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Abstract: Water stress or soil salinity is considered the major environmental factor affecting plant
growth. When both challenges are present, the soil becomes infertile, limiting plant productivity.
In this work a field experiment was conducted during the summer 2019 and 2020 seasons to evaluate
whether plant growth-promoting microbes (PGPMs) and nanoparticles (Si-ZnNPs) have the potential
to maintain soybean growth, productivity, and seed quality under different watering intervals (every
11 (IWp), 15 (IW7) and 19 (IW5) days) in salt-affected soil. The most extended watering intervals (IW
and IW5) caused significant increases in Na* content, and oxidative damage indicators (malondialde-
hyde (MDA) and electrolyte leakage (EL%)), which led to significant reductions in soybean relative
water content (RWC), stomatal conductance, leaf K*, photosynthetic pigments, soluble protein. Sub-
sequently reduced the vegetative growth (root length, nodules dry weight, and total leaves area)
and seeds yield. However, there was an enhancement in the antioxidants defense system (enzymatic
and non-enzymatic antioxidant). The individual application of PGPMs or Si-ZnNPs significantly
improved leaf K* content, photosynthetic pigments, RWC, stomatal conductance, total soluble sugars
(TSS), CAT, POD, SOD, number of pods plant_l, and seed yield through decreasing the leaf Na*
content, MDA, and EL%. The combined application of PGPMs and Si-ZnNPs minimized the adverse
impact of water stress and soil salinity by maximizing the root length, heavier nodules dry weight,
leaves area, TSS and the activity of antioxidant enzymes, which resulted in higher soybean growth
and productivity, which suggests their use under harsh growing conditions.

Keywords: Glycine max; PGPR; nano-minerals; osmolyte; photosynthesis; plant water relations;
antioxidant defense system; seed quality

1. Introduction

Globally, salt-affected soils are one of the most serious ecological problems, particu-
larly in arid and semi-arid regions [1], and are expected to exacerbate further in the coming
era, as they have become a primary factor in reducing field crop productivity and negatively
impacting sustainable agricultural development [2]. Around 25% of arable agricultural
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soils worldwide are affected by salt stress, and an estimated 1.5 million hectares are lost
to production each year as a result of salt stress [3]. Soil salinization has a number of
unintended consequences, including a decrease in the ability of plant roots to absorb water
and nutrients [4,5], a decrease in morpho-physiological characteristics, and degradation of
chlorophylls as a result of hyperosmotic and hyper-ionic effects resulting in oxidative dam-
age [6-9]. Drought or deficit irrigation is another major adverse abiotic stress that affects
plant development. Water stress, like salinity stress, simulates physiological dehydration
and results in low water potential and osmotic stress [10]. Water stress has a detrimental
effect on plant development and yield, resulting in a cascade of morphological, biochemical,
and physiological disturbances [11,12], particularly in arid and semi-arid zones, where
evapotranspiration exceeds the annual precipitation, which results in an increase in salt
levels in the near-surface soil layer [13]. As a result, water stress interacts with soil salinity,
both of which have a negative impact on plant performance, and development, resulting
in loss the plant yield and quality [14].

The Leguminosae is the second largest plant family in the agriculture sector, and are
considered as the most important source of vegetable protein in human diets and livestock
forages, as well as ensuring long-term sustainable agriculture [15]. Soybean (Glycine max L.)
is the most important cultivated legume cash crop rich in protein, carbohydrates, mineral
nutrients, and oil [16]. Unlike the majority of legume crops, which are considered plants
sensitive to osmotic stress, soybean has a little higher tolerance level which is regarded as a
moderate sensitivity to salt stress [17,18]. The soil salinity threshold for soybean yield is
5.0dSm™!, so a 50% reduction in soybean yield was observed with exposure to 7.5 dSm ™!
soil salinity [18]. In contrast, drought stress could trigger a 24:50% reduction in the soybean
seed yield [19]. Throughout the vegetative growth, numerous amino acids and sugars are
promptly synthesized and transported during the reproductive growth to seeds. Thus, the
development of soybean needs good agronomic practices for the increment of seed crop as
the flowering and seed filling stages are the most drought-susceptible stages [20].

Remarkable studies have been conducted on the growth and productivity of crops
grown under drought and salinity stress, and significant applications have been evalu-
ated for their ability in improving the growth and development of field crops cultivated
under drought and salinity stresses, which consider as an innovative approach for sus-
tainable agriculture [21-25]. Beneficial microorganisms in the rhizosphere have positive
effects on plant growth and development. Mycorrhizal fungi, N-fixing bacteria, and
plant growth-promoting rhizobacteria (PGPR) are the most rhizosphere species that have
been extensively studied for their beneficial effects on plant growth and served as plant
growth-promoting microbes (PGPMs) [26], which could limit the adverse impact of en-
vironmental stressors as well as are eco-friendly and low cost-efficient applications [27].
PGPMs are considered one of the important keys to solving environmental problems such
as drought and salinity, which adverse osmotic stress and stimulate plant growth and
development [28]. Application of PGPM could alleviate the negative impacts of abiotic
stresses through the production of phytohormones, i.e., auxins, gibberellins, cytokinins,
abscisic acid, as well as jasmonic acid, and salicylic acid, which has the ability to stimulate
the systemic tolerance, in addition to producing exopolysaccharides (EPS) [28,29]. The
synthesized phytohormones by PGPMs promote plant cell division and root length, which
indirectly enhance the water absorption ratio and regulate the stomatal closure, osmolytes
content, and improving activity of antioxidant enzymes, which cause an inhibition in the
stress-related oxidative damages resulting in declined leaf transpiration which positively
affecting seed production in plants subjected to different abiotic stresses [30].

Bradyrhizobium japonicum is a highly efficient nitrogen fixer that forms a symbiotic
relationship with soybean. Under various environmental conditions, isolates from stress-
affected soil are the most successful PGPMs [31]. Soybean co-inoculation with PGPMs
and its natural symbiont (B. japonicum) altered plant growth parameters and markedly
increased nodulation, and significantly increase the fixed-N, amounts, which increase
grain yield, thereby reducing reliance on fertilization with inorganic N [32,33]. Trichoderma
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is a genus present in many habitats, where certain strains have the potential to mitigate
the severity of plant diseases by inhibiting the pathogens due to their high antagonistic
potential [34]. When plants inoculated with Trichoderma harzianum are exposed to abiotic
stress, T. harzianum alters the biosynthesis of plant secondary metabolites such as phyto-
hormones and the osmolytes, which increases photosynthetic pigments, proline, soluble
proteins, and vegetative growth, in addition to increasing the level of phenols, flavonoids,
and IAA in the stressed plants [35,36].

A large number of proteins are contained or bound to Zn, which is the only metal
used in all six enzyme groups, including oxidoreductases, transferases, hydrolases, lyases,
isomerases, and ligases [37]. Plants grown under salinity or drought stress benefit from
the application of Zn by increasing their tolerance level, which is reflected in enhanced
plant growth, chlorophyll content, and biomass in rice [38], decreased proportion of
aborted seeds per pod, and increased the yield quantity of pea [39], upregulation of the
activity of antioxidant enzymes, and accumulation of osmolytes [40]. Silicon (Si) is a
critical component of crop production, especially in minimizing the negative impacts of
oxidative, salinity, and drought stresses [41,42]. Treating plants with nano-Si enhances
the plant nutrition status by limiting the transportation of Na* ions from roots to leaves
and by increasing the level of K* ions in leaves under soil salinity conditions [43]. It was
recently discovered that plants treated with nanominerals as nutrients and stimulants
showed improved physiological and biochemical attributes, decreased oxidative damage,
stimulated water and nutrient uptake and improved plant growth, resulting in increased
seed yields [44].

Previous studies have produced insufficiently reliable outcomes. There is an urgent
need to investigate environmentally sustainable applications to improve soybean produc-
tion under stress condition. To fulfil this goal, this study aimed to quantify the effects of
foliar spray with nanominerals (Si-Zn) in combination with the soil application of PGPMs
on the vegetative growth, plant water relation, antioxidant defense system, and seed yield
of soybean plants cultivated in salt-affected soil under different watering intervals.

2. Results

A field experiment was conducted on soybean plants grown in salt-affected soil
under different irrigation intervals (IWy; 11 days, IW1; 15 days, and IW3; 19 days) during
two successive summer seasons (2019 and 2020). In contrast to well-watered soybean
plants, all of the studied parameters were markedly reduced as a result of exposure
to more extended irrigation periods under salt-affected soil. As a result of individual
application of plant growth-promoting microbes (PGPMs) or nanocomposite (Si+Zn) and
their combination, various variables such as exchangeable Na in the soil, plant biochemical
and physiological characteristics have positively influenced the yield and related traits
as well as seed quality. Regardless of irrigation intervals, the combined application of
PGPMs and Si-ZnNPs resulted in a greater increase in all studied parameters compared to
untreated plants (control).

2.1. Exchangeable Sodium Percentage (ESP)

Comparing to well-watered plants (IWj), the longer watering intervals (IW; and
IW,) significantly increased the exchangeable Na percentage (ESP) in salt-affected soil
(Figure 1A). On the other hand, ESP decreased marginally when Si-ZnNPs was applied on
foliage, and it decreased even further when PGPMs were applied to the soil. In salt-affected
soil, the greatest reduction in ESP was achieved by using a combination of PGPMs and
Si-ZnNPs in both seasons and at various irrigation water intervals (Figure 1A). In both
seasons, exposing soybean plants to a combination of PGPMs and Si-ZnNPs in IW; restored
the ESP in the soil as its percentage in the control treatment of the well watering condition
(IWp). Similar results were obtained for the coupled treatment in IW, compared to the
control treatment under 15 days of interval watering (IWy).
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Figure 1. Influence of application of PGPMs, Si-ZnNPs and their combination on (A) the percentage of exchangeable Na
in the soil, and (B) nodules dry weight, (C) root length, and (D) total leaves area of soybean plant grown in salt-affected
soil with different levels of watering intervals (IWp; 11 days, IWy; 15 days, and IW»; 19 days) during the successive 2019
and 2020 growing seasons. The data presented as means + SD. Means labeled with the same lower-case letter are not

significantly different according to Duncan’s Multiple Range Test.

2.2. Vegetative Growth Characteristics
2.2.1. Root Length and Nodules Dry Weight

Longer irrigation cycles (IW; and IW;) significantly decreased root length and nodules
dry weight of soybean plants grown in salt-affected soil relative to well water plants (IWy)
(Figure 1B,C). However, foliar application of Si-ZnNPs resulted in a slight significant
increase in root length and nodule dry weight, while application of PGPMs resulted in
a more substantial increase. The highest increase was observed when combined PGPMs
and Si-ZnNPs were applied in both seasons, regardless of irrigation regime. According to
the data provided in Figure 1, soybean plants subjected to IW; treatment (irrigation every
15 days) with the application of combined PGPMs and Si-ZnNPs had longer roots and
heavier nodules than control plants in IWj (irrigation every 11 days). Similarly, soybean
plants that received the IW; treatment (irrigation every 19 days) with mixed PGPMs and
Si-ZnNPs application had longer roots and heavier nodules than control plants in the IW;
treatment (irrigation every 15 days). Furthermore, the individual application of PGPMs
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surpassed Si-ZnNPs application in terms of root length and nodule dry weight in both
seasons (Figure 1B,C).

2.2.2. Total Leaves Area

Irrigation every 15 and 19 days significantly reduced the leaves area of soybean
plants. However, under recommended irrigation (IW)), the foliar application of Si-ZnNPs
recorded only a 7.9% increase in leaves area plant~!'. In contrast, individual PGPMs
application presented a higher effect, which increased the leaves area by 24.6% over
control (Figure 1D). The highest increase percentage (36.3%) observed with the combined
application PGPMs and Si-ZnNPs under IW treatment. Soybean plants irrigated every
15 days with a combination of PGPMs and Si-ZnNPs had a tiny higher leaves area plant !
(8.3%) over control plants that irrigated every 11 days. Similarly, soybean plants watering
every 19 days with mixed PGPMs and Si-ZnNPs application had only a 4.5% increase in
the leaves area plant~! over control plants that irrigated every 15 days (Figure 1D).

2.3. Concentration of Sodium and Potassium in Leaves

As anticipated in salinized soils, longer watering intervals (IW; and IW,) had a
detrimental effect on the ion balance (low K* and high Na*) in the leaves of soybean
plants, resulting in decreased efficiency when compared to well water treatment (IW)
(Figure 2). Both IW; and IW, treatment reduced the content of K in leaves by 42.2%
and 81.9% compared to IW( control, meanwhile the content of Na increased by 46.1%
and 101.8% over IW( control treatment. Individual applications of PGPMs or Si-ZnNPs
and their combination significantly affected K* and Na* content in the soybean leaves in
salt-affected soil, irrespective of the watering interval applied (IWg, IW1, and IW;). The
combined application reduced the Na* levels by 64.8%, 39.4%, and 35.4% compared to the
control of each treatment (IWy, IW1, and IW;). The efficiency of individual application
Si-ZnNPs was higher than PGPMs on increasing K* content and decreasing Na* content in
the leaves in both seasons compared to control plants. More significant increases in the
leaf content of K* were discovered as a result of the co-application (PGPMs and Si-ZnNPs),
which increased by 74.5%, 92.7%, and 276.7% more than the control subjected to water
stress at IWy, IWy, and IW,. Furthermore, soybean plants undergoing IW; co-application
treatment Si-ZnNPs and PGPMs increased K* content by 11.4% and decreased Na* content
by 11.5% than control plants in IW( (Figure 2).
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Figure 2. Influence of application of PGPMs, Si-ZnNPs and their combination on the concentration of (A) sodium (Na*),
and (B) potassium (K*) in the leaves of soybean plant grown in salt-affected soil with different levels of watering intervals
(IWy; 11 days, IWq; 15 days, and IW5; 19 days) during the successive 2019 and 2020 growing seasons. The data presented as
means £ SD. Means labeled with the same lower-case letter are not significantly different according to Duncan’s Multiple
Range Test.
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2.4. Photosynthetic Pigments Concentration

Concentrations of photosynthetic pigments (chlorophyll and carotenoids) in the leaves
of soybean plant were negatively affected by the interaction of longer intervals watering
(IW1 and IW5) and the salt-affected soil compared to well water treatment (IW;), which
markedly decreased the chlorophyll content by 27.3% and 64.0% in the control of IW;
and IW; comparing to its content in IW( (Figure 3). Furthermore, the addition of PGPMs
or Si-ZnNPs alone or in combination reduced the adverse effects of IW; and IW, and
improved the content of total chlorophyll and carotenoids. Under deficit water treatments
(IW1 and IW5), plants inoculated with B. japonicum and T. harzianum in combination with
nanoparticles (Si+Zn) showed the greatest increase in total chlorophyll (79.8%, and 150.0%)
and carotenoids (155.0%, and 257.1%) over their own control. In contrast, comparing the
combined treatment under IW; and IW, with the control of IW, under interval watering
every 15 days, the chlorophyll and carotenoids content increased by 30.7% and 13.3%,
respectively, while under the longest interval watering (IW;), both pigments decreased
by 10.0% and 44.4%, respectively. The minimum increment over the control treatment
was noted for PGPMs sole application, while nanoparticles (Si+Zn) application was more
effective than PGPMs regardless of irrigation intervals (Figure 3).
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Figure 3. Influence of application of PGPMs, Si-ZnNPs and their combination on the concentration of (A) total chlorophylls,

and (B) carotenoids in the leaves of soybean plant grown in salt-affected soil with different levels of watering intervals (IWy;

11 days, IWy; 15 days, and IW5; 19 days) during the successive 2019 and 2020 growing seasons. The data presented as

means £ SD. Means labeled with the same lower-case letter are not significantly different according to Duncan’s Multiple

Range Test.

2.5. Osmoprotectants

Changes in the biochemical parameters that have an osmo-protective role in the leaves
of soybean plants cultivated under different irrigation intervals, i.e., total soluble sugars
(TSS), proline, free amino acid (FAA), and soluble protein (SP), are presented in Figure 4.
The prolonged intervals of watering IW; and IW;) resulted in substantial increases in the
osmolytes content (TSS [171.2%, and 309.5%], FAA [33.0%, and 62.2%], and proline [104.7%,
and 138.7%]) of soybean leaves, whereas significant decreases in the soluble proteins (34.2%,
and 54.2%) were observed under the same watering conditions compared to controls of
well-watered irrigation (IWy). In contrast, sole application of PGPMs under IWj, IW1, and
IW, resulted in a gradual decrease in leaf proline and FAA content, while gradual increases
in SP and TSS were observed. Whereas the individual application of Si-ZnNPs under
IWy, IW1, and IW; lowered the content of proline, FAA, and TSS than PGPMs application,
while a higher increase in SP content was observed comparing to PGPMs sole application.
Treating soybean plants with the co-application of PGPMs and Si-ZnNPs under IWj, IW;
and IW, showed the greatest decrease in the content of proline (40.3%, 32.5%, and 23.6%),
FAA (45.3%, 32.2%, and 22.5%), as well as the greatest increase in the content of TSS
(213.6%, 141.9%, and 65.0%) and SP (46.2%, 74.4%, and 73.7%) comparing to their controls.
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In comparison between the combined application (PGPMs and (Si-ZnNPs) under longer
watering intervals and the control of well irrigation treatment (IWy), it revealed that TSS
increased by 6-fold its content under both IW; and IW, conditions (Figure 4).
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Figure 4. Influence of application of PGPMs, Si-ZnNPs and their combination on the concentration of (A) total soluble sugar,
(B) free amino acids, (C) proline, and (D) total soluble proteins in the leaves of soybean plant grown in salt-affected soil with
different levels of watering intervals (IWy; 11 days, IWy; 15 days, and IW»; 19 days) during the successive 2019 and 2020
growing seasons. The data presented as means 4 SD. Means labeled with the same lower-case letter are not significantly
different according to Duncan’s Multiple Range Test.

2.6. Activity of Antioxidant Enzymes

The activities of the antioxidant enzymes, i.e., superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) in the leaves of soybean plants grown under different watering
intervals (11, 15, and 19 days), in regard to PGPMs and/or (Si+ZnPNs) applications are
presented in Figure 5. In comparison to well water treatment (IWy), the association between
longer intervals (IW; and IW;) and soil salinity resulted in higher POD, SOD, and CAT. The
most increased enzyme activity of SOD (147.3% and 141.5%) and CAT (353.3% and 140.0%)
were observed under the IW; condition, followed by the IW, condition, comparing to the
control of IWj treatment. The individual application of Si-ZnNPs was superior to PGPMs
in the activity of all tested antioxidant enzymes. The largest increases in the activity of
CAT, POD, and SOD were observed as a result of foliar spraying with the nanocomposite
(Si+Zn) in combination with soil application of PGPMs, which was more successful than
their sole applications under the longest intervals (IW; and IW;) conditions. SOD activity
under the effect of combined application increased by 101.2%, 66.4%, and 31.5% under
IW0, IW4, and IW; over the controls of each treatment. Whereas the increased percentages
in SOD under IW; and IW; in relevant to control of IWy were much higher, 311.6% and
217.6%. The same trend was observed for CAT activity. Although SOD and CAT activity
increased under the IW; and IW, conditions, their levels retreat under the IW, condition.
The gradual increases in enzyme activity under prolonged conditions were for the POD
enzyme (Figure 5).
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Figure 5. Influence of application of PGPMs, Si-ZnNPs and their combination on the activity of antioxidant enzymes,
i.e., (A) SOD, (B) POD, and (C) CAT in the leaves of soybean plant grown in salt-affected soil with different levels of
watering intervals (IWp; 11 days, IW1; 15 days, and IW,; 19 days) during the successive 2019 and 2020 growing seasons.

The data presented as means + SD. Means labeled with the same lower-case letter are not significantly different according

to Duncan’s Multiple Range Test.

2.7. Oxidative Damage Status
2.7.1. Lipid Peroxidation

Malondialdehyde (MDA) concentration under different watering intervals (IWg, IWy,
and IW)), as an indicator for the lipid peroxidation in leaves tissue of soybean plants, is
shown in Figure 6. Exposing the control plants to the prolonged durations IW; and IW;)
increased the levels of MDA by about 2-fold and 3-fold higher than its level under IW.
Foliar spray with nanocomposite (Si+Zn) decreased the MDA levels under all intervals
more than PGPMs did. The superior application in reducing the MDA levels was the
co-application with PGPMs and Si-ZnNPs. Compared to each irrigation treatment control,
the combined application could reduce the MDA level by 54.3%, 55.9%, and 41.1% under
IWy, IW;, and IW3, respectively. The potency of combined application to control the MDA
levels under prolonged intervals was much higher under IW;, which reduced MDA levels
by 14.8% than control of IWj. In contrast, under IW,, the combined application could
not lessen the MDA level below or equal its level under IWj, whereas, on the contrary, it
recorded an increase of 63.4% over IWj control treatment (Figure 6A).
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Figure 6. Influence of application of PGPMs, Si-ZnNPs and their combination on oxidative damage indicators, i.e.,
(A) malondialdehyde (MDA), and (B) electrolyte leakage (EL%) in the leaves of soybean plant grown in salt-affected soil
with different levels of watering intervals (IWp; 11 days, IWy; 15 days, and IW;; 19 days) during the successive 2019
and 2020 growing seasons. The data presented as means £ SD. Means labeled with the same lower-case letter are not

significantly different according to Duncan’s Multiple Range Test.

2.7.2. Electrolytes Leakage Percentage

In the 2019 and 2020 seasons, soybean plants that were irrigated at longer intervals
(IW7 and IW;) and grown in salt-affected soil had a higher electrolyte leakage percentage
(EL%) than plants that have will irrigation (IWy) (Figure 6B). The levels of EL% in the
control plants increased by around 1.5-fold and 2-fold when exposed to the extended
durations (IW; and IW;) comparing to IW( control treatment. Levels of EL% were lower in
all intervals when foliar spray with nanocomposite (Si+Zn) was used instead of PGPMs,
where both applications (PGPMs or Si-ZnNPs) recorded a significant reduction than their
controls. Co-application with PGPMs and Si-ZnNPs was found to be the most effective
in lowering EL% levels under all watering intervals levels. The combined application
reduced EL% levels by 49.1%, 36.2%, and 29.7% under IW,, IW;, and IW,, respectively, as
compared to the control of each watering treatment. The efficacy of co-application (PGPMs
and nanocomposite (Si+Zn)) to regulate EL% level over longer interval was much higher
under IW;, which decreased EL% by 8.4% compared to the control of IW,. The combined
application under IW, was unable to reduce EL% below its observed under IWy, resulting
in a 36.6% increase over the IWj control (Figure 6B).

2.8. Plant Water Relations

Soybean plants that were irrigated at longer intervals (IW; and IW;) and grown in
salt-affected soil had lower water relations characteristic in the plant (stomatal conductance
(gs) and relative water content (RWC)) than plants that were well irrigated (IWy) (Figure 7).
Under the mentioned conditions, for the controls of IW; and IW,, RWC recorded a decrease
by 12.3% and 23.6%, while gs recorded 17.4% and 29.9% decrease below control of IWj.
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Figure 7. Influence of application of PGPMs, S5i-ZnNPs and their combination on water relations, i.e., (A) leaf relative water

content, and (B) stomatal conductance in the leaves of soybean plant grown in salt-affected soil with different levels of

watering intervals (IWy; 11 days, IWq; 15 days, and IW5; 19 days) during the successive 2019 and 2020 growing seasons.
The data presented as means £ SD. Means labeled with the same lower-case letter are not significantly different according
to Duncan’s Multiple Range Test.

Under IW, IW7, and IW; condition, RWC began to steadily improve over their con-
trols as a result of individual application of PGPMs by 9.9%, 11.8%, and 12.8%, whereas
nanocomposite (Si+Zn) had lower effects which increased by 7.3%, 6.9%, and 9.5%, respec-
tively. The highest RWCs under all watering intervals (IWq, IW1, and IW;) were observed
for the combined application PGPMs and Si-ZnNPs, which increased by 14.2%, 18.1%, and
19.9%, respectively. Although the highest percentage over its own control was recorded
for combined application under the most extended watering interval (19 d), its positive
effect over the threshold (control of IW() was limited to IW; (15 d) which increased by
3.6%, while under IW, decreased the RWC by 8.3%.

The same trend was observed for stomatal conductance (Figure 7). The co-application
(PGPMs and Si-ZnNPs) under IW,, IW1, and IW; comparing with their own controls
increased the stomatal conductance by 22.0%, 24.4%, and 26.2%%, respectively, whereas
when comparing with control of IW, recorded an increase under IW; by 2.7%, and a
decrease under IW; by 11.5% (Figure 7B).

2.9. Yield Related Traits and Seed Quality

The soybean yield-related traits such as the number of pods plant~!, 100-seed weight,
and seed yield (t ha~!), as well as the seed nutritional quality such as the content of protein
and carbohydrate, were negatively affected and significantly declined in soybean plants
grown in salt-affected soil and subjected to the longer irrigation intervals (IW; and IW;)
compared to plants under IWj condition during the successive 2019 and 2020 growing
seasons (Table 1).

The yield-related traits were positively improved under individual applications of
PGPMs or Si-ZnNPs, as well as their combination under all tested irrigation intervals
(IWp, IWy, and IW;). Seed yield under well irrigation (IW() was related to the type of
application, where the sole application increased the seed yield by 19.1% for PGPMs
and 24.8% for Si-ZnNPs. Additionally, as expected, the combined application (PGPMs
and Si-ZnNPs) recorded the highest seed yield (35.3%) over the IWj control. Meanwhile,
under the extended watering intervals (IW; and IW;), the seed yield of control decreased
dramatically by 22.2% and 44.6% below the control of IWj. Application of nanocomposite
(Si+Zn) was more effective than PGPMs in increasing the yield traits, which increased the
seed yield by 24.8%, 23.8%, and 32.7%, compared to the controls of IW,, IW1, and IW,. The
combined application under the same watering intervals recorded the highest seed yield,
which increased by 35.3%, 39.7%, and 50.1%, over the controls of IWy, IW;, and IW;. On
the other hand, the effect of combined application (PGPMs and Si-ZnNPs), when compared
to the control of IWy, revealed that the only positive increase was under IW; (8.6%), while
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under IW,, the seed yield decreased by 16.8% below the control of IW (. The same trends
were observed for pods number per plant and 100 seeds weight.

Table 1. Characteristics of yield and seed nutritional quality of soybean plant treated with PGPMs and/or Si-ZnNPs, and

grown in salt-affected soil with different levels of watering intervals (IWy; 11 days, IWy; 15 days, and IW3; 19 days) during

2019 and 2020 growing seasons.

Season Irrieation Treatments Pods Plant—1 100-Seed Seed Yield Protein Seed~1  Carb. Seed—1
8 (No.) (g (tha-1) (%) (%)
Control 824 +52de 16.1 £ 0.8 ¢ 1.7 £0.08 e 28.1+1.0cd 202+ 1.2c¢
W PGPMs 99.7 +4.7 ¢ 175+ 1.1b 20+0.14c¢ 331+1.1b 234+12b
0 Si-ZnNPs 105.6 £4.0b 18.0+1.0b 214+011b 351+14b 26.0+1.0a
PGPMs + Si-ZnNPs 1153+ 4.1a 194 +13a 23+0.12a 383+ 16a 2794+ 10a
Control 64.6 +38h 137+ 08eg 13+£0.07h 184+ 14¢g 15.9 + 0.9 ef
2019 W PGPMs 796 £32e 145+ 0.5de 1.54+0.09 f 238+t 12e 18.7 = 0.8 cd
E Si-ZnNPs 86.4+3.0d 1524+1.0cd 1.6 £0.11e 263 +13d 199 +11c
PGPMs + Si-ZnNPs 96.1 +4.6¢c 16.3+13c 1.8+0.09d 301 +£15c¢ 222+11b
Control 577 +25i 119+ 0.7h 0.9 +0.07 k 11.3+1.11 114 +10h
W PGPMs 704 £43¢g 125+ 09 gh 1.1+ 0.07j 144 +13h 13.1£09¢gh
2 Si-ZnNPs 732+33fg 132+11fg 12+006i 167+09gh 144+ 06fg
PGPMs + Si-ZnNPs 76.9 + 4.4 ef 13.8 = 1.1 ef 14+0.08g 209 +£191f 172 +1.5de
Control 840+ 41e 163 4+09cd 1.8+0.09d 295+ 09de 21.3+19cd
W PGPMs 1023 +£24c 173+ 09bc 21 +0.07c 339+19c 247+ 1.1b
0 Si-ZnNPs 107.8 £35b 182+ 1.1b 224+0.05b 36.5+1.1b 272+ 09a
PGPMs + Si-ZnNPs 1183 +39a 2054+ 09a 25+ 0.11a 3974+ 12a 288+ 13a
Control 689 +£2.7f 14.9 + 09 ef 1.3 +0.09 f 19.6 +14h 16.8 + 1.1 fg
2020 W PGPMs 833 +23e 15.5 +£ 09 df 1.6 £ 0.09 e 252+14f 194 +1.2de
E Si-ZnNPs 904 +33d 16.1 £ 0.9 ce 1.8 +0.08 d 277 +12e 20.6 =+ 1.0cd
PGPMs + Si-ZnNPs 1022 £ 4.6 ¢ 169 £ 0.8 ¢ 20£0.11c 31.1+1.7d 26+t11c
Control 605+45¢g 131+11¢g 1.0+0.08¢g 125 £09]j 125+1.11
W PGPMs 71.0+31f 143 +1.0fg 1.3 4+0.08f 156 £1.11 14.3 + 0.7 hi
2 Si-ZnNPs 735 +37f 146 +10f 1.3+0.07 f 184+ 12h 15.7+ 0.9 gh
PGPMs + Si-ZnNPs 833 +t54e 154 +1.0df 1.6 £ 0.06 e 222+21g 184 + 1.6 ef
Deficit irrigation hd ** i i d
F test Soil and foliar treatments ook id ok i wEE
Irrigation X Treatments * ns x* ns ns

Means followed by different lower-case letters indicate significant differences among treatments according to Duncan’s Multiple Range
Test (P < 0.05). Values are presented as means + standard deviation (SD). *** ** * and ns denote significance at P < 0.001, P < 0.01,
and non-significant, respectively. PGPMs: Plant growth-promoting microbes, NP: Nano particles, Carb: Carbohydrate content, IW:

Interval watering.

Seed content from proteins and carbohydrates was strongly related to 100 seed weight.
The combined application increased the protein content by 36.2%, 63.5%, and 84.1%, and
carbohydrates content by 38.1%, 40.1%, and 51.9%, compared to the controls of IW,, IW1,
and IW;. The pronouncing of these greatest increase was revealed after comparing with
the control of IWj, where the positive increases were only under IW;, which are 7.0% for
proteins, and 9.9% for carbohydrates (Table 1).

3. Discussion

Deficit irrigation, drought, and soil salinity have the most important detrimental
effects on the growth, productivity, and sustainability of crops, by affecting both plant and
soil health. Osmotic stress (salinity or drought) negatively affects the root architecture and
the ecosystem in cultivated soil, which reflects on soil chemical and physical traits, and
indirectly connects with the mineral nutrition, water relations, antioxidant defense system,
and metabolism of soybean, which reflect in turn on plant development, yield, and related
traits. Nevertheless, little is known about the plant’s adaptive mechanisms. The current
study has been investigated to evaluate the response of individual soil application of plant
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growth-promoting microbes or foliar spray of Si-Zn nanocomposite, and their mixture on
mitigation the harmful effects of water deficit and soil salinity as well as improving the
growth and development of cultivated soybean plants within deficit irrigation.

3.1. Yield Physiology under Well Irrigation
3.1.1. Rhizosphere-Shoot Connections

Cultivation of the crops in salt-affected soil exhibits various negative impacts on
plant aspects related to crop growth, which depend on soil salinity level, tolerance degree
of the cultivated plant, and the availability of water in the soil. Under well-watering
conditions, the deleterious effects of soil salinity on cultivated plants will be lessened to
minimum levels. Plants can suffer from a variety of nutritional issues as a result of soil
salinity. The abundance of a particular ion in soil solution, such as Na* or C1~, is thought
to be the key cause of these nutrition problems. The presence of these soluble ions will
reduce the availability of other essential minerals in the soil, resulting in decreased element
accessibility and uptake by plants. Hence, treating soybean plants grown in salt-affected
soil with PGPMs and/or Si-ZnNPs could boost the tolerance level to soil salinity, reflecting
on maximizing the vegetative soybean growth (Figure 1).

Application of PGPMs (B. japonicum and T. harzianum) promoes the health of rhi-
zosphere and plant, which minimizes the percentage of exchangeable Na (ESP) in the
soil (Figure 1A), increase the solubility of essential minerals in the soil, and subsequently,
increases their concentration in the shoot tissues, especially for K* ions (Figure 2B). En-
hancing the solubility, uptake and translocation of mineral nutrients in soybean by PGPMs
application improved vegetative growth (Figure 1).

The B. japonicum (USDA 110) strain is capable of producing higher amounts of the
growth-promoting phytohormones (IAA, GA3, and zeatin) in the growth medium [45].
Therefore, inoculation of soybean seeds with B. japonicum not only promotes plant growth
by symbiotic N, fixation but also has additional growth-promoting properties. The pres-
ence of JAA was linked to the stimulation of physiological and biochemical processes
related to nodule formation and root development [45]. IAA raised the number of lateral
roots and root hairs, increasing the plant-microbes interaction, which significantly affected
nodule development and increased the nodules number [32]. Additionally, zeatin may
have a role at the beginning of nodulation, while synthesized GA3 could be effective in
promoting soybean shoot growth [45]. The genus Trichoderma is widely used as a biological
control agent by inhibiting plant pathogens and promoting plant growth by producing
different types of secondary metabolites [36]. Even under non-stressed condition, the
application of T. harzianum could colonize with soybean roots, causing some anatomical
changes such as increasing the thickness of the root (cortex, epidermis, and vascular cylin-
der) and also increasing the thickness of the mesophyll layer [46]. Therefore, inoculation of
soybean seeds with the microbial consortium (B. japonicum and T. harzianum) magnified
the growth-promoting effects, which subsequently reflecting in significant increases in root
length, nodules, and total leaves area (Figure 1). The successful colonization with PGPMs
increases the root exudates that directly affect soil biota activity and the efficiency of soil
microbes in transforming the complex organic substrates and releasing the soil minerals,
facilitating plant growth.

Foliar application of Si-Zn nanoparticles reduced the ESP in the soil and increased the
nodules mass, root length, and total leaves area plant~! (Figure 1). These positive effects
could be related to the role of Zn in synthesizing some phytohormones like auxins. Zinc
has an essential role in the biosynthesis of IAA from tryptophan [37], which responsible
for nitrogen fixation, regulating the nodule formation, number and size of nodules [47].
Additionally, the application of Zn increased the content of endogenous GA3 [37], which
alongside IAA, play an active role in cell enlargement, leading to elongating both of root
and shoot system [47]. Moreover, Si has many well-documented beneficial effects on plant
health. Si application to leguminous crops had the ability to increase the capacity of plant
roots to release more isoflavonoids, which entice N,-fixing rhizobacteria [48], which is



Plants 2021, 10, 1396

13 of 23

reflected by a greatly increase in the nodule size and number (Figure 1B). Additionally,
soybeans treated with Si had a larger root diameter [48].

The combined soil and foliar application of PGPMs and Si-ZnNPs, respectively,
boosted the performance of the soybean plant to its maximum capacity, which reduced
the ESP in the soil to 32.5% lower than control, while nodule DW increased by 19.1%,
root length by 28.6%, and leaves area plant! by 36.3% over control (Figure 1). These
positive findings are in agreement with our previous work on faba bean [25], where the
dual application of PGPR and silica recorded heavier nodule dry weight and root length.

3.1.2. Physio-Biochemical Changes and Yield Relationship

The healthy vegetative growth of plants is a significant sign for the physiological func-
tions, and their related assimilates follow the plant’s genetic codes written for optimum
condition, so the application of any growth-promoting material will transfer the physiolog-
ical processes to a new level and enhance the metabolism, which is reflected in a promotion
of all growth stages and the better development of the plants. From this point of view, all
the tested applications PGPMs and/or Si-ZnNPs increased all the studied physiological
parameters, where the ultimate increases were for the foliar and soil combined application
(PGPMs and Si-ZnNPs).

Under well irrigation conditions, the combined application significantly increased
the photosynthetic pigments (Figure 3), total soluble sugars (TSS), total soluble proteins
(TSP) while decreasing the osmolytes (free amino acids and proline) (Figure 4), while
increasing the activity of antioxidant enzymes (Figure 5), which is definite reflected in
a decrease of the oxidative damage in the form of lipid peroxidation and EL% to its
minimum levels (Figure 6). The previous motivation in enzymatic and non-enzymatic
antioxidants positively affects the photosynthetic machinery, increasing the assimilation
rate and assimilates, which were related to the increases in stomatal conductance and RWC
(Figure 7).

The previously mentioned positive effects may result from the integration between
every growth promoter used and the multi-functions of other tested promoters. Plant
growth-promoting microbes (PGPMs) may establish themselves on the plant roots, stay
there and compete with other microbes while promoting plant growth. Under normal
conditions, Trichoderma can cause anatomical changes in different soybean organs and
increases the stomatal index of the soybean plants [46]. Regarding mineral nutrition with
nanoparticles (Si+Zn), zinc plays a variety of roles in plant development, pollen grain
formation, and productivity, among other micronutrients. In legume crops, Zn require-
ments are higher during the reproductive stage than during the vegetative stage. If the
amount of Zn available is insufficient, the photosynthesis process will be hampered by the
altered structure of chloroplasts, resulting in reduced stem growth, smaller leaves, and later
maturity [37]. Zn is involved in a variety of metabolic and enzymatic processes, as well
as the production of growth hormones, which are essential for chlorophyll formation [39].
Since pollen grains contain a higher amount of Zn, the higher number of pods plant~! and
100-seed weight may be due to the role of Zn in the reproductive process during fertiliza-
tion [47]. The role of Zn in photosynthesis, N, metabolism, IAA synthesis, and several other
enzymatic reactions, where Zn acts as a cofactor [39], and thus influences plant growth
and development, which could explain the increase in the number of seeds per pod and
100-seed weight. Additionally, Zn improved carbohydrate and protein synthesis as well as
their transport to the developed seed, resulting in a larger source size [47]. Soybean plants
treated with silicon displayed improvements in net photosynthesis, stomatal conductance
(gs), and the content of intercellular CO,, even when plants were exposed to high salinity
stress. This is because absorbed Si builds up in the leaves and stems’ cell walls, enabling
the plant to start standing up more and increases the size usable for solar radiation and
gas exchange, thereby increasing the performance of Photosystem II. Furthermore, Si accu-
mulation enables stomata to open, which may increase transpiration rate and CO, influx.
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From this perspective, Si treated leaves may be responsible for sustaining transpiration and
enabling the crop to use the available water to achieve a higher net assimilation rate [48].

Increasing the seed yield and all its related traits under the combined application
(Table 1) revealed that these increases are correlated to enhancements that occurred to all
previously mentioned parameters. But, which variable(s) was(were) more related to the
increases in yield parameters. The answer to this question is extracted from the parallel
coordinates’ comparison between all variables and their shares to other variables (Figure 8).
The increases in yield-related traits were higher for the combined application (PGPMs and
Si-ZnNPs) > Si-ZnNPs > PGPMs > control under IW conditions. Comparing all variables
between combined application and Si-ZnNPs application reveal that the positive parallel
increases were only for antioxidant enzymes (CAT, POD, and SOD) and osmolytes (FAA
and proline) which protected the photosynthetic pigments (chlorophylls and carotenoids)
and increased their efficiency, which directly and indirectly affected the physiological
processes and increased the yield and its quality even under well-watering condition
(Figure 8).

Treatments

® IW0-Combined
® |W0-Control
® IW0-PGPM

® |WO0-Si+ZnNP

SOD
POD
CAT
MDA
EL %
gs
1SS
FAA
TSP

Total Chl
Carotenoids
RWC %
Proline

Pods No.
100 seeds
Seed yield
% Prot.Seed
% Carb.Seed

Figure 8. Parallel coordinates comparison plot showing how the studied variables of soybean grown under well irrigation
changes in relation to the type of growth promoters (PGPMs and/or Si-ZnNPs).

3.2. Yield Physiology under Deficit Irrigation

Cultivation in salt-affected soil is a risky practice, which needs more attention to
other environmental factors. The most critical factor in this type of soil is the availability
of water used for irrigation. Any tiny delay in irrigation by more than recommended
duration in this specific area will expose the grown plants to different degrees from a
combination of dual stress (water deficit and salinity stresses). Both of those stresses will
initiate many signal transduction chains depending on the defense genome in the cultivated
plant, reflected on multi-crosstalk between cells of root and shoot, and finally translate to
multiple biochemical and physiological changes related mainly to plant survival under this
type of stresses [49]. If the cultivated plant doesn’t have good defense genes, it will start
suffering from the deleterious effects of these abiotic stresses, which is reflected in the plant
growth, development, and productivity. Under this condition, exogenous support with
growth promoters will add many benefits and extra defense mechanisms to the plants.

Subjected soybean plants to two levels of deficit irrigation (IW; and IW;) resulted in
significant reductions in many of variables (nodules D, root length, total leaves area, K,
photosynthetic pigments, TSP, RWC, gs, and yield traits) and increases in other variables
(ESP, Na, TSS, FAA, proline, SOD, POD, CAT, MDA, and EL%), comparing to the relative
levels under IWj (Figure 9A). A closer look at the parallel comparison between these
variables (Figure 9A) under IW, comparing to the level of change in IWy and IW reveal
that the most effective direct negative variables that started the deleterious events are
ESP in the soil and Na* content in the plant tissues which reflected on increasing the



Plants 2021, 10, 1396 15 of 23

Exch. Na%

Exch. Na%

Exch. Na%

peroxidation levels and EL%. Unfortunately, although the content of osmolytes (FAA and
proline) and activity of POD were much higher, they can’t mitigate enough the impact of
water deficit, which resulted in the maximum recorded reduction in RWC and gs, leading
to reduced carotenoids (antioxidant) content which is reflected by more inhibition and
oxidation of chlorophylls and subsequently the assimilation rate and extremely inhibited
the growth of root and shoot system.
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Figure 9. Parallel coordinates comparison plot showing how soybean studied variables changes in relation to the changes
in irrigation levels, (A) comparison between controls under different intervals of watering, (B) comparison between all
treatments in regard to the control of well watering as a reference, (C) comparison between the effect dual application of
PGPMs and Si-ZnNPs under the higher levels of deficit irrigation in regard to control of well watering as a reference.

Parallel comparison between the levels of variables in the control of IWj (sharpen
green line) in regard to all other applications (fade lines) under all watering treatments
found that the position of most control parameters (sharpen green line, Figure 9B) laid on
the middle between all other variables under IWy, IW;, and IW; except for antioxidant
enzymes (SOD, POD, and CAT) and TSS which recorded the lowest levels between all
treatments (Figure 9B). This observation reveals that the most sensitive parameters related
to defense mechanisms are the antioxidant enzymes and TSS.
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Regarding the best-recommended application for motivating the growth and yield
of soybean plant grown under different watering intervals, which is the co-application
of (PGPMs and Si-ZnNPs), the parallel comparison for this combined treatment under
the longer watering intervals (IW; and IW5) is presented in Figure 9C. For more clarity,
the comparison was made concerning the control of IWj to reveal why the combined
application under the most extended duration (IW;) was not enough to produce yield near
enough from the control yield under IW,. Although motivated the TSS to its maximum
limit under IW, comparing to IW;, the antioxidant enzymes didn’t take this trend where the
activity levels of SOD and CAT start to retreat under IW,. This retreat is more correlated to
the highest increase in EL% and MDA, which indicated that cell membranes were suffering
from severe oxidation, which has a direct correlation with decreasing the RWC, gs, and
carotenoids, which in turn minimize the chlorophylls, plant growth and 100-seed weight
(Figure 9C).

4. Materials and Methods
4.1. Experimental Layout

Two field trials were performed in 2019 and 2020 at Sakha Agricultural Research Sta-
tion, Agricultural Research Center (ARC), Egypt, to assess the impacts of seed inoculation
with a mixture of two microorganisms; (1) the bacteria Bradyrhizobium japonicum (USDA
110) and (2) the fungi Trichoderma harzianum, in addition to the foliar application of some
beneficial and micro-elements in nanoparticles form on soil chemistry, plant vegetative
growth, the activity of the antioxidant defense system, and related physiological attributes,
yield and seed quality of soybean plants subjected to different irrigation intervals every 11
(IWp), 15 (IW1) and 19 (IW;) days at salt-affected soil.

The experiment was laid out in a split-plot design with three replicates. The main
plots were divided into irrigation intervals, and sub-plots were divided into the growth
promoters’ treatments (Control, PGPMs, Si-ZnNPs, and the combination of PGPMs and
Si-ZnNPs). The area of the sub-plot was 42 m? including 10 rows, 7 m long x 6 m wide.
Soybean seeds (Glycine max L. cv. Giza 111) were obtained from Field Crops Research
Institute, Department of Leguminous Crops, Sakha, Agricultural Research Station, Egypt.
Seeds of soybean were planted on 28 May 2019 and 29 May 2020 at the rate of 100 kg ha~!.
Plants were thinned to one plant per hill prior to first irrigation. Nitrogen fertilization was
added as urea (46.5% N) at the rate of 18 kg N ha~!. Phosphorus fertilization was applied
as calcium superphosphate 15.5% P,0Os at the rate of 80 kg P,Os ha~! prior to planting.
Potassium fertilization applied at (114 kg K,O ha~!) before planting.

4.2. Soil Physicochemical Analysis

Soil samples from the experimental site (0-30 cm depth) were collected by an auger
and air-dried to estimate the physicochemical properties, which are as following: The
texture of the experimental site was clayey, consisting of 28.25 % sand, 24.37 % silt and
47.38 % clay with an initial pH of 8.23 (1:2.5 soil: water suspension) and an average
exchange sodium percentage of 21.6%. Total N and organic C contents were 9.92 mg kg ™!
and 11.55 g kg~ !, respectively [50]. The electrical conductivity of saturated soil-paste
extract (ECe) is 5.52 dS m~!.Soluble cations of Ca**, Mg**, Na* and K* were 9.43, 7.82,
37.34 and 0.38 meq L1, respectively [51].

4.3. Treatments Preparation and Application
4.3.1. Seed Inoculation with Microbial Consortium

Soybean seeds were sterilized with ethanol (70%) and Clorox (10%) for 3 min and
bathed with autoclaved deionized water. Two microorganisms Bradyrhizobium japonicum
(USDA 110) and Trichoderma harzianum were selected for their abilities to promote the
growth of soybean [52]. Both strains were attained from Agricultural Microbiology Depart-
ment, Soils, Water and Environment Research Institute (SWERI), Agricultural Research
Centre (ARC), Egypt. Pure cultures of bacteria (B. japonicum) and fungi (T. harzianum) were
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routinely maintained on Yeast Extract Mannitol Broth (YEMB) medium and Potato Dextrose
Broth (PDB) medium [53], respectively. The inoculation was prepared as peat-based inocu-
lum, 10 mL of B. japonicum (1 x 108 CFU mL~1), and T. harzianum (1 x 10° spores mL™1)
per 30 g of sterilized carrier and mixed with the soybean seeds before sowing using a
sticking material and spread away from the direct sun over a plastic sheet for a short time
prior planting.

4.3.2. Beneficial and Micro-Elements Nanoparticles

The nanoparticles of silicon dioxide (5iO,: 198 nm particle size) was provided by
AL-Azhar University, Egypt, while the nanoparticles of zinc oxide (ZnO: <100 nm particle
size) was purchased from Sigma-Aldrich (St. Louis, USA). Nano-elements (Si+Zn) were
applied as a foliar application at 500 mg L~! (250 mg L~! for each element) at 20, 30, and
40 days after sowing (DAS), which was applied as a nutrient solution.

4.4. Traits Measurements

At 60 days after sowing, different plant samples were collected to determine the
following variables: root length, nodules dry weight, the content of Na* and K* ions in the
leaves, total chlorophyll, carotenoids, activity of antioxidant enzymes, malondialdehyde,
total soluble sugars, proline, total free amino acids, and soluble proteins. In addition to leaf
relative water content (LRWC), stomatal conductance, and electrolyte leakage (EL%).

4.4.1. Exchangeable Sodium % (ESP)

An auger was used to collect soil samples from the surface of the soil down to a depth
of 40 cm. Soil samples were air-dried and passed through a 2-mm mesh to determine the
contents of Na*, Ca?* and Mg?* in paste extracts. The contents of Na*, Ca?* and Mg?* in
paste extracts were determined using an Atomic Absorption Spectro-photometer (AAS
3300, Perkin Elmer Ltd., Beaconsfield, UK) to compute the soil sodium adsorption ratio
(SAR). ESP was assessed according to the equation proposed by Seilsepour et al. [54]:

ESP = 1.95 + 1.03 x SAR (R2 - 0.92)

4.4.2. Root Length, Nodules Dry Weight and Leaves Area

Root samples were taken from each treatment type to estimate the root length (cm) and
nodules dry weight (mg plant—!). The selected root samples were taken by soil sampling
tube to 40 cm depth and sieving the soil through a 0.5 mm mesh. Nodules were detached
from the roots, oven-dried at 70 °C and weighed. Total leaves area per plant (dm?) was
recorded by Leaf Area Meter (LA-3000A, LI-COR Inc., Lincoln, NE, USA).

4.4.3. Potassium and Sodium Concentration

Ten leaf samples were randomly collected from each experimental plot, washed with
deionized water, and oven-dried for 48 h at 70 °C. Oven-dried samples (approximately
0.5 g each) were heated for 5 h in a mixture of nitric acid and perchloric acid (4:1, v/v) in the
presence of glass beads. The digested plant material was sieved before being diluted with
de-ionized water, based on Chapman and Pratt [55] method. Na* and K* concentrations
were estimated by the use of an AAS 3300 Atomic Absorption Spectrophotometer (Perkin
Elmer Ltd.).

4.4.4. Total Chlorophylls and Carotenoids Concentration

Using the protocol described by Lichtenthaler [56], ten leaf samples were randomly
taken from the top of the main stem in each treatment to determine total chlorophylls and
carotenoids. Samples of leaf tissues (0.1 g each) were ground and extracted in 5 mL of
acetone at an 80% concentration. The extracted sap was centrifuged for 10 min at 13,000x g,
and the absorbance of the supernatant was measured at 663 nm, 645 nm, and 470 nm.
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Concentrations of total chlorophylls and carotenoids were calculated and expressed as
mg g~ FW.

4.4.5. Osmo-protectants and Protein Concentrations
Total Soluble Sugars (TSS)

Leaves fresh samples (0.5 g) were homogenized in 5 mL of 80% (v/v) ethanol and
placed in a water bath at 80 °C for 30 min, followed by centrifugation at 10,000 x g for 10 min.
The pellets were subjected to two further cycles using the same extraction protocol by 80%
ethanol. The supernatants were collected to measure the total soluble sugars concentration
based on Hendrix [57] protocol, using spectrophotometer at 620 nm wavelength, based on
a glucose standard curve.

Proline

Concentrations of proline in 0.5 g leaf samples were determined using the methods
described by Bates et al. [58]. Samples were homogenized in 10 mL of 3 % (m/v) aqueous
sulfosalicylic acid and centrifuged. Each 2 mL of supernatant was combined with 2 mL
of acid ninhydrin reagent (2 g ninhydrin in 30 mL glacial acetic acid and 20 mL 6 M
phosphoric acid) and 2 mL of glacial acetic acid. After the reaction mixture was boiled at
100 °C for 1 h and then cooled in an ice bath for 10 min, the colour of the reaction mixture
was extracted by adding 4 mL toluene and vortexed for 5 min. The absorbance of coloured
toluene was read at 520 nm. Proline was estimated as umol g~! FW leaves.

Free Amino Acid (FAA)

Total free amino acids were extracted from 0.5 g of fresh leaf samples after the homog-
enization with 80% ethanol and centrifugation at 8000 g for 15 min at 4 °C. Amino acids
concentration was assayed in the supernatant using the ninhydrin reagent as described by
Misra et al. [59]. The analysis was performed by the addition of ninhydrin reagent (16%
ninhydrin dissolved in citrate buffer, pH 5.0 [26% citric acid, and 58% Na citrate]) to amino
acid extract. The mixture was boiled for 20 min and then cooled to room temperature.
Absorbance of the reaction was recorded at 570 nm. Concentrations of the total free amino
acids in leaves samples were calculated from the standard curve of L-leucine and presented
asmgg ! FW.

Total Soluble Protein (TSP)

The concentration of soluble protein in leaves samples were estimated by the Brilliant
Blue G-250 reagent with bovine serum albumin (BSA) as a standard based on the method
described by Bradford [60].

4.4.6. Activity of Antioxidant Enzymes (CAT, POD and SOD)

Extracts of enzymatic antioxidant were made by freezing different leaves samples
(1 g) in the liquid nitrogen to avoid proteolytic activity, then grinding with 5 mL of cold
extraction buffer (0.1 M phosphate buffer, pH 7, containing 0.5 mM EDTA, and 2 % [w/v]
PVP), and centrifuging for 20 min at 10,000 x g to use the supernatant as enzyme extract [11].

The activity of catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD),
were estimated at 25 °C, using a UV-160 A spectrophotometer (Shimadzu, Kyoto, Japan).
The specific activity of CAT, POD, and SOD were estimated based on the protocols de-
scribed by Aebi [61], Vetter et al. [62], and Beauchamp and Fridovich [63], respectively. The
specific activity of the antioxidant enzymes is expressed as Unit mg~! protein. Briefly, CAT
activity in the samples was estimated based on tracking the H,O, fading at 240 nm due
to the catalytic activity of CAT in the samples. The activity of POD in the samples was
determined by combining 100 puL enzyme extract with 2.9 mL 50 mM phosphate-citrate
buffer (pH 6.5), 0.03% HyO,, and 0.1% ortho-phenylenediamine in the assay mixture. At
430 nm, the change in absorbance was measured for 5 min. SOD activity was determined
based on the inhibition in the photoreduction of the dye nitroblue tetrazolium (NBT) by
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superoxide-formed radicals. The reaction mixture (consists of 100 uL enzyme extract in
50 mM phosphate buffer, 13 mM methionine, 0.075 mM NBT, 0.10 mM EDTA and 0.002 mM
riboflavin) was illuminated for 15 min in a light chamber. The absorbance of blue formazan
formed dye was recorded directly at 550 nm in comparison to the sample free reaction
mixture. The enzymatic unit of SOD has been defined as the amounts of the enzyme
required to inhibit the reduction of chromogen by 50%.

4.4.7. Oxidative Damage Status
Malondialdehyde (MDA)

The concentration of MDA in the leaves as an indicator for lipid peroxidation was
performed according to the protocol described by Li et al. [64]. With a mortar and pestle,
0.5 g of fresh leaves was homogenized with 1 mL 0.1% (w/v) TCA solution. The mixture
was centrifuged at 8000x g for 15 min at 4 °C. For each 1 mL supernatant, 4 mL of 0.5%
thiobarbituric acid (TBA) in 10% TCA solution was added and incubated at 96 °C for
30 min. After cooling, the absorbance (A) was recorded at 450 nm, 532 nm, and 600 nm.
The MDA concentration was expressed as nmol g~! FW based on the extinction coefficient
of TBA (1.53 mM~lem ™).

Electrolyte Leakage Percentage (EL%)

The protocol described by Bajji, et al. [65] was used to estimate EL%. Ten leaf discs were
put in a 50 mL sealed tube including 20 mL distilled water and the electrical conductivity
(ECp) was measured by a conductivity meter (CM 100, John Reid and Associates, Chicago).
The tubes were incubated in a water bath at 45 °C for 30 min, and the electrical conductivity
(EC1) was measured. The sample was heated at 100 °C for 10 min, and the electrical
conductivity (ECy) was measured. The total leakage of inorganic ions was calculated
according to the following equation: EL% = [(EC; — EC()/EC;] x 100.

4.4.8. Plant Water Relations
Leaf Relative Water Content (LRWC)

For the estimation of LRWC, the method of Weatherley [66] was used. Ten leaf discs
with 10 mm in diameter were punched with a borer from a set of leaves into a reweighed
sealed vial. After the fresh weight had been obtained, the discs were floated for 24 h on
distilled water in covered Petri dishes kept at a low light intensity and room temperature
until full turgid. The discs were surface dried, returned to the same vial, and reweighed
to obtain the turgid weight. Finally, the leaf discs were oven-dried at 80 °C to a constant
weight and weighed again to obtain the dry weight. The LRWC on a percentage basis was
calculated using the following equation:

LRWC — ( Fresh weight — Dry weight ) 100

Turgid weight — Dry weight

Stomatal Conductance

Stomatal conductance of fully expanded top leaf was determined between 10:00 and
13:00 using porometer apparatus (Model AP4, Delta-T Devices Ltd., Burwell, UK) and
expressed as mmol H,Om2 s~ 1.

4.4.9. Seed Yield Related Traits and Nutritional Quality

At maturity, the aboveground parts of soybean plants in each plot were harvested and
were used as shoot samples for calculating the number of pods plant~—!. Soybean seeds
were separated from their pods to measure 100-seed weight (g) and seed yield (kg ha™1).
The protein content of soybean seeds was estimated via the micro-Kjeldahl method based
on N content. Nitrogen was evaluated according to the method illustrated in A.O.A.C. [67],
and the protein content was obtained by multiplying the nitrogen content by a conventional
coefficient of 6.25. Total carbohydrate contents were extracted from dry powdered soybean



Plants 2021, 10, 1396

20 of 23

References

seeds and estimated colorimetrically by the phenol-sulphuric acid method as described by
Sadasivam and Manickam [68].

4.5. Statistical Analysis

The data of the two-year split-plot experiment were statistically analyzed separately
according to the analysis of variance (ANOVA) procedure, using CoStat software (Package
6.45, CoHort, Monterey, CA, USA). The differences between the means were compared at
p < 0.05 using DMRT as posthoc pairwise comparisons [69]. Data are presented as means
+ SD. The comparisons of parallel coordinates were performed by JMP 16 (SAS Institute
Inc., Cary, NC, USA).

5. Conclusions

Water stress and soil salinity together greatly lessen the plant growth and crop produc-
tivity, which effect on sensitive to moderate tolerant plants like soybean plant. Nevertheless,
the coupled application of seed inoculation with PGPMs (Bradyrhizobium japonicum (USDA
110) and Trichoderma harzianum) and foliar application of Si-ZnNPs significantly mitigated
the detrimental effects of water stress and soil salinity on soybean growth and productivity.
Irrespective of water application duration (IWy, IW; and IW,), the co-application treatment
of PGPMs and Si-ZnNPs caused the highest seed quality (i.e., protein and carbohydrate
content) and highest yield-related traits (number of pods plant~! and 100-seed weight) of
soybean plants grown under salt-affected soil in comparison to sole application of PGPMs
or Si-ZnNPs and/or control plants. Such improvements were attributed to deeper root
length, heavier nodules dry weight, higher leaf K*, further leaf soluble protein content,
total soluble sugars, and antioxidant enzymes activity, as well as more augmented of
physiological parameters (relative water content and stomatal conductance) while declined
of leaf Na*, electrolyte leakage, proline content, and free amino acids, as well as ESP,
were attained when the coupled treatment was added compared to the sole treatment of
PGPMs or Si-ZnNPs under longer irrigation intervals (IW; and IW5). Our study proved
that the coupled application of PGPMs and Si-ZnNPs has multiple benefits for agricultural
sustainability, especially in arid and semi-arid zones.
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