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Abstract 
Background and aims  Wheat growth and productiv-
ity need an exceptional approach to resist the deleteri-
ous effects of salt stress.
Methods  This study proposed to assess the effec-
tiveness of the exogenous application of plant 
growth-promoting rhizobacteria (PGPR; i.e., Azos‑
pirillum lipoferum SP2, Bacillus coagulans NCAIM 
B.01123, Bacillus circulance NCAIM B.02324, and 
Bacillus subtilis MF497446) at a rate of 950 g  ha−1 
and foliar application of zinc oxide nanoparticles 
(ZnO-NPs; 500 mg L−1) against irrigation with saline 

(from a groundwater well) and fresh water (from the 
Nile River water) of wheat (Triticum aestivum L.) in 
sodic-saline soil during 2021 and 2022 growing sea-
sons under open field conditions.
Results  The integrated application of PGPR and 
ZnO-NPs protected wheat plants against irriga-
tion with saline water through increasing antioxi-
dant enzyme activities, i.e., catalase (47%), peroxi-
dase (102%), and superoxide dismutase (106%), and 
K+ uptake (27%) over control. Conversely, higher 
stress mitigation through the integrated applica-
tion was illustrated by a considerable decline in 
electrolyte leakage (−62%), proline (−39%), MDA 
(−56%), and H2O2 levels (−60%). The N uptake by 
wheat grains increased by 57% upon treating plants 
with PGPR+ZnO-NPs, which also increased the 
Zn contents in grain and straw by 117% and 72%, 
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respectively. Also, PGPR+ZnO-NPs increased the 
activity of soil urease and dehydrogenase by 80% 
and 232%, respectively, in plots irrigated with saline 
water.
Conclusion  The results of the present investigation 
suggest the use of the integrated application of PGPR 
and ZnO-NPs to protect wheat plants against salinity 
of soil and/ or irrigation water.

Keywords  Nano-size · Soil salinity · Saline water · 
Soil enzymes · Nutrient use efficiency · Defense 
system

Introduction

The rapid growth of the world’s population has 
increased from two billion people in 1920 to eight 
billion people in 2022, with about 10 billion people 
expected by 2050 (Sadigov 2022), which causes an 
urgent augment in food demand. So, wheat produc-
tion must be boosted from roughly 1% to 2.5% by 
2050 (FAO 2021). Wheat (Triticum aestivum) is con-
sidered the most staplecrop among cereals in feeding 
as long as food security globally (Grote et al. 2021). 
Flour extracted from wheat is used in the produc-
tion of bread, pasta, and other bakery products (Cap-
pelli and Cini 2021). The objective is to increment 
wheat productivity and decline costs, reaching the 
highest quality and quantity of production (Eren-
stein et al. 2022). Nevertheless, there is an enormous 
need to boost wheat yield to meet the ever-increasing 
demand for food by 2050, while land continues to 
lose 1 to 2% due to salinity annually (Wheeler and 
Von Braun 2013).

Soil salinity is a severe environmental stress that 
limits the growth and productivity of crop plants (Zou 
et al. 2016). Worldwide, about 25% of irrigated lands 
are strictly injured by salt accumulation and are likely 
to reach up to 50% by the year 2050, whereas more 
than 424 million hectares of topsoil (0–30  cm) and 
833 million hectares of subsoil (30–100 cm) are salt-
affected, of which 85% of salt-affected topsoil and 
62% of salt-affected subsoil are saline (McGeorge 
1954). Furthermore, the lack of available water 
resources for the irrigation of field crops has forced 
the farmers to irrigate the crops with low-quality 
water, mainly characterized by a high degree of salin-
ity (Munns 2002). Increasing salt-affected soil results 

in global food insecurity and considerably decreases 
agricultural productivity due to the accumulation of 
soluble salts in the rhizosphere region, which even-
tually cause cell death and the collapse of the entire 
plant due to oxidative stress and membrane instability 
owing to lipid peroxidation (Flowers et al. 2010). The 
exponential increase in population annually resulted 
in the need to reclaim the salt-affected soils and to 
discover best management practices that control this 
issue to secure agricultural production to address this 
problem (Munns et al. 2006).

Several approaches for combating soil salinity have 
been proposed, and the effectiveness of these approaches 
has been investigated to address this problem. Lately, the 
exploitation of plant growth-promoting rhizobacteria 
(PGPR) as seed inoculants under highly saline condi-
tions has acquired interest as an eco-friendly sustainable 
approach for attaining higher crop productivity grown 
in salt-affected soil by colonizing plant roots to control 
abiotic stresses (Ahmad et al. 2015). Many rhizobacte-
ria species, i.e., Pseudomonas, Azospirillum, Azotobac‑
ter, Klebsiella, Enterobacter, Alcaligenes, Arthrobacter, 
Burkholderia, Bacillus, and Serratia, have been explored 
to enhance plant growth under salt-affected soil. These 
PGPR can enhance plant tolerance to salinity stress 
through various mechanisms that involve both direct 
and indirect effects on the plant. For instance, PGPR 
can counter the adverse impacts of the ion toxicity due 
to the accumulation of Na+ and Cl− ions in plant tissues 
by promoting the exclusion of these toxic ions from the 
roots, reducing their uptake by the plant. Additionally, 
some PGPR can also enhance the uptake and accumu-
lation of essential ions like K+, which helps maintain a 
more favorable ion balance in plant cells (Gerhardt et al. 
2017). Also, PGPR can synthesize and release plant 
growth-promoting hormones such as auxins, cytokinins, 
and gibberellins. These hormones play vital roles in pro-
moting root growth, nutrient uptake, and overall plant 
growth, helping plants cope with salinity stress (Tsu-
kanova et al. 2017). PGPR can activate systemic toler-
ance mechanisms in plants, meaning that the enhanced 
tolerance not only affects the site of PGPR colonization 
but also other parts of the plant that are not directly in 
contact with the bacteria. This systemic response helps 
the entire plant to better withstand salinity stress (Figue-
iredo et  al. 2016). Salinity stress leads to the accumu-
lation of reactive oxygen species (ROS), which cause 
oxidative damage to plant cells. PGPR can induce the 
production of antioxidant enzymes, such as superoxide 
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dismutase (SOD), catalase (CAT), and peroxidase 
(POD), which help neutralize ROS and protect plant 
cells from oxidative stress (Nivetha et al. 2021). Some 
PGPR can produce compatible solutes or osmolytes like 
proline and glycine betaine, which act as osmoprotect-
ants. These compounds help maintain cellular water bal-
ance, protect proteins, and stabilize membranes under 
saline conditions (Barnawal et al. 2019). Certain PGPR 
strains can enhance the water use efficiency of plants, 
meaning that they can achieve better growth and yield 
under limited water availability, including saline condi-
tions (Pereira et  al. 2020). By colonizing the root sur-
face, PGPR can compete with and suppress the growth 
of pathogenic microbes. This biocontrol activity indi-
rectly helps in reducing plant stress caused by salt-sen-
sitive pathogens (Zahoor et al. 2022). It’s important to 
note that the specific mechanisms employed by PGPR 
may vary depending on the bacterial strain, the plant 
species, and the prevailing environmental conditions. 
Moreover, the effectiveness of PGPR in enhancing plant 
tolerance to salinity stress can also depend on factors 
such as the initial stress severity and the timing of PGPR 
application.

The foliar spraying of several plant crops with dif-
ferent essential/beneficial elements in their nanoscale 
to mitigate the salt-induced negative impacts has been 
significantly enhanced by nanotechnology (Singh 
et al. 2021). Nanoparticles are usually applied in low 
concentrations, which are cost-effective and eco-
friendly (Liu et  al. 2022). Zinc oxide nanoparticles 
(ZnO-NPs) have acquired great interest from agri-
cultural scientists because of their possible usage 
as nano-fertilizers and nano-growth regulators to 
enhance the growth and productivity of crops, pri-
marily owing to the efficient supply of zinc (Zn) and 
its uptake (Awan et al. 2021). Recently, several pieces 
of research confirmed that ZnO-NPs could be applied 
as an alleviator under salt stress conditions (Al Jabri 
et al. 2022; Zhang et al. 2021). It was proven its effi-
cient role in antioxidants’ biosynthesis, enzymatic 
activity, and carbohydrates’ metabolism under saline 
stress conditions, resulting in improvements in bio-
chemical and physiological properties, including sus-
taining water balance and accumulation of compat-
ible solutes and protecting cells from ROS (reactive 
oxygen species) damage and ionic adjustment (Adil 
et al. 2022; Adrees et al. 2021; Faizan et al. 2021).

The current investigation aimed to assess the salt 
stress-alleviating capacity of combined PGPR and 

ZnO-NPs application by analyzing soil properties, 
the growth, physiology, and biochemistry of wheat 
plants, and its effect on yield-related traits, productiv-
ity, and nutrient uptake of wheat plants irrigated with 
saline and fresh water in sodic-saline soil.

Materials and methods

Experimental layout and growth conditions

Open field experiments were conducted at the 
Elamaar township in the area of Sidi Salem (31° 
07 N, 30° 57 E), Kafr El-sheik Governorate, Egypt, to 
assess the influence of the exogenous application of 
PGPR and ZnO-NPs on physiological and biochemi-
cal attributes alongside its effect on crop productivity 
of wheat plants (Triticum aestivum L., cv. Misr 1) irri-
gated with fresh and saline water in sodic-saline soil 
during two consecutive growing seasons. The experi-
ments included four treatments, i.e., control (CK), 
PGPR, ZnO-NPs, and PGPR+ZnO-NPs, and two dif-
ferent types of irrigation water (i.e., fresh and saline 
water). The experimental layout was a split-block 
design with four replicates, where fresh water and 
saline water occupied the main plots, while PGPR 
and ZnO-NPs treatments represented the sub-main 
plots. The plot area was 10.5  m2 (3 × 3.5  m). The 
Wheat Research Department, Sakha, Kafr El-Sheikh, 
Egypt, provided us with wheat seeds. Seed sowing 
was applied at a rate of 140  kg  ha−1 on 12 Decem-
ber 2020 and 04 December 2021. During soil prepa-
ration, experimental plots received calcium super-
phosphate at a rate of 107 kg ha−1 and 286 kg ha−1 of 
ammonium nitrate (33.5%). Calcium superphosphate 
was applied before cultivation, while ammonium 
nitrate was split into two equal portions, i.e., plants 
received the first half of ammonium nitrate before 
the 1st irrigation and the second half before the 2nd 
irrigation. Monthly data of maximum and minimum 
temperatures, rainfall level, and relative humidity 
were recorded by the nearest automated weather sta-
tion from the experimental farm during the 2021 and 
2022 growing seasons (Table S1).

Composite soil samples were collected by a stain-
less steel soil auger at a depth of 0–30 cm and ana-
lyzed physically and chemically before cultivation 
(Table S2). Soil type was clayey texture and classified 
as sodic-saline soil.
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Fresh water was obtained from the Nile River, 
while the saline water was from a groundwater well. 
The Soil Improvement and Conservation Depart-
ment, Agricultural Research Center, Giza, Egypt, 
characterized the irrigation waters (Table  S3). 
Applied irrigation system was surface irrigation 
with a total of five irrigations with 3–4 weeks inter-
vals as recommended by the Ministry of Agricul-
ture and Land Reclamation, Egypt, with an average 
of 5842 m3 ha−1 per each irrigation.

Plant growth promoting rhizobacteria 
characterization

Four bacterial strains, i.e., Azospirillum lipoferum 
SP2, Bacillus coagulans NCAIM B.01123, Bacil‑
lus circulance NCAIM B.02324, and Bacillus 
subtilis MF497446, were selected for their potent 
plant growth promoting characteristics and were 
provided by the Bacteriology Laboratory, Sakha 
Agricultural Research Station, Kafr El-Sheikh, 
Egypt. The standard growth cultures were a semi-
solid malate medium for the A. lipoferum strain 
(Döbereiner and Day 1976) and a nutrient broth 
medium for the Bacillus strains (Atlas and Atlas 
2004). The inoculums were set as peat-based 
inoculum, with 30  mL of 109  CFU  mL−1 from 
each bacterial culture per 60  g of a sterilized 
carrier, and mixed thoroughly with wheat seeds 
before seed sowing at a rate of 950 g ha−1. Wheat 
seeds were surficial sterilized before the PGPR 
inoculation.

Source and properties of ZnO‑NPs suspensions

The ZnO-NPs were obtained from the Faculty of 
Agriculture, El-Sadat Branch, Al-Azhar University, 
Egypt, with a purity of 99% (by XRF), spherical crys-
tal structure, mean diameter size of 30–70  nm, and 
surface area of 40 m2 g−1. The ZnO-NPs suspension 
was prepared at the rate of 500 mg L−1 using a shaker 
(shaking power: 100 W and 40 kHz) for 30 min and 
applied to wheat plants via foliar application twice at 
40 and 60 days after seed sowing using Tween-20 as 
sticking agent. The total applied volume of ZnO-NPs 
suspension was 500 mL per 1 m2, and control plants 
received the same amount of distilled water.

Measurements

Accumulation of ions in wheat leaves (mg g−1 DW)

A 3  g from the top-most fully expanded leaves at 
80  days after sowing were randomly sampled and 
oven-dried at 75 °C for 72 h, and then crushed into a 
grind and were reduced to ash for Na+ and K+ extrac-
tion with 8  mL of digestion mixture HNO3:HClO4 
(3:1  v/v). The ion concentrations in the leaves were 
assessed by an ion chromatograph with a conductivity 
detector (Shimazu, Japan), according to the method 
provided by (Yoshida et al. 2016).

Electrolyte leakage (EL, %)

The electrolyte leakage (EL) was assessed as 
explained by (Bajji et  al. 2002). Firstly, at 80  days 
after seed sowing, 10 disks from the uppermost fully-
expanded leaves were collected, washed with distilled 
water, and placed into test tubes containing distilled 
water for measuring the initial electrical conductivity 
(EC1) after incubation at 55 °C for 25 min. Secondly, 
the test tubes were heated to 100 °C for 10 min, and 
the electrical conductivity (EC2) was measured again. 
The EL was computed by the following equation:

Leaf relative water content (RWC, %)

The RWC in leaves of wheat plants was determined 
at 80 days after seed sowing using ten fully expanded 
leaves from the plant tip according to the method of 
(Barrs and Weatherley 1962). The collected samples 
were weighed to record the fresh weight (FW), placed 
into test tubes (10 mL) with 2 mL distilled water, and 
stored in the refrigerator at 4 °C for 24 h. The same 
samples were immersed in water till a constant weight 
to record the turgid weight (TW). The turgid leaves 
were dried in a ventilated oven at 75 °C for 24 h and 
weighed to record dried weight (DW). The RWC was 
calculated according to the following formula:

EL (%) =
EC1

EC2
× 100

RWC (%) =
FW − DW

TW − DW
× 100
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Hydrogen peroxide (H2O2, μmol g−1 FW)

A 1 g of top-most fully expanded leaves at 80 days after 
seed sowing were sampled according to the method of 
(Velikova et al. 2000) to determine H2O2 content col-
orimetrically after extraction by liquid N2 and trichloro-
acetic acid (TCA: 0.1%) and centrifugation at 12,000 g 
for 15 min. The concentration of the yellow color of the 
supernatant was measured at 390 nm by the model UV-
160A spectrophotometer (Shimadzu, Japan).

Malondialdehyde (MDA; nmol g−1 FW)

Malondialdehyde is an end product of lipid peroxida-
tion. The thiobarbituric acid test (TBA) was used to 
assess MDA content using the method of (Du and 
Bramlage 1992). At 80 days after seed sowing, 500 mg 
from the top-most fully expanded leaves were homog-
enized and ground in liquid N2 and hydro-acetone 
buffer (4:1 v/v). Later, 20% trichloroacetic acid (TCA) 
solution and 0.01% butyl hydroxyl toluene (BHT) were 
applied, and samples were incubated at 95 °C. Next to 
incubation, the homogenized samples were exposed 
to centrifugation at 10,000 g for 10 min. The absorb-
ance was measured spectrophotometrically at 532 and 
600 nm using the model UV-160A spectrophotometer 
(Shimadzu, Japan).

Proline content (mg 100 g−1 FW)

Proline is an essential osmolyte and osmoprotective 
compound. Leaf proline content was measured using the 
method developed by (Bates et al. 1973). Briefly, 0.5 g of 
the top-most fully expanded leaves at 80 days after seed 
sowing was ground with sulfuric acid (3%) and spun at 
12,000 g for 5 min the solution was quantified by ninhy-
drin reagent. The obtained supernatant was then homog-
enized with toluene, and the absorbance was measured 
at 520 nm using the model UV-160A spectrophotometer 
(Shimadzu, Japan).

Enzymatic antioxidant assays

Catalase (CAT; EC: 1.11.1.6) is mostly catalyzing the 
H2O2 into H2O and O2. The measurement of CAT activ-
ity (μmol H2O2 min−1  g−1 FW) as obtained by (Aebi 
1984). The analyze mixture contains a plant extract, 
100 mM K-phosphate buffer (pH 7.0) and 75 mM H2O2. 
Therefore the absorbance was computed at 240 nm using 

UV–visible spectrophotometer. The reaction started 
by applying H2O2 and the absorbance was examined 
at 240  nm for 60  s. The activity of CAT enzyme was 
expressed as unit mg−1 protein. Superoxide dismutases 
(SOD; EC: 1.15.1.1) are metalloproteins. The activity of 
SOD (μmol H2O2 min−1 g−1 FW) was appraised by the 
50% NBT reduction assay at 560 nm as stated by (Beau-
champ and Fridovich 1971). In addition, the peroxidase 
(POD; EC: 1.11.1.7) activity (μmol H2O2 min−1 g−1 FW) 
was appraised by o-phenylenediamine as a chromogenic 
marker in the existence of H2O2 and enzyme extract at 
417 nm as stated by (Vetter et al. 1958).

Chlorophyll pigments (mg g−1 FW)

Chlorophyll pigments were determined at 80 days after 
seed sowing using the top-most fully expanded leaves 
according to the method reported by (Lichtenthaler 
1987). Briefly, 1  g of fresh leaf tissue was used to 
extract the photosynthetic pigments with 6 mL acetone 
80%. Samples were incubated in the dark at room tem-
perature overnight and then centrifuged at 12,000 rpm 
for 15  min. The absorbance of the supernatant was 
measured at 645, 663, and 470 nm using the model UV-
160A spectrophotometer (Shimadzu, Japan). The con-
tents of chlorophyll and carotenoid in the solution were 
computed as follows:

Stomatal conductance (Sc; mmol H2O m−2 s−1)

Ten top-most fully expanded leaves at 80  days after 
seed sowing were sampled randomly between 10:00 
and 11:00  am to measure the stomatal conductance 
using AP4 porometer (Delta-T Devices Ltd., 130 Low 
Road, Burwell, Cambridge, CB25 0EJ, United King-
dom) on the abaxial (rb) and adaxial (ra) side using 
the following formula:

Crop yield

At maturity, ten wheat samples from each plot were 
randomly used for measuring number of grains per 
spike and 1000-grain weight (g). Also, 6 m2 from 

Chl a = 12.7
(

A663

)

− 2.69
(

A645

)

Chl b = 25.8
(

A645

)

− 4.68
(

A663

)

Carotenoids =
(

1000
(

A470

)

− 2.27 (Chl a) − 81.4 (Chl b)
)

∕227

Total leaf conductance (rl) is 1∕rl = 1∕ra + 1∕rb
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each plot was harvested to weight grain and straw 
yield. Biological yield was measured by straw and 
grain yields with regard to grain moisture (14%). Har-
vest index (%) was measured by the next formula:

Nutrient uptake

At harvest, 10 g of grains from each treatment were 
selected, air-dried, crushed, and set for laboratory 
analysis for grain N, P, and K content. The N, P, and 
K contents in the wheat grain were assessed by micro 
Kjeldahl’s by the method of (AOAC 2016), by a spec-
trophotometer, and flame photometer by the method 
of (Sparks et  al. 1996), respectively. The content of 
Zn (mg kg−1) in grains and straw of wheat plants was 
determined in the finely ground samples after the 
digestion with the mixture of HNO3:HClO4 (3:1 v/v) 
using Atomic Absorption Spectrophotometer (AAS, 
PERKIN ELMER 3300) with a detection limit of 
100 ppb (Sparks et al. 1996).

Soil urease and dehydrogenase enzymes activity

Urease activity (mg NH4
+ g−1 dry soil d−1) was deter-

mined at 80 days after seed sowing using urea as a sub-
strate by the spectrophotometric technique at 670 nm, 
as described by (Svane et  al. 2020). Briefly, 10  g of 
humid soil was incubated with 2 mL methylbenzene, 
11 mL 11% urea, and 25 mL citrate buffer (pH 6.7) for 
a day at 37  °C. A 2 mL purified soil solution, 2 mL 
C6H5NaO, and 2 mL NaClO were mixed and brought 
to 60  mL with sterilized distilled water. Absorbance 
was assessed at 565 nm by the model UV-160A spec-
trophotometer (Shimadzu, Japan). The dehydrogenase 
activity was measured by the technique of (Phale et al. 
2019). Dehydrogenase activity (mg TPF g−1 dry soil 
d−1) was determined by using triphenyl tetrazolium 
chloride (TTC) as a substrate, while the triphenyl tetra-
zolium chloride solution (0.5–0.6 g/100 mL) was mis-
cellaneous with 6  g of humid soil and incubated for 
24 h at 30  °C. Later, 50 mL of acetone was applied, 
and absorbance was assessed at 546 nm by the model 
UV-160A spectrophotometer (Shimadzu, Japan).

Harvest index (%) =
Grain yield

(

ton

ha

)

Biological yield
(

ton

ha

) × 100

Statistical analysis

Data analysis was conducted using Microsoft Excel 
2016 and the SPSS 25.0 software package (SPSS Inc., 
Chicago, IL, USA). The analysis of variance using 
one-way ANOVA was performed separately between 
treatments, seasons, or type of irrigation water. Sepa-
ration of means was performed by post-hoc test (Tuk-
ey’s test), and significant differences were accepted 
at the level p ≤ 0.05. The data were presented as 
mean ± standard deviation.

Results

Chemical and biochemical traits of wheat irrigated 
with saline water in saline soil

Ions content in wheat leaves

Control (CK) wheat plants grown in sodic-saline soil 
showed their ability to absorb and accumulate Na+ in 
their tissues (8.85 mg g−1); however, higher Na+ con-
tent (11.72 mg  g−1) was reported when saline water 
was utilized in the irrigation of plants (Fig.  1). The 
individual application of PGPR or ZnO-NPs illus-
trated their capacity to reduce the uptake and accu-
mulation of Na+ in wheat tissues. Nevertheless, the 
best effect corresponded to the dual application of 
PGPR and ZnO-NPs, where Na+ content dropped 
from 8.85 mg  g−1 (CK) to 8.15 mg  g−1 when plants 
received fresh water and from 11.72 mg g−1 (CK) to 
8.73 mg  g−1 when saline water was applied. Similar 
results were noticed in both growing seasons. Contra-
riwise, soil- or water-derived salinity stress reduced 
the uptake of K+ by wheat roots. Irrigated CK plants 
with fresh water in sodic-saline soil exhibited a low 
K+ content (14.43  mg  g−1), while irrigated plants 
with saline water revealed the lowest K+ content 
(11.69 mg g−1). Nonetheless, a considerable increase 
in K+ in wheat leaves was measured upon treat-
ing plants with the combination of PGPR and ZnO-
NPs, recording 14.81  mg  g−1 (for saline water) and 
17.30  mg  g−1 (for fresh water). Based on Na+ and 
K+ results, the K+/Na+ ratio was calculated. Results 
showed that CK plants irrigated with saline water 
revealed the lowest ratio (1.0), whereas irrigated CK 
plants with fresh water had a K+/Na+ ratio of 1.6. 
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However, the single and combined applications of 
PGPR and ZnO-NPs displayed higher K+/Na+ ratios. 
The highest K+/Na+ ratio corresponded to irrigated 
plants with fresh water and received PGPR+ZnO-
NPs (2.1), yet this ratio dropped to 1.7 upon irrigating 
plants with saline water.

The negative impact of increased uptake of Na+ 
due to soil and water salinity was clarified by the elec-
trolyte leakage (EL) values. The CK plants irrigated 
with saline water in sodic-saline soil possessed an EL 
of 15.37%, while irrigated CK plants with fresh water 
resulted in an EL of 7.13%. However, treated plants 
with PGPR, ZnO-NPs, or their combination showed 

a marked reduction in the EL. For instance, irrigated 
plants with fresh water upon receiving PGPR+ZnO-
NPs possessed an EL of 2.75%, while irrigated plants 
of the same treatment with saline water showed an EL 
of 5.86%.

Relative water content and contents of proline, H2O2, 
and malondialdehyde

The lowest relative water content (RWC) main-
tained by wheat leaves (70.3%) corresponded to irri-
gated CK plants with saline water in sodic-saline 
soil (Fig.  2). However, watering the CK plants with 

Fig. 1   Absorption and deposition of: A) Na+  and B) K+; C) 
K+/Na+ and D) electrolyte leakage (EL) in wheat leaves (Trit‑
icum aestivum L., cv. Misr 1) irrigated with saline and fresh 
water in sodic-saline soil after treating them with plant growth 
promoting rhizobacteria (PGPR; Azospirillum lipoferum SP2, 
Bacillus coagulans NCAIM B.01123, Bacillus circulance 

NCAIM B.02324, and Bacillus subtilis MF497446), zinc oxide 
nanoparticles (ZnO-NPs) and their combination during two 
consecutive seasons (2021 and 2022). Different letters on the 
same columns of the same season are significant according to 
the Tukey’s test (P ≤ 0.05). Data are Means ± SD and n = 3
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fresh water in sodic-saline soil revealed higher RWC 
(84.2%). Applied treatments, i.e., PGPR and ZnO-
NPs, considerably improved the RWC in wheat 
leaves, recording higher RWCs. The combined appli-
cation of PGPR+ZnO-NPs, especially, displayed the 
highest RWC of plants irrigated with saline water 
(80.0%) and fresh water (84.2%) in sodic-saline soil. 
Irrigated CK plants with fresh and saline water in 
sodic-saline soil exhibited the highest proline con-
tents of 10.5 and 11.1 mg 100  g−1 FW, respectively 
(Fig. 2). Results revealed that the exogenous applica-
tion of PGPR and ZnO-NPs, singularly or in combi-
nation, induced wheat plant tolerance to salinity by 
lowering the leaf proline content. For example, plants 

that received the combined application of PGPR and 
ZnO-NPs showed the lowest proline contents of 6.8 
and 6.2  mg 100  g−1 FW when irrigated with saline 
and fresh water, respectively.

Similarly, the content of the oxidant H2O2 in 
leaves of wheat plants grown in sodic-saline soil sub-
stantially declined with treating plants with PGPR 
and ZnO-NPs, regardless of the type of irrigation 
water or application method (Fig. 2). The H2O2 con-
tent decreased from 4.23  μmol  g−1 FW (for CK) to 
1.68 μmol  g−1 FW (for PGPR+ZnO-NPs) upon irri-
gating plants with saline water. However, a higher 
reduction in H2O2 content corresponded to the use of 
fresh water. For instance, H2O2 content changed from 

Fig. 2   A) relative water content; B) proline content; C) H2O2 
content; and D) malondialdehyde (MDA) content in wheat 
leaves (Triticum aestivum L., cv. Misr 1) irrigated with saline 
and fresh water in sodic-saline soil after treating them with 
plant growth promoting rhizobacteria (PGPR; Azospirillum 
lipoferum SP2, Bacillus coagulans NCAIM B.01123, Bacillus 

circulance NCAIM B.02324, and Bacillus subtilis MF497446), 
zinc oxide nanoparticles (ZnO-NPs) and their combination 
during two consecutive seasons (2021 and 2022). Different 
letters on the same columns of the same season are significant 
according to the Tukey’s test (P ≤ 0.05). Data are Means ± SD 
and n = 3
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2.58 μmol g−1 FW (for CK) to 1.39 μmol g−1 FW (for 
PGPR+ZnO-NPs) upon irrigating plants with fresh 
water.

Likewise, the level of lipid peroxidation of the 
bilayer in the cell membrane considerably increased 
upon irrigating plants with fresh water in sodic-saline 
soil; however, the highest reduction in lipid peroxida-
tion corresponded to the applied treatments, mainly 
the combined application of PGPR+ZnO-NPs. The 
results of malondialdehyde (MDA) as an indicator 
of lipid peroxidation degree showed that the usage 
of saline water in irrigating plants had very negative 
impacts on plant growth, recording the highest MDA 
content (14.54  nmol  g−1 FW). Nevertheless, a con-
siderable reduction in the MDA content was reported 
upon treating plants with PGPR+ZnO-NPs, record-
ing an MDA content of 6.44  nmol  g−1 FW. In the 
case of fresh water, the MDA content dropped from 
7.58 nmol g−1 FW (for CK) to 1.89 nmol g−1 FW (for 
the treatment of PGPR+ZnO-NPs).

Activity of antioxidant enzymes in wheat leaves

Cultivation of wheat plants in sodic-saline soil sig-
nificantly lowered the activity of antioxidant enzymes 
(μmol H2O2 min−1  g−1 FW), i.e., SOD, CAT, and 
POD, especially when plants were irrigated with 
saline water (Fig.  3). The exogenous application 
of PGPR and ZnO-NPs significantly enhanced the 
activity of antioxidant enzymes, regardless of the 
type of irrigation water. The combined application 
of PGPR+ZnO-NPs showed the highest activity of 
the antioxidant enzymes. In the case of SOD, the CK 
plants irrigated with saline water had a SOD activity 
of 38.6, which increased to 79.5 upon treating plants 
with PGPR+ZnO-NPs. Likewise, the irrigated CK 
plants with fresh water showed a SOD activity of 
60.5, while treated plants with PGPR+ZnO-NPs dis-
played the highest SOD activity of 106.9.

Irrigated plants with fresh water in sodic-saline 
soil revealed higher CAT activity than those watered 
with saline water. Moreover, the application of PGPR 
and ZnO-NPs, individually or in combination, exhib-
ited higher CAT activities than CK. While irrigating 
CK plants with saline water resulted in a CAT activ-
ity of 0.72, fresh water possessed a CAT activity of 
0.99. The highest CAT activities (1.06 and 1.34) cor-
responded to the combined application of PGPR and 

ZnO-NPs upon irrigating plants with saline and fresh 
water, respectively.

The response of the POD enzyme to water−/ soil-
derived salinity was similar to those of SOD and 
CAT. The POD activity was lowered upon grow-
ing plants in sodic-saline soil without any treatment, 
recording the lowest POD activity in plants irrigated 
with saline (0.50) or fresh water (0.96). The applica-
tion of ZnO-NPs significantly increased the activity 
of POD, regardless of the type of irrigation water. 
Moreover, the combined application of PGPR and 
ZnO-NPs revealed the highest POD activity of 1.01 
(for saline water) and 1.43 (for fresh water).

Alteration in photosynthetic machinery of wheat 
plants

The contents of photosynthetic pigments (mg  g−1 
FW) significantly lowered in the leaves of wheat 
plants grown in sodic-saline soil (Fig.  4). Never-
theless, using saline water in irrigating plants sig-
nificantly reduced the contents of photosynthetic 
pigments compared to fresh water. However, this 
negative impact was alleviated by the exogenous 
addition of PGPR and ZnO-NPs. The chlorophyll a 
(chl a) content of the CK plants irrigated with saline 
water was 0.89 and increased to 1.11 upon treating 
plants with PGPR+ZnO-NPs. On the other hand, the 
CK plants of fresh water irrigation had chl a content 
of 1.30, while treating plants with PGPR+ZnO-NPs 
resulted in chl a concentration of 1.74.

In the same line, irrigated plants with saline water 
displayed a chlorophyll b (chl b) content of 0.20 for 
untreated plants and 0.42 for plants that received 
PGPR+ZnO-NPs. Overall, the exogenous application 
of PGPR and ZnO-NPs, singularly or in combination, 
significantly increased the content of chl b, regard-
less of the type of irrigation water. Irrigated CK and 
treated plants with fresh water showed higher chl b 
contents than in the case of saline water. For instance, 
the CK plants had a chl b content of 0.61, while 
treated plants with PGPR+ZnO-NPs possessed a chl 
b content of 1.05.

All irrigated plants with fresh water exhib-
ited higher carotenoid contents than those that 
received saline water, except for the treated 
plants with PGPR+ZnO-NPs. Also, all the treated 
plants with PGPR and ZnO-NPs reported higher 
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Fig. 3   Activity of some 
antioxidant enzymes: A) 
superoxide dismutase 
(SOD); B) catalase (CAT); 
and C) peroxidase (POD) in 
leaves of wheat plants (Trit‑
icum aestivum L., cv. Misr 
1) irrigated with saline and 
fresh water in sodic-saline 
soil after treating them 
with plant growth promot-
ing rhizobacteria (PGPR; 
Azospirillum lipoferum 
SP2, Bacillus coagulans 
NCAIM B.01123, Bacil‑
lus circulance NCAIM 
B.02324, and Bacillus 
subtilis MF497446), zinc 
oxide nanoparticles (ZnO-
NPs) and their combination 
during two consecutive 
seasons (2021 and 2022). 
Different letters on the same 
columns of the same season 
are significant according to 
the Tukey’s test (P ≤ 0.05). 
Data are Means ± SD and 
n = 3
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carotenoid contents than the CK plants. The CK 
plants of saline water irrigation had carotenoid 
content of 0.32, while the combined application of 
PGPR+ZnO-NPs resulted in the carotenoid con-
centration of 0.84, the highest recorded carotenoid 
content. The CK plants irrigated with fresh water 
displayed carotenoid content of 0.46; however, this 
value increased to 0.71 upon treating plants with 
PGPR+ZnO-NPs.

The stomatal conductance (mmol H2O m−2  s−1) of 
the leaves of wheat plants showed similar responses. 

Irrigating wheat plants without any treatment (CK) 
showed a stomatal conductance of 38.79, while treated 
plants with PGPR and ZnO-NPs reported higher val-
ues. The highest stomatal conductance (44.32) corre-
sponded to plants receiving PGPR+ZnO-NPs. Other-
wise, treated and untreated plants irrigated with fresh 
water showed higher stomatal conductance than those 
watered with saline water. The CK plants of fresh 
water treatment revealed a stomatal conductance of 
41.82, while a higher value (49.39) was reported for 
those grown in the presence of PGPR+ZnO-NPs.

Fig. 4   Changes in: A) chlorophyll a (chl a); B) chlorophyll b 
(chl b); C) carotenoids contents; and D) stomatal conductance 
in wheat leaves (Triticum aestivum L., cv. Misr 1) irrigated 
with saline and fresh water in sodic-saline soil after treating 
them with plant growth promoting rhizobacteria (PGPR; Azos‑
pirillum lipoferum SP2, Bacillus coagulans NCAIM B.01123, 

Bacillus circulance NCAIM B.02324, and Bacillus subtilis 
MF497446), zinc oxide nanoparticles (ZnO-NPs) and their 
combination during two consecutive seasons (2021 and 2022). 
Different letters on the same columns of the same season are 
significant according to the Tukey’s test (P ≤ 0.05). Data are 
Means ± SD and n = 3
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Productivity of wheat plants under salinity stress

Yield characteristics

The productivity of wheat plants was significantly 
lowered in sodic-saline soil; however, using fresh 
water for irrigating plants largely mitigated this nega-
tive impact compared to the saline water (Table  1). 
The number of grains per spike increased signifi-
cantly by treating plants with PGPR and ZnO-NPs, 
regardless of the type of irrigation water. The CK 
plants irrigated with saline water displayed a num-
ber of grains per spike of 39.0, while plants that 
received PGPR+ZnO-NPs had 44.2 grains per spike. 
These numbers increased by watering plants with 
fresh water; for example, the CK and PGPR+ZnO-
NPs treatments exhibited 41.5 and 46.5 grains per 
spike, respectively. Likewise, the exogenous applica-
tion of PGPR and ZnO-NPs significantly improved 
the weight of 1000-grain compared to the CK plants. 
Moreover, irrigated plants with fresh water showed 
higher weights of 1000-grain than those irrigated 
with saline water. The CK plants irrigated with saline 
and fresh water revealed 42.9 and 45.1  g of 1000-
grain, respectively. On the other hand, treated plants 
with PGPR+ZnO-NPs in the presence of saline and 
fresh water irrigation reported 48.1 and 53.3  g of 
1000-grain, respectively.

Irrigated wheat plants with fresh water in sodic-
saline soil reported higher straw yields (ton ha−1) 
than those watered with saline water. Moreover, 
the application of PGPR and ZnO-NPs, individu-
ally or in combination, resulted in higher straw 
yields than the CK plants. Irrigated CK plants 
with saline water had a straw yield of 6.5, while 
those that received PGPR+ZnO-NPs showed a 
straw yield of 7.6. The straw yield of the CK and 
treated plants with PGPR+ZnO-NPs were 7.0 
and 8.4, respectively, when fresh water was used. 
Similarly, the grain yield (ton ha−1) of the CK 
plants irrigated with saline water was 2.9, while 
irrigated ones with fresh water displayed a grain 
yield of 3.4. The exogenous application of PGPR 
and ZnO-NPs significantly increased the grain 
yield of plants watered with either saline or fresh 
water. However, the combined addition of PGPR 
and ZnO-NPs revealed the highest grain yield, 
i.e., 4.2 (for saline water) and 4.9 (for fresh water). 
Treated plants with PGPR and ZnO-NPs exhibited Ta
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a higher harvest index (HI) than the CK plants. 
Also, irrigated plants with fresh water had higher 
HI than those watered with saline water. The HI 
of the CK plants irrigated with saline and fresh 
water was 31.0% and 32.6%, respectively. Treated 
plants with PGPR+ZnO-NPs displayed the highest 
HI of 35.7% (for saline water) and 36.9% (for fresh 
water).

NPK uptake

The contents of NPK (mg  g−1) in seeds of wheat 
plants grown in sodic-saline soil showed high depend-
ence on the type of irrigation water and applied treat-
ments, i.e., PGPR and ZnO-NPs (Table  2). Results 
revealed that the content of K is the highest in wheat 
seeds, followed by N and P. The N content in seeds 
of plants irrigated with saline water in the presence of 
PGPR+ZnO-NPs was 1.57, while in the case of fresh 
water, it was 1.70. The CK plants revealed the low-
est seed N content of both irrigation water types, i.e., 
1.43 (for saline water) and 1.55 (for fresh water). Like-
wise, treating plants with the combined application of 
PGPR and ZnO-NPs resulted in the highest content of 
P of wheat seeds of plants irrigated with saline (0.82) 
and fresh water (0.98). The CK plants displayed seed 
P content of 0.62 (for saline water) and 0.82 (for fresh 
water). On the contrary, no significant differences in 
K content in wheat seeds were reported among treat-
ments, except for the CK plants irrigated with saline 
water. The K content in seeds ranged between 2.45 
and 2.70, except for the CK plants watered with saline 
water, which showed a K content of 1.87.

The exogenous application of PGPR and ZnO-NPs 
significantly increased the uptake and accumulation 
of NPK in seeds of wheat plants, either those irri-
gated with saline or fresh water in sodic-saline soil. K 
displayed the highest uptake rate, followed by N and 
P. The combined application of PGPR and ZnO-NPs 
revealed the highest uptake rate of NPK. Moreover, 
irrigated plants with fresh water showed higher uptake 
rates than those that were watered with saline water.

Zn content in wheat plants

The content of Zn (mg  kg−1) in wheat grain and straw 
significantly increased upon treating plants with PGPR 
and ZnO-NPs (Fig.  5). Although higher Zn contents Ta
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in wheat grain and straw were noticed for those plants 
irrigated with fresh water than saline water, the per-
cent increase upon the PGPR and ZnO-NPs application 
was greater than irrigation with saline water than fresh 
water. In the case of saline water irrigation, the Zn con-
tent in grains increased from 11.53 (for CK) to 25.00 
(for PGPR+ZnO-NPs), while irrigated plants with fresh 
water displayed grain Zn content of 21.37 (for CK) 
and 35.12 (for PGPR+ZnO-NPs). Higher Zn contents 
were measured in wheat straw than in wheat grains. 
The CK plants irrigated with saline water possessed a 
straw Zn content of 41.57, whereas treated plants with 
PGPR+ZnO-NPs had a straw Zn content of 71.50. Irri-
gated plants with fresh water revealed higher straw Zn 
contents; for instance, the CK plants exhibited a straw Zn 
content of 66.78, which increased to 88.66 upon treating 
plants with PGPR+ZnO-NPs.

Soil enzyme activities

The CK plots displayed low soil urease (mg NH4
+ g−1 

dry soil d−1) and dehydrogenase (mg TPF g−1 dry soil 
d−1) activity, particularly in the case of saline irrigation 
water (Fig. 6). The CK plots irrigated with fresh water 
exhibited a urease activity of 116, which dropped to 85 
upon irrigating wheat plants with saline water. How-
ever, urease activity significantly increased upon treating 
plants with PGPR and ZnO-NPs, regardless of the type 

of irrigation water. Nevertheless, irrigated plots with 
fresh water revealed higher urease activity than ones 
that received saline water. Considerably, the ZnO-NPs 
application improved the activity of urease compared 
to the CK and other treatments in both cases of irriga-
tion wheat plants with either saline or fresh water. How-
ever, the highest significant increase in the urease activ-
ity corresponded to the combined application of PGPR 
and ZnO-NPs, recording urease activity of 153 (in the 
case of saline water irrigation) and 215 (in the case of 
fresh water irrigation). Likewise, dehydrogenase activ-
ity showed similar responses to soil salinity and irriga-
tion with saline water. The CK plants irrigated with 
saline or fresh displayed dehydrogenase activity of 34 
and 56, respectively. Nonetheless, treating plants with 
PGPR+ZnO-NPs revealed the highest dehydrogenase 
activity under irrigation with saline (113) and fresh (146) 
water. The improvement in the soil enzyme activities 
was greater when wheat plants were irrigated with fresh 
water than saline water.

Discussion

Improvements in soil properties

PGPR induces ACC-deaminase activity that reduces 
ethylene stress on roots. It helps in releasing 

Fig. 5   Zinc content (mg  kg−1)  in: A) grains and B) straw of 
wheat plants (Triticum aestivum L., cv. Misr 1) irrigated with 
saline and fresh water in sodic-saline soil after treating them 
with plant growth promoting rhizobacteria (PGPR; Azospiril‑
lum lipoferum SP2, Bacillus coagulans NCAIM B.01123, 
Bacillus circulance NCAIM B.02324, and Bacillus subtilis 

MF497446), zinc oxide nanoparticles (ZnO-NPs) and their 
combination during two consecutive seasons (2021 and 2022). 
Different letters on the same columns of the same season are 
significant according to the Tukey’s test (P ≤ 0.05). Data are 
Means ± SD and n = 3
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1-aminocyclopropane-1-carboxylic acid (ACC)-
deaminase, producing exopolysaccharides (EPS), and 
enhancing the activity of soil enzymes (e.g., urease 
and dehydrogenase) (Ghorai et al. 2021). Application 
of ZnO-NPs, as foliar spraying, slightly improved 
soil properties under the harsh conditions, leading 
to an improvement in the biosynthesis of auxin by 
plants, which stimulates cell division and elongation 
(El-Zohri et  al. 2021). The utilization of ZnO-NPs 
is anticipated to bolster soil fertility, increase crop 
productivity, and enhance food quality. When ZnO-
NPs are introduced into the soil, they can influence 
the soil components and subsequently impact plant 
structure. Even at a small fraction, ZnO-NPs signifi-
cantly affect the soil’s physical and engineering prop-
erties owing to their substantial specific surface area 
and nanoporosity (Sheteiwy et al. 2021). These nano-
particles have demonstrated the capability to enhance 
soil moisture content, water retention, and overall 
structure. Furthermore, the incorporation of ZnO-
NPs led to improved soil porosity and reduced bulk 
density, which creates more favorable conditions for 
root growth (Sheteiwy et al. 2021). Coupled applica-
tion of PGPR and ZnO-NPs could increase the activ-
ity of soil enzymes, e.g., urease and dehydrogenase, 
which improved soil properties facilitating water and 

nutrients uptake and translocation into plant tissues, 
leading to positive reflects on controlling Na+ entry 
into plant cells under salt stress (Azmat et al. 2022). 
The application of PGPR significantly increased K+ 
influx into the leaf tissues, which counters the Na+ 
ion increasing the turgor pressure in the leaves due to 
cell membrane stability and decreased EL (Kumawat 
et al. 2023). Consequently, increased photosynthetic 
pigments, RWC, and stomata conductance improved 
due to the PGPR application, which increases plant 
growth under salt stress conditions (Neshat et  al. 
2022). However, the application of ZnO-NPs could 
stimulate the biosynthesis of indigenous plant 
growth regulators like indole-3-acetic acid (IAA) and 
gibberellic acid (GA3), which have controlling role 
in the improvement of biosynthesis of photosynthetic 
pigments and physiological and biochemical proper-
ties owing to sustain cell membrane stability under 
salt stress leading to quicken plant growth and devel-
opment (Yasmin et al. 2021).

Osmotic stress alleviation and ROS scavenging

Combined application of PGPR and ZnO-NPs con-
siderably improved osmoregulation levels in leaf tis-
sues and stomatal conductance prompted by higher 

Fig. 6   Activity of soil enzymes: A) urease and B) dehydro-
genase after cultivation of wheat plants (Triticum aestivum L., 
cv. Misr 1) in sodic-saline soil irrigated with saline and fresh 
water in the presence of plant growth promoting rhizobacte-
ria (PGPR; Azospirillum lipoferum SP2, Bacillus coagulans 
NCAIM B.01123, Bacillus circulance NCAIM B.02324, and 

Bacillus subtilis MF497446), zinc oxide nanoparticles (ZnO-
NPs) and their combination during two consecutive seasons 
(2021 and 2022). Different letters on the same columns of 
the same season are significant according to the Tukey’s test 
(P ≤ 0.05). Data are Means ± SD and n = 3
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K+ absorption. Consequently, it positively influenced 
transpiration and increased photosynthetic capac-
ity, conserving the K+/Na+ ratio and alleviating the 
negative effect of salt stress (Yasmin et  al. 2021). 
Accordingly, retaining water balance, maintaining 
the cell membrane’s stability, scavenging ROS due 
to increased activity of antioxidant enzymes, and 
accumulation of compatible solutes that indirectly 
lead to a reduction in the degree of lipid peroxida-
tion occurred (El-Saadony et al. 2022; Mokrani et al. 
2020). The relationship between the accumulation of 
compatible solutes and lipid peroxidation in plants 
is closely linked to the role of compatible solutes in 
mitigating oxidative stress caused by various environ-
mental factors, including salinity, drought, extreme 
temperatures, and heavy metal toxicity (Paliwal et al. 
2021). Under stress conditions, increased ROS pro-
duction can lead to oxidative stress. One of the most 
vulnerable targets of ROS is the cell membrane’s 
lipids, particularly polyunsaturated fatty acids. ROS 
attack these fatty acids, initiating lipid peroxidation, 
which generates lipid peroxides and other reactive 
lipid species. Compatible solutes serve as antioxi-
dants and scavengers of ROS. They help neutralize 
and stabilize ROS, preventing them from causing 
damage to cellular components, including lipids. 
Compatible solutes act as free-radical scavengers, 
protecting lipids from peroxidation and reducing 
the oxidative damage to cell membranes. Also, the 
accumulation of compatible solutes helps maintain 
cellular osmotic balance, which reduces the extent 
of cellular dehydration during stress. This, in turn, 
reduces the production of ROS, limiting the potential 
for lipid peroxidation (Helaly et al. 2017). The PGPR 
application in hyper-saline environmental conditions 
can modify plant physiology by persuading systemic 
tolerance to stimulate growth under salt stress. The 
PGPR improved the root exudates in the rhizosphere, 
led to the production of phytohormones, e.g., auxins, 
cytokinins, and gibberellins, and reduced the produc-
tion of ethylene, ABA, and phenols (Alharbi et  al. 
2022a). Therefore, the PGPR maintained the redox 
balance of the cell, resulting in the detoxification 
of H2O2, converting it to H2O and O2 (Omara et  al. 
2022). Furthermore, the decline in lipid peroxidation 
(MDA) and EL compared to untreated plots (CK) 
under saline conditions is an indication for alleviat-
ing the harmful effects of salinity-induced oxidative 
stress because of its potential to maintain the electron 

transport chain along with its considerable influence 
as a biostimulant in protecting the plant cells against 
oxidative stress through its direct or indirect effect 
on osmoregulation, protein stabilization, and antioxi-
dants stability (Alharbi et  al. 2022b). Electron leak-
age from the electron transport chain is a potential 
source of ROS generation. Plant cells have evolved 
mechanisms to minimize electron leakage, such as the 
presence of alternative electron sinks and regulatory 
processes that help dissipate excess electrons safely. 
The proper functioning of the electron transport chain 
is crucial for maintaining a balance between ROS 
generation and antioxidant defense in plant cells. 
When the electron transport chain is functioning 
optimally, it can maintain a controlled production of 
ROS, which is essential for normal cellular signaling 
and defense responses without causing excessive oxi-
dative stress (Döring and Lüthje 1996).

Antioxidant activity, reduced Na+ uptake, and ion 
toxicity

The foliar application of ZnO-NPs promoted the bio-
synthesis of photosynthetic pigments, i.e., chl a, chl 
b, and carotenoids, physiological performance, and 
maintenance of better biochemical attributes due 
to its role in regulating the activities of antioxidant 
enzymes (e.g., CAT, POX, and SOD) (Azam et  al. 
2022). Therefore, it fastened the conversion of toxic 
H2O2 into non-toxic compounds (i.e., H2O and O2), 
protecting cell membrane from damage under salt 
stress, which increased nutrient uptake (N, P, and 
K) as indicated by higher NPK contents in wheat 
seeds due to the application of ZnO-NPs (Kheir et al. 
2019). The integrated application of PGPR and ZnO-
NPs was further persuasive in alleviating oxidative 
stress than the single application due to better conver-
sion of ROS into less or non-toxic compounds under 
salt stress. In the present study, the application of 
PGPR+ZnO-NPs lowered the Na+ accumulation in 
the cell cytosol while increasing K+, leading to high 
K+/Na+ ratio and speeding up saline stress tolerance 
(Hafez et  al. 2021). Also, PGPR were reported to 
reduce uptake of Na+ ion while increase K+ absorp-
tion by plants through altering their concentrations 
in soil solution and consequently cause physiological 
balance in the leaf tissues (Shahid et al. 2020). PGPR 
can help decrease the Na+ in the soil solution through 
several mechanisms that promote Na+ removal or 
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reduce Na+ uptake by plants. For example, certain 
PGPR have the ability to absorb or sequester Na+ 
within their cells. This process effectively removes 
Na+ from the soil solution and decreases its avail-
ability for uptake by plants. Some PGPR produce 
organic acids as metabolic byproducts. These organic 
acids can chelate with Na+ in the soil, forming stable 
complexes that are less available for plant uptake. As 
a result, the overall concentration of available Na+ in 
the soil solution decreases. PGPR can secrete extra-
cellular polysaccharides, which improve soil aggrega-
tion and structure. Enhanced soil structure can reduce 
Na+ buildup and improve water drainage, preventing 
the accumulation of excessive Na+ in the root zone 
(Ullah and Bano 2019). On the other hand, PGPR can 
increase K+ concentration in the soil solution through 
various mechanisms. Some PGPR have the ability to 
solubilize fixed K in the soil, converting insoluble 
K minerals into soluble forms. These bacteria pro-
duce organic acids and enzymes that break down the 
mineral structures, releasing K+ into the soil solu-
tion. Certain PGPR can produce specific enzymes 
that facilitate the release of K+ from organic mat-
ter in the soil. This mobilization of K+ from organic 
sources makes it more available to plants for uptake. 
Some PGPR can act as biofertilizers, synthesizing 
organic compounds or siderophores that chelate K+, 
making it more accessible to plants by preventing its 
fixation or leaching. PGPR can compete with other 
soil microorganisms for K+ uptake. By outcompet-
ing other microorganisms for this essential nutrient, 
PGPR ensure a greater portion of the available K+ 
is available to plants (Berde et  al. 2021). The effect 
of the dual application of PGPR and ZnO-NPs could 
be attributed to the direct provision of PGPR to the 
root and further supply from the foliar spraying by 
ZnO-NPs. The stimulative impact of PGPR and ZnO-
NPs jointly on membrane permeability integrity has 
been deemed reliable for improved plant nutrition 
(Yasmin et  al. 2021). Seed inoculation with PGPR 
could enhance yield-related attributes like the num-
ber of grains per spike and 1000-grain weight (g) 
via augmenting cell division and enlargement (Abd 
El-Mageed et  al. 2022) due to augmented nutrient 
and water absorption. The PGPR application as a 
growth promoter could deliver important metabo-
lites, like phytohormones (e.g., IAA, auxins, and gib-
berellins), organic acid, and ACC deaminase, which 
finally enhance plant growth and crop yield. Our data 

are following those reported earlier by (Ahemad and 
Kibret 2014; Ahmad et al. 2022).

Enhanced nutrient uptake, ion balance, and wheat 
yield

The combined application showed higher enhance-
ment in yield-related traits, yield, and NPK of wheat 
compared to the sole application (Danish and Zafar-
ul-Hye 2019). The PGPR application could enhance 
nutrient uptake (NPK) from the soil solution due to 
discarding Na+ ions out of the soil solution, result-
ing in released auxin and cytokinin hormones and 
increased soil enzymes (Hidri et  al. 2022). Further-
more, foliar application of ZnO-NPs could increase 
K+ ions in the leaves, which have a potential role as 
a transporter of nutrients and water. Increasing K+ 
content in the leaves increased the transportation of 
macro-elements (NPK) from leaves to sink, result-
ing in increased grain filling and sink size (Ahmed 
et  al. 2023). So, the dual application of PGPR and 
ZnO-NPs revealed the highest NPK contents in wheat 
grains under salinity stress. Our examination exhib-
ited that the PGPR+ZnO-NPs application to salt-
stressed wheat plants mitigated the detrimental effects 
of irrigation with saline water by enhancing leaf 
water content, physiological, and biochemical attrib-
utes accompanied by enhancing antioxidant enzyme 
activity and, hence, a higher increase in yield-related 
traits and nutrient content.

Conclusions

The present study revealed the detrimental impacts of 
soil salinity on the growth and productivity of wheat 
plants. Moreover, irrigating plants grown in such soil 
with low-quality water (saline water) would magnify 
the problem because of the increased oxidative dam-
age and nutritional imbalance. Nevertheless, the exog-
enous application of combined PGPR and ZnO-NPs 
significantly mitigated these detrimental impacts, 
enhancing plant growth and productivity via lower-
ing ion toxicity, and oxidant levels, while increasing 
the activity of antioxidant enzymes and the efficiency 
of the photosynthetic machinery. Despite single appli-
cation of PGPR or ZnO-NPs brought considerable 
positive alterations in wheat growth under salinity 
stress, the integrated application of PGPR+ZnO-NPs 
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significantly increased the wheat grain yield, NPK 
uptake, Zn content in wheat straw and grains, RWC 
of wheat leaves, and activity of soil urease and dehy-
drogenase enzymes as well as it significantly reduced 
the contents of MDA and proline. Dual application 
of PGPR and different essential/ beneficial elements, 
particularly in their tiny sizes, would bring multiple 
benefits for agricultural sustainability, particularly in 
such harsh environments. However, further research is 
needed to affirm these findings on a large scale.
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