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COMPARATIVE EVALUATION OF COMBINATION OF THE METHANOGENIC 

INHIBITORS ON ENTERIC METHANE EMISSION AND NUTRIENT 

DIGESTIBILITY IN SAHIWAL AND GIR CALVES 

ABSTRACT 

 
The present study was undertaken to estimate the comparative evaluation of the 

combination of methanogenic inhibitors on enteric methane emission, nutrient digestibility, and 

rumen fermentation patterns in Sahiwal and Gir calves. The study consisted of a total of 12 healthy, 

6 Sahiwal calves and 6 Gir calves. The animals were divided into 4 groups of 3 animals in each, 

based on their average body weight. In the control groups of both the species the animals fed diet 

as per ICAR (2013) and in treatment groups animals were fed with control diet + combination of 

methane inhibitors (nitrate, linseed oil, and anthraquinone). The design of the experiment was 

switch over consisting of period 1 and period 2 each of 60 days. During the last week of each 

period of the experiment, a digestibility trial of seven days was conducted with a total collection 

of faeces, residue, and feed to study the digestibility of various nutrients. The methane was 

estimated by using the SF6 tracer technique by taking five successful collections and the rumen 

fermentation pattern was studied by collecting rumen liquor at the end of each period. 

There was no significant difference in DMI and nutrient digestibility among control and 

treatment groups of both Sahiwal and Gir calves, this implied that supplementation of methane 

inhibitors (nitrate, linseed oil, and anthraquinone) did not affect the intake and digestibility of the 

nutrients. 

In the case of rumen fermentation pattern, there was no significant change in acetate, but 

an increase in propionate and decrease in butyrate values was observed in treatment groups of both 

breeds when compared with that of control groups. Whereas Total-N and NH3N increased but pH 

of rumen liquor decreased. CH4 emission (g/d) was tended to be lower in treatment groups fed with 

methane inhibitors (nitrate, linseed oil, and anthraquinone combination) (51.90±2.88 in Sahiwal 

calves and 61.38±1.43 in Gir calves) as compared to groups fed with control diet (65.39±2.70 in 

Sahiwal, 74.55±1.01 in Gir). No significant (P>0.05) changes were seen in CH4 g/kg DMI, DDMI, 

OMI, DOMI, NDFI, DNDFI, ADFI, DADFI. The values of methane emission per kg DMI and 

DDMI ranged between 13-17g and 21 to 27 g respectively in the four groups. The values per kg 

OMI and DOMI ranged between 14-19 and 23-30g respectively. Intake of energy (GEI, DEI, MEI) 

was not significantly different in groups fed with control diet when compared 



with treatment groups fed with methane inhibitors because there was no effect on intake as well 

as digestibility of the feeds in all the four groups. 

CH4 energy (MJ/d) was significantly more in control groups (Sahiwal (C) 3.60±0.14, Gir 

(C) 4.10±0.05) as compared to their treatment groups (Sahiwal (T) 2.85±0.14, Gir (T) 3.38±0.07). 

CH4 energy loss as DEI (%) was significantly (P<0.05) higher in control groups (Sahiwal (C) 

8.08±0.65, Gir (C) 8.63±0.53,) when compared with treatment groups supplemented with methane 

inhibitors ((Sahiwal (T) 6.44±0.36, Gir (T) 7.39±0.41). There was no significant difference in 

methane energy loss as % GEI, but the decreasing trend was observed for methane energy loss as 

% MEI in treatment groups when compared with control. 

 
Thus, this study indicated that the supplementation of a combination of methane inhibitors 

(nitrate, linseed oil, and anthraquinone) has not affected nutrient intake and nutrients digestibility 

in both the breeds, Sahiwal and Gir calves. It has caused an increase in propionate and nitrogen in 

the rumen while methane emission decreased. 
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INTRODUCTION 
 

Global climate change is primarily caused by greenhouse gas (GHG) emissions which 

result in the warming of the atmosphere. Methane is a greenhouse gas (GHG) with a global 

warming potential 23-fold that of carbon dioxide (Samal et al., 2016) and makes up 16% of total 

global GHG emissions. It is probably the second most important gas after CO2 contributing to 

global warming (Van Nevel and Demeyer, 1996). Around 2-15% of gross energy intake by the 

ruminant animals is lost as methane so, it's important to reduce energy lost as methane, which 

favours both animals as well as the environment. 

The total bovine population (Cattle, Buffalo, Mithun, and Yak) was 302.79 Million in 2019 

which showed an increase of 1.0% over the previous census. Production of enormous amounts of 

methane is attributed to ruminant digestive processes specifically in their rumen, which is 

undesirable. The rumen is a unique home to a large number of ciliated protozoa, anaerobic bacteria, 

anaerobic fungi, and archaea which enables them to bio-convert poor quality lignocellulolytic feed 

into valuable animal products like milk and meat. In the rumen, the feed taken by the animals is 

fermented by an interactive concerted activity of bacteria, protozoa, fungi, archaea, and 

bacteriophages as an outcome of which the polysaccharides of feed are transformed into volatile 

fatty acids and microbial protein, the two main sources of energy and protein for host animals. But 

during feed fermentation in the rumen, CO2 and H2 gases are produced as by-products and rumen 

methanogenic archaea reduce CO2 into methane by utilizing H2 which gets eructed out through the 

mouth. 500-600 litres of H2 are produced daily in adult buffaloes or cattle, but due to 

methanogenesis, it never accumulates in the gaseous phase of the rumen. In the rumen, 

methanogenesis is an essential metabolic process to maintain a low H2 pressure but wasteful as 2- 

12% dietary energy (Johnson et al.,1993) gets wasted in the form of methane which reduces the 

potential conversion of dietary energy into metabolizable energy thus reducing feed utilization 

efficiency of the animals. Ruminants produce enormous amounts of methane accounting for about 

81% of GHG from the livestock sector, 90% of which results from rumen microbial 

methanogenesis (Hristov et al., 2015). This necessitates finding innovations and strategies to 

reduce the ruminant CH4 production in the perspective of global warming and enhancing animal 

productivity. 

The control of methanogenesis can be achieved by developing an alternative hydrogen sink 

to divert hydrogen away from methanogenesis (Joblin et al.,1999). The addition of alternate 

electron acceptors to the rumen seems to be a logical means of reducing methane emission. The 
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reduction of nitrate (∆G=-163 KJ mol) and sulphate (∆G=152 KJ mol) is thermodynamically 

favoured over carbon dioxide reduction (∆ G =130 KJ/mol), which provides nitrate and sulphate- 

reducing bacteria a competitive advantage over methanogens as hydrogen sink (Oremland et 

al.,1988). 

The inclusion of vegetable oil or lipid is another most promising technique for reducing 

methane emission from ruminants (Beauchemin et al., 2008). Linseed fatty acids offer a promising 

dietary means to suppress ruminal methanogenesis. 

Anthraquinone (9, 10- dioxo anthracene) is a naturally occurring aromatic organic 

compound found within some plants. The Rhubarb compounds 9,10-Anthracenedione, 1,8 

dihydroxy-3-methyl (-6.92 kcal/mol); phthalic acid isobutyl octadecyl ester (-5.26 kcal/mol); and 

di iso-octyl phthalate (-5.61 kcal/mol) have better specificity towards the methyl-coenzyme M 

reductase binding site and could be a potent methane inhibitor (Arokiyaraj et al.,2019). Hence the 

combination of all three was tested in this study with the following objective. 
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Objective 

 
To compare nutrient digestibility, rumen fermentation patterns, and methane emission in 

Sahiwal and Gir calves fed on a combination of Methane inhibitors (nitrate, linseed oil, and 

anthraquinone). 
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REVIEW OF LITERATURE 
 

 

 

 

2.1 METHANE PRODUCTION BY RUMINANTS 

 
The livestock sector is one of the largest sources of methane emission, producing to the 

tune of 80-115 million tons per year, which is equivalent to 15-20% of the total anthropogenic 

methane (Gerber et al., 2013). Methane production by enteric fermentation in the rumen, besides 

contributing to the emission of greenhouse gas into the environment, accounts for approximately 

2-12% of the gross energy loss to the animal (Johnson and Johnson 1995). About 85% of the 

methane is produced through exhalation when the animals masticate their feeds to digest it. 

However, methanogenesis in the rumen is an important way for electrons generated during 

fermentation to be disposed of, and inhibiting methanogens directly may result in hydrogen build-

up, which could slow rumen fermentation. Thus, it is desirable to divert the reducing equivalents 

in reactions other than methanogenesis, such as acetate, from carbon dioxide and hydrogen, and 

selective stimulation of fermentation for increased synthesis of propionate. In developing 

countries, the livestock sector is the backbone of the rural economy, but the animals in this part 

of the world are less productive, being reared on typically crop residue-based feed resources. It 

is, therefore, said that such a production system results in more methane emission per unit animal 

production than that of the high-yielding animals of the developed world. Singhal et al. (2005) 

observed that crossbred cattle, indigenous cattle, buffalo, goats, and sheep contributed 4.6, 48.5, 

39, 4.7, and 1.8 percent of methane emission by enteric fermentation, respectively. 

 

 
2.2 METHANOGENESIS AND EFFECTS OF ANTI-METHANOGENIC COMPOUNDS 

ON RUMEN METHANOGENS 

Methanogens use only a small number of substrates and convert them into methane by 

three pathways viz., CO2 reduction pathway, a pathway involving methyl-containing compounds, 

and acetolactic pathway (Zinder, 1993). The CO2 reduction pathway (reduction of CO2 with 

electrons from H2 or sometimes formate) is the major pathway as most of the methanogens use 

it to produce methane. 

Numerous methane-reducing strategies have been discovered, including interventions of 

animal management, dietary composition, rumen fermentation, and methanogens (Knapp et al., 
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2014). The most effective technique among these mitigating approaches is to stop methanogens 

from increasing their metabolic activity. Another method is to change the rumen microbiota so 

that fermentation shifts away from H2 generation and toward lower VFA production (e.g., 

propionate). 

 

 
2.2.1 COENZYME M ANALOGS 

 
The last stage of all methanogenesis processes is mediated by Methyl-CoM reductase 

(Mcr), and CoM (2-mercapto ethane sulfonic acid) is an essential cofactor that serves as the 

methyl group carrier. Methyl-CoM is reduced to methane by MCR. All known methanogens have 

CoM, but not other archaea or bacteria (Liu et al., 2008). Several halogenated sulfonated 

compounds, including as 2-bromoethanesulfonate (BES), 2-chloroethanesulfonate (CES), and 3- 

bromopropanesulfonate (BPS), are structural analogues of CoM and can block Mcr action 

competitively and selectively, decreasing methane synthesis at low doses (Nollet et al., 1997). 

 

 
2.2.2 HALOGENATED ALIPHATIC C1-C2 HYDROCARBON 

 

Chloroform, bromochloromethane (BCM), bromoform, bromodichloromethane, 

dibromochloromethane, carbon tetrachloride, trichloroacetamide, and trichloro-ethyl adipate are 

examples of halogenated aliphatic molecules with 1 or 2 carbons that might reduce ruminal 

methane production (Patra et al., 2014). These halogenated compounds block the function of 

corrinoid enzymes and inhibit cobamide-dependent methyl group transfer in methanogenesis 

(Wood et al., 1968). These halogenated compounds also competitively inhibit methane 

production by serving as terminal electron (e-) acceptors (Patra et al., 2012). 

 

 
2.2.3 NITROOXY COMPOUNDS 

 
3-Nitrooxypropanol (3NOP) and ethyl-3NOP, two new synthetic compounds, have been 

shown to have specific anti-methanogenic properties (Patra et al., 2017). 
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2.2.4 PTERIN COMPOUNDS 

 
Pterins are structural analogues of deazaflavin (F420), a coenzyme that plays a role in 

two phases of the hydrogenotrophic methanogenesis pathway (Nagar-Anthal et al., 1996). 

Therefore, pterin compounds competitively inhibit methane production. 

 

 
2.2.5 PLANT SECONDARY METABOLITES 

 
2.2.5.1 TANNINS 

 
Tannins lower CH4 generation by suppressing methanogens directly and indirectly by 

reducing fibre digestion and protozoal proliferation in the rumen. On pure cultures of 

methanogens, tannins isolated from Lotus pedunculatus were demonstrated to have inhibitory 

action. In the rumen of goats fed tannin-rich diets, Puchala et al. (2013) discovered suppression 

of methanogen populations. 

 

 
2.2.5.2 FLAVONOIDS 

 
Flavonoids have not been extensively studied concerning rumen methanogenesis (Patra 

et al., 2012). Flavone, myricetin, naringin, rutin, quercetin, or kaempferol were reported to lower 

in-vitro CH4 production by 5 to 9 mL/ g DM, according to Oskoueian et al. (2013). Flavonoids 

directly inhibit methanogens and also likely act as H2 sinks via cleavage of ring structures (e.g., 

catechin) and reductive dihydroxylation. 

 

 
2.2.5.3 SAPONINS 

 
The effects of saponins on rumen microbial populations, rumen fermentation, and 

ruminant productivity have been studied extensively and reviewed previously (Cieslak et al., 

2013). Saponins probably have a slightly direct effect on methanogens but are known to inhibit 

rumen protozoa and lowering H2 production (Patra and Saxena, 2009). 
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2.2.5.4 ESSENTIAL OILS 

 
The effects, mostly beneficial, of essential oils (EO) on rumen fermentation, microbial 

populations, and ruminant productivity have frequently been reviewed (Ceislak et al., 2013; 

Calsamiglia et al., 2007). Several EO compounds, either in pure form or in mixtures, are anti- 

methanogenic (Patra et al., 2014; Khorrami et al., 2015). The effects of EO on CH4 production 

and methanogens are variable depending on types, dose, and diet. Overall, EOs may directly or 

indirectly suppress methanogens in the rumen by inhibiting protozoa and H2 generating bacteria. 

 

 
2.2.6 ALTERNATIVE HYDROGEN SINKS 

 
2.2.6.1 NITRATE AND SULPHATE 

 

Nitrate (NO3
-) decreased methane production both in vitro and in vivo (Patra et al., 2013). 

Mechanistically, nitrate reduces methane production by competing with CO as an e-acceptor, and 

its reduction intermediates, nitrite (NO2
-) and nitrous oxide (N2O), inhibit methanogens and some 

H2 producers directly (Le et al., 2012). Sulphate also mitigates CH4 production, but much less 

effectively than nitrate. 

 

 
2.2.6.2 NITRO COMPOUNDS 

 
A few organic nitro compounds have been evaluated for their efficacy to reduce 

methanogens and CH4 production (Latham et al., 2016). These compounds can act as e- acceptors 

by some bacteria competing with methanogens for reducing equivalents. Nitro compounds may 

also inhibit methanogenesis via decreasing the activity of formate dehydrogenase, formate 

hydrogen lyase, and hydrogenase, which are all involved in the first step(s) of the 

hydrogenotrophic methanogenesis pathway, or by inhibiting e- transfer between ferredoxin and 

hydrogenase. 

 

 
2.2.6.3 PROPIONATE AND BUTYRATE ENHANCERS 

 
Carbohydrate fermentation intermediates include malate, fumarate, oxaloacetate, and 

acrylate. They can be converted to propionate or utilised in the production of amino acids and 

other compounds during anabolism. They can accept reducing equivalents, lowering the amount 
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of H2 available for CH4 synthesis stoichiometrically. In continuous fermenters using forages as 

a substrate, fumarate reduced methane generation by 38 percent when added at a concentration 

of 3.5 g/L (Kolver et al., 2004). 

 

 
2.2.6.4 UNSATURATED ORGANIC ACIDS 

 
During biohydrogenation, unsaturated fatty acids can act as hydrogen sinks, reducing 

methane generation. In vitro, propenoic acid (an unsaturated analogue of propionic acid), 3- 

butenoic acid and 2-butenoic acid (both unsaturated analogues of butyric acid), and ethyl 2 

butenoate were tested as alternate e- sinks to reduce methanogenesis (Ungerfeld et al., 2003). 

 

 
2.2.7 INHIBITORS TO HYDROGEN-PRODUCING BACTERIA 

 
 

2.2.7.1 IONOPHORES 

 
Ionophores mainly inhibit Gram-positive bacteria, including members of class Clostridia, 

including Ruminococcus species that produce acetate and H+, (Chalupa et al., 1988). Ionophores 

can also inhibit some Gram-negative rumen bacteria, including bacteria that produce formate and 

H2 (Kim et al., 2016). Therefore, ionophores may decrease methane emissions by decreasing H2 

production. 

 

 
2.2.7.2 BACTERIOCINS 

 
Bacteriocins are bacteria-produced proteins or peptides that inhibit specific microbial 

species in the rumen and other environments. Only a few research have looked into the impact 

of bacteriocins on CH4 emissions. In vitro, Bovicin HC5, a bacteriocin generated by 

Streptococcus spp. in the rumen, was found to decrease CH4 by 50% (Lee et al., 2002). In vitro, 

Nisin, a bacteriocin generated by Lactobacillus lactis subspecies lactis, has been found to reduce 

methane production by up to 40% depending on its concentration. Bacteriocins, like monensin, 

help to change rumen fermentation, resulting in increased propionate and reduced methane 

generation. 
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2.3 NITRATE SUPPLEMENTATION 

 

 
 

2.3.1 NITRATE AS RUMEN MODIFIER AND AN ELECTRON ACCEPTOR FOR 

METHANE MITIGATION 

The control of methanogenesis can be achieved by developing an alternative hydrogen 

sink to divert hydrogen away from methanogenesis (Joblin et al.,1999). To channelize the H2 

other than methanogenesis alternate hydrogen sinks are being targeted. The alternate hydrogen 

sinks like nitrate reduction, acetogenesis, sulphate reduction, are some of the major alternate 

hydrogen sinks present in the rumen. Stimulation of nitrate reduction in the rumen has very 

promising results and can work by competing with methanogenesis. To activate or stimulate the 

nitrate reduction in the rumen, nitrate has been tried as a feed supplement. The reduction of nitrate 

(∆G=-163 KJ mol) and sulphate (∆G=152 KJ mol) is thermodynamically favored over carbon 

dioxide reduction (∆ G 130 KJ/mol), which provides nitrate and sulphate-reducing bacteria a 

competitive advantage over methanogens as hydrogen sink (Oremland et al., 1988). Feeding 

nitrate has dual benefits i.e., it decreases methane production and also serves as NPN (non-protein 

nitrogen) source for ruminants. 

 

 
2.3.2 NITRATE EFFECT ON RUMEN MICROBES 

 
Nitrate works as a rumen microbiome modifier; therefore, studies were conducted to 

know changes that were taking place in the rumen microbiome due to nitrate feeding. The effects 

of nitrate (0, 2, 4, and 6% potassium nitrate of DMI) had been shown strong inhibition on 

methanogens (Sophia et al., 2010), and the number of methanogens reduced when nitrate was 

included in the diet (P<0.001) (Zijderveld et al.,2010). It was reported that F. succinogenes is 

inhibited by nitrate in the nitrate-unadapted rumen in vitro culture (Hulshof et al.,2012, Zhou et 

al.,2012). The populations of major cellulolytic bacteria F.succinogenes, R. flavefaciens, which 

contain electron transport capabilities, as well R. albus, which does not contain electron transport 

capabilities, all lowered in the rumen of goats fed nitrate and the population of methanogens also 

suppressed on nitrate supplementation due to toxic effects of nitrite, produced as an intermediate 

during the reduction of nitrate (Asanuma et al., 2015). 

Alaboudi and Jones (1985) observed safe acclimatization of sheep to high levels of nitrate 

in the diet (KNO3 @ 2.5 g/Kg body weight per day) involved a narrowing of the ratio of nitrate 
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and nitrite reduction activities and an increase in the proportion of nitrate-reducing rumen 

bacteria. Marais et al. (1988) found that the number of cellulolytic, xylanolytic, and total 

microbial populations decreased rapidly as nitrite was formed from nitrate in the digesta of the 

rumen. At peak nitrite values (10 mg/l), cellulolytic bacteria were reduced by 64%, xylanolytic 

bacteria by 25%, and total viable bacteria by 57%. They also reported that the decrease in 

xylanase and cellulase activities in vitro was associated with the change in the population density 

of microbes indicating that the nitrite is highly toxic to the fiber degrading microbes. 

In the rumen, three bacterial species Wolinella succinogenes, Veillonella parvula, and 

Selenomonas ruminantium have been identified as specific nitrate reducers. In goats, the 

population size of S. ruminantium (13-5.6x10' cells ml) is quite high as compared to V. parvula 

(3.2x10 cells/ml) and W. succinogenes (1.6 x10³ cells ml). The population density of these 

bacteria depends on the level of nitrate in the rumen. W. succinogenes and V. parvula are more 

sensitive to nitrate than S. ruminantium. Asanuma et al. (2002) using competitive PCR 

demonstrated a significant increase in the population density of V. parvula and W succinogenes 

by feeding nitrate (6 g/day) to goats, whereas, S. ruminantium remained unchanged. The type of 

diet also affects the population size of these nitrate reducers. Iwamoto et al. (2001) reported a 

higher rate of nitrate and nitrite reduction from the mixed ruminal microbes collected from the 

goats fed high roughage diet as compared to a high concentrate diet which was associated with 

higher nitrate and nitrite reductase activity in the former case. Asanuma et al. (2002) reported a 

higher number of W succinogenes in goats by feeding high roughage diet. 

The number of V. parvula including V. dispar was greater (6.7 x10³ vs. 3.0 x 10³/ml) in 

goats fed high roughage diet than high concentrate diet, but it was not significant. On other hand, 

the cell numbers of S. ruminantium were greater (5.6x107 vs. 1.3x107/ml) in goats fed a high 

concentrate diet than a high roughage diet, although the difference was not statistically significant 

(P<0.05). 

The amount of nitrate in the diet had a great effect on the growth of W. succinogenes in 

the rumen. The numbers of V. parvula and W. succinogenes in the rumen were higher when goats 

were fed high nitrate diet than a low nitrate diet (Asamuma et al., 2002). The presence of nitrate 

favors the growth of nitrate-reducing bacteria in competition with other ruminal bacteria because 

these nitrate-reducing bacteria obtain energy from nitrate and or nitrite reduction and in addition, 

they are less sensitive to nitrite, an intermediate product of nitrate reduction (Iwamoto et al., 

2002). 
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The rumen ciliate protozoa are also sensitive to the level of nitrate or nitrite in the rumen. 

A numerical decrease in ciliate protozoa was observed in sheep given nitrate and in sheep 

inoculated with E. coli W3110 or E. coli nir-Ptac when compared with saline-infused control 

sheep. The inoculation of E. coli W3110 along with nitrate numerically increased the ciliate 

protozoa than sheep given nitrate alone (Sar et al., 2005e). 

The total number of rumen bacteria rose as a result of sulphate (2.6% of DM). whereas 

the number of methanogens was suppressed when nitrate (2.6% of DM) was fed. The number of 

protozoa was unaffected by the feeding of sulphate or nitrate in cross bred Texel lambs (Van 

Zijderveld et al, 2010a). 

 

 
2.3.3 NITRATE EFFECT ON RUMEN FERMENTATION 

 
In unadapted animals, dietary nitrate can suppress ruminal fermentation (Guo et al., 

2009), but this inhibition disappears after the animal is adapted to dietary nitrate (Zhou et 

al.,2012). The total VFAs and acetate concentration increased linearly by increasing nitrate levels 

in the diet of nitrate-adapted ruminants (Zhao et al., 2015). Inhibition of CH4 production by 

ruminal cultures has been attributed to the direct toxicity of nitrite to methanogens (Bozic et 

al.,2009; Sar et al.,2005). 

The effects of supplementation of calcium nitrate or urea as NPN sources and Sulphur 

(0.8%) from sodium sulphate on rumen methane emissions showed a reduction in the 

methane/carbon dioxide ratio in the eructed breath of goats fed on nitrate supplemented diet as 

compared with animals fed on urea supplemented diet (Silivong et al., 2011). Nitrate fed (25 g 

nitrate/kg DM) to sheep shown a 23% reduction in enteric CH4 production per kg DM intake 

(Nolan et al., 2010). Feeding of nitrate (2.6% of DMI) did not affect VFA concentrations except 

for a decrease in branched-chain fatty acids but there was a 32 percent reduction in methane 

production (Zijderveld et al., 2010). Supplementation of nitrate 1% and 2% of DM in rumen- 

fistulated steers diet did not affect ruminal ammonia nitrogen (Zhao et al., 2015). 

 

 
2.3.4 NITRATE EFFECT ON NUTRIENT UTILISATION 

 
The nitrate fed to sheep at 2% of the concentrate mixture did not reduce feed intake (Pal 

et al., 2015) and there is no change in DM intake by feeding 26 g nitrate/kg (Zijderveld et al., 
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2010). Nitrate supplementation did not affect whole tract or ruminal DM digestibility (56.8 vs 

59.4%), microbial crude protein flow (73.9 vs 58.4 g/day) when sheep fed to a diet consisted of 

chaffed oat hay supplemented with either 4 or 0% KNO3 (Nolan et al., 2010). 

The effect of giving feed blocks containing varying quantities of urea and calcium 

sulphate mixture on feed intake, digestibility, and rumen fermentation in Thai native beef cattle 

fed rice straw was investigated by Cherdthong et al. (2014). Cattle receiving feed blocks 

containing urea calcium sulphate had the highest overall intake of DM and energy (ME, MJ/d), 

followed by 150, 120, and 0 g/kg DM. With the exception of acid detergent fibre, increasing 

quantities of urea calcium sulphate addition in feed blocks improved apparent nutritional 

digestibility. Silivong et al. (2011) compared the effect of calcium nitrate (3.8% of DM) and 

sulphur (0.8%) from sodium sulphate on digestibility and nitrogen balance in crossbred goats 

(Bach thao x local female) fed on a basal diet of molasses and Mimosa (Mimosa piga) foliage. 

He found that digestibility of crude protein and N retention was increased by sulphate 

supplementation, whereas, remained unaffected by nitrate. 

Sophal et al. (2013) studied the effect of potassium nitrate (@5% of DM) as a source of 

fermentable nitrogen in local yellow cattle fed a basal diet of cassava root chips and fresh cassava 

foliage. They found that the DM intake was less on the nitrate diet. The apparent digestibility of 

DM and organic matter was reduced by 3.2 and 5.1%, respectively. while N retention per unit 

organic matter digested was increased by 28%. However, Sophea and Preston (2010) found no 

effect on live weight gain or DM feed conversion in growing goats with potassium nitrate (@0, 

2, 4, 6% of DM) supplementation. 

Nitrate and saponin, either alone or in combination did not reduce the digestibility of DM 

or NDF (Patra et al., 2014) and there is no effect of nitrate feeding (2 percent of DMI) on DMI 

and nutrients digestibility though there was about 15 percent reduction in methane emission in 

buffaloes (Sakthivel et al., 2011). 

 

 
2.3.4 NITRATE EFFECT ON METHANOGENESIS 

 
In cross-bred Texel lambs, Van Zijderveld et al. (2010a) investigated the influence of 

dietary additions of nitrate (2.6 percent of DM) and sulphate (2.6 percent of DM) on intestinal 

methane emissions. Over the course of four weeks, lambs were given nitrate and sulphate on a 

corn silage-based diet, and methane production was measured in respiration chambers. They also 
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claimed that the decrease in methane generation was most significant immediately after nitrate 

feeding, but the effect was constant throughout the entire day in sulphate feeding (nitrate-32 

percent, sulphate-16 percent, and nitrate + sulphate-47 percent relative to control). CH4 

production was decreased by 16% (P=0.009) in high-yielding dairy cows fed a basal diet of maize 

silage and replacing 15% urea with 2.2% nitrate gradually (25% per week). This reduction was 

not affected by time (treatment x time interaction P-0.961), indicating that the methane reducing 

effect was persistent over four months (Van Zijderveld et al., 2010b). 

Sophea et al. (2010) studied the effect of nitrate-N (0, 2, 4, and 6% potassium nitrate 

(KNO3 of DMI) on changes in rumen gases of goat fed diet containing 40% sugar palm syrup 

and high rumen undegradable protein. The nitrate-N diet decreased the ratio of methane to carbon 

dioxide. With 6% potassium nitrate, the CH4: CO2 ratio was 0.0057 which was very close to the 

atmospheric ratio of 0.0047. Thus, the inhibitory effect of nitrate on methanogen was very strong. 

The results indicated that nitrate could be safely used as a rumen supplementary nitrogen source 

to improve animal feed intake and animal performance with another tremendous advantage of 

reduction of rumen methane emission. Sophea and Preston (2011) found similar findings in 

developing goats fed 0, 2, 4, and 6% KNO3 in place of iso-nitrogenous quantities of urea in a 

diet of fresh mimosa silage, rice straw, and water spinach. For 0, 2, 4, and 6 percent KNO3 

supplementation, the percentage reduction in methane production was 0, 32.8, 49.2, and 60.6, 

respectively. 

The influence of dietary nitrate on methane production was investigated in sheep given 

chaffed oat hay enriched with either 4 or 0% KNO3 but made iso-nitrogenous by the addition of 

urea (Nolan et al., 2010). In the KNO3 supplemented group, methane yield (MY-L kg DMI) was 

reduced by 23%, and these sheep had a shorter mean fluid retention time in the rumen (MRT). 

MRT and MY had a strong relationship, with a shorter MRT being related with a lower MY. 

Hulshof et al. (2010) reported that the daily methane production per animal was reduced 

(P<0.001) by 32% when Brazilian Bos indicus (Nelore x Guzera) steers were fed nitrate (2.2% 

of DM) in a total mixed ration of sugar cane and concentrates (60:40) and iso nitrogenous 

amounts of urea (1.2% of DM) served as control. However, DMI was not affected (P-0.14) by 

the addition of nitrate to the diet. On the nitrate diet, methane emission per kg of DMI was 27 

percent lower (P<0.001) (13.6 vs. 18.6 g/kg DMI). On the nitrate diet (4.4 percent of GEI), 

methane losses were lower (P<0.001) than on the control diet (5.2 percent of GEI) (5.9 percent 

of GEI) 
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The effect of supplementation of NPN from calcium nitrate or urea, and sulphur (0.8%) 

from sodium sulphate on rumen methane emissions, digestibility, and nitrogen balance was 

studied in crossbred goats (Bach thao x local female) fed on a basal diet comprised of molasses 

and mimosa (Mimosa piga) foliage (Silivong, 2011) When goats were given calcium nitrate as 

part of a meal that included molasses and mimosa leaf, the methane carbon dioxide ratio in their 

eructed breath was lower than when they were given urea. Adding 0.8 percent sulphur to the diet 

as sodium sulphate lowered the methane carbon dioxide ratio as well, with the two supplements 

working in tandem. 

 

 
2.4 LINSEED OIL SUPPLEMENTATION 

 
2.4.1 LINSEED OIL AS A RUMEN MODIFIER 

 
The inclusion of vegetable oil or lipid is one of the most promising techniques for 

reducing methane emission from ruminants (Beauchemin et al.,2008). The addition of fats or oils 

to ruminant diets inhibits methane generation through two methods. Protozoal inhibition, 

elimination of double bonds in unsaturated fatty acids, higher productivity, and increased 

propionate production are all part of the indirect pathway. The direct mechanism is fatty acid 

toxicity to methanogens. Many workers have commented on the indirect impacts of oils, which 

ultimately result in a reduction in methane emissions. Biohydrogenation is a hydrogen sink 

formed by unsaturated fatty acids, but the amount of total metabolizable hydrogen used in the 

biohydrogenation process of endogenous unsaturated fatty acids (0.01) is very small (0.01) when 

compared to that used in CO2 to methane reduction (0.48), VFA synthesis (0.33), and bacterial 

cell synthesis (0.12). (Czerkawski et al.,1986). 

 

 
2.4.2 LINSEED OIL EFFECT ON DM INTAKE AND DM DEGRADABILITY 

 
Lipids of either plant or animal origin affect degradation and digestibility of non-lipid 

energy sources both in the rumen and in the total digestive tract (Doreau et al., 1991), but the 

extent of this effect varies with the nature and amount of lipids used, the type of diet, the animal 

species and the experimental conditions (Dong et al., 1997). Ruminal degradation of structural 

carbohydrates can be reduced by 50% or more about 10% added fat (Jenkins et al.,1984). There 

is a significant decrease in DM and OM digestibility in dairy cows when fed with 5.7% linseed 

oil and extruded linseed (Martin et al., 2008). 
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Voluntary feed intake generally decreased with a high-fat percentage in the diet (Wanapat 

et al., 2011). Individual oil has its characteristic odor, fatty acid composition, and effect over 

rumen dry matter intake as well as digestibility. Dry matter intake also depends on the palatability 

of the offered feed, the passage rate of the feed, and the rumino-reticular motility. Oil, when 

reaches to rumen it forms a thin layer coating over the fibrous feed particles in the rumen (Jenkin, 

2003) thus hampers the microbial attachment which results in the increased feed retention time 

in the rumen and decreased voluntary intake (Rumen fill) by animals, consequently daily dry 

matter intake. There is a decrease in DMI by 24.76% and15.66% when 5.7% of DM linseed oil 

and extruded linseed supplemented in silage-based diet to dairy cows (Martin et al., 2008). This 

detrimental effect has been seen in sheep at maintenance who were fed a hay-concentrate diet 

supplemented with 5% (Cottyn et al., 1971) or 7% (Ikwuegbu and Sutton, 1982; Sutton et al., 

1983) linseed oil. Other studies in dairy cows [3% linseed oil with either a hay-based diet (Ueda 

et al., 2003) or a corn silage-based diet (A. Ferlay, INRA, Saint Genès Champanelle, France, and 

Y. Chilliard, unpublished data)] or dry cows [2.5 percent FA from linseed or linseed oil, Doreau 

et al., in press)] in lambs (6.7% linseed, i.e., 2.5% FA; Machmüller et al., 2000), or in sheep 

(10.5% linseed, i.e., 4.8% FA given 12 times/d; Wachira et al., 2000) did not show any 

suppression in cell wall digestibility due to lipids from linseed. Furthermore, Gonthier et al. 

(2004) found that adding 3.5 to 4 percent FA from extruded linseed to a grass and corn silage- 

based diet increased the total digestibility of OM and fiber. The number of additional lipids and 

their mode of presentation (oil vs. seed) are important determining variables for the unfavorable 

effect of linseed FA on digestibility, according to the results of these trials. Based on the results 

of a study by Ben Salem et al. (1993) in which cows were fed a meal containing 7% rapeseed oil, 

they claimed that the negative effect of lipids on digestion is more severe with corn silage diets 

than with hay diets. Around 90% of total digestible fibre in ruminants is digested in the rumen, 

while ruminal fibre digestion can be somewhat compensated for by digestion in the large intestine. 

This is in line with prior research on other lipid sources, including linseed oil in cows (Ueda et 

al., 2003), sheep (Ikwuegbu and Sutton, 1982), and lambs (Machmüller et al., 2000). 
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2.4.3 EFFECT OF LINSEED OIL ON NUTRIENT DIGESTIBILITY AND VFA 

PRODUCTION 

Martin et al. (2008) investigated the effects of three different types of linseed fatty acids 

(FA) on total tract digestibility and dairy cow performance. Eight multiparous nursing Holstein 

cows were randomly assigned to one of four diets: control (C), crude linseed (CLS), extruded 

linseed (ELS), or linseed oil (LSO) at the same FA level, or the same diet with crude linseed 

(CLS), extruded linseed (ELS), or linseed oil (LSO) (5.7 percent of dietary DM). Each study 

lasted four weeks. The supplemented diets had significantly worse whole tract NDF digestibility 

(P<0.001) than the control diets (-6.8% on average; P<0.001). CLS had no effect on DMI 

(P>0.05), whereas ELS and LSO (-3.1 and 5.1, respectively) did. CLS had no effect on DMI 

(P>0.05), while ELS and LSO did (-3.1 and 5.1 kg/d, respectively; P<0.001). 

Benchaar et al. (2012) observed the effect of linseed oil (LO) supplementation on nutrient 

digestibility, forage (i.e., timothy hay) in Sacco ruminal degradation, ruminal fermentation 

characteristics, protozoal populations in dairy Cows. Four ruminally cannulated, lactating cows 

were fed a total mixed ration (50:50 forage: concentrate) without supplementation (control, 

CTL), or supplemented with LO at 2, 3, or 4%. Supplementation with LO did not affect DM 

intake and apparent total-tract digestibility of nutrients. Dietary LO supplementation had no 

effect on ruminal pH, ammonia, or total volatile FA concentrations. The amount of change in the 

volatile FA pattern and effective ruminal degradability of timothy hay DM was minimal. 

Increasing the amount of LO in the diet had no effect on the total number of protozoa or the 

distribution of taxa. Guyader et al. (2015) studied the effect of linseed oil and nitrate fed alone 

or in combination on diet digestibility in cows. On a DM basis, the diets were administered as 

follows: 1) control (CON 50 percent natural grassland hay and 50 percent concentrate), 2) CON 

with 4% linseed oil (LIN), 3) CON with 3% calcium nitrate (NIT), and 4) CON with 4% linseed 

oil with 3 percent calcium nitrate (LIN+NIT). Linseed oil and nitrate reduced (P<0.01) CH4 

emissions (g/kg DMI) by 17 and 22 percent, respectively, when fed alone, and by 32 percent 

when fed together, when compared to the CON diet. In comparison to the CON diet, the LIN diet 

raised (P = 0.02) propionate percentage and decreased (P = 0.03) ruminal protozoa concentration. 

Except for linseed oil, which tended to diminish (P 0.10) fibre digestibility, diets had no effect (P 

>0.05) on total tract digestibility of nutrients. Nitrogen balance (% of N intake) was favourable 

in all diets, but linseed oil retention was lower (P<0.03). 
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2.4.4 LINSEED OIL EFFECT ON RUMEN FERMENTATION PARAMETERS 

 
Rumen protozoa are also involved in methanogenesis (Kreuzer et al.,1986) and are 

responsible for 9 to 25% of methanogenesis in rumen fluid probably because of their association 

with ecto and endosymbiotic methanogenic bacteria. Methane release was greatly reduced by 

coconut oil, sunflower seed, and linseed, as was the amount of ciliate protozoa, which are known 

to provide a habitat for rumen methanogens (Finlay et al., 1994). C18 unsaturated acid (provided 

as linseed oil) has a better antiprotozoal impact than saturated C12 to C14 acids (coconut oil) 

(Newbold et al., 1988). For dairy cows, the efficiency of microbial protein synthesis in the rumen 

rose linearly with the degree of unsaturation in dietary fat, but ruminal protozoal populations 

decreased linearly with increasing the degree of unsaturation in dietary lipids (Pantoja et al., 

1994). (Oldick et al., 2000). 

During the fattening period, Eugene et al. (2011) conducted a study to measure CH4 

generation from bulls fed a feedlot diet rich in either fiber (F) or starch and lipid (SL). Fifty-six 

Charolais bulls (259±9.4 days old and 339 ±8.2 kg LW) were fattened for up to 18 months after 

being randomly assigned to one of two diets and blocked with four replicate pens/diet based on 

LW and age. Barley straw was used in both treatments, along with a concentrated mixture rich 

in fiber, starch, and fat. The pH of the rumen did not alter between bulls given SL and bulls fed 

F. In bulls fed SL, the ruminal molar concentration of total VFA was lower (P<0.001) than in 

bulls fed F. Bulls fed SL exhibited reduced ruminal acetate proportions (P<0.0001), with the 

magnitude of the difference being greater at the start of fattening than at later periods (P<0.001). 

Bulls given SL showed higher proportions of propionate (P<0.05) at the start and midway of 

fattening, as well as higher butyrate <(P0.05) at the start than bulls fed F. The acetate to 

propionate ratio was lower in SL-fed bulls than in F-fed bulls, and the magnitude of the difference 

was greater at the start of fattening than at other sample points (P<0.05). 

Veneman et al. (2015) studied the effects of dietary LO (linseed oil) and NO3 

supplementation on methane generation and rumen fermentation in lactating dairy cows in two 

separate studies with varied geographical locations and basal diets. In both cases, the treatments 

were a control diet and a diet supplemented with LO at 4% of feed DM and NO3 at 2% DM from 

Bolifor® (Yara, Finland). In both experiments, urea is used to keep the diets isonitrogenous and 

a rumen inert fat source to keep the fat content equal. Methane emissions in g per day (both 21 

percent; P<0.02) and per kg DMI (16 and 13 percent; P<0.04 in exp1 and exp2, respectively) 

were significantly reduced when NO3 was fed. Only in exp1, NO3 feeding considerably reduced 
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methane emissions per kg FPCM. Furthermore, feeding NO3 enhanced hydrogen emissions 

significantly in both studies (P<0.03), but overall hydrogen emissions were minimal (2.9 and 

3.2g/day for Exp1 and Exp2, respectively), which could not explain why methane reductions 

were below the stoichiometric potential of nitrate to reduce methane (68 and 66 percent for Exp1 

and Exp2 respectively). Total VFA concentrations in the rumen were unaffected by LO or NO3, 

but NO3 increased the acetate to propionate ratio in both trials (P<0.02). When fed NO3, these 

findings show that the distribution of metabolic hydrogen changes between methanogenesis, 

nitrate reduction, and the generation of particular VFAs. In both experiments, NO3 reduced 

methane emissions by a similar amount (21 percent each day), whereas LO did not affect 

emissions. When LO was added to diets, it did not affect ruminal liquor pH or total VFA 

concentrations (P > 0.10). When they introduced LO at 3% to dairy cow forage- and concentrate- 

based diets, Ueda et al. (2003) found no effect of LO supplementation on ruminal liquor pH or 

total VFA content. When Shingfield et al. (2011) added 3% LO to a corn silage-based diet for 

developing steers, they got similar outcomes. Broudiscou et al. (1994) showed a decrease in total 

VFA concentration in sheep fed a forage-based diet supplemented with 6% of LO (55:45 F: C). 

Supplementation of unprotected and highly unsaturated fats to ruminant diets is thought 

to lower the acetate proportion and acetate: propionate ratio in the rumen, with an antimicrobial 

impact of PUFA-rich oils being one possible cause (Jenkins and Jenny, 1992). Previous studies 

reported a shift in VFA patterns toward proportionally higher propionate and less acetate when 

sheep (Broudiscou et al., 1994) and dairy cows (Ueda et al., 2003) were supplemented with LO. 

However, other studies reported no change in VFA patterns when dairy cows were fed LO- 

supplemented diets (Doreau et al., 2009; Shingfield et al., 2011). The source of fodder supplied 

may explain the disparity across research for the effects of LO on VFA patterns once again. 

Indeed, when LO was supplemented to a hay-based diet (Ueda et al., 2003), the effect on VFA 

patterns was not the same as when it was given to a corn silage-based diet (despite a similar level 

of supplementation (i.e., 3 percent, DM basis) (Doreau et al., 2009). This is supported by the 

findings of Ben Salem et al. (1993), who found that when rapeseed oil was introduced to a hay- 

based diet, the proportions of acetate and propionate remained unchanged, however when corn 

silage was used as the primary forage source, the proportions of these VFA changed. LO 

supplementation did not affect ruminal ammonia concentrations (P > 0.05). (Benchaar et al., 

2012). Previous experiments with LO have yielded a mixed bag of findings. LO supplementation 

did not influence ammonia concentration according to Doreau et al. (2009), however, Ueda et al. 

(2003) found that ruminal ammonia concentration was higher in LO-supplemented dairy cows 
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than in control cows. In other investigations, sheep treated with various amounts of LO showed 

a drop in ammonia levels (Ikwuegbu and Sutton, 1982; Broudiscou et al., 1994). 

 

 
2.4.5 LINSEED OIL EFFECT ON METHANE PRODUCTION 

 
Using the SF6 tracer approach, Martin et al. (2008) investigated the effect of three kinds 

of linseed fatty acid (FA) administration on methane emission in dairy cows. Eight multiparous 

lactating Holstein cows were randomly assigned to one of four dietary treatments: the control 

diet (C), which consisted of corn silage (59%), grass hay (6%), and concentrate (35%); the same 

diet with crude linseed (CLS), extruded linseed (ELS), or linseed oil (LSO) at the same FA level; 

and the same diet with crude linseed (CLS), extrude (5.7 percent of dietary DM). Each 

experiment lasted four weeks. When compared to C, all types of linseed FA significantly reduced 

daily CH4 emissions (P 0.001), albeit to varying degrees (-12 percent with CLS, -38 percent with 

ELS, -64 percent with LSO). Linseed FA appears to be a viable dietary option for inhibiting 

ruminal methanogenesis. The way linseed FA is presented (oil vs seeds) has a big impact on how 

much methane is produced by dairy cows. 

Benchaar et al. (2015) examined the effect of linseed oil (LO)supplementation to red 

clover silage (RCS)- or corn silage (CS)-based diets on enteric CH4 emissions. Twelve rumen- 

cannulated lactating cows were fed RCS. or CS-based diets with 60:40 roughage to concentrate 

ratio and supplemented with or without linseed oil (4% of DM). Linseed supplementation to the 

RCS-based diet reduced enteric CH4 generation (9%) and CH4, energy losses (11%) while having 

no negative effect on performance. The addition of linseed oil to the CS-based diet decreased 

methane production to a larger extent (26%) and CH4, energy losses (23%). 

Guyader et al. (2015) studied the effect of linseed oil and nitrate fed alone or in 

combination on methane (CH4) emissions in cows. The experiment was conducted using four 

multiparous nonlactating Holstein cows. The diets were given on a DM basis 1) control (CON; 

50% concentrate and 50% natural grassland hay), 2) CON with 4% linseed oil (LIN), 3) CON 

with 3% calcium nitrate (NIT), and 4) CON with 4% linseed oil plus 3% calcium nitrate 

(LIN+NIT). Linseed oil and nitrate reduced (P< 0.01) CH4 emissions (g/kg DMI) by 17 and 22 

percent, respectively, when fed alone, and by 32 percent when fed together, when compared to 

the CON diet. Throughout the day, the LIN diet lowered CH4 generation. The NIT diet 

significantly reduced CH4 generation 3 hours after feeding, while simultaneously increasing 

rumen dissolved H2, indicating that nitrate is more than an electron acceptor. The combination 
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of linseed plus nitrate also increased H2 concentrations in the rumen. They demonstrated an 

additive effect between nitrate and linseed oil for reducing methanogenesis in cows without 

altering diet digestibility. 

A decrease in the hydrogen supply to methanogens, a shift in fermentation toward 

propionate at the expense of acetate, and/or a drop in protozoa that create hydrogen can all help 

to reduce rumen methanogenesis (Morgavi et al., 2010). 

The fact that linseed oil reduces CH4 emissions in dairy cows backs up in vitro findings 

(Broudiscou and Lassalas, 1991). Growing lambs supplemented with 6.7 percent crushed whole 

linseed (i.e., 2.5 percent oil; Machmüller et al., 2000) or sheep at maintenance receiving 5 percent 

linseed oil in intraruminal continuous infusion showed a depressive effect of linseed FA on in 

vivo CH4 emissions, as measured in respiratory chambers (Czerkawski et al., 1966a).When the 

same amount of linseed oil FA is delivered continually rather than once, the deleterious effect of 

FA on methanogenesis is reduced (Czerkawski et al., 1966b). PUFA in free oil interacts with 

microbes in the rumen more quickly than FA in seeds. This is illustrated by the fact that the VFA 

pattern in oils shifts more toward propionate than in seeds (Jouany et al., 2000). The way of 

dispensing of the oil utilised in this trial for the treatment diet may have highlighted this effect. 

Thus, a shift in fiber digestion from the rumen to the large intestine may have occurred for the 

linseed oil in the diet, and, as a consequence, less methane was produced. The SF6 technique's 

removal of hindgut methane likely resulted in an underestimating of methane production for 

linseed oil in the diet when compared to the other diets. When comparing diets, we can assume 

that differences in fibre processed in the rumen are bigger than differences in the entire tract. 

This was confirmed by Sutton et al. (1983), who found that lambs treated with 7% linseed oil 

had a greater drop in OM digestion in the rumen (19 points) than in the whole tract (3 points). 

Polyunsaturated fatty acids reduce methane synthesis by causing toxicity in microorganisms 

involved in fiber digestion and hydrogen production, such as protozoa and cellulolytic bacteria 

(Doreau and Ferlay, 1995). (Nagaraja et al., 1997). This impact, which is seen with all long- 

chain FA, is most likely due to an action on the cell membrane, especially in gram-positive 

bacteria. Linolenic acid has been demonstrated to be highly harmful to the three cellulolytic 

bacterial species (Fibrobacter succinogenes, Ruminococcus albus, and Ruminococcus 

flavefaciens) in vitro due to its disruption of cell integrity (Maia et al., 2006). Furthermore, as 

demonstrated in vitro using linseed oil hydrolysate, PUFA may have a direct harmful effect on 

methanogens that require hydrogen for methane synthesis (Prins et al., 1972). In another 

investigation, free hydrogen accumulated in the gas mixture, inhibiting cellulolytic bacteria 
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development (Wolin et al., 1997). Long-term adaptation of the rumen microbiota to oil 

supplementation may be conceivable, and the long-term persistence of methane suppressing diet 

modifications has been identified as a major concern (Woodward et al., 2006; Grainger et al., 

2008). 

 

 
2.5 ANTHRAQUINONE (C14H8O2) SUPPLEMENTATION 

 

2.5.1 ANTHRAQUINONE (C14H8O2) AS A RUMEN MODIFIER 

 

Anthraquinone (9, 10- dioxo anthracene) is a naturally occurring aromatic organic 

compound found within some plants. Anthraquinone (AQ) is a derivative of anthracene and has 

the appearance of yellow or light grey solid crystalline powder. There are different natural 

sources of AQ such as Cascara sagrada bark (Rhamnus purshiana), Cassia fistula (Golden 

shower), Artemisia scoparia (Saffron), Kniphofia foliosa roots, and Aloe succotrina (Burn plant). 

Anthraquinone is the main active component of aloe (Aloe succtrina) and senna (Senna 

Alexandria) oils (Ebrahimi et al.,2011). 

AQ derivatives are used as laxatives, besides they also have other medicinal properties 

such as antibacterial, antiviral, diuretics, and antiparasitic (Godding, 1976). They can be divided 

into two groups: soluble and insoluble in water. The non-ionic compounds are largely insoluble 

in aqueous systems, while ionic derivatives, such as di-alkali metal salts, are largely soluble in 

water (Ballinger, 2004). AQ has the property to directly inhibit methanogens (Garcia et al, 1996) 

and thereby reduces methane production. The great anti-methanogenic property of rhizomes and 

roots of Rheum offianale (rhubarb) was attributed to the presence of AQ in this medicinal plant 

(García-González et al., 2008a, b). 

 

 
2.5.2 ANTHRAQUINONE EFFECT ON METHANE AND HYDROGEN PRODUCTION 

 
Ruminant methanogens use the methanogenesis pathway (Hydrogenotrophic) to convert 

H2 and CO2 (generated by bacteria, protozoa, and anaerobic fungus) into CH4 (Patra et al.,2010). 

For the synthesis of methane from H2 and CO2, methanogenic archaea require the methyl 

coenzyme M reductase (MCR). In a variety of situations, the MCR is utilised as a reliable marker 

of methanogenesis (Luton et al.,2002; Palacio et al.,2013). 
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The Rhubarb compounds 9,10-Anthracenedione, 1,8-dihydroxy-3-methyl (6.692 

kcal/mol), phthalic acid isobutyl octadecyl ester (5.26), and di iso-octyl phthalate (5.61) have 

more specificity towards the methyl-coenzyme M reductase binding site and could be a potent 

anti-methanogen inhibitor, according to Among the chemicals produced from the Rhubarb, this 

study suggests that three compounds have the potential to develop an anti-methanogenic drug 

(Arokiyaraj et al.,2019). 9,10 anthraquinone (AQ) has been proven to partially inhibit methane 

in vitro experiments (Garcia-Lopez et al.,1996). Increasing levels of AQ caused a linear and 

quadratic decrease in the total gas and methane production and an increase in hydrogen 

concentration (Ebrahimi et al.,2011). 

 

 
2.5.3 ANTHRAQUINONE EFFECT ON VFA PRODUCTION IN THE RUMEN 

 
Anthraquinone when supplemented, there was no increase in propionate production, 

although there was an increase in the A/P ratio (Sirohi et al.,2010). Total VFA and acetate 

concentrations were unaffected by the addition of 4 ppm AQ, whereas propionate and valerate 

concentrations were dramatically raised. Total VFA, propionate, valerate, acetate, and iso- 

butyrate concentrations were all decreased at the maximum dose of AQ (8 ppm). Because the 

concentration of propionate was increased without a substantial change in acetate concentration, 

the acetate-to-propionate ratio was lowest at the AQ level of 4 ppm.and did not affect pH and 

ammonia nitrogen under in vitro as well as in vivo conditions (Ebrahimi et al.,2011). 
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MATERIALS AND METHODS 

 

 
The materials and experimental techniques employed to estimate the “Comparative Evaluation 

of Combination of Methanogenic Inhibitors on Enteric Methane Emission and Nutrient 

Digestibility in Sahiwal and Gir Calves” are presented in this chapter. 

 

 
3.1. In vivo study 

 
3.1.1. Location of experiment 

 
The experiment was conducted at the Livestock research center of ICAR-National Dairy 

Research Institute, Karnal, Haryana located at 29042״20׳ sec N and 76058״ 52.5׳ sec E at an 

altitude. Minimum and maximum ambient temperature range from a near freezing point in winter 

to 420C in summer with a diurnal variation in the order of 15-200C along with an annual rainfall 

of 700 mm. This study was conducted from November-2020 to April-2021 with daily minimum 

and maximum temperatures averaging 40C and 360C, respectively. The experimental protocol 

including handling and management of animals complied with the prior approval of the 

Institutional Animal Ethics Committee. 

 

 
3.1.2 Selection and distribution of experimental animals 

 
Total 12 healthy Sahiwal calves (6) and Gir calves (6) of 6-12 months age were selected 

from the herd of LRC, Karnal and divided into 4 groups of 3 animals each, based on their average 

body weight, (Table 3.1). 

 Control 

 
 Treatment 

 
Switch over design (Period I and Period II) was followed. 
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Period I 
 

 

 

 

 

 

 

 

 

 

 

 

 
Period II 

 
Animals were switched over as mentioned earlier after the trial and collection of samples. 

 

 
 

3.1.3 Housing and management of experimental animals 

 
All animals were tethered individually using cotton rope and housed in a well-ventilated 

shed with an arrangement for individual feeding. During an adaptation period of 14 days, all 

animals were dewormed by drenching anthelmintic solution containing fenbendazole (panacur®, 

Intervet, India) @ 10 mg/kg BW and provided with a control diet to ascertain their dry matter 

intake. Healthy surroundings and proper sanitary conditions with 24-hour observation were 

maintained throughout the experiment by regular cleaning of the floor and mangers. 

 

 
Table 3.1 Details of experimental animals 

 
Control/treatment Animal no. Initial bodyweight (kg) Age in months 

Sahiwal    

Control 2809 90.9 10.8 

Gir Control (n=3) 

control diet as per ICAR 2013 

Sahiwal Control (n=3) 

control diet as per ICAR 2013 

Sahiwal calves 

N=6 

Gir calves 

N=6 

Sahiwal Treatment (n=3) 

control diet +potassium nitrate 1% of 

total DMI, linseed oil 0.5% of 

Concentrate mixture and 

anthraquinone (4ppm) 

Gir Treatment (n=3) 

control diet +potassium nitrate 1% 

of total DMI, linseed oil 0.5% of 

Concentrate mixture and 

anthraquinone (4ppm) 
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 2804 94.2 11.9 

2808 114.6 11.4 

Average  99.90±5.24 11.38±0.22 

 
 

Treatment 

2807 128.2 11.6 

2803 128.4 12.7 

2805 145.7 11.9 

Average  134.10±4.10 12.06±0.24 

Gir    

 
 

Control 

99 93 9.6 

101 114.5 9.2 

103 120 8.0 

Average  109.17±5.82 8.96±0.33 

 
 

Treatment 

98 136 9.6 

96 175.2 11.3 

102 177.6 8.9 

Average  162±9.53 9.94±0.50 
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Plate 3.1 Bodyweight measurement of experiment animals 

 

 
 

3.1.4 Feeding of experimental animals 

 
All the animals were fed as per their nutrient requirements as per ICAR (2013) feeding 

standards. Animals in all the groups were fed on chopped oat particle size: (2.0-2.5 cm), threshed 

wheat straw (particle size: 1.5 -2.0 cm) and concentrate mixture. Green Oat forage was supplied 

by the farm section of the institute and was chopped freshly to feed experimental animals once 

daily at 11.00 am. The total daily concentrate mixture was divided into two portions and fed at 

9.30 am and 4 pm. Wheat straw was offered once daily at 9.30 am. All animals were provided 

with fresh tap water for drinking ad libitum at 6.00 am 12.00 pm and 4.00 pm. 
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3.2 Parameters studied during period 1 and period 2 

 
3.2.1. Sample collection and preparation 

 
Feeds and fodder samples were collected weekly during the experiment and dried in a hot 

air oven at 700 C for 24 hrs till a constant weight was attained. The dried samples were ground in an 

electric mixer grinder. The ground samples were stored in a Ziplock bag, labeled properly, and 

kept for further analysis. 

 

 
3.2.2. Proximate analysis (AOAC, 2005) 

 
3.2.2.1. Dry matter (DM) 

Apparatus: 

Aluminum moisture cup, hot air oven, desiccator, electronic balance, tongs, spatula. 
 

Procedure: 
 

A known quantity of representative sample of feed ingredient was weighed in a pre- 

weighed moisture cup and the cup was placed in a hot air oven at 100±50C. Weight of dried 

sample after drying was estimated and the dry matter was calculated as follows: 

 

 

Where, 

DM(%) = 𝑎 × 100 
𝑏 

 

a = weight of the sample after oven drying 

b = fresh weight of the sample 

 
 

3.2.2.2 Total ash (TA) 

Apparatus: 

Silica crucible, hot plate, muffles furnace, electronic weighing balance, and tongs. 
 

Procedure: 
 

A known quantity of sample (about 2.5-5 g) was taken in a pre-weighed silica crucible. 

After charring the sample on the heater (till the smoke disappeared), the crucible was kept in a 

muffle furnace for ignition at 550°C for 2-3 h. The crucible was removed after cooling off a 
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furnace, kept in a desiccator, and weighed again to find out the weight of the ash. The ash content 

was calculated as given below: 

 

TA (%) = 
(Wt. of crucible + ash after cooling) − Wt. of crucible) × 100 

Wt. of the sample (g) 

 
 
 

3.2.2.3 Organic matter (OM) 

Procedure: 

OM was determined by subtracting the total ash content from 100. 
 

OM (%) = 100 − TA (%) 
 
 
 

3.2.2.4 Crude protein (CP) 

Apparatus: 

Digestion tubes, digestion unit, Kjeldahl distillation apparatus, Erlenmeyer flasks, 

titration assembly, burette. 

Reagents: 
 

Digestion mixture (Na2SO4 and CuSO4 in the ratio of 9:1), 40% NaOH solution (400 g 

NaOH pellets dissolved in distilled water and volume made to 1000 ml), concentrated H2SO4 

(98% purity and specific gravity 1.84)), 2% boric acid indicator solution (20 g boric acid 

dissolved to 1 L and added with 10 ml 0.2% bromocresol green and 20 ml 0.1% methyl red 

indicators), N/100 H2SO4 solution. 

Procedure: 
 

Total nitrogen was measured by the micro Kjeldahl method. A known quantity of sample 

(about 0.5-1 g) was taken in digestion tubes and digested with 20-30 ml concentrated H2SO4 and 

2-3 g of digestion mixture till the solution became colorless. After digestion, the contents were 

cooled and volume was made to 100 ml. An aliquot (10 ml) was distilled in the Kjeldahl 

distillation apparatus (KELPLUS Nitrogen Analyzer) after adding 10-15 ml of 40% NaOH 

solution. About 60-75 ml of distillate (light green color) was collected into an Erlenmeyer flask 

containing 10 ml of 2% boric acid with indicator solution. The distillate was then titrated against 
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standard N/100 H2SO4 solution and the endpoint was recorded when the color changed to slight 

pink. The volume of N/100 H2SO4 solution used in titration was recorded. 

 

 
Calculation: 

 

 

N (%) = 
0.014 × N × V × D 

A × W 

 

× 100 

 

 

Where, N - Normality of H2SO4 

 

V - Volume of H2SO4 used 

D - Volume made (ml) 

A - Aliquot took (ml) 
 

W - Wt. of the sample (g) 
 

The crude protein (%) of the sample was calculated by multiplying the N content with the 

factor 6.25. This was based on the principle that all the proteins contain 16% nitrogen. 

 

 
3.2.2.5 Ether extract (EE) 

Apparatus: 

Soxhlet’s extraction apparatus, oil flask, thimble, hot air oven, desiccator, weighing 

balance. 

Reagent: 
 

Petroleum ether (boiling point - 40-60oC) 

Procedure: 
 

A known quantity of ground sample (about 3 g) was taken in a cellulose thimble and 

extracted for 8 hours with petroleum ether in Soxhlet’s extraction apparatus attached to a pre- 

weighed oil flask. The oil flask was removed and after evaporating the excess of ether, it was 

dried overnight in a hot air oven (100±5°C). The flask was cooled in a desiccator and weighed 

to a constant weight. The difference between the two weights gave the amount of ether extract in 

the sample. 
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Calculation: 

 

EE (%) =
 (Wt.of oil flask with ether extract−Wt.of empty oil flask)×100   

Wt.of sample 
 
 
 
 

 
3.2.2.6 Crude Fiber 

 
Samples after ether extraction were transferred to a spoutless beaker of 1-liter capacity. 

Two hundred ml 1.25 percent H2SO4 was added and refluxed on a hot plate for 30 minutes. The 

sample was filtered through a double layer of muslin cloth and again transferred to the same 

beaker and refluxed again with 1.25 percent NaOH solution for 30 min. The residue was washed 

thoroughly with hot water. The residue left after alkali and acid treatment was transferred 

quantitatively to a China crucible and dried, weighed, and ignited in a muffle furnace at 600°C 

for 1 h. Loss in weight after the ignition was calculated as CF and expressed on a percentage 

basis. 

 

 
3.2.2.7 Estimation of cell wall constituents 

 
The cell wall constituents of feed and feces (During the period I and II) were determined 

according to methods suggested by Van Soest et al. (1991). Neutral detergent fiber (NDF) was 

determined with decalin and sodium sulfite while acid detergent fiber (ADF) was analyzed with 

decalin. Hemicellulose was calculated as the difference between percent NDF and ADF on DM 

basis. 

 
3.2.2.7.1 Neutral detergent fiber (NDF) 

 
 

Preparation: 

 
Composition of neutral detergent solution 

Sodium lauryl sulphate USP  :30g 

Disodium EDTA dehydrate crystals :18.61g 

Sodium borate decahydrate  :6.81g 

Disodium hydrogen phosphate, anhydrous :4.56g 
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2-ethoxy ethanol :10 ml 

 
Distilled water :1000ml 

 
EDTA and sodium borate were taken in a large beaker with 100-200 ml hot distilled water 

and dissolved by heating along with stirring by a glass rod. Sodium lauryl sulphate and 2- ethoxy 

ethanol were added to obtain a clear solution. In a separate beaker, disodium hydrogen phosphate 

was dissolved with 100 ml hot distilled water by gentle heating. Both the solutions were mixed 

properly by constant stirring; volume was made up of one liter and checked for pH (6.9-7.1). 

 

 
Procedure: 

 

A weighed quantity (About 0.5-1.0 g) of ground sample was taken in a spout-less beaker. 

About 100 ml of neutral detergent solution was added to it and refluxed for one hour after the 

initiation of boiling. Contents were filtered through a pre-weighed sintered glass crucible (Grade- 

1) and washed repeatedly with hot water followed by 2 washings with acetone. The sintered 

crucible containing residue was then dried overnight in a hot air oven (100±1°C) and weighed 

after cooling in a desiccator. The difference in the weight of crucible plus residue and that of the 

empty crucible was recorded as NDF and expressed on a DM basis. 

(Weight of crucible + NDF) - Weight of crucible NDF 

(%) =–––––––––––––––––––––––––––––––––––––– x 100 

Weight of sample (DM basis) 

 

 
 

3.2.2.7.2 Acid detergent fiber (ADF) 

Composition of acid detergent solution 

 
Cetyl trimethyl ammonium bromide  20 g 

1 N sulphuric acid 1000 ml 
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Procedure: 
 

A weighed quantity (about 1.0 g) of dried ground sample was taken in a 600 ml spoutless 

beaker and 100 ml of acid detergent solution was added to it. Beaker contents were refluxed for 

one hour after the onset of boiling. The contents of the beaker were then filtered through a pre- 

weighed sintered glass crucible and washed several times with hot water followed by two 

washings with acetone. The crucible was dried in a hot air oven at 100±1°C overnight and 

weighed after cooling it in a desiccator to know the amount of ADF (%) on a DM basis 

(Weight of crucible + ADF) - Weight of crucible ADF 

(%) =     –––––––––––––––––––––––––– x 100 

Weight of sample (DM basis) 

 

 

3.2.2.8 Hemicellulose 

 
Hemicellulose was soluble in ADS and was calculated by subtraction of ADF from NDF 

as follows: 

 

Hemicellulose (%) = NDF (%) – ADF (%) 

 

 

 
3.3. Animal related parameters 

 
3.3.1. A. Fortnightly body weights 

 
Fortnightly all animals were weighed on an electric scale, before feeding and watering 

in the morning on two consecutive days at the beginning of experimental feeding and thereafter 

at fortnightly intervals during the experimental feeding of 140 days and before and after each 

digestibility trial. 

 

 
3.3.2. B. Digestibility trial 

 
To assess the nutrient digestibility and plane of nutrition, a Digestibility trial of five days 

collection period was conducted twice during the last month of period 1 and period 2 of the 

feeding trial. The trial was conducted by housing all the animals in cages individually with 

arrangements for the quantitative collection of faeces. Animals were given two days of adaptation 

in the cages before commencing the actual collection. 
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3.3.2.B.1. Collection, processing, and storage of faeces feeds and refusal samples 

 
Representative samples of feed offered, and residue left and faeces were collected in the 

morning and an aliquot was kept for drying and another for nitrogen estimation. The dried 

material obtained was pooled animal-wise and ground to pass through a 1 mm sieve and stored 

in Ziplock bags and preserved for proximate analysis. The total amount of faeces voided by each 

animal during 24 h was recorded. An aliquot (1/50 in duplicate) was dried daily in clean 

aluminum trays at 650C for 48 h for DM estimation. For N estimation, a fecal aliquot (1/500) was 

stored in wide-mouthed polypropylene bottles containing 25 ml of 25% H2SO4. After completion 

of the digestibility trial, the weight of the bottles was taken and feces with acid were calculated by 

subtracting the empty weight of the bottle from the final weight. A suitable quantity of dung (1.5 

g) from properly mixed and the pooled sample was subjected for N estimation by the Kjeldahl 

method. 

 

 
3.3.2. B.2 Analytical procedures for digestibility trial 

 
The pooled and dried samples of feed offered, residue, and faeces were analyzed for 

chemical composition like DM, OM, CP, and EE (AOAC, 2005) and cell wall fractions like NDF 

and ADF (Van Soest et al., 1991) detailed in -------------- --. 

 

 
3.3.2. B.3 Calculation of nutrient digestibility 

 
The apparent digestibility of various nutrients was calculated as follows: 

 
(Nutrient intake - Faecal excretion) X100 

 

Digestibility (%) = (Nutrient intake) 

 

 
 

3.3.2. B.4 Calculation of protein value of diet 

 
Digestible crude protein (DCP) was used to indicate the protein value of the diet, as 

follows: 

DCP (%) = CP content in the ration (%) × CP digestibility (%) 
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3.3.2. B.5 Calculation of energy value of diet 

 
Total digestible nutrient (TDN) was used to calculate the energy value of the 

diet as follows: 

TDN (%) = [Digestible CP intake (kg) + digestible EE intake (kg) × 2.25 + digestible CF 

(kg) + digestible NFE (kg)×100/DM intake 

 

 
3.4 Rumen Fermentation Patterns in an In Vivo study 

 
a. Feeding and watering of animals 

 
Water was offered 3 h before the first withdrawal of rumen liquor and feeding was done 

after collection of sample. 

b. Sampling of rumen liquor 

 
Rumen fluid samples were collected from different parts of the rumen of each animal 

at 3h post-feeding, mixed thoroughly, filtered through four layers of muslin cloth, and pH of 

strained rumen liquor (SRL) was recorded immediately. NH3- N and total N2 in the collected 

samples were measured on the day of collection. Samples were acidified with few drops of 25% 

H2SO4 and refrigerated till estimation of TVFA and IVFA. 

 

 
3.4.1 Methods of analysis 

 
3.4.1.1 pH of strained rumen liquor 

 
The pH of SRL was recorded using a digital pH meter. 

 

 
 

3.4.1.2 Total volatile fatty acid (TVFA) concentration 

 
TVFA concentration in SRL was measured according to the method of Bamett and Reid 

(1957). Two ml of SRL sample was taken in Markham distillation apparatus and 2 ml of oxalate 

buffer (equal amount of 10 % potassium oxalate and 5 % oxalic acid solution) was added. About 

100 ml distillate was collected in a conical flask kept in an ice bath. The distillate was titrated 

against 0.01 N NaOH by adding few drops of phenolphthalein indicator and TVFA was calculated 

as follows: 
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TVFA (mmol/100 ml SRL)= 
The volume of 0.01N NaOH used 

× 100
 

The volume of the sample taken 
 
 
 
 

3.4.1.3 Individual volatile fatty acids (IVFA) 

 
The supernatant (4 ml) was treated with 25% meta-phosphoric acid (1 ml) and kept 

overnight at 4°C (Erwin et al., 1961). Thereafter, it was centrifuged at 3000 rpm for 10 min and 

used for the IVFA estimation using a gas chromatograph (Nucon 5700, India) equipped with a 

flame ionization detector (FID) and stainless-steel column (length 4: od 1/4"; i.d 3 mm) packed 

with Chromosorb 101. The temperature of the injection port, column, and detector was set at 200, 

180, and 210°C. respectively. The flow rate of carrier gas (N2) through the column was 40 

ml/min; and the flow rate of H2 and air through FID was 30 and 300 ml/min, respectively. Sample 

(3 ul) was injected through the injection port using a Hamilton syringe (10 ul). Different VFA's 

were identified based on their retention time area covered on the monitor and their concentration 

(mM/L) was calculated by comparing the retention time as well as the peak area of standards 

after deducting the corresponding blank values. Standard VFAs solution prepared as 60, 30, and 

10 mM/100 ml acetic, propionic and, butyric acid respectively. Stoichiometrically CH4 

production was also calculated based on IVFA produced (Wolin, 1960) 

 

 

Acetate (mM/L)= Area of sample×60×10  

Area of standard 
 
 
 
 

Propionate (mM/L)= 
Area of sample×30×10 

Area of standard 
 
 
 
 

Butyrate (mM/L)= Area of sample×10×10  

Area of standard 
 
 
 

 
3.4.1.4 Estimation of Ammonia N (NH3-N) 

 

Five mL of SRL was taken in the distillation assembly and 5 mL of 40% NaOH. The 

distillate was collected in a conical flask containing 10mL of 2% boric acid solution having a 

mixed indicator and titrated against 0.01 N H2So4. NH3-N was calculated as follows; 
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NH3-N (mg/100ml SRL)= 
𝑉𝑜𝑙.𝑜𝑓 𝑎𝑐𝑖𝑑 × 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑐𝑖𝑑 × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 0.014 

×100×1000
 

Volume of SRL 
 
 
 

 
3.4.1.5 Total nitrogen (Total-N) concentration 

 
Two ml of SRL was taken in Kjeldahl digestion flask, digested by adding 10 ml 

concentrated sulphuric acid along with digestion mixture. Digested material was diluted with 

distilled water up to 100 ml in a volumetric flask. An aliquot (10 ml) of the digested sample was 

taken in distillation apparatus along with 15 ml 40 % NaOH. The distillate was collected in a 

conical flask containing 20 ml of 2 % boric acid solution having mixed indicator, which was 

titrated against 0.01 N H2SO4. Total-N was calculated as follows: 

 

 

Total-N (mg/100ml SRL)= 𝑉𝑜𝑙.𝑜𝑓 𝑎𝑐𝑖𝑑 × 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑐𝑖𝑑 × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 0.014 × 100 × 1000
 

Volume of SRL 
 
 
 

 

3.5 Methane estimation by SF6 tracer technique 

 

Methane production by the animals was measured by the SF6 tracer technique (Johnson 

et al., 1994). A permeation tube containing SF6, an inert gas tracer, was placed into the rumen of 

each animal 2 days before CH4 measurement commenced. The permeation tubes were prepared 

at the Environmental lab, NDRI India, and were filled with a certain amount of SF6 gas. The 

average release rate was predetermined over the preceding 40 days period by weighing each 

permeation tube at the same time point daily for a week and once weekly onwards. A halter fitted 

with a capillary tube was placed on each animal's mouth and connected to an evacuated sampling 

canister designed to half fill over a 24-h period. As the vacuum in the sampling canister slowly 

dissipated, a steady sample of the air around the mouth and nose of the animal was collected. For 

each day during the measurements, background concentrations of CH4 and SF6 were measured 

by placing one sampling kit (identical to those used on the animals) at a strategic location in the 

animal house, which was naturally ventilated. The CH4 and SF6 concentrations in the gas samples 

were subsequently adjusted for their background concentrations. After collection of a sample, 

the canisters were pressurized with nitrogen, and the concentration of SF6 in the canisters was 

analyzed by gas chromatography (Nucon 5700, Nucon Engineers, New Delhi), fitted with an 

electron capture detector (250 ºC) and 3.3 m molecular sieve column with an i.d of 0.32 mm. 

Another gas chromatograph instrument was fitted with a flame ionization detector (100 ºC) and 
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stainless-steel column packed with Porapak-Q (length 1.5; o.d. 3.2 mm; i.d. 2 mm; mesh range 

80-100) to determine CH4 concentration. The column and injector temperatures were 50 and 40ºC 

in both instruments. All samples were analyzed in duplicate except standards, which were 

analyzed in triplicate. Nitrogen was used as the carrier gas at a pressure of 1kg/cm2. The 

standards were run at the beginning and end of each day with the methane standard run every 10 

samples throughout the day. Gas concentrations (SF6 and CH4) were determined from peak areas 

and identified from their different retention times relative to the known standards. The methane 

output calculated using the following formula: 

 

 

CH4 (g/d) = (
SCH4 −BCH4

) × (
MCH4

) × QSF6 × 1000 
SSF6−BSF6 MSF6 

 
 
 

 
Where SCH4 and BCH4 are methane concentrations in the sample and background canisters 

(ppm), SSF6 and BSF6 represent the concentrations of SF6 in sample and background’s canister’s 

(ppt), MCH4 and MSF6 are the molecular weight of methane and SF6 (g), respectively and QSF6 

represents release rate of SF6 (mg/d). 
 

Plate 3.2 Methane estimation from Sahiwal calves during experiment. 
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Plate 3.3 Methane estimation from Gir calves during experiment. 

 

 
 

3.6 Statistical analysis of experimental data 

 
The data were presented as means with a pooled SE (standard error) for all parameters. 

Statistical analysis of data for DMI, BW, digestibility, rumen fermentation patterns, and methane 

emission were carried out by Multi-variate two-factor analysis (ANOVA) using SPSS software 

version 9.3 (2010). 
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RESULTS & DISCUSSION 
 

 

 
4.1 Chemical composition of feedstuffs offered to experimental animals during period 1 

and period 2 

The chemical composition (% DM) of the feedstuffs offered to experimental animals during 

period 1 and period 2 are presented in table 4.1 and 4.2 respectively. The oat green fodder, wheat 

straw, and concentrate mixture were having 13.14, 91.00, 88.80% DM in periods1 and 20.08, 

90.82, 89.72 in period 2 respectively. There is an increase in DM% of oats fodder in period 2 

when compared with period 1, as it implies over the time oats fodder is matured and DM% of 

fodder increased in period 2. The CP content of oats, WS, and concentrate mixture were 9.46, 

3.22, 19.53 in period 1 and 8.07, 3.93, 19.11 (%) in period 2 respectively. The EE content was 

2.69, 1.04, 3.19 in period 1 and 2.58, 1.69, 4.46 in period 2 respectively. There was not much 

variation. The NDF content of oat green fodder, WS, concentrate mixture was 54.97, 73.31, 

23.42 in period 1 and 63.75, 82.54, 23.49 in period 2, and ADF content was 39.18, 53.64, 14.84 

in period 1 and 40.92, 57.03, 13.51 in period 2 respectively. There is an increase in DM (%) of 

oats fodder in period 2 when compared with period 1, as it implies dry matter (DM) content 

increases with advancing the age of fodder (Azim et al., 1989). Whereas CP, EE, NDF, and 

ADF are within the range when period 1 and 2 are compared. 

 

 
Table 4.1 Chemical composition (% DM basis) of feedstuffs offered to experimental 

animals during period 1 

 

Parameter Oats WS 
Concentrate 

mixture 

DM 13.14 91 88.80 

OM 90.18 88.15 89.36 

CP 9.46 3.22 19.53 

EE 2.69 1.04 3.19 

NDF 54.97 73.31 23.42 
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ADF 39.18 53.64 14.84 

CF 25.76 37.13 3.74 

TA 9.82 11.85 10.64 

 

 

Table 4.2 Chemical composition (% DM basis) of feedstuffs offered to experimental animals 

during period 2 

 

Parameter Oats WS 
Concentrate 

mixture 

DM 20.08 90.82 89.72 

OM 90.65 89.35 89.75 

CP 8.07 3.93 19.11 

EE 2.58 1.69 4.46 

NDF 63.75 82.54 23.49 

ADF 40.92 57.03 13.51 

CF 28.33 44.18 3.73 

TA 9.35 10.65 10.25 

 
 

4.2 Plane of nutrition in different groups of animals during the experiment period 

 
Body weights and Intake of various nutrients during the experiment are presented in Table 

4.3. The bodyweights of Sahiwal (C), Sahiwal (T), Gir (C), Gir (T) are 159.16±14.99, 

161.08±3.55, 167.82±19.09, and, 163.05±10.03 respectively. The intake of DMI (kg/d), DMI 

(kg/100kg body weight), and OM (kg/d) were 4.14±0.38, 2.61±0.04, and 3.71±0.35 in Sahiwal 

(C); 3.97±0.14, 2.46±0.05, and 3.55±0.13 in Sahiwal (T); 4.48±0.43, 2.70±0.07 and 4.01±0.39 

in Gir (C) and 4.18±0.24, 2.57±0.06 and 3.74±0.21 in Gir (T) respectively which was similar 

among the breeds. Intake of CP (kg/d) and TDN (kg/d) were 0.53±0.02 and 1.58±0.03 in Sahiwal 

(C) ; 0.52±0.01 and 1.45±0.07 in Sahiwal (T); 0.55±0.02 and 1.64±0.03 in Gir (C) and 0.52±0.02, 

1.54±0.05 kg/d in Gir (T) respectively. Furthermore, the intake of EE, NDF, and ADF was 
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0.13±0.01, 1.99±0.31 and 1.36±0.17 kg/d in Sahiwal (C); 0.12±0.01, 1.87±0.12 and 1.28±0.06 

in Sahiwal (T); 0.14±0.01, 2.21±0.35 and 1.51±0.20 in Gir (C) and 0.12±0.01, 1.97±0.13 and 

1.33±0.12 in Gir (T) respectively. From the above data, we can conclude that there was no 

significant difference among control and treatment groups of both Sahiwal and Gir breeds, this 

implies that supplementation of methane inhibitors (nitrate, linseed oil, and anthraquinone) does 

not affect the nutrient intake. 

Voluntary feed intake is an important criterion that shows a profound impact on the 

productivity of the animal, Thus whilst evaluating a feed supplement it is customary to ensure 

that the supplement being tested does not have any adverse effect on DMI. Plane of nutrition in 

different groups of animals when observed (Table 4.3) it was concluded that there was no 

significant difference in the nutrients intake in both control and treatment groups of Sahiwal as 

well as Gir breeds, this implies supplementation of methane inhibitors (nitrate, linseed oil, and 

anthraquinone) had not affected the nutrients intake and this observation is supported by previous 

studies, where nitrate fed to sheep at 2% of the concentrate mixture did not reduce feed intake 

(Pal et al., 2015) and there was no change in DM intake on feeding 26 g nitrate/kg DMI 

(Zijderveld et al., 2010). Sakthivel et al., (2011) had also not observed any change by nitrate 

feeding (2 percent of DMI) on DMI and nutrients digestibility though there was about a 15 

percent reduction in methane emission in buffaloes. 

Sophal et al. (2013) studied the effect of potassium nitrate (@5% of DM) as a source of 

fermentable nitrogen in local yellow cattle fed a basal diet of cassava root chips and fresh cassava 

foliage. They found that the DM intake was less on the nitrate diet. However, Sophea and Preston 

(2010) found no effect on live weight gain or DM feed conversion in growing goats with 

potassium nitrate (@ 0, 2, 4, 6% of DM) supplementation. Voluntary feed intake generally 

decreased with a high-fat percentage in the diet (Wanapat et al., 2011). Individual oil has its 

characteristic odor, fatty acid composition, and effect over rumen dry matter intake as well as 

digestibility. Dry matter intake also depends on the palatability of the offered feed, the passage 

rate of the feed, and the rumino-reticular motility. Oil, when reaches to rumen it forms a thin 

layer coating over the fibrous feed particles in the rumen (Jenkin, 2003) thus hampers the 

microbial attachment which results in the increased feed retention time in the rumen and 

decreased voluntary intake (Rumen fill) by animals, consequently daily dry matter intake. In 

contrast, to the present study, there is a decrease in DMI by 24.76 and15.66% when 5.7% of DM 

linseed oil and extruded linseed supplemented in silage-based diet to dairy cows (Martin et al., 

2008). 
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Four ruminally cannulated, lactating cows were fed a total mixed ration 50:50 forage: 

concentrate without supplementation (control, CTL), or supplemented with LO at 2, 3, or 4%. 

and no effect was observed on DM intake (Benchaar et al.,2012). 

The present results indicated that supplementation of methane production inhibitors had not 

influenced feed and nutrient intake. 

 
 

Table 4.3 Plane of nutrition of different groups of animals during the experiment 

 
Parameter SAHIWAL(C) SAHIWAL(T) GIR (C) GIR(T) P Value 

Body weight 

(Kg) 
159.16±14.99 161.08±3.55 167.82±19.09 163.05±10.03 0.971 

Feed intake ( Kg/ d) 

DMI through 

oats (kg/d) 
1.30±0.21 1.27±0.08 1.45±0.20 1.38±0.08 0.864 

DMI through 

WS (kg/d) 
0.88±0.16 0.72±0.09 1.07±0.20 0.85±0.14 0.527 

DMI through 

Conc. (kg/d) 
1.97±0.03 1.98±0.02 1.96±0.02 1.95±0.02 0.809 

DM intake 

Total DMI 

(kg/d) 
4.14±0.38 3.97±0.14 4.48±0.43 4.18±0.24 0.72 

DMI 

(kg/100kgBW) 
2.61±0.04 2.46±0.05 2.70±0.07 2.57±0.06 0.072 

DMI 

(g/kgW0.75) 
92.24±2.04 87.62±2.15 96.30±2.16 91.69±2.17 0.77 

Nutrient intake 

OM intake (kg) 3.71±0.35 3.55±0.13 4.01±0.39 3.74±0.21 0.732 
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OMI 

(kg/100kgBW) 
2.34±0.03 2.20±0.05 2.41±0.06 2.30±0.06 0.071 

CPI (kg/d) 0.53±0.02 0.52±0.01 0.55±0.02 0.52±0.02 0.506 

CPI 

(kg/100kgBW) 
0.35±0.02 0.32±0.00 0.34±0.03 0.32±0.01 0.723 

EE intake (kg) 0.13±0.01 0.12±0.01 0.14±0.01 0.12±0.01 0.238 

EEI (kg/100kg 

BW) 
0.08±0.00 0.07±0.01 0.09±0.00 0.07±0.01 0.076 

NDF intake 

(kg) 
1.99±0.31 1.87±0.12 2.21±0.35 1.97±0.13 0.804 

NDFI 

(kg/100kg 

BW) 

 
1.22±0.08 

 
1.16±0.06 

 
1.28±0.08 

 
1.21±0.04 

 
0.615 

ADF intake 

(kg) 
1.36±0.17 1.28±0.06 1.51±0.20 1.33±0.12 0.724 

ADFI 

(kg/100kg 

BW) 

 
0.84±0.03 

 
0.79±0.03 

 
0.89±0.03 

 
0.81±0.04 

 
0.195 

CF intake (kg) 0.76±0.19 0.73±0.09 0.87±0.20 0.83±0.06 0.904 

CFI (kg/100kg 

BW) 
0.44±0.08 0.45±0.05 0.48±0.08 0.52±0.03 0.833 

TDNI (kg/d) 2.52±0.25 2.33±0.15 2.75±0.30 2.50±0.18 0.651 

TDNI 

(kg/100kgBW) 
1.58±0.03 1.45±0.07 1.64±0.03 1.54±0.05 0.117 
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4.3. Plane of nutrition 
 

 
Parameter SAHIWAL(C) SAHIWAL (T) GIR (C) GIR (T) 

DMI (kg/d) 4.14 3.97 4.48 4.18 

DMI (kg/d, 

ICAR) 
4.29 4.34 4.46 4.39 

DMI as % of 

ICAR 
95.98 91.18 100.16 95.29 

CPI (g/d) 532.94 516.90 550.57 524.15 

CPI (g/d, ICAR) 577.42 577.88 579.81 578.39 

CPI as % of 

ICAR 
92.22 89.04 94.86 90.56 

TDNI (Kg/d) 2.52 2.33 2.75 2.50 

TDNI (g/d, 

ICAR) 
2.34 2.34 2.42 2.36 

TDNI as % of 

ICAR 
106.90 99.72 112.43 105.91 

 

 

The comparison of nutrient intake with that of ICAR (2013) feeding standards is furnished 

in Table 4.4. DMI was deficit only by 4.02, 8.82, 4.41 in Sahiwal (C), Sahiwal (T), and Gir (T) 

respectively, and was excess by 0.16% in Gir (C). The intake of CP was deficit by 7.78, 10.96, 

5.14, and 9.44 in Sahiwal (C), Sahiwal (T), Gir (C), and Gir (T) respectively. Similarly, TDN 

intake was in excess by 6.90, 12.43, 5.91% in Sahiwal (C), Gir (C), and Gir (T) respectively, and 

deficit by 0.28% in Sahiwal (T). From the above data, we can conclude that there was no 

significant difference in DMI, CPI by the animals in all the groups when compared with ICAR 

(2013) feeding standards, whereas TDNI was more than ICAR (2013) feeding standards in Gir 

(C) this may be due to slight increased DMI in this group. 
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Table 4.4 Nutrients intake by the animals as compared to ICAR Feeding Standard 

 

 
 

4.4. Apparent digestibility (%) of nutrients 

 
The digestibility coefficients of DM, OM, CP, EE, NDF, and ADF are presented in Table 

4.4. The digestibility coefficients of DM, OM, CP, EE, NDF, and ADF within the Sahiwal breed 

(Sahiwal (C) 63.19±1.29, 64.31±1.26, 63.46±1.23, 74.60±0.81, 55.46±1.85, 42.98±2.14 and 

Sahiwal (T) 61.40±1.75, 62.60±1.71, 63.37±1.14, 73.25±1.04, 54.43±2.08, 41.47±2.57 

respectively) and in Gir breed (Gir (C) 64.28±1.20, 64.80±1.26, 63.32±0.92, 75.30±1.13, 

57.06±2.06, 42.97±2.59 and Gir (T) 62.99±2.15, 63.77±2.13, 62.84±1.94, 73.69±1.51, 

54.66±3.26, 40.90±3.55 respectively). From the above data we can conclude that there was no 

significant change in the apparent digestibility in both control and treatment groups of Sahiwal 

and Gir breeds, this implies supplementation of methane inhibitors (nitrate, linseed oil, and 

anthraquinone) does not affect the apparent digestibility. 

 

 
Table 4.5 Digestibility coefficients (%) of various nutrients in the different groups of 

animals 

 

 

Parameter SAHIWAL(C) SAHIWAL(T) GIR (C) GIR(T) P Value 

DM 63.19±1.29 61.40±1.75 64.28±1.20 62.99±2.15 0.689 

OM 64.31±1.26 62.60±1.71 64.80±1.26 63.77±2.13 0.812 

CP 63.46±1.23 63.37±1.14 63.32±0.92 62.84±1.94 0.989 

EE 74.60±0.81 73.25±1.04 75.30±1.13 73.69±1.51 0.613 

NDF 55.46±1.85 54.43±2.08 57.06±2.06 54.66±3.26 0.867 

ADF 42.98±2.14 41.47±2.57 42.97±2.59 40.90±3.55 0.934 

 

 

The digestibility coefficients of DM, OM, CP, EE, NDF, and ADF were estimated, and 

these did not differ for any parameter among the four groups. No difference in apparent 
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digestibility of nutrients between the control and treatment groups of both breeds is in agreement 

with the findings of Benchaar et al. (2012) who observed the effect of linseed oil (LO) 

supplementation on nutrient digestibility by supplementation of LO at 2, 3, or 4%.in the diet of 

lactating cows did not affect DM intake and apparent total-tract digestibility of nutrients. Nitrate 

and saponin, either alone or in combination also did not reduce the digestibility of DM or NDF 

(Patra et al., 2014). Whole tract or ruminal DM digestibility (56.8 vs 59.4%), microbial crude 

protein flow (73.9 vs 58.4 g/day) when sheep fed to a diet consisted of chaffed oat hay 

supplemented with either 4 or 0% KNO3 was also not affected (Nolan et al., 2010). Silivong et 

al. (2011) compared the effect of calcium nitrate (3.8% of DM) and sulfur (0.8%) as sodium 

sulfate on digestibility and nitrogen balance in crossbred goats (Bach thao x local female) fed on 

a basal diet of molasses and Mimosa (Mimosa piga) foliage. Digestibility of crude protein and N 

retention increased by sulphate supplementation, whereas, remained unaffected by nitrate. 

Guyader et al. (2015) studied the effect of linseed oil and nitrate fed alone or in 

combination on diet digestibility in cows. The diets were measured in DM. 1) control (CON 50 

percent natural grassland hay and 50 percent concentrate), 2) control with 4% linseed oil (LIN), 

3) control with 3% calcium nitrate (NIT), and 4) control with 4% linseed oil with 3% calcium 

nitrate (LIN+NIT). Except for linseed oil, which tended to diminish (P 0.10) fibre digestibility, 

diets had no effect on total tract digestibility of nutrients (P >0.05). 

Gonthier et al. (2004) found that supplementation of 3.5 to 4 percent FA from extruded 

linseed to a grass and corn silage-based diet increased the total digestibility of OM and fiber. The 

number of additional lipids and their mode of presentation (oil vs. seed) are important 

determining variables for the unfavorable effect of linseed FA on digestibility, according to the 

results of these trials. Based on the results of a study by Ben Salem et al. (1993) in which cows 

were fed a meal containing 7% rapeseed oil, they claimed that the negative effect of lipids on 

digestion is more severe with corn silage diets than with hay diets. Around 90% of total digestible 

fibre in ruminants is digested in the rumen, while ruminal fibre digestion can be somewhat 

compensated for by digestion in the large intestine. This matches previous findings on several 

lipid sources, including linseed oil in cows (Ueda et al., 2003), sheep (Ikwuegbu and Sutton, 

1982), and lambs (Machmüller et al., 2000). Kung et al. (2003); Ebrahimi et al. (2011) observed 

that in a digestion trial AQ did not affect the apparent digestibility of nutrients (OM, ADF, NDF, 

and N) in the total gastrointestinal tract. 
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4.5 Rumen fermentation patterns in the different groups of animals 

 
Rumen fermentation patterns are presented in table 4.5. The acetate, propionate, and 

butyrate values were 63.91±0.86, 19.24±0.38, and 12.30±0.29 in Sahiwal (C); 62.9±0.60, 

21.86±0.47, and 11.23±0.40 in Sahiwal (T); 62.79±0.65, 18.75±0.37, and 12.71±0.37 in Gir (C) 

and 61.69±0.21, 21.34±0.18, and 11.68±0.29 in Gir (T) respectively. There was no significant 

change in acetate, but an increase in propionate and decrease in butyrate values was observed in 

treatment groups of Sahiwal and Gir when compared with that of control groups. The acetate: 

propionate ratio was 3.33±0.11, 2.89±0.08, 3.35±0.07, and 2.89±0.01 in Sahiwal (C), Sahiwal 

(T), Gir (C), and Gir (T) respectively. Acetate: propionate ratio significantly decreased in the 

treatment groups of both breeds. The NH3N and Total N were 18.10±0.21 and 72.33±3.90 in 

Sahiwal (C); 19.88±0.36 and 74.66±1.47 in Sahiwal (T); 19.69±0.48 and 109.66±5.32 in Gir (C) 

and 21.65±0.94 and 112.00±5.11 in Gir (T) respectively. NH3N and Total N increased 

significantly in treatment groups fed with a combination of methane inhibitors (nitrate, linseed 

oil, and anthraquinone). The pH values were 6.58±0.02, 6.57±0.03, 6.61±0.03, and 6.63±0.04 in 

Sahiwal (C), Sahiwal (T), Gir (C), and Gir (T) respectively. There was no significant difference 

in pH of rumen liquor in the control and treatment groups of both breeds. 

Table 4.6 Rumen fermentation patterns in the different groups of animals 
 

 
 

Parameter 

 

SAHIWAL(C) 

 

SAHIWAL(T) 

 

GIR (C) 

 

GIR(T) 
P 

VALUE 

Acetate 63.91±0.86 62.9±0.60 62.79±0.65 61.69±0.21 0.133 

Propionate 19.24a±0.38 21.86b±0.47 18.75a±0.37 21.34b±0.18 <0.01 

Butyrate 12.30ab±0.29 11.23a±0.40 12.71b±0.37 11.68ab±0.29 0.03 

Acetate: 

Propionate 
3.33b±0.11 2.89a±0.08 3.35b±0.07 2.89a±0.01 <0.01 

NH3N 18.10a±0.21 19.88ab±0.36 19.69ab±0.48 21.65b±0.94 0.03 

TOTAL N 72.33a±3.90 74.66a±1.47 109.66b±5.32 112.00b±5.11 <0.01 

pH 6.58±0.02 6.57±0.03 6.61±0.03 6.63±0.04 0.480 
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a,b, bearing different superscripts in the same row differ significantly (p<0.05) 

 

 

Rumen fermentation pattern was observed, there was no significant change in rumen 

parameters like acetate and pH, whereas there was a significant increase in propionate, ammonia 

nitrogen, total nitrogen, and a significant decrease in butyrate %. 

Nitrate feeding can affect ruminal fermentation in an unadapted animal (Guo et al., 2009) while 

this effect will disappear when the animal is adapted to dietary nitrate (Zhou et al., 2012). 

The increase in propionate may be due to availability of lipids from LO through a shift of 

fermentation towards propionate at the expense of acetate, and/or by a decrease in protozoans 

which are hydrogen producers mitigation of rumen methanogenesis can be achieved through a 

decrease in the hydrogen supply to methanogens, (Morgavi et al., 2010), and also the death of 

methanogens due to direct toxicity of nitrate and nitrite (Zijderveld et al., 2011), and methane 

production is inhibited by AQ by blocking MCR enzyme (Arokiyaraj et al., 2019), and linseed 

oil supplementation also have a toxic effect on protozoa (Guyader et al., 2015), which harbor 

methanogens. Guyader et al. (2015) studied the effect of linseed oil and nitrate fed alone or in 

combination on rumen fermentation patterns in cows, where linseed oil diet increased (P = 0.02) 

propionate proportion and decreased (P = 0.03) ruminal protozoa concentration compared with 

CON diet. 

The nitrate addition can increase ammonia concentrations in the rumen through 

respiratory nitrate ammonification (Sar et al., 2005), and ammonia inhibits methanogens at high 

concentrations (Chen et al., 2007), increasing ammonia concentrations could have also 

contributed to methane inhibition. In contrast to this study, supplementing rumen-fistulated 

steers' diets with nitrate at 1 and 2 percent of DM had no effect on ruminal ammonia nitrogen 

(Zhao et al., 2015). 

In another study, the acetate-to-propionate ratio was lowest at the AQ level of 4 ppm 

because the concentration of propionate increased without a significant change in acetate 

concentration and had no effect on pH or ammonia nitrogen under in vitro and in vivo conditions, 

whereas the highest dose of AQ (8 ppm) depressed the concentrations of total VFAs, propionate, 

valerate, acetate, and ionised calcium (Ebrahimi et al., 2011). 

The stimulation of hydrogen utilization towards pathways producing alternative end 

products such as propionate, which is beneficial for the animal in the absence of a lesser number 
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and lesser activity of methanogens is an ideal goal for achieving desirable responses from 

methane reduction. Therefore, coupling nitrate, linseed oil, and anthraquinone were considered 

and found effective. 

The decrease in butyrate level in this study is supported by another study where feeding 

of nitrate (2.6% of DMI) did not affect VFA concentrations except for a decrease in branched- 

chain fatty acids with a 32 percent reduction in methane production (Zijderveld et al., 2010). 

In contrast to the present study total, VFAs and acetate concentration increased linearly 

by increasing nitrate levels in the diet of nitrate-adapted ruminants (Zhao et al., 2015) which 

might be due to the level of fiber in the diet. 

 

 
4.6. Enteric methane emission in animals 

 
Enteric methane (CH4) emission and related parameters of experimental animals are 

presented in Table 4.6. CH4 emission (g/d) was tended to be lower in treatment groups fed with 

methane inhibitors (nitrate, linseed oil, and anthraquinone combination) (51.90±2.88 in Sahiwal 

calves, 61.38±1.43 in Gir calves) as compared to groups fed with control diet (65.39±2.70 in 

Sahiwal, 74.55±1.01 in Gir). No significant (P>0.05) changes were seen in CH4 g/kg DMI, 

DDMI, OMI, DOMI, NDFI, DNDFI, ADFI, DADFI. The values of methane emission per kg 

DMI and DDMI ranged between 13-17g and 21 to 27 g respectively in the four groups. The 

values per kg OMI and DOMI ranged between 14-19 and 23-30g respectively. 

Methane emission (g/kgCPI, DCPI) were significantly (P<0.05) higher in groups fed with 

the control diet, Sahiwal (C) 123.63±7.24 CH4 g/kg CPI, 194.60±10.39 CH4 g/kg DCPI; Gir (C) 

135.92±3.19 CH4 g/kg CPI, 214.92±6.07 CH4 g/kg DCPI than the treatment group of Sahiwal (T) 

100.64±6.02 CH4 g/kg CPI, 158.73±8.88 CH4 g/kg DCPI; Gir (T) 118.20±6.45 CH4 g/kg 

CPI, 188.72±10.62 CH4 g/kg DCPI. Intake of energy (GEI, DEI, MEI) was not significantly 

different in groups fed with control diet (Sahiwal (C) GEI 76.15±6.30, DEI 45.90±2.97, MEI 

(MJ/d) 38.12±2.49; Gir (C) GEI 82.18±7.01, DEI 48.78±3.40, MEI 40.56±2.86) when compared 

with treatment groups fed with methane inhibitors (Sahiwal (T) GEI 73.14±2.56, DEI 

44.51±1.21, MEI (MJ/d) 36.93±1.02; Gir (T) GEI 77.02±3.84, DEI 46.26±1.90, MEI 

38.40±1.61) because there was no effect on intake as well as digestibility of the feeds in all the 

four groups. 
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CH4 energy (MJ/d) is significantly more in control groups (Sahiwal (C) 3.60±0.14, Gir (C) 

4.10±0.05) as compared to their treatment groups (Sahiwal (T) 2.85±0.14, Gir (T) 3.38±0.07). 

CH4 energy loss as DEI (%) was significantly (P<0.05) higher in control groups (Sahiwal (C) 

8.08±0.65, Gir (C) 8.63±0.53, when compared with treatment groups supplemented with 

methane inhibitors (Sahiwal (T) 6.44±0.36, Gir (T) 7.39±0.41. There is no significant difference 

in methane energy loss as % GEI, but the decreasing trend was observed for methane energy loss 

as % MEI in treatment groups when compared with control. 

The CH4 (g/d) was lower in treatment groups of both the species Sahiwal (20.63% ) and Gir 

(17.66%) due to supplementation with the combination of methane inhibitors as compared to 

their control groups. CH4 energy loss as GEI, DEI, and MEI was nearly 20%, lower in Sahiwal 

(T) and 14% in Gir (T) as compared to respective controls. Gir calves were having more CH4 

g/day (12.28%), CH4 g/kg CPI (9.04%), CH4E loss as GEI (4.80%), CH4E loss as DEI(6.37%), 

CH4E loss as MEI (6.26%) than the control group of Gir(C). The Gir calves were having more 

energy loss as methane than Sahiwal calves which showed that treatment effect was more seen 

in Sahiwal calves as compared to Gir calves. 

 

 
Table 4.7. Enteric methane emission and energy losses as methane in the four groups 

 

 
 

Parameter SAHIWAL(C) SAHIWAL(T) GIR (C) GIR(T) 
P 

Value 

CH4 (g/d) 65.39b±2.70 51.90a±2.88 74.55c±1.01 61.38b±1.43 <0.01 

CH4 (g/kg 
DMI) 

16.55±1.72 13.18±0.86 17.37±1.54 14.96±1.06 0.162 

CH4 (g/kg 
DDMI) 

26.24±2.79 21.58±1.56 27.22±2.84 23.90±1.80 0.340 

CH4 (g/kg 
OMI) 

18.50±1.95 14.72±0.96 19.44±1.78 16.70±1.14 0.163 

CH4 (g/kg 
DOMI) 

28.83±3.12 23.61±1.68 30.27±3.28 26.33±1.92 0.313 

CH4 (g/kg 

CPI) 
123.63ab±7.24 100.64a±6.02 135.92b±3.19 118.20ab±6.45 0.04 

CH4 (g/kg 

DCPI) 
194.60ab±10.39 158.73a±8.88 214.92b±6.07 188.72ab±10.62 0.03 
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a,b,c bearing different superscripts in the same row differ significantly (p<0.05) 

 
Methane emissions were significantly low in treatment groups fed with methane 

inhibitors (nitrate, linseed oil, and anthraquinone) along with control diet when compared with 

control groups. The decrease in methane is due to the reduction of nitrate (∆G=-163 KJ mol) and 

sulfate (∆G=152 KJ mol) is thermodynamically favored over carbon dioxide reduction (∆ G=130 

KJ/mol), which provides nitrate and sulfate-reducing bacteria a competitive advantage over 

methanogens as hydrogen sink (Oremland et al., 1988). The effects of nitrate (0, 2, 4, and 6% 

potassium nitrate of DMI) had shown strong inhibition of methanogens (Sophia et al., 2010), and 

the number of methanogens decreased when nitrate was included in the diet (P<0.001) 

CH4 (g/kg 

NDFI) 

 

37.31±5.85 

 

28.36±2.32 

 

38.53±6.19 

 

31.93±2.39 

 

0.381 

CH4 (g/kg 

DNDFI) 

 

67.92±11.13 

 

52.69±4.86 

 

69.07±13.18 

 

59.96±6.38 

 

0.595 

CH4 (g/kg 
ADFI) 

 

52.32±6.74 

 

41.11±3.04 

 

54.00±7.11 

 

48.64±5.19 

 

0.416 

CH4 (g/kg 

DADFI) 

 

123.61±16.89 

 

102.36±11.68 

 

131.27±25.68 

 

125.26±19.23 

 

0.728 

CH4 (g/kg 

TDNI) 

 

27.39±2.96 

 

22.59±1.59 

 

28.78±3.06 

 

25.14±1.77 

 

0.324 

 

CH4E (MJ/d) 3.60b±0.14 2.85a±0.14 4.10c±0.05 3.38b±0.07 

 

<0.01 

 

GEI (MJ/d) 

 

76.15±6.30 

 

73.14±2.56 

 

82.18±7.01 

 

77.02±3.84 

 

0.736 

 

DEI (MJ/d) 

 

45.90±2.97 

 

44.51±1.21 

 

48.78±3.40 

 

46.26±1.90 

 

0.744 

 

MEI (MJ/d) 

 

38.12±2.49 

 

36.93±1.02 

 

40.56±2.86 

 

38.40±1.61 

 

0.738 

 

CH4 energy loss as % 

 

 

GE intake 

 

4.95±0.47 

 

3.93±0.23 

 

5.20±0.41 

 

4.46±0.28 

 

0.14 

 

DE intake 8.08ab±0.65 6.44a±0.36 8.63b±0.53 7.39ab±0.41 

 

0.057 

 

ME intake 

 

9.73±0.79 

 

7.76±0.44 

 

10.38±0.65 

 

8.91±0.50 

 

0.062 
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(Zijderveld et al., 2010). This is probably the reason for the reduction in methane production in 

the treatment group of both species. 

The inclusion of vegetable oil or lipid is also one of the most promising techniques for 

reducing methane emission for ruminants (Beauchemin et al., 2008). The addition of fats or oils 

in the diets of ruminants suppresses methane production by two mechanisms. Fatty acid toxicity 

to methanogens is the direct mechanism and the indirect mechanism includes protozoal 

inhibition, reduction of double bonds in unsaturated fatty acids, increased productivity, and 

enhanced propionate production (Guyader et al., 2015). These workers studied the effect of 

linseed oil and nitrate fed alone or in combination on methane emissions in cows. The diets were 

measured in DM. 1) control (CON 50 percent natural grassland hay and 50 percent concentrate), 

2) control with 4% linseed oil (LIN), 3) control with 3% calcium nitrate (NIT), and 4) control 

with 4% linseed oil with 3% calcium nitrate (LIN+NIT). Linseed oil and nitrate supplementation 

reduced CH4 emissions (g/kg DMI) by 17 and 22 percent, respectively, when fed alone, and by 

32 percent when fed together, when compared to the CON diet. 

Rumen methanogens in ruminants use the methanogenesis pathway (Hydrogenotrophic) 

to convert H2 and CO2 (generated by bacteria, protozoa, and anaerobic fungus) into CH4 (Patra et 

al., 2010). For this process (methanogenesis), methanogenic archaea require the methyl 

coenzyme M reductase (MCR) for the formation of methane. AQ has more specificity towards 

the methyl-coenzyme M reductase binding site and could be a potent methanogen inhibitor 

(Arokiyaraj et al., 2019). The ability of AQ to impede electron transfer and uncouple Adenosine 

Triphosphate (ATP) synthesis associated with sulphate reduction was linked to its action. In the 

final step of methanogenesis, the methyl reductase system in methanogens allows the transfer of 

electrons, generating a proton motive force of one ATP per two electrons, similar to that of 

sulfate-reducing bacteria (Garcia et al., 1996). The metabolic route common to all methanogens 

includes the reductive demethylation of methyl coenzyme M to methane. It was postulated that 

AQ uncoupled the electron transfer from cytochrome-linked or membrane-bound ATP synthesis, 

blocking the reduction of methyl coenzyme M to methane, based on the similarities of ATP 

creation in methanogens and sulfate-reducing bacteria (Garcia et al., 1996). 

Hence, looking into the mechanisms involved as expected, a reduction in methane 

emission was observed in the treatment groups of both breeds. 
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4.7 Correlation of nutrient intake (kg) and digestible nutrient intake with enteric methane 

emission (g/d) 

A correlation between methane emission (g/d) and various nutrients intake was also 

estimated and values are presented in table 4.8. It was observed that correlation with DMI (0.69), 

DDMI (0.57), DOMI (0.58), DNDFI (0.48), DADFI (0.39), and TDNI (0.56) were found 

positive. In this study correlation with DMI, DDMI, DOMI, and TDNI were strong. Ulyatt and 

Lassey (2001) were found a stronger negative relationship (r= -0.597) revealed that as intake of 

nutrients increased the percentage of dietary energy lost as methane decreased. Moss (1993) 

observed a positive correlation with NDF content (R2= 79%) and negative relation with CP 

content (R2=-76.8%). Mohini and Singh (2001) also reported a significant (P<0.05) positive 

correlation of methane emission with digestible nutrient intake. 

 

 
Table 4.8 Correlation of digestible nutrient intake (kg) with enteric methane emission (g/d) 

 
Parameter Methane emission (g/d) 

DMI 0.69 

DDMI 0.57 

DOM 0.58 

DNDF 0.48 

DADF 0.39 

TDNI 0.56 
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  SUMMARY AND CONCLUSION 
 

The experiment was conducted to estimate nutrient digestibility, rumen fermentation 

patterns, and methane emission in Sahiwal and Gir calves supplemented with a combination of 

methane inhibitors (nitrate, linseed oil, and anthraquinone). This study was conducted at LRC of 

NDRI, Karnal. The study consists of a total of 12 healthy 6 Sahiwal calves and 6 Gir calves. The 

animals were divided into 4 groups of 3 animals in each, based on their average body weight. In 

the control groups of both the species the animals fed diet as per ICAR 2013 and in treatment 

groups animals were fed with control diet + combination of methane inhibitors (nitrate, linseed 

oil, and anthraquinone). The design of the experiment was switch over consisting of period 1 and 

period 2 each of 60 days. The calves of all experimental groups received oat green fodder, wheat 

straw, and concentrate mixture. During the last week of each period of the experiment, a 

digestibility trial of seven days was conducted with a total collection of faeces, residue, and feed 

to study the digestibility of various nutrients. The methane was estimated by using the SF6 tracer 

technique by taking 5 successful collection and rumen fermentation patterns studied by collecting 

rumen liquor at the end of each period. The summary and conclusion of this study are represented 

in this chapter. 

 

 
5.1 Chemical composition of feedstuffs offered to experimental animals during period 1 

and period 2 

The oat green fodder, wheat straw, and concentrate mixture were having 13.14, 91, 

88.80% DM in period 1 and 20.08, 90.82, 89.72 in period 2 respectively. There was an increase 

in DM% of oats fodder in period 2 when compared with period 1, There was no significant 

change in CP, EE, NDF, and ADF when period 1 and 2 and the values were in the normal range. 

 

 
5.2 Plane of nutrition in different groups of animals during the experiment period 

 
The bodyweights of Sahiwal (C), Sahiwal (T), Gir (C), Gir (T) are 159.16±14.99, 

161.08±3.55, 167.82±19.09, and, 163.05±10.03 respectively. The intake of DM (kg/d) and OM 

(kg/d) was 4.14±0.38 and 3.71±0.35 in Sahiwal (C); 3.97±0.14 and 3.55±0.13 in Sahiwal (T); 

4.48±0.43, 4.01±0.39 in Gir (C) and 4.18±0.24, 3.74±0.21 in Gir (T) respectively which was 

similar among the breeds. Intake of CP (kg/d) and TDN (kg/d) were 0.53±0.02 and 1.58±0.03 in 
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Sahiwal (C) ; 0.52±0.01 and 1.45±0.07 in Sahiwal (T); 0.55±0.02 and 1.64±0.03 in Gir (C) and 

0.52±0.02, 1.54±0.05 kg/d in Gir (T) respectively. 

 

 
5.3. Plane of nutrition 

 
DMI was deficit by 4.02, 8.82, 4.41 in Sahiwal (C), Sahiwal (T), and Gir (T) respectively 

and 0.16% excess in Gir (C) when compared with ICAR (2013) feeding standards. The intake of 

CP was deficit by 7.78, 10.96, 5.14, and 9.44 in Sahiwal (C), Sahiwal (T), Gir (C), and Gir (T) 

respectively. Similarly, TDN intake was excess by 6.90, 12.43, 5.91% in Sahiwal (C), Gir (C), 

and Gir (T) respectively, and deficit by 0.28% in Sahiwal (T). From the above data we can 

conclude that there’s not much difference in DMI, CPI of animals when compared with ICAR 

(2013) feeding standards, whereas TDNI is excess than ICAR (2013) feeding standards in Gir 

(C) this may be due to slight increased DMI in this group. 

 

 
 

5.4. Apparent digestibility (%) of nutrients 

 
The digestibility coefficients of DM, OM, CP, EE, NDF, and ADF within Sahiwal (C) 

63.19±1.29, 64.31±1.26, 63.46±1.23, 74.60±0.81, 55.46±1.85, 42.98±2.14 and Sahiwal (T) 

61.40±1.75, 62.60±1.71, 63.37±1.14, 73.25±1.04, 54.43±2.08, 41.47±2.57 respectively and in 

Gir breed (C) 64.28±1.20, 64.80±1.26, 63.32±0.92, 75.30±1.13, 57.06±2.06, 42.97±2.59 and Gir 

(T) 62.99±2.15, 63.77±2.13, 62.84±1.94, 73.69±1.51, 54.66±3.26, 40.90±3.55 respectively did 

not differ among the groups. 

 

 
 

5.5 Rumen fermentation patterns in the different groups of animals 

 
The acetate, propionate, and butyrate values were 63.91±0.86, 19.24a±0.38, and 

12.30±0.29 in Sahiwal (C); 62.9±0.60, 21.86±0.47, and 11.23±0.40 in Sahiwal (T); 62.79±0.65, 

18.75±0.37, and 12.71±0.37 in Gir (C) and 61.69±0.21, 21.34±0.18, and 11.68±0.29 in Gir (T) 

respectively. The acetate: propionate ratio is 3.33±0.11, 2.89±0.08, 3.35±0.07, and 2.89±0.01 in 

Sahiwal (C), Sahiwal (T), Gir (C), and Gir (T) respectively. The NH3N and Total N were 

18.10±0.21 and 72.33±3.90 in Sahiwal (C); 19.88±0.36 and 74.66±1.47 in Sahiwal (T); 

19.69±0.48 and 109.66±5.32 in Gir (C) and 21.65±0.94 and 112.00±5.11 in Gir (T) respectively. 

NH3N and Total N increased significantly in treatment groups fed with a combination of methane 
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inhibitors (nitrate, linseed oil, and anthraquinone). The pH was 6.58±0.02, 6.57±0.03, 6.61±0.03, 

and 6.63±0.04 in Sahiwal (C), Sahiwal (T), Gir (C), and Gir (T) respectively. 

 

 
5.6. Enteric methane emission in animals 

 
CH4 emission (g/d) tended to be lower in treatment groups fed with methane inhibitors 

(nitrate, linseed oil, and anthraquinone combination) (51.90±2.88 in Sahiwal treatment calves, 

61.38±1.43 in Gir treatment calves) as compared to groups fed with control diet (65.39±2.70 in 

Sahiwal control, 74.55±1.01 in Gir control). Methane emission (g/kgCPI, DCPI) were 

significantly (P<0.05) higher in groups fed with control diet Sahiwal (C) 123.63±7.24 CH4 g/kg 

CPI, 194.60±10.39 CH4 g/kg DCPI; Gir (C) 135.92±3.19 CH4 g/kg CPI, 214.92±6.07 CH4 g/kg 

DCPI) then the treatment group of Sahiwal (T) 100.64±6.02 CH4 g/kg CPI, 158.73±8.88 CH4 

g/kg DCPI; Gir (T) 118.20±6.45 CH4 g/kg CPI, 188.72ab±10.62 CH4 g/kg DCPI). No significant 

changes were seen in CH4 g/kg DMI, DDMI, OMI, DOMI, NDFI, DNDFI, ADFI, DADFI 

(P>0.05). 

CH4 energy (MJ/d) is significantly more in control groups (Sahiwal (C) 3.60±0.14, Gir (C) 

4.10±0.05) as compared to their treatment groups (Sahiwal (T) 2.85±0.14, Gir (T) 3.38±0.07). 

CH4 energy loss as DEI was significantly (P<0.05) higher in control groups (Sahiwal (C) 

8.08±0.65 as DEI, Gir (C) 8.63±0.53 as DEI, when compared with treatment groups 

supplemented with methane inhibitors Sahiwal (T) 6.44±0.36 as DEI, Gir (T) 7.39±0.41 as DEI. 

There is no significant difference in methane energy loss as % GEI, but the decreasing trend of 

methane energy loss as % MEI in treatment groups, when compared with control. 

The CH4 (g/d) was tended to be 20.63% lower in Sahiwal (T) and 17.66% lower in Gir (T) 

treatment groups supplemented with the combination of methane inhibitors as compared to their 

control groups. CH4 energy loss as GEI, DEI, and MEI was20.60%, 20.29%, and 20.24% lower 

in Sahiwal (T) group as compared to Sahiwal (C) group and Gir (T) were having 14.23%, 

14.36%, and 14.16%less CH4 energy loss as GEI, DEI, and MEI than Gir (T) group. Gir calves 

were having more (12.28%) CH4 g/day, (9.04%) CH4 g/kg CPI, (4.80%) CH4E loss as GEI, 

(6.37%) CH4E loss as DEI, (6.26%) CH4E loss as MEI than the control group of Gir(C). The Gir 

calves were having more energy loss as methane than Sahiwal calves which showed that 

treatment effect was more seen in Sahiwal calves as compared to Gir calves. 
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5.7 Correlation of nutrient intake (kg) and digestible nutrient intake with enteric methane 

emission (g/d) 

A correlation between methane emission (g/d) and nutrient intake was also estimated and 

values are presented in table 4.8. it was observed that correlation with DMI (0.69), DDMI (0.57), 

DOMI (0.58), DNDFI (0.48), DADFI (0.39), and TDNI (0.56) were found positive. In this study 

correlation with DMI, DDMI, DOMI, and TDNI were strong. 

 

 
5.8 Conclusions: 

 
Following conclusions were drawn from the results of present experiment. 

 
 The supplementation of combination of methane inhibitors (nitrate, linseed oil, and 

anthraquinone) has not affected nutrient intake and nutrients digestibility in both the 

breeds, Sahiwal and Gir calves. It has caused increase in propionate and nitrogen in the 

rumen. 

 CH4 production decreased by 20.63 % and 17.66 % in the treatment groups of Sahiwal 

and Gir calves respectively and CH4E loss (MJ/d) as % DEI was significant. Sahiwal 

calves produced 12.28 % less CH4, as compared to Gir calves. 



Page | 62 
 

 

CHAPTER- 6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

BIBLIOGRAPHY 



Page | 63 
 

 

BIBLIOGRAPHY 
 

 

 
Alaboudi, A.R. and Jones, G.A. (1985). Effect of acclimation to high nitrate intakes on some 

rumen fermentation parameters in sheep. Can. J. Anim. Sci., 65: 841-849. 

Andrea Machmüller, D.A Ossowski, M Kreuzer, Comparative evaluation of the effects of 

coconut oil, oilseeds and crystalline fat on methane release, digestion and energy 

balance in lambs, Animal Feed Science and Technology, Volume 85, Issues 1–2, 2000, 

Pages 41-60, ISSN 0377-8401, https://doi.org/10.1016/S0377-8401(00)00126-7. 

Arokiyaraj, S., Stalin, A., & Shin, H. (2019). Anti-methanogenic effect of rhubarb (Rheum spp.)– 

An in-silico docking studies on methyl-coenzyme M reductase (MCR). Saudi journal 

of biological sciences, 26(7), 1458-1462. 

Asanuma, N., Yokoyama, S., & Hino, T. (2015). Effects of nitrate addition to a diet on 

fermentation and microbial populations in the rumen of goats, with special reference to 

S elenomonas ruminantium having the ability to reduce nitrate and nitrite. Animal 

Science Journal, 86(4), 378-384. 

Association of Official Analytical Chemists [AOAC]. 2006. Official methods of analysis. 18th 

ed. Arlington (VA): AOAC International. 

Bauchop T. 1967. Inhibition of rumen methanogenesis by methane analogues. J Bacteriol. 

94:171–175. 

Beauchemin K, Kreuzer M, O’Mara F, McAllister T. 2008. Nutritional management for enteric 

methane abatement: a review. Aust J Exp Agric. 48:21–27. 

Benchaar, C., Hassanat, F., Martineau, R., & Gervais, R. (2015). Linseed oil supplementation to 

dairy cows fed diets based on red clover silage or corn silage: Effects on methane 

production, rumen fermentation, nutrient digestibility, N balance, and milk production. 

Journal of dairy science, 98(11), 7993-8008. 

Benchaar, C., Romero-Pérez, G. A., Chouinard, P. Y., Hassanat, F., Eugène, M., Petit, H. V., & 

Côrtes, C. (2012). Supplementation of increasing amounts of linseed oil to dairy cows 

fed total mixed rations: Effects on digestion, ruminal fermentation characteristics, 

protozoal populations, and milk fatty acid composition. Journal of dairy science, 95(8), 

4578-4590. 



Page | 64 
 

Božic, A. K., Anderson, R. C., Carstens, G. E., Ricke, S. C., Callaway, T. R., Yokoyama, M. T., 

... & Nisbet, D. J. (2009). Effects of the methane-inhibitors nitrate, nitroethane, lauric 

acid, Lauricidin® and the Hawaiian marine algae Chaetoceros on ruminal fermentation 

in vitro. Bioresource technology, 100(17), 4017-4025. 

Broudiscou, L., Pochet, S and Poncet C (1994) Effect of linseed oil supplementation on feed 

degradation and microbial synthesis in the rumen of ciliate-free and refaunated sheep. 

Animal Feed Science and Technology, 49 189-202 

Bruning-Fann, C. S., & Kaneene, J. B. (1993). The effects of nitrate, nitrite and N-nitroso 

compounds on human health: a review. Veterinary and human toxicology, 35(6), 521- 

538. 

Calsamigha, S., Busquet, M, Cardozo, P.W., Castillejos, L. and Ferret, A, 2007. Invited review: 

essential oils as modifiers of rumen microbial fermentation. J Dairy Sci 90(6): 2580- 

2595 

Carro MD, Ranilla MJ, Tejido ML. 2005. Using an in vitro gas production technique to examine 

feed additives: effects of correcting values for different blanks. Anim Feed Sci Technol. 

123–124:173–184. 

Chalupa, W 1977 Manipulating rumen fermentation. J Animal Sci 45(3): pp 585-599 

 
Chilliard, Y., Martin, C., Rouel, J., &Doreau, M. (2009). Milk fatty acids in dairy cows fed whole 

crude linseed, extruded linseed, or linseed oil, and their relationship with methane 

output. Journal of Dairy Science, 92(10), 5199-5211. 

Chung, Y. H., M. L. He, S. M. McGinn, T. A. McAllister, and K. A. Beauchemin. 2011. Linseed 

suppresses enteric methane emissions from cattle fed barley silage, but not from those 

fed grass hay. Anim. Feed Sci. Technol. 166–167:321–329. 

Cieslak, A., Szumacher-Strabel, M. Stochmal. A. and Oleszek, W 2013. Plant components with 

specific activities against rumen methanogens Animal 7(2): 253-265 

Cottyn, B.G. and Boucque, C.V. (1968). Rapid methods for the gas chromatographic 

determination of volatile fatty acids in rumen fluid J. Agric Food Chem, 16:105-107. 

Czerkawski J. 1969. Methane production in ruminants and its significance. World Rev Nutr Diet. 

11:240–282. 

Czerkawski JW. 1972. Fate of metabolic hydrogen in the rumen. Proc Nutr Soc. 31:141–146. 



Page | 65 
 

Czerkawski, J. W. 1986. An introduction to rumen studies. Pergamon Press, Oxfordshire, UK, 

and New York, NY. 

Doreau, M., A. Ferlay, Y. Rochette, and C. Martin. 2014. Effects of dehydrated lucerne and soya 

bean meal on milk produc tion and composition, nutrient digestion, and methane and 

nitrogen losses in dairy cows receiving two different forages. Animal 8:420–430. 

Doreau, M., C. Martin, M. Eugène, M. Popova, and D. P. Morgavi. 2011. Leviers d’action pour 

réduire la production de méthaneentérique par les ruminants. (In French.) INRA Prod. 

Anim. 24:461–474. 

Doreau, M., E. Aurousseau, and C. Martin. 2009. Effects of linseed lipids fed as rolled seeds, 

extruded seeds or oil on organic matter and crude protein digestion in cows. Anim. Feed 

Sci. Technol. 150:187–196. 

Doreau, M., L. Bamière, C. Pellerin, M. Lherm, and M. Benoit. 2014. Mitigation of enteric 

methane for French cattle: Potential extent and cost of selected actions. Anim. Prod. Sci. 

54:1417–1422. 

Ebrahimi, S. H., Mohini, M., Singhal, K. K., Heidarian Miri, V., & Tyagi, A. K. (2011). 

Evaluation of complementary effects of 9, 10-anthraquinone and fumaric acid on 

methanogenesis and ruminal fermentation in vitro. Archives of animal nutrition, 65(4), 

267-277. 

Ellis JL, Dijkstra J, Kebreab E, Bannink A, Odongo NE, McBride BW, France J. 2008. Aspects 

of rumen microbiology central to mechanistic modelling of methane production in 

cattle. J Agric Sci. 146:213–233. 

Ferlay, A., M. Doreau, C. Martin, and Y Chilliard (2013) Effects of incremental amounts of 

extruded linseed on the milk fatty acid composition of dairy cows receiving hay or com 

silage, J. Dairy Sci. 96 6577 6595 

Finlay, B. J., Esteban, G., Clarke, K. J., Williams, A. G., Embley, T. M., & Hirt, R. P. (1994). 

Some rumen ciliates have endosymbiotic methanogens. FEMS Microbiology Letters, 

117(2), 157-161. 

Garcı´a-Gonza´ lez R, Lo´ pez S, Ferna´ ndez M, Gonza´ lez JS. 2008. Dose-response effects of 

Rheum officinale root and Frangula alnus bark on ruminalmethane production in vitro. 

Anim Feed Sci Technol. 145:319–334. 



Page | 66 
 

Garcia-Lopez PM, Kung L Jr, Odom JMI. 1996. In vitro inhibition of microbial methane 

production by 9,10-anthraquinone. J Anim Sci. 74:2276–2284. 

Gerber, P. J., H. Steinfeld, B. Henderson, A. Mottet, C. Opio, J. Dijkman, A. Falcucci, and G. 

Tempio. 2013. Tackling climate change through livestock – A global assessment of 

emissions and mitigation opportunities. Food and Agriculture Organization of the 

United Nations, Rome, Italy. 

Grainger, C., and K. A. Beauchemin. 2011. Can enteric methane emissions from ruminants be 

lowered without lowering their production? Anim. Feed Sci. Technol. 166–167:308– 

320. 

Guo, W. S., Schaefer, D. M., Guo, X. X., Ren, L. P., & Meng, Q. X. (2009). Use of nitrate- 

nitrogen as a sole dietary nitrogen source to inhibit ruminal methanogenesis and to 

improve microbial nitrogen synthesis in vitro. Asian-Australasian Journal of Animal 

Sciences, 22(4), 542-549. 

Guyader, J., M. Eugène, P. Nozière, D. P. Morgavi, M. Doreau, and C. Martin. 2014. Influence 

of rumen protozoa on methane emissions in ruminants: A metanalysis approach. Animal 

8:1816–1825. 

Hegarty, R. S., and R. Gerdes. 1999. Hydrogen production and transfer in the rumen. Recent 

Adv. Anim. Nutr. 12:37–44. 

Hoffmann, W. E. (1986). A partial list of normal values. In Current Veterinary Pathology. 2. 

Food Animal Practice (pp. 959-962). WB Saunders Company, Philadelphia, USA. 

 
Hristov, A. N., Oh, J., Giallongo, F., Frederick, T. W., Harper, M. T., Weeks, H. L., ... & 

Kindermann, M. (2015). An inhibitor persistently decreased enteric methane emission 

from dairy cows with no negative effect on milk production. Proceedings of the National 

Academy of Sciences, 112(34), 10663-10668. 

Hulshof, R. B. A., A. Berndt, W. J. J. Gerrits, J. Dijkstra, S. M. Van Zijderveld, J. R. Newbold, 

and H. B. Perdok. 2012. Dietary nitrate supplementation reduces methane emission in 

beef cattle fed sugarcane-based diets. J. Anim. Sci. 90:2317–2323. 

Ikwuegbu, O. A. and Sutton, J. D. (1982) The effect of varying the amount of linseed oil 

supplementation on rumen metabolism in sheep. Br J Nutr 48 365-375. 



Page | 67 
 

Iwamoto M., Asanuma N., Hino T. (1999). Effects of nitrate combined with fumarate on 

methanogenesis, fermentation, and cellulose digestion by mixed ruminal microbes in 

vitro. Anim. Sci. J. 70 471–478 

Iwamoto M., Asanuma N., Hino T. (2001). Effects of pH and electron donors on nitrate and 

nitrite reduction in ruminal microbiota. Anim. Sci. J. 72 117–125. 

Iwamoto M., Asanuma N., Hino T. (2002). Ability of Selenomonas ruminantium, Veillonella 

parvula, and Wolinella succinogenes to reduce nitrate and nitrite with special reference 

to the suppression of ruminal methanogenesis. Anaerobe 8 209–215. 

Iwamoto, M., N. Asanuma, and T. Hino. 2001. Effects of energy substrates on nitrate reduction 

and nitrate reductase activity in a ruminal bacterium, Selenomonas ruminantium. 

Anaerobe 7:315–321. 

Janssen, P. H. 2010. Influence of hydrogen on rumen methane formation and fermentation 

balances through microbial growth kinetics and fermentation thermodynamics. Anim. 

Feed Sci. Technol. 160:1–22. 

Jenkins, T. C. (1993). Lipid metabolism in the rumen. Journal of dairy science, 76(12), 3851- 

3863. 

Jenkins, T. C., & Palmquist, D. L. (1984). Effect of fatty acids or calcium soaps on rumen and 

total nutrient digestibility of dairy rations. Journal of dairy science, 67(5), 978-986. 

Joblin K. N. (1999) Ruminal acetogens and their potential to lower ruminant methane emissions. 

Australian Journal of Agricultural Research 50, 1307-1314. 

Johnson, K. A., and D. E. Johnson. 1995. Methane emissions from cattle. J. Anim. Sci. 73:2483– 

2492. 

Karr, E. A., Ng, J. M., Belchik, S. M., Sattley, W. M., Madigan, M. T., & Achenbach, L. A. 

(2006). Biodiversity of methanogenic and other archaea in the permanently frozen Lake 

Fryxell, Antarctica. Applied and environmental microbiology, 72(2), 1663–1666. 

https://doi.org/10.1128/AEM.72.2.1663-1666.2006 

Khorrami, B., Vakili A.R., Mesgaran, MD. and Kle sen, F. 2015. Thyme and cinnamon essential 

oils Potential alternatives for monensin as a rumen modifier in beef production systems. 

Animal Feed Sci. Technol. 200: 8-16. 



Page | 68 
 

Kim, M, Eastridge, M.L. and Yu, Z 2013 Investigation of ruminal bacterial diversity in dairy 

cattle fed supplementary monensin alone and in combination with fat, using 

pyrosequencing analysis Can J. Microbial 60(2) pp.65-71 

Klop, G., Hatew, B., Bannink, A., & Dijkstra, J. (2016). Feeding nitrate and docosahexaenoic 

acid affects enteric methane production and milk fatty acid composition in lactating 

dairy cows. Journal of Dairy Science, 99(2), 1161-1172. 

Knapp, JR., Laur, GL, Vadas, PA, Weiss, WP and Tricanco, JM. 2014. Invited review: Enteric 

methane in dairy cattle production Quantifying the opportunities and impact of reducing 

emissions. JDairy Sci. 97(6): 3231-3261. 

Kolver, E S Aspin, PW, Jarvis, GN, Elborough, K M and Roche, J.R 2004 Fumarate reduces 

methane production from pasture fermented in continuous culture. In Conference of the 

New Zealand Society of Animal Production (pp 64-155). 

Kreuzer, M. (1986). Methodik und Anwendung der Defaunierung beim wachsenden 

Wiederkäuer. Journal of Veterinary Medicine Series A, 33(1‐10), 721-745. 

Kung JL, Smith KA, Smagla AM, Endres KM, Bessett CA, Ranjit KN, Yaissle J. 2003. Effects 

of 9,10-anthraquinone on ruminal fermentation, total tract digestion, and blood 

metabolite concentrations in sheep. J Anim Sci. 81:323–328. 

Kung L Jr, Williams P, Schmidt RJ, Hu W. A blend of essential plant oils used as an additive to 

alter silage fermentation or used as a feed additive for lactating dairy cows. J Dairy Sci. 

2008 Dec;91(12):4793-800. doi: 10.3168/jds.2008-1402. PMID: 19038954. 

Lana RP, Russell JB, Van Amburgh ME. 1998. The role of pH in regulating ruminal methane 

and ammonia production. J Anim Sci. 76:2190–2196. 

Lee, C., and K. A. Beauchemin. 2014. A meta-analysis of effects of feeding nitrate on toxicity, 

production, and enteric methane emissions in ruminants. In: Linking animal science and 

animal agriculture: Meeting the global demands of 2050, Kansas City, MO. p. 845–846. 

Lee, C., R. C. Araujo, K. M. Koenig, and K. A. Beauchemin. 2014b. Effects of encapsulated 

nitrate on toxicity, feed intake and feed consumption rates in beef cattle. In: Linking 

animal science and animal agriculture: Meeting the global demands of 2050, Kansas 

City, MO. p. 846. 



Page | 69 
 

Lee, S.S. Hsu, JT, Mantovani, HC and Russell, J.B. 2002. The effect of bovicin HCS, a bacteria 

from Streptococcus bovis HCS, on ruminal methane production in vitro FEMS 

Microbial Lent 217(1): pp 51-55. 

Lewis, D. 1951. The metabolism of nitrate and nitrite in the sheep. 1 The reduction of nitrate in 

the rumen of the sheep. Biochem. J. 48:175–180. 

Li, L., J. Davis, J. V. Nolan, and R. S. Hegarty. 2012. An initial investigation on rumen 

fermentation pattern and methane emission of sheep offered diets containing urea or 

nitrate as the nitrogen source. Anim. Prod. Sci. 52:653–658. 

Liu, Y and Whitman, WB 2008 Metabolic, phylogenetic, and ecological diversity of the 

methanogenic archaea Ann NY Acad. Sci. 1125(1): 171-189. 

Luton, P. E., Wayne, J. M., Sharp, R. J., & Riley, P. W. (2002). The mcrA gene as an alternative 

to 16S rRNA in the phylogenetic analysis of methanogen populations in landfill The 

GenBank accession numbers for the mcrA sequences reported in this paper are 

AF414034–AF414051 (see Fig. 2) and AF414007–AF414033 (environmental isolates 

in Fig. 3). Microbiology, 148(11), 3521-3530. 

Marais, J.P., Therion, J.J., Mackie, RI, Kistner, A. and Dennison, C. (1988) Effect of nitrate and 

its reduction products on the growth and activity of the rumen microbial population. 

Brit. J. Nutr., 59: 301-313. 

Martin, C., D. Pomiès, A. Ferlay, Y. Rochette, B. Martin, Y. Chilliard, D. P. Morgavi, and M. 

Doreau. 2011. Methane output and rumen microbiota in dairy cows in response to 

longterm supple mentation with linseed or rapeseed of grass silage or pasture based 

diets. Proc. N.Z. Soc. Anim. Prod. 71:243–247. 

Martin, C., J. Rouel, J. P. Jouany, M. Doreau, and Y. Chilliard. 2008. Methane output and diet 

digestibility in response to feeding dairy cows crude linseed, extruded linseed, or linseed 

oil. J. Anim. Sci. 86:2642–2650. 

McAllister T, Okine E, Mathison G, Cheng K. 1996. Dietary, environmental and microbiological 

aspects of methane production in ruminants. Can J Anim Sci. 72:221–226. 

Menke KH, Steingass H. 1988. Estimation of the energetic feed value obtained from chemical 

analysis and in vitro gas production using rumen fluid. Anim Res Dev. 28:7–55. 



Page | 70 
 

Mohini, M., Jha, P., & Babu, A. S. (2017). Effects of nitrate supplementation on nutrition, 

performance and methane mitigation in ruminants: A review. Int. J. Livest. Res, 7, 19- 

29. 

Mohini, M., Singhal, K. K., Sirohi, S. K., & Mohanta, R. K. (2009). Methane emission from 

Sahiwal cows on dietary supplementation of fumaric acid as a feed additive. Indian 

Journal of Animal Nutrition, 26(1), 51-55. 

Morgavi, D. P., C. Martin, J. P. Jouany, and M. J. Ranilla. 2012. Rumen protozoa and 

methanogenesis: Not a simple cause effect relationship. Br. J. Nutr. 107:388–397. 

Morgavi, D. P., J. P. Jouany, and C. Martin. 2008. Changes in methane emission and rumen 

fermentation parameters induced by refauna tion in sheep. Anim. Prod. Sci. 48:69–72. 

doi:10.1071/EA07236. 

Morris, M. P., B. Cancel, and A. GonzalezMas. 1958. Toxicity of nitrates and nitrites to dairy 

cattle. J. Dairy Sci. 41:694–696. 

Nagar-Anthal KR Worrell VE, Teal R, Nagle DP 1996. The pterin lumazine inhibits growth of 

methanogens and methane formation Arch Microbiol 166:136-40 

Newbold CJ, Lopez S, Nelson N, Ouda JO, Wallace RJ, Moss AR. 2005. Propionate precursors 

and other metabolic intermediates as possible alternative electron acceptors to 

methanogenesis in ruminal fermentation in vitro. Brit J Nutr. 94:27–35. 

Newbold, C. J. (1988). Lipids are rumen defaunating agents. Proceedings of the Nutrition 

Society, 43, 154A. 

Newbold, C. J., S. Lopez, N. Nelson, J. O. Ouda, R. J. Wallace, and A. R. Moss. 2005. Propionate 

precursors and other metabolic intermediates as possible alternative electron acceptors 

to methanogenesis in ruminal fermentation in vitro. Br. J. Nutr. 94:27–35. 

doi:10.1079/BJN20051445. 

Nolan, J. V., R. S. Hegarty, J. Hegarty, I. R. Godwin, and R. Woodgate. 2010. Effects of dietary 

nitrate on fermentation, methane production and digesta kinetics in sheep. Anim. Prod. 

Sci. 50:801–806. 

Nollet, L Demeyer, D. and Verstraete, W. 1997. Effect of 2-bromoethanesulfonic acid and Pepto 

streptococcus productus ATCC 35244 addition on stimulation of reductive acetogenesis 



Page | 71 
 

in the ruminal ecosystem by selective inhibition of methanogenesis Applied 

Microbiology. Biotechnology, 63(1): 194-200 

Oldick, B. S., & Firkins, J. L. (2000). Effects of degree of fat saturation on fiber digestion and 

microbial protein synthesis when diets are fed twelve times daily. Journal of Animal 

Science, 78(9), 2412-2420. 

Olijhoek, D. W., Hellwing, A. L. F., Brask, M., Weisbjerg, M. R., Højberg, O., Larsen, M. K., 

... & Lund, P. (2016). Effect of dietary nitrate level on enteric methane production, 

hydrogen emission, rumen fermentation, and   nutrient   digestibility   in   dairy cows. 

Journal of Dairy Science, 99(8), 6191-6205. 

Oremland, R. S. 1988. Biogeochemistry of methanogenic bacteria, p. 641-705. In A. J. B. 

Zehnder (ed.), Biology of anaerobic bacteria. John Wiley & Sons, New York, N.Y. 

Oskoueian, E., Abdullah, N. and Oskoueian, A. 2013. Effects of flavonoids on rumen 

fermentation activity, methane production, and microbial population. Bio. Med. Res. Int. 2013. 

Pal, K., A. K. Patra, A. Sahoo, and N. M. Soren. "Effects of nitrate and fumarate in tree leaves- 

based diets on nutrient utilization, rumen fermentation, microbial protein supply and blood 

profiles in sheep." Livestock science 172 (2015): 5-15. 

Palacio-Molina, S. L., Oropeza-Navarro, R., & Balagurusamy, N. (2013). Quantitative analysis 

of mcrA trascripts and its correlation with methanogenic activity in two natural wetlands. In Oral 

Presented at the II Congreso de Bioquímica y Biología Molecular de Bacterias. 

Pantoja, J., Firkins, J. L., Eastridge, M. L., & Hull, B. L. (1994). Effects of fat saturation and 

source of fiber on site of nutrient digestion and milk production by lactating dairy cows. Journal 

of Dairy Science, 77(8), 2341-2356. 

Parmar, N. R., Pandit, P. D., Purohit, H. J., Kumar, J. N., & Joshi, C. G. (2017). Influence of diet 

composition on cattle rumen methanogenesis: a comparative metagenomic analysis in 

Indian and exotic cattle. Indian journal of microbiology, 57(2), 226-234. 

Patra, A. K., & Saxena, J. (2010). A new perspective on the use of plant secondary metabolites 

to inhibit methanogenesis in the rumen. Phytochemistry, 71(11-12), 1198-1222. 

Patra, A. K., & Yu, Z. (2014). Effects of vanillin, quillaja saponin, and essential oils on in vitro 

fermentation and protein-degrading microorganisms of the rumen. Applied 

microbiology and biotechnology, 98(2), 897-905. 



Page | 72 
 

Patra, A., Park, T., Kim, M., & Yu, Z. (2017). Rumen methanogens and mitigation of methane 

emission by anti-methanogenic compounds and substances. Journal of animal science 

and biotechnology, 8, 13. https://doi.org/10.1186/s40104-017-0145-9 

Phuc, H. T., Do Ho Quang, P. T., & Leng, R. A. (2009). Nitrate as a fermentable nitrogen 

supplement for goats fed forage-based diets low in true protein. Livestock Research in 

Rural Development, 21(1), 81. 

Polysaccharides in relation to animal nutrition. J Dairy Sci. 74:3583– 3597. 

 
Puchala, R. Animut, G. Patra, A.K. Detweiler, GD, Wells, JE, Varel, VH, Sahlu, T. and Goetsch, 

AL. 2012 Methane emissions by goats consuming Sericea lespedeza at different feeding 

frequencies. Anim. Feed Sci Technology 175(1): 76-84. 

Sakthivel PC, Kamra DN, Agarwal N, Chaudhary LC. Effect of Sodium Nitrate and Nitrate 

Reducing Bacteria on In vitro Methane Production and Fermentation with Buffalo 

Rumen Liquor. Asian-Australas J Anim Sci. 2012 Jun;25(6):812-7. doi: 

10.5713/ajas.2011.11383. PMID: 25049631; PMCID: PMC4093097. 

Samal, L., Chaudhary, L. C, Agarwal, N., & Kamra, D. N. (2016). Effects of plants containing 

secondary metabolites as feed additives on rumen metabolites and methanogen diversity 

of buffaloes. Animal production science, 56, 472-481. doi: 10.1071/AN15596 

Sar, C., Mwenya, B., Pen, B., Takaura, K., Morikawa, R., Tsujimoto, A., ... & Toride, Y. (2005). 

Effect of ruminal administration of Escherichia coli wild type or a genetically modified 

strain with enhanced high nitrite reductase activity on methane emission and nitrate 

toxicity in nitrate-infused sheep. British Journal of Nutrition, 94(5), 691-697. 

Shingfield, K.J., Lee, M.R.F., Humphries, D.J. Scollan, N.D. Toivonen, V Beever, D.E, and 

Reynolds, C K (2011) Effect of linseed oil and fish oil alone or as an equal mixture on 

ruminal fatty acid metabolism in growing steers fed maize silage-based diets J Anim. 

Sci., 89 3728-3741. 

Silivong, P., Preston, T. R., & Leng, R. A. (2011). Effect of sulphur and calcium nitrate on 

methane production by goats fed a basal diet of molasses supplemented with Mimosa 

(Mimosa pigra) foliage. Livestock Research for Rural Development, 23(3), 2011. 



Page | 73 
 

Singhal, K K.. Mohini, M. Jha, A.K. and Gupta, P.K. (2005). Methane emission estimates from 

enteric fermentation in Indian livestock: Dry matter intake approach. Current Sci., 

88(1): 119-127. 

Sirohi, S. K., Pandey, N., Mohini, M., Puniya, A. K., Kundu, S. S., & Thube, H. (2011). Effect 

of monensin and anthraquinone supplementation on rumen fermentation and methane 

mitigation in vitro. Indian Journal of Animal Sciences, 81(8), 859. 

Sophea, L, Borin, K, Leng, R.A. and Preston, T.R. (2010). Effect of different levels of 

supplementary potassium nitrate replacing urea on growth rates and methane production 

in goats fed sugar palm-soaked rice straw and mimosa foliage MSc Thesis, MEKARN-

SLU http://www.mekarn.org MSC2008-10/theses/sophea.htm 

Sophia, I. V., & Preston, T. R. (2011). Effect of different levels of supplementary potassium 

nitrate replacing urea on growth rates and methane production in goats fed rice straw, 

mimosa foliage and water spinach. Livestock Research for Rural Development, 23(4). 

Theodorou MK, Lowman RS, Davies ZS, Cuddeford D, Owen E. 1998. Principle of techniques 

that rely on gas measurement in ruminant nutrition. In: In vitro techniques for measuring 

nutrient supply to ruminants. Occasional Publication No. 22, BSAS (UK). p. 55–63. 

Ueda, K., A. Ferlay, J. Chabrot, J. J. Loor, Y. Chilliard, and M. Doreau. 2003. Effect of linseed 

oil supplementation on ruminal digestion in dairy cows fed diets with differ 

entforage:concentrate ratios. J. Dairy Sci. 86:3999–4007. 

Ungerfeld, E. M., and R. A. Kohn. 2006. The role of thermody namics in the control of ruminal 

fermentation. In: K. Sejrsen, T. Hvelplund, and M. O. Nielsen, editors, Ruminant 

physiol ogy: Digestion, metabolism and impact of nutrition on gene expression, 

immunology and stress. Wageningen Academic Publishers, Wageningen, The 

Netherlands. p. 55–85. U.S. Pharmacopeial Convention. 2008. 

Van Nevel CJ, Demeyer DI. Control of rumen methanogenesis. Environ Monit Assess. 1996 

Sep;42(1-2):73-97. doi: 10.1007/BF00394043. PMID: 24193494. 

Van Soest, P. J., J. B. Robertson, and B. A. Lewis. 1991. Methods for dietary fiber, neutral 

detergent fiber, and non-starch polysaccharides in relation to animal nutrition. J. Dairy 

Sci. 74:3583–3597. 



Page | 74 
 

Van Zijderveld, S. M., W. J. J. Gerrits, J. A. Apajalahti, J. R. Newbold, J. Dijkstra, R. A. Leng, 

and H. B. Perdok. 2010. Nitrate and sulfate: Effective alternative hydrogen sinks for 

mitigation of ruminal methane production in sheep. J. Dairy Sci. 93:5856–5866. 

Van Zijderveld, S. M., W. J. J. Gerrits, J. Dijkstra, J. R. Newbold, R. B. A. Hulshof, and H. B. 

Perdok. 2011. Persistency of methane mitigation by dietary nitrate supplementation in 

dairy cows. J. Dairy Sci. 94:4028–4038. 

Vargas JE, Andres S, Yáñez Ruiz DR and López S (2011) The effect of olive, sunflower seed 

oils on the fermentation pattern and methane production in the rumen simulating 

technique In Ranilla MJ, Carro MD, Ben Salem H. Morand-Fehr P (Ed) Challenging 

strategies to promote the sheep and goat sector in the current global context Zaragoza 

CIHEAM/ CSIC-Universidad de León / FAO-pages 163-168 

Veneman, J. B., S. Muetzel, H. B. Perdok, and C. J. Newbold. 2013. Dietary nitrate but not 

linseed oil decreases methane emissions in lactating dairy cows fed a maize silage based 

diet. In: Proc. 5th Greenhouse Gases and Anim. Agric. Conf., 23–26 June 2013, Dublin, 

Ireland. p. 33 Williams, A. G., and G. S. Coleman. 1992. The rumen protozoa. Springer- 

Verlag, New York, NY. 

Veneman, J. B., S. Muetzel, K. J. Hart, C. L. Faulkner, J. M. Moorby, G. Molano, H. B. Perdok, 

J. R. Newbold, and C. J. Newbold. 2014. Dietary nitrate but not linseed oil decreases 

methane emissions in two studies with lactating dairy cows. In: Livestock, Climate 

Change and Food Security Conference, Madrid, Spain. p. 38. 

Wanapat, M, Cherdthong. A. Pakdee, P. and Wanapat, S. 2008. Manipulation of rumen ecology 

by dietary lemon grass (Cymbopogon citrates Stapf) powder supplementation J. Anim. 

Sci 86 3497-3503 

Wanapat, M., Mapato, C., Pilajun, R., & Toburan, W. (2011). Effects of vegetable oil 

supplementation on feed intake, rumen fermentation, growth performance, and carcass 

characteristic of growing swamp buffaloes. Livestock Science, 135(1), 32-37. 

Wood, JM Kennedy, FS. and Wolfe, RS. 1968. Reaction of multi halogenated hydrocarbons with 

free and bound reduced vitamin B12. Biochemistry 7(5): 1707-1713. 



Page | 75 
 

Zhang, C. M., Guo, Y. Q., Yuan, Z. P., Wu, Y. M., Wang, J. K., Liu, J. X., & Zhu, W. Y. (2008). 

Effect of octadeca carbon fatty acids on microbial fermentation, methanogenesis and 

microbial flora in vitro. Animal Feed Science and Technology, 146(3-4), 259-269. 

Zhao, L., Meng, Q., Ren, L., Liu, W., Zhang, X., Huo, Y., & Zhou, Z. (2015). Effects of nitrate 

addition on rumen fermentation, bacterial biodiversity and abundance. Asian- 

Australasian Journal of Animal Sciences, 28(10), 1433. 

Zhou, M, Hernandez-Sanabria, E. and Guan LL. (2010). Characterization of variation in rumen 

methanogenic communities under different dietary and host feed efficiency conditions, 

as determined by PCR-denaturing gradient gel electrophoresis analysis Appl Environ. 

Microbiol, 76(12): 3776-3786. 

Zhou, M., Hemandez-Sanabria, E. and Guan, LL. (2009) Assessment of the microbial ecology 

of ruminal methanogens in cattle with different feed efficiencies Appl. Environ 

Microbiol, 75(20): 6524-6533 

Zinder, S.H. 1993. Physiological ecology of methanogens In Methanogenesis (pp. 128-206). 

Springer US. 


