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Abstract. Apriani V, Yanza YR, Astuti WD, Niderkorn V, Martin RSH, Ramadani J, Mulyati WS, Jayanegara A. 2025. Chemical composition,
in vitro rumen profile and methane emission of fermented and non-fermented grass-legume mixtures. Biodiversitas 26: 869-878. This study
aimed to evaluate the impact of several grass-legume mixtures, either fermented or non-fermented, on chemical composition, in vitro
rumen fermentation profiles, and gas and methane production kinetics. Seven tropical leguminous plants were investigated, i.e.,
Indigofera zollingeriana, Calliandra calothyrsus, Clitoria ternatea, Centrosema pubescens, Leucaena leucocephala, Bauhinia purpurea,
and Arachis pintoi. Each legume was combined with Pennisetum purpureum (elephant grass) in a 50:50 ratio, prepared in both fresh
(non-fermented) and fermented (silage) forms. A completely randomized factorial design was employed, with legume type as the
primary factor and fermentation status (non-fermented vs fermented) as the secondary factor (N = 5 replicates per treatment). Results
revealed that legume type significantly influenced (P<0.05) In Vitro Dry Matter Digestibility (IVDMD) and In Vitro Organic Matter
Digestibility (IVOMD), with 1. zollingeriana demonstrating the highest digestibility values. A significant interaction between
fermentation and legume type was observed in reducing methane gas production (P<0.05). Both legume inclusion and fermentation
effectively lowered methane emissions (P<0.05), with the lowest levels recorded for C. calothyrsus and B. purpurea. The study
concluded that incorporating tropical legumes, in both fermented and non-fermented forms, into elephant grass can improve digestibility

and mitigate methane emissions, with Indigofera and Calliandra showing the most promising results, respectively.
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INTRODUCTION

Forage serves as the primary feed source for ruminants
and plays a pivotal role in the livestock sector. In
Indonesia, various types of forage are available, including
grasses, legumes, and tree leaves. However, a significant
limitation of grasses in Indonesia is their low nutritional
quality, characterized by high fiber and low protein content
(Ridla et al. 2023). This necessitates supplementation with
high-quality forage sources. Legumes, in particular, contribute
substantial protein level to the diets of ruminants (\Voisin et
al. 2014). Beyond their protein content, many legume species
provide essential nutrients such as vitamins and minerals
and are rich in bioactive compounds, including tannins,
saponins, and phenolics (Sonta et al. 2020). Secondary
metabolites like tannins can influence feed degradation by
binding to proteins and protecting them from rumen
degradation (Jayanegara et al. 2020). These bioactive
compounds are recognized for their beneficial effects on
livestock performance and their potential to mitigate
environmental impacts, such as reducing enteric methane
emissions through the inhibition of methanogenesis in the
rumen of ruminants (Cieslak et al. 2013; Jayanegara et al.
2015; Niderkorn and Jayanegara 2021) and decreasing
nitrogen pollution (Schuba et al. 2017).

Provision of grasses and legumes to ruminants may be
performed either in the form of fresh, dried or fermented
(silage) ingredients. Silage is a feed product produced
through fermentation mediated by microorganisms, which
preserves the quality of forage and extends its shelf life
(Franco and Rinne 2023). The combination of grasses and
legumes as silage ingredients holds promise for ensuring
year-round forage availability as a preserved feed for
ruminants (Kondo et al. 2014). The inclusion of legumes in
grass silage can prevent protein degradation into ammonia
during the ensiling process, thereby improving silage quality
(Ineichen et al. 2023). In addition, the ensiling process
activates polyphenol oxidase, which converts phenolic
compounds into quinones. Quinones, in turn, protect proteins
during ensiling by facilitating microbial protein synthesis
and reducing nitrogen degradation (Lee 2014). A study of
Xue et al. (2020) demonstrated that combining orchardgrass
with alfalfa legume had been found to enhance nutrient
digestibility and absorption efficiency in livestock due to
the action of polyphenol oxidase, which mitigates protein
degradation during both ensiling and rumen fermentation.

Although a number of studies have been performed
concerning the evaluation of grass-legume silage mixtures
on their chemical composition, fermentation quality and
nutrient utilization (in vitro or in vivo), such studies were
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mainly conducted under temperate conditions. Limited
studies are available for tropical conditions, including those
from Indonesia. Indonesia has a mega biodiversity for
various plant species, both for grasses and legumes. This
study therefore aimed to evaluate the impact of several grass-
legume mixtures, either fermented or non-fermented, on
chemical composition, in vitro rumen fermentation profiles,
and gas and methane production kinetics.

MATERIALS AND METHODS

Grass and legume species

The forages used in the study are commonly found and
utilized in Indonesia as feed ingredients for ruminants.
Seven legume species were selected and utilized in the
present study, i.e., Indigofera zollingeriana Mig., Calliandra
calothyrsus Meisn., Clitoria ternatea L., Centrosema
pubescens Benth., Leucaena leucocephala (Lam.) de Wit,
Bauhinia purpurea L., and Arachis pintoi Krapov. &
W.C.Greg., and a grass species namely Pennisetum
purpureum (elephant grass) as the control. These forage
species are shown in Figure 1.

These forages were allocated into a factorial experimental
design (8 x 2). The first factor was forage type (8 treatments),
which included EG = 100% elephant grass; 1Z = 50%
elephant grass + 50% |. zollingeriana; CC = 50% elephant
grass + 50% C. calothyrsus; CT = 50% elephant grass +
50% C. ternatea; CP = 50% elephant grass + 50% C.
pubescens; LL = 50% elephant grass + 50% L. leucocephala;
BP = 50% elephant grass + 50% B. purpurea; AP = 50%
elephant grass + 50% A. pintoi. The EG was considered as
the control. Meanwhile, the secondary factor was ensiling
process, consisted of T1 = non-ensiling (nhon-fermented)
and T2 = ensiling (fermented). Data collection was carried
out with five replicates (N = 5).
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Before ensiling, the whole forages were wilted for 4 h
before chopped. Then, 250 g of elephant grass and 250 g of
each legume (50:50 ratio) were weighted and mixed
homogeneously (Dewhurst et al. 2003). In the TO treatment,
plant materials were stored in a plastic bag and allocated in
the fridge (-20°C), while the plant materials of T1 treatment
underwent the ensiling process for 36 d. These forages
were placed in plastic bags and vacuum-sealed, then were
stored in a container box lined with aluminum foil and
anaerobically ensilaged under controlled conditions. At the
end of ensiling day, the forages were then collected and were
dried in an oven at 60°C for one day, and finally ground
using a grinder with a 1 mm sieve size.

Determination of chemical composition, in vitro rumen
fermentation, and methane production

The chemical composition of the samples, including
Dry Matter (DM), Organic Matter (OM), and Crude Protein
(CP), was conducted following the methodology outlined
by AOAC (2005). The dry matter content was determined
by drying about 1 g of the sample at 105°C to constant
weight; then, the sample was burned at 600°C to obtain the
ash content. Crude protein was analyzed using the Kjeldahl
method with a process of destruction, distillation, and
titration, then the protein was calculated by multiplying the
nitrogen content by a factor of 6.25. Neutral Detergent
Fiber (NDF) and Acid Detergent Fiber (ADF) adhered to
the protocol described by Van Soest et al. (1991). The sample
was weighed as much as 0.5 g and then put into a beaker
glass. Next, 50 mL of Neutral Detergent Solution (NDS)
was added and heated for 1 h and 15 min. Subsequently,
the sample was filtered with a previously weighed glass.
After being filtered, it was opened at 130°C for 1 h, and
then was put into a desiccator and weighed. The procedure
for Neutral Detergent Fiber (NDF) and Acid Detergent
Fiber (ADF) was similar, but the ADF determination used
an Acid Detergent Solution (ADS).

Figure 1. Grass and legume species used in the present study A. Pennisetum purpureum; B. Indigofera zollingeriana; C. Calliandra
callothyrsus; D. Clitoria ternatea; E. Centrosema pubescens; F. Arachis pintoi; G. Bauhinia purpurea; H. Leucaena leucocephala
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The in vitro rumen fermentation procedure was performed
by following the method of Theodorou et al. (1994).
Approximately 0.5 g of each sample was weighed and
placed into a 100 mL serum bottle. Rumen fluid was
obtained from three fistulated Ongole cattle, filtered,
homogenized, and subsequently maintained in a water bath
(Memmert WNB 45) at 39°C. Ongole cattle was chosen
since it is a common breed of beef cattle in Indonesia and
typically consumes such kind of grass and legume species
used in this experiment. The use of three fistulated Ongole
cattle was conducted according to the recommendation
from Yafiez-Ruiz et al. (2016) in order to obtain a stable
rumen microbial composition and activity. After measuring
the pH of the rumen fluid, it was mixed with McDougall’s
buffer at a 1:2 ratio and continuously flushed with COx.
The buffer solution was prepared by mixing 9.8 ¢
NaHCO3, 4.63 g Na,HPO4.2H;0, 0.57 g KCI, 0.47 g NaCl,
0.12 g MgS04.7H-0, and 0.053 g CaCl,.2H,O with 1000
mL of distilled water. An amount of 50 mL buffered rumen
fluid was then added to each CO-flushed bottle. The
bottles were sealed with rubber stoppers, metal caps, and
stainless steel clamps, and the samples were incubated in a
water bath at 39°C for 48 h.

After 48 h of incubation, each liquor sample from the
bottle was centrifuged (Hareus-Multifuge X3R, Thermo
Scientific) at 6,000 rpm for 10 min using 50 mL falcon
tube. The supernatant from each sample was subsequently
separated from the sedimented substrate, and 50 mL of
0.2% pepsin-HCI solution was added before going through
another 48 h incubation at 39°C. All of the fermented
sediment samples then was filtered through Whatman No.
41 filter paper, then placed in pre-weighed porcelain dishes
and oven-dried (Thermo Vacutherm 6025 Vacuum oven,
Thermo Scientific) at 130°C for 8 h, then were transferred
to a desiccator for 30 min and subsequently weighed to
determine their in vitro DM digestibility (IVDMD).
Furthermore, the oven-dried samples were then placed in a
600°C furnace (Heraeus M104 Muffle) for 3 h, transferred
to a desiccator, then all samples were weighed to determine
their in vitro OM digestibility (IVOMD). The in vitro rumen
fermentation procedure was conducted in five replicates.

Gas production was recorded at 2, 4, 6, 8, 12, 24, and
48 h wusing 10 mL syringes, with a distinct syringe
employed for each treatment and replication. Data were
recorded manually from the syringe in mL, and gas
readings were obtained throughout the in vitro incubation
period. Methane gas measurements were conducted at 6,
12, 24 and 48 h. The collected gas was transferred to 10
mL vacutainer tubes using a plastic syringe, and methane
gas was analyzed using gas chromatography (GC-MS Thermo
Scientific TSQ 9610). The data for gas and methane
production was fitted using the exponential equation of
@rskov and McDonald (1979) as follows:

p=a+b(l-e™)

Where:

p : cumulative gas production at time t (h)

a : gas production from the immediate substrate soluble
fraction

b : gas production from the insoluble fraction of the
substrate

c : gas production rate constant for the insoluble fraction
(b)

t : incubation time (h) , (a + b) is the potential extent of
gas production

Statistical analysis

All data were analyzed using a factorial Analysis of
Variance (ANOVA) according to the following statistical
model:

Yik=H+a; + B + (af)y + si

Where:

Yix :observed value of each individual

1 : overall mean

o : effect of the forage type factor

B; . effect of the ensiling process factor
(ap)yj : interaction between these two factors
gijk - residual error

Tukey's test was employed to determine significant
differences between treatments of the various types of
forages and fermentation included in the silage. Statistical
significance between groups was marked at P<0.05 and
tended to be significant at P<0.10. All data were analyzed
using SAS statistical software version 9.1.

RESULTS AND DISCUSSION

The results demonstrated that combining elephant grass
with legumes and subjecting the mixtures to a fermentation
process significantly influenced the nutritional composition
of silage (Table 1). Nutrient composition analysis revealed
highly significant effects (P<0.001) of both fermentation
and forage types on DM. The inclusion of I. zollingeriana
and C. calothyrsus resulted in the highest DM values.
Fermentation significantly affected (P<0.001) OM, with the
highest OM content observed in non-fermented treatments.
A significant interaction (P<0.001) was observed between
forage type and fermentation for crude protein, NDF and
ADF. Treatments incorporating C. ternatea and L.
leucocephala without fermentation exhibited the highest CP
content. Following fermentation, the lowest NDF and ADF
levels were observed in treatments with A. pintoi.

The inclusion of legumes and the duration of
fermentation did not significantly affect ruminal pH (Table
2). However, IVDMD exhibited significant differences (P
= 0.001), while IVOMD showed a tendency toward
significance (P = 0.086) among the mixtures. The ensiling
process did not significantly affect pH, IVDMD, or IVOMD.
Among the legumes, I. zollingeriana demonstrated the
highest IVDMD. Different legume species significantly
reduced (P<0.001) ruminal gas production at 24 and 48 h,
whereas the effects of ensiling and its interactions were not
significant. C. callothyrsus exhibited the lowest total gas
production, while B. purpurea produced the highest.



Table 1. Nutrient contents of different grass-legume mixtures

. . Treatments . .
Variable Ensilage EG Va cC CT cP L Bp AP Average SEM Ensiled Legume E*L
Dry matter TO 9458 96.71 96.45 94.86 95.9 94.47 9578 9282 9521~ 024  <0.001 _ <0.001 _ 0123
(%) T1 94.95 95.4 94.8 92.43 93.66 94.25 9413 9211 94008  0.26
Average 9476  96.05° 95620  93.47% 9478  0436b¢ 9495  92.47¢

. To 84.68 87.92 90.65 89.27 89.90 89.39 8778 8895 8860  0.29
Organic matter (%) T1 84.50 88.85 90.87 87.06 89.50 89.23 87.65 8819 88368 o034 0300 <0.001 0133
Average 84.59 88.39 90.76 88.00 89.68 89.31 8771 8857
. TO 1403"  18.77%f  1875% 23422  1923% 23358 18589  19.43°  19.23 0.44
0, .
Crude protein (%) T1 10811 2046 18710  1911% 18619  18.90%  18.90%¢f 18390  17.97 o046 0001~ <0.001  <0.001
Average 12.42 19.61 18.73 20.96 18.92 21.13 1878 1891
NDF (%) TO 64.601  64.44% 68.031  66.47M 7142k 6252k 7781 58620 6543 062 <0001 <0001  <0.001
° T1 69.000  61.16°  6129%  63.07% 63857 6537 63610 54542 6273 0.65
Average 66.80 62.80 64.66 64.52 67.63 63.94 6569  56.58
ADF (%) TO 38980 31.82 39.579 36.76°  41.66"  33.64° 33.45¢  30.06°  35.84 065 <0001  <0.001  <0.001
T1 35.85¢  36.26°  34.14% 39450  41.20"  36.71° 3819 34720  37.00 0.37
Average 37.42 34.04 36.86 38.30 41.43 35.17 3582 32,65

Notes: EG: 100% elephant grass; 1Z: 50% elephant grass + 50% Indigofera zollingeriana; CC: 50% elephant grass + 50% Calliandra callothyrsus; CT: 50% elephant grass + 50% Clittoria ternatea; CP:
50% elephant grass + 50% Centrosema pubescens; LL: 50% elephant grass + 50% Leuchaena leucocephala; BP: 50% elephant grass + 50% Bauhinia purpurea; AP: 50% elephant grass + 50% Arachis
pintoi. TO: without fermentation; T1:36 days fermentation; ° superscript with different letters indicates significant difference at P<0.05; NDF: neutral detergent fiber; ADF: acid detergent fiber; SEM:
Standard error means; E: ensiled; L: Legume



Table 2. Ruminal pH, digestibility rates, total gas production and enteric methane production of non-ensiled and ensiled grass-legume mixtures

Variable  Ensilage EG 7 cC C_;_I’reatmentscp L Bp AP Average SEM  Ensiled Legume E*L
pH TO 6.78 6.80 6.83 6.80 6.80 6.80 6.79 6.83 6.80 0.01 0.190 0.122 0.397
T1 6.84 6.82 6.83 6.82 6.78 6.84 6.77 6.91 6.82 0.01

Average 6.80 6.81 6.83 6.81 6.79 6.82 6.78 6.86

IVDMD TO 57.44 63.20 43.71 59.73 52.11 56.06 64.09 57.99 56.57 1.47 0227 0.001 0.083
(%) T1 50.11 68.15 51.52 51.49 52.29 56.64 49.61 51.32 54.26 1.70 ' ’ ’
Average 54.18% 65.68? 47.18° 56.06%® 52.20° 56.32%® 56.85% 64.66%®

IVOMD TO 61.35 65.73 46.34 63.12 59.47 51.53 50.13 54.99 56.87 2.03 0767 0.086 0.409
(%) T1 53.57 64.69 53.12 56.71 53.22 53.78 64.14 55.98 57.65 1.62 ' ’ ’
Average 58.44 65.20 48.28 60.27 56.34 52.65 57.92 55.36
TGP 24 h TO 48.60 46.26 26.78 41.58 38.66 37.32 48.72 40.54 40.86 151 0.457 <0.001 0.645
(mL) T1 44.50 48.16 26.80 37.85 32.82 29.37 53.42 42.40 39.51 1.98
Average 46.78%de 47.21% 26.792 39.92bcd 35,74ab¢ 33.79% 51.33¢ 41 37bcde
TGP 48 h TO 65.68 59.84 36.58 54.92 50.60 48.32 60.35 52.58 53.43 1.69 0.241 <0.001 0.326
(mL) T1 59.77 59.94 38.44 50.00 43.40 39.02 66.14 53.12 51.42 2.04
Average 63.05% 59.89« 37.512 52.73b¢ 47.00% 44.19% 63.57¢ 53.27bcd

CHs 24 h TO 2.19¢% 2.34¢ 1.372 1.97bede 1.9Qbcde 1.743bcd 2.08¢cde 1.95bcde 1.94 0.05 0.325 <0.001 0.017
(mL) T1 2.00bcde 2.08¢de 1.592b¢ 1.772bed 1.65¢8bc 1.552 2.40¢ 2.06¢de 1.89 0.06
Average 2.10 2.21 1.48 1.87 1.77 1.65 2.24 2.00

CH448h TO 2.35¢f0 2.62¢ 1.86bcd 2.04cdef 2.224efg 2.03cdef 2.39¢f 2.324efg 2.23 0.04 <0.001 <0.001 0.003
(mL) T1 2.330%fg 2.43f9 1.318 1.66¢2b¢ 1.372 1.46% 1.970def 1.92bcd 1.85 0.08
Average 2.34 2.53 1.62 1.87 1.84 1.82 2.18 2.14

CH4/TGP TO 4.56 5.37 5.81 4.78 5.20 4.74 4.04 4.88 4.95 0.22 0.612 0.219 0.920
24 h (%) T1 4.53 4.44 6.52 5.05 5.30 5.30 4.74 4.87 5.11 0.23
Average 4.55 4.90 6.16 4.90 5.25 4.99 4.43 4.88

CH4/TGP TO 3.59 4.58 5.24 3.73 4.50 4.22 3.83 4.43 4.288 0.14 <0.001 0.094 0.096
48 h (%) T1 3.95 4.16 3.34 3.32 3.09 3.40 3.03 3.55 3.47A 0.13
Average 3.75 4.37 4.29 3.55 3.80 3.86 3.38 4.04

Notes: EG: 100% elephant grass; 1Z: 50% elephant grass + 50% Indigofera zollingeriana; CC: 50% elephant grass + 50% Calliandra callothyrsus; CT: 50% elephant grass + 50% Clittoria ternatea; CP:
50% elephant grass + 50% Centrosema pubescens; LL: 50% elephant grass + 50% Leuchaena leucocephala; BP: 50% elephant grass + 50% Bauhinia purpurea; AP: 50% elephant grass + 50% Arachis
pintoi. TO: without fermentation; T1:36 days fermentation; ®‘superscript with different letters indicates significant difference at P<0.05. IVDMD: in vitro DM digestability; IVOMD: in vitro OM
digestability; SEM: standard error means; E: ensiled; L: Legume
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Regarding ruminal methane production at 24 and 48 h,
significant differences (P<0.001) were induced by different
legume types, while the ensiling factor significantly influenced
methane production at 48 h (P<0.001). Interactions
between legumes and the ensiling factor were significant at
both 24 (P = 0.017) and 48 h (P = 0.003). Non-ensiled C.
callothyrsus produced the lowest methane levels at 24 h,
while the ensiled form produced the lowest levels at 48 h.
The methane-to-total gas production ratio (% CHJ/TGP)
did not differ significantly during the 24 h incubation period
but demonstrated a significant effect of ensiling (P<0.001)
at 48 h. There was also a tendency toward significance
among legume species (P = 0.094) and their interactions (P
= 0.096). The lowest CH4/TGP ratios were observed in
ensiled B. purpurea and C. pubescens.

Significant differences were observed among legumes
in the soluble fraction (a) of gas kinetics (P<0.001), with a
tendency toward significance for the ensiling factor and its
interaction (P<0.10). C. pubescens exhibited the lowest rates
in this parameter (Table 3). The potential degradable
fraction (b) and total gas production kinetics (a + b) also
varied significantly among legumes (P<0.001), with no
significant effects observed for the ensiling factor or its
interaction. L. leucocephala showed the lowest b Kinetics,
while C. callothyrsus exhibited the lowest estimated total
gas production kinetics (a + b). The soluble fraction (a) of
methane Kinetics was significantly affected by the ensiling
factor (P = 0.049), though no significant differences were
noted among legumes or their interactions (Table 4). The
potential degradable fraction (b) of methane was unaffected
by legumes or ensiling, but an interaction effect on methane
degradation rates (c) approached significance (P = 0.089). The
total enteric methane kinetics (a + b) varied significantly
among legume species (P < 0.001) and were influenced by
both the ensiling factor (P < 0.001) and its interaction (P =
0.005). Non-ensiled L. leucocephala recorded the lowest
methane Kinetics (a + b), while ensiled C. callothyrsus, L.
leucocephala, and C. pubescens exhibited lower estimated
total methane kinetics compared to other legumes.

Discussion

Fermentation can lead to a reduction in DM content,
primarily due to microbial activity that consumes various
available nutrients and produces water. This process causes
a decrease in DM as volatile compounds, including carbon
dioxide (CO:) and water, are released (Xia et al. 2023). The
combination of elephant grass with legumes such as I.
zollingeriana and C. calothyrsus yields higher DM content
compared to a mixture of elephant grass with A. pintoi.
This observation aligns with the findings of Zain et al.
(2021), who reported that the DM content of Arachis sp.
was lower than that of other legumes. The reduction in OM
during fermentation is attributed to microbial activity as
well. During ensiling, microbes produce organic acids that
lower the pH, which consequently leads to losses in both
DM and OM (Auerbach and Nadeau 2020). According to
Silva et al. (2010) and Schnaider et al. (2014), ADF content
in A. pintoi was relatively low, ranging between 44% and
57%. Additionally, A. pintoi exhibited NDF content ranging
from 28% to 35%, as noted by Gomes et al. (2021) and
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Silva et al. (2010). Fluctuations in NDF and ADF content
are influenced by soluble carbohydrates, which are associated
with DM levels and fermentation microbial activity during
ensiling (Dos Santos et al. 2015; Shoe et al. 2021). These
findings highlight the importance of choosing legume
species that optimize nutrient composition and DM retention
when combined with elephant grass in silage production.

With regard to the in vitro rumen fermentation profiles,
the fermentation process of all grass-legume mixtures
resulted in a normal pH range (from 6.77 to 6.91), indicating
that none of the observed treatments adversely affected
fermentation activity in the rumen (Santoso et al. 2020).
However, among other legumes, either conditioned in a
non-ensiled or ensiled treatment, 1. zollingeriana achieved
satisfactory digestibility rates, up to 44 % higher than the
lowest digestibility treatments, i.e., non-ensiled and ensiled
C. callothyrsus. It is widely known that leguminous forages
are rich in protein contents but possibly also contain
secondary metabolites that may play a role as anti-nutrient
factors (Parastiwi et al. 2023; Samal et al. 2023). It had
been reported that L. leucocephala and C. callothyrsus
contained considerable levels of tannin, i.e., 6.21 and
8.70% from DM contents, respectively (Rimbawanto et al.
2015). C. calothyrsus contains tannins that reduce protein
degradation in the rumen, leading to a lower dry matter
digestibility. The digestibility of dry matter is influenced by
the composition of organic matter and the presence of
secondary metabolites, such as the tannins found in C.
calothyrsus (Atmojo et al. 2020).

The high tannin content in C. calothyrsus can also
inhibit rumen microbial enzyme activity and reduce the
population of fiber-degrading microbes, leading to decreased
fermentation efficiency (Jayanegara et al. 2020). Furthermore,
tannin can alter the fermentation end-products by reducing
volatile fatty acid (VFA) production, which is a key energy
source for ruminants, thereby impairing overall nutrient
utilization. On the other hand, I. zollingeriana is known
for its high protein content and ability to improve the
digestibility rates of ruminants, owing to its low tannin
content (Abdullah 2010). Another study also reported higher
digestibility rates in Indigofera and Sesbania than the other
legumes (Rahmat and Permana 2021).

Regarding the Total Gas Production (TGP) and
methane (CH.) levels, the control treatment, namely grass
silage, exhibited higher values than treatments with legume
mixtures. This phenomenon can be attributed to the effects
of Rhizobium symbiosis on plant nutrient metabolism,
which synthesizes atmospheric nitrogen and subsequently
influences the chemical reactions and formation of
secondary metabolites (Darma et al. 2023). Consistent with
the present study, C. callothyrsus demonstrated the lowest
total gas production compared to other legume treatments.
Such lower gas production is likely due to its high tannin
content, which protects proteins from degradation, reduces
feed degradation, and consequently results in lower gas
production (Bueno et al. 2015). Reduction of gas production
is possible through inhibition mechanisms with the
formation of CO, and H during fermentation process
occurring in the rumen (Bodas et al. 2012).



Table 3. Dynamics of ruminal gas kinetics of non-ensiled and ensiled grass-legume mixtures

. . Treatments .

Variable Ensilage EG Va cc T CP L BP AP Average SEM Ensiled Legume E*L

a(mL) TO -3.19 -0.91 -0.66 -0.89 -0.84 -1.52 -2.28 -1.34 -1.43A 0.21 <0.001 <0.001 0.056
T1 -2.38 -2.80 -1.98 -1.69 -1.09 -2.00 -3.82 -1.93 -2.248 0.16

Average -2.84bc -1.862b¢ -1.322 -1.242 -0.962 -1.742 -3.13¢ -1.60%

b (mL) TO 85.93 65.87 61.92 58.91 54.68 53.60 64.18 55.21 62.50 2.29 0.361 <0.001 0.731
T1 77.05 73.59 74.00 56.53 53.46 51.33 74.49 60.10 65.49 3.01

Average 81.98¢ 69.732 67.962 57.85% 54,072 52.592 69.902 57.382

¢ (mL/h) TO 0.039 0.054 0.034 0.060 0.057 0.060 0.072 0.069 0.055 0.00 0.999 0.738 0.492
T1 0.036 0.058 0.081 0.052 0.047 0.036 0.062 0.058 0.055 0.01

Average 0.036 0.056 0.059 0.056 0.054 0.049 0.068 0.066

a+b(mL) TO 66.34 59.59 39.10 54.25 50.15 48.13 59.88 51.66 53.48 1.65 0.498 <0.001 0.321
T1 60.82 60.35 41.98 50.04 4357 39.83 66.68 54.25 52.30 1.98

Average 63.89¢ 59.97¢de 40.542 52.38b¢ 46.48% 44 458 63.66% 52.81bcd

Notes: EG: 100% elephant grass; 1Z: 50% elephant grass + 50% Indigofera zollingeriana; CC: 50% elephant grass + 50% Calliandra callothyrsus; CT: 50% elephant grass + 50% Clittoria ternatea; CP:
50% elephant grass + 50% Centrosema pubescens; LL: 50% elephant grass + 50% Leuchaena leucocephala; BP: 50% elephant grass + 50% Bauhinia purpurea; AP: 50% elephant grass + 50% Arachis
pintoi. TO: without fermentation; T1:36 days fermentation; 2 superscript with different letters indicates significant difference at P<0.05; a: soluble fraction; b: potentially degradable fraction; c: rate of
degradation; a + b: summary of a and b values; SEM: standard error means; E: ensiled; L: Legume

Table 4. Dynamics of ruminal enteric methane kinetics of non-ensiled and ensiled grass-legume mixtures

Variable Ensilage EG Vi cC C_I'_I'reatmenésp L BP AP Average SEM Ensiled Legume E*L
a(mD) T0 107 077 2065 20.70 2027 -0.18 0.07 0.04 0,45 0.08

T 059 020  -1.35 -2.54 -0.23 -1.82 071 -0.42 -0.948 0.26 0.049 0.107 0.149
Average 085  -048 -1.00 152 -0.25 -0.91 -0.36 -0.16
b (mL) T0 3.60 3.70 3.14 2.97 2.92 2.76 2.72 3.10 3.13 0.08

T 310 3.25 279 438 1.75 3.32 2.76 253 2.95 0.25 0.462 0.178 0.248
Average 3.38 3.47 2.97 3.59 2.34 3.01 2.74 2.85
¢ (mL/h) T0 0082 0186 0038 0.064 0.112 0.036 0.042 0.034 0.751 0.02 0416 0872 0.089

T 0075 0058  0.130 0.165 0.088 0.145 0.154 0.082 0.111 0.01 : : :
Average 0078 0122 0084 0.109 0.100 0.084 0.104 0.057
a+b(mL) T0 2.43% 274 191®c  240bd  p3gwe  qond  p.3pxde 2 AQce 2.30 0.05

T1 238 24gl 1420 1,78 1.472 1478 203%d  2.Q5bed 1.88 008 <0001 <0.001  0.005
Average 2.40 2.60 1.67 1.96 1.93 1.82 218 224

Notes: EG: 100% elephant grass; 1Z: 50% elephant grass + 50% Indigofera zollingeriana; CC: 50% elephant grass + 50% Calliandra callothyrsus; CT: 50% elephant grass + 50% Clittoria ternatea; CP:
50% elephant grass + 50% Centrosema pubescens; LL: 50% elephant grass + 50% Leuchaena leucocephala; BP: 50% elephant grass + 50% Bauhinia purpurea; AP: 50% elephant grass + 50% Arachis
pintoi. TO: without fermentation; T1:36 days fermentation; *superscript with different letters indicates significant difference at P<0.05; a: soluble fraction; b: potentially degradable fraction; c: rate of
degradation; a + b: summary of a and b values; SEM: standard error means; E: ensiled; L: Legume
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In the present study, the lowest CH4/TGP ratio at 48 h was
observed in B. purpurea, with a value of 3.03% after 36 d
of fermentation. This low CH4/TGP ratio is attributed to the
presence of bioactive compounds in B. purpurea, including
tannins, alkaloids, flavonoids, saponins, polyphenols, and
phenolics (Zakaria et al. 2011; Htay et al. 2023). Tannins
have been demonstrated to affect methanogenic activity by
reducing hydrogen availability and modifying the rumen
microbiome, thereby decreasing degradation and methanogenic
activity (Hassan et al. 2020; Alayon et al. 2023). Other
bioactive compounds, such as saponins and polyphenols,
also influence methane production. Polyphenols have been
shown to reduce methane emissions, whereas tannins and
saponins can lower methane emissions by inhibiting
methanogen populations and reducing protozoan populations
(Jayanegara et al. 2020).

In the present study, the dynamics of ruminal gas
production Kkinetics between ensiled and non-ensiled
legumes after 48 h in vitro batch culture incubation were
significantly different among different legume species and
treatments, which were neither preserved as non-ensiled
nor ensiled manners. For instance, the lowest gas production
from the immediately soluble fraction (a) was observed in
ensiled C. callothyrsus (-1.98 mL), with a potential extent
of gas production (a + b) of 40.54 mL. Moreover, the
lowest (b) gas fraction was observed in L. leucocephala
(52.59 mL), likely due to its high tannin content, which
reduces the gas production rate constant for the legume
insoluble fraction.

The lower gas production of the soluble and insoluble
substrate fractions seems are likely attributable to the high
tannin content in the C. callothyrsus. However, the tannin
content of the observed legumes was not quantified in this
study. Rimbawanto et al. (2015) confirmed that C. callothyrsus
contains tannin (approximately 8.70%). Moreover, the
Leucaena leucocephala is also known for its high tannin
content (6.21-6.57%; Yusiati et al. 2018). Both tropical
legumes are naturally enriched with polyphenols such as
tannins that are able to bind proteins, and consequently
protecting and reducing feed degradation during fermentation
(Rimbawanto et al. 2015).

Furthermore, it is commonly known that rumen
bacterial activities directly correlate with gas production,
which consists of CO,, free Hp, and CH4 gases, as by-
products of the substrate degradation process of the resulting
Volatile Fatty Acids (VFA) during ruminal fermentation.
Thus, the presence of polyphenols such as tannins in tropical
legumes inhibits bacterial activity in degrading feed
nutrients, consequently lowering the total gas production
(Danielsson et al. 2017; Li et al. 2019). Additionally, less
degradable feeds have also shown lower CH4 production
owing to less microbial breakdown of plant materials that
are bound to tannins (Pal et al. 2015; Yanza et al. 2021).

There is limited literature on the dynamics of ruminal in
vitro methane Kkinetics. Most of the studies measuring
methane production in vitro employed a single point
measurement at a certain incubation period, mainly either
at 24 or 48 h. In recent years, the model only interprets the
dynamics of total gas production during fermentation but
does not appreciate the potential of the CH. kinetics
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pattern, which is also a part of ruminal gas production.
Hence, this study attempted to assess the kinetics of CH.
gas production during 48 h of fermentation. Although there
were no differences in the methane production of potential
degraded fraction of substrate (a + b), the ensiling process
significantly influenced in vitro methane production.
However, a high Standard Error of Means (SEM) was
observed, indicating that the measured methane production
Kinetics increased with bias.

Moreover, methane production from the soluble fraction
(a) of non-ensiled samples showed lower ruminal methane
levels production after the 48 h in vitro incubation, which
also likely had a lower rate of nutrient degradation (c) to
form CH.. The fiber-degrading bacteria had an increasing
proportion of easily fermentable carbohydrates, such as
soluble sugars and organic acids from complex fibers of
plant compounds during the ensiling process, further
efficiently reducing the fermentation activity of ruminal
bacteria in degrading the remaining nutrients and improving
propionate production instead of acetate (Zhao et al. 2018).
Such conditions can improve ruminal fermentation efficiency
of feed nutrients and simultaneously reduce gas production,
including methane production (Cui et al. 2020). Although
no bacterial community was observed, the fermentation
pattern was suspected to have changed during the ensiling
process. The dominance of fiber-degrading bacteria was
reduced over several days while propionate-producing
microbes in the ensiling environment were favorably altered.
Hence, ensiled forages resulted in higher lactic acid and
propionate concentrations, and silage substrates were fed to
ruminants with efficiently fermented, consequently reducing
methane production (Ahmed et al. 2023; Pu et al. 2023).

The significant reduction in methane kinetics during in
vitro ruminal fermentation has allegedly impacted how
feed is metabolized and the production of methane by
ruminal methanogens (Archaea). The formation of methane
by Archaea depends on the available free hydrogen from
the nutrient synthesis that was converted into acetate.
However, instead of being attached by methanogens, several
dominant ruminal bacteria shift to capture hydrogen to
form propionates (Hill et al. 2016). Volatile fatty acids
were not quantified in the present study, although Ku-Vera
et al. (2020) confirmed that such conditions are strongly
associated with reduced methane production during ruminal
fermentation. Nonetheless, when the dynamics of methane
production rates are expressed as (a + b), neither the
legume type nor the interaction between legume ensiling
factors showed significant results. C. callothyrsus, L.
leucocephala, and C. pubescens were found to have a
lower potential for ruminal methane production, especially
in ensiled samples. Such conditions can be linked to the
presence of polyphenols such as tannins, whereas some
tropical legumes contain high tannins, inhibit the
methanogenesis process of ruminal microbes (Soltan et al.
2012; Rira et al. 2022). The reduction in methane gas
emissions can be influenced by phenolic compounds
present in tropical legume plants. During the initial stages
of wilting and chopping of legumes for silage, Polyphenol
Oxidase (PPO) can be activated. The activation mechanism
of PPO involves binding polyphenols, such as tannins, to
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degradable nutrients like sugars, which are susceptible to
degradation. This binding helps to protect nutrients within
the rumen, thereby indirectly reducing rumen gas production,
including CHa4 (Lee 2014; Lee et al. 2019; Li et al. 2019).

This study highlights the benefits of integrating non-
ensiled and ensiled tropical legumes into ruminant diets to
mitigate enteric methane production and improve in vitro
feed digestibility (Aragadvay-Yungan et al. 2022). The
addition of several tropical legumes to grass silage can
reduce the total gas production by up to 40% and methane
emissions by up to 30%. Among the experimented I.
zollingeriana demonstrated the highest digestibility, with no
significant influence on lowering the methane. Meanwhile,
C. callothyrsus, C. pubescens, and L. leucocephala, resulted
in reduced ruminal methane production.
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