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Abstract
The present study was undertaken to explore the methane reduction potential of phyto-sources from the foothills 
of Himalayan region. The qualitative screening of phyto-sources confirmed the presence of tannins in ~ 80% of the 
samples. Similarly, most of the phyto-samples were also possesses flavanoids (66%) and terpenoids (94%); however, 
none of the samples consist saponins or phlobatannins. The highest tannins concentration was reported in Terminalia 
chebula (245 g/kg DM), Zanthoxylum alatum (219 g/kg DM) and Punica granatum (207 g/kg DM). Phyto-sources such 
as Pittosporum eriocarpum, Prunusdomestica and Berberis lycium contain condensed and hydrolysable tannins in nearly 
equal proportions and comparatively produce lesser methane than non-tanniniferous phyto-sources sources or phyto-
sources which possess either condensed or hydrolysable tannins. The study established that entodinomorphs were 
most vulnerable protozoa to tanniniferous phyto-sources. The attenuation of tannins impact through polyethylene 
glycol (PEG-6000) addition revealed a substantial increase in total volatile fatty acids (up to 23%) and ammonia nitrogen 
(up to 50%). It can be inferred from the study that Prunus domestica, Berberis lycium and Terminalia chebula due to their 
methane mitigation potential can be incorporated in animal feed for reducing methane emission. The present study 
unequivocally demonstrated that tannins-containing phyto-sources could be of great interest in the development of 
novel anti-methanogenic feed additives. However, the optimization of level of inclusion for the selected phyto-sources 
in animals diet should be studied.
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1 Introduction

Due to the ever-increasing methane emission, a mas-
sive hunt has been hurled to reduce emission from the 
ruminants. Globally, the livestock sector contributes 18% 
percent of the total greenhouse gas emissions [1]. Enteric 
fermentation alone is accounted for 15–20% of the global 
methane emission. Ruminant is one of the largest sources 
of methane emission and globally produce 81–92 million 
metric tons methane per year [1]. Methane has 25 times 

more heat trapping potential than  CO2 and one of the 
main factors responsible for global warming. In addition, 
enteric methane emission also represents a substantial 
loss of 8–15% of the total energy intake [2]. Due to high 
calorific value (39.5 kJ/l) of methane, its emission therefore 
deprives the animals from a substantial fraction of energy 
that otherwise would have been utilized for different pro-
ductive functions. In developing countries, the increasing 
demand for animal products would result in large meth-
ane emission. Therefore, disproportionate productivity 
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intensification would certainly lead to the larger methane 
emission, if suitable and sustainable methane ameliorative 
measures are not developed and adopt. Thus, amelioration 
of methane emission from livestock will not only protect 
the environment, but also lead to productivity enhance-
ment with better energy utilization efficiency.

Feed additives such as ionophores proved very effec-
tive in reducing energy and protein losses [3]; however, 
contemporary biosecurity threats have restricted their 
usage in the diet in many European countries (EU direc-
tive 1831/2003/Cee). Researchers are continuously trying 
to develop the effective alternates for ionophores that can 
modulate the rumen fermentation and reduce methane 
emission. Use of plant secondary metabolites, as rumen 
modifiers appear an attractive alternative. These are 
active biomolecules and being considered environment 
friendly if used at the appropriate level. Tannin is one of 
the largely studied plant secondary metabolites that lead 
to direct and indirect inhibition of the rumen methano-
genesis; however, the extent of methane reduction is 
purely dependent on tannins concentration and chemi-
cal composition. Plant secondary metabolites-containing 
phyto-sources are not uniform and abruptly distributed 
among the countries/region and confine to region specific. 
Thus, phyto-sources hold potential methane reduction 
properties will have no meaning, if inadequately available 
where intervention(s) for methane reduction is required. 
The constraint of patchy availability forces the researchers 
for a continuous search of plant secondary metabolites-
containing phyto-sources that lead to methane reduction.

The Himalayan region is a hotspot of plant diversity 
possessing more than 10,000 plant species; however, these 
phyto-sources have not yet been explored for the meth-
ane reduction. These unexplored phyto-sources need to 
be screened for the presence of plant secondary metabo-
lites (PSM), their anti-methanogenic potential and modali-
ties for their inclusion in the animal diet.

2  Materials and methods

2.1  Sample collection

Total 15 plant leaves samples were collected from the foot-
hill of Himalayan region (27°59′17″N 86°55′31″E) spread 
in Nanital, Uttarakhand, India at a height of 8848 meters 
above the sea level. The samples were collected from 
August to October 2015 during post- monsoon season. 
Approximately, 500 g sample was harvested from the five 
trees, air dried for about 10–15 days and pooled. The sam-
ples were brought to the laboratory and again air dried for 
7–10 days in a well-ventilated shed. The air-dried samples 

were ground to pass 1 mm sieve and stored in airtight 
container in a dry, cool and dark place till further analysis.

2.2  Screening for the presence of plant secondary 
metabolites

The air-dried ground leaf samples were screened for the 
presence of tannins, saponins, flavonoids, alkaloids, ter-
penoids, glycosides and phlobatannins. For the identifi-
cation of PSM, qualitative tests were carried following the 
standard protocols described by [4]. However, the pres-
ence of alkaloids in the samples was confirmed following 
the methodology of [5].

For the quantitative tannin assay, ground samples 
(0.2 g) were extracted twice in 10 mL aqueous acetone 
(acetone/water, 7:3) for 20 min in an ultrasonic water bath. 
The extracted samples were then centrifuged at 6000 g for 
10 min at 4 °C and the supernatant were combined using 
for tannin analysis. Total phenols (TP), total tannin (TT) and 
condensed tannin (CT) in the samples were determined 
following the previously described procedure ([6]. All the 
determinations were carried out in duplicate.

2.3  Chemical composition

The proximate analysis of dried leave samples was per-
formed for the following principles using AOAC (1990): 
crude protein (method 984.13), ether extract and ash 
(method 942.05). The aNDFom corrected for neutral 
detergent fiber (NDF)-ash was determined following the 
standard procedure [7] using heat stable α-amylase (Sigma 
Aldirch A3306) at 1 mL per 100 mL of NDF solution. Feed 
samples were also analyzed for acid detergent fibre (ADF) 
and acid detergent lignin (ADL) following the previously 
described procedure [7]. All the analysis were carried out 
in triplicate and presented as g/kg DM.

2.4  In vitro gas production

In vitro experiments were conducted in a series at the 
Energy Metabolism Laboratory of National Institute of 
Animal nutrition and physiology, Bangalore, India. For 
collecting the rumen liquor from animals, an approval 
was obtained from the Institute Animal Ethics Committee 
(IAEC) and followed the standard guidelines.

The rumen liquor was collected prior to the morning 
feeding from two cannulated Holstein–Friesian crossbred 
bulls fed ad libitum on a total mixed ration consisting fin-
ger millet (Elusine coracana) straw and concentrate mixture 
in 60:40. The rumen liquor was strained through four layers 
of muslin cloth, pooled and used as a source of inoculum 
for in vitro incubation. Approximately, 30 mL of buffered 
rumen inoculum ([8] was dispensed in 100 mL calibrated 
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glass syringe (Haeberle, Germany) containing 0.2 g air 
equilibrated sample. All the incubations were carried out 
in triplicate at 39 °C for 24 h and each sample was incu-
bated two times with an interval of 1 week. To quantify gas 
production derived from the culture medium and rumen 
inoculum, two blanks (without leaf sample) were included 
in every set. Every time standard hay (University of Hohen-
heim, Stuttgart, Germany) sample was used as a reference. 
In the subsequent experiment, tannin interference on fer-
mentation was assessed using polyethylene glycol (PEG-
6000). All the incubations were carried out in triplicate at 
39 °C for 24 h and each sample was incubated two times 
with an interval of 1 week. The magnitude of increase in 
gas production due to the addition of PEG to the tannifer-
ous leaves at a ratio of 2:1 was taken as an index of tannin’s 
interference on rumen fermentation [9].

After 24 h of incubation, so as experiment 1 and 2, total 
gas produced was estimated by the displacement of the 
syringe piston. Net gas produced from the fermentation 
of substrate was calculated by subtracting the blank val-
ues from the test samples. The gas produced in standard 
syringe was used to check day-to-day variation in the qual-
ity of inoculum. For estimating methane, 1.0 mL of gas 
was sampled with an airtight syringe (Hamilton Company, 
Reno, NV, USA) from the headspace of syringe (having one 
outlet) using a specialized adapter fitted to the silicon tub-
ing. The samples were injected manually into Thermo-
Fisher gas chromatograph equipped with thermal con-
ductivity detector and stainless steel column packed with 
Porapak-Q. The injector oven, column oven and detector 
temperatures were maintained at 60 °C, 100 °C and 110 °C 
respectively for analyzing methane in total gas. Based on 
the estimated methane percentage in gas, methane pro-
duction in mL was calculated in each sample using the 
formula given below

After PEG addition, the % increase in methane produc-
tion was calculated as

2.5  Fermentation characteristics and protozoal 
enumeration

The rumen fluid samples were analyzed for ammonia-N 
(mg/dL) following the previously described procedure 
([10]; whilst total volatile fatty acid (TVFA, mM) was esti-
mated as per the described method ([11]. Supernatant 
fluid from each syringe was taken for the enumeration of 
protozoa. The rumen ciliates were identified as described 

(1)
Methane (mL) = Methane% in the sample

× total gas produced (mL).

(2)

Methane (mL) =
CH4 with PEG addition−CH4 without PEG addition

CH4 without PEG addition

previously [12]. Spirotrichs unidentified to generic level 
were classified into small spirotrichs (mainly entodini-
morphs with an average size 42 µm × 23 µm) and large 
spirotrichs (mainly diplodinia with an average size of 
132 µm × 66 µm).

2.6  Statistical analysis

Data was analyzed to explore the effect of source (leaves) 
on in vitro methane production and other variables using 
MINITAB 17. The following model was used Yij = µ + Ai + ɛij; 
where Yij was individual observation, μ was general mean, 
Ai was the effect of the treatments (i = 1–15) and εij was 
the experimental error. While, the effect of source (leaves), 
PEG addition and their interaction was determined using 
General Linear model

where, Yij was individual observation, μ was general mean, 
Ai was the effect of factor A (leaves i = 15), Bj was the effect 
of factor B (PEG; j = 2), (AB)ij was the effect of interaction 
between factor A and B (source * PEG) and εijk represented 
the experimental error.

3  Results

The qualitative screening of phyto-sources (leaves) from 
Hiamalyan regions of Uttarakhand in the present study 
(Table S1) revealed the presence of tannin in 12 (80%) out 
of 15 samples. Similarly, most of the samples were also 
found positive for flavanoids (66%) and terpenoids (94%); 
however, none of the sample contained saponin or phlo-
batannins (Table S1). Qualitative screening of the samples 
confirmed the presence of alkaloids and glycosides in one 
and three samples, respectively.

The chemical composition, phenol and tannin (hydro-
lyzable-HT and condensed-CT) content of phyto-samples 
in the present study are presented in Table S2. The crude 
protein in leaves varied between 65.9 (Berberis lycium) to 
172 (Artemisia vulgaris) g/kg DM with an average of 8–11%. 
The ether extract in the studied samples was consistently 
between 4 and 6%, except, Prunus persica (8.07%) and 
Punica granatum (8.04%). Similarly, the ash content was 
also consistent among the samples and reported in the 
range of 9–11%. The fibre fraction (NDF and ADF) was 
highly variable among the studied samples. The phyto-
sources such as Pittosporum eriocarpum, Asparagus racem-
osus, Dalmori, Berberis lycium and Acacia catechu contain 
appreciable NDF content; whilst ADF was reported high in 
Lannea coromandelica followed by Berberis lyceum, Pitto-
sporum eriocarpum, Juglans regia, Premna mollissima and 

(3)Yijk = � + Ai + Bj + (AB)ij + �ijk
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Asparagus racemosus. Among the studied samples, Melia 
azedarach contain maximum condensed tannin (78.7 g/
kg). The phenolic content of some of the phytosources 
(Punica granatum, Xanthoxylum alatum and Terminalia 
chebula) contains a substantial amount of phenolic com-
pound. The phyto-sources such as Melia azedarach, Artemi-
sia vulgaris, Pittosporum eriocarpum, Zanthoxylum alatum 
and Berberis lycium also possess an appreciable quantity 
of condensed tannin. Few phyto-sources such as Termi-
nalia chebula, Punica granatum, Zanthoxylum alatum and 
Acacia catechu were found a promising source of hydrolyz-
able tannin. The leaves from Prunus domestica and Berberis 
lycium contain both condensed and hydrolysable tannin 
in almost equal proportion; however the overall level of 
tannin was low.

The large variation (p < 0.05) in total gas production 
(mL/200 mg DM) among the samples revealed the dif-
ferent fermentation characteristics of the studied phyto-
sources in this study. Phyto-sources such as Juglans regia, 
Terminalia chebula and Berberis lycium produced mini-
mum gas during incubation; while on the other hand 
leaves from Punica granatum, Acacia catechu and Arte-
misia vulgaris produced maximum gas (Table 1). The PEG 
addition (PEG-6000) in 1:2 attenuated the adverse effect 
of tannin in the present study and increased the gas 

production (p < 0.005, Figure S1); however, the extent of 
increase in gas production was not uniform across the 
samples.

In the present study, a large variation (p < 0.05) in meth-
ane production (mL/200 mg) was recorded. There was not 
a definite trend of methane production with respect to 
condensed and hydrolyzable tannin content, nevertheless 
the phyto-sources such as Pittosporum eriocarpum, Prunus 
domestica and Berberis lycium which contained both CT 
and HT in almost equal proportion produced compara-
tively less methane than those phyto-sources with appre-
ciable amounts of either CT or HT (Table 1). The interaction 
of the source (leaves) with PEG in the present study was 
significant (p < 0.05) and an average increase of 41% was 
recorded irrespective of the sources (Figure S1).

A significant (p < 0.05) variation in total volatile fatty 
acid (TVFA) production (mM/dL) was recorded in the pre-
sent study. Among the samples Prunus domestica, which 
contained both CT and HT in equal proportion tended to 
produce least TVFA as compared to those which contained 
an appreciable amount of either CT (Artemisia vulgaris) or 
HT (Punica granatum and Acacia catechu). The interaction 
of the source with PEG for TVFA production proved sig-
nificant (p < 0.05) in the present study. Increase in TVFA 

Table 1  Effect of plant leaves 
and PEG addition on in vitro 
gas and methane production

Mean values bearing different superscripts in a column differ significantly (p < 0.05)

*Scientific name could not be ascertained

Plant leaves Total gas
(mL/200 mg DM)

% 
Increase 
in gas

Methane (mL) % increase 
in Methane

Methane
(% of TG)

− PEG + PEG − PEG + PEG

Pittosporum eriocarpum 24.0ef 27.0 g 12.5 2.29e 3.23e 41.0 9.50 12.0
Asparagus racemosus 38.8bc 39.4 cd 1.55 2.98de 4.71de 58.1 7.70 12.0
Prunus domestica 29.2de 35.6def 21.9 3.92bcde 7.69abc 96.2 13.4 21.6
Prunus persica 39.4bc 43.2bc 9.64 7.80a 9.29a 19.1 19.8 21.5
Dalmori* 31.0d 34.2ef 10.3 5.85ab 8.30ab 41.9 18.9 24.1
Juglans regia 13.8 g 15.4i 11.6 3.09cde 4.20de 35.9 22.4 27.2
Melia azedarach 28.6de 32.8f 14.7 4.65bcde 5.70bcde 22.6 16.3 17.2
Terminalia chebula 21.6f 24.0gh 11.1 2.65de 3.30e 24.5 12.3 13.9
Berberis lycium 21.2f 21.6 h 1.89 2.45e 3.20e 30.6 11.6 14.7
Zanthoxylum alatum 30.4d 33.0ef 8.55 3.22cde 4.78 cde 48.4 10.6 14.5
Premna mollissima 34.8 cd 44.2bc 27.0 5.13bcd 6.80abcd 32.6 14.7 15.3
Artemisia vulgaris 43.4b 58.4a 34.6 5.61abc 8.80a 56.9 12.9 15.1
Punica granatum 52.0a 54.2a 4.23 6.11ab 6.40abcd 4.75 11.8 11.9
Acacia catechu 43.6b 47.4b 8.72 6.31ab 8.80a 39.5 14.5 18.6
Lannea coromandelica 31.0d 37.8de 21.9 2.98de 4.9 cde 64.4 9.60 13.0
SEM 1.78 1.40 – 0.722 0.836 – – –
p value < 0.001 < 0.001 – < 0.001 < 0.001 – – –
Interaction (source × PEG)
 SEM 0.288 – 0.918 – – –
 p value 0.039 – < 0.001 – – –
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production was found when PEG was included with the 
source and their value ranged from 0.909 to 23%.

Similarly, the effect of sources on Ammonia Nitrogen 
was also significant (p < 0.001). The effect of different 
phyto-sources on concentration of Ammonia Nitrogen 
(mg/dL) varied between 13.7 and 40.6 mg/dL (Table 2). 
In the present study, significant reduction in Ammonia 
Nitrogen concentration was observed with some phyto-
sources (Juglans regia, Terminalia chebula and Prunus per-
sica). There was a considerable decrease in ammonia-N 
concentration with Acacia catechu and Lannea coroman-
delica containing high concentration of HT while a slight 
decrease was observed with other phyto-sources (Premna 
mollissima, Prunus domestica, Punica granatum) compared 
with PEG supplemented phyto-sources. Slight increment 
in ammonia nitrogen concentration was observed with the 
inclusion of PEG 6000.

Total protozoal (× 103/mL) numbers varied (p < 0.05) 
among the fermented in vitro incubation medium and 
recorded the lowest in Berberis lyceum; whilst highest num-
bers were found in the incubation medium of Acacia cat-
echu (Table 3). The present study showed the less number 
of protozoa from the incubation of phyto-sources that con-
tained both condensed tannin (CT) and hydrolyzable tannin 
(HT) than those contained either CT or HT. The interaction of 
source × PEG was found significant (p < 0.05) confirming the 
attenuation of adverse impact of tannin on rumen protozoa.

The inclusion of PEG with source substantially increased 
overall protozoal count (Fig. S1). Results from the study 
indicated that the addition of PEG did not have a uniform 
increase in entodinomorph (× 103/mL) numbers. The 
increase in entodinomorph numbers due to PEG addition 
was more prominent in the phyto-sources containing both 
condensed tannin (CT) and hydrolyzable tannin (HT) in 
appreciable quantity than those either contained CT or 
HT. The study also confirmed that entodinomorph ciliates 
were more vulnerable to the tanniferous phytosources 
than the holotrichs.

4  Discussion

Globally, the different approaches for ruminal meth-
ane amelioration through manipulation in feeding are 
being practiced. The phyto-sources possessing bioactive 
molecules are one of the effective ways of ameliorating 
methane emission. The desirable effect by the inclusion 
of plant secondary metabolites (PSM) containing phyto-
sources are achieved through direct or indirect action on 
the rumen metahnogens and protozoa, control of gut 
pathogens, improved digestibility, feed efficiency and 
less ruminal protein degradation [13]. As PSM-containing 
phyto-sources are not uniformly distributed among vari-
ous geographical areas and confined to specific regions, 

Table 2  Effect of plant leaves 
and PEG addition on TVFA and 
ammonia-N

Mean values bearing different superscripts in a column differ significantly (p < 0.05)

Tree leaves TVFA (mM/dL) % increase NH3-N (mg/dL) % increase

− PEG + PEG − PEG + PEG

Pittosporum eriocarpum 10.2bcd 11.0bcdef 7.84 24.6c 24.1de –
Asparagus racemosus 10.1bcd 10.3efg 1.98 23.8cd 24.9cd 4.62
Prunus domestica 9.06d 10.0 fg 10.3 16.2ef 20.2def 24.6
Prunus persica 10.4abcd 12.8a 23.0 15.4ef 16.0 fg 3.89
Dalmori 10.1bcd 10.4defg 2.97 15.6ef 17.6 fg 12.8
Juglans regia 11.2abc 11.7abcd 4.46 14.5f 14.6 g –
Melia azedarach 9.28 cd 9.60 g 3.44 15.9ef 19.0efg 19.4
Terminalia chebula 10.0bcd 11.1bcdef 11.0 13.7f 16.0 fg 16.7
Berberis lycium 9.80bcd 10.8bcdefg 10.2 15.7ef 16.5 fg 5.09
Zanthoxylum alatum 9.86bcd 10.9bcdefg 10.5 16.5ef 17.3 fg 4.84
Premna mollissima 10.0bcd 10.6cdefg 6.00 26.3c 30.0c 14.0
Artemisia vulgaris 11.9a 12.1ab 1.68 39.7a 36.1b –
Punica granatum 10.9ab 12.0abc 10.0 40.6a 44.2a 8.86
Acacia catechu 10.8ab 11.6abcde 7.40 33.8b 43.4a 28.4
Lannea coromandelica 11.0ab 11.1bcdef 0.909 19.8de 29.7c 50.0
SEM 0.396 – 1.34 1.43 –
p value < 0.001 < 0.001 – < 0.001 < 0.001 –
Interaction (source × PEG)
 SEM 0.288 – 0.918 –
 p value 0.039 – < 0.001 –
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therefore, there is a need to broaden the list of phyto-
sources with established methane ameliorative effect if 
incorporated in animal diets. Most of the phyto-sources 
used in this study hardly been studied for their impact on 
rumen methanogenesis and the incorporation of promis-
ing sources at the appropriate level in diet will enable us 
in reducing methane emission from the livestock in hilly 
states such as Assam, Uttarakhand, Himachal Pradesh and 
Jammu & Kashmir.

Phyto-sources except Asparagus racemosus, Premna 
mollissima and Dalmori in the present study found positive 
for the tannins presence. The previous findings [14] sub-
stantiate our results for the presence of tannins and alka-
loids in Pittosporum eriocarpum. Asparagus racemosus has 
shown good potential in reducing methane production. 
The anti-methanogenic property of Asparagus racemosus 
was attributed to flavonoid content which is also known 
for the anti-protozoal action ([15]. Previous findings [16] 
also corroborate our results for the presence of flavonoid 
in Punica granatum.

Tannins, flavonoids and terpenoids were three major sec-
ondary metabolites abundantly distributed in the studied 
phyto-sources. Flavanoids holds good potential to be used 
as bio-active phyto-agents for manipulating the rumen 

fermentation. In vitro and in vivo studies [16–18] established 
that flavonoid extracts helps in correcting animal production 
inefficiencies by reducing methane emission. Though we 
have not characterized the flavanoids in the present study, 
nevertheless it is well documented that different types of 
flavanoids induce variable impact on gas production. The 
reduction in methane production due to the flavanoids con-
taining phyto-sources could be attributed to the reduction 
in ciliate protozoa numbers. Previous study [16] confirmed 
a reduction of about 60% in protozoa due to the flavanoids-
rich plant extract. However, in a study [19], a direct impact of 
flavonoids on methanogens was also reported.

A reduction in methane emission due to phenolic 
sources was also reported previously [20, 21]. However, 
the reduction in methane with various phenolic sources 
is quite variable, attributed to the structural diversity and 
interaction [22]. Further, the variable dose response also 
held responsible for the incongruity [23]. Tannin content 
(CT) in Artemisia vulgaris was within the previous reported 
range [24]; whilst the CT content in Melia azedarach was 
higher than reported earlier [25]. This variability in tannins 
content could be explained on the basis of parts used for 
tannins estimation. For example, we have used the leaves 
of Melia azedarach for tannins estimation; whilst Gemeda 

Table 3  Rumen protozoa (× 103) as influenced by source (leaves) and PEG addition

Mean values bearing different superscripts in a column differ significantly (p < 0.05)
a Percent increase represents increase with PEG addition compared to without PEG

Tree leaves Entodina (× 103) % Increase Isotricha (× 103) Dasytricha 
(× 103)

Holotricha 
(× 103)

Total (× 105) % Increase

− PEG + PEG − PEG + PEG − PEG + PEG − PEG + PEG − PEG + PEG

Pittosporum eriocarpum 14.5d 16.6de 14.5 0.3bc 0.5bcde 0.6a 0.6a 0.9abc 1.2b 15.4 cd 17.8d 15.6
Asparagus racemosus 17.2c 19.1bc 11.0 0.6abc 1.1ab 0.4ab 0.6a 0.9ab 1.8a 18.1b 20.9bc 15.5
Prunus domestica 11.8e 14.4f 22.0 0.4bc 0.5bcde 0.2bcde 0.3abcd 0.6bcd 0.9bc 12.5e 15.3e 22.4
Prunus persica 12.6de 17.0cde 34.9 0.2bc 0.1e 0.01 cd 0.09de 0.3d 0.3dc 13.0e 17.3d 33.1
Dalmori 13.4de 15.1ef 12.7 0.5abc 0.07e 0.2bcd 0.05e 0.7abcd 0.1e 14.1de 15.3e 8.51
Juglans regia 20.8a 22.0a 5.77 0.2bc 0.2cde 0.2bcd 0.1cde 0.5bcd 0.4cde 21.3a 22.5ab 5.63
Melia azedarach 20.6a 21.9a 6.31 0.1c 0.2de 0.2bcd 0.4abc 0.3 cd 0.7bcde 21.0a 22.6ab 7.62
Terminalia chebula 20.5a 21.8a 6.34 0.1c 0.1a 0.2bcd 0.3cde 0.3d 0.5cde 20.9a 22.3ab 6.70
Berberis lycium 7.9f 11.9 g 50.6 0.7abn 1.4cde 0.01d 0.3bcde 0.4bcd 0.6cde 8.4f 12.5f 48.8
Zanthoxylum alatum 20.2ab 22.4a 10.9 0.5abc 0.2abcde 0.6a 0.1 cde 1.2a 0.5cde 21.4a 22.9a 7.01
Premna mollissima 13.6de 20.4ab 50.0 0.4bc 0.7abcde 0.2bc 0.2cde 0.5bcd 0.6cde 14.1de 21.1ab 49.6
Artemisia vulgaris 18.0bc 18.1cd 0.56 0.5abc 0.9abcd 0.4ab 0.5ab 0.5bcd 0.4cde 18.6b 18.5d 0.00
Punica granatum 12.2e 13.1 fg 17.0 0.2c 0.5bcde 0.2bcd 0.9de 0.3d 0.7bcd 12.5e 13.9ef 11.2
Acacia catechu 21.5a 21.9a 1.86 0.1c 0.1de 0.2bcd 0.2cde 0.3d 0.7cde 21.9a 22.4ab 2.28
Lannea coromandelica 16.9c 18.6bcd 10.1 1.1a 1.0abc 0.3bc 0.3bcde 0.4bcd 0.5cde 17.4b 19.1 cd 9.77
SEM 0.006 0.005 – 0.001 0.002 0.0005 0.0007 0.001 0.001 0.006 0.005 –
p value < 0.001 < 0.001 – < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 –
Interaction (Source × PEG)
 SEM 0.004 – 0.001 0.0005 0.001 0.001 –
 p value < 0.001 – 0.004 <0.001 <0.001 <0.001 –
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and Hassen [25] used a mixture of leaves and stem. Our 
results are in agreement with previous findings [26].

The large variation in total gas production indicated 
different fermentation characteristics of phyto-sources 
in the present study. Sources such as Juglans regia, Ter-
minilia chebula and Berberis lycium containing condensed 
(CT) and hydrolyzable tannins (HT) produced lesser gas. 
The decrease in gas production from these sources may be 
due to the negative impact of high tannins and phenolic 
compounds on fermentation characteristics. Tannins have 
the ability to bind protein through hydrogen bonding 
between phenolic and carbonyl groups and thereby exert 
impact on the rumen microbes [27–29]. Our results are in 
agreement with the previous findings that combination of 
condensed (CT) and hydrolyzable tannins (HT) are more 
effective in reducing methane production as compared to 
individual [30]. Further, the differences in gas production 
can be due to the difference in the chemical structure of 
cell wall [29] and molecular weight of tannins. A decrease 
in gas production from Terminalia chebula might be due to 
the high levels of plant secondary compounds that lead to 
the toxic impact on ruminal bacteria. The plausible cause 
for the decrease in gas production due to tannins may be 
the interaction between tannins and feed components 
such as protein and carbohydrates [31, 32]. PEG (tannin 
binding agent) neutralizes the effect of tannins [9]. PEG 
binds to tannins and inhibits plant secondary compounds 
to interact with other macromolecules such as carbohy-
drate and protein and prevent their anti-microbial proper-
ties. Kondo et al. [33] reported an increase in gas produc-
tion due to PEG addition.

Enteric methane production primarily depends on 
the quantity and quality of the basal diet [34]. The differ-
ence in fibre fractions and tannins content affect meth-
ane production [35]. Tannins reduce methane emission in 
both direct and indirect ways [36]. Tannins directly target 
rumen methanogens or kill the protozoa associated with 
rumen methanogens. Further, inhibition of fiber degrada-
tion lead to a shift in fermentation that resulted into less 
methane. Earlier reports [30, 31] strengthen our findings 
that CT and HT both can lead to lower methane emission. 
The impact of CT on methane through reduction in fiber 
digestion is more pronounced than HT. This is due to the 
higher resistance of the CT aromatic structure for microbial 
degradation than the HT [28]. The decrease in methane 
production on the incorporation of tannins in also been 
reported by many others [37, 38]. A meta-analysis [31] 
revealed that increase in tannins concentration consist-
ently suppressed methane production both in vitro and 
in vivo. Many [39–41] reported a significant reduction in 
methane with tannins supplementation. On the other 
hand, a non-significant effect of tannins on methane pro-
duction also reported [22, 34]. This deviation in methane 

reducing impact attributed to the variable chemical struc-
ture and concentration of tannins. Patra and Saxena [42] 
reported that tannin acts as a toxicant to methanogens, 
cause a decline in organic matter (OM) digestion and 
reduces acetate and butyrate production (i.e. reduce fibre 
digestibility).

The VFA production in rumen mainly depends on the 
degree and rate of fermentation [43]. Reduction in total 
volatile fatty acid (TVFA) could be attributed to the for-
mation of tannins-protein and tannins-carbohydrate 
complexes which are less degradable [44] or toxicity to 
the rumen microbes [45]. It has also been reported that the 
inhibition of fibre degradation shifts fatty acid composi-
tion away from acetate, which results in less production of 
hydrogen and thus less methane fermentation [46]. Krue-
ger et al. [47] reported no or little impact of low tannins on 
acetate, propionate and butyrate concentration, whereas 
present study revealed a significant effect (p < 0.001) of 
tannin on these parameters. However, in present study, 
tannins effect on TVFA was less prominent than effect on 
methane production. This indicated that methane produc-
tion in this study was not due to the reduction in fibre 
degradation.

It has been evidenced that there is a reduction in rumi-
nal ammonia concentration [38, 48] by supplementing 
dietary tannins. Some of the phyto-sources (Terminalia 
chebula, Berberis lycium and Prunus domestica) consider-
ably decreased ammonia-N concentration. Usually, HT 
and proteins forms complexes at pH 3–4, but appreciable 
amount of complexes are also formed under typical rumen 
pH of 6–7 [49]. Reduction in protozoal population in pre-
sent study caused the reduction in ammonia-N. Our results 
corroborated with earlier finding [41], reported that a con-
current decrease in ammonia and protozoal population.

Earlier study [20] reported that an increasing level of 
tannins reduce protozoa in goat rumens. Protozoa are 
accountable for interspecies  H2 transfer and therefore any 
reduction in ciliates would lead to a reduction in methane 
[50, 51]. It is quite possible that condensed tannins binds 
to the cell surface and induce toxicity to the protozoa [53]. 
However, saponins interfere with sterols in the protozoal 
cell wall [52]. However, reduction in protozoal counts 
always not accompanied with reduction in methane. This 
established that there is a weak association between pro-
tozoa and methanogenesis [41].

The increase in entodinomorphs with PEG supplemen-
tation was more prominent in phytosources containing 
both CT and HT. Sliwinski et al. [54] reported a significant 
effect of HT on protozoal count, whereas others [55] found 
that HT is less inhibitory as compared to CT. These studies 
established that methanogenesis is not essentially related 
to the density of protozoa, and only a small proportion of 
total methane production was attributed to the presence 
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of methanogens attached with the ciliate protozoa [56]. 
Similar to our study, a previous report [46] also concluded 
that the direct relationship between dietary tannins and 
protozoa is poor.

5  Conclusion

In the present study, we investigated the methane reduc-
tion potential of fifteen phyto leaves from foothill of Hima-
laya using in vitro technique and identified few promising 
sources that can be used in animal diet as methane sup-
pressing agents. From the study, it can be concluded that 
Prunus domestica, Berberis lycium and Terminalia chebula 
contain appreciable tannin content and potential anti-
methanogenic phyto-sources. However, further in vivo 
studies with selected sources are warranted in order to 
optimize the incorporation level in the diet.
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