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This study evaluated the morphophysiological and biochemical responses of 

Abelmoschus esculentus to graded crude oil contamination under a controlled pot 

experiment. Five treatments were established: 0% (control), 0.1%, 0.2%, 0.3% and 

0.4% v/w contamination, arranged in a completely randomised design with five 

replicates. Growth dynamics over seven weeks showed progressive increases in plant 

height and stem girth across treatments; however, higher contamination levels (0.3–

0.4% v/w) significantly reduced final height (≈32 cm) relative to the control (≈36 cm). 

Stem girth followed a similar trend, with reduced thickening at higher contamination 

by week 7. Relative water content declined dose-dependently from 92% in the control 

to 51% at 0.4% v/w, indicating substantial impairment of plant water status. 

Biochemical analyses revealed tissue-specific modulation of oxidative stress markers 

and antioxidants. Malondialdehyde (MDA) concentrations ranged from 0.0034–0.0051 

µmol g⁻¹ FW (leaf), 0.0098–0.0121 µmol g⁻¹ FW (stem) and 0.0020–0.0089 µmol g⁻¹ 

FW (root), reflecting variable lipid peroxidation across treatments. Conversely, 

Vitamin C increased progressively with contamination, reaching 94 µmol g⁻¹ FW 

(leaf), 271 µmol g⁻¹ FW (stem) and 336 µmol g⁻¹ FW (root). Reduced glutathione 

(GSH) also exhibited substantial induction, particularly in roots at 0.2% v/w (20.4 

µmol g⁻¹ FW) and stems at 0.4% v/w (15.3 µmol g⁻¹ FW). Overall, crude oil 

contamination induced dose-dependent growth inhibition and water deficit, 

accompanied by activation of antioxidant defence systems. The findings demonstrate 

that A. esculentus exhibits measurable redox plasticity and moderate tolerance to 

petroleum stress, although higher contamination levels compromise 

morphophysiological performance. 
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Introduction  

Crude oil contamination of agricultural soils remains a 

persistent environmental challenge in petroleum-producing 

regions, particularly in sub-Saharan Africa, where 

exploration, transportation and artisanal refining frequently 

result in hydrocarbon release into terrestrial ecosystems. 

Petroleum hydrocarbons alter soil structure, reduce aeration, 

disrupt nutrient cycling and impair microbial activity, 

collectively compromising soil fertility and crop productivity  

 

(Falih et al., 2024; Orire, 2024). In addition to 

physicochemical alterations, crude oil contamination exerts 

phytotoxic effects through the induction of oxidative stress, 

osmotic imbalance and impaired water relations, ultimately 

constraining plant growth and yield (Agbaji et al., 2024; 

Orocio-Carrillo et al., 2022). 

One of the primary mechanisms underlying hydrocarbon-

induced phytotoxicity is the excessive generation of reactive 

oxygen species (ROS), including superoxide radicals, 
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hydrogen peroxide and hydroxyl radicals. These reactive 

intermediates attack membrane lipids, proteins and nucleic 

acids, resulting in cellular dysfunction (Alam et al., 2025; 

Vicidomini et al., 2024). Lipid peroxidation, commonly 

assessed via malondialdehyde (MDA) accumulation, is 

widely recognised as a reliable indicator of oxidative 

membrane damage under environmental stress (Rizzo, 2024; 

Valgimigli, 2023). Elevated MDA levels in plants exposed to 

petroleum hydrocarbons have been associated with disrupted 

membrane integrity and reduced physiological performance 

(Correa et al., 2022; Haider et al., 2021). 

To counteract oxidative injury, plants activate a coordinated 

antioxidant defence system comprising enzymatic and non-

enzymatic components. Among the latter, ascorbic acid 

(Vitamin C) and reduced glutathione (GSH) play central roles 

in maintaining cellular redox homeostasis. Ascorbate 

participates in direct ROS scavenging and regeneration of 

other antioxidants, while GSH functions in detoxification 

reactions, xenobiotic conjugation and operation of the 

ascorbate–glutathione cycle (Foyer & Kunert, 2024; 

Yemelyanov et al., 2024). Enhanced accumulation of these 

metabolites under pollutant stress reflects adaptive metabolic 

reprogramming aimed at mitigating oxidative damage. 

However, the extent to which antioxidant induction offsets 

growth inhibition under graded petroleum contamination 

remains incompletely characterised. 

Beyond biochemical responses, crude oil contamination also 

affects morphophysiological traits such as plant height, stem 

girth and relative water content (RWC). Reduced RWC under 

hydrocarbon stress has been linked to impaired root water 

uptake, altered osmotic potential and membrane 

destabilisation (Hoang et al., 2021; MORELOS-MORENO et 

al., 2021). Since water status directly influences turgor-driven 

growth, changes in RWC may provide mechanistic insight 

into observed reductions in biomass accumulation. 

Abelmoschus esculentus (okra) is an economically important 

vegetable crop widely cultivated in tropical regions. Its rapid 

growth cycle and sensitivity to soil conditions make it a 

suitable model for evaluating plant responses to petroleum-

contaminated soils. Although previous studies have examined 

the general effects of hydrocarbons on crop performance, 

integrated assessments linking growth dynamics, water status 

and redox biomarkers under graded contamination levels are 

limited. 

Therefore, this study investigated the morphophysiological 

and biochemical responses of A. esculentus to increasing 

concentrations of crude oil in soil. By integrating growth 

parameters with indices of lipid peroxidation and antioxidant 

status, the study aimed to elucidate the adaptive capacity and 

tolerance thresholds of okra under petroleum-induced stress. 

Materials and Methods 

Experimental Design and Soil Contamination 

The study was conducted as a controlled pot experiment to 

evaluate the effects of graded crude oil contamination on the 

morphophysiological and biochemical responses of 

Abelmoschus esculentus. Topsoil (0–20 cm depth) was 

collected from an uncontaminated site, air-dried, 

homogenised, and sieved through a 2 mm mesh to remove 

debris. Physicochemical properties of the soil were 

determined prior to contamination using standard analytical 

procedures (Bremner, 1996; Sparks et al., 1996) and well 

documented (Adeyemi and Akpobaro, 2026). 

Bonny Light crude oil was obtained from a certified 

petroleum facility and thoroughly mixed with 10 kg of soil 

per pot to achieve volumetric contamination levels of 0% 

(control), 0.1%, 0.2%, 0.3%, and 0.4% v/w. The 

contaminated soils were equilibrated for seven days to allow 

hydrocarbon–soil interaction before planting, following 

established petroleum contamination protocols (Adam & 

Duncan, 2002). The experimental layout followed a 

completely randomised design with five treatments (A–E), 

each in five replicates. 

Planting and Growth Monitoring 

Certified seeds of A. esculentus were surface-sterilised in 1% 

sodium hypochlorite for 2 min and rinsed thoroughly with 

distilled water prior to sowing. Three seeds were planted per 

pot and later thinned to one uniform seedling per pot after 

emergence. Pots were maintained under natural photoperiod 

conditions and irrigated with distilled water to field capacity 

as required. Five replicate pots per treatment was used. 

Plant height (cm) was measured weekly from the soil surface 

to the apical meristem using a calibrated ruler, while stem 

girth (cm) was measured at 2 cm above the soil surface using 

a digital Vernier calliper. Measurements were recorded for 

seven consecutive weeks. 

Determination of Relative Water Content 

(RWC) 

Leaf relative water content was determined according to the 

method described by Barrs and Weatherley (1962). Fresh 

weight (FW) of leaf discs was recorded immediately after 

excision. Samples were floated on distilled water for 4 h to 

obtain turgid weight (TW), then oven-dried at 70°C to 

constant weight to determine dry weight (DW). RWC was 

calculated as: 

𝑅𝑊𝐶 (%) =
𝐹𝑊 − 𝐷𝑊

𝑇𝑊 − 𝐷𝑊 
 × 100 

Leaf Chlorophyll Determination 

Leaf chlorophyll content was determined non-destructively 

using a portable SPAD chlorophyll meter (SPAD-502 Plus, 

Konica Minolta, Japan). The instrument operates at dual 

wavelengths of 650 nm (red light, chlorophyll absorption 

peak) and 940 nm (near-infrared reference), enabling 

estimation of relative chlorophyll concentration based on 

differential light transmittance. 
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Biochemical Analyses 

Fresh leaf, stem, and root tissues were harvested at week 7, 

rinsed with distilled water, blotted dry, and homogenised in 

ice-cold phosphate buffer (0.1 M, pH 7.0). Homogenates 

were centrifuged at 10,000 × g for 15 min at 4°C, and 

supernatants were used for biochemical assays. 

Malondialdehyde (MDA) was quantified as an index of lipid 

peroxidation using the thiobarbituric acid reactive substances 

(TBARS) method described by Heath and Packer (1968). 

Absorbance was measured spectrophotometrically at 532 nm 

and corrected for non-specific turbidity at 600 nm. Results 

were expressed as µmol g⁻¹ fresh weight (FW). 

Reduced glutathione (GSH) was determined using the 5,5′-

dithiobis-(2-nitrobenzoic acid) (DTNB) method of Ellman 

(1959), as modified for plant tissues. Absorbance was read at 

412 nm, and concentrations were calculated using the molar 

extinction coefficient of reduced glutathione. 

Vitamin C (ascorbic acid) was quantified using the 2,6-

dichlorophenolindophenol (DCPIP) titrimetric method as 

described by AOAC (2016). Results were expressed as µmol 

g⁻¹ FW. 

Statistical Analysis 

All data were expressed as mean ± standard error of the mean 

(SEM) for five independent replicates. Statistical analyses 

were performed using one-way analysis of variance 

(ANOVA) to assess treatment effects, followed by Tukey’s 

honestly significant difference (HSD) test for post hoc 

comparisons at p < 0.05.  

Results 

Plant height increased progressively across the seven-week 

growth period in all treatments (Figure 1). However, 

contamination level significantly influenced growth 

magnitude. The control (A) consistently exhibited the greatest 

height throughout the study, culminating in approximately 36 

cm at week 7. Treatments B (0.1% v/w) and C (0.2% v/w) 

showed moderate reductions relative to the control but 

maintained comparable growth trajectories. In contrast, 

higher contamination levels (D: 0.3% v/w and E: 0.4% v/w) 

resulted in comparatively reduced final plant heights, 

particularly evident from week 5 onwards. Although early 

growth differences (weeks 1–3) were minimal, divergence 

became pronounced during the exponential growth phase 

(weeks 5–7), indicating that crude oil stress exerted 

cumulative inhibitory effects over time. 

 
Figure 1: Okra Plant Height over Seven Weeks under Graded 

Bonny Light Crude Oil Treatments (Mean ± SEM) 

Stem girth followed a similar temporal pattern (Figure 2). 

Initial reductions were observed at week 2 across all 

treatments, likely reflecting transplant establishment 

dynamics. Thereafter, girth increased steadily until week 6. 

The control maintained relatively stable and progressive 

thickening, reaching approximately 3.4 cm at week 7. 

Moderate contamination levels (B and C) exhibited 

comparable or slightly enhanced girth relative to the control 

at mid-growth stages (weeks 5–6), suggesting possible 

compensatory thickening under mild stress. However, the 

highest contamination levels (D and E) showed reduced girth 

at week 7, indicating compromised structural development 

under prolonged hydrocarbon exposure. 

 
Figure 2: Okra Plant stem girth over Seven Weeks under 

Graded Bonny Light Crude Oil Treatments (Mean ± SEM) 

Relative water content (RWC) declined significantly and 

progressively with increasing contamination (Figure 3). The 

control recorded the highest RWC (~92%), while treatments 

B, C, D, and E demonstrated stepwise reductions to 

approximately 80%, 67%, 56%, and 51%, respectively. The 

graded decrease, accompanied by distinct statistical 

groupings, indicates a strong dose-dependent impairment of 

plant water status under crude oil contamination. 

 
Figure 3: Relative water content (%) in okro plants exposed 

to varying concentrations of Bonny Light crude oil (0–4% 

v/w). Plotted values are means ± SEM. Bars bearing different 

alphabetical notations are significantly different (p≤0.05). 

 
Figure 4: Concentration of chlorophyll in leaf of okra plants 

exposed to varying concentrations of Bonny Light crude oil 
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(0–4% v/w). Plotted values are means ± SEM. Bars bearing 

different alphabetical notations are significantly different 

(p≤0.05). 

Graded crude oil contamination significantly altered lipid 

peroxidation and non-enzymatic antioxidant responses in 

Abelmoschus esculentus (Tables 1–3). 

Table 1 presents the concentration of malondialdehyde 

(MDA), an established index of lipid peroxidation and 

oxidative membrane damage, in the leaf, stem and root 

tissues of Abelmoschus esculentus subjected to graded crude 

oil contamination (0–0.4% v/w). The data demonstrate clear 

tissue-specific and concentration-dependent responses, with 

statistically significant differences among treatments within 

each organ (p < 0.05). In the leaf, MDA levels ranged from 

0.0034 to 0.0051 µmol g⁻¹ FW. The control (0%) recorded 

0.0043 ± 0.0001 µmol g⁻¹ FW (ᵇ). A significant increase was 

observed at 0.1% (0.0051 ± 0.0001 µmol g⁻¹ FW; ᶜ) and 0.3% 

(0.0050 ± 0.0001 µmol g⁻¹ FW; ᶜ), indicating enhanced lipid 

peroxidation under mild to moderate contamination. 

Interestingly, MDA declined significantly at 0.2% and 0.4% 

(both 0.0034 ± 0.0001 µmol g⁻¹ FW; ᵃ), suggesting either 

activation of antioxidant defence mechanisms or reduced 

metabolic activity at higher stress levels. The biphasic pattern 

implies an initial oxidative surge followed by adaptive or 

suppressive physiological adjustment. In the stem, MDA 

concentrations were consistently higher than in leaves, 

ranging from 0.0098 to 0.0121 µmol g⁻¹ FW. The highest 

value occurred at 0.2% contamination (0.0121 ± 0.0001 µmol 

g⁻¹ FW; ᶜ), representing a significant elevation relative to 

control (0.0103 ± 0.0001 µmol g⁻¹ FW; ᵃ). Moderate elevation 

was also observed at 0.3% (0.0115 ± 0.0001 µmol g⁻¹ FW; ᵇ). 

However, at 0.4%, MDA declined to 0.0098 ± 0.0001 µmol 

g⁻¹ FW (ᵃ), statistically comparable to control. This pattern 

suggests that the stem exhibits pronounced oxidative 

sensitivity at intermediate contamination levels, possibly due 

to its role in translocation of hydrocarbons and associated 

reactive oxygen species (ROS). In the root, MDA exhibited 

marked variability, ranging from 0.0020 to 0.0089 µmol g⁻¹ 

FW. The control recorded 0.0089 ± 0.0001 µmol g⁻¹ FW (ᶜ), 

the highest baseline among treatments. Exposure to 0.1% and 

0.3% resulted in moderate but significant reductions (0.0074 

± 0.0001 µmol g⁻¹ FW; ᵇ). A pronounced decline was 

observed at 0.2% (0.0020 ± 0.0001 µmol g⁻¹ FW; ᵃ), 

indicating minimal lipid peroxidation at this concentration. At 

0.4%, MDA increased slightly to 0.0039 ± 0.0001 µmol g⁻¹ 

FW (ᵈ), though still significantly lower than control. The 

reduction in root MDA under contamination may reflect 

altered membrane lipid composition, restricted oxygen 

diffusion in oil-impacted rhizosphere, or induction of root-

specific antioxidant systems. 

Table 1: MDA Concentration (µmol g⁻¹ FW) in Leaf, Stem and Root of A. esculentus under Graded Crude Oil Contamination 

Treatment (v/w) Leaf (µmol g⁻¹ FW) Stem (µmol g⁻¹ FW) Root (µmol g⁻¹ FW) 

A (0%) 0.0043 ± 0.0001ᵇ 0.0103 ± 0.0001ᵃ 0.0089 ± 0.0001ᶜ 

B (0.1%) 0.0051 ± 0.0001ᶜ 0.0103 ± 0.0001ᵃ 0.0074 ± 0.0001ᵇ 

C (0.2%) 0.0034 ± 0.0001ᵃ 0.0121 ± 0.0001ᶜ 0.0020 ± 0.0001ᵃ 

D (0.3%) 0.0050 ± 0.0001ᶜ 0.0115 ± 0.0001ᵇ 0.0074 ± 0.0001ᵇ 

E (0.4%) 0.0034 ± 0.0001ᵃ 0.0098 ± 0.0001ᵃ 0.0039 ± 0.0001ᵈ 

Values are expressed as mean ± SEM (n = 5). Different superscript letters within each tissue indicate significant differences among 

treatments (p < 0.05; Tukey’s HSD). 

Vitamin C concentrations increased progressively with contamination intensity across all tissues (Table 2). In leaves, ascorbate 

content rose significantly from the control to the highest contamination level, with the greatest accumulation observed at 0.4% v/w. 

Stem tissues showed a pronounced elevation at 0.3% v/w, representing the peak response, while root tissues exhibited a strong dose-

dependent increase, reaching maximum values at 0.4% v/w. 

Table 2: Vitamin C Concentration (µmol g⁻¹ FW) in Leaf, Stem and Root of A. esculentus under Graded Crude Oil Contamination 

Treatment (v/w) Leaf (µmol g⁻¹ FW) Stem (µmol g⁻¹ FW) Root (µmol g⁻¹ FW) 

A (0%) 42.0 ± 3.0ᵃ 118.0 ± 8.0ᵃ 122.0 ± 9.0ᵃ 

B (0.1%) 58.0 ± 4.0ᵇ 167.0 ± 10.0ᵇ 168.0 ± 11.0ᵇ 

C (0.2%) 77.0 ± 5.0ᶜ 167.0 ± 11.0ᵇ 174.0 ± 12.0ᵇ 

D (0.3%) 75.0 ± 4.0ᶜ 271.0 ± 13.0ᶜ 286.0 ± 15.0ᶜ 

E (0.4%) 94.0 ± 6.0ᵈ 240.0 ± 12.0ᵈ 336.0 ± 16.0ᵈ 

Values are expressed as mean ± SEM (n = 5). Different superscript letters within each tissue indicate significant differences among 

treatments (p < 0.05; Tukey’s HSD). 

Reduced glutathione (GSH) also demonstrated a general dose-dependent elevation (Table 3). In leaves, GSH increased progressively 

across treatments, with the highest value recorded at 0.4% v/w. Stem tissues followed a similar pattern, with incremental increases 
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culminating at 0.4% v/w. In roots, however, GSH peaked at 0.2% v/w, followed by a decline at 0.3% v/w and a secondary increase 

at 0.4% v/w, indicating a biphasic response. 

Collectively, contamination significantly modulated oxidative stress markers and antioxidant metabolites in a concentration- and 

tissue-dependent manner. 

Table 3: Reduced Glutathione (GSH) Concentration (µmol g⁻¹ FW) in Leaf, Stem and Root of A. esculentus under Graded Crude 

Oil Contamination 

Treatment (v/w) Leaf (µmol g⁻¹ FW) Stem (µmol g⁻¹ FW) Root (µmol g⁻¹ FW) 

A (0%) 0.95 ± 0.07ᵃ 2.60 ± 0.20ᵃ 2.50 ± 0.18ᵃ 

B (0.1%) 1.65 ± 0.15ᵇ 4.70 ± 0.50ᵇ 4.80 ± 0.45ᵇ 

C (0.2%) 2.90 ± 0.30ᶜ 7.90 ± 0.80ᶜ 20.40 ± 2.10ᶜ 

D (0.3%) 3.40 ± 0.35ᶜ 11.10 ± 1.10ᵈ 11.10 ± 1.20ᵈ 

E (0.4%) 6.20 ± 0.60ᵈ 15.30 ± 1.50ᵉ 15.40 ± 1.60ᵉ 

Values are expressed as mean ± SEM (n = 5). Different superscript letters within each tissue indicate significant differences among 

treatments (p < 0.05; Tukey’s HSD). 

Discussion 

The growth responses illustrated in Figures 1–3 demonstrate 

that Abelmoschus esculentus retained the capacity for 

vegetative development under graded crude oil 

contamination, although performance declined with 

increasing hydrocarbon concentration. The progressive 

increase in plant height across treatments confirms sustained 

meristematic activity; however, the consistent reduction in 

final height at 0.3–0.4% v/w indicates that crude oil exerts 

inhibitory effects on cell elongation and biomass 

accumulation. Such growth suppression under petroleum 

stress has been attributed to reduced nutrient bioavailability, 

impaired root respiration and hydrocarbon-induced soil 

hydrophobicity, which collectively limit resource acquisition 

(Kamranifar et al., 2025; Odukoya et al., 2019). The greater 

divergence observed during later growth stages suggests 

cumulative soil-mediated constraints, consistent with reports 

that chronic hydrocarbon exposure progressively disrupts 

plant development (Bahar et al., 2024; Kamranifar et al., 

2025). 

Stem girth patterns (Figure 2) further reveal structural 

adjustments under contamination. The comparable or slightly 

enhanced girth at moderate contamination during mid-growth 

stages may reflect stress-induced assimilate reallocation 

towards supportive tissues, enhancing mechanical stability 

and vascular conductivity. Similar compensatory responses 

have been observed in plants exposed to sub-lethal abiotic 

stress (Du et al., 2024; Zhang et al., 2025). However, the 

decline in girth at higher contamination levels by week 7 

indicates that prolonged hydrocarbon exposure suppresses 

cambial activity and secondary growth, likely due to impaired 

carbon assimilation and hormonal imbalance. 

The marked, dose-dependent decline in relative water content 

(Figure 3) demonstrates significant disruption of plant water 

relations. Reduced RWC is indicative of impaired root 

hydraulic conductivity, osmotic imbalance and altered 

membrane permeability under hydrocarbon stress (Sherri et 

al., 2023; Григориади et al., 2023). Because turgor pressure 

directly drives cell expansion, compromised hydration status 

plausibly explains the concomitant reductions in height and 

girth at higher contamination levels. The sensitivity of RWC 

underscores its utility as an early physiological indicator of 

petroleum-induced stress. 

The significant decline in leaf chlorophyll concentration with 

increasing crude oil contamination (Figure 4) indicates 

impaired photosynthetic capacity under hydrocarbon stress. 

The reduction from the control to contaminated treatments 

suggests disruption of chlorophyll biosynthesis and enhanced 

pigment degradation, likely mediated through oxidative stress 

and membrane lipid peroxidation (Ali et al., 2024; Dąbrowski 

et al., 2024). Petroleum hydrocarbons can alter soil nutrient 

availability, particularly nitrogen and magnesium, which are 

essential for chlorophyll formation (Yong et al., 2024). The 

plateau observed at higher contamination levels may reflect 

physiological threshold effects, where chloroplast damage 

and metabolic inhibition reach a saturation point 

(Ghassemi‐Golezani et al., 2025). 

Biochemical responses (Tables 1–3) provide mechanistic 

insight into these morphophysiological alterations. Elevated 

MDA concentrations observed in selected tissues under crude 

oil exposure substantiate the occurrence of enhanced lipid 

peroxidation and increased generation of reactive oxygen 

species (ROS), consistent with established evidence that 

petroleum hydrocarbons disrupt membrane integrity through 

oxidative pathways (Janbazi et al., 2024; Oleforuh-Okoleh et 

al., 2024). In the present dataset, this effect was particularly 

evident in the stem, where MDA peaked significantly at 0.2% 

contamination, indicating heightened oxidative vulnerability 

at intermediate exposure levels. This pattern suggests that the 

stem, functioning as the principal conduit for assimilate and 

solute translocation, may experience intensified oxidative 

burden due to systemic distribution of hydrocarbon-derived 

toxicants and associated ROS. In the leaf, moderate 

elevations at 0.1% and 0.3% further support the induction of 

oxidative stress under low-to-moderate contamination. 

https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=%
https://dummy-citation.com/citation?d=%2BIHNvaWwpIHdpdGggYW5kIHdpdGhvdXQgY29wcGVyIHN1bGZhdGUgKDIwMCBtZyBrZzxzdXA%2BLTE8L3N1cD4gc29pbCksIG5pY2tlbCBzdWxmYXRlICg0MDAgbWcga2c8c3VwPi0xPC9zdXA%


IKR Publishers  

 

© IKR Journal of Agriculture and Biosciences (IKRJAB). Published by IKR Publishers  Page 64 

 

However, the absence of a progressive increase with 

concentration and the significant reduction in MDA at 0.2% 

and 0.4% indicate a non-linear response. Such biphasic 

dynamics may reflect activation of enzymatic and non-

enzymatic antioxidant defence systems, including superoxide 

dismutase, catalase and peroxidases, which can suppress lipid 

peroxidation when effectively induced. Similarly, the marked 

decline in root MDA at 0.2% and 0.4% compared with the 

control suggests either enhanced antioxidative regulation or 

altered rhizospheric conditions that limit oxidative 

propagation. Given that roots are the primary interface with 

contaminated soil, their response may involve adaptive 

modulation of membrane composition or metabolic 

downregulation under sustained stress. Collectively, the 

tissue-specific peaks—most pronounced in stems at 

intermediate contamination—and the reduction at higher 

doses in certain organs align with the concept of differential 

oxidative susceptibility and compensatory antioxidant 

activation under graded crude oil stress (Janbazi et al., 2024; 

Oleforuh-Okoleh et al., 2024). 

The progressive elevation of Vitamin C and GSH across 

treatments reflects inducible redox buffering. Ascorbate 

functions in direct ROS scavenging and regeneration of 

antioxidant systems, while GSH is central to the ascorbate–

glutathione cycle and xenobiotic detoxification (Chen et al., 

2023; Foyer & Kunert, 2024). The biphasic GSH response in 

roots indicates transient oxidative overload followed by 

compensatory synthesis, highlighting dynamic redox 

regulation. 

Collectively, the inverse association between MDA and 

antioxidant metabolites demonstrates coordinated oxidative 

stress modulation. Moderate contamination appears to impose 

maximal oxidative challenge, whereas higher levels stimulate 

stronger antioxidant induction, partially stabilising membrane 

integrity. These findings indicate substantial redox plasticity 

in A. esculentus, supporting its moderate tolerance to 

petroleum-contaminated soils. 

In conclusion, this study demonstrated that graded crude oil 

contamination significantly alters the morphophysiological 

and redox status of Abelmoschus esculentus. While the crop 

maintained measurable growth across contamination levels, 

increasing hydrocarbon intensity progressively reduced plant 

height, stem girth, and relative water content, indicating 

impaired hydration and structural development. 

Biochemically, crude oil exposure induced lipid peroxidation 

alongside marked upregulation of non-enzymatic 

antioxidants, particularly Vitamin C and reduced glutathione, 

reflecting activation of adaptive redox buffering mechanisms. 

The coordinated modulation of oxidative stress markers 

suggests that A. esculentus possesses moderate tolerance 

mediated through inducible antioxidant defence systems. 

However, the energetic cost of sustained detoxification 

responses appears to constrain biomass accumulation under 

higher contamination levels. 

Overall, the findings highlight a threshold-dependent balance 

between stress injury and metabolic adaptation, underscoring 

both the resilience and physiological limits of okra cultivated 

in petroleum-impacted soils. 

References 

1. Adam, G., & Duncan, H. (2002). Influence of diesel 

fuel on seed germination. Environmental Pollution, 

120, 363–370. 

2. Adeyemi, O., & Akpobaro, A. (2026). Multilevel 

evaluation of crude oil pollution effects on soil health, 

elemental redistribution, and hydrocarbon attenuation 

in okra using ICP-OES and GC-FID. African Journal 

of General Agriculture, 4(1), 90–99. Nigerian Society 

for Experimental Biology. https://www.ajga-

journal.org 

3. Agbaji, J. E., Effiong, E., & Iheanacho, G. C. (2024). 

Parameter Affinity Estimation of Rhizobacterial 

Cocktail Formulations for Hydrocarbon Degradation 

Using Locally Available Substrates in Crude Oil-

Impacted Soil. In IntechOpen eBooks. IntechOpen. 

https://doi.org/10.5772/intechopen.1004091 

4. Alam, P., Faizan, M., Arif, Y., Azzam, M. M., Hayat, 

S., Afzal, S., & Albalawi, T. (2025). Reactive oxygen 

species: balancing agents in plants. Frontiers in Plant 

Science, 16, 1713590. 

https://doi.org/10.3389/fpls.2025.1713590 

5. Ali, M. H., Khan, M. I., Amjad, F., Khan, N., & 

Seleiman, M. F. (2024). Improved chickpea growth, 

physiology, nutrient assimilation and rhizoremediation 

of hydrocarbons by bacterial consortia. BMC Plant 

Biology, 24(1). https://doi.org/10.1186/s12870-024-

05709-x 

6. AOAC. (2016). Official methods of analysis (20th 

ed.). Association of Official Analytical Chemists. 

7. Bahar, M. M., Samarasinghe, S. V. A. C., Bekele, D., 

& Naidu, R. (2024). Residual hydrocarbons in long-

term contaminated soils: implications to risk-based 

management. Environmental Science and Pollution 

Research, 31(15), 22759. 

https://doi.org/10.1007/s11356-024-32593-7 

8. Barrs, H. D., & Weatherley, P. E. (1962). A re-

examination of the relative turgidity technique for 

estimating water deficits in leaves. Australian Journal 

of Biological Sciences, 15, 413–428. 

9. Bremner, J. M. (1996). Nitrogen—Total. In D. L. 

Sparks et al. (Eds.), Methods of soil analysis (pp. 

1085–1121). ASA and SSSA. 

10. Chen, X., Han, H., Cong, Y., Li, X., Zhang, W., Wan, 

W., Cui, J., Xu, W., Diao, M., & Liu, H. (2023). The 

Protective Effect of Exogenous Ascorbic Acid on 

Photosystem Inhibition of Tomato Seedlings Induced 

by Salt Stress. Plants, 12(6), 1379. 

https://doi.org/10.3390/plants12061379 

https://www.ajga-journal.org/
https://www.ajga-journal.org/
https://doi.org/10.5772/intechopen.1004091
https://doi.org/10.3389/fpls.2025.1713590
https://doi.org/10.1186/s12870-024-05709-x
https://doi.org/10.1186/s12870-024-05709-x
https://doi.org/10.1007/s11356-024-32593-7
https://doi.org/10.3390/plants12061379


IKR Publishers  

 

© IKR Journal of Agriculture and Biosciences (IKRJAB). Published by IKR Publishers  Page 65 

 

11. Correa, H. da S., Blum, C. T., Galvão, F., & Maranho, 

L. T. (2022). Effects of oil contamination on plant 

growth and development: a review. Environmental 

Science and Pollution Research, 29(29), 43501. 

https://doi.org/10.1007/s11356-022-19939-9 

12. Dąbrowski, P., Małuszyńska, I., Małuszyński, M. J., 

Pawluśkiewicz, B., Gnatowski, T., Baczewska-

Dąbrowska, A. H., & Kalaji, H. M. (2024). 

Photosynthetic Efficiency of Plants as an Indicator of 

Tolerance to Petroleum-Contaminated Soils. 

Sustainability, 16(24), 10811. 

https://doi.org/10.3390/su162410811 

13. Du, B., Haensch, R., Alfarraj, S., & Rennenberg, H. 

(2024). Strategies of plants to overcome abiotic and 

biotic stresses. Biological Reviews/Biological Reviews 

of the Cambridge Philosophical Society, 99(4), 1524. 

https://doi.org/10.1111/brv.13079 

14. Ellman, G. L. (1959). Tissue sulfhydryl groups. 

Archives of Biochemistry and Biophysics, 82, 70–77. 

15. Falih, K. T., Razali, S. F. M., Maulud, K. N. A., 

Rahman, N. A., Abba, S. I., & Yaseen, Z. M. (2024). 

Assessment of petroleum contamination in soil, water, 

and atmosphere: a comprehensive review. 

International Journal of Environmental Science and 

Technology, 21(13), 8803. 

https://doi.org/10.1007/s13762-024-05622-8 

16. Foyer, C. H., & Kunert, K. (2024). The ascorbate–

glutathione cycle coming of age. Journal of 

Experimental Botany, 75(9), 2682. 

https://doi.org/10.1093/jxb/erae023 

17. Ghassemi‐Golezani, K., Latifi, S., & Farhangi‐Abriz, 

S. (2025). Biochar-mediated remediation of nickel and 

copper improved nutrient availability and 

physiological performance of dill plants. Scientific 

Reports, 15(1), 13660. https://doi.org/10.1038/s41598-

025-98646-0 

18. Haider, F. U., Ejaz, M., Cheema, S. A., Khan, M. I., 

Zhao, B., Cai, L., Salim, M. A., Naveed, M., Khan, N., 

Núñez‐Delgado, A., & Mustafa, A. (2021). 

Phytotoxicity of petroleum hydrocarbons: Sources, 

impacts and remediation strategies. Environmental 

Research, 197, 111031. 

https://doi.org/10.1016/j.envres.2021.111031 

19. Heath, R. L., & Packer, L. (1968). Photoperoxidation 

in isolated chloroplasts. Archives of Biochemistry and 

Biophysics, 125, 189–198. 

20. Hoang, S. A., Lamb, D., Seshadri, B., Sarkar, B., 

Cheng, Y., Wang, L., & Bolan, N. (2021). Petroleum 

hydrocarbon rhizoremediation and soil microbial 

activity improvement via cluster root formation by 

wild proteaceae plant species. Chemosphere, 275, 

130135. 

https://doi.org/10.1016/j.chemosphere.2021.130135 

21. Janbazi, Z., Zarinkamar, F., & Mohsenzadeh, S. 

(2024). Exploring the Phytoremediation Capacity of 

Portulace oleracea Naphthalene Aromatic 

Hydrocarbon Contaminants: A Physiological and 

Biochemical Study. Research Square (Research 

Square). https://doi.org/10.21203/rs.3.rs-3950051/v1 

22. Kamranifar, M., Pourzamani, H., Khosravi, R., 

Ranjbar, G., & Ebrahimpour, K. (2025). Phytotoxic 

effects of petroleum hydrocarbons on germination and 

growth of the native halophyte Salicornia sinus persica 

in oil contaminated soil. Scientific Reports, 15(1), 

8459. https://doi.org/10.1038/s41598-025-92512-9 

23. MORELOS-MORENO, Á., Martel-Valles, J. F., 

Morales, I., Foroughbakhch, R., & 

Benavides‐Mendoza, A. (2021). Influence of the 

hydrocarbons diesel, gasoline, and benzene on the 

growth and mineral and antioxidant concentrations of 

tomato plants. Notulae Botanicae Horti Agrobotanici 

Cluj-Napoca, 49(1), 11849. 

https://doi.org/10.15835/nbha49111849 

24. Odukoya, J. O., Lambert, R., & Sakrabani, R. (2019). 

Understanding the Impacts of Crude Oil and its 

Induced Abiotic Stresses on Agrifood Production: A 

Review. Horticulturae, 5(2), 47. 

https://doi.org/10.3390/horticulturae5020047 

25. Oleforuh-Okoleh, V. U., Fakae, L. B., Obianwuna, U. 

E., Kakulu, I. I., Onu, P. N., Sikiru, A. B., Ollor, O. 

A., & Emeka, O. C. (2024). Effect of Exposure to 

Crude Oil Polluted Environment on Hematological 

and Serological Indices in Chickens: Variability in 

Breed Sensitivity. Research Square (Research 

Square). https://doi.org/10.21203/rs.3.rs-4198608/v1 

26. Orire, E. P. (2024). EFFECTS OF STIMULATED 

PETROLEUM OIL POLLUTION ON THE SOIL 

CHARACTERISTICS. Journal of Wastes and 

Biomass Management, 6(2), 99. 

https://doi.org/10.26480/jwbm.02.2024.99.103 

27. Orocio-Carrillo, J. A., Rivera-Cruz, M. del C., 

Juárez‐Maldonado, A., Bautista-Muñoz, C. del C., 

Trujillo-Narcía, A., González‐García, Y., & Cárdenas-

Villegas, S. (2022). Crude oil induces plant growth 

and antioxidant production in Leersia hexandra Sw. A 

hydrophytic grass that rhizodegrades oil in Tabasco, 

Mexico. Research Square (Research Square). 

https://doi.org/10.21203/rs.3.rs-1999247/v1 

28. Rizzo, M. (2024). Measurement of Malondialdehyde 

as a Biomarker of Lipid Oxidation in Fish. American 

Journal of Analytical Chemistry, 15(9), 303. 

https://doi.org/10.4236/ajac.2024.159020 

29. Sherri, M. C., Sirguey, C., Kanso, A., Hamze, K., & 

Ouvrard, S. (2023). Stress Response and 

Phytoextraction Potential of Two Noccaea 

caerulescens Populations in Multicontaminated Soil. 

Research Square (Research Square). 

https://doi.org/10.21203/rs.3.rs-2854815/v1 

30. Sparks, D. L., Page, A. L., Helmke, P. A., & Loeppert, 

R. H. (1996). Methods of soil analysis: Part 3—

Chemical methods. ASA and SSSA. 

https://doi.org/10.1007/s11356-022-19939-9
https://doi.org/10.3390/su162410811
https://doi.org/10.1111/brv.13079
https://doi.org/10.1007/s13762-024-05622-8
https://doi.org/10.1093/jxb/erae023
https://doi.org/10.1038/s41598-025-98646-0
https://doi.org/10.1038/s41598-025-98646-0
https://doi.org/10.1016/j.envres.2021.111031
https://doi.org/10.1016/j.chemosphere.2021.130135
https://doi.org/10.21203/rs.3.rs-3950051/v1
https://doi.org/10.1038/s41598-025-92512-9
https://doi.org/10.15835/nbha49111849
https://doi.org/10.3390/horticulturae5020047
https://doi.org/10.21203/rs.3.rs-4198608/v1
https://doi.org/10.26480/jwbm.02.2024.99.103
https://doi.org/10.21203/rs.3.rs-1999247/v1
https://doi.org/10.4236/ajac.2024.159020
https://doi.org/10.21203/rs.3.rs-2854815/v1


IKR Publishers  

 

© IKR Journal of Agriculture and Biosciences (IKRJAB). Published by IKR Publishers  Page 66 

 

31. Valgimigli, L. (2023). Lipid Peroxidation and 

Antioxidant Protection [Review of Lipid Peroxidation 

and Antioxidant Protection]. Biomolecules, 13(9), 

1291. Multidisciplinary Digital Publishing Institute. 

https://doi.org/10.3390/biom13091291 

32. Vicidomini, C., Palumbo, R., Moccia, M., & Roviello, 

G. N. (2024). Oxidative Processes and Xenobiotic 

Metabolism in Plants: Mechanisms of Defense and 

Potential Therapeutic Implications [Review of 

Oxidative Processes and Xenobiotic Metabolism in 

Plants: Mechanisms of Defense and Potential 

Therapeutic Implications]. Journal of Xenobiotics, 

14(4), 1541. PAGEPress (Italy). 

https://doi.org/10.3390/jox14040084 

33. Yemelyanov, V. V., Prikaziuk, E., Lastochkin, V. V., 

Aresheva, O. M., & Chirkova, T. V. (2024). 

Ascorbate-glutathione cycle in wheat and rice 

seedlings under anoxia and subsequent reaeration. 

Vavilov Journal of Genetics and Breeding, 28(1), 44. 

https://doi.org/10.18699/vjgb-24-06 

34. Yong, S., Chen, Q., Xu, F., Fu, H., Liang, G., & Guo, 

Q. (2024). Exploring the interplay between 

angiosperm chlorophyll metabolism and 

environmental factors. Planta, 260(1), 25. 

https://doi.org/10.1007/s00425-024-04437-8 

35. Zhang, J., Zanten, M. van, & Sasidharan, R. (2025). 

Mechanisms of plant acclimation to multiple abiotic 

stresses. Communications Biology, 8(1), 655. 

https://doi.org/10.1038/s42003-025-08077-w 

36. Григориади, А. С., Zobkova, N. V., Sotnikova, Yu. 

M., Yamaleeva, A. A., & Фархутдинов, Р. Г. (2023). 

Response of the rhizosphere microbial community of 

phytoremediation plants to oil pollution and the 

application of biopreparations. Proceedings of 

Universities Applied Chemistry and Biotechnology, 

13(4), 523. https://doi.org/10.21285/2227-2925-2023-

13-4-523-531 

 

 
 

https://doi.org/10.3390/biom13091291
https://doi.org/10.3390/jox14040084
https://doi.org/10.18699/vjgb-24-06
https://doi.org/10.1007/s00425-024-04437-8
https://doi.org/10.1038/s42003-025-08077-w
https://doi.org/10.21285/2227-2925-2023-13-4-523-531
https://doi.org/10.21285/2227-2925-2023-13-4-523-531

	Materials and Methods
	Experimental Design and Soil Contamination
	Planting and Growth Monitoring
	Determination of Relative Water Content (RWC)
	Leaf Chlorophyll Determination
	Biochemical Analyses
	Statistical Analysis
	Results
	Discussion
	References


