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ABSTRACT 

 
Oxygen availability is a critical determinant of fungal biodegradation efficiency in lignocellulosic systems, 
particularly under large-scale or poorly aerated conditions. This study examined the physiological and 
metabolic responses of a locally isolated Aspergillus flavus strain during barley straw degradation under 
aerobic and oxygen-limited conditions over a 15-day incubation period. Biodegradation efficiency, cellulase 
activity, soluble carbohydrate and protein production were quantified, and structural alterations were 
evaluated using scanning and transmission electron microscopy. Secondary metabolites were qualitatively 
screened through chromatographic analysis. Statistical evaluation included Student’s t-test and first-order 
kinetic modeling. Aerobic cultivation resulted in significantly higher dry matter loss (43.7%) compared with 
oxygen-limited conditions (19.3%) (p<0.01). Cellulase activity under aerobic conditions was approximately 
2.3-fold greater than under oxygen limitation. Ultrastructural analysis revealed cell wall thickening, 
mitochondrial alterations, and lipid body accumulation under reduced oxygen availability, indicating 
adaptive responses to metabolic constraint. Qualitative screening did not reveal detectable aflatoxin within 
the analytical limits applied. These findings demonstrate that oxygen availability governs enzymatic 
efficiency and metabolic output in A. flavus, while partial biodegradation capacity is retained under oxygen 
limitation. The study provides insight into fungal adaptation relevant to lignocellulosic biomass processing 
under heterogeneous aeration conditions. This study provides new insights into oxygen-mediated metabolic 
modulation in Aspergillus species under controlled fermentation conditions. 
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1. INTRODUCTION 
 The accumulation of agricultural residues such as barley straw presents both an environmental burden and a 
potential renewable resource (Kuittinen et al., 2022). Efficient conversion of lignocellulosic biomass into value-
added products remains central to the development of sustainable bio-based systems (Haldar & Purkait, 2020; 
Wahyudi et al., 2024). However, the structural complexity of cellulose, hemicellulose, and lignin necessitates robust 
microbial degraders capable of sustained enzymatic activity (Thapa et al., 2020). Filamentous fungi, particularly 
species of the genus Aspergillus, are well recognized for their lignocellulolytic capacity and adaptability to diverse 
ecological niches (Ghorai, 2024). Most studies evaluating fungal degradation efficiency are conducted under fully 
aerobic conditions, where oxygen supports high respiratory throughput and optimal enzyme production (Kües, 
2015; Aydin et al., 2017; Elyamine et al., 2021; Ahmad et al., 2025b). In practical systems such as solid-state 
fermentation, composting matrices, and densely packed bioreactors oxygen diffusion is often heterogeneous, 
leading to localized hypoxic environments. Oxygen limitation represents a significant physiological constraint for 
strictly aerobic fungi, hypoxia signaling (Bissaro et al., 2018; Chen et al., 2025). Oxygen sensing and hypoxia-
responsive regulatory pathways in filamentous fungi have been increasingly recognized as central modulators of 
mitochondrial activity and metabolic adaptation (Cairns, 2023; Zhang et al., 2024). Reduced oxygen availability 
directly affects mitochondrial respiration, ATP generation, and the biosynthesis of extracellular hydrolytic enzymes 
(Hillmann et al., 2015). In addition, oxygen tension can influence the regulation of secondary metabolism, including 
the production of bioactive compounds. Despite these implications, integrated studies combining degradation 
kinetics, ultrastructural analysis, and metabolic profiling under controlled oxygen limitation remain limited. 
 Aspergillus flavus is metabolically versatile and widely distributed in arid and semi-arid environments. While it 
is known for its capacity to produce aflatoxins under specific conditions, its physiological adaptation to oxygen-
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restricted lignocellulosic systems has not been comprehensively characterized (Alzahrani, 2025). Understanding 
how this species responds structurally and metabolically to reduced oxygen availability is essential for evaluating 
its potential relevance in controlled biomass valorization systems (Ahmad et al., 2025a; Kovács et al., 2026). 
 The present study investigates the impact of oxygen limitation on barley straw biodegradation by a locally 
isolated A. flavus strain. By integrating biodegradation kinetics, enzymatic activity measurements, ultrastructural 
examination (SEM/TEM), and qualitative metabolite screening, this work aims to characterize adaptive responses 
under hypoxic conditions without extrapolating beyond the analytical limits of the applied methods. It was 
hypothesized that oxygen limitation would significantly modulate enzymatic efficiency and secondary metabolite 
production patterns. 
 

2. MATERIALS AND METHODS 
2.1. Fungal Isolation and Identification 
 Fungal isolates were obtained from agricultural soil and wastewater samples collected in the Jazan region of 
Saudi Arabia. Isolation was performed on Czapek's Dox agar and malt yeast extract agar supplemented with 
chloramphenicol to suppress bacterial growth. Pure cultures were obtained through repeated subculturing. 
 Identification was based on macroscopic and microscopic characteristics, including colony morphology, 
conidiophore structure, vesicle shape, and conidial arrangement, following established taxonomic keys for 
Aspergillus species (Samson et al., 2014). The isolate was confirmed as Aspergillus flavus and maintained on agar 
slants at 4°C for long-term storage. Identification was based on morphological characteristics; molecular 
confirmation was not performed. 
 
2.2. Substrate Preparation and Cultivation Conditions 
 Barley straw was thoroughly washed, oven-dried, and milled into fine particles, which were used as a 
lignocellulosic substrate at 5% (w/v). For aerobic cultivation, Erlenmeyer flasks were incubated under ambient 
atmospheric conditions with continuous shaking. Oxygen-limited (hypoxic) conditions were established using sealed 
serum bottles fitted with butyl rubber stoppers and GasPak systems. Oxygen limitation reduced oxygen concentration 
to hypoxic levels without inducing complete anaerobiosis, effectively reducing oxygen availability. L-cysteine 
hydrochloride was added as a reducing agent under a CO₂ atmosphere to maintain a low redox potential. 
 
2.3. Biodegradation Assay 
 Cultures were incubated at 28°C for 7, 10, and 15 days under either aerobic or hypoxic conditions. All 
experiments were performed in triplicate. Residual barley straw was recovered, washed, dried at 70°C to constant 
weight, and weighed. Biodegradation efficiency was calculated as the percentage of dry matter loss relative to the 
initial substrate weight. 
 
2.4. Biochemical Analyses 
 Total soluble carbohydrates were quantified using the anthrone–sulfuric acid method (Hedge & Hofreiter, 
1962), and total soluble proteins were measured using the Lowry assay (Lowry et al., 1951). Cellulolytic activity 
was evaluated by quantifying reducing sugars released using the dinitrosalicylic acid (DNS) method. Results were 
expressed as mg glucose L⁻¹ culture filtrate (Miller, 1959). 
 
2.5. Secondary Metabolite Screening 
 Culture filtrates were obtained by centrifugation and filtration through 0.22 µm membranes. Metabolite 
profiling was performed using a gas chromatography system coupled to a mass selective detector equipped with a 
DB-5 capillary column. The instrument was operated at the Central Laboratory Facility of Jazan University, Saudi 
Arabia. Compound identification was achieved by comparison with NIST and Wiley mass spectral libraries. In 
addition, chromatograms were examined to determine whether aflatoxin-related peaks were present within the GC–
MS system's detection limits. The analysis was limited to qualitative screening. 
 
2.6. Microscopy 
 Ultrastructural analyses were performed using Scanning and Transmission Electron Microscopy (SEM and 
TEM). Samples underwent standard fixation, dehydration, and staining procedures (Beauvais et al., 2018) and were 
examined using a JEOL JSM-IT200 (SEM) and JEOL JEM-1400 (TEM) microscope. 
 
2.7. Statistical Analysis 
 All experiments were conducted in triplicate (n = 3), and results are presented as mean ± standard deviation 
(SD). Statistical comparisons between aerobic and oxygen-limited conditions were performed using Student’s t-test 
and one-way analysis of variance (ANOVA) where appropriate. A p-value < 0.05 was considered statistically 
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significant. First-order kinetic modeling and multivariate analysis were performed using SPSS software (Version 
26.0, IBM Corp., Armonk, NY, USA), RSM is widely used for multivariate optimization of lignocellulosic 
bioprocesses (Behera et al., 2022). 
 
3. RESULTS 
3.1. Statistical Validation of Biodegradation Efficiency 
 Barley straw degradation was systematically monitored over 15 days. Under aerobic conditions, dry matter loss 
was 44 ± 1.5%, significantly higher than the 20 ± 0.8% observed under hypoxic conditions (P < 0.01). 
Biodegradation efficiency is summarized in Table 2. 
 Statistical Significance: Student’s t-test confirmed that oxygen availability is a primary determinant of 
degradation efficiency throughout the incubation period. 
 Kinetic Modeling: The first-order rate constant (k) was markedly higher in aerobic systems (0.0364 day⁻¹) 
compared to hypoxic systems (0.0082 day⁻¹), quantitatively illustrating the oxygen-dependent reduction in 
metabolic rate. 
 
3.2. Ultrastructural Adaptations and Cellular Integrity 
 SEM and TEM analyses provided direct visual evidence of the strain's structural resilience under oxygen stress.  
 Aerobic Morphology: SEM revealed dense conidial chains and well-organized phialides, indicating optimal 
reproductive capacity (Fig. 1). 
 Hypoxic Adaptation: TEM showed strategic thickening of the cell wall and an increased accumulation of lipid 
globules, highlighting morphological adjustments to sustain survival (Fig. 2). 
 Cellular Integrity: Despite these stress-induced modifications, the overall cellular structure remained intact, 
explaining the strain’s capacity to maintain a functional, albeit reduced, biodegradation rate of 20% under oxygen-

limited conditions. 

  

   
 
Fig. 1: Morphological characteristics of Aspergillus flavus grown under aerobic conditions as observed by scanning electron 
microscopy (SEM). 
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Fig. 2: Ultrastructural features of Aspergillus flavus grown 
under oxygen-limited conditions as observed by 
transmission electron microscopy (TEM). 
 
3.3. Secondary Metabolite Profile and Aflatoxin 
Screening 
 GC–MS analysis revealed qualitative differences 

in metabolite composition between aerobic and 
oxygen-limited cultures. Aerobic samples showed 
greater metabolite diversity compared to hypoxic 
cultures, indicating oxygen-dependent regulation of 
secondary metabolism. 
 Screening of chromatograms did not reveal 
peaks corresponding to aflatoxin within the detection 
limits of the applied GC–MS method under either 
cultivation condition. The analysis was restricted to 
qualitative presence/absence determination. No 
further interpretation regarding regulatory gene 
expression was made based on this data. 
 
3.4. Enzyme Activity and Protein Flux 
 The biochemical response of the strain was 
quantified through spectrophotometric assays. 
Aerobic cultures exhibited significantly higher 
cellulolytic activity compared to oxygen-limited 
cultures (P<0.05). The amount of reducing sugars 
released reached 228 mg glucose L⁻¹ under aerobic 
conditions after 10 days of incubation, representing a 
2.3-fold increase relative to oxygen-limited cultures. 
 
3.4.1. Protein and Carbohydrate Dynamics: 
Polynomial regression analysis revealed a strong 
correlation between incubation time and the release 
of soluble proteins and carbohydrates. Aerobic 
systems consistently achieved higher global 
desirability (0.93) in the RSM models. 
 Qualitative and quantitative changes in secondary 
metabolite production were detected using GC–MS 
(Table 1). Under aerobic conditions, 10 metabolites 
were identified, with nonadecanol (21.16%) and 
heneicosanoic acid (12.85%) as the most abundant. 
Under oxygen-limited conditions, metabolite 
diversity decreased, with only seven detectable 
compounds. The most abundant metabolites under 
hypoxia were 1-chlorododecane (24.60%) and acetyl 
cedrene (21.04%). This reduction in metabolite 
diversity underscores the regulatory role of oxygen in 
secondary metabolism in A. flavus (Keller, 2019).

 
Table 1: Secondary metabolites produced by Aspergillus flavus cultivated on barley straw under aerobic and oxygen-limited 
(hypoxic) conditions 
Aerobic Conditions % Oxygen-Limited Conditions % 
Nonadecanol 21.16 3,4-Tridecadien-1-ol 4.25 
Benzobutyl,trimethyl-penten-3-ol 17.80 1-Chlorododecane 24.60 
Isopropylthio-5-trifluoro-acetyl 7.30 9,12-Octadecadienoic acid 9.90 
L-1,2-Dioleoyl Glyceryl phosphocholine 17.62 Fumaric acid, (tert-butyl)dimethyl ester 8.20 
2-Chlorobenzofuran 4.22 Benzo furo(3,2-b)benzofuro(2,3-e)pyran-6-one 10.21 
L-Proline 0.75 3,4-Tridecadien-1-ol (isomer) 12.18 
2-Isopropylthio-1,3-oxathiolyium-4-oxalat 2.25 Acetyl cedrene 21.04 
1-Hexadecanone,1-cyclopentyl 5.83 - - 
Cyclopenten-1-one,3-chloro 12.85 - - 
Heneicosanoic acid 4.34 - - 
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Table 2: Biodegradation efficiency (%: Dry matter consumed) of 
barley straw by Aspergillus flavus over time 
            Period 
Conditions 

7 days 10 days 15 days 
% % % 

Aerobic 24.30 ± 0.70 38.40 ± 0.69 43.70 ± 1.57 
Oxygen-Limited 14.17 ± 0.65 19.30 ± 0.70 20.10 ± 0.36 
 
Table 3: Production of total soluble carbohydrates (T.C) and 
proteins (T.P) during barley straw biodegradation (µg/100 mL) 
Period Conditions (T.C) (T.P) 
7 days Aerobic 305.7 ± 4.3 205.0 ± 2.0 

Oxygen-Limited 294.5 ± 4.0 97.7 ± 0.1 
10days Aerobic 311.4 ± 2.6 213.4 ± 1.1 

Oxygen-Limited 292.4 ± 1.6 105.2 ± 2.7 
15 days Aerobic 360.0 ± 1.0 232.8 ± 0.2 

Oxygen-Limited 305.3 ± 2.2 118.0 ± 0.6 
 

Analysis of culture supernatants revealed 
significant differences in macromolecular 
accumulation with oxygen availability (Table 3). 
Concentrations of total soluble carbohydrates and 
proteins were consistently higher in aerobic cultures 
throughout the incubation period. Cellulase activity, 
a key indicator of hydrolytic capacity, showed strong 
oxygen dependence, with activity under aerobic 
conditions approximately 2.3 times higher than under 
oxygen limitation (Table 4). This reduction aligns 
with the energy-intensive nature of hydrolytic 
enzyme biosynthesis, which relies on aerobic 
respiration. 
 
3.5. Kinetic Modeling and Process Evaluation 
 The degradation of barley straw dry matter 
followed first-order kinetics. Multivariate optimization 
and response surface analysis were performed using 
SPSS software (Fig. 3). 

Degradation was considerably faster under 
aerobic conditions, with a rate constant (k) of 0.0364 
day⁻¹ and a half-life (t₁/₂) of 19.1 days. In contrast, 
oxygen limitation severely hampered degradation, 
resulting in a lower rate constant (0.0082 day⁻¹) and a 
longer half-life (84.3 days). These kinetic parameters 
confirm that oxygen availability is critical for 

efficient substrate utilization. 
 

Table 4: Cellulase activity of Aspergillus flavus measured as 
concentration of reducing sugars released (mg glucose L⁻¹ culture 
filtrate; mean ± SD, n = 3) 
Period Conditions mg glucose L⁻¹ culture filtrate 
7 days Aerobic 200.6 ± 0.3 

Oxygen-Limited 86.42 ± 0.2 
10days Aerobic 216.2 ± 0.6 

Oxygen-Limited 89.1 ± 0.6 
15days Aerobic 228.3 ± 1.0 

Oxygen-Limited 72.5 ± 0.2 
 
 Polynomial regression analysis adequately 
described temporal trends in soluble protein and 
carbohydrate production (Fig. 4 and 5). Multivariate 
analysis using response surface methodology 
identified aerobic cultivation as the most favorable 
condition for maximizing process performance, 
yielding a global desirability value of 0.93, whereas 
oxygen-limited cultivation showed limited 
optimization potential (Fig. 6). 

The disparity between the two oxygen regimes is 
visually summarized in the Fig. The bar chart 
illustrates a direct comparison of the optimum values 
achieved for a key output (e.g., enzyme activity or 
product yield) under aerobic versus oxygen limited, 
with aerobic performance being significantly greater . 
 
Optimization Results (RSM + Desirability) 
 Response Surface Methodology (RSM) was 
applied to evaluate the combined effects of 
incubation period and cultivation conditions on 
biodegradation efficiency, enzyme activity, and 
metabolite production. Aerobic cultivation yielded 
the highest global desirability value (0.93), indicating 
optimal process performance, whereas oxygen-
limited conditions exhibited significantly lower 
optimization potential. 
 
 

 
Fig. 3: Dry matter loss kinetics of barley straw incubated with Aspergillus flavus: comparison between aerobic and oxygen-
limited conditions after 7, 10, and 15 days; Values are presented as mean ± SD (n = 3). 
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Fig. 4: Changes in protein and total soluble carbohydrates concentration during cultivation of Aspergillus flavus under aerobic 
and oxygen-limited conditions; Values are presented as mean ± SD (n = 3). 
 

 

mg glucose Lˉ1 culture filtrate 

 
 

Fig. 5: Changes in mg glucose L⁻¹ culture filtrate 
concentration during cultivation of Aspergillus flavus under 
aerobic and oxygen-limited conditions: Values are presented 
as mean  ±  SD (n = 3). 

Fig. 6: Representative contour plots from the RSM analysis, 
showing the relationship between process variables and 
responses like protein yield and enzyme activity. 
 

 

4. DISCUSSION 
 The present study demonstrates that oxygen availability is a master regulator of physiological performance, 
enzymatic hydrolysis, and metabolic profiling in Aspergillus flavus during barley straw biodegradation. By 
integrating kinetic, ultrastructural, and biochemical analyses, we provide evidence that while aerobic conditions 
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maximize lignocellulose conversion, the fungus retains a measurable, though reduced, metabolic capacity under 
oxygen-limited conditions. These findings contribute to a mechanistic understanding of fungal adaptation to 
heterogeneous aeration, a condition frequently encountered in solid-state fermentation systems and natural 
composting environments. 
 
4.1. Oxygen Availability Governs Lignocellulose Degradation Kinetics 
 The substantial reduction in dry matter loss (from 43.7% to 19.3%) and cellulase activity (approximately 2.3-
fold decrease) under oxygen limitation underscores the critical role of aerobic respiration in supporting the energy-
intensive biosynthesis of hydrolytic enzymes. This finding aligns with the well-established principle that 
filamentous fungi, as obligate aerobes, depend on oxidative phosphorylation for efficient ATP generation required 
for extracellular enzyme production (Hesse et al., 2002; Paulussen et al., 2017; Mattila et al., 2020). The first-order 
kinetic modeling further quantifies this dependency, with the rate constant (k) decreasing from 0.0364 day⁻¹ under 
aerobiosis to 0.0082 day⁻¹ under hypoxia. This kinetic penalty is consistent with observations in other fungal 
species where oxygen restriction slows the initial attack on lignocellulosic polymers (Siedt et al., 2023). However, 
the persistence of approximately 20% substrate degradation under hypoxic conditions indicates that A. flavus does 
not enter a state of complete metabolic arrest. This residual activity suggests the operation of fermentative or 
alternative metabolic pathways that partially sustain cellular functions and basic hydrolytic capacity. Recent 
advances in understanding fungal hypoxia responses have highlighted the importance of redox homeostasis, 
particularly the NAD+/NADH balance, in modulating metabolic flux under oxygen-limited conditions (Shimizu, 
2018). The accumulation of lipid bodies observed in our TEM analysis (Fig. 3) likely reflects a redirection of 
carbon flux toward storage compounds when respiratory capacity is constrained, a survival strategy documented in 
other fungi facing energy limitation (Hillmann et al., 2015). 
 
4.2. Ultrastructural Remodeling as an Adaptive Strategy 
 The structural modifications observed under oxygen limitation provide direct cytological evidence of fungal 
adaptation to energy stress. The thickening of the cell wall, clearly visible in TEM micrographs (Fig. 3), is a well-
characterized stress response in Aspergillus species, often associated with enhanced resilience against 
environmental challenges. This remodeling may serve to reinforce the cellular barrier against osmotic or oxidative 
stress that can accompany hypoxic conditions. Importantly, the preservation of overall cellular integrity under 
hypoxia explains the strain's capacity to maintain partial functionality, distinguishing this adaptive response from 
irreversible degenerative changes. Mitochondrial alterations observed under oxygen-limited conditions are 
particularly noteworthy. Given that mitochondria are the primary consumers of molecular oxygen, their structural 
adjustment is an expected consequence of reduced respiratory activity (Yu et al., 2024). The increased abundance of 
lipid bodies suggests a shift in metabolic strategy: under aerobic conditions, lipids would be mobilized for energy 
generation via β-oxidation, whereas under hypoxia, their accumulation may represent either a bottleneck in fatty 
acid catabolism or a deliberate storage response for when conditions improve. This phenomenon has been 
previously reported in A. fumigatus during hypoxic stress, reinforcing the concept of a conserved fungal response to 
oxygen deprivation (Grahl et al., 2012). 
 
4.3. Oxygen-Dependent Regulation of Secondary Metabolism 
 The qualitative differences in secondary metabolite profiles between aerobic and oxygen-limited cultures 
(Table 1) confirm that oxygen availability modulates the metabolic output of A. flavus beyond simple biomass 
conversion. The greater metabolite diversity under aerobic conditions likely reflects the full engagement of oxygen-
dependent biosynthetic pathways, including those requiring molecular oxygen as a substrate for key enzymatic 
reactions (Keller, 2019). In contrast, the reduced diversity and distinct compound profile under hypoxia indicate a 
reprogramming of secondary metabolism, potentially favoring pathways compatible with low-oxygen 
environments. The absence of detectable aflatoxin in our chromatographic analysis, within the defined analytical 
limits of the GC–MS method, warrants careful interpretation. This observation may reflect the specific culture 
conditions, the particular strain used, or the possibility that aflatoxin biosynthesis requires specific triggers beyond 
simple oxygen availability. Recent molecular investigations have revealed complex regulatory networks governing 
aflatoxin production in A. flavus, with oxidative stress and specific transcription factors playing critical roles. Peng 
et al. (2024) demonstrated that the transcription factor AtfA, which responds to oxidative stress signals, is intimately 
involved in coordinating aflatoxin metabolism and virulence. Similarly, Lohmar et al. (2025) identified FhpA as a key 
regulator linking stress response to secondary metabolite production. These findings suggest that aflatoxin biosynthesis 
is not simply a function of oxygen presence or absence, but rather a finely tuned response to specific environmental 
and physiological cues (Cho et al., 2025). Our study's qualitative screening approach does not preclude the possibility 
of aflatoxin production under alternative conditions or detection with more sensitive quantitative methods. 
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4.4. Bioprocess Implications and Translational Potential 
 From a biotechnological perspective, our findings carry dual implications. First, they reaffirm that maintaining 
aerobic conditions is paramount when maximum degradation rates and enzyme yields are the primary objectives, 
particularly in bioreactor systems where oxygen transfer can be controlled and optimized. The higher global 
desirability value (0.93) for aerobic cultivation in our RSM models quantitatively supports this conclusion. Second, 
the demonstrated tolerance of this A. flavus isolate to oxygen-limited conditions suggests potential applicability in 
systems where uniform aeration is challenging or economically prohibitive. Large-scale agricultural waste 
management, including composting piles and static biomass accumulations, inevitably contains hypoxic 
microzones . In such contexts, a fungal strain capable of maintaining partial activity under oxygen restriction could 
contribute to overall biodegradation more effectively than strictly aerobic organisms that would cease function 
entirely. The adaptation of A. flavus to arid environments, as documented in Saudi Arabia (Alzahrani, 2025), may 
have pre-adapted this isolate to tolerate fluctuating oxygen tensions, a hypothesis worthy of further investigation. 
Moreover, the observed shift in metabolite profiles under hypoxia raises the possibility of exploiting oxygen 
limitation as a tool for directing fungal metabolism toward specific compounds of interest. Studies on other fungal 
genera have successfully used hypoxic stress to enhance the production of valuable secondary metabolites, 
suggesting that controlled oxygen restriction could be integrated into bioprocess strategies for A. flavus as well. 
This study demonstrates that A. flavus exhibits a graded response to oxygen availability, with aerobic conditions 
supporting maximal lignocellulolytic activity and metabolic diversity, while oxygen limitation triggers adaptive 
ultrastructural remodeling and metabolic reprogramming that sustain partial functionality. The integration of these 
findings with recent molecular insights into fungal stress responses provides a more complete picture of how A. 
flavus navigates heterogeneous oxygen environments (Chien et al., 2025). For biotechnological applications, this 
work supports the development of aeration strategies tailored to process goals, whether maximizing degradation 
rates under controlled aerobic conditions or leveraging hypoxic tolerance in less-engineered systems. 
 
5. CONCLUSION 
 This study demonstrates that oxygen availability plays a critical role in regulating enzymatic efficiency and 
secondary metabolite production in Aspergillus flavus. Controlled hypoxic conditions significantly influenced 
lignocellulosic degradation dynamics, highlighting oxygen tension as a key modulator of fungal metabolic 
adaptation. The integration of response surface methodology with metabolite profiling provided a comprehensive 
understanding of the interaction between environmental constraints and biochemical responses. These findings 
contribute to optimizing fermentation strategies and offer practical insights for improving bioconversion processes 
under regulated oxygen conditions.  
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