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1. Introduction

Abstract

In this study, a completely randomized design (CRD) in four treatments was
applied: non-inoculated (control), PGPR-inoculated, fungal-inoculated and
PGPR-fungal co-inoculated. The study showed a substantial increase in
growth attributes of inoculated plants over the control. Plant height increased
from 10.5 + 0.6 cm to 20.3 = 1.0 cm, root length from 8.2 + 0.5 cm to 17.8 + 0.9
cm, fresh weight from 2.0 £ 0.2 g to 5.4 + 0.5 g, and dry weight from 0.40 = 0.05
g to 1.20 + 0.08 g. Inoculation with B. licheniformis also lowered the levels of
oxidative stress markers, with MDA content dropping from 6.9 + 0.3 to 2.5 =
0.1 nmol/g FW and H,O, content from 5.8 + 0.2 to 2.3 * 0.1 umol/g FW.
Antioxidant enzyme activities were markedly enhanced, with SOD increasing
from 24.5 + 1.2 to 60.5 = 2.0 U/mg protein, CAT from 18.0 + 1.0 to 55.2 + 1.8
U/mg protein, and POD from 19.5+ 1.1 t0 58.0 + 1.7 U/mg protein. Physiological
characteristics were also significantly enhanced, with proline content
increasing from 2.0 + 0.1 to 6.0 = 0.3 umol/g FW and chlorophyll content from
1.3 £ 0.1 to 3.1 £ 0.2 mg/g FW. Root colonization studies validated the
establishment of the inoculants, with CFU increasing from undetectable levels
in the control to 5.6 + 0.3 x 10° g! soil in the co-inoculated plants. These results
indicate that combined PGPR and beneficial fungi inoculation is a feasible and
sustainable approach to improve plant tolerance to stress under challenging
environmental conditions.

Keywords: Plant Microbiome, Fungi, Drought Stress, Salinity Stress, Oxidative
Stress, Antioxidant Enzymes

Abiotic stresses like drought and salinity are significant limitations to agricultural production
across the world. Such stresses negatively impact the growth and physiology of plants, resulting in
lower yields and poor product quality [1]. While drought stress leads to limited availability of water,
salinity stress causes ion imbalance and osmotic stress, both of which lead to oxidative stress in plants

due to an excess of ROS [2].

In order for these plants to thrive under these stressful circumstances, they have been able to
develop a range of physiological and biochemical defenses, including antioxidant protection,
osmoprotective substances like proline, and stress-regulated gene activity. Unfortunately, such natural
defense systems may not always be enough in order to provide sufficient protection [3].
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During recent times, there has been an increase in research concerning the plant microbiome,
which refers to those bacteria and fungi that occur within the rhizosphere and plants themselves. It has
been seen that these microorganisms have a very important role in improving plant growth and stress
tolerance [4]. The plant growth promoting rhizobacteria (PGPR), which include species like Bacillus
subtilis and Pseudomonas fluorescens, help increase nutrient absorption, synthesize plant hormones,
and affect the hormonal status of plants. On the other hand, the beneficial fungi, like Trichoderma
harzianum and arbuscular mycorrhizal fungi, help develop the roots of plants [5].

In addition, microorganisms associated with plants play an important role in reducing oxidative
stress through increased production of antioxidative enzymes, including SOD, CAT, and POD
enzymes, which reduce the harm done by reactive oxygen species on plant cells. Also, they aid in the
production of metabolic products like proline while ensuring chlorophyll synthesis [6].

It is now well understood that symbiosis between plants and the microorganisms associated with
them plays a significant role in adapting to environmental stresses. There is evidence to show that
inoculation with both bacteria and fungi together yields synergistic benefits for plant growth,
outperforming separate inoculations [7].

Hence, the current study seeks to explore the potential of plant-associated bacteria and fungi,
separately and collectively, in boosting plant resilience against drought and salinity stresses. The
current study endeavors to explore the morphological, biochemical, and microbiological responses in
an attempt to ascertain the performance of the plant microbiome in alleviating stress conditions.

2. Materials and Methods
1. Study Design

The experimental work aimed at assessing the impact of the plant microbiome (comprising
bacteria and fungi) on the stress resilience of plants to various environmental stresses such as drought
and salinity. The plant groups used in the experiment included a control group without microbes,
bacteria-inoculated, fungus-inoculated, and combination of both bacteria and fungi-inoculated plant
groups. The groups of plants were then subjected to controlled environmental stresses that simulate
drought and salinity conditions to determine the response and impact of the plant microbiome on stress
resilience.
2. Plant Material

The seeds for the experiment were collected from an authentic agricultural source, guaranteeing
that there was no contamination at the outset of the experiment that would alter the results. The seeds
were subjected to surface sterilization according to a specific procedure, consisting of treating them
with 70% ethanol for 1 minute and then with 1% sodium hypochlorite for 5 minutes. They were then
washed extensively with distilled water [8].
3. Microbial Isolates
3.1 Bacterial Isolates

Plant Growth-Promoting Rhizobacteria (PGPR), including Bacillus subtilis and Pseudomonas
fluorescens, were chosen because of their documented ability to promote plant growth and provide
resistance to stress. These organisms were grown on nutrient agar plates maintained under sterile
conditions at a temperature of 28°C for 24-48 hours to produce sufficient growth of bacteria [9].
3.2 Fungal Isolates

These beneficial fungi include Trichoderma harzianum and arbuscular mycorrhizal fungi. This is
because of their vital contribution to plant development and their resistance to stresses. The fungi were
grown on potato dextrose agar plates in a sterile manner, at suitable temperatures to ensure proper
growth before being introduced to soil or seed [10].
4. Inoculation Procedure

The bacterial inoculum used in this study had an approximate concentration of 108 CFU/ml. The
seeds were immersed in the bacterial inoculum for 2-4 hours before being planted. Fungi were
thoroughly mixed with the soil prior to sowing of the seeds for easy establishment and mutual
association with roots [11].
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5. Growth Conditions

The plants were cultured in sterilized loam soil inside pots in order to prevent any possible
contamination and ensure that there is accuracy during the experiment. These were the growth
conditions used during the experiments: Temperature was set at 25+2°C, photoperiod was 16/8 h of
light/darkness, while watering involved using distilled water [12].
6. Stress Application

The drought stress treatment was achieved by applying water at levels between 30% and 40% of
the field capacity, which reduced water availability and induced physiological stress reactions. The
salinity stress was generated through the addition of NaCl solution to the irrigation water at
concentrations of 100-150 mM [13].
7. Measured Parameters
7.1 Morphological Traits

Evaluation of plant morphological features was conducted in order to ascertain their efficiency
in showing the growth performance of plants in stressful environment conditions. These features
include plant height, root length, fresh weight, and dry weight.
7.2 Biochemical Analyses

Physiological indicators were used to test the physiological response to stress and microbial
treatment. These include MDA and H2O2 for oxidative stress indicators. Other tests included the
measurement of antioxidant enzymes like SOD, CAT, and POD because of their activity against reactive
oxygen species. Metabolic indicators, on the other hand, were also used to measure the osmotic
adjustment and photosynthesis efficiency through proline and chlorophyll content measurements.
8. Microbiological Analysis

Microbial colonization of roots was determined through serial dilutions and CFU enumeration
to determine the presence of microbial communities associated with plant roots [14].
9. Statistical Analysis

Statistical analyses were performed using SPSS software. Data were presented as mean * SD.
Differences among groups were assessed using one-way ANOVA, with post hoc testing where
appropriate. The Pearson correlation coefficient was calculated to examine the correlations between
variables. Significance level was set at p <0.05.

3. Results

The data presented in Table 1 indicate a notable enhancement of morphological characters for
the samples inoculated with microorganisms relative to the control samples. The joint application of
bacteria and fungi demonstrated superior values across all the growth characteristics, which suggests
an impressive synergistic interaction among them.

Table 1. Effect of Microbiome on Morphological Traits under Stress

Group Plant Height (tm)  Root Length (cm)  Fresh Weight(g)  Dry Weight (g)
Control 10.5+0.6 82+05 20+02 0.40 £ 0.05
Bacteria 14.7+0.8 12.5+0.7 3.5+03 0.75+0.06
Fungi 16.2+09 14.1+£0.8 41+04 0.90 + 0.07
Bacteria + Fungi 20.3+1.0 17.8+09 54+05 1.20 + 0.08
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Figure 1. Illustrates a graphical comparison of plant height, root length, fresh weight, and dry
weight among all experimental groups.

From Table 2, it is evident that there was a considerable increase in oxidative stress in the control
group as a result of environmental stress. This, however, was effectively reduced by the microbial
interventions with lower amounts being noted in the combined treatment.

Table 2. Oxidative Stress Markers (MDA and H,O,)

Group MDA (nmol/g FW) H,O, (umol/g FW)
Control 69+0.3 58+02
Bacteria 43+02 3.7+02
Fungi 40+02 34+01
Bacteria + Fungi 25+0.1 23+0.1

Line Chart of MDA and H202

N

T T T T
Control Bacteria Fungi Bacteria + Fungi
Groups

Figure 2. Presents the comparison of oxidative stress marker levels across all groups.

Values

The table 3 indicates a significant increase in the activity of the antioxidant enzymes when there
was inoculation of the microbes in comparison to the control treatment. This is seen from the high

activity level in the combined treatment sample.

Table 3. Antioxidant Enzyme Activities

Group SOD (U/mg protein) CAT (U/mg protein) POD (U/mg protein)
Control 245+12 18.0+£1.0 195+11
Bacteria 39.8+1.5 34.6+13 379+14
Fungi 452+1.6 40.1+15 423+13
Bacteria + Fungi 60.5+2.0 55.2+1.8 58.0+ 1.7
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Figure 3. [llustrates the antioxidant enzyme activity patterns (SOD, CAT, POD) among
treatments.

Table 4 demonstrates metabolic improvement in treated plants. Higher proline levels suggest
improved osmotic adjustment, whereas increased chlorophyll suggests improved photosynthetic

efficiency. Combined treatment resulted in the highest level of metabolic enhancement.

Table 4. Metabolic Parameters

Group Proline (umol/g FW) Chlorophyll (mg/g FW)
Control 2.0+£0.1 1.3+0.1
Bacteria 3.7+02 20+01
Fungi 41+02 24+01
Bacteria + Fungi 6.0+03 31+02
6

Values

Control Bacteria Fungi Bacteria + Fungi
Treatment Groups

Figure 4. Shows variations in proline and chlorophyll content across treatments.
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Table 5 validates the colonization of roots with microbes in inoculated plants. The results with
the highest CFU count belong to the combined treatment method, demonstrating the efficacy of
microbial colonization.

Table 5. Root Microbial Colonization

Group CFU (x10¢ g root)
Control 0.2 +0.05
Bacteria 2.7+02
Fungi 25+02
Bacteria + Fungi 5.6+03

4. Discussion

The findings from the research reveal that plant-associated microbiome, characterized by PGPR
and fungi, is instrumental in increasing plant resistance against adverse conditions such as drought and
salt stress [15]. All the different microbial treatments increased plant growth and physiological
efficiency than those from the control sample, with bacteria and fungi combined providing the greatest
benefits, demonstrating synergism between microbes [16].

With regard to morphological features table 1, it is evident that increased plant height, root
length, and biomass have been noted due to increased efficiency in nutrient uptake by the plants as
well as water use [17]. It can be noted that these results are caused by the use of PGPR like Bacillus
subtilis and Pseudomonas fluorescens that secrete plant growth hormones such as auxins [18].
Moreover, the arbuscular mycorrhizal fungi are involved in the enlargement of the root absorptive
surface, thus ensuring greater access to water and nutrients [19].

As far as the oxidative stress markers table 2, are concerned, the marked decrease in MDA and
H20O2 content in the plants treated with microbes suggests their ability to protect the plant from the
damages caused by oxidative stress [20]. This is probably owing to the stimulation of the plant's
antioxidant defense mechanism that prevents the production of ROS leading to the destruction of cell
membranes, proteins, and DNA [21].

Antioxidant enzyme activity results table 3 reinforce the hypothesis, as a significant increase in
SOD, CAT, and POD activity in plants undergoing treatment was noted when compared to the control
[22]. The role of SOD is to break down the superoxide radical into hydrogen peroxide that is further
broken down into water and oxygen by CAT and POD enzymes [23]. Therefore, induction of the
enzymatic process represents an increased physiological capability in defending against stress [24].

With respect to the metabolic factors table 4, the increase in proline levels in the experimental
plants is considered an important factor of adaptation because proline functions as an osmoprotectant
and prevents the degradation of cellular proteins and membranes [25]. In addition, the high amount of
chlorophyll in the leaves indicates the ability to maintain photosynthesis [26].

The results of root colonization table 5 demonstrated a successful growth of microbes after
inoculation of the treatments, with the greatest CFU values in the combined treatment [27]. This
suggests an intense symbiotic relationship between plants and microbiome that will enhance the
nutrient exchanges and biochemical communication, increasing plant stress tolerance [28].

In summary, it can be concluded that the plant microbiome not only serves as a growth enhancer
but also as a biological defense system, improving the tolerance of plants to environmental stresses [29].
The dominance of the joint treatment method underscores the complementary relationship between
bacteria and fungi, lending credence to the principle of microbial synergy [30].

In addition to this, the findings are supported by past research conducted on the efficacy of plant-
associated microbes to enhance agricultural productivity under adverse conditions and serve as a
potential replacement for chemical fertilizers [31].

5. Conclusion

Plants are more tolerant to environmental stress due to better growth, lower oxidative stress,
better antioxidant activity, and efficient metabolism because of microbiome in plants. The combined
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application of bacteria and fungi resulted in the best synergy, demonstrating the high sustainability of
this method for increasing plant resistance to abiotic stresses.

REFERENCES

[1] R. Kopecka, M. Kameniarova, M. éerny, B. Brzobohaty, and ]. Novak, “Abiotic stress in crop
production,” International Journal of Molecular Sciences, vol. 24, no. 7, p. 6603, 2023, doi:
10.3390/ijms24076603.

[2] S. Alghamdi, “Drought and salinity effects on plant growth: A comprehensive review,” SABRAO
Journal of Breeding and Genetics, vol. 56, no. 6, pp. 2231-2340, 2024, doi: 10.54910/sabrao2024.56.6.14.

[3] M. J. Rao et al., “Antioxidant defense system in plants: Reactive oxygen species production,
signaling, and scavenging during abiotic stress-induced oxidative damage,” Horticulturae, vol. 11,
no. 5, p. 477, 2025, doi: 10.3390/horticulturae11050477.

[4] P. Chauhan et al., “Soil microbiome: Diversity, benefits and interactions with plants,” Sustainability,
vol. 15, no. 19, p. 14643, 2023, doi: 10.3390/su151914643.

[5] A. Ansabayeva et al., “Plant growth-promoting microbes for resilient farming systems: Mitigating
environmental stressors and boosting crop productivity —A review,” Horticulturae, vol. 11, no. 3,
p- 260, 2025, doi: 10.3390/horticulturae11030260.

[6] S. Zhu et al., “Comprehensive physiology and proteomics analysis revealed the resistance
mechanism of rice (Oryza sativa L.) to cadmium stress,” Ecotfoxicology and Environmental Safety, vol.
278, p. 116413, 2024, doi: 10.1016/j.ecoenv.2024.116413.

[7] Q. Zeng et al., “Plant-microbiome interactions and their impacts on plant adaptation to climate
change,” Journal of Integrative Plant Biology, vol. 67, no. 3, pp. 826-844, 2025, doi: 10.1111/jipb.13863.

[8] Y. Davoudpour, M. Schmidt, F. Calabrese, H. H. Richnow, and N. Musat, “High resolution
microscopy to evaluate the efficiency of surface sterilization of Zea mays seeds,” PLOS ONE, vol.
15, no. 11, p. 0242247, 2020, doi: 10.1371/journal.pone.0242247.

[9] A. Beneduzi, A. Ambrosini, and L. M. Passaglia, “Plant growth-promoting rhizobacteria (PGPR):
Their potential as antagonists and biocontrol agents,” Genetics and Molecular Biology, vol. 35, no. 4,
suppl., pp. 1044-1051, 2012, doi: 10.1590/s1415-47572012000600020.

[10] K. Zhang et al., “Arbuscular mycorrhizal fungi and Trichoderma harzianum alter salicylic acid—
jasmonic acid balance to suppress Fusarium wilt in tomato,” Frontiers in Plant Science, vol. 16, p.
1714648, 2025, doi: 10.3389/fpls.2025.1714648.

[11] T. Berninger et al., “Maintenance and assessment of cell viability in formulation of non-sporulating
bacterial inoculants,” Microbial Biotechnology, vol. 11, no. 2, pp. 277-301, 2018, doi: 10.1111/1751-
7915.12880.

[12] J. E. Hyun et al., “Effects of sterilization methods on the survival of pathogenic bacteria in potting
soil stored at various temperatures,” Food Science and Biotechnology, vol. 32, no. 1, pp. 111-120, 2022,
doi: 10.1007/s10068-022-01173-1.

[13] M. F. Khalid et al., “Alleviation of drought and salt stress in vegetables: Crop responses and
mitigation strategies,” Plant Growth Regulation, vol. 99, no. 2, pp. 177-194, 2023, doi: 10.1007/s10725-
022-00905-x.

[14] J. L. Vilchez et al., “Measurements of root colonized bacteria species,” Bio-protocol, vol. 11, no. 7, p.
€3976, 2021, doi: 10.21769/BioProtoc.3976.

[15] R. Chaffai, M. Ganesan, and A. Cherif, “Plant growth-promoting rhizobacteria (PGPR) and plant
growth-promoting fungi (PGPF) for alleviating abiotic stress in plants,” in Plant Adaptation to
Abiotic Stress, Singapore: Springer, 2024, pp. 457-496, doi: 10.1007/978-981-97-0672-3_17.

[16] M. Anas et al., “Symbiotic synergy: Unveiling plant-microbe interactions in stress adaptation,”
Journal of Crop Health, vol. 77, no. 1, p. 18, 2025, doi: 10.1007/s10343-024-01070-z.

[17] P. Ren et al., “Bacillus subtilis can promote cotton phenotype, yield, nutrient uptake and water use
efficiency under drought stress by optimizing rhizosphere microbial community in arid area,”

American Journal of Biology and Natural Sciences | 109




Younis, A-R.J. /Biojournal Vol 3 (4), April

Industrial Crops and Products, vol. 227, p. 120784, 2025, doi: 10.1016/j.indcrop.2025.120784.

[18] A. Hasan, B. Tabassum, M. Hashim, and N. Khan, “Role of plant growth promoting rhizobacteria
(PGPR) as a plant growth enhancer for sustainable agriculture: A review,” Bacteria, vol. 3, no. 2,
pp. 59-75, 2024, doi: 10.3390/bacteria3020005.

[19] A. Wahab et al, “Role of arbuscular mycorrhizal fungi in regulating growth, enhancing
productivity, and potentially influencing ecosystems under abiotic and biotic stresses,” Plants, vol.
12, no. 17, p. 3102, 2023, doi: 10.3390/plants12173102.

[20] G. A. De la Riva et al., “Oxidative stress (OS) in plants, beneficial interactions with their microbiome
and practical implications for agricultural biotechnology,” in The Power of Antioxidants,
IntechOpen, 2024, doi: 10.5772/intechopen.1004371.

[21] S. Mansoor et al., “Reactive oxygen species in plants: From source to sink,” Antioxidants, vol. 11, no.
2, p. 225, 2022, doi: 10.3390/antiox11020225.

[22] M. Abbas et al., “Gibberellic acid induced changes on growth, yield, superoxide dismutase, catalase
and peroxidase in fruits of bitter gourd (Momordica charantia L.),” Horticulturae, vol. 6, no. 4, p. 72,
2020, doi: 10.3390/horticulturae6040072.

[23] V. D. Rajput ef al., “Recent developments in enzymatic antioxidant defence mechanism in plants
with special reference to abiotic stress,” Biology, vol. 10, no. 4, p. 267, 2021, doi:
10.3390/biology10040267.

[24] M. J. Rao et al., “Antioxidant defense system in plants: Reactive oxygen species production,
signaling, and scavenging during abiotic stress-induced oxidative damage,” Horticulturae, vol. 11,
no. 5, p. 477, 2025, doi: 10.3390/horticulturae11050477.

[25] F. Zulfiqar and M. Ashraf, “Proline alleviates abiotic stress induced oxidative stress in plants,”
Journal of Plant Growth Regulation, vol. 42, no. 8, pp. 46294651, 2023, doi: 10.1007/s00344-022-10839-
3.

[26] E. Ullah et al., “Plant microbiomes alleviate abiotic stress-associated damage in crops and enhance
climate-resilient agriculture,” Plants, vol. 14, no. 12, p. 1890, 2025, doi: 10.3390/plants14121890.

[27] Y. Qi et al., “Investigating the effect of microbial inoculants Frankia F1 on growth-promotion,
rhizosphere soil physicochemical properties, and bacterial community of ginseng,” Applied Soil
Ecology, vol. 172, p. 104369, 2022, doi: 10.1016/j.aps0il.2021.104369.

[28] A. Ahmad et al., “New insight into endophytic fungi—plant symbioses under climate change:
Molecular crosstalk, nutrient exchange, and ecosystem resilience,” Applied Microbiology, vol. 6, no.
3, p- 47, 2026, doi: 10.3390/applmicrobiol6030047.

[29] A. Ansabayeva et al., “Plant growth-promoting microbes for resilient farming systems: Mitigating
environmental stressors and boosting crop productivity — A review,” Horticulturae, vol. 11, no. 3,
p- 260, 2025, doi: 10.3390/horticulturae11030260.

[30] M. Anas et al., “Symbiotic synergy: Unveiling plant-microbe interactions in stress adaptation,”
Journal of Crop Health, vol. 77, no. 1, p. 18, 2025, doi: 10.1007/5s10343-024-01070-z.

[31] M. S. Dos Santos et al., “Harnessing plant-microorganism interactions to mitigate biotic and abiotic
stresses for sustainable crops,” Plants, vol. 15, no. 4, p. 647, 2026, doi: 10.3390/plants15040647.

American Journal of Biology and Natural Sciences | 110




