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Abstract

Given the increasing contamination of agricultural soils with microplastics and the concurrent rise
in water scarcity, this study investigated the effects of symbiosis with Piriformospora indica on the
physiological and biochemical parameters of maize seedlings exposed to polyvinyl chloride
microplastics under water deficit stress. The experiment was carried out as a factorial based on a
completely randomized design with three levels of microplastic (0, 0.1, and 1%), two levels of
fungus (inoculation and non-inoculation), and three levels of water deficit stress (100, 75, and 50%
of field capacity). The results showed that in plants exposed to 1% microplastic, the activities of
superoxide dismutase, catalase, and peroxidase increased significantly, similar to water deficit
stress. The levels of hydrogen peroxide and malondialdehyde, as well as membrane damage, in
maize seedlings exposed to stress, also increased compared to the control. Inoculation with the
fungus improved antioxidant enzyme activity, such that the activities of superoxide dismutase,
catalase, and peroxidase in inoculated plants under the highest water deficit stress and in the
presence of 1% microplastic were (65.9 and 57.2), (47.1 and 40.2), and (61.3 and 69.3) percent
higher than in non-inoculated plants, respectively. Furthermore, the presence of the fungus reduced
malondialdehyde and hydrogen peroxide levels, as well as electrolyte leakage, in stressed plants.
Overall, the results showed that P. indica improved the growth and dry matter production of maize
seedlings exposed to microplastic particle toxicity and water deficit stress by enhancing antioxidant
defence and increasing the leaf greenness index.
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Introduction

In recent years, crop plants have been increasingly exposed to various environmental stresses and emerging
contaminants, such as microplastics, which threaten their growth, yield, and overall agricultural sustainability
(Illanese et al., 2025). Among abiotic stresses, water deficit stress is a major constraint that limits transpiration
and CO: uptake through stomatal closure, thereby reducing biomass accumulation and productivity (Xu et al.,
2022). Water deficit stress also triggers the excessive generation of reactive oxygen species (ROS), leading to
oxidative stress, membrane damage, ion imbalance, and reduced photosynthetic efficiency (Zia et al., 2021).
Simultaneously, contamination of agricultural soils with microplastics has become a growing global concern
(Hasan & Tarannum, 2025). These particles can abrade root surfaces and disrupt water and nutrient uptake,
ultimately inhibiting plant growth (Hartmann et al., 2022). Similar to drought, microplastic exposure induces
ROS overproduction and oxidative stress, which compromise cellular integrity and metabolism (Gan et al.,
2023). In this context, the utilization of beneficial plant—microbe interactions has gained increasing attention
as an eco-friendly and effective strategy to alleviate the adverse effects of environmental stresses on plants
(Boorboori et al., 2022). Piriformospora indica, a root endophytic fungus, is known for its ability to colonize
a wide range of monocot and dicot plants (Jangir et al., 2021). Symbiosis between plants and P. indica enhances
stress tolerance by activating the plant defence system, upregulating stress-related genes, and boosting
antioxidant enzyme activity, thereby improving the plant’s resilience to adverse environmental conditions (Li
et al., 2023).

Considering the simultaneous occurrence of water deficit stress and microplastic contamination in agricultural
ecosystems, it is essential to explore their combined impact on plant physiology. Therefore, this study
investigates the influence of P. indica symbiosis on key physiological and biochemical traits of maize (Zea
mays) seedlings exposed to polyvinyl chloride (PVC) microplastics under a water-deficit stress condition.

Materials and Methods

This experiment was conducted using a completely randomized factorial design with three replications in 2023
in the research greenhouse of Bu-Ali Sina University, Hamadan, Iran. The experimental factors comprised
polyvinyl chloride (PVC) microplastics at three levels (0, 0.1, and 1% of soil weight), Piriformospora indica
inoculation at two levels (inoculated and non-inoculated), and water deficit stress at three levels (no stress,
moderate, and severe stress, respectively, equivalent to irrigation at 100, 75, and 50% of field capacity). Water
deficit stress was initiated 14 days after sowing. Thirty days after sowing, the leaf chlorophyll content (SPAD
index) was measured. Fresh leaf samples were collected for biochemical analyses, while shoot and root
samples were oven-dried to determine dry biomass. To evaluate root colonization by P. indica, 1-cm-long root
segments were carefully washed, stained, and observed under a light microscope to calculate the percentage
of colonization. Antioxidant enzyme activities, including superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POD), as well as malondialdehyde (MDA) content and electrolyte leakage, were determined using
fresh leaf samples.

Data were statistically analyzed using SAS software (version 9.4) after confirming the normality of residuals.
Treatment means were compared using the least significant difference (LSD) test at a 5% probability level.
Graphs were prepared using Microsoft Excel.

Results and Discussion

The results demonstrated that P. indica fungus successfully colonized plant roots under all experimental
conditions. In unstressed plants, the root colonization rate was 89%, whereas in plants exposed to 50% field
capacity and 1% microplastic contamination, it was approximately 40%. Stress induced by PVC microplastic
particles and reduced soil moisture led to higher hydrogen peroxide accumulation and membrane damage in
maize seedlings, resulting in a decline in leaf greenness and overall growth. Inoculation with P. indica
significantly enhanced the activity of antioxidant enzymes, including SOD, CAT, and POD. This enhanced
enzymatic activity reflects the protective role of P. indica in mitigating oxidative stress, as evidenced by
reduced malondialdehyde and hydrogen peroxide contents and lower electrolyte leakage in inoculated plants
under stress. Moreover, symbiosis with P. indica contributed to chlorophyll preservation, higher leaf
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greenness, and greater biomass accumulation. For example, the dry weight of inoculated plants under severe
water deficit and 1% microplastic stress was on average 45.8% higher than that of uninoculated controls.
Overall, these findings suggest that the symbiotic association between P. indica and crop plants can serve as
an effective biological strategy to alleviate the adverse effects of microplastic toxicity and improve plant
resilience and productivity under water-deficit conditions.
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Table 1- Analysis of variance of the effect of P. indica, microplastic and soil water content on activity of antioxidant enzymes (SOD,
CAT and POD), hydrogen peroxide content (H202), malondialdehyde content (MDA), percent of electrolyte leakage (EL), leaf
greenness index (SPAD) and total dry weight (T. D.W.) of maize seedlings.

Mean of squares

Source of Variation df

SOD CAT POD H20. MDA EL SPAD T.D.W.
P. indica (P) 1 7312.4" 0.3901°" 3469.9" 775.5" 76.4" 1150.4™ 118.6™ 8.1"
Microplastic (M) 2 199.6™ 0.0105"" 43.7" 374.7" 36.7 553.9" 90.8" 1.8
Soil Water Content (D) 2 660.0" 0.0333" 105.0™ 2010.4" 197.6™ 2976.2" 259.0" 14.0”
PxM 2 26.7" 0.0014" 9.1 6.8" 0.6 10.1" 5.8" 0.19"
PxD 2 21.6 0.0012" 10.1° 66.1"" 6.5" 98.2" 19.7 1.0
MxD 4 12.6"* 0.0007™* 1.20 4.7 0.4 6.9 1.9ns 0.06"
PxMxD 4 0.7 0.00005™* 1.4 2.7 0.2m 4.0 1.0"* 0.01™*
Error 36 6.3 0.0003 1.9 0.2 3.0 1.8 0.02
Cv (%) 5.6 4.4 6.5 6.6 6.8 4.0 9.5

M):\)M}Abd\m‘b-‘ch.»)éjbwubwﬂ.&%}?4;.)'%3)*4“'3‘

s *and ** Not- significant and significant at 5% and 1% probability levels, respectively.
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Table 2. Comparison of means of P. indica and microplastice interaction on activity of superoxide dismutase (SOD), catalase (CAT)
and peroxidase (POD).

SOD CAT POD
P. indica Microplastic (%) (Ug' FW) (Ug' FW) (Ug' FW)

0 31.459 0.343¢ 19.99¢

Absence of 0.1 29274 0.328¢ 18.364
Fungus

1 37.48¢ 0.388¢ 22.29¢

0 53.77° 0.507° 34.97°

Presence of 0.1 55.320 0.518° 36.01°
fungus

1 58.94° 0.544° 37.75°

LSD 241 0.018 1.63

I RUNWTYN Cl:.u,a@ud;nJw\‘efp¢fa§iy\»5|)t;6uo:§;p

Means followed by at least one similar letter are not significantly different at 5% probability level.

(POD) jlaST,,

Table 3. Comparison of means of P. indica and soil water content interaction on activity of superoxide dismutase (SOD), catalase
(CAT) and peroxidase (POD).

SOD CAT POD
P. indica soil water content (%) (Ug' FW) (Ug' FW) (Ug' FW)
100 28.01° 0.320" 17.16°
Absence of
Fungus 75 32.19¢ 0.351°¢ 20.01¢
50 38.00¢ 0.390¢ 23.47°
100 48.84¢ 0.472¢ 34.54°
Presence of
fungus 75 56.14° 0.524° 36.32°
50 63.05° 0.574° 37.88%
LSD 2.41 0.018 1.63

A o530 a3 (1 gne D (S e O3 G il (5113 (sl SSLs

Means followed by at least one similar letter are not significantly different at 5% probability level.
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Figure 3- Comparison of means of P. indica and microplastice (A) and P. indica and soil water content (B) interaction on hydrogen
peroxide content. (P+): inoculated plants, (P-): non-inoculated plants.
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Figure 3- Comparison of means of P. indica and microplastice (A) and P. indica and soil water content (B) interaction on
malondialdehyde content. (P+): inoculated plants, (P-): non-inoculated plants.
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Figure 3- Comparison of means of P. indica and microplastice (A) and P. indica and soil water content (B) interaction on electrolyte
leakage percent. (P+): inoculated plants, (P-): non-inoculated plants.
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Figure 4- Comparison of means of P. indica and microplastice (A) and P. indica and soil water content (B) interaction on leaf greenness
index (SPAD). (P+): inoculated plants, (P-): non-inoculated plants.
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Figure 5. Comparison of means of P. indica and microplastice (A) and P. indica and soil water content (B) interaction on total dry

weight. (P+): inoculated plants, (P-): non-inoculated plants.
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