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Abstract— The regions of Southeast Asia generate significant quantities of underused agro-industrial residues that include 

sago hampas and rice bran and palm kernel cake (PKC) and cassava peels while these materials hold substantial nutritional 

value. This review is prepared in accordance with PRISMA guidelines examines current research (2015–2025) about 

transforming agricultural leftovers into improved animal feed through solid-state fermentation (SSF). Thirty-three relevant 

studies examined microorganisms such as Aspergillus, Trichoderma and Bacillus and lactic acid bacteria together with 

fermentation conditions that improved animal nutritional quality alongside performance outcomes. During SSF the protein 

content increased by up to 30–35% in PKC while fiber fractions decreased specifically cellulose and hemicellulose and anti-

nutrient effects were observed with cyanogenic glycosides and phytates reduction. The study identified fermented PKC together 

with rice bran as protein concentration feeds which benefit both monogastric and ruminant animals and fermented cassava 

peels alongside sago hampas function as digestible energy sources through supplementary nitrogen use. The fermentation 

process through SSF led to various co-benefits which improved digestive capacities and gut health together with elevated feed 

conversion for poultry, swine, fish and ruminant livestock. The utilization of SSF faces ongoing operational hurdles because 

fermentation needs scale-up alongside microbial safety controls and feed maintenance stability. The sustainability solution of 

SSF meets circular agriculture's criteria through waste transformation for animal feed production while decreasing imported 

ingredient use and protecting the environment. The research evidence indicates that implementing SSF technology throughout 

Southeast Asia requires government backing together with staff training sessions and the establishment of scalable 

technological solutions to support broader adoption.  

Keywords— Agro-industrial Waste, Animal Feed, Protein Enrichment, Sago Hampas, Solid-State Fermentation (SSF). 

I. INTRODUCTION 

Extensive crop production in Southeast Asia yields huge amounts of agro-industrial residues (agro-wastes) [1]. Some of the 

common examples include sago hampas (the fibrous by-product of the pith after sago starch extraction), rice bran (a by-product 

of rice milling), palm kernel cake (PKC, a by-product of palm oil extraction), and cassava peels [2]. Such materials, which are 

often discarded or underutilized, have significant nutrients. For example, palm kernel cake offers 14–18% and 12–20% crude 

protein (CP) and crude fiber (CF), whereas cassava peels also offer only ~4–6% CP but are high in fibre (≈34% hemicellulose 

& cellulose) but contain anti-nutrients such as cyanide [3]. Direct use of such agro wastes in animal feeds are limited due to 

low protein content, high fibre or starch content and anti-nutritional factors [4]. 

The solid-state fermentation (SSF), a promising bioprocess to convert these wastes into more nutritious feed ingredients, has 

gained attraction [5]. In SSF, a solid substrate (fungi, yeasts, or bacteria) is moisture, so that there is little free water, which 

allows the metabolism of complex plant polymers into more digestible molecules [6]. SSF can degrade the fibrous matter of 

agro wastes and enrich it with microbial biomass, therefore detoxifying toxic compounds. This tackles both feed- and 

environmental-related issues: it supplies alternative feed sources that can partly untether from expensive conventional feeds 

(e.g. soybean meal or fishmeal) and minimizes pollution from agro-waste disposal by repurposing them in a circular 

bioeconomy [7]. Many studies on SSF have been conducted in Southeast Asia in recent times, especially within the last ten 

years, targeting local agro wastes as feed for wide range of animals (poultry, ruminants, fish, and shrimp) [8]. This systematic 
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review summarizes recent information about the utilization of sago hampas, rice bran, palm kernel cake, cassava peels and 

other similar wastes using SSF in animal nutrition. 

II. METHODOLOGY 

2.1 Research Design: 

This study utilized a systematic literature review (SLR) technique that followed PRISMA criteria to identify and analyze 

relevant studies from approximately the last ten years (2015–2025) focusing on solid-state fermentation of agro-wastes for 

animal feed in Southeast Asia [9].  

2.2 Search strategy: 

A comprehensive search strategy was created in collaboration with a medical librarian to identify relevant studies from 

electronic databases such as PubMed, Scopus, Web of Science, IEEE Xplore, and the Cochrane Library [10]. The search 

phrases included keywords such as “solid-state fermentation”, “agro-industrial waste”, “animal feed”, combined with specific 

terms like “sago hampas”, “rice bran”, “palm kernel cake”, and “cassava peel”.  The entire search method for each database 

was described and provided in the supplemental materials. The search was limited to articles published in English between 

2015 and 2025, to ensure the inclusion of the most recent and relevant studies. 

2.3 Inclusion and Exclusion Criteria: 

Inclusion criteria were studies that involved SSF processing of these substrates with the aim of improving their feed value, and 

which evaluated either the fermentation process (microbial/enzymatic changes) or the feeding outcomes in animals (nutrition 

or performance). Both experimental research articles and relevant review papers from the last decade were included to ensure 

coverage of up-to-date findings. Preference was given to studies conducted in or relevant to Southeast Asian conditions, 

although insightful research from other tropical regions was also considered when applicable. 

Studies were included in this review if they investigated SSF as a processing method for agro wastes intended for animal feed 

and provided detailed information on fermentation parameters, including microbial strains, substrate modifications, and 

changes in nutritional composition. Additionally, only studies that evaluated the impact of fermented agro wastes on animal 

performance, digestibility, or feed efficiency were considered. To ensure the inclusion of high-quality and up-to-date research, 

only studies published in peer-reviewed journals or credible scientific sources between 2015 and 2025 were selected. The 

geographical focus was on research conducted within Southeast Asia or in tropical regions with comparable agro-climatic 

conditions. Studies that exclusively examined submerged fermentation (SmF), lacked experimental data, or did not provide 

sufficient methodological details were excluded from this review. 

A systematic approach was employed to extract key data from the selected studies, ensuring consistency and relevance to the 

research objectives. The extracted information included details on microbial inoculants used in fermentation, such as 

Aspergillus spp., Trichoderma spp., Bacillus spp., and lactic acid bacteria, as well as fermentation conditions, including 

duration, temperature, moisture content, and the presence of additives [11,12]. Changes in the chemical composition of agro-

wastes post-fermentation were recorded, focusing on crude protein enhancement, fibre reduction, and detoxification of anti-

nutrients. Additionally, animal performance indicators such as feed intake, weight gain, digestibility, and overall health 

parameters were documented. The experimental design and methodological approaches used in each study were also analysed 

to understand variations in experimental setups and their impact on the findings. 

2.4 Data Synthesis and Analysis: 

The findings from the included studies were synthesized through a thematic analysis approach, allowing for an organized 

evaluation of SSF applications. Studies were categorized based on the type of agro waste fermented, the microorganisms 

utilized, and the observed effects on feed composition and animal performance. A comparative analysis was conducted to 

identify emerging patterns and trends in SSF application across different substrates and animal species. Furthermore, variations 

in fermentation efficiency, microbial effectiveness, and feed conversion outcomes were examined to draw broader insights into 

the potential of SSF as a bioprocessing technique for animal nutrition. 

2.5 Quality Assessment: 

To ensure the reliability and validity of the included studies, a rigorous quality assessment was performed. Factors such as 

experimental design quality, sample size, and methodological rigor were critically evaluated [13]. Preference was given to 
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studies with well-defined fermentation protocols and controlled animal feeding trials to ensure that the reported outcomes were 

robust and replicable. Additionally, any potential biases or inconsistencies in data reporting were noted, allowing for a balanced 

and objective interpretation of the results. 

III. RESULTS 

3.1 Study Selection: 

The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram presented in Figure 1 

illustrates the systematic process undertaken to identify, screen, and include studies for the review. The process began with the 

identification phase, where a total of 1,185 records were retrieved from various academic databases. Prior to screening, 821 

records were removed, comprising 534 duplicate records and 287 records that were excluded for other reasons, such as 

irrelevance to the research topic or incomplete data. 

Following the removal of these records, 364 studies proceeded to the screening phase, during which their titles and abstracts 

were reviewed for relevance. At this stage, 216 records were excluded as they did not meet the inclusion criteria. Subsequently, 

148 full-text reports were sought for retrieval to facilitate a more detailed assessment. However, 97 of these reports could not 

be retrieved, likely due to access restrictions or unavailability of full-text versions. 

In the eligibility assessment phase, 51 full-text reports were evaluated against the predefined inclusion criteria. During this 

assessment, 18 reports were excluded because they originated from countries that were not within the geographical scope of 

the study. Consequently, only 33 studies met the eligibility requirements and were included in the final review. Among these, 

24 reports were considered as primary sources for data extraction and synthesis. 

 
FIGURE 1: PRISMA Flow Diagram (n= number) 
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3.2 Microbial Strains and Fermentation Conditions: 

Various strains of microbes have been used in SSF of agro-wastes, broadly categorized as filamentous fungi, yeast, and bacteria 

(mostly Bacilli and lactic acid bacteria) [14,15]. Fungal strains are ubiquitous; they produce robust quantities of extracellular 

enzymes on solid substrates. Aspergillus spp. (e.g., A. niger, A. oryzae) and Trichoderma spp. (e.g. T. longibrachiatum, T. 

pseudokoningii) are commonly utilized because they degrade fibrous ingredients, and protein is enriched in their mycelial [8]. 

The protein content of palm kernel cake was significantly enhanced (~18.8 – 32.8% CP) and cellulose was reduced from 28% 

to 12% through fermentation with Trichoderma longibrachiatum [16]. Likewise, SSF of PKC with Aspergillus oryzae is 

reported to reduce hemicellulose content by nearly 50% [17]. 

Edible fungi such as Pleurotus (oyster mushroom) have also been evaluated; fermentation of rice bran with P. sapidus under 

SSF conditions (generally ∼25–30 °C for 6–10 days) almost doubled protein from 7.4% to 12.8% [18]. Bacterial inoculants 

include Bacillus spp. (e.g. B. subtilis, B. amyloliquefaciens, B. licheniformis), which produce fiber-degrading enzymes, and 

lactic acid bacteria (e.g., Lactobacillus plantarum, Weissella confusa), which ferment carbohydrates and produce organic acids 

[19]. A study conducted using Weissella confusa involved SSF of PKC, coupled with optimized conditions for improving its 

nutritive value for broilers [20]. Mixed-culture fermentations have also been described (e.g., B. amyloliquefaciens, B. 

licheniformis, A. niger, and A. flavus), which ferment sago hampas by exploiting the synergetic enzyme activities of bacteria 

and fungi [15]. Some methods even rely on naturally derived consortia; for example, cassava peels were fermented using a 

palm wine culture (a natural mixed yeast/bacteria source) to produce a protein-rich ingredient for fish feed [21]. 

These studies optimize fermentative conditions specific to the microbes chosen and the characteristics of the substrate. 

Temperature is usually maintained in the mesophilic range (≈25–40°C). Fungi thrive well at around 28–30°C, while some 

bacterial fermentations (e.g., Bacillus spp.) may be carried out at slightly lower temperatures (above 30°C) [17]. Dry 

fermentations (like Trichoderma and Aspergillus on agro-wastes) have been achieved at ~28–30°C for 1–3 weeks or at 40°C 

for 9 days (Bacillus amyloliquefaciens with sago hampas) [19]. SSF produces substrates for palatability, and initial protein 

levels when fermentation (24–48h) is of short duration, whereas longer durations (5–12 days, sometimes even 3 weeks at room 

temperature) allow substantial fiber degradation and high biomass accumulation [14]. T. pseudokoningii needed 12 days of 

SSF on cassava residue to achieve a substantial protein level, while a mixed probiotic inoculum on sago hampas showed a 

continuous decrease in fiber content over 7 days but had progressively decreasing returns at 21 days [8]. 

For SSF, moisture content is an important parameter; it should be sufficiently high to allow for microbial growth but without 

excess water [18]. Most studies keep 60–75% moisture in the substrate. For optimal microbial activity, sago waste was 

fermented with a substrate moisture content of approximately 75% w/w (with mineral solution added in a small quantity). 

Cassava peel fermentations also did well at 60–70% initial moisture [16]. This is usually done by moistening and either 

sterilizing or pasteurizing substrates before inoculating them with the culture. Another common method is nutrient 

supplementation: many agro-wastes are often carbon-rich but protein-deficient in nature, so adding a nitrogen source such as 

urea or ammonium sulphate greatly enhances microbial protein synthesis [21]. One study reported that adding 1% urea to 

cassava residues in SSF increased protein by 48% (8.4% to 12.5% CP), as fungi had more nitrogen available to incorporate 

into their biomass [15]. However, some fermentations also require extra mineral salts or co-substrates (i.e., bran or molasses) 

to facilitate microbial growth [20]. Fermentation is generally done using trays, flasks, or bioreactors, under aerobic conditions 

(for fungi and Bacillus) or in anaerobic/semi-anaerobic conditions for lactic acid bacteria [19]. The process is monitored for 

temperature (as heat buildup can be an issue in large-scale SSF due to poor heat dissipation), and endpoints are determined by 

either maximal enzyme activity or nutrient improvement [15]. In general, successful SSF of agro wastes demands careful 

control of these conditions to stimulate the proliferation of beneficial microbes and degradation of fibrous matter without 

spoilage. 

3.3 Nutritional Improvements in Fermented Agro-Wastes: 

Across diverse substrates, SSF has consistently been shown to enhance the nutritional profile of agro wastes [22]. A primary 

outcome is protein enrichment. As microbes grow on the waste, they assimilate carbon (e.g., fiber, starch) and minerals and 

incorporate nitrogen (either from the substrate or supplemented) into microbial protein, thereby raising the overall crude protein 

content of the feed [23]. For example, fermentation of palm kernel cake (PKC) by various microbes often yields a substantial 

protein boost [24]. Trichoderma-fermented PKC increased crude protein (CP) from approximately 18% to 33% [25]. Similarly, 

Aspergillus niger-fermented PKC has demonstrated improved protein quality and amino acid profiles [26]. Research has also 

shown that SSF converts rice bran into a higher-protein product, with one study reporting an increase from 7.4% to 12.8% CP 

using Pleurotus sapidus [19]. Furthermore, SSF has been utilized in aquaculture feed formulation, where it was observed to 
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increase protein content, reduce fiber, enhance the amino acid profile, and improve digestibility. Fermented rice bran (FRB) 

has been recognized as a high-protein feed ingredient capable of partially replacing soybean meal in shrimp diets without 

compromising growth [16]. 

In the case of cassava by-products, which typically have very low protein content, SSF can raise protein levels significantly 

[27]. Fermenting cassava flour or pulp with Aspergillus strains has been shown to increase protein content from approximately 

1–4% to over 10% through the production of single-cell protein, representing a 200–300% relative improvement [28]. For 

cassava peels, Trichoderma pseudokoningii SSF resulted in a protein increase of about 48%, from 8.4% to 12.5% CP, under 

optimal conditions [29]. Though fermented cassava retains a moderate protein level (~12% CP), this still represents a 

substantial upgrade over the nutritional value of the unfermented peel. Sago hampas, which has an initially low protein content 

(often 1–4% CP), cannot reach high absolute protein levels through SSF alone unless additional nitrogen is supplied. However, 

SSF of sago waste has been shown to approximately double its protein content on a percentage basis. For instance, the use of 

Aspergillus niger with 5% urea increased sago hampas' crude protein by about 15% [15]. 

In addition to protein gains, fiber reduction is a crucial benefit of SSF. Filamentous fungi and some bacteria produce cellulases, 

xylanases, mannanases, and other fiber-degrading enzymes that break down complex carbohydrates into simpler forms. Studies 

consistently report decreased crude fiber or structural polysaccharides in fermented products. In fermented PKC, fiber fractions 

decrease substantially; Trichoderma longibrachiatum not only boosted protein content but also reduced cellulose levels from 

28.3% to 12.1% [30]. Other work on PKC fermentation with Paenibacillus bacteria and fungi found significant reductions in 

fiber content and concurrent improvements in metabolizable energy [31]. Fermented sago hampas shows a consistent decline 

in crude fiber content, regardless of the inoculum used. One study observed that mixing sago hampas with rumen liquor and 

fermenting with Bacillus amyloliquefaciens (2% inoculum) for 9 days at 40°C led to a one-third reduction in crude fiber. 

Another study using a multi-microbe probiotic mix (plus 30% urea) over 21 days achieved approximately a 15% reduction in 

fiber [32]. In cassava peels, fermentation helps to break down fibrous cell wall components and reduces certain anti-nutrients 

bound to fiber, improving mineral availability. As fiber is degraded, the fraction of easily digestible components (such as 

soluble carbohydrates and microbial biomass) increases, enhancing feed energy value and digestibility. In fermented rice bran, 

for example, total carbohydrate content increased from 36.6% to 50.2% due to fibre breakdown [14]. 

Another key improvement associated with SSF is increased digestibility and bioavailability of nutrients. By breaking down 

fibre and anti-nutritional factors, SSF makes more nutrients accessible to animals. In ruminants, whose microbiomes can 

ferment fibre, SSF-treated agro-waste has been linked to higher feed intake and improved dry matter digestibility. For example, 

including up to 50% fermented sago hampas in a ruminant diet resulted in approximately 68% digestibility—significantly 

higher than diets with unfermented hampas [33]. In non-ruminants, including poultry, fish, and pigs, fibre removal and 

carbohydrate breakdown are particularly beneficial. Poultry studies have noted improved energy metabolizable and amino acid 

digestibility when PKC or rice bran undergo SSF. For instance, broilers fed diets containing fermented PKC exhibited better 

nutrient digestibility than those consuming raw PKC diets [ 15]. In aquaculture, apparent digestibility coefficients for protein 

increased when fermented ingredients replaced raw agro-wastes in feed formulations [19]. 

The SSF process also aids in the degradation of specific anti-nutrients. Fermentation tends to reduce phytic acid levels in 

fibrous residues, as seen with cassava peels, where phytate phosphorus content dropped from approximately 1% to 0.7% (Abu 

Yazid et al., 2017). Similarly, rice bran, which is rich in phytate, undergoes partial phytate hydrolysis by microbial phytases 

during SSF. In cassava, cyanogenic glycosides (which release toxic hydrogen cyanide) are significantly reduced through 

fermentation and drying, as these processes facilitate cyanide evaporation and microbial enzymatic degradation of linamarin. 

Consequently, fermented cassava products are safer for animal consumption than raw peels, which pose a risk of cyanide 

poisoning [32]. 

Additionally, SSF can enhance beneficial compounds. Some fermentations increase vitamin levels (e.g., B-vitamins produced 

by yeasts or bacteria) or introduce enzymes and metabolites that act as digestive aids or probiotics. Fermented feeds often 

contain lactic acid and other organic acids, which lower pH and improve gut health. There is evidence that fermented liquid 

feeds can reduce pathogenic bacterial loads in poultry. For example, one study found that feeding fermented diets reduced 

broiler susceptibility to Salmonella infections [14]. While the primary focus of SSF research is on nutritional enhancements, 

these health benefits represent valuable secondary advantages. 
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3.4 Comparative Analysis of Different Substrates: 

Due to their different compositions, different agro-waste substrates respond to SSF in different ways. A summary comparation 

of 4 major substrates (sago hampas, rice bran, palm kernel cake, cassava peels). Sago Hampas are high in fiber (lignocellulose) 

and also has residual starch, it has very low native protein (1–3% CP) and high crude fiber (generally >30%) because of its 

low protein, unmodified sago hampas is still lacking in protein compared to more common feeds, and this is also true for 

fermented sago hampas unless external nitrogen is introduced [34]. Reducing fiber content and improving digestibility is the 

main advantage of using SSF on sago. Multi-strain fermentation considerably reduces fibre content (by up to 33% reduction 

on total fibre) [35]. Sago hampas also contains a high amount of non-fibrus carbohydrate (NFE) (starch), which is a good 

energy source for ruminants, but at the same time, the starch can support microbial growth during SSF [25]. According to 

comparative studies, fermented sago hampas can replace some of the commonly used energy feed, as long as it is supplemented 

with protein sources (as in the case of ruminants, urea). Fermented sago waste showed potential in aquaculture and ruminant 

systems in feed trials. And in a test on fish diets, inclusion of 15% fermented sago waste (150 g/kg) in a tilapia feed produced 

statistically equivalent growth rates to a control diet containing fishmeal [36]. This shows that fermented sago hampas is an 

efficient supplier of energy and nutritional sources including vitamins, even at very low protein levels, making it an appropriate 

practical step when properly balanced. Sago hampas can be a source of basal roughage for ruminants and it has been concluded 

in one review that fermented sago hampas in cattle feed (up to around 50% of diet dry matter) would still allow reasonable 

growth and digestibility, although raw hampas in high proportions would grossly limit performance [37]. 

Rice bran (10–15% CP) is moderately nutrient-dense, when it comes to a high fat (15–20% ether extract) and 8–12% fiber it 

plus starch residues [38]. The major concerns are rancidity (from lipase activity in the oil) and phytate and other inhibitors that 

can lower the bioavailability of minerals and proteins [39]. SSF acts to stabilize the rice bran by eliminating or reducing lipid 

content and serve to enhance protein and digestibility in rice bran. Lipid content decreased (possibly from 48.5 to 27.8 % of 

DM) in the case of rice bran in SSF with Pleurotus indicating oil utilization as an energy source by the organism, preventing 

rancidity and increasing other nutrients. In parallel, dietary protein was increased to 13% [40]. Fermentation improves the 

amino acid balance of rice bran: feeding it to microbes increases the protein content, and the microorganisms produce high-

quality protein that can be used to supplement the low-lysine protein found in rice [41]. Compared to other commonly used 

feed ingredients, fermented rice bran is relatively well-balanced, with moderate protein (lower than fermented PKC, but more 

than fermented cassava or fermented sago), moderate fiber, and a bit of residual oil for energy [42]. It has been extensively 

tested for use in monogastrics and aquaculture. For instance, fermented rice bran completely replaced soybean meal at 25–50% 

in shrimp (Penaeus monodon) feeding trials and had no adverse effect on either growth performance or carcass composition 

[43]. 

At 25% replacement, shrimp growth even improved, likely due to enhanced palatability or micronutrients from the 

fermentation. This indicates fermented rice bran can partially substitute expensive protein sources [44]. In poultry and pig 

diets, fermented rice bran is often included at 5–15% as an energy-protein source with positive results on feed efficiency 

compared to raw bran [45]. Thus, relative to other wastes, rice bran under SSF becomes a high-quality feed ingredient with a 

balance of protein and energy, suitable for all animal categories (and especially valuable in non-ruminant diets where raw 

bran’s utility is limited by anti-nutrients). 

Palm Kernel Cake (PKC) is a fibrous residue which is high in protein (14–18%) and fiber (up to 20% CF) with mannan-rich 

polysaccharide. PKC is among the substrates for which SSF provides some of the largest gains [46]. Fermentation can elevate 

its CP to oilseed meal level, to begin with, being richer in protein. All fungal treatments (e.g. Aspergillus, Trichoderma) 

significantly increased PKC protein to the 25–30% range so “fermented PKC” could be used as a local replacement for soybean 

meal, a common ingredient in poultry diets [47]. The fiber (mostly mannans and cellulose) is highly degraded, a key factor 

because raw PKC’s high fiber content makes it less suited for use in non-ruminants. In one comparative study, the hemicellulose 

content of Aspergillus oryzae-fermented PKC was found to be markedly lower compared to the corresponding unfermented 

PKC (~19% vs 37% originally) [48]. Additionally, fermentation is a unique opportunity for PKC, to develop value-added end-

products, Paenibacillus, and other inoculants, can be utilized to convert fibre from PKC to mannan-oligosaccharides (MOS), 

which although used as a prebiotic in animal feedings have their own benefits [49]. When compared across wastes fermented 

PKC is particularly advantageous to poultry and pigs as it changes PKC from a primarily ruminant feed (in raw form) to a 

more universally digested feed [50]. When PKC is fermented and incorporated at levels of 10–20% of a broiler's diet, the 

quality of performance based upon weight gain and feed conversion is remarkably improved compared to that of raw PKC 

included at levels which would suppress performance if fed. Reduced fiber and beneficial fermentation metabolites in 

fermented PKC contributed to enhanced growth and gut health of broilers in heat-stressed tropical climates. Fermented PKC 
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has higher protein and bypass nutrients that could benefit ruminants, which can also utilize raw PKC. More specifically, studies 

conducted in dairy cattle showed an increase in milk yield and quality when some of the concentrate was exchanged for 

fermented PKC (due to increased undegradable protein and nutrient density) [51]. Hence PKC through SSF becomes a high 

digestibility, protein-rich feed when you compare it. It also has a higher baseline content of the nutrient in question, so unless 

it’s otherwise counter-intuitive, it will typically produce the most nutritious product, it had the highest absolute protein. 

Cassava Peels (and Pulp) remains are basically energy-dense, protein-poor substrates. Peels contain 5% of CP and more than 

50–60% of carbohydrates (mostly starch and fiber) [52]. They also have anti-nutritional cyanogenic glycosides that should be 

reduced. SSF provides moderate protein enrichment, often elevating CP into the 10–15% range upon N, supplementations and 

acts to detoxify the cassava waste; Though fermented cassava peels have lower protein compared to fermented PKC or rice 

bran, this feed has the advantage of being a safe and appetizing energy source that can become a partial substitute for the 

inclusion of grains [53]. For instance, fungi- or rumen-microbe-based fermentation of cassava peels improves their nutrition 

with lots of microbial protein and reduces the content of cyanide to safe levels (far below 50 mg/kg) [54]. This means cassava 

peel–based feeds could be used much more widely. A fermented cassava peel product (sometimes referred to as cassava peel 

silage or SCOB – single cell protein biomass) has been tested and successfully replaced maize or other energy sources in 

feeding trials in swine and poultry in proportions of ca. 20–30% inclusion, usually with positive or no negative effect on growth 

[55]. In one study in broilers, a mixture of fermented cassava pulp and PKC fully replaced maize without a drop in weight 

gain, as long as amino acids were balanced [56]. Use of dried fermented cassava peels (sometimes fermented with yeast from 

palm wine or with rumen fluid) as a protein/carbohydrate source in fish has also been investigated [57]. In tilapia fishes feed, 

this type of diet outperformed raw cassava peel and even fishmeal alone and displayed slightly lower performance than a 

soybean meal diet. Implying that fermented cassava can serve as a source of energy and a fair amount of protein [58]. Cassava 

wastes may need more attention than others to become detoxified, as SSF represents a biological detox method (especially 

with select bacteria). They generally require nitrogen supplements (e.g., urea, soybean waste, etc.) to ensure that fermentation 

produces a viable protein feed. However, the transformation of cassava peels into feed would have a considerable impact due 

to the large number of cassavas in Southeast Asia (Thailand, Indonesia, etc.) and Africa. Economically, it makes what is 

fundamentally a disposal problem a feed resource [59]. Overall, fermented cassava peels are a decent energy feed and, with 

some protein supplementation, are better than raw peels, but nutritionally they are a step down from fermented PKC or rice 

bran as they have less protein. 

Higher initial protein substrates (such as PKC, rice bran) generally produce fermented products that can be used as protein 

concentrates. Those that are very low in protein (i.e., sago, cassava) are essentially enhanced energy sources but with some 

additional protein and highly- fibrous substrates (PKC, sago) experience the most skilled reduction of fiber in terms of the 

fiber, which better locates its usage into a non-ruminant animal [60]. Substrates with a high starch content (cassava, sago etc.) 

readily support mycelium growth and can, therefore, grow microbial protein if nitrogen is not limiting. Each substrate can be 

metabolized by different microbes: Neurospora crassa has been traditionally used in Indonesia as a means of fermenting 

cassava waste into high-protein biomass (“oncom” feed), while things like white-rot fungi such as Pleurotus can flourish on 

high-fat rice bran because they can metabolize lipids [61]. These differences highlight the need to optimize SSF conditions 

for each individual waste. However, all these agro wastes can be bioconverted using SSF to become more nutrient-rich, using 

less conventional feed ingredients in the poultry, ruminants, and aquaculture species that previously could not properly use 

the raw forms. In practice, the choice of fermented substrate may be determined by local availability and the animals targeted, 

a farmer in Malaysia, for example, might use fermented PKC for chickens (taking advantage of the country’s abundant palm 

oil wastes), while an Indonesian farmer might use fermented cassava peels and sago hampas for cattle in an area where those 

substrates are available in abundance. 

IV. DISCUSSION 

The above results demonstrate that solid-state fermentation is a powerful tool for valorising agro waste into animal feed, but 

realizing its full potential involves understanding its benefits and challenges in practical contexts, as well as its broader impact 

on sustainability and economics. The benefits of solid-state fermentation (SSF) for animal feed production are numerous, 

beginning with nutrient enhancement. SSF significantly improves the nutritional profile of agro-waste-derived feed by 

increasing protein content and enhancing fiber digestibility, which directly contributes to better animal growth performance 

and overall health [62]. Fermented palm kernel cake (PKC) and rice bran can partially replace imported soybean meal in 

livestock diets, while fermented sago and cassava can serve as substitutes for a portion of cereal grains, thus diversifying 

protein and energy sources. Additionally, microbial fermentation enriches the feed with B-vitamins, enzymes, and amino acids, 
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improving its overall nutritional balance. Studies have shown that livestock and fish fed fermented feed exhibit equal or 

superior weight gains and feed conversion ratios compared to those on unfermented counterparts, further validating the benefits 

of SSF in vivo [63,64]. 

Another significant advantage of SSF is its ability to utilize locally abundant, low-cost resources. Southeast Asia produces 

large quantities of agro-industrial by-products such as PKC in Malaysia and Indonesia and rice bran in rice-producing countries. 

By transforming these materials into animal feed, SSF reduces reliance on costly imported feed ingredients such as soybean 

meal and corn [1,46]. This process not only lowers production costs for farmers but also enhances feed security by leveraging 

readily available agricultural residues. Fermented agro-waste feeds are often cheaper per unit of nutrient compared to 

conventional commercial feeds, making them an economically viable solution for sustainable livestock production [65]. 

Beyond economic benefits, SSF promotes environmental sustainability by mitigating waste disposal challenges. Large-scale 

agricultural operations generate significant amounts of by-products that, if left unused, can contribute to environmental 

pollution [66]. For example, PKC and sago hampas in Malaysia and Indonesia pose major waste management challenges, but 

SSF enables their reintegration into the farm production cycle. By converting these residues into nutritious feed, SSF reduces 

open dumping and burning, which can cause environmental hazards such as methane emissions and soil degradation. 

Furthermore, by replacing a portion of conventional feed ingredients, SSF reduces the need for additional cropland for feed 

cultivation or wild fish harvesting for fishmeal, thereby alleviating land use pressure and contributing to more sustainable food 

systems [67]. 

Animal health and feed safety also benefit from SSF, as fermentation can improve gut health and inhibit pathogens. Organic 

acids such as lactic and acetic acids lower feed pH, creating an unfavorable environment for harmful bacteria, including 

Salmonella and E. coli. Studies indicate that fermented feed in poultry and swine diets can significantly reduce the incidence 

of these pathogens while promoting beneficial gut microbiota [68,69,70]. Additionally, some fermented feed products act as 

natural probiotics or prebiotics, as seen with mannan-oligosaccharides (MOS) derived from fermented PKC, which support 

gut health and immune function. Fermentation can also detoxify harmful compounds, breaking down mycotoxins, cyanogenic 

glycosides, and other anti-nutritional factors, thereby improving overall feed safety. These effects contribute to healthier 

animals, potentially reducing the need for antibiotics and chemical additives in livestock diets. 

Moreover, SSF-derived feeds demonstrate remarkable adaptability across various animal production systems. Ruminants 

benefit from increased rumen-degradable protein and improved fiber digestibility in fermented roughages, allowing for better 

nutrient absorption and growth performance. Non-ruminants, such as poultry and pigs, benefit from reduced fiber and anti-

nutritional content in fermented feeds, enabling higher inclusion rates of agro-waste-derived ingredients without compromising 

performance. In aquaculture, fermented plant-based ingredients are more readily accepted by fish and shrimp due to improved 

palatability and reduced off-flavors. For instance, the fermentation of rice bran has been shown to enhance its "umami" amino 

acid content, potentially improving shrimp feed acceptability and growth outcomes. The versatility of SSF feeds makes them 

well-suited for integrated farming systems, where a single waste stream can be processed and utilized across multiple animal 

species [71]. A farm practicing SSF, for example, could ferment agro-waste and use the resulting feed for both cattle and fish 

in a polyculture setup, maximizing resource efficiency and minimizing wastePreparation of inoculum and substrates are 

another critical challenge in SSF. While a reliable inoculum is important, it may pose a challenge, particularly to smallholders. 

Some fermentations use naturally occurring microbes, as with rumen fluid or palm wine starters, but pure or well-defined 

mixed cultures (e.g., specific Aspergillus or Bacillus species) are often needed to achieve reproducible results. These starter 

cultures might have to be prepared in a lab, which necessarily is less accessible. Moreover, a number of substrates need to be 

pretreated to achieve optimal fermentation efficiency. This includes drying, grinding to create surface area, altering pH or 

adding nutritional additives, all of which add labor and cost. Cassava peels, for instance, usually need being chopped and 

soaked prior to being fermented in order to drop cyanide ranges. For small-scale farmers, however, these preparatory steps 

can be cumbersome without adequate training or equipment. 

V. CONCLUSION 

Solid-state fermentation has emerged as a viable strategy to transform Southeast Asia’s abundant organic residues into premium 

livestock feed ingredients. Throughout the past decade, widespread investigation has demonstrated that prevalent local wastes 

– like sago filter cakes, rice bran, palm kernel cake, and cassava peels – can be biologically processed with molds and microbes 

to significantly better their nutritional worth. This thorough review highlighted that SSF generally heightens crude protein 

(through microbial biomass formation) and reduces fibrous portions, thereby enhancing the digestibility and feed value of these 
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materials. A variety of microbial strains (for example, Aspergillus, Trichoderma, Bacillus, Lactobacillus) have effectively been 

utilized, under conditions of fermentation usually surrounding 28–37°C, 60–75% moisture, and 5–14 days duration, regularly 

with nutrient supplementation to optimize growth. The fermented products have displayed promising outcomes across animal 

types: poultry diets with fermented PKC or cassava have boosted development and feed proficiency, ruminants have superior 

digestibility and performance on diets containing fermented sago or rice bran, and fish/shrimp feeds incorporating fermented 

rice bran or cassava peels can partly change traditional ingredients without loss of productivity. 

Comparative analysis sheds light on how varied agro-waste responses can be – for instance, palm kernel cake experiences 

major boosts to protein content and digestibility, allowing its use as a protein-packed feed for non-ruminants. Meanwhile, 

cassava peels become safely used for energy once cyanide levels reduce, though they enrich less dramatically. These insights 

permit targeted applications: utilizing fermented rice bran or palm kernel cake to replace costly concentrates, and high-fiber 

fermented refuse like sago hampas fulfilling roughage and energy roles in ruminant rations. Embracing SSF for feed brings 

manifold advantages – it fosters waste reuse and environmental sustainability, lessens feed expenses and reliance on imports, 

and may enhance animal gut wellness through probiotic effects. However, maintaining fermentation quality, confirming 

economic feasibility, and scaling the process beyond labs to farms remain challenges. Addressing such hurdles will prove 

pivotal to broader industry adoption. Developing starter culture kits, modular fermenters like bags or silos, plus merging SSF 

into prevailing agro-industrial operations can smooth practical implementation. 

In conclusion, solid-state fermentation offers a compelling pathway to enhance feed security and sustainability in Southeast 

Asia. By transforming diverse agro-wastes into nutritious feed, it recycles environmental burdens into economic gains – 

aligning precisely with aims of circular agriculture and zero-waste goals. Experiments over the past decade prove conclusively 

that animals can thrive on diets incorporating sizable portions of fermented by-products. Moving forward, efforts must optimize 

fermentation techniques, conduct extensive on-farm tests to calibrate suitable inclusion levels for various species, and carry 

out cost-benefit analyses in real settings. With persistent innovation and assistance, SSF of agro wastes is well-positioned to 

shift from exploration studies into standard agricultural practice, contributing importantly to a more resilient and sustainable 

animal agriculture sector in Southeast Asia and beyond. Evidence compiled herein serves as a knowledge base to propel this 

transition, confirming that residual materials from one process indeed represent “treasure” as healthy animal nourishment. 
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