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ABSTRACT

Background: Fungal contamination of food commodities is a persistent global concern, leading to spoilage, discoloration,
nutrient degradation, and the production of toxic metabolites that pose serious risks to animal and human health. Among
phytopathogenic fungi, Aspergillus flavus is particularly problematic due to its ability to colonize cereal grains and compromise
both food safety and nutritional quality. In recent years, lactic acid bacteria have gained attention as eco-friendly alternatives to
chemical preservatives because of their antimicrobial properties and their role in improving food quality and stability.

Objective: This study aimed to evaluate the antifungal and bioprotective potential of Lactobacillus acidophilus against
Aspergillus flavus and to assess its impact on the nutritional and antioxidant profile of maize (Zea mays L.) grains.

Methods: The antifungal activity of L. acidophilus against A. flavus was assessed using an agar well diffusion assay. A
bioprotection experiment was performed in which maize grains were treated with L. acidophilus culture and subsequently
inoculated with 4. flavus, followed by a 10-day observation period. Proximate analysis of maize grains was conducted to
determine moisture, protein, fat, fiber, and ash contents. Total phenolic and flavonoid contents were quantified using
spectrophotometric methods. All experiments were performed in triplicate and statistically analyzed.

Results: Lactobacillus acidophilus produced a clear inhibition zone of 30.54 + 0.32 mm against 4. flavus, while no inhibition
was observed in the control. In the bioprotection assay, complete suppression of fungal growth was observed on treated maize
grains after 10 days, whereas control grains showed visible fungal colonization. Proximate analysis revealed reduced moisture
content (20.44 £ 0.45%) and increased protein (8.54 £ 0.87%), fat (2.54 + 0.65%), fiber (16.87 + 0.32%), and ash (12.54 +
0.55%) contents in treated grains compared with controls. Total phenolic content increased to 100.65 mg GAE/g and flavonoid
content to 93.44 mg quercetin equivalents/g following bacterial treatment.

Conclusion: The findings demonstrated that Lactobacillus acidophilus is an effective bioprotective agent against Aspergillus
flavus, while simultaneously enhancing the nutritional and antioxidant quality of maize grains. This study highlights the
promising application of probiotic-based biotechnology as a safe and sustainable strategy for improving cereal grain safety and
value.

Keywords: Antifungal Agents, Aspergillus flavus, Lactic Acid Bacteria, Maize, Phenols, Probiotics, Zea mays.
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INTRODUCTION

Aspergillus is a filamentous fungus of major concern in food safety due to its ability to produce mycotoxins—secondary metabolites
that frequently contaminate food and feed commodities and pose serious health risks to both animals and humans (1). Chronic exposure
to these mycotoxins through contaminated diets has been associated with mutagenic, hepatotoxic, and immunosuppressive effects,
contributing to a substantial global disease burden (2). Among the diverse species within this genus, Aspergillus flavus, Aspergillus
nomius, and Aspergillus parasiticus are recognized as the principal producers of aflatoxins, with A. flavus considered the most aggressive
and economically damaging due to its widespread distribution and high toxigenic potential (3,4). This species commonly contaminates
major agricultural commodities, including maize, peanuts, and cottonseed, with aflatoxins B1 and B2 being the most prevalent and toxic
forms encountered in the agricultural and food sectors (5). The persistence of these toxins not only threatens public health but also results
in severe economic losses through reduced crop quality, trade restrictions, and food insecurity, particularly in low- and middle-income
regions (6). Maize is one of the world’s most important cereal crops, serving as a staple food for humans, a primary component of animal
feed, and a key raw material for various industrial applications (7). Despite its central role in global food systems, maize production is
highly vulnerable to fungal pathogens, with 4. flavus representing a major challenge due to its capacity to reduce grain quality,
compromise nutritional value, and significantly lower yield (8). Conventional control strategies rely heavily on synthetic preservatives
and antifungal agents such as sorbates, nitrates, and benzoates; however, growing evidence indicates that prolonged exposure to these
chemicals may pose adverse health effects, leading to regulatory restrictions and outright bans in several countries (9,10). This has
intensified the demand for safer, sustainable, and cost-effective alternatives that can effectively control fungal contamination without
compromising human health or environmental safety.

In this context, biological control strategies using beneficial microorganisms have gained increasing attention. Microorganisms with
probiotic attributes offer a promising, eco-friendly approach to protecting cereal crops from fungal spoilage while potentially enhancing
nutritional quality (11). Lactic acid bacteria (LAB), including Lactobacillus plantarum and Lactobacillus fermentum, are widely
recognized as safe and have a long history of use in food fermentation and preservation (12). These bacteria act as natural preservatives
and represent a cost-effective alternative to chemical fungicides. Their antifungal activity is largely attributed to the production of
bioactive metabolites such as organic acids, hydrogen peroxide, fatty acids, and phenolic compounds, many of which inhibit fungal
growth and mycotoxin production (13). Despite growing interest in LAB-mediated biocontrol, the antifungal potential of certain species,
particularly Lactobacillus acidophilus, against A. flavus and its role in protecting maize grains remain insufficiently explored. Given
this background, the present study is designed to address this gap by evaluating the in vitro antifungal activity of Lactobacillus
acidophilus against Aspergillus flavus and assessing its potential to protect maize grains from fungal contamination while improving
their nutritional quality. The objective of this work is to rationally investigate whether L. acidophilus can serve as a safe, effective, and
sustainable biological alternative to chemical preservatives for controlling A. flavus in maize-based food systems.

METHODS

This experimental laboratory-based study was designed to evaluate the antifungal potential of Lactobacillus acidophilus against
Aspergillus flavus and to assess its bioprotective effect on maize grains, along with associated changes in nutritional quality. All
experiments were conducted under controlled in vitro conditions. Broth and agar-based de Man, Rogosa and Sharpe (MRS) media,
potato dextrose agar and broth, Folin—Ciocalteu reagent, and ethanol were procured from Sigma-Aldrich. Maize seeds used in the study
were purchased from the local grain market of Faisalabad, Pakistan, and visually inspected to exclude visibly damaged or mold-
contaminated grains prior to experimentation. The bacterial strain Lactobacillus acidophilus was obtained from the Institute of
Microbiology, Government College University Faisalabad, Pakistan. The culture was routinely propagated in MRS broth at 35 °C for
24 h and preserved at 4 °C for short-term storage. The fungal strain Aspergillus flavus was acquired from the Fungal Culture Bank of
the University of the Punjab, Pakistan. This strain was maintained on Vogel’s medium and stored at 4 °C until further use. All microbial
handling procedures were performed under aseptic conditions to minimize contamination and ensure experimental reliability. The in
vitro antifungal activity of L. acidophilus against A. flavus was evaluated using the agar well diffusion assay. Briefly, freshly prepared
A. flavus spore suspension was uniformly spread over potato dextrose agar plates. Wells of 7 mm diameter were aseptically punched
into the agar, and 10 pL of actively growing L. acidophilus culture was dispensed into each well. MRS broth without bacterial inoculum
served as the negative control. The plates were incubated at 30 °C for 72 h, after which zones of inhibition around the wells were
measured to assess antifungal activity. For the bioprotection assay, 4. flavus was cultivated in Vogel’s broth at 30 °C for five days, and
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the spore concentration was adjusted to 1 x 10® spores/mL using standard hemocytometer counting techniques. Five grams of maize
grains were soaked in 10 mL of L. acidophilus culture for 10 h to allow bacterial adherence and colonization. Treated grains were then
transferred to sterile Petri dishes. Control grains were prepared similarly using sterile MRS broth instead of bacterial culture.
Subsequently, 3 mL of 4. flavus spore suspension was evenly distributed over both treated and control maize grains. The samples were
incubated and visually monitored for fungal growth over a period of 10 days, following previously reported protocols (14).

To evaluate the impact of bacterial treatment on grain quality, proximate analysis of maize samples was performed in accordance with
the standardized methods of the Association of Official Analytical Chemists, including determination of moisture, ash, crude protein,
crude fat, and carbohydrate content (13). All analyses were conducted in triplicate to ensure accuracy and reproducibility. For the
estimation of total phenolic and flavonoid contents, three grams of maize grains were finely ground and extracted with 20 mL of
methanol. The mixture was centrifuged, and the resulting supernatant was used for further analysis. Total phenolic content was
determined by adding 1 mL of Folin—Ciocalteu reagent to 0.5 mL of extract, followed by the addition of sodium carbonate. Ethanol
served as the blank. The reaction mixture was incubated at room temperature for 1 h, and absorbance was recorded at 765 nm using a
spectrophotometer (7). Flavonoid content was assessed by mixing 0.5 mL of extract with sodium nitrate, aluminum chloride, and 0.5 M
sodium hydroxide, and absorbance was measured at 510 nm (11). Statistical analysis was performed using Minitab software. Results
were expressed as mean =+ standard error based on three independent replicates. One-way analysis of variance followed by Tukey’s post
hoc test was applied to determine statistically significant differences among treatments, with a p-value of <0.05 considered significant.
As this study involved microbial strains and agricultural materials only, with no use of human or animal subjects, formal institutional
review board approval and informed consent were not required. However, all experimental procedures adhered to standard laboratory
biosafety and ethical research practices.

RESULTS

The antifungal activity of Lactobacillus acidophilus against Aspergillus flavus was clearly demonstrated under in vitro conditions. The
agar well diffusion assay revealed a pronounced inhibitory effect, with L. acidophilus producing a mean zone of inhibition of 30.54 +
0.32 mm against 4. flavus. In contrast, the negative control containing only MRS broth showed no measurable inhibition, confirming
that the observed antifungal effect was attributable to the bacterial activity rather than the growth medium. The bioprotective efficacy
of L. acidophilus was further evident during the maize grain protection assay. After 10 days of incubation, maize grains treated with
MRS broth alone exhibited visible green sporulation characteristic of 4. flavus, indicating active fungal colonization. In comparison,
maize grains pretreated with L. acidophilus showed complete suppression of fungal growth throughout the observation period,
demonstrating a strong protective effect of the bacterium against phytopathogenic contamination. Marked differences were observed in
the nutritional composition of maize grains following bacterial treatment. Moisture content was reduced in L. acidophilus-treated grains
(20.44 £ 0.45%) compared with MRS-treated grains (25.00 + 0.55%). Conversely, protein content increased from 5.23 + 0.76% in
control grains to 8.54 + 0.87% in treated grains. Fat content showed a notable rise from 0.54 + 0.43% to 2.54 + 0.65%, while fiber
content increased from 14.55 + 0.22% to 16.87 £ 0.32%. Ash content also showed a substantial enhancement, rising from 8.65 + 0.44%
in control grains to 12.54 + 0.55% following L. acidophilus treatment, indicating improved mineral availability.

Analysis of bioactive compounds further supported the beneficial impact of bacterial treatment. Total phenolic content was higher in L.
acidophilus-treated maize grains, reaching 100.65 mg gallic acid equivalents per gram, compared with 80.54 mg/g in MRS-treated
grains. Similarly, flavonoid content increased markedly from 65.32 mg quercetin equivalents per gram in control grains to 93.44 mg/g
in treated grains, reflecting a significant enhancement of antioxidant-related components. The biochemical and nutritional shifts
observed in maize grains following Lactobacillus acidophilus treatment indicated a marked reduction in conditions that favor aflatoxin
biosynthesis by Aspergillus flavus. Treated grains exhibited significantly lower moisture content alongside substantial increases in
protein, fat, fiber, and ash contents compared with MRS-treated grains. Reduced moisture is a critical determinant in limiting fungal
metabolic activity and mycotoxin production, while enhanced nutritional density and mineral content reflect improved grain integrity
and reduced fungal degradation. The absence of visible fungal colonization in treated grains, coupled with elevated levels of phenolic
and flavonoid compounds reported earlier, further supports suppression of toxigenic fungal metabolism. Collectively, these
compositional changes strongly suggest a biologically mediated reduction in aflatoxin-producing potential in L. acidophilus-treated
maize grains, aligning with the observed antifungal and bioprotective effects and reinforcing the role of this probiotic bacterium in
mitigating A. flavus-associated toxigenic risk under the studied conditions.
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Table 1: Proximate Analysis of MRS and L acidophilus Maize Grains

Parameters (%) MRS treated grains L acidophilus treated grains
Moisture 25+0.552 20.44+0.45°
Protein 5.23+0.76° 8.54+0.87%
Fat 0.54+0.43° 2.544+0.652
Fiber 14.55+0.22° 16.87+0.32%
Ash 8.65+0.44° 12.54+0.55%
Comparison of Nutritional Profile of Maize Grains Phenolic and Flavonold Contents in Maize Grains
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Figure 2 Comparison of Nutritional Profile of maize Grains Figure 2 Phenolic and Flavonoid Contents in Maize Grains
DISCUSSION

Fungal infections in crop plants remain a major challenge for global food security, and their control has traditionally relied on synthetic
chemical preservatives and fungicides. Although these agents are effective, increasing evidence of their adverse health and
environmental effects has resulted in regulatory restrictions and bans in several regions, driving the search for safer and more sustainable
alternatives (15). In this context, biological control strategies using beneficial microorganisms have emerged as a promising approach,
particularly for postharvest protection of food commodities (16). The present findings demonstrated that Lactobacillus acidophilus
exerted a strong inhibitory effect against Aspergillus flavus, supporting the growing body of evidence that lactic acid bacteria possess
broad-spectrum antifungal activity. Comparable antifungal effects have previously been observed with other Lactobacillus species,
reinforcing the concept that this functional trait is conserved across several members of the genus (17). The observed bioprotective effect
of L. acidophilus on maize grains infected with A. flavus further substantiated its potential application as a natural preservative. The
complete suppression of fungal growth in treated grains suggested that the bacterium created an unfavorable microenvironment for
fungal proliferation. This protective effect is consistent with earlier reports in which lactic acid bacteria limited phytopathogenic fungi
through the secretion of multiple antifungal metabolites, including organic acids, fatty acids, phenolic compounds, and proteinaceous
substances (18). At the mechanistic level, these metabolites are known to disrupt fungal physiology by altering proton gradients, inducing
oxidative stress through reactive oxygen species, inhibiting key metabolic enzymes, and causing membrane depolarization, ultimately
leading to growth inhibition or cell death (19). The convergence of these mechanisms likely explains the robust antifungal performance
observed in the present work. Beyond fungal inhibition, a notable strength of this study was the demonstration that L. acidophilus
treatment improved the nutritional quality and antioxidant profile of maize grains. Increases in protein, fat, fiber, ash, phenolic, and
flavonoid contents indicated not only protection from fungal degradation but also a potential enhancement of grain functional value.
Similar nutritional improvements have been reported in maize and other cereals treated with probiotic bacteria, where bioactive
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compounds produced during bacterial metabolism contributed to nutrient enrichment and antioxidant preservation (20). Previous
bioprotection studies using related lactic acid bacterial species against 4. flavus in maize have also documented comparable increases
in phenolic and flavonoid contents, supporting the reproducibility of these effects across different probiotic strains (21).

The preservation of phenolic and flavonoid compounds observed in treated grains is particularly relevant, as fungal contamination is
known to accelerate oxidative degradation of these metabolites. Phytopathogenic fungi secrete polyphenol oxidase enzymes that catalyze
the conversion of phenolic compounds into quinones, a process that not only diminishes antioxidant capacity but also compromises
overall food quality and nutritional value (22). This enzymatic oxidation has been shown to negatively affect flavonoids and other
bioactive components, leading to measurable nutritional losses in contaminated food products (23). The suppression of fungal growth
by L. acidophilus therefore likely limited polyphenol oxidase activity, indirectly preserving antioxidant compounds and contributing to
the improved nutritional profile recorded in this study. Despite these encouraging findings, certain limitations should be acknowledged.
The experimental design was confined to controlled laboratory conditions, which may not fully capture the complexity of field or storage
environments where multiple biotic and abiotic factors influence fungal growth and mycotoxin production. Additionally, while strong
antifungal and bioprotective effects were demonstrated, future studies could benefit from integrating advanced analytical techniques to
further elucidate the dynamics of fungal metabolism and grain quality during prolonged storage. Expanding the investigation to include
different maize varieties and storage conditions would also enhance the generalizability of the results. Overall, the findings provided
compelling evidence that Lactobacillus acidophilus functioned as an effective bioprotective agent against Aspergillus flavus, while
simultaneously enhancing the nutritional and antioxidant attributes of maize grains. These outcomes underscored the potential of
probiotic-based strategies as safe, sustainable alternatives to chemical fungicides in cereal crop protection and highlighted a promising
direction for future research and application in food safety and agricultural biotechnology.

CONCLUSION

This study demonstrated that Lactobacillus acidophilus possesses strong bioprotective capacity against Aspergillus flavus and effectively
safeguarded maize grains from phytopathogenic fungal contamination. In addition to suppressing fungal growth, treatment with this
beneficial bacterium contributed to meaningful improvements in the nutritional quality of maize and promoted the preservation of
antioxidant-related bioactive compounds, including phenolics and flavonoids. These findings underscore the dual functional role of L.
acidophilus as both a natural antifungal agent and a nutritional enhancer. Collectively, the results highlight its practical value as a
sustainable, biotechnology-based alternative to chemical preservatives for improving maize grain safety, quality, and overall functional
potential.
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