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ABSTRACT 2233 ;CU)
Solid-state fermentation (SSF) offers a sustainable method for enhancing the nutritional quality of agricultural gﬁ 2 2 o)
residues such as red rice bran. This study aimed to determine the optimal temperature and duration for SSF of red & 3 i = >
rice bran, focusing specifically on increasing the crude protein (CP) content and reducing the crude fiber (CF) £ EE ‘g >
content. SFF of rice bran with Aspergillus niger (A. niger) USM F4 was conducted over 14 consecutive days at three 2 § PN r
different temperatures (25°C, 35°C, and 45°C). A total of 63 samples of rice bran were divided into three % E) ™ i %
temperature groups, each containing 21 samples. Three samples per group were collected at 48-hour intervals over ) 7, RS —
the 14-day fermentation period. The fermentation process for the collected samples at 48-hour intervals was halted i § 0
by oven drying at 60°C for 24 hours. The fermented products were subjected to proximate analysis for crude protein § |-'_|-|

(CP), ash, ether extract (EE), and crude fiber (CF) contents using the methods outlined by the Association of Official
Analytical Chemists (AOAC). The results revealed a significant effect of temperature and fermentation duration on
CP, ash, EE, and CF content when compared to the unfermented rice bran kept at room temperature (25°C). The
peak values of CP and the highest degradation of CF across all temperature levels were observed on day 10 while
the maximum increase in ash and EE content occurred on day 8. Among the temperature conditions, the highest CP
values and the lowest CF values were recorded at 35°C. Conversely, the lowest improvements in CP and CF
degradation were observed at 25°C on day 10. In conclusion, the optimal conditions for SSF of rice bran with A.
niger to enhance CP content and degrade CF are a temperature of 35°C and a fermentation duration of 10 days.
Keywords: Alternate feed resource, Animal production, Aspergillus niger, Proximate component, Solid-state
fermentation, Value- addition

INTRODUCTION

Food insecurity in Africa poses a significant threat to the continent's sustainability. Boosting livestock production levels
is imperative for augmenting the supply of animal protein for human consumption, thereby contributing to global efforts
to address food scarcity, hunger, and food security challenges. The high cost and scarcity of conventional feed
ingredients pose a significant challenge to the sustainability of animal production. Consequently, the industry has
increasingly focused on identifying alternative feed resources (Akintan et al., 2024; Dou et al., 2024).

Along the same line, agro-industrial by-products have turned into a primary focus of animal scientists seeking
potential alternatives to conventional feed resources (Ayojimi et al., 2023). Many of these by-products, including rice
bran (RB), are characterized by low crude protein content, high crude fiber levels, and the presence of anti-nutritive
factors such as low digestibility and nutrient lock-up, which limit their suitability for livestock production (Obaniyi et
al., 2019; Yang et al., 2021).

Fermentation has long served as a method for preserving and enhancing the quality attributes of foods (Siddiqui et
al., 2023). Solid-state fermentation (SSF) occurs without free water and presents a technological solution for processing
various foods, enhancing their nutritional value, and creating edible products with favorable sensory traits (Senanayake
et al., 2023). During SSF, microorganisms metabolize the substrate, producing various metabolites such as organic acids,
enzymes, vitamins, antibiotics, and bioactive compounds. These metabolites have potential applications in the food,
pharmaceutical, and cosmetics industries, to name a few. The liberated enzymes also help increase the nutritional value
of the substrate by increasing the crude protein content and reducing the crude fiber level, thereby transforming the agro-

industrial waste into value-added products (Sadh et al., 2018; Senanayake et al., 2023). Yang et al. (2021) assert that the
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SSF of feed represents a promising strategy for bridging the gap between feed supply and demand, enhancing food
safety, conserving energy, and lowering emissions.

Fermentation, as proposed by Osemwegie et al. (2020), can enhance the nutritional value of ingredients before they
are consumed by animals. Solid-state fermented feed production yields various beneficial components, such as organic
acids, enzymes (amylase, cellulase, etc.), vitamins, B-Carotene, y-linolenic acid, citric acid, peptides, and growth factors,
all of which can positively impact animal performance (Yang et al., 2021).

The nutritional characteristics of fermented feed are influenced by several factors, including the fermentation
starter (the culture initiating fermentation), the substrate type, the initial moisture content, and the fermentation
conditions, such as temperature and duration (Mengesha et al., 2022). Recent research has consistently shown that
adjusting the moisture content of fermentation substrates is crucial and should be tailored to the specific properties of the
substrates (Sun et al., 2022; Wang et al., 2023), microbial attributes, duration, and temperature (Park et al., 2018).

Optimal temperature is crucial for promoting microorganism growth and metabolism, which in turn reduces the
fermentation time and improves the product quality (Yang et al., 2021). Elevated temperatures can accelerate reactions
and microbial growth (Li et al., 2024). However, they may also deactivate enzymes and cause excessive heat due to the
rapid proliferation of microorganisms (Yang et al., 2021). Moisture content is another key factor that significantly
impacts the quality of solid-state fermented feed. Low moisture in solid-state fermentation hampers the movement of
nutrients, reduces enzyme activity, and consequently limits the growth of microorganisms, thereby affecting the
efficiency of the fermentation process (He et al., 2019). Inadequate water availability within the system can prevent
nutrients from spreading effectively throughout the substrate, limiting their availability to microorganisms. The enzymes
require water to function optimally, and their activity may be hindered when water is scarce. Also, low moisture
conditions impede nutrient diffusion and enzyme activity, creating an unfavorable environment for microbial growth
(Yang et al., 2021). As a result, the growth of microorganisms is restricted or slowed down, impacting the overall
fermentation process (Cruz-Parede et al., 2021; Gonzalez and Aranda, 2023). Conversely, excessive moisture can reduce
substrate porosity, impair oxygen transfer, and increase mycotoxin risk. Improper moisture levels disrupt microbial
growth, destabilize pH, and reduce dry matter recovery. Laure et al. (2021) opted that incubation duration is another
critical factor in the SSF process, as it influences the quality of the end products. In the early stages of SSF, an ample
supply of food supports the growth of microorganisms and the production of the desired end product. However, in case
the fermentation process is terminated too soon, the organisms may not have completed the conversion of all available
nutrients into an end product, leading to incomplete fermentation and potentially lower concentrations of the desired end
products (Yang et al., 2021). Extended fermentation periods, on the contrary, diminish nutrient availability, leading to a
decline in bacterial population and the triggering of autophagy (Zhang et al., 2015).

Different microorganisms can be used to valorize various substrates for the production of specific products (Pranay
et al., 2019; de Oliveira et al., 2020; Melnichuk et al., 2020; Putri et al., 2020). Filamentous fungi from genera such as
Aspergillus, Fusarium, Penicillium, Rhizopus, and Trichoderma are particularly favored for solid-state fermentation, as
highlighted by Munishamanna et al. (2017). This preference stems from their hyphal structure, which enables them to
penetrate solid matrices effectively. Additionally, these fungi exhibit efficient digestion of solid organic substrates even
under low moisture conditions, rendering them particularly suitable for solid-state fermentation, as emphasized by Abu
Yazid et al. (2017). The selection of microorganisms is influenced by several critical factors, including their growth
traits, the yield of the intended product, their ability to metabolize particular substrates, their resilience to temperature
and pH fluctuations, their susceptibility to genetic alterations, and the safety of the resulting fermented product for
human and animal consumption (Upadhyaya et al., 2016).

Yafetto et al. (2020), for instance, showcased that the protein levels in cassava and yam substrates could be
enhanced through the application of mono- and co-cultures involving Aspergillus niger and Trichoderma viride.
Similarly, Aruna et al. (2018) utilized a mono-culture approach using the yeast Saccharomyces cerevisiae to increase the
protein content of yam peels.

Maximizing the potential of solid-state fermentation in enhancing agro-industrial by-products in the livestock
industry requires the determination of optimal conditions. Hence, this study aimed to identify the ideal temperature and
duration for solid-state fermentation of rice bran (RB) using Aspergillus niger (USM F4).

MATERIALS AND METHODS
Study location

The research was conducted at the Animal Science and Microbiology Laboratories of Landmark University, Omu-
Aran, Kwara State, Nigeria.
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Source of rice bran
The rice bran was purchased from a feed mill in Omu Aran town, Kwara State, Nigeria.

Source of candidate organism for solid-state fermentation

The fully typed strain of filamentous Aspergillus niger (USM F4) was obtained from the stock culture at the
Microbiology Laboratory of Landmark University, Omu Aran, Kwara State, Nigeria. The organism was sub-cultured on
Potato Dextrose Agar slants and maintained at 4°C for a week (Ogbonna et al., 2015; Ajibo and Said, 2023). To inhibit
bacterial growth, the agar was supplemented with 0.5 ml of gentamycin (40 mg/ml) After 7 days, the mycelia had
completely covered the surface of the petri dish. Spores of Aspergillus niger were harvested by gently tapping and
inverting the plate. Subsequently, the spores were washed with sterile saline solution, and their quantification was
performed using a hemocytometer (Model No: 8100110, AS ONE Japan) following the Fuchs-Rosenthal technique
(Wolk et al., 2000), resulting in an estimated concentration of approximately 2.0 x 10" spore-forming units (sfu) per
milliliter

Substrate preparation and inoculation for solid-state fermentation

Thirty grams of rice bran (RB) were weighed and added to each of the sixty-three 250 ml Erlenmeyer flasks.
Subsequently, the moisture content was adjusted to 80%, and the pH was set to 5.0, as described by Teixeira da Silva et
al. (2016). The mouths of the flasks were sealed with water-resistant cotton wool and covered with aluminum foil. All
the samples were then autoclaved for 15 minutes at a pressure of 103.421 KPa and a temperature of 121°C. After
autoclaving, the samples were cooled at 25°C before inoculation with the fungus. In each flask, 0.1 g of urea
[CO(NH,),,], serving as a nitrogen supplement, was added per gram of the sample. After sterilization, rice bran samples
in each flask were aseptically inoculated with 4 ml of the prepared A. niger (USM F4), containing 2.0 x 10’ spore-
forming units per milliliter, within a laminar flow chamber. The incubation temperature varied at 25°C, 35°C, and 45°C,
with 24 inoculated samples incubated at each temperature.

Triplicate samples were collected at 2-day intervals over 14 days (specifically on days 2, 4, 6, 8, 10, 12, and 14) at
each temperature to determine the optimal fermentation period. The fermentation process was terminated by oven drying
the samples at 60°C for 24 hours, following the method outlined by Lasekan and Shittu (2019).

Determination of proximate values

The unfermented RB and the fermented samples were analyzed for crude protein (CP), ether extract (EE), ash, and
crude fiber (CF) using standard procedures outlined by the Association of Official Analytical Chemists (AOAC, 2012).
Crude protein content was analyzed by the Kjeldahl Method (AOAC Method 968.06). It was then calculated by
multiplying the value of nitrogen by a conversion factor of 6.25.

Crude protein (%) = N X 6.25 (Formula 1)

Ether extract (EE) analysis was performed using Soxhlet Extraction (AOAC Method 920.39). Lipids in the samples
were extracted utilizing petroleum ether as the solvent. The samples were placed in an extraction thimble and introduced
into the Soxhlet apparatus. As the ether was heated to its boiling point, it passed through the samples, dissolving the
lipids, which were then transported into a collection flask. The extraction continued until all fat was thoroughly removed.
Following this, the lipid residue underwent drying to eliminate any lingering traces of ether. The weight of the dried
residue was measured to determine the quantity of lipids extracted from the samples using Formula 2.

Ether extract (%) = (initial weight — final weight) + initial weight X 100 (Formula 2)

Ash analysis was conducted using the Dry Ashing method (AOAC Method 942.05), where the organic material
underwent complete combustion, leaving behind inorganic residue (ash). One gram of the sample was heated in a muffle
furnace at 550°C until thorough combustion occurred. After cooling, the ash was weighed using a sensitive scale (Chaux
Corp. Pine Brook, NJ USA. Model PAS 12).

The analysis of crude fiber (CF) was conducted using AOAC method 978.10. It involved sequential acid and alkali
extractions to eliminate protein, sugar, starch, lipids, and portions of structural carbohydrates and lignin. Initially, the
sample underwent digestion with sulfuric acid to extract sugar and starch. Subsequently, secondary digestion in sodium
hydroxide was aimed at removing proteins, hemicellulose, and lignin. The determination of crude fiber was achieved
gravimetrically by examining the residue remaining after the completion of acid and alkaline digestions.

Statistical analysis

All experiments were conducted in triplicate, with the proximate parameters expressed as the mean + standard
deviation of three measurements. Statistical analysis was performed using SPSS version 18, employing analysis of
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variance (ANOVA) to compare the data. Mean values were compared using the Duncan multiple range test, with
significance set at p < 0.05. The optimization of temperature and fermentation period was performed using a one-factor-

at-a-time design. This approach is straightforward to implement, making it suitable for preliminary or exploratory studies
where simplicity is prioritized over complexity.

RESULTS AND DISCUSSION

Table 1 presents the proximate analysis of the unfermented rice bran. The values obtained are similar to those in previous
studies on the proximate composition of rice-bran meal (Mishra, 2017; Devi et al., 2021).

Table 1. Proximate components of unfermented rice bran

Parameters Percentage
Moisture 9.45
Crude protein 13.48
Ether extract 12.35
Ash 10.50
Crude fiber 27.50
Nitrogen free extract 29.72

Effect of temperature and fermentation period on proximate components of rice bran
The findings of this study indicated that the proximate components of rice bran were significantly influenced (p <
0.05) by varying solid-state fermentation temperatures and durations, as compared to unfermented rice bran.

Effect of temperature and fermentation period on crude protein

The crude protein (CP) content is a crucial parameter affecting the overall quality of animal feed products. The
CP level can vary depending on factors such as the microorganism used, their access to carbon and nutrients, and
cultivation conditions (Shi et al., 2021). Figure 1 illustrates the changes in the CP content of RB following SSF at three
temperature levels and with different durations. In this study, the CP content exhibited a progressive increase with
fermentation duration across all temperature levels, albeit at varying rates. Various authors have reported comparable
results using rice bran as a substrate with different fungal species. Specifically, Omarini et al. (2019) utilized Pleurotus
sapidus, Wolayan and Mandey (2019) employed A. niger, Sukma et al. (2021) utilized Rhizopus oryzae, and Huervana
et al. (2024) employed Tichoderma harzianum.

In SSF, the fungus releases a range of extracellular enzymes, enabling it to acquire nutrients while altering the
chemical composition of the substrate and producing various metabolites (EI-Gendi et al., 2021). The rise in protein
levels may stem from the proliferation of fungus mycelium driven by microbial growth and reproduction throughout
fermentation (Shi et al., 2021). The increased CP content of the RB suggests that the treated substrate may serve as a
valuable protein source for livestock (Huervana et al., 2024). The greatest enhancements in CP content occurred on the
10th day across all temperature levels, followed by a decline. Specifically, CP values reached 18.23%, 25.34%, and
22.35% at 25°C, 35°C, and 45°C, respectively, representing respective improvements of 35.23%, 87.98%, and 65.80%
compared to the 13.48% CP content in unfermented RB. The notable 87.98% improvement observed at 35°C suggests
that A. niger USM F4 thrives best at this temperature. During fermentation, the fungus may release proteins from the
substrate to utilize it as a carbon source, thereby increasing the CP of the fermented product. Variations in CP among
different temperatures may be attributed to A. niger USM F4 releasing a higher number of enzymes during fermentation
at 35°C.

Huervana et al. (2024) had earlier reported a 169.2% enhancement of CP in rice bran fermented with Tichoderma
harzianum at 30°C for 4 days under solid-state fermentation. Wolayan and Mandey (2019) conducted a similar study,
fermenting RB with A. niger at 30°C for 10 days, and reported a crude protein enhancement of 41.24%. This
enhancement is notably lower than the values observed at 35°C on the 10th day in the current study. Similarly, Sukma et
al. (2021) conducted an SSF experiment using the fungus Rhizopus oryzae (R. oryzae) at varying incubation
temperatures (28°C, 30°C, and 32°C) for 5 days and achieved the highest percentage increase in CP content of 62.51%
at 30°C. Also, Oliveira et al. (2010) reported a 40% enhancement in CP using the same fungus (R. oryzae) at 30°C.
Omarini et al. (2019) reported a 72.97% increment in crude protein when RB underwent 10 days of solid-state
fermentation assisted by Pleurotus sapidus at 25°C for 5 days.

The choice of variables, such as the fermentation temperature, the duration, and the microorganism used for the
fermentation process significantly influenced the crude protein enrichment in RB in this study (Sukma et al., 2021).

321



Animashahun et al., 2024

Furthermore, differences between the values obtained in this study and those in the previous studies may be attributed to
various factors, including the origin of A. niger, its enzyme production capacity, the amount of inoculum, the duration
and conditions of fermentation, the pretreatment method, the origin of the substrate, etc. (Altop et al., 2018).
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Figure 1. Influence of temperature and fermentation period on the crude protein of rice bran .A: 25°C, B: 35°C, C: 45°C.
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Figure 2. Effect of temperature and fermentation period on the ash content of rice bran .A: 25°C; B: 35°C; C: 45°C

Effect of temperature and fermentation period on ash component of rice bran

It was noted that the solid-state fermentation process led to an increase in the ash value of rice bran. As illustrated
in Figure 2, both temperature and fermentation duration exerted significant effects on the ash content of RB (p < 0.05).
Across all temperature levels (25°C, 35°C, and 45°C), the ash content exhibited a consistent rise from 10.50% in
unfermented rice bran until day 8, followed by a gradual decline. The maximum ash contents recorded were 20.00%
(25°C), 17.65% (35°C), and 15.00% (45°C), representing enhancements of 90.48%, 68.10%, and 42.10% of the ash
value in unfermented RB, respectively.

The rise in ash content indicates the potential release of enzymes such as phytase by the organism during
fermentation, contributing to the breakdown of antinutrients present in the unfermented substrate. This release may have
liberated minerals previously bound or chelated by these antinutrients (Altop et al., 2018). A. niger USM F4 may induce
the production of enzymes such as hydrolase, hemicellulase, lipase, and pectinase during SSF, potentially altering the
structure of anti-nutritional factors (Kaur et al., 2020). Simultaneously, SSF led to an augmentation in substrate ash
content, likely attributed to microbial metabolic activity or dry matter loss. Similar results have been reported in
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previous studies, where SSF led to increased ash content in various substrates. Instances of such studies include a
43.90% increase in ash content of RB after 4 days of SSF with A. niger (Ribeiro et al., 2017), a 50.34% rise in ash
content of olive leaves following 2 days of SSF with A. niger (Altop et al., 2018), and a 51.31% increment in ash content
of rice bran after 10 days of SSF with Pleurotus sapidus (Omarini et al., 2019).

The percentages of enhancement in ash content observed in this study at both 25°C and 35°C surpass the 51.31%
reported by Omarini (2019) after 10 days of SSF of RB at 25°C with Pleurotus sapidus Dk3174. Likewise, the ash
improvement in this study exceeds the findings of Oliveira et al. (2010), who observed an enhancement in ash content
when RB was fermented for 5 days using Rhizopus oryzae at 30°C. However, Bonilla Loaiza et al. (2022) documented a
reduction in ash content during solid-state fermentation, noting that fermentation at 25°C yielded the highest ash
improvement.
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Figure 3. Effect of temperature and fermentation period on the ether extract content of rice bran. A: 25°C, B: 35°C, C:
45°C.

Effect of temperature and fermentation duration on the ether extract of rice bran

Figure 3 depicts how temperature and fermentation duration influence the EE component of RB during SSF.
Significant enhancements in the EE component of RB were observed under various temperatures and fermentation
durations (p < 0.05), as compared to the unfermented RB (Table 1). The highest enhancement occurred on day 8, with
EE peaking at 15.25% and a 63.10% increase recorded at 35°C.

The rise in EE content is influenced by various factors, such as the production of lipolytic enzymes by A. niger in
the RB matrix, microbial growth utilizing nutrients, and enzymatic breakdown of cell walls releasing trapped lipids.
Moreover, the SSF process can modify RB's physicochemical properties, making lipids more soluble (Christ-Ribeiro et
al., 2021; Spaggiari et al., 2021). A. niger demonstrates a remarkable ability to transform substrates into value-added
compounds, thereby significantly augmenting the lipid content in fermented rice bran.

Previous studies have reported varying effects of SSF on EE content. Ribeiro et al. (2017) conducted a study where
rice bran was fermented with A. niger at 30°C for 4 days, while Altop et al. (2018) investigated the fermentation of olive
leaves with A. niger at the same temperature for 2 days. Both studies reported an increase in EE. Conversely, Oliveira et
al. (2010) and Omarini et al. (2019) observed a reduction in EE during SSF. In Omarini et al.'s (2019) study, a
substantial 74.45% decrease in the EE content was observed when rice bran underwent solid-state fermentation for 10
days using Pleurotus sapidus at 25°C. Similarly, Shi et al. (2021) documented a 30% reduction in EE when Moringa
oleifera leaves were subjected to solid-state fermentation by A. niger at 32°C for 7 days.

Effect of temperature and fermentation period on crude fiber degradation

In the present study, the crude fiber content of the unfermented RB (27.50%) significantly decreased by solid-state
fermentation (SSF) using A. niger USM F4 (p < 0.05) (Figure 4). The lowest CF values were observed on the 10th day
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across all temperature levels. Specifically, CF values were 12.45 (25°C), 8.36 (35°C), and 10.33 (45°C), indicating CF
degradation by 54.73%, 69.60%, and 62.44% respectively. The highest degradation of CF (69.60%) occurred at 35°C on
the 10th day.

A. niger, known for its cellulase production (Altop et al., 2018), shows promising prospects for single-cell protein
production. The breakdown of crude fiber (CF) during fermentation by A. niger USM F4 is believed to entail the
secretion of enzymes like cellulases, hemicellulases, and ligninases. The degradation of crude fiber (CF) during
fermentation by A. niger USM F4 likely involves the secretion of enzymes such as cellulases, hemicellulases, and
ligninases. These enzymes break down the complex polysaccharides in CF into simpler sugars for fungal growth.
Additionally, the metabolic activities and by-products of A. niger may directly or indirectly degrade CF (Cui et al., 2021;
El-Gendi et al., 2021). Fermentation alters substrate pH, moisture, and other parameters, making CF more susceptible to
enzymatic breakdown (Siddiqui et al., 2023; Kasprowicz-Potocka et al., 2024). Physical disruption of rice bran during
fermentation enhances CF degradation by increasing enzyme accessibility (Dilaga et al., 2022; Ibrahim et al., 2023).
Moreover, A. niger has the potential to selectively utilize various components of rice bran, such as CF, for its growth (Yu
et al., 2021). This preference often leads to the breakdown of more fermentable CF components into degradation
products. In a similar study, Shi et al. (2021) conducted SSF of Moringa oleifera leaf using A. niger GIM 3.576 at 32°C
for 7 days and reported a 70% degradation of CF. Oliveira et al. (2010) fermented RB with Rhizopus oryzae in a solid-
state setting at 30°C over 5 days, noting a 50% reduction in CF. Similarly, Wolayan and Mandey (2019) fermented RB
with A. niger for 10 days at 30°C, yielding a 47.81% reduction in CF.
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Figure 4. Effect of temperature and fermentation period on the crude fiber of rice bran. A: 25°C, B: 35°C, C: 45°C.

CONCLUSION

The current study demonstrated that solid-state fermentation can enhance the bioavailability of nutrients in rice bran,
potentially improving its digestibility in animals. The optimal media temperature and duration for solid-state
fermentation using A. niger USM F4 to boost crude protein levels and degrade crude fiber in rice bran are determined to
be 35°C and 10 days, respectively. Moreover, the utilization of SSF assisted with A. niger USM F4 can elevate the
quality of agro-industrial by-products by enhancing crude protein content and degrading crude fiber. This, in turn,
facilitates increased utilization of rice bran in livestock feed, particularly in monogastric animals. Further research is
recommended to explore optimal fermentation conditions for A. niger USM F4 in rice bran, enzyme characterization for
industrial applications, nutritional evaluations for livestock feed, confirmation of antinutrient reduction, and pilot-scale
trials for industrial feasibility.

324



World Vet. J., 14(3): 318-327, 2024

DECLARATIONS

Acknowledgments
The authors are grateful to the management of Landmark University for providing the facilities necessary for this
study.

Authors’ contributions

Animashahun Razaq Adekunle and Akpor Oghenerobor Benjamin conceptualized the study, while Olamide Musa,
Oluwafemi Precious, Animashahun Adedeji Peculiar and Idowu Abiodun experimented. Alabi Olayinka Olubunmi,
Oyawoye Enoch Olayiwola, and Animashahun Razaq Adekunle provided supervision and data curation. Laboratory
analyses were performed by Animashahun Razaq, Akpor Oghenerobor Benjamin, and Olamide Musa, with data analysis
conducted by Oghenerobor Benjamin, Okocha Reuben, and Olamide Musa. Olamide Musa and Oluwafemi Precious
drafted the manuscript, which was revised by Animashahun Razagq Adekunle, Akpor Oghenerobor, Oyawoye Enoch
Olayiwola, and Alabi Olayinka Olubunmi. All authors reviewed and approved the final version of the manuscript for
publication in the current journal.

Funding
The study was solely funded by the authors.

Data availability statement
The raw data supporting the conclusions of this article will be made available by the authors upon request.

Competing interests
No conflicts of interest have been disclosed by the authors.

Ethical considerations
Every author has reviewed ethical considerations such as plagiarism, duplicate publication or submission,
redundancy, data fabrication or falsification, consent for publication, and misconduct.

REFERENCES

Abu Yazid N, Barrena R, Komilis D, and Sanchez A (2017). Solid-state fermentation as a novel paradigm for organic waste valorization: A review.
Sustainability, 9(2): 224. DOI: https://www.doi.org/10.3390/su9020224

Akintan O, Gebremedhin KG, and Uyeh DD (2024). Animal feed formulation — Connecting technologies to build a resilient and sustainable system.
Animals, 14(10): 1497. DOI: https://www.doi.org/10.3390/ani14101497

Altop A, Coskun I, Filik G, Kucukgul A, Bekiroglu YG, Cayan H, Gungor E, Sahin A, and Erener G (2018). Amino acid, mineral, condensed tannin,
and other chemical contents of olive leaves (Olea europaea L.) processed via solid-state fermentation using selected Aspergillus niger strains.
Ciencia e Investigacion Agraria, 45(3): 220-230. Auvailable at: https://www.scielo.cl/scielo.php?pid=S0718-
16202018000300220&script=sci_arttext

Ajibo AE and Said RO (2023). Production of gluconic acid from sweet potato peels using naturally occurring fungi by submerged fermentation. Bio-
Research, 21(1): 1828-1837. DOI: https://www.doi.org/10.4314/br.v21i1.6

Aruna TE, Aworh OC, and Ezekiel OO (2018). Effect of administration of Saccharomyces cerevisiae and Trichoderma viride fermented yam and
pineapple peels on essential organs of Wistar rats. Annals: Food Science & Technology, 19(2): 369-377. Available at: https://afst.valahia.ro/wp-
content/uploads/2022/09/V.1_Aruna.pdf

Association of official and analytical chemists (AOAC) (2012). Association of official and analytical chemists.  Official methods of analysis, 21
Edition. Washington D.C., pp. 121-130. Available at: https://www.scirp.org/reference/ReferencesPapers?ReferencelD=1819676

Ayojimi W, Bamiro OM, Otunaiya AO, Shoyombo AJ, and Matiluko OE (2023). Sustainability of poultry egg output and efficiency: A risk-mitigating
perspective. Frontiers in Sustainable Food Systems, 7: 1195218. DOI: https://www.doi.org/10.3389/fsufs.2023.1195218

Bonilla Loaiza AM, Rodriguez-Jasso RM, Belmares R, Lépez-Badillo CM, Araljo RG, Aguilar CN, Chavez ML, Aguilar MA, and Ruiz HA (2022).
Fungal proteins from Sargassum spp. using solid-state fermentation as a green bioprocess strategy. Molecules, 27(12): 3887. DOI:
https://www.doi.org/10.3390/molecules27123887

Christ-Ribeiro A, Chiattoni LM, Mafaldo CRF, Badiale-Furlong E, and de Souza-Soares LA (2021). Fermented rice-bran by Saccharomyces
cerevisiae: Nutritious ingredient in the formulation of gluten-free cookies. Food Bioscience, 40: 100859. DOI:
https://www.doi.org/10.1016/j.fbi0.2020.100859

Cruz-Parede C, Tajmel D, and Rousk J (2021). Can moisture affect temperature dependences of microbial growth and respiration?. Soil Biology and
Biochemistry, 156: 108223. DOI: https://www. doi.org/10.1016/j.50ilbi0.2021.108223

Cui Y, Li J, Deng D, Lu H, Tian Z, Liu Z, and Ma X (2021). Solid-state fermentation by Aspergillus niger and Trichoderma koningii improves the
quality of tea dregs for use as feed additives. Plos One, 16(11): e0260045. DOI: https://www.doi.org/10.1371/journal.pone.0260045

Devi R, Veliveli VL, and Devi SS (2021). Nutritional composition of rice bran and its potentials in the development of nutraceuticals rich products.
Journal of Pharmacognosy and Phytochemistry, 10(2): 470-473. Available at:

325


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9539656/
https://www.doi.org/10.3390/su9020224
https://www.doi.org/10.3390/ani14101497
https://www.scielo.cl/scielo.php?pid=S0718-16202018000300220&script=sci_arttext
https://www.scielo.cl/scielo.php?pid=S0718-16202018000300220&script=sci_arttext
https://www.doi.org/10.4314/br.v21i1.6
https://afst.valahia.ro/wp-content/uploads/2022/09/V.1_Aruna.pdf
https://afst.valahia.ro/wp-content/uploads/2022/09/V.1_Aruna.pdf
https://www.scirp.org/reference/ReferencesPapers?ReferenceID=1819676
https://www.doi.org/10.3389/fsufs.2023.1195218
https://www.doi.org/10.3390/molecules27123887
https://www.doi.org/10.1016/j.fbio.2020.100859
https://www.doi.org/10.21608/JAPPMU.2016.48708
https://www.doi.org/10.21608/JAPPMU.2016.48708
https://www.doi.org/10.1371/journal.pone.0260045

Animashahun et al., 2024

https://www.phytojournal.com/archives/2021.v10.i2.13842/nutritional-composition-of-rice-bran-and-its-potentials-in-the-development-of-
nutraceuticals-rich-products

Dilaga SH, Putra RA, Pratama ANT, Yanuarianto O, Amin M, and Suhubdy S (2022). Nutritional quality and in vitro digestibility of fermented rice
bran based on different types and doses of inoculants. Journal of Advanced Veterinary and Animal Research, 9(4): 625-633.
DOI: https://www.doi.org/10.5455/javar.2022.i632

Dou Z, Dierenfeld ES, Wang X, Chen X, and Shurson GC (2024). A critical analysis of challenges and opportunities for upcycling food waste to
animal feed to reduce climate and resource burdens. Resources, Conservation and Recycling, 203: 107418. DOI:
https://www.doi.org/10.1016/j.resconrec.2024.107418

El-Gendi H, Saleh AK, Badierah R, Redwan EM, El-Maradny YA, and El-Fakharany EM (2021). A comprehensive insight into fungal enzymes:
structure, classification, and their role in mankind’s challenges. Journal of Fungi, 8 (1): 23. DOI: https://www.doi.org/10.3390/jof8010023

Gonzalez JM and Aranda B (2023). Microbial growth under limiting conditions-future perspectives. Microorganisms, 11 (7): 1641.
DOI: https://www.doi.org/10.3390/microorganisms11071641

He Q, Peng H, Sheng M, Hu S, Qiu J, and Gu J (2019). Humidity control strategies for solid-state fermentation: Capillary water supply by water-
retention materials and negative-pressure auto-controlled irrigation. Frontiers in Bioengineering and Biotechnology, 7: 263.
DOI: https://www.doi.org/10.3389/fbioe.2019.00263

Huervana FH, Traifalgar RFM, and Dionela CS (2024). Solid-state fermentation converts rice bran into a high-protein feed ingredient for Penaeus
monodon. Frontiers in Marine Science, 11: 1384492. DOI: https://www.doi.org/10.3389/fmars.2024.1384492

Ibrahim D, El-Sayed HI, Mahmoud ER, EI-Rahman GIA, Bazeed SM, Abdelwarith A, Elgamal A, Khalil SS, Younis EM, Kishawy ATY et al. (2023).
Impacts of solid-state fermented barley with fibrolytic exogenous enzymes on feed utilization, and antioxidant status of broiler chickens.
Veterinary Sciences, 10(10): 594. DOI: https://www.doi.org/10.3390/vetsci10100594

Kasprowicz-Potocka M, Zaworska-Zakrzewska A, Lodyga D, and Jozefiak D (2024). The effect of enzymatic fermentation on the chemical
composition and contents of antinutrients in rapeseed meal. Fermentation, 10(2): 107. DOI: https://www.doi.org/10.3390/fermentation10020107

Kaur A, Rishi V, Soni SK, and Rishi P (2020). A novel multi-enzyme preparation produced from Aspergillus niger using biodegradable waste: A
possible option to combat heterogeneous biofilms. Amb Express, 10(36): 1-16. DOI: https://www.doi.org/10.1186/s13568-020-00970-3

Lasekan O and Shittu R (2019). Effect of solid-state fermentation and drying methods on the physicochemical properties of flour of two plantain
cultivars grown in Malaysia. International Food Research Journal, 26(5): 1485-1494. Auvailable at:
https://www.cabidigitallibrary.org/doi/full/10.5555/20193510007

Laure NN, Dawan J, and Ahn J (2021). Effects of incubation time and inoculation level on the stabilities of bacteriostatic and bactericidal antibiotics
against Salmonella Typhimurium. Antibiotics, 10(8): 1019. DOI: https://www.doi.org/10.3390/antibiotics10081019

Melnichuk N, Braia MJ, Anselmi PA, Meini MR, and Romanini D (2020). Valorization of two agroindustrial wastes to produce alpha-amylase enzyme
from Aspergillus oryzae by solid-state fermentation. Waste Management, 106: 155-161. DOI:
https://www.doi.org/10.1016/j.wasman.2020.03.025

Mengesha Y, Tebeje A, and Tilahun B (2022). A review on factors influencing the fermentation process of teff (Eragrostis teff) and other cereal-based
Ethiopian injera. International Journal of Food Science, 2022(1): 4419955. DOI: https://www.doi.org/10.1155/2022/4419955

Mishra N (2017). Utilization of waste defatted rice bran in formulation of functional cookies and its effect on physiochemical characteristic of cookies.
International Journal of Advanced Science and Research, 2(5): 64-68. Auvailable at:
https://allsciencejournal.com/assets/archives/2017/vol2issue5/2-5-25-530.pdf

Munishamanna KB, Suresha KB, Veena R, and Subramanya S (2017). Solid state fermentation of mango peel and mango seed waste by different
yeasts and bacteria for nutritional improvement. International Journal of Food and Fermentation Technology, 7(1): 111-118. DOI:
https://www.doi.org/10.5958/2277-9396.2017.00011.3

Obaniyi KS, Kolawole AE, Ajala AO, Owolabi AO, and Akangbe JA (2019). Environmental change impacts on agribusiness and food security in sub
sahara Africa: A practical way forward medwell. Journal of Engineering and Applied Science, 14(24): 9639-9644. DOI:
http://www.doi.org/10.36478/jeasci.2019.9639.9644

de Oliveira RL, da Silva MF, Converti A, and Porto TS (2020). Production of B-fructofuranosidase with transfructosylating activity by Aspergillus
tamarii URM4634 Solid-State Fermentation on agroindustrial by-products. International Journal of Biological Macromolecules, 144: 343-350.
DOI: https://www.doi.org/10.1016/j.ijbiomac.2019.12.084

Ogbonna Al, Onyimba IA, Chuku A, Nwadiaro PO, Ogbonna C, and Onwuliri FC (2015). Growth assessment and amylase production by Aspergillus
niger and A. terreus isolated from soils of Artemisia annua I. Plantation. European Journal of Biotechnology and Bioscience 2015, 3(1): 10-16.
Auvailable at: http:/hdl.handle.net/123456789/1032

Oliveira MD S, Feddern V, Kupski L, Cipolatti EP, Badiale-Furlong E, and de Souza-Soares LA (2010). Physico-chemical characterization of
fermented rice bran biomass Caracterizacion fisico-quimica de la biomasa del salvado de arroz fermentado. CyTA. Journal of Food, 8(3): 229-
236. DOI: https://www.doi.org/10.1080/19476330903450274

Omarini AB, LabuckasD, Zunino MP, Pizzolitto R, Fernandez-Lahore M, Barrionuevo D, and Zygadlo JA (2019). Upgrading the nutritional value of
rice by solid-state fermentation with Pleurotus sapidus. Fermentation, 5(2): 44. DOI: https://www.doi.org/10.3390/fermentation5020044

Osemwegie OO, Adetunj CO, Ayeni EA, Adejobi Ol, Arise RO Nwonuma CO, and Oghenekaro AO (2020). Exopolysaccharides from bacteria and
fungi: Current status and perspectives in Africa. Heliyon, 6(6): e04205. DOI: https://www.doi.org/10.1016/j.heliyon.2020.e04205

Park SE, Seo SH, Kim EJ, Na CS and Son HS (2018). Effects of different fermentation temperatures on metabolites of Kimchi. Food Bioscience, 23:
100-106. DOI: https://www.doi.org/10.1016/j.fbi0.2018.03.009

Pranay K, Padmadeo SR, and Prasad B (2019). Production of amylase from Bacillus subtilis sp. strain KR1 under solid state fermentation on different
agrowastes. Biocatalysis and Agricultural Biotechnology, 21: 101300. DOI: https://www.doi.org/10.1016/j.bcab.2019.101300

Putri DN, Khootama A, Perdani MS, Utami TS, and Hermansyah H (2020). Optimization of Aspergillus niger lipase production by solid state
fermentation of agro-industrial waste. Energy Reports, 6: 331-335. DOI: https://www.doi.org/10.1016/j.eqyr.2019.08.064

Ribeiro AC, Graga CD, Chiattoni LM, Massarolo KC, Duarte FA, Mellado M, and Soares LA (2017). Fermentation Process in the Availability of
Nutrients in Rice Bran. Research and Reviews: Journal of Microbiology and Biotechnology, 6: 45-52. Available at: www.rroij.com/open-
access/fermentation-process-in-the-availability-of-nutrients-in-rice-bran-.pdf

Sadh PK, Duhan S, and Duhan JS (2018). Agro-industrial wastes and their utilization using solid state fermentation: A review. Bioresources and
Bioprocessing, 5(1): 1. DOI: https://www.doi.org/10.1186/s40643-017-0187-z

326


https://www.phytojournal.com/archives/2021.v10.i2.13842/nutritional-composition-of-rice-bran-and-its-potentials-in-the-development-of-nutraceuticals-rich-products
https://www.phytojournal.com/archives/2021.v10.i2.13842/nutritional-composition-of-rice-bran-and-its-potentials-in-the-development-of-nutraceuticals-rich-products
https://www.doi.org/10.5455/javar.2022.i632
https://www.doi.org/10.1016/j.resconrec.2024.107418
https://www.doi.org/10.3390/jof8010023
https://www.doi.org/10.3390/microorganisms11071641
https://www.doi.org/10.3389/fbioe.2019.00263
https://www.doi.org/10.3389/fmars.2024.1384492
https://www.doi.org/10.3390/vetsci10100594
https://www.doi.org/10.3390/fermentation10020107
https://www.doi.org/10.1186/s13568-020-00970-3
https://www.cabidigitallibrary.org/doi/full/10.5555/20193510007
https://www.doi.org/10.3390/antibiotics10081019
https://www.doi.org/10.1016/j.wasman.2020.03.025
https://www.doi.org/10.1155/2022/4419955
https://allsciencejournal.com/assets/archives/2017/vol2issue5/2-5-25-530.pdf
https://www.doi.org/10.5958/2277-9396.2017.00011.3
http://www.doi.org/10.36478/jeasci.2019.9639.9644
https://www.doi.org/10.1016/j.ijbiomac.2019.12.084
http://hdl.handle.net/123456789/1032
https://www.doi.org/10.1080/19476330903450274
https://www.doi.org/10.3390/fermentation5020044
https://www.doi.org/10.1016/j.heliyon.2020.e04205
https://doi.org/10.1080/19476330903450274
https://doi.org/10.1080/19476330903450274
https://www.doi.org/10.1016/j.bcab.2019.101300
https://www.doi.org/10.1016/j.egyr.2019.08.064
file:///C:/Users/PSG/Downloads/www.rroij.com/open-access/fermentation-process-in-the-availability-of-nutrients-in-rice-bran-.pdf
file:///C:/Users/PSG/Downloads/www.rroij.com/open-access/fermentation-process-in-the-availability-of-nutrients-in-rice-bran-.pdf
https://doi.org/10.1080/19476330903450274

World Vet. J., 14(3): 318-327, 2024

Shi H, Yang E, Li Y, Chen X, and Zhang J (2021). Effect of solid-state fermentation on nutritional quality of leaf flour of the drumstick tree (Moringa
oleifera Lam.). Frontiers in Bioengineering and Biotechnology, 9: 626628. DOI: https://www.doi.org/10.3389/fbioe.2021.626628

Senanayake D, Torley PJ, Chandrapala J, and Teref NS (2023). Microbial fermentation for improving the sensory, nutritional and functional attributes
of legumes. Fermentation, 9(7): 635. DOI: https://www.doi.org/10.3390/fermentation9070635

Siddiqui SA, Erol Z, Rugji J, Tas¢1 F, Kahraman HA, Toppi V, Musa, Di Giacinto G, Mohammad NA, Mehdizadeh M, and Castro-Mufioz R (2023).
An overview of fermentation in the food industry-looking back from a new perspective. Bioresources and Bioprocessing, 10(1): 85.
DOI: https://www.doi.org/10.1186%2Fs40643-023-00702-y

Spaggiari M, Dall’Asta C, Galaverna G, and del Castillo Bilbao MD (2021). Rice bran by-product: From valorization strategies to nutritional
perspectives. Foods, 10(1): 85. DOI: https://www.doi.org/10.3390/foods10010085

Sukma ACT, Herwati Oktavianty HO, and Siswo Sumardiono SS (2021). Optimization of solid-state fermentation condition for crude protein
enrichment of rice bran using Rhizopus oryzae in tray bioreactor. Indonesian Journal of Biotechnology, 26(1): 33-40. DOI:
https://www.doi.org/10.22146/ijbiotech.57561

Sun W, Shahrajabian MH, and Lin M (2022). Research progress of fermented functional foods and protein factory-microbial fermentation technology.
Fermentation, 8(12): 688. DOI: https://www.doi.org/10.3390/fermentation8120688

Upadhyaya S, Tiwari S, Arora NK, and Singh DP (2016). Microbial protein: a valuable component for future food security. Microbes and
environmental management. Studium Press., New Delhi, pp. 259-279.

Teixeira da Silva VDC, de Souza Coto AL, de Carvalho Souza R, Bertoldi Sanchez Neves M, Gomes E, and Bonilla-Rodriguez GO (2016). Effect of
pH, temperature, and chemicals on the endoglucanases and B-Glucosidases from the thermophilic fungus myceliophthora heterothallica F. 2.1. 4.
obtained by solid-state and submerged cultivation. Biochemistry Research International, 2016: 9781216.
DOI: https://www.doi.org/10.1155/2016/9781216

Wang H, Sun C, Yang S, Ruan Y, Lyu L, Guo X, Wu X, and Chen Y (2023). Exploring the impact of initial moisture content on microbial community
and flavor generation in Xiaoqu baijiu fermentation. Food Chemistry, 20: 100981. DOI: https://www.doi.org/10.1016/j.fochx.2023.100981

Wolayan FR and Mandey JS (2019). Nutritional value of rice bran fermented by Aspergillus niger and its effect on nutrients digestibility of broiler
chickens. Journal of Advanced Agricultural Technologies, 6(1): 53-56. Available at:
https://www.joaat.com/uploadfile/2019/0329/20190329041354792.pdf

Wolk DM, Johnson CH, Rice EW, Marshall MM, Grahn KF, Plummer CB, Sterling CR (2000). A spore counting method and cell culture model for
chlorine disinfection studies of Encephalitozoon syn. Septata intestinalis. Applied and Environmental Microbiology, 66(4): 1266-1273. DOI:
https://www.doi.org/10.1128/AEM.66.4.1266-1273.2000

Yafetto L, Odamtten GT, Birikorang E, and Adu S (2020). Protein enhancement of yam (Dioscorea rotundata) peels with single-or co-inoculation of
Aspergillus niger van Tieghem and Trichoderma viride Pers ex Fr. under solid-state fermentation. Ghana Journal of Science, 61(2): 27-37. DOI:
https://www.doi.org/10.4314/gjs.v61i2.3

Yang K, Qing Y, Yu Q, Tang X, Chen, G, Fang R, and Liu H (2021). By-product feeds: Current understanding and future perspectives. Agriculture,
11(3): 207. DOI: https://www.doi.org/10.3390/agriculture11030207

Yu R, Liu J, Wang Y, Wang H, and Zhang H (2021). Aspergillus niger as a secondary metabolite factory. Frontiers in Chemistry, 9: 701022. DOI:
https://www.doi.org/10.3389/fchem.2021.701022

Zhang QQ, Li W, Li HK, Chen XH, Jiang M, and Dong MS (2017). Low-field nuclear magnetic resonance for online determination of water content
during sausage fermentation. Journal of Food Engineering, 212: 291-297. DOI: _https://www.doi.org/10.1016/j.jfoodeng.2017.05.021

Publisher’s note: Scienceline Publication Ltd. remains neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

Open Access: This article is licensed under a Creative Commons Attribution 4.0 International License, which permits

- use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in
a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit https://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

327


https://www.doi.org/10.3389/fbioe.2021.626628
https://www.doi.org/10.3390/fermentation9070635
https://pubmed.ncbi.nlm.nih.gov/?term=Musa%20L%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Di%20Giacinto%20G%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Mehdizadeh%20M%5BAuthor%5D
https://www.doi.org/10.1186%2Fs40643-023-00702-y
https://www.doi.org/10.3390/foods10010085
https://www.doi.org/10.22146/ijbiotech.57561
https://www.doi.org/10.3390/fermentation8120688
https://www.doi.org/10.1155/2016/9781216
https://www.doi.org/10.1016/j.fochx.2023.100981
https://www.joaat.com/uploadfile/2019/0329/20190329041354792.pdf
https://www.doi.org/10.1128/AEM.66.4.1266-1273.2000
https://www.doi.org/10.4314/gjs.v61i2.3
https://www.doi.org/10.3390/agriculture11030207
https://www.doi.org/10.3389/fchem.2021.701022
file:///C:/Users/PSG/Downloads/%20 https/www.doi.org/10.1016/j.jfoodeng.2017.05.021
https://www.science-line.com/
https://creativecommons.org/licenses/by/4.0/

