid treatment can promote sweet potato callus formation through ROS
modulation and phenylpropane metabolism. Moreover, antioxidant enzymes, PAL, and
chlorogenic acid appeared to be key factors in promoting the metabolic pathways involved
in the sweet potato callus formation.

Salt stress is one of the abiotic factors that cause significant problems for crops, and it
has been estimated to be responsible for more than 50% of crop losses worldwide. More-
over, its impact is increasing, especially in arid and semi-arid regions or coastal areas, a
phenomenon also due to climate change. In recent years, the application of nanotech-
nologies in agriculture has gained particular attraction since specific nanomaterials can
show stimulatory effects on crops and increase their capacity to cope with environmental
stress. In particular, green synthesized nanoparticles (NPs) can be used as eco-friendly
and cost-effective methods to counteract salt stress, thanks to their potential to exert bios-
timulant effects. The efficacy of zinc oxide nanoparticles (ZnO NPs), synthesized using
Agathosma betulina, to mitigate severe salt stress was investigated in Sorghum bicolor [7]. Salt
negatively affected S. bicolor growth, causing severe deformation on the epidermis and
vascular bundle tissue anatomical structure, while increasing the Na+/K+ ratio, oxidative
stress (ROS and malondialdehyde content), the activity of some antioxidant enzymes and
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the content of proline and soluble sugars. Seed priming with ZnO NPs counteracted the
negative effects of the salt stress, promoting plant growth, allowing plants to recover a
well-organized anatomical structure, decreasing the Na+/K+ ratio and reducing the cellular
oxidative stress.

Since salinity can affect seed germination and the early stages of plant development
that shape the entire life of the crop, the use of biostimulants or plant extracts containing
bioactive compounds is a strategic way to counteract the adversity caused by this stress. In
this vein, a study published in this Special Issue sheds light on the negative effect exerted
by salt stress on wheat in terms of seed germination, plant growth and yield. An interesting
method, proposed by the authors of this research, is the priming of wheat seeds with
Moringa leaf extract [8]. This approach positively influenced the seed development and
germination parameters, seedling growth and nutrient uptake in salt stress conditions. This
effect resulted from the Moringa extract capacity to control and reduce the concentrations
of Na and ROS, stimulating, at the same time, nutrient uptake.

Again, related to salinity stress, the effects of different water table depths and ground-
water salinity levels under irrigated and rainfed conditions were investigated in wheat,
studying some quality parameters (hectoliter weight, fat ratio, starch ratio, protein content,
Zeleny sedimentation, wet gluten content, ash ratio, acid detergent fiber (ADF), and neutral
detergent fiber (NDF)) [9]. Water table depths positively influenced the quality traits of the
above crop, while increased salinity levels resulted in decreases in hectoliter weight, fat
ratio, starch ratio, and NDF values and increases in protein ratio, sedimentation value, wet
gluten content, ash ratio, and ADF values.

The use of a Chaetomorpha antennina aqueous extracts was investigated to decrease the
detrimental effects of salt stress on rice [10]. As a result, the seaweed extract promoted rice
seed germination, plant growth, leaf water, and photosynthetic pigments, while also revers-
ing the negative impact on protein and phenol content, as well as superoxide dismutase
(SOD) activity. Moreover, the extract improved grain protein content and enhanced rice
nutritional profile and marketability.

Biostimulants can be efficiently used also against the detrimental effects of drought
stress. Indigenously isolated Bacillus spp. strains were used in Zea mays L., which had been
subjected to drought stress, in order to promote plant growth characteristics, including min-
eral uptake and phytohormone profile [11]. The obtained results, especially those regarding
biochemical properties, lipid peroxidation and antioxidant responses, suggested that the
amelioration of plant capacity to cope with stress depended on a specific plant–strain inter-
action. Furthermore, oak leaf extract, biofertilizer, and soil containing oak leaf powder were
successfully used to enhance growth and biochemical traits in four tomato genotypes under
water stress [12]. The use of oak leaf powder and the extract is particularly interesting since
they are low-cost substances, simple to use and represent an environmentally sustainable
technique for enhancing tomato resistance to drought. Two methods were evaluated for
assessing Miscanthus (a high-yielding, warm-season C4 grass) tolerance to drought stress:
a dry-down treatment and a system where soil moisture content (SMC) was maintained
at fixed levels using an automatic irrigation system [13]. Since the dry-down treatment
simulates the water-stress conditions in the field, it appears to be the more suitable method
for selecting drought-tolerant genotypes. On the other hand, the SMC can be used to
understand the physiological responses of plants to a certain level of drought stress.

Another highly relevant and complex topic concerns the presence of pollutants in
the environment that, if present in cultivated areas, can also be absorbed in high amounts
by crops. In this context, the effect of nitrate (N) on Al toxicity and accumulation in the
roots of two wheat genotypes, Shengxuan 6 hao (SX6, Al-tolerant genotype) and Zhenmai
168 (ZM168, Al-sensitive genotype), was investigated in a hydroponic experiment with
four treatments (control without N or Al, N, Al, and Al+N, respectively) [14]. The results
showed that N increased the inhibition of root elongation and aluminium accumulation
in roots. The Al-sensitive genotype suffered more serious Al toxicity than its Al-tolerant
counterpart. Histochemical observation clearly showed that Al prefers binding on the root
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apex 7–10 mm zones, and that the Al-sensitive genotype accumulated more Al in these
zones. Compared with other treatments, the Al+N treatment had significantly higher O2

−,
superoxides dismutase (SOD), catalase (CAT), peroxidase (POD) activities, H2O2, Evans
blue uptake, malondialdehyde (MDA), ascorbic acid (AsA), pectin, and hemicellulose
1 (HC1) contents in both genotypes. Under Al+N treatment, O2

− activity, Evans blue
uptake, MDA, and HC1 contents of SX6 were significantly lower than those of ZM168, but
SOD, CAT, and POD activities and AsA content exhibited an opposite trend. Therefore,
aluminum toxicity and accumulation were aggravated in the roots of wheat seedlings by
nitrate.

Climate change can also result in a combination of different abiotic stresses detrimental
to plant growth. Two Brassica species: B. oleracea L. and B. juncea were exposed to different
abiotic stresses: CO2, UV-B, temperature (T), CO2+UV-B, CO2+T, and CO2+UV-B+T [15].
Plant growth and development were significantly decreased by each of these stresses and
their combinations in both species, except in the case of elevated CO2 concentrations. On
the contrary, increasing CO2 concentrations alleviated some deleterious impacts of high
temperature and UV-B stresses.

3. Conclusions

This Special Issue of Agriculture, entitled “Abiotic Stresses, Biostimulants and Plant
Activity”, includes studies conducted on the impact of some abiotic stresses on widely
grown crops and how the use of biostimulants could represent an effective and environ-
mentally friendly means of counteracting the aforementioned adversities. The Academic
Editors of this Special Issue hope that this collection of research articles will significantly
increase knowledge and further stimulate research in this key area for future agriculture,
especially in view of ongoing climate change that will increasingly exacerbate the effects of
abiotic stresses on crops.
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agreed to the published version of the manuscript.
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Abstract: Abiotic stress factors encountered in production lands influence both the yield and the
quality traits of bread wheat. This study investigated the effects of three different water table depths
(30, 55, and 80 cm) and four different groundwater salinity levels (0.38, 2.0, 4.0, and 8.0 dSm−1) on
some quality traits of bread wheat under irrigated and unirrigated conditions. The experiments
were conducted in the 2018 and 2019 growing seasons in randomized blocks—factorial (three factors)
experimental design with three replications under controlled conditions. The hectoliter weight, fat
ratio, starch ratio, protein content, Zeleny sedimentation, wet gluten content, ash ratio, acid detergent
fiber (ADF), and neutral detergent fiber (NDF) values were investigated. The hectoliter weights
varied between 66.1 and 77.8 kg, fat ratios between 1.49% and 1.70%, starch ratios between 61.9% and
67.8%, protein contents between 11.9% and 13.8%, Zeleny sedimentation values between 23.5 and
28.0 mL, wet gluten contents between 25.0% and 28.8%, ash ratios between 1.43% and 1.75%, and
ADF values between 2.85% and 4.12%. The quality traits were positively influenced by increasing the
water table depths. With increasing the groundwater salinity levels, the hectoliter weight, fat ratio,
starch ratio, and NDF values decreased, while the protein ratio, sedimentation value, wet gluten
content, ash ratio, and ADF values increased.

Keywords: bread wheat; water table; salinity; gluten; sedimentation

1. Introduction

Wheat is among the most widely cultivated agricultural crop worldwide. It constitutes
the primary calorie source in human nutrition [1,2]. Annually, 766 million tons of wheat
are produced every year globally, and 19 million tons of wheat are produced in Turkey [3].
Rain-fed farming is practiced in the wheat cultivation of arid and semi-arid regions, and
the yields are decreasing significantly because of insufficient water resources [4].

In the Mediterranean climate zone, producers generally practice one or two sup-
plementary irrigations in a year (except for dry years) in wheat fields using the surface
irrigation method. In these regions, the March and May months coincide with the flower-
ing and milk dough stages of wheat, which are the sensitive growth periods. Insufficient
precipitations in these months may result in serious yield losses [5]. The initiation of
irrigations in arid and semi-arid regions subsequently brought about drainage problems,
and such problems then resulted in the rise of the water table and salinity problems [6].
Global warming is the most challenging environmental problem that humanity should
deal with. Global warming alters the seasonal normal and increases soil salinity through
insufficient precipitations and high evaporations. The water table and salinity control in
these regions are largely dependent on a well arrangement of the water balance.
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Salinity problems could be overcome with a well water balance [7]. Salinity is among
the most significant problems encountered in agricultural fields worldwide. Salinity-
induced yield decreases are experienced in various parts of the world, and salinity ul-
timately terminates agricultural practices. High irrigation water salinity or soil salinity
raises the osmotic pressure of the soil solution, then reduces the water uptake of roots
from the soil and, consequently, decreases the crop yield and quality [8]. Therefore, crop
and soil-based water management strategies should be developed to sustain water and
soil resources.

The wheat yield was decreased by approximately 17% with increasing the irrigation
water salinity from 0.6 to 10 dS/m [9]. Besides the protein content, the wet and dry gluten
content values of the wheat crops were increased with the increasing salinity and drought
stresses [10]. Extreme droughts can cause significant decreases in the protein content, wet
gluten content, and sedimentation volume content of wheat [11].

Several factors designate the wheat quality, and the quality criteria vary significantly
based on the producer, industry, and consumer demands [12,13]. The protein ratio is
the most important quality criterion in wheat [14], and the protein ratios of different
wheat varieties under different environmental conditions vary between 6 and 22% [15]. In
bread wheat, the sedimentation value and wet gluten ratio designate the protein quality.
Therefore, besides the protein ratio, the protein quality also plays a great role in the quality
of bread wheat [16]. The protein ratio and quality may change with the growing conditions
and climate factors [17]. In Turkey, the hectoliter weight of wheat varies between 70 and
84 kg and is mainly dependent on the cultivars and climate conditions. The starch content
of wheat grain constitutes about 65–70% of the grain dry weight [13]. Acid detergent fiber
(ADF) is an indicator of the cellulose, lignin, and insoluble protein contents of the cell wall
and reveals information about the digestibility of the products [18]. Neutral detergent fiber
(NDF) expresses the indigestible substances like cellulose, hemicellulose, lignin, cutine,
and insoluble protein of the cell wall. High NDF values negatively influence the feed
quality [19].

Wheat production, which is one of the most basic foods globally, is severely affected
by drainage and salinity problems. Moreover, the quality parameters are as important as
the yield in wheat.

In the literature, many studies have been carried out on the effects of the water table
depth and salinity on the quality parameters of wheat. However, there is no detailed
study on the combined effects of these stress factors on the quality parameters of wheat.
Therefore, the present study was conducted to investigate the effects of different water
table depths and salinity levels on the quality parameters of bread wheat plants under with
and without irrigation conditions.

2. Materials and Methods

2.1. Experimental Site Description

This study was conducted at the Agricultural Research and Implementation Center
(41◦21′ N and 36◦11′ E, elevation 192 m above sea level), which belongs to the Faculty of
Agricultural, University of Ondokuz Mayıs, Northern Turkey. The experiment was laid out
over a two-year growing season, from December to June 2018 to 2019. The lysimeters were
conducted on a four-sides open land area (120 m2) with a plastic cover above to protect
from precipitation. The daily temperature and relative humidity values were measured
with a datalogger located at the middle of the research area from 2 m above the ground
for two growing seasons. The mean monthly temperature and relative humidity data are
illustrated in Table 1.
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Table 1. The average monthly temperature and relative humidity values in the first and second growing seasons.

November December October February March April May June

Min Temperature (◦C)

2017 to 2018 3.4 2.1 0.5 2.5 0 4.6 7.7 12.3

2018 to 2019 4.5 0.8 −0.2 0.6 0.2 3.2 8.1 15.8

Average Temperature (◦C)

2017 to 2018 9.7 11.8 7.7 9.3 11.6 16.6 19.2 24.4

2018 to 2019 11.6 8.8 8.1 8.1 8.9 12.7 18.2 23.9

Max. Temperature (◦C)

2017 to 2018 16.3 22.3 23.6 25.4 28.4 28.8 34.9 38.4

2018 to 2019 23.7 22.3 21 22 25.9 32.6 30.6 33.7

Average Relative Humidity (%)

2017 to 2018 73.1 64.8 76 80 77 68.2 79.7 66

2018 to 2019 77.5 78.2 70.9 79.8 74.3 78.6 81.7 83.8

The experimental soil was obtained from the top 30-cm layer, and its texture was
loam with 25.3% clay, 31.3% silt, and 43.4% sand. Additionally, its chemical properties
were 2.4% organic matter, 7.1-mg kg−1 phosphorus, 0.33-me 100 g−1 potassium, 7.99 pH,
and 0.27-dSm−1 electrical conductivity. Phosphorous (P) was determined with a UV–
Visible spectrophotometer according to Reference [20]. Potassium was measured using
flame photometers.

2.2. Lysimeter Set-Up

A 5-cm layer of gravel and a 5-cm layer of sand were placed at the bottom of each
lysimeter to provide a continuous water supply from Mariotte bottles to lysimeters. Then,
each lysimeter was filled with 330 kg of soil sieved through a 4-mm sieve, and the soil
in the lysimeter was compacted layer by layer (10 cm) to reach a soil bulk density of
1.297 gr/cm3. Schematic views of the lysimeters used in the present experiment are
presented in Figure 1 [21]. The groundwater depths in the lysimeters were controlled at
the constant levels of 30, 55, and 80 cm from below the soil surface. The groundwater
was checked daily by keeping the water in the Mariotte bottles at a constant level. The
daily amount of water moving into each lysimeter was calculated by water loss from the
Mariotte bottle. The drainage pipe was placed above the groundwater depth into each
lysimeter to drain out excess water automatically.

Figure 1. Schematic view of lysimeter and Mariotte bottle used in the study.
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2.3. Experimental Design and Treatments

The experimental traits were conducted in 72 lysimeters, which were 100 cm deep
with 60-cm inner diameters. The experimental design was an arrangement in a randomized
complete block with an irrigation treatment as the main plot, groundwater depth as the
subplot, and groundwater salinity as the sub-subplot with three replicates. The experi-
mental traits contained two irrigation treatments of I1 (with irrigation) and I2 (without
irrigation) and three groundwater depths of 30 cm, 55 cm, and 80 cm and four groundwater
salinities of 0.38 dSm−1, 2.0 dSm−1, 4.0 dSm−1, and 8.0 dSm−1 (Table 2).

Table 2. Experimental treatments of the irrigation treatments, groundwater depth, and groundwater salinity.

Irrigation Treatments Groundwater Depth (cm) Groundwater Salinity (dSm−1)

I1 (with irrigation) D1 = 30 cm S1 = 0.38 dSm−1

I2 (without irrigation) D2 = 55 cm S2 = 2.0 dSm−1

D3 = 80 cm S3 = 4.0 dSm−1

S4 = 8.0 dSm−1

At the end of the tillering period, the lysimeters were saturated from the bottom
with different water salinities of 0.38, 2.0, 4.0, and 8.0 dSm−1 at up to 30, 55, and 80-cm
groundwater depths for two weeks. The saline waters were prepared with the use of
highly soluble MgSO4 (99% purity), CaCI2 (99% purity), and NaCl (99.5% purity) salts.
The amount of salt to be added to prepare relevant salt concentrations (EC values) was
calculated with the use of QBASIC software to achieve a sodium adsorption ratio (SAR) of
<5 and a Ca/Mg ratio of 1:3.

In both growing years, all lysimeters were supplemented with 10-mm irrigation water
until the end of the tillering period. The first irrigation was applied after establishing the
constant groundwater depths. For this, each lysimeter’s volumetric soil moisture content
above the groundwater depth was measured with a neutron scattering method (CPN
503 Dr Hydro probe). The polyvinyl chloride (PVC) pipes used for the neutron meter
measurements were placed in the middle of the lysimeters. Under S1 (with irrigation)
conditions, the soil moisture content of each lysimeter was measured, and irrigation water
was applied to bring the available soil moisture to field capacity. However, under I2
(without irrigation) conditions, the soil moisture content of each lysimeter was measured,
but irrigation water was not applied from the end of the tillering period to harvesting.

After the first irrigation, the volumetric soil moisture content above the groundwater
depth in all the lysimeters was monitored every seven days. When 50% of the available
soil water above the groundwater depth was depleted, irrigation water was added to fill
up to field capacity in the I1 treatments.

2.4. Crop Management

A Pandas wheat cultivar was used as the seed material of the study. In the first year,
wheat seeds were sown on 11 November 2017, and at 14 November 2018 in the second
year, to have a sowing density of 500 seeds per m2. Fertilization was applied according to
the soil analysis. With this aim, 100-kg ha−1 pure nitrogen (N) and 60-kg ha−1 P2O5 were
applied to each lysimeter. All phosphorus was applied in diammonium phosphate form
prior to sowing. Additionality, nitrogen was applied in the form of urea (46% N) at two
different times; half of the nitrogen was applied at sowing, and the other half was applied
just before the bolting period. Weed control was practiced manually. Wheat crops from
each lysimeter were harvested at full maturity on 8 June 2018 and 19 June 2019.

2.5. Grain Quality Parameters

The quality indicators included the hectoliter weight (kg), ash content (%), fat content
(%), protein content (%), Zeleny sedimentation (mL), and wet gluten values (%). These
parameters were determined following Reference [22]. The acid detergent fiber (ADF) (%)
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and neutral detergent fiber (NDF) contents (%) were determined according to Reference [23]
and the starch ratio was determined with the use of the Ewers Polarimetric method [24].

2.6. Data Analysis

Firstly, all data were subjected to the homogeneity test, and they were shown normal
distribution. The experimental data were subjected to a variance analysis using JMP
statistical software (SAS Institute, Cary, NC, USA) [25]. All treatment means were compared
using Tukey’s test. Biplot and Pearson correlation analyses were conducted to assess the
relations among the investigated parameters.

3. Results

The variance analysis results of the effects of the irrigation level, groundwater depth,
salinity, year, and their interactions on the quality parameters of wheat are given in Table 3.

Table 3. Variance analysis table of the analyzed parameters *.

VS. DF
Average of Squares

HW SC PC ZSV WG FC AC ADF NDF

Year 1 534.15 ** 179.23 ** 292.75 ** 4289.27 ** 4112.02 ** 0.38 ** 0.043 ** 1.41 ** 10.79 **
Irrigation 1 147.42 ** 0.09 0.20 22.18 ** 6.18 ** 0.01 0.054 ** 0.84 ** 0.05
D 2 222.73 ** 14.51 ** 6.36 ** 39.40 ** 18.40 ** 0.16 ** 0.071 ** 1.57 ** 3.86 **
S 3 196.38 ** 34.05** 7.18 ** 32.29 ** 22.41 ** 0.07 * 0.304 ** 4.25 ** 2.70 **
Block 4 0.09 0.27 0.14 0.04 0.08 0.03 0.002 0.01 0.02
Y×I. Int. 1 6.63 * 4.87 ** 0.23 6.17 ** 0.10 0.09 * 0.001 0.01 1.70 **
Y×D. Int 2 14.63 ** 44.04 ** 0.47 * 0.61 ** 0.30 * 0.23 ** 0.001 0.01 0.68 **
Y×S. Int. 3 0.09 1.39 ** 0.30 * 5.01 ** 1.45 ** 0.002 0.003 * 0.03 ** 0.18 **
D×I. Int. 2 14.29 ** 8.77 ** 1.13 ** 13.53 ** 0.07 0.04 0.002 0.18 ** 0.27 **
S×I Int. 3 0.25 0.30 0.06 1.01 ** 1.08 ** 0.01 0.001 0.21 ** 0.04 *
S×D Int. 6 3.41 ** 0.38 0.10 0.61 ** 0.13 0.01 0.002 * 0.02 * 0.03
Y×I×D Int. 2 2.80 5.46 ** 0.10 1.21 ** 0.25 0.02 0.001 0.01 0.53 **
Y×I×S Int. 3 0.10 2.19 ** 0.11 0.32 ** 0.42 ** 0.02 0.001 0.01 0.02
Y×D×S Int. 6 3.70 ** 1.41 ** 0.07 0.60 ** 0.13 0.02 0.001 0.01 0.04 *
S×D×I nt. 6 0.58 0.75 ** 0.03 0.32 ** 0.17 0.01 0.0002 0.04 ** 0.15 **
Y×I×D×S
Int.

6 0.85 0.82 ** 0.10 0.14 ** 0.09 0.01 0.0003 0.01 0.14 **

Error 92 0.99 0.19 0.11 0.07 0.10 0.02 0.0009 0.01 0.01

% CV 1.37 6.81 2.58 1.03 1.19 8.73 1.87 2.07 6.50

* The p < 0.05 and ** p < 0.01 levels are significant. HW = Hectoliter weight (kg), FC: Fat Content (%), NC: Starch Content (%), PC: Protein
Content (%), ZSV: Zeleny Sedimentation Value (mL), WG: Wet gluten (%), AC: Ash Content (%), ADF: Acid Detergent Insoluble Fiber
(%), NDF: Neutral Detergent Insoluble Fiber (%), DF: Degree of Freedom, Y: Year, I: Irrigation, D: Depth of Ground Water, and S: Ground
Water Salinity.

3.1. Hectoliter Weight

The hectoliter weights at different water table depths were significantly different
(p ≤ 0.01) (Table 3). The highest hectoliter weight (73.9 kg) was obtained from the D3 level,
followed, respectively, by the D2 (73.3 kg) and D1 (69.9 kg) levels (Table 4). Significant
differences were also observed in the hectoliter weights at different groundwater salinity
levels (p ≤ 0.01). The greatest hectoliter weight (75.2 kg) was obtained from the S1 level,
followed, respectively, by the S2 (73.1 kg), S3 (71.5 kg), and S4 (69.7 kg) levels. In terms
of the irrigation treatments, the greatest hectoliter weight (73.4 kg) was obtained from
the I1 treatment and the lowest (71.4 kg) from the I2 treatment. The differences in the
hectoliter weights of the irrigation treatments were found to be significant (p ≤ 0.01). In
terms of the salinity x water table depth interactions (S × D), the greatest hectoliter weight
(76.2 kg) was obtained from the S1 × D3 combination and the lowest (66.9 kg) from the
S4 × D1 combination (Table 5). In terms of the D × I interactions, the highest hectoliter
weight (75.6 kg) was obtained from the D3 x I1 combination and the lowest (69.3 kg) from
the D1 × I2 combination (Table 5). In the present study, the greatest hectoliter weight
(77.8 kg) was obtained from the S1 × D3 × I1 combination and the lowest (66.1 kg) from
the S4 × D1 × I2 combination (Table 6).
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Table 4. The mean of the two years for the effects of the four salinity levels, three water table depths, and two irrigation
levels on the wheat parameters *.

Source of Variance HW SC PC ZSV WG FC AC ADF NDF

Salinity (S)

S1 75.2 a 65.1 a 12.3 d 24.8 d 25.8 d 1.64 a 1.49 d 3.04 d 15.7 a
S2 73.1 b 64.3 b 12.7 c 25.4 c 26.2 c 1.62 a 1.57 c 3.33 c 15.5 b
S3 71.5 c 63.6 c 13.1 b 26.3 b 26.9 b 1.63 a 1.65 b 3.59 b 15.3 c
S4 69.7 d 62.8 d 13.4 a 26.9 a 27.6 a 1.59 b 1.73 a 3.85 a 15.1 d

Water table depth (D)

D1 69.9 c 63.3 b 12.5 c 25.2 c 26.0 c 1.56 B 1.57 c 3.27 c 15.7 a
D2 73.3 b 64.3 a 12.9 b 25.5 b 26.7 b 1.67 A 1.60 b 3.45 b 15.3 b
D3 73.9 a 64.3 a 13.2 a 26.9 a 27.2 a 1.63 A 1.65 a 3.63 a 15.1 c

Irrigation (I)

I1 73.4 63.9 12.9 26.2 a 26.8 a 1.61 1.62 3.37 15.3
I2 71.4 64.0 12.8 25.4 b 26.4 b 1.62 1.58 3.53 15.4

* There is no difference in the significance level of 0.01 between the averages shown with the same letter in each column. HW = Hectoliter
weight (kg), FC: Fat Content (%), SC: Starch Content (%), PC: Protein Content (%), ZSV: Zeleny Sedimentation Value (mL), WG: Wet gluten
(%), AC: Ash Content (%), ADF: Acid Detergent Fiber (%), and NDF: Neutral Detergent Fiber (%).

Table 5. The mean of the two years for the interaction effects of the salinity level × water table depth, salinity × irrigation,
and water table depth × irrigation on the wheat parameters *.

Source of Variance HW PC ZSV WG AC ADF NDF

Salinity (S) × Water Table Depth (D)

S1 × D1 73.5 bc 11.9 23.9 g 25.2 1.45 g 2.91 h 16.0
S2 × D1 70.1 fg 12.3 24.5 f 25.6 1.53 ef 3.15 g 15.8
S3 × D1 69.1 g 12.8 25.9 d 26.3 1.63 d 3.40 e 15.6
S4 × D1 66.9 h 13.1 26.3 c 26.8 1.66 cd 3.63 d 15.3
S1 × D2 75.8 a 12.4 24.5 f 25.9 1.49 fg 3.00 h 15.6
S2 × D2 74.3 bc 12.8 25.2 e 26.2 1.56 e 3.30 f 15.5
S3 × D2 72.2 de 13.1 25.8 d 26.9 1.64 cd 3.63 d 15.3
S4 × D2 70.8 f 13.3 26.4 c 27.7 1.71 ab 3.87 b 15.1
S1 × D3 76.2 a 12.8 25.8 d 26.5 1.54 e 3.22 fg 15.5
S2 × D3 74.9 ab 13.1 26.5 c 26.6 1.62 d 3.55 d 15.2
S3 × D3 73.3 cd 13.4 27.3 b 27.5 1.68 bc 3.74 c 14.9
S4 × D3 71.4 ef 13.7 27.9 a 28.3 1.73 a 4.03 a 14.7

Salinity (S) × Irrigation (I)

S1 × I1 76.2 12.3 24.9 e 26.0 de 1.51 3.03 e 15.7 a
S2 × I1 74.0 12.8 25.8 d 26.2 d 1.59 3.31 d 15.4 b
S3 × I1 72.6 13.2 26.8 b 27.1 b 1.67 3.49 bc 15.3 c
S4 × I1 70.8 13.4 27.4 a 28.1 a 1.72 3.67 b 15.0 d
S1 × I2 74.2 12.3 24.6 f 25.7 e 1.47 3.05 e 15.7 a
S2 × I2 72.2 12.7 25.0 e 26.1 d 1.55 3.35 d 15.5 b
S3 × I2 70.5 13.0 25.8 d 26.7 c 1.63 3.68 b 15.2 c
S4 × I2 68.6 13.3 26.3 c 27.1 b 1.68 4.02 a 15.1 d

Water Table Depth (D) × Irrigation (I)

D1 × I1 70.5 d 12.7 d 25.7 d 26.2 1.58 3.14 d 15.7 a
D1 × I2 69.3 e 12.4 e 24.6 e 25.8 1.55 3.40 c 15.6 b
D2 × I1 74.1 b 13.0 bc 26.3 c 26.9 1.62 3.36 c 15.3 d
D2 × I2 72.4 c 12.8 cd 24.6 e 26.4 1.57 3.53 b 15.4 c
D3 × I1 75.6 a 13.1 ab 26.7 b 27.4 1.67 3.62 a 15.0 f
D3 × I2 72.3 c 13.4 a 27.0 a 27.0 1.62 3.64 a 15.2 e

* There is no difference in the significance level of 0.01 between the averages shown with the same letter in each column. HW = Hectoliter
weight (kg), PC: Protein Content (%), ZSV: Zeleny Sedimentation Value (mL), WG: Wet gluten (%), AC: Ash Content (%), ADF: Acid
Detergent Insoluble Fiber (%), and NDF: Neutral Detergent Insoluble Fiber (%).
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Table 6. The mean of the two years for the interaction effects of the salinity level × water table depth
× irrigation on the wheat parameters *.

Source of Variance SC ZSV ADF NDF

Salinity (S) × Water Table Depth (D) × Irrigation (I)

S1 × D1 × I1 64.5 bc 24.3 de 2.85 f 16.2 a
S2 × D1 × I1 63.8 c 25.0 d 3.13 de 15.9 ab
S3 × D1 × I1 62.9 d 26.4 bc 3.25 d 15.6 ab
S4 × D1 × I1 61.9 e 27.0 b 3.31 cd 15.2 bc
S1 × D2 × I1 65.2 b 24.9 d 2.94 ef 15.5 ab
S2 × D2 × I1 64.5 bc 26.0 c 3.24 d 15.4 b
S3 × D2 × I1 63.0 d 26.8 b 3.53 c 15.3 bc
S4 × D2 × I1 63.0 d 27.6 ab 3.74 b 15.0 c
S1 × D3 × I1 65.5 b 25.5 c 3.29 cd 15.4 b
S2 × D3 × I1 64.8 bc 26.3 bc 3.57 bc 15.1 bc
S3 × D3 × I1 64.5 bc 27.0 b 3.69 bc 14.9 c
S4 × D3 × I1 64.1 c 27.8 a 3.94 ab 14.7 c
S1 × D1 × I2 67.8 a 23.5 e 2.96 ef 15.8 ab
S2 × D1 × I2 63.5 cd 24.0 e 3.17 d 15.6 ab
S3 × D1 × I2 62.9 d 25.4 cd 3.54 c 15.5 ab
S4 × D1 × I2 62.3 dd 25.7 c 3.95 ab 15.4 b
S1 × D2 × I2 65.7 b 24.2 de 3.06 e 15.7 ab
S2 × D2 × I2 65.0 b 24.4 de 3.35 cd 15.5 ab
S3 × D2 × I2 64.6 bc 24.7 d 3.73 b 15.3 bc
S4 × D2 × I2 63.4 cd 25.3 cd 3.99 ab 15.1 bc
S1 × D3 × I2 65.0 b 26.1 bc 3.14 de 15.6 ab
S2 × D3 × I2 64.2 bc 26.7 b 3.52 c 15.4 b
S3 × D3 × I2 63.8 c 27.5 ab 3.78 b 14.9 c
S4 × D3 × I2 62.6 d 28.0 a 4.12 a 14.7 c

* There is no difference in the significance level of 0.01 between the averages shown with the same letter in each
column. SC: Starch Content (%), ZSV: Zeleny Sedimentation Value (mL), ADF: Acid Detergent Insoluble Fiber
(%), and NDF: Neutral Detergent Insoluble Fiber (%).

3.2. Starch Ratio and Protein Content

For the starch ratios, the water table depths and groundwater salinity levels were
found to be highly significant (p ≤ 0.01). The effects of the irrigation treatments on the
starch ratios were not found to be significant (Table 3). In terms of the water table depths,
the greatest starch content (64.3%) was obtained from the D3 and D2 levels and the lowest
(63.3%) from the D1 level (Table 4). Groundwater salinity negatively influenced the starch
ratios. The greatest starch content (65.1%) was obtained from the S1 level and the lowest
(62.8%) from the S4 level.

The protein contents of wheat were considerably affected by the water table depths
and salinity (Table 3). In terms of the water table depths, the protein ratios varied between
12.5% (D1) and 13.2% (D3) (Table 4). Decreasing protein ratios were observed with the
rising water table levels. In terms of the groundwater salinity levels, the greatest protein
ratio was obtained from the S4 (13.4%) salinity level and the lowest from the S1 (12.3%)
salinity level. The effects of the irrigation treatments on the protein ratios were not found
to be significant. In terms of the D × I interactions, the greatest protein ratio (13.1%)
was obtained from the D3 x I1 combination and the lowest from the D1 × I2 combination
(Table 5).

3.3. Zeleny Sedimentation Value, Wet Gluten, and Fat Content

Significant differences were observed in the Zeleny sedimentation values at the differ-
ent irrigation, water table depth, and groundwater salinity treatments (p ≤ 0.01) (Table 3).
The sedimentation value was measured as 26.2 mL in the irrigated treatments (I1) and as
25.4 mL in the non-irrigated treatments (I2) (Table 4). In terms of the water table depths, the
greatest sedimentation value (26.9 mL) was obtained from the D3 treatment, respectively,
followed by the D2 (25.5 mL) and D1 (25.2 mL) treatments. In terms of the groundwater
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salinity, the greatest sedimentation value (26.9 mL) was obtained from the S4 salinity level
and the lowest (24.8 mL) from the S1 salinity level. Increasing sedimentation values were
observed with the increasing groundwater salinity levels. In terms of the S × D interactions,
the greatest sedimentation value (27.9 mL) was obtained from the S4 × D3 combination
and the lowest (23.9 mL) from the S1 × D1 combination (Table 5). In terms of the D × I
interactions, the greatest sedimentation value was obtained from the D3 × I1 combina-
tion. The greatest sedimentation value was obtained from the S4 × D3 × I2 combination
(Table 6).

For the wet gluten contents, the experimental treatments were significant (p ≤ 0.01)
(Table 3). In terms of the salinity levels, the greatest wet gluten content (27.6%) was obtained
from the S4 level, respectively, followed by the S3 (26.9%), S2 (26.2%), and S1 (25.8%) salinity
levels (Table 4). Increasing gluten contents were observed with the increasing salinity levels.
The wet gluten contents decreased with the decreasing water tables (respectively, D3, D2,
and D1). The wet gluten content was measured as 26.8% in the irrigated treatments (I1) and
26.4% in the non-irrigated treatments (I2). In terms of the salinity × irrigation interactions,
the greatest wet gluten content (28.1%) was obtained from the S4 × I1 combination and the
lowest (25.7%) from the S1 × I2 combination (Table 5).

The water table depth and salinity had significant effects on the fat content, while the
effects of the irrigation treatments on the fat content were not significant. Salinity decreased
the fat content by 1.22%, 0.61%, and 3.05% in the S2, S3, and S4 treatments, respectively,
compared to the S1 treatment. The highest plant fat content value (1.67) was determined in
D2, while the lowest (1.56 cm) was observed from the D1 treatment.

3.4. Ash Content, Acid Detergent Fiber, and Neutral Detergent Fiber

There were significant differences in the ash contents at the different irrigation, water
table depth, and salinity treatments (Table 3). The ash contents increased with the increasing
water table depths (D1, D2, and D3, respectively, with 1.57, 1.60, and 1.65%) (Table 4). The
ash contents also increased with the increasing salinity levels (S1, S2, S3, and S4, respectively,
with 1.49, 1.57, 1.65, and 1.73%). The ash content was measured as 1.62% in the irrigated
plots (I1) and as 1.58 in the non-irrigated plots (I2) (Table 5).

There were highly significant differences in the acid detergent fiber (ADF) and neutral
detergent fiber (NDF) values of the experimental treatments (p ≤ 0.01) (Table 3). In terms
of the salinity levels, the greatest ADF and NDF (1.73 and 3.85%, respectively) values were
obtained from the S4 salinity level. In terms of the water table depth, the lowest ADF and
NDF (1.57 and 3.27%, respectively) values were obtained from the D1 level (Table 4).

3.5. Biplot Analysis

A biplot analysis allows researchers to visually assess the relationships between
the experimental treatments and investigated parameters and offers some advantages
over the correlation analysis revealing relationships only between two traits [26]. The
classification of the investigated traits based on the experimental treatments and changes in
the investigated parameters of the experimental treatments are presented in Figure 2. In the
biplot analysis, two principal components explained 77.0% of the total variation (PC1 57.1%
and PC2 19.9%) (Figure 1). As shown in the biplot graph, the hectoliter weight, wet gluten,
sedimentation, and protein ratio were positioned in the upper-right section of the graph.
Since the vector angles of these traits were less than 90◦, there were significant positive
relationships between these parameters. There were significant positive relationships
between the NDF and starch ratios. The starch content, NDF values, S1 and S2 salinity
levels, and D1 and D2 water table levels were placed in the upper-left section of the graph.
Therefore, it was thought that the S1, S2, D1, and D2 treatments were prominent for starch
and NDF. There was a significant positive relationship between the ash content and ADF.
The ash content, ADF, S3 and S4 salinity levels, and D3 water table level were placed into
the lower-right section of the biplot graph. According to this result, there was a significant
positive relationship between the ash content and ADF. The fat content was placed into the
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lower-left section of the graph. Approaching the center of the graph, the D2, S2, I1, and I2
treatments were prominent for more than one trait (Figure 2).

Figure 2. Categorization of the examined features by the biplot analysis method and the relationships
of the traits examined.

3.6. Correlation Analysis

The correlations between the investigated parameters are depicted in Table 7. The
hectoliter weight had significant positive correlations with the protein ratio, Zeleny sedi-
mentation and wet gluten content. Additionally, the protein ratio was positively correlated
with the Zeleny sedimentation, wet gluten, ash content, and ADF values while negatively
associated with the fat content, starch ratio, and NDF values. The wet gluten content had
significant positive correlations with the ash ratio and ADF values and significant negative
correlations with the oil ratio, starch ratio, and NDF value.

Table 7. Correlation coefficients between the features and significance levels*.

HW PC ZSV WGC ASH FC SC ADF

PC 0.44 **
ZSV 0.50 ** 0.98 **
WGC 0.52 ** 0.96 ** 0.99 **
ASH −0.17 0.48 ** 0.38 ** 0.34 *
FC −0.06 −0.42 ** −0.46 ** −0.45 ** −0.18
SC 0.01 −0.65 ** −0.67 ** −0.65 ** −0.49 ** 0.78 **

ADF −0.18 0.51 ** 0.40 ** 0.39 ** 0.86 ** −0.12 −0.46 **
NDF −0.27 −0.72 ** −0.67 ** −0.66 ** −0.69 ** 0.24 0.49 ** −0.71 **

* The p < 0.05 and ** p < 0.01 levels are significant. HW = Hectoliter Weight (kg), PC = Protein Content (%), ZSV =Zeleny Sedimentation
Value (mL), WGC = Wet Gluten Content (%), ASH = Ash (%), FC = Fat Content (%), SC = Starch Content (%), ADF = Acid Detergent
Insoluble Fiber (%), and NDF = Neutral Detergent Insoluble Fiber (%).
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4. Discussion

The present study found that the hectoliter weights were affected by the abiotic stress
factors and decreased with the increasing stress conditions. Salinity, drought, waterlogging,
and other abiotic stresses adversely affect the biochemical and physiological processes in
plants and cause deterioration of the grain quality [21]. The change in the grain quality
varies according to the amount of stress. As a result of the accumulation of salts in the root
zone of the plant, the water and mineral intakes of the plants decrease, and this causes the
grain quality to deteriorate. The hectoliter weight is an important physical quality criterion
designating, especially, the flour yield. The hectoliter weights were negatively influenced
as the water table depths approached the soil surface and decreased with the increasing
groundwater salinity levels. Wheat plants had greater hectoliter weights under irrigated
conditions than under non-irrigated conditions. It was reported in previous studies that
hectoliter weights were mostly influenced by cultural practices and biotic and abiotic
stressors [13,27–29]. The hectoliter weights of bread wheat cultivars change between 77.90
and 79.86 kg [30].

The starch and protein contents have significant effects on the bread quality. In our
study, the starch content values of the grain quality were considerably affected by the
groundwater depths and salinities. Previous researchers indicated that the starch contents
greatly varied with the growing conditions [13,31]. The starch contents were increased with
the increasing water table depths (1.0, 1.4, 1.8, 2.2, 2.6, and 3.0 m), and also, researchers
reported that the starch contents varied between 70.2 and 77.8% in the first year and
between 71.2 and 77.2% in the second year [32]. Especially in bread wheat, the protein
quantity and quality are among the most important quality traits [14,33]. The protein
content of bread wheat should be ≥11% [30]. Differences in the grain protein contents
were mostly attributed to climate factors and cultural practices [34–36]. The protein ratios
decrease with the increasing abiotic salt concentrations [37–39]. It was reported that the
protein ratios increased with the increasing water table depths [32] and salinity [40].

The bread volume increases with the increasing sedimentation values; thus, bread
wheat is desired to have high sedimentation values [41]. Different groundwater depths
and salinities under with or without irrigation conditions considerably influenced the
sedimentation values. According to this result, the sedimentation values were increased
with the increasing groundwater depths and salinities. Additionally, the I1 (with irrigation)
conditions had a higher sedimentation value in comparison to the I2 conditions. This
situation could be attributed to the salt accumulation and soil moisture variations in
the root zone according to the different groundwater depths, salinities, and irrigation
conditions. Previous researchers also indicated that the sedimentation values varied with
the environmental conditions and cultivars [13,35].

Wet gluten is the most important quality characteristic of bread wheat and refers to
the bread quality of wheat. [13]. In our study, the gluten content values increased with
the increasing salinity and depth levels of the groundwater. Additionally, the influence
of the I1 condition was greater than the I2 condition on wet gluten. The gluten protein
gives rising and elasticity attributes to wheat flour [42]. Increased gluten contents were
reported with the increasing irrigation water and soil salinity levels [43–45]. The ash
content in wheat is closely related to the flour yield, and the climatic factors can change the
ash content. Increasing abiotic stress conditions such as salinity and drought increase the
ash contents [46]. The ash contents of wheat species may vary with the climate and soil
conditions [16,42].

Significant variations were reported in the quality traits of wheat farming practiced
under abiotic stress factors induced especially by high temperatures and insufficient precip-
itation [13]. There were positive correlations between the ash content and ADF values and
highly significant negative correlations between the starch ratio and NDF values. Previous
researchers indicated that the ADF and NDF values of bread wheat genotypes generally
varied with the genotypes and environmental conditions [28,47]. There were highly signifi-
cant positive correlations between the fat ratio and starch ratio. Similar correlations were
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also reported in previous studies [7,10,29,30]. There were significant negative correlations
between the ADF and NDF values.

5. Conclusions

The initiation of irrigations in bread wheat farming fields, unconscious irrigations,
and excessive fertilizations generated both drainage and salinity problems in these fields.
Such problems reduced not only the yields but, also, some quality attributes of bread
wheat. In the present study, the water table depth and groundwater salinity levels had
highly significant correlations with the irrigation treatments. The investigated quality
parameters were positively influenced by increasing the water table depths from 30 cm to
80 cm. The greatest values for the quality traits were obtained from the 80-cm (D3) water
table depth treatments. With the increasing groundwater salinity levels from the S1 to S4
levels, the NDF, hectoliter weight, fat ratio, and starch ratios decreased and the protein ratio,
sedimentation value, wet gluten content, ash ratio, and ADF values increased. In bread
wheat, the protein ratio, sedimentation, and wet gluten contents are important quality traits
for the milling industry. Increasing the salinity levels positively influenced these traits.
Groundwater salinity may increase the accumulation of salts in the soil and can generate
persistent damages in the soil structure. However, the present findings revealed the better
quality of bread wheat cultivated in saline lands. Bread wheat cultivation is recommended
to be done in places with deep water table levels and irrigation opportunities.
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Akay), Z.M., H.A. (Hakan Arslan), Ö.D.E.K., E.Ö. and M.S.K.; visualization, M.S.K. and H.A. (Hasan
Akay); supervision, H.A. (Hasan Akay), H.A. (Hakan Arslan), Z.M. and İ.S.; project administration,
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Abstract: Salinity is the major constraint that decreases the yield and production of crops. Wheat has
a significant value in agricultural food commodities. The germination and growth of wheat seedlings
are a big challenge in salt-affected soils. The seed priming technique is used to mitigate salt stress
and enhance the germination and growth of the crops. Therefore, the current study was conducted to
evaluate the hydropriming of natural plant extract (moringa leaf extract) and water on wheat seeds
and grown under different saline (0, 0.05, 0.1, 0.15, and 0.2 M NaCl) environments. The germination
attributes (germination percentage, germination index, mean germination day, coefficient of variance,
vigor index) and seedling growth (fresh weight, dry weight, root length, shoot length) were enhanced
in the plants primed by moringa leaf extract. The germination percentage was observed 10% more
at 0.2 M NaCl stress in seeds treated with moringa leaf extract than seeds treated with water. The
nutrient (K, Ca, Mg, P, S, Fe, B, Mn, Zn, Cu) uptake was also observed more in the shoots and roots
of wheat seedlings soaked in moringa leaf extract as compared to soaked in water. Controlled plants
showed higher concentrations of toxic ions (Na) and reactive oxygen species (H2O2) in shoots and
roots of wheat seedlings. The use of moringa leaf extract for priming wheat seeds will enhance their
germination and growth by maintaining efficient nutrient uptake and restricting the toxic ions and
reactive oxygen species accumulation.

Keywords: abiotic stress; germination; plant growth; reactive oxygen species; toxic ions

1. Introduction

In arid and semiarid environments, due to climate change, abiotic stresses are a major
threat to plants, specifically commercial crops. Among different abiotic stresses, salinity
is one of the major factors that affect plant health and its production [1]. Wheat is one
of the main food security crops in many countries around the world, including Qatar.
However, Qatar depends mainly on imports to meet the domestic demand for wheat.
Qatar’s wheat production is deficient, and the productivity of the improved local bread
wheat cultivar, Doha-88, is estimated at 2 tons/ha [2]. This low productivity is mainly
due to the lack of well-adapted wheat varieties and suitable production technologies.
Sustainable wheat production in Qatar can be obtained after developing new cultivars and
advanced production technology. In Qatar, groundwater is the primary source of water
irrigation that contains a significant amount of salt. Therefore, salt is accumulated in the
surface layer of soil because of over-irrigation [3]. Moreover, the little rainfall and high rate
of evaporation lead to salinity-related problems in these environments. When the seeds are
exposed to abiotic stresses, crop germination capability and seed vigor are significantly
affected, which further affects the crop growth, development, and yield [4].

To increase seed germination, different mechanisms have been analyzed by different
scientists, and seed priming is most applicable among them [5–7]. Among different seed
priming techniques, hydropriming is one of the most used techniques. Hydropriming
allows the seeds to swiftly attain a sufficient amount of water and constant oxygen, which
enhances germination by overcoming germination barriers specifically under unfavorable
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conditions, i.e., salinity, drought, etc. [7]. In hydropriming, different priming agents were
used (i.e., salicylic acid, gibberellic acid, etc.), but the extract of leaves of many plants is
found to be cheaper and more useful.

Moringa (Moringa oleifera) is well known as a miracle tree. It has been reported that
moringa leaf extract has antioxidant properties [8]. In addition, the moringa leaf is also rich
in many plant growth promoters such as cytokinin and zeatin [9,10]. Zeatin stimulates cell
division and cell elongation. It boasts several enzymes’ antioxidant properties and protects
the plants’ cells from the aging effects of the reactive oxygen species [11,12]. Therefore, the
current study was aimed to investigate the potential effect of hydropriming on wheat seeds
in moringa leaf extract and their responses on seed germination, growth, and nutrient
uptake in leaves and roots of wheat seedlings under different salt (NaCl) stress conditions.

2. Material and Methods

2.1. Moringa Leaf Extract Preparation

Moringa leaves were collected from the Qatar University Agriculture Research Station
located 60 km north of the State of Qatar in Rawdat Al-Faras. Fresh moringa leaves were
collected, washed three times with distilled water, and dried in the air-dried oven at 45 ◦C
for the next 48 h. The dried leaves were cut into small pieces before being ground into a
fine powder. About 10 g of dried leaves powder was soaked into 50 mL polypropylene
conical centrifuge tubes (Falcon 50 mL, Fisher Scientific, Pittsburgh, PA, USA) with distilled
water and shacked for the next 48 h at lab conditions. The solution was centrifuged (SL 8
Benchtop Centrifuge, Thermo Fisher, Loughborough, UK) at 5000 rpm for 30 min. After
that, the supernatant was filtered using a vacuum filter unit (1000 mL Buchner apparatus).
The extract brownish and dark color solution was stored in the fridge at 4 ◦C until required.

2.2. Seed Germination and Seedling Growth

Sodium chloride (ACS reagent > 99%, Merck, Kenilworth, NJ, U.S.) was used to
prepare saline solutions in distilled water. Five treatments, i.e., 0 M, 0.05 M, 0.1 M, 0.15 M
and 0.2 M of NaCl were examined. Wheat seeds of Triticum aestivum (Cultivar Norin-61)
were obtained from Tottori University-Japan. The healthy seeds with uniform size were
sterilized with 20% (v/v) sodium hypochlorite for two min before washing three times with
double distilled water. The wheat seeds were soaked in moringa leaf extract and water for
8 h and then placed in Petri dishes to germinate. A completely randomized design (CRD)
with three replication was applied for this study.

The germination test was performed using Petri dishes (150 × 15 mm, Falcon) lined
with Whatman filter paper No. 1 in a controlled growth chamber (day/night cycle of 16/8 h
and R-humidity 50–60% at 25 ± 2 ◦C) for seven days. Twenty seeds were distributed on
each dish with 30 mL of saline dilution treatments with three replicates. After maximum
elongation, the germination parameters (germination percentage (GP), germination index
(GI), mean germination rate (MGR), coefficient of variation (Cvi), and vigor index (VI))
were calculated according to the work of [13].

2.3. Determination of Growth

Seedling growth under different salt and moringa extract treatments was assessed in
terms of roots length and shoots in addition to fresh and dry weights. Seedlings were selected
randomly from control and treated samples, divided into root and shoot before measuring the
fresh weight and length. The length of seedlings was determined using a Digimizer software
version 5.4.7 in mm. For estimation of dry weight, seedlings were freeze-dried (SP VirTis
AdVantage Pro, Stone Ridge, NY, USA) for 48 h. The weight of samples was determined by
analytical balance (AS 220.R2 PLUS, RADWAG, Radom, Poland).

2.4. Determination of Macro and Micronutrients

To prepare seedlings for nutrients and metal analysis, seedlings were washed three
times with distilled water, and then samples were freeze-dried. Approximately 0.15 g of
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dried samples were weighed and digested with 5 mL HNO3 and 2 mL H2O2 at 135 ◦C using
a hot block for 2 h to determine the macronutrients; Ca, Mg, K, P, S, and micronutrients;
B, Cu, Fe, Mn, Zn, and Na, in addition to Hg, a definite amount. The volume of digested
sample was maintained up to 25 mL with deionized water. The elements were measured
by inductively coupled plasma-optical emission spectroscopy (OPTIMA-5300DV, Perkin
Elmar, Waltham, MA, USA), and contents of Hg were determined by cold vapor atomic
absorption spectroscopy (AULA-254 Gold, Mercury Instruments, Karlsfeld, Germany).

2.5. Determination of Oxidative Stress Indices; Hydrogen Peroxide

According to Velikova et al. (2000), Hydrogen peroxide (H2O2) content was estimated
in control and treated seedling samples [14]. Approximately 0.15 g of fresh tissue was
homogenized in an ice bath with 2 mL 0.1% (w/v) trichloroacetic acid (TCA) before cen-
trifugation at 12,000× g for 20 min at 4 ◦C. A total of 0.5 mL of the supernatant was added
to 0.5 mL 10 mM potassium phosphate buffer (pH 7.0) and 1 mL 1 M KI. The absorbance of
the reaction mixture was read at 390 nm using UV-VIS spectrometry. Hydrogen peroxide
concentration was calculated by using a standard curve prepared with H2O2 [14,15].

2.6. Statistical Analysis

Data were examined for normality and homogeneity before starting the statistical
analysis. One-way analysis of variance (ANOVA) followed by Tukey test to examine the
significant differences between control and other treatments at 0.05 level. Linear regression
was performed on excel. Principal component analysis (PCA) was constructed on SPSS by
using a correlation matrix.

3. Results

3.1. Germination

Germination percentage (GP), germination index (GI), mean of the germination rate
(MGR), coefficient of variation (CVt), and vigor index (VI) were decreased gradually
through treatments in both soaking methods (MLE and water). Compared to the control,
germination parameters (GP) (GI), (MGR), (CVt), and (VI) were dropped with a percentage
difference 37%, 63%, 32%, 1%, and 93%, respectively, at 0.2 M NaCl under the effect of
moringa soaking. While under the effect of water soaking, germination parameters were
dropped more than the moringa soaking method. It was reduced up to 52%, 69%, 17%,
42%, and 97%, in (GP) (GI), (MGR), (CVt), and (VI) respectively, at 0.2 M NaCl (Table 1).
Significant differences (p < 0.05) between treatments in GP, GI, VI, fresh weight, dry weight,
root length, and shoot length under both soaking methods according to the Tukey test.

Table 1. Effect of salinity stress (NaCl) on the germination of wheat primed with moringa leaf extract (MLE) and water and
grown under different saline conditions.

Treatments
(NaCl)

Germination (Soaking in Water) Germination (Soaking in MLE)

GP (%) GI (Day)
MGR

(Day−1)
CVt (%) VI GP (%) GI (Day)

MGR
(Day−1)

CVt (%) VI

Control 92 ± 10 8.17 ± 0.66 0.42 ± 0.05 72.90 ± 10.39 2127.72 ± 463.95 87 ± 5 7.72 ± 0.51 0.44 ± 0.02 55.31 ± 4.11 2158.71 ± 260.38

0.05 M 84 ± 7 6.60 ± 0.53 0.42 ± 0.06 48.63 ± 10.91 1228.63 ± 177.21 77 ± 7 4.13 ± 0.70 0.30 ± 0.04 54.40 ± 9.09 1040.07 ± 60.39

0.15 M 49 ± 13 2.87 ± 0.65 0.37 ± 0.04 38.83 ± 7.61 465.05 ± 140.48 67 ± 5 3.98 ± 0.49 0.36 ± 0.03 35.91 ± 3.11 624.96 ± 112.75

0.1 M 58 ± 4 3.49 ± 0.55 0.36 ± 0.05 40.61 ± 12.17 306.18 ± 10.38 57 ± 12 3.20 ± 0.83 0.33 ± 0.03 49.88 ± 13.42 390.79 ± 104.77

0.2 M 44 ± 18 2.55 ± 1.06 0.35 ± 0.06 42.46 ± 20.77 59.83 ± 53.19 55 ± 10 2.86 ± 0.69 0.30 ± 0.05 54.61 ± 13.42 148.92 ± 81.19

GP = germination percentage; GI = germination index; MGR = mean germination day; CVt = coefficient of variance; VI = vigor index.
± standard deviation.

3.2. Growth

Increasing the salinity (NaCl) stress levels declined the growth parameters of the
wheat seedlings that were soaked in water and leaf extract of Moringa oliefera. Even though
seeds were soaked in moringa leaf extract represented even better growth than those
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soaked in water. Compared to the control, fresh (FW) and dry weight (DW) was dropped
steadily with percentage difference up to 77% and 72%, respectively, and length of roots
and shoots by 96% and 86%, at 0.2 M NaCl under the effect of moringa soaking. Instead,
Fresh (FW) and dry weight (DW) were dropped steadily up to 93% and 50%, respectively,
and length of roots and shoots by 97% and 89%, at 0.2 M NaCl under the effect of water
soaking (Table 2).

Table 2. Effect of salinity stress (NaCl) on the growth of wheat primed with moringa leaf extract (MLE) and water and
grown under different saline conditions.

Treatments
(NaCl)

Growth (Soaking in Water) Growth (Soaking in MLE)

FW (g) DW (g) RL (cm) SL (cm) FW (g) DW (g) RL (cm) SL (cm)

Control 1.74 ± 0.15 0.22 ± 0.02 63.92 ± 19.3 166.3 ± 19.0 2.31 ± 0.58 0.29 ± 0.03 95.8 ± 18.9 152.58 ± 11.9

0.05 M 0.92 ± 0.34 0.11 ± 0.04 21.4 ± 3.1 125.5 ± 10.8 1.32 ± 0.39 0.25 ± 0.06 18.01 ± 3.38 118.4 ± 12.4

0.15 M 0.36 ± 0.16 0.06 ± 0.02 3.9 ± 1.5 52.2 ± 5.7 0.70 ± 0.49 0.22 ± 0.17 6.53 ± 1.70 62.74 ± 13.3

0.1 M 0.22 ± 0.14 0.04 ± 0.02 10.8 ± 3.9 85.2 ± 14.1 0.81 ± 0.40 0.24 ± 0.13 10.0 ± 2.97 83.84 ± 13.2

0.2 M 0.12 ± 0.05 0.11 ± 0.08 2.23 ± 1.3 18.29 ± 11.9 0.53 ± 0.36 0.08 ± 0.06 4.1 ± 0.93 21.97 ± 11.9

FW = fresh weight; DW = dry weight; RL = root length; SL = shoot length; ± standard deviation.

3.3. Macronutrients

Seedlings treated with moringa leaf extract showed a reduction in K, Ca, Mg, P, and
S by 76%, 81%, 45%, 38%, and 29% in roots and K, Mg, and S by 52%, 27%, and 19% in
shoots, respectively compared to the control (Table 3). In contrast, Ca and P were enhanced
by 40%, 37% in shoots. On the other hand, seedlings soaked in water only showed a
decreased content in K, Mg, and S by 45%, 5%, 8% in roots and by 77%, 33%, 16% in shoots,
while Ca and P have a stimulatory effect by 81%, 20%, and 113%, 42% in roots and shoots,
respectively compared to the control (Table 3).

3.4. Micronutrients

The micronutrient’s concentrations of Fe, B, Mn, and Zn in seedlings treated with MLE
declined by 46%, 65%, 97%, and 109%, respectively, while Cu showed enhancement by 38%
in roots, compared to the control values (Table 4). In contrast, Fe, B, and Cu concentrations
improved gradually within treatments by 15%, 166%, and 31%, respectively, while Zn
and Mn were dropped by 22%, 64% in shoots compared to the control (Table 4). The
concentrations of Fe, Mn, and Zn in seedlings that soaked in water dropped by 7%, 52%,
and 23% in roots, respectively, while B and Cu indicated improvement by 46%, 57% in
roots, compared to the control (Table 4). Conversely, Fe, B, Zn, and Cu content enhanced
steadily within treatments by 41%, 132%, 45%, and 120%, respectively. In comparison, Mn
dropped by 66% in shoots compared to the control, although the maximum concentrations
of the micronutrients were observed in shoots at 0.1 M NaCl level (Table 4).
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3.5. H2O2 and Na+ Contents

The H2O2 content in shoots and roots of wheat seedlings was increased by increasing
salt concentration (Figure 1). The H2O2 was observed more in the shoots and roots of
wheat seedlings when treated with water as compared to when treated with moringa leaf
extract (Figure 1).

 

Figure 1. The effect of salt stress on wheat seedlings treated with moringa leaf extract and water on hydrogen peroxide and
sodium content in leaves and roots. (A) Hydrogen peroxide in shoots; (B) hydrogen peroxide in roots; (C) Na in shoots;
(D) Na in roots. Light color bar = moringa leaf extract; dark color bar = water.

Similarly, Na concentration was also increased under different saline conditions. The
shoots and roots of wheat seedlings soaked in water exhibited more Na as compared to
soaked in moringa leaf extract.

3.6. Linear Regression and PCA

The linear regression of Na and H2O2 was constructed and shown in Figure 2. The
linear regression of Na and H2O2 indicated that by increasing the Na concentration, the
production of H2O2 also increased, and the steep of the regression was higher in the shoots
and roots of seeds treated with water as compared to moringa leaf extract (Figure 2).

PCA was applied on the 11 nutrient concentrations, in addition to H2O2, GP, and
VI in to investigate the effect of factors on the wheat roots and shoots soaked in water
and Moringa oleifera leaf extract individually, under the stress of saline (Figure 3, Table 5).
The first two principal components (PCs) explained 46.95% (PC1), 31.88% (PC2) in roots,
and 43.92% (PC1), 29.88% (PC2) in shoots (Figure 3a,b). PC1 in root treatments is robustly
weighted in P, Cu, B, S, Fe, Ca, Na, and Mg, contributing 46.95% to the total variance, VI, Mn,
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Zn, GP, K, and H2O2 dominated PC2, contributing 31.88% to the total variance (Table 5).
The data set showed, two independent components were extracted with a cumulative
percent of 78.82% and 73.81% of the total variance in seedlings root and shoot, respectively,
under different treatments. The first component in Table 5 demonstrated significantly
strong positive loadings of P (0.92), Cu (0.91), B (0.87), S (0.84), Fe (0.77), and Ca (0.75), and
moderate positive loadings of Na (0.67), and Mg (0.58). In contrast, the second component
of the roots data set showed significantly strong positive loadings of VI (0.95), Mn (0.91),
Zn (0.85), GP (0.82), K (0.77), and H2O2 (0.76). In the same manner, the shoots data set has
two independent components (Table 5). The first component demonstrated significantly
strong positive loadings of P (0.95), Fe (0.94), Ca (0.87), Zn (0.87), Cu (0.85), B (0.75), S (0.71),
and moderate positive loading of Mg (0.58). In contrast, PC2 explained significantly strong
positive loadings of VI (0.93), GP (0.82), Mn (0.79), K (0.72), although moderate negative
loadings were characterized in Na (−0.76), H2O2 (−0.50).

~ 

~ 

Figure 2. The linear regression shows the interaction between sodium (Na) and hydrogen peroxide
(H2O2) in shoots (A) and roots (B) of wheat seedlings treated with moringa leaf extract (black filled,
solid line) and water (gray filled, dotted line) under different saline conditions.
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Figure 3. PCA of germination, nutrients, toxic ions, and reactive oxygen species in roots (a) and shoots (b) of wheat soaked
in moringa leaf extract and water under NaCl stress.

4. Discussion

Salinity is one of the major factors that affect plant growth and development [16].
In our study, germination attributes of wheat were strictly affected by increasing the
salt concentration. However, the seeds hydroprimed with moringa leaf extract showed
more germination percentage, germination index, and vigor index as compared to seeds
hydroprimed by water under different saline conditions (Table 1). Cytokinins have a great
impact on plant germination and growth under stress conditions [17]. Moringa leaf extract
has the cheapest and valuable source of cytokinins in the form of zeatin [10]. Hydropriming
mainly changes physiological attributes, and accumulated ions with an ample amount
of water help the plant to germinate under unfavorable conditions [18]. Hydropriming
mainly increases the adenosine triphosphate (ATP) production and induced RNA activity,
which helps the plant to germinate [19]. Demir and Ermis (2003) and Yagmur and Kaydan
(2008) also observed similar findings on sunflower, potato seeds, and pyrethrum [20,21]. It
was observed that after germination, the plant growth and development also enhanced in
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primed seeds as compared to non-primed seeds (Khalid et al., 2019b). The hydropriming
enhances the cell division process in the apical meristem of seedlings which ultimately
increases the plant growth and development [22]. In our study, the seedling growth and
development (fresh weight, dry weight, root length, and shoot length) of wheat was
decreased by increasing salt concentration (Table 2), but the decrease was more in plants
primed with water as compared to plants primed with moringa leaf extract. Our findings
are in line with Meriem et al. (2014) and Mirabi and Hasanabadi (2012), which found that
primed seeds showed more growth in coriander and tomato seedlings under salinity as
compared to non-primed [23,24]. Yasmeen et al. (2013) reported that by application of
moringa leaf extract, wheat plants showed more growth by modulating their antioxidant
defense mechanism under saline conditions [12].

Salinity affects the nutrient uptake in plants [25]. The decrease in nutrient uptake is
associated with the accumulation of toxic ions. The nutrient uptake was affected in shoots
and roots of wheat seedlings under different saline conditions (Table 3, 4). Seeds primed
with moringa leaf extract cope with salt stress more efficiently and maintain their nutrients
somehow as compared to seeds with water. The nutrients play an important role in plant
different mechanisms.

Hydropriming significantly enhances the antioxidant defense mechanism under salt
stress conditions [25]. The accumulation of toxic ions Na significantly decreases the uptake
of K and Ca ions, which ultimately affects the physiological attributes, i.e., photosynthesis,
stomatal conductance, etc. [16]. However, the different mechanisms, including maintaining
the uptake of toxic ions and compartmentalization of toxic ions, are the indication of
tolerance mechanisms in plants. So, in our study, seeds primed with moringa leaf extract
showed less uptake of Na ions in shoots and roots of wheat seedlings. The results indicated
that the tolerance mechanism of wheat seedlings primed with moringa leaf extract compart-
mentalizes the Na ions and restricts their uptake more efficiently as compared to the seeds
primed with water. Khalid et al. (2020) also reported that restricted accumulation of toxic
ions enhances the accumulation of other minerals, which maintains the plant metabolism
and anchors the plant to fight more efficiently against salt stress [7]. The accumulation
of toxic ions causes an imbalance in the plant nutrients, which affects its physiological
attributes and production of different reactive oxygen species (ROS) [16]. H2O2 is one
of the major ROS. Its accumulation in the cell results in disturbed cellular metabolism
in mitochondria and chloroplast [26]. The degree of tolerance is identified by the H2O2
content in leaves and roots [12,27].

Wheat seeds treated with moringa leaf extract cope with the saline environment more
efficiently by reducing the production of H2O2 as compared to those treated with water
under different saline conditions. Similar findings were observed by the authors of [28].
Similar findings were observed that moringa leaf extract enhanced the seed germination of
maize [29] and common bean [30] under salt stress condition

PCA illustrated that increasing the NaCl level (from 0.05 to 0.2 M) is often associated
with decreasing germination parameters of wheat seedlings (Figure 3; Table 5). A positive
relationship between nutrients and roots elongation of seeds soaked in water. However, the
higher levels of NaCl (0.2 M) are associated with root inhibition due to the accumulation
of Na, while roots of seeds are soaked in moringa leaf extract represents lower inhibition,
especially at 0.05 and 0.1 M treatments. The contribution of shoots elongation of seeds
soaked in moringa leaf extract and water. Germination parameters (GP and VI) were
correlated with low levels (0.05, 0.1 M) in both treatments while increasing the level of Na
associated with shoots inhibition. However, seeds treated with water showed the highest
level of inhibition due to the strong accumulation of Na in shoot cells during germination
of wheat seedlings.

5. Conclusions

It is concluded from the results that seed priming of wheat is very much useful to
cope with the adverse saline condition (Figure 4). The right choice of primed solution
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will also play an important role under unfavorable conditions. Wheat seeds treated with
moringa leaf extract showed more strong response by maintaining their germination and
growth attributes under different saline conditions as compared to the seeds primed with
water. Moringa leaf extract can restrict the accumulation of toxic ions more efficiently and
decrease the production of ROS, which ultimately makes the plant tolerate adverse saline
conditions. Therefore, the hydropriming of wheat seeds with moringa leaf extract will
enhance their growth and development under saline conditions. Further studies on wheat
seeds will be performed by hydropriming with moringa leaf extract in the open field to
assess the response of mature wheat plants and the yield and quality of the grains.

Figure 4. Schematic diagram showed the hydropriming effect of moringa leaf extract and water on wheat seeds under
saline condition.
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Abstract: Biostimulants are becoming increasingly popular in agriculture for their ability to induce
beneficial effects in crops, paving the way towards the identification of new materials with biostimu-
lant potential. This study evaluated the potential of different concentrations of an aqueous extract
(0.25%, 0.50%, and 1.00%, dry weight/water volume, respectively) obtained from duckweed (Lemna
minor L.) to stimulate olive plants. Leaf net photosynthesis (Pn), leaf transpiration rate (E), stomatal
conductance (gs), sub-stomatal CO2 concentration (Ci), chlorophyll content and other plant growth
parameters were investigated. As a result, the extract improved Pn, gs, Ci, chlorophyll content and
plant biomass production (leaf fresh and dry weight). Furthermore, the duckweed extract generally
increased the uptake of nitrogen (N), potassium (K), calcium (Ca), magnesium (Mg), iron (Fe) and
zinc (Zn), while it did not influence the content of sodium (Na), manganese (Mn) and copper (Cu).
The untargeted metabolomic profiling of the extract revealed the presence of signalling compounds
(including phytohormones), phenolics and glutathione. Such broad diversity of bioactives may
support the stimulatory potential observed in olive. In summary, this study revealed for the first time
that duckweed could be seen as a promising species to obtain extracts with biostimulant properties
in olive trees.

Keywords: biostimulant; aquatic species; photosynthesis; plant growth; plant nutrition; bioac-
tive metabolites

1. Introduction

The use of different formulations of certain organic materials and microorganisms,
defined with the term biostimulants, aims to stimulate nutrition and crops growth, increase
their tolerance to environmental stress, and improve the efficiency in the use of natural
resources of agroecosystems [1,2]. In addition, biostimulants are gaining attention for the
possibility of reducing chemical inputs as fertilizers [3]. The first definition of biostimulants
can be found in a web journal of 1997 called “Ground Maintenance”, in which Zhar
and Schmidt, from the Department of Crop Science and Soil Environment at Virginia
Polytechnic Institute, defined biostimulants as “materials that, in minute amounts, promote
plant growth” [1]. In the following years, the use of the term “biostimulant” has become
increasingly popular in the literature, expanding the range of substances and the inherent
modes of action.

Biostimulants are successfully utilized in both cereal and horticultural crops, as they
are materials capable of promoting plant growth without being fertilizers, soil conditioners
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or pesticides [4,5]. Currently, biostimulants are seen as an interesting and innovative
technology to increase the ability of crops to cope with some adverse environmental condi-
tions [4]. These materials can exert beneficial effects on crops both when applied to plants
grown under optimal environmental conditions and when administered to species exposed
to abiotic and biotic stresses [4,5]. In this context, the effectiveness of biostimulants does not
only derive from increased crop yields under stressful environmental conditions, but also
from their ability to maintain high product quality traits [6]. In this sense, biostimulants
are the object of intense research to ascertain their capacity to improve fruit quality and
nutraceutical value [7]. For instance, in a recent study, it was found that a commercial
biostimulant increased tomato fruit yield and size, nutritional composition and antioxidant
properties [8]. Additionally, the effect of an extract of Moringa oleifera L on two genotypes
of Brassica was investigated [7]. The authors of this study found that the biostimulant
improved some nutraceutical aspects, depending on the species treated.

Given the high number of materials capable of stimulating crops, biostimulants are
usually grouped into different families depending on the raw materials from which they are de-
rived: humic substances, complex organic materials, beneficial chemical elements (e.g., silicon),
inorganic salts, algae and plant extracts, protein hydrolysates, chitin and chitosan deriva-
tives, antiperspirants (e.g., kaolin), amino acids and other compounds [1,9,10].

When applied to plants or soil, biostimulants can regulate and/or improve crops’
physiological and biochemical processes, increasing their productivity and quality [3,9,11].
Biostimulants can also promote plant growth by modifying root development and ar-
chitecture, thus predisposing the treated crop to absorb and translocate nutrients more
efficiently [12]. In addition, these materials can increase photosynthetic efficiency, promote
the accumulation of sugars in fruits, fruit set and storability. Particularly interesting is
also the ability of biostimulants to make crops less sensitive to abiotic stresses, such as
extreme temperatures, drought, salinity, excessive moisture in the rhizosphere, or over-or
under-exposure to light [13].

As for the olive tree (Olea europaea L.), the application of biostimulants results in
some beneficial effects, as these substances can enhance the leaf area and the total chloro-
phyll content [14], the nutritional status, the olive production and some olive oil quality
parameters [15]. Differently, contrasting results can be found in the literature in young
olive. Molina Soria [16] reported no significant effects of biostimulants on the growth of
young trees, whereas Saour [17] found that the use of a combination of biostimulant/kaolin
particle film enhanced growth, resulting in the production of higher quality olive seedlings.
Positive effects on photosynthetic activity and growth of young olive trees were also ob-
served by Almadi et al. [18], who applied a biostimulant consisting of a complex of amino
acids (glycine, proline, hydroxyproline, etc.). Furthermore, during their production cycle,
olive trees can often be subjected to environmental stress conditions, whose frequency
and intensity are increasing due to climate change, which could lead to a lower yield
and, in some cases, provoke plant death. For this, it is necessary to implement agronomic
techniques, including cultivation operations, to increase and encourage those physiological
mechanisms of tolerance to stress triggered by processes activated at the molecular level.
Among the techniques that can be used to enhance the tolerance of the olive trees to abiotic
stress, there is also the biostimulant application.

In this context, the research is also interested in finding new substances with bios-
timulant activity from a wide range of starting materials; to this end, particular inter-
est is shown in plant extracts showing biostimulatory potential for their bio- and eco-
compatibility [19,20]. Furthermore, some plant extracts obtained from terrestrial species
can improve crop growth and productivity, dry matter, nutrient concentration and antioxi-
dant activities, thus representing a sustainable and effective tool for crop systems [20–22].
As for aquatic species, the ability of extracts obtained from seaweeds on crop growth and
stress resistance has been demonstrated in many studies [23–25].

In general, no studies have investigated the effects of plant extracts obtained from
freshwater aquatic species except for a recent one on Lemna minor L. (duckweed), which
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showed the biostimulant potential of this plant in maize [26]. In particular, the beneficial
effects of the duckweed extract, found in this study, were attributed to the high abundance
of phytochemicals with bioactive properties [26].

Duckweed is a free-floating plant of Lemnaceae, widely distributed in lagoons, wet-
lands, and ponds, which shows rapid growth and adaptability to adverse environmental
conditions [27]. Duckweed is also excellent in removing toxic substances from polluted
water, and its ability to tolerate toxicants has been attributed to its antioxidant activities,
which can be easily induced by some compounds [28]. Lemnaceae are plants rich in metabo-
lites that exhibit antioxidant and antibacterial properties [29]. In addition, duckweed
has been recently demonstrated to possess a high content of phenolic acids, phenols and
flavonoids [26,30]. It is well known that certain compounds could benefit plants when
exogenously applied [31]. In light of the above, duckweed can be seen as a biological stock
of metabolites with potential bioactive properties.

Based on these premises, this research aimed at ascertaining whether an aqueous
extract obtained from duckweed could exert biostimulatory activity on olive plants. To
this scope, a duckweed aqueous extract was administrated at different concentrations to
olive plants (cv. Arbequina) grown in hydroponic, and some physiological and nutritional
aspects were investigated in treated samples compared to untreated controls. The cv.
Arbequina was chosen for the experiment since its use in the world is rapidly increasing
due to its adaptability to new high-density olive planting [32–35].

Finally, this research aimed to identify the metabolites with biostimulant potential in
the duckweed extract by an untargeted metabolomic approach.

2. Materials and Methods

2.1. Olive Material and Growing Conditions

Rooted olive cuttings cv. Arbequina (about 18 cm height) were removed from the
perlite substrate of the mist propagation system. After root washing with distilled water,
the plants were placed in 800 mL pots containing expanded clay (10 g per pot) and put in a
hydroponic system for an adaptation period of 60 days. Clay is an inert and commonly
used substrate for hydroponic [36].

The hydroponic system was maintained in a growing chamber (Figure 1), and plants
were exposed to light with an active photosynthetic radiance by a system equipped with
lamps (PHILIPS SON-T AGRO 400 W) producing 200 μmol m−2 s−1 photon flux density,
under a photoperiod of 16 h d−1. The temperature was constantly set at 23 ◦C (±1 ◦C)
and relative humidity at about 60%. The hydroponic system consists of PVC containers
comprising five plastic hydroponic pots and five plants each. Each container is connected
to a tank (volume 3.5 L) containing the nutrient solution (half strength Hoagland solution,
pH 7.5). An automated system due to pressurized air ensured the flux of the nutrient
solution from the tank to the PVC containers with the plants three times per day. The
nutrient solution was replaced every 30 days, while the evapotranspirated water was
reintegrated every 2 days.

2.2. Lemna Minor Growth Conditions and Preparation of the Extract

Duckweed was harvested from a freshwater basin near the city of Perugia (Italy). First,
the plants were sterilized with a 0.5% sodium hypochlorite solution for 2 min. After that,
the plants were copiously rinsed twice with distilled water. Duckweed plants were then
transferred to polyethylene trays (35 × 28 × 14 cm) and grown according to a published
protocol [28]. The culture media were renewed every two weeks.

Ten grams of duckweed were collected, rinsed with water, and dried at 40 ◦C until
constant weight. After that, 1 g of dried plant material was extracted with a mortar and
pestle and 100 mL water (pH 7.0). The resulting suspension was maintained in an orbital
shaker (100 rpm) for 24 h. After this time, the extract was vacuum filtered on a Buchner
filter, and the liquid phase was brought to 100 mL. This solution was the most concentrated
(1.00% duckweed extract).
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Figure 1. Hydroponic system used for the experiments.

2.3. Olive Treatments with Duckweed Extract

At the end of the adaptation period to hydroponic conditions, plants were treated
with different biostimulant concentrations (1.00, 0.50 and 0.25% w/v, named BIO 1, BIO 0.5
and BIO 0.25, respectively) through the foliar application (time 0 days after the treatment—
0 DAT). In particular, for each biostimulant concentration, 15 plants were treated, using
15 mL of solution for each plant. Another 15 plants were left as control and not treated
with the biostimulant. After 10 days (10 DAT), the biostimulant treatment was repeated.

2.4. Olive Leaf Gas Exchange, Chlorophyll Content and Growth

Leaf net photosynthesis (Pn), leaf transpiration rate (E), stomatal conductance (gs)
and sub-stomatal CO2 concentration (Ci) were determined for each treatment at 7, 14 and
21 DAT. Leaf gas exchange rates were measured using a portable IRGA (ADC-LCA-3,
Analytical Development, Hoddesdon, UK) and a Parkinson-type assimilation chamber.
Leaves were enclosed in the chamber and exposed to the same light as in the hydroponic
system. The flow rate of air passing through the chamber was kept at 5 cm3 s−1. During
gas-exchange measurements, the external CO2 concentration was about 375 cm3 m−3, and
the air temperature inside the leaf chamber was about 1 ◦C higher than the hydroponic
room temperature. The chlorophyll content was measured on the middle part of 15 leaves
for each treatment, using a SPAD-502 Chlorophyll Meter (Minolta Camera Co. Ltd., Osaka,
Japan) at 7, 14 and 21 DAT.

At the end of the experiment, 30 DAT, five plants from each treatment were selected,
and roots, shoots, stems and leaves of each plant were weighed fresh (FW) and then oven-
dried at 95 ◦C until constant weight to determine dry weight (DW). Moreover, the number
of leaves was also determined.

2.5. Nutrient Determination in Olive Leaves

The nutrient determination in olive leaves was run in triplicate in samples dried in an
oven at 60 ◦C until a constant weight had been reached. Nitrogen quantification was carried
out on leaf samples (1.0 g) digested with 12.5 mL H2SO4 96% (v/v), 7.0 mL H2O2 30% (v/v)
and a Kjeldahl tablet. Then, digested tissues were left to cool and added with 80.0 mL of
NaOH 32.5% (w/v). Total nitrogen was determined by titration with H2SO4 0.1 N [37].

Furthermore, 0.25 g of dried leaves were added with 7.0 mL of HNO3 65% (v/v) and
3.0 mL of H2O2 30% (v/v) and left at 90 ◦C for 90 min. The acid digested samples were
filtered, and K, Ca, Mg, Na, Fe, Mn, Zn and Cu were quantified by Inductive Coupling
Plasma spectrometry (ICP) [38].
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2.6. Duckweed Extract Profiling

The phytochemical profile of the duckweed extract was characterized through an
untargeted metabolomics approach, based on ultrahigh-pressure liquid chromatogra-
phy quadrupole-time-of-fight mass spectrometry (UHPLC-ESI/QTOF-MS) as reported
by Del Buono et al. [26]. Briefly, the chromatographic separation was achieved using an
Agilent Zorbax eclipse plus column (50 × 2.1 mm, 1.8 μm) and a binary mixture of water
and acetonitrile (4–96% in 33 min linear gradient). QTOF-MS acquisition used positive
polarity and full scan mode (100–1200 m/z, 1 Hz scan rate, absolute peak height threshold
3000 counts), and the injection volume was 4 μL. Triplicate samples were analysed.

The annotation of raw mass features was performed as previously reported using the
software Profinder B.07 (from Agilent Technologies, CA, USA), according to monoisotopic
accurate mass and the whole isotopic pattern [26]. The subsequent annotation was carried
out using the plant metabolome database PlantCyc (https://plantcyc.org/ access date:
14 October 2021), and only the compounds annotated within 100% of replications were
retained and annotated.

2.7. Statistical Analysis

The trials were organized according to a randomized block design, with 4 treatments
and 15 plants for each treatment. The experiments were carried out in triplicate. Statistical
analysis was performed by analysis of variance (one-way ANOVA). Significant differences
between the values were determined at p ≤ 0.05, according to the Tukey test. The statistical
environment R was used to perform the analysis [39].

3. Results

3.1. Leaf Net Photosynthesis (Pn), Leaf Transpiration Rate (E), Stomatal Conductance (gs) and
Sub-Stomatal CO2 Concentration (Ci)

The photosynthetic activity was recorded at 7, 14 and 21 DAT in plants treated with
the duckweed extract at three concentrations (BIO 0.25, BIO 0.5 and BIO 1). Significant
Pn increases were observed at 21 DAT for all the duckweed extract concentrations used
in biostimulated olive leaves compared to untreated controls (Figure 2). Furthermore, an
increase in gs for samples treated with the two highest dosages, BIO 0.5 and BIO 1 was
observed (Figure 2). All the duckweed extract concentrations used significantly increased
Ci with respect to the control. In contrast, the leaf transpiration rate (E) resulted unaffected
by the treatment with the duckweed extract. Therefore, the biostimulated plants at 21 DAT
exhibited greater Pn, gs, and Ci values than untreated plants (control).

The olive treatment with the duckweed extract enhanced the leaves chlorophyll
significantly compared to untreated samples throughout the experimental period (Figure 3).
In particular, inductive effects on chlorophyll were found for all the dosages applied BIO
0.25, BIO 0.5 and BIO 1 at 14 and 21 DAT. The biostimulated plant leaves, at all the
duckweed extract concentrations applied, showed higher SPAD values than those of
control plants.

3.2. Plant Growth and Biomass Development

Regardless of the concentration applied, the treatment with the duckweed plant
extract prompted significant increases in the leaves number, fresh and dry weight and
shoot fresh and dry weight compared to the untreated controls (Table 1). The BIO 0.25, BIO
0.5, and BIO 1 treatments showed no significant difference between them regarding the
effect on the above parameters. Finally, the duckweed extract did not affect the growth and
development of the other plant organs such as roots and stem (Table 1).
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Figure 2. Leaf net photosynthesis (Pn) (μmol (CO2) m−2 s−1), stomatal conductance (gs) (mmol (H2O) m−2 s−1), sub-
stomatal CO2 concentration (Ci) (μmol mol−1) and leaf transpiration rate (E) (mmol (H2O) m−2 s−1) measured at 7, 14
and 21 days after duckweed extract treatment (DAT). For each DAT and for each parameter, means with different letters
are significantly different (p < 0.05) as indicated by one-way ANOVA followed by Tuckey test. The bars reported SD
(standard deviation).

Figure 3. Leaf chlorophyll content was measured by SPAD at 7, 14 and 21 days after duckweed extract
treatment (DAT). For each DAT, means with different letters are significantly different (p < 0.05) as
indicated by one-way ANOVA followed by Tuckey test. The bars reported SD (standard deviation).
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Table 1. Fresh weight (FW) and dry weight (DW) of leaves, roots, stem and lateral shoots and total number of leaves at
30 days after duckweed extract treatments (DAT).

Leaves FW Leaves DW Roots FW Roots DW Stem FW Stem DW
Lateral

Shoots FW
Lateral

Shoots DW
Number of

Leaves

(g) (g) (g) (g) (g) (g) (g) (g) (n)

Control 1.19 (0.27) b 0.59 (0.08) b 20.61 (3.23) a 3.19 (0.34) a 2.46 (0.25) a 1.37 (0.10) a 0.28 (0.04) b 0.09 (0.03) b 18.4 (3.11) b
BIO 0.25 3.68 (0.30) a 1.48 (0.10) a 19.23 (4.43) a 3.24 (0.62) a 2.95 (0.41) a 1.48 (0.21) a 0.72 (0.19) a 0.24 (0.02) a 46.0 (7.48) a
BIO 0.5 1.76 (0.27) a 0.81 (0.10) a 22.18 (4.93) a 3.80 (0.85) a 3.02 (0.30) a 1.62 (0.13) a 0.47 (0.04) a 0.13 (0.03) a 24.8 (2.52) a
BIO 1 2.62 (0.58) a 1.17 (0.21) a 17.86 (4.00) a 3.06 (0.54) a 2.55 (0.10) a 1.36 (0.08) a 0.45 (0.09) a 0.21 (0.04) a 33.4 (7.32) a

p = 0.0015 p = 0.0013 p = 0.0034 p = 0.0042 p = 0.0027

In each column and for each parameter, mean values followed by different letters are significantly different (p < 0.05) as indicated by
one-way ANOVA followed by Tuckey test. In parenthesis, SD (standard deviation) is reported.

3.3. Effect of the Duckweed Extract, Applied at the Three Different Concentrations, on Olive
Nutrient Content

The content of some macro- and micronutrients was investigated in olive leaves treated
with the duckweed extract applied at the three different concentrations and compared
with untreated control samples (Table 2). Regarding the N content, it was found that
the samples treated with the duckweed extract, regardless of the concentration applied,
showed significant increases in the content of this element with respect to the control
samples. However, the different concentrations of the duckweed extract showed no
significant difference in the N content between them. With regard to K, BIO 0.25, BIO
0.5 and BIO 1 significantly increased the content of this element compared to the control
samples. However, as with N, no significant differences were found between the different
concentrations of duckweed applied to olive samples. Concerning Ca, the BIO 1 was
the only treatment effective in raising the content of this element in the biostimulated
olive compared to the control samples. Differently, all the treatments with the duckweed
extract significantly stimulated the Mg content, but no significant differences were found
between BIO 0.25, BIO 0.5 and BIO 1. Finally, the last macronutrient investigated, Na, was
unchanged in olive leaves following the treatments with the duckweed extracts.

Table 2. Content of mineral elements (N, K, Ca, Mg, Na, Fe, Mn, Zn, Cu) determined in olive leaves at 30 days after
duckweed treatment (DAT).

N K Ca Mg Na Fe Mn Zn Cu

(mg g−1 DW) (μg g−1 DW)

Control 1.84 (0.60) b 59.8 (7.1) b 3.68 (0.15) b 0.52 (0.07) b 0.50 (0.10) a 23.8 (2.4) b 13.7 (3.5) a 9.1 (0.10) b 16.8 (4.8) a
BIO 0.25 3.10 (0.15) a 78.9 (4.5) a 3.70 (0.07) b 0.70 (0.01) a 0.51 (0.12) a 25.0 (2.0) b 17.8 (4.4) a 8.8 (0.6) b 15.6 (3.0) a
BIO 0.5 2.80 (0.10) a 81.6 (5.7) a 4.56 (0.86) ab 0.76 (0.03) a 0.65 (0.11) a 43.2 (7.7) a 12.6 (5.6) a 9.3 (0.3) b 18.2 (2.0) a
BIO 1 3.00 (0.01) a 95.7 (15.4) a 5.30 (0.3) a 0.71 (0.01) a 0.64 (0.07) a 51.8 (7.8) a 14.0 (5.4) a 11.9 (0.3) a 17.5 (1.3) a

p = 0.0051 p = 0.0093 p = 0.0079 p = 0.0004 p = 0.0006 p = 0.00004

In each column and for each parameter, mean values followed by different letters are significantly different (p < 0.05) as indicated by
one-way ANOVA followed by Tukey test. In parentheses, SD (standard deviation) is reported.

Regarding micronutrients, significant effects were found for Fe and Zn, while the
treatments did not influence the Cu and Mn content. (Table 2). In particular, BIO 1 and BIO
0.5 significantly increased the Fe content in olive leaves compared to the control sample; in
contrast, the lowest duckweed dosage was ineffective in eliciting such an effect. The Zn
content was stimulated only in samples subjected to the highest duckweed concentration
(BIO 1), while the other two dosages, BIO 0.5 and BIO 0.25, were ineffective in stimulating
the content of this element in olive leaves.

3.4. Duckweed Extract Phytochemical Profile

In a previous study [26], duckweed extract was quantitatively analysed to determine
phenolics and glucosinolates content and identify other bioactive compounds. In the
present study, a broader screening of metabolites of the aqueous duckweed extract was
performed using a plant metabolome database to comprehensively highlight the molecules
that may help explain the extract biostimulant capacity (Supplementary Table S1). This
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untargeted approach revealed the presence of several compounds belonging to phytohor-
mones (auxins, cytokinins, brassinosteroids), amino acids, phenylpropanoids and their
glycosides (mainly flavonoids such as hesperidin, kaempferol and quercetin, and phe-
nolic acids such as caffeic acid), and glucosinolates, as previously reported [26]. Besides
glucosinolates, other nitrogen-containing secondary metabolites (namely alkaloids) were
found in the extract. Moreover, isoprenoids were well represented, including triterpenoids,
sesquiterpenes, and terpene hormones (gibberellins and their precursors, abscisic acid
derivatives and brassinosteroids). Tetraterpenes (carotenes and xanthophylls) could also
be detected in the extract, with pigments such as chlorophylls and related compounds.
The duckweed extract showed an accumulation of several molecules involved in plant sig-
nalling and communication. For instance, the results indicated the presence of choline and
phosphatidylcholine related compounds, jasmonates, dopamine and L-dopa, methylsalicy-
late and proline. Finally, compounds related to plant stress and detoxification (ascorbates
or glutathione) were identified in the plant extract.

4. Discussion

Currently, plant biostimulants are gaining increasing attention, as this category of
materials is considered an innovative agronomic tool for improving crop productivity [40].
In particular, it has been reported that biostimulants can act in plants at different lev-
els, showing the main effects in increasing plant metabolic and photosynthetic activities,
nutrient absorption, growth, biomass production and yield [3,41–43].

This study suggests a significant potential of the duckweed extract in promoting
beneficial effects in olive in terms of nutritional status, leaf photosynthetic activity and
chlorophyll content and, consequently, on the plant growth. On this account, it has been
well documented that biostimulant treatments often increase leaf chlorophyll content [44].
In particular, different biostimulants such as a Moringa oleifera extract, Actiwave®, the com-
mercial product ONE® and borage extracts enhanced chlorophyll and carotenoid contents
in some horticultural crops such as rocket, lettuce and endive [44–46]. Photosynthesis
is an integrated and symptomatic result of the general status of the plant [47]. In partic-
ular, this activity can give important information on the productive potential of plants
and their capacity to react to environmental factors [47]. The increase in photosynthetic
activity found in our experiments was associated with increased stomatal conductance (gs)
and intercellular CO2 concentration (Ci), suggesting that the duckweed extract enhanced
photosynthesis also by positively affecting the stomatal aperture (Figure 2). Our results
agree with Kuluzewicz et al. [48] and Almadi et al. [18], who found that in broccoli and in
olive tree, the use of biostimulants can increase stomatal conductance and photosynthetic
activity. In vine, humic acids improved physiological parameters related to the whole plant
photosynthesis, such as the increased leaf net CO2 and chlorophyll concentration and total
leaf area [49]. The greenhouse jute treated with a commercial vegetal-derived biostimulant
from a tropical plant extract (PE; Auxym ®, Italpollina, Rivoli Veronese, Italy) enhanced
photosynthetic activity, SPAD index, and especially the nutritional status [50]. The use of
borage extracts increased the net photosynthesis in lettuce, while Actiwave® increased the
photosynthetic activity by 27% in strawberries [51]. An increase in net photosynthesis was
also observed by treating hibiscus and Euphorbia × lomi plants with a biowaste [52,53].

Furthermore, the stimulatory effects exerted by the duckweed extract on the photosyn-
thetic activity can explain the increased leaf fresh and dry weights (Table 1). These results
agree with other studies [41,46,54] that report as biostimulant treatments can enhance plant
growth, determining higher dry matter accumulation in vegetable and ornamental crops.
In particular, an in vitro experiment with an extract of brown marine algae evidenced
significant stimulatory effects on the growth of spinach [55]. In the same way, the use
of Bio-algeen S-90 determined an increase of about 30% on the aboveground biomass of
lettuce ‘Four Seasons’ compared to control plants [56]. In addition, a biomass increase in
lettuce was reported when the crop was treated with a mixture of extracts from different
plant species associated with Lactobacillus and yeast [44]. Finally, in olive trees (cv. Arbe-
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quina) subjected to severe salt stress, the treatment with a commercial biostimulant Megafol
improved plant dry weight and leaf area due to greater photosynthetic activity. Moreover,
Megafol caused a reduction in leaf fall and an improvement in the chlorophyll content and
antioxidant activities in the salt-stressed olive trees [13]. The improved vegetative activity,
due to a higher photosynthetic activity promoted by the biostimulant treatment, deserves
attention also for the opportunity of increasing the plant potential to sequester carbon in
olive trees [57].

Biostimulants can strongly influence crops ability to acquire nutrients, making their
uptake and use more efficient; such an effect, consequently, increases crop productivity and
quality [3,10,58]. As already mentioned in the introduction, the potential to act as a biostim-
ulant for a given material is also assessed on its ability to promote plant nutrition without
providing nutrients per se [10,58,59]. It has been postulated that biostimulants improve
nutrient acquisition by prompting the release from roots of specific substances capable of
increasing the mobility and solubility of nutrients [57,58]. In addition, biostimulants can
also affect root biomass or modify root architecture and organization [2].

This study showed that the duckweed extract generally increased at the three different
dosages the N, K, Mg, Ca, Fe and Zn contents in treated olive (Table 2). Differently, Na, Mn
and Cu contents were unaffected by the plant extract.

All the treatments significantly elevated N; this effect could be related to the higher
photosynthetic activity, chlorophyll content, and biomass shown by olive samples treated
with the extract (Figures 2 and 3, Table 1). The N supply is a key factor that can condition
the activities mentioned above [2,60,61]. Generally, the impact of biostimulants on N
content is attributed to their ability to stimulate the enzymes of the nitrogen metabolism
and upregulate the root nitrate transporters, as shown in recent studies carried out in maize
and soybean [62–64].

The duckweed extract also exerted a strong effect on the K acquisition; this can, in
turn, stimulate the photosynthetic activity due to the K capacity of inducing the enzyme
ribulose 1,5-bisphosphate carboxylase/oxygenase, maintaining high stomatal and gas
exchange activities [65,66]. In addition, all the treatments increased the Mg content, making
it possible to postulate that the duckweed extract, exerting a beneficial effect on this nutrient
acquisition, activated the enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase and
stimulated the chlorophyll content [67]. Chloroplasts contain 35% of Mg, and of this, about
25% is bound to the pigment [68]. The effect on Ca was more modest than those found
for the other elements mentioned; only the higher duckweed concentration increased
its content (Table 2). However, Ca exerts protective and structural functions and affects
stomatal conductance and photosynthetic activity [65].

Regarding the micronutrients, the highest dosages of the duckweed extract (BIO
0.5 and BIO 1) affected Fe content. Plant productivity depends on this nutrient for its
involvement in photosynthesis, being part of the two photosystems and the Cyt-b6f com-
plex [69]. Finally, Zn was slightly increased by the highest dosage, BIO 1. Increases in the
content of this element could be of relevance as Zn is involved in chlorophyll biosynthesis
and chloroplast development [30,70].

In general, the stimulatory effect of biostimulants on biomass development and plant
growth is considered the mechanism which regulates the increased demand for nutri-
ents [71]. On this account, Jannin et al. [72] showed that rapeseed elevates the expression of
genes responsible for nutrient acquisition after applying an algal biostimulant. Therefore,
the increases in K, Mg, Ca, Fe, and Zn contents in biostimulated olive samples can be seen
as a crop response prompted by the biostimulant to support the increased demand for
biomass production.

The potential of the duckweed extract in promoting the beneficial effects we ob-
served could be linked to the presence of several bioactive compounds, as suggested by
Del Buono et al. [26], but also to the presence of plant regulators and signal molecules that
can trigger changes metabolic processes in plants. For instance, the untargeted profiling
highlighted the presence of auxins and auxin-related compounds, which might partially ex-
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plain the increase in photosynthetic performance and plant growth. Several studies indicate
the benefits of applying exogenous auxins to plants and, in particular, the indoleacetic acid
(IAA). Li et al. [73] revealed that the addition of exogenous IAA increased photosynthetic
capacity in Zizania latifolia. These authors reported that exogenous IAA led to significant
increases in biomass accumulation in Z. latifolia and contributed to higher stomatal conduc-
tance and transpiration rate [73]. Moreover, auxins are considered key regulators in plant
root development, essential for water and nutrient acquisition [74]. Plant extracts having
a biostimulant activity have been reported to contain cytokinins, auxins or hormone-like
substances [44]. However, the extracts seemed to be more than just a plant regulator due
to the presence of molecules such as phenolic compounds. The addition of exogenous
phenolics has been previously reported to enhance plant performance [75]. In particular,
Zhang et al. [75] showed that the addition of chlorogenic acid and hesperidin alleviates the
impact of salt stress by improving photosynthetic performance. Moreover, Zhang et al. [76]
pointed out that the addition of phenolics, including hesperidin, can modulate functional
traits in lettuces, also modifying the endogenous phenolic content. In this sense, hesperidin
has been found to be the most abundant flavone in duckweed extracts [26]. Exogenous
phenolics have been reported to trigger the accumulation of electron carriers, increase
stomatal conductance and elicit secondary metabolism in lettuce, both under normal and
abiotic stress conditions [75].

On the other hand, the content of amino acids could also explain the enhancement of
plant performance. Other authors observed that the effect of biostimulants on plant growth
might be linked to the direct incorporation of amino acids used for protein biosynthesis [44].
Moreover, some amino acids found in the duckweed extract (proline) are also related to
plant signalling. It has been reported that proline supplementation may ameliorate olive
tolerance to salinity by increasing the activity of some antioxidant enzymes, photosynthetic
activity, plant growth and plant water status [77]. Likewise, it has been proposed that the
action of biostimulants could be linked to the presence of signal molecules, as in the case of
protein hydrolysates. In this case, it has been proposed that the stimulatory effect is due to
amino acids and small signalling peptides [78].

Besides, other signalling molecules such as L-dopa, dopamine, serotonin or phosphati-
dylcholine-related compounds could be detected in the duckweed extract. These com-
pounds deserve future investigations in terms of their biostimulant potential. Particular
attention should be paid to the presence of glutathione (GSH) in the extracts. GSH has
numerous roles in plant cells in both primary and secondary metabolism [79]. Several
authors showed that exogenous GSH could enhance abiotic stresses tolerance by restricting
the entry of toxic ions, enhancing antioxidant defences, and modifying the photosynthetic
parameters and photosystem II efficiency [80].

Further studies are needed since the duckweed extract contains many potential sig-
nal compounds. However, although it was not possible to identify a specific bioactive
molecule, the biostimulant effects were evident and significant. Noteworthy, given the
broad spectrum of bioactive compounds in the duckweed extract, a synergic action of
different components can be postulated. This assumption would be in line with what is
often observed for plant extracts.

5. Conclusions

In conclusion, this study showed for the first time the potential of an extract obtained
from an aquatic species, duckweed (Lemna minor L.), to act as a biostimulant in olive for its
capacity to improve leaves photosynthetic activity and chlorophyll content, plant growth
and nutritional status at all the concentration used.

The metabolomic characterization of the extract evidenced a significant presence of
several metabolites, which can support the beneficial effects found. In particular, plant
regulators (including auxins) and signalling molecules, among others, were annotated in
the extract, as discussed in the precedent section. Similarly, the presence of glutathione
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and the broad phenolic profile support the effects observed in olive. However, further
investigations are needed to fully understand the stimulatory potential of duckweed.

Furthermore, the results of this research suggest that further studies should be carried
out to ascertain the effect of duckweed extracts in mitigating the negative effects that
biotic and abiotic stresses can have on plants, especially those related to climate change.
Finally, this research highlighted that biostimulants could be found from resources readily
available in nature. This aspect is relevant for finding new sustainable solutions to reduce
the environmental impact of agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture11121299/s1, Table S1: untargeted metabolomics of
the aqueous duckweed extract.
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Abstract: Miscanthus, a high-yielding, warm-season C4 grass, shows promise as a potential bioenergy
crop in temperate regions. However, drought may restrain productivity of most genotypes. In this
study, total 29 Miscanthus genotypes of East-Asian origin were screened for drought tolerance with
two methods, a dry-down treatment in two locations and a system where soil moisture content
(SMC) was maintained at fixed levels using an automatic irrigation system in one location. One
genotype, Miscanthus sinensis PMS-285, showed relatively high drought-tolerance capacity under
moderate drought stress. Miscanthus sinensis PMS-285, aligned with the M. sinensis ‘Yangtze-Qinling’
genetic cluster, had relatively high principal component analysis ranking values in both two locations
experiments, Hokkaido University and Brigham Young University. Genotypes derived from the
‘Yangtze-Qinling’ genetic cluster showed relatively greater photosynthetic performance than other
genetic clusters, suggesting germplasm from this group could be a potential source of drought-tolerant
plant material. Diploid genotypes showed stronger drought tolerance than tetraploid genotypes,
suggesting ploidy could be an influential factor for this trait. Of the two methods, the dry-down
treatment appears more suitable for selecting drought-tolerant genotypes given that it reflects water-
stress conditions in the field. However, the fixed-SMC experiment may be good for understanding
the physiological responses of plants to relatively constant water-stress levels.

Keywords: Miscanthus spp.; drought tolerance; photosynthetic parameters; bioenergy crops; auto-
mated irrigation control

1. Introduction

Drought stress limits plant growth and yield and acts as a barrier to the successful
cultivation of bioenergy crops, such as sugarcane and maize, particularly in world arid and
semi-arid regions [1]. Drought impairs plant metabolism, such that plants cannot provide
sufficient photosynthetic energy for cell growth and maintenance, which sometimes results
in death [2].

To adapt and survive under drought stress, mechanisms involving drought resistance
and drought recovery are key aspects of adaptations [3]. Plants with drought tolerance gen-
erally express certain traits under stress, such as leaf area reduction to minimize transpira-
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tional water loss and maintenance of high chlorophyll content to enable high photosynthetic
levels in order to produce enough energy for survival. Therefore, photosynthetic parame-
ters, especially photosynthetic rate (Pn), are considered as an effective measure of drought
tolerance in plants, such as in Leucaena leucocephala (Lam.) de Wit [4]. Liu et al. (2015) re-
ported that the photosynthetic rate of drought-tolerant switchgrass (Panicum virgatum L.)
genotypes was positively correlated with other physiological parameters, such as relative
water content, transpiration rate (Tr), stomatal conductance (gs), and water-use efficiency
(WUE) when subjected to low-water conditions [5]. It means that the performance of Pn
can be regarded as the physiological response of plants under drought.

Extreme drought will likely increase in the future due to global warming [6]. Conse-
quently, there is a strong need for identifying crop accessions with high recovery capacity to
drought stress. Such a trait enables crops to access water from the soil from short-term rain
events and to maintain physiological function to survive drought. Lauenroth et al. (1987)
observed that the warm-season perennial grass species, Bouteloua gracilis H.B.K. Lag. ex
Steud., in response to low soil moisture, generated new root growth after the root zone was
replenished with water, which led to increased soil water uptake [7]. Also, lipid peroxida-
tion and H2O2 content, which were generated in tea plants (Camellia sinensis (L) O. Kuntze)
in response to drought, decreased after post-drought soil-water recharge [8]. In addition,
the catalase activity of pea (Pisum sativum L., cv. Progress 9), which is involved in removing
H2O2 molecules, increased during drought [9]. However, H2O2 molecules decreased to
normal levels after re-watering. Moreover, Chen et al. (2016) reported drought adaptability
of maize (Zea mays L.) seedlings was more associated with drought recovery (r = 0.714)
than drought resistance (r = 0.332) in correlation analysis, suggesting recovery capacity is
a key component of plant survival to drought stress [3]. They also used it as a screening
criterion to identify drought-tolerant genotypes.

For evaluation of drought tolerance in plants under greenhouse studies, two types
of techniques, the dry-down treatment [10] and fixed-soil moisture content (SMC) meth-
ods [11,12], have been used to apply low-water conditions in potted plants. In the dry-down
method, water is withheld from plants, often for several days, after initially being well
watered. As evapotranspiration occurs, SMC will continue to decline, which often leads to
gradually increasing levels of plant drought stress. The SMC of plants in dry-down treat-
ments usually decreases quickly over a short period of time. Advantages of the dry-down
technique include cost-efficiency and ease of operation. However, the method affords little
time for researchers to observe how plants respond to drought.

On the other hand, the fixed SMC technique is used to keep the SMC of target plants
at fixed soil-moisture levels by regularly adding water through a computerized irrigation
system to the rhizosphere of the potted plants based on the amount of water evapotran-
spired from the plant and medium [11]. In this technique, the rhizosphere of target plants
can be maintained at a relatively constant SMC, thus allowing for the plants to experience
continuous drought conditions. The disadvantages of the fixed-SMC method include the
large amount of time and effort required for calculating evapotranspiration and for main-
taining irrigation levels. However, comparison between both techniques is warranted given
that each method offers distinct advantages in terms of characterizing plant responses to
drought stress.

Miscanthus, a C4 perennial rhizomatous grass, has high biomass productivity in
marginal lands and expresses high CO2 fixation in low-temperature conditions, underscor-
ing its potential as a bioenergy crop [13,14]. Two major important Miscanthus species are
Miscanthus sinensis Andersson and Miscanthus sacchariflorus (Maxim.) Bentham. A single
sterile triploid clone of Miscanthus × giganteus Greef & Deuter ex Hodk. & Renvoize, a
hybrid between M. sacchariflorus and M. sinensis, has been adapted for commercial biomass
production in Europe and North America. Based on data generated from restriction site-
associated DNA sequencing and Golden Gate technologies, M. sinensis is mainly comprised
of 6 genetic clusters, which include ‘South-eastern China plus tropical’, ‘Yangtze-Qinling’,
‘Sichuan Basin’, ‘Korea, North China’, ‘Southern Japan’, and ‘Northern Japan’ [15]. On the
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other hand, M. sacchariflorus consists of ‘Yangtze’ diploids, ‘Northern China’ diploids, ‘Ko-
rea/Northeast China/Russia’ diploids, ‘Northern China/Korea/Russia’ tetraploids, ‘South-
ern Japan’ tetraploids, and ‘Northern Japan’ tetraploids [16]. Relative to M. sinensis species,
the diploid and tetraploid clusters of M. sacchariflorus, possibly play a role in stress-tolerance
expression in the species complex, when used to breed M. × giganteus new genotype by
crossing M. sacchariflorus with M. sinensis species. In the present study, a core population
of several Miscanthus species, which were characterized by Clark et al. (2014, 2019) [15,16],
were included for evaluation of their response to drought.

Miscanthus species are considered to have stronger drought tolerance than another
potential energy crop, switchgrass [17,18]. Under drought conditions, relative to maize
and switchgrass, Miscanthus exhibited higher light-use efficiency, photosynthetic rate, and
above-ground biomass [19]. However, as a potential energy crop, selection needs to be made
of drought-tolerant Miscanthus accessions [20]. Many cultivated Miscanthus genotypes,
including the widely cultivated, high-yielding Miscanthus × giganteus, lack strong drought
tolerance [21]. Moreover, M. × giganteus uses more water than maize due to its longer
growing season and higher productivity [21]. Selecting for drought tolerance of Miscanthus
is essential for wherever it may be cultivated as a bioenergy crop because the ubiquity
of drought also happens even in high-rainfall areas [20]. Selecting for and developing
drought-tolerant Miscanthus genotypes as breeding material increases the versatility of
Miscanthus as a sustainable bioenergy crop.

Little research appears to have been done to characterize drought tolerance of
Miscanthus. Previous research on the impact of drought on Miscanthus mainly focused on
M. × giganteus [22,23]. Most parameters, such as dry weight accumulation, leaf expansion
chlorophyl content, decreased when M. × giganteus meet drought [22]. Moreover, there
are many genetic resources of Miscanthus spp., which could be used as breeding stock to
improve drought-adaptation capacity in high-yielding accessions. Consequently, there is a
need to identify and evaluate drought-tolerant Miscanthus genotypes as breeding material
from the core population.

Given that there are considerable genetic differences among Miscanthus genotypes,
even under well-watered conditions, assessment of drought tolerance, based only on
photosynthesis data collected during periods of low SMC, can be fraught with limitations.
To avoid this problem, we employed the drought stress index (DSI) methodology of
Liu et al. (2015) [5]. It shows promise in quantifying drought-induced effects in Miscanthus
plants. Drought stress index values are calculated as follows:

DSI = (value of traits under stress condition)/(value of traits under
well-watered condition) × 100

(1)

The DSI can remove genetic differences among different genotypes and can be used as
an indicator of drought tolerance throughout the Miscanthus genus.

The present study focused on two objectives to characterize the drought-tolerance
capacity of Miscanthus. The first objective was to compare different techniques used to
impose drought stress in plants in terms of their suitable applications. The second was to
screen Miscanthus genotypes for drought tolerance with the express purpose of identifying
germplasm to use as future breeding-stock material.

2. Materials and Methods

2.1. Screening Experiment for Dry-Down-Imposed Drought Stress
2.1.1. Experiment in Hokkaido University, Japan

A population of 23 Miscanthus genotypes, which included 10 M. sinensis, one M. sinensis
var. condensatus, 11 M. sacchariflorus, and one M. floridulus genotypes, which were col-
lected from across East Asia, served as the source of the selection materials for this study
(Table 1; Table S1). The genotypes were divided into thirteen genetic clusters, based on
analyses by Clark et al. (2014, 2019) [15,16]. Considerable genetic variation existed among
the genotypes [15,16]. As such, we considered that even with only 23 genotypes, which
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had limited representation (i.e., between 1–6 genotypes) of each genetic cluster, there was
sufficient genetic variation to draw broad-based inferences for the genus at large. The
experiment was conducted in a semi-open rain-shelter greenhouse at Hokkaido University
(HU) in Sapporo, Japan (43◦4′43”N, 141◦20′19”E). The dry-down experiment ran from July to
August 2018. All 23 Miscanthus genotypes were propagated from rhizomes. Rhizome pieces
of each genotype were cut into 10 cm lengths and grown in plastic pots (diameter = 19 cm,
height = 27 cm). All plants were irrigated every day for 4 weeks before starting the experiment.

Table 1. List of Miscanthus genotypes included in screening experiments at Hokkaido University
(HU), Sapporo, Japan and Brigham Young University (BYU), Provo, Utah, USA.

HU Screening Experiment (2017, 2018) BYU Screening Experiment (2019)

Species Accession Type Species Accession Type

M. sacchariflorus JM11-006 Wild M. sacchariflorus JM11-006 Wild
M. sacchariflorus JPN-2011-004 Wild M. sacchariflorus JPN-2010-005 Wild
M. sacchariflorus JPN-2011-006 Wild M. sacchariflorus JPN-2011-010 Wild
M. sacchariflorus JPN-2011-010 Wild M. sacchariflorus UI11-00031 Wild
M. sacchariflorus PMS-076 Wild M. sinensis PMS-007 Wild
M. sacchariflorus RU2012-056.1WD (4x) Wild M. sinensis PMS-014 Wild
M. sacchariflorus RU2012-141 Wild M. sinensis PMS-164 Wild
M. sacchariflorus RU2012-169 Wild M. sinensis PMS-285 Wild
M. sacchariflorus RU2012-183 Wild M. sinensis PMS-347 Wild
M. sacchariflorus UI10-00008 Cultivar M. sinensis PMS-586 Wild
M. sacchariflorus UI11-00033 Wild M. sinensis UI10-00048 Cultivar

M. sinensis PMS-164 Wild M. sinensis UI10-00088 Cultivar
M. sinensis PMS-285 Wild M. sinensis UI10-00092 Wild
M. sinensis PMS-347 Wild M. floridulus PI417947 Wild
M. sinensis PMS-7 Wild

M. sinensis var.
condensatus UI10-00015 Wild

M. sinensis UI10-00020 Wild
M. sinensis UI10-00024 Cultivar
M. sinensis UI10-00053 Cultivar
M. sinensis UI10-00080 Cultivar
M. sinensis UI10-00097 Cultivar
M. sinensis UI10-00100 Cultivar

M. floridulus PI417947 Wild

The screening experiment was arranged as a randomized complete block design. There
are three blocks and each block consisted of two pots of each of the 23 genotypes. One pot
represented the well-watered treatment and one pot was assigned to the drought-stress
treatment for each of the 23 genotypes in one block. The well-watered treatment involved
daily irrigation to saturate the rhizosphere of each of the treated plants, while the dry-down
treatment was applied by withholding water for 7 days. After 7 days, plants were irrigated
to container capacity. The dry-down period was repeated four times.

The Soil Plant Analysis Development (SPAD) Chlorophyll meter (SPAD-502Plus,
Konica Minolta, Osaka, Japan), used to measure chlorophyll content, is one of the simpler
and quicker means to characterize drought stress due to its non-destructive nature and its
close correlation with leaf-level photosynthesis [24,25]. Measurements of SPAD value were
taken on all plants between 10:30 am to 2:00 pm on days 0, 7, 14, 21, and 28. Rhizosphere
conditions after 28 days of the dry-down experiment could be equated with what occurs in
the field in the spring and/or summer in temperate regions, such as the east-central U.S. [26].

To evaluate drought tolerance in 23 Miscanthus genotypes during the dry-down exper-
iment, DSI of SPAD value was plotted against coefficient of variance (CV) of SPAD value
(Figure 1). The DSI of the HU screening experiment was calculated as follows:

DSI of SPAD value (HU screening experiment) = (value of traits on day 28
of drought)/(value of traits on day 0 as well-watered treatment) × 100

(2)
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Figure 1. Scatter plot of coefficient of variation and drought stress index of the Soil Plant Analysis
Development (SPAD) Chlorophyll meter value in screening experiment at Hokkaido University,
Sapporo, Japan of drought-stress tolerance. Scatter points encircled by solid circles represent resistant
genotypes. Scatter points encircled by dotted circles represent susceptible genotypes.

2.1.2. Experiment at Brigham Young University, USA

A population of 14 Miscanthus genotypes (Table 1), where each plant constituted the
experimental units, were included in a drought-tolerance-evaluation experiment at Brigham
Young University (BYU), Provo, Utah, USA (40◦14’59” N, 111◦38’57” W). The experiment
was arranged in a completely randomized design. Due to independent Miscanthus genotype
management at HU and BYU, six Miscanthus genotypes (JPN-2011-010, PMS-7, PMS-164,
PMS-285, PMS-347, PI417947) were both evaluated in the HU screening experiment and
BYU experiment. However, the remaining eight genotypes were only evaluated in the
BYU experiment. The experiment was conducted under greenhouse conditions from 4 to
25 October 2019. Each genotype was replicated two times. All plants grown in plastic pots
(diameter = 19 cm, height = 27 cm) were irrigated daily for one week prior to treatment
initiation to keep them well watered before the dry-down experiment started. After
measurements were collected on day 0 of the experiment, the dry-down treatment was
applied by withholding water for 7 days. Plants were then irrigated to container capacity.
The dry-down period was repeated three times.

The SPAD value was measured in all plants between 1:00 am to 3:30 pm on days 0,
7, 14, and 21 with a SPAD chlorophyll meter (MC-100 Chlorophyll Concentration Meter,
Apogee Instruments, Inc., Logan, UT, USA). Photosynthesis parameters such as Pn, gs, Tr,
intercellular CO2 concentration (Ci), and leaf-level fluorescence (ϕPSII) were also measured
for all genotypes with a portable photosynthesis system (LI-6400XT, LI-COR, Lincoln,
NE, USA) with a 6400-40 leaf chamber fluorometer for use with the LI-6400 Portable
Photosynthesis System (LI-COR, Lincoln, NE, USA). In addition, soil water potential was
measured from collected soil samples on days 0, 7, 14, and 21 with a WP4C Dew Point
Potentiometer (METER Group, Pullman, WA. USA).

Drought tolerance of Miscanthus genotypes was evaluated with the DSI data from
the 14-day-dry-down data set from the BYU screening experiment, where the soil water
potential (−2.6 MPa) led to slight levels of drought stress after the dry-down period.

DSI (14-day dry-down data) = (value of traits from 14-day dry-down)/
(value of traits of 0-day dry-down) × 100

(3)
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In order to comprehensively assess drought tolerance of the different genotypes,
principal component analysis (PCA) ranking values, which were based on DSI values,
were used to assess drought-tolerance capacity in each Miscanthus genotype based on the
methodology of Liu et al. (2015) [5]. Liu et al. (2015) reported that the PCA based on
the DSI of physiological parameters is considered to be a reliable method for evaluating
drought tolerance among plants genotypes.

The 14 Miscanthus genotypes were ranked based on the PCA ranking values, which
are based on DSI (14-day dry-down data) values. A significance test analysis done through
SAS of the DSI data from the BYU screening experiment was used to complement the
PCA results.

To understand the effect of different environments on Miscanthus genotype perfor-
mance, SPAD value-based DSI values of the six Miscanthus genotypes were subjected to
analysis of variance (ANOVA) in the HU screening and BYU experiments. As mentioned
previously, six Miscanthus genotypes (JPN-2011-010, PMS-7, PMS-164, PMS-285, PMS-347,
PI417947) were used in both the HU-screening and BYU screening experiments. Both
experiments used the dry-down treatment to impose drought stress.

2.2. Precise-Comparison Experiment with Automated Irrigation System at HU

A total of ten Miscanthus genotypes, consisting of eight putatively drought-tolerant
and two drought-sensitive Miscanthus genotypes, were selected based on preliminary
results from the HU screening experiment. A scatterplot of SPAD value-based CV values
and SPAD value-based DSI values in the HU screening experiment is shown in Figure 1.
Relatively lower CV values and higher DSI values of some genotypes indicated that they
had fewer variation between different drought levels and less differences between well-
watered and drought conditions. Based on these results, eight putatively drought-tolerant
genotypes (PMS-164, PMS-285, PMS-347, PMS-7, UI10-00008, UI10-00015, UI10-00020,
UI10-00024) and two drought-sensitive genotypes (JPN-2011-004, UI11-00033) were selected
to be included in the HU precise-comparison experiment for further analysis of their
photosynthetic performance under specific drought levels through an automated irrigation
system. Among the eight drought-tolerant genotypes, there was only one representative
from the M. sacchariflorus species group, UI10-00008, while the other seven were M. sinensis
genotypes. On the other hand, the most drought-sensitive genotypes, JPN-2011-004 and
UI11-00033, were M. sacchariflorus. The genotypes were evaluated for drought tolerance
in a precise-comparison experiment using an automated irrigation system following the
methodology of Nemali and van Iersel (2006) [12]. A simplified diagram of the irrigation
system can be seen in Figure S1. The experiment was conducted in a semi-open greenhouse
at Hokkaido University from 10 September to 10 October 2018.

The precise-comparison experiment was arranged in a completely randomized design.
Each genotype had three replicates. Soil moisture sensors (GS3, Meter Group, Pullman, WA)
were inserted, along with drip emitters, into each of the potted plants (diameter = 19 cm,
height = 27 cm). The sensors and emitters were connected to an automatic irrigation system,
which regulated the amount of water applied to each plant. Soil-moisture treatments
(20, 25, and 30% SMC) were arranged by setting the set-point of the system at pre-
determined soil-moisture levels. The lowest SMC treatment (20%) was defined as the
severe drought treatment and the highest SMC treatment (30%) was considered the well-
watered treatment. After all potted plants achieved their SMC set points for 5 days, Pn, gs, Ci, and
Tr were collected on the youngest, fully expanded leaf of each plant with a portable photosynthesis
system (LI-6400XT). Leaf-level fluorescence (ϕPSII) and SPAD value, which were measured at
the same time as photosynthesis, were measured with a fluorometer (Junior-PAM, Heinz Walz
GmbH, Effeltrich, Germany) and a SPAD chlorophyll meter (SPAD-502Plus), respectively.

Soil moisture of all pots was controlled by the automated irrigation system. Average
changes in SMC levels can be seen in Figure S2. The time taken for the potted media
to reach the severe-drought-level set point required more time than media in the slight-
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drought-level treatment. For example, it only took 5 days for soil moisture to decrease from
30% to 25%, while it took 8 days for soil moisture to reduce from 25% to 20% (Figure S2).

Drought tolerance of these 10 Miscanthus genotypes was evaluated with the DSI data
from the 25% SMC treatment in the HU precise-comparison experiment.

DSI (25% SMC treatment) = (value of traits of 25% SMC)/
(value of traits of 30% SMC) × 100

(4)

A PCA-ranking value based on DSI from the 25% SMC treatment was calculated for
each genotype following the method of Liu et al. (2015) [5]. The 10 Miscanthus genotypes
were ranked as relatively drought tolerant based on PCA ranking values. A significance test
analysis done through SAS of the DSI data from the HU precise-comparison experiment
was used to complement the PCA results.

To understand how different drought-treatment methods affected evaluation results
of drought tolerance in Miscanthus spp., DSI of four photosynthetic parameters (Pn, gs,
Tr, ϕPSII) of four Miscanthus genotypes (PMS-7, PMS-164, PMS-285, PMS-347), which
were subjected to slight stress-level conditions (25% SMC in the HU precise-comparison
experiment and −2.6 MPa of soil water potential on day 14 of the BYU experiment), were
subjected to ANOVA. The fixed-SMC method was used as a drought-treatment method
in the HU precise-comparison experiment, while in the BYU experiment, the dry-down
method was used to subject plants to drought stress.

2.3. Post-Drought Recovery in the BYU Experiment

After the 21-day BYU dry-down screening experiment finished, a 7-day post-drought
recovery experiment was conducted with the same plants in order to evaluate the drought-
recovery capacity of the Miscanthus genotypes. A population of 14 Miscanthus genotypes
(Table 1) was used in the 7-day post-drought-recovery experiment, which was the same
material used in the BYU screening experiment. The recovery experiment was arranged
in a completely randomized design and conducted under greenhouse conditions from
25 October to 1 November 2019, with two replicates of each genotype. Plants were watered
daily over the 7-day experiment. Instrumentation and measurement parameters were the
same as those used in the screening experiment. Measurements were made on the seventh
day of the recovery experiment.

To understand the degree of recovery capacity from drought stress in Miscanthus
genotypes, recovery DSI values were used to calculate PCA ranking values as assess-
ment criteria.

Recovery DSI = (value of traits of day 7 in BYU recovery experiment)/
(value of traits of day 21 in BYU screening experiment) × 100

(5)

Moreover, to comprehensively assess drought-recovery capacity of the different geno-
types, the PCA ranking value based on recovery DSI values was calculated. The 14
Miscanthus genotypes were ranked according to their relative drought recovery capacity
levels, which were based on the PCA-ranking-value results.

2.4. Drought Tolerance Evaluation and Statistical Analysis

The DSI values and PCA ranking values, which were based on DSI values, were used
to assess the drought-tolerance capacity in Miscanthus genotypes which was based on the
methodology of Liu et al. (2015) [5]. In order to quantify drought-induced effects in Miscant-
hus plants, the DSI value of each photosynthesis parameter was calculated using equation
1. Moreover, to comprehensively assess drought tolerance of the different genotypes, the
PCA ranking value based on DSI values was calculated using the formula below:

PCA ranking value = (contribution of the first principal components (PC1) (%) ×
PC1) + (contribution of the second principal components (PC2) (%) × PC2) +

(contribution of the third principal components (PC3) (%) × PC3)
(6)
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In the BYU post-drought recovery experiment, recovery DSI values were used as an
evaluation parameter of the recovery capacity of different genotypes. The formula used
Equation (5). In the HU screening experiment, DSI of SPAD value and CV of SPAD value
were used as drought-tolerance-evaluation parameters.

Microsoft Excel (Microsoft Office 2016, Microsoft Corporation, Redmond, WA, USA)
was used to perform ANOVA. R statistical software (R3.5.1 by R Development Core Team,
2018) and ggplot2 package of R software were used to perform PCA of drought tolerance
of Miscanthus genotypes. Statistical Analysis System (SAS Institute Inc., Cary, NC, USA)
was used to respectively perform a significance test analysis of the DSI data from the HU
precise-comparison and BYU screening experiments.

3. Results

3.1. Comparison of Miscanthus Genotype Performance between HU and BYU Experiments

Drought stress index values of 21-day dry-down of SPAD value of six Miscanthus
genotypes (JPN-2011-010, PMS-007, PMS-164, PMS-285, PMS-347, PI417947) in the HU
screening experiment and BYU experiment were subjected to ANOVA (Table 2). In the
ANOVA results, there was no significant difference (p > 0.05) in DSI values of Miscanthus
genotypes in the HU and BYU experiments.

Table 2. Analysis of Variance (ANOVA) result of six Miscanthus genotypes (JPN-2011-010, PMS-7, PMS-
164, PMS-285, PMS-347, PI417947) between Hokkaido University screening experiment and Brigham
Young University screening experiment using drought stress index of 21 days of SPAD value.

ANOVA

Source of variation SS df MS F p-value
Between Groups 0.0069 1 0.0069 0.1991 0.6650
Within Groups 0.3453 10 0.0345

Total 0.3522 11

Drought stress index values of four photosynthetic parameters (Pn, gs, Tr, ϕPSII) of
four Miscanthus genotypes (PMS-7, PMS-164, PMS-285, PMS-347) under slight stress-level
conditions (25% SMC in the HU precise-comparison experiment and soil water potential
as −2.6 MPa on day 14 of the BYU experiment) were subjected to ANOVA (Table 3). The
ANOVA results was significant (p ≤ 0.05) in DSI values of Miscanthus genotypes in the HU
precise-comparison and BYU experiments.

Table 3. Analysis of Variance (ANOVA) result of four Miscanthus genotypes (PMS-7, PMS-164, PMS-
285, PMS-347) based on their drought stress index of four photosynthetic parameters (photosynthetic
rate, stomatal conductance, transpiration rate, and chlorophyll fluorescence) under slight drought
stress † of Hokkaido University (HU) precise-comparison and Brigham Young University (BYU)
screening experiments.

ANOVA

Source of variation SS df MS F p-value
Between Groups 3.2866 1 3.2866 18.3031 0.0002
Within Groups 5.3870 30 0.1796

Total 8.6736 31
† Slight drought stress was set as 25% volumetric water content in soil of HU experiment and soil water potential
as −2.6 MPa in BYU experiment.

The DSI ϕPSII mean values of M. sinensis genotype PMS-285 in the slight stress-
level treatment in both the HU precise-comparison (94.1) and BYU (75.9) experiments
significantly differed from that of the M. sacchariflorus genotype UI11-00033 (39.2) and M.
sinensis genotype UI10-00015 (37.8) in the HU precise-comparison experiment (Table S2). In
the BYU experiment, DSI ϕPSII of M. sinensis genotype PMS-007 (102.9) was higher than
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other genotypes and significantly differed from that of four M. sinensis genotypes (PMS-014,
PMS-164, PMS-347, PMS-586) (Table S2-1). However, compared to its performance in the
BYU experiment, the DSI ϕPSII of PMS-007 (71.5) was moderately high in the HU precise-
comparison experiment (Table S2-2). The DSI Pn of M. sinensis genotype PMS-007 was
relatively higher in the HU precise-comparison (77.3) and BYU (94.4) experiments than
other genotypes subjected to slight stress levels, with the exception of M. sinensis genotype
UI10-00088 in the BYU experiment (Table S3).

In addition, plants of M. sinensis genotype PMS-164 had higher DSI ϕPSII levels
in the severe-stress-level treatment in the HU precise comparison (99.0) and BYU (67.8)
experiments relative to those in slight stress-level treatment (HU: 42.9, BYU: 63.6) (Table S2).
The DSI gs of M. sinensis genotype PMS-164 in the slight-stress-level treatment of the HU
precise-comparison (824) and BYU (195) experiments statistically differed from 9 genotypes
in the HU precise-comparison experiment (Table S4).

3.2. Changes in Soil Water Potential across Treatments in the BYU Experiment

Average changes in soil water potential of each genotype across treatments in the
BYU experiment are shown in Table 4. Across treatments, soil water potential in the BYU
experiment decreased, on average, from day 7 to 21 with the gradual exposure of plants to
different levels of SMC. At first, soil water potential did not differ between days 0 and 7, but
then considerably decreased on days 14 and 21 (Table 4). Soil water potential was around
−0.1 MPa on days 0 and 7 and then decreased to −2.6 MPa on day 14 and −10.2 MPa on
day 21 (Table 4). The soil water potential values on days 14 and 21 were more severe than
those found at field capacity (−0.33 MPa) and permanent wilting (−1.5 MPa).

Table 4. Photosynthetic rate (Pn) of each Miscanthus genotype under each soil water potential in a
screening experiment and a post-drought recovery experiment at Brigham Young University, Provo,
Utah, USA.

Day 0 Day 7 Day 14 Day 21 Day 7 after Re-Watered
Soil Water Potential (mPa) −0.096 −0.14 −2.6025 −10.25 0.04

Species Accession Pn (μmol CO2 m−2 s−1)

M. sacchariflorus JM11-006 11.281 10.355 2.310 NA NA
M. sacchariflorus JPN-2010-005 7.673 9.899 2.744 NA NA
M. sacchariflorus JPN-2011-010 8.087 8.930 3.927 NA NA
M. sacchariflorus UI11-00031 12.044 12.292 7.707 5.372 8.145

M. floridulus PI417947 3.961 5.595 3.192 3.006 2.774
M. sinensis PMS-007 6.268 8.006 5.824 3.488 3.367
M. sinensis PMS-014 10.724 12.436 6.394 1.655 11.899
M. sinensis PMS-164 6.294 11.962 3.107 7.393 7.330
M. sinensis PMS-285 7.613 8.364 6.810 6.484 5.121
M. sinensis PMS-347 8.624 10.411 2.919 1.886 5.144
M. sinensis PMS-586 5.148 9.832 2.051 1.438 6.569
M. sinensis UI10-00048 5.034 15.136 0.777 NA NA
M. sinensis UI10-00088 4.418 5.081 4.312 1.160 3.275
M. sinensis UI10-00092 5.334 13.335 5.049 NA NA

3.3. Performance of Genotypes under Dry-Down Experiment in BYU Screening Experiment

After water-deficit treatments were initiated, photosynthetic levels of all Miscanthus
genotypes decreased after day 7 as soil water potential decreased (Table 4). Most genotypes
showed higher Pn on day 7 than on day 0, which corresponded to no changes in soil water
potential (Table 4). After soil water potential values exhibited a large drop from day 7 to
day 14 (−0.14 to −2.6 MPa), the Pn performance of all genotypes also showed a sharp
decline, particularly going from a 15% decrease to a 77% decrease in Pn (Table 4). Moreover,
five genotypes (JPN-2011-010, JM11-006, JPN-2010-005, UI10-00048, UI10-00092) died after
day 14 due to serious drought. In addition, the Pn performance of the M. sinensis genotype,
PMS-285, when experiencing low-water availability, showed almost no differences with
conspecific genotypes in the well-watered treatment (Table 4). Although Pn of M. sinensis
PMS-285 was at relatively moderate levels on days 0 and 7, it dropped when low soil-water
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conditions became more severe on days 14 and 21 (Table 4). However, the Pn of other
genotypes experienced sharp decreases due to low soil-water availability during this time
period, such as M. sinensis genotype UI10-00048 (Table 4).

In order to understand how photosynthetic traits contributed to drought tolerance of
Miscanthus genotypes in the BYU experiment, we performed PCA using the DSI values
(day 14) of six measured parameters (Pn, gs, Ci, Tr, ϕPSII, SPAD value) (Figure 2). The
first (PC1) and second (PC2) principal components explained 76.6% of the variance among
14 Miscanthus genotypes. In addition, Pn and Tr had the largest contribution in PC1,
suggesting Pn and Tr were the two most important photosynthesis parameters to the PCA
results (Figure 2).

Figure 2. Principal component analysis (PCA) bi-plot of drought stress index (DSI) of six physiological
traits (photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (Tr), intercellular CO2

concentration (Ci), the Soil Plant Analysis Development (SPAD) Chlorophyll meter value, and
chlorophyll fluorescence (PSII)) under drought over a 14-day period in screening experiment at
Brigham Young University, Provo, UT, USA. Arrows represent physiological traits with various
lengths, which were based on the impact of each trait on the separation of genotypes.

According to the PCA ranking value based on the DSI (day 14 of the BYU screening ex-
periment) (Table 5), M. sinensis genotype PMS-285 and M. floridulus genotype PI417947 had
relatively high ranking values compared to other genotypes, suggesting that they were
more tolerant to drought stress among the 14 Miscanthus genotypes. In contrast, three of the
M. sacchariflorus genotypes (JPN-2011-010, JPN-2010-005, JM11-006), which originated from
Japan, showed relatively poor performance under low-water conditions while M. sinen-
sis genotype UI10-00048 had the lowest PCA ranking relative to the other 13 Miscanthus
genotypes in the BYU experiment (Table 5).
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Table 5. Principal components analysis (PCA) ranking values † based on the drought stress index
(Day 14) and the rank of drought-tolerance capacity of fourteen Miscanthus genotypes under slight
drought stress ‡ in a screening experiment at Brigham Young University (BYU), Provo, Utah, USA.

Species Accession Origin Genetic Clusters § PC1 PC2 PC3 Ranking Value Rank

M. sinensis PMS-285 China Yangtze-Qinling Msi 2.2033 −0.3101 0.4616 1.2647 1
M. floridulus PI417947 Cultivar SE China Msi 1.5610 0.6848 0.1983 1.0543 2
M. sinensis UI10-00088 Cultivar C Japan Msi 2.2217 −1.0798 0.0110 1.0521 3
M. sinensis UI10-00092 Cultivar C Japan Msi 1.8232 −0.4588 0.4144 1.0117 4
M. sinensis PMS-007 China Yangtze-Qinling Msi 1.7714 −0.8379 0.8903 0.9825 5
M. sinensis PMS-347 China SE China Msi −0.3521 2.5066 1.3918 0.5140 6
M. sinensis PMS-164 China Yangtze-Qinling Msi 0.6587 −0.1539 −1.8284 0.0560 7
M. sinensis PMS-586 China Sichuan Msi −0.6486 1.7557 0.0789 −0.0098 8

M. sacchariflorus UI11-00031 China Yangtze diploids (ssp.
lutarioriparius) Msa −0.2352 −0.1630 −0.0439 −0.1729 9

M. sinensis PMS-014 China Sichuan Msi −0.3133 −0.6493 −0.3376 −0.3596 10
M. sacchariflorus JPN-2011-010 Japan N Japan 4x Msa −0.9108 0.0087 −0.5782 −0.6075 11
M. sacchariflorus JPN-2010-005 Japan N Japan 4x Msa −1.6686 0.1401 −1.2992 −1.1262 12
M. sacchariflorus JM11-006 Japan S Japan 4x Msa −1.9928 0.2420 −0.9925 −1.2422 13

M. sinensis UI10-00048 Cultivar S Japan Msi −4.1179 −1.6850 1.6335 −2.4174 14
† PCA ranking value was derived via calculation of first, second, and third principal components (PC1, PC2, and
PC3). ‡ Slight drought stress was set as soil water potential as −2.6 MPa in the BYU experiment. § According to
Clark et al. (2014) and Clark et al. (2019).

3.4. Performance of Genotypes under Fixed Drought Level with Automated Irrigation System in
the HU Precise-Comparison Experiment

The PCA using the DSI (25% SMC) values of six parameters suggested that the PC1 and
PC2 explained 76.9% of the variance among all 10 genotypes (Figure 3). Photosynthetic rate and
Tr showed similar and strong influences on the PC1 axis. Stomatal conductance (gs), and Tr were
the most important photosynthesis parameters to the PCA result of the HU precise-comparison
experiment because they provided the largest contribution to PC1 (Figure 3).

Figure 3. Principal component analysis (PCA) bi-plot of the drought stress index (DSI) of six physio-
logical traits: photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (Tr), intercellular
CO2 concentration (Ci), the Soil Plant Analysis Development (SPAD) Chlorophyll meter value, chloro-
phyll fluorescence (PSII) under 25% soil moisture in a precise-comparison experiment at Hokkaido
University, Sapporo, Japan. Arrows represent physiological traits with various lengths, which were
based on the impact of each trait on the separation of genotypes.
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According to the PCA ranking value based on the DSI (25% SMC) data (Table 6),
M. sinensis genotypes, PMS-007 and PMS-285, had relatively high ranking values than
the other genotypes, suggesting that they were more tolerant to drought stress while M.
sacchariflorus genotypes, JPN-2011-004 and UI11-00033, had relatively lower ranking values
than the other genotypes and were found to be more sensitive to drought stress. It is
noteworthy that M. sinensis genotype PMS-285 also had a higher PCA ranking than other
genotypes in the BYU screening experiment, while M. sinensis genotype PMS-007 did
not have a high PCA ranking in the BYU screening experiment (Table 5). In contrast,
M. sacchariflorus genotypes, with the exception of genotype UI10-00008, appeared to be more
sensitive to drought than M. sinensis genotypes in the HU precise-comparison experiment
(Table 6), which was also observed in the BYU screening experiment (Table 5).

Table 6. Principal components analysis (PCA) ranking values † based on the drought stress index
(25% soil moisture content) and the rank of drought-tolerance capacity of ten Miscanthus genotypes
under slight drought stress ‡ in a precise comparison experiment of a precise comparison experiment
at Hokkaido University (HU), Sapporo, Japan.

Species Accession Origin Genetic Clusters §
Leaf

Width
(cm)

Leaf
Length

(cm)
PC1 PC2 PC3 Ranking Value Rank

M. sinensis PMS-007 China Yangtze-Qinling
Msi 2.0 60 0.71 3.03 −0.57 1.232 1

M. sinensis PMS-285 China Yangtze-Qinling
Msi 1.1 56 0.93 1.02 0.04 0.749 2

M. sacchariflorus UI10-00008 Cultivar
NEChina/Korea/
Russia diploids

Msa
0.8 44 2.65 −1.90 0.55 0.618 3

M. sinensis UI10-00020 Cultivar S Japan Msi 0.4 18 0.89 −0.09 0.68 0.450 4

M. sinensis PMS-164 China Yangtze-Qinling
Msi 1.1 25 1.29 −0.58 −0.36 0.333 5

M. sinensis UI10-00024 Cultivar S Japan Msi 0.6 27 −0.40 0.90 0.47 0.178 6
M. sinensis PMS-347 China SE China Msi 1.8 48 −0.04 −0.76 −0.52 −0.333 7

M. sinensis var.
condensatus UI10-00015 Cultivar C Japan Msi 1.6 40 −2.27 0.34 1.39 −0.712 8

M. sacchariflorus JPN-2011-
004 Japan S Japan 4x Msa 1.8 55 −1.35 −0.79 −1.80 −1.085 9

M. sacchariflorus UI11-00033 Japan S Japan 4x Msa 2.0 61 −2.41 −1.16 0.14 −1.425 10

† PCA ranking value was derived via calculation of first, second, and third principal components (PC1, PC2,
and PC3). ‡ Slight drought stress was set as 25% volumetric water content in the media of the HU experiment.
§ According to Clark et al. (2014) and Clark et al. (2019).

3.5. Drought Recovery Capacity of Miscanthus Genotypes of Post-Drought Recovery Experiment
in BYU

Upon rewatering plants daily for 7 days after a 21-day dry-down treatment, the
average soil water potential of all Miscanthus genotypes on day 7 of the BYU recovery
experiment increased to 0.04 MPa, which was similar to that on day 0 of the BYU screening
experiment (Table 4). This result suggests that the soil moisture level was high enough for
plants to recover from drought (Table 4). Three M. sacchariflorus genotypes, JPN-2011-010,
JM11-006, and JPN-2010-005, and two M. sinensis genotypes, UI10-00048 and UI10-00092,
were nearly dead due to drought stress after a 21-day dry-down period in the BYU screening
experiment (Table 4). Consequently, we were not able to characterize the recovery capacity
of these genotypes.

On the other hand, the photosynthetic levels of M. sinensis genotypes PMS-014 and
PMS-586 exhibited relatively quick recovery of Pn levels on day 7 in the BYU recovery
experiment (Table 4). The Pn level of genotype PMS-014 on day 7 in the BYU recovery
experiment was six times greater than its Pn performance on day 21 in the BYU screening
experiment (Table 4). A similar pattern could be seen with genotype PMS-586, whose
Pn level was four times greater than its Pn performance on day 21 in the BYU screening
experiment (Table 4). In addition, these two genotypes had high recovery-PCA-ranking
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values, suggesting that they had the potential to recover from drought damage (Table 7).
On the other hand, M. sinensis genotype PMS-285 had a relatively low recovery ranking value
and was less capable of recovering from drought (Table 7), but it displayed higher Pn levels
than other genotypes under low-water conditions in the BYU screening experiment (Table 4).

Table 7. Recovery principal components analysis (PCA) ranking values † based on the recovery
drought stress index and the rank of recovery capacity from drought stress of fourteen Miscanthus
genotypes in post-drought recovery experiment at Brigham Young University, Provo, Utah, USA.

Species Accession Origin Genetic Clusters ‡ PC1 PC2 PC3 Ranking Value Rank

M. sinensis PMS-014 China Sichuan Msi 4.3565 −1.4954 0.2379 2.8970 1
M. sinensis PMS-586 China Sichuan Msi 3.3939 0.4381 0.5461 2.5689 2
M. sinensis PMS-347 China SE China Msi 2.7456 1.2399 −1.0582 2.1484 3
M. sinensis UI10-00088 Cultivar C Japan Msi 1.2360 −0.6833 0.0990 0.7769 4

M. sacchariflorus UI11-00031 China Yangtze diploids (ssp.
lutarioriparius) Msa −0.2981 0.8091 0.6621 −0.0294 5

M. floridulus PI417947 Cultivar SE China Msi −0.9572 2.3607 0.7977 −0.2173 6
M. sinensis PMS-164 China Yangtze-Qinling Msi −0.5758 0.7901 −0.0801 −0.2786 7
M. sinensis PMS-007 China Yangtze-Qinling Msi −0.5925 −0.3455 −0.4199 −0.5167 8
M. sinensis PMS-285 China Yangtze-Qinling Msi −0.9592 −0.8056 0.0559 −0.8369 9

† PCA ranking value was derived via calculation of first, second, and third principal components (PC1, PC2, and
PC3). ‡ According to Clark et al. (2014) and Clark et al. (2019).

4. Discussion

4.1. Comparison of Different Drought Treatment Methods for Evaluation

Some plants species show different physiological responses under rapidly-imposed
and slowly-imposed drought-stress conditions [27]. As we mentioned earlier, two drought-
treatment methods, the dry-down technique, and the fixed-SMC technique, imposed
different patterns of drought stress on plants in the experiments. The dry-down technique
made a quick and sizable decrease in SMC over a short period of time, while the fixed-SMC
technique-controlled SMC at a relatively constant level at a slower rate and for a longer
period of time. Both drought-imposition techniques were used in previous research for
studying drought tolerance in plants [4,5,28–31].

Drought-tolerant genotypes, which were selected through the PCA ranking analysis,
also showed different degrees of drought tolerance in the HU precise-comparison and
BYU experiments. For example, M. sinensis PMS-007 showed high drought tolerance
performance in the HU precise-comparison, but only medium-level performance in the
BYU screening experiment. Environmental factors and methods of drought imposition
could have been factors that influenced the results of the HU precise-comparison and
BYU screening experiments. However, it appears that environmental factors did not
influence the results of the two experiments. According to our results, there was no
significant difference (p > 0.5) in DSI values of Miscanthus genotypes in the HU and BYU
experiments (Table 2), suggesting that there was no effect of environment between the HU and
BYU experiments when both experiments used the dry-down technique to impose drought
on Miscanthus plants. Therefore, the different evaluation results between the HU precise-
comparison and BYU experiments were likely due to differences in how drought was imposed.

Decreases in SMC showed different patterns in the two drought-treatment methods
used in this study. As reflected in changes in soil water potential values, drought stress
conditions caused by the dry-down technique became more severe (i.e., soil water potential
went below the permanent wilting point (−1.5 MPa) over a 14-day period (day 7 to day 21 in
the BYU screening experiment) with a quick and sizable decrease in SMC (Table 4). In this
case, plants had little time to adjust low-water conditions. On the other hand, with the fixed-
SMC method, SMC changed slowly and could be controlled at a relatively constant level
for plants to respond low-water availability. In the HU precise-comparison experiment, soil
moisture controlled by an automated irrigation system took around 30 days to change from
slight stress to severe stress, and at each stress level plants had 3–5 days to adjust the stress
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before measurement (Figure S2). With the fixed-SMC method, plants had enough time to
exhibit their responses to drought, presuming that there was some physiological regulation
in their cells. Based on the different patterns we observed in decreases in SMC (Table 4;
Figure S2), the dry-down method is suitable for selecting drought-tolerant genotypes for
cultivar or breeding development. However, the fixed-SMC method can aid researchers
in clarifying drought-induced response of plants, such as changes in cell-level osmotic
potential changing or toxic ROS scavenging regulation [32].

Under field conditions, drought can be defined as a condition where plants cannot get
take up enough water from dry soil for normal physiological function over an extended
period of time [33]. Large decreases in soil moisture over a short period of time during a
dry-down are more similar to drought in the field, which leads plants to perform all steps of
drought-caused physiological regulation in a short time [27]. This aspect of the dry-down
method leads plants to respond to low-water availability as if they were subjected to field
conditions. However, rapidly decreasing soil moisture makes it difficult to capture and
characterize ephemeral physiological changes in plants [27]. On the other hand, the fixed-
SMC method is controlled by a computer, which can regulate irrigation and thereby control
SMC to maintain continuous drought conditions [12]. Therefore, plants generally have
enough time in this method to physiologically respond to drought due to being subjected
to constant, low-SMC conditions. In addition, physiological responses of plants to different
soil-moisture conditions (e.g., well-watered, moderate, severe) with this approach seem
more straightforward than in the dry-down method [34]. However, such constant soil-
moisture conditions, even when water levels are fairly low, differ from drought in the field
such that genotypes identified as drought tolerant through the fixed-SMC method may not
perform well when grown in the field.

4.2. Characteristics of Drought Stress in Miscanthus spp.

In general, M. sinensis appears to have stronger drought tolerance than M. sacchariflorus
(Tables 5 and 6). Based on the PCA ranking results of the BYU screening experiment, four
M. sacchariflorus genotypes (UI11-00031, JPN-2011-010, JPN-2010-005, and JM11-006) ranked
relatively low in terms of drought-stress tolerance (Table 5). Similarly, based on the PCA
ranking results of the HU precise-comparison experiment, two M. sacchariflorus genotypes,
JPN-2011-004 and UI11-00033 ranked 9 and 10, suggesting they were sensitive to drought
stress (Table 6). These results correspond to their native habitats. Miscanthus sinensis usually
grows in dry, upland areas, while M. sacchariflorus occurs in mesic, lowland areas [35].

Miscanthus × giganteus, which is a triploid hybrid of tetraploid M. sacchariflorus and
diploid M. sinensis, is considered as a potential high-yielding energy crop (29–38 Mg ha−1) [13].
However, M. × giganteus expresses sensitivity to drought and needs more irrigation than
maize under commercial cultivation conditions [21]. Genes inherited from M. sacchariflorus
possibly influence the drought sensitivity of M. × giganteus.

Based on the PCA ranking results of the HU precise-comparison and BYU screening
experiments, M. sinensis genotype PMS-285 had higher photosynthetic performance under
drought in both experiments, suggesting that it can be used as germplasm in breeding
programs (Tables 5 and 6). Miscanthus sinensis genotype PMS-007 showed relatively higher
photosynthesis performance than other genotypes in the HU precise-comparison experi-
ment (Table 6), but it exhibited only relatively moderate photosynthesis performance in the
BYU screening experiment (Table 5). Considering the two drought-imposition methods
used in our study, M. sinensis genotype PMS-007 appeared to maintain high photosynthesis
performance for stable and consistent responses to low-water availability in the fixed-SMC
method, but the photosynthesis performance was relatively lower at rapidly decreasing
SMC conditions caused by the dry-down method (Table 4 and Table S5). Considering the
different photosynthetic performance of M. sinensis genotypes PMS-285 and PMS-007 under
dry-down and the fixed-SMC treatments, there should be some differences between the
drought-response mechanisms of M. sinensis genotypes PMS-285 and PMS-007, which
allowed for genotype PMS-285 to be tolerant of both rapidly and slowly decreasing soil-
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moisture availability, which needs to be clarified in the future. In addition, the genotypes,
M. sacchariflorus UI10-00008 and M. sinensis UI10-00020, which had relatively narrow leaves
and smaller leaf area than other genotypes, were more tolerant to drought than other
genotypes in the HU precise-comparison experiment, with the exception of M. sinensis
genotypes PMS-285 and PMS-007 (Table 6). A relatively small leaf area can lead to low
transpiration levels, which could allow for plants to maintain photosynthetic rates at levels
to sustain moderate growth despite having low soil-water availability [28,36].

The DSI ϕPSII of Miscanthus sinensis genotype PMS-285 in the slight-stress-level
treatment in the HU precise-comparison (94.1) and BYU (75.9) experiments exceeded that
of other genotypes in the study, except for M. sinensis genotype PMS007 and UI10-00088 in
the BYU experiment (Table S2). On the other hand, the DSI Pn of M. sinensis genotype
PMS-007 is relatively higher than other genotypes under slight stress levels in both the
HU precise-comparison and BYU experiments (Table S3). The relatively high values of DSI
ϕPSII of M. sinensis genotype PMS-285 and DSI Pn of M. sinensis genotype PMS-007 could
help explain why these two genotypes showed stronger drought tolerance than other
genotypes in this study. In addition, the DSI gs of M. sinensis genotype PMS-164 exceeded
that of other genotypes in both experiments (Table S4).

Interestingly, the Miscanthus genotypes with strong drought-recovery capacity (PMS-
014, PMS-586) did not exhibit high drought tolerance (Tables 5 and 7). On the other hand,
genotypes with high drought tolerance may not have sufficient drought-recovery capacity.
Based on the recovery PCA ranking results (Table 7), M. sinensis genotypes PMS-014 and
PMS-586 ranked relatively higher than other genotypes, but they only displayed moderate
levels of tolerance under 14 days of being subjected to the drought treatment in the BYU
screening experiment (Table 5).

Miscanthus sinensis genotype PMS-285 had a higher photosynthetic performance of Pn
and DSI ϕPSII than other genotypes under drought in both the HU precise comparison
and BYU screening experiments (Table 4 and Table S2). In addition, this genotype had a
higher Pn value on day 21 of the BYU screening experiment than its Pn value on day 7 of
the BYU recovery experiment (Table 4). In addition, M. sinensis genotype PMS-285 did
not have a high recovery PCA ranking value (Table 7), which suggests it did not recover
from drought stress after being rewatered. This is surprising given that it had a high PCA
ranking value under slight drought stress in both the HU precise comparison and BYU
screening experiments (Tables 5 and 6).

Recovery capacity from drought is an important trait to help plants tide over from the
effects of low SMC conditions [3]. Several plant species, whose photosynthetic machinery
can often recover rapidly from drought stress, can absorb water when short-term rain
events occur in the midst of a prolonged drought [3,7]. Lauenroth et al. (1987) reported
that new root growth of Bouteloua gracilis, a warm-season perennial grass species, occurred
nearly 40 h after being rewatered [7]. Such root growth has the capability of increasing
water availability for plants. Another study, which focused on water relations of sugarcane
(Saccharum officinarum L.), found that high WUE and deep root systems enable sugarcane
to recover from drought damage [37]. Such traits may be a possible reason for the strong
recovery performance of M. sinensis genotypes PMS-014 and PMS-586. These traits could
be effective screening criteria for drought-tolerant genotypes of Miscanthus. The WUE
and rooting depth were not measured in our experiments but should be focused on in
future research.

Genetic clusters and ploidy levels may be factors that have considerable influence on
drought tolerance in Miscanthus spp. [16]. Regarding the influence of genetic clusters on
drought tolerance, genotypes in the M. sinensis ‘Yangtze-Qinling’ genetic clusters appear to
have relatively stronger drought tolerance than other genetic clusters (Tables 5 and 6). In
addition, genotypes in the M. sinensis ‘Sichuan’ genetic cluster can quickly recover from
drought damage after being re-watered (Table 7). Both M. sinensis genotypes, PMS-007 and
PMS-285, which align with the M. sinensis ‘Yangtze-Qinling’ genetic cluster (Tables 5 and 6),
expressed relatively higher photosynthesis performance than other genotypes under stress
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in the HU precise comparison experiment (Table 6). In contrast, in the BYU screening
experiment, M. sinensis genotypes PMS-014 and PMS-586, which are associated with
the M. sinensis ‘Sichuan’ genetic cluster (Table 5), displayed low photosynthetic levels
when subjected to drought (Table 5). However, both exhibited relatively high recovery of
photosynthetic levels after re-irrigation in the BYU recovery experiment (Table 7).

For different ploidy-type accessions, M. sacchariflorus diploid genotype UI10-00008
(Table 6) showed much higher photosynthesis performance than two other M. sacchariflorus
tetraploid genotypes, JPN-2011-004 and UI11-00033, in the HU precise-comparison experi-
ment (Table 6). Miscanthus sacchariflorus UI10-00008 has, on average, a small leaf area with
only 0.8 cm leaf width, while genotypes JPN-2011-004 and UI11-00033 have an average
leaf width of 2 cm (Table 6). In the BYU screening experiment, three M. sacchariflorus
tetraploid genotypes were dead after a dry-down period of 21 days, but M. sacchariflorus
diploid genotype UI11-00031 survived despite prolonged exposure to severe drought stress
(Table 4). In addition, M. sacchariflorus diploid genotype UI11-00031 showed considerable
recovery of Pn on day 7 in the BYU recovery experiment (Table 4). Therefore, ploidy level
may reflect how leaf area and transpiration rate of Miscanthus genotypes contribute to
drought tolerance. Moreover, drought-tolerant diploid M. sacchariflorus genotypes could be
used as breeding material to produce high-yielding M. × giganteus genotypes with strong
drought tolerance. Using genetic clusters and ploidy levels for genotype evaluation will
help to improve the efficiency of the selection and breeding of stress-tolerant crops.

Ornamental Miscanthus cultivars exhibited relatively higher drought tolerance than
most wild-type accessions in both the HU precise-comparison and BYU screening experi-
ments (Tables 5 and 6). Although wild-type Miscanthus accessions usually express stronger
stress tolerance to drought, disease, and insect pests than ornamental cultivars [38], we
found that some cultivars (M. floridulus PI417947, M. sinensis UI10-00088, M. sinensis UI10-
00092, and M. sacchariflorus UI10-00008) showed relatively higher drought tolerance than
wild-type accessions (Tables 5 and 6). Miscanthus sinensis cultivars can be found in gardens
and yards throughout the U.S., Canada, and Europe [39]. For ornamental plants, drought
tolerance ranks high as an important selection criteria because drought stress is commonly
encountered in managed landscapes.

Further studies are needed to characterize drought-stress-response mechanisms in Mis-
canthus. Few information exists regarding the drought-stress physiology of Miscanthus [40–42].
Improvement of drought tolerance in Miscanthus spp. can enable them to survive when
subjected to drought conditions caused by climate change. Such crops offer the oppor-
tunity to also generate biomass under low-soil-water conditions, which is important for
developing Miscanthus as a sustainable energy crop.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agriculture12010006/s1. Table S1: Detailed information of 29 Miscanthus genotypes used
for the evaluation of low-water-adaptability capacity in Miscanthus spp., including entry num-
ber, species, origin location, and genetic groups background. Table S2: Least squares means of
drought stress index (DSI) values of chlorophyll fluorescence (ϕPSII) of Miscanthus genotypes.
Table S3: Least squares means of drought stress index (DSI) values of photosynthetic rate (Pn) of
Miscanthus genotypes. Table S4: Least squares means of drought stress index (DSI) values of stomatal
conductance (gs) of Miscanthus genotypes. Table S5: Photosynthetic rate (Pn) of each Miscanthus
genotype under each soil water content level in a precise-comparison experiment at Hokkaido Uni-
versity, Sapporo, Japan. Figure S1: Simplified diagram showing various parts of the irrigation system.
Figure S2: Average changes in soil moisture content controlled by the automated irrigation system in
a precise-comparison experiment at Hokkaido University, Sapporo, Japan.
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Abstract: The aim of the present study was to promote plant growth characteristics including mineral
uptake and various phytohormone production by indigenously isolated Bacillus spp. strains. Plants
subjected to normal and water stress conditions were collected after 21 days to measure physiologi-
cal parameters, photosynthetic pigment estimation, biochemical attributes, lipid peroxidation and
antioxidant enzyme response modulation. Our results correlated with drought stress amelioration
with the inoculation of Bacillus spp. strains BEB1, BEB2, BEB3 and BEB4 under sterile soil condi-
tion. Inoculated plants of both maize cultivars showed increases in fresh (56.12%) and dry (103.5%)
biomass, plant length (42.48%), photosynthetic pigments (32.76%), and biochemical attributes with
enhanced nutrient uptake. The overall maize antioxidant response to bacterial inoculation lowered
the malonaldehyde level (59.14%), generation of hydrogen peroxide (45.75%) and accumulation of
flavonoid contents in both control and water stress condition. Activity of antioxidant enzymes, cata-
lase (62.96%), peroxidase (23.46%), ascorbate peroxidase (24.44%), and superoxide dismutase (55.69%)
were also decreased with the application of bacterial treatment. Stress amelioration is dependent on a
specific plant–strain interaction evident in the differences in the evaluated biochemical attributes,
lipid peroxidation and antioxidant responses. Such bacteria could be used for enhancing the crop
productivity and plant protection under biotic and abiotic stresses for sustainable agriculture.

Keywords: plant growth-promoting bacteria; biological control; abiotic stress; drought tolerance;
antioxidants enzymes; plant microbiome

1. Introduction

Drought is the major problem for corn plants and has become a source of dietary threat
to food security and human health [1]. Drought stress is directly proportional to climate
change. Because of the catastrophic loss of arable land due to drought stress, meeting the
need of an overpopulated globe for food, shelter, and clothing will be a worrisome concern
in the future [2,3]. The water deficiencies lead to reducing the overall plant growth by
lowering photosynthetic activity, hormone production and membrane stability [4,5]. Lack
of water causes the production of reactive oxygen species (ROS) in plants and induces
irreversible damage to a metabolic system that ultimately triggers the cell damage [6].

Under water deficit conditions, the ROS including hydroxyl, superoxide, hydrogen
peroxide and many other free radicals are very damaging for the normal metabolic path-
ways of the plants. The excessive presence of ROS in plant leaves causes the chemical
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oxidation of important cellular biomolecules, including proteins, lipids, nucleic acids and
chlorophylls, which leads to cell death [7]. The antioxidant system of plant enzymatic
or non-enzymatic mechanisms work in coordination to normalize the oxidative stress by
neutralizing toxic ROS [2]. Both mechanisms involve the removal of ROS to reduce the
oxidative damage to the plant cell [8]. The low molecular weight organic compounds
including many sugars, amino acids, proline help the plant cells to normalize the fluid level
for balanced cellular metabolic pathways [9].

In Pakistan, maize is one of the top three cereal crops, along with wheat and rice. Total
maize production was 7,800,000 tons in 2020. To meet the required food and nutrition for
an ever-growing population all over the world, the cereal production needs to be upgraded
in drought conditions. In this respect, several approaches and biofertilizers are used to
enhance the drought tolerance and promote plant growth [10,11]. The current agricultural
crop production approaches are costly and non-renewable; for example, improper fertilizer
and pesticide inputs may result in the production of greenhouse gases and cause a variety
of environmental and human health problems [12]. In this regard, the use of beneficial
microbes could be a stress protecting agent for plants and lead to promising solutions for a
sustainable and environment-friendly agriculture [2,13].

Beneficial soil microorganisms are being used to boost plant growth and production
as part of these efforts. Plant growth-promoting rhizobacteria (PGPR) are beneficial rhi-
zobacteria that can be employed to boost plant growth and productivity [9]. When PGPR is
introduced to plant seeds or roots, it has the potential to colonize the entire root system,
consuming amino acids and sugars contained in root exudates as a source of food and
energy to activate plant growth-promotion activities, resulting in increased plant growth
and yield [14]. On various crops, inoculating plants with PGPR can enhance growth by up
to 500 percent and yield by up to 57 percent.

Plant growth promoting bacteria eliminate abiotic stress in plants and grasses includ-
ing by inoculation to their rhizosphere [14]. The PGP bacteria in the rhizosphere promote
the nutrient uptakes and modulate the production and metabolism of plant hormones
including auxin, abscisic acid, cytokinin, ethylene and gibbereellins [13,15]. Bacteria hav-
ing the ability to produce enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase
reduce the level of endogenous ethylene in plants to regulate the growth and develop-
ment [13]. The endophytic bacteria comprising the capability of solubilizing phosphate
and fixing nitrogen are considered very efficient biofertilizers for the accessibility of at-
mospheric inorganic elements to the plant [16]. Numerous microbes have been described
that solubilize the phosphorus by converting it from an insoluble to soluble form through
acidification, chelation, and redox reactions [2].

On the many taxonomic groups of PGPR, numerous reviews and research papers have
been published [2,17]. Indigenous bacillus strains from the textile effluents are the focus
of this study because bacillus PGPR gets a lot of attention around antioxidant stress relief.
Because of their ability to withstand severe environments and mitigate plant drought stress,
these strains may lead to the development of biotechnologies for plant growth promotion
in arid and semiarid regions. Accordingly, the purpose of this study was to analyze effect of
inoculation of four textile effluent isolated Bacillus spp. strains on the growth, physiology,
biochemical attributes, lipid peroxidation and antioxidant enzyme response modulation of
a drought-sensitive plant like maize under water deficit.

2. Materials and Methods

2.1. Isolation and Characterization of Bacterial Microflora

The textile industrial effluent samples were collected in 500 mL sterile bottles from
Kamal textile (Pvt) Jaranwala Road, Faisalabad, Punjab, Pakistan (Google map location:
31.469006616012493, 73.30483972821574). Serially diluted (10−1, 10−2, 10−3, 10−4 and 10−5)
effluent samples applied for microbial growth by a standard spread plate method [18]
on nutrient agar medium and incubated at 37 ◦C for 24 h. The bacterial cell shape and
color were examined under the microscope at 100× using oil emersion after staining

68



Agriculture 2022, 12, 50

with a gram staining method. A single colony mixed in a drop of 3% H2O2 (v/v) on a
glass slide and observed for effervescence of O2 bubbles [19]. A starch hydrolysis test
was performed to check the ability of microbes to produce amylase enzyme using Lugol’s
solution (KI and I2) [20]. Casein agar plates were utilized to check the production of protease
enzymes by isolates [21]. The ability of bacterial isolates to produce exopolysaccharides was
checked using LB broth, after incubation of 2 days at 37 ± 2 ◦C cultures were centrifuged,
supernatant was mixed with 100% chilled ethanol in equal volume and precipitation was
observed [22].

2.2. Taxonomic Identification and Phylogenetic Analysis

Genomic DNA was extracted from pure isolate by a GF-1 extraction kit for bacterial
DNA. The 16S rRNA were replicated utilizing a universal primer: 27F (AGAGTTTGATC-
CTGGCTCAG) and 1492R (TACGGYTACCTTGTTACGACTT). The PCR amplification was
performed according to DNA Taq polymerase protocol [23]. The products of PCR reaction
were analyzed on agarose gel to ensure successful 16S rRNA gene amplification. DNA
sequencing was done at MACROGEN, the sequencing company, Seoul, Korea working
with ABI 3100, the automated sequencer with Big Dye Terminator Kit v. 3.1 with Sanger’s
dideoxy method using the same set of primers. The phylogeny was described by BLASTn
analysis and by constructing the phylogenetic tree with the type species. The phylogenetic
tree was built by utilizing the neighbor-joining (NJ) technique [24] following multiple se-
quence alignment results of ClustalW in the MEGA X [25] software package. The clustering
constancy of the tree was estimated by a bootstrap study [26] of 100 data sets.

2.3. In Vitro PGP Traits

Peptone water broth medium was incubated with an isolated strain for 72 h at
37 ± 2 ◦C and 120 rpm in a shaking incubator. After 48 and 72 h, the amount of ammonia
produced was estimated by Nessler’s reagent [27].

Salkowski reagent method [28] was used for IAA quantification of bacterial isolates
in LB medium containing 1 g/L tryptophan for 3 days in both normal and water stress
conditions. Indole acetic acid (IAA) was used for a standard curve.

Estimation of nitrogen fixation was done to check the ability of bacterial isolates
to covert the nitrogen gas from atmosphere into nitrogen form that is usable by plants.
Nitrogen free malate medium was inoculated with bacteria and incubated for 7 days at
37 ± 2 ◦C and 120 rpm in a shaking incubator, and plates were incubated for 7 days at
37 ± 2 ◦C in an incubator to check the efficiency of bacteria to fix nitrogen [29].

The inorganic phosphate solubilizing activity of bacterial isolates was observed by
using NBRIP agar medium [30]. Freshly grown pure colony of isolates was spotted on the
NBRIP agar plate and allowed to incubate it for 7 days at 37 ± 2 ◦C and observed daily
for zone formation. Formation of a clear halo zone around the bacterial colony indicates
the phosphate solubilizing activity. The potential of bacterial isolate to solubilize inorganic
phosphate was estimated by calculating the solubilization index (SI) using formula: Sol-
ubilization Index (SI) = Colony diameter (mm) + Zone diameter (mm)/Colony diameter
(mm) [31].

2.4. In Vitro Drought Tolerance

The effects of drought on the growth of isolates were studied using polyethylene
glycol MW 6000 (PEG) at different concentrations ranging from 0 to 25%. The isolates were
inoculated in LB broth containing different concentrations of PEG (5%, 10%, 15%, 20%, and
25%) and incubated at 120 rpm and 37 ◦C for days. The bacterial growth was measured
spectrophotometrically at OD 600 nm [32].
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2.5. Pod Experiment

Inoculum suspension for seed treatment was prepared by mixing a single colony of a
bacterial strain into the nutrient agar broth medium and incubating the culture for 24 to
48 h at 37 ◦C. The bacterial cells were washed three times with sterile distilled water by
vortex mixing and centrifugation at 6000 rpm for 5 min using a sterile 15 mL centrifuge
falcon tube. Following vertexing, a spectrophotometer was used to measure the absorbance
(600 nm) of the cell suspension, which was then diluted to 108 cfu/mL with sterile PB.
The surface-sterilized seeds were placed in bacterial suspension on continuous shaking at
120 rpm for 8 h to insure colonization during seed germination.

Experiment was designed in a completely randomized way with three replicates
comprising a total of 60 pots (Bacterial treatments (5) × water stress (2) × cultivars (2) ×
replicates (3) = 60). Five treatments were used for pot experiments and include (T0) control
(sterile distilled water); (T1) Bacillus cereus strain BEB1; (T2) Bacillus cereus strain BEB2; (T3)
Bacillus tropicus strain BEB3; (T4) Bacillus thuringiensis strain BEB4. Seeds of two maize (Zea
mays L.) cultivars (V1: FH-1046; V2: YH-5427) were collected from the Maize and Millets
Research Sub-section, Ayub Agriculture Research Institute, Faisalabad, Pakistan. Soil was
collected from the Botanical Garden, Department of Botany, GC university, Faisalabad,
Pakistan and autoclaved at 121 ◦C for 15 min before use. The physiochemical properties
of the soil used for the experiment are given (Table 1). Ten seeds of corn were sown in
350 g of soil for each pod. Pots were arranged in a completely randomized design on
a bench in a greenhouse where temperatures varied from 24 ◦C (night) to 31 ◦C (day).
The experiment lasted for 21 days during which pots were watered once a day. After
germination, the seedlings were thinned to five per pod and maintained in a light growth
chamber. The drought stress was maintained by soil water content method, by measuring
the weight of dry and watered soil of normal and stress. The normal (non-stress) and
drought (stressed) plants were maintained by weighing at 15–18% and 5–8% water content
in the soil, respectively.

Table 1. Physicochemical soil characteristics used in the plant growth promotion experiment.

Parameter Values

Texture Clay loam
pH 8.6

EC (dSm−1) 2.93
Sodium adsorption ratio (SAR) (mmol−1)2 6.5

Nitrogen (%) 0.014
Phosphorus (ppm) 3.0
Potassium (ppm) 40
Organic matter 0.28
Saturation (%) 32

Sand (%) 45.5
Silt (%) 42.5

Clay (%) 12.5
HCO3 (mmol−1) 3.55

Cl− (mmol−1) 2.34
SO4

2− (mmol−1) 6.67
Ca2+ + Mg2+ (mmol−1) 3.5

Na+ (mmol−1) 3.7
K+ (mmol−1) 0.06

Available Cu2+ (mg kg−1) 0.35
Available Zn2+ (mg kg−1) 0.85
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2.6. Plant Physiological Parameters

After 21 days of growth, plants were harvested and root and shoot fresh weight were
measured. Plant roots were washed with distilled water after harvesting. Root and shoot
lengths were measured manually using a ruler. Root and shoot dry weight were recorded,
which was subsequently oven dried.

2.7. Photosynthetic Pigment Estimation

About 0.5 g of fresh leaf sample from each applied treatment replicate was completely
homogenized in about 10 mL methanol (80%). Samples were centrifuged at 12,000× g for
10 min and kept at 4 ◦C overnight [33]. Absorbance of extract was measured using a UV
visible spectrophotometer at 663, 645 and 480 for the Chlorophyll a, b and total carotenoid
contents:

Chlorophyll a (mg/g F·Wt) = [12.7(OD 663) − 2.69 (OD 645)] × V/1000 × W (1)

Chlorophyll b (mg/g F·Wt) = [22.9(OD 663) − 4.68 (OD 645)] × V/1000 × W (2)

Carotenoid (mg/g F·Wt) = [(OD 480) − 0.114(OD 663) − 0.638 (OD 645)] × 1000/2500 (3)

2.8. Plant Biochemical Attributes

About 0.5 g of fresh leaf sample from each applied treatment replicate was completely
homogenized in about 10 mL methanol (80%). Samples were centrifuged at 12,000× g for
10 min. Flavonoids were assayed by the method of Zhishen [34]. Total soluble sugars were
analyzed by Anthrone’s reagent method [35]. About 0.1 mL sample was mixed with 1 mL
Anthrone’s reagent. After boiling for 15 min, the mixture could cool to room temperature.
Absorbances of all treated samples were measured at 625 nm.

Estimation of total soluble protein was assayed using the Bradford method [36]. About
50 μL of sample was mixed with 1 mL of Bradford reagent, and absorbance was measured
at 595 nm. Protein content was calculated by comparing with the BSA standard curve.
For ascorbic acid estimation, a fresh leaf sample (0.5 g) was completely homogenized in
10 mL of TCA (6%). After that, 4 mL of the extract was mixed with 2 mL of dinitrophenyl
hydrazine, followed by 1 drop of thiourea. After boiling for 15 min, the mixture could
cool to room temperature. To the mixture, five milliliters of 80 percent H2SO4 were added.
Following [37], absorbances of all treated samples were measured at 530 nm and compared
to a standard curve drawn using ascorbic acid concentrations ranging from 10 to 100 mg/L.

Velikova’s [38] method was used to determine total hydrogen peroxide (H2O2) levels.
After filtration, 1.0 mL supernatant was combined with 0.5 mL phosphate buffer and
1 mL of 1 M potassium iodide in a mixture of 0.5 mL phosphate buffer and 1 mL of 1 M
potassium iodide. The sample mixtures were thoroughly vortexed, and their absorbance
was measured using a spectrophotometer at 390 nm. H2O2 was calculated using a standard
curve created with tannic acid as the reference.

The method of Cakmak [39] was used to determine MDA levels. In a chilled mortar
and pestle containing 5 mL of 1 percent (w/v) TCA, a fresh leaf sample (0.5 g) was ground.
For 10 min, the mixture was centrifuged at 15,000 rpm. About 1 mL of 0.5 percent thio-
barbituric acid (TBA) was added to 0.5 mL of the supernatant. The mixture was boiled
and cooled at 95 ◦C. A spectrophotometer was used to measure the absorbance of all
treated samples at 532 and 600 nm. The absorption co-efficient, 155 mmol/cm, was used to
calculate the level of TBA:

MDA = Δ (OD532 − OD600)/1.56 × 105 (4)
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2.9. Antioxidant Enzyme Activities

For antioxidant enzyme activities, the sample of fresh leaf (0.5 g) was homogenized in
10 mL potassium phosphate buffer for enzyme extraction (pH 7.8). After centrifugation for
15 min at 15,000 rpm, the extract supernatant was frozen at −20 ◦C in an ultra-low freezer.

The method proposed by Chance and Maehly [40] was used to determine the activity
of the CAT enzyme. We combined 0.1 mL of plant extract with 1 mL of 5.9 mM H2O2 and
1.9 mL of 50 mM phosphate buffer in a 50 mL flask (7.0 pH). At 240 nm, the absorbance
was measured at 20-s intervals for two minutes. One unit of CAT activity was equal to a
change of 0.01 A240 Units/min. The activities of CAT were then calculated and expressed
in milligrams per milligram of total soluble protein.

The activity of POD enzyme was determined using a method proposed by [41]. A
reaction mixture (750 μL phosphate buffers (7.0 pH) + 100 μL H2O2 (5.9 mM) + 100 μL
guicol (0.5%) + 50 μL enzyme extract) was prepared to measure the activity of POD enzyme.
The absorbance was then measured using a spectrophotometer at 470 nm for 2 min at
20-s intervals. The activities of POD were then calculated and expressed in milligrams per
milligram of total soluble protein.

The activity of APX enzyme was determined using a method proposed by [40,41]. A
reaction mixture (700 μL phosphate buffers (7.0 pH) + 100 μL H2O2 (5.9 mM) + 100 μL
ascorbate (0.5 mM) + 100 μL enzyme extract) was prepared to measure the activity of
APX enzyme. The absorbance was then measured using a spectrophotometer at 290 nm
for 2 min at 20-s intervals. The activities of APX were then calculated and expressed in
milligrams per milligram of total soluble protein.

A reaction mixture (400 μL H2O + 350 μL phosphate buffer + 100 μL methionine
+ 50 μL NBT + 50 μL enzyme extract + 50 μL riboflavin) was prepared to measure the
activity of the SOD enzyme [42]. The mixture was then exposed to light for 15 min, with
the decrease in absorbance measured at 560 nm. A blank was made by omitting the
enzyme extract. The activities of SOD were then calculated and expressed in milligrams
per milligram of total soluble protein.

2.10. Statistical Analysis

A three-way fully randomized analysis of variance (ANOVA) with replication was
carried out using CoStat V6.4 to test the influence of plant growth promoting Bacillus spp.
strains isolated from textile wastewater on maize (Zea mays L.) under water deficit condi-
tions. The Principle Component Analysis (PCA) and Pearson coefficient correlation among
studied attributes were computed by using the IBM SPSS Statistics software windows
version 25 (IBM Corp, Armonk, NY, USA).

3. Results

3.1. Screening of Plant Beneficial Bacillus spp. Strains

Bacterial strains were appeared as smooth, scatter, curved, and glittering colonies
on the nutrient agar plates. Colonies isolated from mixed populations were obtained by
characterizing and sub-culturing. Twelve isolates in total were obtained, and each isolate
was used for further analysis. Four of those isolates with positive activity of important
biochemical enzymes and efficient in plant growth promoting characteristics were selected
for further studies (Table 2). The strains were identified as bacillus species based on the
sequence similarity search in the NCBI database. The four isolated strains BEB1, BEB2,
BEB3 and BEB4 showed 96.58%, 97.99%, 98.61% and 98.20% sequence identity with Bacillus
cereus strain A22 (MG598445.1), Bacillus cereus strain YLB-P5 (KF376341.1), Bacillus tropicus
strain SA31 (MK467555.1) and Bacillus thuringiensis strain a57 (KX057537.1), respectively. In
phylogenetic trees, the 16S rRNA gene sequence is clustered with Bacillus species (Figure 1).
The 16S rRNA sequences were submitted in the GenBank public database under the NCBI
and received accession numbers (Table 2).
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3.2. In Vitro Plant Growth Promoting Characteristics of Strains

Production of ammonia by isolated strains was examined by missing the cultured
supernatant with Nessler’s reagent. The highest level of ammonia (5.24 μmol/mL) was
produced by strain BEB3 within 48 h, but, when estimated after a 72 h strain, BEB1 showed
a maximum amount (6.44 μmol/mL) of ammonia produced in the culture medium. In
terms of in vitro, plant-beneficial traits under normal and water stress (15% PEG6000)
followed the somewhat similar trend for IAA synthesis in culture medium. In this assay,
four selected isolates were able to produce IAA in the culture medium only in the presence
of substrate L-Tryptophan (1 g/L). However, isolates BEB1 demonstrated IAA production
54.09 and 33.63 μg/mL under normal and the stress of PEG6000, respectively. However,
varying nitrogenase activity, examined on a nitrogen-free malate medium, was detected
by isolated strains in both liquid and solid media. In liquid media strain, BEB1 showed
maximum atmospheric nitrogen fixation in terms of positive bacterial cell growth (OD
600 nm). On the other hand, on nitrogen-free malate, the agar plate BEB4 strain showed
the highest blue halo zone diameter by nitrogenase enzyme activity (Table 2). For in-vitro
phosphate solubilization assay, bacterial isolates formed halo-zones of varying diameters
on NBRIP media plates; however, the maximum physiological competence solubilization
index (2.54) and halo-zone formation was found in strain BEB3. Strains BEB1, BEB2 and
BEB4 were able to demonstrate solubilization indexes 2.23, 2.33 and 2.47, respectively.

Table 2. Characterization of bacterial strain for enzyme production and in vitro PGP traits.

Characteristics BEB1 BEB2 BEB3 BEB4

Cell Morphology
Gram stain + + + +

Shape Rod Rod Rod Rod

Biochemical tests
Catalase +++ +++ +++ +++
Amylase +++ ++ +++ +++

Exopolysaccharides +++ ++ +++ ++
Indole test + – – –

Proteases (Zone mm) 18 ± 1 15 ± 1 19 ± 1 17 ± 1

PGP Traits
Ammonia Production 48 h (μmol/mL) 5.22 5.20 5.24 5.21
Ammonia Production 72 h (μmol/mL) 6.44 6.41 6.35 6.29

IAA Production (Without Trp) – – – –
IAA Production (Trp) (μg/mL) 54.09 20.70 22.13 21.41

IAA Production (Trp + 15%PEG) (μg/mL) 33.63 12.76 13.65 13.21
Nitrogen Fixation (mm ± SD) 26.33 ± 1.52 20.66 ± 1.52 19.66 ± 1.52 29.33 ± 1.52

Nitrogen Fixation (OD 600 nm) 0.975 0.453 0.541 0.424
Phosphate solubilization (SI ± SD) 2.23 ± 0.082 2.33 ± 0.082 2.52 ± 0.082 2.47 ± 0.082

Molecular
BLAST Comparison (16S rDNA) B. cereus B. cereus B. tropicus B. thuringiensis

Accession Number MW350048 MW350049 MW350050 MW350051

SI = solubilization index; SD = standard deviation; Trp = tryptophan; PEG; polyethylene glycol; OD = optical
density; +, ++, and +++ = positive, high positive and strong positive, respectively.
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Figure 1. Phylogenetic tree based on a 16S rRNA nucleotide sequences showing the position of
isolated strains among the most relevant species by BLAST comparative analysis. The tree was
constructed using the Neighbor-Joining method and bootstrap values (expressed as percentage of
100 replications) are shown at branching points.

3.3. In Vitro Drought Tolerance Testing of Bacterial Strains

The four isolated bacterial strains showing best plant growth promoting properties
were also analyzed for in vitro drought tolerance by using polyethylene glycol (PEG 6000).
The growth of tested strains (OD 600 nm) on varying water potential by polyethylene glycol
was shown in (Figure 2). Different concentrations (0, 5%, 10%, 15%, 20%, and 25%) of PEG
6000 were used in LB broth medium to control water potential. Strain BEB1 grew well and
showed a maximum tolerance to the drought stress even at the lowest water potential.
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Figure 2. Relative growth of wastewater isolated bacterial strains in different concentrations of
polyethylene glycol (PEG 6000) in culture medium (values are the mean of three replicates and the
bar represents the standard error); LSD value ≤ 0.05.

3.4. Plant Physiological Parameters Influenced by Bacterial Inoculation

Plant growth decreased significantly under water stress (5–8% water content in the
soil); reductions in plant shoot length of V1: FH-1016 (13.89%), V2: YH-5427 (9.75%),
and root length V1 (15.09%), V2 (7.23%) were observed in uninoculated plants (Table 3,
Figure 3A,B). However, bacterial inoculation improved the shoot as well as root lengths
of both cultivars of maize (Zea mays L.) under water deficit regimes. The inoculation with
Bacillus spp. BEB1 (V1:33.8, V2: 42.48%), BEB2 (39.6, 22.34%), BEB3 (33.1, 37.52%) and
BEB4 (26.87, 33.14%) increased shoot length on stressed plants of both maize cultivars
when compared to the uninoculated stressed control (Table 3, Figure 3A). Plant root length
increased significantly by inoculation with Bacillus spp. BEB1 (17.7, 21.16%), BEB2 (24.64,
14.03%), BEB3 (22.99, 39.87%) and BEB4 (31.28, 13.81%) in both cultivars when compared
with the uninoculated drought control (Table 3, Figure 3B).

Bacillus spp. inoculation increased fresh and dry biomass in both cultivars of maize
plants under drought stress. Plants treated with PGPB inoculation recorded the improved
fresh biomass, as shoot fresh weight followed by Bacillus sp. BEB1 (47.96, 48.0%), BEB2
(56.12, 29.0%), BEB3 (35.20, 52.5%), BEB4 (28.57, 39.5%) and root fresh weight Bacillus
sp. BEB1 (36.73, 14.66%), BEB2 (21.64, 8.62%), BEB3 (17.14, 23.28%), BEB4 (13.88, 9.48%)
when compared with the uninoculated drought control (Table 3, Figure 3C). Furthermore,
plant shoot dry biomass accumulation increased significantly in stressed plants treated
with Bacillus sp. BEB1 (103.44, 103.5%), BEB2 (71.73, 41.9%), BEB3 (65.25, 86.39%) and
BEB4 (57.14, 70.5%) when compared with the uninoculated drought control. Furthermore,
the inoculation with Bacillus sp. BEB1 (88.01, 57.65%), BEB2 (33.80, 19.48%), BEB3 (43.17,
50.67%) and BEB4 (39.18, 33.81%) significantly increased plant root dry weight in both
maize cultivars when compared to the uninoculated drought control (Table 3, Figure 3F).
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Table 3. Mean squares from three-way analysis of variance of data for different physiological,
biochemical and antioxidant parameters of maize (Zea mays L.) plants inoculated with Bacillus spp.
strains under well-watered (control, 15–18% water content in soil) and water deficit (stress, 5–8%
water content in soil) conditions.

Source of
Variation

df Shoot Length Root Length Shoot FW Root FW Shoot DW

Cultivars (C) 1 40.83 * 0.020 ns 1.666 ns 0.158 *** 6.666 ns
Drought (D) 1 2.281 ns 33.00 ** 0.078 * 0.152 *** 6.666 ns

Bacillus spp. (B) 4 85.87 *** 26.16 *** 0.115 *** 0.073 *** 0.005 ns
C × D 10.00 ns 9.680 ns 0.005 ns 6 × 10−5 ***
C × B 1 9.781 ns 6.978 ns 0.016 ns 0.008 ns 1.733 ns
D × B 4 13.24 ns 2.365 ns 0.015 ns 0.003 ns 1.333 ns

C × D × B 4 6.141 ns 2.681 ns 0.004 ns 0.011 ns 6 × 10−5 ns

Source of
Variation df Root DW Chl a Chl b Total Chl Carotenoids

Cultivars (C) 1 0.001 *** 3.174 ns 1.815 ns 4.873 ns 0.080 ns
Drought (D) 1 0.001 *** 0.077 *** 0.014 *** 0.024 *** 10.41 ***

Bacillus spp. (B) 4 0.005 *** 0.027 *** 6.518 ns 0.020 *** 1.437 ***
C × D 2.2 ns 0.001 ns 0.002 ns 3.601 ns 0.864 ns
C × B 1 1.3 ns 2.144 ns 2.184 ns 4.35 ns 0.111 ns
D × B 4 2.5 ns 0.002 *** 2.123 ns 0.003 ** 0.201 ns

C × D × B 4 1.6 ns 1.298 ns 1.596 ns 1.768 ns 0.058 ns

Source of
Variation df Flavonoids TSS TSP AsA MDA

Cultivars (C) 1 403.0 *** 85,126 *** 6242 *** 93.50 *** 0.140 ns
Drought (D) 1 67.20 *** 80,227 *** 12,973 *** 3749 *** 13.72 ***

Bacillus spp. (B) 4 61.23 *** 33,266 *** 17,168 *** 361.7 *** 9.156 ***
C × D 4.873 ** 4968 *** 11.26 ns 117.3 *** 0.121 ns
C × B 1 3.821 *** 19,325 *** 780.7 *** 160.2 *** 0.465 ns
D × B 4 10.23 *** 3273 *** 2614 *** 59.83 *** 0.369 ns

C × D × B 4 30.26 *** 2013 *** 2550 *** 84.21 *** 0.120 ns

Source of
Variation df H2O2 CAT POD APX SOD

Cultivars (C) 1 3.504 *** 0.596 *** 1.134 ** 3.243 *** 1.666 ns
Drought (D) 1 82.83 *** 25.53 *** 522.3 *** 62.07 *** 219.6 ***

Bacillus spp. (B) 4 11.78 *** 11.01 *** 36.43 *** 14.33 *** 99.05 ***
C × D 0.060 ns 0.233 ** 15.39 *** 0.019 ns 5.985 ns
C × B 1 0.072 ** 0.406 *** 4.037 *** 0.298 *** 5.614 ns
D × B 4 3.186 *** 0.414 *** 0.768 ** 0.742 *** 7.023 ns

C × D × B 4 0.268 *** 0.186 *** 1.530 *** 0.833 *** 5.334 ns

ns = non-significant; *, ** and *** = significant at 0.05, 0.01 and 0.001 levels, respectively.
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Figure 3. (A) shoot length, (B) root length, (C) shoot fresh weight, (D) root fresh weight, (E) shoot
dry weight, (F) root dry weight, (G) Chlorophyll a, (H) chlorophyll b, (I) total chlorophyll, and
(J) carotenoid contents of two cultivars of maize (Zea mays L.) inoculated with Bacillus spp. strains
subjected to water stress condition (Mean ± S.E). Here T0 = uninoculated control, T1 = Bacillus
cereus strain BEB1, T2 = Bacillus cereus strain BEB2, T3 = Bacillus tropicus strain BEB3, T4 = Bacillus
thuringiensis strain BEB4. LSD value ≤ 0.05.
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3.5. Estimation of Plant Photosynthetic Pigments

Photosynthetic pigment synthesis decreased in uninoculated drought-stressed fol-
lowed by significant reduction in chlorophyll a, chlorophyll b, total chlorophyll and
carotenoid contents in both maize cultivars when compared to the uninoculated con-
trol (Table 3, Figure 3). PGPR strains significantly (p ≤ 0.001) improved chlorophyll (a, b &
total) and carotenoid contents under both water regimes. Both maize cultivars had higher
chlorophyll a, b, total chlorophyll and carotenoid contents as compared to the uninoculated
plants under water stress conditions. The maximum improvement in chlorophyll a with
Bacillus sp. BEB1 in V1 (32.76%), chlorophyll b with Bacillus sp. BEB2 in V2 (15.8%) and
total chlorophyll contents was observed in plants inoculated with Bacillus sp. BEB1 (27.36,
22.82%) when compared to the uninoculated control (Table 3, Figure 3G–I). In contrast,
plants inoculated with Bacillus sp. BEB3 (17.14, 12.12%) showed improved carotenoid
contents when compared to the uninoculated control (Table 3, Figure 3J).

3.6. Biochemical Attributes Influenced by Bacterial Inoculation

A significant reduction was observed in flavonoid contents in both maize cultivars
when inoculated with Bacillus spp. BEB1 (48.79, 22.25%), BEB2 (38.33, 29.62%), BEB3 (35.15,
31.57%) and BEB4 (39.55, 22.67%) under water deficit conditions when compared to the
uninoculated drought control which was accumulated (46.67, 28.85%) in uninoculated stress
plants (Table 3, Figure 4A). Plant biochemical parameters decreased significantly under
water stress (5–8% water content in the soil); reductions in plant total soluble sugars (51.91,
31.07%), total soluble protein (32.42, 46.24%) and ascorbic acid contents (22.91, 34.94%)
were observed in uninoculated plants (Table 3, Figure 4B–D). The inoculation with Bacillus
spp. BEB1 (150.79, 123.88%), BEB2 (86.67, 31.06%), BEB3 (59.68, 39.40%) and BEB4 (253.02,
17.31%) increased total soluble sugars in stressed plants of both maize cultivars when
compared to the uninoculated stressed control (Table 3, Figure 4B). An increase in total
soluble protein contents was observed under both well water and water deficit condition
with the inoculation of Bacillus spp. BEB1 (39.60, 89.64%), BEB2 (10.40, 41.45%), BEB3 (34.68,
42.55%) and BEB4 (52.17, 70.55%) when compared to the uninoculated drought control
(Table 3, Figure 4C). Plant ascorbic acid contents increased significantly by inoculation with
Bacillus sp. BEB1 (26.61, 43.29%), BEB2 (35.27, 26.57%), BEB3 (18.22, 51.29%) and BEB4
(23.26, 39.57%) in both cultivars (V1, V2) when compared with the uninoculated drought
control (Table 3, Figure 4D). A significant difference was observed among all treatments,
and among both cultivars in biochemical attributes estimated under a well-watered regime
and under water deficit stress.

Malonaldehyde and hydrogen peroxide contents accumulation increased significantly
in uninoculated drought-stressed followed by MDA (23.83, 19.89%) and H2O2 (94.76, 100%)
in both maize cultivars when compared to the uninoculated control (Table 3, Figure 4).
Due to inoculation of isolated PGPR bacterial species, MDA contents and H2O2 were
lowered under both well-watered and water deficit conditions. Plants treated with Bacillus
sp. BEB1 (50.78, 59.14%), BEB2 (50.26, 45.16%), BEB3 (48.19, 40.32%) and BEB4 (39.38,
30.65%) lowered the malonaldehyde contents when compared to the uninoculated control
(Table 3, Figure 4E). In contrast, plants inoculated with Bacillus sp. BEB1 (37.04, 44.71%),
BEB2 (32.44, 31.94%), BEB3 (45.75, 41.07%) and BEB4 (39.24, 36.18%) showed decreased
hydrogen peroxide generation when compared to the uninoculated drought control (Table 3,
Figure 4F). A significant difference was observed among maize cultivars, and bacterial
treatments were found to be varying significantly in both cultivars specifically under water
deficit conditions.
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Figure 4. (A) Flavonoids, (B) total soluble sugars, (C) total soluble proteins and (D) ascorbic acid
(E) malonaldehyde, (F) hydrogen peroxide contents (G) catalase, (H) peroxidase, (I) ascorbate peroxi-
dase, and (J) superoxide dismutase enzyme activity of two cultivars of maize (Zea mays L.) inoculated
with Bacillus spp. strains subjected to water stress condition (Mean ± S.E). Here, T0 = uninoculated
control, T1 = Bacillus cereus strain BEB1, T2 = Bacillus cereus strain BEB2, T3 = Bacillus tropicus strain
BEB3, T4 = Bacillus thuringiensis strain BEB4. LSD ≤ 0.05.
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3.7. Antioxidant Enzyme Activities of Plant Leaf Extract

The antioxidant response to drought stress was stimulated in uninoculated plants,
increasing CAT (16.85, 23.01%), POD (32.21, 27.86%), APX (20.36, 22.45%) and SOD (19.16,
37.42%) activities (Table 3, Figure 4). The trend in increase in enzyme activities in both culti-
vars was significantly different. Moreover, Bacillus spp. inoculation showed the mitigation
of the plant enzymatic antioxidant responses under drought stress. The reductions in CAT
activity were recorded in plants inoculated with Bacillus sp. BEB1 (62.96, 47.34%), BEB2
(39.67, 44.96%), BEB3 (53.51, 40.72%) and BEB4 (35.13, 42.02%) (Table 3, Figure 4G) when
compared to the uninoculated control. The higher reductions in POD and APX activity
were recorded in plants inoculated with Bacillus sp. BEB1, which was (23.46, 24.44%) and
(25.95, 18.10%), respectively, as compared to the uninoculated control (Table 3, Figure 4H,I).
In addition, a significant reduction in SOD activity was observed in plants inoculated with
Bacillus sp. BEB1 (38.92, 41.72%), BEB2 (12.57, 30.06%), BEB3 (55.69, 33.74%) and BEB4
(13.17, 25.15%) when compared to the drought control (Table 3, Figure 4J).

3.8. Principal Component Analysis and Pearson Coefficient Correlation

The values of Pearson correlation of all the studied parameters with their significance
at probability levels (p) < 0.05, 0.01, 0.001 are presented (Table 4). It clearly shows that the
plant biomass has a positive significant correlation with studied physiological attributes
like shoot and root length, chlorophyll a, total chlorophyll as well as biochemical attributes
such as total soluble sugars, total soluble proteins and ascorbic acid contents. However,
shoot biomass was negatively correlated with the MDA, H2O2 and flavonoid contents.
Moreover, the shoot dry weight also has a negative significant correlation with antioxidant
enzyme activities CAT, POD, APX and SOD. Correlation studies presented in (Figure 5)
generated through PCA show that the studied attributes are categorized into two major
groups. The first component of the PCA explained 58.3%, while the second component
explained 10.4% of the variance.

 

Figure 5. Principal component analysis (PCA) of studied attributes of maize inoculated with Bacillus
spp. strains under drought stress.
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4. Discussion

In the current study, twelve different Bacillus spp. strains were isolated from textile
effluent of Kamal textile, Faisalabad, Punjab, Pakistan. The selection criteria of Bacillus
species out of 12 isolates were superior in drought tolerance and better plant PGP char-
acteristics. Comparative analysis based on the bacterial 16S rRNA gene sequence has
arisen as a preferable molecular technique for the identification [43]. The gene sequences of
the smallest subunit (16S) were commonly used to study the phylogenetic relationships,
but, later, it has been extensively used as a molecular marker for the identification of an
unknown bacterium to the genus and species level [44]. In the present study, 16S rRNA
nucleotides sequences of bacterial isolate strain (accession number) BEB1 (MW350048),
BEB2 (MW350049) showed 96.58 and 97.99 percent identity with Bacillus cereus, respectively.
The 16S rRNA sequence of isolated strain BEB3 (MW350050) showed a 98.61 percent iden-
tity with Bacillus tropicus keeping 100% query coverage. Isolated strain BEB4 (MW350051)
showed a 98.20 percent identity with Bacillus thuringiensis. Kadam [45] also revealed the
presence of indigenous bacillus microflora in textile wastewaters. The previous studies on
the tannery wastewater confirmed the presence and isolation of B. tropicus and B. thuringien-
sis species [46,47]. Bacteria isolated from different textile effluents were closely related to
genera bacillus recently also identified from the hospital, domestic and industrial wastew-
ater samples [48,49]. Studies by [45] also revealed the presence of bacillus microflora in
textile wastewaters. These observations corroborate with a previous study which reported
the isolation of Bacillus, Pseudomonas, Serattia and other bacterial species from textile dye
effluent [50].

Selected PGPR strains were also subjected to characterize their potential for in-vitro
plant growth promoting traits including nitrogen fixation, ammonia production, IAA syn-
thesis and phosphate solubilization (Table 1). The appearance of a blue halo zone diameter
on nitrogen free malate medium was observed as a qualitative indication of atmospheric
nitrogen fixation and results correlate with previous studies [51,52]. In a previous study, the
bacillus strain FSS2C was reported as an ammonia producing bacteria [27]. In another study,
the plant growth promoting bacillus species were described as positive for the production
of ammonia [53]. The production of IAA is highly promoted by tryptophan as a substrate
for many bacterial species; such bacterial strains follow the biochemical pathway of IAA
synthesis dependent upon tryptophan as a source substrate [3]. Our results are analogous
to the previously isolated bacterial strains from the soil and wastewater that were only able
to produce IAA when supplemented with substrate [31]. The decrease in IAA production
under stress might be due to the low bacterial growth by osmotic pressure caused by the
PEG [54]. Many of the bacterial strains previously isolated from the water and wastewater
are also plant beneficial and able to solubilize inorganic phosphate for the plants [2,3].
Results are also in correlation with previous findings on the phosphate solubilization by
bacterial species [31]. Strain BEB1 grows well and shows a maximum tolerance to the
drought stress even at the lowest water potential. The growth of tested strains (OD 600 nm)
on varying water potential by PEG concentration is also shown (Figure 2). Our findings
were demonstrated with previously isolated bacteria from semi-arid conditions [32]. The
growth of bacterial strains decreases as the concentration of the PEG increases in the LB
broth medium, and the concentration of PEG tolerated by a bacterial strain is marked as
the tolerance level of that isolate [54].

Overall plant growth and yield reduction in numerous cereal crops have been reported
due to the water deficient condition [7]. Drought stress was lessened in maize plants that
were inoculated with Bacillus spp. strains in this study. There were increases in nutrient
uptake and plant height, as well as root and leaf biomass for the inoculated plants under
drought stress. All these effects have been related to PGPB’s ability to reduce drought stress
in maize [55]. Many bacillus bacterial strains have been reported as efficient PGPR in recent
years [56]. In the present investigation, the water deficit (5–8% water in soil) significantly
(p ≤ 0.001) lowered the shoot and root fresh and dry weight of maize cultivars (V1: FH-1046;
V2: YH-5427). The reduction in plant growth and biomass might be due to increased levels
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of lipid peroxidation, H2O2 and disruption in nutrient contents of non-inoculated maize
seedlings. Drought stress is well known for dramatically reducing photosynthetic pigments,
associated with decreased plant growth and yield [57]. Furthermore, IAA production by
PGPB increases plant growth, root elongation and development to substantially improve
nutrient and water acquisition [58]. In the present study, increased plant biomasses were
envisioned owing to contribution of nitrogen fixation, ammonia production IAA synthesis
and phosphate-solubilization capability of bacillus species as had been earlier reported in
drought stressed maize grown with application of dry-Caribbean Bacillus spp. strains [59].

Drought stress also reduces the synthesis of green pigments (chlorophyll contents),
resulting in a slower rate of photosynthesis [60]. Chlorophyll a, b and total chlorophyll
content decreased significantly in both maize cultivars examined in this study. Higher pho-
tosynthetic pigments of drought stressed maize plants under bacillus species inoculation
probably results from the activation of enzymatic pathways for chlorophyll biosynthesis,
limits in ROS production or increased solubilization and bioavailability of organic minerals
i.e., Mg [3]. Increased chlorophyll contents are likely to boost the plant’s photosynthetic
activity as obvious from higher fresh and dry weights of inoculated maize plants, particu-
larly the bacterial inoculation. Our results coincide with the findings that Bacillus strain
application boosted the growth and chlorophyll content of maize due to an increase in
chlorophyll biosynthesis and nutrient balance [59]. An interesting observation was that
PGPB influenced the biomass and chlorophyll contents not only when maize plants were
exposed to drought, which was consistent with our hypothesis.

In the absence of bacillus species strains, drought stress significantly increased in
plants H2O2 levels with concomitant rise in lipid peroxidation and relative membrane
permeability in both maize cultivars (Figure 4). Under water-stress conditions, high lipid
peroxidation occurs because of elevated levels of ROS damaging plant ultra-structures [61].
In the current study, maize plants subjected to water deficit conditions accumulated a high
amount of H2O2 and MDA. However, exogenous PGPR strains are said to significantly
reduce H2O2 and MDA levels [3]. Under abiotic stress, such as drought, H2O2 is believed
to be produced due to high oxidative stress [62]. Both water-stressed and non-stressed
maize cultivars benefited from bio seed primed bacterial treatments, which significantly
increased the ascorbic acid content. An increase in ascorbic acid level has a significant
impact on plant fresh and dry biomass of both maize cultivars grown under water-limited
conditions, as can be inferred from the data. An increase in ascorbic acid was observed in
different crops, such as wheat [63], tomato [64], and canola [65], which are becoming more
resistant to water stress.

Antioxidant enzymes are indicators of plant defense against stress, which scavenge
ROS under drought stressed conditions. Alterations in plant protein contents upon drought
exposure might be owing to protein degradation or enhanced antioxidative activities which
disrupt the plant growth [31]. Antioxidant enzymes such as catalase (CAT), peroxidase
(POD), ascorbate peroxidase (APX), and superoxide dismutase (SOD) can protect plants
from oxidative stress [66]. Under water stress, the activities of CAT, POD, APX, and SOD
enzymes increased in the current study (Figure 4). Under both water regimes, various
applied bacterial PGPR strains resulted in deceased activity of CAT, POD, APX, and SOD
in both cultivars. Inoculation with bacillus specie strains significantly decrease in ROS
generation and lipid peroxidation contents as well as the activities of CAT, POD, APX and
SOD in both of the cultivars. These findings corroborate previous reports of increased
antioxidant enzyme activity under stress in maize treated with bacteria [31]. The fact
that both the cultivars had different responses confirmed that the activities of enzymatic
antioxidants could be due to genetic differences between them [2,7]. The correlation
between all physiological and biochemical parameters studied and their placement in a
component chart by factor analysis resembled previous studies.

The Bacillus genera have proven to be an effective ally in the management of drought
and other abiotic stresses in a variety of crops [4,56]. Previous research [59] demonstrated
the ability of co-inoculation to alleviate drought stress under non-sterile soil conditions.
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Nonetheless, our findings in maize indicate that these four Bacillus spp. strains individually
induce a similar drought stress amelioration effect in plant growth under sterile soil condi-
tions, which is dependent on a specific plant–strain interaction evident in the differences in
the evaluated antioxidant responses.

5. Conclusions

It was concluded that isolated bacterial strains BEB1–4 are capable of tolerating
drought stress levels though efficient nitrogen fixation, phosphate solubilization, ammonia
and IAA production. Our results confirmed that drought stress inhibited plant biomass
and nutrient contents in maize cultivars in a cultivar specific manner. Application of
bacterial species confers more advantageous growth as reflected from higher root (36.73%)
and shoot (56.12%) biomasses, photosynthetic pigments (32.76%), biochemical attributes
while maintaining lower levels of lipid peroxidation (59.14%), and antioxidants. It was
concluded that these bacillus species may be used as bio-inoculant and bioremediation
tools synergistically with crop plants in water deficit environments for sustainable food
production. To determine the use of these PGPR candidates as microbial agents under
drought stress, corresponding assays may be necessary to evaluate the performance of the
four selected isolates in field conditions.
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Abstract: Potential global climate change-related impacts on crop production have emerged as a
major research priority and societal concern during the past decade. Future changes, natural and
human-induced, projected in the climate have implications for regional and global crop production.
The simultaneous occurrence of several abiotic stresses instead of stress conditions is most detrimental
to crops, and this has been long known by farmers and breeders. The green leafy vegetables of the
Brassicaceae family have especially gained attention due to their many health benefits. However, little
information is available about abiotic stress’s effects on Brassica vegetables’ growth and development.
An experiment was conducted on two Brassica species: B. oleracea L. var. acephala WINTERBOR F1
(hybrid kale) and B. juncea var. GREEN WAVE OG (mustard greens). Seven treatments were imposed
on the two brassica species in soil–plant–atmosphere–research (SPAR) units under optimum moisture
and nutrient conditions, including a control treatment (optimal temperature and UV-B conditions at
ambient CO2 levels), and six treatments where stresses were elevated: CO2, UV-B, temperature (T),
CO2+UV-B, CO2+T, and CO2+UV-B+T. Above- and below-ground growth parameters were assessed
at 26 d after sowing. Several shoot and root morphological and developmental traits were evaluated
under all the treatments. The measured growth and development traits declined significantly under
individual stresses and under the interaction of these stresses in both the species, except under
elevated CO2 treatment. All the traits showed maximum reductions under high IV-B levels in both
species. Leaf area showed 78% and 72% reductions, and stem dry weight decreased by 73% and
81% in kale and mustard, respectively, under high UV-B levels. The increased CO2 concentrations
alleviated some deleterious impacts of high temperature and UV-B stresses. The results of our
current study will improve our understanding of the adverse effects of environmental stresses on the
early-season growth and development of two Brassica species.

Keywords: temperature stress; elevated CO2; UV-B; Brassica oleracea; Brassica juncea

1. Introduction

Many scientific and intergovernmental reports warn of the dangerous consequences
of climate change for various aspects of human life, with considerable threats to plant
productivity [1–7]. Current temperatures are approximately 1 ◦C above pre-industrial
levels, and a further increase in global temperatures by 0.5 ◦C would elevate the related
risks [6]. Elevated atmospheric CO2 is the most eminent cause of global warming. At
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present, the global atmospheric CO2 concentration is 417 ppm (recorded in March 2021
by Mauna Loa observatory, Waimea, HI, USA), which was only 270 ppm during the pre-
industrial era. Over the last two centuries, such an unprecedented rise in atmospheric CO2
has occurred due to massive anthropogenic activities such as deforestation, fossil-based fuel
combustion, rapid urbanization, and industrialization [8]. Climate change is a cumulative
effect of multiple factors, such as changes in temperatures, radiation, precipitation, and
CO2 levels [9]. Thus, it is imperative to understand the combined effects of multiple factors
and elevated CO2 to mimic real-world situations.

There has been an increasing trend in consuming more green leafy vegetables in the
human diet. Among the variety of green leafy vegetables available for human consumption,
kale (Brassica oleracea L.) and mustard (Brassica juncea L.) are among the most consumed
vegetables [10]. The vegetables of the Brassicaceae family gained attention due to their
sulfur-containing phytonutrients, known as glucosinolates, that are known to promote
health. Glucosinolates, flavonoids, and phenolic compounds are responsible for antioxidant
and free radical scavenging properties [11,12]. Kale leaves are generally consumed fresh
and unprocessed as a salad or cooked and used as a garnish, and they are usually sold
in fresh, canned, and frozen forms [13]. Kale is reported to have much higher protein
than other Brassica family vegetables [14] and other green leafy vegetables such as spinach
(2.9% on a fresh weight basis). Both kale and mustard are excellent sources of vitamin
A and β-carotenes, and flavonoids [15]. Research studies have reported other health-
beneficial activities of kale and a mustard-like protective role in coronary artery diseases,
anti-inflammatory activities, antigenotoxic ability, and gastroprotective activity [10]. The
presence of compounds such as polyphenols, glucosinolates, carotenoids, and vitamins E
and C in kale and mustard is associated with cardiovascular protection [16], and mustard
is also beneficial in the treatment of diabetes and cataracts [17].

Both kale and mustard are considered cool-season crops, generally thriving at daytime
temperatures of 18 to 24 ◦C and nighttime temperatures of 4 to 7 ◦C [18]. Kale and mustard
are sensitive to high temperatures [19]. Thus, an early-season planting can help prevent
high temperatures during the seedling stage and mitigate the losses due to stress. Since
abiotic stresses are interconnected, their concurrent occurrence and combined effects have
been shown to be more destructive to plant growth, productivity, and yield, and will be
essential in devising management and breeding decisions in the coming years.

Several previous studies on elevated CO2 concentration in crops have revealed a sig-
nificant direct impact on plant growth and crop yield that can compensate for a potentially
hotter climate. Even though it has been noticed that an increase in CO2 concentration leads
to a significant yield increase in C3 plants [20–22], few direct effects have been recorded
on kale and mustard plants. However, the impact of elevated CO2 on these two Brassica
species, much less the interaction of elevated CO2, temperature, and UV-B, is not adequately
understood to allow accurate predictions of future crop production.

The projected higher doses of incoming UV-B radiation have been reported to stimulate
various responses of higher plants [23,24]. Some of the deleterious effects of UV-B radiation
on plants include DNA damage, the disintegration of cellular membranes, photooxidation
of leaf pigments and phytohormones, and inhibition of photosynthesis [25–27]. Moreover,
higher UV-B radiation can affect whole-plant photosynthesis via alterations in leaf thickness,
anatomy, and canopy morphology [28]. Therefore, to optimize the production with suitable
management and breeding strategies for green leafy vegetables in the future, it is crucial to
understand the effects of UV-B radiation and the other stresses on these crops. Although
little data exists on the growth, development, and productivity of crops in response to
CO2, temperature, or UV-B applied alone, to the best of our knowledge no data is available
on the interactive effects of multiple factors on the growth and development of kale
and mustard.

Root systems are challenging to study because of their highly structured underground
distribution, the complexity of vigorous interactions with the environment, and their
diversity of functions. The root system can be more affected than the aerial parts by
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multiple abiotic stresses. Despite this, the influence of abiotic stresses on root develop-
ment has been considerably less studied than on shoots because of the limited accessi-
bility of root observations [29]. Different methodologies have been developed to study
root growth under both field and controlled environmental conditions. Root scanning
based on the WinRHIZO optical scanner [30] is an efficient method that allows image
analysis and examination of the root morphological traits. This technique provides data
that, using established software protocols, enables quick analysis and rapid, straight-
forward, and accurate screening of root characteristics. Therefore, this method is most
suited for screening the root traits of kale and mustard plants grown under controlled
environmental conditions.

Previous studies on sunlit, controlled environment chambers demonstrated the effects
of multiple abiotic stress interactions on plant growth, development, physiology, and
reproduction in cotton, Gossypium hirsutum L. [31], soybean, Glycine max (L.) Merr. [32,33],
and some other crops. Still, none of these studies have been conducted on kale and
mustard. One of the studies performed on soybean revealed that plant height and leaf area
development were the most sensitive processes in responses to multiple stresses, leading
to a profound loss in biomass production [33]. However, it was observed that elevated
CO2 concentration ameliorated the damaging effects caused by various abiotic stresses on
most of the plant growth and physiological parameters. According to Reddy et al. [34],
numerous environmental stresses affect crop growth, development, and physiological
processes multiplicatively, not additively. Hence, rather than a particular stress condition,
the simultaneous occurrence of multiple abiotic stresses is most harmful to any crop.
Therefore, the interactive effects of various environmental stresses on kale and mustard
must be sufficiently understood to allow accurate predictions of future crop production.
The objectives of this study were to characterize the changes in vegetative growth and
developmental traits in kale and mustard in their response to multiple environmental
factors of (CO2) [400 and 720 μmol mol−1 (+(CO2)], temperature treatments [25/17 ◦C
and 35/27 ◦C (day/night) (+T)], and B radiation [0 and 10 kJ m−2 d−1 (+UV-B)] during
early-season growth.

2. Materials and Methods

2.1. Seed Material and Experiment Conditions

Brassica species: B. oleracea var. WINTERBOR F1 (hybrid kale) and B. juncea var.
GREEN WAVE OG (mustard greens) were used for this study. The experiment was con-
ducted in August 2019 in sunlit soil–plant–atmosphere–research (SPAR) chambers located
at the Rodney Foil Plant Science Research facility of Mississippi State University, Mississippi
State, MS (lat. 33◦28′ N, long. 88◦47′ W). Each SPAR chamber consists of a steel soil bin and
a 1.27 cm thick Plexiglas chamber to accommodate root and aerial plant parts. The Plexiglas
allows 97% of the visible solar radiation to pass without spectral variability in absorption
(wavelength 400–700 nm). During the experiment, the incoming daily solar radiation
measured with a pyranometer (Model 4–8; The Eppley Laboratory Inc.) outside the SPAR
units ranged from 11.3 to 31.3 MJ m2 d−1 with an average value of 25.10 ± 0.82 MJ m2 d−1.
More details of the SPAR chamber operations and control have been described by Reddy
et al. [34]. Briefly, air ducts on each SPAR unit’s northern side were connected to the heating
and cooling devices. Conditioned air was passed through the plant canopy with sufficient
velocity to cause leaf flutter (4.7 km h–1) and was returned to the air-handling unit just
above the soil level. Two electrical resistance heaters provided short heat pulses as needed
to fine-tune the air temperature control. Chamber air temperature, CO2 concentration,
soil watering in each SPAR unit, and continuous monitoring of environmental and plant
gas exchange variables were controlled by a dedicated computer system [35] (Table 1).
The vapor pressure deficits in the units were estimated from these measurements as per
Murray [36] (Table 1).

91



Agriculture 2022, 12, 453

Table 1. The set treatments and measured day, night, and average temperatures, chamber carbon diox-
ide concentration (CO2), daytime and nighttime vapor pressure deficit (VPD), and evapotranspiration
(ET) during the experimental period of each treatment in kale and mustard.

Treatments Measured Temperature (◦C) CO2 (μmol mol−1) VPD (kPa) Mean ET (L H2O d−1)
Day Night Day/Night Day Day Night Day/Night

Control 24.8 ± 0.03 17.5 ± 0.04 21.6 ± 0.03 434.3 ± 1.77 1.4 ± 0.01 0.98 ± 0.01 8.6 ± 0.45
+CO2 25 ± 0.03 17.6 ± 0.03 21.8 ± 0.02 723.6 ± 0.33 1.4 ± 0.01 1 ± 0.01 7.4 ± 0.67

+T 30 ± 0.88 22.4 ± 0.88 26.7± 0.87 435.1 ± 1.76 2.1 ± 0.15 1.5 ± 0.11 8.5 ± 0.63
+UV-B 24.7 ±0.04 17.4 ± 0.04 21.5 ± 0.03 436.9 ± 2.44 1.4 ± 0.01 1 ± 0.01 6.6 ± 0.24

+T+CO2 30.3 ± 0.94 22.6 ± 0.93 27 ± 0.92 724 ± 0.36 2.6± 0.15 1.7 ± 0.12 8.7 ± 0.81
+UV-B+CO2 24.8 ± 0.03 17.4 ± 0.03 21.5 ± 0.03 720.5 ± 0.55 1.3 ± 0.02 0.93 ± 0.01 5.2 ± 0.47

+UV-B+CO2+T 30 ± 0.89 22.4 ± 0.88 26.7 ± 0.87 733.2 ±0.49 2.6 ± 0.19 1.8 ± 0.14 6.91 ± 0.59

During the experiment, the incoming daily solar radiation measured with a pyranometer (Model 4–8; The Eppley
Laboratory Inc., Newport, RI, USA) outside the SPAR units ranged from 11.3 to 30.9 MJ m2 d−1 with an average
value of 24.12 ± 1.14 MJ m2 d−1.

Seeds were sown in 210 polyvinyl-chloride pots (15.2 cm diameter and 30.5 cm height)
filled with the soil medium consisting of 3:1 sand/topsoil classified as a sandy loam
(87% sand, 2% clay, and 11% silt) with 500 g of gravel at the bottom of each pot. Initially,
three seeds were sown in each pot, and 7 d after emergence the plants were thinned
to one per pot. Pots were arranged in 10 rows with three pots per row in each SPAR
chamber with alternating kale and mustard plants. Plants were irrigated three times a day
through an automated, computer-controlled drip system with full-strength Hoagland’s
nutrient solution [37], delivered at 0700, 1200, and 1700 h, based on treatment-based
evapotranspiration values. Evapotranspiration rates expressed on a ground area basis
(L d−1) throughout the treatment period were measured in each SPAR unit as the rate at
which the cooling coils removed the condensate at 900 s intervals [35,38,39]. They were
obtained by measuring the mass of water in collecting devices connected to a calibrated
pressure transducer. Average evapotranspiration values for each treatment during the
experimental period are provided in Table 1.

2.2. Treatments

The treatments included combinations of two [CO2], [400 and 720 μmol mol−1 (+CO2)],
two different temperatures, [25/17 ◦C and 35/27 ◦C (+T) (day/night)], and two daily
biologically effective UV-B radiation intensities, [0 and 10 kJ m−2 d−1 (+UV-B)].

The control treatment was 400 μmol mol−1 [CO2], 25/17 ◦C (day/night) tempera-
tures, and 0 kJ m−2 d−1 UV-B treatment. All SPAR chambers were maintained at control
conditions until 12 days after sowing (DAS). Subsequently, each chamber was set at one
of the seven treatments until the final harvest (26 DAS; 14 DAT): (1) a control treatment
with optimum temperature, ambient CO2 levels, and no UV-B; (2) optimum temperature
with elevated CO2 levels and no UV-B (+CO2); (3) elevated temperature with ambient
CO2 levels and no UV-B (+T); (4) optimum temperature and ambient CO2 levels with
10 kJ UV-B (+UV-B); (5) elevated temperature, and CO2 levels with no UV-B (+T+CO2);
(6) optimum temperature with elevated CO2 levels and 10 kJ UV-B (+CO2+UV-B); (7) el-
evated temperature and elevated CO2 levels with 10 kJ UV-B (+UV-B+CO2+T). For each
treatment, fifteen replications were maintained per species per SPAR unit.

A humidity and temperature sensor (HMV 70Y, Vaisala, Inc., St. Louis, MO, USA)
was used to monitor the relative humidity of each chamber. The monitor was installed in
the returning path of airline ducts. A chilled mixture of ethylene glycol and water was
injected through the cooling coils located outside the air handler of each chamber via
several parallel solenoid valves. The valves opened or closed depending on the cooling
requirement to maintain a constant humidity [38].

Pure CO2 supply was maintained through a compressed gas cylinder using a system
that included a pressure regulator, solenoid and needle valves, and a calibrated flow me-
ter [35]. The chamber CO2 was measured and maintained either at 400 or 720 μmol mol−1

with a dedicated infrared gas analyzer (LI-COR, model LI-6252, Lincoln, NE, USA); the
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drawn gas sample through the lines run underground from SPAR units to the field lab-
oratory building. The sample lines were run through refrigerated water (4 ◦C) that was
automatically drained and through a column of Mg(ClO4)2 to remove moisture from the
gas sample.

The desired elevated UV-B treatment, 10 kJ m−2 d−1, was imposed from 12 DAS to the
end of the experiment. The square-wave UV-B supplementation systems were used under
near-ambient PAR to provide anticipated UV-B radiation dosage. The UV-B radiation was
delivered from 0.5 m above the plant canopy for 8 h each day, from 08:00 to 16:00, by eight
fluorescent UV-313 lamps (Q-Panel Company, Cleveland, OH, USA) attached horizontally
on a metal frame inside each chamber, powered by 40 W variable dimming ballasts. The
individual UV lamp was wrapped with solarized 0.07 mm diacetate film to filter UV-C
(<280 nm) radiation. The UV-B radiation supplied at the top of the plant canopy was
monitored daily at 08:00 with a UVX digital radiometer (UVP Inc., San Gabriel, CA, USA)
calibrated against an Optronic Laboratory (Orlando, FL, USA) Model 754 Spectroradiometer,
which was used initially to quantify lamp output. The lamp output was adjusted, and the
cellulose diacetate films were replaced as needed to maintain the individual UV-B radiation
level. The actual biologically effective UV-B radiation was measured in each SPAR chamber
at three different locations (in the middle and two corners) to ensure the plants received
the exact UV-B dosage of 10 ± 0.18 kJ m−2 d−1 during the crop growth period.

2.3. Measurements
2.3.1. Phenology and Growth

The total number of leaves (LN) was counted, and plant height (PH) and marketable
fresh weight (MFW) were measured on all plants at harvest (26 DAS). Leaf area was mea-
sured using the LI-3100 leaf-area meter (LI-COR, Inc., Lincoln, NE, USA). Plant component
total dry weights (TD) were measured after oven drying at 75 ◦C until a constant weight
was reached.

2.3.2. Root Image Acquisition and Analysis

Aboveground plant parts were cut and separated from the root systems. Roots were
gently washed free of all soil media. The longest root length (LRL) was determined using a
ruler. The cleaned individual root systems were floated in 5 mm of water in a 0.4 by 0.3 m
Plexiglas tray. A plastic paintbrush was used to untangle and separate roots to minimize
root overlap. The tray was placed on top of a specialized dual-scan optical scanner [30]
linked to a computer. Gray-scale root images were acquired by setting the parameters to
high accuracy (resolution 800 × 800 dpi). Acquired images were analyzed for the total
root length (TRL), root surface area (RSA), average root diameter (RAD), root length per
volume (RLPV), root volume (RV), number of tips (RT), number of forks (RF), and number
of crossings (RC) using WinRHIZO Pro software 2009c [Regent Instruments, Inc., Québec,
QC, Canada] [30].

2.4. Data Analysis
2.4.1. Combined Stress Response Index (CSRI)

Based on the summation of relative individual stress responses at each treatment
and similar to the cumulative response index quoted in other UV-B studies [32], the
combined stress response index (CSRI) was calculated to evaluate the interactive effects of
six treatments (+CO2, +T, +UV-B, +CO2+T, +CO2+UV-B, and +CO2+T+UV-B) in comparison
to the control treatment. The CSRI was calculated as the value of a parameter under control
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(c), subtracted from the value of the parameter under treatment (t), and then by dividing
by the value of a parameter under control (c) as follows:

CSRI = (PHt−PHc)
(PHc) + (LNt−LNc)

(LNc) + (LAt−LAc)
(LAc) + (MFWt−MFWc)

(MFWc) + (ADWt−ADWc)
(ADWc) +

(RDWt−RDWc
(RDWc) + (TDWt−TDWc)

(TDWc) + (LRLt−LRLc)
(LRLc) + (TRLt−TRLc)

(TRLc) + (RSAt−RSAc)
(RSAc) +

(RADt−RADc)
(RADc) + (RLPVt−RLPVc)

(RLPVc) + (RVt−RVc)
(RVc) + (RTt−RTc)

(RTc) + (RFt−RFc)
(RFc) + (RCt−RCc)

(RCc)

where CSRI is the combined stress response index, PH—the plant height, LN—the leaf
number, LA—the leaf area of the plant, MFW—the marketable fresh weight, ADW—
aboveground dry weight, RDW—the root dry weight, TDW—Total dry weight, LRL—the
longest root length, TRL—the total root length, RSA—the root surface area, RAD—the
root average diameter, RLPV—the root length per volume, RV—the root volume, RT—the
number of root tips, RF—the number of root forks, RC—the number of root crossings under
t (treatment) and c (control).

2.4.2. Statistical Analysis

Data were subjected to analysis of variance [40] with a split-plot design considering
species and treatment as sources of variance. Replicated values for LN, PH, LA, MFW,
ADW, RDW, TDW, LRL, TRL, RSA, RAD, RLPV, RV, RT, RF, and RC were analyzed using
one-way ANOVA of the general linear model, PROC GLM, in SAS [40] to determine the
effect of multi-stress treatments on the morphological and developmental parameters
of kale and mustard. Fisher-protected least significant difference tests at p = 0.05 were
employed to test the differences among treatments for measured parameters. The standard
errors of the mean were calculated and are presented in the figures as error bars.

3. Results

This is the first study providing data for the effects of abiotic multi-stress on the growth
and development of roots and shoots of green leafy vegetables of the Brassica family.

3.1. Shoot Growth and Developmental Attributes
3.1.1. Plant Height

Interactive effects of increased CO2, temperature, and UV-B radiation led to significant
differences in plant height (Table 2). Compared to the control treatment, the plants were
significantly taller under elevated CO2 (+CO2) (8% and 12% in kale and mustard, respec-
tively). Plants grown under elevated temperature conditions along with CO2 treatment
had minimal adverse effects on plant height, showing owing only 12% and 11.7% (+T),
and 3.3% and 1.8% (+CO2+T), reductions in average plant height in kale and mustard,
respectively, compared to the control. Plants grown under UV-B conditions alone and
elevated temperature and CO2 produced significantly shorter plants in both Brassica sp.,
as evident in Figure 1. The greatest plant height reduction was observed under UV-B (53%
for kale and 39% for mustard) treatment (Table 3). Among the two Brassica sp., mustard
plants were taller than kale plants under all the treatments and showed lesser reductions.
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3.1.2. Leaf Number

The number of leaves produced in the plants under increased CO2, UV-B, and temper-
ature treatments was significant in the present study (Table 2). The crops showed different
responses under different treatments for the number of leaves produced during the treat-
ment (Figure 1). Fewer leaves in mustard were observed under +UV-B+CO2 treatment,
where the reduction was 25% compared to the control (Table 3; Figure 1). In the case of
kale, the maximum deduction was observed under high-temperature treatment. More
leaves were observed under +CO2 and high temperatures and UV-B (+CO2+T+UV-B) in
both the crops (4% and 8.5% at +CO2; 9% and 4.2% at +CO2+T+UV-B in kale and mustard,
respectively). A maximum increase in the number of leaves was recorded at high UV-B
and CO2 (+CO2+UV-B) for kale (12.5%) and high temperature and CO2 (+T+CO2) for
mustard (35%).

3.1.3. Leaf Area

The leaf area exhibited significant differences under all the treatments. Higher leaf
area was recorded under +CO2 treatment, as clearly noticeable from Figure 1 (30% in kale
and 25% in mustard), compared to the control (Table 3; Figure 2A.). The highest reduction
in leaf area in both crops was observed under the UV-B treatment alone (+UV-B), 78% (kale),
and 72% (mustard) compared to their respective controls. Elevated CO2 (+CO2) seemed
to alleviate the adverse effects of high temperature (+T) on leaf area leading to the most
negligible reduction in both crops (5.7% and 8.2% in kale and mustard, respectively).

Figure 2. Impact of CO2 concentration (control, 400 μmol mol−1 and +CO2, 720 μmol mol−1),
elevated temperatures (25/17 ◦C and 35/27 ◦C (day/night)), and UV-B radiation (control, 0 and
+UV-B, 10 kJ m−2 d−1), and their interactions on (A) leaf area, (B) total dry weight and (C) root
surface area for kale and mustard. Bars indicate standard errors of the mean.
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3.1.4. Marketable Fresh Weight

Marketable fresh weight, which determines the economic value of green leafy veg-
etables, decreased significantly under all the treatments except for the +CO2 treatment.
The average marketable fresh weight ranged from 12.7 to 116.2 g plant−1, with the lowest
value under +UV-B treatment and the highest under +CO2 treatment alone (Figures 1 and 3;
Table 3). Accordingly, the marketable fresh weight decreased by 46.3% and 34.5% in kale
and mustard under the +UV-B+CO2+T treatment. The marketable fresh weight doubled
in mustard under the CO2 treatment compared to its control counterparts, whereas an
increase of 23% was recorded in kale.

Figure 3. Impact of CO2 concentration (control, 400 μmolmol−1 and +CO2, 720 μmol mol−1), elevated
temperatures (25/17 ◦C and 35/27 ◦C (day/night)), and UV-B radiation (control, 0 and +UV-B,
10 kJ m−2 d−1), and their interactions on marketable fresh weight for kale and mustard. Bars indicate
standard errors of the mean.

3.1.5. Dry Weight Components

Like marketable fresh weight, significant reductions in aboveground dry weight, ac-
counting for 64% (kale) and 57% (mustard) of the decrease compared to their control, were
observed under +UV-B treatments. The CO2 treatment alone (+CO2) and in combination
with elevated temperature (+T+CO2) recorded an increase of 55% (kale) and 48% (mus-
tard), and of 14% (kale) and 46% (mustard), in aboveground dry weight, respectively,
compared to their control treatments (Table 3). Unlike other shoot parameters, the highest
reduction in root dry weight was observed under the elevated UV-B and CO2 treatment
(+UV-B+CO2), which was 66% and 60% in kale and mustard, respectively, compared to their
respective controls.

The minimum adverse effect on root dry weight in kale was observed under the +UV-
B+T+CO2 treatment with an average decrease of 20%. In mustard, the minimum decrease
was observed under the temperature treatment alone (6%) in comparison to the control.
Under the CO2 treatment and elevated temperature (+T+CO2), there was no change in the
root dry weight of kale, whereas an increase of 43.4% was observed in mustard.

The total dry weight produced during the experimental period ranged from 1.46 to
9.87 g plant−1 (Table 3, Figure 2B); plants grown under +UV-B registered the lowest while
plants grown under +CO2 treatment alone showed the greatest total dry weight in both
the crops. All the stresses, either alone or in combination, caused significant differences
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in total dry weight. The reductions in total dry weight under +UV-B, +T+UV-B+CO2, and
+UV-B+CO2+T treatments were 64% and 60%; 25% and 9%; 28% and 55%; and 27% and
20%, in kale and mustard, respectively, when compared to the control. The total dry weight
in both crops increased under the +CO2 treatment and the +T+CO2 treatment. Among the
two crops, mustard had the higher total dry weight under all the treatments.

3.2. Root Growth and Developmental Attributes
3.2.1. Root Growth Traits

All the stress treatments alone or together led to significant differences in the root
length of both crops. Both longest root length (LRL; 24% in kale and 17% in mustard) and
total root length (TRL; 43% in kale and 39% in mustard) showed the highest reduction under
the elevated UV-B treatment. The longest root length in kale decreased under all treatments
except for +CO2 treatment (14.7%) and +UV-B+CO2 treatment (1.73%). In contrast, in
mustard, LRL increased under all the treatments except +UV-B and +UV-B+CO2 (3.2%),
compared to their respective control (Table 4). The minimum adverse effect on total root
length was observed under +UV-B+CO2 treatment in the case of kale, with an average
decrease of 1%. In mustard, the most negligible reduction of 1% each was observed under
+CO2 treatment and the CO2 treatment, together with UV-B and elevated temperature
(+UV-B+CO2+T). Compared to the controls, TRL values increased for both crops under
CO2 treatment combined with high temperature (+T+CO2).

Root surface area (RSA), average root diameter (RAD), root length per volume (RLPV),
and root volume (RV) decreased significantly under +UV-B treatment, +UV-B+CO2 treat-
ment, and all three stresses together in both the crops. The +CO2, alone or in combination
with elevated temperature (+CO2+T), exhibited an increase in RSA and RV compared to
their control treatments in both crops (Table 4; Figure 2C). RSA and RLPV values for kale
decreased by 22.6% and 12.6%, respectively, under the elevated temperature, whereas
increases of 9.4% and 22.6% were observed in mustard. RAD and RV values for both crops
decreased under high-temperature conditions.

3.2.2. Root Developmental Traits

All the root developmental traits showed significant reductions, accounting for 25%
and 28% of the decline in the number of root tips (RT), 52% and 44% of the decrease in
the number of root forks (RF), and 41.6%, and 37.5% of the decline in the number of root
crossings (RC), in kale and mustard respectively, compared to their control under the +UV-B
treatment. The +CO2 treatment exhibited an 82% (kale) and 19.3% (mustard) increase in
the number of root forks concerning its control treatment. Although the CO2 treatment
alone positively impacted the number of root tips and crossings in kale, it decreased both
parameters in mustard. Under the high-temperature conditions, all the developmental
traits fell (28% in RT, 25.3% in RF, and 6% in RC) in kale but showed an increase in mustard
(4.6% in RT, 20% in RF, and 42.5% in RC; Table 4). Under the combination of all three
stresses (+UV-B+CO2+T), a decrease in the number of root tips and root forks in both crops
and root crossings in kale was recorded; however, a slight increase (0.5%) was observed in
the case of mustard.
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3.3. Combined Stress Response Indices (CSRI)

The combined stress response index is the sum of relative individual stress responses
at each treatment. CSRI values ranged from −7.4 to 8.3 in kale and −6.8 to 3.7 in mustard.
The lowest CSRI values for both crops were observed under +UV-B treatment, suggesting
higher deleterious effects of UV-B treatment on all the parameters (Figure 4). In comparison,
the highest value for kale was observed under +CO2 treatment and for mustard under
+T+CO2 treatment, pointing towards the positive impacts of elevated CO2 concentrations.
CSRI values under all the treatments except +CO2 treatment and its combination with high
temperature (+CO2+T) were negative in kale. However, in mustard, CSRI values under
+UV-B, +UV-B+CO2 treatment, and under all the three stress together (+UV-B+CO2+T)
were negative (Figure 4).

Figure 4. Cumulative stress response index (CSRI) calculated over all the treatments of kale and
mustard in response to elevated carbon dioxide (720 ppm) (+CO2), high temperature (35/27 ◦C,
day/night) (+T), and increased UV-B radiation (10 kJ m−2 d−1) (+UV-B) and their interactions.

4. Discussion

Brassica plants are often exposed to multiple stresses co-occurring during their growing
season. Thus, it is imperative to conduct experiments in growth chambers in an environ-
ment that mimics natural conditions. In the current experiment, growing plants in SPAR
chambers under fully controlled conditions permitted us to identify the functional relation-
ships of growth and developmental responses of kale and mustard plants in response to the
interaction of multiple abiotic stresses similar to those under natural conditions. Thus, this
information may be helpful in management decisions and for crop model improvements to
stimulate the vegetative growth of these crops in the field environment.

UV-B and mostly elevated temperatures drastically affect crop shoot, root growth, and
developmental traits. However, CO2 masked most of the other stresses’ adverse effects
(Tables 3 and 4). Plant height, leaf number, leaf area, and dry weight traits were affected
mainly by UV-B stresses alone or combined with the other two stresses. Reduction in plant
height under higher UV-B levels has been recently reported in Capsicum annuum [41,42]
and Brassica napus. The shorter plants may be due to specific photomorphogenic re-
sponses of plants to elevated UV-B radiation via a UV-B photoreceptor [43]. Moreover,
low photosynthetically active radiation (PAR, 400–700 nm) may have also affected the
plant. It has been shown that increased PAR decreases the impacts of UV-B radiation on
plant height [44]. Reduced plant height was also observed in two other brassica species
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(B. rapa and B. nigra) exposed to UV-B radiation [45]. Studies on crops such as Vigna mungo,
V. radiata, and Glycine max [46–48], Triticum aestivum and Amaranthus tricolor [49], and
Oryza sativa [50] have shown retarded growth and reduced leaf area expansion in response
to UV-B radiations [51]. The most likely reason for the reduction in growth is direct damage
to DNA [52]. It has been observed that a plant under heat stress can delay cell division
through reduced cell elongation. This affects the shoot net assimilation rates and the plant’s
total dry weight, ultimately reducing plant growth [53]. Heat stress also decreases stem
growth, resulting in reduced plant height [54]. Following our results, similar reductions in
plant height at higher temperatures have been reported in other crops, including recent
reports in Brassica juncea [55] and Oryza sativa [56].

The results of a reduction in major growth and developmental parameters, such
as total leaf area and fresh and dry weights, number of leaves, and height of plants
(Table 3), obtained in this study under higher UV-B levels corroborate those found in
Arabidopsis thaliana leaves [57], soybean [33], cotton [23], maize [27,58], Phaseolus vul-
garis [59] and sweet potato [60]. One of the most common responses to UV-B is a leaf
area decrease because of a reduction in cell division and expansion [61–63]. The decline
in leaf area associated with the lower concentration of photosynthetic pigments seems
to be the cause of the decrease in growth and the reduction in stem length and root dry
mass as recorded under UV-B radiation treatment in P. vulgaris. These factors can result
in lower absorption of sunlight and affect photosynthetic activity, leading to a decrease in
photosynthesis, indirectly affecting plant growth [63]. In line with our findings, growth
reduction under UV-B has also been reported in Arabidopsis thaliana [64] and Capsicum
annuum [42]. In contrast, Nedunchezhian and Kulandaivelu [65] reported that slightly
elevated UV-B radiation increases leaf area in cowpea. An increase in plant height, leaf
area, and dry weight under elevated UV-B was also reported in Ocimum basilicum [66]. Leaf
area reduction in rice has been recently reported under high temperatures alone and with
elevated CO2 [67]. High temperature and UV-B interaction decreased leaf area in Brassica
napus [68].

The horticultural crops having a C3 photosynthetic metabolism have shown beneficial
effects indicating the increase in growth traits in onion [69,70] and tomato at 550 ppm
CO2 [71]. In perennial crops such as coconut (Cocos nucifera L.), studies indicate an increase
in shoot height, leaf area, and shoot dry weight due to elevated CO2 of up to 36% over
chamber control [72,73]. We found all the shoot and root parameters increased under high
CO2 levels in both crops.

Approximately 20% of crops are sensitive to UV-B radiation regarding dry mass
reduction [60,74]. We observed a decrease in marketable fresh weight and dry weight traits
under all the treatments except CO2 alone in the present study. A reaction to stress caused
by UV-B radiation in plant development and metabolism could explain the reduction in dry
and fresh leaf mass [75]. Fresh and dry weight reductions by 10–12% were reported in Beta
vulgaris under UV-B [76]. Dai et al. [77] reported that, after a few weeks of UV-B exposure,
the plant dry weight of rice was significantly reduced. Zuk-Golaszewska et al. [78] also
reported a decrease in dry weight under high UV-B levels in Avenafatua and Setariaviridis.

On the contrary, a different response was found on broad bean and wheat, in which
the plant’s dry mass increased with the rising UV-B [79]. Like studies on brood bean
and wheat, Zhang et al. [80] also reported an increase in whole plant dry weight in
Prunella vulgaris plants when exposed to 15-day UV-B radiations in a growth chamber.
This suggests that the UV-B effect is species/cultivar specific, and sometimes it benefits the
growth and development of plants [81]. An increase in total dry weight was also observed
in Ocimum basilicum and Mentha piperita under elevated temperatures [82]. Reduced plant
weight under high temperature can also be related to decreased photosynthesis, increased
transpiration [83], and, in turn, reduced water use efficiency [84]. Like our study under
elevated temperatures, a decrease in dry weight has been recently reported in three Brassica
sp. [85], Brassica oleracea [86], Raphanus sativus [87], and Chenopodium quinoa [88]. High
temperature and UV-B interaction decreased leaf weight in Brassica napus [68]. Interaction
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of elevated temperatures and CO2 increased plant height, the number of leaves, and the
leaf area in Fragaria × ananassa [89], Capsicum annuum [90], and Solanum lycopersicum [91].
In contrast to our results, high temperature and elevated CO2 reduced the whole-plant dry
weight in rice [67].

The different effects of UV-B radiation and CO2 on plant growth and development
have been extensively studied for a wide range of horticultural and agronomic crops.
Still, little work has considered UV-B and CO2 interaction [41,92–97]. In an experiment
conducted by Teramura et al. [92], soybean, wheat, and rice grown under two levels of
CO2 and UV-B showed increased total plant biomass in all three species under elevated
CO2. However, under the interaction of elevated CO2 with enhanced UV-B radiation, these
effects were eliminated in wheat and rice but remained in soybean. This indicates that
the combined effects of UV-B and CO2 are species-specific, and that UV-B can modify the
positive effects of CO2. Moreover, Ziska and Teramura [98] with rice, and Van de Staaij
et al. [99] with wild ryegrass, have shown that the effects of CO2 and UV-B radiation are
independent. Our study revealed that elevated CO2 can partially alleviate some of the
adverse effects of UV-B radiation in Brassica sp. Similar results were observed by Brand
et al. [100] in cotton. Qaderi et al. [101] experimented on the interactive effects of high
temperature and UV-B levels in Brassica napus. They observed that the higher tempera-
ture with enhanced UVB negatively affected all the growth traits. These results confirm
our findings.

Understanding root responses to changes in the aerial environment is essential in
deciphering the crop responses to predicted climate changes [100]. Little is known about
the effects of abiotics on the root system of kale and mustard compared to other major
crops such as corn, rice, and cotton in the US Midsouth during seedling growth [102–104].
In the present study, elevated CO2 concentration stimulated root growth, whereas high
temperature and +UV-B either individually or in combination suppressed most root traits.
Previous root studies on sorghum [105] and tomato [106] have reported significant root
diameter, root volume, root length, and dry weight density under elevated CO2 concen-
trations. Many studies have extensively documented the responses of plants to increasing
atmospheric CO2. However, the effects of elevated CO2 on root dynamics have not been
explored much, despite their importance for global carbon budgets and nutrient cycling
in ecosystems. Therefore, the current data on the effects of elevated atmospheric CO2
levels on root dynamics are insufficient to draw any conclusions. Different studies indi-
cated a general increase in root growth under elevated CO2 compared to ambient CO2
levels [107,108].

In an experiment conducted by Sindhøj et al. [109], increased root growth was observed
in nutrient-poor semi-natural grassland at an elevated CO2 concentration. Moreover,
elevated CO2 affected root architecture through increased branching compared to ambient
CO2 in a shortgrass steppe. Root length, the number of roots, and the diameter of roots
in the upper soil profile were also greater under such conditions [108]. In contrast to our
findings, Ostonen et al. [110] reported decreased specific root lengths under elevated levels
of CO2.

Total root length, RSA, and RAD have been used to characterize root systems and
evaluate their functional size [111]. These characteristics help predict nutrient uptake
ability and performance under stress conditions. The root systems of kale and mustard at
early developmental stages have not been adequately characterized. The present study
investigated root structural parameters, including root development concerning RL, RCL,
RSA, RV, RAD, root distribution pattern in the soil column, RS, and root branching. UV-B
treatment alone caused significant reductions in all the root growth parameters. Reductions
in root length under elevated temperatures have also been observed in Solanum lycopersicum,
Cucumis sativus, and Solanum melongena [112].

Extreme temperatures have been observed to profoundly impact the growth and
development of plant root systems (Table 4). The well-documented relationships between
extreme temperatures and specific plant functions include nutrient uptake, photosynthesis,
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and carbon partitioning [29]. Elevated temperatures appear to impact mustard roots
positively but led to a decrease in all root parameters in kale. Like our results in kale, Choi
et al. [87] reported a reduction in root length and diameter under high temperatures in
Raphanus sativus and Brassica campestris. A significant decrease in root parameters under
high temperatures has also been reported in canola [113]. RLPV is directly related to the
plants’ water uptake ability because water is mainly absorbed passively, and generally
reflects the development of lateral roots [114]. Plant roots optimize their root architecture
to acquire water and essential nutrients. The number of root tips, forks, and crossings plays
a vitally important role in the root architecture of a plant. They can enhance penetration
through soil layers, ultimately leading to a positive effect on plant nutrient uptake. In the
present study, root tips, forks, and crossings decreased significantly under UV-B treatment
alone and together with elevated temperature and CO2 treatment, indicating the harmful
effects of multiple stresses on root architecture.

Although the adverse effects of CO2 and the increase in other greenhouse gases in
the environment, which appear to be a cause of global warming, are a global concern,
elevated CO2 may positively affect plants by mitigating the detrimental effects caused by
UV-B radiation. Generally, high levels of atmospheric CO2 have shown beneficial effects
on plants, whereas enhanced levels of UV-B radiation are detrimental [115]. However, the
relationship between these and other environmental factors, including temperature, light,
drought, and salinity, is complex and has not been studied much. Therefore, multifactorial
experiments must be undertaken to have a better understanding of plant growth and
physiological responses to environmental stressors.

5. Conclusions

In the present study, the interactive effects of elevated CO2, temperature, and UV-B ra-
diation on the development of two Brassica sp. were quantified under a sunlit environment,
similar to field conditions under optimum nutrient conditions. Plants grown at +UV-B
alone or elevated temperatures produced shorter plants, with smaller leaf areas and shorter
roots and reduced biomass. Elevated UV-B conditions had significant adverse effects on
most shoot and root parameters, whereas +CO2 resulted in an increase in all vegetative
traits. The current study results indicate that high temperature and +UV-B may be major
abiotic stressors that impact kale and mustard growth and development during the early
season. Kale and mustard are some of the oldest green leafy vegetables globally, known
for their health benefits; however, not much information is available on the interactions
of various abiotic stresses in these two crops. Therefore, more research is required in this
arena to better understand these two Brassica species. Moreover, improving early seedling
growth and developmental response to abiotic stresses would benefit the current envi-
ronment. Such improvements will be more apparent for vigorous plant growth in future
projected climates.
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Abstract: Salinity is an abiotic stress that is responsible for more than 50% of crop losses worldwide.
Current strategies to overcome salinity in agriculture are limited to the use of genetically modified
crops and chemicals including fertilizers, pesticides and herbicides; however these are costly and
can be hazardous to human health and the environment. Green synthesis of nanoparticles (NPs) is
an eco-friendly and cost-effective method, and they might serve as novel biostimulants. This study
investigated for the first time the efficiency of ZnO NPs, synthesized from Agathosma betulina to
mitigate salt stress in Sorghum bicolor. Hexagonal wurtzite ZnO NPs of about 27.5 nm, were obtained.
Sorghum seeds were primed with ZnO NPs (5 and 10 mg/L), prior to planting on potting soil and
treatment with high salt (400 mM NaCl). Salt significantly impaired growth by decreasing shoot
lengths and fresh weights, causing severe deformation on the anatomical (epidermis and vascular
bundle tissue) structure. Element distribution was also affected by salt which increased the Na+/K+

ratio (2.9). Salt also increased oxidative stress markers (reactive oxygen species, malondialdehyde),
enzyme activities (SOD, CAT and APX), proline, and soluble sugars. Priming with ZnO NPs stimu-
lated the growth of salt-stressed sorghum plants, which was exhibited by improved shoot lengths,
fresh weights, and a well-arranged anatomical structure, as well as a low Na+/K+ ratio (1.53 and 0.58)
indicating an improved element distribution. FTIR spectra confirmed a reduction in the degradation
of biomolecules correlated with reduced oxidative stress. This study strongly suggests the use of
green-synthesized ZnO NPs from A. betulina as potential biostimulants to improve plant growth
under abiotic stress.

Keywords: abiotic stress; green synthesis; priming; osmolytes; oxidative stress; salt; sorghum; buchu
extract; ZnO NPs; antioxidant

1. Introduction

Nanotechnology is an emerging technology that has recently led to the synthesis
of nano compounds (nanomaterials and nanoparticles) with special properties and the
potential to be used as plant growth regulators and biostimulants in agriculture [1,2]. A few
studies have demonstrated the effective use of different nanoparticles in the improvement
of crop production under abiotic stresses [3–8]. Hence nanotechnology can be used in
agriculture to meet targets in food production to feed the growing population [1].

Green synthesis of nanoparticles must be considered as the method of choice for plant
application, due to its several advantages over conventional methods, since it is cost effec-
tive, eco-friendly, and can be easily scaled-up for increased production [9]. Additionally,
there is no usage of high temperatures, energy, pressure, and toxic chemicals in green syn-
thesis [10]. Plant extracts are the most common biological substrates used in the synthesis
of nanoparticles since they are easily accessible and less toxic than microbes. These extracts
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contain secondary metabolites such as polysaccharides, polyphenolic compounds, amino
acids, vitamins, and alkaloids among other compounds that act as reducing, stabilizing,
and capping agents [11,12].

Metal oxide nanoparticles, specifically Zinc oxide nanoparticles (ZnO NPs) have
recently gained a lot of attention in nanoscience due to their unique physicochemical prop-
erties and their various applications in biology, chemistry, medicine, and physics [11,13–15]
and in recent years they have crossed over to agriculture [16,17]. Zinc oxide is nonorganic,
cheap, and it has been regarded as a safe and non-toxic metal by the Food and Drug
Administration (FDA). Several studies have revealed that a lower concentration of ZnO
NPs can increase the growth and development of plants [18,19].

Salinity is among the major abiotic stresses that affect plant growth and development
by altering several physiological and metabolic processes of plants [20–23]. It has affected
approximately 6% of the total land surface globally and 20% of agricultural land, making
salt stress the most serious environmental factor limiting the productivity of cultivated
crops [24]. Salinity causes osmotic and ionic stress, which enhances the over-production of
reactive oxygen species (ROS) causing lipid membrane damage, damage to biomolecules,
and hence, cell death [23,25]. Plants overcome these effects by regulating several defense
mechanisms including osmotic adjustments, induction of the antioxidant machinery, mod-
ulation of hormones, and some morphological and anatomical adaptations [23,26]

Sorghum bicolor (L.) Moench is an important grain crop ranked fifth in the world and
second in Africa [24]. In African and Asian countries, sorghum is mainly used as a source
of food for humans, whereas in other countries such as Australia, Brazil, and the United
States of America, it is mostly used as a source of animal feed and energy production. It
is an adaptable and a moderately drought and salt-tolerant cereal crop [27,28]; however,
continuous exposure to abiotic stress can affect its growth and hence its productivity.
Cultivating sorghum is very important because this will ensure its continuous use as a food
source to combat food insecurity and in the production of bioenergy to solve the looming
global energy crisis.

This study is the first to investigate the application of green synthesized ZnO NPs in
Sorghum bicolor plant growth under salt stress. To better understand the effects of ZnO NPs
as biostimulants, we evaluated their efficiency under normal and high salt (400 mM NaCl)
stress conditions by analyzing growth attributes, anatomical structure, and the content of
macronutrients. The extent of oxidative stress and the scavenging capacity on sorghum
were also evaluated.

2. Materials and Methods

2.1. Preparation of the Plant Extract and the Green Synthesis of Zinc Oxide Nanoparticles

The synthesis of ZnO NPs completed in this study followed the original method
described in [29] with modifications. Agathosma betulina (Buchu leaves) were purchased
online at the Natural Essential Products Ltd. [https://essentiallynatural.co.za (accessed
on 20 March 2020)] and used to prepare the green extract, which served as the capping
agent [30]. About 10 g of grounded Buchu leaves were mixed with 250 mL distilled water
(dH2O) and boiled at 80 ◦C for 2 h. The mixture was filtered and centrifuged for 10 min at
6000 rpm and the supernatant was collected and used immediately or stored at 4 ◦C for
further use.

Zinc nitrate hexahydrate (N2O6Zn) purchased from Sigma-Aldrich (Cat# 96482-500G,
Lot # BCBJ7666V) was used as a precursor for the synthesis of ZnO nanoparticles (NPs).
Synthesis was initiated by adding 3 g of Zinc nitrate into 250 mL of aqueous Buchu leaf
extract and the mixture was boiled at 80 ◦C for 5 h. A color change of the mixture from pale
yellow to dark brown appeared signifying the formation of ZnO NPs [31]. Synthesized
ZnO NPs were freeze-dried to obtain ZnO NPs in powdered form, then calcined at 600 ◦C
for 2 h to obtain a more crystallized structure of the nanoparticles. White powdered ZnO
NPs were obtained and stored in airtight containers at room temperature when not in use
or until further processing.
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2.2. Characterization of Zinc Oxide Nanoparticles

The formation of the ZnO NPs was confirmed using Ultraviolet-Visible spectroscopy
(Nicolett Evolution 100 from Thermo Electron Corporation, Johannesburg, South Africa) by
observing peak formation within the 200–700 nm wavelength range. The phytochemical
compositions that participated in the synthesis and the newly formed chemical composi-
tions were determined using Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer
Spectrum 100-FTIR Spectrometer from PerkinElmer (Pty) Ltd., Midrand, South Africa)
using a 400 to 4000 cm−1 spectral range. The morphology and size of the nanoparticles were
determined using High-Resolution Scanning Electron Microscopy (Zeiss Auriga HR-SEM
purchased from Carl Zeiss Microscopy GmbH, Jena, Germany), the quantity and presence
of ZnO NPs were determined on SEM using Energy Dispersive X-ray Spectroscopy (EDX)
performed on the Zeiss Auriga detector (Oxford Link-ISIS 300, Concord, MA, USA) [32],
and High-Resolution Transmission Electron Microscopy (HRTEM) (Tecnai G2 F2O X-Twin
HR-TEM purchased from FEI Company, Hillsboro, OR USA).

The phase purity and particle size of ZnO NPs were determined using the X-ray
diffractometer, Brucker AXS (Germany) D8 advanced diffractometer unit. The Scherrer’s
equation (Equation (1)) was used to determine the crystalline size of the synthesized ZnO
NPs [33]:

D =
0.9λ

β cos θ
(1)

where D is the crystallite size, λ is the wavelength of x-ray used (1.5406 ), β is the full
width at half maximum (FWHM), and θ is the Bragg’s angle.

2.3. Sorghum Seed Germination and Growth Conditions

Sorghum (Sorghum bicolor L. Moench) seeds purchased from Agricol, Brackenfell Cape
Town, South Africa were disinfected as described previously [24].

For priming treatments, seeds were imbibed in distilled water (ddH2O) only as the
control and 5 and 10 mg/L ZnO NPs solutions for experiments. This was followed by
overnight incubation in the dark at 25 ◦C with shaking at 600 rpm. Seeds were dried under
the laminar flow and sown on filter paper placed on a plastic container (28 × 21 and 6 cm
height) containing 50 mL of ddH2O and germinated in the dark at 25 ◦C for 7 days.

Germinated seeds were sown on pots of sizes (18 × 14 and 6 cm height) and put inside
a vessel container sized (21 × 16 and 5 cm height) containing a mixture of potting soil and
vermiculite (2:1) and grown in the green house under controlled conditions (26 ◦C/22 ◦C
day/night; 16 h/8 h light/dark regimes). After 14 days of growth, sorghum plants were
treated with 100 mL of salt solution (400 mM NaCl-containing solution) every second day
for 7 days. Sorghum plants were harvested on day seven after treatment, rinsed thoroughly
with dH2O and used immediately or stored at −80 ◦C for future use.

2.4. Growth Parameters

Shoot lengths were measured using a ruler in the mm range. Fresh weights (FW) of
the shoots were weighed using a Mettle Toledo AE50 analytical balance (Marshall Scientific,
Hampton, VA, USA). Dry Weights (DW) were determined after oven-drying the shoots at
70 ◦C for 72 h until a constant weight was obtained.

The anatomical structure (epidermis, xylem, and phloem) and element distribution
were analyzed at the University of Cape Town, South Africa using High Resolution Scan-
ning Electron Microscopy (HRSEM) and HRSEM-EDX as previously described in [34,35].
All spectra were analyzed using the built in Oxford Inca software suite. Samples were then
imaged and collected using a Tescan MIRA field emission gun scanning electron microscope,
operated at an accelerating voltage of 5 kV using an in-lens secondary electron detector.
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2.5. Physiological and Biochemical Analysis

All spectrophotometric measurements in this study were performed using a Helios®

Epsilon visible 8 nm bandwidth spectrophotometer (Thermo scientific Waltham, MA, USA)
unless otherwise stated.

2.5.1. Histochemical Detection of Reactive Oxygen Species (ROS)

Histochemical detection of ROS was determined as described by [15]. For the detection
of superoxide (O2

•-), leaves were immersed in 0.1% Nitroblue tetrazolium chloride (NBT)
solution and incubated at 25 ◦C for 2 h in the dark.

The detection of H2O2 was performed by immersing sorghum leaves in 1 mg/mL
3′,3′-diaminobenzidine (DAB) solution and the mixture was incubated overnight in the
dark. After incubation, all histochemical samples were boiled in 80% ethanol at 90 °C for
15 min to remove chlorophyll.

2.5.2. Malondialdehyde Content

Lipid peroxidation was determined by measuring malondialdehyde (MDA) content
using the method described in [36]. A total of 100 mg of fresh sorghum plant materials
were homogenized in 1 mL of 0.1% trichloroacetic acid (TCA (w/v)). Tubes were vortexed
to mix well and centrifuged at 13,000 rpm (4◦C) for 10 min. Small holes were created in the
cap of the 2 mL Eppendorf tubes using a syringe needle to prevent the tubes from bursting
due to pressure from the heat. About 400 uL of the supernatant was added into a 2 mL
Eppendorf tube containing 1 mL of 0.5% TBA, followed by boiling at 80 ◦C in a water bath
for 30 min. After incubation, the tubes were placed on ice for 5 min and centrifuged for
another 5 min at 13,500 rpm (4 ◦C) to precipitate any remaining TBA. About 200 uL of
the supernatant was transferred into a 96 well microtiter plate. The optical density was
measured spectrophotometrically at 532 nm and 600 nm.

2.5.3. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of Biomolecules

The FTIR spectrum of the sorghum shoots was analyzed using a PerkinElmer Spectrum
100-FTIR Spectrometer [PerkinElmer (Pty) Ltd., Midrand, South Africa]. About 2 g of dry
sorghum shoot tissues was analyzed where a wider window between 450 and 4000 cm−1

was considered.

2.5.4. Enzyme Activity Assays

Enzyme extraction was performed as described by the authors of [37], with a slight
modification. About 100 mg of grounded sorghum plant material was homogenized in
100 mM sodium phosphate buffer (pH 8.0). The homogenized samples were centrifuged
at 9000 rpm for 20 min at 4 ◦C. The supernatant was collected and was stored at 4 ◦C for
future use. Activities of selected antioxidant enzymes including Superoxide dismutase
(SOD, EC, 1.15.1.11), were estimated as described in [38]. Catalase (CAT, EC 1.11.16) and
Ascorbate peroxidase (APX, EC 1.11.1.11) were estimated as described previously [38–40].

2.5.5. Proline Content

Proline content was measured as described in [34,41] with slight modifications. To be
specific, pure proline was used as the standard to construct the standard curve instead of
using the traditional toluene solution.

2.6. Statistical Analysis

All experiments were repeated at least four times and the data were statistically
analyzed by the two-way ANOVA using GraphPad prism 9 (https://www.graphpad.com
(accessed on 20 October 2021)). Data in the Figures and Tables represent the mean ±
standard deviation. Statistical significance between the control and treated plants was
determined by the Bonferroni’s multiple comparison test and represented as *** = p ≤ 0.001,
** = p ≤ 0.01, and * = p ≤ 0.05.
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3. Results

3.1. Characterization of Zinc Oxide Nanoparticles

The Ultraviolet-Visible absorption spectra were used to determine the optical prop-
erties of the green-synthesized ZnO NPs (Figure S1A). Initially, the color of the reaction
mixture was pale yellow, which changed to dark brown indicating the formation of nanopar-
ticles. ZnO NPs and Buchu extracts have a wide absorption value and strong absorption
peaks at 370 nm and 320 nm, respectively (Figure S1B).

Fourier-transform infrared spectroscopy (FTIR) investigated the functional groups of
the phytoconstituents found in the Buchu extract that were responsible for capping and
stabilizing the nanoparticles (Figure 1A). The spectrum revealed several bands from 500 to
4000 cm−1. Both the Buchu extract (black line) and the ZnO NPs (red line) spectra exhibited
strong peaks including those attributed to the O-H stretch, hydroxyl group, and H-bond
(3427 cm−1), to the C-H stretch (2926 cm−1), and the C=C alkene group (1386 cm−1). Some
weak peaks were also observed at 1500 cm−1 and 1437 cm−1 that were attributed to the
C=C and aromatic compound and at 1062 cm−1 attributed to the OH bending group. The
spectrum evidently indicated ZnO NPs formation with an absorption peak at 460 cm−1.

Figure 1. Optical and structural characterization of green-synthesized ZnO NPs using (A) FTIR,
(B) SAED, (C) XRD, (D) HRTEM, (E) HRTEM micrograph, and (F) HRSEM analysis.
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The selected area diffraction (SAED) pattern (Figure 1B) revealed diffraction peaks at
(31.7◦), (34.38◦), (36.21◦), (47.52◦), (56.54◦), (62.84◦), (66.90◦), (67.95◦), and (69.05◦), and were
assigned to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes on the x-ray
Diffraction (XRD) spectrum (Figure 1C), respectively. The XDR spectrum of the synthesized
ZnO NPs confirmed that the diffraction peaks were well matched with the hexagonal
wurtzite structure of ZnO of the Joint Committee on Powder Diffraction Standards (JCPDS)
Card Number 36-1451) as shown in Figure 1C and as described previously [42,43].

The average particle size of the prepared ZnO NPs as calculated based on the Debye-
Scherrer’s formula was 26 nm and matched with the TEM micrograph, which revealed
the size of ZnO NPs to be between 20 nm and 30 nm (Figure 1E). HRTEM (Figure 1D)
and HRSEM (Figure 1F) images of ZnO NPs revealed that the ZnO NPs were hexagonal,
spherical, were of a granular nature and were agglomerated. The EDX spectrum indicated
a high percentage of zinc and oxygen, which confirmed the presence of the elemental zinc
and the oxygen signal from the ZnO NPs with a weight composition of 82.69% and 17.31%,
respectively (Figure S1C).

3.2. The Effect of Salt and the Priming of the ZnO NPs on the Growth Attributes of S. bicolor

Plant growth was severely affected by salt stress (Figure 2A), as confirmed by a
significant decrease in shoot length (46%) and fresh weight (73.75%) under salt stress
(Figure 2B). However, a significant increase in shoot length was observed in plants primed
with 5 mg/L (40.9%) and 10 mg/L (51.3%) ZnO NPs when treated with salt (Figure 2B).
There was also a significant increase in the fresh weights of salt-treated plants when primed
with 5 mg/L (38%) and 10 mg/L (60%) ZnO NPs (Figure 2C). There were no significant
changes in the dry weights of all samples.

Figure 2. Effect of salt and the priming of the ZnO NPs on the growth parameters of sorghum.
(A) Visual image, (B) shoot length, and (C) shoot fresh weight of sorghum plants in response to
salt and the priming of the ZnO NPs. Error bars represent the SD calculated from three biological
replicates. Statistical significance between the control and treated plants was determined by a two-
way ANOVA performed on GraphPad 9.2.0, shown as *** = p ≤ 0.001 ** = p ≤ 0.01, and * = p ≤ 0.05
according to the Bonferroni’s multiple comparisons test.
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To further understand the effect of salt stress and ZnO NPs on the growth of sorghum,
the anatomical structure (epidermis, xylem, and phloem) and element distribution were
analyzed using HRSEM and HRSEM/-EDX (Figure 3). HRSEM images revealed well-
arranged and smooth epidermis layers in control (0 mM NaCl) plants (Figure 3A), whereas
the epidermis from salt-treated plants revealed severe damage and showed signs of shrink-
age (Figure 3B). Sorghum shoots from seeds that were primed with ZnO NPs before salt
treatment showed an improvement as demonstrated by less deformation and shrinkage of
the epidermis especially for the 5 mg/L ZnO NPs treatment (Figure 3C,D). The vascular
bundle consisting of the xylem and phloem layers plays a significant role in the transport
of water and nutrients [44]. The results revealed large, round, and wider openings of the
xylem (Figure 3E, xylem presented by red arrows and phloem presented by white arrows),
whereas the xylem of salt-treated sorghum plants was oval shaped, as if the walls had
collapsed (Figure 3F). The xylem layers of the sorghum plants primed with ZnO NPs before
salt treatment showed an improved surface structure and wider and round openings for
both ZnO NPs concentrations (Figure 3G,H).

Figure 3. Effect of salt and the priming of the ZnO NPs on the anatomy and element distribution in
sorghum plants. (A–D) Epidermis layers, (E–H) Xylem and phloem, (I–L) element content, (M–P)
SEM micrographs for the EDX-investigated area.

The effect of salt and ZnO NPs on the absorption and transport of macronutrients
was determined by analyzing the element distribution using HRSEM/-EDX, and more
importantly, focusing on the Na+ and K+ and hence calculating the Na+/K+ ratio based on
the Weight% (Figure 3I–L; Table S1). Sorghum plants treated with salt resulted in a 1.31-fold
increase in Na+, whereas the K+ content decreased by 1.0-fold resulting in a Na+/K+ ratio
of 2.9 (Figure 3J) as compared to the control (Na+/K+ = 2.13; Figure 3I). Priming with
ZnO NPs prior to salt treatment resulted in a 0.56-fold decrease in Na+, followed by a low
Na+/K+ ratio of 1.53 (5 mg/L) (Figure 3K) and 0.85 (10 mg/L) (Figure 3L), when compared
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to plants treated with salt only (Figure 3I). SEM images for the EDX investigated area
revealed significant morphological changes (Figure 3M–P). HRSEM images for control
plants showed a smooth surface area (Figure 3M) as compared to the salt-treated plants
(Figure 3N), which showed severe shrinkage. SEM images from the seedlings primed with
ZnO NPs prior to salt treatment also revealed smooth epidermis layers with an improved
surface area and less deformation (Figure 3O,P).

3.3. The Effect of Salt and the Priming of the ZnO NPs on Oxidative Damage in S. bicolor

Oxidative damage was determined by assaying the overproduction of Reactive Oxy-
gen Species (ROS), which eventually led to the damage of lipid membranes, and other
biomolecules (Figure 4). Histochemical detection of the superoxide anion (O2

•-) was per-
formed using NBT whereby the production of O2

•- was observed based on the appearance
of blue spots on sorghum leaves (Figure 4A). Salt-treated plants had a high degree of
O2

•- production as seen by dark blue spots on the analyzed leaves as compared to the
control, whereas the leaves of plants primed with ZnO NPs (5 mg/L and 10 mg/L) had
reduced levels of O2

•- under salt treatment (Figure 4A). Overproduction of H2O2 was
detected using DAB staining, which was observed by the production of dark brownish
spots (Figure 4B). Leaves of salt-treated plants exhibited more pronounced dark brownish
color spots as compared to the control. However, priming with ZnO NPs (5 mg/L and
10 mg/L), prevented the over-accumulation of H2O2 since the dark brown spots were
reduced to a higher degree as compared to the leaves of plants treated with salt only.

Figure 4. Effect of salt and the priming of ZnO NPs on ROS (O2
•- and H2O2) accumulation and

MDA content in sorghum. Histochemical detection of (A) O2
•- and (B) H2O2. (C) Measurement

of MDA content in salt-treated plants and salt-treated plants primed with ZnO NPs. Error bars
represent the SD calculated from three biological replicates. Statistical significance between control
and treated plants was determined by a two-way ANOVA performed on GraphPad 9.2.0, shown as
*** = p ≤ 0.001 and * = p ≤ 0.05 according to the Bonferroni’s multiple comparisons test.

Malondialdehyde content was measured to determine the extent of the oxidative
damage on membrane lipids (Figure 4C). The results showed that a high salt concentration
(400 mM NaCl) significantly increased MDA content by 115.38% as compared to the control.
This indicates that salt stress caused significant and serious damage to sorghum membranes.
Priming with 5 mg/L showed no difference, but 10 mg/L ZnO NPs decreased the MDA
content by 32% in salt-treated plants, indicating the effectiveness of the ZnO NPs to protect
plants from severe damage caused by salt.

To understand the effect of salt on the damage to the biomolecules, including carbohy-
drate, proteins, lipids, and phenolics, this study used FTIR spectroscopy and analyzed a
wide spectral region from 450 to 4000 cm−1, which was consistent in all samples (Figure 5).
Peaks at 2916.39, 2103.69, and 1637.12 cm−1 showed the C-H and -C=C- stretching vibra-
tion, confirming the presence of alkanes and alkenes, respectively, thus confirming the
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presence of carbohydrates. The peak at 1370.74 cm−1 can be assigned a C-F stretching
vibration for the alkyl halide group. Proteins were confirmed by the presence of amines
seen by peaks at 1250.84 cm−1 and 1050.68 cm−1 (assigned C-N stretching, confirming the
presence of aliphatic amines) and 899.62 cm−1 and 582.11 cm−1 (assigned N-H stretching
vibration, confirming the presence of primary and secondary amines). These peaks were
consistent in all samples, but big shifts were observed in the peaks that corresponded to
carbohydrates and proteins between in all samples. Pronounced differences in the FTIR
spectrum of control (black line) plants and those treated with salt only (red line) were
clearly observed. Priming with 10 mg/L ZnO NPs (green) showed a better improvement
in the spectral peak shift as compared to priming with 5 mg/L ZnO NPs (blue line) in
salt-treated sorghum plants.

Figure 5. FTIR analysis of the effect of salt and the priming of the ZnO NPs on biomolecules in
sorghum plants. Control (0 mM NaCl) plants (black), 400 mM NaCl/salt-treated (red), salt-treated
plants primed with 5 mg/L ZnO NPs (blue) and 10 mg/L (green) ZnO NPs.

3.4. Effect of Salt and the Priming of the ZnONPs on the Antioxidative Capacity of S. bicolor

Salt markedly increased the antioxidant capacity of sorghum plants by inducing the
activities of SOD (170%), CAT (131%), and APX (208%) as compared to their controls
(Figure 6A–C). Priming with 5 mg/L ZnO NPs significantly reduced the antioxidant
activities of SOD (58%), CAT (90%), and APX (61%), whereas priming with 10 mg/L ZnO
NPs reduced the activities of SOD (68%) and APX (66%) (Figure 6B) to a higher degree,
except for CAT (Figure 6C).

3.5. Effect of Salt and the Priming of ZnO NPs on the Osmoregulation in S. bicolor

Osmolytes such as proline and soluble sugars were analyzed to determine the level
of osmotic balance in sorghum plants under salt (400 mM NaCl) stress and the effect of
priming with ZnO NPs (Figure 7). Salt stress induced the accumulation of proline by 200%
as compared to the control (Figure 7A). Compared with plants treated with salt only, plants
primed with ZnO NPs prior to salt treatment resulted in very low proline content of 59.45%
for 5 mg/L and 60.29% for 10 mg/L ZnO NPs priming (Figure 7A). Salt stress also induced
the accumulation of soluble sugars by 160.60%, as compared to the control (Figure 7B). The
priming of ZnO NPs had no significant effect on the content of soluble sugars (Figure 7B).
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Figure 6. Effect of salt and the priming of ZnO NPs on the antioxidant enzyme activities of sorghum.
(A) Superoxide Dismutase, (B) Ascorbate peroxidase and (C) Catalase activity in salt-treated plants,
and those primed with ZnO NPs. Error bars represent the SD calculated from three biological
replicates. Statistical significance between control and treated plants was determined by a two-way
ANOVA performed on GraphPad 9.0, shown as *** = p ≤ 0.001, ** = p ≤ 0.01, and * = p ≤ 0.05
according to the Bonferroni’s multiple comparisons test.

Figure 7. Effect of salt and ZnO NPs on osmolyte accumulation in sorghum. (A) Proline content and
(B) soluble sugars in salt-treated plants and those primed with ZnO NPs. Error bars represent the SD
calculated from three biological replicates. Statistical significance between control and treated plants
was determined by a two-way ANOVA performed on GraphPad 9.2.0, shown as *** = p ≤ 0.001
** = p ≤ 0.01, and * = p ≤ 0.05 according to the Bonferroni’s multiple comparisons test.

4. Discussion

In this study, ZnO NPs were synthesized following a green synthesis method using
Agathosma betulina (Buchu) extract, which acted as a capping or reducing agent and a
precursor for zinc nitrate [30,45–47]. As zinc nitrate was added to the extract, the color
changed from pale yellow to dark brown, which indicated the formation of ZnO NPs [48].

The formation of ZnO NPs was further confirmed by observing the absorption peak
at ~370 nm (Figure S1A). This is consistent with previous studies, which reported the
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absorption of ZnO NPs between 320 nm and 370 nm when synthesized using Atalantia
monophylla [29], Cinnamomum Tamala leaf [49], and Averrhoa bilimbi (L) [50].

The FTIR spectra revealed the chemical bands that coded for physiochemical properties
found in the plant extract that were responsible for the reduction process to form ZnO NPs
as described previously [51]. The disappearance of 2926 and 2093 cm−1 spectral bands and
the reduction in the intensity of other bands (1060 and 872 cm−1) in ZnO NPs confirmed
that phytochemicals were responsible for the reduction of irons to form NPs [31,52]. This
was further confirmed by the appearance of the peak at 460 cm−1 that can be attributed
to the presence of hexagonal wurtzite ZnO NPs, as reported in previous studies, which
indicated that ZnO NPs exhibited peaks with similar shapes within the range of 400 to
680 cm−1.

The size and structure of the synthesized ZnO NPs was estimated to be 26.03 nm and
the hexagonal, spherical, granular nature, and agglomerated shape is due to the polarity
and electrostatic attraction of the ZnO NPs [3]. These nanoparticles were proven to be pure
and polycrystalline in nature as analyzed by the SAED and XRD. Similar trends were also
observed in other studies where ZnO NPs were synthesized from Phoenix roebelenii [5] and
Cissus quadrangularis [28].

Salinity is one of the major abiotic stresses affecting crop production causing over
50% of agricultural losses [37]. Sorghum bicolor is an important staple food crop worldwide
widely grown in arid and semi-arid regions [53,54]; thus, it is important to prevent yield
losses and maintain its growth and production. The present study demonstrated for the first
time the positive effects of priming with green-synthesized ZnO NPs to mitigate the effects
of salt stress on the growth of Sorghum bicolor, as observed by enhanced growth and an
overall tolerance to salt stress. Most studies have demonstrated the exogenous application
of nanoparticles (NPs) to mitigate abiotic stress including chilling on Oryza Sativa L [29],
drought on tomatoes [4,18], salinity on Glycine max [7], Lycopersicon esculentum [23], Eleusine
coracana L [55], Brassica napus [6] and Abelmoschus esculentus L. Moench [8].

Salt stress significantly reduced the growth attributes of sorghum plants including
plant height, shoot length, and fresh weight (Figure 2). However, plants primed with
ZnO NPs (5 mg/L and 10 mg/L) showed substantial growth improvement compared to
non-primed plants under salt stress. The reduced growth might be due to osmotic stress,
which affects the absorption and transport of nutrients and water resulting in declined
turgidity and cell expansion; hence, reducing growth [56]. The reduced growth might also
be due to the diversion of energy meant for growth to homeostasis and other metabolic
processes [57], and this is supported by the correlation observed between reduced growth
and the high content of osmolytes (Figure 7) in salt-treated sorghum plants.

The anatomical structure of salt-treated sorghum plants was severely affected (Figure 3A,B).
The epidermis is an important tissue on the leaf that prevents water loss and invasion by
pathogens, while the vascular bundle (xylem and phloem) participates in the transport of
water and nutrients [58,59]. Both these structures showed shrinkage and deformation in
salt-treated sorghum plants, while these effects were reversed in ZnO NPs-primed plants.
Taken together these observations clearly suggest the role of ZnO NPs in promoting plant
growth in harsh environments by protecting tissues that are important for transport of
nutrients. This is true since Zn is a key element required for plant growth and development
by mediating the biosynthesis of growth hormones and eventually activating cell division
and enlargement [60,61].

The study further investigated the distribution of macronutrients (Figure 3C,D; Table S1)
to understand the growth reduction induced by salt stress and its link with the affected
anatomical structure. A correlation between the increase in toxic ions (Na+ and Cl−)
and a decrease in the absorption of essential elements that are required for growth was
observed in this study and this is evident by the high Na+/K+ ratio of 2.9 for salt-treated
sorghum plants. Surprisingly, element distribution was improved in ZnO NPs-primed
sorghum plants under salt stress, and this was supported by a decrease in the Na+/K+

ratio of 1.53 (5 mg/L ZnO NPs) and 0.85 (10 mg/L ZnO NPs). SEM micrographs of the
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investigated areas corroborated the element distribution, as shown by substantial changes
in the morphology of the epidermis associated with shrinkage in salt-treated sorghum
plants. This is true since salt stress causes membrane damage due to oxidative stress and
these effects were reversed by priming with ZnO NPs. This result is supported by the role
of Zn in maintaining membrane integrity, reducing the entry of toxic ions, mediating the
translocation of nutrients, and thus maintaining cellular homeostasis [62–66].

To gain more insights into the effect of salt stress and the effectiveness of ZnO NPs on
the growth of sorghum, this study also aimed to determine the extent of oxidative damage
by assaying ROS accumulation, lipid peroxidation (Figure 4), and damage to biomolecules
(Figure 5). When plants are exposed to abiotic stresses, they are generally associated
with a high accumulation of free radicals, which induces the activity of antioxidants to
regulate homeostasis and reduce lipid peroxidation [20]. ROS (e.g., H2O2) are signaling
molecules at physiological levels, but their overproduction leads to the oxidative damage
of membranes by increasing lipid peroxidation and causes damage to biomolecules [26,49].
Following the morphological attributes, sorghum plants treated with salt accumulated
high levels of ROS and MDA, whereas in ZnO NPs-primed sorghum plants, low levels of
these markers were observed. Any damage to the biomolecules was assessed using FTIR
to inspect any shift in the spectral peaks of sorghum shoots (Figure 5). The FTIR spectra
indicated that biomolecules in salt-treated sorghum plants were degraded, since shifts in
the spectral peaks corresponding to carbohydrates (2916.39, 2103.69, and 1637.12 cm−1) and
proteins (1250.84 cm−1, 1050.68 cm−1, 899.62 cm−1, and 582.11 cm−1) were observed [65].
Only the peaks from the 10 mg/L ZnO NPs-primed sorghum plants were closer to those
of the control, suggesting that the priming of ZnO NPs reduced salt-induced oxidative
stress improving sorghum’s response to salt stress and preventing the degradation of
biomolecules.

ROS production induces the expression of antioxidant genes, leading to an increase in
antioxidants, which enhance the scavenging capacity of ROS at the cellular level; hence,
conferring tolerance against stress [67,68]. The results showed that the activities of su-
peroxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) were greatly
increased in the sorghum shoots treated with salt (Figure 6). Similarly, other studies have
shown the high activities of antioxidant enzymes in plants under salt stress [67,69]. SOD
activity was greater than CAT and APX, suggesting that in addition to its role as the first
line of defense in ROS scavenging, by converting superoxide anion (O2

•-) into H2O2 [6],
SOD is a major contributor to the mediation of salt tolerance in sorghum. H2O2 is scav-
enged by peroxidases and catalase; however, APX has a higher affinity for H2O2 than
CAT [70,71]. In this study, high APX activity was observed than CAT, suggesting that APX
played a principal role in scavenging H2O2 as observed previously in sorghum [28,34].
In sorghum plants primed with ZnO NPs under salt stress, the activities of antioxidant
enzymes significantly decreased, suggesting that ZnO NPs were effective in reducing the
production of ROS; thus, preventing oxidative damage [20]. This is consistent with other
studies as the application of ZnO NPs induced a tolerance to salt stress in soybeans [7],
Brassica nupus [6], and Abelmoschus esculentus L. Moench [8].

Plants also survive stress through osmoregulation controlled by the accumulation of
osmolytes including proline, soluble sugars, and glycine, to promote an osmotic balance
at cellular level [72,73]. A significant increase in proline and soluble sugars was observed
in salt-treated sorghum plants as compared to control plants; however, ZnO NPs-primed
sorghum plants showed a reduced proline content with no significant changes observed
for soluble sugars (Figure 7). Proline is an important signaling molecule that functions
as a molecular chaperone by stabilizing and protecting membranes and proteins under
abiotic stresses [70]. While soluble sugars play a similar role to proline as osmoprotec-
tants [20], their level remained the same in ZnO NPs-primed sorghum plants under salt
stress (Figure 7D). These results indicated that priming with ZnO NPs was efficient in
improving osmoregulation in sorghum under salt stress, and hence there was no need for
the plant to produce a high concentration of osmolytes when primed with ZnO NPs. High
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levels of proline under salt stress have been reported previously for sorghum [34,74–76];
however, the role of ZnO NPs in reducing proline content and hence the effects of salt stress
in sorghum is reported for the first time in this study. In soybean, priming with ZnO NPs-
was reported to be efficient in decreasing the proline content under salt stress [7].

A positive correlation was observed between the induction of proline content and the
over-accumulation of ROS and the induction of antioxidant enzymes activities under salt
stress. Similarly, their reduction in ZnO NPs-primed sorghum plants, might suggest that
the accumulation of proline under salt stress was partly stimulated by the accumulation
of toxic ions (Na+ and Cl-) and ROS. Thus, proline played a dual role to scavenge ROS
and promote the activities of the antioxidant enzymes [71,72]. This is true since the ZnO
NPs-primed sorghum plants presented exceptionally low levels of these traits to almost
the same magnitude as that of the control, suggesting that there was no need for high
proline production.

5. Conclusions

In summary, the results of this study indicate that sorghum growth is affected by high
salt but priming with ZnO NPs stimulated a tolerance to salt and hence improved growth.
Under salt stress, Na+ over-accumulates in cells and causes osmotic and ionic stress, causing
damage to membrane layers and affects the absorption of essential elements such as K+

into cells. As K+ is a component of most enzymes, its unavailability disrupts the normal
functioning and regulation of cells [77–79]. Thus, these results partly propose that the
mechanism of ZnO NPs-induced tolerance in sorghum is that ZnO NPs prevents damage to
the epidermal layers and vascular bundle tissue, which leads to minimized water loss, and
improved nutrient and water transport. This maintains ion homeostasis, thereby restricting
the transport of Na+ to the shoots and ensuring a low Na+/K+ ratio in sorghum shoots.
This leads to the proper functioning of cells, prevents ROS accumulation and damage
to biomolecules and hence improves sorghum growth under salt stress. However, these
observations will require further experimental analysis by assaying the transcripts of genes
encoding the Na+ and K+ pumps. Most importantly, these results provide a novel insight
into the mechanism of the salinity response of sorghum as mediated by priming with ZnO
NPs and the use of 10 mg/L is recommended.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12050597/s1, Figure S1: Characterization of green-
synthesized ZnO NPs using, Ultraviolet-Visible absorption spectra for ZnO NPs and Buchu extract at
(A) 400–4000 nm wavelength, (B) 300–500 nm wavelength range, (C) histogram analysis of the size of
ZnO NPs, (C), element composition of the ZnO NPs sample; Table S1: Overall element distribution
analyzed by SEM-EDX spectroscopy in sorghum shoots.
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Abstract: Climate change (CC), which causes temperatures to rise steadily, is causing global warming.
Rising temperatures can reduce plant yield and affect pollen characteristics. In particular, heat
stress strongly influences pollen viability for its sensitivity to this extreme environmental condition.
This work evaluated the effect of heat stress on olive pollen after in vitro incubation at different
temperatures (20, 30, and 40 ◦C). Furthermore, the potential of selenium-methionine (Se-met) in
mitigating the detrimental effects of heat stress on olive pollen was investigated. In particular,
how thermal stress can affect pollen was evaluated by testing the effect of temperature on pollen
germinability and morphology and cytosolic Ca2+ content. The results suggest that the heat stress at
40 ◦C caused a marked reduction in the germination rate, changes in the morphology of the external
pollen wall, and a decreased response to Ca2+-agonist agents. On the contrary, in vitro treatment
of pollen with Se-met improved the germination rate and Ca2+-cytosolic homeostasis under heat
stress conditions and confirmed the protective role of this compound in containing the hydrogen
peroxide (H2O2) toxicity. Therefore, this study revealed that organic selenium could play a crucial
role in promoting heat tolerance in olive tree pollen.

Keywords: Olea europaea L.; selenium; heat stress; Ca2+-cytosolic; pollen germination

1. Introduction

Environmental stress is a significant issue and is already considered one of the main
factors limiting crop growth, production, and yield [1]. In addition, ongoing climate
change (CC) must be considered in this context, as it can further exacerbate the adverse
environmental stress on crop systems [2]. Among the effects of CC, rising temperatures,
which significantly impact agricultural systems, will play an even more crucial role over
time [3–5]. Indeed, global warming is expected to negatively affect agriculture, with a
temperature increase of 1–3 ◦C expected by the 21st century [6]. This will result in a
significant reduction in crop yields and quality [6].

High temperatures can cause significant crop changes, altering their morphology,
physiology, and biochemistry [7]. In particular, high temperature can reduce plant growth
(roots and shoots) and biomass production, cause premature leaves senescence, hinder the
ability of seeds to germinate, and decrease pollen viability [8]. In addition, exposure to high
temperatures can induce severe physiological and biochemical changes in crops. The most
frequently observed events are an increase in respiration and membrane permeability, a
decrease in photosynthesis, and the production and accumulation of reactive oxygen species
(ROS) [9]. In fact, high temperatures can cause ROS overproduction and, consequently,
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their accumulation in cells to very high concentrations. In addition, ROS can be very toxic
to cells due to their reactivity toward many cellular components [7].

ROS can also control specific molecular signals, including those related to cytosolic
Ca2+. Ca is essential for plant nutrition and plays a dual role as a structural component of
cell walls and membranes and as an intracellular second messenger [7]. In particular, as a
messenger, this element is involved in numerous processes concerning pollen tube growth
and fertilisation and the response to abiotic stresses [10]. Therefore, Ca homeostasis must
be finely controlled and maintained [7].

Higher plants have a specialised sexual reproduction system and can produce abun-
dant pollen that is transported long distances by wind or insects during habitat coloni-
sation [11]. After landing on the stigma in angiosperms, the dehydrated pollen rapidly
hydrates and begins to germinate. Germination of the pollen grain and proper pollen
tube elongation are essential processes in plant sexual reproduction [12,13]. Nevertheless,
high temperatures can damage the reproductive tissues of plants, causing asynchrony
between the development of male and female floral structures and the formation of de-
fective gametes and fertility problems [14]. Likewise, floral receptivity has a critical role
in pollination dynamics and reproductive success, with consequences for fruit produc-
tion [5,14,15]. In this regard, ROS accumulation under stress conditions can lead to pollen
infertility, with detrimental effects and repercussions on agricultural production [16,17].
The correlation between Ca2+ dynamics and ROS during pollination and pollen tube for-
mation has been widely described [11,18,19]. ROS act as agonists, stimulating the Ca2+

mobilisation from internal stores and triggering its entry into the cell from the extracellular
spaces [16,17,20–23].

About the olive tree, this crop is adaptable to severe summer conditions, i.e., exces-
sive heat load, low rainfall, and high daily irradiation [24,25]. However, due to CC, the
gradual increase in temperatures can compromise this plant, hampering some stages of
reproductive growth and development and the quality of the olive oil [25]. In addition,
high temperatures may anticipate full flowering and shorten the duration of the flowering
period. Despite this, the effects on pollen production and yield have not been sufficiently
studied and understood to date [25,26]. However, recent scientific evidence has revealed
the involvement and positive action of selenium (Se) on the cytosolic Ca2+ homeostasis and
olive pollen germination [10,17,27–29].

Se is a micronutrient that, although not required by higher plants, can positively affect
olive trees by promoting plant growth, alleviating UV-induced oxidative stress, stimulating
chlorophyll biosynthesis, increasing the antioxidative defences of senescent plants and
regulating the water status of drought-exposed plants [30–32].

Concerning olive trees, some positive effects of Se were documented. In particular,
in this crop, this element was found to improve drought and salt stress tolerance [33,34]
and phenol content [35,36] and stimulate pollen germination [27,37]. However, in this
context, and to the best of our knowledge, no studies have been performed on the possible
beneficial effects of Se in reducing or mitigating the detrimental effect of high temperature
on olive pollen. Therefore, in this work, the effects of high temperatures on Ca2+-cytosolic
germination and morphology of olive pollen and the possible beneficial effects of selenium
in heat stress tolerance have been deeply investigated. Furthermore, concerning the study
of the effects of oxidative stress in different temperatures, hydrogen peroxide (H2O2) was
used, as it is considered one of the most critical ROS that accumulates when oxidative
perturbations occur.

2. Materials and Methods

2.1. Reagents

FURA-2AM (FURA-2-pentakis (acetoxymethyl) ester), PBS (Phosphate Buffered Saline),
Triton X-100, EGTA (ethylene glycol-bis (β-aminoethyl ether), selenium methionine, hy-
drogen peroxide (H2O2), sodium chloride (NaCl), potassium chloride (KCl), magnesium
chloride (MgCl2), glucose, Hepes, and dimethyl sulfoxide (DMSO) were obtained from
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Sigma-Aldrich corporation (St. Louis, MO, USA). All other chemicals and reagents (reagent
grade) were high-quality.

2.2. Plant Material, Growing Conditions, and Pollen Collection

The study was carried out in 2020 in a thirty-year-old orchard near Perugia (Central
Italy, 42◦57′39.2′′ N, 12◦25′02.5′′ E) on Leccino cultivar. The planting distance was 5 × 6 m,
and the training system adopted was the “vase” system (single trunk 1 m high and 3–4 main
branches). The soil texture was clay loam. The climate of the area was semi-continental,
and the average temperature difference between the coldest (January) and warmest (July)
months was 19–20 ◦C. The average annual air temperature was 13–14 ◦C, while the average
diurnal temperature range of 10–11 ◦C. The maximum and minimum temperatures were
36 ◦C and −7 ◦C, respectively. The precipitations were distributed mainly in autumn,
winter, and spring, and the annual average precipitation was about 800 mm.

The starting of the olive flowering was assessed when the pollen was freely released by
shaking the anthers of different branches at different tree canopy heights and exposures [28].
When the 1st flowering stage was reached (end of May), three branches (70–80 inflorescences
each) for each tree were bagged with white double-layered paper bags (0.65 × 0.35 m) to
collect pollen. The bags were removed at the end of the flowering phase, and then the
pollen was filtered through a cell strainer (40 μm).

2.3. In Vitro Thermal Stress of Olive Pollen

Aliquots of olive pollen (100 mg) were incubated at 20, 30, and 40 ◦C. The incubation
carried out for 20, 48, and 62 h allowed the appearance of the maximum effect on cytosolic
Ca2+ and on germination to be highlighted.

2.4. Measurement of Cytosolic Ca2+

FURA-2AM probe enabled the measurement of intracellular calcium levels [29]. In
particular, 100 mg of control and thermal stressed olive pollen were placed in 10 mL PBS
and left to hydrate for 2 days. Hydrated pollens were collected by centrifugation at 1000× g
4 min and then resuspended in 2 mL Ca2+-free HBSS buffer (120 mM NaCl, 5.0 mM KCl,
MgCl2 1 mM, 5 mM glucose, 25 mM Hepes, pH 7.4). The pollen suspensions were incubated
in the absence of light with FURA-2AM (2 μL of a 2 mM solution in DMSO) for 120 min.
Then the samples were centrifuged at 1000× g 4 min, and the pollens were collected and
suspended in 10 mL of Ca2+-free HBSS containing 0.1 mM EGTA. The latter was used
to exclude or minimise the potential background due to contaminant ions (to obtain a
suspension of 1 × 106 hydrated pollen granules per mL).

A Perkin-Elmer LS 50 B spectrofluorometer (Markham, ON, Canada) was used to
determine fluorescence (excitation 340 and 380 nm, emission 510 nm), set with a slit width
of 10 nm and a 7.5 nm in the excitation and emission windows, respectively. Fluorometric
measures were taken after 300–350 s. CaCl2, H2O2, and Se-met were added to pollen
samples for specific purposes, as described in the Results section. Cytosolic calcium concen-
trations ([Ca2+]c) were calculated according to Grynkiewicz [38], while the concentration of
Se-met and H2O2 were established based on previous studies [27,28] and allowed to obtain
beneficial effects without toxicity risks that can occur at higher concentrations.

2.5. Pollen Germination

The olive pollen samples (control and heat-stressed) were rehydrated by incubation
for 30 min at room temperature in a humid chamber [39]. Then, pollen samples were placed
on culture plates (6-well culture plates with 1.0 mg of pollen per plate) containing 3 mL
of an agar-solidified culture medium composed as follows: agar 1%, sucrose 10%, boric
acid (H3BO3) 100 ppm, and calcium chloride (CaCl2) 1 mM, at pH 5.5 [40]. Subsequently,
a uniform distribution was obtained on the surface of the substrate using a brush. Then
the pollen grains were incubated for 24–48 h in a growth chamber at 25 ◦C. The number
of germinated and non-germinated pollen grains was counted using a microscope with a
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10× objective lens. Germination rates were estimated using two replicates of 100 grains. In
particular, the grains were considered germinated if the pollen tube size was larger than
the diameter of the grain [40]. The experiments were carried out according to a completely
randomised design with four replicates.

2.6. Pollen Morphology

The morphology of the pollen was investigated using Field Emission Gun Electron
Scanning Microscopy LEO 1525 ZEISS (Zeiss, Jena, Germany) after the pollen deposition
on conductive carbon tape and metallisation with chromium (8 nm).

2.7. Statistical Analysis

Graph Pad Prism 6.03 software for Windows (La Jolla, CA, USA) was used for sta-
tistical tests. For the variance assumptions, different tests were conducted. In partic-
ular, homogeneity of variance was assessed by Levene’s test and normal distribution
by D’Agostino-Pearson omnibus normality test. The obtained results are expressed as
mean values ± standard error of the mean (SEM). The significance of differences was
analysed with Fisher’s least significant differences test after analysis of the variance ac-
cording to the 2-way split-plot design with complete randomisation with temperatures as
the main plot and the treatments as sub-plot. Differences with p < 0.05 were considered
statistically significant.

3. Results

3.1. Scanning Electron Microscopy Analysis of Olive Pollen

Olive pollen grains incubated in vitro at 20 (Figure 1A) and 40 ◦C (Figure 1B) for 62 h
were analysed by Field Emission Scanning Electron Microscopy (FE-SEM).

Figure 1. FE-SEM images of olive pollen incubated at 20 (A) and 40 ◦C (B) for 62 h.

The two populations showed no differences in size and shape, while differences
appeared at high magnification (50 K×) in the sculpture of the outer pollen wall. In
particular, the network of the reticulum showed a lower number of external elements
(granules) in the pollen incubated at 40 ◦C than in that incubated at 20 ◦C (Figure 1). Images
of pollen incubated at 30 ◦C were similar to those incubated at 20 ◦C (data not reported).

3.2. Ca2+-Cytosolic ([Ca2+]c) Changes in Olive Pollen in Heat Stress

The effects of Se-met, H2O2, and Se-met + H2O2 were studied on pollen incubated
in vitro at 20, 30, and 40 ◦C, investigating Ca2+-cytosolic (Δ[Ca2+]c). The Δ[Ca2+]c increased
with Se-met, H2O2, Se-met + H2O2, mostly at 20 ◦C, less at 30 ◦C, and even less at 40 ◦C.
Se-met and H2O2 individually increased Ca2+-cytosolic, but they did not show an additive
effect when both were present in the incubation medium (Figure 2).
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Figure 2. Changes in Ca2+-cytosolic (Δ[Ca2+]c) in olive pollen incubated at 20, 30, and 40 ◦C, in
the presence of Se-met (3.4 μM), H2O2 (10 mM), and Se-met (3.4 μM) + H2O2 (10 mM). Values are
expressed as means ± SEM. Different letters indicate statistically significant differences (p < 0.05).

3.3. Ca2+-Entry in Olive Pollen in Heat Stress

The effects of Se-met, H2O2, and Se-met + H2O2 on Ca2+-cytosolic were studied on
pollen incubated at 20, 30, and 40 ◦C, with the addition of 1 mM CaCl2 in the incubation
medium. The entry of extracellular Ca2+ (Ca2+-entry) was tested by monitoring the increase of
Δ[Ca2+]c. Under basal (control) conditions, Ca2+-entry was similar in pollen incubated at all
three temperatures. In contrast, Se-met promoted the extracellular Ca2+-entry, while the effect
of H2O2 was to reduce the Ca2+-entry. Finally, Ca2+-entry returned to values similar to the
basal conditions when the H2O2 was added to the pollen pre-treated with Se-met (Figure 3).

 
Figure 3. Ca2+-entry in olive pollen incubated at 20, 30, and 40 ◦C, in basal conditions (control), in the
presence of Se-met (3.4 μM), H2O2 (10 mM), and Se-met + H2O2 and CaCl2 1 mM in the incubation
medium. Values are expressed as means ± SEM. Different letters indicate statistically significant
differences (p < 0.05).
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3.4. Germination of Olive Pollen Subjected to Heat Stress

Pollen collected from olive trees was subjected to heat stress. As a result, marked
reductions in the germination rate were recorded compared to the control. In particular,
samples incubated at 40 and 30 ◦C showed significant reductions in the germination of
about 80% and 20%, respectively, compared to the control pollen. In addition, hydrogen
peroxide strongly affected pollen germination, reducing it by about 90% at all three tem-
peratures investigated. On the contrary, Se-met positively influenced pollen germination,
increasing it in samples subjected to heat stress and oxidative stress (H2O2—Figure 4).

 
Figure 4. Germination of olive pollen incubated at 20, 30, and 40 ◦C. Control pollen (control), treated
with H2O2 (10 mM), Se-met (3.4 μM), and Se-met (3.4 μM) + H2O2 (10 mM). Values are expressed as
means ± SEM. Different letters indicate statistically significant differences (p < 0.05).

3.5. Time-Course of High Temperature on Pollen Germination

Prolonged heat stress at 40 ◦C significantly influenced the germination rate. In particu-
lar, after 24–48 h and 62 h of incubation at 40 ◦C, reductions of 75% and 80% were observed
in control samples, respectively. Furthermore, the treatment with H2O2 severely reduced
the capacity of pollen to germinate, which, in addition, showed no measurable fluctuations
in the exposure time to high temperatures. In contrast, the treatment with Se-met improved
the germination rate when the samples were subjected to thermal (40 ◦C) and oxidative
stress (H2O2), regardless of the incubation time (Figure 5).
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Figure 5. Germination of olive pollen incubated at 40 ◦C for 20, 48, and 62 h. Pollen was untreated
(control) or treated with H2O2 (10 mM), Se-met (3.4 μM), and Se-met (3.4 μM) + H2O2 (10 mM).
Values are expressed as means ± SEM. Different letters indicate statistically significant differences
(p < 0.05).

4. Discussion

Adverse environmental conditions and abiotic stresses caused by global warming
can lead to a progressive decrease in crop production [1,6]. Among the most impactful
environmental stresses on crops, heat can play a detrimental role for plants. The magnitude
of the effect of this stress on crops depends on the duration, fluctuations, and intensity of
temperatures exceeding the optimal values for plant growth conditions [9].

4.1. Morphological Investigations in Olive Pollen Grains

In this work, to simulate the effects of heat stress on olive pollen, samples were
incubated in vitro at high temperatures (30 and 40 ◦C), and the results were compared to
those obtained for control samples (20 ◦C). The effect and consequences of heating were
assessed by analysing pollen morphology, Ca2+-cytosolic, and germination.

SEM analyses were carried out on pollen subjected or not to heat stress, as morpho-
logical alterations could influence pollen germination, olive tree fertilisation, and fruit set
process [41]. The morphological investigations revealed changes in the sculpture of the
outer wall of pollen incubated at 40 ◦C, but not in its size and shape. In quinoa, although
no morphological differences were found in the pollen surface between heat-stressed and
controls, the pollen wall thickness (intine and extine) increased due to thermal stress [42].

4.2. Fluctuations of Ca2+-Cytosolic in Olive Pollen under Heat Stress Conditions

Ca2+-cytosolic and germination were the parameters examined under thermal stress
conditions, as the temperature can strongly influence them. However, numerous studies
have shown that maintaining proper Ca2+-cytosolic levels can promote pollen germination
and tubules formation [11,18,19]. For these reasons, in this work, Ca2+-cytosolic in pollen
was measured using the “Ca2+ add-back” protocol [43]. In this respect, our experiments
allowed us to discriminate increases in cytosolic Ca2+ due to the release of Ca2+ from
intracellular stores from those resulting from the extracellular ion entry. In addition, as high
temperatures can cause numerous changes in plant physiology and lead to increased ROS
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production [9], it seemed rational to evaluate the individual and combined effects of thermal
and oxidative stress, the latter simulated by the treatments with hydrogen peroxide.

4.3. Effects of Se-Met in Ca2+-Cytosolic during Heat and Oxidative Stress

Preceding studies have suggested the use of selenium in its organic form as Se-met
due to its protective role against oxidative stress and its efficacy in maintaining Ca2+

homeostasis and olive pollen germination [27,28]. Furthermore, it should be noted that
the other reason selenium has been used in this organic form is that it is less toxic than the
inorganic forms. (Na-selenate and selenite) [27,28].

Our experiments showed that high temperatures, namely at 30 and 40 ◦C, attenuated
the effects of H2O2 on the changes of Ca2+-cytosolic, limiting the release of the stored
element. Therefore, these results highlight that high temperatures improved the tolerance
threshold for Ca2+ agonists, represented in this work by hydrogen peroxide. This was
presumably due to the activation of antioxidant defences in response to high temperatures.
In line with this, it has been documented that some antioxidant activities can be activated in
pollen during environmental stress and can maintain cellular redox homeostasis, resulting
in improved germination [44,45]. Moreover, this study showed that the treatment with
Se-met restored Ca2+ homeostasis by counteracting the adverse effects of H2O2 at all the
temperatures investigated. This action is considered beneficial as increases in Ca2+-cytosolic
are generally correlated with immediate increases in ROS content, particularly superoxide
anion, the first reactive oxygen species produced under stress conditions [46]. Finally, it
should be mentioned that Se-met, administered alone during heat stress, prevented alter-
ations in Ca2+-cytosolic, thus indicating that the compound mentioned above did not lose
its antioxidant properties. In particular, these results align with those of Del Pino et al. [28],
who highlighted the beneficial effects promoted by Na-selenate in preventing the onset of
oxidative stress in internal pollen stores.

4.4. Effects of Se-Met on Olive Pollen Germination Subjected to Heat Stress

Numerous studies have reported that damage to reproductive tissues exposed to
high temperatures leads to reduced productivity, yield, and crop quality [5,14,15]. Our
experiments showed that high temperatures strongly affected the germination of olive
pollen, which drastically lost performance. In fact, the pollen germination rate was reduced
by 80% at 40 ◦C and 20% at 30 ◦C. Heat stress can reduce pollen viability and cause poor
fertilisation; in particular, pollen viability during development is severely compromised
if the temperature exceeds 25/35 ◦C [47]. In addition, our experiments showed that
H2O2 strongly reduced the pollen germination at all the temperatures studied, whereas
Se-met, when administered in combination with the oxidant, reversed its negative impact
on pollen germination. Finally, when administered alone to pollen, Se-met counteracted
the detrimental effect of heat stress at 40 ◦C. The stimulating effect of Se-met on pollen
tolerance to abiotic stresses has already been documented. This compound essentially acts
as a ROS scavenger, thus preventing oxidation-related alterations of Ca2+ channels [27].
This beneficial effect is significant for its potential consequences in agriculture, as several
abiotic factors that can lead to ROS accumulation can influence pollen germination [27].

4.5. Effect of Se-Met on Pollen Germination in Time-Course Experiment of Heat Stress

Time-course experiments, in which the temperature was maintained at 40 ◦C for all the
treatments, showed that thermal stress strongly impacted germination. In addition, pollen
germination decreased further, regardless of the treatment applied, when the exposure time
was extended to 62 h. However, Se-met was very effective in counteracting the negative
impact of both high temperature and H2O2, and this beneficial effect may be related to the
ability of this active compound to improve the oxidative status of pollen [27].
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5. Conclusions

The results reported in this study demonstrate the protective role of Se-met in pollen to
cope with heat stress, as evidenced by increased germination and improved Ca2+ homeosta-
sis. Indeed, both high temperature and oxidative stress affected pollen Ca2+ signal but in
different ways. Heat stress reduced the response to Ca2+ agonist stimuli, whereas oxidative
stress increased Ca2+-cytosolic by prompting the release of the ion from internal stores
and depressing its entry. In contrast, Se contributed to the restoration of Ca2+ homeostasis
by enhancing the Ca2+-entry mechanism in both the abiotic stresses. The latter condition
is necessary for the activation of the germination process. In light of the above, we have
shown that Se-met is a possible candidate for improving heat tolerance in olive pollen.
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Abstract: This study aimed to investigate that rapid high-temperature treatment (RHT) at an appro-
priate temperature could accelerate callus formation by effectively promoting the necessary metabolic
pathways in sweet potato callus. In this study, the callus of sweet potato was treated with heat shock
at 50, 65, and 80 ◦C for 15 min. The callus formation was observed within 1, 3, and 5 days, and the
accumulation of intermediates in the metabolism of phenylpropane and reactive oxygen species and
changes in enzyme activities were determined. The results showed that appropriate RHT treatment
at 65 ◦C stimulated the metabolism of reactive oxygen species at the injury site of sweet potato on
the first day, and maintained a high level of reactive oxygen species production and scavenging
within 5 days. The higher level of reactive oxygen species stimulated the phenylalanine ammonia-
lyase (PAL), 4-coumarate-CoA ligase and cinnamate-4-hydroxylase activities of the phenylpropane
metabolic pathway, and promoted the rapid synthesis of chlorogenic acid, p-coumaric acid, rutin,
and caffeic acid at the injury site, which stacked to form callus. By Pearson’s correlation analysis,
catalase (CAT), PAL, and chlorogenic acid content were found to be strongly positively correlated
with changes in all metabolites and enzymatic activities. Our results indicated that appropriate
high-temperature rapid treatment could promote sweet potato callus by inducing reactive oxygen
species and phenylpropane metabolism; moreover, CAT, PAL, and chlorogenic acid were key factors
in promoting two metabolic pathways in sweet potato callus.

Keywords: Rapid high temperature; Phenylalanine ammonia-lyase; Catalase; Chlorogenic acid; Key
metabolic mechanisms

1. Introduction

Sweet potato (Ipomoea batatas (L.) Lam.) is now an important vegetable crop, as
its yield is high and it is easily cultivated [1]. China is the leading global sweet potato
producer. According to 2017 statistics, the total sweet potato planting area in China was
8.9373 million hm2 and the total yield was 34.189 million tons. However, this root tuber
crop is characterized by a thin epicarp, high water content, and poor storage performance.
Sweet potato epicarp is readily damaged during mechanized or artificial harvesting and
postharvest processing [2]. Consequently, sweet potato storage and transport are associated
with storage decay by microbial pathogens, depletion of nutrients with high respiration
rates, and some other quality losses [3]. The Ministry of Agriculture and Rural Affairs
of China reported that the comprehensive loss of postharvest sweet potato roots caused
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by improper storage exceeded 30% in 2019 [4]. Therefore, mitigation of postharvest loss
during storage and transportation is of paramount importance.

Callus formation is an internal defense mechanism of injured plant tissues. It occurs
in roots, stems, leaves, and fruit [5]. Calli help prevent water loss and microbial infection.
Wounded plant tissues generate transduction signals that induce reactive oxygen, phenyl-
propanoid, and fatty acid metabolism. Oxidative cross-linking of related metabolites then
occurs and calli gradually form around the wounds [6]. Numerous studies have been con-
ducted on callus formation of root and tuber crops such as white potato. The mechanism
of phellem formation in potato callus has been elucidated [7,8]. Other studies demon-
strated that potato callus formation was influenced by crop variety [7], harvest maturity [9],
temperature [10], relative humidity, ambient light conditions [11], gas composition [12],
and chemical stimulation [6,13]. However, few studies have investigated the sweet potato
callus healing process. Prior research on sweet potato callus formation focused mainly
on improving sweet potato storability through callus healing. Low-temperature heating
(30 ◦C–35 ◦C) under cold storage for 3–7 days promoted sweet potato callus formation [14].
Mwanga found that sweet potatoes subjected to continuous callus treatment at 32 ◦C
and 90% relative humidity (RH) for 4 days were more durable than those without callus
treatment [15]. Amand reported that 18 different sweet potato varieties subjected to callus
treatment at 30 ◦C and 85% RH for 7 days more readily formed wound calli than untreated
samples [16]. Nevertheless, sweet potato is associated with strong harvest seasonality, long
callus formation time, high heating equipment costs, and environmentally unsustainable
crop protection methods. For these reasons, postharvest callus healing cannot fully meet
market and production demands. In addition, some preharvest studies have pointed out
that multiple fungicide stroby spray treatment [17] and sodium nitroprusside treatment [18]
during the preharvest process could promote the wound healing for postharvested pota-
toes. Long-term callus maintenance at low temperatures may result in uneven heating and
callus formation, yield loss, and tuber decay [17]. Therefore, callus healing time should be
shortened and the conditions of the ambient environment and heat treatment should be
harmonized to improve the efficiency and stability of callus formation.

The present study endeavored to produce rapid, uniform, and efficient sweet potato
calli through rapid heat callus treatment (RHT) at comparatively higher temperatures and
shorter treatment times. We observed sweet potato callus formation; analyzed changes in
active oxygen metabolism, phenylpropanoids, and enzyme activity; and identified the key
factors affecting sweet potato callus responses to RHT. The findings of the present study
provide theoretical and methodological bases for rapid callus induction in postharvest
sweet potato root tubers.

2. Results

2.1. Effect of RHT Treatment on Callus Wound Healing in Sweet Potato

Sweet potato callus consists of suberin and lignin, and the former is its principal
component [4]. Suberin comprises fatty acid polymers and phenolic monomers produced
by the fatty acid and phenylpropanoid metabolism pathways, respectively. Phenolic
monomers combined with the cations in toluidine blue and turned purplish blue, and this
reaction was used to evaluate suberin stacking. Figure 1 shows that after callus staining,
only scant blue fluorescence appeared in the sweet potato wound at the original stage. In
contrast, different fluorescence intensities appeared in the other groups and at the other
stages. Compared with CK, all RHT groups presented with higher fluorescence on day 5.
Therefore, RHT promoted suberin accumulation in sweet potato. The sweet potato wound
tissue treated with RHT at 65 ◦C showed relatively more significant suberin deposition
on days 1, 3, and 5. Hence, RHT at 65 ◦C most strongly promoted sweet potato callus.
After RHT at 65 ◦C, the callus on the wound surface was grayish white with no obvious
browning. In contrast, the sweet potato calli formed after RHT at 50 ◦C and 80 ◦C presented
with different degrees of browning.
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Figure 1. Effects of RHT treatments on suberin deposition in sweet potato tuber wound.

Lignin causes stacking and accumulates around the wound during callus healing in
white potato and sweet potato [19]. Lignin is a glycerolipid polymer that forms during
callus healing and is localized mainly to the cell walls and the plasma membranes. The
composition and structure of lignin and wax are similar. Both prevent water and nutrient
loss and resist bacterial infection in plants [20]. Therefore, the lignin content in healing
tubers also affects callus formation. Figure 2A shows that from day 1, the lignin content in
sweet potato had significantly increased compared with the raw samples under RHT and
CK. However, on days 3 and 5, the lignin content was significantly higher under RHT at
65 ◦C and 80 ◦C than under CK and RHT at 50 ◦C. Figure 2B shows that callus deposition
increased with lignin content and suberin stacking. The callus was composed of lignin and
polyphenolsuberin. The higher the production of lignin and polyphenolsuberin, the thicker
the callus. Thus, this finding and those illustrated in Figures 1 and 2A reveal that callus
thickness was greatest under RHT at 65 ◦C. It reached 0.38 mm and 0.49 mm on days 3
and 5, respectively, and lignin–suberin stratification was higher than it was under the other
treatments. The foregoing results indicate that the heat-shock treatment promoted lignin
accumulation and suberin deposition in sweet potato wounds and that RHT at 65 ◦C might
be the most effective stimulatory treatment for this purpose.
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Figure 2. Effects of RHT treatment on suberin thickness and lignin content in sweet potato cal-
lus ((A): Liginn content; (B): Suberin thinckness. Note: Capital letters are comparisons at the
same time at different temperatures, and lowercase letters are comparisons at different times at the
same temperature).

2.2. Effects of RHT Treatment on Phenolic Compounds in Sweet Potato Callus

Phenolic compounds are precursors of suberin and lignin in sweet potato and the
main components in sweet potato wounds and calli [3]. High-performance liquid chro-
matography (HPLC) was used to detect phenolic compounds in sweet potato callus. They
were identified as p-coumaric acid, catechin, chlorogenic acid, and rutin. On day 5, the total
phenol and flavonoid levels were higher in sweet potato subjected to RHT at 65 ◦C than in
those subjected to other treatments. By contrast, the total phenol and flavonoid levels did
not differ between sweet potatoes treated with RHT at 50 ◦C and those treated with RHT at
80 ◦C. For these reasons, the total phenols and flavonoids included substances implicated
in suberin and lignin biosynthesis.

The chlorogenic acid content strongly responded to the temperature treatments and
was higher in all RHT groups than in CK. From days 1–5, the chlorogenic acid content
was the highest under the RHT at 80 ◦C (Figure 3C). The p-coumaric acid and rutin levels
also substantially increased during callus healing. However, the changes in p-coumaric
acid content were relatively more evident in response to RHT at 65 ◦C and 80 ◦C. The
p-coumaric acid content in the sweet potato subjected to day 5 of RHT at 65 ◦C was twice
that of the sweet potato under CK. Figure 3E shows no difference in rutin content under
any treatment between days 1 and 3. By day 5, however, the rutin content was significantly
higher under RHT at 65 ◦C than under the other treatments. Figure 3F shows no significant
difference between the RHT at 50 ◦C and CK treatment at any sampling point in terms of
catechin content. Therefore, RHT at 50 ◦C did not markedly induce catechin biosynthesis.
There was no significant difference in the sweet potato subjected to RHT at 65 ◦C or RHT
at 80 ◦C in terms of catechin content on day 3. By day 5, the catechin content was higher
under RHT at 65 ◦C than under the other heat treatments. For these reasons, RHT at 65 ◦C
and 80 ◦C promoted phenolic compound accumulation during sweet potato callus healing.
Furthermore, the accumulation of phenolic compounds may help sweet potato wounds
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rapidly heal and form callus tissue. However, RHT at 80 ◦C might block total phenol, total
flavonoid, p-coumaric acid, and catechin synthesis. Excessively high temperatures might
inhibit the enzymes involved in phenylpropanoid metabolism. The present study showed
that RHT at 65 ◦C was the optimal treatment for inducing phenolic compound synthesis in
sweet potato wounds.

Figure 3. Effects of RHT treatment on total phenol, total flavonoid, chlorogenic acid, p-coumaric
acid, rutin, and catechin content in sweet potato callus ((A): Total phenol content; (B): Total flavonoid
content; (C): Chlorogenic acid content; (D): p-coumaric acid content; (E): Rutin content; (F): Catechinic
acid content. Note: Capital letters are comparisons at the same time at different temperatures, and
lowercase letters are comparisons at different times at the same temperature).

2.3. Effects of RHT Treatment on Phenylpropanoid Metabolic Enzyme Activity during Sweet
Potato Callus Healing

Numerous studies demonstrated that plant callus formation is closely related to
phenylpropanoid metabolism. Phenylalanine ammonia-lyase (PAL), trans-cinnamate 4-
hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), and cinnamyl alcohol dehydrogenase
(CAD) are the major intermediate metabolic enzymes in phenylpropanoid metabolism [21].
Figure 3 shows that compared with the origin, the activity levels of the foregoing enzymes
in all groups were increased during callus healing. PAL is a key rate-limiting enzyme at the
beginning of phenylpropanoid metabolism. Figure 4C shows that PAL activity significantly
increased under all treatments on day 1 and was highest under RHT at 80 ◦C. On days 3 and
5, however, PAL activity declined under RHT at 80 ◦C but increased under the other three
treatments. On day 5, PAL activity under RHT at 65 ◦C was more than twice that under CK.
The 4CL and C4H activity levels significantly increased on day 1. RHT at 80 ◦C inhibited
4CL and C4H activity on days 3 and 5. C4H activity peaked on day 1 and remained high
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under RHT at 65 ◦C on days 3 and 5. C4H activity significantly increased under RHT at
50 ◦C on day 5. Nevertheless, there was no significant difference between RHT at 65 ◦C
and RHT at 50 ◦C in terms of C4H activity. The 4CL activity reached a peak on day 3 under
RHT at 65 ◦C and was higher than that at other sampling points. CAD is implicated in
lignin biosynthesis at the end of phenylpropanoid metabolism. Figure 3D shows that the
change trend in CAD activity differed from those of the other three enzymes. CAD activity
increased with time in all treatment groups. On days 3 and 5, there were no differences
among RHT at 50 ◦C, 65 ◦C, and 80 ◦C in terms of CAD activity. In addition, CAD activity
was high in the CK group at day 3. Hence, lignin content and phellem layer thickness also
increased under CK in the absence of any high-temperature stimulus, and sweet potato
injury may have promoted CAD activity. However, PAL, 4CL, and C4H were relatively
more temperature sensitive. Appropriate RHT treatment may induce PAL, 4CL, and C4H
in sweet potato. Several studies reported that wound injury and temperature stimulation
promote ROS metabolism [4]. The influence of temperature on CAD, PAL, 4CL, and C4H
may also be associated with ROS generation and clearance.

Figure 4. Effects of RHT treatment on PAL, C4H, 4CL, and CAD activity in sweet potato callus
((A): 4CL activity; (B): C4H activity; (C): PAL activity; (D): CAD activity. Note: Capital letters are
comparisons at the same time at different temperatures, and lowercase letters are comparisons at
different times at the same temperature).

2.4. Effects of RHT Treatment on ROS Production and Scavenging in Sweet Potato Callus

Neither low- nor high-temperature RHT treatment stimulated phenylpropanoid
metabolism in sweet potato possibly because active oxygen metabolism occurred in the
wounds [4]. Figure 5 shows the indices related to ROS generation and scavenging in
sweet potato callus healing. Figure 5B,C shows ROS production capacity in sweet potato.
ROS production was significantly higher under RHT at 80 ◦C than under other treat-
ments. Therefore, temperature induces ROS generation in sweet potato. Figure 5A shows
the ROS scavenging parameters during sweet potato callus healing. The 2,2-diphenyl-1-
picrylhydrazyl (DPPH) scavenging assay displayed the same trends for CK, RHT at 50 ◦C,
and RHT at 65 ◦C and exhibited a gradual increase from days 0 to 5. For the sweet potatoes
treated with RHT at 80 ◦C, DPPH scavenging peaked on day 1 and gradually decreased
thereafter. On day 1, DPPH scavenging under RHT at 80 ◦C was 1.25 times higher than
it was under RHT at 65 ◦C. Nevertheless, DPPH scavenging under RHT at 65 ◦C was
higher than that under CK and RHT at 50 ◦C. These results suggest that high temperature
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significantly induces free radical scavenging in sweet potato wounds. At day 3, DPPH
scavenging significantly decreased in sweet potato under RHT at 80 ◦C possibly because of
decreases in the activity of enzymes related to ROS scavenging, namely, catalase (CAT) and
superoxide dismutase (SOD). Figure 5E,F shows that the changing trends were the same for
CAT, SOD, and DPPH scavenging. RHT at 50 ◦C and RHT at 65 ◦C significantly induced
CAT and SOD, whereas RHT at 80 ◦C significantly inhibited them and weakened the free
radical-scavenging capacity of sweet potato. Maximum CAT and SOD activity levels were
lower under RHT at 80 ◦C than under RHT at 65 ◦C on day 1. Peroxidase (POD) is another
important ROS-scavenging enzyme (Figure 5D). POD activity was the same under both
RHT at 80 ◦C and RHT at 65 ◦C. POD activity was essentially the same on days 1, 3, and
5. However, POD activity was significantly higher under RHT at 80 ◦C and RHT at 65 ◦C
than under CK or RHT at 50 ◦C.

Figure 5. Effects of RHT treatment on DPPH, hydrogen peroxide, and superoxide anion scavenging
and POD, SOD, and CAT activity in sweet potato callus ((A): DPPH free radical scavenging ability;
(B): Hydrogen peroxide content; (C): Superoxide anion free radical production; (D): POD activity;
(E): SOD activity; (F): CAT activity. Note: Capital letters are comparisons at the same time at different
temperatures, and lowercase letters are comparisons at different times at the same temperature).

The foregoing results indicate that temperature had a significant impact on several
active oxygen metabolism indices in sweet potato. Active oxygen metabolism, phenyl-
propane metabolism-related enzymes, phenolic compounds, and callus formation were
also correlated. However, no valid conclusions could be drawn from direct data analysis.
Hence, the key factors affecting sweet potato callus had to be identified through correlation
data analysis.
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2.5. Pearson’s Correlation Analysis of Factors Affecting Sweet Potato Callus

Pearson’s correlation analysis was conducted on all indices under all RHT treatments.
The acceptance level was set to 0.01 to screen for key regulatory factors affecting the
responses of sweet potato callus to RHT treatment. The results are shown in Figure 6.
Compared with the lignin content, suberin stacking was more significantly correlated with
other parameters in sweet potato callus healing. PAL and CAT were the most critical
enzymes in phenylpropanoid and ROS metabolism, respectively, in terms of their effects
on sweet potato callus formation. PAL and CAT activity levels were significantly correlated
with suberin thickness. CAT activity was positively correlated with DPPH and superoxide
anion scavenging as well as total phenol and total flavonoid production. PAL activity,
lignin content, suberin thickness, and total phenol and total flavonoid production were also
strongly positively correlated. The foregoing results suggest that CAT and PAL regulate
ROS and phenylpropanoid metabolism, respectively; link these metabolic pathways; and
improve sweet potato callus healing. In the study of sweet potato [22] and potato [23] on
callus healing, it was pointed out that different physicochemical treatments can effectively
stimulate the generation of reactive oxygen species in potato wounds, which can effectively
promote potato root callus. In addition, Meng’s [24] study on carrot pointed out that
peroxidase in reactive oxygen species metabolism was the key enzyme in the carrot callus
process and three peroxidases (DcPrx30, DcPrx32, and DcPrx62) were upregulated in the
phloem of carrot.

Figure 6. Correlation analysis of substances affecting sweet potato callus under different RHT
treatments. Red: positive correlation. Blue: negative correlation. Numbers: significance of correlation.
X: p > 0.01.

PAL and C4H are at the front end of phenylpropanoid metabolism and regulate phe-
nolic compound biosynthesis [25]. Here, both enzymes were more strongly correlated with
sweet potato callus than either 4CL or CAD. The latter enzymes were not significantly
correlated with any index. In ROS metabolism, CAT and SOD scavenge free radicals [26].
Here they were significantly correlated with callus parameters. POD affects hydrogen
peroxide production and was not significantly correlated with suberin stacking or lignin
content. Thus, ROS production may not substantially contribute to sweet potato callus
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induction. ROS were generated under RHT at 80 ◦C. Nevertheless, the influence of this
treatment on callus formation was weaker than that of RHT at 60 ◦C. Phenolic compounds
are key substrates in suberin stacking. Total phenols and flavonoids were strongly corre-
lated with suberin stacking thickness. However, only the chlorogenic acid content was
significantly correlated with suberin stacking thickness. Thus, chlorogenic acid may be the
key phenolic compound affecting sweet potato callus. There were significant correlations
among chlorogenic acid content, PAL and CAT activity, and DPPH scavenging.

3. Discussion

Callus is vital to the successful storage and transport of root crops. Root crops enter into
direct contact with the soil during their growth and can transmit soil-borne microorganisms
at harvest. Root crops often undergo severe decay during storage and transportation [27].
Postharvest callus formation involves cell proliferation and differentiation, signal trans-
duction, disease resistance, secondary metabolism, and energy generation [7]. However,
relatively few reports have been published on postharvest calli to date. Several studies
indicated that ROS, fatty acid, and phenylpropanoid metabolic pathways occur in the calli
of root crops such as white potato and sweet potato [28]. Hence, the enzymes associated
with these pathways are implicated in the entire callus formation process.

ROS may act both as signal molecules and oxidants in white potato and sweet potato
callus formation [29]. In the present study, ROS production responded rapidly when the
sweet potatoes were subjected to RHT at 65 ◦C and RHT at 80 ◦C. Superoxide anion pro-
duction capacity significantly increased in sweet potato callus subjected to RHT at 65 ◦C.
Accumulation of superoxide anion, singlet oxygen, and other ROS disrupted active oxygen
metabolism, which, in turn, activated SOD, CAT, POD, and other antioxidant enzymes in
sweet potato. SOD then disproportionated the superoxide anions into H2O2. Therefore,
RHT accelerated the induction of the key metabolic pathways associated with callus for-
mation in damaged sweet potato tissue. Phenylpropanoid and fatty acid metabolism are
the key pathways affecting sweet potato and white potato callus formation [30]. Phenyl-
propanoid metabolism induces the generation of numerous monophenols in injured plant
tissues. Other enzymes catalyze the polymerization of these monophenols into polyphe-
nol suberin (SPP). Monophenols also participate in lignin metabolism, which synthesizes
lignin stacks around the calli [31]. In fatty acid metabolism, the damaged tissues pro-
duce numerous short-chain fatty acids (SCFAs) that are then polymerized to form suberin
polyaliphatics (SPA). The terminal SPA in fatty acid metabolism and the SPD generated by
phenylpropanoid metabolism participate in suberin polymerization. Suberin then deposits
the final sealing callus layer known as the polyphenolic domain (SPPD) [32]. We found that
RHT at 50 ◦C did not induce the rapid production of ROS such as superoxide anion and
hydrogen peroxide and could not, therefore, initiate phenylpropanoid metabolism. Though
RHT at 80 ◦C induced ROS production in the early sweet potato stages, it significantly
inhibited CAT and SOD. Hence, RHT at 80 ◦C disrupted ROS production and clearance
by days 3–5 and could not continuously promote callus formation in the wound tissue.
In addition, ROS imbalance may cause fruit and vegetable browning [33]. We discovered
substantial melanin accumulation in the callus surface of the sweet potato subjected to RHT
at 80 ◦C. The melanin might have been derived from polyphenol oxidation.

Abundant hydrogen peroxide was produced under all RHT treatments and induced
sweet potato callus formation through phenylpropanoid metabolism. RHT at 65 ◦C induced
PAL and 4CL, and phenylpropanoid metabolism generated phenolic monomers. Zhu
showed relatively higher PAL and 4CL activity and phenolic compound production around
white potato wounds [33]. Compared with RHT at 50 ◦C and RHT at 80 ◦C, RHT at 65 ◦C
significantly increased total flavonoid, rutin, chlorogenic acid, p-coumaric acid, and other
phenolic compounds at days 0–5. At the appropriate temperatures, heat shock treatments
induce phenylpropanoid metabolism and promote SPDD stacking. Compared with CK
and RHT at 50 ◦C, RHT at 65 ◦C RHT and RHT at 80 ◦C significantly increased the lignin
content. However, there were no significant differences among CK, RHT at 50 ◦C, RHT at
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65 ◦C, or RHT at 80 ◦C in terms of lignin content by day 5. Therefore, RHT temperature
may only be weakly correlated with lignin synthesis and accumulation. The terminal steps
in lignin synthesis are associated with phenylpropanoid metabolism [34]. Santos stated
that lignin synthesis may be correlated with low temperature, whereas lignin metabolism
is relatively less affected by temperature fluctuation or high temperature [35]. Here, we
measured the parameters of ROS and phenylpropanoid metabolism and found that both
pathways induced sweet potato callus formation. Hence, there may be a strong correlation
between these pathways in sweet potato callus.

Pearson’s correlation analysis confirmed the foregoing speculations. Suberin stacking,
CAT, PAL, and chlorogenic acid may be key factors in RHT-induced sweet potato callus
formation. PAL is a key rate-limiting enzyme in phenylpropanoid metabolism. It catalyzes
the deamination of L-phenylalanine to trans-cinnamic acid [36]. C4H then hydroxylates
trans-cinnamic acid to p-coumaric, chlorogenic, ferulic, erucic, and other phenolic acids
that may participate in SPPD formation. Furthermore, 4CL catalyzes the conversion of
these phenolic acids to various phenolic acid-CoA. CAD then transforms the latter into
lignin-derived substrates such as cinnamyl alcohol, coniferol, and sinucinol. At this stage,
callus formation in sweet potato is complete [37]. The key metabolic pathways and key
factors that RHT treatment can use to promote sweet potato callus are shown in Figure 7.
The present study demonstrated that in sweet potato callus formation, ROS metabolism
rapidly responds to RHT treatment and CAT produces and removes ROS. Abundant ROS
induce PAL, which synthesizes and causes the accumulation of chlorogenic acid. Suberin is
then quickly stacked at the sweet potato wound and promotes callus formation there.

Figure 7. Pattern of metabolic pathways involved in callus of sweet potato tuber under heat shock
treatment. CDPK: calcium-dependent protein kinase; NOX: NADPH oxidase; SOD: superoxide
dismutase.
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4. Materials and Methods

4.1. Sweet Potato Acquisition and Sample Preparation

Sweet potato (Ipomoea batatas (L.) Lam.). Xiguahong was purchased and transported
from Fujian Province, China. Each tuber was packed in a bubble bag and transported
within 1 day in a refrigerated truck (<13 ± 2 ◦C) from Fujian to Beijing. At the Beijing
laboratory, tubers uniform in size; free of epicarp damage, disease, and insect pests; and
weighing 250 ± 50 g were selected as the experimental materials.

4.2. Artificial Injury and Heat Shock Treatment of Sweet Potato Samples

The selected sweet potato roots were washed twice with tap water and distilled water
and dried at room temperature (25 ± 1 ◦C). The knives (deli, Zhejiang, China) and hole
(deli, Zhejiang, China) punches (15 mm diameter) used in the artificial wound experiment
were disinfected with 95% (v/v) ethanol. Each tuber was perforated with the hole punches
and 15 mm epicarp (deli, Zhejiang, China) disks were excised with the knives to a depth of
3 mm. Three wounds were artificially induced on two sides of each tuber.

The damaged sweet potatoes were arbitrarily divided into four groups. Unheated
tubers served as the control (CK), whereas the other three groups were subjected to the
RHT treatments.

The pretreatment method of sweet potato callus referred to the previous method in the
laboratory [4]; the wounded tubers were placed in an independently designed sweet potato
RHT machine and heated to 50 ◦C, 65 ◦C, or 80 ◦C for 15 min. After the RHT treatment, the
tubers were cooled to 25 ± 1 ◦C and stored until the subsequent experiments.

All samples were transferred to cold storage (13 ± 1 ◦C; 55% RH) in the laboratory and
wounds were allowed to heal for 5 days. The foregoing temperature and relative humidity
were optimal for sweet potato storage [4]. The sample quantity of sweet potato in CK and
the three RHT treatment groups were all more than 150. The sample healing preparation
process was repeated thrice.

4.3. Lignin and Suberin Accumulation in Wounded Tissue

Sweet potato lignin staining was observed according to the method of Jiang with some
modifications [6]. Tissue blocks with the injured surface were hand-sliced (0.4 mm–0.5 mm
depth) vertically with a blade. The prepared slices were immediately rinsed with distilled
water to remove starch granules and then immersed in 1% (w/v) phloroglucinol solution for
2 h staining on a glass slide with a few drops of concentrated hydrochloric acid. After 5 min,
images of red-stained deposited lignin were captured with a microscope (DM500, Leica
Shanghai limited company, Shanghai, China) under 10 × magnification. Suberin deposition
was microscopically detected by its autofluorescence according to Fugate et al. [20]. The
autofluorescence of the suberin was analyzed using a microscope (DM500, Leica Shanghai
limited company, Shanghai, China) with a fluorescence excitation filter at 280 nm and an
emission filter at 620 nm. The prepared sections (0.3 mm–0.4 mm depth) were rinsed with
distilled water 2–3 times before capturing images under 10× magnification. Six potato
tubers for each group were used to observe staining and autofluorescence.

4.4. Determination of Lignin Content in Wound Callus of Sweet Potato

The determination method of lignin content by Zhou was improved [20]. At the end of
the callus, samples were taken from the roots of sweet potato in each treatment group with
a stainless-steel knife. During the determination, 1 g of frozen callus was taken, and 4 mL
95% ethanol precooled at 4 ◦C was added and beaten evenly with a beater. The callus was
transferred to a 10 mL centrifuge tube and centrifuged at 4 ◦C at 10,000× g for 20 min. After
the supernatant was discarded, 2 mL 95% ethanol was added, mixed, centrifuged (4 ◦C
10,000× g 10 min), and repeated 3 times, and then ethanol was used. After the precipitation
was collected and dried to a constant weight, the dry matter was moved to a small test tube.
Before the measurement, the water bath was placed in a fume hood in advance and the
temperature was adjusted to 70 ◦C for preheating. First, 1 mL 25% acetyl bromide solution
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was added to the test tube and mixed well. It was then immediately placed in a water
bath for reaction for 30 min; 1 mL sodium hydroxide (2 mol·L−1), 0.1 mL hydroxylamine
hydrochloride (7.5 mol·L−1), and 2 mL glacial acetic acid were added successively and
centrifuged at 4 ◦C at 10,000× g for 20 min; and 0.5 mL supernatant was absorbed. The
absorbance was measured at 280 nm with glacial acetic acid at a constant volume of 5 mL
and repeated 3 times.

4.5. Determination of Phenylpropanoid Metabolism-Related Enzyme Activities in Sweet
Potato Callus

The phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate-
CoA ligase (4CL) activity was evaluated spectrophotometrically according to the methodol-
ogy of Jiang et al. [6] by using a UV–2600 spectrophotometer (Shimadzu, Kyoto, Japan),
with some modifications. Protein (pro) content in the enzyme extract solution was mea-
sured by the Coomassie brilliant blue G250 method. The PAL, C4H, and 4CL activity was
reported in U·Kg−1.

Cinnamyl alcohol dehydrogenase (CAD) was determined by Sarni with some modifi-
cation [38]. The 1.0 g frozen powder was homogenized in 3 mL TRIS-HCl buffer (pH 8.8,
containing 40 g·L−1 PVP), 15 mmol·L−1 β-mercaptoethanol, 10% methylene, and 2% (w/v)
PEG in an ice bath. After standing for 30 min and centrifugation at 12 000× g for 30 min
(4 ◦C), the supernatant was a crude enzyme solution. Reaction system: 0.2 mL crude
enzyme solution, 0.8 mL reaction solution (containing 10 mmol·L−1 nicotinamide adenine
dinucleotide phosphorus (NADP) and 5 mmol·L−1 trans-cinnamic acid), water bath at
37 ◦C for 30 min, 1 mol·L−1 HCl to terminate the reaction (if precipitate exists, after cen-
trifugation), absorbance value measured at 400 nm, and 0.2 mL PBS and 0.8 mL reaction
solution used as control. The enzyme activity unit (U) was defined as 0.001 change of light
absorption value per minute, and the CAD activity was expressed as U·Kg−1.

4.6. Determination of Antioxidant Capacity and ROS Metabolism-Related Enzymes of Sweet
Potato Callus

The activity of superoxide dismutase (SOD) was determined by azoblue tetrazole
photoreduction method with some modifications [39]. The activity of catalase (CAT)
was determined by colorimetric method [39]. Peroxidase (POD) activity was measured by
referring to the method of Dastmalchi et al. [7]. The above enzyme activities were expressed
by U·Kg−1.

The determination of 1,1-dipheny1-2-picryl-hydrazyl (DPPH) clearance capacity re-
ferred to Oirschot and was modified [31]. A total of 5 g of frozen callus was taken and
placed in a centrifuge tube (50 mL). The 20 mL ethanol (70%) solution was added and mixed,
ultrasonic treatment was carried out for 1 h, centrifugation was carried out (4 ◦C 10,000× g
20 min), and the supernatant was taken as the extract. The 0.05 mL extract was absorbed
and placed in a test tube. A total of mL DPPH ethanol solution with a concentration of
0.3 mmol·L−1 was first added and mixed. After a water bath at 30 ◦C for 1 h, the reaction
was immediately cooled and terminated. DPPH radical scavenging capacity was calculated
using trolox as standard equivalent, expressed in mg·kg−1.

4.7. Determination of Phenols, Hydrogen Peroxide, and Superoxide Anion in Sweet Potato Callus

Extraction of phenolics was carried out according to Liu with some modifications [40].
Ten grams of sweet potato tissue were homogenized with liquid nitrogen, then mixed
with 20 mL of 70% (v/v) ethanol and placed under ultrasound assisted at 30 ◦C for 0.5 h;
thereafter, the mixture was centrifuged and the supernatant was collected and concentrated
with a rotary vacuum evaporator (RE-52; Yarong Biochemistry Instrument Factory, Shang-
hai, China) at 30 ◦C. Identification and quantification of the phenolic compounds in the
extract were carried out using an HPLC method (Liu et al., 2020) with Shimadzu liquid
chromatography (pumps, LC-20AT; diode array detection, SPD-M20A) and an RP C18
column (Venusil ASB, 5 μm, 4.6 mm 9 250 mm; Agela Technologies Inc.,Tianjing, China).
The operating conditions were as follows: mobile phase, 1% (v/v) acetic acid (A), and
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methanol (B); gradient, 12–25% B from 0 min to 15 min, 25–35% B from 15 min to 25 min,
35–55% B from 25 min to 50 min, 55–65% B from 50 min to 60 min and 65–12% B from
60 min to 70 min; flow rate, 1.0 mL·min−1; column temperature, 35 ◦C; injection volume,
20 L; and UV detection wavelength, 280 nm.

A total of 3.0 g of frozen sweet potato powder was extracted in 3 mL of cold acetone for
10 min before centrifugation at 4 °C and 10,000× g for 30 min; the supernatant was collected
for H2O2 content determination. The reaction mixture contained 1 mL of supernatant,
100 μL of 20% TiCL4, and 100 μL of concentrated ammonia. The mixture was reacted for
10 min and then centrifuged for 10 min. The resultant precipitate was washed three times
with acetone and then dissolved with the addition of 2 mL of 1-mmol/L concentrated
sulfuric acid. The OD value was measured at 410 nm, and H2O2 content was calculated
from a standard curve. Thus, H2O2 content was expressed as mg·kg−1.

Two grams of frozen callus were weighed and placed in a 10 mL centrifuge tube. The
5 mL 0.05 mol/L pH7.8 phosphoric acid buffer (containing 0.001 mol·L−1 ethylenediamine
tetraacetic acid, 0.3% Triton X-100 and 2% polyvinylpyrrolidone) were added and mixed.
Centrifugation (4 ◦C 10,000× g 20 min) was performed to collect supernatant. The content
of superoxide anion (O2−) was determined by using the Nanjing Jiancheng kit(Nanjing
Jiancheng, Nanjing, China). A total of 0.8 mL supernatant was mixed with equal volume
Tris-HCl buffer solution (50 mmol·L−1, pH 8.2). The mixture was allowed to stand at 25 ◦C
for 15 min, then 0.4 mL of 1.5 mmol·L−1 pyrogallic acid was added and thoroughly mixed.
The absorbance value of the mixture was detected every 30 s at 550 nm, and the detection
lasted for 5 min. Meanwhile, ascorbic acid was used as the positive control group, and
50 mmol·L−1 Tris-HCl buffer was used as the blank group. The content of superoxide
anion in sweet potato was expressed as U·kg−1.

4.8. Data Statistics and Analysis

The above experiments were repeated three times. Excel 2010 software (Microsoft
Corporation, Washington, WA, USA) was used to make statistics on all data, calculate mean
value and standard deviation, and plot. SPSS 26.0 software (IBM, New York, NY, USA) was
used to conduct analysis of variance and multiple difference significance analysis of the
experimental data; p < 0.05 indicated significant difference. Pearson’s correlation heat map
was analyzed and plotted using HIPLOT.

5. Conclusions

Damaged sweet potato tubers were subjected to RHT at 50 ◦C, 65 ◦C, and 80 ◦C.
Changes in enzyme activity and intermediate accumulation in ROS and phenylpropanoid
metabolism were evaluated. RHT at 65 ◦C significantly promoted callus formation in
injured postharvest sweet potato root tubers. PAL in phenylpropanoid metabolism, CAT
in ROS metabolism, and chlorogenic acid were the key factors inducing and developing
callus in response to RHT treatment. The results of this study may provide theoretical and
methodological bases for rapid callus induction in postharvest sweet potato. However, it
remains to be established how PAL- and CAT-related genes respond as transduction signals
to RHT treatment. Future research should determine how phenolic acids contribute to
suberin stacking. Subsequent studies should aim to clarify the mechanisms by which heat
shock promotes sweet potato callus and devise novel methods of reducing postharvest loss
during sweet potato production, storage, and transport.
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Abstract: Barley (Hordeum vulgare L.) is the preferred crop in arid regions, particularly for farmers
with limited agricultural resources and low income. Typically, it is utilized for human consumption,
animal feed, and malting. The discovery of natural (organic) sources of biostimulants has attracted a
great deal of interest for crop productivity enhancement. Using a randomized complete block design
with three main blocks, it was our aim to investigate the effects of foliar moringa (Moringa oleifera L.)
organ extract (MOE) on the growth and yield components of a collection of barley accessions grown
in Iraq. As indicated by the obtained results, almost all traits associated with barley growth and
yield productivity were significantly enhanced by MOE application, relative to the respective control
condition. The majority of barley accessions responded positively to the MOE treatment based on
all studied traits (with the exception of 1000-kernel weight). According to the results of principal
component analysis (PCA), the distribution of accessions on the two components under the MOE
application was distinct from the distribution of accessions under control conditions, indicating that
accessions responded differently to the MOE application. In addition, the distribution pattern of
traits under MOE treatment was comparable to the distribution pattern of traits under the control
condition, with the exception of two traits: total yield and 1000-kernel weight. AC5 and AC18
responded positively to the MOE application by possessing the highest total yield and harvest index
values. The total yield trait registered the highest increasing value index (37.55%) based on the trait
response index, followed by the straw weight (22.29%), tillering number per plant (21.44%), and
spike number per plant (21.36%), while the spike length trait registered the lowest increasing value
index (0.45%), compared to the traits under control conditions. So far, the results indicate that foliar
application of MOE can be utilized effectively as a natural growth promoter to increase the growth
and yield productivity of grown barley accessions.

Keywords: bostimulation; plant extract; Hordeum vulgare; growth performance; production components

1. Introduction

The greatest challenge facing modern agriculture science is maintaining food produc-
tion, in order to meet the needs of a growing global population without jeopardizing future
generations’ access to natural resources. The current level of agricultural intensification has
reached a tipping point, with far-reaching, irreversible effects on the global environment
and a significant decline in the range of ecosystem services once provided by nature [1].
Barley (Hordeum vulgare L.) is the preferred crop in arid regions, particularly among farm-
ers with limited agricultural resources and low income. It is commonly used for human
consumption, animal feed, and malting [2]. As a result of their low glycemic index and
high nutritional value, barley crops are currently the subject of worldwide interest [3]. In
comparison to other small grains such as wheat and rice, it is generally believed that barley
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yields are less susceptible to weather fluctuations [4]. In Iraq, barley is primarily grown in
areas with limited precipitation and rain-fed conditions. As a result of climatic changes,
crops such as wheat and rice are competing for a shrinking amount of arable land. Farmers
believe that barley can replace some wheat cultivars, so they are cultivating it instead,
particularly during this dry year [5]. In order to improve the yield and growth parameters
of barley, agronomists, crop physiologists, and other researchers must urgently discover
sustainable techniques and new innovations. Despite the fact that barley is considered
to be stress-resistant [6], its productivity in harsh environmental conditions is negatively
impacted by a number of factors, including water limitation, agronomic practices, heat
stress, and so on [7].

Pesticides, nitrates (from nitrogen-rich fertilizers), and phosphorus are the most serious
agricultural pollutants. Chemical fertilizers can certainly increase agricultural yield, and
they are regarded as a crucial factor influencing the final quality of barley products [8].
Unfortunately, the use of this type of fertilizer comes at a terrible price, as it degrades the
soil and pollutes the environment, in addition to being expensive. The greatest opportunity
for expanding food production is to improve yields and quality through the strategic
application of mineral and organic fertilizers, plant protection products, and water supply.
It is critical that this process is carried out in a manner that is safe for both the environment
and consumers [9]. In recent years, there has been a great deal of focus on identifying
various natural (organic) sources of biostimulants for enhancing crop productivity and
achieving sustainable agriculture [10,11]. There are numerous sources of biostimulants used
frequently in agriculture, including humic acid [12], chitosan and chitin derivatives [13],
seaweed extracts [14], and plant extracts [15].

Stimulants are beneficial, but they cannot replace chemical fertilizer in long-term
agricultural output. Plant extracts of moringa can either inhibit (at high concentrations)
or stimulate (at low concentrations) plant development and growth [16,17]. Moringa leaf
extract (MLE) obtained from moringa (Moringa oleifera) is one of the most popular plant
biostimulants that can be used as a substitute and natural source of mineral nutrition
and fertilizer, because it contains stimulant compounds, such as cytokinins such as zeatin,
antioxidants such as ascorbic acid, flavonoid, amino acids, vitamins C and A, and phenolics,
and micro- and macronutrients [18]. Besides, Yasmeen et al. [19] showed that the leaf ex-
traction of such a plant can also provide the balance among nutrients, phytohormones, and
antioxidants. Zeatin is the main hormone detected in MLE, and, so far, its concentration
is thousands of times higher compared to the most studied plants [20]. To improve the
productivity and growth of many plants grown in normal conditions, this kind of natural
biostimulant has been applied as a foliar application [21–23]. To our knowledge, few small-
scale experiments have been conducted to investigate the effect of moringa mlant extract on
barely crops for productivity [24]. At field scale, no study has been reported using a com-
bined application of moringa (leaf, root, and seed) extract. Recently, an investigation into a
collection of barley accessions grown in Iraq by our own research group stated different
patterns of response at early stages, phenotypically, physiologically, and biochemically, for
drought tolerance [25]. In this regard, the current investigation was planned to study the
effects of moringa organ extract on the growth and yield of a collection of barley accessions.

2. Materials and Methods

2.1. Study Area and Experimental Layout

In this study, 59 barley accessions collected throughout Iraq were grown in the field
under rain-fed conditions at the Faculty of Agricultural Sciences-University of Sulaimani
Research Station (35◦34′17.5′′ N 45◦22′01.0′′ E) during the 2019–2020 growing season
(Table 1). The annual precipitation was 417 mm, and average temperatures ranged from 1
to 35 ◦C during the growing season. The experiment was set up using a two-way analysis
of variance and a randomized complete block design with two main groups. Group 1 was
designated as the control or untreated group (WOM), while Group 2 represented the treated
group with MOE (WM). Each group was made up of three blocks, each with 30 plants.
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Plants and plots were separated by 30 and 50 cm, respectively. Seeds of the tested barley
accessions were planted in early November. Each replicate was thinned to 21 plants, after
the plants reached a reasonable growth stage at the start. In the field, standard agricultural
practices were carried out, including hand weed control.

Table 1. Code, origin, and name of 59 barley accessions included in this study.

Accession Code Origin Accession Name Accession Code Origin Accession Name

AC1 South of Iraq Shoaa AC31 Middle of Iraq Scio/3
AC2 South of Iraq Boraak AC32 Middle of Iraq Victoria
AC3 South of Iraq Radical AC33 Middle of Iraq Black-Bhoos-B
AC4 South of Iraq Arivat AC34 Middle of Iraq Irani
AC5 South of Iraq 16 HB AC35 Middle of Iraq A1
AC6 South of Iraq Furat 9 AC36 Middle of Iraq MORA
AC7 South of Iraq Al-warka AC37 Middle of Iraq ABN
AC8 South of Iraq Numar AC38 Middle of Iraq Arabi aswad
AC9 South of Iraq Al-amal AC39 Middle of Iraq Clipper

AC10 South of Iraq Rafidain-1 AC40 Middle of Iraq Bhoos-H1
AC11 South of Iraq Al-khayr AC41 Middle of Iraq BN2R
AC12 South of Iraq BN6 AC42 Middle of Iraq BA4
AC13 South of Iraq IBAA-99 AC43 North of Iraq Qala-1
AC14 North of Iraq Saydsadiq AC44 North of Iraq Black-kalar
AC15 Middle of Iraq Bhoos-244 AC45 North of Iraq White-kalar
AC16 Middle of Iraq IBAA-265 AC46 North of Iraq Black-Akre
AC17 North of Iraq White-Akre AC47 North of Iraq Black-Garmiyan
AC18 North of Iraq Black-Bhoos Akre AC48 North of Iraq Black-Chiman
AC19 North of Iraq Black-Zaxo AC49 North of Iraq Ukranian-Zarayan
AC20 North of Iraq White-Zaxo AC50 North of Iraq White-Zarayan
AC21 South of Iraq Bhoos-912 AC51 North of Iraq Abrash
AC22 North of Iraq White-Halabja AC52 North of Iraq Bujayl 1-Shaqlawa
AC23 South of Iraq Samr AC53 North of Iraq Bujayl 2-Shaqlawa
AC24 South of Iraq GOB AC54 North of Iraq Bujayl 3-Shaqlawa
AC25 South of Iraq Abiad AC55 South of Iraq Rehaan
AC26 South of Iraq CANELA AC56 South of Iraq Sameer
AC27 South of Iraq MSEL AC57 South of Iraq Warka-B12
AC28 South of Iraq Acsad strain AC58 South of Iraq Al-Hazzar
AC29 South of Iraq Acsad-14 AC59 South of Iraq IBAA-995
AC30 South of Iraq Gk-Omega

2.2. Soil Analysis

During growing seasons, the experimental site’s soil texture was silty clay with electri-
cal conductivity (EC) of 0.62 dS m−1, pH 7.25, organic matter of 22.77 g Kg−1, total nitrogen
of 1.2 g Kg−1, available phosphorus of 6.18 mg Kg−1, organic matter of 23.0 g Kg−1, and
exchangeable potassium of 0.13 mmole L−1.

2.3. Preparation of Moringa Organ Extract (MOE) and Its Application

Moringa (Moringa oleifera L.) plant parts (leaves, roots, and seeds) were harvested from
young full-grown trees and planted in the nursery of the Faculty of Science, University of
Sulaimani, courtesy of Jamal Saeed Rashid. MOE was made by drying a sample of moringa
parts in shad and then grinding to a fine powder with a blender. Following grinding, the
extract was made by combining 20 g of each part and macerating it in 1 L of distilled water.
For 24 h, the mixture was shaken. The mixture was then centrifuged for 30 min at 8000× g.
The supernatant was then filtered through Whatman filter paper to remove any residue. To
achieve the required foliar spray concentrations, the supernatant was diluted 30 times with
distilled water [26]. Before dusk, foliar sprays were done to promote the best penetration
into leaf tissues and inhibit evaporation. During the stages of fully emerging leaves, flag
leaf growth, and seed filling, the foliar MOE treatments were sprayed. At the same time,
distilled water was sprayed on control plants. No synthetic fertilizer was used.
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2.4. Plant Measurements

Three weeks after the last foliar application, the total chlorophyll measurement (TCC
in Spad) was achieved using a portable chlorophyll meter CCM-200 (SPAD meter: Minolta
Camera Co., Osaka, Japan), on three fully developed leaves near the plant apex of five
plants. Leaf area (LA in cm2) was also recorded at the same time. The leaf area was
determined by the following formula: leaf length × leaf width × constant (0.64) [27].

Barley plants in each treated and untreated group were harvested at the end of the
growing season, and parameters such as plant height (PH in cm), leaf area (LA in cm2),
total chlorophyll content (TCC in SPAD), number of the tillers per plant (TNP), number of
the spikes per plant (SNP), spike length (SL in cm), awan length (AL in cm), spike weight
(SW in cm), number of seeds per spike (SNS), seed weight per spike (SWS in g), 1000-kernel
weight (1000-KW in g), total yield per plot (TY in g), and straw weight per plot (STW in g)
were recorded.

2.5. Statistical Analysis

All of the recorded growth and yield parameters were statistically analyzed and
assessed using the XLSTAT version 2020.3.1 and JMP version 14 statistical packages. A
Duncan’s Multiple-Range Test (p ≤ 0.05) was used to compare mean values across treat-
ments using the XLSTAT version 2020.3.1 statistical package. The dendrogram was created
using JMP version 14 software. The principal component analysis (PCA) was calculated
based on the mean data by using the XLSTAT version 2020.3.1 statistical package. Cor-
relation analysis was performed by Q Research software. The radar, bar, and pie charts
were created using Microsoft Excel version 2019. The percentage of trait index (PTI) was
computed using the following formula:

PTI (%) = [(treated plants with MOE − untreated plants)/untreated plants] × 100.

3. Results

3.1. Performance of Growth Traits under the Application of MOE

The results of a two-way analysis of variance indicate that accessions, foliar MOE
application, and their interaction contribute significantly (p ≤ 0.01) to all growth and yield
component traits studied, with the exception of spike length in the foliar MOE treatment.
A maximum F-value was observed for foliar MOE application (3933.46) and accessions
(3177.67) based on seeds per spike (SNS), followed by 2162.29 for foliar MOE application
and 877.77 for accessions based on straw weight (STW) (Table 2). The individual outcomes
are displayed as follows.

The analysis of variance and mean pairwise comparison (Duncan) of all studied
traits revealed statistically significant differences between treated (WM) and untreated
(WOM) plants (Tables 2–4 and Table S1 in Supplementary Materials). The plants with the
greatest height (90.95 cm) were those treated with moringa organ extract (WM) (Table 3).
In addition, mean pairwise comparison analysis revealed significant variation among
accessions for all studied traits (Table 4). AC57 recorded the greatest length at 110.03 cm,
followed by AC56 at 109.30 cm and AC55 at 104.03 cm. In contrast, the barley accessions
AC1, AC6, and AC5 were considered the shortest barley accessions, with respective values
of 52.17, 62.93, and 65.90 cm. The plant height was positively affected by the exogenous
application of moringa plant parts, as shown by the mean analysis and pairwise comparison
in Table S1, which represents the interaction between MOE treatment and accessions. The
AC57 accession recorded the greatest length (117 cm) under foliar application of MOE
(AC57 * WM), followed by AC29 under foliar application of MOE (AC29 * WM), with a
value of 113.53 cm. The barley accession AC1 under the control conditions (AC1 * WOM) is
the shortest of the 59 barley accessions, with a length of 51.27 cm.
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Table 2. Summary of analysis of variance of different studied traits.

Accessions Foliar MOE Application Replications
Accessions * Foliar MOE

Application

Traits F Pr > F F Pr > F F Pr > F F Pr > F

PH (cm) 275.81 ** <0.0001 734.81 ** <0.0001 6.14 ** 0.00 49.32 ** <0.0001
LA (cm2) 31.17 ** <0.0001 298.34 ** <0.0001 1.14 ns 0.32 7.16 ** <0.0001

TCC (SPAD) 10.45 ** <0.0001 18.73 ** <0.0001 0.69 ns 0.50 4.02 ** <0.0001
TNP 14.38 ** <0.0001 28.57 ** <0.0001 3.76 ns 0.02 2.96 ** <0.0001
SNP 12.08 ** <0.0001 19.73 ** <0.0001 2.89 ns 0.06 2.75 ** <0.0001

SL (cm) 24.03 ** <0.0001 2.25 ns 0.13 3.45 * 0.03 3.59 ** <0.0001
AL (cm) 28.35 ** <0.0001 47.22 ** <0.0001 0.19 ns 0.83 9.28 ** <0.0001
SW (g) 143.52 ** <0.0001 70.28 ** <0.0001 30.78 ** <0.0001 12.39 ** <0.0001

SNS 3177.67 ** <0.0001 3933.46 ** <0.0001 39.11 ** <0.0001 183.40 ** <0.0001
SWS (g) 775.22 ** <0.0001 501.80 ** <0.0001 28.52 ** <0.0001 61.80 ** <0.0001

1000-KW (g) 57.82 ** <0.0001 71.49 ** <0.0001 57.73 ** <0.0001 10.59 ** <0.0001
TY (g) 20.62 ** <0.0001 49.56 ** <0.0001 0.04 * 0.96 1.78 ** 0.00

STW (g) 869.77 ** <0.0001 2162.29 ** <0.0001 0.04 * 0.96 79.23 ** <0.0001

PH: plant height, LA: leaf area, TCC: total chlorophyll content, TNP: number of the tillers per plant, SNP: number
of the spikes per plant, SL: spike length, AL: awan length, SW: spike weight, SNS: number of seeds per spike,
SWS: seed weight per spike, 1000-KW: 1000-kernel weight, TY: total yield per plot, and STW: straw weight per
plot. *: indicates a significant difference at the 0.05 level, **: indicates a highly significant variation at the 0.01 level.
NS: denotes a non-significant variation.

Table 3. Pairwise comparisons (Duncan) of different studied characteristics under treatment with
MOE (WM) versus control conditions (WOM).

Characteristics Foliar Application Mean ± Standard Error

PH (cm) WOM 86.30 b ± 0.89
WM 90.95 a ± 0.89

LA (cm2)
WOM 10.62 b ± 0.18
WM 12.31 a ± 0.18

TCC (SPAD) WOM 11.12 b ± 0.31
WM 12.21 a ± 0.31

TNP
WOM 15.71 b ± 0.55
WM 17.94 a ± 0.56

SNP
WOM 12.29 b ± 0.41
WM 13.78 a ± 0.42

SL (cm) WOM 5.88 b ± 0.08
WM 5.97 a ± 0.11

AL (cm) WOM 11.15 b ± 0.14
WM 11.62 a ± 0.11

SW (g) WOM 1.89 b ± 0.05
WM 2.01 a ± 0.05

SNS
WOM 33.50 b ± 0.99
WM 37.06 a ± 0.89

SWS (g) WOM 1.57 b ± 0.05
WM 1.68 a ± 0.04

1000-KW (g) WOM 47.52 a ± 0.47
WM 45.82 b ± 0.52

TY (g) WOM 111.61 b ± 6.16
WM 138.83 a ± 5.21

STW (g) WOM 352.99 b ± 11.78
WM 412.92 a ± 11.05

PH: plant height, LA: leaf area, TCC: total chlorophyll content, TNP: number of the tillers per plant, SNP: number
of the spikes per plant, SL: spike length, AL: awan length, SW: spike weight, SNS: number of seeds per spike,
SWS: seed weight per spike, 1000-KW: 1000-kernel weight, TY: total yield per plot, STW: straw weight per plot.
WOM: control (without application of moringa organ extract), WM: with application of moringa organ extract.
Any values of means with the same letter in the same column are not significant according to Duncan’s multiple
range test at p ≤ 0.05.
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Table 4. Mean pairwise comparison between 59 barley accessions for three growth traits under
treatment with MOE and control condition.

Accessions PH (cm) LA (cm2) TCC (SPAD) Accessions PH (cm) LA (cm2) TCC (SPAD)

AC1 52.17 ae ± 0.46 14.42 cde ± 0.62 15.17 c–h ± 1.29 AC31 89.13 p–s ± 1.21 11.55 l–r ± 1.15 14.67 d–i ± 0.87
AC2 78.60 y ± 4.07 10.78 p–u ± 0.62 15.47 c–e ± 1.36 AC32 94.13 i–l ± 0.47 10.53 q–v ± 0.75 12.12 g–p ± 1.26
AC3 74.90 z ± 2.61 11.15 m–t ± 0.31 10.58 l–t ± 1.14 AC33 94.13 jkl ± 0.40 9.93 t–w ± 0.44 8.62 q–v ± 0.82
AC4 81.30 wx ± 3.36 12.15 i–o ± 0.78 10.40 l–t ± 0.65 AC34 96.23 ghi ± 2.07 10.02 s–w ± 0.55 8.88 p–v ± 0.79
AC5 65.90 ac ± 2.41 12.18 i–n ± 0.47 10.75 k–t ± 1.91 AC35 90.70 n–q ± 1.86 10.41 r–v ± 1.27 17.80 abc ± 0.90
AC6 62.93 ad ± 4.68 12.30 i–m ± 0.51 13.48 d–l ± 1.41 AC36 87.57 stu ± 0.60 6.91 z ± 0.93 9.25 o–v ± 0.69
AC7 93.67 jkl ± 3.95 15.07 cd ± 0.50 13.10 d–m ± 1.09 AC37 89.50 p–s ± 0.50 8.38 xy ± 0.27 8.63 q–v ± 1.32
AC8 67.83 ab ± 0.28 12.89 f–k ± 0.70 12.45 f–o ± 0.96 AC38 93.03 klm ± 1.65 11.04 m–t ± 0.61 7.40 tuv ± 0.67
AC9 88.40 rst ± 1.62 10.90 n–t ± 0.70 12.02 g–p ± 1.09 AC39 79.97 xy ± 2.91 12.30 i–m ± 0.48 16.23 bcd ± 4.45

AC10 80.27 xy ± 3.97 11.77 k–q ± 0.58 11.22 j–r ± 0.62 AC40 89.23 p–s ± 0.66 9.58 uvw ± 0.36 12.05 g–p ± 1.26
AC11 89.13 p–s ± 6.12 16.18 ab ± 0.69 11.90 h–q ± 1.11 AC41 72.73 aa ± 1.74 13.61 e–h ± 0.26 12.03 g–p ± 0.79
AC12 89.60 p–s ± 1.44 10.14 s–w ± 0.28 11.33 i–q ± 0.73 AC42 74.40 zaa ± 2.10 12.84 g–k ± 0.49 8.97 p–v ± 0.48
AC13 92.63 lmn ± 0.31 10.86 o–t ± 0.41 11.13 k–r ± 0.89 AC43 89.57 p–s ± 1.96 9.57 uvw ± 0.36 19.80 a ± 2.75
AC14 92.90 klm ± 0.65 11.26 m–s ± 0.65 12.93 e–m ± 0.97 AC44 91.13 m–p ± 1.89 8.34 xy ± 0.23 10.67 i–t ± 1.16
AC15 98.43 ef ± 1.69 15.36 bc ± 0.97 11.15 k–r ± 0.73 AC45 94.93 ijk ± 1.73 9.29 vwx ± 0.26 9.37 n–v ± 1.26
AC16 100.10 de ± 2.41 14.91 cd ± 1.12 12.87 e–m ± 1.66 AC46 82.83 w ± 2.02 11.16 m–t ± 0.78 10.90 k–s ± 0.94
AC17 95.77 g–j ± 0.57 11.28 m–s ± 0.95 15.37 c–g ± 1.51 AC47 88.50 rst ± 2.17 10.25 s–w ± 0.89 7.85 r–v ± 0.63
AC18 85.27 v ± 3.63 10.93 n–t ± 0.26 7.47 tuv ± 0.80 AC48 92.50 l–o ± 2.90 12.13 i–o ± 0.70 8.62 q–v ± 0.67
AC19 74.40 zaa ± 0.40 14.09 def ± 0.54 10.27 l–u ± 0.55 AC49 92.17 o ± 2.28 11.14 m–t ± 0.27 8.63 q–v ± 1.25
AC20 75.00 z ± 0.64 10.50 q–v ± 0.55 7.62 s–v ± 1.20 AC50 99.43 e ± 1.59 9.07 wx ± 0.82 12.13 g–p ± 0.81
AC21 102.60 bc ± 3.23 12.64 h–l ± 0.66 13.12 d–m ± 0.46 AC51 97.20 fgh ± 3.46 16.61 a ± 0.93 14.12 d–k ± 1.20
AC22 86.60 tuv ± 0.70 11.86 j–p ± 0.53 12.68 f–n ± 1.06 AC52 92.23 l–o ± 0.73 11.17 m–t ± 0.45 12.07 g–p ± 0.86
AC23 82.37 w ± 3.57 8.22 xy ± 0.25 7.60 s–v ± 0.64 AC53 86.03 uv ± 0.61 10.54 q–v ± 0.59 8.85 p–v ± 1.16
AC24 95.43 g–j ± 0.32 7.80 yz ± 0.35 7.02 uv ± 1.13 AC54 88.90 qrs ± 0.52 7.59 yz ± 0.21 8.60 q–v ± 0.21
AC25 100.00 de ± 0.81 11.90 j–p ± 0.91 11.43 i–q ± 1.62 AC55 104.03 b ± 0.35 9.39 vwx ± 0.41 16.10 b–e ± 0.56
AC26 86.57 tuv ± 1.36 9.92 t–w ± 1.33 9.77 m–v ± 1.23 AC56 109.30 a ± 0.53 13.33 e–i ± 0.31 14.53 d–j ± 1.69
AC27 89.20 p–s ± 2.81 10.78 p–u ± 0.59 6.67 v ± 0.43 AC57 110.03 a ± 4.36 13.96 d–g ± 0.37 12.42 f–o ± 1.26
AC28 97.30 fg ± 2.67 12.01 j–p ± 1.59 20.27 a ± 1.84 AC58 90.47 o–r ± 1.98 13.53 e–h ± 0.38 9.78 m–v ± 0.68
AC29 101.60 cd ± 5.34 11.73 k–q ± 0.45 10.53 l–t ± 1.01 AC59 92.87 klm ± 1.47 13.09 f–j ± 0.12 12.57 f–o ± 0.44
AC30 95.17 hij ± 0.62 13.31 e–I ± 0.98 18.78 ab ± 1.34

PH: plant height, LA: leaf area, TCC: total chlorophyll content. According to Duncan’s multiple range test at
p ≤ 0.05, any mean values with a common letter in the same column are not considered significant. The values
are represented by the mean ± standard error.

Analysis of variance and mean comparisons between the WM and WOM groups
revealed that the WM group had the greatest leaf area (12.31 cm2) (Table 3). The barley
accessions with the highest measurement of this trait were AC51, with a value of 16.61 cm2,
AC11, with a value of 16.18 cm2, and AC15, with a value of 15.36 cm2. AC36 was the
least productive barley accession (6.91 cm2), followed by AC54 (7.59 cm2) and AC24 (7.80
cm2). In the presence of foliar application of moringa, the interaction results revealed that
AC51 under MOE application (AC51 * WM) produced the highest measurement (18.48
cm2), followed by AC11 and AC15 under MOE treatment (AC11 * WM and AC15 * WM),
with values of 17.43 and 17.40 cm2, respectively, while AC36 under control conditions
(AC36 * WOM) produced the lowest measurement (4.85 cm2) for this trait (Table S1).

The SPAD meter CCM-200 was used to measure the total chlorophyll content (TCC) of
barley flag leaves in our study. Significant differences were observed for this trait between
WM and WOM (Table 2). The value of TCC was greatest at the WM plant (12.21 SPAD).
The mean pairwise comparison analysis of significant variation among barley accessions, as
expressed in Table 3, revealed that barley accession AC28 had the highest TCC value (20.27
SPAD) compared to the other barley accessions studied, whereas barley accession AC27 had
the lowest TCC value (6.67 SPAD) (Table 4). As shown in Table S1, significant interaction
effects were observed for the investigated trait between the treatment applications of
moringa and barley accessions. This trait contributed significantly more to the interaction
of AC39 under MOE application (AC39 * WM, 26.0 SPAD) than AC20 under control
conditions (AC20 * WOM, 5.07 SPAD).
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3.2. Contributing Yield Traits’ Performance in the Presence of Moringa Organ Extract

In our experiment regarding the foliar effect of moringa plant extract (MOE), significant
differences were observed between the untreated and treated groups for all yield-related
traits except for the 1000-kernel weight (1000-KW) trait (Table 2, Table 3 and Table 6,
and Supplementary Materials). The highest value (17.94) of the number of tillers per
plant (TNP) was stated by the plants treated by the MOE (Table 3). Furthermore, the mean
pairwise comparison between barley accessions revealed significant variation for all studied
characteristics (Table 5). The results demonstrated that the barley accession AC47 had the
greatest number of tillers (30.83). In contrast, barley accession AC7 had the lowest number
of tillers per plant (5.67). According to Table S2 in Supplementary Materials, the mean
pairwise comparison for the interaction of accession and MOE treatment revealed that
AC47 had the highest tiller number per plant (37.33) in the presence of moringa application
(AC47 * WM). In contrast, the AC7 accession recorded the lowest value (5.33), when the
same treatment was not applied (AC7 * WOM).

Table 5. Mean pairwise comparison between 59 barley accessions for number of the tillers per plant,
number of the spikes per plant, spike length, awan length, and spike weight traits after application of
moringa plant extract.

Accessions TNP SNP SL (cm) AL (cm) SW (g)

AC1 7.67 x–ab ± 0.33 5.67 r–u ± 0.49 4.42 v–y ± 0.20 10.86 n–u ± 0.19 1.94 jk ± 0.09
AC2 6.83 z–ab ± 0.31 6.00 r–u ± 0.58 6.85 d–i ± 0.27 12.62 d–g ± 0.50 2.30 e ± 0.37
AC3 6.17 aaab ± 0.75 4.00 u ± 0.52 3.79 y ± 0.07 12.43 d–h ± 0.45 1.84 l ± 0.12
AC4 9.50 w–ab ± 1.06 6.67 q–u ± 1.20 6.22 h–n ± 0.31 12.19 e–j ± 0.71 2.30 e ± 0.07
AC5 7.00 z–ab ± 0.68 5.17 stu ± 0.79 4.69 t–x ± 0.36 13.14bcd ± 0.45 1.61 rs ± 0.09
AC6 7.50 y–ab ± 0.67 5.33 stu ± 0.76 4.89 s–w ± 0.20 13.13bcd ± 0.65 1.64 qr ± 0.07
AC7 5.67 ab ± 0.71 4.33 tu ± 0.49 5.69 m–r ± 0.52 10.19 r–x ± 0.40 1.53 t ± 0.11
AC8 11.33 r–aa ± 2.04 9.17 n–s ± 2.18 4.78 t–x ± 0.18 12.37 d–i ± 0.53 1.67 pq ± 0.08
AC9 10.00 u–ab ± 1.29 7.83 p–u ± 1.40 4.26 wxy ± 0.12 12.10 e–k ± 0.26 2.07 i ± 0.07

AC10 10.67 t–ab ± 0.80 7.83 p–u ± 0.60 5.85 l–r ± 0.46 11.02 m–r ± 0.07 2.15 g ± 0.23
AC11 9.83 v–ab ± 1.54 7.33 p–u ± 1.48 4.90 s–w ± 0.17 12.67 d–g ± 0.41 1.83 lm ± 0.07
AC12 11.00 s–ab ± 1.00 8.33 o–t ± 0.71 5.13 q–v ± 0.23 11.11 l–q ± 0.25 1.78 mn ± 0.06
AC13 12.17 o–z ± 2.24 10.50 l–q ± 1.82 4.72 t–x ± 0.09 12.28 d–j ± 0.39 2.63 c ± 0.08
AC14 11.33 r–aa ± 1.09 8.33 o–t ± 1.26 4.91 s–w ± 0.11 12.43 d–h ± 0.18 2.21 f ± 0.06
AC15 14.33 l–w ± 1.28 11.67 h–p ± 1.05 5.29 p–u ± 0.51 14.10 a ± 0.88 1.96 jk ± 0.17
AC16 12.67 n–y ± 1.28 11.33 i–p ± 1.17 5.70 m–r ± 0.24 13.87 ab ± 0.36 2.11 hi ± 0.06
AC17 17.67 h–o ± 1.78 15.33 c–i ± 1.82 4.65 t–x ± 0.24 11.70 h–n ± 0.19 2.04 j ± 0.07
AC18 16.33 i–s ± 1.67 10.50 i–q ± 0.56 4.18 wxy ± 0.17 9.54 x–ab ± 0.20 1.85 l ± 0.17
AC19 13.00 m–x ± 2.21 9.83 m–r ± 1.62 4.58 u–x ± 0.17 10.99 m–s ± 0.16 1.98 jk ± 0.06
AC20 16.67 h–r ± 2.40 12.50 g–o ± 1.84 6.63 f–l ± 0.22 11.81 g–m ± 0.28 1.07 yz ± 0.06
AC21 11.67 q–z ± 1.71 10.83 j–q ± 1.72 7.51 bcd ± 0.24 14.49 a ± 0.27 2.71 b ± 0.08
AC22 11.67 q–z ± 0.71 8.83 o–s ± 0.87 4.09 xy ± 0.08 12.20 e–j ± 0.16 1.94 jk ± 0.09
AC23 18.17 g–n ± 1.14 13.17 f–n ± 1.25 7.28 c–f ± 0.28 9.33 y–ab ± 0.11 1.03 z ± 0.06
AC24 16.17 i–s ± 1.74 12.67 g–o ± 0.99 6.66 f–k ± 0.22 9.92 w–aa ± 0.27 1.17 x ± 0.06
AC25 20.83 d–j ± 2.07 16.00 b–h ± 1.84 7.35 b–f ± 0.31 13.94 a ± 0.86 1.44 u ± 0.08
AC26 19.83 d–l ± 1.17 13.83 d–m ± 1.45 6.44 g–m ± 0.19 10.93 n–t ± 0.58 1.04 yz ± 0.06
AC27 24.83 bcd ± 2.87 17.67 b–f ± 2.46 6.34 g–n ± 0.20 11.66 h–n ± 0.36 1.21 wx ± 0.06
AC28 21.67 c–i ± 3.56 19.17 abc ± 3.38 6.22 h–h ± 0.16 12.11 e–k ± 1.00 1.43 u ± 0.07
AC29 20.17 d–k ± 1.66 15.17 c–j ± 1.45 7.36 b–f ± 0.36 12.79 def ± 0.78 1.56 st ± 0.17
AC30 17.17 h–q ± 2.30 15.17 c–j ± 1.85 8.50 a ± 0.06 13.72 abc ± 0.55 1.63 qr ± 0.07
AC31 16.00 j–t ± 1.39 13.83 d–m ± 1.35 5.87 k–q ± 0.13 11.41 j–o ± 0.62 1.32 v ± 0.06
AC32 17.00 h–q ± 1.39 15.00 c–k ± 0.93 8.03 ab ± 0.21 10.45 p–w ± 0.43 1.25 w ± 0.08
AC33 19.50 d–l ± 1.26 15.17 c–j ± 1.08 6.28 g–n ± 0.14 9.96 v–aa ± 0.27 0.89 ab ± 0.06
AC34 26.33 abc ± 3.66 15.67 c–i ± 2.40 7.96 abc ± 0.16 10.07 t–z ± 0.48 1.09 y ± 0.06
AC35 17.50 h–p ± 2.40 14.33 d–l ± 1.23 6.03 j–p ± 0.35 10.46 p–w ± 0.92 2.14 g ± 0.10
AC36 19.67 d–l ± 3.76 17.50 b–f ± 2.97 5.79 m–r ± 0.15 10.40 q–x ± 0.35 1.44 u ± 0.07
AC37 24.00 b–f ± 3.01 20.17 ab ± 2.18 6.35 g–n ± 0.25 10.71 o–w ± 0.17 1.22 wx ± 0.12
AC38 26.17 abc ± 2.20 22.33 a ± 1.41 6.39 g–n ± 0.31 10.01 u–aa ± 0.21 1.10 y ± 0.10
AC39 20.00 d–l ± 1.15 18.00 b–e ± 0.89 6.13 i–o ± 0.03 11.95 f–l ± 0.42 1.22 wx ± 0.06
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Table 5. Cont.

Accessions TNP SNP SL (cm) AL (cm) SW (g)

AC40 15.17 k–v ± 1.96 13.67 e–m ± 1.56 6.41 g–n ± 0.08 12.43 d–h ± 0.36 1.33 v ± 0.06
AC41 19.83 d–l ± 2.50 16.33 b–g ± 1.82 7.42 b–e ± 0.40 11.31 k–p ± 0.48 1.05 yz ± 0.09
AC42 19.33 e–l ± 1.74 15.83 b–h ± 1.49 7.03 d–g ± 0.26 10.85 n–v ± 0.23 1.32 v ± 0.07
AC43 17.00 h–q ± 1.73 15.67 c–i ± 1.17 4.20 wxy ± 0.13 10.17 r–y ± 0.21 2.18 fg ± 0.06
AC44 28.00 ab ± 2.89 18.33 a–d ± 1.80 6.14 h–o ± 0.16 9.19 aaab ± 0.10 0.85 ab–ac ± 0.06
AC45 18.33 g–m ± 1.36 13.83 d–m ± 1.17 7.04 d–g ± 0.21 9.29 z–ab ± 0.23 1.19 wx ± 0.08
AC46 28.17 ab ± 1.70 19.17 abc ± 1.47 6.91 d–h ± 0.23 10.73 o–w ± 0.49 0.96 aa ± 0.10
AC47 28.50 ab ± 4.70 20.17 ab ± 2.87 5.09 r–v ± 0.14 9.29 z–ab ± 0.29 0.66 a–d ± 0.06
AC48 30.83 a ± 1.89 18.33 a–d ± 0.92 5.62 n–s ± 0.12 10.75 o–w ± 0.74 0.70 a–d ± 0.06
AC49 15.00 k–v ± 1.63 10.67 k–q ± 0.92 4.19 wxy ± 0.06 10.73 o–w ± 0.25 2.12 gh ± 0.06
AC50 19.17 e–l ± 1.80 15.00 c–k ± 1.91 5.19 q–u ± 0.12 10.46 p–w ± 0.54 1.70 op ± 0.06
AC51 12.00 p–z ± 1.15 8.50 o–t ± 0.62 6.04 j–p ± 0.27 12.59 d ± 0.25 1.91 k ± 0.11
AC52 24.33 b–d ± 2.70 16.50 b–g ± 1.06 6.73 e–j ± 0.33 9.46 y–ab ± 0.24 0.91 aaab ± 0.07
AC53 23.33 b–g ± 2.30 16.67 b–g ± 1.15 5.77 m–r ± 0.20 9.92 w–aa ± 0.28 0.82 ac ± 0.10
AC54 18.83 f–l ± 1.82 14.83 c–l ± 1.14 7.86 abc ± 0.54 10.12 s–z ± 0.12 1.31 v ± 0.10
AC55 17.00 h–q ± 1.06 14.33 d–l ± 0.88 6.08 i–o ± 1.09 11.50 i–o ± 0.32 2.45 d ± 0.20
AC56 22.00 c–h ± 1.63 17.00 b–g ± 1.93 5.63 n–s ± 0.38 10.99 m–s ± 0.15 1.76 no ± 0.12
AC57 15.33 j–u ± 0.88 12.50 g–o ± 0.76 6.38 g–n ± 0.12 8.95 ab ± 0.17 1.97 jk ± 0.14
AC58 16.67 h–r ± 1.84 14.50 d–l ± 1.65 5.77 m–r ± 0.09 12.87 de ± 0.24 2.31 e ± 0.06
AC59 18.17 g–n ± 2.61 15.17 c–j ± 1.96 5.36 o–t ± 0.15 12.98 cde ± 0.16 3.22 a ± 0.14

TNP: number of the tillers per plant, SNP: number of the spikes per plant, SL: spike length, AL: awan length,
SW: spike weight. Any values of means containing the same letter in the same column are insignificant. The
values are depicted by the mean ± standard error.

The number of spikes per plant (SNP) in this experiment varied between 12.29 (WOM)
and 13.78 (WM) (Table 3). The SNP for barley accessions AC38 and AC3 was 22.33 and 4,
respectively (Table 5). On the other hand, the same method of mean pairwise comparison
was used to observe the effect of moringa treatment and determine its interaction with
the examined barley accessions (Table S1). The barley accession AC28 had a higher SNP
(25.33) under MOE treatment (AC28 * WM) than AC3, which had only three spikes per
plant under control conditions (AC3 * WOM).

The maximum value (5.97 cm) of the spike length (SL) was recorded under the appli-
cation of MOE (WM), as determined by a mean comparison between the levels of foliar
treatment (Table 3). The mean comparison of the evaluated barley accessions revealed that
AC30, with a length of 8.50 cm, had the highest SL, followed by AC32 and AC34, with
lengths of 8.03 cm and 7.96 cm, respectively. In contrast, AC3, AC22, and AC18 are the
shortest barley accessions for the SL trait, with respective values of 3.79, 4.09, and 4.18 cm
(Table 5). The mean pairwise comparison of the SL between foliar application of moringa
and accessions revealed a significant improvement in their interactions (Table S2). The bar-
ley accession with the best performance was AC54 under control conditions (AC54 * WOM),
with a length of 8.97 cm, followed by AC30 under MOE application (AC30 * WM), with a
length of 8.53 cm. As shown in Table S2, barley accession AC3 had the shortest SL in both
levels (with and without MOE treatment), with values of 3.78 and 3.81 cm, respectively.

According to our analysis, the greatest awn length (AL) was found when MOE was
applied (Table 3). In terms of AL, accessions AC21 (14.49 cm), AC15 (14.10 cm), and
AC25 (13.94 cm) performed better than the remaining examined accessions. AC57 had
the shortest length measurement (8.95 cm), followed by AC44 (9.19 cm), AC45, and AC47,
with the same value (9.29 cm) (Table 5). Similarly, the mean pairwise comparison of the
interaction between barley accessions and treatment status revealed that accessions AC15,
AC25, and AC21 exhibited the highest levels of AL under MOE application, with values
of 15.94, 15.76, and 15.02 cm, respectively. In the absence of moringa application, AC35
had the shortest AL, followed by AC57 and AC47, with values of 8.46, 8.71, and 8.81 cm,
respectively (Table S2).

The application of moringa organ extract (WM) increased spike weight by 2.01 g in
comparison to the control group (WOM), which is another significant finding of this study
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(Table 3). AC59, with a value of 3.74 g, had the heaviest spikes, followed by AC13 (3.27 g)
and AC21 (3.27 g). The mean pairwise comparison between the studied barley accessions
for this investigated trait, as presented in (Table 5), exhibited that AC13 (3.27 g) and AC21
(3.27 g) had the lowest spike weight. In contrast, the three barley accessions AC47, AC48,
and AC53 performed the worst in terms of spike weight, with respective values of 0.77,
0.81, and 0.97 g. As documented in Table S2, the mean pairwise comparison for detecting
the influence of MOE applications and their interaction with the studied barley accessions
revealed significant impacts. Barley accession AC59 (4.03 g) with moringa application
(WM) performed the best, followed by AC2 (3.57 g) and AC55 (4.03 g) (3.45 g). In contrast,
the absence of MOE application (WOM) significantly decreased the weight of this trait. For
instance, AC47, AC53, and AC48, with respective values of 0.77, 0.79, and 0.81g, had the
lowest spike weights.

The application of MOE had a substantial influence on the number of seeds per spike
(SNS). The WM group demonstrated the greatest statistical significance for SNS (37.06)
(Table 3). The mean pairwise comparison between barley accessions varied considerably,
as demonstrated in Table 6. Barley accessions AC59, AC21, and AC13 had greater seed
numbers, with values of 65.72, 56.83, and 54.83, compared to barley accessions AC47, AC52,
and AC48, which all had lower grain per spike, with values of 18.22, 19.78, and 19.98,
respectively. As shown in Table S2, when the data for this trait were analyzed to observe
the interaction between foliar application and barley accessions, significant differences
were discovered. In both conditions (WOM and WM), the AC59 produced the most seeds
per spike, with values of 72.11 and 59.33, respectively. In addition to AC59, the barley
accession AC13 with foliar treatment displayed a high seed number per spike, of 57.78.
In contrast, the absence of MOE treatment significantly reduced the number of seeds per
spike, as shown in Table 6 for barley accessions AC53, AC47, and AC48, with values of
17.22, 17.78, and 19.22, respectively.

Table 6. Mean pairwise comparison between 59 barley accessions for number of seeds per spike,
seed weight per spike, 1000-kernel weight, total yield per plot, and straw weight per plot traits after
application of moringa plant extract based on Duncan’s multiple range test at p ≤ 0.05.

Accessions SNS SWS (g) 1000-KW (g) TY (g) STW (g)

AC1 38.28 r ± 1.68 2.60 ef ± 0.08 50.60 f–i ± 0.68 45.73 u–z ± 7.26 160.26 ae ± 11.94
AC2 40.83 p ± 5.64 2.75 de ± 0.27 57.30 b ± 1.56 72.64 q–y ± 6.93 232.70 ab–ac ± 6.71
AC3 42.72 n ± 0.66 2.05 k–n ± 0.03 43.17 t–w ± 0.52 15.83 z ± 1.49 72.52 ag ± 12.04
AC4 51.89 e ± 0.68 2.84 d ± 0.06 44.30 q–u ± 0.65 55.97 s–z ± 7.50 191.55 ad ± 5.95
AC5 36.06 s ± 3.61 2.17 jk ± 0.13 45.13 o–t ± 1.18 27.30 yz ± 6.85 136.53 af ± 9.53
AC6 40.06 q ± 2.17 1.97 l–o ± 0.03 41.44 v–y ± 1.83 37.68 v–z ± 5.08 127.74 af ± 3.03
AC7 41.89 o ± 1.16 1.93 mno ± 0.05 36.59 ab–ac ± 0.56 30.36 w–z ± 6.13 127.80 af ± 11.48
AC8 38.89 r ± 2.05 1.93 mno ± 0.04 43.40 s–v ± 1.51 86.25 n–v ± 13.62 230.76 ac ± 22.30
AC9 48.33 h ± 1.07 2.42 ghi ± 0.05 42.84 t–x ± 0.48 118.05 j–r ± 9.36 292.31 yz ± 16.57

AC10 43.44 lm ± 3.48 2.57 fg ± 0.20 49.18 g–m ± 0.87 79.82 o–x ± 11.02 246.47 ab ± 18.27
AC11 38.44 r ± 0.73 2.22 jk ± 0.03 47.83 j–n ± 1.62 97.26 l–t ± 20.22 274.39 aa ± 37.48
AC12 41.06 p ± 2.47 2.21 jk ± 0.04 43.96 r–v ± 1.93 29.66 xyz ± 6.21 126.24 af ± 12.93
AC13 54.83 c ± 1.33 3.27 b ± 0.03 48.12 i–n ± 0.94 198.89 def ± 21.13 452.80 lmn ± 9.33
AC14 46.06 j ± 3.36 2.50 fgh ± 0.04 48.95 h–m ± 2.83 133.30 i–n ± 8.46 410.97 st ± 3.97
AC15 44.00 kl ± 0.29 2.40 ghi ± 0.06 44.61 p–u ± 1.69 129.55 i–o ± 17.29 367.80 vw ± 37.26
AC16 48.00 hi ± 0.41 2.45 f–i ± 0.04 44.04 r–u ± 0.54 203.69 def ± 20.39 484.32 j ± 7.02
AC17 44.28 k ± 1.04 2.49 f–i ± 0.08 46.01 n–r ± 0.94 209.53 cde ± 28.96 464.93 l ± 12.39
AC18 47.67 i ± 0.54 2.10 klm ± 0.12 38.62 z–ab ± 2.18 51.22 t–z ± 1.00 227.47 ac ± 43.00
AC19 53.44 d ± 1.16 2.20 jk ± 0.02 37.06 aa–ac ± 0.81 94.34 l–u ± 7.42 300.77 xy ± 10.50
AC20 23.39 xy ± 0.31 1.28 uvw ± 0.02 45.92 n–s ± 0.94 104.01 l–s ± 11.16 310.36 x ± 3.70
AC21 56.83 b ± 2.17 3.23 b ± 0.11 47.67 k–o ± 0.37 202.32 def ± 21.99 479.92 jk ± 17.12
AC22 41.22 p ± 0.87 2.19 jk ± 0.06 47.02 l–p ± 0.64 140.83 g–m ± 12.52 376.85 uv ± 5.25
AC23 19.98 ac ± 0.54 1.34 u ± 0.08 51.64 efg ± 4.53 86.46 n–v ± 15.12 360.14 w ± 33.58
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Table 6. Cont.

Accessions SNS SWS (g) 1000-KW (g) TY (g) STW (g)

AC24 23.83 x ± 0.23 1.34 u ± 0.02 48.96 h–m ± 0.94 104.27 l–s ± 23.13 313.80 x ± 47.55
AC25 22.56 zaa ± 0.41 1.80 op ± 0.06 63.66 de ± 1.89 229.29 cd ± 21.18 726.23 b ± 18.39
AC26 23.67 xy ± 0.22 1.15 vwx ± 0.02 44.04 r–u ± 0.97 129.26 i–o ± 9.95 377.34 uv ± 14.31
AC27 23.06 yz ± 0.22 1.39 tu ± 0.03 52.37 def ± 1.17 158.37 f–k ± 14.82 409.17 st ± 37.01
AC28 25.17 w ± 0.47 1.72 pq ± 0.04 56.94 b ± 0.99 188.16 d–g ± 18.60 537.90 fg ± 7.03
AC29 27.50 u ± 2.07 1.89 no ± 0.12 56.59 b ± 1.02 184.63 d–g ± 25.17 539.63 f ± 30.43
AC30 31.83 t ± 0.56 2.00 lmn ± 0.05 51.13 e–h ± 0.86 255.06 bc ± 18.02 630.47 d ± 4.43
AC31 23.44 xy ± 0.78 1.69 pqr ± 0.02 56.63 b ± 1.63 189.66 d–g ± 16.10 509.07 h ± 17.00
AC32 24.94 w ± 0.61 1.61 qrs ± 0.04 49.89 g–k ± 0.93 167.30 e–j ± 24.20 440.33 nop ± 10.31
AC33 21.06 ab ± 0.25 1.05 xy ± 0.02 42.36 u–x ± 1.03 117.74 j–r ± 7.58 458.23 lm ± 16.21
AC34 23.78 x ± 0.73 1.26 uvw ± 0.03 46.01 n–r ± 1.04 122.67 j–q ± 21.88 467.58 kl ± 14.16
AC35 44.44 k ± 0.26 2.38 hi ± 0.04 48.22 i–n ± 1.01 134.22 i–n ± 15.98 499.93 hi ± 16.57
AC36 28.06 u ± 0.28 1.51 st ± 0.02 51.29 e–h ± 0.82 71.85 q–y ± 10.66 241.77 ab–ac ± 23.96
AC37 26.22 v ± 0.68 1.56 q–t ± 0.04 46.64 m–q ± 0.90 128.35 i–p ± 17.63 369.46 vw ± 45.64
AC38 22.11 aa ± 0.59 1.32 uv ± 0.07 49.41 g–l ± 1.91 119.29 j–r ± 14.87 415.43 rst ± 4.43
AC39 22.00 aa ± 0.26 1.52 rst ± 0.02 55.36 bc ± 1.12 180.20 d–h ± 39.55 485.06 j ± 68.21
AC40 24.61 w ± 0.31 1.68 p–s ± 0.02 54.07 cd ± 1.04 80.56 o–w ± 5.44 301.92 xy ± 1.74
AC41 23.61 xy ± 0.80 1.31 uv ± 0.06 44.41 q–u ± 1.46 114.09 k–r ± 21.49 423.04 qrs ± 22.18
AC42 26.56 v ± 0.63 1.60 qrs ± 0.05 49.56 g–l ± 0.93 101.83 l–t ± 9.89 314.77 x ± 21.00
AC43 49.83 g ± 0.25 2.45 f–i ± 0.06 43.64 r ± 1.14 212.27 cde ± 10.84 525.90 fg ± 7.04
AC44 21.00 ab ± 0.78 0.98 xy ± 0.03 40.81 w–z ± 1.29 83.43 n–v ± 10.48 437.39 opq ± 6.34
AC45 25.22 w ± 1.51 1.41 tu ± 0.04 47.59 k–o ± 1.68 144.53 g–l ± 16.38 427.37 pqr ± 32.25
AC46 22.50 zaa ± 0.90 1.13 wxy ± 0.07 42.52 u–x ± 1.76 92.38 m–u ± 13.76 449.60 mno ± 19.91
AC47 18.22 ad ± 0.29 0.77 z ± 0.02 36.46 ab–ac ± 1.25 69.57 r–y ± 12.16 368.86 vw ± 20.63
AC48 19.94 ac ± 0.39 0.81 z ± 0.02 35.01 ac ± 1.23 77.61 p–x ± 10.51 402.90 t ± 8.17
AC49 43.28 mn ± 0.31 2.40 ghi ± 0.02 49.07 h–m ± 0.58 155.21 f–k ± 16.41 490.05 ij ± 2.67
AC50 41.94 o ± 0.56 1.95 mno ± 0.02 40.65 x–z ± 0.69 213.84 cde ± 11.80 572.49 e ± 12.35
AC51 48.61 h ± 0.99 2.13 kl ± 0.05 39.21 y–aa ± 0.44 68.88 r–y ± 11.85 291.12 yz ± 5.14
AC52 19.78 ac ± 0.26 1.06 xy ± 0.03 46.06 n–r ± 2.06 70.26 r–y ± 7.23 367.29 vw ± 32.83
AC53 21.94 aa ± 2.12 0.97 y ± 0.07 37.90 aaab ± 1.39 61.91 s–z ± 9.42 371.47 vw ± 12.27
AC54 24.56 w ± 0.33 1.56 q–t ± 0.06 53.31 cde ± 3.09 92.70 m–u ± 11.22 284.98 zaa ± 9.37
AC55 51.39 e ± 1.38 3.03 c ± 0.19 47.30 k–o ± 2.45 337.47 a ± 42.52 741.59 a ± 16.77
AC56 40.83 p ± 0.52 2.21 jk ± 0.03 43.05 t–x ± 1.33 84.16 n–v ± 17.77 378.81 u ± 44.64
AC57 50.67 f ± 2.44 2.32 ij ± 0.12 38.67 z–ab ± 0.72 128.16 i–p ± 7.11 387.33 u ± 13.44
AC58 46.11 j ± 2.25 3.07 c ± 0.08 50.32 f–j ± 0.99 176.44 e–i ± 20.98 523.77 g ± 62.66
AC59 65.72 a ± 2.87 3.74 a ± 0.12 49.04 h–m ± 0.49 291.98 b ± 35.86 656.98 c ± 37.16

SNS: number of seeds per spike, SWS: seed weight per spike, 1000-KW: 1000-kernel weight, TY: total yield per plot,
and STW: straw weight per plot. Any means values in the same column with the same letter are not significant.
The mean ± standard error is used to represent the values.

With a value of 1.68 g, the seed weight per spike of all barley accessions significantly in-
creased in the presence of MOE (Table 3). The mean comparison of tested barley accessions
revealed that AC59 and AC47 had the highest and lowest values for this trait, respectively
(3.49 and 0.66 g) (Table 6). In terms of interaction with MOE, the seed weight per spike of
barley accessions studied exhibited the same response pattern as the barley accessions. The
values ranged from 3.49 to 0.66 g for the AC59 and AC47 samples, respectively (Table S2).

Analysis of the data showed significant negative effects of foliar MOE application for
1000-kernel weight (1000-KW) across all barley accessions (Table 3). In the absence of MOE
application, the highest value of 1000-KW (47.52 g) was measured. Among the evaluated
barley accessions, AC25 (63.66 g), AC2 (57.30 g), and AC28 (56.94 g) had the highest value
for the studied trait, followed by AC48 (35.01 g), AC47 (36.46 g), and AC7 (36.59 g) (Table 6).
The interaction between the evaluated barley accessions and the MOE application revealed,
with a value of 67.12 g, that AC25, with the absence of MOE application, performed
better than the other accessions for the trait under study. The AC48 accession under MOE
treatment, on the other hand, had a minimum 1000-KW value (33.82 g) (Table S2).

In response to the MOE application, positive significant results were obtained in the
analysis of total yield per plot (TY) and straw weight per plot (STW) performances (Table 3).
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The foliar MOE application yielded the highest value of TY, measuring 138.83 g. For TY,
AC55 outperformed the other barley accessions, followed by AC59 and AC30, with values
of 337.47, 291.98, and 255.06 g, respectively. Barley accession AC3 had the lowest value
(15.83 g), followed by AC5 (27.29 g) and AC12 (29.66 g) (Table 6). In the case of the treatment
interaction (MOE application) for the same studied trait, AC59 had the highest variability
in TY for its mean among the investigated accessions, with a value of 363.27 g under MOE
application. In contrast, AC5 record the lowest value of TY with a value of 12.24 g under
control conditions (WOM) (Table S2). Similarly, the greatest value of STW was stated under
MOE application across all accessions (Table 3). In the case of studying the STW, AC3
had the lowest value (72.51 g), followed by AC12 and AC6, with values of 126.24 and
136.54 g, respectively. AC55, on the other hand, verified the highest record with a value of
741.59 g. It was followed by the AC25 and AC59 barley accessions, with values of 726.23
and 656.98 g, respectively (Table 6). The interaction of barley accessions with MOE for STW,
on the other hand, revealed a wide range of variability, as stated in Table S2. In the absence
of a MOE application, AC3 had the lowest record of 45.62 g. Meanwhile, when compared
to the other barley accessions, AC25 had the highest value (764.32 g) in the presence of
MOE treatment.

3.3. Relationship among Various Accessions and Traits under Untreated and Treated Conditions

A heat map of pairwise correlations (two-side dendrogram) based on mean values
obtained from all measured traits in the presence and absence of moringa plant extract
was constructed to gain a better understanding of the relationships between studied barley
accessions and studied morphological traits (Figure 1). Despite the fact that six groups were
estimated in both cases, the barley accessions studied behaved and grouped differently.
The majority of barley accessions associated with studied traits clustered together in group
5 under control conditions, indicating that these barley accessions shared the same linkage
for the majority of the studied traits. Group 3 is considered the smallest group among
constructed clades because only three genotypes were clustered in this group (AC51,
AC56, and AC57), demonstrating that these barley accessions share similar associations
with investigated traits and are distinct from the remaining barley accessions studied.
The remaining barley accessions were classified into four groups (Figure 1A). However, a
different arrangement was observed in the case of foliar application of MOE, with significant
responses to this treatment by the studied barley accessions and its impacts on selected
morphological parameters. The largest group in the MOE treatment (Figure 1B) included
21 barley accessions. This group (Group 2) reacted similarly to the characteristics under
consideration. While two distinct barley accessions (AC59 and AC55) grouped together
and demonstrated a positive relationship with studied traits, they formed a distinct cluster
distinct from all other accessions, whereas the remaining barley accessions fell into other
distinct clusters.

To display the correlations between the various plant parameters, principal component
analysis (PCA) was performed on the experimental dataset for multifactorial comparison.
PCA was used to analyze all 13 measured morphological traits in both normal and treated
conditions. In both the control and treated conditions, PCA revealed that 59 different barley
accessions were clustered into four clades (Figure 2). Under normal conditions, the first
two factorial axes (F1, F2) account for 62.93% of the variance in the data. In the current MOE
foliar application, it represented 56.97% of the data variance. Under normal circumstances,
all measured traits were divided into two major clusters. Cluster 1 (upper left quarter)
included SNP, TNP, SL, PH, and 1000-KW, whereas Cluster 2 (upper right quarter) included
TY, TCC, AL, SWS, SW, LA, and SNS (Figure 2A). In relation to the distribution of barley
accessions, the PCA plot classified 59 barley accessions into four clades. Clade 1 (upper
left quarter) consisted of 11 barley accessions that are predominantly grown in the south of
Iraq, whereas clade 4 (lower right quarter), with a performance that differed from clade 1,
consisted of 14 barley accessions. In addition to these two clades, 16 accessions of studied
barley were distributed in clade 2 (upper right quarter). The traits studied contributed
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more positively to this clade, suggesting that this component reflected the yield potential
of each barley accession in this clade.

Figure 1. Dendrogram showing association among the 59 studied barley accessions and 13 measured
morphological traits under both untreated (control) condition (A) and moringa plant extract foliar
application (B). PH: plant height, LA: leaf area, TCC: total chlorophyll content, TNP: number of the
tiller per plant, SNP: number of the spike per plant, SL: spike length, AL: awan length, SW: spike
weight, SNS: number of seeds per spike, SWS: seed weight per spike, 1000-KW: 1000-kernel weight,
TY: total yield per plot, STW: straw weight per plot. The numbers (1–59) denote the barley accessions.
The number of formed groups ranges from Gr-1 to Gr-6.

In addition, the remaining 18 barley accessions, as shown in Figure 2A, belong to
clade 3 (bottom left quarter). This determines the genetic differences between those groups
that can be selected for crossing in the future breeding program, particularly in the case of
AC59 and AC47, in clades 2 and 3, and AC25 and AC1, in clades 1 and 4, respectively.

Regarding the analysis of PCA in the presence of foliar application of moringa extract,
distinct distribution patterns of barley accessions and studied traits can be observed when
compared to the untreated condition. As depicted in Figure 2B, nearly half of the studied
barley accessions are separated and evenly distributed between clades 1 and 2, with
13 accessions for each clade. In addition, clade 3 contained 17 barley accessions, in contrast
to clade 1, and the remaining 16 barley accessions remained in clade 4. The present study
found that studied traits had a strong correlation with barley accessions distributed across
clades 1 and 2, indicating that greater emphasis should be placed on these barley accessions
in order to boost final productivities in the presence of moringa plant extract. The attributed
differences between these accessions may be partially attributable to their distinct genetic
backgrounds and varied responses to the utilized application.
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Figure 2. Biplot diagram of principal component analyses based on the first and second components
for 59 barley accessions obtained from 13 morphological parameters under both control (A) and
foliar application of moringa organ extract (B). PH: plant height, LA: leaf area, TCC: total chlorophyll
content, TNP: number of the tiller per plant, SNP: number of the spike per plant, SL: spike length,
AL: awan length, SW: spike weight, SNS: number of seeds per spike, SWS: seed weight per spike,
1000-KW: 1000-kernel weight, TY: total yield per plot, STW: straw weight. The numbers (1–59)
represent the barley accessions.

The correlation coefficients measure the degree of similarity and dissimilarity between
two characteristics or variables, and the nature of the association between studied parame-
ters can be evaluated. From these mean values, Pearson correlations (r) of the studied traits
under control and MOE application conditions are calculated and displayed (Figure 3).
Under control conditions, a strong positive significant correlation (r = 0.97, p < 0.0001) was
observed between SW and SWS traits, followed by TNP and SNP (r = 0.94, p < 0.0001)
and SNS and SWS (r = 0.93, p < 0.0001), while weak positive significant associations were
observed between AL and TY (r = 0.26 *, p = 0.05), SW and TY (r = 0.30 *, p = 0.02), and
LA and TCC (r = 0.30 *, p = 0.02). A negative significant relationship (r = −0.27 *, p = 0.04)
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was observed between SNS and 1000-KW (Figure 3A). Concerning the correlations be-
tween investigated parameters following foliar application of moringa plant part extract.
Positive correlations among studied traits for the r value ranged between 0.98 and 0.27,
corresponding to the association between SW and SWS and SL and SNP. As depicted in
Figure 3B, a very robust positive significant association was found between SW and SWS
yield-related characteristics (r = 0.98, p < 0.0001), followed by the association between SNS
and SWS (r = 0.93, p < 0.0001) and TNP and SNP (r = 0.91, p < 0.0001), whereas a weak
positive linkage was found with a nearly identical pattern between SL and SNP (r = 0.28 *,
p = 0.03). A negative correlation between AL and TNP was observed (r = −0.37, p = 0.003).

Figure 3. Pearson correlation (r) between 13 morphological parameters in the untreated (A) and
treated (B) conditions with moringa organ extract. PH: plant height, LA: leaf area, TCC: total
chlorophyll content, TNP: number of the tillers per plant, SNP: number of the spikes per plant,
SL: spike length, AL: awan length, SW: spike weight, SNS: number of seeds per spike, SWS: seed
weight per spike, 1000-KW: 1000-kernel weight, TY: total yield per plot, STW: straw weight per plot.

3.4. Percentages of Increasing (Positive Value) and Decreasing (Negative Value) Index of Various
Traits among the Barley Accessions Utilized in This Study

A range of growth and yield traits are positively and negatively affected by MOE
application, with the ranges varying from −14.89% to 39.90%, −20.68% to 85.04%, −44.67%
to 302.06%, −38.78% to 137.14%, −34.92% to 37.75%, −32.14% to 44.25%, −45.90% to
192.86%, −26.21% to 85.84%, −15.68% to 89.37, −28.91% to 71.03%, −29.00% to 28.25%,
−57.19% to 246.12%, and −54.11% to 146.17%, for PH, LA, TCC, TNP, SL, AL, SNP, SW,
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SNS, SWS, 1000-KW, TY, and STW, respectively (Figure 4). As shown in Figure 4, the barley
accessions responded differently to MOE. The highest scores for PH, LA, TCC, TNP, SL, AL,
SNP, SW, SNS, SWS, 1000-KW, TY, and STW were, respectively, AC6, AC36, AC39, AC36,
AC5, AC28, AC8, AC2, AC2, AC2, AC18, AC5, and AC18. Among the growth and yield
traits studied, 1000-KW (−3.04%) was the most severely affected trait and was decreased
in the majority of barley accessions (Figure 5). The most significant increase was in the
TY (3.7.55%), which was followed by increases in the STW (22.29%), TNP (21.44%), and
SNP (21.36%).

Figure 4. The radar graph depicts the responses of various accessions to MOE treatment based on
growth and yield characteristics. PH: plant height, LA: leaf area, TCC: total chlorophyll content, TNP:
number of the tillers per plant, SNP: number of the spikes per plant, SL: spike length, AL: awan
length, SW: spike weight, SNS: number of seeds per spike, SWS: seed weight per spike, 1000-KW:
1000-kernel weight, TY: total yield per plot, STW: straw weight per plot. The numbers (1–59) represent
the barley accessions.

Figure 6 depicts a PCA analysis of the studied characteristics used to establish a
preliminary insight into the main distinction between barley accessions in relation to MOE
response. The PCA explained a total of 42.53% of the variance, with the first axis (F1)
accounting for 25.08% of the variation, and the second axis (F2) accounting for 17.45% of
the variation. The PCA biplot demonstrated clearly that accessions react differently to
MOE application. The PCA diagram classified all accessions into four distinct categories.
The first groups (upper-right quarter) and fourth group (lower-right quarter) comprised
the accessions that responded positively to MOE treatment and were deemed to have
the best performance under MOE application. In contrast, the accessions in the second
group (upper-left quarter) and third group (lower-left quarter) were deemed to have the
lowest performance under MOE treatment. Based on the TY and STW traits, AC5 and
AC18 accessions demonstrated the best performance, whereas AC2 and AC10 accessions
demonstrated the best performance for the SNS, SW, and SWS traits.
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Figure 5. Percentage responses (increasing or decreasing index) of various studied characteristics
across all accessions of barley under MOE application compared to control plants. PH: plant height,
LA: leaf area, TCC: total chlorophyll content, TNP: number of the tillers per plant, SNP: number of
the spikes per plant, SL: spike length, AL: awan length, SW: spike weight, SNS: number of seeds
per spike, SWS: seed weight per spike, 1000-KW: 1000-kernel weight, TY: total yield per plot, STW:
straw weight per plot. Positive and negative scores on the bars reflect the values of increasing and
decreasing traits, respectively.

Figure 6. PCA plot depicts the distribution of barley accessions and investigated characteristics based
on the percentage of responses under MOE application. PH: plant height, LA: leaf area, TCC: total
chlorophyll content, TNP: number of the tillers per plant, SNP: number of the spikes per plant,
SL: spike length, AL: awan length, SW: spike weight, SNS: number of seeds per spike, SWS: seed
weight per spike, 1000-KW: 1000-kernel weight, TY: total yield per plot, STW: straw weight per plot.
The numbers (1–59) represent the barley accessions.

3.5. Percentage of Positive and Negative Effects of MOE Application on the Studied Traits, Based
on the Responses of 59 Barley Accessions

Different patterns of responses by the barley accessions under the foliar application
of moringa plant parts were detected. As shown in Figure 7, the results confirmed that
the application used in our investigation increased all morphological studied parameters,
especially the yield traits, with the only exception of the 1000-KW trait. Regarding the
analysis for displaying the percentage response by all barley accessions in the case of
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conducting such a foliar application, the overall view of responses for plant height trait,
as shown in Figure 4, indicated the huge impact of such a treatment on the studied barley
accession, in which 68% of the accession responded positively in their height to MOE
application. Similarly, 83% of accessions demonstrated a positive effect of MOE on leaf area.
Regarding the positive responses by barley accessions in total chlorophyll content (TCC),
64% of accessions were detected. Sixty-three percent of barley accessions were documented
as having positive awn length (AL) responses. In addition, more than half of the barley
accessions responded positively to moringa extract application for the spike length (SL)
parameters. A progressive response was observed for the other three traits, namely tiller
number per plant (TNP), total yield (TY), and straw weight (STW), in which three-quarters
of the tested barley accessions responded positively to foliar application of moringa. In
addition to the previous parameters, the other two traits, spike number per plant (SNP) and
seed weight/spike (SWS), responded positively in 69% of barley accessions. For 1000-KW
traits, 31% of barley accessions responded positively to foliar application.

Figure 7. Illustration of the proportion of positive and negative effects of MOE application on the
studied traits, based on the responses of 59 barley accessions.

4. Discussion

Plant scientists are now focusing on biostimulants and how to use them in their re-
search to increase crop yields. Plant stimulants have been shown to improve plant health
and yield quality by increasing nutrient uptake, changing plant physiology, and making
plants more resilient to stress [19,22]. The ultimate goal of any breeding strategy is to
increase barley and other cereal yields. To increase the yield of contributing factors, several
strategies are being implemented. Crop yield in cereals is primarily determined by measur-
ing the most important traits that are strongly related to the final yield product, such as
spike length, spike number per plant, seed weight per spike, 1000-kernel weight, seed num-
ber per spike, spike weight, total yield, and harvest index. Foliar application of moringa
plant extract is well-documented because it is important in improving yield contributing
parameters in many plant species [21,23,28,29]. Moringa leaf extract is measured as one
of the essential plant biostimulants due to the presence of phenols, antioxidants, essential
nutrients, phytohormones, and ascorbates [22]. When compared to the respective control
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conditions, exogenous application of moringa plant part extract had a positive impact on
these parameters in our experiment.

In this study, MOE had a significant positive impact on plant height. As previ-
ously stated, the moringa plant possesses an abundance of phytohormones, including
gibberellin [30]. Gibberellin’s metabolism and signaling are both essential for controlling
plant height. The presence of this phytohormone enhanced internode elongation, leading to
an increase in cell division and cell elongation [31]. Similar to our study, Rehman et al. [32]
discovered a significant increase in wheat height due to the use of moringa extract.

Some traits, such as leaf area [33], awn length [34], and chlorophyll content [35], have
been shown to play a major role in increasing photosynthesis under normal and stressful
conditions. The primary organ, which takes a huge portion of the energy in photosynthesis,
is the flag leaf. The characteristics of flag leaf are considered essential selection criteria for
high grain yields in barley [36]. For this reason, the lower leaves are mostly covered by the
upper plant parts and, therefore, do not directly take part in absorbing the radiation of solar
energy. After the application of moringa plant extract, a significant increase in leaf area
was observed, probably due to the presence of the critical phytohormones in their nature.
Several phytohormones with an obvious portion were detected in moringa leaf extract
by Ali et al. [30], including gibberellins, auxin, and cytokinins. It is well-documented
that gibberellins improve plant height, while auxins improve the elongation of cells and
promote the growth of stems, and cytokinins play a critical role in the promotion of cell
division and modification of apical dominance [37]. In accordance with our findings,
Chattha et al. [38] found similar outcomes in the case of using this type of extract on the
wheat plant. Additionally, Ali et al. [39] showed a significant increase in the measurement
of this trait on wheat varieties, after conducting the same exogenous application of moringa
leaf extract.

Since chlorophyll is required to convert light energy into stored chemical energy,
crop growth and yield are directly affected by chlorophyll content [40]. Correlations
between leaf area, chlorophyll content, and yield were shown by many studies for barley
cultivars [41–43]. This is probably due to capturing lighter chloroplast, while including a
denser chloroplast. New opportunities to predict total chlorophyll content (TCC) at the
various crop growth stages have been provided with the development of remote sensing
equipment (SPAD), which is widely accepted by researchers [44,45]. In the regulation of
photosynthesis and many physiological processes, salicylic acid (SA) plays a main role
under stress conditions in maintaining these regulations within plant cells [37]. Until very
recently, for barley genotypes, a foliar application of combination gibberellic acid and (SA)
with a concentration of (110 mg/l and 1.5 mM) showed a significant increase in different
plant physiological properties, including total chlorophyll content [46]. Many essential
developmental processes are modulated by the presence or absence of cytokinins, including
leaf development in the last phase, well-known as senescence, which is associated with the
breakdown of chlorophyll and photosynthetic collapse. All of these undesirable changes
can be slowed by cytokinins [47]. Taking all the phytohormones present in moringa leaf
extract into account, it is possible to conclude that a strong direct correlation is present
between the total chlorophyll content and those phytohormones. For all the above reasons,
these traits (leaf area and total chlorophyll content) could be used as growth morphological
markers for the selection of barley accessions having higher photosynthetic activity.

Cereals have at least two types of tillers (fertile and non-fertile). The first, also known
as the productive tiller, causes the formation of spikes and is, thus, necessary for seed
yield. The first type depletes the plant’s mineral resources. Since this type of tiller rarely
survives until the end of the plant’s life, it cannot produce a yield [48]. To assess the final
productivity of studied cereals, it is critical to measure the fertile tiller number per plant at
this point. The obvious increase in tiller number in our results was most likely due to the
presence of a cytokinin growth regulator in the moringa plant extract [30]. As a result, the
trait of tiller number can be carefully chosen for studying the application of moringa plant
extract. Afzal et al. [49] and Rehman et al. [32] reported that the application of moringa
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leaf extract increased the studied yield traits, including tiller number, in wheat, which is
consistent with our findings. In addition to these findings, Koprna et al. [50], from Palack
University Olomouc, stated that cytokinin application has a positive effect on the tiller
number of barley varieties.

The number of spikes per plant is one of the most important yield characteristics. The
selection of barley genotypes based on the number of spikes per plant may eventually lead
to the selection of accessions with better yielding performance among tested accessions.
This trait has a significant impact on barley genotype yield [51]. This could be due to
these barley accessions’ ability to respond strongly to this management. In our study, the
variation in the number of spikes per plant can be attributed to the genetic potential of
barley accessions and their diverse responses to foliar moringa application. In the current
foliar treatment, the three barley accessions, AC28, AC47, and AC36, with values of 25.33,
25.00, and 23.67, respectively, had greater potential to produce a large SNP. The current
study’s findings are consistent with the findings of another group that investigated the
effect of moringa extract on this specific yield trait. Afzal et al. [49] investigated the effects
of three different foliar applications, moringa leaf, sorghum water extract, and salicylic acid,
at concentrations of 3%, 0.075%, and 0.01%, respectively, on wheat plants under current
heat stress. They applied the foliar application three times in one month, beginning with
the tillering stage. Among the tested foliar applications, moringa extract and salicylic acid
significantly improved this trait’s performance. Similarly, Khan et al. [22] demonstrated a
significant impact of moringa leaf extract alone and in combination with other plant growth
promoters such as ascorbic acid and salicylic acid for this trait on wheat, by administering
this treatment twice during the tillering and flowering stages.

The presence of various phytohormones and secondary metabolites in moringa
plant parts may be linked to the longer spike length in the current study [30]. Simi-
larly, Khan et al. [22] observed a significant increase in spike length on the wheat plant in
the field, as a result of using the same application method. Furthermore, Zaheer et al. [52]
studied wheat cultivars using various foliar applications, including cytokinins at 25 mg L−1

concentrations, used under drought stress conditions at three different growth stages (tiller
formation, flowering, and grain filling). The longevity of spikes in their study was signifi-
cantly improved in the presence of this application. As a result, it is perfectly reasonable to
apply moringa foliar to increase spike length.

In our study of the awn length trait, a significant increase was observed when moringa
extract was applied foliarly. As a result, increasing awn length could eventually lead to
increased barley crop productivity. After the flag leaf, the awns of barley are the most
important photosynthetic organs. This organ is the closest plant part to the developing
grains in spikelets within the spike, acting as a source of assimilation for grain formation.
The photosynthesis of barley spike organs (including awn) accounts for more than 75%
of the accumulation of kernel dry weight [53]. It has been long-established that under
normal growth conditions in barley, the awns organ can achieve more than 90% of spike
photosynthesis [54]. As a result, these plant parts can significantly increase the proportion
of net photosynthesis, resulting in a higher value of grain dry matter. Awn removal in
barley genotypes had a significant effect on grain yield performance, transpiration rate,
and net photosynthetic rate, all of which were reduced [55].

The increased spike weight of plants sprayed with moringa organ extract in our
research was due to increased spike length, number of seeds per spike, and other yield-
contributing factors previously described. A cheap, rich, and natural source of important
secondary metabolic products and plant phytohormones plays an important role in barley
trait improvement. The application of the moringa plant part as a foliar spray significantly
increased the studied parameters in our study due to the phenomenon of remaining green
for a longer period of time during grain filling. This could be due to the high concentration
of cytokinin hormone in moringa extract, which is the most general coordinator between
senescence and remaining green traits, ultimately improving final yield productivities.
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Foliar application of moringa plant part extract had a positive effect on the trait of
seed number per spike in tested barley accessions. The grain number and final yield
are thought to be positively correlated with the dry weight of the spike during the spike
growth phase, possibly due to improved photosynthetic capacity [56]. Zhang et al. [57]
used CRISPR/Cas9 gene-editing techniques to determine the roles of cytokinin oxidase
and dehydrogenase in rice among eleven candidate CKXs families for their effects on
grain number, leaf senescence, and regulating the source of leaf and sink of grain. They
discovered that OsCKX11 knockout significantly increased cellular cytokine levels, resulting
in a delayed leaf senescence phenotype. Furthermore, the mutant OsCKX11 showed a
significant increase in grain number, when compared to the wild type. It is possible
that OsCKX11 regulates both grain number and photosynthesis. Previous research, as
mentioned above, demonstrated the positive regulation of cytokinin in increasing the
number of seeds per spike. The significant findings in our study for this trait may be
linked to the presence of these essential phytohormones in moringa organ extract. As a
consequence, the higher the cytokinin content, the greater the number of seeds detected in
this study. It is quite clear that the combination of the activity of particular phytohormones
as well as the nutritional condition of the reproductive meristem both have significant
effects on final grain number [48].

MOE application positively affected seed weight per spike in the majority of barley
accessions, indicating efficient nutrient use by the plant and translocation of these substrates
into reproductive plant parts [58]. Similar to our results, a considerable increase in the
seed weight per pod in pea plants [59], seeds in maize kernel [60], and snap bean [61] was
detected due to the treatment of moringa leaf extract.

The majority of barley accessions reacted negatively to the MOE application. This
reduction in 1000-KW was caused by producing a large number of seeds with small kernels
that were less dense and had a low amount of food reserves, because embryo size and
reserved nutrient quantity determine the quantity and quality of the seed [62].

The study of total yield and straw weight performance for its production is dependent
on the genetic characteristics of the cereal crop, the nutrient status of the soil texture, the
exogenous application of growth promoters, and the environmental conditions of the crop
plants [22]. Under MOE, we discovered statistically significant positive values for nearly all
of the explored yield traits. This is likely due to the presence of cytokinins in moringa leaves,
which stimulate carbohydrate metabolism [29,63]. In addition, this characteristic creates a
new sink source, leading to an increase in dry matter content. From accession to accession,
the total yield of cereal grain and the values of its constituents vary. These differences in
yield are strictly correlated with variation in grain number and must, therefore, rely on
variation in shoot number, which produces more spikes [64]. In a similar vein, a team
of researchers led by Brockman and Brennan [21] discovered significant results in grain
yield and dry biomass when moringa leaf extract was applied to a greenhouse-grown
wheat cultivar. In addition to total yield, straw weight is an important trait for plant
breeding because it reveals the plant’s capacity to allocate biomass to reproductive plant
parts. It is related to grain yield and biomass in accordance with the multiplicative yield
component, wherein grain yield is a product of yield biomass and harvest index [65]. This
study’s hypothesis, that moringa plant extract is a significant plant growth enhancer, is
supported by the numerous MOE compositions discovered by other researchers as well as
by the growth and productivity characteristics exhibited by plants treated with moringa
plant extract.

5. Conclusions

To increase the development and productivity of barley, foliar application of moringa
aqueous extract (MOE) during the crucial growth stage can be used to control the growth
and productivity of barley crop plants, as demonstrated by our inquiry into increasing
nearly all investigated attributes. It is possible to shed light on this unusual plant for
the purposes of further research. Exogenous application of MOE positively affected all
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the characteristics, with the exception of 1000-kernel weight. MOE treatment exhibited
the most favorable effects on overall yield and straw weight per plot. The outcome of
this investigation documented that the barley accessions behaved differentially to MOE
treatment. Accessions AC8 and AC18 demonstrated the largest enhancement in total yield
and straw weight per plot. Further, this form of treatment may be utilized as an alternative
biostimulant to conventional plant growth hormones, especially when the objective is to
build an organic agricultural system. From this point, it is feasible to shed light on this
amazing plant for future research programs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture12091502/s1, Table S1. Mean pairwise comparisons of
growth trait interactions between accessions and plant treated by MOE. According to the Multiple
Range Duncan’s test at p ≤ 0.05, any mean values with a common letter are not considered significant;
Table S2. Mean pairwise comparisons of the interaction between 59 barley accessions and foliar MOE
application with yield contributing traits, based on the Multiple Range Duncan’s test at p ≤ 0.05. Any
values of means holding common letter are not significant.
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10. Parad̄iković, N.; Teklić, T.; Zeljković, S.; Lisjak, M.; Špoljarevi, M. Biostimulants research in some horticultural plant species—A
review. Food Energy Secur. 2019, 8, e00162. [CrossRef]

11. Nephali, L.; Piater, L.A.; Dubery, I.A.; Patterson, V.; Huyser, J.; Burgess, K.; Tugizimana, F. Biostimulants for Plant Growth and
Mitigation of Abiotic Stresses: A Metabolomics Perspective. Metabolites 2020, 10, 505. [CrossRef]

12. Li, Y.; Fang, F.; Wei, J.; Wu, X.; Cui, R.; Li, G.; Zheng, F.; Tan, D. Humic Acid Fertilizer Improved Soil Properties and Soil Microbial
Diversity of Continuous Cropping Peanut: A Three-Year Experiment. Sci. Rep. 2019, 9, 12014. [CrossRef]

175



Agriculture 2022, 12, 1502

13. Ur Rahman, M. The Multifunctional Role of Chitosan in Horticultural Crops; A Review. Molecules 2018, 23, 872.
14. Nabti, E.; Jha, B.; Hartmann, A. Impact of seaweeds on agricultural crop production as biofertilizer. Int. J. Environ. Sci. Technol.

2017, 14, 1119–1134. [CrossRef]
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Abstract: Aluminum (Al) toxicity inhibits root growth, while nitrogen is an essential nutrient for
plant growth and development. To explore the effects of nitrate (N) on Al toxicity and accumulation
in root of wheat, two wheat genotypes, Shengxuan 6 hao (SX6, Al-tolerant genotype) and Zhenmai
168 (ZM168, Al-sensitive genotype), were used in a hydroponic experiment with four treatments
(control without N or Al, N, Al, and Al+N, respectively). The results showed that N increased the
inhibition of root elongation and aluminum accumulation in root. The Al-sensitive genotype suffered
more serious Al toxicity than the Al-tolerant genotype. Histochemical observation clearly showed
that Al prefers binding on the root apex 7–10 mm zones, and the Al-sensitive genotype accumulated
more Al in these zones. Compared with other treatments, the Al+N treatment had significantly higher
O2

−, superoxides dismutase (SOD), catalase (CAT), peroxidase (POD) activities, H2O2, Evans blue
uptake, malondialdehyde (MDA), ascorbic acid (AsA), pectin, and hemicellulose 1 (HC1) contents in
both genotypes. Under Al+N treatment, O2

− activity, Evans blue uptake, MDA, and HC1 contents
of SX6 were significantly lower than those of ZM168, but SOD, CAT, and POD activities and AsA
content exhibited an opposite trend. Therefore, aluminum toxicity and accumulation in root of wheat
seedlings were aggravated by nitrate.

Keywords: root elongation; aluminum toxicity; antioxidant enzyme; nitrate; wheat

1. Introduction

About half of the world and a quarter of China’s cultivated land and potential cul-
tivated land is characterized by acidic soil [1,2]. Unfortunately, more than 60% of acidic
soils are located in developing countries, and these soils are critical for food production [3].
Aluminum (Al) is the most plentiful metallic element in the crust, usually existing in the
form of non-toxic aluminosilicates and oxides in neutral soils. However, in acidic soils
(PH < 5), rhizotoxic Al3+ is solubilized into the soil solution and directly intoxicates root
systems, which results in a significant reduction in crop yield worldwide [1,3]. The most
typical symptom of Al toxicity is inhibition of root growth because Al mainly exists in
root [4–6]. It has been well-documented that the root apex is not only the main site for Al
perception and response, but also the target of Al accumulation [7–9]. The binding affinity
to cell wall of root apex causes many adverse impacts, such as plasma membrane disag-
glomeration, signal disturbance, and reactive oxygen species (ROS) overproduction [10,11].
These disadvantages change the fraction of the cell wall and destroy its structure, thereby
reducing its elasticity and plasticity, which explains the reason for inhibiting the elongation
of root cells [12]. Moreover, Liu et al. (2018) [5] reported that Al-induced changes in ROS
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are spatially specific, as a significant decreasing gradient is exhibited from the root apex
to base.

Plants have evolved different strategies for coping with Al stress to maintain reason-
able growth and yield [1]. One of the mechanisms of Al tolerance is the formation of a
stabilized non-phytotoxic complex with Al by the secretion of organic acid anions from the
root apex, thereby alleviating aluminum toxicity [13–15]. Another mechanism that endows
Al tolerance is the enhancement of antioxidative defense capabilities [16]. Accumulating
evidence supports that Al stress can alter the activity of enzymes associated with reactive
oxygen species (ROS) scavenging [5,6,10].

Nitrogen is an essential nutrient for plant growth and development; the effects of
nitrate on root development are well studied. Nitrate shows an inhibition effect on primary
root growth but the opposite effect on lateral root [17,18]. Several vital genes involved in
nitrate signaling pathways have been identified, including nitrate sensor, transcription
factors, protein kinases, molecular components. Recently, Chu et al. (2021) [19] found a
novel transcription factor (HBI1) that regulates nitrate signal transduction by mediating
ROS homeostasis. They also found that nitrate treatment decreases the production of H2O2,
and H2O2 inhibits nitrate signaling, thereby forming a feedback regulatory loop to regulate
plant root development. A previous study also reported that nitrate can inhibit primary
root growth by regulating the production of ROS in the root tips [17].

Al and N are important factors affecting root growth, finally impact crop yield. The
uptake of nitrate accompanies the OH− secreting from roots, which increases the number
of negative charge sites on the root surface for binding of Al3+ [20] and simultaneously
increases the pectin and hemicellulose owning to the negatively charged functional groups
(e.g., COO- and -OH, respectively) that possess a high capacity for binding positively
charged Al3+ [21,22]. Root tips (0–10 mm) are generally used to investigate Al toxicity for
the root growth of plants [22–24]. However, how N affects the Al toxicity and accumulation
in root tips remain unclear. Thus, this study aimed to investigate the effects of N on
Al toxicity in the root growth and Al accumulation in root tips of two wheat genotypes
differing in Al tolerance by analyzing the root phenotype, histochemical staining, ROS, and
antioxidant enzyme activity, as well as the cell-wall fractions in root tips.

2. Materials and Methods

2.1. Plant Materials and Treatments

Two wheat cultivars differing in Al tolerance, namely Shengxuan 6 hao (SX6, Al-
tolerant) and Zhenmai 168 (ZM168, Al-sensitive), were used in this study. The seeds were
soaked in distilled water for 1 h, and then disinfected with 1% NaClO solution by volume
for 20 min and washed three times with deionized water to remove the residual NaClO on
the seeds’ surfaces, and then the seeds were imbibed for 12 h at 4 ◦C in refrigerated Petri
dishes with filter papers in darkness. After the refrigeration, seeds were germinated at
room temperature in darkness for 24 h. The germinated and uniform seeds were transferred
to a plastic box containing 0.5 mmol/L CaCl2 solution (pH 4.3). Wheat seedlings were
incubated in an artificial climate chamber with a day/night cycle of 14 h/10 h, a temperature
of 25 ◦C/20 ◦C, and a light intensity of 250 μmol photons m−2s−1. The solution was
renewed daily.

After 4 days of pre-treatment, four treatments were adopted for 24 h, i.e., CK (0 mM
Ca(NO3)2, 0 μM AlCl3), N (5 mM Ca(NO3)2), Al (25 μM AlCl3), and Al+N (25 μM
AlCl3 + 5 mM Ca(NO3)2). After 24 h, some seedings were used to determine the root
length for calculating the relative root elongation and Al content. Parts of the samples’
root tips (0–10 mm) were used for observing the traits by different staining methods. The
rest of the samples’ root tips were used to measure the antioxidant enzyme activity and
cell-wall fractions.
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2.2. Determination of Al Content of Cell Wall in Root Tips

The root tips (0–10 mm) were frozen at −80 ◦C for 12 h and then centrifuged to re-
move the cell saps; the residue was washed with 70% ethanol three times. The resulting
cell-wall material was subsequently immersed in 0.5 mL 2 M HCl for 24 h with occa-
sional vortexing. The Al content in the cell wall was determined according to Osawa and
Matsumoto (2001) [25].

2.3. Localization of Al in Root Tips

The localization of Al was detected by hematoxylin and morin using the methods
of Wu et al. (2020) [26]. Briefly, the treated root tips were soaked in 2 g/L hematoxylin
with 0.2 g/L potassium iodide for 30 min. After washing for 30 min, the root tips were
placed under a stereomicroscope MZ-95 (Carl Zeiss, Jena, Germany) for observation and
photography. For morin staining, the root tips were immersed in 0.01% morin solution for
20 min, and then washed with deionized water for 10 min. Subsequently, root tip filming
was taken by a laser scanning confocal microscope (Carl Zeiss LSCM 780, Jena, Germany)
with a green fluorescence signal at 488 nm.

2.4. Membrane Integrity Verification Assay

The root tips were washed with deionized water three times for 5 min each time,
stained in 0.25% (w/v) Evans blue solution for 15 min and rinsed three times with deionized
water, and then observed and photographed under a visualization microscope [27]. Four
stained root tips were weighed and milled in 1% sodium dodecyl sulfate (SDS) solution,
centrifuged at 10,000 r/s for 10 min, the supernatant was determined at 600 nm, and the
Evans blue uptake was calculated. The MDA content was measured by thiobarbituric acid
(TBA) reaction according to Heath and Packer (1968) [28].

2.5. Antioxidant Enzyme Activity and Antioxidant Determination

Fresh roots were homogenized and extracted with 1 mL of 50 mmol/L sodium phos-
phate buffer (pH 7.0) containing 0.1 mol/L EDTA. After centrifugation, the supernatant was
immediately used to determine the activities of antioxidant enzymes. Superoxide dismu-
tase (SOD), peroxidase (POD), catalase (CAT), O2

− activities, H2O2, and ascorbic acid (AsA)
contents were determined according to Liu et al. (2018) [5] with minor modification. All
data were obtained by absorbance methods using a Tecan Infinite M200 Microplate Reader
(Tecan Group Ltd., Männedorf, Switzerland). SOD activity was assayed by monitoring
its inhibition of photochemical reduction of nitro blue tetrazolium (NBT) at 550 nm. POD
activity was determined by following the change of absorption at 470 nm due to guaiacol
oxidation. CAT activity was measured by following the consumption of H2O2 at 240 nm.
O2

− activity, H2O2, and AsA were determined at 550 nm, 405 nm, and 536 nm, respectively.

2.6. Cell-Wall Fraction Determination

Extraction of cell-wall materials and the subsequent fractionation of cell-wall com-
ponents were carried out according to Yang et al. (2011) [22] with minor modification.
Fresh root tips were thoroughly homogenized with pre-cooled 75% ethanol and the ho-
mogenates were placed on ice for 20 min. Subsequently, they were centrifuged at 8000× g
for 10 min at 4 ◦C, and the residues were washed for 20 min in the order of acetone,
a methanol:chloroform mixture (1:1, v/v), and methanol. The supernatant was discarded
and the precipitates were freeze-dried.

The pectin fraction was extracted twice by 0.5% (NH4)2C2O (ammonium oxalate)
buffer containing 0.1% NaBH4 (pH 4) in a boiling water bath for 1 h. The resulting residues
were subsequently subjected to triple extractions with 4% KOH containing 0.1% NaBH4 at
room temperature for a total of 24 h, obtaining the hemicellulose 1 (HC1). The uronic acid
content in each cell-wall fraction was calculated by a calibration standard curve generated
with known concentrations of Galacturonic acid (GalA).
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2.7. Statistical Analysis

The values in the figures were calculated as the mean ± SD. All data were analyzed
using SPSS 17.0 software (Statistical Product and Service Solutions, IBM, Endicott, NY,
USA). The statistical significance among treatments was determined through one-way
ANOVA, followed by Duncan’s multiple range test (p < 0.05), and significant differences
were evaluated based on p < 0.05.

3. Results

3.1. Effect of N and Al on Root Elongation and Al Accumulation in Root Tips

An obvious inhibition of N and Al on root elongation was observed in both genotypes
compared with CK (Figure 1A,B). For the relative root elongation, no significant difference
was found between N and Al treatments in SX6, while significant differences were found
in ZM168. Moreover, the relative root elongations of SX6 were markedly higher than those
of ZM168 in the presence of Al (Figure 1A,B). A significantly higher Al content in the
cell wall of root tips (0–10 mm) was found in both genotypes exposed to Al (Figure 1C).
Furthermore, the Al content under Al+N treatment was much higher than that under Al
treatment, while no difference of Al content was found under CK and N treatment. The Al
content of ZM168 was significantly higher than that of SX6 when Al existed.

Figure 1. (A) Phenotypic analysis of Shengxuan 6 hao (SX6) and Zhenmai 168 (ZM168) seedlings in
response to N, Al, and Al+N, scale bar = 5 cm. (B) Relative elongation was expressed relative to root
elongation in control solutions of 0.5 mM CaCl2, pH 4.3. (C) Al3+ content of the cell wall in apical
0–10 mm root segments. The values shown are means ± SD (n = 3). Different letters labeled on the
columns in the same cultivar are significantly different (p < 0.05). * stands for a significant difference
in the same treatment between two cultivars (p < 0.05).
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3.2. Al Localization in Root Tips

The Al and Al+N treatments significantly increased the Al accumulation obtained
from hematoxylin staining (Figure 2A). It is noteworthy that more Al was accumulated
in 7–10 mm and 0–3 mm zones under the Al+N treatment compared with Al treatment,
especially for the Al-sensitive genotype (ZM168). To further verify these results, we used
morin staining to examine the Al accumulation in those segments. As can be seen from
Figure 2B, the root segments of both genotypes under Al+N treatment were brighter than
those under Al treatment, exhibiting a synergistic effect, i.e., N promoted the accumulation
of Al in the root tips (Figure 2). Al accumulated more in the 7–10 mm zones than in the
0–3 mm zones of root tip, and Al accumulation was higher in the Al-sensitive genotype
(ZM168) than the Al-tolerant genotype (SX6) (Figure 2B).

 
Figure 2. The Al localization ((A), hematoxylin staining and (B), morin staining) of root tips of two
wheat genotypes (SX6 and ZM168) under CK, N, Al, and Al+N treatments. Scale bar, 1 mm.

3.3. Oxidative Damage and Reactive Oxygen Species (ROS) in Root Tips

The Evans blue staining observation showed that the darkest color was exhibited in
Al+N treatment, followed by the Al treatment, then the N treatment, and the last being
the control, which was confirmed by the relative value of Evans blue uptake (Figure 3A,B).
Moreover, the picture showed that the cell wall of root 7–10 mm zones were the most
seriously damaged in both genotypes under Al+N treatment (Figure 3A). The MDA content,
H2O2 content, and O2

− activity in the root tips of SX6 and ZM168 showed the same pattern
as the relative value of Evans blue uptake, except for the MDA and H2O2 content in SX16
under Al and N treatments (Figure 3C–E).
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Figure 3. Oxidative damage parameters in the root tips of two wheat genotypes (SX6 and ZM168)
when treated with different solutions. Root tips were collected 24 h after treatment, and then Evans
blue staining (A), Evans blue uptake (B) (relative fold change was expressed compared with control),
malondialdehyde (MDA) content (C), O2

− activity (D), and H2O2 content (E) were determined. The
values shown are means ± SD (n = 3). Different letters labeled on the columns in the same cultivar are
significantly different (p < 0.05). * stands for a significant difference in the same treatment between
two cultivars (p < 0.05). Scale bar, 1 mm.

3.4. Antioxidant Defense System and Cell-Wall Fractions

The activities of SOD, POD, and CAT in the root tips of both genotypes remarkedly
increased in the presence of Al compared with the control, and nitrate strengthened this
trend. Compared with ZM168, SX6 had a higher SOD activity under Al+N treatment,
higher POD activity under Al treatment, and higher CAT activity under all treatments
(Figure 4A–C).
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Figure 4. Effects of different treatments on antioxidant enzyme SOD (A), POD (B), CAT (C) activities
and cell-wall fraction pectin content (D), HC1 content (E), and ascorbic acid content (F) in root tips.
The values shown are means ± SD (n = 3). Different letters labeled on the columns in the same
cultivar are significantly different (p < 0.05). * stands for a significant difference in the same treatment
between two cultivars (p < 0.05).

There were significant differences on the variation amplitude of AsA content between
two different genotypes. Compared with CK, the AsA content of SX6 rose steeply across
treatments, increasing by 19.6%, 49.1%, and 70.6% under N, Al, and Al+N treatments,
respectively, while the AsA content of ZM168 only increased by 6.2%, 6.5%, and 14.1%
under N, Al, and Al+N treatments, respectively.

For the cell-wall components, compared with CK, the pectin content of SX6 increased
by 48.7% and 73.9% under Al and Al+N treatments, respectively, while the pectin content of
ZM168 increased by 74.8% and 100% under Al and Al+N treatments, respectively. A similar
trend was found in the HC1 content, indicating that the cell-wall components changed
more in the Al-sensitive genotype (ZM168) than in the Al-tolerant genotype (SX6) when
root was exposed to Al or Al+N (Figure 4D,E).

4. Discussion

Root inhibition growth is a typical symptom of Al toxicity [6,29]. In this study, we
found that the inhibition of root growth was the largest under Al+N treamtent in both
genotypes, and nitrate promoted the accumulation of Al in root tips and an obvious
synergistic inhibition occurred in the root elongation of both genotypes (Figure 1).

Moreover, the Al preferred accumulating at the root tip 0–3 mm and 7–10 mm zones,
especially for the latter (Figure 2). Our findings are in close agreement with previous
studies showing that Al accumulation was the highest at the 0–5 mm root apex in wheat [5]
and the 0–3 mm root apex in buckwheat [30] containing the distal transition zone, which
was the most Al-sensitive root apical region [9]. Though 0–2 mm zones in the root tip were
considered as an indicator of genotypic sensitivity of crops to Al [9,30,31], the Al content
in mature root 5–15 mm zones was four times higher than that in 0–2 mm zones under
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25 μM Al3+ concentration [32], which supports our result that 7–10 mm zones exhibited a
higher Al deposition than that of 0–3 mm zones (Figure 2). Furthermore, nitrate promoted
the accumulation of Al in the root tips 0–3 mm and 7–10 mm zones, and a larger impact
was found in 7–10 mm zones, especially for the Al-sensitive genotype (Figure 2). Thus, we
speculated that the deposition of Al in 7–10 mm zones was a main factor in limiting the
root elongation and it could be promoted by N.

ROS production and conversion play an important role in root growth [33,34]. It is
well documented that the accumulation of Al induces the formation of large amounts of
ROS in crop roots, which damages cell membranes and may lead to cell death [35,36], and
is a key factor in inhibiting root elongation [37]. In this study, the application of Al or
N significantly induced the production of ROS, including H2O2 and O2

−. Furthermore,
the mixture of Al and N enlarged the production of ROS compared with single Al or N
treatment (Figure 3D,E). Zang et al. (2020) [17] reported that nitrate inhibited the primary
root growth by reducing the H2O2 content in M. truncatula, which was the opposite of
our result, probably because the H2O2 had an opposite effect between T. aestivum [6] or
A. thaliana [34] and M. truncatula [17]. To investigate the contribution of ROS in lipid
peroxidation and cell viability, we also examined the MDA content and Evans blue uptake,
and they exhibited similar patterns to H2O2 (Figure 3B,C,E). This result indicated that the
massive production of H2O2 under Al stress may play a crucial role in the triggering of
lipid peroxidation and cell death [35,36]. Thus, a lower ROS content in the Al-tolerant
genotype (SX6) conferred a lower root growth inhibition compared with the Al-sensitive
genotype (ZM168).

To alleviate the oxidative damage caused by ROS accumulation, plants have evolved
a complex defensive antioxidant system that includes a combination of enzymatic and non-
enzymatic components. Reactive oxygen enzymatic scavenging systems mainly include
SOD, POD, and CAT, etc., and the activities of these enzymes respond to the strength of
plant resistance in different degrees [35,38,39]. In plants, AsA is an important reductant
and exerts a powerful influence on plant functions [40]. In the present study, the activities
of SOD, POD, CAT, and AsA were significantly increased under N or Al treatments, except
for CAT content in the Al-sensitive genotype ZM168 under N treatment. The highest values
of antioxidant enzyme activities in both genotypes were found under Al+N treatment, and
the values in ZM168 were significantly lower than those in SX6 (Figure 4A–C). Thus, roots
of both genotypes suffered heavy oxidative damage to the membranes and lipids as a result
of the higher level of ROS under Al+N treatment than that under single N or Al treatment,
especially for the sensitive genotype ZM168.

The cell-wall polysaccharide fraction is considered as a novel Al resistance mechanism,
since cell-wall binding capacity is related to Al accumulation in plant roots [22,41]. The
cell wall is a major site of Al accumulation in crops, and more than 70% of Al binds to the
cell wall of wheat root [22]. Al binding may disrupt the cell-wall structure and diminish
mechanical extensibility, thereby inhibiting root elongation [24,42]. Pectin and HC1 are
important components of the cell wall. In this study, Al exposure increased the contents of
pectin and HC1, which appeared more prominently in the Al-sensitive genotype of wheat,
consistent with a previous study [6]. Moreover, N significantly increased the contents
of pectin and HC1 of the cell wall in the root tips for both genotypes exposed to Al+N
(Figure 4E,F) compared with N or Al treatment, especially in ZM168, resulting in a higher
Al accumulation in the cell wall of root tips (Figure 1C) under Al+N treatment. Therefore,
N accelerated the accumulation of Al in the wheat root and enhanced the toxicity of Al.

5. Conclusions

Nitrate significantly increased Al accumulation in the roots of wheat seedlings and
thereby intensified the inhibition of root elongation by Al. Al prefers to bind on the
root apex 7–10 mm zones of the roots, and Al accumulation could be promoted by N. N
increased reactive oxygen species (ROS), enzyme activities from the antioxidant defense
system, and cell-wall polysaccharide fraction.
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Abstract: Around the world, salinity a critical limiting factor in agricultural productivity. Plant
growth is affected by salt stress at all stages of development. The contemporary investigation focused
on Chaetomorpha antennina aqueous extracts (SWEs) to decrease the effects of salt strain on rice germi-
nation, growth, yield, and the production of key biological and biochemical characters of the rice,
Oryza sativa L. (Poaceae). SWE improved the germination capacities of rice seedlings by promoting
their emergence 36.27 h prior to those that had been exposed to saline stress. The creation of 79.647%
longer radicles by SWE treatment on salt-stressed seeds which boosted the establishment effectiveness
of seeds produced under salt stress longer radicles resulted in plants that were 64.8% taller. SWE
treatment was effective in revoking the levels of protein (26.9%), phenol (35.54%), and SOD (41.3%)
enzyme levels that were previously constrained by salinity stress. Additionally, SWE were also
efficient in retaining 82.6% of leaf water content and enhancing the production of photosynthetic
pigments affected by salt exposure earlier. The improvement in plant functionality was evident from
the display of increase in tiller numbers/hill (62.36%), grain yield (58.278%), and weight (56.502%).
The outcome of our research shows that SWEs protected the plants from the debarring effects of salin-
ity by enhancing the plant functionality and yield by mechanistically enriching their physiological
(germination and vegetative growth) and biochemical attributes (leaf RWC, photosynthetic pigments,
protein, phenol, and SOD). Despite the increase in TSS and starch levels in rice grain exposed to
salinity stress, SWE improved the grain protein content thus cumulatively enhancing rice nutrition
and marketability. The current investigation reveals that the extracts of C. antennina can help alleviate
rice plants from salt stress in an efficient, eco-friendly, as well as economical way.

Keywords: abiotic stress tolerance; seaweeds; protection; plant functionality; grain weight; yield

1. Introduction

Agriculture is confronting multiple issues that are escalating. Increasing food produc-
tion to feed an expanding population is a major challenge. This can be attained by either
expanding farmland for increased food production or by improving existing yields by
applying fertilizers or using revolutionary technologies such as precision farming systems,
cutting-edge irrigation, and ecologically feasible crop revolutions [1]. Abiotic stressors
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are major environmental restrictions reducing crop productivity globally. These abiotic
stressors induce an osmotic action, specific ion effect, creation of nutritional imbalance, and
oxidative damage to biomolecules and membranes [2].

Coastal areas provide ideal soil and climate conditions for agriculture, which has
been practiced from time immemorial and is vital to the coastal economy. It is important
to focus on coastal agriculture, making it more fruitful and attractive, and integrating
it into the coastline, plans to address forthcoming encounters of food besides nutritive
security for an ever-increasing human population, as well as climate change [3]. Using
water resources that are low in quality such as wells and brackish surface waters causes
secondary salinization [4]. Soil flooding in arid as well as humid regions causes soluble salt
accumulation at the soil surface due to increased evaporation. These constraints severely
limit the production of arable land, particularly in emerging nations [5]. Soil salinity is also
caused by human activities such as fertilising crops. Due to the potassium in fertilisers,
which can naturally create salt sylvite. Salts are a naturally occurring substance in water
and soil. The ions Na+, K+, Ca2+, Mg2+, and Cl are in charge of salination. Normal soil
pH ranges from 2.2 to 9.7, and anything beyond that causes salt content degradation
in the soil. The long-term viability of irrigated farming is seriously threatened by the
salinization of the soil. A major problem in agricultural sustainability is the possibility of
salinization and waterlogging caused by inadequate irrigation. Globally, more than 3% of
soil resources are now damaged by salt [6]. Moreover, this number is steadily increasing at
a pace of two Mha annually. Numerous earlier experiments indicated that waterlogging
and salinization reduce yields in a variety of crops [7]. Between 18 and 43% of agricultural
productivity is lost due to salinization in arid and semiarid regions of the world. Saline
soils range from salt contents of 9–18 and >18 millimhos/cm designated as moderate to
highly saline soils [8]. According to Hossain et al. [9], root-zone salinization and water
logging significantly reduce field crop output. According to reports, the combined impact
of root-zone salinization and water logging is worse than each factor acting alone.

Plant salt sensitivity varies with developmental stage. Seed germination determines
plant establishment in saltwater environments. Salinity can impair germination rates,
resulting in uneven crop development and lower yields [10]. However, the plant retort to
salinity at germination can be altered and sought out as a quick and reliable indication of
plant establishment in salt-affected settings. To boost plant performance and protect plants
from biotic and abiotic stresses, several amendments were utilized. They can be provided
to germinating seeds or to plants during vegetative growth [11]. In this milieu, marine
macroalgal extracts show promising effects in reducing the influence of abiotic strain on
plant performances. Algae are well-known sources of plant macro- and micronutrients,
as well as bioactive chemicals [12]. SWEs can be sprayed on leaves, added to hydroponic
systems, or treated directly to the soil. Plants respond to their application in a variety of
positive ways. SWEs have been shown to include larger bioactive compounds, including
oligosaccharides and phlorotannins. Activating molecular and metabolic pathways, bioac-
tive chemicals from SWE have been demonstrated to function as elicitor agents, promoting
plant development and inducing stress responses. They are rich in growth-promoting
phytohormones along with inorganic elements indispensable for plant development. The
application of seaweed extracts (SWEs) as natural regulators increased crop development
and yield to endure tough environmental influences [13].

O. sativa is an important grain and indispensable food for preponderance of people
globally [14]. With rising rice consumption, farmers and agriculturalists are under pressure
to meet demand while safeguarding the crop from diseases and pests [15]. Produce
damages of up to 50–70% are stressors. As common crop, rice is cultured comprehensively
in coastal areas frequently flooded by saline sea water at high tides [16]. Response of rice
to salt varies greatly within species, allowing for genetic improvement for the progress
of salinity stress resistant crops [17]. Salinity particularly affects the physical elements
affecting rice productivity. Salinity is subsequently the most common soil concern in rice-
growing countries, after drought, and it is limiting global rice output. Coastal soils are
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discreetly saline on the exterior, but severely saline in sub surface strata besides substrata
due to a variety of environmental causes [18]. Soluble salts, particularly sodium chloride,
are abundant in saline soil [19].

Poorly germinating seeds are not only a yield constrainer, but also serve as a potential
host for various diseases [20]. Seeds with decreased vigour also have more difficulty
responding to field conditions, causing stress [21]. Numerous seed priming approaches are
used to boost seed quality and reduce yield loss [22]. Primed seeds have early emergence,
a higher seed vigour index, and increased biomass along with yield [23]. Aside from
enhancing disease resistance, the treated seeds may also endure abiotic stress [24]. Root-
zone salinity has a noteworthy influence on yield components relevant to final grain
yield. Salinity reduces the number of main branches/panicle, their dimension, and other
yield-related caryopsis features. Around panicle initiation, the biggest salt effects on yield
are noted, while plants recover pre-eminent from strain at the seedling stage [25]. In
a harsh environment, seed priming is a meek and cost-effective technique to promote
kernel germination, prompt seedling development, and yield. Seed priming with various
inorganic and organic substances increased wheat salt tolerance.

The damaging effects of abiotic stress and the positive effects of organic amendments
on rice have both been studied independently. However, little is known about the un-
derlying processes that might link the capabilities of SWE in protecting the crop from
salinity-induced toxicities and driving these stressed plants towards their active function-
ing. Henceforth, by analysing the effect of salt stress and the ameliorating effect of SWE
through investigating the plant’s biochemical patterns and antioxidant enzymes, this study
sought to identify the effects of liquid SWE of green alga C. antennina on rice physiology
and biochemistry exposed to salinity strain.

2. Materials and Methods

2.1. Seaweed Collection, Extraction and Extract Preparation

The seaweed, C. antennina was collected (Colachel beach, Kanyakumari, Tamil Nadu,
India; 8◦14′5168′′ N and 77◦14′35.209′′ E; December 2020), washed, and carried forward for
extraction with boiling hot water (100 g/L; 1 h) (Figure 1). The concoction was clarified
and the filtrated, SWE was stored until use (4 ◦C). The test solutions of SWE were devised
by diluting the extract with distilled water of 60, 40, and 20 mL to obtain treatment
concentration of SWE 40, 60, and 80%, respectively.

2.2. Rice Seed Collection and Preparation

During the growing season, rice seeds (TN1) were collected from farming areas. Seeds
of uniform size and colour were preferred for the investigation, surface sterilized with
0.1% mercuric chloride, rinsed three times in sterile distilled water, and the trial was
accomplished at the biopesticide and environmental toxicology lab, Environmental Science
research centre (SPKCEES) of Manonmaniam Sundaranar University, Alwarkurichi.

2.3. Preparation of Salt Solutions

For the preparation of salt treatment solutions, 58.44 g of NaCl was dissolved in 1 L
of distilled water to form the stock solution, from which respective quantities (0.8, 1.0
and 1.50) were made up to 10 mL using distilled water, viz., 9.2, 1, and 8.5 mL of distilled
water to obtain treatment concentrations 80, 100, and 150 mM, respectively. Since treatment
concentration of 150 mM was highly significant in causing salinity stress and the SWE was
able to exert a positive influence on the aftereffects of salinity stress, only S150 mM was
carried forward for future experiments (treatments with salt treatments <150 mM did not
produce any statistically significant results).
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Figure 1. Sample collection site, seaweed C. antennina. (A) Sample collection site (B) C. antennina
attached to rocks (C) liquid SWE.

2.4. Experimental Design

The experimentation consisted of different culture groups categorized by NaCl as well
as SWE treatment concentrations. Starter fertilizer solution (SFS) was used as a negative
control (NC) [23]. Commercial seaweed biostimulant solution (10%) was used as a positive
control (PC). Both NC and PC treatments included exposure to salt (150 mM) designated as
SNC and SPC. A treatment test involving a combination of SWE 80% with 150 mM of salt
concentration was designated as S + SWE was also used (Table 1).

Table 1. Treatments involved in experimental design.

C NC SNC PC SPC S150 mM SWE80 S + SWE

Control Negative
Control Salt 150 mM + NC

Positive
control

(Commercial
biostimulant)

Salt 150 mM + PC Salt treatment
at 150 mM

80% SWE
concentration

Salt 150 mM +
SWE 80
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The experiment to analyse the physiology and biochemistry of plants propagated in
pots with sterile soil was brought out in randomized block design at the centre’s greenhouse.
The pots (15 cm diameter, 750 mL volume, and sterilized sandy soil) containing one seedling
were irrigated with the appropriate treatment solutions mentioned earlier. The pots were
arranged in a complete randomized design and maintained under 22–28 ◦C with a relative
humidity of 30% and a 16 h/8 h day/night photoperiod. All the treatments were irrigated
with sterile distilled water twice a day. Seeds immersed in distilled water and pots irrigated
with distilled water served as control (C).

2.5. Effect of SWE on Rice Seed Germination under Salinity Stress

Rice seeds (seeds/treatment) were primed in respective solutions (10 mL; overnight),
dried, and placed in correspondingly labelled sterile petri plates, and incubated (25 ± 2 ◦C/
consecutive 16:8 h LD). The seeds were observed for germination. Parameters associated
with germination such as germination percentage (GP, %), average germination time (MGT,
hours), germination energy (GE, %), and plantlet vigour index (SVI) as well as seedling
growth (radicle–plumule, seedling lengths, cm) were noted [23].

GP =
Number of seeds germinated

Total number of seeds
× 100 MGT =

∑(nT)
∑ n

where

n = number of newly germinated seeds at time T (25 ◦C)
T = hours from the beginning of the germination test
∑n = final germination.

GE =
Number of germinating seeds

No. of total seeds per test post germination for 3 days
× 100

SVI = Seedling length (cm) germination %

2.6. Effect of SWE on Rice Salt Alleviation
2.6.1. Physiology

The heights of plant, root, and shoot were measured using a ruler in all treatments,
40 days post-planting of the seedling. At the booting stage, measurement of comparative
aqueous content of the shoot (RWC%) along with panicle length (cm) and tiller number
(per hill) was performed following the methods described earlier [25]. The ability of SWEs
on plants grown under salinity stress in terms of productivity (grain kg/hectare) and yield
traits was also estimated by collecting 100 grains from the panicle of each paddy plant per
treatment and determining their weight on a standard laboratory weighing scale [26].

RWC % =
(FW − DW)

(TW − DW)
× 100

2.6.2. Leaf Mortality

The effect of SWE on leaf mortality of rice plants was determined by counting their
numbers in each plant in all treatments and the percentage of increase or increase was
estimated was compared with plants growing in non-saline conditions [27].

2.6.3. Biochemistry

The effect of CA-LSE on the biochemistry of rice plants grown under salinity stress
was studied using standard protocols methods to estimate whole soluble protein (TSP,
mg/gFW) and phenolics (TPC, mg/gDW) [28,29]. Photosynthetic characteristics were
estimated by measuring the levels of pigments. Chlorophyll (Chl a and b) and carotenoids
(Car) and were extracted and estimated (mg/gFW) [30]. Beyer and Fridovich’s method of
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super-oxide dismutase (SOD) estimation was employed and the level of the antioxidant
enzyme was expressed in units (U/mg protein) [31].

Grain quality in terms of biochemistry was determined by estimating the quantities
of total soluble sugars (TSS) and starch through the Anthrone method [32]. Grain protein
content was also estimated [28]. The ratio of protein to starch contents was also estimated.

2.7. Statistical Analysis

To identify statistically significant variations in means between treatments, ANOVA
was utilized. When statistical differences were found, the Tukey–Kramer post-hoc test
was used. All experiments employed a maximum of 5 biological replicates. Tests after
germination analysis employed only 8 treatments employing the highest concentrations
in both salt and SWE (S150 mM and SWE 80%) for comparisons. When p was ≤ 0.05, the
differences were considered statistically significant.

3. Results

3.1. Germination Parameters

The germination of rice seeds exposed to salinity stress was severely affected which
was evident from their GTC (Figure 2A). Salinity stress deferred the initial germination
of rice seeds by 7.73 h compared with control. SWE promoted early germination of rice
seeds at 49.54 h compared with control. SWE were able to promote early germination of
rice seeds under salinity stress stimulating their germination 36.27 h before that of those
grown under salt stress (Figure 3). Consequently, the MGT of rice seeds exposed to salinity
stress was also brought down by SWE treatment (Figure 2B). While SFS-treated salinity-
exposed rice seeds (SNC) prompted MGT by only 1.89 h compared with control, 50% of
S + SWE seeds emerged 23.72 h compared with control (F6,28 = 126.19; p < 0.0001). Seeds
treated with 150 mM of salt concentration did not reach 50% of emergence to be carried for
MGT calculation.

Figure 2. Effect of SWEs and salt on germination of rice seeds; (A) germination time course; (B) MGT;
(C) final GP; (D) GE. Columns denoted by a different letter are significantly different at p ≤ 0.05 in
Tukey’s test. Seeds exposed to salt treatment (S150 mM) did not reach 50% of germination.
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Figure 3. Efficacy of SWEs on the recovery of GP of rice seeds exposed to salt stress. the X-axis
SWE Treatment concentrations (low 40% (brown), Medium 60% (red) and high 80% (yellow)) Y-axis
germination%, Z-axis treatment groups.

Salt stress severely affected germination capability of seeds exhibiting 56, 52, and 36%
of germination percentage at salt concentrations 80, 100, and 150 mM, respectively. SWE
treatments increased GP to 80, 91, and 96% at concentrations, 40, 60, and 80, respectively.
SWE were able to significantly increase the GP of seeds under salinity stress to 88 from
36‰ (F6,28 = 80.35; p < 0.0001) (Figure 2C). Germination energy of seeds exposed to salinity
stress was severely affected (F6,28 = 213.23; p < 0.0001) with a corresponding impact of
salinity strain on the vigour of seedlings was also observed resulting in a very lower vigour
index, 133.267. SWEs were able to completely energize the seedlings (99.8%) (Figure 2D,
Table 2).

Table 2. Effect of SWE and salinity stress on SVI of seedlings. Columns denoted by a different letter
are significantly different at p ≤ 0.05 in Tukey’s test.

Treatments SVI

C 333.083 ± 1.378 g

NC 541.5 ± 4.23 e

SNC 498.67± 3.98 f

PC 1555.65 ± 1.37 b

SPC 1160.17 ± 2.95 d

S150 133.267 ± 1.938 h

SWE80 1651.37 ± 3.14 a

SSWE80 1407.82 ± 3.74 c

3.2. Growth Parameters

The salt treatments drastically affected the length of radicle and plumule result-
ing in stunted growths (2.48 and 1.28 cm) which was 48.3 and 44.8% inferior to control
(F5,24 = 20.72; p < 0.0001) (Figure 4A). SWE promoted the growths of radicle and plumule
in seeds exposed to salinity by increasing their lengths to 6.24 and 9.54 cm from 1.28
(F7,32 = 21.1; p < 0.0001) and 3.72 cm (F7,32 = 83.39; p < 0.0001). A likely reduction in
root–shoot lengths of rice plants by salt stress was also noted which was promoted by the
influence of SWE (Figure 4B). Salt stress reduced the plant development by negatively
influencing the development of roots and shoots decreasing them to 2.82 (F7,32 = 53.78;
p < 0.0001) and 3 cm (F7,32 = 58.27; p < 0.0001) in lengths from 4.7 and 9.5 cm. However,
the SWE promoted the growths of rhizome and shoots of salt stress-exposed plants to 8.6
and 13.2 cm with a parallel increase in plant height to 22.16 cm from 7.8 cm (F7,32 = 317.75;
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p < 0.0001). SWE also increased the growth of seedlings exposed to SWE to 9.54 from
3.72 cm (F7,32 = 83.39; p < 0.0001) (Figure 4C).

Figure 4. Effect of SWEs and salt on growth parameters of paddy (cm) (A) radicle–plumule length;
(B) Root–shoot height; (C) seedling–plant height. Columns denoted by a different letter are signifi-
cantly different at p ≤ 0.05 in Tukey’s test.

3.3. Physiological Parameters

The detrimental outcome of salt strain-induced upon RWC, panicle length, and tiller
numbers of paddy plants were also positively encouraged by the treatments with SWE
(Table 3). RWC of paddy leaves were increased from 40.6 to 82.6% (F7,32 = 25.8; p < 0.0001).
An increase by SWE in panicle length and tiller numbers from 13.4 cm and 25.2 to 28.39 cm
(F7,32 = 25.8; p < 0.0001) and 56.37 (F7,32 = 168.8; p < 0.0001) was also noted (Figure 5).
Caryopsis qualities also enhanced by SWEs promoting the grain weight to 3.345 from
1.455 g (F7,32 = 19.43; p < 0.0001). SWEs also promoted yield of paddy plants exposed to
salinity stress from 3230.8 to 7743.7 kg/hectare (F7,32 = 10,138.07; p < 0.0001) (Table 3).

Figure 5. Effect of SWEs and salt on panicle length (cm).
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Table 3. Effect of SWE and salinity stress on RWC (%), panicle length (cm), tiller number/hill,
100 grain wt (g), grain yield (kg/hectare) of paddy. Columns denoted by a different letter are
significantly different at p ≤ 0.05 in Tukey’s test.

Treatments
RWC
(%)

Panicle Length
(cm)

Tiller
Number/Hill

100 Grain wt (g)
Grain Yield
(kg/Hectare)

C 70.4 ± 4.28 c 23 ± 4.12 bc 44.8 ± 3.83 cd 2.299 ± 0.359 b 5668.8 ± 25.2 e

NC 75.2 ± 4.44 bc 26.146 ± 1.452 ab 52 ± 3.16 bcd 2.849 ± 0.353 ab 6867.9 ± 32.9 d

SNC 46 ± 23.1 d 17.81 ± 3.03 cd 38.02 ± 3.16 de 2.155 ± 0.243 bc 4842.2 ± 37.9 f

PC 95.2 ± 3.7 a 30.18 ± 3.19 a 65.63 ± 3.35 ab 3.391 ± 0.445 a 8253.6 ± 39.9 a

SPC 85.4 ± 3.65 abc 27.58 ± 4.61 ab 59.38 ± 4.16 abc 3.261 ± 0.397 a 7467.1 ± 51 c

S150 40.6 ± 3.97 d 13.4 ± 3.05 d 25.2 ± 3.96 e 1.455 ± 0.398 c 3230.8 ± 37.7 g

SWE80 93 ± 4.12 ab 30.71 ± 3.03 a 66.96 ± 2.05 a 3.502 ± 0.412 a 8174.4 ± 46.9 a

SSWE 82.6 ± 3.97 abc 28.39 ± 3.5 ab 56.37 ± 2.87 abc 3.345 ± 0.357 a 7743.7 ± 42.1 b

3.4. Biochemical Parameters

Salt stress resulted in increased rates of leaf mortality (8.4%), which was revoked by
SWEs by 85.12% (F7,32 = 30.32; p < 0.0001) (Table 4). Salt stress rigorously derailed the
leaf biochemical constituents of paddy plants reducing the levels of TSP, TPC, and SOD
from 1.786, 16.16, and 1.76 to 1.21 mg/g FW (F7,32 = 4.34; p < 0.0001), 10.86 mg/g DW
(F7,32 = 39.35; p < 0.0001) and 1.3 U/mg protein (F7,32 = 4.19; p < 0.0001), respectively. Conse-
quently, SWEs increased the leaf biochemistry of salt-exposed paddy plants to 1.656 mg/g
FW, 25.07 mg/g DW, and 3 U/mg proteins of TSP, TPC, and SOD, respectively (Table 4).
Paddy leaf pigments such as chla and b along with carotenoids were also positively in-
fluenced by SWE treatments that increased from 1.1704 and 1.165 along with 1.628 mg/g
FW to 2.32 (F7,32 = 8.07; p < 0.0001), 1.535 (F7,32 = 2.52; p < 0.0001), and 2.0274 mg/g FW
(F7,32 = 4.8; p < 0.0001), respectively (Figure 6).

Table 4. Effect of SWE and salinity stress on leaf mortality (%), TSP (mg/gFW), TPC (GAE mg/g DW),
and SOD (U/mg protein) on paddy leaves. Columns denoted by a different letter are significantly
different at p ≤ 0.05 in Tukey’s test.

Treatments
Leaf Mortality

(%)
TSP

(mg/gFW)
TPC (GAE mg/g

DW)
SOD

(U/mg Protein)

C 2.52 ± 0.396 c 1.786 ± 0.0397 d 16.16 ± 1.85 b 1.76 ± 0.428 ab

NC 2.44 ± 0.365 c 1.344 ± 0.0355e f 26.08 ± 2.008 a 2.3 ± 0.346 ab

SNC 5.2 ± 2.68 b 1.3 ± 0.0346d e 11.96 ± 2.24 bc 1.52 ± 0.396 b

PC 1.048 ± 0.0013 e 2.192 ± 0.0317 a 28.04 ± 3.16 a 2.454 ± 0.415 ab

SPC 1.23 ± 0.3 d 1.738 ± 0.0445b c 25.89 ± 3.09 a 2.192 ± 0.259 ab

S150 8.4 ± 1.14 a 1.21 ± 0.0351 ef 10.86 ± 2.144 c 1.3 ± 0.346 b

SWE80 1.118 ± 0.0604 d 1.93 ± 0.0383 b 27.66 ± 3.35 a 2.45 ± 0.415 ab

SSWE 1.248 ± 0.233 de 1.656 ± 0.0304 c 25.07 ± 2.3 a 3 ± 1.414 a

Grain biochemical contents was analysed in terms of carbohydrate content and protein.
TSS level was found to be enhanced by salinity stress (17.85%) compared with control
(Table 5). Despite the 13.69% decrease in TSS content in SWE-treated rice plants compared
with salt-treated plants, TSS content was found to be present 6.14% greater than those
exposed to salt stress (F7,32 = 46.5; p < 0.0001). A similar pattern of increase in starch content
in grains emerged out of plants exposed to salt stress (18.21%) and those treated with
SWE was also observed (0.827%); however, the increase in starch content brought about by
SWE application on salt-stressed plants was not statistically significant (p > 0.05). Protein
levels in grains of salt-stressed plants was decreased by 7.54%; However, SWE treatments
increased grain protein level by 23.12% (F7,32 = 57.28; p < 0.0001). This consequently affected
the protein–starch ratio. Salinity stress severely decrease protein–starch ratio by 23.6% and
was elevated by SWE treatment to 0.0886 from 49.4 (F7,32 = 53.71; p < 0.0001).
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Figure 6. Effect of SWEs and salt on photosynthetic pigments, chlorophyll (a and b), and carotenoids
(mg/g FW) of paddy leaves. Columns denoted by a different letter are significantly different at
p ≤ 0.05 in Tukey’s test.

Table 5. Grain biochemical traits of plants on salinity stress and SWE treatments. Columns denoted
by a different letter are significantly different at p ≤ 0.05 in Tukey’s test.

Treatments
Carbohydrate (mg/g DW) Protein

(mg/g DW) Protein: Starch
TSS Starch

C 138.2 ± 2.21 e 588 ± 3.8 ef 53.1 ± 1.8 d 0.090 ± 0.001 c

NC 157 ± 2. 1c 662.5 ± 4.03 d 62.4 ± 2.03 b 0.0941 ± 0.0001 b

SNC 164.2 ± 2.03 b 684 ± 3.85 c 54 ± 1.7 d 0.0789 ± 0.001 f

PC 142.1 ± 1.98 d 567 ± 3.81 g 67.36 ± 1.89 ab 0.118 ± 0.002 a

SPC 148.34 ±2.07 d 713 ± 4.02 b 59 ± 2.01 bc 0.082 ± 00.01 e

S150 168.3 ± 2.31 b 719 ± 4.36 ab 49.4 ± 2.02 e 0.0687 ± 0.001 g

SWE80 145 ± 1.9 d 581.23 ± 4.2 e 70.2 ± 1.9 a 0.1207 ± 0.002 a

SSWE 179 ± 2.13 a 725 ± 3.95 a 64.26 ± 2 b 0.0886 ± 0.001 d

4. Discussion

Salty conditions are known to limit plant development; saline soils and saline irrigation
pose major issues for vegetable crop productivity [33]. With increasing salt, salt stress can
delay and limit plant development differentiation, as well as lower the fresh weight of leaf,
stem, and root tissue [34]. Poor germination of O. sativa control seeds is uncommon for a
well-domesticated crop, since most crop species demonstrate quick germination and can
reach 100% germination under ideal conditions [35]. A sustainable eco-friendly technique
of using seaweed extracts was devised to minimize both the agricultural constraint and to
increase rice output. SWE had an influence on the sprouting and development of rice.

Seed emergence is hampered by the equipoise, which is bordered by the embryo’s
development abilities as well as the endosperm’s mechanical resistance, which needs to
be weakened for germination [36]. The endosperm cap is weakened by a succession of
enzymes and phytohormones, which accelerate cell development in the embryo and alter
the radicle’s emergence. As a result, seed germination augmentation practices such as seed
instructing are increasingly being used to boost crop growth and production.

Until recently, seaweeds were being investigated as possible crop development besides
produce enhancers, with the goal of replacing chemical fertilizers due to their superior
efficiencies, larger action range, eco-friendliness, and cost effectiveness. Seaweeds have
been observed to have remarkable plant growth encouraging potentials, including en-
hanced plant height, root, and shoot lengths, and are therefore classified as plant growth
biostimulants, according to Craigie et al. [37]. The radicle and plumule are crucial in
determining the underpinning of a plant in the field since they are the major developmental
plant growth phase. Seeds with a prominent radicle and plumule germinate quickly and
have increased competence [19]. Plant establishment efficiency is also specified by lengthier
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radicles. Seeds with a shorter radicle–plumule may have problems transporting nutrients
to the embryo [38].

Seed priming effects of SWEs were instituted to ensure a favourable impact on early
emergence and plant growth. SWEs not only spurred early seed emergence but also raised
seed GP, whereas increasing salt treatments delayed seed emergence and lowered GP. The
toxic effects of Na+ and Cl in the germination process might be to blame for the decrease in
germination [39]. Salt stress appears to influence seed germination by limiting seed water
absorption, causing protein synthesis abnormalities, and causing excessive nutrient pool
usage [40]. Regardless of the circumstance, greater salt concentrations inhibited more than
80% of seed germination, and SWEs increased the GP by 59.09%. SWEs are known to have
beneficial impacts on the germination of a variety of crops [41].

The proportion of seeds that germinate quickly is expressed as germination energy.
While salt stress depleted the germination energy completely, SWEs enhanced the GE to
its maximal degree (80–90%). The relative increase in seed emergence is linked to the
seed eminence, which appears to enhance by SWE treatment. Furthermore, Amabika
and Sujatha [42] demonstrated that priming red gram seeds with extract of the seaweed,
Sargassum myriocystum increased the seedling vigour index of emerged seedlings. This
thereby proves the fact that higher SVI is a good indicator of healthy seedlings.

Sangare et al. [43] indicated that the true performance ability of a seed can be elucidated
by comparing its SVI with that of a control. Higher SVI of SWE-treated seeds denote
an increase in seed quality. Other characteristics of SWE-treated seeds showed greater
seedling-plant height, radicle-root, plumule-shoot lengths, and dry-wet weight compared
with control. Enhanced seed germination and growth rates of brinjal and tomato, as well
as chilli, were connected with increased SVI after seed priming with SWE of Ulva lactuca,
Padina pavonic, and S. johnstonii [44]. This beneficial impact might be accredited to various
growth-regulating chemicals found in SWEs, such as kinetin, gibberellic acid, and ethylene,
which have been linked to the reversal of seed dormancy [45]. The growth hormones
found in SWE may serve a crucial part in initiating the creation of hydrolytic enzymes from
scratch. These phytohormones may cause abscisic acid inhibitors to seep from the seeds,
improving germination rates [46].

Yang and Guo [47] found that the principal response to salinity stress is a suppression
of shoot and root vegetative development, which was seen in the current experiment. The
same discoveries were established by Khosravinejad et al. [48], who observed a substantial
reduction in shoot lengthening in barley when NaCl treatment was increased. Compared
with plants in a saline state, liquid extract delivers the highest outcomes in terms of plant
development under salt stress conditions by a considerable increase. Seaweed elements
such as macro- and microelement nutrients, vitamins, amino acids, auxins, and cytokinins,
which impact cellular metabolism in plants and lead to increased growth, can be connected
to improved wheat vegetative development [49]. Researchers from all around the world
have confirmed that seaweeds boost plant development [50–52].

Although salt stress reduced rice plant protein and phenolic contents, SWE enhanced
both biochemical properties by 22 and 56.8%, respectively. Wheat plants treated with Fucus
spiralis LSEs showed a similar rise in TSP and TPC [45]. All kinds of stressors cause an
increase in the synthesis of hazardous oxygen derivatives. Plants have effective mechanisms
for scavenging active oxygen species, which protect them from oxidative processes that are
harmful to them [53]. Antioxidant enzymes show a vital part in the defensive mechanisms
of the plant system. The administration of SWE enhanced the synthesis of the SOD enzyme
that was previously reduced by salt stress in the current investigation. The application
of extracts of F. spiralis to wheat plants resulted in a comparable rise in SOD activity [45].
Salinity levels have a big impact on relative water content [54]. Plants exposed to salt
at higher levels had much decreased water content in their leaves. Plants under salinity
stress had their RWC increased by SWEs. Bulgari et al. [55] stated that similar applications
of ascorbic acid and abscisic acid, as well as seaweed extracts, have been demonstrated
to protect plants against water loss and retain water. Plant growth, tiller number, length
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of panicle, seed weight, and caryopsis traits all decrease with increasing saline levels,
according to Abdullah et al. [56], which correlates with our findings. The treatment
with SWEs, which cumulatively improved panicle length and augmented the number of
tillers/hills, improved all the above characteristics.

In our research, SWEs had a comparable favourable effect on grain weight, yield, and
photosynthetic pigments. Reduced chlorophyll concentration, fragmentation of chloroplast
membranes, besides disruption of biochemical activities, are all examples of abiotic stressors
that have a noteworthy influence on plant photosynthesis. NaCl stress dramatically reduced
chlorophyll content in paddy, according to the findings of this study. The seaweed extract
was shown to increase plant chlorophyll content by promoting its production. Under
NaCl stress, the polysaccharides of the algae Lessonia nigrescens (LNP) greatly boosted
chlorophyll levels in plants. LNP treatment decreased lipid peroxidation and alleviated the
salt-induced loss of chlorophyll content [57]. The high content of macro- and micronutrients,
growth stimulators, bioactive ingredients, and unique plant growth promoting products in
the alga can be accredited to the helpful outcome of algal amendment besides also their
stress-dismissing influence on rice yield [58].

The varied effects of the treatments changed the biochemistry and grain weight.
Despite the fact that TSS and starch levels increased, rice plants treated with SWE had
higher protein contents. The total protein–starch ratio of grains treated with SWE, which
previously reduced due to salt stress, rose as a result. Thitisaksakul et al. previously
established that salt stress increases the starch content of rice grains [59]. However, it was
suggested that genotypes affected how much biochemical material accumulated in rice
grains in response to salt stress [60]. Proteins are thought to be the factors that determine the
sensory quality of rice [61]. According to reports, rice grain proteins can change depending
on the salinity. It is considered that the more protein a grain contains, the less likely it is
to break during the milling process [62]. In light of nutrition, storage, and marketability,
increased rice grain protein content encouraged by SWE treatment under saline stress is
a desirable rice quality. Soil salinity has been reported to enact a negative impact on the
plants in all stages of development, affecting the plant growth, development, functionality,
and eventually the crop’s quality and yield. Application of SWE was hence tested for its salt
alleviation capacity right from germination and throughout the growth of rice plant. It was
evident that the SE promoted seed germination that was severely constrained by salinity
stress and eventually producing plants of greater height and vigour. This can be correlated
to the enhanced biochemical attributes that contributed to increase in the synthesis of vital
plant biochemical such as protein, phenols, antioxidant enzyme, and chlorophyll pigments.
An increase in water retention in leaves treated with SWE exposed to salt stress and lower
leaf mortality rates dues to SWE treatments clearly indicates that SWE was successful in
conferring protection to rice plants against salt-induced toxicities. An increase in grain
yield and weight along with grain biochemical attributes such as protein and protein:starch
also indicates that SWE had exerted a profound effect in promoting the productivity of
plant as a result of enhanced plant functionalities. Hence the current study proposes that
SWE promotes effective use of plant resources, increases plant development, and increases
tolerance to unfavourable environmental circumstances.

5. Conclusions

These discoveries propose that seaweed extracts can help rice plants cope with salt
stress by boosting rice seed germination and plant development. The extracts significantly
enhanced panicle length and tiller numbers, both of which were badly harmed by salt
stress. SWE also improved the content of photosynthetic pigments. The treatment of SWE
had a good effect on the caryopsis characteristics and yield. SWE significantly reduced leaf
death rates while also boosting protein, phenolic content, and antioxidant enzyme levels.
Extracts from the halotolerant macroalgae C. antennina can help plants deal with salt stress,
according to our findings.
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Abstract: Drought stress is one of the most significant abiotic stresses on the sustainability of global
agriculture. The finding of natural resources is essential for decreasing the need for artificial fertilizers
and boosting plant growth and yield under water stress conditions. This study used a factorial
experimental design to investigate the effects of oak leaf extract, biofertilizer, and soil containing oak
leaf powder on the growth and biochemical parameters of four tomato genotypes under water stress
throughout the pre-flowering and pre-fruiting stages of plant development. The experiment had
two components. The first component represented the genotypes (two sensitive and two tolerant),
while the second component represented the treatment group, which included irrigated plants (SW),
untreated and stressed plants (SS), treated plants with oak leaf powder and stressed (SOS), treated
plants with oak leaf powder and oak leaf extract and stressed (SOES), and treated plants with oak
leaf powder and biofertilizers and stressed (SOBS). When compared with irrigated or control plants,
drought stress under the treatments of SS, SOS, SOES, and SOBS conditions at two stages and
their combination significantly lowered shoot length (12.95%), total fruit weight per plant (33.97%),
relative water content (14.05%), and total chlorophyll content (26.30%). The reduction values for
shoot length (17.58%), shoot fresh weight (22.08%), and total fruit weight per plant (42.61%) were
significantly larger in two sensitive genotypes compared with tolerant genotypes, which recorded
decreasing percentages of 8.36, 8.88, and 25.32% for shoot length, shoot fresh weight, and total fruit
weight per plant, respectively. Root fresh weight and root dry weight of genotypes treated with
SS, SOS, SOES, and SOBS, on the other hand, increased in comparison with control plants. Tomato
fruits from stressed plants treated with SS, SOS, SOES, and SOBS had considerably higher levels
of titratable acidity, ascorbic acid, and total phenolic compounds than irrigated plants during all
stress stages. Under water stress conditions, the addition of oak leaf powder to soil, oak leaf extract,
and biofertilizer improved the biochemical content of leaves in all genotypes. Furthermore, leaf
lipid peroxidation was lower in plants treated with SOES and SOBS, and lower in the two tolerant
genotypes than in the two susceptible genotypes. In conclusion, the application of SOS, SOES, and
SOBS demonstrated a slight decrease in some morpho-physiological and fruit physicochemical traits
compared with SS treatment. However, the application of oak leaf powder and oak leaf extract can be
described as novel agricultural practices because they are low-cost, easy to use, time-consuming, and
can meet the growing demands of the agricultural sector by providing environmentally sustainable
techniques for enhancing plant resistance to abiotic stress. The usage of the combination of leaf crude
extract, oak leaf powder, and arbuscular mycorrhizal fungus should be investigated further under
stress conditions.

Keywords: drought; Solanum lycopersicum; biostimulation; plant tissue; plant response; enhancement
of tolerance
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1. Introduction

The tomato (Solanum lycopersicum L.) belongs to the Solanaceae family, which includes
nearly 2800 species, and is one of the world’s most important vegetables and crops [1,2]. Its
production has increased continuously, reaching nearly 186 million tons of fresh fruit in
2020 [3]. It is consumed as a fresh or processed fruit because of its high nutritional value,
which includes vitamins, folate, and phytochemicals [4]. Tomatoes are also considered
a perfect fleshy fruit model system because they can be easily grown under different
conditions, have a short life cycle, and have simple genetics owing to their small genome
and lack of gene duplication [5].

Water resources around the world have decreased as a result of climate change and
global warming. Agriculture productivity is significantly impacted by water constraints
around the world [6]. The plant’s internal water content is affected by low soil water
availability, which inhibits its physiological and biochemical functions. Despite the tomato’s
economic importance, it is susceptible to drought stress, especially during its blooming
and fruit enlargement phases [7,8], which prevents seed germination, slows down plant
development, and lowers fruit yields [9]. Additionally, little is known about the crucial role
of stress-responsive genes, the processes behind their response to abiotic pressures, and the
mechanisms underlying their response to biotic challenges [10].

An understanding of how plants respond to fluctuations in environmental conditions
is crucial for predicting plant and ecosystem responses to climate change [11]. The plant’s
response to drought stress is highly dependent on the duration and severity of the stress,
but is also influenced by the plant’s genotype and its developmental stage [12]. The plants
change their cellular activities by producing different defense mechanisms in response to
water stress. Drought causes osmotic stress, which can result in turgor loss, membrane
deterioration, protein degradation, and often high amounts of reactive oxygen species
(ROS), which cause tissue oxidative damage [11]. The antioxidant enzyme systems are
produced by some antioxidant enzymes and osmotic substances such as soluble sugars,
proteins, and free prolyls, which scavenge these ROS and protect macromolecules in plant
cells [13]. Plants adopt different strategies, including the accumulation of some substances
with the capability to retain water, such as proline, compatible solutes, and those that evade
water deficits by modifying water consumption such as root system traits and C3/C4 or
CAM photosynthesis [11,14]. Stressed plants produce some important metabolites, like
organic acids, polyamines, amino acids, and lipids, which moderately alleviate stress
by acting as osmoregulators, antioxidants, and defense compounds [15]. Some protein
kinases are turned on in most plants when they are under water stress. These include
mitogen-activated protein kinases (MAPKs), calcium-dependent protein kinases (CDPKs),
calcineurin B-like (CBL)-interacting protein kinases (CIPKs), and members of the sucrose
non-fermenting-1 (SNF1)-related protein kinase 2 (SnRK2) family [16,17].

The addition of plant tissue to soil improves soil quality by reducing the risk of soil
erosion and increasing crop yields [18]. Plant tissue application also plays a crucial role in
sustaining and improving the chemical, physical, and biological properties of the soil by
providing mineral nutrients and protecting the soil’s water content [19] and may have an
effect on plant water uptake [20]. Silicon (Si) is a nutritional mineral in the plant residue that
promotes plant growth and development, particularly under dry conditions. Si ameliorates
osmotic and ionic stressors associated with drought [21]. Si-treated plants maintained
stomatal conductance and transpiration rate, leaf relative water content, as well as root and
whole-plant hydraulic conductivity [22].

Natural biofertilizer is a product made from living microorganisms that are extracted
from cultivated or root soil. It is safe for the environment and soil health, and it is essential
for atmospheric nitrogen fixation and phosphorus solubilization, which leads to increased
nutrient uptake and tolerance to drought and moisture stress [23]. Rhizobacteria that
promote plant growth (PGPR) are a favorable interaction between microbes and plants
that can speed up plant growth. One category of rhizobacteria consists of Bacillus species,
which support plant growth, increase nutrient availability, increase the production of
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plant hormones, generate volatiles, and lessen the effects of drought [24,25]. Several
studies analyzed the chemical profile of leaves of different oak species and confirmed
the presence of several chemical elements, including phenolic, flavonoid, and terpenoid
substances. In addition, they demonstrated significant radical scavenging, antibacterial,
and antitopoisomerase activity [26–30]. To the best of our knowledge, no research has
been conducted on the use of oak leaf extract and powder as biostimulator factors in water
stress situations.

Owing to the presence of high amounts of chemical compounds related to growth and
antioxidant activity, the hypothesis of this study was to test and determine the biological
activity of oak tissues. The goal of this study was to determine the effects of oak leaf
extract, biofertilizer, and soil incorporating oak leaf powder on the growth and biochemical
traits of four tomato genotypes under water stress conditions during two stages of plant
development. This research will help farmers find new ways to use oak leaf powder and
extract because they are cheap, easy to use, and do not take much time. They can also meet
the growing needs of the agricultural industry by providing environmentally friendly ways
to make plants more resistant to abiotic stress.

2. Materials and Methods

2.1. Plant Materials

This study used two susceptible tomato genotypes, Braw and Yadgar, and two tolerant
tomato genotypes, Raza Pashayi and Sandra, based on the results of in vitro tests of
64 tomato genotypes to drought stress by polyethylene glycol-MW 6000 (unpublished data).
The tomato genotypes were collected from the Agricultural Research Center of the Ministry
of Agriculture and Water Resources in Kurdistan, Iraq.

2.2. Experimental Design Components, Plant Treatement, and Growth Conditions

The experiment is divided into three groups. The plants in Group 1 were stressed
before flowering. The plants in the second group were stressed prior to fruiting. The
third category includes plants that were stressed before flowering and fruiting. To conduct
this investigation, a factorial completely randomized design (CRD) with two components
was applied. The first component represented tomato genotypes (two sensitive and two
tolerant) and the second component represented the treatment group, which consisted of
irrigated plants (SW), stressed plants (SS), stressed plants + oak leaf powder (SOS), stressed
plants + oak leaf powder + oak leaf extract (SOES), and stressed plants + oak leaf powder
+ biofertilizers (SOBS). Seeds of four genotypes were planted in plastic trays in a plastic
house. Fully developed and healthy oak leaves (Quercus aegilops Oliv.) were gathered at the
vegetative stage on 17 May 2021, dried, and ground into powder for the SOS, SOES, and
SOBS treatments. The seedlings were transplanted into the plastic pots (40 cm in height
and 18 cm in diameter). The pots for SW and SS treatments contained only 10 kg of soil,
whereas the pots for SOS, SOES, and SOBS contained 10 kg of soil and 80 g of oak leaf
powder. Each treatment was composed of eight replications (eight plants) (Figure S1).

To make the extract of oak leaf, 60 g of powdered oak leaves were dissolved in 1 L
of distilled water, shaken for 3 h, and then incubated overnight at 5 ◦C [31,32]. After cen-
trifuging for 30 min at 4000 rpm, the supernatant was collected and diluted (1:29 v/v) with
distilled water. This extract was applied four times by foliar spray before flowering (first
stress stage) and fruiting (second stress stage) with three-day intervals. Leaf extract was
sprayed before flowering on 7 June, 10 June, 13 June, and 16 June 2021 and before fruiting
on 15 July, 18 July, 21 July, and 24 July 2021. For biofertilizer treatment, 40 mg per plant
of Fulzyme Plus (JH Biotech.; Inc.; USA) was applied as fertigation three times in 15 days.
This biofertilizer consisted of beneficial bacteria like Bacillus subtilis and Pesudomonas putida
(2 × 1010 g); enzymes like protease, amylase, lipase, and chitinase; and hormones like
gibberellin (0.3%) and cytokinin (0.3%). Water stress at 40% of field capacity was applied
before flowering (the first stress stage) for six days and fruiting (the second stress stage)
for four days [7]. The plants grew over the spring and summer sessions of 2021. The
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average daytime and nighttime relative humidity in the greenhouse during the experiment
was 42.84/17.17% and the average temperature was 39.55/23.59 ◦C. Plants were kept in a
regular photoperiod with 14 h of natural light per day. Weeds were physically eliminated
during the plant’s growing stage, and unhealthy or dried leaves were taken out.

The soil in the experiment was silty clay in texture, with an EC of 0.61 dS m−1, a pH
of 7.5, an organic matter content of 17.79 g kg−1, a total nitrogen content of 15.56 g kg−1, a
phosphorus content of 4.44 mg kg−1, an available potassium content of 0.16 meq L−1, and
an exchangeable phosphorus content of 0.2 mg kg−1.

2.3. Evaluation of Morphological and Physiological Parameters

Plant morphological data from eight plants per treatment, including shoot length (SL
in cm), shoot fresh weight (SFW in g), shoot dry weight (SDW in g), root length (RL in
cm), root fresh weight (RFW in g), root dry weight (RDW in g), and fruit weight per plant
(FWT in g), were measured at the end of the stress period. The total chlorophyll content
of the leaves of eight plants (TCC in SPAD) was determined using a SPAD-meter at the
end of the stress period. Using the method outlined by Lateef et al. [33], the relative water
content (RWC in %) of the leaves was estimated using six leaves from eight tomato plants
harvested at the end of the stress period.

2.4. Tomato Leaves’ and Fruits’ Collection

At the end of the stress point, fresh tomato leaves were collected, ground using liquid
nitrogen, and frozen at −20 ◦C for use in biochemical investigations. Tomato fruits were
hand-harvested at full maturity and stored at −20 ◦C for use in tomato fruit quality tests.

2.5. Moisture Content, Titratable Acidity, and Total Soluble Solid Measurement

The moisture content (MC) of eight plants was estimated by weighing 10 g of fresh
tomato fruit and then drying the samples at 70 ◦C for 72 h until a consistent weight was
achieved. The weight of the dry samples was determined and the MC percentage was
calculated using the following equation [34,35]:

MC (%) =
FW − DW

DW
× 100

where MC is the moisture content of tomato fruit, FW is the fresh weight of tomato fruit,
and DW is the dry weight of tomato fruit.

Titratable acidity (TA) was determined by combining 3 mL of tomato juice with two to
three drops of phenolphthalein and titrating the mixture with 0.1 N NaOH [36]. TA was
computed using the following formula:

TA (%) =
Volume of titrant × N (NaOH)× Acid equivilent

Volume of used juice × 1000
× 100

Total soluble solids (TSSs, Brix) was determined using a digital refractometer [34,35].
Fruits of six plants from each level of treatments were subjected to this test.

2.6. Measurement of Biochemical Traits
2.6.1. Ascorbic Acid Content (ASC)

Ascorbic acid content (ASC) was determined by combining 0.4 g of powdered tomato
fruit tissue with 1300 μL of 1% (w/v) HCl and vigorously shaking the mixture for 30 min.
The mixture was centrifuged for 10 min at 13,000× g rpm and the supernatant was collected.
The supernatant was mixed with 1900 μL of 1% (v/v) HCl and measured at 243 nm against
a blank containing 1% (v/v) of HCl [37].
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2.6.2. Carotenoid Content (CAC)

One gram of powdered tomato fruit tissue was mixed with 1000 μL of 100% methanol,
and the mixture was incubated overnight at 5 ◦C. After centrifuging the samples for 8 min
at 13,000× g rpm, 500 μL of the supernatant was collected and mixed with 1500 μL of 100%
methanol. At 470 nm, the sample was read against a blank of 100% methanol [38].

2.6.3. Soluble Sugar Content (SSC)

Using the method described by Lateef et al. [33], the concentration of soluble sugar in
fresh leaves and fruits was determined.

2.6.4. Proline Content (PC)

The proline content of the fresh leaves was determined using the method of Lateef et al. [33].

2.6.5. Total Phenolic Content (TPC)

According to Lateef et al. [33], fresh fruits and leaves were tested for their total phenolic
content (TPC).

2.6.6. Antioxidant Compound Capacity (AC)

The antioxidant capacity was evaluated by combining 0.1 g of ground fresh leaves with
1 mL of 60% (v/v) acidic methanol (%99 methanol + %1 HCl). After shaking the mixture
for 10 min, the sample was incubated at 5 ◦C overnight. The mixture was centrifuged for
15 min at 12,000× g rpm to collect the supernatant. Using the 1-diphenyl-2-picrylhydrazyl
(DPPH) method as described by Lateef et al. [33], the antioxidant capacity of supernatant
(extract) was assessed.

2.6.7. Antioxidant Enzyme Activity

The activities of guaiacol peroxidase (GPA) and catalase (CAT) were determined using
the procedures reported by Lateef et al. [33].

2.6.8. Lipid Peroxidation Assays

As a biomarker of membrane oxidative damage caused by the water stress, the con-
centration of malondialdehyde (MDA), which is the final product of lipid peroxidation,
was measured [39]. This experiment was initiated by mixing an amount of grinded powder
leaves (0.4 g) with 2 mL of Tris-HCl buffer solution (pH 7.4) comprising 1.5% (w/v) of
polyvinylpyrrolidone (PVP). Then, the mixture was shaken well for a duration of 10 min.
Afterwards, the solution mixture was centrifuged at 10,000× g rpm for half an hour. All
of the upper layers were then taken and transferred to a glass tube. Following that, 2 mL
of 0.5% (w/v) thiobarbituric acid in 20% trichloroacetic acid (w/v) was mixed with the
supernatant and boiled for 31 min at 95 ◦C in a water bath. After heating, the samples
were immediately placed in a cold-water bath to stop the reactions, and the pinkish color
appeared among the samples. The reaction mixture, after centrifugation at 4000× g rpm for
12 min, was measured at two different wavelengths, 532 and 600 nm. The first measurement
is a true measurement of the sample, while the second is for correcting unclear turbidity by
subtracting the value of absorbance at 600 nm. The concentration of lipid peroxidation (LP)
was stated in nmol g−1 seedling fresh weight:

LP =
AB532 − AB600 × 1000 × VL

EC × WE

where AB532 is the absorbance at 532 nm, AB600 is the absorbance at 600 nm, VL is the
volume of extract (mL), WE is the fresh weight of the sample (g), and EC is the extinction
coefficient of 155 mM−1cm−1.
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2.7. GC-MS Analysis of Oak Leaf Extract

The chemical components of oak leaf extract were identified using an Agilent 7890 B
gas chromatograph and an Agilent 5977 mass spectrometer, both manufactured by MSD,
USA. HP-5MS UI capillary column (30 m × 0.25 × 0.25 mm) fused with 5% phenyl methyl
siloxane and a splitless injector were used in a gas chromatograph. The initial temperature
in the column oven was 40 ◦C, held steady for 60 s, and then increased to 300 ◦C at a rate of
10 ◦C per minute. To do this, we used a constant flow rate of 1 mL/min of helium as the
carrier gas and heated the injector to 290 ◦C. In the splitless model, the injection volume
was 1 mL, the purge flow was 3 mL/min, the total flow was 19 mL/min, and the pressure
was 7.0699 psi. The mass spectrometer was run with the help of the Mass Hunter GC/MS
Acquisition software and the Mass Hunter qualitative program, which scanned fragments
in the range of 35 m/z to 650 m/z. The interface temperature (MSD transfer line) was set at
290 ◦C, the ionization source temperature was set at 230 ◦C, and the quad temperature was
set at 150 ◦C. The solvent cut time began at 4 min and ended between 35 and 40 min.

2.8. Statistical Data Analysis

XLSTAT version 2019.2.2 (Boston, USA) was used to run statistical analyses (two-way
analysis of variance, Duncan’s multiple range test, and principal component analysis (PCA))
for assessing the data obtained in this study at p ≤ 0.05 [40]. The trait index was calculated
by the following formula [41]:

Trait index (%) = (Mean of treated and stressed plants−Mean of irrigated plants)
Mean of irrigated plants × 100

The values of all studied traits are represented by the mean ± standard deviation (SD).
Each value is the average of three replications for physicochemical parameters and eight
replications for morpho-physiological traits.

3. Results

3.1. Effect of Various Treatments on the Morpho-Physiological and Fruit Physicochemical Traits of
Tomato under Water Stress

Plant development and growth are essentially the results of cell division, cell enlarge-
ment, and differentiation, and they are regulated by a variety of genetic, physiological,
ecological, and morphological processes, as well as their interconnections [42]. The analysis
of variance on morphological characters, relative water content (RWC), and total chloro-
phyll content (TCC) in the first stress stage (before flowering), the second stress stage
(before fruiting), and their combinations revealed that treatments had a significant effect
(Table S1 and Figures S2 and S3). When compared with control plants, all levels of treat-
ment resulted in a significant percentage decrease in shoot length (SL), shoot fresh weight
(SFW), shoot dry weight (SDW), fruit weight per plant (FWT), relative water content (RWC),
and total chlorophyl content (TCC). In comparison with control plants, the stressed plant
group (SS) that was not exposed to powdered oak tissue, oak leaf extract, or biofertilizer at
any stage had the highest decline percentages for all traits (Table 1).

According to the results of the interaction, Braw under SOBS application resulted in
the highest increasing percentages of SFW (33.35%), SDW (51.30%), and RFW (145.06%)
compared with the irrigated plants (SW) during the first stress stages, while Yadgar under
untreated and stressful conditions (SS) resulted in the maximum decreasing values for FWT
(50.38%) and RWC (18.72%) (Table S4). The interaction results showed that, during the
second stress stages, Braw under SOBS application contributed to the greatest increases in
SFW (5.03%), SDW (29.64%), and RFW (258.68%) compared with the control conditions,
while Yadgar (48.30%) and Sandra (48.11%) under the SOS condition caused the greatest
decreases in FWT and TCC. As per Table S4, the interaction outcomes demonstrated that
the Sandra genotype under SOBS application contributed to the highest increases in SDW
(2.74%), and RDW (255.70%) compared with SW conditions, and that Yadgar under the
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SS condition caused the greatest decreases in SL (26.52%) and FWT (63.89%) during the
combination of both stress stages.

Table 1. Effect of oak leaf powder, oak leaf extract, and biofertilizer on the morpho-physiological
characteristics of tomato plants at various stress stages. Positive and negative values signify increasing
and declining, respectively.

Increasing and Decreasing Percentages Compared with Irrigated Plants in the First Stress Stage

Treatment SL (%) SFW (%) SDW (%) RL (%) RFW (%) RDW (%) FWT (%) RWC (%) TCC (%)

SOBS −6.70 a ±
5.15

1.90 a ±
20.80

7.72 a ±
27.31

4.94 a ±
16.58

74.93 a ±
50.94

99.21 a ±
84.92

−27.30 ab
± 9.53

−11.94 ab
± 3.26

−24.30 b ±
12.18

SOES −6.54 a ±
8.47

−5.78 b ±
7.59

−3.24 b ±
8.14

0.03 ab ±
12.43

44.00 b ±
58.76

43.76 ab ±
117.82

−21.36 a ±
16.97

−9.44 a ±
8.07

−9.80 a ±
18.67

SOS −7.13 a ±
5.52

−8.93 b ±
6.53

−11.53 c ±
6.95

−4.57 b ±
15.55

30.05 b ±
26.34

22.51 b ±
20.64

−28.59 b ±
10.07

−14.24 bc
± 3.89

−33.34 b ±
8.43

SS −13.52 b ±
6.56

−24.76 c ±
15.11

−22.98 d ±
14.67

−16.67 c ±
11.37

16.16 b ±
29.80

26.11 b ±
52.72

−32.58 b ±
11.58

−16.75 c ±
4.69

−31.30 b ±
10.72

Increasing and Decreasing Percentages Compared with Irrigated Plants in the Second Stress Stage

Treatment SL (%) SFW (%) SDW (%) RL (%) RFW (%) RDW (%) FWT (%) RWC (%) TCC (%)

SOBS −9.28 a ±
4.57

−7.95 a ±
13.31

3.02 a ±
18.52

15.70 a ±
17.39

107.57 a ±
104.78

121.80 a ±
91.08

−28.49 a ±
13.46

−10.12 a ±
4.59

−24.18 b ±
12.07

SOES −9.04 a ±
5.33

−14.16 b ±
10.09

−5.18 b ±
11.10

5.96 b ±
15.92

94.83 a ±
86.72

104.54 a ±
82.27

−30.57 a ±
11.03

−8.87 a ±
7.42

−16.85 a ±
12.49

SOS −13.00 a ±
6.63

−20.21 c ±
10.32

−14.03 c ±
8.70

−11.47 c ±
14.93

30.54 b ±
39.65

36.60 b ±
26.44

−35.13 b ±
10.26

−10.88 a ±
3.99

−33.29 c ±
10.34

SS −20.56 b ±
8.62

−29.05 d ±
15.83

−25.14 d ±
14.76

−12.84 c ±
11.43

29.59 b ±
39.99

31.48 b ±
67.26

−37.64 b ±
11.47

−18.14 b ±
6.84

−31.55 c ±
10.75

Increasing and Decreasing Percentages Compared with Irrigated Plants in the First and Second Stress Stages

Treatment SL (%) SFW (%) SDW (%) RL (%) RFW (%) RDW (%) FWT (%) RWC (%) TCC (%)

SOBS −13.95 a ±
7.95

−15.22 b ±
12.10

−9.28 a ±
11.43

8.52 a ±
17.42

92.02 a ±
83.34

101.46 a ±
100.45

−41.10 a ±
13.87

−15.59 a ±
6.65

−26.22 b ±
11.54

SOES −14.57 a ±
7.57

−9.14 a ±
12.32

−8.57 a ±
8.88

2.52 ab ±
14.18

89.63 a ±
76.02

100.71 a ±
106.78

−39.72 a ±
12.98

−13.70 a ±
6.65

−16.24 a ±
14.80

SOS −17.50 a ±
8.64

−16.48 b ±
13.13

−13.05 b ±
10.59

−3.73 b ±
9.00

51.78 b ±
52.23

62.56 b ±
117.59

−40.04 a ±
11.37

−16.87 a ±
6.45

−32.91 c ±
8.37

SS −23.80 b ±
9.89

−36.00 c ±
23.39

−27.49 c ±
16.15

−12.98 c ±
6.97

27.08 b ±
35.52

37.11 c ±
86.64

−45.10 b ±
13.80

−22.06 b ±
5.42

−35.64 c ±
10.40

SL: shoot length, SFW: shoot fresh weight, SDW: shoot dry weight, RL: root length, RFW: root fresh weight,
RDW: root dry weight, FWT: fruits weight per plant, RWC: relative water content, TCC: total chlorophyl content,
SS: stressed plants that had not been treated, SOS: stressed plants that had been treated with oak leaf powder,
SOES: stressed plants that had been treated with oak leaf powder and oak leaf extract, SOBS: stressed plants
that had been treated with oak leaf powder and biofertilizers. Duncan’s multiple range test at p ≤ 0.05 indicates
that any mean values sharing the same letter in the same column are not statistically significant. The value is
represented by trait index ± standard deviation (SD). Each value is the average of eight measurements.

The analysis of variance (ANOVA) of the data reported a significant influence of
the treatment on the fruit’s physicochemical properties (Table S2). As stated in Table 2,
the titratable acidity (TA). ascorbic acid content (ASC), and total pheolic content (TPC)
responded positively to different levels of treatment in all stages of growth. In the first
stress stage, the highest increasing percentages of TA, ASC, and TPC were obtained by the
treatments SS (11.23%), SOBS (23.50%), and SOES (11.10%), respectively. The TA, ASC, and
TPC responded favorably to various treatments during the second stress stage. The highest
increasing TA (12.63%), ASC (18.49%), and TPC (12.21%) values were seen in the treatments
SS, SOES, and SOBS, respectively. Similarly, when two stress measures were combined, the
same results were found. In the SS and SOES applications, the highest percentage increases
in TA (19.05%), ASC (13.11%), and TPC (10.42%) were shown. Under all stress conditions,
a decreasing amount was also observed in the moisture content (MC), total soluble solids
(TSSs), and carotenoid content (CAC). The SS application showed the largest decline in
percentage in MC, TSS, and CAC. With the first stress stage, the soluble sugar content
(SSC) decreased by 3.27 and 2.78% under SOBS and SOES conditions, respectively. The SSC
responded favorably to the SOBS and SOES applications during the second stress stage,
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increasing by 1.68 and 2.73%, respectively. Under all levels of treatment (SS, SOS, SOES,
and SOBS), the SSC values for both stress stages together decreased.

Table 2. Influence of oak leaf powder, oak leaf extract, and biofertilizer on the fruit physicochemical
parameters of tomato plants at different stress stages. Increasing and decreasing are labeled by a
positive and negative value, respectively.

Increasing and Decreasing Percentages Compared with Irrigated Plants in the First Stress Stage

Treatment MC TA TSS ASC CAC SSC TPC

SOBS −0.67 a ± 0.45 2.64 bc ± 6.43 −1.73 a ± 4.35 23.50 a ± 12.40 −3.02 b ± 4.43 3.27 a ± 7.73 8.55 b ± 12.38
SOES −0.59 a ± 0.35 1.03 c ± 6.81 −2.08 a ± 3.60 22.10 b ± 14.06 −1.80 a ± 4.25 2.78 a ± 8.68 11.10 a ± 10.93
SOS −0.87 b ± 045 5.82 b ± 5.12 −4.43 b ± 4.29 15.92 c ± 11.81 −5.35 c ± 6.19 −2.34 b ± 7.72 9.06 b ± 10.41
SS −1.28 c ± 0.83 11.23 a ± 6.53 −6.67 c ± 4.37 6.41 d ± 10.22 −7.64 d ± 7.61 −8.28 c ± 11.84 5.06 c ± 10.63

Increasing and Decreasing Percentages Compared with Irrigated Plants in the Second Stress Stage

Treatment MC TA TSS ASC CAC SSC TPC

SOBS −0.65 a ± 0.046 3.45 b ± 7.54 −1.59 a ± 3.23 17.22 b ± 18.89 −0.03 a ± 6.67 1.68 b ± 10.98 12.21 a ± 14.70
SOES −0.55 a ± 0.039 2.12 b ± 7.50 −2.42 a ± 3.26 18.49 a ± 16.69 −2.40 b ± 7.74 2.73 a ± 9.89 11.37 a ± 14.15
SOS −0.87 b ± 0.44 6.00 b ± 5.91 −4.21 b ± 4.64 13.40 c ± 17.44 −4.70 c ± 8.46 −2.71 c ± 9.85 9.37 b ± 12.41
SS −1.23 c ± 0.78 12.63 a ± 11.80 −6.51 c ± 5.14 2.29 d ± 12.86 −7.80 d ± 10.15 −8.35 d ± 13.56 4.68 c ± 9.02

Increasing and Decreasing Percentages Compared with Irrigated Plants in the First and Second Stress Stages

Treatment MC TA TSS ASC CAC SSC TPC

SOBS −0.90 a ± 0.58 6.65 c ± 6.14 −3.86 a ± 4.53 12.73 a ± 16.38 −2.58 a ± 9.90 −1.49 a ± 10.12 9.12 b ± 13.75
SOES −0.86 a ± 0.59 7.19 c ± 5.68 −4.27 a ± 4.50 13.11 a ± 17.24 −5.12 b ± 9.91 −1.69 a ± 9.79 10.42 a ± 14.22
SOS −1.21 b ± 0.74 11.47 b ± 5.94 −5.88 b ± 5.32 7.04 b ± 17.51 −6.92 c ± 10.56 −6.41 b ± 10.34 7.65 c ± 12.05
SS −1.55 c ± 1.01 19.05 a ± 11.13 −8.54 c ± 5.74 −3.73 c ± 14.17 −10.10 d ± 11.68 −12.31 c ± 13.16 1.78 d ± 10.46

MC: moisture content, TA: titratable acidity, TSS: total soluble solids, ASC: ascorbic acid content, CAC: carotenoid
content, SSC: soluble sugar content, TPC: total phenolics content, SS: stressed plants that had not been treated,
SOS: stressed plants that had been treated with oak leaf powder, SOES: stressed plants that had been treated
with oak leaf powder and oak leaf extract, SOBS: stressed plants that had been treated with oak leaf powder and
biofertilizers. Duncan’s multiple range test at p ≤ 0.05 indicates that any mean values sharing the same letter in
the same column are not statistically significant. The value is represented by trait index ± standard deviation
(SD). Each value is the average of three measurements.

A multivariate analytic technique called principal component analysis (PCA) is used
to evaluate the similarity between the levels of treatment. Additionally, it is also used to
determine the relationship between attributes. In total, 16 determined variables concerning
the morpho-physiological and fruit physicochemical traits under four levels of treatment
were subjected to a principal component analysis. Based on an eigenvalue > 1, we extracted
a total of two first components with a cumulative distribution of 95.63% (85.05% for the
first component and 11.59% for the second component), 96.53% (90.26% for the first compo-
nent and 6.27% for the second component), and 97.04% (92.95% for the first component
and 4.09% for the second component) for the first, second, and their combination stress
stages, respectively (Figure 1). Different distributions of studied traits and treatments were
observed on the PCA plot. Under first stress stage, the most notable contributors to the
observed variance along PC1 were SL, SFW, RL, RWC, MC, TA, TSS, ASC, CAC, and SSC.
However, the greatest amount of variance along PC2 was caused by SDW, RFW, RDW, FWT,
TCC, and TPC (Figure 1A). The most noteworthy contributions to the observed variance
along PC1 during the second stress stage were SL, SFW, SDW, FWT, MC, TSS, CAC, SSC,
and TPC. Nevertheless, RL, RFW, RDW, RWC, TCC, MC, TA, and ASC were responsible
for the bulk of the variation along PC2 (Figure 1B). Under both stress stages, the SL, SDW,
RFW, RDW, RWC, TCC, MC, TA, TSS, ASC, SSC, and TPC were the major contributors
to the observed variance along PC1. SFW, RL, FWT, and CAC, on the other hand, were
responsible for the majority of the variation along PC2 (Figure 1C).
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Figure 1. PCA plot showing the distribution of various morpho-physiological and fruit physico-
chemical traits and treatments under first (A), second (B), and both (C) stress conditions. SL: shoot
length, SFW: shoot fresh weight, SDW: shoot dry weight, RL: root length, RFW: root fresh weight,
RDW: root dry weight, FWT: fruits weight per plant, RWC: relative water content, TCC: total chloro-
phyl content, MC: moisture content, TA: titratable acidity, TSS: total soluble solids, ASC: ascorbic
acid content, CAC: carotenoid content, SSC: soluble sugar content, TPC: total phenolic content,
SS: stressed plants that had not been treated, SOS: stressed plants that had been treated with oak
leaf powder, SOES: stressed plants that had been treated with oak leaf powder and oak leaf extract,
SOBS: stressed plants that had been treated with oak leaf powder and biofertilizers. F1 and F2
represent the first and second components, respectively.

The application of powdered oak leaf, leaf oak extract, and biofertilizers reduced
titratable acidity (TA) in fruit in all stress stages compared with the untreated plant under
stress conditions and formed the first group in the left of the PCA plot (brown outline).
During the first stress stage, the characteristics of the plants treated with SOBS with high
percentage values of RL, SFW, SDW, RFW, RDW, TSS, ASC, and SSC were included in
the second group on the upper right quadrant (green outline) of the PCA plot. The third
group in the lower right quadrant (blue outline) of the PCA plot is made up of attributes in
SOES-treated plants with high SL, RWC, TCC, FWT, MC, CAC, and TPC values. Under
the second stress stage, the characteristics of the plants treated with SOES that had high
values of SL, TSS, MC, SSC, TPC, RWC, and ASC formed the second group in the upper
right quadrant (green circle) of the PCA plot. Furthermore, the traits in the plants treated
with SOBS with high percentage values of RL, RFW, RDW, SFW, SDW, FWT, TCC, and
CAC were included in the third group on the lower right quadrant (blue circle) of the PCA
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plot. In the combination of both stress stages, traits with high percentage values of SFW,
SDW, FWT, RWC, TCC, TPC, and ASC in plants treated with SOES comprised the second
group in the upper right quadrant (green circle) of the PCA plot. The third group was in
the lower right quadrant (blue outline) of the PCA plot. It was made up of plants treated
with SOBS and having high values of SL, RL, RFW, RDW, MC, CAC, TSS, and SSC.

3.2. Influence of Genotypes on the Morpho-Physiological and Physicochemical Characteristics of
Tomato Fruit under Application of SS, SOS, SOES, and SOBS

Under conditions of water stress, analysis of variance (ANOVA) revealed highly sig-
nificant genotype effects on the morpho-physiological traits of the first stress stage (before
blooming), the second stress stage (before fruiting), and their combinations (Table S1).
Shoot length (SL), shoot fresh weight (SFW), shoot dry weight (SDW), fruit weight per
plant (FWT), relative water content (RWC), and total chlorophyll content (TCC) were all
significantly lower in all genotypes as compared with control plants. SL (13.13%), SFW
(17.96%), SDW (17.83%), FWT (42.63%), and RWC (15.68%) exhibited the largest decreasing
percentages in the stressed Yadgar genotype. In all stress stages, the tolerant genotypes
(Raza Pashayi and Sandra) had lower decreasing amounts of SL and FWT than the sensitive
genotypes (Braw and Yadgar) (Table 3). Root fresh weight (RFW) and root dry weight
(RDW) demonstrated high increasing percentages in four genotypes for all stress levels
under water stress circumstances.

Table 3. Impact of tomato genotypes treated with oak leaf powder, oak leaf extract, and biofertilizer
at different stress stages on the morpho-physiological traits. Increasing and declining percentages are
represented by positive and negative values, respectively.

Increasing and Decreasing Percentages Compared with Irrigated Plants during the First Stress Stage

Genotypes SL (%) SFW (%) SDW (%) RL (%) RFW (%) RDW (%) FWT (%) RWC (%) TCC (%)

Raza Pashayi −4.98 a ±
5.24

−5.75 a ±
2.20

−3.79 b ±
1.95

−6.52 bc ±
11.01

34.19 b ±
17.88

53.76 ab ±
16.65

−19.47 a ±
6.44

−11.75 ab
± 4.63

−31.53 b ±
8.38

Sandra −5.14 a ±
5.81

−8.03 a ±
7.99

−9.21 c ±
9.88

−5.18 b ±
7.93

36.34 b ±
60.49

98.55 a ±
146. 60

−21.26 ab
± 14.64

−10.13 a ±
8.03

−32.62 b ±
23.06

Braw −10.65 b ±
6.62

−5.83 a ±
30.20

0.79 a ±
35.77

−14.79 c ±
13.11

66.29 a ±
64.37

24.59 b ±
41.84

−26.48 b ±
5.15

−14.81 b ±
5.28

−17.60 a ±
8.38

Yadgar −13.12 b ±
7.06

−17.96 b ±
9.03

−17.83 d ±
9.88

10.23 a ±
19.20

28.30 b ±
25.01

14.68 b ±
16.65

−42.63 c ±
6.24

−15.68 b ±
3.01

−16.98 a ±
11.40

Increasing and Decreasing Percentages Compared with Irrigated Plants during the Second Stress Stage

Genotypes SL (%) SFW (%) SDW (%) RL (%) RFW (%) RDW (%) FWT (%) RWC (%) TCC (%)

Raza Pashayi −8.71 a ±
4.44

−6.32 a ±
1.83

−4.32 a ±
1.17

−2.97 bc ±
17.02

43.51 b ±
27.94

76.21 b ±
24.00

−18.68 a ±
8.55

−12.57 ab
± 4.76

−31.19 c ±
7.80

Sandra −9.35 a ±
5.40

−13.32 b ±
8.57

−7.98 a ±
10.95

−11.49 c ±
10.65

53.32 b ±
51.17

158.73 a ±
94.25

−29.87 b ±
4.25

−8.93 a ±
8.25

−39.90 d ±
8.22

Braw −18.44 b ±
9.70

−21.72 c ±
20.98

−6.05 a ±
28.75

−0.54 b ±
20.29

150.13 a ±
110.13

52.48 b ±
66.73

−36.66 c ±
3.49

−14.55 b ±
4.13

−14.13 a ±
9.99

Yadgar −15.39 b ±
6.74

−30.00 d ±
6.22

−22.97 b ±
7.07

12.36 a ±
20.13

15.57 b ±
22.11

6.99 c ±
11.82

−46.60 d ±
6.52

−11.96 ab
± 8.40

−20.65 b ±
7.58

Increasing and Decreasing Percentages Compared with Irrigated Plants during the First and Second Stress Stages

Genotypes SL (%) SFW (%) SDW (%) RL (%) RFW (%) RDW (%) FWT (%) RWC (%) TCC (%)

Raza Pashayi −9.97 a ±
3.90

−6.23 a ±
1.68

−3.28 a ±
1.61

0.14 b ±
11.89

36.62 c ±
23.30

53.07 b ±
26.86

−25.90 a ±
5.29

−22.04 c ±
2.75

−33.06 c ±
7.58

Sandra −12.01 a ±
6.33

−13.64 b ±
9.47

−10.01 b ±
10.39

−9.82 c ±
8.32

73.29 b ±
45.59

238.51 a ±
47.09

−36.77 b ±
3.01

−15.54 ab
± 6.41

−40.04 d ±
6.58

Braw −27.55 c ±
7.28

−24.46 c ±
29.40

−18.78 c ±
18.75

−4.75 bc ±
14.41

143.07 a ±
75.82

12.30 c ±
48.49

−44.83 c ±
4.28

−18.42 bc
± 5.54

−15.80 a ±
10.58

Yadgar −20.29 b ±
6.15

−32.50 d ±
8.00

−26.31 d ±
6.58

8.77 a ±
16.95

7.52 d ±
18.88

−2.04 c ±
17.34

−58.46 d ±
5.43

−12.23 a ±
8.06

−22.11 b ±
13.26

SL: shoot length, SFW: shoot fresh weight, SDW: shoot dry weight, RL: root length, RFW: root fresh weight,
RDW: root dry weight, FWT: fruits weight per plant, RWC: relative water content, TCC: total chlorophyl content.
Any mean values sharing the same letter in the same column are not statistically significant, according to Duncan’s
multiple range test at p ≤ 0.05. The values are represented by the standard deviation of the trait index. Each value
is the average of eight measurements. The value is represented by trait index ± standard deviation (SD).
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The analysis of variance (ANOVA) of the data obtained for the fruit physicochemical
traits found a significant genotype effect (Table S2). According to Table 4, all stress stages
contributed to a reduction in the four genotypes’ moisture content (MC). The fruit of tolerant
genotypes showed higher increasing values in the ASC, CAC, and TPC characteristics than
sensitive genotypes under all stress stages. Under all stages of stress, the TA was higher
in sensitive genotypes than in tolerant genotypes. Additionally, the Sandra genotype
showed an increase in CAC of 2.22, 5.01, and 6.95% for the first, second, and both of them
together, respectively.

In accordance with Table S5, the mean pairwise comparison for the interaction of geno-
types and different treatments showed that Sandra had the highest increasing percentages
in CAC (3.18%) and SSC (16.32%) in the presence of the SOES application, followed by
Raza Pashayi with the highest increasing percentages in ASC (36.58%) and TPC (22.43%).
With the exception of TA with the treatment of SS and SOS, the Braw genotype reported the
highest declining values in all physicochemical parameters under the first stress stage. The
Sandra genotype registered the largest percentage increases in TSS (2.63%), ASC (38.21%),
CAC (6.02%), and SSC (16.67%) compared with irrigated plants (Table S5), while the Braw
genotype showed declining trends in all physicochemical measures except TA under the
second stress stage. Sandra had the largest increasing percentages in TSS (1.75%), CAC
(9.47%), and SSC (11.81%) with SOBS application, followed by Raza Pashayi in ASC (28.71%)
and TPC (27.20%) in the presence of SOES application during both stress stages (Table S5).

Table 4. Effect of tomato genotypes treated at various stress stages with oak leaf powder, oak leaf
extract, and biofertilizer on the fruit physicochemical traits. Increasing and decreasing percentages
are indicated by positive and negative values, respectively.

Increasing and Decreasing Percentages Compared with Irrigated Plants during the First Stress Stage

Genotypes MC (%) TA (%) TSS (%) ASC (%) CAC (%) SSC (%) TPC (%)

Raza Pashayi −0.45 a ± 0.14 −1.49 b ± 9.61 −2.06 b ± 2.35 29.29 a ± 6.52 −0.84 b ± 1.37 5.73 b ± 3.59 19.82 a ± 2.46
Sandra −0.35 a ± 0.18 5.97 a ± 5.27 1.32 a ± 2.84 25.46 b ± 10.82 2.22 a ± 0.73 9.07 a ± 3.84 14.18 b ± 2.72
Braw −1.46 c ± 0.68 7.46 a ± 6.65 −6.68 c ± 2.81 0.26 d ± 5.12 −8.24 c ± 3.86 −9.45 c ± 8.47 −8.43 d ± 3.12

Yadgar −1.14 b ± 0.25 8.77 a ± 5.84 −7.49 c ± 3.07 12.93 c ± 6.40 −10.95 d ± 3.73 −9.94 c ± 4.69 8.20 c ± 1.97

Increasing and Decreasing Percentages Compared with Irrigated Plants during the Second Stress Stage

Genotypes MC (%) TA (%) TSS (%) ASC (%) CAC (%) SSC (%) TPC (%)

Raza Pashayi −0.39 a ± 0.20 −3.71 c ± 5.59 −1.93 b ± 1.54 24.72 b ± 4.60 2.04 b ± 1.51 2.73 b ± 2.79 24.29 a ± 6.83
Sandra −0.33 a ± 0.17 6.01 b ± 6.63 1.32 a ± 2.09 27.38 a ± 12.61 5.01 a ± 1.03 12.67 a ± 4.54 15.19 b ± 4.13
Braw −1.44 c ± 0.57 14.87 a ± 7.93 −6.15 c ± 3.28 −11.16 d ± 2.62 −13.05 d ± 2.80 −15.41 d ± 7.74 −8.02 d ± 1.74

Yadgar −1.14 b ± 0.29 7.03 b ± 5.53 −7.97 d ± 3.12 10.46 c ± 8.75 −8.92 c ± 7.82 −6.64 c ± 4.02 6.18 c ± 1.03

Increasing and Decreasing Percentages Compared with Irrigated Plants during the First and Second Stress Stages

Genotypes MC (%) TA (%) TSS (%) ASC (%) CAC (%) SSC (%) TPC (%)

Raza Pashayi −0.42 a ± 0.20 3.12 c ± 5.58 −2.90 b ± 3.32 20.78 a ± 7.76 0.19 b ± 2.75 0.33 b ± 3.46 21.28 a ± 6.70
Sandra −0.65 b ± 0.14 9.65 b ± 5.28 0.24 a ± 2.71 20.57 a ± 9.39 6.95 a ± 1.89 7.81 a ± 4.09 12.68 b ± 3.67
Braw −2.14 d ± 0.70 17.57 a ± 10.89 −8.79 c ± 1.59 −17.15 c ± 6.30 −16.17 c ± 4.31 −18.87 d ± 7.90 −11.39 d ± 2.23

Yadgar −1.31 c ± 0.32 14.01 a ± 5.66 −11.09 d ± 2.59 4.96 b ± 6.22 −15.68 c ± 2.75 −11.17 c ± 3.38 6.39 c ± 1.82

MC: moisture content, TA: titratable acidity, TSS: total soluble solids, ASC: ascorbic acid content, CAC: carotenoid
content, SSC: soluble sugar content, TPC: total phenolics content. Any mean values sharing the same letter in the
same column are not statistically significant, as determined by the Duncan’s multiple range test at p ≤ 0.05. The
value is represented by trait index ± standard deviation (SD). Each value is the average of three measurements.

3.3. Impact of Various Treatments on the Biochemical Responses of the Leaves of Tomato Plants
under Conditions of Water Stress

To gain a better understanding of the mechanism of tolerance in plants treated with SS,
SOS, SOES, and SOBS under water deficit stress, a number of biochemical measurements
were performed on the leaves of tomato plants. As shown in Table S3, significant variations
were detected among different levels of treatment for all biochemical characters of the
leaves of the tomato under all stress stages. The maximum values of proline content (PC),
soluble sugar content (SSC), guaiacol peroxidase (GPA), and catalase (CAT) were recorded
by the tomato plants treated with SOES, while the highest values of total phenolic content
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(TPC) and antioxidant activity (AC) were observed by the plants treated with SOBS under
the first and second stress stages. Moreover, under the combination of first and second
stress stages, the plants treated with SOBES displayed the greatest values of all biochemical
traits, with the exception of the LP trait. Furthermore, the control plants (SW) exhibited the
minimum values of all chemical characters of the leaves of tomato under all stress stages.
Low amounts of lipid peroxidation were observed by SW (5.24 nmol g−1 FLW), followed
by SOES (7.15 nmol g−1 FLW) and SOBS (8.46 nmol g−1 FLW), under the first, second, and
their combination stress stages (Table 5).

Seven different variables relating to the biochemical parameters of leaves treated with
SW, SS, SOS, SOES, and SOBS were subjected to a principal component analysis (PCA).
Based on an eigenvalue greater than one, the first two components displayed cumulative
distributions of 93.53, 93.35, and 98.11% for the first, second, and their combined stress
stages, respectively (Figure 2A–C). The biochemical characteristics and treatments were
dispersed in various ways across the PCA plot throughout the first, second, and combined
stages of stress. The characteristics that had the most significance in affecting the observed
variance along PC1 were PC, SSC, TPC, AC, GPA, and CAT. However, the LP characteristic
was the primary driver of variance along PC2. In comparison with untreated plants (SS), the
application of SOBS, SOES, and SOS reduced the amount of lipid peroxidation in the leaves
during all stages of stress. On the right side (blue circle) of the PCA plot, characteristics of
SOBS- and SOES-treated plants with high PC, TPC, AC, SSC, GPA, and CAT values were
noted throughout the first, second, and their combined stress stages. On the other hand,
the plants that received SS treatment produced more LP (brown circle).

Table 5. Impact of oak leaf powder, oak leaf extract, and biofertilizer on the biochemical characteristics
of the leaves of tomato plants under various stress stages.

First Stress Stage

Treatment PC (μg g−1) SSC (μg g−1) TPC (μg g−1) AC (μg g−1) LP (nmol g−1)
GPA

(units min−1 g−1)
CAT

(units min−1 g−1)

SOBS 1546.37 b ± 503.08 569.04 b ± 99.21 433.90 a ± 98.38 1010.20 a ± 173.44 8.46 c ± 1.13 0.26 b ± 0.06 139.61 b ± 42.49
SOES 1956.50 a ± 489.76 612.64 a ± 109.34 399.21 b ± 90.59 1006.99 b ± 175.26 7.15 d ± 0.98 0.34 a ± 0.06 160.71 a ± 56.00
SOS 1322.91 c ± 619.10 524.14 c ± 96.68 344.91 c ± 57.07 966.79 c ± 171.26 11.05 b ± 2.24 0.25 b ± 0.08 118.51 c ± 65.65
SS 1307.65 d ± 578.09 417.19 d ± 108.74 325.57 d ± 56.09 892.80 d ± 94.45 13.10 a ± 2.26 0.16 c ± 0.09 87.66 d ± 45.71
SW 1054.58 e ± 425.20 374.14 e ± 91.47 312.23 e ± 63.52 893.31 d ± 129.46 5.24 e ± 0.78 0.13 d ± 0.06 64.94 e ± 42.26

Second Stress Stage

Treatment PC (μg g−1) SSC (μg g−1) TPC (μg g−1) AC (μg g−1) LP (nmol g−1)
GPA

(units min−1 g−1)
CAT

(units min−1 g−1)

SOBS 2058.81 b ± 426.81 742.65 b ± 110.77 428.24 a ± 20.91 986.05 a ± 120.82 9.92 c ± 1.40 0.24 b ± 0.08 126.62 b ± 30.89
SOES 2534.00 a ± 433.44 782.93 a ± 89.71 402.68 b ± 29.48 974.43 b ± 159.49 8.17 d ± 1.68 0.33 a ± 0.08 159.09 a ± 40.27
SOS 1813.81 c ± 396.27 627.76 c ± 146.44 378.99 c ± 35.48 909.19 c ± 163.83 10.59 b ± 1.32 0.23 c ± 0.06 113.64 c ± 24.69
SS 1616.82 d ± 444.00 529.00 d ± 122.78 322.51 e ± 70.59 902.40 d ± 139.83 12.83 a ± 2.85 0.17 d ± 0.07 81.17 d ± 15.04
SW 1126.37 e ± 533.06 501.76 e ± 145.17 334.84 d ± 32.40 895.51 e ± 109.70 7.20 e ± 0.51 0.15 e ± 0.08 64.94 e ± 40.50

Combination of Both Stress Stages

Treatment PC (μg g−1) SSC (μg g−1) TPC (μg g−1) AC (μg g−1) LP (nmol g−1)
GPA

(units min−1 g−1)
CAT

(units min−1 g−1)

SOBS 2057.01 b ± 391.73 764.63 b ± 121.99 453.15 b ± 58.23 1029.29 b ± 96.55 10.67 c ± 1.11 0.30 b ± 0.11 155.84 b ± 63.92
SOES 2217.65 a ± 330.37 856.54 a ± 96.24 493.69 a ± 122.67 1092.47 a ± 120.92 8.94 d ± 1.21 0.44 a ± 0.19 217.53 a ± 90.38
SOS 1689.96 c ± 485.67 670.35 c ± 109.86 407.97 c ± 59.26 938.58 c ± 96.75 12.53 b ± 2.66 0.27 c ± 0.10 137.99 c ± 20.56
SS 1661.24 d ± 268.52 580.69 d ± 12.76 316.07 e ± 76.85 907.34 d ± 118.09 13.95 a ± 2.80 0.17 d ± 0.09 95.78 d ± 17.32
SW 1126.37 e ± 533.06 501.76 e ± 145.17 334.84 d ± 32.40 895.51 d ± 109.70 7.20 e ± 0.51 0.15 e ± 0.08 64.94 e ± 40.50

PC: proline content, SSC: soluble sugar content, TPC: total phenolic content, AC: antioxidant activity, LP: lipid
peroxidation, GPA: peroxidase, CAT: catalase, SS: stressed plants that had not been treated, SOS: stressed plants
that had been treated with oak leaf powder, SOES: stressed plants that had been treated with oak leaf powder and
oak leaf extract, SOBS: stressed plants that had been treated with oak leaf powder and biofertilizers. Duncan’s
multiple range test at p ≤ 0.05 indicates that any mean values sharing the same letter in the same column are not
statistically significant. The value is represented by mean ± standard deviation (SD). Each value is the average of
three measurements.
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Figure 2. PCA plot illustrating the distribution of leaf biochemical characteristics and treatments
under first (A), second (B), and both (C) stress circumstances. PC: proline content, SSC: soluble sugar
content, TPC: total phenolic content, AC: antioxidant activity, LP: lipid peroxidation, GPA: peroxidase,
CAT: catalase, SS: stressed plants that had not been treated, SOS: stressed plants that had been treated
with oak leaf powder, SOES: stressed plants that had been treated with oak leaf powder and oak leaf
extract, SOBS: stressed plants that had been treated with oak leaf powder and biofertilizers. F1 and
F2 represent the first and second components, respectively.

3.4. Impact of Different Genotypes Treated with SW, SS, SOS, SOES, and SOBS on the
Biochemical Responses of the Leaves of Tomato Plants under Circumstances of Water Stress

Tomato plant leaves were analyzed chemically in order to acquire a better knowl-
edge of the mechanism of tolerance in genotypes treated with SS, SOS, SOES, and SOBS.
As demonstrated in Table S3, substantial differences were identified between different
genotypes for all biochemical characteristics of tomato leaves under all stress stages. The
tolerant genotype Sandra had the highest values of PC, SSC, and AC during the first stress
stage, whereas the tolerant genotype Raza Pashayi had the highest scores of TPC, GPA, and
CAT traits. The sensitive genotype Yadgar showed the minimum values of all chemical
characteristics with the exception of the LP trait. As a comparison between tolerant and
sensitive genotypes, the mean values of SSC, GPA, and CAT in tolerant genotypes were
higher than those obtained in sensitive plants. The highest scores of LP were found in
sensitive plants (Table 6). Under the second stress stage, the tolerant genotype Sandra had
the highest values of PC, TPC, AC, and CAT, while the tolerant genotype Raza Pashayi had
the highest value of GPA. Except for the PC and LP features, the sensitive genotype Yadgar
displayed the lowest values for all biochemical parameters (Table 6). Comparing tolerant
and sensitive genotypes, the mean TPC, AC, and GPA values of tolerant genotypes were
greater than those of sensitive plants. The susceptible plants (Braw and Yadgar) had the
highest levels of LP. Sandra’s genotype exhibited the greatest PC, AC, and CAT scores in
response to both stress periods. With the exception of the LP trait, Yadgar genotypes had
the lowest values for all leaf biochemical parameters (Table 6).
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Table 6. Effects of oak leaf powder, oak leaf extract, and biofertilizer on the biochemical traits of the
leaves of tomato plants under different levels of stress.

First Stress Stage

Genotypes PC (μg g−1) SSC (μg g−1) TPC (μg g−1) AC (μg g−1) LP (nmol g−1)
GPA

(units min−1 g−1)
CAT

(units min−1 g−1)

Raza Pashayi 1093.08 d ± 146.59 517.72 b ± 160.20 433.82 a ± 65.06 987.30 c ± 34.97 6.86 d ± 2.03 0.30 a ± 0.06 172.73 a ± 40.01
Sandra 2220.97 a ± 257.08 610.25 a ± 88.53 371.72 c ± 70.52 1080.95 a ± 106.77 9.39 b ± 2.34 0.26 b ± 0.12 132.47 b ± 46.10
Braw 1252.82 b ± 497.38 499.26 c ± 75.14 393.63 b ± 48.06 1020.41 b ± 103.02 9.28 c ± 3.50 0.19 c ± 0.07 93.51 c ± 59.81

Yadgar 1183.54 c ± 526.99 370.49 d ± 69.11 253.48 d ± 21.77 727.43 d ± 34.97 10.46 a ± 3.77 0.16 d ± 0.08 58.44 d ± 17.35

Second Stress Stage

Genotypes PC (μg g−1) SSC (μg g−1) TPC (μg g−1) AC (μg g−1) LP (nmol g−1)
GPA

(units min−1 g−1)
CAT

(units min−1 g−1)

Raza Pashayi 1620.41 c ± 526.17 606.11 c ± 181.90 378.73 b ± 51.11 1010.00 b ± 59.28 8.93 c ± 1.88 0.31 a ± 0.06 103.90 bc ± 27.77
Sandra 2278.41 a ± 491.93 658.77 b ± 100.11 414.37 a ± 27.83 1102.97 a ± 47.37 7.93 d ± 1.19 0.23 b ± 0.12 128.57 a ± 68.90
Braw 1621.13 c ± 938.94 795.56 a ± 82.71 373.60 c ± 23.28 858.92 c ± 27.47 10.77 b ± 2.48 0.19 c ± 0.07 106.49 b ± 47.70

Yadgar 1799.90 b ± 121.84 486.85 d ± 110.53 327.12 d ± 74.40 762.16 d ± 54.98 11.34 a ± 3.01 0.17 d ± 0.04 97.40 c ± 18.69

Combination of Both Stress Stages

Genotypes PC (μg g−1) SSC (μg g−1) TPC (μg g−1) AC (μg g−1) LP (nmol g−1)
GPA

(units min−1 g−1)
CAT

(units min−1 g−1)

Raza Pashayi 1903.64 b ± 567.18 658.83 c ± 190.89 432.28 b ± 97.33 1003.38 b ± 57.89 9.30 c ± 2.13 0.40 a ± 0.13 132.47 b ± 47.07
Sandra 2114.72 a ± 403.89 724.07 b ± 157.46 405.43 c ± 18.45 1082.30 a ± 52.67 9.01 d ± 1.28 0.29 b ± 0.21 176.62 a ± 125.44
Braw 1382.77 d ± 117.24 793.94 a ± 72.50 459.33 a ± 118.99 955.36 c ± 168.75 12.48 a ± 3.63 0.17 d ± 0.06 103.90 c ± 36.73

Yadgar 1600.67 c ± 669.52 522.35 d ± 126.03 307.53 d ± 65.85 849.50 d ± 79.51 11.85 b ± 3.14 0.20 c ± 0.06 124.68 b ± 30.28

PC: proline content, SSC: soluble sugar content, TPC: total phenolic content, AC: antioxidant activity, LP: lipid
peroxidation, GPA: peroxidase, CAT: catalase. Duncan’s multiple range test at p ≤ 0.05 reveals that any mean
values in the same column that share the same letter are not statistically significant. The value is represented by
mean ± standard deviation (SD). Each value is the average of three measurements.

Raza Pashayi had the highest values in SSC (711.79 μg g−1), TPC (518.13 μg g−1), and
CAT (220.78 units min−1 g−1) in the availability of the SOES treatment, while Sandra had
the highest values in PC (2446.05 μg g−1) and GPA (0.42 units min−1 g−1) under the first
stress stage, as shown in Table S6. In comparison with irrigated plants during the second
stress stage, the Sandra genotype recorded the highest values for AC (1151.89 μg g−1),
GPA (0.40 units min−1 g−1), and CAT (214.29 units min−1 g−1). When SOES was ap-
plied, Sandra had the highest SSC (976.60 μg g−1), GPA (0.62 units min−1 g−1), and CAT
(363.64 units min−1 g−1) scores, while Raza Pashayi had the highest PC (2571.69 μg g−1)
score during both stress stages.

3.5. GC/MS Analysis of Oak Leaf Extract

Table 7 displays the phytochemical composition of the extracts as determined by GC/MS
analysis. The extract contained twenty-four components. The major compounds were heptasilox-
ane, 1,1,3,3,5,5,7,7,9,9,11,11,13,13-tetradecamethyl-(32.50%), silane, dimethoxydimethyl-(11.67),
octasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-hexadecamethyl-(10.88%), 1-hexadecanol
(9.37%), behenic alcohol (8.86%), 2,4-di-tert-butylphenol (7.02%), 1-octadecene (6.73%),
acetic acid, chloro-, octadecyl ester (1.55%), dichloroacetic acid, 4-hexadecyl ester (1.52%),
coumatetralyl isomer-2 ME (1.49%), 1-dodecanol (1.29%), chloroacetic acid, and pentadecyl ester (1.01%).

Table 7. Substances detected by GC/MS analysis and biological activity of the major compounds in
the leaf water extract of Quercus aegilops.

Name of Compound Retention Time (min) Peak Area Concentration (%)
Biological Activity of

Major Compounds

Silane, dimethoxydimethyl- 5.17 7,202,705.00 11.67 Antibacterial [43]
Cyclotrisiloxane, hexamethyl- 6.93 327,535.00 0.53

Silane, methyldimethoxyethoxy- 8.30 268,638.00 0.44
Oxime-, methoxy-phenyl- 9.38 231,616.00 0.38

Tetraethyl silicate 10.54 314,412.00 0.51
1-Dodecanol 13.90 796,766.00 1.29 Antibacterial [44]

1-Hexadecanol 16.73 1,941,423.00 9.37 Reduction of evaporation [45]
Carbonic acid, decyl undecyl ester 16.84 397,832.00 0.64

7-Tetradecene 16.90 307,446.00 0.50
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Table 7. Cont.

Name of Compound Retention Time (min) Peak Area Concentration (%)
Biological Activity of

Major Compounds

Chloroacetic acid, tetradecyl ester 17.04 250,824.00 0.41
2,4-Di-tert-butylphenol 18.29 4,329,760.00 7.02 Antioxidant [46–48]

Carbonic acid, eicosyl vinyl ester 19.31 422,435.00 0.68
Dichloroacetic acid, 4-hexadecyl ester 19.36 536,815.00 1.52 Antimicrobial [49]

1-Octadecene 21.45 4,150,402.00 6.73 Antioxidant and
antimicrobial [50,51]

Acetic acid, chloro-, octadecyl ester 21.58 542,636.00 1.55 No activity was reported
1,2-Benzenedicarboxylic acid,

bis(2-methylpropyl) ester 22.32 229,532.00 0.37

18-Norabietane 23.10 242,753.00 0.39
Behenic alcohol 23.48 3,132,644.00 8.86 Antifungal [52]

Chloroacetic acid, pentadecyl ester 23.58 273,527.00 1.01 No activity was reported
Coumatetralyl isomer-2 ME 23.67 918,610.00 1.49 No activity was reported

Acetic acid, chloro-, octadecyl ester 24.34 507,902.00 0.82
Cyclotetrasiloxane, octamethyl- 27.02 268,576.00 0.44

Heptasiloxane,
1,1,3,3,5,5,7,7,9,9,11,11,13,13-

tetradecamethyl-
32.59 21,294,993.00 32.50 Insecticidal and

antibacterial [53,54]

Octasiloxane,
1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-

hexadecamethyl-
38.79 6,719,421.00 10.88

4. Discussion

Plant growth results from cell division, cell enlargement, and differentiation and
is regulated by a wide range of genetic, physiological, ecological, and morphological
processes, as well as the interaction between these factors [42]. Damage to physiological
and biochemical processes, such as a delay in stomatal conductance, a decrease in nutrient
uptake, a breakdown of leaf pigments, a decrease in photosynthesis, a stop in the rate
of net assimilation and photosystem photochemical efficiency parameters, an increase in
reactive oxygen species (ROS), and oxidative damage caused by water stress, reduced
the morphological features [55]. The fresh weight, plant height, and productivity of the
stressed tomato plants were all lower than those of the control plant (watered plants), as
found by previous studies [12,56–58]. Relative water content and total chlorophyll content
also decreased under SS condition. The same results were also found in tomato plants
studied by Khan et al. [59], Ibrahim et al. [55], and Ullah et al. [42].

Root fresh weight (RFW) and root dry weight (RDW) under situations of water stress
have shown significantly increased percentages for all degrees of treatment under all stress
stages. The plant treated with SOBS and SOES had significantly higher RFW and RDW
trait values than the control group (SW) during all stress stages. As a comparison among
the three stress stages, the plants treated with SOBS showed the greatest increases in RWF
(107%) and RDW (127.80%) in the second stress stage. The increased root surface area
and root volume in plants during the search for water in the soil is mostly responsible for
the higher RFW and RDW observed across all stress stages in comparison with untreated
and unstressed plants. Additionally, a large number of prominent compounds found in
leaf extract, including silane, heptasiloxane, and octasiloxane are thought to be silicon (Si)
sources and are responsible for the increasing RL, RFW, and RDW in plants exposed to
SOES at all stress levels. The leaf extract also had the compounds 2,4-Di-tert-butylphenol
and 1-octadecene, which have antioxidant properties that reduce the synthesis of ROS
products and membrane lipid peroxidation [46–48,50]. In addition, the leaf extract con-
tained a 1-hexadecanol compound, which is used to reduce water evaporation in reservoirs.
Si-enhanced cell-wall extensibility in the root’s growth zone likely contributes to root elon-
gation. Root density and length were both increased by Si in Purslane [60]. Sorghum’s root
length was found to be increased by Si, according to research by Sonobe et al. [61]. It is
also likely that the higher RFW and RDW in SOES-treated plants are due to the ability of Si
and 2,4-Di-tert-butylphenols to minimize ROS overproduction, which reduces membrane
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lipid peroxidation. On the other hand, our research showed that both SFW and SDW were
lower in the SOES-treated plant. This may be because of the fact that Si controls the levels
of polyamine and 1-aminocyclopropane-1-carboxylic acid in response to drought stress,
which improves root growth, the ratio of roots to shoots, water uptake at the roots, and
hydraulic conductance. Root endodermal silicification and suberization are also boosted by
Si-mediated alterations in root growth, which help plants better retain water and tolerate
the negative effects of drought [62]. In comparison with plants treated with SS and SOS,
SFW and SDW in plants treated with SOES and SOBS may have increased owing to a
decrease in ROS products and membrane lipid peroxidation. Furthermore, RFW and RDW
increased in plants treated with SOBS throughout all stress stages, and these increases were
induced by the presence of cytokinin, enzymes (lipase, amylase, protease, and chitinase),
Bacillus subtilis, and Pesudomonas putida. These components of the SOBS treatment improve
root area and volume by degrading organic matter and boosting phosphorus availability in
the soil [63]. Bacillus subtilis and Pesudomonas putida invade plant rhizospheres and produce
volatile organic chemicals that can affect plant development and root architecture in a
variety of plants [64,65].

Drought stress, on the other hand, can alter the chemical composition of fruits. Organic
acids (malic and citric acid) and soluble sugars are among the primary osmotic components
found in ripe fruits [66]. Organic acids are stored by plants in order to reduce their osmotic
potential and prevent cell turgor pressure from decreasing [67,68]. Vitamin C, also known
as ascorbic acid, is found in all parts of plants. It plays a pivotal role in the development
and expansion of plants. Ascorbic acid is the plant’s primary antioxidant, which neutralizes
the active forms of oxygen. Our results showed that the ascorbic acid content of the
red fruit of the stressed plant increased owing to the water shortage. This increase in
ascorbic acid may be vital for detoxifying reactive oxygen species. Antioxidant capability
is determined by the phenolic contents of tomato fruits (TPC), and an increase in the TPC
amount results in a decrease in oxidative alterations in cells owing to a lower concentration
of free radicals [69,70].

Fructose and glucose levels both increase sharply when tomatoes ripen. The total
soluble solids (TSS) concentration is influenced by the carbohydrate, organic acid, protein,
fat, and mineral components. Our results suggest that shifts in the glucose/fructose
ratio and organic acid levels may be responsible for the observed reduction in TSS in
our investigation [66]. Compared with SS and SOS circumstances, the availability of
silane, heptasiloxane, octasiloxane, and 2,4-Di-tert-butylphenol increases SSC during SOES
application, which decreases ROS production by triggering antioxidant systems.

The results of the genotype effects revealed that tomato genotypes responded differ-
ently to SS, SOS, SOES, and SOBS applications under water stress. According to ASC, CAC,
SSC, and TPC data, drought stress reduced the quality of tomato tolerant genotypes treated
with SOS, SOES, and SOBS.

Different reactions were seen in terms of the leaf biochemical responses in plants
treated with SS, SOS, SOES, and SOBS under stressful conditions. The highest levels of lipid
peroxidation (LP), a metabolic process that results in the oxidative degradation of lipids by
reactive oxygen species, were observed in the untreated and stressed genotype condition
(SS). As a result of this process, the lipids in the cell membrane may break down, which can
damage the cell and lead to its death. Low accumulations of biochemical compounds such
as TPC, PC, SSC, AC, GPA, and CAT are responsible for this increase in LP. The genotypes
treated under SOES and SOBS conditions, on the other hand, showed the highest levels of
TPC, PC, SSC, AC, GPA, and CAT, which led to the reduction of LP. Furthermore, the SOES
application may have induced the antioxidant systems, which may have contributed to
the availability of silane, heptasiloxane, octasiloxane, and 2,4-Di-tert-butylphenol in the
leaf extract.

Different responses were observed for the tolerant and sensitive genotypes during
stress stages. Owing to the low accumulation of SSC, PC, TPC, AC, GPA, and CAT in
sensitive geometries, the findings of leaf biochemical parameters showed the maximum
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LP. Different response profiles between the tolerant genotypes were found. Under the
first stages of stress, Raza Pashayi demonstrated the highest levels of TPC, GPA, and
CAT, whereas Sandra’s genotype had the highest levels of SSC, PC, and AC. Raza Pashyi
recorded the highest values for GPA, AC, and SSC traits during the second stress stage,
while Sandra had the maximum values for TPC, CAT, and AC.

5. Conclusions

According to our findings, the genotypes responded differently to the application of
SS, SOS, SOES, and SOBS at various stress stages. In contrast to untreated and stressed
plants, tomato plants treated with SOS, SOES, and SOBS showed a slight decrease in the
morpho-physiological and fruit physicochemical attributes in response to drought stress.
Additionally, a combination of the two stress stages resulted in a greater decrease in these
features than either the first or second stress stage alone. All tomato genotypes exposed
to SOES and SOBS exhibited significant levels of TPC, ASC, and SSC characteristics along
with low amounts of TA in fruit. In fruit TPC, ASC, TSS, CAC, and SSC, the in vitro tolerant
genotypes (Sandra and Raza Pashyi) outperformed the in vitro intolerant genotypes (Braw
and Yadgar). In the leaf tolerant genotypes treated with SOES and SOBS, the lowest levels
of lipid peroxidation and the highest levels of TPC, AC, SSC, PC, GPA, and CAT were
found. Based on the findings of this study, Raza Pashyi and Sandra are ideal for growing
in places with limited water availability. Furthermore, these genotypes are beneficial for
breeding projects aimed at developing drought-tolerant tomato cultivars. Furthermore,
the use of oak leaf powder, oak leaf extract, and biofertilizer reduced the effect of drought
stress on tomato plants. However, the use of oak leaf powder and oak leaf extract can
be described as novel agricultural practices because they are low-cost, simple to use, and
time-consuming, and they can meet the growing demands of the agricultural sector by
providing environmentally sustainable techniques for enhancing plant resistance to abiotic
stress. The usage of the combination of leaf crude extract, oak leaf powder, and arbuscular
mycorrhizal fungus should be investigated further under stress conditions. In order to
determine the biostimulation effects of oak leaf powder and oak leaf extract, it is important
to test their impacts on plant growth and production under normal conditions.
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