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elenium (Se) is a vital micronutrient that plays an important role in metabolic, cellular, 
and physiological activities. Its deficiency can hinder growth, immunity, fertility, and 
cellular structure. This study inspected the effect of selenium and hydrogen peroxide-

induced oxidative stress on the Zea mays L. seed germination, growth, and antioxidative 
activity. Soil samples were collected produced significant selenite-resistant and auxin-
producing strains. These isolates were further tested for selenite reduction, plant growth-
promoting characteristics, and other biochemical properties. Optimal selenite reduction was 

achieved at pH 7 at a temperature of 37°C, and up to 1900 μg ml⁻¹ concentration. Responses 
to high selenite concentrations fluctuated from strain to strain, including variations in growth, 
auxin production, and antimicrobial activity against Bacillus thuringiensis. After six days of 

exposure to 20 mM H₂O₂, a considerable rise in root malondialdehyde content was seen, 
suggesting the presence of oxidative stress. Generally, selenium improved antioxidative 

defense mechanisms and tolerance to H₂O₂ stress. These findings deduce that PGPR 

inoculation significantly reduced H₂O₂ and MDA levels while enhancing POD activity and 
seedling growth under oxidative stress. 
Keywords: Antioxidative Defense, Bacillus, Hydrogen Peroxide, Seedling Growth, Selenium, 
Oxidative Stress, Plant-Microbe Interactions, Zea Mays 
Introduction: 

Oxidative stress is a key problem in plant physiology, occurring when ROS levels 

surpass the capacity of detoxification processes of the plant cell. H₂O₂ acts as a key ROS that 
regulates growth, differentiation, and defense responses in plants in low to moderate levels. 
However, at high levels, it can cause oxidative damage to lipids, nucleic acids, and proteins by 
mediating processes such as lipid peroxidation [1][2]. In Zea mays (maize), environmental 

stresses like drought, salinity, and waterlogging often induce overproduction of H₂O₂, 
triggering the production of antioxidant enzymes like superoxide dismutase, catalase, and 
peroxidases to reestablish redox balance [3][4]. 

Selenium is a trace element that causes a "double-edged sword" effect in plants. While 
not severely essential for most plant species, selenium can protect against abiotic stress 
produced by ROS by increasing the antioxidant defense system, but at higher concentrations, 
selenium becomes toxic, and which results in the production of excessive oxidative stress [5]. 
High selenium levels in Zea mays seedlings have been reported to reduce growth, lower 
chlorophyll content, and increase malondialdehyde, a lipid peroxidation indicator, content 
while also altering the reactions involving enzymes such as superoxide dismutase, guaiacol 
peroxidase, and catalase [6]. Selenium can be supplemented either by priming or as a 

nanoparticle. Selenium and H₂O₂ have an interesting effect on ROS metabolism during 
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antioxidant pathways in nature, as they might enhance stress tolerance by enhancing the 

activity of antioxidant enzymes and reducing overall H₂O₂ levels [7][8]. 
Several modern studies have explored how selenium affects Zea mays' functioning 

during stressful conditions. In salt-stressed maize, foliar application of selenium enhanced 
growth, photosynthetic pigments production, antioxidant enzyme activities, and alterations in 

ionic homeostasis (e.g., raising K⁺ content, regulating Na⁺ compartmentalization via 
ZmNHX1). A different study found that seed priming (with Selenium nanoparticles) boosted 
Zea mays seedling resistance to salt stress, increasing antioxidant capacity while decreasing 
oxidative damage.  

Exogenous administration, also called priming of H₂O₂, has been widely explored to 

improve stress tolerance in maize. Priming maize seeds with H₂O₂ promoted seed 
germination and growth under drought conditions. It also increased antioxidant enzyme 
activity (catalase, guaiacol peroxidase, and superoxide dismutase), reduced malondialdehyde 
content, and increased proline and soluble sugars levels, which are osmoprotectants [9]. Zea 

mays treated with H₂O₂ displayed greater photosynthetic performance, net carbon 
assimilation, more open stomata, and enhanced photosystem II efficiency during waterlogging 
stress, leading to higher grain production [10]. Research advocates that seed priming with 

H₂O₂ and other compounds (e.g., proline) can enhance antioxidant responses during drought 
conditions. 

The latest study has begun to investigate how selenium and H₂O₂ interact and control 
oxidative stress. Zea mays seeds, which were primed with selenium nanoparticles, reduced 

malondialdehyde and H₂O₂ levels as compared to non-primed seeds. This suggests that it can 

reduce overall oxidative stress by suppressing H₂O₂ accumulation and enhancing antioxidant 
mechanisms.  

While selenium and H₂O₂ priming individually enhance oxidative stress tolerance in 
maize, limited information is available on the synergistic role of selenium-resistant PGPR 
under ROS-induced stress. This study uniquely integrates selenium-resistant rhizobacteria, 

H₂O₂ stress, and antioxidant regulation in Zea mays seedlings. 
Study Objectives: 
To isolate and characterize selenium-resistant rhizobacteria 
To evaluate their multi-metal resistance and selenite reduction potential  

To assess their effect on Zea mays seedling growth under H₂O₂ stress 

To analyze oxidative stress markers (H₂O₂, MDA, POD) in supplemented seedlings 
Materials and Methods: 

All experimental work was conducted under sterilized conditions. Glassware, 
solutions, dyes, and media were sterilized at 121°C for 15 min under 15 psi pressure [11]. All 
chemicals were prepared using distilled water and handled according to laboratory safety 
protocols. Nutrient agar and broth were prepared according to established recipes and 
methods by dissolving the required ingredients in 1L distilled water, adjusting pH to 7, and 
autoclaving before use [12][13]. 
Isolation of Selenium-Resistant Bacteria: 

Soil samples were serially diluted (10⁻¹ to 10⁻⁹) while 10-2, 10-5, and 10-9 dilutions were 

spread on N-agar supplemented with about 400µg/mL Na₂SO₃. After incubation at 37°C for 
24 hrs, distinct colonies were selected and purified through quadrant streaking and incubated 
for 24 hrs. at 37°C. [14]  
Cellular Morphological Characteristics via Staining: 

Cellular morphology of the isolated bacteria was assessed using classical staining 
techniques. Gram staining, endospore staining, and cellular shape examination were 
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conducted to categorize isolates and detect endospore-forming species using standard 
microbiological procedures. [15][16][17]. 
Biochemical Characterization of Bacteria: 

Each isolate was examined by using several biochemical tests, including catalase, 
oxidase, starch hydrolysis, citrate utilization, methyl red and Voges-Proskauer reactions, nitrate 
reduction, phosphate solubilization, ammonia production, auxin biosynthesis, and malonate 
utilization. Physiological and biochemical tests were conducted to characterize the metabolic 

capabilities of the isolates. Catalase activity was performed with 3% H₂O₂, and oxidase activity 
was determined by 1% tetramethyl-p-phenylenediamine [18][19]. Bacterial isolates were 
incubated on starch agar, Simmon's citrate agar, and Pikovskaya agar for starch hydrolysis, 
citrate utilization, and phosphate solubilization test, respectively [20][21]. The MR/VP test 
was performed on glucose phosphate media following established protocols [22][23][24]. 
Nitrate reduction test and ammonia production were done on nitrate broth and 4% peptone 
water, respectively [25][26]. Auxin production was quantified using L-tryptophan-
supplemented broth and broth without L-tryptophan [27], and malonate production was 
performed using recorded protocols [28]. 
Antimicrobial Assay: 

Mueller-Hinton agar was used to measure antimicrobial activity against Bacillus 
thuringiensis using standard disc-diffusion methods [29]. Sterile discs impregnated with test 
bacterial solutions were then placed onto Bacillus thuringiensis inoculated plates to screen 
bacterial isolates for antibacterial activity against specific indicator pathogens and incubated 
for 24 hours. After incubation, zones of inhibition were observed and recorded in mm. These 
results were also compared with conventional antibiotic sensitivity standards to examine for 
possible biocontrol application [30]. 
Selenite Reduction Assay: 

Selenite reduction assay was performed using a colorimetric method. The first bacterial 
inoculum was given in falcons containing N broth and incubated for 48 hrs at 37°C in a 
shaking incubator (150 rpm). The formation of red precipitate after incubation indicated 
elemental selenium (Se0) formation. Cells were pelleted at 5000 rpm for 10 min and washed 
twice with NaCl. The pellet containing selenium was resuspended in sterile water, and the 
optical density at 500 nm was used as an indirect measure of elemental selenium formation, 
with higher OD indicating greater reduction potential. This assay showed the detoxifying and 
metabolic abilities of these isolates under selenium stress. Thermal (28, 37, 45 °C) and pH (5, 
7, 9) tolerance profiles under selenite stress were also investigated to identify the physiological 
adaptation. [31] 
Cross-Metal Resistance Assay: 

Cross-metal resistance was inspected to determine co-tolerance patterns among 
isolated strains [31]. Heavy metals such as Cobalt (Co) Copper (Cu), Iron (Fe), Lead (Pb), 
Lithium (Li), Magnesium (Mg), Manganese (Mn), Mercury (Hg), Nickel (Ni), Potassium 

dichromate (K₂Cr₂O₇) and Zinc (Zn) and were individually added to N-Agar plates using 1% 
stock solutions, or 400µg/mL [32][33][34][35][36][37][38][39]. Bacterial inoculum was 
delivered in the form of streaks, and plates were incubated for 24 to 48 hrs at 37 °C. The 
scores for growth intensity were recorded as (+) weak growth, (++) moderate growth, (+++) 
high growth, and (–) no growth. Metal-resistance profiles were used to evaluate environmental 
resilience and possible applicability in bioremediation of multi-metal contaminated 
environments. 
Screening of Microbial Strains for Plant Growth-Promoting Properties: 

Plant growth-promotion properties of isolates were observed under controlled 
laboratory conditions. The objectives of the tests were to examine how selenium affects 
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seedling growth and compare growth under various treatments, such as selenium, H2O₂, and 
their mixture. In accordance with known PGPR inoculation procedures, bacterial inocula were 
made by cultivating isolates in nutrient broth at 28°C for 24 hours, followed by centrifuging, 
washing, and resuspending to around 10² CFU/mL. [40]. For other experimental setups, 
cultures were also grown in N-broth at 37°C for 24 hrs in a shaking incubator at 150 rpm. 
Post-incubation, cultures were centrifuged aseptically at 5000 rpm for about 5 min, with 
changes to centrifugation time and speed made according to strain-specific growth rates. The 
resulting pellets were rinsed with sterile distilled water, suspended, and their optical densities 
were standardized to 1.0 at 600 nm using a spectrophotometer. Seeds were surface-sterilized 
using 0.1% mercuric chloride, rinsed thoroughly with sterile distilled water, and inoculated by 
soaking in the prepared bacterial suspensions for 25-30 min [41]. Control seeds were only 
soaked in sterile distilled water for the same time period. Inoculated seeds were then placed 
on sterile petri plates lined with a double layer of moist filter paper. For the seedling growth 
experiments, 10 bacterial strains from each of two consortia were used. Each petri plate was 
labeled according to the provided treatment and contained healthy inoculated seeds placed on 
sterile, moistened filter paper. Treatments were divided into three groups, i.e., one with only 

selenium, one with only H₂O₂, and one with both selenium and H₂O₂. The plates were 
incubated at 37°C for 7 days in a dark chamber under carefully monitored laboratory 
conditions. The test groups received their respective treatments daily.  After seven days, 
seedling growth parameters were measured, including root length (cm), shoot length (cm), and 
the quantity of root hairs. To guarantee optimal growth conditions, seedlings were handled 
with extreme care, measured precisely, and given water frequently. All seedling measurements 
were performed in triplicate (n = 3) with independent biological replicates. The effects of 
chemical treatments and bacterial inoculation on seedling development were assessed using 
data analysis [42]. 

 
Figure 1. Effect of Bacterial Inoculum and Chemical Treatments on Seedling Growth (Se, 

H2O2 & Se + H2O2) 
Biochemical Assays on Seedlings: 

For biochemical assays, 1g of fresh seedling tissue was dissolved in cold phosphate 
buffer saline and centrifuged at 350 rpm for 30 min. For the malondialdehyde assay ( i.e., lipid 
peroxidation), supernatant was combined with 0.25% Thio barbituric acid and heated at 98°C 

for 30 min [43]. Malondialdehyde content was measured and presented as nmol g⁻¹ FW, and 
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optical density was measured at 450, 532, and 600 nm. This allowed for comparative 
quantification of oxidative damage in Z. mays seedlings among different treatments. While for 

the H₂O₂ assay, tissue was first homogenized in 0.1% Trichloroacetic acid and then 
centrifuged at 350 rpm for 30 min. Then, potassium iodide and phosphate buffer saline were 

added to the supernatant, and absorbance was measured at 390 nm and expressed as g⁻¹ FW 
so that a comparison could be made between the seedling samples. [44].  Finally, for peroxidase 

activity, the reaction mixture, including guaiacol, H₂O₂, and enzyme extract were 
homogenized, and absorbance was measured at 470 nm [18]. Activity was calculated using: 

𝐩𝐞𝐫𝐨𝐱𝐢𝐝𝐚𝐬𝐞 𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲 =  
Absorbance of test −  Absorbance of control

Weight of sample ×  Absorbance of control
 

The POD activity was indicated by ΔOD min⁻¹ g ⁻¹ FW, representing the scavenging 

ability of ROS in seedling tissues in response to selenium and H₂O₂ stresses. These 
biochemical markers were used to assess oxidative stress and antioxidant responses induced 

by selenium, H₂O₂, and bacterial inoculation. 
Results: 
Isolation and Cellular Morphological Characterization of Selenium-Resistant Bacteria: 

A total of 20 distinct bacterial strains were isolated from the rhizosphere soil samples 
by spreading dilutions on Nutrient agar, as shown in Figure 2. They were named as AFS1 to 
AFS6, AFS7 to AFS12, and AFS13 to AFS20, and purified using quadrant streaking. The 
colonies showed a variety of morphologies, edges, and surface textures. Microscopy of these 
isolates after Gram staining and endospore staining was performed. All twenty strains were 
Gram-positive rods while AFS1, AFS2, AFS4, AFS5, AFS8, AFS11, and AFS14 were spore 
formers and AFS3, AFS6, AFS7, AFS9, AFS10, AFS12, AFS13, AFS15, AFS16, AFS17, 
AFS18, AFS19, and AFS20 were non-spore-formers. This variation may be due to diverse 
adaptive mechanisms among strains. 

 
Figure 2. Selenium-resistant bacteria isolated from a soil sample 

Primary Biochemical Characterization: 
All of the strains AFS1 to AFS6, AFS7 to AFS12, and AFS13 to AFS20 displayed 

positive catalase activity, confirming the presence of peroxidase-based oxidative defense 
mechanisms. On the contrary, all isolates were oxidase-negative, indicating dependence on 
alternate electron transport pathways. Uniform positivity in Methyl Red, Voges-Proskauer, 
and starch hydrolysis was observed across all strains, which reveals consistent fermentative 
abilities and amylase activity. However, phosphate solubilization was uniformly negative in 
every strain, as shown in Figure 3a, showing that none of the isolates contributed significantly 
to phosphate degradation. 

Variations were observed in advanced biochemical tests. For instance, ammonia 
production was positive only in strain AFS5, AFS7, AFS8, AFS11, AFS13, AFS15, AFS19, 
and AFS20, while strain AFS1 to AFS4, AFS6, AFS9, AFS10, AFS12, AFS14, and AFS16 to 
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AFS18 showed no ammonia production. Whereas, citrate solubilization was observed to be 
positive only in 3 strains, i.e., AFS1, AFS13, and AFS14 (Figure 3b) and negative in all other 
strains. Moreover, nitrate reduction was positive in strain AFS5, AFS7, AFS8, AFS11, AFS13, 
AFS15, AFS19, and AFS20, while negative in strain AFS1 to AFS4, AFS6, AFS9, AFS10, 
AFS12, AFS14, and AFS16 to AFS18. Malonate utilization was negative in all 20 isolates, 
demonstrating that none of the strains could use malonate as a main carbon source. Table 1 
summarizes the results of staining and biochemical tests performed on all 20 strains.  

 
(a) 

 
(b) 

 
(c) 

Figure 3 (a). Strains AFS2, AFS5, AFS6, AFS9, AFS12, and AFS17 were negative for 
phosphate solubilization. Strains AFS13 and AFS14 were positive for citrate solubilization, 
indicated by blue color. Strains AFS7, AFS8, and AFS11 showed positive results for nitrate 

reduction
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Table 1. Cellular morphological characteristics using staining and biochemical characters of isolated bacterial strains using various tests. 

Strain Gram 
Staining 

EndoSpore 
Staining 

Catalase Oxidase MR-
VP 

Starch 
Hydrolysis 

Phosphate 
Solubilization 

Ammonia 
Production 

Citrate 
Solubilization 

Nitrate 
Reduction 

Malonate 
Utilization 

AFS1 + Spore former + + + + - + + + + 

AFS2 + Non-Spore 
former 

- - + + - - - - - 

AFS3 + Non-Spore 
former 

+ + + + + + + + + 

AFS4 + Spore former + - + + - - + - - 

AFS5 + Spore former + + + + - + + + - 

AFS6 + Non-Spore 
former 

+ - + + + + + + + 

AFS7 + Non-Spore 
former 

- - + + - + + + + 

AFS8 + Spore former + + + + + + + + - 

AFS9 + Non-Spore 
former 

+ - + + - + - + - 

AFS10 + Spore former + + + + + + + + + 

AFS11 + Spore former + - + + - + + + + 

AFS12 + Spore former + - + + - - - + - 

AFS13 + Non-Spore 
former 

+ + + + + + + + + 

AFS14 + Spore former + - + + - - + - - 

AFS15 + Non-Spore 
former 

+ - + + + + + + + 

AFS16 + Non-Spore 
former 

+ - + + + + + + + 

AFS17 + Spore former + + + + + + + + + 

AFS18 + Non-Spore 
former 

+ - + + - - - + - 
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Auxin Production and Antimicrobial Activity Against Bacillus Thuringiensis: 
All strains confirmed measurable auxin production (Figure 5), and in nearly every case, 

auxin levels were amplified in the presence of tryptophan. AFS1, AFS2, AFS3, AFS4, AFS7, 
AFS8, AFS9, AFS11, AFS13, AFS15, AFS16, AFS17, AFS18, AFS19, and AFS20 all showed 
strong increases when tryptophan was added, while AFS5, AFS6, AFS10, AFS12, and AFS14 
showed moderate changes but still produced auxin. No strain exhibited zero auxin production. 
Overall, all twenty strains demonstrated auxin-synthesizing ability, although the magnitude 
varied among strains. Antimicrobial activity against Bacillus thuringiensis differed widely, as 
seen in Figure 4, where several strains produced no inhibition zones and were therefore 
classified as negative, including AFS1, AFS2, AFS3, AFS4, AFS6, AFS8, AFS9, AFS10, 
AFS12, AFS14, AFS16, AFS17, and AFS18. However, AFS5, AFS7, AFS11, AFS13, AFS15, 
AFS19, and AFS20 displayed measurable inhibition, with AFS11 exhibiting the largest zone 
(17 mm). This validates that antimicrobial metabolite production is not universal but rather 
strain-specific. 

 
Figure 4. Antimicrobial resistance against Bacillus thurigenesis is shown by zones of 

inhibition in millimeters formed by 7 strains 

 
Figure 5. Auxin Production Activity: was evaluated in the presence and absence of 

tryptophan. In the presence of tryptophan, the strongest auxin production was observed in 
AFS11, AFS17, and AFS18, as evidenced by their highest ODs (≥ 0.99). 

Selenite Reduction Potential: 
All bacterial strains showed variable degrees of selenite reduction activity when 

subjected to increasing concentrations of sodium selenite, 100-900 µg/mL of sodium selenite. 
Strong reduction potential was demonstrated by strains AFS1, AFS3, AFS4, AFS7, AFS8, 
AFS10, AFS11, AFS12, AFS13, AFS15, AFS16, AFS17, AFS18, AFS19, and AFS20, which 
reached maximum optical density at provided doses.  Other strains, such as AFS2, AFS5, 
AFS6, AFS9, and AFS14, displayed a notable decrease but showed variability dependent on 
concentration. No strain demonstrated zero reduction activity at any concentration, as seen in 
Figure 6. Controls showed negligible absorbance only, confirming that selenium reduction was 
a bacterial activity.  Hence, the resistance and bioremediation potential of all 20 isolates were 
confirmed by their capability to convert selenite into selenium. 
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Figure 6 (a) 

 
Figure 6 (b) 

Figure 6: Selenium Reduction Potential (500 nm): measured at various concentrations. 
a: Concentration 100–900 µg/mL) shows variable reduction, with peaks at 700 µg/mL 

(AFS3, AFS4, AFS7, AFS12, AFS20), 500 µg/mL (AFS7, AFS18), and 900 µg/mL (AFS7, 
AFS12, AFS17). b: Concentration 1100–1900 µg/mL: shows strong reduction by AFS2, 

AFS4, AFS5, AFS9, AFS10, AFS11, AFS18, AFS19, and AFS20, while AFS16 remains 
consistently active. 

Temperature and pH Tolerance: 
All strains exhibited a variable decrease in selenium concentration under temperature 

stress (Figure 7). Most strains, including AFS2, AFS6, AFS8, AFS12, AFS15, AFS16, AFS17, 
AFS18, and AFS20, showed notably high activity at 37 °C, while almost all strains exhibited 
moderate activity at 28 °C, and most strains showed decreased activity at higher temperature 
i.e., 45 °C. However, at all three temperatures, apparent growth and selenite reduction were 
observed, indicating a wide range of thermal tolerance among strains. The pH experiment 
indicated that all isolates were able to maintain optimal activity at acidic pH 5, neutral pH 7, 
and alkaline pH 9, whereas strain AFS1, AFS2, AFS3, AFS6, AFS9, AFS11, AFS15, AFS16, 
AFS17, AFS18, and AFS19 attained optical densities of up to 2.0 at all three pH ranges. Other 
strains showed moderate but consistent activity. No strain was inactive at any pH, indicating 
broad environmental adaptability (Figure 8). 
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Figure 7 (a) 

 
Figure 7 (b) 

 
Figure 7© 

Figure 7. Temperature Tolerance at 500nm: it displays growth (OD) at 28˚C, 37˚C & 
45˚C compared with the control without selenium (C) and control with selenium (CSe). 

Figure 7a: OD at 28°C where AFS16, AFS17, AFS18, and AFS20 show maximum growth 
Figure 7b: OD at 37°C where strain AFS2, AFS6, AFS8, AFS12, AFS17, and AFS20 show 
high peaks Figure 7c: OD at 45°C shows trend that overall growth is suppressed for most 

strains but AFS15 shows very high growth, suggesting it may be thermophilic or highly heat-
tolerant. 
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Figure 8 (a) 

 
Figure 8 (b) 

 
Figure 8 (c) 

Figure 8: pH Tolerance at 500nm: It displays growth (OD) at pH 5, pH 7, and pH 
compared with the control without selenium (C) and the control with selenium (CSe). a: OD 
at pH 5 (Acidic): Growth is variable, while strains AFS1, AFS15, AFS18, and AFS19 show 
the highest tolerance. b: OD at pH 9 (Alkaline): strain AFS2, AFS4, AFS6, AFS9, AFS12, 
AFS16, AFS18-20 all reach high optical densities. c: OD at pH 7 (Neutral): Notable peaks 

(highest growth) are seen in strain AFS2, AFS6, AFS11, and AFS17. 
Heavy Metal Resistance: 

When subjected to heavy metal stress by using Co, Zn, Hg, Ni, Mn, Cu, Pb, Mg, Li, Fe, and 

K₂Cr₂O₇, almost all strains demonstrated varying resistance as seen in Table 2. Strains such as AFS2, 

AFS3, AFS4, AFS5, AFS7, AFS9, AFS10, AFS15, AFS16, AFS17, AFS18, AFS19, and AFS20 

exhibited abundant growth for many metals. Other strains like AFS1, AFS6, AFS8, AFS11, AFS12, 

AFS13, and AFS14 showed multi-metal resistance but with moderate growth. None of the strains 

showed complete metal sensitivity, confirming strong environmental adaptation. 
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Table 2. Heavy Metal Resistance Profile of Selenite Reducing Bacterial strains  at 1% Heavy metals (400µg/ml) of each metal including Cobalt (Co) 

Copper (Cu), Iron (Fe), Lead (Pb), Lithium (Li), Magnesium (Mg), Manganese (Mn), Mercury (Hg), Nickel (Ni), Potassium dichromate (K₂Cr₂O₇) and 
Zinc (Zn) shown as ++++ (abundant growth), +++ (adequate growth), ++ (less abundant growth), + (least growth), ND (not detected) 

Strain Co Cu Fe Pb Li Mg Mn Hg Ni K2Cr2O7 Zn 

AFS1 + +++ ++++ ++++ ++++ ++++ ++++ +++ +++ +++ ++++ 

AFS2 ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ 

AFS3 ND +++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ 

AFS4 ++++ + ++++ ++++ ++++ ++++ ++++ + ++++ ++ ++++ 

AFS5 +++ ++++ ++++ ++++ ++++ ++++ + ++++ ++++ + ++++ 

AFS6 ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ + ++++ 

AFS7 ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ + + ++++ 

AFS8 ND ++++ ++++ ++++ ++++ ++++ ++++ +++ ++++ ++++ ++++ 

AFS9 ++++ ++++ ++++ ++++ ++++ ++++ ++++ +++ ND ++++ ++++ 

AFS10 ++++ ++++ ++++ ++++ ++++ ++++ +++ + ++ ++++ ++++ 

AFS11 ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++ ++ ++++ ++++ 

AFS12 ND ++++ ++++ ++++ ++++ ++++ +++ ++ ++ ++++ ++++ 

AFS13 ND ++++ ++++ ++++ ++++ ++++ ++++ +++ ++ ++++ ++++ 

AFS14 ND ++++ ++++ ++++ ++++ ++++ + ND ++++ ++++ ++++ 

AFS15 ++++ ++++ ++++ ++++ ++++ ++++ ++++ +++ ++ ++++ ++ 

AFS16 ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++ ++++ ++++ 

AFS17 +++ ++++ ++++ ++++ ++++ ++++ + +++ ++ ++++ ++++ 

AFS18 ND ++++ ++++ ++++ ++++ ++++ ++++ +++ ++ ++++ ++++ 

AFS19 ++++ ++++ ++++ ++++ ++++ ++++ ++++ +++ ++ ++++ ++++ 

AFS20 ND ++++ ++++ +++ ++ ++++ ++++ ++ ++ ++ ++++ 
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Effect of Selenium and H2O2 on Zea mays L. Seedlings: 
Almost all strains enhanced seedling growth under selenium, hydrogen peroxide, and 

combined stress conditions when compared with untreated control as shown in Figure 9. 
Strains AFS1, AFS3, AFS6, AFS13, AFS15, AFS16, AFS17, AFS18, AFS19, and AFS20 
produced longer shoots and roots. It was noted that even strains with lower performance 
contributed to measurable growth enhancement. Root hair formation also exhibited universal 
improvement across all strains. 

 
Figure 9 (a) 

 
Figure 9 (b) 

 
Figure 9 (c) 

Figure 9. Plant Growth Parameters (cm): These Figures measure root hair length, root 
and shoot length of Zea mays treated with different strains under different chemical stress. 

Figure 9 a: Selenium Stress: strain AFS6 shows the best root hair length, while strain 
AFS18 shows the best Root Length. b: Hydrogen Peroxide Stress: shows linear 

improvement in growth metrics from strain AFS1 through AFS20. c: Selenium and 



                       International Journal of Agriculture and Sustainable Development 

 Jan 2026|Vol 8 | Issue 1                                                                                  Page |14 

Hydrogen Peroxide Stress strains (specifically AFS17, AFS20) perform best, maintaining 
high root and shoot lengths despite the combined chemical stresses. 

 
Figure 10. Seed germination of Zea mays on petri dishes with a double layer of filter papers 

augmented with H2O2 and Selenium after 6 days 

Oxidative Stress Biochemistry in Seedlings (Peroxidase, H₂O₂ and Malondialdehyde): 
Every strain influenced oxidative stress indicators, as shown in Figures 11 and 12. 

H₂O₂ content also reduced 20–45% under inoculation treatments for all strains, but each 
strain differed in effectiveness. Malondialdehyde levels rose under stress but dropped about 
25–50% upon inoculation with any of the twenty strains. Strains AFS15, AFS16, AFS17, 
AFS18, AFS19, and AFS20 exhibiting higher activity, while AFS1, AFS3, AFS6, AFS13, and 
AFS15 indicated moderate effects. All of the bacterial isolates caused a considerable increase 
in peroxidase levels in seedlings treated with them. Strains AFS16, AFS17, AFS18, AFS19, and 
AFS20 showed the highest increases. However, the concomitant increase in peroxidase activity 
indicates the protective role of selenium-resistant rhizobacteria on the cellular redox states of 
the oxidative stress-treated seedlings.  

 
Figure 11 (a) 

 
Figure 11 (b) 
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Figure 11. H2O2icontent measurement and POD Estimation. a: H2O2 estimation at 
390nm: There is a steady increase with Strain AFS20 showing the highest values across all 
conditions, particularly in the combined stress condition. b: POD Estimation at 470nm: 

Strain AFS19 and AFS20 show the highest activity under Selenium stress, while AFS15 
shows a distinct spike under Hydrogen Peroxide stress. 

 
Figures 12 (a) 

 
Figures 12 (b) 

 
Figures 12 (c) 

Figures 12. Malondialdehyde Content (MDA) under different chemical stress at three 
different O.D at 450nm, 532nm & 600nm: Selenium Stress strain AFS6 shows a significant 

spike at 450nm, while AFS20 shows higher density at 450nm and 600nm. b: Hydrogen 
Peroxide Stress: AFS19 and AFS20 are showing the highest optical density, at 600nm, 

suggesting strong stress tolerance. c: Selenium and Hydrogen Peroxide Stress: shows 
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that under combined stress, the overall optical density is lower than in single stress 
conditions 

Discussions: 
The isolation of twenty Gram-positive, catalase-positive, and oxidase-negative 

bacterial strains from selenium-rich rhizosphere soils. It demonstrates the presence of a 
specialized microbial community equipped to withstand significant selenium stress. The 
phenotypic variety, i.e., eight spore-forming isolates, directs resistance to extreme 
environmental conditions. Which is similar to observations from selenium-tolerant Priestia 

spp. isolated from polluted soils (47). The presence of uniform MR⁺/VP⁺ activity and starch 
hydrolysis indicates metabolic adaptability. Selective strains also demonstrated the ability to 
reduce nitrate and produce ammonia, suggesting a role in nutrient cycling. 

The significant auxin production found in several strains supports recent findings that 
auxin-producing and selenium-resistant bacteria improve root structure and stress tolerance 
during heavy metal exposure [45]. Strain AFS11 showed most antimicrobial activity against 
Bacillus thuringiensis, which collaborates with previous research, i.e., selenium tolerating 
growth enhancing rhizobacteria frequently exhibit broad-spectrum antimicrobial activities 
[46].  

Strains showed selenium tolerance up to 1900 µg/mL compared to formerly 
documented selenium-resistant PGPR, such as Priestia sp. LWS1 [47]. This shows the 
presence of effective detoxification mechanisms such as efflux systems, selenite reduction, or 
biotransformation. Similar methods have also been observed in Sinorhizobium meliloti 1021, 
which converts selenite to selenium nanoparticles using the reductive pathways [48]. Strong 
multi-metal resistance confirms adaptation capabilities to different heavy metal-contaminated 
environments. By preserving microbial activity and promoting plant growth in areas under 
heavy metal contamination, these bacteria can improve soil resilience. Their potential uses in 
phytoremediation and bioremediation techniques for contaminated agroecosystems are 
suggested by their combined metal tolerance and selenite-reducing capacity. This supports 
recent findings emphasizing the function of multi-metal-resistant PGPR in phytoremediation 
[49]. 

The observed enhancement in Zea mays seedling growth closely aligned with the auxin 
production capacity of the selenium-resistant bacterial strains. High auxin-producing strains 
AFS17-AFS20 promoted prominent root elongation and root hair density, which are known 
auxin-regulated traits. These traits likely improved water and nutrient absorption, thereby 
reinforcing antioxidant defense and growth resilience. These findings match recent research, 
i.e., selenium-associated rhizobacteria improve plant tolerance by transforming antioxidant 
defenses and lowering oxidative membrane damage [50]. After bacterial supplementation, 
malondialdehyde levels were reduced, and antioxidant activity increased, indicating improved 
redox equilibrium. Greater peroxidase activity confirms previous research related to PGPR-
mediated enzyme activation for abiotic stress management [51]. 

Strains AFS19-AFS20 and AFS15 were prominent due to their combined selenium 
tolerance, multi-metal resistance, auxin production, antioxidant induction, and evident 
progress in plant development. Their characteristics match previous studies regarding 
microbial selenium bioremediation [52], nanoparticle-assisted stress reduction [53], and multi-
metal phytoremediation techniques. Future research in this field should work on the discovery 
of genes responsible for selenium reduction and oxidative stress tolerance. Omics-driven 
analyses have recently revealed reductase systems and regulatory genes in selenium-
transforming rhizobacteria [54][55]. Rigorous field testing and dedicated work on formulation 
development will be necessary for practical application for agriculture or bioremediation. 
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Conclusion: 

Selenium and H₂O₂ cause oxidative stress in Zea mays L. seedlings but also trigger 

antioxidant defense pathways. Selenium and H₂O₂ work as an antioxidant at controlled 
concentrations. Their mutual influence can be synergistic or antagonistic depending upon 
concentration and exposure conditions, signifying the complexities of plant redox biology. 
Selenium-rich rhizosphere soils support selenium-resistant bacterial strains with an extensive 
range of biochemical capabilities, metabolic features, and resistance levels, and convert toxic 
selenium species into less damaging or even beneficial ones. These bacteria have the potential 
for bioremediation and phytostimulation, and how they interact may affect selenium uptake 
and stress responses in Zea mays. Future research ought to focus on molecular identification 
and functional gene characterization of the most efficient selenium-resistant strains and 
biosafety assessments through controlled field trials. Additionally, the development of stable 
microbial bioformulations will be essential to translate these findings into practical agricultural 
and bioremediation applications.  
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