
Advances in Animal and Veterinary Sciences

October 2024 | Volume 12 | Issue 10 | Page 2051

Research Article

Abstract | This study was conducted to determine the optimal urea levels for ammoniated steamed oil palm fronds 
(OPF). Four treatments were evaluated, i.e., T1: ammoniated steamed OPF (control); T2, T1 + 1% urea; T3, T1 + 3% 
urea; and T4, T1 + 5% urea. Fresh OPF was steamed in an autoclave at 121°C and 1.4 atm pressure for 30 min. Steamed 
OPF was ammoniated with 1, 3, and 5% urea according to the treatments. After 10 days, the samples were dried, ground 
to a size of 1 mm, and analyzed for proximate parameters and fiber fractions. One gram of the sample from each treat-
ment group was incubated with buffered rumen fluid at 39°C for 72 h. Gas production was measured after incubation 
for 2, 4, 6, 8, 12, 16, 24, 36, 48, 62, and 72 h. pH, NH3, organic matter degradation (OMD) and microbial yield (MBO) 
were measured at the end of the incubation period. The gas data were fitted using an exponential model. Results revealed 
that the steam decreased (P<0.05) CP, CF, NDF, and ADF and increased (P<0.05) NFE but did not affect the hemi-
cellulose content of OPF. The urea level in ammoniated steamed OPF resulted in a quadratic decrease in the NDF and 
ADF contents of OPF, while hemicellulose increased quadratically. A quadratic relationship was observed between the 
urea levels and either nutrient degradation or gas production in the rumen. Increasing the urea level in steamed OPF 
resulted in a linear increase in rumen NH3, MBO, and MN. The rate and total gas production in T3 were the highest, 
whereas those in T4 were the lowest. T1 and T2 had comparable rates and total gas production for a 72h incubation 
period. It was concluded that the optimal level of urea used in ammoniated steamed OPF was approximately 3.2 - 3.6%.
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INTRODUCTION

The extensive development of palm oil plantations re-
sults in copious amounts of waste, including oil palm 

fronds (OPF), which could serve as an alternative to con-
ventional fiber sources for ruminants. The oil palm tree 
generates between 40 and 50 fronds every year in Indo-
nesia (Biyatmoko, 2013), with an average frond biomass 
production of 6.3 tonnes per hectare (Laksono and Ibra-
him, 2020). Among the biomass produced by the oil palm 
industry, OPF accounts for more than half of the total (Ooi 
et al., 2017). The quantity of OPF generated is not propor-
tional to its nutritional value. Its crude protein (CP) con-
tent is low at approximately 2.23% (Suryani et al., 2015), 
while its neutral detergent fibre (NDF) content is high at 
76.09% (Suryani et al., 2015), 74.7% (Harahap et al., 2018), 
and 69.5-78.05% (Saminathan et al., 2022a). Another lim-
itation is the presence of lignocellulosic bonds, which hin-
der the digestibility of rumen microbes. Previous studies 
have shown that ester bonds connecting lignin, hemicellu-
lose, and cellulose impede the degradation of OPF (Rasli et 
al., 2017), leading to low degradation in the rumen (21.3%) 
(Bengaly et al., 2004). Therefore, pretreatment is necessary 
before using OPF as ruminant feed. 

Different pretreatments have been applied to OPF, in-
cluding physical, chemical, biological, and, most recently, 
a combination of physicochemical and physico-biological 
treatments has gained popularity. The most effective physi-
cal treatments applied recently are steam using an autoclave 
and fiber cracking technology (FCT), both of which apply 
high pressure and temperature. This treatment hydrolyz-
es glycosidic bonds, reduces cellulose crystallinity, and ex-
pands the surface area of OPF ( Jayanegara et al., 2017). The 
application of either FCT (Harahap et al., 2018) or auto-
clave treatment (Lestari et al., 2023) resulted in a reduction 
in the proportion of fibers in OPF. Nevertheless, OM deg-
radation and fermentation in the rumen did not increase. 
This is likely due to the fact that high-temperature physical 
treatments (FCT and autoclaving) generate Maillard prod-
ucts with low CP digestibility, as indicated by an increase 
in the nitrogen (N) content of acid-detergent fiber (ADIN) 
(Van Soest and Mason, 1991). Based on this, researchers 
have added urea to OPF before autoclaving, which also 
could not increase degradation and fermentation in the ru-
men (Lestari et al., 2023). Application of 3% urea followed 
by autoclaving also failed to enhance the in vitro dry mat-
ter degradability (DMD) and organic matter degradability 
(OMD) of rice straw (Muthia et al., 2021). This was large-
ly due to the presence of urea, which has the potential to 
stimulate the Maillard reaction, as previously reported by 
Chen et al. (2000). Upon heating, urea releases ammonia, 
which competes with hydrogen sulfide to react with the 
Maillard reaction precursors, resulting in the production 
of nitrogen-containing compounds such as alkylpyrazines. 

Mendowski et al. (2019) stated that extrusion temperatures 
of 140°C and 160°C appeared to protect dietary proteins 
from ruminal degradability; however, proteins seemed to 
be overprotected at 160°C. To circumvent the Maillard re-
action, urea was introduced following autoclaving of the 
OPF. The question is how much urea should be added to 
provide sufficient ammonia for rumen microbial develop-
ment without the toxic effects of ammonia in the rumen. 

Saminathan et al. (2022b) treated OPF with 1–5% urea, 
resulting in a reduction in dry matter (DM), organic matter 
(OM), neutral detergent fibre (NDF), and acid detergent 
lignin (ADL) content compared to the control. However, 
the CP content of treated OPF exhibited a quadratic in-
crease with increasing levels of urea (1–5%). Additionally, 
Saminathan et al. (2022b) observed that the inclusion of 
4 and 5% urea in OPF resulted in a higher in vitro VFA 
and ammonia-N production, as well as DM and OM deg-
radability in goats, compared to the 1–3% urea levels. In a 
separate study, (Noersidiq et al., 2020) demonstrated that 
the application of urea at concentrations of up to 6% on oil 
palm trunks could enhance the digestibility of dry matter 
(DM) and crude protein (CP) by 4.5 and 7.3 units, respec-
tively. However, utilisation of urea in excess of 6% led to a 
reduction in nutrient digestibility, attributed to elevated ru-
men pH levels exceeding 7, even when urea was employed 
at a dosage of only 4%. 

The provision of 1% urea from the evaluated substrate is 
analogous to the administration of 10 mg urea (calculated 
as 1% of the 1 g feed sample utilized in the in vitro exper-
iment), which has the potential to yield 10 mg x 0.5667 
NH3-N ammonia (equivalent to 5.667 mg ammonia). If 
the in vitro experiment employed 60 ml of anaerobic solu-
tion, then the vessel bottle contained 5,667 mg ammonia 
per 60 ml, which is equivalent to 9.445 mg N-NH3/dL of 
anaerobic medium. The utilisation of 5% urea is equivalent 
to (50 mg × 0.5667)/0.60dL, which equates to 47.2 mg 
N-NH3/dL rumen fluid. Therefore, 1% urea is insufficient 
to provide the requisite ammonia for optimal microbi-
al protein synthesis and NDF degradation in the rumen, 
which is 17.76–19.11 mg NH3/dL rumen fluid (Neto et al., 
2019). Conversely, administration of 5% urea, which has the 
potential to provide NH3-N in excess of the requirements 
of rumen microbes, may result in an oversupply of ammo-
nia within the rumen. If the excess is not fully absorbed 
by cattle through the villi of the rumen wall, it may prove 
toxic to rumen microbes (Patra, 2015). Furthermore, excess 
urea can be toxic to the host animal and may even result 
in environmental pollution if excreted in large quantities 
in the urine. However, if the supply of urea is balanced by 
the availability of energy sources, it is possible that excess 
ammonia can be used for rumen microbial synthesis. Sev-
eral studies have demonstrated that the supplementation of 
ruminal fermentable carbohydrates results in a reduction in 
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NH3 levels within the rumen, which can be attributed to 
an enhanced uptake of NH3 for microbial protein synthe-
sis (Hristov et al., 2019). Autoclaving (steaming) is a tech-
nique that can be employed to provide sufficient nutrients 
that can be converted to energy in the rumen to meet the 
needs of rumen microbes. The objective of this study was 
to determine the optimal urea concentration for enhancing 
rumen nutrient degradation, fermentation, and microbial 
biomass yield in ammoniated steamed fresh OPF. 

MATERIALS AND METHODS

Sample Preparation and Treatments
Oil palm front (OPF) samples were collected from the PT. 
Perkebunan VI, Batanghari, Jambi Province. Fresh OPF 
was chopped into 2–3 cm lengths. Freshly chopped OPF 
was steamed in an autoclave at 121 0C and 1.4 atm pressure 
for 30 min. The steamed freshly chopped OPF was subject-
ed to the following experimental treatments: 

T1: Ammoniation steamed OPF w/o urea
T2: T1 + 1% urea
T3: T1 + 3% urea
T4: T1 + 5% urea

Subsequently, the steamed fresh OPF was subjected to DM 
analysis after autoclaving. Five plastic bottles with a capac-
ity of approximately ±500 g were used as replicates for each 
treatment. For each replicate, 500 g of steamed fresh OPF 
with a dry matter (DM) content of 48.7% was prepared. 
The source of ammonia was urea fertiliser produced by PT 
PUSRI, with a nitrogen content of 48% and a water con-
tent of 0.5%. Granular urea was pulverised to a particle size 
of 1 mm using a mortar and pestle. The ground urea was 
then weighed according to the treatment (dry matter basis) 
and mixed thoroughly with steamed fresh OPF, which was 
then ammoniated in an airtight plastic bottle and stored at 
room temperature for 10 d. The ammoniated steamed fresh 
OPF was dried and ground using a hammer mill with a 
sieve size of 1 mm. 

Chemical Composition Analysis
Samples from each treatment were analysed for DM, ash, 
CP, Ether extract (EE), and CF according to (AOAC, 2019) 
and for NDF and ADF (Van Soest et al., 1991). Hemicellu-
lose content was estimated by subtracting the ADF from the 
NDF. The chemical composition was determined in duplicate.

In Vitro Incubation 
Samples from each treatment were accurately weighed (1.0 
g ± 0.0010 fresh weight in total) directly into a 120 ml serum 
bottle. Duplicate bottles for each treatment were prepared 
and incubated for varying periods that were terminated at 
72h; one for true organic matter degradability (TOMD) 

and the other for apparent OMD (AOMD). In addition, 
one blank was prepared for each parameter, resulting in a 
total of 12 incubation bottles for each run. This procedure 
was repeated on three separate occasions. Samples were 
incubated in 60 ml buffered rumen fluid, as described by 
(Mauricio et al., 1999) at 39 0C for 72h. Rumen inoculum 
(from fluid and solid particles) was obtained from the fis-
tulated Bali cattle. The diet fed to the Bali cattle was solely 
field grass. The Bali cattle were fed twice daily at 08:00 and 
15:00 and had free access to feed and water. Ruminal con-
tents were collected from the donor cattle through the ru-
men cannula before the morning feeding and then poured 
into a sterile bottle (1,000 mL), leaving no headspace in 
the bottle, which was taken to the laboratory within 15 
min. The rumen liquor was squeezed through four layers 
of cheesecloth into a flask under a continuous flux of CO2 
in a water bath kept at 390C until use. Gas production was 
measured at 2, 4, 6, 8, 10, 12, 16, 24, 36, 48, 60 and 72h post 
incubation. At the end of each incubation period, fermenta-
tion was stopped by the addition of 1.5 ml 1 M orthophos-
phoric acid. The residues were recovered for apparent and 
true OMD determination, and both were used to calcu-
late MBO (Blümmel et al., 1997b) and microbial nitrogen 
(MN) = MBO*0.09 (Demeyer, 1991). The cumulative gas 
volume (three duplicate runs) was fitted to the exponential 
equation y = a + b (1-e-ct) (Ørskov and McDonald, 1979).

Statistical Analysis 
This experiment was conducted based on a complete-
ly randomised design (CRD), with four treatments and 
five replicates. Data were subjected to analysis of variance 
(ANOVA), and data showing significance between treat-
ment means (P ≤ 0.05) were separated using orthogonal 
polynomial contrasts (SAS, 2012). The contrasts used were 
linear (L) or quadratic (Q) or deviated from both L and Q 
(Dev). Statistical significance was set at P ≤ 0.05.

RESULTS AND DISCUSSION

Chemical Composition
The results showed that the steaming process reduced the 
CF but increased the CP and NFE of OPF (Table 1). In-
creasing the urea level in the ammoniation process slightly 
decreased CF and NFE but increased CP. Fresh OPF had a 
higher CF content than OPF after fiber steam processing. 

The steam process significantly decreased the NDF and 
ADF contents of OPF (P<0.01) but had no significant ef-
fect on hemicellulose (Table 2). Increasing the urea level 
in the ammoniation process resulted in quadratic (P<0.05) 
changes in the NDF and ADF content of steamed OPF 
(Figure 1). The addition of urea to steamed OPF is expect-
ed to hydrolyse the complex carbohydrate bonds into sim-
ple carbohydrates. This, in turn, resulted in an increase in 
NFE and hemicellulose.
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Tabel 1: Nutrients contents (%) of fresh, steamed and 
ammoniated steamed OPF.
Items/
treatments

DM Ash CP EE CF NFE
 % DM

Fresh OPF 40.79 8.63 3.93 3.44 45.20 38.80
T1 42.46 8.45 6.50 3.46 35.42 46.17
T2 42.42 7.83 9.30 3.34 34.55 44.98
T3 42.21 7.63 10.60 3.35 33.88 44.54
T4 41.32 8.16 12.80 3.38 33.05 42.61
S.E.M. 0.238 0.162 1.177 0.024 0.450 0.662
P value ns ns Linier 

(P<0.05)
ns Linier 

(P<0.05)
Linier 
(P<0.05)

T1: ammoniated-steamed OPF without urea; T2: T1 + 1% 
urea; T3: T1 + 3% urea; T4: T1 + 5% urea; OPF: oil palm 
fronds; DM: dry matter; CP: crude protein; EE: ether 
extract; CF: crude fiber; NFE: nitrogen-free extract.

Table 2: Cell wall contents of fresh OPF, steamed OPF and 
ammoniated steamed OPF with varies level of urea (% DM).
Items NDF ADF Hemicellulose
Fresh OPF 74.71 58.32 16.39
T1 63.70 47.36 16.34
T2 65.82 51.63 14.19
T3 64.13 47.44 16.69
T4 60.98 42.25 18.73
S.E.M. 0.61 0.69 1.28
P value quadratic 

(P<0.05)
quadratic 
(P<0.05)

ns

T1: ammoniated-steamed OPF without urea; T2: T1 + 1% 
urea; T3: T1 + 3% urea; T4: T1 + 5% urea; ADF: acid 
detergent fiber; NDF: neutral detergent fiber; OPF: oil 
palm fronds.

Figure 1: Cell wall compositions of ammoniated-steamed 
OPF with varies of urea (% DM).

The application of steam treatment utilizing an autoclave 
in conjunction with the addition of urea resulted in a 
reduction in the NDF and ADF contents of OPF, as 
evidenced by the findings presented in Table 2. Similar 

results were obtained by Suyitman et al. (2018), who found 
that steam treatment of OPF reduced the NDF and ADF 
by 7.58% and 3.8%, respectively. The modification of fibers 
through extrusion and steam pressure can alter the fiber 
and nutritional properties of pineapple peels (Ishak et al., 
2021). Steam treatment of flex seeds can reduce the crude 
fiber content (Damayanti and Sjofjan, 2022). The process by 
which urea increases crude protein and lowers crude fibre 
during ammoniation is dependent on the conversion of urea 
to ammonia, which then reacts with the feed material. The 
addition of urea to high-moisture feed results in hydrolysis, 
whereby urea is transformed into ammonia (NH₃) and 
carbon dioxide (CO₂). The ammoniation process, facilitated 
by the addition of urea, results in the hydrolysis of urea to 
ammonia, which increases the crude protein content of the 
feed (Sousa-Alves et al., 2020). Furthermore, the ammonia 
released during the ammoniation process also helps to 
break down lignocellulosic bonds within the feed fibre 
structure. This process softens the feed structure, making 
it more digestible and reducing the crude fibre content. 
The reduction in fibre content is attributed to the partial 
solubilisation of hemicellulose and the alteration of lignin, 
which are major components of the fibre fraction (Fariani 
et al., 2021); Sousa-Alves et al., 2020).

Degradation and Microbial Yield
The results of the analysis of variance demonstrated that 
the urea level in ammoniated steam OPF had a significant 
effect (P < 0.05) on DMD, AOMD, TOMD, MBO, and 
MN in the rumen (Table 3). The orthogonal polynomial 
test yielded a quadratic relationship (P < 0.05) between 
the urea level (X, %) and DMD (Y, %) using the equa-
tion y = -0.3751x2 + 2.547x + 29.357 and an R² value of 
0.866. A similar trend was observed between urea level and 
AOMD, with a quadratic equation (P < 0.01) as follows: 
y = -0.3409x2 + 2.0976x + 39.811, R² = 0.9429 (Figure 2).

Table 3: DMD, AOMD, TOMD, MBO and MN of 
ensiled steamed OPF with various level of urea.
Parameters Treatments SEM Contrast

T1 T2 T3 T4 L Q Dev.
DMD (mg g-1) 298.6 305.8 342.5 325.3 6.79 ns * ns
AOMD (mg g-1) 395.8 419.9 427.5 418.6 3.35 ns ** ns
TOMD (mg g-1) 456.4 481.1 492.5 489.1 3.03 ns * ns
MBO (mg g-1) 60.6 61.2 65.0 70.5 2.28 ns * ns
MN (mg g-1) 5.45 5.51 5.85 6.34 0.20 ns * ns

T1: Ammoniated-steamed OPF without urea; T2: T1 + 
1% urea; T3: T1 + 3% urea; T4: T1 + 5% urea; OPF: oil 
palm fronds; DMD: dry matter degradability; AOMD: 
apparent organic matter degradability; TOMD: true 
organic matter degradability; MBO: microbial biomass; 
MN: microbial nitrogen; *(P<0.05); **(P<0.01).
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Figure 2: Relationship between urea level in ammoniated-
steamed OPF and rumen degradation at 72 h post-
incubation.

Figure 3: Relationship between urea level in ammonitated-
steamed OPF and MBO at 72 h post-icubation.

Increasing  the urea concentration in the ammoniated 
steamed OPF (X, %) led to a quadratic increase in the 
microbial biomass MBO (Y, %) in the rumen, as demon-
strated by the exponential equation y = 0.0275x2 + 0.064x 
+ 6.0458, with an R-squared value of 0.9989 (Figure 3). 
This equation indicates that the addition of urea to steamed 
OPF prior to ammoniation has a non-additive effect on 
MBO.

The highest dry matter degradation (DMD) of 33.7% was 
obtained when urea was applied at a level of 3.2 - 3.6%; 
increased up to 3.2% urea, and then decreased when urea 
was applied above 3.6%. A similar trend was observed in 
AOMD, with AOMD increasing in proportion to the urea 
level until reaching a maximum of 43% at the 2.6-3.6% 
urea level. AOMD then decreased when urea was applied 
at concentrations above 3.6%. These findings are similar to 
those of Khattab et al. (2013) but lower than those reported 
by Gürsoy et al. (2023).

Rumen Fermentation Characteristics
Increasing the urea concentration in the ammoniated 
steamed OPF increased quadratically (P<0.05) the pool 
gas (a + b) and total gas production from the fermentation 

of fraction B but had no significant effect (P>0.05) on the 
rate of gas production (Table 4 and Figure 4). The rate and 
total gas production in T3 were the highest, whereas those 
in T4 were the lowest. T1 and T2 had comparable rates and 
total gas production for a 72h incubation period (Figure 5).

Table 4: Rumen fermentation characteristics of oil palm 
fronds steamed and ammoniated steamed with various 
level of urea.
Parameters Treatments SEM Contrast

T1 T2 T3 T4 L Q Dev.
a + b (ml g-1 OM) 103.6 104.6 108.8 102.5 1.04 ns * *
b (ml g-1 OM) 103.2 101.2 108.6 102.1 1.18 ns * *
c (ml h-1) 0.0475 0.0468 0.0493 0.0468 0.0013 ns ns ns
NH3 (mM) 10.33 12.83 14.17 16.83 1.112 * ns ns
pH 6.52 6.34 6.10 6.22 0.086 ns ns ns

T1: ammoniated-steamed OPF without urea; T2: T1 
+ 1% urea; T3: T1 + 3% urea; T4: T1 + 5% urea; a: gas 
production from the fermentation of the soluble fraction; 
b: gas production from the fermentation of the insoluble 
fraction, but potentially degraded; c: fermentation rate 
of the fraction; NH3: ammonia; SEM: standard error of 
mean. 

Figure 4: Graphic representation of gas production profile 
of b and a+b as a function of urea level.

The gas produced in the rumen is the result of enzymatic 
fermentation of carbohydrates and very little from fat and 
protein (Getachew et al., 1998). Among these dietary 
substances, some carbohydrates are soluble and easily 
fermented, are considered the soluble fraction, and belong 
to fraction A according to the model of Ørskov and 
McDonald (1979). This soluble matter consists of simple 
sugars, which are generally part of the NFE. The NFE 
content of each treatment was relatively the same (42.61 
- 46.17%), so it is natural that the total gas produced from 
fermentation fraction A was not significantly different.

The orthogonal polynomial test demonstrated that an in-
crease in urea level in ammoniated steamed OPF (X, %) 
was associated with an enhancement in rumen NH3 value 
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(Y), with the equation Y = 1.871X + 8.4727 and coefficient 
of determination (R2) = 0.7923 (Figure 6). However, the 
treatment had no significant effect on the rumen pH.

Figure 5: Gas production profile of each treatment 
during the 72-hour incubation period.

Figure 6: Relationship between urea levels in ammoniated-
steam OPF and rumen NH3 concentration after incubation 
with buffered rumen fluid for 72h.

The equation in Figure 2 indicates that the highest DMD 
of 33.7% was obtained when urea was applied at a level of 
3.2-3.6%. DMD increased up to a urea level of 3.2-3.6% 
and then decreased when urea was applied above 3.6%. A 
similar trend was observed in AOMD, with AOMD in-
creasing as the urea level increased until it reached a peak of 
43% at the level of 2.6 - 3.6% urea. AOMD then decreased 
when the urea level exceeded 3.6%. The observed increase 
in DMD was likely due to an increase in nitrogen supply, 
which has been demonstrated to stretch the bonds between 
lignocellulose and lignocellulose, facilitating the degrada-
tion of cellulose and hemicellulose by rumen microbes. This 
ultimately leads to an increase in the DMD of ammoniated 
steamed OPF. Urea plays a role in the breakdown of lignin 
from lignocellulose and lignan compounds into cellulose 
and hemicellulose, thereby facilitating digestion of fibrous 
feed by rumen microbes ( Jayanegara et al., 2017). However, 
when the urea level was increased above 3.6%, a decrease 

in DMD was observed. These findings are corroborated by 
the results of Noersidiq et al. (2020), who demonstrated 
that ammoniation of palm trunks using 6% urea increased 
the digestibility of DM, OM, and CP by 10.8%, 11.5%, 
and 13.5%, respectively. Utilisation of urea in excess of 6% 
(8% and 10%) has been observed to result in a reduction 
in nutrient digestibility attributable to a decline in rumen 
microbial activity (Shen et al., 2023) with respect to the 
digestion of feed ingredients, which may be attributed to 
elevated pH and an acid-base imbalance within the ru-
men. Previous in vivo studies have also demonstrated that 
the infusion of urea into the rumen of Dorper crossbred 
sheep above 1.5% results in a reduction in dry matter in-
take (DMI) (Wang et al., 2016). It is hypothesised that the 
addition of urea in excess of the maximum concentration 
that inhibits the rumen microbiome can lead to a decline 
in animal performance and, in extreme cases, may result in 
poisoning (Shen et al., 2023).

Table 3 illustrates the average DMD of ensiled steamed 
OPF, which ranged from 29.86 to 32.53%. This is compa-
rable to the results of Puastuti et al. (2015), who reported an 
average DMD ranging from 24.56 to 35.72%. The quadrat-
ic increase in DMD of ensiled steamed OPF with increas-
ing urea levels is likely due to an increase in the ammonia 
concentration, which further stimulates rumen microbial 
activity. Therefore, the higher the urea content in ensiled 
steamed OPF, the more significant the rumen microbial 
activity was until it reached 3.2%, after which it decreased 
when the urea content exceeded 3.6%. This can be attrib-
uted to the fact that urea, as non-protein nitrogen (NPN), 
does not provide sufficient carbohydrates for fermentation 
and microbial protein synthesis in an in vitro bath culture. 
The results confirmed that the decrease in OMD at urea 
levels above 3.6% was due to the higher ammonia concen-
tration in the in vitro batch culture owing to the absence 
of absorption. This, in turn, led to an increase in MBO at 
urea levels above 3.6% and peaked at 5% urea, as MBO 
represents residual OM that is soluble in neutral detergent 
solutions (Blümmel et al., 1997a). Estimate microbial ni-
trogen supply (EMNS) per apparently degraded organic 
matter in rumen (DOMR) range from 0.83 to 2.55 g N/
kg DOMR where increasing ratio of concentrate:roughage, 
the EMNS/DOMR is also enhanced (Hanim et al., 2019).

Ammonia-N is vital for microbial growth. The rumen mi-
crobiota requires 5–11 mmol/L ammonia equivalent to 
8.5–18.7 mg ammonia per decilitre (dL) of rumen fluid in 
order to achieve the greatest possible synthesis of microbial 
protein (Schwab and Broderick, 2017). Neto et al. (2019) 
state the optimal concentration for microbial protein syn-
thesis efficiency was found to be 19.11 mg/dL NH3-N in 
the rumen. The current study found that ammonia concen-
trations were 10.33, 12.83, 14.17 and 16.83 mM for treat-
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ments with 0, 1, 3, and 5% urea levels, respectively.

It is established that the degradation and fermentation 
profiles within the rumen is contingent upon the microbial 
activity that occurs within the rumen. Rumen microbes are 
capable of producing enzymes that facilitate the digestion 
of crude fibres that are not digestible by the host itself, 
resulting in the production of short-chain fatty acids (pri-
marily acetate, propionate, and butyrate) (Weimer, 2015). 
In addition, these microbes synthesise microbial proteins 
from ammonia, which is derived from the deamination 
of amino acids and hydrolysis of non-protein nitrogen 
(NPN) such as urea. This provides primary protein synthe-
sis precursors for the host (Schwab and Broderick, 2017). 
It is essential to maintain an optimal internal environment 
within the rumen, including pH and ammonia concen-
tration, to facilitate the efficient degradation of crude fi-
bres and microbial protein synthesis (Russell and Rychlik, 
2001). To achieve optimal rumen microbial growth, the 
rumen microbiota must be provided with a concentration 
of ammonia within the range of 5–11 mmol/L (Schwab et 
al., 2005), which is equivalent to 15–33 mg urea/dL rumen 
liquor.

The gas produced from fermentation of potentially degra-
dable food substances is represented by the B value. As 
the urea level increased, the gas production from fraction 
B also increased until the urea level reached 3.5%, after 
which gas production decreased. This increase may be 
due to the availability of sufficient energy and nitrogen 
for rumen microbial growth so that rumen microbes de-
velop quite well. This was in line with the production of 
microbial biomass, which increased with the level of urea 
treatment (Figure 3). The decrease in gas production when 
the urea level was greater than 3.5% may be due to the 
unsynchronized supply of surplus nitrogen, which was not 
balanced by the supply of energy obtained from nutrient 
degradation, particularly carbohydrates (both simple and 
complex CHO). The inefficient utilisation of surplus nitro-
gen in relation to the energy derived from nutrient degra-
dation, particularly carbohydrates, may result in metabolic 
imbalances and inefficiencies. This is due to the closely in-
tertwined nature of nitrogen and energy metabolism, with 
energy derived from carbohydrates being a crucial factor 
for the efficient utilisation of nitrogen in the biosynthesis 
of microbial proteins. The availability of N sources must be 
synchronised with the availability of energy for efficient 
microbial growth and optimal microbial protein synthesis. 
Otherwise, N is wasted in the form of ammonia excretion, 
ultimately resulting in environmental pollution (Kebreab 
et al., 2002). The ratio of rumen degradable protein (RDP) 
to readily available carbohydrates (RAC) influences the 
degradation, fermentation, and microbial yield in the ru-
men, with a ratio of 2.30, is the best (Yunilas et al., 2023). 
The steam treatment in this study broke down the cell wall 

of the OPF, which was reflected by the decrease in NDF 
content and the increase in hemicellulose (Table 2). How-
ever, CHO was fermented completely before 65 h of incu-
bation, after which its availability became limited until the 
72-hour incubation period. The findings of this study indi-
cate that the utilisation of urea in ensiled steamed OPF at 
a level exceeding 3.5% resulted in a reduction in microbial 
activity, thereby limiting the degradation and fermentation 
of nutrients and ultimately leading to lower total gas pro-
duction at T4, where a 5% urea level was employed. 

The reduction in gas production resulting from utilisation 
of urea above 3.6% in steamed OPF is indicative of a de-
cline in rumen microbial activity. The low activity of rumen 
microbes is not related to the concentration of NH3, as 
the concentration produced in this study is still within the 
normal range of 10.33 to 16.83 mM, in accordance with 
the recommendations set forth by Dewhurst and New-
bold (2022). These recommendations state that the normal 
concentration of ammonia is 6–21 mM. Consequently, the 
reduced microbial activity observed in the rumen may be 
attributed to urea, which serves as a source of non-protein 
nitrogen (NPN) and lacks organic matter in the form of 
fermentable carbohydrates. This limits the availability of 
substrates for microbial protein synthesis in rumen. The 
lower the microbial activity and availability of fermenta-
ble organic matter in the rumen, the lower is the total gas 
production. These results are consistent with those of Zain 
et al. (2024), who reported that rumen microbial fermenta-
tion and protein synthesis are based on carbohydrate avail-
ability. Gas production is derived from nutrients fermented 
in the rumen, which, in turn, reflects nutrient degradation.

Figure 6 shows that the higher ammonia concentration in 
the rumen with a higher urea level in steamed OPF silage 
is due to the nitrogen (N) content in steamed OPF, which 
increases with increasing urea level in the treatment. In 
the rumen, non-protein nitrogen (urea) added to ensiled 
steamed OPF is hydrolysed and deaminated into ammo-
nia and carbon dioxide by rumen microbes (Zhong et al., 
2022), thus increasing ammonia production in the rumen 
(Muthia et al., 2021). Ammonia is then synthesised into 
rumen microbial proteins, thereby increasing microbial bi-
omass (Lima et al., 2023). It was evident from this study 
that increasing urea levels in ensiled steamed OPF quad-
ratically increased the MBO and MN (Table 3). When 
3.6% urea was used, the ammonia yield was 14.46 mM. 
This indicates that the concentration of ammonia pro-
duced was high, suggesting that rumen microbes hydrolyse 
ammonia very quickly. Furthermore, the synthesis of mi-
crobial proteins requires ammonia, which is derived from 
the deamination of amino acids and hydrolysis of non-pro-
tein nitrogen (NPN) such as urea. It is the main precursor 
of protein synthesis in the host (Schwab and Broderick, 
2017). Ammonia derived from urea in the rumen is uti-
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lised for microbial protein synthesis, whereas feed proteins 
are degraded into peptides and amino acids by proteolytic 
enzymes. Microbial proteins and rumen undegraded pro-
teins constitute the primary protein sources for ruminants. 
In a study conducted by Wang et al. (2016), it was observed 
that the inclusion of 2.5% urea in the total mixed ration 
resulted in a reduction in dry matter intake (DMI) by ap-
proximately 10% compared to a control group that did not 
receive any urea supplementation.

pH: The pH of the in vitro batch culture decreased until 
the urea level in ensiled steamed OPF was approximately 
3%, after which it increased again with 5% urea. More 
acidic conditions cause an increase in the population of 
fibre-digesting microbes in the rumen, leading to a high 
fermentation process, which is reflected in increased 
gas production and possibly also increased production 
of other fermentation products, such as ammonia and 
VFA. The observed increase in pH when the urea level in 
ensiled steamed OPF exceeded 3.6% was likely due to the 
build-up of ammonia as a result of urea breakdown by the 
rumen microbes. Ammonia is used for microbial protein 
synthesis in the rumen and excreted through urine when its 
concentration exceeds the required level (Yanuartono et al., 
2018). In this in vitro study, there was no urine production, 
resulting in ammonia accumulation in the fermenter bottle 
and a subsequent increase in urea concentration, which 
elevated the pH value. Ammonia can be absorbed by the 
rumen mucosa in two ways: by diffusion as ammonia 
molecules (i.e. NH4) or via cation channels as ammonium 
ions (that is, NH₄+). Their uptake depends on several 
rumen conditions, especially pH (Rosendahl et al., 2016). 
At near-neutral pH, this amount can reach considerable 
levels. Urea is typically non-toxic, whereas ammonia is toxic 
to all mammals (Patra, 2015). The inability of the liver to 
convert excessively absorbed ammonia from the rumen into 
nontoxic urea results in increased ammonia concentrations 
in the blood, which can lead to ammonia poisoning. High 
ammonia levels in in vitro batch cultures are toxic to rumen 
microorganisms, leading to a reduction in the population 
and processes of degradation and fermentation in the 
rumen. This was reflected in the decrease in gas production 
for T4 in this study. This is in line with Shen et al. (2023), 
who demonstrated a robust inverse relationship between 
free ammonia nitrogen (FAN) and microbial populations 
(total bacteria, protozoa, fungi, and methanogens) and in 
vitro rumen fermentation profiles (gas production, dry 
matter digestibility, total volatile fatty acid, acetate, and 
propionate). This has led to the development of slow-release 
urea products, which have not been shown to negatively 
affect digestibility, rumen parameters, milk production, or 
livestock performance (Niazifar et al., 2024).

Therefore, it is crucial to determine the optimal level of 
urea utilisation in OPF pretreatment. The results of this 

study indicated that the optimal urea concentration range 
was 3.2–3.6%, which exhibited the highest rates of nutri-
ent degradation and gas production. It can be reasonably 
deduced that at urea levels below 3.2%, available ammonia 
is insufficient for microbial protein synthesis in the rumen. 
Consequently, microbial biomass production is also low, 
which in turn has an impact on nutrient degradation and 
gas production. At urea levels above 3.6%, it is probable 
that ammonia production exceeds the requirements for 
microbial synthesis in the rumen, resulting in an increase 
in the rumen pH. However, in the present study, the pH 
decreased. This is likely due to the availability of sufficient 
substrate in the form of hemicellulose resulting from the 
autoclaving process. The substrate is then degraded and 
fermentation produces VFA, resulting in a decrease in pH.

Ammonia is a substrate used by a multitude of rumen mi-
crobes for the synthesis of microbial proteins. To reduce 
production costs, NPN (primarily urea) is employed as 
a substitute for a portion of high-quality protein sources 
(such as soybean meal) provided to ruminants (Patra, 2015; 
Schwab and Broderick, 2017). This is due to the fact that the 
cost of protein derived from urea is less expensive than that 
derived from feeds. However, Alizadeh et al. (2020) recom-
mended the use of slow-release urea instead of urea, as it is 
more effective in supplying ammonia at an appropriate rate. 

CONCLUSIONS AND 
RECOMMENDATIONS

The addition of urea at a concentration of 1-5% follow-
ing steamed treatment has been demonstrated to enhance 
the chemical composition, nutrient degradation, microbial 
yield, and rumen characteristics of OPF without exerting 
any deleterious effects in vitro. The findings of this study 
indicate that the optimal urea level for achieving the afore-
mentioned benefits is within the range of 3.2-3.6%.

Further research is required to evaluate the effects of long-
term urea application, as in this study, on the profile of deg-
radation, fermentation, and microbial yield in the rumen. 
This should employ techniques such as Rusitec, as well as 
the direct utilisation of livestock.
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NOVELTY STATEMENT

The improvement in the quality of low-quality feed, such 
as OPF, is typically achieved through autoclaving or FCT, 
which involves the application of high pressure and tem-
perature. However, this approach is not effective because of 
the potential for Millard reaction, which can result in pro-
tein inactivation. This study introduces a novel approach 
to address this challenge by replacing unavailable proteins 
with urea. This approach allows the identification of the 
optimal urea level, which can be used to improve the qual-
ity of low-quality feed (OPF).
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