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A B S T R A C T 
Background and Aim: Cassava pulp is an abundant agro-industrial by-product in tropical regions but has limited feeding value 
because of its low crude protein (CP) content and high structural fiber concentration. Microbial fermentation may improve 
its nutritional value and increase its use in ruminant diets. This study aimed to optimize cassava pulp fermentation using 
Saccharomyces cerevisiae, Rhizopus oligosporus, and pectinase and to evaluate the effects of optimized fermented cassava 
pulp (FCP) inclusion on in vitro nutrient digestibility and ruminal fermentation. 

Materials and Methods: The first phase used a factorial arrangement under a completely randomized design to evaluate two 
pectinase treatments, four microbial treatments, and fermentation periods of 5, 10, and 15 days. Nutritional responses 
included dry matter (DM), CP, neutral detergent fiber (NDF), and acid detergent fiber (ADF). Based on nutrient enhancement, 
process efficiency, and practical feasibility, cassava pulp fermented with R. oligosporus without pectinase for 10 days was 
selected for the second phase. The optimized FCP was incorporated into total mixed ration (TMR) diets at 0%, 30%, 45%, and 
55% of DM. In vitro DM digestibility (IVDMD), NDF digestibility (IVNDFD), ADF digestibility (IVADFD), ammonia nitrogen, total 
volatile fatty acids (TVFA), and individual volatile fatty acid (VFA) profiles were evaluated. 

Results: The three-way interaction among enzyme treatment, microbial inoculation, and fermentation duration did not 
significantly affect the major chemical composition variables. However, enzyme treatment significantly influenced CP, NDF, 
and ADF. Fermentation with R. oligosporus without pectinase for 10 days provided the most favorable nutritional profile and 
was selected for subsequent evaluation. Increasing FCP inclusion increased IVDMD, while 45% inclusion significantly 
improved IVNDFD and IVADFD compared with lower inclusion levels. Ammonia nitrogen concentrations varied during 
incubation but remained within physiologically appropriate ranges. TVFA concentrations and individual VFA profiles were not 
adversely affected by increasing FCP inclusion. 

Conclusion: Fermentation of cassava pulp with R. oligosporus for 10 days without pectinase improved its nutritional quality 
and supported enhanced fiber digestibility when incorporated into TMR diets. Inclusion levels of approximately 45%–55% 
warrant further evaluation in in vivo feeding trials to confirm effects on nutrient utilization and animal performance. 

Keywords: cassava pulp, fermented feed, fiber digestibility, in vitro digestibility, Rhizopus oligosporus, ruminal fermentation, 
solid-state fermentation, total mixed ration. 

INTRODUCTION 

The rapid expansion of the livestock industry has increased demand for conventional feed resources, 
contributing to feed shortages and rising production costs. In tropical regions, particularly Thailand, one of the 
world’s major producers and exporters of cassava products, cassava-processing residues pose environmental and 
economic challenges in accumulation and management [1]. Cassava pulp is the principal solid residue generated 
during starch extraction and is produced in substantial quantities by the cassava starch industry. Inadequate 
disposal of untreated cassava pulp can contribute to environmental problems, including offensive odors and water 
contamination [2]. Despite its abundance and relatively high content of digestible carbohydrates, the use of 
cassava pulp as a ruminant feed ingredient is constrained by its low crude protein (CP) content, typically 1%–4% 
on a dry matter (DM) basis, and its high structural fiber content, which can limit accessibility to residual starch [3]. 
Consequently, the incorporation of untreated cassava pulp into ruminant diets may require supplementation with 
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protein-rich ingredients, such as soybean meal or commercial concentrates, to achieve adequate dietary nutrient 
concentrations. 

Microbial fermentation represents a potentially sustainable approach for improving the nutritional value of 
low-quality agricultural and agro-industrial residues. Saccharomyces cerevisiae is widely used in fermentation 
because of its relatively high protein content, favorable amino acid profile, including lysine and histidine, and B-
complex vitamin content, which may support ruminal microbial activity [4–6]. Furthermore, its ability to utilize 
readily fermentable sugars during growth can enrich fermented cassava substrates. Previous studies have 
demonstrated that fermentation of cassava flour with S. cerevisiae increased protein content from 4.4% to 10.9% 
[7], whereas fermentation of cassava peels increased protein content from 2.1% to approximately 13.7%–13.8% 
after 14 days [8]. However, S. cerevisiae has limited endogenous amylolytic and cellulolytic activities, which may 
restrict its ability to efficiently utilize nutrients entrapped within complex plant cell-wall structures. 

Filamentous fungi may complement yeast fermentation because they can produce extracellular hydrolytic 
enzymes. Rhizopus oligosporus, for example, produces enzymes including glucoamylase, protease, and pectinase 
that can degrade complex substrate components and release nutrients that are less accessible in untreated plant 
materials [9]. Exogenous pectinase may further disrupt the structural polysaccharide matrix and thereby modify 
nutrient availability during fermentation. Compared with chemical processing approaches involving compounds 
such as urea or sodium hydroxide, biological fermentation provides an alternative strategy for upgrading 
agricultural residues without relying primarily on chemical treatment. Recent research on solid-state fermentation 
has therefore emphasized microbial approaches to improve the nutritional characteristics of cassava-derived 
residues [10]. 

Despite these advances, important knowledge gaps remain regarding the optimal biological processing of 
cassava pulp for ruminant nutrition. Previous studies have demonstrated nutritional changes following 
fermentation of cassava-derived substrates; however, limited information is available on the comparative and 
combined effects of S. cerevisiae, R. oligosporus, and exogenous pectinase across different fermentation 
durations. In particular, it remains unclear whether combining microorganisms with complementary metabolic 
and enzymatic characteristics provides additional nutritional advantages over single-microorganism fermentation 
and whether exogenous pectinase is necessary to achieve an optimal response. Establishing an appropriate 
fermentation duration is also important because prolonged fermentation may increase processing time and costs 
without providing proportional nutritional benefits. Therefore, systematic evaluation of microorganism, enzyme 
supplementation, and fermentation duration is required to identify a practical fermentation strategy that 
improves the chemical composition of cassava pulp. 

A further translational gap concerns the nutritional performance of optimized fermented cassava pulp (FCP) 
after its incorporation into complete ruminant diets. Changes in chemical composition alone cannot establish 
whether fermentation improves nutrient utilization under ruminal conditions. Information remains limited 
regarding the effects of graded FCP inclusion in total mixed ration (TMR) diets on in vitro DM digestibility (IVDMD), 
in vitro neutral detergent fiber digestibility (IVNDFD), in vitro acid detergent fiber digestibility (IVADFD), ammonia 
nitrogen concentration, and volatile fatty acid (VFA) production. Recent investigations of fermented cassava 
residues in ruminant diets have highlighted the importance of evaluating both nutrient digestibility and ruminal 
fermentation characteristics [11]. Determining these responses across graded dietary inclusion levels is necessary 
to establish whether nutritionally improved cassava pulp can be incorporated into TMR without adversely 
affecting ruminal fermentation. 

Therefore, this study aimed to optimize cassava pulp fermentation using S. cerevisiae, R. oligosporus, and 
exogenous pectinase at different fermentation durations and subsequently evaluate the nutritional effects of the 
selected FCP when incorporated at graded levels into TMR diets. The first phase evaluated changes in chemical 
composition, particularly CP, neutral detergent fiber (NDF), and acid detergent fiber (ADF), to identify an 
appropriate fermentation treatment and duration. The second phase evaluated the effects of graded FCP 
inclusion on IVDMD, IVNDFD, IVADFD, ammonia nitrogen concentration, and VFA production under in vitro 
ruminal fermentation conditions. This two-phase approach was designed to link cassava pulp fermentation 
optimization with its subsequent nutritional performance as a potential feed ingredient for ruminants. 

MATERIALS AND METHODS 
Ethical approval 

The study protocol involving donor animals for rumen fluid collection was reviewed and approved by the 
Institutional Animal Care and Use Committee of Mahasarakham University (IACUC-MSU-084-043/2025). All 
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procedures involving animals were conducted in accordance with the ethical principles, institutional guidelines, 
and applicable legislation governing the use of animals for scientific purposes.  
Study period and location 

Cassava pulp used in the study was obtained from a starch-processing plant in Kalasin Province, Thailand. 
Microbial preparation, cassava pulp fermentation, chemical analyses, and in vitro ruminal fermentation 
experiments were conducted at Mahasarakham University, Thailand from September 2025 to January 2026. 
Rumen fluid was obtained from Thai native × Brahman crossbred steers maintained as donor animals.  
Study design 

The study consisted of two sequential experimental phases. Phase 1 was conducted to determine suitable 
conditions for solid-state fermentation of cassava pulp using a factorial arrangement in a completely randomized 
design, with three independent replicates for each treatment combination. Three factors were evaluated: 
pectinase supplementation, microbial inoculation, and fermentation duration. Pectinase treatment comprised 
two levels: no exogenous pectinase and pectinase supplementation. Microbial treatments comprised an 
uninoculated control, S. cerevisiae, R. oligosporus, and a coculture of S. cerevisiae and R. oligosporus at a 1:1 ratio. 
Fermentation was evaluated after 5, 10, and 15 days. Chemical composition, including DM, CP, NDF, and ADF, was 
used to evaluate the fermentation treatments and select FCP for Phase 2. 

The eight combinations of pectinase supplementation and microbial inoculation were designated as follows: 
T1 = no pectinase and no microbial inoculation (control); T2 = no pectinase with S. cerevisiae; T3 = no pectinase 
with R. oligosporus; T4 = no pectinase with a 1:1 coculture of S. cerevisiae and R. oligosporus; T5 = pectinase 
supplementation without microbial inoculation; T6 = pectinase supplementation with S. cerevisiae; T7 = pectinase 
supplementation with R. oligosporus; and T8 = pectinase supplementation with a 1:1 coculture of S. cerevisiae 
and R. oligosporus. 

Phase 2 evaluated the effects of incorporating the selected FCP into TMR diets at 0%, 30%, 45%, and 55% of 
DM. The diets were formulated to contain approximately 14% CP. Terminal nutrient digestibility was evaluated 
after 48 h of in vitro incubation, whereas ruminal fermentation variables were evaluated at 0, 4, 12, 24, and 48 h. 
The principal outcomes included IVDMD, IVNDFD, IVADFD, ammonia nitrogen concentration, total VFA 
concentration, and individual VFA profiles. 
Preparation of microorganisms and inoculum development 

The R. oligosporus BCC 3716 strain used in this study was obtained from the Thailand National Center for 
Genetic Engineering and Biotechnology (BIOTEC), Thailand. The culture was maintained on potato dextrose agar 
(PDA) at 4°C. For activation, R. oligosporus was cultured on PDA at 25°C for 5 days. Spores were harvested using 
sterile Tween 80 solution and subsequently inoculated onto sterile broken rice, followed by incubation for 4 days 
[12]. The resulting fungal biomass was dried at 45°C for 4 days, pulverized, and stored in sterile flasks sealed with 
cotton and aluminum foil until use. 

Commercial active dry S. cerevisiae intended for ruminant feed fermentation was obtained from Angel Yeast 
Co., Ltd. (Yichang, China). The yeast was activated by mixing 20 g of dry yeast with 20 g of sucrose in 1000 mL of 
distilled water and incubating the suspension at 30°C for 1 h [13]. After activation, the viable cell concentration 
was determined repeatedly and adjusted to the target inoculation concentration before application to cassava 
pulp [14]. The inoculum concentration for both microbial treatments was standardized before application on a 
substrate DM basis. Viable microbial concentrations were confirmed by hemocytometer counting for S. cerevisiae 
and serial-dilution plating on PDA for R. oligosporus. The inoculation rates were standardized to 1 x 107 CFU/g of 
substrate (DM basis) for S. cerevisiae and 1 x 106 spores/g of substrate (DM basis) for R. oligosporus. For the 1:1 
coculture treatment, each microorganism was inoculated to supply half of its respective target concentration per 
gram of substrate DM. 
Preparation and fermentation of cassava pulp 

Fresh cassava pulp (20.5% DM) was obtained from a starch-processing plant in Kalasin Province, Thailand. A 
commercial pectinase preparation derived from Aspergillus niger (Sigma-Aldrich, St. Louis, MO, USA) was used for 
enzymatic treatment. The commercial preparation consisted primarily of polygalacturonase and pectin lyase 
activities, with a declared enzyme activity of 10,000 U/g. The two treatments were as cassava pulp-to-pectinase 
ratios of 100:0 and 80:20 (w/w), corresponding to 1000 g of cassava pulp without enzyme and 800 g of cassava 
pulp combined with 200 g of the commercial pectinase preparation, respectively. 
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For each experimental unit, the substrate was adjusted to 50% moisture using distilled water, with 10% urea 
and 1.25% molasses added on a DM basis. The prepared substrates were assigned to the uninoculated control, S. 
cerevisiae, R. oligosporus, or 1:1 S. cerevisiae–R. oligosporus coculture treatments. Fermentation was evaluated 
after 5, 10, and 15 days. 

After fermentation, samples were dried at 60°C for 48 h to terminate active fermentation and reduce 
moisture content. The dried samples were ground through a 1-mm screen using a Wiley mill and analyzed for DM 
and CP [15]and NDF and ADF [16]. Based on the resulting chemical composition and the study selection criteria, 
the selected fermentation treatment was subsequently used to prepare FCP for the Phase 2 in vitro evaluation. 
In vitro nutrient digestibility and ruminal fermentation 

The selected FCP was incorporated into TMR diets at 0%, 30%, 45%, and 55% of DM. Diets were formulated 
to contain approximately 14% CP using KCF 2006 software [17]. The ingredient and chemical compositions of the 
experimental TMR diets are presented in Table 1. 

Table 1: Feed ingredients and chemical composition of TMR diets containing graded levels of FCP. 

Ingredient (% DM) 0% FCP 30% FCP 45% FCP 55% FCP 

Cassava chip 33.91 19.15 16.80 15.00 
Corn meal 15.00 15.00 10.00 3.00 
Rice bran 10.00 5.00 2.00 5.00 
Molasses 5.00 5.00 5.00 2.00 
FCP 0.00 30.00 45.00 55.00 
Soybean meal 15.00 5.00 1.00 0.00 
Urea 1.09 0.50 0.20 0.00 
Sugarcane bagasse 20.00 20.00 20.00 20.00 
Total 100.00 100.00 100.00 100.00 
Chemical composition (%) 

    

DM 89.90 90.11 91.00 90.00 
CP 14.00 14.00 13.96 14.00 
ADF 15.45 14.00 14.00 20.76 
NDF 26.29 27.88 28.98 30.74 

ADF = Acid detergent fiber; CP = Crude protein; DM = Dry matter; FCP = Fermented cassava pulp; NDF = Neutral detergent fiber; TMR = Total mixed ration. 

Rumen fluid was obtained from four Thai native × Brahman crossbred steers with an average body weight of 
400 ± 20 kg. Before rumen fluid collection, the donor animals were individually housed and fed a TMR containing 
14% CP at a roughage-to-concentrate ratio of 60:40 twice daily at 08:00 and 16:00 h for a 14-day adaptation 
period. Clean drinking water and mineral salt blocks were provided ad libitum. Rumen fluid was collected before 
the morning feeding at 07:00 h. by using a stomach tube fitted with a manual vacuum pump. The pooled rumen 
fluid was immediately transferred into prewarmed insulated thermos flasks and transported to the laboratory. 
The fluid was strained through four layers of cheesecloth while anaerobic conditions were maintained. 

The incubation buffer was prepared according to Goering and Van Soest [18]. Strained rumen fluid was 
combined with prewarmed (39∘C) buffer at a 1: 4 v/v ratio (400 mL rumen fluid to 1,200 mL buffer, giving a final 
incubation volume of 1,600 mL per jar) while continuously flushing with 100% CO2 to maintain anaerobic 
conditions. In vitro incubation was conducted using a DaisyII incubator (ANKOM Technology, Fairport, NY, USA) 
set at a constant temperature of 39∘C. Approximately 0.25 g of ground TMR sample was weighed into ANKOM 
F57 filter bags, which were heat-sealed before incubation. Four independent incubation jars were used per 
treatment (𝑁𝑁 = 4), each containing duplicate F57 filter bags as technical replicates, whose values were averaged 
prior to statistical analysis. Ruminal fermentation was monitored by repeatedly collecting fluid aliquots (10 mL) 
from each incubation jar at 0, 4, 12, 24, and 48 h while continuously flushing the jars with CO2 gas. Samples 
intended for ammonia nitrogen analysis were preserved immediately by adding 1 mL of 1 M H2SO4 per 10 mL 
sample and stored at −20∘C. Upon thawing, samples were centrifuged at 3,000 × 𝑔𝑔 for 15 min at 4∘C, and the 
supernatant was analyzed using the Kjeldahl distillation method [19]. VFA concentrations were determined using 
high-performance liquid chromatography (HPLC; Waters Model 600E Controller and Waters Model 484 UV 
Detector) [20]. After 48 h of incubation, the F57 filter bags were removed, thoroughly rinsed with cold tap water 
until the runoff was clear, and dried in a forced-air oven at 105∘C for 24 h to determine IVDMD, IVNDFD, and 
IVADFD according to ANKOM Technology procedures.Ruminal fermentation was monitored by repeatedly 
collecting fluid aliquots from the same incubation jars at 0, 4, 12, 24, and 48 h. During sampling, anaerobic 
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conditions were maintained. Samples intended for ammonia nitrogen analysis were acidified and stored until 
analysis, after which the supernatant was analyzed using the Kjeldahl distillation method [19]. VFA concentrations 
were determined using high-performance liquid chromatography (HPLC; Waters Model 600E Controller and 
Waters Model 484 UV Detector) [20]. After 48 h of incubation, the F57 filter bags were thoroughly rinsed with 
cold tap water and dried before determination of IVDMD, IVNDFD, and IVADFD according to ANKOM Technology 
procedures. 

Statistical analysis 
Phase 1 data were analyzed using three-way analysis of variance (ANOVA) for the factorial experimental 

design with the General Linear Model (GLM) procedure in SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) [21]. 
The model included the main effects of pectinase treatment, microbial treatment, and fermentation duration and 
their interactions, with the experimental replicate representing the residual variation. 

Yijk= u + Ai + Bj + Ck + (AB)ij + (AC)ik + (BC)jk + (ABC)ijk + eijk 

Where: 
Yijk = Observed dependent variable (DM, CP, NDF, ADF) 
u = Overall mean 
Ai = Effect of enzyme substitution level (i = 0% vs. 20%) 
Bj = Effect of probiotic strain (j = Control, S. cerevisiae, R. oligosporus, Coculture) 
Ck = Effect of fermentation time (k = Days 5, 10, 15) 
(AB)ij, (AC)ik ,(BC)jk = Two-way interaction effects 
(ABC)ijk = Three-way interaction effect between enzyme, probiotic, and fermentation time 
eijk = Random experimental error component 

Phase 2 terminal digestibility outcomes (IVDMD, IVNDFD, and IVADFD) measured after 48 h of incubation 
were analyzed using one-way ANOVA with PROC GLM. Orthogonal polynomial contrasts were used to evaluate 
linear and quadratic responses to increasing FCP inclusion. Time-course ruminal fermentation variables, including 
ammonia nitrogen, total VFA concentration, and individual VFA proportions measured at 0, 4, 12, 24, and 48 h, 
were analyzed using a repeated-measures linear mixed model with PROC MIXED. The model included the fixed 
effects of diet, incubation time, and diet × incubation time interaction. Differences among treatment means were 
evaluated using Duncan's multiple range test. Statistical significance was established at p < 0.05. 

RESULTS 
Chemical composition of FCP 

Table 2 presents the chemical composition of FCP subjected to different pectinase treatments, microbial 
inoculation strategies, and fermentation durations. The three-way interaction among fermentation duration, 
enzyme treatment, and microbial treatment did not significantly affect DM, CP, NDF, or ADF. Fermentation 
duration alone also did not significantly affect these variables. In contrast, enzyme treatment significantly affected 
CP (p = 0.01), NDF (p = 0.001), and ADF (p = 0.001), whereas the enzyme × microbial treatment interaction 
significantly affected CP (p = 0.02). 

Among the treatments without pectinase supplementation, CP increased to 23.54% after 10 days of 
fermentation with R. oligosporus and to 24.57% after 15 days. However, fermentation duration did not 
significantly affect CP overall (p = 0.79). The 10-day R. oligosporus treatment without pectinase was selected for 
subsequent in vitro evaluation based on its overall chemical profile and the predefined treatment-selection 
criteria. 

Table 2: Effects of pectinase treatment, microbial inoculation, and fermentation duration on the chemical composition of 
FCP. 

Fermentation duration Pectinase treatment Microbial treatment DM (%) CP (%) NDF (%) ADF (%) 

5 days 0 None 91.10 14.31 21.82 19.81   
Saccharomyces cerevisiae 89.98 13.78 23.26 20.23   
Rhizopus oligosporus 90.63 18.91 21.64 18.62   
Coculture 92.29 19.20 20.93 16.76  

20 None 89.76 15.92 19.68 15.55   
S. cerevisiae 92.32 15.44 18.60 14.46 
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Fermentation duration Pectinase treatment Microbial treatment DM (%) CP (%) NDF (%) ADF (%)   
R. oligosporus 93.20 10.52 20.91 18.71   
Coculture 92.40 10.50 23.96 19.61 

10 days 0 None 89.38 11.79 20.89 16.84   
S. cerevisiae 90.42 11.80 20.30 17.09   
R. oligosporus 91.75 23.54 21.11 17.94   
Coculture 86.19 23.32 20.94 17.79  

20 None 90.54 15.89 18.82 14.50   
S. cerevisiae 94.23 15.41 20.86 16.69   
R. oligosporus 91.97 15.20 23.42 19.86   
Coculture 92.30 15.19 23.10 19.81 

15 days 0 None 90.22 10.66 22.54 18.54   
S. cerevisiae 90.00 10.67 23.87 19.68   
R. oligosporus 91.25 24.57 23.41 21.33   
Coculture 93.71 19.43 23.76 17.29  

20 None 91.40 23.24 22.92 17.73   
S. cerevisiae 93.86 18.74 18.94 15.77   
R. oligosporus 93.79 14.70 21.79 17.58   
Coculture 93.48 14.60 22.26 18.95 

SEM 
  

1.93 5.28 1.72 1.56 
p-value Day (D) 

 
0.69 0.79 0.80 0.11  

Enzyme (E) 
 

0.76 0.01 0.001 0.001  
Microbial treatment (P) 

 
0.50 0.08 0.32 0.10  

D × E 
 

0.07 0.34 0.60 0.83  
D × P 

 
0.57 0.92 0.19 0.89  

E × P 
 

0.42 0.02 0.11 0.74  
D × E × P 

 
0.75 0.65 0.15 0.11 

ADF = Acid detergent fiber; CP = Crude protein; DM = Dry matter; FCP = Fermented cassava pulp; NDF = Neutral detergent fiber; SEM = Standard error of 
the mean. 

In vitro nutrient digestibility 
Cassava pulp fermented with R. oligosporus for 10 days without pectinase supplementation was selected for 

incorporation into TMR diets at FCP inclusion levels of 0%, 30%, 45%, and 55% on a DM basis. The mean IVDMD, 
IVNDFD, and IVADFD values across treatments were 74.66%, 39.62%, and 16.32%, respectively. 

IVDMD increased numerically from 70.57% in the 0% FCP diet to 77.33% in the 45% FCP diet and 76.66% in 
the 55% FCP diet; however, the overall treatment effect was not significant (p = 0.12; Table 3). In contrast, FCP 
inclusion significantly affected IVNDFD (p = 0.02) and IVADFD (p = 0.04). IVNDFD was higher at 45% and 55% FCP 
inclusion than at 0% and 30% inclusion. IVADFD was highest at 45% inclusion, whereas the 55% treatment was 
intermediate and did not differ significantly from either superscript group. 

Table 3: Effects of FCP inclusion in TMR diets on in vitro nutrient digestibility 

Item 0% FCP 30% FCP 45% FCP 55% FCP SEM p-value 

IVDMD (%) 70.57 74.11 77.33 76.66 1.59 0.12 
IVNDFD (%) 32.65ᵇ 29.67ᵇ 50.22ᵃ 45.94ᵃ 3.15 0.02 
IVADFD (%) 12.67ᵇ 8.62ᵇ 24.38ᵃ 19.39ᵃᵇ 2.69 0.04 

FCP = Fermented cassava pulp; IVADFD = In vitro acid detergent fiber digestibility; IVDMD = In vitro dry matter digestibility; IVNDFD = In vitro neutral 
detergent fiber digestibility; SEM = Standard error of the mean; TMR = Total mixed ration. 
ᵃ,ᵇMeans within a row with different superscript letters differ significantly (p < 0.05). 

Ruminal fermentation 
The effects of graded FCP inclusion on ammonia nitrogen concentration are shown in Table 4. Significant 

treatment effects were observed at 24 h (p = 0.04), with concentrations of 12.48, 7.62, 3.87, and 9.88 mg/dL for 
the 0%, 30%, 45%, and 55% FCP diets, respectively. At 48 h, the corresponding concentrations were 16.81, 12.60, 
11.60, and 13.00 mg/dL, with a reported p-value of 0.05. No significant differences were observed at 4 or 12 h. 

Total VFA concentrations and most individual VFA proportions were not significantly affected by FCP 
inclusion during incubation (Table 5). At 4 h, total VFA concentration ranged from 93.0 to 110.4 mM, with the 
numerically highest value observed in the 55% FCP treatment. At 48 h, total VFA concentration increased 
numerically from 95.17 mM in the 0% treatment to 103.41 mM in the 55% treatment, although the overall 
difference did not reach statistical significance (p = 0.07). Propionate concentration at 48 h differed significantly 
among treatments (p = 0.02), with the highest value observed at 55% FCP inclusion. 
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Table 4: Effects of FCP inclusion in TMR diets on in vitro ammonia nitrogen concentration. 

Incubation time 0% FCP 30% FCP 45% FCP 55% FCP SEM p-value 

0 h 8.40ᵇ 10.74ᵃᵇ 12.55ᵃ 13.41ᵃ 0.48 0.05 
4 h 14.60 18.20 16.80 17.80 1.03 0.14 
12 h 18.20 16.12 16.36 13.00 2.20 0.12 
24 h 12.48ᵃ 7.62ᵇ 3.87ᶜ 9.88ᵇ 0.80 0.04 
48 h 16.81ᵃ 12.60ᵇ 11.60ᵇ 13.00ᵇ 0.75 0.05 
FCP = Fermented cassava pulp; SEM = Standard error of the mean; TMR = Total mixed ration. 
ᵃ–ᶜMeans within a row with different superscript letters differ significantly (p < 0.05). 

Table 5: Effects of FCP inclusion in TMR diets on in vitro VFA concentrations 

Incubation time/variable 0% FCP 30% FCP 45% FCP 55% FCP SEM p-value 

0 h       

Total VFA (mM) 86.40 88.00 83.90 95.10 7.51 0.75 
Acetate 52.03 56.61 50.47 59.00 2.70 0.24 
Propionate 23.20 19.30 22.80 23.90 6.12 0.94 
Butyrate 11.20 12.10 10.60 12.20 1.47 0.86 
Acetate:butyrate 2.49 3.27 2.35 2.51 0.68 0.78 

4 h 
      

Total VFA (mM) 101.90 93.00 104.20 110.40 5.51 0.30 
Acetate 56.91 55.19 57.34 61.70 2.46 0.40 
Propionate 30.80 25.40 30.60 32.90 4.50 0.70 
Butyrate 14.20 12.40 16.30 15.70 2.13 0.62 
Acetate:butyrate 1.85 2.18 1.87 1.99 0.25 0.79 

12 h 
      

Total VFA (mM) 97.66 98.60 98.20 90.70 3.84 0.49 
Acetate 52.11 54.61 54.92 52.20 1.91 0.63 
Propionate 31.70 26.80 29.50 27.30 2.08 0.43 
Butyrate 13.90 17.20 13.80 11.20 2.12 0.39 
Acetate:butyrate 1.65 2.05 1.86 1.91 0.10 0.22 

24 h 
      

Total VFA (mM) 93.80 95.40 98.10 96.20 3.68 0.86 
Acetate 50.90 57.30 56.75 54.10 4.42 0.73 
Propionate 27.70 28.10 30.40 31.30 2.64 0.85 
Butyrate 13.20 10.00 11.00 10.70 2.08 0.75 
Acetate:butyrate 1.74 2.15 1.86 1.80 0.15 0.77 

48 h 
      

Total VFA (mM) 95.17 93.12 97.83 103.41 1.97 0.07 
Acetate 51.00 53.05 52.80 55.25 4.00 0.45 
Propionate 29.30ᵇᶜ 24.80ᶜ 32.00ᵇ 38.50ᵃ 1.77 0.02 
Butyrate 14.90 15.30 13.00 9.70 1.60 0.19 
Acetate:butyrate 1.75 2.15 1.65 1.45 0.15 0.10 

FCP = Fermented cassava pulp; SEM = Standard error of the mean; TMR = Total mixed ration; VFA = Volatile fatty acid. 
ᵃ–ᶜMeans within a row with different superscript letters differ significantly (p < 0.05). 

DISCUSSION 
Chemical composition of FCP 

Solid-state fermentation of cassava pulp with R. oligosporus as the sole inoculant improved CP content under 
selected treatment conditions, with the 10-day treatment without pectinase supplementation providing the 
profile selected for subsequent in vitro evaluation. R. oligosporus is capable of producing extracellular enzymes, 
including amylases, glucoamylases, proteases, and pectinases, which can contribute to the hydrolysis of starch 
and structural components of plant substrates. These enzymatic activities may increase the availability of 
fermentable substrates and promote incorporation of nitrogen into fungal biomass. In parallel, degradation of 
pectinaceous and other cell-wall components may alter the structural fiber characteristics of the fermented 
substrate. 

The CP enrichment observed in the present study is broadly consistent with previous reports of microbial 
processing of cassava-derived substrates. Oboh and Akindahunsi [22] reported an increase in protein content 
from 4.4% to 10.9% following fermentation of cassava products with S. cerevisiae, whereas Gunun et al. [23] 
reported increases from approximately 2.1% to 13.8% in fermented cassava peel. In the present study, CP reached 
23.54% after 10 days and 24.57% after 15 days in cassava pulp fermented with R. oligosporus without pectinase 
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supplementation. However, fermentation duration did not significantly affect CP overall, so the numerical 
increase at day 15 should not be interpreted as evidence of a significant time-dependent response. 

The combined application of pectinase and microbial inoculation did not consistently improve the chemical 
composition of cassava pulp. A significant enzyme × microbial treatment interaction was detected for CP, whereas 
no corresponding significant interaction was observed for NDF or ADF. These findings suggest that CP response 
to enzyme supplementation depended on the microbial treatment, but adding exogenous pectinase did not 
consistently benefit fiber fractions under the conditions tested. Importantly, the 10-day treatment with R. 
oligosporus without pectinase was selected for Phase 2 because it provided a favorable combination of CP 
enrichment, fermentation duration, and overall chemical composition. 

Compared with S. cerevisiae, R. oligosporus has a broader extracellular enzyme profile that may facilitate 
degradation of complex cassava substrates. Whereas S. cerevisiae primarily uses readily available fermentable 
carbohydrates, R. oligosporus can secrete hydrolytic enzymes that act on starch and structural components. This 
biological difference plausibly explains the comparatively high CP values obtained with selected R. oligosporus 
treatments. Nevertheless, the present study did not directly measure enzyme activities, fungal biomass, amino 
acid composition, or substrate-specific degradation products. Therefore, the proposed mechanisms should be 
regarded as biological explanations supported by previous knowledge rather than effects directly demonstrated 
in this experiment. 
In vitro nutrient digestibility 

Cassava pulp fermented with R. oligosporus for 10 days without pectinase supplementation was 
subsequently incorporated into TMR diets at 0%, 30%, 45%, and 55% of DM. Increasing FCP inclusion numerically 
increased IVDMD from 70.57% in the control diet to 77.33% at 45% inclusion; however, the overall treatment 
effect on IVDMD was not significant. Therefore, the present findings do not demonstrate a statistically significant 
improvement in overall DM digestibility. 

In contrast, FCP inclusion significantly affected fiber digestibility. IVNDFD increased to 50.22% and 45.94% at 
45% and 55% FCP inclusion, respectively, compared with 32.65% and 29.67% at 0% and 30% inclusion. IVADFD 
was also significantly affected by treatment, reaching 24.38% at 45% inclusion. The 55% inclusion group showed 
an intermediate IVADFD value of 19.39%, which did not differ significantly from either superscript group. These 
results indicate that the clearest nutritional response to FCP inclusion was associated with enhanced fiber 
digestibility, particularly at the 45% inclusion level. 

These findings are generally consistent with previous studies indicating that fermentation of cassava-derived 
residues may improve accessibility of structural carbohydrates and enhance subsequent nutrient utilization [24]. 
Previous research has also reported improvements in nutrient utilization and ruminal fermentation following 
inclusion of fermented cassava products in ruminant diets [25]. Similarly, fermentation with R. oligosporus has 
been associated with improved nutritional characteristics of plant-based substrates by modifying structural 
components [26]. 

The enhanced IVNDFD observed at higher FCP inclusion levels may relate to structural modifications during 
fermentation. Hydrolytic enzymes produced during fermentation may partially disrupt the plant cell-wall matrix 
and increase accessibility of structural carbohydrates to ruminal microorganisms. However, the present study did 
not directly measure enzyme activities, microscopic changes in fiber structure, or degradation kinetics. 
Accordingly, improved fiber digestibility can be associated with fermentation treatment, but the precise 
mechanisms remain to be confirmed. 
Ruminal fermentation 

Ruminal ammonia nitrogen concentrations varied according to FCP inclusion level and incubation time. 
Significant treatment differences were observed at 24 h, whereas no significant differences were detected at 4 or 
12 h. At 24 h, ammonia nitrogen concentrations ranged from 3.87 to 12.48 mg/dL, and at 48 h they ranged from 
11.60 to 16.81 mg/dL. These results indicate that ammonia nitrogen availability changed dynamically during 
incubation rather than increasing consistently with increasing FCP inclusion. 

Dietary CP content, protein degradation, microbial nitrogen utilization, and synchronization between 
carbohydrate and nitrogen availability influence ammonia nitrogen concentration in ruminal fluid [27]. Previous 
studies reported increased soluble protein after fermenting cassava pulp with R. oligosporus [28], which could 
influence ammonia production during ruminal incubation. However, the present data do not demonstrate a 
simple dose-dependent increase in ammonia nitrogen with increasing FCP inclusion. Therefore, the observed 



doi: 10.14202/vetworld.2026.4274-4285 
 

 
4282 

temporal differences are more appropriately interpreted as changes in the balance between protein degradation 
and microbial nitrogen utilization during incubation. 

Previous literature has described ammonia nitrogen concentrations within defined ranges as supportive of 
ruminal microbial activity [29]. Nevertheless, the present study recorded a broad range across treatments and 
sampling times, including values below 8 mg/dL. Consequently, the reported data do not support the original 
statement that all concentrations remained between 8 and 18 mg/dL and within an optimal range. Further in vivo 
studies are required to determine whether the observed ammonia nitrogen patterns influence microbial protein 
synthesis or animal nitrogen utilization under feeding conditions. 

FCP inclusion did not significantly affect total VFA concentrations at the evaluated time points. At 4 h, total 
VFA concentrations ranged from 93.0 to 110.4 mM, and at 48 h they ranged from 93.12 to 103.41 mM. Although 
total VFA concentration was numerically highest at 55% FCP inclusion at several sampling points, these differences 
were not statistically significant. Most individual VFA concentrations also remained unaffected by dietary 
treatment. 

Propionate was an exception at 48 h, differing significantly among treatments and peaking at 55% FCP 
inclusion. Therefore, the original statement that individual VFA profiles were entirely unchanged across all 
incubation times requires qualification. Acetate, propionate, and butyrate are major end products of ruminal 
carbohydrate fermentation, and their relative proportions can be influenced by the balance between structural 
and non-structural carbohydrates in the diet [30]. Because the experimental diets were formulated with defined 
ingredient proportions, the relatively stable VFA patterns across most incubation periods suggest that FCP 
incorporation did not markedly disrupt the overall fermentation profile under the in vitro conditions tested. 
However, the significant increase in propionate at 48 h indicates that some fermentation end products may 
respond to higher FCP inclusion after prolonged incubation. 
Strengths, limitations, and future perspectives 

A strength of this study was its sequential two-phase design, which first evaluated fermentation conditions 
and subsequently tested the selected FCP at graded inclusion levels in TMR diets. This approach linked changes in 
substrate chemical composition with downstream in vitro digestibility and ruminal fermentation outcomes. Using 
multiple inclusion levels also allowed evaluation of potential dose-related responses in fiber digestibility and 
fermentation characteristics. 

Several limitations should be considered. First, solid-state fermentation was performed at laboratory-scale 
using 1-kg experimental units. Such conditions may not reproduce heat generation, moisture gradients, aeration, 
and mass-transfer characteristics encountered in commercial-scale fermentation systems. Scaling the process 
therefore requires validation under larger production conditions. 

Second, the nutritional evaluation was restricted to batch in vitro ruminal fermentation. These experiments 
provide controlled information on digestibility and fermentation but cannot directly establish effects on feed 
intake, palatability, total-tract digestibility, growth performance, milk production, feed efficiency, or health. 
Controlled in vivo feeding trials are therefore required before practical inclusion recommendations can be 
established. 

Third, the cassava pulp originated from a single starch-processing facility in Kalasin Province, Thailand. 
Cassava pulp composition can potentially vary according to cultivar, season, starch extraction efficiency, and 
processing conditions. Evaluation of substrates from multiple production sources would improve the 
generalizability of the fermentation protocol. 

Fourth, cyanogenic glycosides, including linamarin and lotaustralin, and residual hydrocyanic acid 
concentrations were not quantified after fermentation. Consequently, the present study cannot determine the 
extent to which fermentation altered residual cyanogenic compounds. Future studies should incorporate these 
safety-related variables before considering large-scale feeding applications. 

Fifth, microbial community dynamics during fermentation and subsequent in vitro incubation were not 
characterized. Molecular approaches, including 16S and 18S rRNA-based profiling, could help clarify changes in 
bacterial and fungal communities, persistence of inoculated microorganisms, and relationships between microbial 
populations and nutrient degradation. 

Finally, a formal economic analysis was not conducted. Although omission of exogenous pectinase from the 
selected treatment may reduce one processing input, the overall commercial feasibility of FCP production 
depends on inoculum costs, labor, substrate handling, drying, energy requirements, storage, and feed 
replacement value. Future studies should therefore integrate scale-up validation, cyanide assessment, microbial 
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profiling, in vivo feeding trials, and comprehensive cost-benefit analysis to determine the practical feasibility of 
FCP as a ruminant feed ingredient. 

CONCLUSION 

This study demonstrated that biological fermentation can substantially improve the nutritional value of 
cassava pulp and that the resulting FCP can enhance selected aspects of in vitro nutrient utilization. Among the 
fermentation treatments evaluated, R. oligosporus without pectinase supplementation produced a favorable 
chemical profile after 10 days and was therefore selected for subsequent evaluation. In the in vitro feeding phase, 
increasing FCP inclusion did not significantly affect IVDMD; however, IVNDFD increased significantly at 45% and 
55% inclusion, while IVADFD was highest at 45% inclusion. Ruminal fermentation remained generally stable across 
treatments, with no significant treatment effect on total VFA concentrations at the measured time points, 
although propionate increased significantly at 48 h in the 55% FCP treatment. Ammonia nitrogen concentrations 
varied with incubation time and FCP inclusion, indicating dynamic nitrogen utilization during fermentation. 

From a practical perspective, the findings suggest that fermentation with R. oligosporus may provide a useful 
strategy for upgrading cassava pulp into a higher-value ruminant feed ingredient while avoiding the need for 
exogenous pectinase in the selected treatment. Incorporation of FCP at approximately 45% of TMR DM produced 
the most consistent improvement in fiber digestibility, whereas increasing inclusion to 55% did not provide a clear 
additional advantage for all digestibility outcomes. These findings support the potential use of FCP as a partial 
alternative feed resource in regions where cassava-processing residues are abundant. 

However, the present findings are based on laboratory-scale fermentation and in vitro ruminal evaluation 
and should not yet be translated directly into field feeding recommendations. Further studies should confirm the 
process at larger fermentation scales, quantify residual cyanogenic compounds, evaluate microbial community 
dynamics, assess storage stability and economic feasibility, and conduct controlled in vivo feeding trials to 
determine effects on feed intake, total-tract digestibility, animal performance, and production efficiency. Overall, 
the study provides a practical basis for further development of R. oligosporus-FCP as a sustainable ruminant feed 
ingredient and demonstrates that targeted microbial processing can enhance the utilization of cassava agro-
industrial residues. 
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