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Abstract

Developing and applying a novel plant growth—promoting agent (PGPA; a micronutrient-amino acid chelated compound
developed from autolysis yeast cells) in alleviating salt stress toxicity can be the best alternative option environmentally and
economically. High-performance liquid chromatography (HPLC) showed that the assembled PGPA is rich in nucleobases
than yeast extract (> 56-fold). This study, as a first investigation, was aimed to evaluate PGPA’s potential role in reducing
oxidative injury induced by salt stress. Barley (Hordeum vulgare L. cv. Giza 123) plants were grown under non-saline
or saline conditions (6.0 and 12.0 dS m™~!) with and without PGPA foliar application. The PGPA application mitigated
salt-induced oxidative stress by enhancing the activity of superoxide dismutase, catalase, guaiacol peroxidase, ascorbate
peroxidase, monodehydroascorbate reductase, dehydroascorbate reductase, glutathione reductase, glutathione peroxidase,
and glutathione S-transferase, as well as the content of ascorbate, glutathione, proline, and glycinebetaine. Moreover, PGPA
protected salt-stressed plants from the deleterious effects of methylglyoxal by up-regulating the glyoxalase enzymes activity.
The PGPA alleviated membrane damage by decreasing reactive oxygen species (ROS) accumulation, lipid peroxidation,
protein oxidation, electrolyte leakage, and NADP? content. The protection of photosynthesis by PGPA was closely associ-
ated with the improved chlorophyll fluorescence parameters, leaf water content, membrane stability index, and NADPH
content. The PGPA-treated plants also exhibited higher stomatal conductivity together with improved transpiration and
photosynthetic rates under saline conditions. Overall, PGPA regulated the antioxidant machinery, glyoxalase system, and
photosynthetic capacity, implying that it plays a critical role in salt stress mitigation. Therefore, it could be a useful agent to
alleviate the harmful effects of salinity stress.

Keywords Antioxidant machinery - Barley (Hordeum vulgare L.) - Methylglyoxal detoxification system - Plant growth-
promoting agent - ROS detoxification - Salt stress

1 Introduction

Salt stress is a major yield-limiting factor, as it covers 33%
of the irrigated agricultural lands worldwide (Kromdijk and
Long 2016). It is a complicated abiotic stress that causes
osmotic stress, specific ionic impacts, and nutritional imbal-
D4 Neveen B. Talaat ances. Salinity decreases soil osmotic potentials and hinders
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most critical physico-chemical mechanism in higher plants,
is extremely vulnerable to salt stress (Talaat 2019a). Salin-
ity-induced suppression of photosynthetic electron transport
Department of Crops Technology Research, Food causes overpro'duction of harmful reactive oxygen species
Technology Research Institute, Agricultural Research Centre, (ROS). Excessive accumulation of ROS accelerates chlo-
Giza, Egypt rophyll breakdown and inhibits photochemical efficiency

Department of Plant Physiology, Faculty of Agriculture,
Cairo University, Giza, Egypt

Department of Biochemistry, Faculty of Agriculture, Cairo
University, Giza, Egypt

@ Springer


http://orcid.org/0000-0002-4542-4785
http://crossmark.crossref.org/dialog/?doi=10.1007/s42729-022-00993-8&domain=pdf

Journal of Soil Science and Plant Nutrition (2023) 23:308-324

309

of photosystem II (Talaat 2021). Furthermore, ROS, as a
strong oxidant, can react with lipids, proteins, and nucleic
acids, causing lipid peroxidation, protein denaturation, and
DNA mutation, respectively (Kohli et al. 2019). Plants pos-
sess integrated machinery for ROS detoxification, which
can be categorized into antioxidant enzymes (superoxide
dismutase (SOD), guaiacol peroxidase (GPOX), catalase
(CAT), ascorbate peroxidase (APX), glutathione peroxidase
(GPX), glutathione reductase (GR), glutathione S-trans-
ferase (GST), monodehydroascorbate reductase (MDHAR),
dehydroascorbate (DHAR)) and non-enzymatic antioxidants
(a-tocopherol, carotenoids, ascorbic acid (AsA), reduced
glutathione (GSH), flavonoids, total phenols) (Fan et al.
2016; Todorova et al. 2016). Another adverse effect of salt
stress on plants is the accumulation of methylglyoxal (MG)
which is very reactive cytotoxic compound (Nisarga et al.
2017; Talaat and Todorova 2022). To eliminate excessive
MG, a GSH-dependent glyoxalase system, including gly-
oxalase I (Gly I) and glyoxalase II (Gly II) has evolved in
plant cells (Kamran et al. 2020; Talaat and Todorova 2022).

Yeast (Saccharomyces cerevisiae) extract is an attractive
candidate that enhances plant’s tolerance to abiotic stress
via providing treated plants with many active substances
such as auxins, gibberellins, cytokinins, amino acids, sugars,
nucleotides, fatty acids, peptides, enzymes, minerals, and
vitamins (Hammad and Ali 2014; Abdel Latef et al. 2019;
Fernandez-San Millan et al. 2020; Taha et al. 2021). Further-
more, ascorbic acid, citric acid, and salicylic acid can act as
potent growth regulators, bio-stimulators, and antioxidants
that activate the biochemical pathways associated with salt
tolerance mechanisms in plants (Akram et al. 2017; Talaat
2021). Citric acid is an excellent chelating agent, binding
metals in yeast hydrolysate by making them soluble (Sal-
eem et al. 2020). Therefore, developing and applying a novel
PGPA (a micronutrient-amino acid chelated compound
developed from autolysis yeast cells, ascorbic acid, citric
acid, and salicylic acid) in alleviating salt stress toxicity can
be one of the best alternative options environmentally and
economically. Previous studies reported that aminochelates
can ameliorate the adverse effect of salt stress by increas-
ing the plant growth, biomass production, nutritional status,
protein production, photosynthetic pigments content, photo-
synthetic rate, and antioxidant enzymes activity (Souri and
Aslani 2018; Zaheer et al. 2020; Ahmad et al. 2020). Fur-
thermore, under stressful conditions, foliar spray of amino-
chelate was superior to its soil application (Souri and Aslani
2018; Souri and Hatamian 2019).

PGPA is also enriched with nucleotides. In fact, nucle-
otides are one of the most important class of metabolites
because their complete oxidation releases carbon and
nitrogen, which can be recycled into central metabolism
(Casartelli et al. 2018). Moreover, nucleotides are building
blocks for nucleic acid synthesis, an energy source, as well

as precursors of alkaloids, sucrose, polysaccharides, phos-
pholipids, coenzymes, phytohormones, and secondary prod-
ucts (Stasolla et al. 2003). Evidence indicate that adenosine
can manufacture large amounts of ATP to aid the removal
and/or transport of salts into vacuoles and to synthesis the
compatible solutes that modify the plant osmotic potential
(Stasolla et al. 2003). A previous study by Casartelli et al.
(2018) identified purines as a drought responsive metabolite
that accumulates in drought-tolerant rice varieties. However,
there is no enough information currently available about
nucleobases ability to be applied as a stress-ameliorative
agent in plants.

Barley (Hordeum vulgare L.) is one of the world’s most
extensively cultivated crops. Soil salinization is becoming an
important factor affecting agricultural sustainability, thereby
overcoming its injuries impact on crop production is a major
challenge worldwide (Talaat 2019b). The use of natural and
safety biostimulants to induce adaptability is the most inno-
vative strategy that protects plants from saline conditions.
Therefore, the aim of this investigation was to develop and
disclose the influence of formulated PGPA on barley plants
grown in salty soils. Specifically, our novel purpose was to
evaluate the potential role played by PGPA on reducing oxi-
dative injury induced by salt stress. To address this aim, we
investigated the presence of important chemical compounds
using HPLC and gas chromatography-mass spectrometry
(GC-MY) in the developed PGPA. We also investigated the
influence of PGPA on the antioxidant machinery, including
activity of antioxidant enzymes (SOD, CAT, GPOX, APX,
DHAR, MDHAR, GR, GPX, GST), content of antioxidant
molecules (AsA, GSH, proline, glycinebetaine), ROS accu-
mulation, lipid peroxidation, protein oxidation, electrolyte
leakage, membrane stability index, relative water content,
as well as nicotinamide adenine dinucleotide phosphate
oxidized (NADP™") and nicotinamide adenine dinucleotide
phosphate reduced (NADPH) content of barley plants grown
under both non-saline and saline conditions. Furthermore,
the PGPA effect on the glyoxalase defense system, includ-
ing activity of (Gly I and II) and content of MG, was also
detected in stressed and non-stressed plants. The response of
photosynthetic activity including the gas exchange parame-
ters and chlorophyll fluorescence system was also evaluated.
Indeed, no study regarding mitigation of salinity stress by
the use of PGPA has been reported. Accordingly, as a first
investigation, it has been hypothesized that the application
of this developed PGPA can help plants to overcome the
deleterious effects of salt stress on plant growth and produc-
tion by altering ROS level, antioxidant machinery, methyl-
glyoxal detoxification system, and photosynthetic capacity.
Correlation between PGPA application as well as antioxi-
dant, glyoxalase defense, and photosynthetic machineries
could provide a novel insight that can help to promote plant
production under stressful conditions.
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2 Materials and Methods
2.1 Preparation of the PGPA Agent

For PGPA preparation, 200 g 17! bakery yeast (Saccha-
romyces cerevisiae) was dissolved in deionized water
and left to autolysis for 12 h at room temperature. To
inhibit enzymes from further digestion and acquire a
large amount of useful compounds and nucleobases,
the suspension was heated at 100 °C for 10 min before
being quickly cooled on ice. Unbroken cells, partially
disrupted cells, and cell debris were removed by centrifu-
gation at 4 °C. Ascorbic acid (250 ppm 17}, citric acid
(900 ppm 171, and salicylic acid (100 ppm 17!) were all
added to the suspension to make the PGPA. One milli-
molar of phosphoric acid and zinc chloride was added to
this mixture after 12 h of room temperature incubation.
The Egyptian patent office (no. 1232/2020) received the
detailed method for the preparing of the PGPA. Yeast
extract was prepared as a control as described by Zarei
et al. (2016).

2.2 Chemical Analysis of the PGPA Agent

The chemical composition of the PGPA was determined
by GC-MS using Thermo Scientific, Trace GC Ultra/ISQ
Single Quadrupole MS, TG-5MS-fused silica capillary
column with electron ionization mass detector (Aktar
et al. 2009). High-performance liquid chromatography
using Agilent HPLC 1100 system equipped with an auto
sampler, diode array detector (DAD), and ChemStation
software was used to separate and quantify the nucleobases
in the PGPA suspension (Huang et al. 2012).

2.3 Plant Material and Experimental Design

A pot experiment was conducted at the greenhouse of
Plant Physiology Department, Faculty of Agriculture,
Cairo University, Egypt, under natural light and tempera-
ture conditions with an average day/night temperature of
25/15 +£2 °C and average humidity of 65%. The experi-
ment was repeated twice, in November 30 of 2019 and
2020. Barley (Hordeum vulgare L. cv. Giza 123) seeds
were kindly supplied by the Agriculture Research Center,
Egyptian Ministry of Agriculture. This cultivar was
selected based on its high yield productivity. Its salt toler-
ance was tried to increase by using PGPA foliar applica-
tion. The pots were 30 cm in diameter and 35 cm in height
and contained 15 kg of clay loamy soil (sand 37%, silt
28%, clay 35%). Table S1 shows the soil chemical analysis,
which performed according to Cottenie et al. (1982).

@ Springer

Before sowing, pots were divided into three groups. The
first one assigned as control (non-saline; 0.1 dS m~!) and
the other two groups were assigned as two levels of salin-
ity treatment (6.0 and 12.0 dS m~! salinity level; which
obtained by adding to the soil a mixture of NaCl, CaCl,,
and MgSO, at the molar ratio of 2:2:1, respectively).

At each salinity treatments, barley plants at 45 (stem elon-
gation stage), 60 (booting stage), and 90 (heading stage)
days from sowing were subjected to two PGPA’ treatments:
treated with PGPA and untreated plants. Untreated plants
were sprayed with distilled water. Tween-20 (0.05%) was
added as surfactant at the time of treatment. All the plants
were watered regularly, and different intercultural operations
were conducted when needed. Recommended fertilization
and management practices were followed.

The experimental layout was completely randomized
design with two factors: three levels of salinity and two
spraying treatments. The plants were sampled after 75 days
of sowing to assess the shoot height, leaves number, total
leaf area (using a portable leaf area meter (LI-COR 3000,
Lambda Instruments Corporation, Lincoln, Nebraska, USA),
and shoot dry weight. After maturation, number of grains
and grain yield were estimated. Data were collected from
four replicates, and each replicate includes six plants gath-
ered from the same pot.

The following physiological and biochemical traits were
determined in 75-day-old (after 15 days of PGPA second
application) barley leaves. Data were collected from four
replicates, each of which contained six plants gathered from
the same pot.

2.4 Gas Exchange Measurement

The gas exchange of attached leaves was measured at
8:30-11:30 am using an infrared gas analyzer, Li-Cor-6400
(Li-Cor Inc., Lincoln, NE, USA). The photosynthetic pho-
ton flux density (PPFD) was set at 1000 pmol m2s7 . Air
temperature, air relative humidity, and CO, concentration
were set at ambient conditions in the greenhouse. Net photo-
synthetic rate (P,, pmol CO, m2 s_l), stomatal conductance
(G,, mol H,0 m~2 s7!), and transpiration rate (7,, mmol H,0
m~2s™!) were recorded simultaneously.

2.5 Chlorophyll Fluorescence Analysis

Chlorophyll fluorescence parameters were measured in
leaves with a Portable Chlorophyll Fluorometer (PAM2500;
Heinz Walz, Effeltrich, Germany) after a 30-min dark adap-
tation. Chlorophyll fluorescence in dark- and light-adapted
leaves was excited and measured. The maximum quantum
efficiency of PSII photochemistry (F,/F,,), electron transport
rate (ETR), actual photochemical efficiency of PSII (Dpgp)),
photochemical quenching coefficient (¢gP), effective quantum
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yield of PSII photochemistry (F,/F,,), and non-photochem-
ical quenching coefficients (gN) were calculated according
to Pfiindel et al. (2008).

2.6 Estimation of Stress Markers

Fresh barley leaves of 0.1 g were ground in a mortar with 900
pL buffer to estimate hydrogen peroxide (H,0,) and malon-
dialdehyde (MDA), following the instructions in H,0, and
MDA Kkits, according to the procedure described by Nawaz
et al. (2018). The contents of H,0, and MDA were meas-
ured at wavelengths of 405 and 532 nm, respectively. For
measuring superoxide radical (O,° —), fresh barley leaves of
0.1 g were homogenized in 900 pL buffer and centrifuged at
4000 x g for 10 min. The O,°~ content was measured accord-
ing to the instructions in O,*~ kits, as described by Gao et al.
(2019). At a wavelength of 550 nm, the O, content was
measured. Oxidative damage to proteins was estimated as
the content of carbonyl groups (Reznick and Packer 1994).
At 370 nm, the carbonyl content was measured. The protein
content was evaluated according to the method of Bradford
(1976). The NADP* and NADPH contents in barley leaves
were measured according to the instructions of the kit using
a spectrophotometric assay (Liu et al. 2019).

2.7 Extraction and Assay of Antioxidant Enzymes

Barley fresh leaves (0.5 g) were homogenized in 5 mL of
ice-cold 100 mM phosphate buffer (pH 7.4) containing 1%
polyvinyl pyrrolidine and 1 mM EDTA and then centrifuged
at 15,000 x g for 10 min at 25 °C. The supernatant was col-
lected and used in the enzymatic analyses. According to
the method of Rao and Sresty (2000), the SOD activity
was determined by monitoring its inhibition of the pho-
tochemical reduction of nitroblue tetrazolium. One unit
of enzyme activity was defined as the amount of enzyme
bringing about a 50% inhibition in the reduction rate of
nitroblue tetrazolium detected at 560 nm. The CAT activ-
ity was determined by monitoring the decrease in absorb-
ance at 240 nm due to decomposition of H,0, (Cakmak
and Marschner 1992). According to the method of Flocco
and Giulietti (2007), the GPOX activity was measured as
oxidation of guaiacol in the presence of hydrogen perox-
ide. The kinetic evolution of absorbance at 470 nm was
measured during 1 min. One unit of peroxidase was defined
as the amount of enzyme that caused the formation of 1 mM
of tetraguaiacol per min. The APX activity was measured
by monitoring the decrease in absorbance at 290 nm due
to ascorbate oxidation according to Ramel et al. (2009).
The MDHAR activity was measured by examining NADH
oxidation at 340 nm (Hossain et al. 1984). The DHAR
activity was measured by examining ascorbate formation
at 265 nm (Doulis et al. 1997). The GR activity was assayed

by detecting the oxidation of NADPH at 340 nm (Zhu et al.
2007). The activities of GPX and GST were evaluated
according to (Nagalakshmi and Prasad 2001). 1-Chloro-
2.,4-dinitrobenzene was used to start the reaction, and the
absorbance change at 340 nm was measured to calculate
GPX and GST activity.

2.8 Estimation of the Contents of Reduced
(AsA) and Oxidized (DHA) Ascorbate as well
as Reduced (GSH) and Oxidized (GSSG)
Glutathione

Samples (0.5 g) were homogenized with 5 ml 5% (w/v) sul-
fosalicylic acid at 4 °C. The homogenate was centrifuged
at 4 °C for 20 min at 20,000 X g, and the supernatant was
stored. The 5,5-dithiobis-(2-nitrobenzoic acid)-GR recy-
cling procedure was used to determine GSH and GSSG. The
increase in absorbance of the reaction mixtures was meas-
ured at 412 nm Fe>* can be reduced to Fe** by anticyclic
acid. Fe** and dipyridine form a colored complex, which
has a maximum absorption value at 525 nm. The DHA was
measured according to this method after being reduced to
reduced ascorbic acid by adding dithiothreitol (Hernandez
et al. 2010).

2.9 Determination of MG Content and Its Relevant
Enzymes

The content of MG was measured at 288 nm by observing
the utilization of N-a-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)
cysteine following the method of Yadav et al. (2005). The
activities of Gly I and Gly II were estimated as described
previously by Li et al. (2018). The absorbance of the assay
mixture was measured at 240 nm and 412 nm for Gly I and
Gly II, respectively.

2.10 Determination of Proline and GB

Proline was determined in fresh leaf samples according
to Bates et al. (1973), and the absorbance value was done
at 520 nm. Glycinebetaine (GB) was determined in dried
ground leaves by the method of Grieve and Grattan (1983),
and the absorption value was determined at 365 nm.

2.11 Estimation of EL, MSI, and RWC

The electrolyte leakage (EL) was measured by an electri-
cal conductivity meter as described by Li et al. (2015). The
membrane stability index (MSI) was estimated following
the method of Sairam et al. (2002). The procedure described
by Hayat et al. (2007) was followed to appraise the relative
water content (RWC).
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2.12 Statistical Analysis

Four replicates per treatment were employed in a completely
randomized design. Because the findings of the two growing
seasons followed a similar pattern, a combined analysis was
performed. The two-way ANOVA test was used to statisti-
cally assess all measured parameters, where the first factor
was the salt treatments, and the second was the foliar appli-
cation treatments. The least significant difference (LSD)
test at a level of significance p < 0.05 was used to determine
whether there were any differences between the treatments.
The data are presented as means + standard error (SE). The

SAS software (SAS Inc., Cary, NC) was used for the statisti-
cal analysis.

3 Results

3.1 PGPA Chemical Composition

The presence of bioactive ingredients that have essential
roles in enhancing tolerance against stressful conditions

can be seen in the GC-MS results (Table 1). Moreover, the
five nucleobases (adenine, thymine, uracil, guanine, and

Table 1 Composition of

. No Compounds PGPA

plant growth—promoting

agent (PGPA) using gas RT Area %

chromatography-mass

spectrometry (GC-MS) analysis 1 Pyridine 1,2,3,6 tetrahydro-1,2-dimethyl-(CAS) 5.171 4.93
2 Benzene 1,2-dimethyl-(CAS) 5.316 30.16
3 2-undercanol (CAS) (sec-undecyl alcohol) 6.364 1.06
4 2,6-octadiene,4,5-dimethyl-(CAS) (2E,6E)-4,5-dimethyl-2,6-carbinol) 6.598 1.19
5 3-cyclopentylpropionic acid, 2-phenylethyl ester 6.712 0.37
6 1,2-cyclooctanediol trans (1,2-cyclooctanediol) 6.801 0.47
7 Ethyl 3-methylbut-3-enyl carbonate 7.271 4.54
8 Benzene 1,3,5-trimethyl-(CAS) (1,3,5-trimethylbenzene) or (mesitylene) 7.459 0.39
9 3-hydroxy-2(5H)-furanone 8.057 1.7
10 1,3-cyclopentanedione, 2-methyl-(CAS) (2-methyl-1,3-cyclopentanedione) 8.217 0.8
11  IH-imidazole (glyoxaline) 9.294 34
12 2-methyl-3-furanthiol 9.42 0.96
13 1,3,2-dioxaborolan-4-one, 2-ethyl 9.8 5.09
14 Imidazole, 2-ethoxycarbonyl (ethyl 1H-imidazole-2-carboxylate) 11.511 4.64
15  D-glycero-d-ido-heptose 13.084 0.59
16  Cyclodecanone-2,2,10,10-d4 (CAS) 13.575 2.05
17 2-cyclopentene-1-caroxylic acid, 1,2-dimethyl-, ethyl ester 14.208 0.74
18  Butanedioic acid, methylene (Succinic acid, methylene) 14.894 1.44
19 2,5-dihydroxy-1,4-bezoquinone-2,5-D2 15.069 0.43
20 1,5-dioxaspiro(5,5) undec-3-en-2-one,7-isopropyl-10-methyl-4-(4-penten-2-yl) ~ 15.799 0.39
21 L-glutamic acid 5-ethyl ester 17.644 1.98
22 1-(4-chlorophenylsulfonyl)-2,3-dihydro-5-methoxy-3-oxoindodole 18.389 0.38
23 1H-pyrrole, 2,5-dimethyl (CAS) 20.746 0.52
24 Dodecanoic acid, 3-hydroxy (beta-hydroxydodecanoic acid) 22.201 0.75
25  Adipic acid, 2-decyl ethyl ester 2291 0.53
26  Citric acid (1,2,3-propanetricarboxylic acid, 2-hydroxy) 23.975 2.73
27  4-(dimethylamino)benzaldehyde 27.266 1.58
28  2-myristnoyl pantetheine 28.651 0.56
29  Cis-9-hexadecenoic acid 29.1 5.79
30  n-hexadecanoic acid (palmitic acid) 29.442 1.82
31 Oleic acid (9-octadecenoic acid (Z) 32.035 1.08
32 Cis-vaccenic acid (cis-11-octadecenoic acid) 43.515 5.56
33 Stearic acid (octadecanoic acid) 33.189 0.82
34 Squalene 36.61 0.37
35  Dihydroxanthin 50.599 0.88
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cytosine) in nucleic acids identified using HPLC-DAD dem-
onstrated that formed PGPA is rich in nucleobases (> 56
fold) than yeast extract (Fig. 1).

3.2 PGPA Treatment Alleviates the Growth
and Productivity Reduction Induced by Salt
Stress

Saline conditions (6.0 and 12.0 dS m™") drastically reduced
the shoot height, leaves number, leaf area, shoot dry weight,
grains per plant, and grain yield. On the contrary, PGPA
treatment significantly (p < 0.05) alleviated the salt toxic-
ity and attenuated the inhibitory impact of salt on these
parameters (Table 2). It significantly improved the shoot
height (57.4%), leaves number (62.2%), leaf area (84.4%),
shoot dry weight (92.9%), grains per plant (69.1%), and
grain yield (88.6%) in barley plants subjected to 12.0 dS
m~! salinity level, compared with untreated plants. Moreo-
ver, PGPA treatment not only ameliorated the deleterious
effects of saline conditions on plant growth and productiv-
ity but also considerably improved the growth and yield

B Yeast extract B PGPA
20
[-Y) 15 4
=]
=1 |
-
% 10 -
£
N _A7
0 T T T T 1
Adenine Cytosine Guanine Thymine Uracil
Nucleobases

Fig. 1 High-performance liquid chromatography (HPLC) results for
nucleobase concentration released from yeast during plant growth—
promoting agent (PGPA) preparation

related traits under non-saline condition, when compared
with untreated plants.

3.3 PGPA Treatment Improves Gas Exchange Traits
in Salt-Stressed Plants

Gas exchange parameters were considerably affected under
salt stress (Table 3). On the contrary, PGPA application sig-
nificantly increased P,, G, and T, by 65.7%, 83.3%, and
54.8%, respectively, in barley plants subjected to 12.0 dS
m~! salinity level, compared with untreated plants.

3.4 PGPA Treatment Meliorates Chlorophyll
Fluorescence Attributes Under Salt Stress

Plants grown under saline conditions exhibited reduced
F/F,, ®pg, F,/F,,, ETR, and gP compared to values of
control plants. However, PGPA application to salt-stressed
plants proved effective in improving these attributes
(Table 3). PGPA treatment to barley plants subjected to 12.0
dS m™! salinity level improved F,/F,,, ®psy, F,/F,,, ETR,
and gP by 84.6%, 136.0%, 87.2%, 90.2%, and 114.3%, com-
pared to values of control plants. In contrast, gN increased
under salt stress and decreased by PGPA. It was signifi-
cantly (p <0.05) decreased in treated plants by 30.4%, at
12.0 dS m~! salinity levels, respectively, when compared
with untreated plants.

3.5 PGPA Treatment Relives Salt-Induced Stress
by Controlling the Over-accumulation of ROS

To investigate if PGPA alleviates salt stress—induced oxida-
tive stress, the generation of H,0, and O,° in barley leaves
was detected. Salt stress caused a considerable increase in
their concentrations. Conversely, PGPA treatment signifi-
cantly (p <0.05) mitigated this adverse effect and restore
their production to a similar level as the unstressed plants
(Fig. 2a and b). It neutralized salt-generated toxic effects
by reducing H,O, and O,°~ content by 29.4% and 26.7%,

Table 2 Influence of novel plant growth—promoting agent (PGPA) on the shoot height, leaves number, total leaf area, shoot dry weight, grains
number, and grain yield of barley plants grown under salinity levels (electrical conductivity (EC; 6 and 12 dS m™'))

Salinity levels Shoot height ~ Leaves per plant ~ Total leaf area ~ Shoot dry Grains per plant  Grain yield per plant (g)
EC (dS m™) (cm) per plant (cm?) weight per plant

+PGPA applications (2)

0.1 66.0+1.5¢ 5.0+0.17¢ 854+22¢ 4.6+0.15d 1283+25¢cd 3.53+0.18 ¢
0.1+PGPA 89.3+23a 7.0+0.19a 1374+34a 7.7+024a 169.0t3.1a 4.90+0.17 a

6.0 537+1.1d 47+0.15¢ 73.6+2.0cd 3.6+0.15e 108.3+2.2d 278+0.14d
6.0+PGPA 80.3+2.4b 6.7+0.17 ab 1194+3.1ab 62+0.29b 150.3+2.9 ab 4.11+£0.19b

12.0 453+1.1d 3.7+0.14d 57.1+1.2d 2.8+0.11f 81.0tl.1e 201+0.11e
12.0+PGPA 713+1.7¢ 6.0+0.16 b 1053+29b 54+0.17c¢ 137.0£2.7 be 3.79+0.19 be

Means + SE (n=4) with different letters within the same column are statistically different according to LSD test (p <0.05)
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Table 3 Influence of novel plant growth—promoting agent (PGPA) on
the gas exchange parameters (net photosynthetic rate (P,, pmol CO,
m™2 s_]), stomatal conductance (G,, mol H,O m~2 s7"), and transpi-
ration rate (7,, mmol H,O m~2s7Y) and the chlorophyll fluorescence
attributes (maximum quantum efficiency of PSII photochemistry (F,/

F,), actual photochemical efficiency of PSII (Dpg,)), effective quantum
yield of PSII photochemistry (F,/F,,), electron transport rate (ETR),
photochemical quenching coefficient (qP), and non-photochemical
quenching coefficients (qN)) in leaves of barley plants grown under
salinity levels (Electrical conductivity (EC; 6 and 12 dS m™h

Salinity levels P, G, T, F/F, Dpspy F,IF,, ETR qP qN

EC (dSm™)

+PGPA appli-

cation

0.1 17.3+£0.70b  0.46+0.03b  6.21+0.14bc 1.27+0.06 abc 0.61+0.04b  0.80+0.07 be 773+098b 0.72+0.04ab 0.35+0.03 cd
0.14+PGPA 21.6+0.78a 0.64+0.05a 7.61+0.18a 1.51+£0.07a  0.73+£0.03a  0.97+0.09a 92.1+1.14a 0.84+005a 031+£0.04d

6.0 14.6+0.61¢  037+£0.02b 5.33+0.11¢ 1.07+£0.04¢  048+0.02¢ 0.65+0.05d 642+0.60c 0.61£0.03b 0.42+0.04 b

6.0+PGPA 19.8+0.69a 0.56+0.04a 7.09+0.32ab 1.40+0.07ab 0.66+0.05ab 0.89+0.07 ab 874+099a 0.80+0.04a 0.34+0.03 cd
12.0 102+041d 0.24+0.02¢ 3.96+0.17d 0.65+0.04d 025+001d 039+0.02e 41.0+042d 035+0.02¢c  0.56+0.05a

12.0+PGPA 16.9+0.69bc 0.44+0.02b  6.13+0.12¢ 1.20+£0.06 be  0.59+0.03b  0.73+0.08 cd 78.0+1.04b 0.75+£0.04a  0.39+0.04 be

Means + SE (n=4) with different letters within the same column are statistically different according to LSD test (p <0.05)

respectively, under 12.0 dS m™! salinity level compared with
control treatment.

3.6 PGPA Treatment Improves the Antioxidant
Enzyme Activity of Barley Under Saline
Conditions

To elucidate the mechanism underlying how PGPA allevi-
ates salt stress—induced oxidative damage, the activity of
different antioxidant enzymes was assayed. The results
showed that while salt treatments increased the activity
of SOD, CAT, GPOX, APX, GR, GPX, and GST (Fig. 3a-
i), it decreased the activity of MDHAR and DHAR
(Fig. 3e and f). However, PGPA application significantly
(p <0.05) enhanced the activity of SOD, CAT, GPOX,
APX, GR, MDHAR, DHAR, GPX, and GST under saline
conditions (Fig. 3a-i). PGPA treatment under 6.0 and 12.0
dS m~! salinity levels led to an increase in the activity of
SOD (36.3% and 69.0%), CAT (29.2% and 60.0%), GPOX
(56.8% and 86.4%), APX (29.9% and 57.4%), GR (44.3%
and 85.7%), MDHAR (53.1% and 135.7%), DHAR (60.9%
and 120.0%), GPX (40.9% and 79.6%), and GST (52.8%
and 88.1%), respectively, relative to control plants.

3.7 PGPA Treatment Meliorates AsA—-GSH Cycle
Under Salt Stress

To explicate how PGPA eliminates the adverse effects of
salt stress, the content of non-enzymatic antioxidants was
quantified. The GSH and AsA contents showed increases
by salinity and/or exogenous application (Fig. 4a and
b). Salt stress increased the content of GSSG and DHA
(Fig. 4c and d) but decreased the ratio of GSH/GSSG and
AsA/DHA (Fig. 4e and f) in barley leaves. PGPA sig-
nificantly increased the content of GSH and AsA as well

@ Springer

as the ratio of GSH/GSSG and AsA/DHA but decreased
GSSG and DHA content under saline conditions (Fig. 4a-
f). It alleviated the adverse effects of salinity and sig-
nificantly (p <0.05) enhanced the ratio of GSH/GSSG by
172.8% and 367.5% and that of AsA/DHA by 214.1% and
532.5% at 6.0 and 12.0 dS m~"! salinity levels, respectively,
compared with that in untreated plants.

3.8 PGPA Treatment Promotes Proline and GB
Production as well as Leaf RWC of Salt-Stressed
Plants

Compared to non-saline condition, an increase was
detected in the concentration of proline and GB under salt
stress conditions. Additionally, PGPA treatment promoted
their accumulation in salt-stressed plants (Fig. 5a and b).
Foliar application of PGPA under 6.0 and 12.0 dS m™!
salinity levels led to an increase in proline concentration
by 65.7% and 96.0% and GB concentration by 72.3% and
108.2%, respectively, relative to control plants.

Furthermore, salinity stress sharply decreased the leaf
RWC compared with the control; however, the PGPA treat-
ment alleviated the salt induce stress (Fig. 5c). It signifi-
cantly (p <0.05) improved in treated plants by 23.7% and
48.9%, at 6.0 and 12.0 dS m™! salinity levels, respectively,
when compared with untreated plants.

3.9 PGPA Treatment Modulates Methylglyoxal
Detoxification System in Salt-Stressed Plants

In view of the effect of salt treatments on glyoxalase
machinery, it was postulated that salt stress induced high
MG accumulation in barley leaves (Fig. 6a), whereas
it considerably reduced the activity of Gly I and Gly II
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Fig.2 Influence of novel plant growth—promoting agent (PGPA)
on the content of (a) hydrogen peroxide (H,0,) and (b) superoxide
(0,°*-) in leaves of barley plants grown under salt stress (6 and 12
dS m™!). Data are mean+standard error (n=4). Asterisks represent
significant differences between treatments at p <0.05 level according
to LSD test

(Fig. 6b and c). Conversely, the application of PGPA
significantly restored MG content (Fig. 6a). Moreover,
PGPA significantly enhanced Gly I and Gly II activities
in leaves of stressed plants compared to that in untreated
ones (Fig. 6b and c). It significantly (p <0.05) reduced
the MG content by 43.9% and 56.3%, whereas it was
significantly increased the Gly I activity by 43.9% and
69.7%, and Gly II activity by 69.4% and 171.1% com-
pared to values of control plants at 6.0 and 12.0 dS m™!
salinity levels, respectively.

3.10 PGPA Treatment Alleviates the Membrane
Damage of Plants Under Stressful Conditions

Alteration of cellular membrane was assessed by determin-
ing the content of MDA, carbonyl, NADP", and NADPH as

well as the EL and MSI. Salt stress led to membrane lipid
peroxidation and protein oxidation (Fig. 7a and b) as well
as increased the EL (Fig. 7¢). In contrast, PGPA treatment
significantly reduced the EL (Fig. 7c) as well as the MDA
and carbonyl accumulation (Fig. 7a and b) induced by salt
stress. It significantly (p < 0.05) reduced the MDA content
by 18.8% and 29.0%, carbonyl content by 12.5% and 26.0%,
and EL by 10.7% and 20.0% compared to values of control
plants at 6.0 and 12.0 dS m~! salinity levels, respectively.
Salt treatments sharply reduced the value of MSI; how-
ever, PGPA foliar treatment was associated with a significant
increase in its level (Fig. 7d). MSI was enhanced in treated
plants by 24.4% and 45.5%, at 6.0 and 12.0 dS m™"' salinity
levels, respectively, when compared with untreated plants.
Salt stress considerably increased NADP* content, while
it decreased NADPH content in barley leaves (Fig. 7e and
f). On the contrary, PGPA application reduced the NADP™*
content by 16.1% and 30.0% and elevated the NADPH con-
tent by 43.8% and 82.9% compared to values of control
plants at 6.0 and 12.0 dS m~! salinity levels, respectively.

4 Discussion

The current study’s novel achievement is the development
of an environmentally friendly approach that counteracts
the negative effects of salinity on plant development. Salt
stress disrupts metabolic balance of cells, inducing over-
production of ROS and MG, and causing oxidative stress
that severely affects many plant metabolic processes (Kam-
ran et al. 2020; Talaat and Shawky 2022). Recently, reports
have focused on exploiting biostimulants in crop manage-
ment under stressful conditions (Zaheer et al. 2020; Ahmad
et al. 2020; Taha et al. 2021). Therefore, developing and
applying a novel PGPA (a micronutrient-amino acid che-
lated compound developed from autolysis yeast cells) in
alleviating salt stress toxicity can be the best alternative
option environmentally and economically. In the present
work, we examined the effect of PGPA foliar application
on ROS metabolism in barley plants subjected to salt stress.
Our results clearly revealed that PGPA can mitigate salt
toxicity by activating photosynthetic, antioxidant defense,
and methylglyoxal detoxification machineries.

The GC-MS analysis revealed the presence of 35 bio-
active compounds in PGPA. Among them, squalene is
a precursor for the synthesis of secondary metabolites
(sterols, hormones, vitamins) and an antioxidant main-
taining membrane integrity and permeability to cope
with external stress (Lozano-Grande et al. 2018). Stearic
acid, oleic acid, and dodecanoic acid are key compo-
nents in cell membranes, energy sources, precursors of
lipid mediators, and signal transducers, thus promot-
ing adaptability against oxidative stress, which together
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Fig.3 Influence of novel plant growth—promoting agent (PGPA) on
the activity of (a) superoxide dismutase (SOD), (b) catalase (CAT),
(¢) guaiacol peroxidase (GPOX), (d) ascorbate peroxidase (APX), (e)
monodehydroascorbate reductase (MDHAR), (f) dehydroascorbate
reductase (DHAR), (g) glutathione reductase (GR), (h) glutathione

with squalene can regulate biophysical properties and
dynamic membrane organization (He and Ding 2020).
Another compound dihydroxanthin is a carotenoid and
has antioxidant properties (Khan et al. 2019). Citric acid
and butanedioic acid confer plant abiotic stress toler-
ance by improving photosynthetic rates, reducing ROS
burst, inducing antioxidant defense systems, and involv-
ing in the biosynthesis of phytohormones, amino acids,
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peroxidase (GPX), and (i) glutathione S-transferase (GST) in leaves
of barley plants grown under salt stress (6 and 12 dS m™'). Data are
mean +standard error (n=4). Asterisks represent significant differ-
ences between treatments at p <0.05 level according to LSD test

signaling molecules, and other secondary metabolites
(Tahjib-Ul-Arif et al. 2021). In addition, cis-vaccenic
acid, cis-9-hexadecenoic acid, n-hexadecanoic acid, and
4-(dimethylamino) benzaldehyde have antioxidant and
anti-inflammatory properties (Guerrero et al. 2017; Latif
et al. 2019). 2-Myristnoyl pantetheine involved in the
synthesis of coenzyme A, which is required for many
biochemical processes (Czumaj et al. 2020).
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Fig.4 Influence of novel

plant growth—promoting agent
(PGPA) on the content of (a)
reduced glutathione (GSH), (b)
ascorbate (AsA), (¢) oxidized
glutathione (GSSG), and (d)
dehydroascorbate (DHA), as
well as the ratios of (e) GSH/
GSSG and (f) AsA/DHA in
leaves of barley plants grown
under salt stress (6 and 12 dS
m™"). Data are mean + standard
error (n=4). Asterisks represent
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Growth and yield reduction can be used as signs to
assess the level of salt-induced injuries in plants (Talaat
and Shawky 2012; Acosta-Motos et al. 2017). In the
current study, salt stress considerably reduced the plant
growth and productivity that may be resulted from induc-
ing oxidative damage in barley plants, as indicated by the
overproduction and accumulation of H,0,, O,°”, MDA,
carbonyl, and MG. Nevertheless, salt-stressed PGPA-
treated plants showed better growth performance and
lower cellular injury than those stressed untreated ones.
The reason for this is thought to be owing to upregulat-
ing the antioxidant defense system, including enzymatic
and non-enzymatic activities that scavenged the ROS
and kept a proper balance within the cells as well as
improving the MG detoxification system to detoxify MG
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through the activity of Gly I and Gly II. Taken together,
abovementioned results mainly suggest that the treatment
of plants with PGPA helped to induce reprogramming of
some important stress-related pathways, such as antioxi-
dant and glyoxalase defense machineries, thereby facili-
tating their interconnectivity for a more efficient cellular
ROS detoxification through the activation of oxidative
metabolism. Furthermore, it is known that aminochelates
represent an excellent source of nitrogen and micronu-
trients for plant, which may impact on plant growth by
regulating cell division and expansion, nutritional sta-
tus, and metabolism (Souri and Aslani 2018; Souri and
Hatamian 2019). Other mechanism explains how PGPA
facilitates plant growth is through its role on ATP pro-
duction. Indeed, PGPA may provide the stressed plants
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Fig.5 Influence of novel plant growth—promoting agent (PGPA) on
the concentrations of (a) proline (mg g~' FW) and (b) glycinebetaine
(GB; pumol g’l DW) as well as in (c) the relative water content (%)
in leaves of barley plants grown under salt stress (6 and 12 dS m™).
Data are mean + standard error (n=4). Asterisks represent significant
differences between treatments at p <0.05 level according to LSD test
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Fig.6 Influence of novel plant growth—promoting agent (PGPA) on
the content of (a) methylglyoxal (MG) as well as the activity of (b)
glyoxalase I (Gly I) and (c) glyoxalase II (Gly II) in leaves of bar-
ley plants grown under salt stress (6 and 12 dS m™'). Data are
mean +standard error (n=4). Asterisks represent significant differ-
ences between treatments at p <0.05 level according to LSD test
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Fig.7 Influence of novel plant growth—promoting agent (PGPA)
on the (a) lipid peroxidation, (b) protein oxidation, (c¢) electrolyte
leakage (%), (d) membrane stability index (%), (e) nicotinamide
adenine dinucleotide phosphate oxidized (NADP"), and (f) nicoti-

with sufficient amount of ATP to counteract the deleteri-
ous effects of salt stress, as it contains nucleotides, which
play an important role in ATP synthesis (Werner and
Witte 2011). Probably for all these reasons, PGPA as a
biological technique would represent an efficient adapta-
tion to salt stress.

In the present study, it was found that saline conditions
proved toxic effect on photosynthetic activity of barley
plants, apparently due to high oxidative stress as shown
by higher ROS, MDA, carbonyl, and MG contents. On
the contrary, application of PGPA increased photosyn-
thetic efficiency of salt-stressed plants by increasing both
the gas exchange traits (P,, G,, T,) and the chlorophyll
fluorescence attributes (F /F,,, ®pgy, F,/F,,» ETR, gP).
However, gN increased under salt stress and decreased
by PGPA treatment. Salt stress-induced photo-inhibition
and reduced photosynthetic efficiency may be reversed
by the PGPA treatment. The present work demonstrated
that PGPA treatment caused up-regulation of antioxidant
defense and methylglyoxal detoxification systems, which
consequently mitigate oxidative damage caused by salinity.

Salinity levels dS m™!

Salinity levels dS m

namide adenine dinucleotide phosphate reduced (NADPH) in leaves
of barley plants grown under salt stress (6 and 12 dS m™"). Data are
mean =+ standard error (n=4). Asterisks represent significant differ-
ences between treatments at p <0.05 level according to LSD test

This alleviation of oxidative stress helped in protecting
photosynthetic activity. These results provide evidence
that PGPA can involve in maintaining photosynthetic effi-
ciency of salt-stressed plants by blocking ROS and MG
burst.

Additionally, in the chloroplast thylakoid membrane, the
function of photosynthetic electron transport is to produce
NADPH from NADP" (Yamori and Shikanai 2016). In the
present study, salt stress may disrupt the process of NADPH
production since NADP™ content was higher while NADPH
content was lower in salt-stressed plants compared to values
of non-stressed ones. On the contrary, application of PGPA
resulted in an increase in NADPH content while a decrease
in NADP™ content, suggesting that this treatment may be
able to mitigate the deleterious effects of salt stress on the
NADPH generation. It is interesting to note that PGPA treat-
ment may be able to restore the damaged cell membrane,
lessen oxidative damage brought by salt, and protect the
photosynthetic machinery from salt damage.

Under salt stress conditions, the excessive reduction of
electron transfer in chloroplasts and the overall decline of
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Fig.8 A model showing salt stress induced oxidative stress in barley
plant by increasing reactive oxygen species (ROS; hydrogen peroxide
(H,0,) and superoxide radical (O,*—)) generation and methylglyoxal
(MG) formation. Meanwhile, the novel plant growth—promoting agent
(PGPA) reduced salt stress damage to the plant by activating antioxi-
dant defense machinery and strengthening methylglyoxal detoxifica-
tion system via affecting the activity of superoxide dismutase (SOD),
catalase (CAT), guaiacol peroxidase (GPX), ascorbate peroxidase
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(APX), monodehydroascorbate reductase (MDHAR), dehydroascor-
bate reductase (DHAR), glutathione reductase (GR), glyoxalase I
(Gly I), and glyoxalase II (Gly II), as well as the content of ascorbate
(AsA), dehydroascorbate (DHA), reduced glutathione (GSH), oxi-
dized glutathione (GSSG), and methylglyoxal (MG). The protection
effect of PGPA was also closely associated with the improved photo-
synthetic efficiency, plant water content, and cellular membrane sta-
bility
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photosynthetic electron transfer lead to the overformation
of ROS (Fan et al. 2016; Talaat 2019b). In this study, we
found that barley leaves accumulated more ROS (H,0,
and O,°7) by increasing salinity level, whereas PGPA
treatment significantly reduced their contents, proving
that PGPA can play an important role in regulating ROS
accumulation, thus conferring the salt tolerance in treated
plant. This lower O,°~ accumulation could contribute to the
higher SOD activity in leaves of treated plants under saline
conditions. A previous study by Gill and Tuteja (2010)
reported that SOD is the major O,*” scavenger. Moreo-
ver, it is notable th