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Abstract

Soil salinity and water scarcity are major challenges limiting agricultural productivity in
arid and semi-arid regions. Quinoa (a climate-resilient crop) offers potential for sustainable
food production under these harsh conditions; however, its growth and yield are often con-
strained by salt and water stress. This study evaluated the role of plant-growth-promoting
rhizobacteria (PGPR) in enhancing Chenopodium quinoa Willd performance under deficit
irrigation (DI) with saline water. A greenhouse pot experiment was conducted with four
irrigation levels (40%, 60%, 80%, and 100% of the growth water requirement, GWR) and
two water qualities (fresh water, EC = 0.8 dS m−1; and saline water, EC = 6.0 dS m−1), each
tested with and without PGPR inoculation. The results showed that PGPR application
significantly (p < 0.05) improved quinoa tolerance to salinity, leading to higher biomass,
yield, and crop water productivity (CWP) under saline irrigation. Yield reductions were
most severe at 40% GWR (53.9% and 82.6% under saline and fresh water, respectively), but
PGPR inoculation mitigated yield losses, with increases of 83.3% and 130.8% under 40% and
100% GWR saline irrigation, respectively. Notably, PGPR did not show a clear effect with
freshwater irrigation. In addition, inoculated plants exhibited improved nutrient uptake
and reduced heavy metal accumulation. Overall, PGPR demonstrated strong potential to
enhance salinity resilience and water-use efficiency in quinoa. Future studies should extend
these findings under field conditions and investigate the long-term impacts of PGPR on
sustainable crop production in saline- and water-limited environments.

Keywords: abiotic stress tolerance; bio-fertilizers; Chenopodium quinoa Willd; regulated
deficit irrigation

1. Introduction
The most crucial element in crop production is the availability of freshwater [1]. Poor

irrigation water management is thought to be the primary cause of soil salt deposition,
which lowers crop yield on agricultural fields in arid and semi-arid regions [2]. Significantly,
salinity affects almost 20% of agricultural soils worldwide [3]. Salinity issues in arid and
semi-arid regions are expected to worsen due to climate change [4]. Meanwhile, the global
population is projected to reach 9.8 billion by 2050 [5]. This will significantly increase
the demand for food and fiber, putting pressure on these countries to boost agricultural
production [6].

In Egypt there has been a recent surge in quinoa (Chenopodium quinoa Willd) produc-
tion as a substitute crop that is drought-, salt-, and weather-tolerant [7]. According to
Orcutt and Nilsen [8], typical glycophytic crops cannot withstand high soil salinity and
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drought stresses. In arid regions that are already at risk from climate change, cereal crops
like corn, wheat, barley, and rice cannot thrive in the face of rising soil and water salinity
and a shortage of water resources [9]. However, quinoa, as a halophyte, can withstand
saline and drought stressors in a variety of situations [3,10]. Quinoa can, therefore, be used
as an alternative food crop in arid regions [7,11]. According to Morales et al. [12], quinoa is
a grain crop that is native to Andean South America and is a member of a botanical family
that is rich in halophytic taxa (44%). Furthermore, according to Cocozza et al. [13], quinoa
may produce crop yields comparable to those under normal circumstances and exhibit
acceptable resilience to drought and salt stress through stomatal responses and osmotic
adaptations. In addition, because the seeds of quinoa are abundant in essential vitamins
and amino acids, it has substantial nutritional value [14]. Orcutt and Nilsen [8] reported that
quinoa contains the right physiological processes to offer osmoregulation in saline water
(~300 mM NaCl or greater). Cocozza et al. [13] reported that quinoa is a crop that can with-
stand salt and water stress using stomatal responses and osmotic adjustments. This helps
to maintain leaf turgor and provide a decent yield in the Mediterranean agro-ecosystem.
Aly et al. [3] mention that quinoa has the potential to be salt- and drought-tolerant in terms
of biomass production. Furthermore, Eisa et al. [15] reported that quinoa can be cultivated
in saline conditions up to 40% salinity of seawater. Long [16] discovered that at a salinity
concentration of 50 mM of NaCl, quinoa plant-height recovery was observed. On the other
hand, Patel et al. [17] concluded that the salinity caused quinoa plant leaves to accumulate
less K+ and Ca2+ while significantly increasing the amounts of Na+, Cl−, and proline.

An environmentally beneficial method of reducing salinity stress is the use of salt-
tolerant bacteria [18,19]. Slatni et al. [20] said that under high salinity, inoculation with salt-
tolerant plant-growth-promoting rhizobacteria (PGPR) markedly enhanced quinoa growth
and physiology, as reflected by greater biomass production, increased root length and
lateral root formation, higher proline accumulation, and improved photosynthetic activity.
Zaki et al. [21] isolated salt-tolerant bacteria from saline soils in Egypt and evaluated their
ability to produce growth-promoting substances under salt stress. They also investigated
the combined effects of these bacteria and arbuscular mycorrhizal fungi (AMF) on maize
grown under salinity stress. They found that the bioinoculant treatments significantly
enhanced maize photosynthetic pigments, growth parameters, NPK (nitrogen, phosphorus,
and potassium) uptake, and antioxidant enzyme activity. In contrast, proline accumulation,
sodium uptake, and the Na+/K+ ratio were reduced. Additionally, AMF colonization in
roots and bacterial populations in the rhizosphere were enhanced under salinity stress due
to the bioinoculant application.

Water scarcity and the deterioration and salinization of land and water resources
are already problems in the arid and semi-arid environments. Thus, studies on quinoa
growing under drought and salinity stress will not only add to the body of knowledge but
also provide important food and crops to nations located in dry ecosystems. This study
hypothesizes that inoculation with plant-growth-promoting rhizobacteria (PGPR) mitigates
the negative effects of water deficit and salinity stresses on quinoa plants. Consequently, the
primary goal of this study is to evaluate the influence of water deficit and salinity stresses
on quinoa (Chenopodium quinoa Willd) growth in the presence of plant-growth-promoting
rhizobacteria (PGPR). Specifically, this research investigates effects on vegetative metrics,
grain yield, nutrient uptake, heavy metal accumulation, and ionic balance. By addressing
these aspects, this study contributes to Sustainable Development Goals (SDGs), in particular,
SDG 2 (Zero Hunger) through enhancing food security under marginal conditions, SDG 6
(Clean Water and Sanitation) by improving water-use efficiency, and SDG 12 (Responsible
Consumption and Production) through promoting sustainable agricultural practices.
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2. Materials and Methods
2.1. Soil Analysis

Following the removal of organic matter and lime, the soil texture was determined
using hydrometer techniques [22]. However, the EC and pH meters (Test kit Model 1500-20,
Cole and Parmer, Vernon Hills, IL, USA) were used to measure the soil salinity (ECe)
and pH, respectively, in the soil paste extract [23]. The soil texture was sandy (1.5% clay,
2% silt, and 96.5% sand), and the soil’s EC and pH were 15 dS/m and 7.2, respectively.
In this study, the soil in each pot was leached to reduce its salinity to 3 dS/m before
transplanting the quinoa seedlings. Each pot, with an average surface area of 283.4 cm2,
received 4.19 cm of water per irrigation, applied daily for 21 days.

2.2. Growth Conditions, Plant Material, and Treatments

A greenhouse pot experiment was conducted at King Saud University (KSU), Riyadh,
Kingdom of Saudi Arabia (KSA), using quinoa (Chenopodium quinoa Willd.) plants (variety
Ames 13747). The seeds used in this study were sourced from a prior cultivation cycle
conducted at the King Saud University experimental farm. The quinoa seeds were sown
in small plastic containers with moistened vermiculite. For a week, seedlings were given
Hoagland solution. Then, one intact plant was transferred to a 1000 mL plastic pot contain-
ing sandy soil. The layout of the experiment was completely randomized design with four
replicates. The irrigation treatments consisted of four levels of irrigation (40, 60, 80, and
100% of GWR) throughout the experimental period using two types of irrigation water:
fresh (tap water, EC = 0.8 dS/m) and saline (EC = 6.0 dS/m). The saline water was prepared
using 3.86 gm (66.0 mM) of sodium chloride dissolved in I liter of tap water. A strong linear
relationship was observed between the weight of NaCl and the electrical conductivity of
water (ECw), with an R2 value of 0.994. The following equation can be used to prepare
NaCl solutions with varying ECw values (Figure 1):

EC (dS/m) = 1.5562 × [Weight of NaCl (gm)] (1)

 

Figure 1. The relationship between the weight of sodium chloride (gm NaCl/L tap water) and water
EC (dS/m).

The irrigation scheduling methods were based on a Class A pan evaporation method
(Table 1). In addition, soil treatments with plant-growth-promoting rhizobacteria (PGPR)
were included in this investigation. The PGPR used in this study included Azotobacter
chroococcum, Azospirillum brasilense, and Pseudomonas aeruginosa, identified through cultural,
morphological, and biochemical characteristics following standard methods, and confirmed
by DNA sequencing at Macrogen, a biotechnology company in South Korea. The bacterial
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concentration was approximately 10ˆ7 CFU. Seeds were inoculated using sucrose as an
adhesive via seed coating.

Table 1. Experimental design: irrigation treatment using fresh and saline water and PGPR inoculation.

Main Factor Percentage of GWR Inoculation Status Abbreviations

Fresh water

100% of GWR
With inoculation AIF

Without AUF

80% of GWR
With inoculation BIF

Without BUF

60% of GWR
With inoculation CIF

Without CUF

40% of GWR
With inoculation DIF

Without DUF

Saline water

100% of GWR
With inoculation AIS

Without AUS

80% of GWR
With inoculation BIS

Without BUS

60% of GWR
With inoculation CIS

Without CUS

40% of GWR
With inoculation DIS

Without DUS

Azotobacter sp., Azospirillum sp., and Pseudomonas sp. enhance the germination in-
dividually and in combination with each other [24,25]. In this study, there were three
stages for the application of phosphate, potassium, and nitrogen fertilizers (solutions) at
rates of 50, 50, and 120 kg ha−1 (surface pot diameter = 18 cm), respectively. The first
dose was given after the pots were transplanted, the second after the fourth leaf appeared
(30 days after transplanting), and the third before the inflorescence appeared (65 days after
transplanting) [3].

2.3. Crop Evapotranspiration (ETc) Determination

The following formula was used to compute crop evapotranspiration (ETc):

ETc = Eo × Kp × Kc (2)

where Eo is the evaporation from the class A pan in millimeters; Kp is the pan coefficient
(which ranges from 0.70 to 0.88, with a common average value of 0.75, following standard
pan-to-ET conversion recommendations; see FAO guidelines [26]); Kc is the crop coefficient
(1.00 during the mid-season stage and 0.70 during harvest stage according to FAO-56 [26]);
and ETc is the maximum daily crop ET in millimeters. The equations by Allen et al. [26]
were used to calculate the Kp and Kc.

The following equations were used to obtain the gross water requirement (GWR) [27]:

GWR = ETc/(1 − LR) (3)

GWR = (Kc × Eo × Kp)/(1 − LR) (4)
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where LR is the proportion of leaching requirement; and GWR is the gross water demand
in millimeters per day.

In accordance with Ayers and Westcot [28], the LR was determined as follows:

LR = ECw/(2 × max ECe) (5)

where ECw is the salinity of irrigation water (dS m−1); and max ECe is the electrical
conductivity of the saturated soil extract that will lower the crop yield to zero (15 dS m−1

according to Allen et al. [26]).
The computed LR values in this experiment were 0.03 for fresh water and 0.2 for

saline water.

2.4. Analysis of the Nutrients and Components of Quinoa

Before being used in chemical tests, the harvested quinoa plants were weighed and
separated into shoots and roots. According to Pequerul et al. [29], the shoot samples were
washed, oven-dried for two days at 65 ◦C, ground to pass through a 60-mesh screen, and
subsequently digested with hydrogen peroxide (H2O2) prior to nutritional and elemental
analysis. The H2O2 digestion protocol, originally described by Pequerul et al. (1993) [29],
involves oxidative digestion of plant material using 30% H2O2 under controlled heating,
which is widely applied for micronutrient determination in plant tissues.

The ICP-Perkin Elmer Model 4300DV was used to measure the following elements:
sodium (Na+), potassium (K+), calcium (Ca2+), magnesium (Mg2+), sulfate (SO4

2−), phos-
phorus (P), cobalt (Co), cadmium (Cd), copper (Cu), chromium (Cr), iron (Fe), nickel (Ni),
manganese (Mn), zinc (Zn), and lead (Pb). A total of 0.5 g of powdered plant tissues was
mixed with 100 mL of hot water (60 ◦C) for three hours in order to determine the Cl−

content. Using a chloridometer (Sherwood Scientific Ltd., Cambridge, UK), 0.5 mL of the
extract was used to determine the Cl− [30].

2.5. Crop Water Production

According to Kijne et al. [31], the crop water productivity is the following ratio of crop
yield to volume of applied water:

CWP = Yield/(Water Applied) (6)

Crop water production function (CWPF) is the general term used to describe the
relationship between crop yield and water application. When some of the extra water is
lost or drains, the CWPF becomes curvilinear. It illustrates the advantage of using water to
produce dry matter or yield. The following is the expression for Helweg’s [32] quadratic
polynomial function:

Ya = b0 + b1W + b2W2 (7)

where Ya is the yield (m3 ha−1); W is the amount of irrigation water applied; and b0, b1,
and b2 are fitting coefficients.

The maximum applied water (Wmax) was determined by differentiating the CWPF
(Equation (7)) and equalizing by zero. The maximum predicted yield (Ymax) can then be
computed by substituting the Wmax in Equation (7): the slope of the water productivity
function against water applied goes to zero as yield approaches its maximum value.

∂Y
∂W

= +b1 + 2b2W = 0 (8)

Wmax =
−b1

2b2
(9)
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Ymax = b0 + b1Wmax + b2W2
max (10)

2.6. Statistical Analyses

Statistical analysis of quinoa plant data and yields was performed using analysis
of variance (ANOVA), along with least significant difference (LSD) and Duncan’s multi-
ple range test (DMRT), utilizing SAS software, version 9.4 (SAS Institute Inc., Cary, NC,
USA) [33]. The DMRT was used for mean separation because of its higher sensitivity in
detecting differences among treatments and its common application in agricultural research,
despite being less conservative than Tukey’s HSD [34,35].

3. Results and Discussion
3.1. Soil Salinity Removal

This study found that the amount of water (ECw = 0.8 dS/m) required to decrease
the soil salinity of sandy soil, under atmospheric temperature (25–28 ◦C), from 15 dS/m to
3.12 dS/m was ~8800 m3/hectare (average pot area = 283.4 cm2, depth of applied water for
each irrigation event was 4.19 cm, and the irrigation intervals were each day for a period of
21 days). The soil salinity after the first 7 days of leaching was 8.26 dS/m, after 14 days it
was 6.01 dS/m, and finally reached 3.12 dS/m after 21 days of irrigation.

3.2. Drought Stress Application

The salinity and drought stress application were conducted after 45 days of transplant-
ing. After 42 days of application, plant drought stress symptoms appeared. The plants
irrigated with fresh water clearly suffer from drought for all treatments; on the other hand,
when saline water was used, the plants showed more ability to address drought stress for
all treatments, with the exception of the 40% irrigation level (Figure 2) [3]. In general, plants
exposed to combined salinity and drought stress show reduced wilting, better leaf turgor,
and greener foliage compared to plants under drought stress alone. These visible differ-
ences suggest that salinity stress may trigger physiological or biochemical mechanisms that
enhance the plant’s ability to cope with limited water availability (Figure 2) [3,36,37].

         

     
Saline water    (40% FC)            Fresh water    (40% FC) 

 

Fresh water (40% FC)      Saline water (40% FC) 

Figure 2. Visual comparison of plant responses under drought and salinity stress conditions, highlight-
ing enhanced drought tolerance in salinity-treated plants. The photos were taken before irrigation.
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3.3. Biomass Production

The two main environmental factors limiting agricultural productivity in arid envi-
ronments are drought and salinity [9]. In terms of biomass production, this study found
that quinoa drought tolerance is increased by salt stress (Figures 2–4) [3]. A careful balance
between osmotic adjustment and ion buildup is largely responsible for this species’ salt
tolerance. When quinoa is treated with PGPR in a saline environment, no ion toxicity or
deficiencies and osmotic stress appear to be factors. Lower grain production is most likely
the outcome of growth reduction brought on by a prolonged salt stress (Figure 5).

 

Figure 3. Impact of drought stress and PGPR treatments on quinoa average biomass production.
Treatment means with alike letters are not significant by LSD at 0.05 level.
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Figure 4. Impact of salinity, drought stresses, and PGPR treatments on quinoa average biomass
production. Treatment means with alike letters are not significant by LSD at 0.05 level.



Sustainability 2025, 17, 9048 9 of 17

 

 

Figure 5. Impact of deficit irrigation and PGPR inoculated on yield of quinoa production using
(A) fresh water and (B) saline water. Treatment means with alike letters are not significant by LSD at
0.05 level.

The BIF and BUF treatments had maximum average fresh weight (FW) shoot biomasses
of 70.0 and 68.2 g plant−1, respectively, and they also had a maximum average dry
weight (DW) of 9.0 and 8.3 g plant−1, respectively (Figure 3). Figure 3 shows that the
DUF and DIF had the lowest average fresh weight (FW) shoot biomasses, at 3.0 and
3.2 g plant−1, respectively. According to this study, the biomass of quinoa FW and DW
shoots did not significantly increase after PGPR treatment when fresh water was used for
irrigation (Figure 3). On the other hand, the quinoa FW and DW shoot biomasses signifi-
cantly decreased when irrigation water was reduced to 40% [3,18].

When saline water was used for irrigation, the PGPR treatment had a positive effect
on increasing quinoa shoot biomass, both in terms of FW and DW. The highest average
FW shoot biomass was recorded in the AIS and BIS treatments, with values of 60.0 and
57.0 g plant−1, respectively (Figure 4). In contrast, the lowest FW value was observed in
the DUS treatment, at 30.0 g plant−1. A similar trend was observed for DW biomass: AIS
and BIS showed the highest average values at 7.3 and 7.0 g plant−1, respectively, while
DUS recorded the lowest, at 4.2 g plant−1 [21].

Tables 2 and S1 illustrate the impact of different irrigation regimes (100% and 40% FC),
water quality (fresh vs. saline), and PGPR inoculation on the accumulation of heavy metals,
macro- and micronutrients, and the ionic balance in plants. Under optimal conditions
(100% FC with fresh water), plants exhibited better nutrient uptake and lower heavy
metal concentrations, particularly when inoculated with PGPR. For instance, cadmium
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(Cd) accumulation was lowest (1.31 mg/100 g) in the non-inoculated control with fresh
water but increased significantly under saline- and water-deficit conditions, reaching up to
3.9 mg/100 g. Inoculated treatments generally improved the uptake of essential nutrients
like phosphorus (P), calcium (Ca), and magnesium (Mg), and helped reduce sodium (Na)
and chloride (Cl) accumulation under stress [20,21]. The potassium to sodium (K/Na)
ratio, a key indicator of salinity tolerance, was highest (1.75) in plants under optimal,
inoculated conditions and lowest (1.00) in plants exposed to combined water and salt
stress without inoculation. In fact, the salt-stressed plants exhibited a decline in the overall
K+/Na+ ratio. Despite the substantial increase in Na+ levels, the K+/Na+ ratio remained
equal or above 1 (Table 2) [3]. This suggests a consistent accumulation of K+ under
saline conditions, especially in the presence of the PGPR (Tables 2 and S1) [3,20,21,38].
Overall, PGPR inoculation enhanced plant resilience by mitigating the adverse effects
of salinity and drought, improving nutrient availability, and maintaining a favorable
ionic balance.

Table 2. Effect of irrigation regimes, salinity, and PGPR inoculation on elemental concentration in
quinoa plants.

Treatments
Cd Co Cr Cu Fe Mn Ni Pb Zn P Ca Mg Na K Cl K/Na

mg/100 g Plant g/kg % Ratio

AUF 1.31 d * ND 0.31 c 0.17 c 11.9 a 4.2 c ND ND 1.6 c 3.4 e 15.15 c 4.75 c 1.8 e 2.3 e 7.3 c 1.28 b

DUF 2.11 c ND 0.39 b 0.09 d 10.1 b 4.1 d ND ND 0.7 d 2.2 f 16.61 b 3.90 e 2.4 c 2.6 b 9.4 b 1.08 d

AIF 1.34 d ND 0.29 c 0.18 c 12.0 a 4.7 c ND ND 1.8 b 3.5 c 18.91 a 4.77 c 1.6 e 2.8 b 6.4 e 1.75 a

DIF 2.21 c ND 0.41 b 0.19 c 10.2 b 4.2 d ND ND 0.9 d 2.3 f 19.02 a 4.55 c 2.1 c 2.4 e 9.1 b 1.14 c

AUS 3.3 b ND 0.51 a 0.27 b 9.6 c 7.1 b ND ND 2.1 b 3.6 c 11.02 e 5.55 b 3.1 b 3.2 a 7.8 c 1.03 e

DUS 3.9 a ND 0.42 b 0.28 b 8.1 e 9.2 a ND ND 1.8 b 3.8 b 12.03 d 4.70 c 3.62 a 3.61 a 11.0 a 1.00 f

AIS 3.1 b ND 0.53 a 0.39 a 9.8 c 7.7 b ND ND 2.5 a 4.6 a 17.14 b 6.40 a 2.6 c 2.9 b 7.3 c 1.12 c

DIS 3.3 b ND 0.41 b 0.41 a 8.5 e 9.5 a ND ND 1.9 b 3.9 b 15.01 c 4.81 c 3.2 b 3.5 a 9.2 b 1.09 d

* Treatment means with alike letters are not significant by LSD at 0.05 level.

3.4. Yield of Quinoa Plants

The results of the yield of quinoa for different treatments (Table 1) indicated that
the PGPR has no significant impact on the yield in the case of using fresh water for
irrigation (Figure 5A); however, it significantly increased the yield when saline water was
used for irrigation compared to non-inoculated soils for all irrigation treatments (Figure 5B).
The highest average yield when fresh water was used for irrigation was obtained in the
treatment BUF (14.6 g/plant), and the lowest for the treatment DIF (1.6 g/plant) (Figure 5A).
On the other hand, the highest yield when saline water was used for irrigation was for
AIS (12 g/plant), and the lowest for DUF (2.4 g/plant). The average yield of quinoa
when saline water was used for irrigation in the absence of PGPR inoculation (AUS) was
5.2 g/plant (Figure 5A,B) [3,17]. In general, absolute quinoa yields under saline conditions
were lower than those obtained with fresh water. Nonetheless, this study found that PGPR
enhanced quinoa yield under saline irrigation by 83.3% in the 40% GWR treatment and
by 130.8% in the 100% GWR treatment, while no significant effect was observed under
freshwater irrigation [39].

In comparing our results with the existing literature, there is both support and contrast
that help to contextualize our findings. For instance, Aly et al. [40] reported quinoa
grain yields ranging from 3.5 to 14.1 g plant−1 under high salinity stress (EC ~24 dS/m),
depending on the genotype, with some lines maintaining relatively high productivity even
under severe saline irrigation. This aligns closely with our findings under saline irrigation
with PGPR (up to 12 g plant−1), suggesting that PGPR application can help quinoa perform
similarly to salt-tolerant genotypes in adverse conditions. Similarly, Elhindi et al. [41]
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demonstrated that combining PGPR with phosphogypsum in saline soils significantly
improved yield, photosynthesis, and nutrient uptake in quinoa. Though their yield was
reported in t/ha, the relative improvement in PGPR-treated plots reflects our observation
that PGPR enhanced quinoa productivity under saline water but had minimal impact under
freshwater irrigation.

In Egypt, Mahmoud et al. reported that increasing irrigation water salinity from 0 to
20 dS/m led to 12–45% reductions in seed yield, depending on soil type and salinity
level [42]. Our results are consistent with this trend, showing a significant yield reduction
in non-inoculated plants irrigated with saline water (from 14.6 to 5.2 g plant−1), but
importantly, the application of PGPR mitigated this decline (yield increased from 5.2 to
12 g plant−1 in inoculated treatments). Similar findings were reported by Slatni et al. [20]
who found that halotolerant PGPR enhanced quinoa growth and salt stress resilience by
improving physiological performance and nutrient balance under saline irrigation.

Overall, these studies reinforce our conclusion that PGPR inoculation is a promising
and cost-effective strategy to improve quinoa productivity in salt-affected environments,
particularly in arid regions such as Egypt, where saline irrigation is common. Differences
in absolute yields across studies may reflect variation in cultivar, plant density, salinity
levels, and environmental conditions.

Numerous investigations explain the role of PGPR (Azotobacter sp., Azospirillum sp.,
and Pseudomonas sp.) to promote plant growth. These include the following: Sumbul
et al. [43] concluded that Azotobacter sp. has been shown in numerous studies to be useful
in fostering plant development. However, little is known about the precise mechanisms
behind its growth-promoting actions. Numerous possible processes have been proposed,
including siderophore release, phosphate solubilization, growth hormone synthesis, and
nitrogen fixation. However, Coniglio et al. [44] said that Azospirillum sp., particularly A.
brasilense, is known for promoting plant growth through various mechanisms. Gibberellins,
abscisic acid, ethylene, nitric oxide (NO), and polyamines are among the numerous growth
regulators it generates, in addition to its well-established capacity to fix nitrogen and pro-
duce phytohormones like auxins and cytokinins. These compounds have important effects
on how plants grow and react to stress. Even though nitrogen fixation and phytohormone
synthesis have received the most attention, other aspects such as micronutrient bioavail-
ability, enzyme expression, and competition against phytopathogens are still poorly known.
According to Kumar et al. [38], Pseudomonas sp. promotes plant growth through a variety
of mechanisms, such as phosphate solubilization, siderophore production, modulating phy-
tohormone levels, indole acetic acid, antibiotic synthesis or production, cell-wall-degrading
enzyme production, Pseudomonas sp. in induced systemic resistance (ISR), and signaling
molecules that regulate Pseudomonas sp. functions.

It is also necessary to emphasize that the findings concluded that, in comparison to
100% ETc, deficit irrigation using fresh water at 80% ETc was more effective in conserving
irrigation water and producing a decent yield. Additionally, a deficit drip irrigation system
aids in rationalization by limiting the overuse of fertilizers and pesticides, which in turn
lowers pollution in the environment [3].

3.5. Crop Water Productivity (CWP)

Water productivity as a function of yield is expressed by CWP. The findings show
that the water regime has a discernible impact on the water productivity of quinoa plants.
It was found that the water productivity rises for the water regimes dropped from 100%
to 60% GWR. Nonetheless, decreasing irrigation water to 40% GWR led to a significant
decrease in water productivity compared to other treatments since it dramatically decreased
the final yield. When fresh water was used for irrigation, the 80% and 60% GWR were
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found to be the best treatments in terms of water productivity for both non-inoculated and
inoculated soils (BUF, CUF, BIF, and CIF), with no significant impact of PGPR inoculation,
other than the exception that AIF was found to be more than AUF (Figure 6A). However,
when saline water was used for irrigation, the presence of PGPR led to a significant increase
in water productivity for all treatments, and the highest values were found for 80% and
60% GWR (BIS and CIS) compared to non-inoculated soils (BUS and CUS) (Figure 6B). The
maximum values of CWP were 1.34 and 1.00 kg m−3 for CUF and CIS, respectively. Similar
results were reported by Alomran et al. [36]; Oweis and Hachum [45]; and Zhang et al. [46].
There are several reasons why DI can raise the ratio of yield to crop water consumption
(evapotranspiration). These include (1) lowering water loss from unproductive evaporation;
(2) raising the marketable yield to total biomass produced (harvest index); (3) appropriate
fertilizer uptake and preventing such unfavorable agronomic conditions as water logging,
pest and disease outbreaks, etc. [47,48].

 

Figure 6. Impact of deficit irrigation on crop water productivity. (A) fresh water and (B) saline water.
Treatment means with alike letters are not significant by LSD at 0.05 level.

For each treatment, a polynomial function was fitted between (Y) and (AW) (Figure 7).
The maximum yields that were predicted by the crop water production function (CWPF)
mathematical analysis were 0.0143, 0.0141, 0.0124, and 0.0074 kg/plant, and the correspond-
ing calculated applied water amounts were 0.0105, 0.0114, 0.0124, and 0.0074 m3 for fresh
irrigation water that was inoculated and non-inoculated, and saline irrigation water that
was inoculated and non-inoculated, respectively (Table 3). These findings concur with
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those published by Zhang and Oweis [49], Al-Harbi et al. [50], Mao et al. [39], and Slatni
et al. [20].

 

Figure 7. The relationship between the yield of quinoa and applied water within different treatments.

Table 3. Quinoa water production functions based on applied irrigation water.

Treatment Crop Water Production Function R2
Maximum

Yield
(kg/Plant)

Applied
Water
(m3)

Fresh irrigation water
(Inoculated) Y (Inoculated) = −334.14(AW)2 + 7.6478(AW) − 0.0297 0.996 0.0141 0.0114

Fresh irrigation water
(Non-inoculated) Y (Non-inoculated) = −470.23(AW)2 + 9.9129(AW) − 0.0379 0.998 0.0143 0.0105

Saline irrigation water
(Inoculated) Y (Inoculated) = −72.966(AW)2 + 2.3058(AW) − 0.0058 0.9992 0.0124 0.0158

Saline irrigation water
(Non-inoculated) Y (Non-inoculated) = −218.9(AW)2 + 4.3898(AW) − 0.0146 0.8938 0.0074 0.0100

Lastly, it should be recognized that while this study provides valuable insights into the
role of PGPR in mitigating the effects of water and salinity stress on plant nutrient dynamics,
several limitations should be acknowledged. First, the experiment was conducted using
a single soil type (sand), which, while useful for controlling variables and simulating
extreme conditions, does not represent the diversity or complexity of real agricultural soils.
This limits the generalizability of the findings to field conditions. Second, the use of a
greenhouse pot setup with a small pot size (1000 mL) may restrict root growth and affect
stress responses; it introduces artificial environmental controls (e.g., temperature, humidity,
and root confinement) that may not reflect the multifactorial stressors encountered in
open-field environments. Third, this study lacks physiological measurements such as
chlorophyll content, or stomatal conductance, which are critical for understanding the
mechanisms underlying PGPR-induced stress tolerance. Without these parameters, the
causal link between PGPR application and improved drought or salinity resilience remains
largely correlative. Addressing these limitations in future studies would strengthen the
applicability and mechanistic understanding of the observed effects.
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4. Conclusions
The strategic use of brackish and saline water resources under conditions of freshwater

scarcity represents a vital and increasingly necessary approach, particularly in arid and
semi-arid regions. This study contributes to the growing body of work advocating for
alternative water management strategies, with a particular focus on enhancing water-use
efficiency and reducing non-beneficial water losses. A key innovation of this research lies in
integrating deficit irrigation techniques with plant-growth-promoting rhizobacteria (PGPR)
inoculation under both saline and freshwater conditions—an approach not widely explored
in quinoa cultivation. The novelty of this work is reflected in its dual focus: optimizing
crop water productivity (CWP) while maintaining yield stability under constrained water
availability and demonstrating the potential of microbial inoculants to mitigate the adverse
effects of saline irrigation. These findings support the concept that biological interventions
can play a critical role in sustainable water management at the field scale, especially for
marginal environments. Looking ahead, there is substantial scope for expanding this
research. Future studies should explore the long-term impacts of repeated saline water use
on soil health, microbial community dynamics, and plant–microbe interactions. Moreover,
evaluating the economic feasibility and farmers’ adaptability to such integrated practices
will be crucial for widespread adoption. Broader testing across different crops, soil types,
and climatic conditions would also strengthen the generalizability of these results. In the
context of sustainable agriculture, the integration of PGPR inoculation with optimized
irrigation strategies offers a promising pathway to reduce water consumption without
severely compromising yield. This approach aligns with global efforts to enhance resource
efficiency, support climate resilience, and promote environmentally sound agricultural
practices. However, more interdisciplinary field research is needed to fully harness its
potential and translate experimental findings into scalable, farmer-friendly technologies.
More research is needed to explore the long-term impacts of saline water use on soil health
and microbial communities, evaluate the economic feasibility and farmer adoption of
PGPR-based irrigation strategies, and expand testing across different crops, soil types, and
climatic conditions to enhance the generalizability and scalability of these findings.
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List of Abbreviations
Abbreviation Description
AIF Soil irrigated with 100% of GWR using fresh water and inoculated with PGPR.
AUF Soil irrigated with 100% of GWR using fresh water and non-inoculated with PGPR.
BIF Soil irrigated with 80% of GWR using fresh water and inoculated with PGPR.
BUF Soil irrigated with 80% of GWR using fresh water and non-inoculated with PGPR.
CIF Soil irrigated with 60% of GWR using fresh water and inoculated with PGPR.
CUF Soil irrigated with 60% of GWR using fresh water and non-inoculated with PGPR.
DIF Soil irrigated with 40% of GWR using fresh water and inoculated with PGPR.
DUF Soil irrigated with 40% of GWR using fresh water and non-inoculated with PGPR.
AIS Soil irrigated with 100% of GWR using saline water and inoculated with PGPR.
AUS Soil irrigated with 100% of GWR using saline water and non-inoculated with PGPR.
BIS Soil irrigated with 80% of GWR using saline water and inoculated with PGPR.
BUS Soil irrigated with 80% of GWR using saline water and non-inoculated with PGPR.
CIS Soil irrigated with 60% of GWR using saline water and inoculated with PGPR.
CUS Soil irrigated with 60% of GWR using saline water and non-inoculated with PGPR.
DIS Soil irrigated with 40% of GWR using saline water and inoculated with PGPR.
DUS Soil irrigated with 40% of GWR using saline water and non-inoculated with PGPR.
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