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Abstract
Increased drought stress is anticipated to impact crop productivity adversely, mainly in Africa and Southeast Asia. 
Drought-tolerant plant growth-promoting rhizobacteria (PGPR) have emerged as a ray of hope as an effective bio-
enhancer and sustainable strategy for agriculture under water-deficit and recovery conditions to reduce reliance 
on chemical fertilizers and improve soil fertility. Keeping this in view, a field experiment was conducted to check 
the effectiveness of commercial bio-fertilizers Phosphorine, Microbine, Potassiumag individually, or in combination 
with organic fertilizer (compost), and natural mineral rock (rock phosphate), as a substituent of chemical fertilizer. 
Two drip irrigation schedules W1 (100%) and W2 (60% of field capacity FC) were applied to evaluate growth and 
biochemical traits of Moringa oleifera under varying biofertilizer inputs. The highest values of plant growth under 
W1 were recorded in the plants amended with BioMix1 (Microbine mixed with rock phosphate and compost), plant 
height (150 cm), number of branch plant−1 (19), plant dry weight (203 g). On the other hand, individual application 
of Potassiumag (Bio3) showed the highest of plant growth under W2 water scheduling, with plant height (130 cm), 
number of branch plant−1 (17), plant dry weight (137 g). The present work evaluated a broad range of both 
non-enzymatic antioxidant components including phenolics, proline, ascorbate and carotenoids, in addition to 
peroxidase (POD), ascorbate peroxidase (APX) and catalase (CAT) enzymes. Microbine with compost and rock 
phosphate improved Moringa oleifera yield and quality at 100% FC, while Potassiumag followed by Phosphorine 
sustained growth under drought 60%FC.
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​Introduction
Moringa oleifera (also known as Moringa pterygosperma 
Gaertn) belongs to the Moringaceae family. This spe-
cies of moringa is native from south Himalaya region [1], 
Moringa oleifera leaves, consumed fresh or processed 
into powders and teas, are rich in proteins, vitamins, 
minerals, and antioxidants, with their phenolic con-
tent and antioxidant activity [1]. It is considered as very 
healthy food source and ethnobotany [2]. Local popula-
tions in regions with high susceptibility to desertifica-
tion consider M. oleifera as important crop due to its 
high nutritional value. It is a valuable commercial spe-
cies in the agro-pharmaceutical industry for its antioxi-
dant properties [1]. As a consequence, it was introduced 
in several countries of tropical and subtropical areas due 
to environmental pressure of increased drought (e.g. 
Africa, South-east Asian regions) [3, 4]. Drought is a seri-
ous threat to plant productivity and food security world-
wide [5]. Water stress manipulates plant turgor and water 
potential, possibly leading to negative consequences 
in plants morphological and physiological traits [6, 7]. 
Chloroplast structure and photosynthesis are obviously 
sensitive to abiotic stresses [8]. The increase of reactive 
oxygen species (ROS) is a primary cell target of most abi-
otic stresses and therefore, the antioxidant system is also 
affected. This has been well documented for plants under 
drought [8–12].

Medicinal and stress tolerant plants are valued for 
their phytochemical richness and adaptive capacity 
under harsh environments. Studies on medicinal species 
such as Ruta graveolens emphasize the role of second-
ary metabolites and antioxidants, which is comparable 
to the nutraceutical value of Moringa oleifera [13]. Plant 
performance under drought is strongly influenced by soil 
organic carbon, microbial communities, salinity patterns, 
and water availability in arid regions [14–16]. Hydro-
logical modifications, including reservoirs and irrigation 
systems, further regulate plant water dependency and 
drought exposure [17]. At the physiological level, stress 
responses involve transcriptional regulation and anti-
oxidant metabolism [18]. Soil nutrient management and 
organic amendments modify microbial activity and redox 
processes, indirectly enhancing plant stress tolerance [19, 
20]. Although based on microalgae, studies on Chlorella 
demonstrate how light, nitrogen, and hormonal signals 
regulate protein and antioxidant related metabolism, 
providing conceptual insight into stress driven metabolic 
regulation relevant to higher plants [21, 22].

The ROS overproduction stimulates the enzymatic cel-
lular antioxidant system, including CAT, superoxide dis-
mutase (SOD), POD, or APX. The insufficient antioxidant 
battery induces redox imbalance and ROS damages, such 
as excessive oxidation of macromolecules as unwanted 
consequence. The first target of lipid peroxidation may 

include cell membrane, whose damage may lead to cell 
death [4, 12].

Several strategies have been explored; however, major 
efforts have focused on improving water management 
and enhancing crop drought tolerance. Among these, 
drip irrigation (trickle irrigation) represents a highly 
effective approach for optimizing water use efficiency. By 
delivering water directly to the root zone through emit-
ters or applicators along a supply line, drip irrigation 
ensures slow and targeted application, typically reducing 
water consumption compared with conventional meth-
ods such as flood irrigation [23]. Since only the potential 
root zone is irrigated, drip irrigation has been demon-
strated to improve crop productivity and quality, reduce 
energy costs, improve irrigation efficiency, and reduce 
water loss by deep percolation. On the other hand, strate-
gies of improving crops drought tolerance through tradi-
tional plant breeding and genetic engineering have been 
previously studied [24]. Developing drought-tolerant 
varieties through genetic engineering has proven to be 
a complex task due to the multigenic nature of drought 
stress tolerance. As an alternative approach for sus-
tainable agriculture under water deficit conditions, the 
application of drought-tolerant plant growth promoting 
rhizobacteria (PGPR) has gained attention. PGPR have 
demonstrated remarkable potential in improving the 
physiological response of plants to water scarcity and 
enhancing their endurance in drought stress situations 
[23–25].

Plant Growth-Promoting Rhizobacteria (PGPR) and 
bio-fertilizers significantly enhance crop productivity 
(up to 50%) by improving seedling vigor and soil nutrient 
accessibility [23–28]. Unlike organic fertilizers derived 
from manures [28], bio-fertilizers are microbial inocu-
lants that increase crop yields through key mechanisms 
such as atmospheric nitrogen fixation, phosphorus solu-
bilization via organic acids, and the production of growth 
regulators like indole acetic acid (IAA) [29–31]. Integrat-
ing these indigenous microbes with rock phosphate offers 
a cost-effective and eco-friendly alternative to expensive, 
energy-intensive chemical fertilizers, which often deplete 
soil fertility and cause environmental hazards like nitrate 
leaching [32–35]. Beyond nutrient supply, bio-fertiliz-
ers enhance water uptake and act as biocontrol agents, 
reducing drought susceptibility [36–39].

Recent studies have demonstrated that combin-
ing phosphate-solubilizing fungi or bio-fertilizers (e.g., 
Microbine and Potassiumag) with organic matter signifi-
cantly improves the growth, yield, and mineral content of 
Moringa oleifera [40–42]. This approach is increasingly 
critical as the global demand for chemical fertilizers out-
paces supply, with projected deficits reaching millions of 
tons annually [43–46].
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Bio-organic fertilizers, prepared from plant residues 
and beneficial bacteria, not only sustain food production 
but also mitigate drought stress by influencing metabolic 
processes like osmotic adjustment and scavenging reac-
tive oxygen species (ROS). While the role of antioxidants 
(e.g., phenolics, proline, and ascorbate) in plant stress 
tolerance and human diet is well-recognized, the syner-
gistic mechanisms—specifically antioxidant modulation 
and nutrient homeostasis—triggered by multi-strain bio-
fertilizers under contrasting irrigation regimes remain 
poorly understood in Moringa oleifera.

Therefore, this study was commenced to bridge this 
knowledge gap by assessing a comprehensive bio-organic 
strategy designed to maintain Moringa oleifera produc-
tivity under drought stress. We examined the subse-
quent research inquiries: Is a synergistic blend of plant 
growth-promoting rhizobacteria (PGPR), compost, and 
rock phosphate a viable substitute for chemical fertiliz-
ers during drought conditions? And how much do these 
bio-enhancers activate the plant's biochemical and physi-
ological defenses?

Therefore we hypothesized that: (i) the mixture of 
PGPR (Microbine, Phosphorine, and Potassiumag) with 
organic and mineral amendments (MixBio treatments) 
could potentially maintain growth and yield comparable 
to chemical fertilization; (ii) these bio-fertilizers elicit 
adaptive physiological responses that augment drought 
resilience, chiefly by modulating the enzymatic antioxi-
dant system; and (iii) such sustainable technologies may 
enhance the nutritional quality of the leaves by increasing 
protein and ascorbic acid (Vitamin C) accumulation.

Materials and methods
Experimental site and plant material
A field experiment was conducted at the Experimental 
Farm of the Faculty of Agriculture, Al-Azhar University, 
Assiut, Egypt. The geographical location of the experi-
mental site is 27° 12− 16.67= N latitude and 31° 09− 36.86= 
E longitude and at 51  m altitudeabove mean sea level. 
The study aimed to evaluate the effects of individual 
and combined applications of commercial biofertilizers; 
Phosphorine, Microbine, and Potassiumag with organic 

compost and natural rock phosphate on the growth and 
physiological performance of Moringa oleifera Lam. 
under two soil moisture regimes.

Selection of these specific bio-fertilizers was done tak-
ing into consideration the unique microbial functional 
properties. Microbine was selected because of its nitro-
gen-fixing and phosphate-solubilizing bacteria, which 
help to increase the availability of these two nutrients 
[47]. Phosphorine was selected because of its high solubi-
lization efficiency of insoluble phosphorus, while Potas-
siumag was selected because of its unique solubilization 
ability of potassium, which is of great importance in 
maintaining the osmotic and stomatal regulation under 
drought stress [48, 49].

Certified Moringa oleifera seeds and commercial bio-
fertilizers were obtained from the Agricultural Research 
Center (ARC), Ministry of Agriculture, Giza, Egypt. 
Soil physical and chemical properties of the experimen-
tal site were analyzed according to standard procedures 
described by Black et al. [50] and Page et al. [51], and are 
presented in (Table 1).

Fertilization treatments
Seven fertilization treatments were applied, including 
individual biofertilizers and their combinations with 
compost and rock phosphate. The detailed description of 
fertilization treatments is presented in (Table  2). Char-
acteristics and chemical composition of the applied bio-
fertilizers, compost, and rock phosphate are shown in 
(Table 3). Rock phosphate was obtained from Mangabad 
Super Phosphate Factory (Assiut, Egypt), while compost 
was sourced from the ECARU Agricultural Waste Com-
post Factory, New Minya City, Egypt.

Experimental design and irrigation treatments
The experiment was arranged in a randomized complete 
block design (RCBD) with a factorial arrangement con-
sisting of two factors:

Factor 1: Fertilization treatments (7 levels).
Factor 2: Soil moisture regimes (2 levels):

Table 1  Physical and chemical properties of the experimental soil
Particle size distribution Texture grade Bulk density (Mg m−3) E.C (dSm−1) soil past pH Susp.(1:2.5)
Sand % Silt % Clay %
50.20 30.40 19.40 Sandy loam 1.48 0.869 8.05

C.E.C (cmolc kg−1) CaCO3 (g kg1) O.M (%) Total-N (%) Ava-N (mg kg−1) Ava-P (mg kg−1) Ava-K (mg kg−1)

13.78 11.7 1.38 0.19 69.72 13.58 159.42

Cations (cmol kg−1 soil) Anions (cmol kg−1 soil) Moisture content Available water
(AW)Ca++ Mg++ Na+ K+ CO3

−- HCO3
− Cl− SO4

−- Field capacity
(FC)

Welting point (WP)

0.78 0.64 0.29 0.21 –- 0.57 0.69 0.69 39 19 20
Each value in this table is the mean of 3 replicates
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W1: 100% of soil water content at field capacity 
FC (well-watered).
W2: 60% of soil water content at field capacity FC 
(water-stressed).

Each treatment was replicated three times. Each experi-
mental plot measured 4 × 2.5 m (10 m2) and consisted 
of four rows spaced 50 cm apart, with plants spaced 35 
cm within rows. Chemical fertilizer at 100% of soil water 
content at field capacity FC is the control treatment.

Determination of soil moisture and irrigation scheduling
Soil field capacity and permanent wilting point were 
determined according to Walter [52] using the pressure 
membrane apparatus following Klute [53]. Undisturbed 
and disturbed soil samples were collected from depths of 
0–90 cm prior to planting.

Soil moisture content was determined gravimetrically 
before and after irrigation. Irrigation scheduling was 
adjusted to maintain either 100% or 60% of field capacity 
by modifying irrigation frequency and water volume per 
irrigation event. The total irrigation water applied under 
each treatment is presented in (Table  3). The selection 
of 60% field capacity (FC) as a drought stress threshold 
was strategically chosen to represent moderate-to-severe 
water deficit common in arid and semi-arid regions. This 
level of stress is sufficient to trigger the plant's adaptive 
responses without reaching the permanent wilting point, 
allowing for a precise evaluation of how bio-organic 

Table 2  Treatments code and the combinations fertilization 
treatments applied per plot
No Treatment 

code
Components of treatment

1 CF Recommended dose of chemical NPK fertiliz-
ers at the (240 kg N, 50 kg P2O5 and 60 kg K2O 
ha−1 per cut), added in the form of ammoni-
um nitrate (33.5% N), superphosphate (15.5% 
P2O5) and potassium sulphate (48% K2O)

2 MixBio1 12 ton ha−1 compost + 2.4 ton ha−1 rock 
phosphate add with soil preparation for 
cultivation and Bio-N application was added 
50 g/plot after 20 days of planting

3 MixBio2 12 ton ha−1 compost + 2.4 ton ha−1 rock 
phosphate add with soil preparation for 
cultivation and Bio-P application at the same 
time of application of Bio-N

4 MixBio3 12 ton ha−1 compost + 2.4 ton ha−1 rock 
phosphate add with soil preparation for 
cultivation and Bio-K application at the same 
time of application of Bio-N

5 Bio1 Bio-N application was added 50 g/plot after 
20 days of planting

6 Bio2 Bio-P application at the same time of applica-
tion of Bio-N

7 Bio3 Bio-K application at the same time of applica-
tion of Bio-N
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amendments enhance physiological resilience and meta-
bolic recovery in Moringa oleifera.

Plant sampling and growth measurements
Plants were harvested twice during the growing season. 
The first cut was conducted 95 days after sowing, and the 
second cut was performed three months later. At each 
harvest, four plants were randomly selected from each 
plot and cut 10 cm above the soil surface.

The following parameters were recorded at each har-
vest: plant height, number of branches per plant, total 
plant dry weight, leaf dry weight per plant, and dry leaf 
yield (kg ha⁻1). Leaf samples were washed with distilled 
water, air-dried to constant weight, finely ground, and 
wet-digested using a sulfuric–perchloric acid mixture 
(3:1) for mineral analysis.

Chemical analyses
Leaf nitrogen, phosphorus, potassium, and calcium con-
tents were determined according to AOAC methods [54]. 
Soil pH, cation exchange capacity, organic matter, avail-
able nitrogen, phosphorus, and potassium were deter-
mined following standard protocols [55–58].

Physiological and biochemical analyses
Physiological and biochemical analyses were conducted 
to assess the integrated physiological status of plants 
under different fertilization and irrigation treatments. 
Fresh leaf samples were collected from representative 
plants at the end of the growing season and were used 
for biochemical determinations. These analyses were not 
intended for harvest-based comparisons, and samples 
from different harvests were not analyzed separately.

Preparation of enzyme extracts
Fresh leaf tissue (0.5 g) was homogenized in chilled Tris–
HCl buffer (0.05 M, pH 7.0) containing 3 mM MgCl₂ and 
1 mM EDTA. The homogenate was centrifuged at 4 °C 
for 10 min at 5000 rpm, and the supernatant was used for 
enzyme activity assays.

Ethanolic extracts were prepared separately for non-
enzymatic antioxidant determination by homogenizing 
fresh leaf tissue in 80% ethanol followed by centrifugation 
at 10,000 g for 5 min.

Biochemical determinations
Photosynthetic pigments, soluble proteins, proline, and 
ascorbic acid contents were determined according to 
Lichtenthaler [59], Lowry et al. [60], Bates et al. [61], and 
Jagota and Dani [62], respectively.

Catalase (CAT) activity was determined by following 
the consumption of H2O2 for 1 min according to Aebi 
[63], The reaction medium contained 50 mM potas-
sium phosphate buffer (pH 7), 10 mM H2O2 and 100 μl 

of protein extract in a 4 ml volume for plant tissue. The 
decrease in absorbance at 240 nm was used to calculate 
the activity.

peroxidase (POD) activity was measured spectropho-
tometrically following the method of Tatiana et al. [64], 
with some modifications. The reaction mixture (4 ml) 
consisted of 30 mM potassium phosphate buffer (pH 7), 
6.5 mM H2O2 and 100 μl enzyme extract for shoot and 
root. The increase in absorbance due to the formation of 
tetraguaiacol was measured at 470 nm.

Ascorbate peroxidase (APX) was assayed as described 
by Jiang and Zhang [65], but with some modifications. 
The rate of hydrogen peroxide-dependent oxidation of 
ascorbic acid was determined in reaction mixture con-
tained in 4 ml of reaction medium containing 5 mM 
potassium phosphate buffer (pH 7), 1 mM H2O2 and 40 
μl protein extract for shoot and root. The activity was 
determined by recording the decrease in A290 following 
the oxidation rate of ascorbic acid for 3 min.

The activity of phenylalanine ammonia lyase (PAL) was 
assayed according to the method described by Havir and 
Henson [66]. The reaction mixture containing 1 ml 0.04 
M borate buffer (pH 8.7), 1 mg L-phenylalanine and 0.2 
ml enzyme extract was incubated for 1 h at 37ºC and the 
reaction was terminated with 1 ml 0.5 N HCl. The mix-
ture was centrifuged at 2000 rpm for 5 min before read-
ing at 290 nm. The specific activity was expressed as unit 
mg−1 protein.

Polyphenol oxidase (PPO) activity was assayed by the 
method of Kumar and Khan [67]. Assay mixture for PPO 
contained 2 ml of 0.1 M phosphate buffer (pH 6), 1 ml 
of 0.1 M catechol and 0.2 ml of enzyme extract. This was 
incubated for 5 min at 25ºC, after which the reaction was 
stopped by adding 1 ml of 2.5 N H2SO4. The absorbance 
of the purpurogallin formed was read at 495 nm. To the 
blank 2.5 N H2SO4 was added of the zero time of the 
same assay mixture. PPO activity was expressed in UE 
mg−1 protein (UE = change in 0.1 absorbance min−1 mg −1 
protein).

Phenolics were determined according to Singleton and 
Rossi [68] with a slight modification using the Folin-Cio-
calteu's phenol reagent. One hundred microliters of the 
extracts were mixed with 0.5 ml 2 N Folin-Ciocalteu's 
reagent and 2.5 ml of 20% Na2CO3. After 20 min. at room 
temperature, absorbance of samples was measured at 725 
nm with a (EMC-11-UVspectrophotometer). The results 
were expressed as gallic acid equivalents as μg g−1 fresh 
matter using Molar Coefficient of 120 µg−1 cm−1 ml−1.

Total flavonoid content measurement was based on 
the method described by Moreno et al. [69] with a slight 
modification. An aliquot of 100 µL of Tris- solution con-
taining 1 mg of extract was added to test tubes containing 
0.1 ml of 10% aluminum nitrate, 0.1 ml of a 1 M potas-
sium acetate solution and 3.8 ml of methanol. After 40 
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min at room temperature, the absorbance is measured at 
415 nm. Qurecetine was used as standard. The result was 
represented as µg g−1 FW. Total antioxidant capacity and 
reducing power were determined using the methods of 
Prieto et al. [70] and Oyaizu [71].

Statistical analysis
Data were subjected to two-way analysis of variance 
(ANOVA) to evaluate the effects of fertilization, irriga-
tion, and their interaction using SPSS software (version 
16). Mean comparisons were performed using Duncan’s 
multiple range test at p ≤ 0.05.

Multivariate analyses, including principal component 
analysis (PCA), heatmap clustering, and correlation anal-
ysis, were conducted using R software (RStudio). Data 
were standardized prior to analysis.

Results
Effect of bio-organic amendments on soil physicochemical 
characteristics
The synergistic interaction of bio-organic fertilizers and 
irrigation systems had major effects on soil chemical 
properties such as organic matter content (OM), cationic 
exchange capacity (CEC), soil pH, and available macro-
nutrients (N, P, and K) (Table 4). Overall, the fertilization 
system had greater effects on soil OM% than irrigation 
rates. All bio-organic fertilizers significantly enriched the 
soil OM pool. Clearly, MixBio2 recorded the highest soil 
OM% under both optimal (2.61%) and drought-stressed 

(2.12%) conditions, meanwhile (CF) control exhibited 
had the lowest values of soil OM%.

CEC values of soil were also highly influenced by treat-
ment, showing significant interaction between irrigation 
levels and fertilizer combinations. MixBio treatment 
groups 1, 2, and 3 had higher CEC values when irrigated 
optimally (W1) than when subjected to drought condi-
tions (W2).

In both irrigation systems (W1 and W2), the MixBio 
treatments showed a superior effect to improve nutrients 
availability as compared with either individual bio-treat-
ments or chemical fertilization (CF) control. Available 
N was largely affected by MixBio1 treatment, which 
recorded the highest value (26.28 mg/kg). For available 
P, MixBio2 performed better than other treatments and 
sustained the highest concentration (about 25.7 mg/
kg) under both water stress (W2) and optimal irrigation 
(W1). Available K also recorded a significant enhance-
ment, particularly with MixBio3, which increased K con-
centration from 167.51 mg/kg to 281.57 mg/kg.

Soil pH values were significantly lowered by the addi-
tion of fertilizer combinations under treatment W1 than 
under treatment W2. In particular, a significant reduction 
in the soil pH was observed in MixBio1&2-treated plots, 
dropped from initial soil baseline 8.05 to about 7.86–7.36 
under well water condition (W1), and 7.43–7.9 under 
drought stress (W2), which was a noticeable change. Soil 
acidification, probably driven by microbial organic acid 
secretion, could be closely linked to a highly significant 

Table 4  Soil properties (O.M., C.E.C., pH Susp., Ava-N, Ava-P and Ava-K) as affected by two irrigation scheduling and different fertilizers 
treatments
Treatments O.M (%) C.E.C (cmolc kg−1) pH Susp. (1:2.5) Available-N

(mg/kg)
Available -P (mg/kg) Available -K (mg/kg)

Irrigationscheduling fertilizers
W1 CF 2.19±0.035f 14.21±0.346i 8.12±0.006ab 22.73±0.404j 23.16±0.173d 167.51±0.115l

MixBio1 2.56±0.052b 15.95±0.462a 7.36±0.012e 26.28±0.462a 21.42±0.012h 174.66±0.173i

MixBio2 2.61±0.035a 15.73±0.412b 7.86±0.012d 24.16±0.462e 25.88±0.231a 216.45±0.173e

MixBio3 2.49±0.035c 15.50±0.412de 8.07±0.006b 23.17±0.404i 23.33±0.173d 281.57±0.115a

Bio1 2.25±0.040e 15.24±0.346c 7.84±0.012d 24.91±0.462c 20.25±0.115i 173.18±0.115j

Bio2 2.50±0.035bc 15.02±0.412hg 7.93±0.006cd 23.20±0.412g 24.87±0.115b 203.15±0.173g

Bio3 2.42±0.029d 14.82±0.288h 8.10±0.012b 22.83±0.462i 22.50±0.173f 263.93±0.173c

W2 CF 1.36±0.035l 14.15±0.462j 8.08±0.006b 22.14±0.462l 22.56±0.115ef 166.38±0.231l

MixBio1 2.05±0.046g 15.53±0.404d 7.43±0.012e 25.87±0.404b 21.16±0.115h 173.35±0.115ij

MixBio2 2.12±0.040f 15.44±0.346ef 7.90±0.006cd 23.86±0.346f 25.56±0.173b 214.32±0.173f

MixBio3 1.98±0.035h 15.08±0.346g 8.14±0.006ab 22.87±0.404h 22.83±0.173e 280.04±0.115b

Bio1 1.65±0.040k 15.03±0.404hg 7.87±0.006d 24.39±0.462d 19.88±0.115j 170.82±0.115k

Bio2 1.90±0.035i 15.00±0.346h 7.98±0.006c 22.62±0.346j 24.46±0.173c 201.58±0.173h

Bio3 1.72±0.029j 14.52±0.288i 8.19±0.006a 22.33±0.412k 22.14±0.173g 262.22±0.173d

F value 1.728NS 2.229NS 1.00NS 0.131NS 1.002NS 0.611NS

P value 0.151 0.000 0.000 0.991 0.443 0.72
Different superscript litters are significantly different at p < 0.05, (mean ± SE; n = 3). Two-way ANOVA, Duncan's test at P < 0.05 level for interaction

Abbreviations; W1 & W2 Two irrigation scheduling, CF Chemical fertilizers, Bio1 Biofertilizer Microbine, Bio2 Biofertilizer Phosphorine, Bio3 Biofertilizer Potassiumag, 
MixBio1 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio1,MixBio2 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio2,MixBio3 12 ton ha−1 
compost + 2.4 ton ha−1 rock phosphate with Bio3

**high significant, *significant, NS Non-significant
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rise in available phosphorus (Ava-P) in the MixBio2 
treatment (Phosphorine + Rock Phosphate + Compost). 
additionally, the levels of organic matter (OM) and 
available nitrogen (Ava-N) both exhibited a synergistic 
enhancement, which implying to the positive effect of 
incorporating compost as stable source of carbon that 
protected plants from the water-deficit stress (W2) nega-
tive impact.

The overall efficiency of different treatments in 
improving soil dynamics followed a decreasing order: 
MixBio3 > Bio3 > MixBio2 > Bio2 > MixBio1 > Bio1 > CF.

Effect of treatments on growth parameters and yield of 
plant
The growth attributes of Moringa oleifera exhibited a sig-
nificant decline under drought stress (60% FC); however, 
the integrated application of bio-organic amendments 
effectively buffered this reduction, sustaining higher 
biomass such as fresh weight, dry weight, plant height 
(Table 5), dry leaves weight, and dry leaves yield (Table 6), 
compared to the untreated water-stressed plants.

According to the data presented in (Table  5), biofer-
tilizers Bio1, Bio2, and Bio3 significantly increased the 
fresh and dry weights of Moringa oleifera plants in both 
the first cut (Cut 1) and the second cut (Cut 2) under 
drought stress (W2), compared with chemical fertilizer 
(CF) under drought stress (W2). While MixBio2 showed 
similar response in the second cut only. On the other 
hand, chemical fertilizer, MixBio1 and MixBio3 could 

not improve the fresh and dry biomass under drought 
stress as compared to its corresponding treatments under 
(W1).

Chemical fertilizer, MixBio1and MixBio3 under drought 
stress (W2) reduced number of branches as compared to 
corresponding treatments under optimal irrigation (W1) 
(Table 5). Biofertilizers MixBio1 and MixBio3 treatments 
exhibited higher number of branches when compared to 
chemical fertilizer. Bio-fertilizing Moringa plants with 
MixBio2, Bio1, Bio2 and Bio3 increased the number of 
branches despite of the drought stress as compared to CF 
control and corresponding treatments under W1. These 
responses were observed in the first and the second cut.

According to plant height data (Table 5) at the first cut, 
it was clear that Bio2 and Bio3 under water level (W1) 
induced the plant height as compared to CF control. 
While in the second cut, all the fertilizers induced plant 
height at W1 as compared to corresponding CF control.

In terms of dry leaf yield (Table  6), it’s interesting to 
note that while the chemical fertilizer (CF) sustained 
a marginal numerical lead in both irrigation regimes 
(W1&2), the MixBio2 treatment didn’t show a statis-
tically significant difference in many cases, particu-
larly when the plants subjected to drought stress (W2). 
This shows that the integrated bio-organic approach 
(PGPR + compost + rock phosphate) can be as produc-
tive as conventional chemical systems. This performance, 
along with the improvements in soil health that were 
mentioned earlier, makes the MixBio strategy a strong 

Table 5  Fresh weight, Dry weight, No of branches and plant height of Moringa oleifera as affected by two irrigation scheduling and 
different fertilizers treatment
Treatments Fresh weight (g\plant) Dry weight (g\plant) No of branches Plant height (cm)
Irrigation scheduling Fertilizers cut 1 cut 2 cut 1 cut 2 cut 1 cut 2 cut 1 cut 2

W1 CF 182.5±1.391b 451.9±1.795b 38.8±0.462c 138.4±0.724b 16.7±0.173c 16.0±0.115d 120.0±0.866d 130.0±0.745b

MixBio1 211.0±0.704a 816.9±1.062a 44.2±0.173a 203.0±0.294a 18.3±0.173a 19.0±0.115a 150.0±0.692a 130.0±0.522a

MixBio2 107.5±1.168h 250.6±1.856g 21.3±0.254e 55.5±0.758j 12.7±0.231g 12.0±0.173h 145.3±0.641b 81.7±0.942f

MixBio3 110.1±0.826g 300.3±1.341f 22.7±0.185d 82.9±0.536h 16.0±0.115d 15.3±0.115e 107.7±0.491f 116.7±0.667c

Bio1 100.0±0.462j 203.6±1.258i 20.2±0.173f 96.9±0.522f 8.3±0.115i 9.0±0.173i 63.3±0.462l 75.0±0.577g

Bio2 113.0±0.724f 239.4±1.391h 18.8±0.115g 67.9±0.603i 13.3±0.173f 13.0±0.115g 124.0±0.693c 105.7±0.511d

Bio3 90.1±0.522k 200.8±0.462j 15.8±0.173h 41.7±0.231l 14.3±0.115e 14.0±0.173f 94.0±0.577h 85.0±0.462e

W2 CF 81.5±0.294l 201.7±0.811i 14.5±0.115i 51.9±0.322k 10.0±0.173h 9.0±0.115i 100.0±0.811g 49.0±0.577h

MixBio1 58.8±0.522m 162.9±0.354k 11.3±0.115j 26.1±0.231n 13.3±0.115f 13.0±0.173g 90.0±0.577i 74.0±0.522g

MixBio2 105.6±0.866i 382.0±0.942d 16.6±0.173h 106.1±0.811e 17.3±0.231b 17.7±0.231b 88.3±0.866j 134.3±0.536a

MixBio3 42.5±0.354n 145.2±0.522l 9.7±0.115k 33.9±0.294m 13.0±0.173f 13.3±0.115g 100.3±0.693g 75.0±0.511g

Bio1 140.0±0.693d 240.3±1.258h 40.00.173b 120.0±0.491d 13.3±0.115f 14.0±0.173f 80.0±0.577k 85.0±0.462e

Bio2 158.1±0.536c 308.4±0.745e 40.2±0.115b 88.4±0.462g 16.7±0.173c 17.0±0.115c 111.7±0.811e 130.0±0.432b

Bio3 130.0±0.462e 446.9±0.866c 22.4±0.115d 136.7±0.522c 17.3±0.173b 17.0±0.231c 120.0±0.577d 130.0±0.641b

F value 19,390.3** 202,429** 935.4** 19,150.9** 59.9** 0.747NS 2628.8** 5705.2**

P value 0.000 0.000 0.000 0.000 0.000 0.617 0.000 0.000
Different superscript litters are significantly different at p < 0.05, (mean ± SE; n = 3). Two-way ANOVA, Duncan's test at P < 0.05 level for interaction

Abbreviations; W1 & W2 Two irrigation scheduling, CF Chemical fertilizers, Bio1 Biofertilizer Microbine, Bio2 Biofertilizer Phosphorine, Bio3 Biofertilizer Potassiumag, 
MixBio1 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio1,MixBio2 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio2,MixBio3 12 ton ha−1 
compost + 2.4 ton ha−1 rock phosphate with Bio3

**high significant, *significant, NS Non-significant
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and long-lasting option for growing M. oleifera in dry 
regions.

Effect of treatments on physiological and biochemical 
parameters of plant
To reflect a complete understanding of the plant’s ability 
to adapt, its leaf photosynthetic pigments, mineral nutri-
ent status (Table 7), and antioxidant defense mechanisms 
(Table  8) during the second harvest were assessed. This 
sampling point was strategically chosen to exhibit the 
cumulative physiological response and the highest level 
of adaptive metabolic changes after prolonged exposure 
to drought stress (W2). in order to confirming a strong 
connection and correlation between the soil’s nutritional 
status and the plant’s internal physiological and biochem-
ical defense systems. A synergistic effect was observed 
between bio-fertilizers and organic amendments in pro-
tecting the photosynthetic apparatus, as evidenced by 
the significantly higher chlorophyll and carotenoid con-
tents in treated plants under both optimal and stressed 
conditions. Treating moringa trees with two water levels 
resulted in highly significant change in chlorophyll a con-
tent (Table 7). Biofertlizer Bio1 showed the highest level 
of ch.a content under drought stress (W2) as compared 
to corresponding treatment under (W1), and even when 
compared to chemical fertilizer FC control. Other fer-
tilizers treatment resulted in similar response. It can be 
arranged as Bio1 > MixBio2 > Bio2 > Bio3 > MixBio1 > Mix-
Bio3. The water levels (W1 & W2) affected chlorophyll 

b content highly significantly. Bio1 fertilizer treatment 
enhanced the content of ch.b under drought stress (W2) 
as compared to chemical fertilizer FC control and corre-
sponding treatment under optimal irrigation (W1). Other 
fertilizer treatments such as Bio3, Bio2, MixBio2, MixBio3 
and MixBio1 also enhanced ch.b content when compared 
to CF control (Table 7).

The Carotenoid content of Moringa oleifera is pre-
sented in (Table 7). The data exhibited highly significant 
change as affected by the two water levels. Fertilizer 
treatments Bio1 and MixBio2 enhanced carotenoids con-
tent under drought condition (W2) as compared to 
chemical fertilizer control and corresponding treatments 
under optimal irrigation water (W1).

Data in (Table 7) revealed that bio-organic treatments 
induced differential responses in macronutrient accu-
mulation two water levels (W1&2). While drought stress 
(W2) generally reduced nutrient concentrations, certain 
treatments like Bio1 and Bio2 demonstrated a capacity 
to maintain N and K+ levels comparable to CF control. 
Specifically, there was a highly significant difference in N 
content between the two water levels. While MixBio1 fer-
tilizer under drought stress (W2) resulted in the lowest N 
content, Bio1 and Bio2 induced N content to levels simi-
lar to those observed in chemical fertilizer under water 
stress (W2). Chemical fertilizer control showed the high-
est nitrogen content value under W1 (Table 7), followed 
by MixBio1, Bio3 and Bio1. While MixBio2, Bio2 and Mix-
Bio3 showed the lowest values. From the data represented 

Table 6  Dry leaves weight and yield dry leaves of Moringa oleifera as affected by two irrigation scheduling and different combinations 
fertilizers treatment
Treatments Dry leaves weight (g\plant) Mean Yield dry leaves (Kg/ha) Mean
Irrigation scheduling Fertilizers cut 1 cut 2 cut 1 cut 2
W1 CF 14.6±0.201b 38.8±0.231a 26.70 582.0±0.115b 1547.2±0.231a 1064.60

MixBio1 15.9±0.173a 26.3±0.115c 21.10 628.7±0.081a 1061.1±0.462c 844.90

MixBio2 6.2±0.075i 10.3±0.173gh 8.25 248.9±0.046i 410.5±0.231g 329.70

MixBio3 8.6±0.006e 17.1±0.231e 12.85 342.3±0.404e 688.4±0.173e 515.35

Bio1 2.2±0.012k 6.0±0.173j 4.10 86.3±0.04l 245.3±0.115h 165.80

Bio2 8.2±0.012f 10.4±0.115gh 9.30 326.4±0.346f 411.9±0.692g 369.15

Bio3 9.0±0.006d 11.0±0.231g 10.00 359.9±0.385d 438.3±0.522f 399.10

W2 CF 13.0±0.075c 30.0±0.173b 21.50 525.3±0.404c 1204.0±0.231b 864.65

MixBio1 5.4±0.081j 7.3±0.115i 6.35 216.0±0.231j 290.3±0.173g 253.15

MixBio2 7.7±0.001g 26.2±0.017c 16.95 311.5±0.231g 1053.1±0.013c 682.30

MixBio3 4.4±0.001j 10.6±0.231gh 7.50 175.1±0.173k 424.8±0.173ef 299.95

Bio1 7.3±0.001h 11.0±0.288g 9.15 290.3±0.115h 434.0±0.231ef 362.15

Bio2 8.9±0.006d 15.4±0.02f 12.15 350.9±0.017e 613.7±0.017f 482.30

Bio3 9.0±0.012d 20.6±0.462d 14.80 366.7±0.412d 808.8±0.412d 587.75

F value 77.7** 434.6** 2433.6** 1879.2**

P value 0.000 0.000 0.000 0.000
Different superscript litters are significantly different at p < 0.05, (mean ± SE; n = 3). Two-way ANOVA, Duncan's test at P < 0.05 level for interaction

Abbreviations; W1 & W2 Two irrigation scheduling, CF Chemical fertilizers, Bio1 Biofertilizer Microbine, Bio2 Biofertilizer Phosphorine, Bio3 Biofertilizer Potassiumag, 
MixBio1 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio1,MixBio2 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio2,MixBio3 12 ton ha−1 
compost + 2.4 ton ha−1 rock phosphate with Bio3

**high significant, *significant, NS Non-significant
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Table 7  Photosynthetic pigments (ch.a, Ch.b, Carot.), some elements contents (K, Ca, P, N) and soluble proteins content of Moringa 
oleifera leaves as affected by two irrigation scheduling and different combinations fertilizers treatment
Treatments Chl.a. mg 

g−1FW
Chl.b. mg 
g−1 FW

Carot mg 
g−1 FW

K mg g−1 
DW

Ca mg g−1 
DW

P mg g−1 
DW

N g/100 g 
DW

Protein mg 
g−1 DWIrrigation 

scheduling
Fertilizers

W1 CF 88.5±0.007j 8.2±0.003l 40.2±0.003j 29.8±0.007e 9.0±0.006c 4.3±0.003i 2.5±0.013c 118.3±0.081i

MixBio1 134.8±0.007e 9.0±0.007k 50.2±0.007g 23.5j±0.01k 7.5±0.007e 5.6±0.007g 2.4±0.013d 134.1±0.081f

MixBio2 107.7±0.001h 18.0±0.006g 44.4±0.006h 18.5±0.012l 5.8±0.006g 5.4±0.001g 1.9±0.012e 201.9±0.075a

MixBio3 106.5±0.013h 17.4±0.012h 44.5±0.012h 26.0±0.01h 6.5±0.006f 6.2±0.013e 2.1±0.012e 139.3±0.081e

Bio1 106.1±0.006h 9.3±0.006k 43.3±0.006i 36.3±0.012b 9.5±0.006c 5.9±0.006f 2.4±0.012d 62.9±0.075m

Bio2 147.2±0.013b 25.1±0.001c 57.9±0.017b 33.5±0.017d 8.0±0.013d 8.3±0.013a 2.0±0.017e 179.0±0.081b

Bio3 139.1±0.01d 24.6±0.007d 54.6±0.02d 47.0±0.007a 7.3±0.01e 7.0±0.01c 2.4±0.007d 174.0±0.462c

W2 CF 80.0±0.007k 6.0±0.001m 50.4±0.017g 27.3±0.013g 8.0±0.017d 8.3±0.007a 2.7±0.017a 80.2±0.081k

MixBio1 120.5±0.001g 11.0±0.001j 51.9±0.001f 23.5±0.006j 9.3±0.012c 4.3±0.001i 1.9±0.006e 52.3±0.075n

MixBio2 146.8±0.013b 20.8±0.007f 58.2±0.007b 33.5±0.01d 7.3±0.007e 7.4±0.013b 2.4±0.01d 131.1±0.081g

MixBio3 96.3±0.006i 15.8±0.006i 50.4±0.006g 28.0±0.012f 11.5±0.006a 6.2±0.006e 2.6±0.012b 111.7±0.075j

Bio1 152.1±0.013a 32.1±0.012a 59.3±0.012a 28.5±0.01f 6.8±0.006f 6.6±0.013d 2.7±0.012a 70.7±0.081l

Bio2 145.6±0.006c 23.0±0.006e 55.7±0.006c 34.5±0.012c 10.5±0.006b 6.8±0.006d 2.7±0.012a 144.4±0.075d

Bio3 134.2±0.013f 26.7±0.001b 53.7±0.017e 24.8±0.017i 11.5±0.013a 4.9±0.013h 2.4±0.017d 128.5±0.081h

F value 818.6** 1.465NS 154.6** 0.944NS 0.642NS 100.13** 4.03** 1509.3**

P value 0.000 0.226 0.000 0.48 0.696 0.000 0.005 0.000
Different superscript litters are significantly different at p < 0.05, (mean ± SE; n = 3). Two-way ANOVA, Duncan's test at P < 0.05 level for interaction

Abbreviations;W1 & W2 Two irrigation scheduling, CF Chemical fertilizers, Bio1 Biofertilizer Microbine, Bio2 Biofertilizer Phosphorine, Bio3 Biofertilizer Potassiumag, 
MixBio1 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio1,MixBio2 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio2,MixBio3 12 ton ha−1 
compost + 2.4 ton ha−1 rock phosphate with Bio3

**high significant, *significant, NS Non-significant

Table 8  Total antioxidants, Reducing power and non-enzymatic antioxidants (Flavonoids, Phenolics, proline, and Vit. C) of Moringa 
oleifera leaves as affected by two irrigation scheduling and different combinations fertilizers treatment
Treatments Total anti-

oxidants Abs. (at 
695 nm ml−1)

Reducing 
power µg g−1 
FW

Flavonoids mg 
g−1 FW

Phenolics µg 
g−1 FW

Proline mg g−1 
DW

Vitamin C 
mg g−1 FWIrrigation 

scheduling
Fertilizers

W1 CF 33.098±0.404f 0.167±0.007j 1.071±0.064j 1.922±0.115j 1.128±0.003f 1.849±0.294h

MixBio1 30.247±0.231g 0.15±0.01k 1.008±0.115k 1.340±0.003m 1.981±0.017a 1.821±0.462i

MixBio2 40.059±0.231e 0.194±0.012h 1.189±0.173i 1.911±0.006j 1.550±0.017b 2.431±0.412c

MixBio3 46.926±0.173c 0.227±0.012g 1.286±0.231h 1.748±0.012l 1.148±0.02e 1.896±0.462g

Bio1 46.848±0.115c 0.278±0.006c 1.822±0.231c 2.847±0.012d 0.502±0.173l 1.315±0.412l

Bio2 63.836±0.231a 0.354±0.081a 2.267±0.173a 6.371±0.075a 1.354±0.001d 2.828±0.288a

Bio3 45.145±0.173d 0.24±0.046f 1.580±0.404f 2.299±0.04h 0.782±0.346j 2.478±0.385b

W2 CF 41.157±0.231e 0.150±0.404l 0.996±0.231k 2.031±0.231i 0.781±0.173j 1.974±0.115f

MixBio1 45.000±0.115d 0.224±0.007g 1.781±0.173d 2.953±0.173c 0.492±0.115m 1.303±0.231m

MixBio2 41.356±0.173e 0.267±0.006d 1.668±0.231e 2.586±0.012f 1.085±0.173g 1.601±0.288j

MixBio3 56.654±0.115b 0.345±0.006b 2.039±0.173b 2.736±0.012e 0.964±0.115i 2.011±0.231e

Bio1 33.973±0.173f 0.189±0.001i 1.355±0.017g 1.820±0.017k 0.600±0.173k 1.234±0.231n

Bio2 39.991±0.115e 0.247±0.001e 1.583±0.173f 2.328±0.231g 1.414±0.173c 1.375±0.115k

Bio3 28.161±0.173g 0.119±0.006m 0.780±0.231l 4.355±0.231b 1.045±0.231h 2.327±0.115d

F value 410.5** 8.6** 39.12** 61.24** 3.912** 9.3**

P value 0.000 0.000 0.000 0.000 0.006 0.000
Different Superscript litters are significantly different at p < 0.05, (mean ± SE; n = 3). Two-way ANOVA, Duncan's test at P < 0.05 level for interaction

Abbreviations; W1 & W2 Two irrigation scheduling, CF Chemical fertilizers, Bio1 Biofertilizer Microbine, Bio2 Biofertilizer Phosphorine, Bio3 Biofertilizer Potassiumag, 
MixBio1 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio1,MixBio2 12 ton ha−1 compost + 2.4 ton ha−1 rock phosphate with Bio2,MixBio3 12 ton ha−1 
compost + 2.4 ton ha−1 rock phosphate with Bio3

**high significant, *significant, NS Non-significant
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in (Table  7) there was a highly significant difference in 
K+ content as affected by the two water levels. Obviously 
Bio3 increased the K+ content to the highest level under 
optimal irrigation (W1). While Bio2, MixBio2, Bio1 and 
MixBio3 induced K+ content as compared to the chemical 
fertilizer treatment under water stress treatment. There 
was a highly significant difference in calcium content 
between the two water levels as shown in (Table  7). It 
was observed that MixBio3, Bio3, Bio2 and MixBio1 raised 
the calcium content under drought stress as compared 
to the corresponding chemical fertilizer. On the other 
hand, reduction in Ca+2 content was observed under 
MixBio2 and Bio1 when compared to chemical fertilizer 
at W2. There is a highly significant difference observed in 
phosphorous content between the two water levels (W1 
& W2). The highest phosphorus content was observed at 
chemical fertilizer under water stress level, followed by 
MixBio2, Bio2 and Bio1. While MixBio1 and Bio3 exhib-
ited the lowest phosphorus, contents under water stress 
treatment (Table 7).

It was obvious from the data obtained herein (Table 7) 
that water stress level (W2) reduced the content of sol-
uble proteins under almost all fertilizers as compared to 
the corresponding treatments under optimal irrigation 
(W1). The biofertilizer Bio1 is the only exception that 
showed slight induction in soluble proteins under water 
stress level as compared to corresponding treatment 
under optimal irrigation W1.

From the data presented in (Table 8) there was a signifi-
cant interaction between water levels and different fertil-
izers. Application of different fertilizers, particularly Bio2 
and MixBio3 induced significantly the total antioxidants 
to the highest levels under W1 and W2, respectively. The 
lowest value of total antioxidants was recorded at Bio3 
under W2. Generally, MixBio1 and MixBio3 induced the 
total antioxidants under drought stress (W2) compared to 
chemical fertilizer control and to its corresponding treat-
ments under (W1).

It was obvious from the data represented in the 
(Table  8) that irrigating Moringa oleifera trees with two 
different water levels, control (W1) and drought treat-
ment (W2) resulted in highly significant difference in the 
reducing power content and highly significant interac-
tion was observed between water levels and fertilizers. 
Biofertilizers MixBio3, MixBio2 and MixBio1 enhanced 
the reducing power content to the highest level under 
drought condition (W2) as compared to chemical fer-
tilizer control and corresponding treatments under 
(W1). While the two biofertilizers Bio2 and Bio1 showed 
a higher reducing power ability under W2 as compared 
to chemical fertilizer control, but lower content as com-
pared corresponding treatments under W1.

Highly significant interaction was observed between 
water levels and fertilizers and significant difference in 

flavonoids content was observed between the two water 
levels (W1 and W2). Biofertilizers MixBio3, MixBio1 and 
MixBio2, induced the production of flavonoids under 
drought stress W2 as compared to the corresponding 
treatments under optimal irrigation (W1) as shown in 
(Table 8), while the rest of fertilizers did not exhibit the 
same response.

From the data obtained in (Table  8), there was high 
significance in phenolics content between the two water 
levels, different biofertilizers, and highly significant inter-
action between water levels and biofertilizers. Drought 
stress induced phenolics production under Bio3, MixBio1, 
MixBio3, and MixBio2, respectively, more than chemical 
fertilizer control and corresponding treatments under 
(W1). While biofertilizers Bio2 and Bio1 induced pheno-
lics production under control water level (W1) more than 
corresponding treatments under drought stress (W2).

Proline content (Table 8) showed highly significant dif-
ference between the two water levels (W1 &W2). Highly 
significant difference was observed among different fer-
tilizers and highly significant interaction between water 
levels and fertilizers treatments was also detected. The 
biofertilizers MixBio1, MixBio2 and MixBio3 in addition 
to the chemical fertilizer CF showed pronounced reduc-
tion in proline content under drought stress level (W2) 
as compared to corresponding treatments under optimal 
irrigation (W1). While other biofertilizers Bio3, Bio1, and 
Bio2, respectively, showed induction in proline content 
under drought stress (W2) as compared to corresponding 
treatments under (W1). The biofertilizers MixBio3 and 
CF treatment induced slightly the production of ascorbic 
acid (vitamin C) under drought stress level (W2) as com-
pared to corresponding treatments under optimal water 
level (W1) (Table  8). While other biofertilizers showed 
reduction in ascorbic acid production under drought 
stress level. On the other hand, Bio2, MixBio,2 and Mix-
Bio1, respectively, induced ascorbic acid production 
under optimal water level (W1).

The activity of PAL enzyme is presented in Fig. 1. Bio1 
treatment under W2 and W1 respectively, exhibited the 
highest value of PAL activity as compared to other fertil-
izers and chemical fertilizer. Water stress treatment (W2) 
induced PPO activity under Bio3, MixBio3, and MixBio2, 
respectively, as compared to chemical fertilizer control 
and corresponding treatments at W1 Fig. 2. While Bio2, 
CF, and MixBio1 under W2 showed the lowest activ-
ity of PPO as compared to other fertilizers under W2 
treatments.

From the data of CAT activities represented in Fig.  3 
there is highly significant difference between fertil-
izer treatments. Also, highly significant interaction was 
recorded between water levels and fertilizers. Bio3 bio-
fertilizer induced the highest CAT activity under the two 
water treatments W1 and W2. Biofertilizers MixBio3, Bio1, 
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Bio2 and MixBio1 induced CAT enzyme activity under 
drought stress treatment as compared to the correspond-
ing treatments under optimal water level W1. On the 
other hand, MixBio2 hindered the activity of CAT under 
waters tress level W2 as compared to the correspond-
ing treatment under optimal irrigation (W1). Generally, 

there was no significance change in POD between the 
two water levels (Fig. 4). While highly significant change 
was observed among different fertilizers. Many biofertil-
izer treatments induced the activity of POD under W1 
or W2 levels. Under drought condition W2 biofertilizers 
MixBio2, MixBio1 and Bio1, respectively induced POD 

Fig. 3  The activity of catalase enzyme (CAT) of Moringa oleifera plants as affected by two water levels control (W1) and water stress (W2), and different 
fertilizers. Different litters are significantly different at p < 0.05, (mean ± SE; n = 3). Interaction F value and p value at P < 0.05 level. ** high significant, * 
significant, NS non-significant

 

Fig. 2  The activity of polyphenol oxidase enzyme (PPO) of Moringa oleifera plants as affected by two water levels control (W1) and water stress (W2), and 
different fertilizers. Different litters are significantly different at p < 0.05, (mean ± SE; n = 3). Interaction F value and p value at P < 0.05 level. ** high signifi-
cant, * significant, NS non-significant

 

Fig. 1  The activity of Phenylalanine ammonia lyase enzyme (PAL) of Moringa oleifera plants as affected by two water levels control (W1) and water stress 
(W2), and different fertilizers. Different litters are significantly different at p < 0.05, (mean ± SE; n = 3). Interaction F value and p value at P < 0.05 level. ** high 
significant, * significant, NS non-significant
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activity when compared to chemical fertilizer control and 
corresponding treatments under W1. While Bio2 and Bio3 
induced POD activity under W1 treatment as compared 
to chemical fertilizer control and corresponding treat-
ments under drought stress W2.

From the data presented in the (Fig. 5) there was sig-
nificant interaction between water levels and different 
fertilizers, generally high significant activity of APX was 
observed under both water levels. Significant induction 
in APX activity was observed under different fertiliz-
ers, particularly MixBio2 under drought stress W2. Also, 
Water stress level W2 induced APX under biofertilizers 
in descending order MixBio1 > Bio1 > MixBio3 > Bio2 > Bio3 
as compared to chemical fertilizer control. While Bio2 
and Bio3 induced the APX under optimal water level W1.

Principal component analysis, hierarchical clustering 
pattern and correlation analysis
The principal component analysis (PCA) was computed 
on the experimental dataset including 32 physiological 
variables and 14 treatments to enhance the discrimina-
tion power to group the measured traits based on rela-
tionships among treatments with chemical fertilizer or 

biofertilizers amendment under drought stress condi-
tions. Since the first two PCs showed the highest percent-
age of variance, they were used to create a PCA-based 
biplot. (Fig. 6). Subjection of all the original data of mea-
sured traits to PCA gives clear details for all possible cor-
relations (positive & negative) among all assessed traits. 
The level of trend-similarity is shown by the distances 
between the qualities on both axes. The biplot of PCA 
showed contrariness between antioxidants (total anti-
oxidants, flavonoids, phenolics, vit. C., carotenoids, POD, 
CAT, reducing power) in addition to CEC, pH, phospho-
rous content in plant (the right-hand half of the biplot 
Fig.  6) and growth indicators (fresh weight, dry weight, 
plant height, leaves dry weight, leaves dry yield) in addi-
tion to available nitrogen, nitrogen content in plant, and 
proline (the left-hand half ). The first two principal com-
ponents (PCs) explained a total of 35.8% of the cumula-
tive variance percent (20.3% for the first Axis PC1 and 
15.5% for the second axis PC2). The right-hand half of 
(Fig.  6) was greatly affected by the treatments; W1Bio1, 
W1Bio2, W1Bio3, W2MixBio2, and W2MixBio3.

Meanwhile, the left-hand half was greatly affected with 
W1CF, W1MixBio1, and W2Bio3.

Fig. 5  The activity of ascorbate peroxidase enzyme (APX) of Moringa oleifera plants as affected by two water levels control (W1) and water stress (W2), 
and different fertilizers. Different litters are significantly different at p < 0.05, (mean ± SE; n = 3). Interaction F value and p value at P < 0.05 level. ** high 
significant, * significant, NS non-significant

 

Fig. 4  The activity of peroxidase enzyme (POD) of Moringa oleifera plants as affected by two water levels control (W1) and water stress (W2), and differ-
ent fertilizers. Different litters are significantly different at p < 0.05, (mean ± SE; n = 3). Interaction F value and p value at P < 0.05 level. ** high significant, * 
significant, NS non-significant
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The two-sided dendrogram obtained from the clus-
ter analysis showed that all investigated treatments and 
measured traits were grouped into different subclusters 
(Fig. 7). The visual plot of heatmap is used to find com-
plex associations among multiple parameters under dif-
ferent treatments. It is very useful to add hierarchical 
clustering to heat map, as an attempt to arrange items 
in a hierarchy according to similarity among them. Hier-
archical clustering analysis and heatmap identified the 
significant differences among treatments on left side and 
parameters on top (Fig.  7). Biofertilizers and chemical 
fertilizer applications changed the response of all stud-
ied growth, physiological and yield attributes under the 

two water levels (Fig.  7). It was observed that growth 
attributes clustered with nutrient content in plant (N, 
K, Ca+2) and enzymes (APX, PPO) as observed in the 
heatmap (Cluster A). While photosynthetic pigments, 
PAL enzyme in addition to antioxidants (phenolics, fla-
vonoids, total antioxidants, reducing power, POD) and 
available phosphorous in soil & phosphorous content in 
plant were clustered together (Cluster B).

Visual plot of correlation analysis is used to find posi-
tive and negative correlations visually among multiple 
parameters under different treatments (Fig.  8). Strong 
negative correlations were observed between flavonoids, 
reducing power and total antioxidants from one side 

Fig. 6  Principal component analysis (PCA) of the studied parameters Moringa oleifera plants as affected by two water levels control (W1) and water stress 
(W2), and different fertilizers. Abbreviations: a- Fwt; b- Dwt; c- branch number.; d- plant height; e- dry leaves; f- dry leaves yield; g- ch.a; h- ch.b; i- carot-
enoids; j- K+ available; k- Ca+2 available; l- P available; m- N available; n- proteins; o- total antioxidants; p- reducing power; q- flavonoids; r- phenolics; s- 
proline; t- vitamin C.; u- PAL; v- PPO; w- POD; x- CAT; y- APX; z- OM; aa- CEC; bb- PH; cc- K+ content in plant; dd- N content in plant; ee- P content in plant
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and growth attributes (fresh weight, dry weight, leaves 
dry weight, leaves dry yield). Strong positive correla-
tion could be noticed between these parameters (leaves 
dry weight, leaves dry yield, proline) from one side and 
(fresh weight, dry weight). Another positive correlation 
observed between reducing power and flavonoids from 
one side and total antioxidants from the other side.

Discussion
Water scarcity in soil causes a variety of physiological and 
biochemical changes that eventually limit crop produc-
tivity and plant growth [72]. Applying plant growth-pro-
moting rhizobacteria (PGPR) in the form of biofertilizers 
is an efficient way to maintain plant growth and increase 
productivity under such stressful circumstances. The 
current study clarifies the function of PGPR-based bio-
fertilizers in reducing the effects of drought stress on 

Moringa oleifera plants and enhancing their ability to 
recover under limited irrigation.

Growth performance and recovery after the drought
The application of the biofertilizer Microbine, either 
alone or in conjunction with compost and rock phos-
phate, along with the individual application of Potassi-
umag, greatly enhanced moringa growth under drought 
stress, according to a comparative analysis of growth 
parameters during the second cutting. This progress was 
evident in increased leaf dry weight, improved shoot 
fresh and dry weights, increased number of branches, 
and enhanced plant height when compared to chemically 
fertilized plants (Tables 5 and 6). These findings are in 
line with earlier studies showing that PGPR application 
mediates osmotic stress amelioration and improves plant 
growth under drought conditions [40, 73–77]. Similarly, 

Fig. 7  Heatmap showing the saturation of colors indicating effects of the two water levels control (W1) and water stress (W2), and different fertilizers on 
the studied parameters in shoot of Moringa oleifera plants. Abbreviations: Ca+2p calcium content in plant; K.P. Potassium content in plant; PPO polyphenol 
oxidase, N.P. nitrogen content in plant; F.Wt. fresh weight; D.Wt. dry weight; Leaves D.Y. leaves dry yield; Leaves D.Wt. leaves dry weight; Ch.b chlorophyll 
b; PAL; Phenylalanine ammonia lyase; flavo flavonoids; R.P. reducing power; Total anti ox total antioxidants; pheno phenolics; POD peroxidase; P.A. phos-
phorous available; P.P. phosphorous content in plant; Carot. carotenoids; Ch.a chlorophyll a; B.No. Branch numbers; N.A. Nitrogen available; CEC cation-
exchange capacity; O.M. organic matter; P.Ht. plant height; Vit.C. Vitamine C.; CAT catalase; K.A. potassium Available
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Al-Fraihat et al. [78] showed that, in comparison to non-
inoculated plants, marjoram plants treated with biofertil-
izer showed the highest values of plant height and branch 
number.

Soil physicochemical properties
The soil chemical environment was considerably modi-
fied by the application of bio-organic amendments, 
which resulted in a more fertile rhizosphere for M. oleif-
era. The observed increase in organic Matter (OM) con-
tent, particularly in the MixBio2 plots, is attributed to 
the direct input of stabilized carbon by the compost and 
stimulation of the indigenous microbial biomass. This 
OM enrichment acts as a nutrient bank and increases the 
soil’s buffering ability [79]

The significant decrease in soil pH (from 8.05 to 
approximately 7.36) in the plots treated with bio-organic 
fertilizer is an important result. This acidification is 
likely related to the metabolic activities of PGPR (Phos-
phate-solubilizing and N2-fixing bacteria), which release 
organic acids (e.g., gluconic and citric acids) and protons 

during the mineralization of organic matter and solubili-
zation of rock phosphate [80]. This effect of localized pH 
reduction is critical in enhancing the bioavailability of 
Phosphorus (Ava-P) and other micronutrients which are 
otherwise fixed in alkaline calcareous soils [81, 82].

The increase in Total Nitrogen (TN) and Available 
Nitrogen (Ava-N) indicates the efficiency of N2-fixing 
bacteria in the bio-fertilizers and the slow-release nitro-
gen from compost decomposition [83] for macronutrient 
dynamics. In addition, the increase in Total and Available 
Potassium (TK & Ava-K), particularly in the Potassiumag 
treated soil, highlights the significance of K-solubilizing 
bacteria in transforming insoluble potassium minerals 
into plant-available forms via acidolysis and chelation 
mechanisms [84].

Another long-term advantage of these green tech-
nologies is the improvement of the Cation Exchange 
Capacity (CEC) of MixBio-treated soils. Higher CEC 
levels enhance the soil’s ability to hold essential cations 
(Ca2+, Mg2+, K+), thus preventing nutrient leaching and 

Fig. 8  Correlation matrix of the 28 measured traits of the studied parameters in shoot of Moringa oleifera plants as affected by two water levels control 
(W1) and water stress (W2), and different fertilizers. The increasing color intensities illustrate a higher correlation coefficient. Abbreviations: Ca+2p calcium 
content in plant; K.P. Potassium content in plant; PPO polyphenol oxidase, N.P. nitrogen content in plant; F.Wt. fresh weight; D.Wt. dry weight; Leaves D.Y. 
leaves dry yield; Leaves D.Wt. leaves dry weight; Ch.b chlorophyll b; PAL; Phenylalanine ammonia lyase; flavo flavonoids; R.P. reducing power; Total anti ox 
total antioxidants; pheno phenolics; POD peroxidase; P.A. phosphorous available; P.P. phosphorous content in plant; Carot. carotenoids; Ch.a chlorophyll 
a; B.No. Branch numbers; N.A. Nitrogen available; CEC cation-exchange capacity; O.M. organic matter; P.Ht. plant height; Vit.C. Vitamine C.; CAT catalase; 
K.A. potassium Available
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providing a continuous supply of nutrients during the 
long growth phases of M. oleifera growth [85].

Macronutrient uptake (N, P, K and Ca) under drought 
conditions
The observed enhancement in macronutrient contents 
(N, P, K and Ca) was probably attributed to the improve-
ment in soil physicochemical properties by the applica-
tion of biofertilizer. In particular, the decrease in soil pH 
and the increase in CEC (Table  1) facilitated the mobi-
lization of the fixed nutrients. This change in chemical 
properties, probably because of the secretion of organic 
acids by the introduced PGPR, converted the insoluble 
minerals into forms available for plant uptake, circum-
venting the normal process of nutrients becoming fixed 
in alkaline soils during drought [86].

In comparison to chemical fertilizers, the current study 
shows that biofertilizer treatments are a promising agri-
cultural strategy for enhancing soil chemical characteris-
tics and nutrient availability. Under conditions of water 
scarcity, Microbine and potassiumag directly increased 
nitrogen content, which improved nitrogen uptake. On 
the other hand, applying Microbine with or without com-
post and rock phosphate raised the K⁺ content, which is 
known to be essential for controlling plant growth. Addi-
tionally, under drought conditions, Phosphorine applica-
tion—either by itself or in combination with compost and 
rock phosphate—increased the Ca content. Potassiumag 
and Microbine treatments came next. The application 
of bio-fertilizers helped in maintaining nutrient levels 
close to those of the control even under drought condi-
tions, preventing the drastic decline typically observed 
under stress. Ti et al. [87] found that drought dramati-
cally raised the amount of calcium in maize grains while 
lowering the concentrations of P and K. These changes 
were attributed to changes in the availability and trans-
port of minerals under low soil moisture. On the other 
hand, Oktem [88] proposed that poor mineral mobiliza-
tion brought on by water scarcity is the main cause of 
decreased mineral uptake during drought. The present 
results align with previous studies [40, 78, 89]. While 
Ghoneim and EL-Araby [90] found increased N, P, Ca, 
and K concentrations in Jew's mallow leaves after bio-
fertilizer inoculation, Zayed [91] reported increased Mg, 
P, K, Mn, Fe, and Cu contents in Moringa oleifera seeds 
after soil inoculation with mixed microbial cultures.

Multivariate analysis offered an integrated interpre-
tation of the intricate reactions of moringa plants to 
drought stress and biofertilizer application in addi-
tion to univariate comparisons. This allowed principal 
component analysis to investigate the growth param-
eters, nutritional status, photosynthetic pigments, osmo-
lytes, and antioxidants in one go. This also enabled the 

understanding of the relationship of these parameters to 
different levels of fertilization treatments.

The first principal component was dominantly linked 
with variables of growth (height of plants, number of 
branches, fresh and dry weight of shoots, and leaf dry 
weight) and the composition of macronutrients (N, P, K, 
and Ca). This classification again supports the concept 
that superior growth potential under biofertilizers was 
inextricably linked with superior utilization of nutrients 
under water-stressed conditions.

The second principal component was mainly influ-
enced by photosynthetic pigments, osmotic adjustment 
markers, and parameters associated with antioxidants 
such as chlorophyll a, chlorophyll b, carotenoids, proline, 
total antioxidants, and reducing power. This shows that 
the capacity for photosynthesis and osmotic adjustment 
in drought-stressed plants was associated with the induc-
tion of the antioxidant system. This integration confirms 
that the physiological resilience of drought-stressed 
plants is a coordinated response where photosynthetic 
stability and osmotic adjustment are supported by the 
induction of a robust antioxidant system.

Further, hierarchical cluster analysis showed the sig-
nificance of the results mentioned above by grouping 
bio-fertilizers, particularly the combination of Microbine, 
Potassiumag, and Phosphorine, together with compost 
and rock phosphate, in clusters different from those 
of chemical fertilizer. These clusters were differenti-
ated based on higher growth, higher nutrient content, 
enhanced stability of photosynthetic pigments, and 
higher antioxidant activity, thereby proving the cumu-
lative effect of PGPR bio-fertilizers in reducing drought 
stress.

Nitrogen uptake and photosynthetic pigments
Following the application of microbine, potassium, and 
phosphorus, the amounts of photosynthetic pigments in 
moringa leaves, such as carotenoids, chlorophyll a, and 
chlorophyll b, significantly increased, improved plant 
growth and productivity were a direct result of these 
higher pigment levels. Nitrogen content data (Table  7) 
demonstrated the capacity of these biofertilizers to fix 
atmospheric nitrogen and supply it to moringa plants, 
as PGPR application-maintained nitrogen levels similar 
to those attained by chemical fertilization. The observed 
increases in chlorophyll a, chlorophyll b, and carotenoid 
contents were probably caused by this increased nitrogen 
availability.

Microbine, Potassiumag, and Phosphorine consist of 
a consortium of nitrogen-fixing, potassium, and phos-
phate-solubilizing bacteria that can produce organic 
acids, growth-promoting phytohormones like indole-
3-acetic acid (IAA), and advantageous enzymes [30]. 
These traits have a direct impact on the physiological 
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and biochemical functions of moringa plants, leading 
to enhanced stabilization and chlorophyll biosynthesis 
under various water regimes. Previous reports have doc-
umented similar improvements in photosynthetic pig-
ments after PGPR application [92, 93].

Soluble protein accumulation
The soluble protein accumulation varied greatly among 
fertilizer treatments, with the highest accumulation in 
plants receiving Microbine alone or in combination with 
rock phosphate and compost, and then after Potassiumag 
application. This could be attributed to the improvement 
in the availability of nutrients, such as nitrogen, brought 
about by the biofertilizers. These results are in agreement 
with the previous studies [[92, 93]. On the other hand, 
there are studies showing that unfavorable growth condi-
tions, such as drought stress, could also lead to the pro-
duction of proteins [94, 95].

Oxidative stress and antioxidant defense system
Water stress triggers oxidative stress in plants because of 
overproduction of ROS, which can cause cellular dam-
age if it is not mitigated by a strong antioxidant defense 
mechanism [90] [96]. This defense mechanism is made 
up of enzymatic antioxidants like catalase (CAT), peroxi-
dase (POD), and ascorbate peroxidase (APX), and non-
enzymatic compounds such as ascorbic acid, proline, 
phenolics, flavonoids, and carotenoids [97].

The significant increase in the activity of antioxidant 
enzymes, particularly CAT, POD, and APX in bio-fertil-
ized M. oleifera plants under drought stress (W2) sug-
gests a strong adaptive strategy to minimize oxidative 
damage. These enzymes serve as a cooperative defense 
system to scavenge ROS such as hydrogen peroxide 
(H2O2) to protect cellular membranes against lipid per-
oxidation. The higher efficacy of treatments such as 
Bio3 for CAT induction and MixBio2 for APX induction 
indicates that PGPR strains (Bacillus and Azotobacter) 
behave as biological elicitors. These microbes induce 
“induced systemic tolerance” (IST) by modulating the 
plant hormonal balance and promoting the expression 
of antioxidant defense genes [98, 99]. In particular, the 
induction of APX, which has a higher affinity for H2O2 
than CAT, suggests an efficient fine-tuning of the ascor-
bate–glutathione cycle under prolonged stress, to protect 
the photosynthetic apparatus [100].

The presence of higher levels of soluble proteins in 
both Microbine and Potassiumag indicates their capabil-
ity to achieve efficient nitrogen utilization (NUE). The 
reason behind this conclusion is the ability of plants to 
have sustained their nitrogen absorption at high levels 
(Table 7) despite being subjected to water deficiency, thus 
allowing them to support the metabolic activities needed 

in protein biosynthesis along with the formation of new 
antioxidant enzymes (CAT, POD, and APX) [96, 97].

Bio-fertilizers containing beneficial bacterial cultures 
were observed to increase the enzymatic as well as non-
enzymatic antioxidants in moringa plants, thus reduc-
ing the effects of water deficit conditions. The use of 
Phosphorine, Microbine, and Potassiumag increased the 
antioxidant defense mechanism in plants, thus aiding in 
maintaining cellular equilibrium under drought condi-
tions. Although the ability of plants to resist oxidative 
stress has been widely investigated under adverse condi-
tions of the environment [101, 102], very little is known 
about the dynamics of antioxidants during the reproduc-
tive phase of plants.

Non-enzymatic antioxidants and reducing power
In the current research, the non-enzymatic antioxidants, 
such as proline, ascorbate, and carotenoids, in addi-
tion to the enzymatic antioxidants, such as POD, APX, 
and CAT, were investigated. In addition, the total anti-
oxidant capacity and the reducing power of the leaves of 
the moringa plant grown under drought stress were also 
determined.

Multivariate correlation patterns revealed strong posi-
tive associations between nutrient elements, particularly 
nitrogen and potassium, and antioxidant enzymes such 
as CAT, POD, and APX, as well as non-enzymatic antiox-
idants including phenolics, flavonoids, carotenoids, and 
proline. This relationship suggests that improved nutri-
tional status under biofertilizer application supported the 
metabolic energy required for antioxidant synthesis and 
enzyme activation, thereby enhancing oxidative stress 
tolerance under drought conditions.

The co-loading of PAL, PPO, phenolics, and flavonoids 
in multivariate space confirms that the phenylpropanoid 
pathway operated as an integrated defensive mod-
ule rather than as independent biochemical reactions. 
This coordinated induction contributes to efficient ROS 
detoxification and cellular protection during prolonged 
water deficit.

In general, reducing power increased under most bio-
fertilizer treatments, although Potassiumag applied indi-
vidually did not induce a similar response. Conversely, 
Phosphorine and Potassiumag combined with rock 
phosphate and compost enhanced total antioxidant con-
tent under drought conditions compared with chemical 
fertilization.

Proline serves as a vital physiological indicator of stress 
tolerance, contributing to osmotic adjustment, free radi-
cal scavenging, and stabilization of subcellular structures 
under water stress [103]. While moringa plants gener-
ally did not show increased proline accumulation under 
drought alone, Microbine and Potassiumag applications, 
either individually or combined with compost and rock 
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phosphate, significantly enhanced proline content rela-
tive to chemical fertilizer.

Previous studies on tomato plants reported drought-
induced increases in ascorbate content [104, 105], and 
salinity stress was shown to enhance de novo ascorbate 
synthesis [106, 107]. In the present study, Potassiumag 
was the only biofertilizer that increased ascorbate con-
tent under both normal and water-deficient conditions 
compared with chemical fertilizer. Other biofertilizers 
did not show similar effects, possibly due to the complex 
regulation of ascorbate metabolism. Previous reports on 
ascorbate responses under stress have been inconsistent 
[108, 109] indicating that severe stress may disrupt ascor-
bate biosynthesis or recycling.

Phenylpropanoid metabolism and enzymatic antioxidants
Phenolic compounds, including flavonoids, antho-
cyanins, tannins, and related metabolites, constitute a 
diverse class of antioxidants synthesized through the 
phenylpropanoid pathway [110, 111]. These compounds 
play a critical role in plant defense against abiotic stress. 
Phenylalanine ammonia lyase (PAL), a key enzyme in 
this pathway, is known to be strongly induced by stress 
conditions [112, 113], leading to enhanced phenolic 
accumulation.

Regarding the secondary metabolism, the significant 
increase in PAL activity, particularly in the Bio1 treated 
plants, indicates activation of the phenylpropanoid path-
way. PAL is a key regulatory enzyme in the biosynthesis 
of phenolic compounds and flavonoids that act as non-
enzymatic antioxidants, quenching ROS and screening 
against environmental stressors. The induction of PPO 
also indicates an increased potential for the oxidation 
of phenols to quinones, thus providing a second layer of 
biochemical defense [114]. The synergy observed in Mix-
Bio treatments could be attributed to the improved nutri-
ent availability in terms of Nitrogen and micro-nutrients 
supplied by compost and rock phosphate which serve as 
the precursors and co-factors for the synthesis of these 
proteinaceous enzymes. This metabolic “priming” by bio-
organic amendments allows the plant to maintain physi-
ological homeostasis even at limiting soil water potential 
[115].

In the present study, biofertilizer application under 
drought conditions significantly affected flavonoid and 
phenolic contents in moringa leaves. The highest fla-
vonoid concentrations were recorded in Potassiumag, 
Phosphorine, and Microbine treatments combined with 
rock phosphate and compost. Phenolic content was high-
est under Microbine applied alone, followed by Phospho-
rine, Potassiumag, and Microbine combined with rock 
phosphate and compost. These trends were consistent 
with PAL activity, which showed marked induction under 
biofertilizer treatments during drought stress.

Polyphenol oxidase (PPO), another key enzyme 
involved in phenolic metabolism, generally responds 
actively to plant stress [116]. PPO and related enzymes 
participate in ROS detoxification either directly or 
through reactions mediated by peroxidases [117]. In this 
study, PPO activity increased under drought conditions, 
particularly following Potassiumag application alone or 
combined with rock phosphate and compost, followed 
by Microbine combined with rock phosphate and com-
post, and individual Phosphorine application. These find-
ings are consistent with previous reports documenting 
increased PPO, POD, and PAL activities under biotic and 
abiotic stress conditions [118].

The joint induction of the activity of PAL together with 
the increased content of phenolics and flavonoids (Figs. 1 
and 2) provides evidence of phenylpropanoid pathway 
induction. From the point of view of the multivariate cor-
relation patterns, the strong positive correlation between 
the nutrient content and these metabolites suggests that 
the process of acquiring nutrients by the PGPR led to the 
accumulation of carbon skeletons and energy sources 
required for secondary metabolism. This integration, 
where PPO and PAL work in association, underscores a 
systemic adaptive response rather than isolated biochem-
ical events [112, 118].

Enzymatic antioxidant responses
Induction of the antioxidant enzyme system represents a 
critical strategy for detoxifying ROS generated under abi-
otic stress [119]. CAT, APX, and POD are major enzymes 
involved in ROS scavenging [120]. Hydrogen peroxide 
(H₂O₂), a toxic ROS, must be rapidly converted to water 
and oxygen by CAT or peroxidases to prevent cellular 
damage [121, 122].

In the present study, almost all biofertilizer treatments 
enhanced CAT and POD activities under water deficit 
conditions compared with chemical fertilizer. More-
over, under drought stress, moringa plants exhibited a 
marked increase in APX activity following Microbine 
and Phosphorine applications combined with rock phos-
phate and compost. This response highlights the crucial 
role of APX in H₂O₂ scavenging and efficient oxidative 
stress management, ultimately contributing to improved 
drought tolerance.

Integrative interpretation of drought tolerance 
mechanisms
Overall, multivariate analysis strengthened the interpre-
tation derived from univariate results by demonstrating 
that drought tolerance in moringa plants was achieved 
through coordinated physiological, biochemical, and 
metabolic adjustments. Growth recovery, nutrient 
uptake, photosynthetic stability, osmotic regulation, and 
antioxidant defense were not independent responses but 
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formed an interconnected adaptive network promoted by 
biofertilizer application. These findings emphasize that 
the beneficial effects of PGPR-based biofertilizers under 
drought conditions are systemic rather than trait-spe-
cific, providing a comprehensive mechanistic explanation 
for the enhanced performance of moringa plants com-
pared with chemical fertilization alone.

Figure  9 summarizes and illustrates the integrated 
mechanistic pathways of PGPR-based biofertilizer miti-
gation of drought stress in M. oleifera, from soil nutrient 
mobilization to the induction of enzymatic and non-
enzymatic antioxidant defense systems.

Study limitations and perspectives
Although this study provides insights into the biologi-
cal contribution of biofertilizer in improving Moringa’s 
resistance against drought stress, it should be mentioned 
that such responses are associated with a particular type 
of sandy loam soil and a period of two harvests. Further 
research could include an investigation of the long-term 
effect of microbes in the rhizosphere and molecular tran-
scriptomic analysis of defense genes to gain more knowl-
edge about signaling pathways between the plant and 
microbes. Nevertheless, current results indicate strongly 
the use of PGPR as an effectiveness tool for sustainable 
production in arid regions.

Conclusion
The current study provides evidence on the potential 
application of bio-organic technology- incorporating 
phosphate solubilizers, nitrogen fixers, and potassium 
solubilizers- as effective sustainable strategy for improv-
ing Moringa oleifera performance during optimal (100% 
FC) and deficient (60% FC) watering regimes. The results 
demonstrate that the combined application of Microbine 
with compost and rock phosphate can be considered as 
a potent sustainable alternative to chemical fertilizers. 
Indeed, these factors considerably increased biomass 
production, dry leaf yield, and functional metabolic 
synthesis such as proteins, proline, and ascorbic acid 
under optimal soil moisture. However, under drought 
conditions, individual application of Potassiumag and 
Phosphorine proved to be sufficient soil amendment for 
sustaining physiological equilibrium. Such resilience can 
be attributed to a systemic adaptive process, including 
efficient nutrient metabolism (primarily K⁺ osmoregula-
tion) and increased enzymatic and non-enzymatic anti-
oxidants defense systems.

In addition to improving crop yield, these bio-organic 
treatments enhanced the nutritional value and anti-
oxidant activity of the M. oleifera leaves, providing an 
effective approach to manufacture high-value dietary 
supplements. Overall, these findings form a sound scien-
tific foundation for moving from chemical fertilizers to 

Fig. 9  A conceptual mechanistic model illustrating the synergistic effects of PGPR-based biofertilizers on Moringa oleifera under drought stress. The 
model highlights how bio-organic amendments improve soil health (↑OM, ↓pH), leading to enhanced nutrient uptake and the subsequent activation of 
antioxidant defense systems (enzymatic and non-enzymatic) and osmotic adjustment, collectively fostering physiological resilience and growth recovery
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sustainable practices in dry regions amid global warming 
threats.

Limitations and Future Perspectives: It must be empha-
sized that although these results are encouraging, they 
apply only to the sandy loam soil type and two harvests 
within the scope of the present investigation. Further 
research needs to explore the survival and colonization 
patterns of the inoculated PGPR bacteria over the long 
term. Moreover, elucidation of the underlying molecular 
signaling events and a comprehensive economic feasibil-
ity analysis will be critical to scaling up the utilization of 
these green bio-organic practices by local agricultural 
sectors.
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