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ABSTRACT
This research aimed to evaluated the effect of synchronized urea and sulfur supplementation on rumen fermentation kinetics, nutrients degradability, and microbial population dynamics.  The research was conducted with a randomized block design, consisting of seven treatments and four groups. The treatments were the addition of several levels of urea, sulfur and their combination into the basal ration containing 30% corn straw and 30% cassava peel, namely: R1=basal ration (control treatment); R2=addition of 0.5% urea; R3=addition of 1% urea; R4=addition of 0.1% sulfur; R5=addition of 0.2%; R6=addition of 1% urea +0.1% sulfur; R7=addition 1% urea + 0.2% sulfur.  The treatments had highly significant effects (P>0.01) on nutrients digestibility, ammonia concentration, total VFA, protozoa population and acetic acid production. Meanwhile, microbial biomass and protein synthesis did not differ significantly (P>0.05). The addition of urea and sulfur maintained the rumen fluid pH between 6.8 and 6.9. In conclusion, synchronized urea and sulfur supply successfully optimized the rumen ecosystem on a high-fiber-starch ration, containing 30% corn straw and cassava peel, respectively. The optimum level of urea and sulfur addition was achieved at a combination of 1% urea and 0.2% sulfur, which was determined through an N:S ratio of 10.7:1. In this specific formulation, pH (6.85) and ammonia production (14mg/100mL) were maintained in an ideal physiological environment, promoting organic matter digestion and NFE to absolute peaks of 71.50% and 68.76%, respectively, and increasing total VFA production to 133mM.
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1. INTRODUCTION
The sustainable expansion of the ruminant livestock industry in tropical and developing region is heavily dependent on strategic utilization of local agricultural by-product as alternative feedstuffs. When high quality is limited, alternative feedstuffs is a critical strategy to sustain ruminant production.  Alternative feedstuffs that have great potential as an energy source are corn straw and cassava peel. Corn straw contains a fiber fraction, which is a substrate for cellulolytic microbes to produce VFA, energy source for ruminant livestock (McDonald et al. 2011; Agustin et al. 2017; Agustin et al. 2018; Agustin et al. 2020).
Conversely, cassava peel is rich in readily available carbohydrate. It has a high nitrogen free extract (NFE) content of 77.27% and total digestible nutrients (TDN) of 73.58%, providing a rapid supply of energy (ATP) (Promkot and Wanapat 2003; Agustin et al. 2020; Agustin et al. 2021; Agustin et al. 2025;). Corn straw and cassava peel present a highly complementary combination. However, the nutritional value of this mixed diet is severely constrained by its low crude protein (CP) content and deficient essential mineral, particularly sulfur (S), which leads to poor fiber degradation and low feed efficiency (NASEM 2016).
To overcome these elemental deficiencies, the supplementation of non-protein nitrogen (NPN), such as urea, paired with elemental sulfur, has been widely investigated to stimulate ruminal fermentation. To optimize the fermentation of rich fibrous diet, the rumen microbes require adequate and continuous supply non-protein nitrogen (NPN), such as urea to maintain optimum rumen ammonia (NH3) level (Satter and Slyter 1974). Nevertheless, the rapid hydrolysis of urea into NH3 often outpaces the rate of carbohydrate fermentation, leading to excessive ammonia accumulation, energy waste via the hepatic urea cycle, and potential toxicity (Huntington et al. 2006). Maximizing the conversion of this available nitrogen into microbial protein strictly depend on the synchronous availability of sulfur. 
Sulfur is highly required by cellulolytic bacteria like Fibrobachter succinogenes and Ruminococcus albus to synthesize their cellular proteins and enzymes (Bryant 1970; Kandylis 1984). Therefore, maintaining an ideal dietary N:S ratio (typically between 10:1 and 14:1) is necessary to prevent nitrogen wastage and boost microbial growth (Spears 2003). Recent studies have re-emphasized that maintaining an ideal dietary N:S ratio is important to enhance nitrogen utilization efficiency, prevent metabolic waste and increase microbial tropical feeding systems (Sumadong et al. 2022).  The Nitrogen and Sulfur ratio for cattle ranges between 10:1 and 14:1 (Ruminant Nitrogen Usage 1985; NRC 2000; European Food Safety Authority 2012;). Urea as a nitrogen source in ruminant rations has a maximum limit of 1%. The requirement for sulfur ranges from 0.14 to 0.26% (average 0.2%) of dry matter (NRC 2000). 
Previous studies have extensively demonstrated that optimizing nitrogen and sulfur synchronization can beneficially shift rumen fermentation kinetics, increasing total VFA production (Ørskov and McDonald 1979; Nocek and Russell 1988). When energy, nitrogen, and sulfur release are highly synchronized, microbial growth is stimulated, leading to accelerated degradation of structural carbohydrates and a more efficient VFA profile—often characterized by an increased propionate proportion or a balanced acetate-to-propionate ratio, which ultimately improving the energy status of the host animal (Fan et al. 2024). Furthermore, precision in nitrogen release rates has been shown to modulate the abundance of certain core rumen bacteria, driving shifts in the overall micro ecosystem (Fan et al. 2024).
Although the general benefits of urea or sulfur supplementation on ruminant digestion have been documented, empirical data regarding their synchronous formulation in specific dietary matrices of corn straw and cassava peel are scarce. Most of the existing literature focuses on traditional forage-concentrate systems, neglecting the unique fermentation synchronization required when mixing highly biodegradable fiber (corn straw) with highly soluble starch (cassava peel). Furthermore, how this precise synchronization modulates microbial dynamics—specifically shifts in the balance between cellulolytic bacteria, amylolytic populations, and protozoa—remains poorly understood at the molecular level. A deeper understanding of these microbial shifts is crucial to elucidating the underlying mechanisms driving fermentation kinetics and nutrient utilization in byproduct-based diets.
To bridge this knowledge gap, this experiment was conducted to investigated the effects of synchronized urea-sulphur addition in a corn straw-cassava peel ration. We hypothesized that a synchronized supply of N and S would create a synergistic effect, optimizing the rumen environment to accelerate fermentation kinetics, enhance nutrient digestibility, and favourably modulate both the VFA profiles and the underlying microbial dynamics.
3. MATERIALS AND METHODS
2.1 Sample preparation, research design and in vitro study
The corn straw  was collected from farmers, whereas cassava peels were collected  from cassava processing to produce cassava chips. The feedstuffs were sun-dried and  ground. All feed ingredients were then mixed according to their composition, with a crude protein content of 10% and a TDN of 65%. 
The research was conducted with a randomized block design, consisting of seven treatments and four groups. The treatments were the addition of several levels of urea, sulfur and their combination into the basal ration containing 30% corn straw and 30% cassava peel (Table 1), namely: R1 = basal ration (control treatment); R2 = addition of 0.5% urea; R3 = addition of 1% urea; R4 = addition of 0.1% sulfur; R5 = addition of 0.2% sulfur; R6 = addition of 1% urea +0.1% sulfur; R7 = addition 1% urea + 0.2% sulfur.  The addition of urea to the basic ration increased the protein content of the ration. There was a 1.44% increase in protein content with the addition of 0.5% urea and a 2.88% increase with the addition of 1% urea (Table 2).
Table 1:  Composition of feed ingredients in basal diet (%)
	Feed ingredients
	Treatment 

	
	       R1
	    R2
	    R3
	    R4
	     R5
	      R6      
	   R7

	Corn straw
	30
	30
	30
	30
	30
	30
	30

	Field grass
	20
	20
	20
	20
	20
	20
	20

	Cassava peel
	30
	30
	30
	30
	30
	30
	30

	Ground corn
	9
	9
	9
	9
	9
	9
	9

	Tofu dregs
	9
	9
	9
	9
	9
	9
	9

	Mineral
	2
	2
	2
	2
	2
	2
	2

	Total
	100
	100
	100
	100
	100
	100
	100

	Urea
	0
	0.5
	1.0
	0
	0
	0.5
	1.0

	Sulfur
	0
	0
	0
	0.1
	0.2
	0.1
	0.2


[bookmark: _Hlk211185283][bookmark: _Hlk200409821]Table 2:  Nutrient content of ration (%) 
	Feed ingredients
	Treatment

	
	     R1
	 R2
	      R3
	    R4
	    R5
	       R6
	     R7

	Dry matter
	90.35
	90.35
	90.35
	90.35
	90.35
	90.35
	89.35
	

	Organic matter
	88.69
	88.69
	88.69
	88.69
	88.69
	88.69
	88.60
	

	Crude protein
	10.52
	11.96
	13.40
	10.52
	10.52
	11.96
	13.40
	

	TDN
	65.23
	65.23
	65.23
	65.23
	65.23
	65.23
	65.23
	

	Ash
	11.31
	11.31
	11.31
	11.31
	11.31
	11.31
	11.31
	

	Ether extract
	1.59
	1.59
	1.59
	1.59
	1.59
	1.59
	1.59
	

	Crude fiber
	19.70
	19.70
	19.70
	19.70
	19.70
	19.70
	19.70
	

	NFE
	56.88
	56.88
	56.88
	56.88
	56.88
	56.88
	56.88
	

	Ca
	0.82
	0.82
	0.82
	0.82
	0.82
	0.82
	0.82
	

	P
	0.42
	0.42
	0.42
	0.42
	0.42
	0.42
	0.42
	

	NDF
	47.96
	47.96
	47.96
	47.96
	47.96
	47.96
	47.96
	

	ADF
	32.04
	32.04
	32,04
	32.04
	32.04
	32.04
	32.04
	

	Cellulose
	20.96
	20.96
	20.96
	20.96
	20.96
	20.96
	20.96
	

	Hemicellulose
	15.92
	15.92
	15.92
	15.92
	15.92
	15.92
	15.92
	

	Lignin
	5.07
	5.07
	5.07
	5.07
	5.-7
	5.07
	5.07
	

	Silica
	2.02
	2.02
	20.2
	2.02
	2.02
	2.02
	2.02
	

	N:S ratio
	
	
	
	16.8:1
	8.4:1
	19:1
	10.7:1
	


Note: TDN: Total Digestible Nutrients; NFE: Nitrogen Free Extract; NDF:  neutral detergent fibre; ADF:  acid detergent fibre
In vitro experiments were conducted using a modified Tilley and Terry (1963) method. 2.5 grams of diet sample in each treatment was put into the fermentation tube. Urea and sulfur were added according to each treatment based on the dry matter of the diet sample. Urea (0.5% and 1.0%) and S (0.1 and 0.2%) was added to the substrate. McDougal's solution and rumen fluid were added at a ratio of 4:1. There were four tubes for each treatment in each group. Anaerobic condition was created by adding CO2 gas for 30-60 seconds in each tube. Then, the tube was closed and sealed with a rubber stopper and fermented for 48 hours using shaker at temperature of 390C. After 48h, fermentation was stopped and its pH was measured. The supernatant was then separated from the residue by centrifugation. Supernatant were used to measure ammonia concentration, total VFA, individual VFA, protozoa population, microbial biomass, and microbial protein synthesis. The fermentation residue is used to determine nutrients digestion.  
[bookmark: _Hlk197999038]2.2 Determination of rumen characteristic, nutrients digestibility and microbial variable
The pH of the rumen fluid was carried out after the fermentation process was stopped at 48 hours of fermentation using a pH meter. Ammonia (NH3) concentration and total VFA was determined according to the General Laboratory Procedure (1966). Conway microdiffusion technique was used to determine ammonia concentration. Total VFA was determined using the steam distillation method. Partial or individual VFA was determined using a gas chromatograph with Scion 436 GC specifications.
Residue samples from the in vitro fermentation process are used to determine nutrients digestibility. The formula for determining nutrient digestibility (%) is to subtract the initial nutrient amount from the post-fermentation amount, divide by the initial sample, and multiply by 100%.
The Griswold et al. (2003) method was used to determine the amount of microbial biomass. 1.5 mL of supernatant was pipetted into an Eppendorf tube. Then, centrifugation was carried out for 30 minutes at 15,000 rpm at 4°C to obtain a precipitate. The precipitate was weighed to determine the amount of microbial biomass. Determination of the amount of microbial protein was carried out using the Lowry method (1951).
2.3 Analysis of samples and statistical analysis
All residue samples were analyzed for their nutritional content by using proximate analysis (AOAC 2016) and Van Soest analysis (Goering and Van Soest 1970). The same analysis was also carried out on basal rations. The data collected were processed using analysis of variance. The data was processed according to the specified variables.
[bookmark: _Hlk185938244]3. RESULTS 
3.1 Rumen fermentation characteristic: pH, NH3 and total VFA
Table 3 shows that the pH of rumen fluid was not influenced (P>0.05) by treatments. The pH value ranges between 6.8 - 6.9. However, both the ammonia concentration and total VFA production showed highly significant difference ​​(P<0.01). The highest ammonia production (14mM) was achieved at the level of urea 1% combined with 0.2 sulfur. (R7); while the lowest (11.75mg/100mL) was found in the control treatment (R1). Fig. 1 shows that increasing levels of urea and sulfur, and their combinations, the amount of ammonia produced was also increased. Total VFA production was significantly influenced (P<0.01) by the treatment. The combination treatment of 1% urea supplementation with 0.2% sulfur (R7) produced the highest VFA (133.13 mM), while the lowest VFA (104.38 mM) was found in the control treatment, without supplementation (R1). Fig. 2 shows that increasing levels of urea and sulfur, and their combinations, increase the amount of total VFA produced. 
Table 3: Average rumen pH, ammonia and VFA production of rumen fluid in ration based on   corn straw and cassava peel supplemented with urea and sulfur
	Treatment
	Rumen pH
	Ammonia (mg/100mL)
	VFA (mM)

	R1=Basal ration
	6.99±0.04
	11.75±0.14e
	104.38±2.39e

	R2=Basal ration+ 0.5% urea
	6.90±0.03
	11.97±0.12e
	107.50±2.04e

	R3=Basal ration + 1% urea

	6.88±0.04
	13.09±0.16c
	120.00±2.04d

	R4=Basal ration+ 0.1% sulfur
	6.83±0.07
	12.41±0.16d
	115.00±2.04c

	R5=Basal ration+ 0.2% sulfur
	6.79±0.16
	13.19±0.26bc
	125.00±3.54b

	R6=Basal ration+0.5% urea+0.1% sulfur
	6.87±0.09
	13.41±0.26b
	127.50±2.04b

	R7=Basal ration+ 1% urea +0.2% sulfur
	6.85±0.10
	14.06±0.16a
	133.13±2.39a

	SE 
	0.03582
	0.0882
	1.2721


Note: Different superscripts in the same column indicate highly significant differences (P<0.01). SE (standar error).

Fig. 1: Amount of ammonia produced from rations containing corn straw and cassava peel supplemented with urea and sulfur.



[bookmark: _Hlk212062870]Fig. 2: Total VFA produced from rations containing corn straw and cassava peel supplemented with urea and sulfur.
3.2 Macro nutrients digestibility and carbohydrate fraction
The digestibility of nutrients in Table 4 was influenced by treatment (P<0.01). The highest digestibility value of organic matter (Fig. 3) was obtained in the combination treatment of 1% urea supplementation with 0.2% sulfur (R7), as well as in the digestibility of crude protein (Fig.4), crude fiber (Fig. 5), ether extract and NFE. Table 5 provides information about the digestibility values ​​of the fiber fraction. The digestion of fiber fractions was affected by treatments (P<0.01). Addition of 0.5% urea (R2) resulted in the highest fiber fraction digestibility, including NDF, ADF, cellulose, and hemicellulose. The highest cellulose and hemicellulose digestibility values ​​were 60.10% and 71.31%, respectively. 
Table 4: Average in vitro nutrients digestibility of ration based on   corn straw and cassava peel supplemented with urea and sulfur
	Treatment
	
	
	In vitro digestibility (%)
	

	
	Organic Matter
	Crude Protein
	Crude Fiber
	Ether Extract
	NFE

	R1
	64.90±2.17d
	63.59±2.64d
	57.66±1.52e
	60.86±3.06c
	61.94±2.01c

	R2
	65.87±2.50cd
	68.18±1.03c
	59.38±1.56d
	62.17±3.0bc
	62.89±1.37bc

	R3
	68.29±3.83bc
	72.03±1.58ab
	60.36±2.05cd
	62.88±4.29b
	65.34±2.56b

	R4
	68.31±4.39bc
	64.25±3.43d
	60.74±1.99cd
	63.30±4.06b
	65.38±5.14b

	R5
	68.66±3.67b
	64.46±1.32d
	61.14±2.14bc
	63.75±2.87b
	65.52±2.56b

	R6
	69.48±4.42b
	69.74±1.32bc
	62,44±1.73ab
	65.75±2.43a
	66.32±4.01a

	R7
	71.50±2.59a
	74.02±0.23a
	63,08±0.40a
	66.78±1.97a
	68.76±1.12a

	SE
	0.8248
	0.9866
	0.5092
	0.5092
	0.6193


Note: Different superscripts in the same column indicate highly significant differences (P<0.01).
Table 5: Average in vitro fiber fraction digestibility of ration based on   corn straw and cassava peel supplemented with urea and sulfur 
	Treatment
	Fiber Fraction Digestibility (%)

	
	NDF (%)
	ADF (%)
	Selulosa (%)
	Hemiselulosa (%)

	R1
	50.27±1.37e
	42.45±0.56f
	52.72±0.50g
	64.87±4.21c

	R2
	58.05±0.43a
	50.94±0.18a
	60.10±0.49a
	71.31±1.45a

	R3
	55.43±0.40b
	47.84±1.07c
	57.39±0.25c
	69.58±1.89ab

	R4
	56.07±0.64b
	49.28±1.21b
	58.28±0.79b
	68.75±2.92abc

	R5
	53.05±0.22d
	45.98±0.60d
	55.35±0.43e
	66.24±1.38bc

	R6
	54.13±0.22c
	46.89±0.53cd
	56.26±0.79d
	67.65±1.48abc

	R7
	52.11±0.51d
	44.88±0.17e
	54.26±0.31f
	65.60±1.56bc

	SE
	0.352
	0.341
	0.253
	1.239


Note: Different superscripts in the same column indicate highly significant differences (P<0.01)

Fig. 3: Digestibility of organic matter from rations containing corn straw and cassava peel supplemented with urea and sulfur.


[bookmark: _Hlk212065679]Fig. 4: Crude protein digestibility of rations containing corn straw and cassava peel supplemented with urea and sulfur.

Fig. 5: Crude fiber digestibility of rations containing corn straw and cassava peel supplemented with urea and sulfur.
3.3 Fermentation profile: volatile fatty acids (VFA) profile 
The production of individual VFA shown in Table 6. Treatments had significantly different effect (P<0.01) on acetic acid (Fig. 6). However, there was no significant difference (P>0.05) on another component of VFA. The A/P ratio was also not significant different (P>0.05).
Table 6:  Average individual VFA production of rations based on corn straw and cassava peel supplemented with urea and sulfur
	Treatment
	Individual VF

	
	C2 (%)
	C3 (%)
	nC4 (%)
	nC5 (%)
	iC4 (%)
	iC5 (%)
	Ratio C2/C3

	R1
	60.08d
	24.45
	8.72
	1.41
	2.57
	2.78
	3.20

	R2
	68.28b
	20.06
	7.43
	1.13
	1.29
	1.82
	3.67

	R3
	69.27b
	19.52
	6.67
	1.03
	1.67
	1.84
	3.82

	R4
	71.20a
	18.45
	6.50
	0.91
	1.30
	1.63
	4.61

	R5
	70.69a
	18.48
	6.52
	0.99
	1.46
	1.85
	4.25

	R6
	66.49c
	20.45
	7.81
	1.11
	1.96
	2.17
	4.08

	R7
	66.78c
	20.28
	7.68
	1.10
	2.00
	2.14
	3.43

	SE
	4.32
	2.88
	1.03
	0.16
	0.29
	0.7
	0.76


Note: Different superscripts in the same column indicate significant differences (P<0.05). SE (standar error).

Fig. 6: Acetic acid of rations containing corn straw and cassava peel supplemented with urea and sulfur.
3.4 Rumen microbial dynamics: protozoa population dynamics and microbial protein synthesis
[bookmark: _Hlk211567489]Supplementation of urea (0.5 and 1.0%), sulfur (0.1 and 0.2%) or a combination of urea and sulfur showed that there were no significant differences (P>0.05) in the amount of rumen microbial biomass and microbial protein synthesis (Table 7). However, the protozoa population was significantly affected (P<0.01) by treatments. The highest protozoa population was found at combination of 1% urea and 0.2% sulfur (R7). This result was not significantly different (P>0.05) from the urea-only (R2 and R3) or sulfur-only (R4 and R5) supplementation treatments, or the combination of 0.5% urea and 0.1% sulfur (R6).
Table 7:  Average protozoa population, microbial biomass and microbial protein synthesis of rations containing corn straw and cassava peel supplemented with urea and sulfur.
	Treatment
	Protozoa Population
(cell/mL)
	Microbial Biomass
(mg/100mL)
	Mikrobial Protein Synthesis (mg/100mL)

	R1
	7.55 x 105b
	270.00
	77.77

	R2
	11.17 x 105a
	231.70
	57.40

	R3
	13.84 x 105a
	265.00
	72.37

	R4
	13.57 x 105a
	261.70
	70.34

	R5
	13.77 x 105a
	228.30
	55.38

	R6
	12.92 x 105a
	275.00
	73.63

	R7
	13.58 x 105a
	263.33
	63.87

	SE
	0.96
	16.81
	5.78


Note: Different superscripts in the same column indicate highly significant differences (P<0.01). SE (standar error)
4. DISCUSSION
4.1 Ruminal physicochemical environment: pH and ammonia (NH3)
[bookmark: _Hlk217218584]Although urea and Sulfur supplementation significantly increased fermentation activity (as seen from high VFA and ammonia), rumen fluid pH remained stable and showed no statistically significant difference between treatments (R1 to R7) after 48 hours of fermentation. The rumen fermentation process produces volatile fatty acids (VFAs), which can lower rumen pH. Meanwhile, the ammonia produced from urea can neutralize these acids/VFAs, thus tending to maintain a more stable of the degree of acidity rumen. Changes in rumen pH will affect fermentation patterns (Pazla et al. 2024; Ananta et al. 2025) and rumen microbial composition (Bach et al. 2023).
The maintenance of a stable ruminal environment is a fundamental prerequisite for optimizing the utilization of fibrous agricultural residues. In the present study, ruminal pH remained tightly regulated within the physiological range of 6.8 to 6.9 across all treatments. This specific range represents the optimum zone for cellulolytic enzyme activity and the attachment of major fiber-digesting bacteria to plant cell wall, both of which are highly sensitive to even minor acidic shifts below 6.2 (Van Soest 1994).
Optimization of the fermentation process starts with the availability of essential nutrients for rumen microorganisms (Pazla et al. 2025). The rumen fermentation process involves microbes living in the rumen. Therefore, the availability of nutrients for these microbes is essential to optimize this fermentation process. In the present study ammonia concentration increased significantly from R1 (11.75mg/100mL) to R7 (14.06mg/100mL). Urea plays a role in providing ammonia through a hydrolysis process (Getahun et al. 2019) which occurs with the presence of the urease enzyme produced by rumen bacteria (Hailemariam et al. 2021) Ammonia is needed for the microbial growth the ammonia produced in this study was 11.75 - 14.06mg/100mL. This level stands comfortably above the minimum threshold required for microbial survival and fits perfectly within the optimal range needed to maximize structural carbohydrate digestion and microbial protein synthesis when low-quality roughages are fed (Satter and Slyter 1974). The minimum concentration of ammonia is 50-60 mg/L (Satter and Slyter 1974; Mehrez et al. 1977). The use of urea in this study was a maximum of 1% because it is in accordance with the European Food Safety Authority (2012) that the safe use of urea for ruminant livestock is no more than 1.5%.  Ruminal fluid ammonia concentration was increased by feeding urea and decreased by feeding additional starch (Cameron et al. 1991). 
In the present study, the increase in NH3 in the combination treatments (R6 and R7) was the result of synergy between N availability and S metabolic efficiency, which collectively maximized microbial activity in breaking down protein and urea in the rumen. R6 and R7 provide optimal conditions where urea (a nitrogen provider) and sulfur (an efficiency enhancer) work together. This results in the breakdown of dietary protein and added urea at a faster rate than with urea alone (R2 and R3) or sulfur alone (R4 and R5). Consequently, the S-driven rate of urea deamination and hydrolysis leads to a greater release of NH3, resulting in higher levels of NH3 accumulation in the rumen fluid of R6 and R7 compared to the single treatment (Fig.1).
Increasing urea supplementation from 0.5% to 1% in a ration containing corn straw and cassava peels increased ammonia concentration in the rumen. Increasing the urea dose clearly increases ammonia concentration. This is in line with the research of Sumadong et al (2022) that increasing urea from 10 to 20g/kg DM in concentrate increases ammonia concentration and protein digestibility. The addition of sulfur from 10g/kg DM to 20g/kg DM in concentrate can reduce the toxic properties of HCN.
[bookmark: _Hlk212373374]The combination of 1% urea and 0.2% sulfur produced the highest ammonia concentration. This is because 100% of the urea is hydrolyzed into ammonia by the urease enzyme activity produced by rumen microbes (Getahun et al. 2019). Ammonia concentration increased with increasing urea supplementation. The combination of urea and sulfur improved the synthesis of sulfur-containing amino acids. couple with the availability of energy derived from easily fermentable carbohydrates (cassava peel), which produce VFA. Sulfur increases the efficiency of microbial proteolytic enzymes. According to Wang et al (2021) that increasing crude protein raised proteolytic bacteria abundance (Butyrivibrio fibrisolvens and Prevotella ruminicola) in crossbred beef steers fed total mixed ration.
Concurently, the ruminal ammonia (NH3) concentration range from 12-14mg/mL.  While the classic benchmark established by Satter and Slyter (1974) indicates that 5mg/100mL ammonia is the minimum concentration required to support general microbial survival, subsequent studies focusing in low-quality tropical crop residues suggest that higher concentrations between 10 and 20mg/100mL are functionally necessary to maximize the degradation rate of structural carbohydrates (Preston and Leng 1987; Leng 1990). Therefore, 12-14mg/100mL achieved via urea and sulfur supplementation provided a highly sufficient nitrogen substrate directly fueling the proliferation of the microflora population without exceeding toxic thresholds.
4.2 VFA total production 
Volatile Fatty Acids (VFAs) are the end product of nutrient fermentation in the rumen, primarily carbohydrates, followed by protein and fat. VFAs consist of volatile short-chain fatty acids: acetic acid, propionic acid, butyric acid. In addition, the following are also produced, iso butyric acid and isovaleric acid (Dijkstra et al. 2005). The role of VFA is as the main energy source for ruminants. 
In the present study, the availability of energy for microbes derived from the digestion of corn straw and cassava peel increased in the combination treatment with increasing additions of urea and sulfur. This was evidenced by the increase in VFA production in the ration from 104.38mM (R1) to 133.13mM (R7). The total VFA production in rumen fluid generally ranges from 80 - 160mM (McDonald et al. 2011). The highest VFA production in the R7 treatment (133mM) was in line with the high NH3 concentration (14mM) in the same treatment. This indicates that overall fermentation activity was at its peak. The addition of sulfur also changes VFA production. Total VFA production also increased significantly from R4 to R5 (115mM to 125.00mM). Total VFA at R5 showed an increase in the overall carbohydrate and protein fermentation rate. Urea and sulfur supplementation in ration which contain corn straw and cassava peel was increased total VFA production (as seen in Table 3 and Fig. 2), we can say that the supplementation successfully modulated the rumen fermentation process. The successful stabilization of these physicochemical parameters facilitated a highly efficient fermentation process. This efficiency is directly evidenced by the substantial surge in total VFA concentrations, which advanced from 104 mM in the control group to a peak of 133mM under the supplemented treatments of 1% urea and 0.2%S. Because total VFA represents the primary energy source for ruminants, this pronounced increase demonstrates that the supplementation strategies effectively enhanced the overall fermentability and energy availability of the basal ration (Pazla et al. 2023).
Ammonia concentration, ranging from 12 to 14mg/100mL, was well within the optimal threshold required to maximize microbial protein synthesis and structural carbohydrate digestion (Satter and Slyter 1974). The adequate availability of nitrogen from urea, paired with sulphur, effectively stimulated the proliferation of fibre-digesting microbes. This synchronization is further evidenced by the increase in total VFA production, demonstrating that the synchronized supply of N and S enhanced the overall fermentability of the low-quality agricultural waste without compromising the ecosystem of the rumen.
4.3 Macro nutrients digestibility and carbohydrate fraction
Organic matter digestibility is the digestibility of all food substances consisting of crude protein, ether extract, crude fiber, and nitrogen free extract digestibility. Corn straw and cassava peel-based rations supplemented with urea and sulfur have protein contents ranging from 10.52 to 13.40%, and the same TDN content (65.23%). Differences in protein content of rations with the same TDN show varying organic matter digestibility, especially in the combination of urea and sulfur; where the organic matter digestibility values ​​increase. This increase is in line with the findings of Agustin et al. (2025) that increasing urea (1%) and sulfur (0.2%) supplementation increased digestibility of dry matter. This is likely due to the availability of nitrogen sources and sufficient energy or the balance between protein and energy (Putri et al. 2025) and is also influenced by the N:S ratio. Based on the N:S ratio, for cattle the N:S ratio ranges between 10:1 and 14:1 (Ruminant Nitrogen Usage 1985; NRC 2000; European Food Safety Authority 2012).  Urea and Sulfur supplementation (R2-R7) highly significant different increased all nutrient digestibility value compared to the basal ration (R1).
The increase in digestibility of crude fiber (Table 4) and fiber fractions (Table 5) in this ration is likely due to optimal activity of cellulolytic bacteria, which is driven by the following factors: 1) Availability of fiber substrate (corn straw). A ration containing 30% corn straw provides a substrate rich in fiber (cellulose and hemicellulose). The availability of this fiber is a prerequisite for the growth of cellulolytic bacteria. 2) Urea and sulfur supplementation.  The increase in fiber digestibility occurs because: (a) Urea provides the nitrogen source essential for cellulolytic bacteria to grow and carry out fiber degradation activities. (b) Sulfur provides sulfur-containing amino acids required by bacteria for protein synthesis. (c) When cellulolytic bacteria receive sufficient nutrients (especially nitrogen and sulfur), their activity and population increase, which directly increases crude fiber digestibility. This is in line with Cherdthong et al. (2018) that urea supplementation and high levels of easily fermentable carbohydrates will increase rumen fermentation efficiency.
In the present study, N and S supplementation successfully optimized bacterial growth (which plays a role in fiber digestibility), while cassava peel successfully optimized protozoa growth (which plays a role in digesting starch/sugar), so that both populations can coexist without inhibiting each other's main function of the rumen (predation/competition). In general, the results showed that Urea and Sulfur supplementation (R2-R7) significantly (very significant) increased all nutrient digestibility values ​​(in vitro) compared to the basal ration (R1). Increased fermentation activity driven by N and S (as evidenced by high concentrations of VFA) is directly correlated with increased digestibility. 
Crude protein digestibility also reached its highest value at R7 (74.02%). Although microbial protein synthesis was not significantly different, the high crude protein digestibility indicates that the addition of N and S has increased the supply of digestible protein. Organic matter digestibility (OMD) and nitrogen free extract (NFE) digestibility peaked at R7 (71.50% and 68.76%) respectively. The increase in OMD indicates an overall increase in efficiency, while the increase in NFE digestibility is driven by the activity of amylolytic bacteria on starch from cassava peel.
The digestibility of NFE reached its peak under the combined supplementation of both urea and sulphur. In this study, the basal ration contained corn straw paired with cassava peel as the primary energy source. Cassava peel is highly rich in readily fermentable carbohydrates (starch). The maximum NFE digestibility under the combined treatment underscores the critical importance of N and S synchronization in the rumen. When urea and sulphur are supplied together, they fulfil the ideal N:S ratio required for optimal microbial protein synthesis, thereby simultaneously stimulating both cellulolytic and amylolytic matrixes.
Contrarily, the digestibility of structural carbohydrates, including neutral detergent fibre (NDF), acid detergent fibre (ADF), and cellulose, peaked exclusively under the 0.5% urea supplementation treatment. This variation indicates a metabolic shift within the rumen ecosystem. When urea and sulphur are combined in the presence of highly soluble energy like cassava peel, the microbial population preferentially channels its metabolic activity toward carbohydrate fractions that are easier to ferment, such as NFE. Cellulolytic bacteria lose the competition for space or there is a shift in microbial dynamics. Conversely, the standalone 0.5% urea supplementation provided an optimal ammonia concentration that perfectly matched the endogenous sulphur content of the basal feed, thereby precisely accelerating the fibrolytic pathways without triggering substrate competition or microbial dilution effects.
This indicates that the 0.5% dose is optimal in providing the nitrogen needed by fiber-degrading bacteria (cellulolytic bacteria) to maximize their activity. The addition of 1% urea (R3) actually results in lower digestibility than R2. Increasing urea levels above the optimal microbial requirements can cause: excess urea is broken down too quickly into ammonia (NH3) in the rumen. A dose of 1% urea exceeds the microbial requirement for optimal protein synthesis under these ration conditions, so it does not increase, and even tends to decrease the digestibility of the fiber fraction compared to a dose of 0.5%. If the ammonia produced exceeds the microbial capacity to utilize it (for example, due to a lack of energy sources), ammonia will accumulate. In this study, the energy content of the ration was the same for all treatments. namely 65% ​​TDN, but the protein content was different, ranging from 10.52-13.40% (Table 2).  
Supplementation of 0.1% S (R4) showed higher digestibility of fiber fraction than 0.2% S (R5). This difference in sulfur causes a change in the N:S ratio (Table 2), resulting in different digestibility of fiber fractions. Based on the N:S ratio, the N:S ratio for cattle ranges between 10:1 and 14:1 (NRC 2000). The addition of 0.2% S (R5) may result in an unbalanced N:S ratio, 8.4:1, which may inhibit or be ineffective in stimulating microbial growth compared to a dose of 0.1% S. Excessive sulfur may also disrupt normal metabolic processes in the rumen (NRC 2000), although the primary mechanism is more related to an imbalance in optimal nutrition. When urea and sulfur are combined with cassava peel, rumen microbes tend to take a shortcut by degrading starch/NFE first, as it is more energetically fermentable. Cellulolytic bacteria lose out on competition for space, or a shift in microbial dynamics occurs.
The holistic efficiency of this synchronized elemental intervention is definitively underscored by dry matter digestibility, organic matter, crude fibre, crude protein, and nitrogen free extract digestibility profile, they reached their absolute peaks under the combined urea and sulphur supplementation (Agustin et al. 2025). In ruminant physiology, dry matter and organic matter digestibility serve as the macro-indicators of overall ruminal degradability, integrating the complex enzymatic breakdown of individual nutrient fractions into a singular measure of digestive efficiency. The maximum nutrients digestibility observed under the combined treatment demonstrate that the synchronization of non-protein nitrogen and sulphur effectively dissolved the metabolic bottlenecks that typically restrict the utilization of lignocellulosic crop residues.
The basal diet utilized corn straw paired with cassava peel, with the latter serving as a major source of readily available energy through its starch content. When nitrogen and sulphur are highly synchronized, amylolytic microbial population increase exponentially to satisfy their precise stoichiometric N:S requirements (NASEM 2016). The elemental balance eliminates metabolic bottlenecks, causing an aggressive fermentation of non-structural carbohydrate. Conversely, the digestibility of structural carbohydrates, specially NDF, ADF and cellulose, peaked exclusively under the 0.5% standalone urea treatment. This divergence reflects a classic substrate-preference phenomenon that has been widely validated by recent rumen microbiomics (Gharechahi et al. 2023; Lu et al. 2025). 
4.4 Effects of urea and sulfur supplementation on VFA profile
The concentration of individual VFA, acetate in the supplementation treatments (R2-R7) was generally much higher than the basal ration (R1). The increase in acetate concentration and high ratio reflects the dominance of fiber fermentation derived from corn straw. Acetate, the main product of fiber fermentation, increased dramatically (R2: 68.28% vs. R1:60.08%). The addition of sulfur resulted in higher production of acetic acid at R4 and R5, namely 70.69% and 71.20% respectively. This indicates increased cellulolytic bacterial activity due to optimal availability of nitrogen (from urea) and sulfur, allowing the bacteria to better break down corn straw.  These results are supported by the statement by McDonald et al. (2011) that acetate is indicators of the fermentation activity of cell wall components (NDF/ADF) by rumen microbes, which in this study come from corn straw. Cellulolytic bacteria in the rumen require nitrogen (usually in the form of ammonia/from non-protein nitrogen such as urea) as the main source for microbial protein synthesis. Balanced N and S supplementation optimizes the growth of cellulolytic bacteria. When these bacteria thrive, corn straw fiber degradation increases, which is automatically reflected in a high acetate to propionate ratio (above 3:1). Van Soest (1994) stated that there is a relationship between structural carbohydrates (fiber) and the VFA profile, where high fiber feed always produces a high acetate ratio.
Propionate, a fermentation product of non-fiber carbohydrates (starch), was not significant different (P>0.05) (18.48-24.45%). The insignificant difference in propionic acid production is likely because the rumen is already quite efficient at producing propionic acid with the base ration with cassava peel which contain non fiber carbohydrate). The addition of urea and sulfur, intended to increase rumen microbial activity, did not have a significant additional impact because conditions were already ideal. 
The acetate/propionate ratio in the basal ration (R1) was 3.2:1. In supplementation treatments, this ratio generally was not significantly different (ranging from 3.43:1 to 4.61:1).  In this study, the observed A:P ratio  4.6:1 (1% urea and 0.2% sulfur or at N:S ratio 10.7:1) reflects a typical fermentation pattern dominated by acetate production, consistent with the utilization of a high-fiber corn straw diet. According to  McDonald et al. (2011), high-roughage diets inherently stimulate acetate-producing cellulolytic microbes. This biologicah mechanism is strongly supported by the rumen pH and ammonia concentration achieved in this treatment. The rumen pH 6.8 to 6.9, providing an optimal physiological environment for cellulolytic enzymes and microbial activity, which are known to be sensitive to acidic condition (Hungate 1966; Van Soest 1994). 
Likewise, the production of butyric acid, branched chain fatty acids and the acetate: propionate ratio, the results were also not significantly different with the addition of urea and sulfur to the basal ration. Iso butyrate (iC4) and Iso valerate (iC5) (Table 7) are branched-chain fatty acids (BCFA) produced from amino acid degradation and serve as essential growth factors for cellulolytic bacteria. The results show that there was an increase in the digestibility of crude fiber. These results align with the statement by Stewart et al. (1983) that the primary cellulolytic bacteria in the rumen (such as Ruminococcus albus and Fibrobacter succinogenes) require branched-chain fatty acids as essential growth factors for cell division and cell wall development. As the population of these fiber-degrading bacteria increases, the digestibility of crude fiber in the feed also increases. According to Roman-Gracia et al. (2021) that BCVFA supply increases fiber degradability (NDF) by up to 6–7% by stimulating the growth of cellulolytic bacteria. 
Cassava peel plays a crucial role as a synchronization partner for urea. Unlike corn straw, whose fiber is difficult to break down, cassava peel contains high levels of starch or non-fiber carbohydrates (NFC) that are easily fermented (Agustin et al. 2024). These readily available carbohydrates are immediately converted into ATP required by rumen microbes for their activity.
4.5 Effects of urea and sulfur supplementation on protozoa population dynamics and microbial protein synthesis 
Supplementation of urea (as a source of Non-Protein Nitrogen or NPN) and sulfur (S) in fiber-based and low-protein rations such as corn straw and cassava peel aim to provide essential nutrients needed by rumen microorganisms to work more optimally. The population of rumen protozoa in treatments supplemented with urea, sulfur, or their combination (R2 to R7) increased significantly (P<0.01) compared to the basal ration (R1; 7.55x105 cells/mL). The average protozoan population in the R2-R7 supplementation treatment was in the range of 11.17 x105 to 13.84 x105 cells/mL. The population of protozoa increased significantly under all supplementation treatments (urea, sulfur, and their combination) compared to the control group. The abundance of starch from the cassava peel, combined with the removal of N and S deficiencies through supplementation, created highly favourable conditions for protozoan proliferation. This increase may indicate that N and S supplementation provides better conditions, although protozoa themselves do not directly require as much urea and sulfur as bacteria. The increase in protozoa population is very likely related to the availability of easily digestible energy sources (fermentable carbohydrates) from cassava peel, which serve as the primary substrate for Holotrichs-type protozoa. This high protozoan population is possible because they can grow optimally without having to significantly prey on bacteria, due to the availability of sufficient energy. This result is in line with the statement of Dehority and Denyo (2003) that the substrate for protozoa growth is mainly easily fermented carbohydrates. Protozoa of the isotricha and dasytricha types, their main energy source is starch and sugar. This is supported by the presence of a nitrogen source derived from urea supplementation.
Interestingly, microbial biomass and microbial protein synthesis showed non-significant differences across all treatments. This paradox can be attributed to the predatory behaviour of protozoa toward bacteria within the rumen ecosystem. The surging protozoan population likely accelerated the predation and turnover rates of the bacterial community. Consequently, while the actual metabolic activity and nutrient degradability expanded—as evidenced by the elevated total VFA from 104 to 133mM—the net measurable microbial biomass remained statistically stable due to this internal biological buffering mechanism. Cassava peel again plays an important role as a trigger for protozoa growth due to its starchy properties. This comprehensive microbial balance was securely anchored by the ideal rumen pH (6.8–6.9) and optimal ammonia levels (12–14mg/100 mL), which maintained an excellent physiological environment for diverse microflora activity (Satter and Slyter 1974; Van Soest 1994). Despite the massive expansion of total VFA (up to 133mM) and enhanced nutrient digestibility, net microbial biomass and microbial protein synthesis values differed non-significantly across all treatments. This apparent paradox can be scientifically explained by the ecological phenomenon of protozoan predation, often referred to as the rumen microbial turnover effect. Protozoa are avid predators of bacteria, capable of consuming millions of bacterial cells per hour to satisfy their own protein requirements.
Therefore, while the combined urea and sulphur treatment successfully stimulated a higher rate of bacterial growth and activity (as validated by peak NFE and protein digestibility), the net measurable bacterial biomass was continuously grazed down by the surging protozoan population. This internal biological buffering mechanism creates a high-turnover cycle where bacterial protein is recycled within the rumen rather than flowing post-ruminal, thus explaining why net microbial protein synthesis remained statistically unaltered despite highly advanced volatile fatty acid production.

Conclusion: In conclusion, the synchronized supply of urea and sulfur successfully optimizes the rumen ecosystem in high fiber-starch ration, with basal diet of 30% corn straw and 30% cassava peel. The optimum supplementation of urea and sulfur  was acchieved at 1% urea and 0.2% Sulfur , which was establishedt hrough the ratio N:S of  10.7:1. At that specific formulation, pH (6.85) and ammonia production (14mg/100mL) were maintained within ideal physiological environment, driving organic matter and NFE digestibility to absolute peaks, 71.50% and 68.76% respectively, and expanding total volatile fatty acids (VFA) production to 133mM. The rumen microflora displayed clear metabolic specialization: standalone 0.5% urea maximized structural fibre degradation (NDF, ADF, and cellulose), while combined urea-sulfur supplementation maximized the utilization of soluble fractions (NFE, protein, and fat). Furthermore, the significant expansion of the protozoan population clarifies the biological mechanism behind the stable net microbial protein synthesis and elevated methane production, highlighting a symbiotic, high-turnover predation ecosystem. Overall, combining urea and sulfur represents a highly viable and efficient strategy to unlock the energetic and nutritional value of agricultural by-products in sustainable livestock production.
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[VALUE]e
[VALUE]e
[VALUE]bc
[VALUE]d
[VALUE]b
[VALUE]b
[VALUE]a

R1	R2	R3	R4	R5	R6	R7	12	12	13	12	13	13	14	Treatment


Ammonia (mg/100mL)




[VALUE]e
[VALUE]e
[VALUE]c
[VALUE]d
[VALUE]b
[VALUE]b
[VALUE]a

R1	R2	R3	R4	R5	R6	R7	104	108	120	115	125	128	133	Treatment


Total VFA (mM)




[VALUE]d
[VALUE]cd
[VALUE]bc
[VALUE]bc
[VALUE]b
[VALUE]b
[VALUE]a

R1	R2	R3	R4	R5	R6	R7	65	66	68	68	69	69	72	Treatment


Organic matter digestibility (%)




[VALUE]d
[VALUE]c
72ab
[VALUE]d
[VALUE]d
[VALUE]bc
[VALUE]a

R1	R2	R3	R4	R5	R6	R7	64	68	72	64	65	70	74	Treatment


Crude Protein digestibility (%)



[VALUE]e
[VALUE]d
[VALUE]cd
[VALUE]cd
[VALUE]bc
[VALUE]ab
[VALUE]a

R1	R2	R3	R4	R5	R6	R7	58	59	60	61	61	62	63	Treatment


Crude fiber digestibility (%)



Acetic acid (%) 

Acetic acid (mol/100mol)	R1	R2	R3	R4	R5	R6	R7	63.138981223609797	68.841212423599799	69.334522934816803	69.895966117027797	71.415392085457597	65.786749482401603	66.361313340726099	R1	R2	R3	R4	R5	R6	R7	R1	R2	R3	R4	R5	R6	R7	Treatment


Acetic acid (%)



