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ABSTRACT
Methane emitted from ruminant livestock is regarded as a loss of feed energy and also a
contributor to global warming. Methane is synthesized in the rumen as one of the
hydrogen sink products that are unavoidable for efficient succession of anaerobic
microbial fermentation. Strategies for reduction of methane emissions from the rumen
have been proposed. Mainly through rumen microbial manipulation, by the use of
agents including chemicals, antibiotics and natural products such as oils, fatty acids and
plant extracts. A more recent approach is the development of vaccines against
methanogenic bacteria. While ionophore antibiotics have been widely used due to their
efficacy and affordable prices, the use of alternative natural materials is becoming more
attractive due to health concerns regarding antibiotics. It was concluded that the most
promising areas for future research for reducing methanogenesis are the development of
new product/ delivery systems for antimethanogenic compounds in the rumen and
reduction in protozoal numbers in rumen. Whatever the approach proposed, however,
before practical solutions are applied in the field, the sustainability of CH4 suppressing
strategies is an important issue that has to be considered. The evaluation of different
strategies, in terms of total greenhouse gas emissions for a given production system, is
discussed.
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INTRODUCTION
Background:
Methane (CH4) is one of the three main
greenhouse gases (GHG), together with carbon
dioxide (CO2) and nitrous oxide (N2O). Methane has
a thermogenic affect some four to six times that of
carbon dioxide and the one most associated with
animal agriculture (Leng, 1993; Moss, 2000;
Gworgwor, 2006). The agricultural sector contributes
a total of 10-12% of global anthropogenic GHG
emissions (McAllister, 2011). The livestock sector is
one of the largest CH4 producers, with total
emissions from enteric fermentation estimated to be
70-100 Tg/year (Hegarty, 1999; Thorpe, 2009;
Ramin, 2013).
Ruminants establish a symbiotic relationship
with rumen microorganisms by which the animal
provides nutrients and optimal environmental
conditions for the fermentation of feeds, and
microorganisms degrade fibre and synthesize
microbial protein as an energy and protein supply for

the animal, respectively. However, this symbiotic
relationship has energy (losses of methane) and
protein (losses of ammonia N) inefficiencies (Van
Nevel, 1988; Calsamiglia, 2007). The ruminal
methane production is a by-product of the microbial
digestive process and represents a loss of 2–12% of
the feed energy (Calsamiglia, 2007). Furthermore,
emission of methane is considered as one of the most
important global environmental issues (IPCC, 2001).
Therefore, decreasing methane production is
desirable for reducing the greenhouse gas emission
with improved efficiency of the digested energy
utilization (Johnson, 1995; Goel, 2011).
Ruminant nutritionists have long been interested
in modulating the competition among different
microbial populations with the objective of
improving the efficiency of energy and protein
utilization in the rumen. Among the factors that
influence ruminant methane production, changes in
the rumen fermentation pattern resulting from altered
diets is probably the most important. Furthermore,
various feed supplements have been found to directly
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or indirectly reduce methane emissions, including
halogenated methane analogues (Ungerfeld, 2004),
bacteriocins (Lee, 2002), propionate enhancers,
acetogens, immunization, genetic engineering,
phage, fats and probiotics such as Saccharomyces
cerevisiae, Aspergillus oryzae etc. (Moss, 2000;
Gworgwor, 2006; McAllister, 2011; Hegarty, 1999;
Thorpe, 2009; Ramin, 2013; Van Nevel, 1988;
Calsamiglia, 2007; . IPCC, 2001; Johnson, 1995;
Goel, 2011; Ungerfeld, 2004; Lee, 2002; Boadi,
2004; Kumar, 2009).
Methane mitigation in ruminants is possible
through various strategies. Today, the feeding
management approach is the most developed. An
integrated approach that considers the rumen
microbiota, the animal and the diet seems the best
approach to find a long-term solution for reducing
enteric CH4 production by ruminants.
Factors influencing methane production:
Factors that can be identified as influencing CH4
production
in
ruminants
include
dietary
characteristics as well as the fermentation conditions
in the rumen. Diet has an important impact not only
on methanogen numbers but also on methane
production, as both the quantity and quality of feed
can alter the rumen fermentation pattern. It is widely
recognized that alterations in the diet strongly affect
rumen functioning and performance of ruminants
(e.g. roughage: concentrate ratio, or the fibre, starch,
sugars and protein content of the feed). Increase the
level of starch or rapidly fermentable carbohydrates,
to enhance propionate production, reduces excess
hydrogen and subsequent CH4 production. Moreover,
addition of readily fermentable carbohydrates (e.g.,
cereal grain) to diets fed at maintenance levels causes
a proliferation in the ciliate population (Bonhomme,
1990). Ciliates are symbiotic with methanogens
(Stumm, 1986; Finlay, 1994) and the increase in
methane production when grain is fed at maintenance
may be due to an increase in hydrogen transfer
between these microorganisms (Krumholz, 1983).
Among important fermentation conditions are
acidity (pH) of rumen fluid. The optimum pH for
methane production is 7.0-7.2, but the gas production
can occur in the pH range of 6.6-7.6. However,
beyond this range, the activity of fibre degraders
reduces
(Arglyle,
1988;
Dijkstra,
1992).
Additionally, there is a different profile of volatile
fatty acids and methane production with different
carbohydrates fermented (Murphy, 1982; Friggens,
1988). Simple carbohydrates produce more methane
(0.45 moles/mole of hexose) as compared to complex
carbohydrates (0.3 moles/mole of hexose). Forage:
concentrate ratio also influence the acetate:
propionate ratio, and methane emission decreases
drastically from 6-12% (forage-based diet) to 2-3%
when a diet with concentrate (90%) predominates
(Johnson, 1995).

Methane yield can thus be related to many and
different categories of factors. However, these
factors are often interrelated and so are their effects
on CH4 yield in the rumen. This complicates the use
of such factors to predict the course of fermentation
in the rumen, the extent of organic matter digestion
and the productive response of the ruminant. Due to
these interrelationships, the contribution of a single
feed component or type of carbohydrate to CH 4 yield
is not necessarily constant (Smink, 2003), but may
vary with a change of the dietary characteristics and
the fermentation conditions in the rumen (Mills,
2001; Bannink, 2005).
Diet composition:
The type of feed offered to a ruminant can have
a major effect on methane production. It is well
known that methane production is influenced by
quality and quantity of feed stuffs. The forages to
concentrate ratio of the ration has an impact on the
rumen fermentation and hence to acetate: propionate
(A/P) ratio (Moss, 2000; Mitsumori, 2008). Van
Soest (1982) indicated that a high grain diet and/ or
the addition of soluble carbohydrates shifted the
fermentation pattern in the rumen which give rise to
a more hostile environment for the methanogenic
bacteria in which passage rates are increased,
ruminal pH is lowered and certain population of
protozoa, ruminal ciliates and methanogenic bacteria
maybe eliminated or inhibited, which results in lower
CH4 production. Russel (1998) suggested that rumen
bacteria that produce propionate are more sensitive to
pH than some bacteria that produce acetate and H2,
because the A/P ratio was dramatically increased and
a large amount of H2 was detected when the final pH
in his experiments was less than 5.3. Moreover, the
final pH range of 5.3 to 6.5, CH4 production was
highly correlated with A/P ratio, which depended on
the pH and substrate (CH4 = 0.02 + 0.05 pH; r2 =
0.80) (Russell, 1998).
Forage type and quality can also increase
voluntary feed intake, which consequently reduces
retention time in the rumen and partly shifts
digestion from the rumen to lower gut (Eckard,
2010). The digestion of starch and protein in the
small intestine is characterized to be more efficient
compared to rumen fermentation, resulting in a
reduced conversion of feed energy to methane
(Blaxter, 1965). Several authors have shown that
including tannin rich legumes (sainfoin, lotus, sulla)
and shrubs in the diet contribute to a decrease in
methanogenesis due to the presence of condensed
tannins (Eckard, 2010; Blaxter, 1965; Waghorn,
2007). Robertson and Waghorn (2002) observed that
CH4 production from grazing dairy cows increased
with forage maturity. A putative decrease in CH4
with young fresh forages may be explained by a
higher content of soluble sugars and linolenic acid.
More generally, the correlation between forage
quality and CH4 emissions is low (Pinares-Patino,
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2003). Methanogenesis tends to be lower when
forages are ensiled than when they are dried, and
when they are finely ground or pelleted than when
coarsely chopped (Boadi, 2004; Beauchemin, 2008).
Improving forage quality tends to increase voluntary
intake and reduces retention time in the rumen,
promoting energetically more efficient post-ruminal
digestion and reducing the proportion of dietary
energy converted to CH4 (Blaxter, 1965).
Dietary fat supplements:
Dietary fat seems a promising nutritional
alternative to depress ruminal methanogenesis
without affecting other ruminal parameters. Fatty
acids, especially those of medium chain length (C8–
C16) (e.g., coconut oil, canola oil, kernel oil etc.)
have been found to decrease methane production
(Machmuller, 1999; Dohme, 2000) and in study a
22% reduction was achieved by addition of
sunflower oil to the diet (McGinn, 2004). Most of the
oils and fatty acids that reduce methanogenesis
reduce the ruminal level of protozoa that are known
to be cosymbionts of methanogens. Therefore, a
reduction in protozoan numbers is partly responsible
for the decreased methane production induced by oils
and fatty acids (Kobayashi, 2010). However, the
effects of fat on methane production are not limited
to those mediated via the rumen protozoa. Lipids
have also been shown to inhibit methanogenesis even
in the absence of rumen protozoa (Dohme, 1999),
possibly due to the toxicity of long chain fatty acids
to methanogenic bacteria (Henderson,1973).
Linolenic acid is toxic to cellulolytic bacteria (F.
succinogenes, R. albus and R. flavefaciens) by
disrupting their cell integrity, and to the cellulolytic
fungus Neocallimastix frontalis grown in vitro [43].
In addition, biohydrogenation of polyunsaturated
fatty acids results in an uptake of hydrogen.
However, its influence on methanogenesis is low
since the complete hydrogenation of 1 mol of
linolenic acid spares 0.75 mol of CH4 (Martin, 2010).
A common effect for all lipid sources is that unlike
other feed constituents such as forages and cereals
they are not fermented in the rumen, and thus the
decrease in fermented organic matter leads to a
decrease in CH4 production. Among common
sources of lipids, coconut oil suffers from a possible
negative effect of medium-chain fatty acids (FA) on
human health, due to an increase in meristic acid in
milk (Martin, 2010). In contrast, polyunsaturated FA
are considered beneficial to human health. The
inclusion of polyunsaturated FA in ruminant diets
results in a limited increase of these FA’s in milk and
meat could thus be proposed as a way for CH4
abatement provided that supplementation levels do
not decrease feed efficiency or performance of
animals (Martin, 2010).

A large number of halogenated methane
analogues and related compounds have been studied
for their efficacy in inhibiting CH4 production. Some
of them, including chloroform, amichloral and 2bromoethanesulfonic acid, can be used directly to
suppress methanogenesis, but they have an adverse
effect on the animal (Dong, 1999). Chloroform
reduced methanogenesis in vitro and in vivo
(Bauchop, 1967; Clapperton, 1974), but is obviously
not suitable for use in practice. Chloral hydrate,
which is converted to chloroform in the rumen
(Prins, 1965; Quaghebaur, 1971), inhibited methane
production in vivo (Mathers, 1982) but lead to liver
damage and death in sheep after prolonged feeding
(Lanigan, 1978). In contrast, amichloral appeared to
be safer and was found to increase live weight gain
in sheep. Denman et al (2007) reported that
bromochloromethane could decrease the number of
methanogenic Archaea by 34% as assayed by qPCR
and thus reduce methane production. But the antimethanogenic activity of bromochloromethane has
been reported to be transient (Sawyer, 1974).
However, a combination of bromochloromethane
with a-cyclodextrin was found to be more stable, and
was shown to suppress methane emissions in sheep
and cattle over a prolonged period (McCrabb, 1997).
2-bromoethanesulfonic acid (BES), a bromine
analogue of coenzyme F involved in methyl group
transfer during methanogenesis, is a potent methane
inhibitor (Martin, 1985; Wolfe, 1982). BES is a
specific inhibitor of methanogens and does not
appear to inhibit the growth of other bacteria (Sauer,
1987; Sparling, 1987). However, when tested in vivo
the inhibition in methanogenesis was transient
suggesting that adaptation of the methanogenic
population occurred (Van Nevel, 1995). Quaternary
ammonium compounds inhibit methanogenesis at
concentration of 25 mg/l or above but at prolonged
periods of incubation the effect become transient
(Tezel, 2006). Anthraquinone has also been shown to
inhibit methanogenesis in vitro and in lambs by
inhibiting the methyl-coenzyme M reductase
(Garcia-Lopez, 1996; Kung, 1998).
Mevastatin and lavastatin, inhibitors of 3hydroxy-3- methylglutaryl coenzyme A (HMG-CoA)
reductase, can inhibit growth and methane
production of Methanobrevibactor strains isolated
from the rumen (Miller, 2001). Since Archaea are the
only bacteria known to possess biosynthetic HMGCoA reductase, HMG-CoA reductase inhibitors
would have the potential to specifically inhibit rumen
methanogens without inhibiting other rumen bacteria
[63]. Inhibitors directly toxic to methanogens are a
powerful tool to stop methanogens from producing
methane. However, as a result of these inhibitors,
Hydrogen, which could suppress the activity of
rumen fermentation, can be expected to accumulate
in the rumen (Baker, 1995).

Methane inhibitors:
Ionophores:
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Ionophores are lipid-soluble molecules. Some
ionophores are used as antibiotics or as growthenhancing feed additives for growing cattle. Adding
ionophores to the diet of ruminants has been shown
to reduce CH4 production (Moss, 2000). It promotes
the production of propionate at the expense of acetate
and reduces feed intake (Ramin, 2013; Johnson,
1995; Baker, 1995; Hegarty, 1999). Ionophores are
generally effective against Gram-positive bacteria
but exhibit little or no activity against Gram-negative
bacteria and methanogens in the rumen (Nagaraja,
1997). Furthermore, entodiniomorphs (Entodinium,
Diplodinium and Ophryoscolex) in rumen ciliates are
sensitive to ionophores (Dennis, 1986). It is assumed
that ionophores are able to modify rumen
fermentation based on their antimicrobial spectrum,
which has been examined using culturable strains
(Mitsumori, 2008).
Monensin is the most commonly used ionophore
in ruminant nutrition and was originally developed as
a coccidiostat in poultry (Chapman, 2010;
Rodehutscord, 2013). Monensin is considered as a
growth promoter due to its favorable effects on
rumen fermentation including methane reduction,
propionate enhancement and ammonia reduction,
together with its preventive effects on coccoidosis,
bloat and lactic acidosis. These effects are attributed
to a selective antimicrobial action of monensin on
rumen microbes. Review papers indicate that
methane reduction by monensin ranges from 4 to
31% (Schelling, 1984; Rumpler, 1986). A recent
report indicated that long term administration of
monensin to dairy cattle stably reduced methane by
7% and that this reduction persisted for 6 months
with no adverse effect on milk yield (Kobayashi,
2010; Odongo, 2007). Further investigations are
needed to verify whether monensin is able to reduce
methane production without adverse effects on
rumen fermentation, and to clarify its effect on
microbial protein synthesis on the basis of commonly
used feedstuffs in ruminant production.
This family of additives is not permitted in many
countries including the European Union. Research
has focused on the use of other compounds that can
be substituted for ionophores but have the same
inhibitory effect. Plant extracts have shown
inhibitory effects on CH4 production. Using a rumen
simulation technique, McAllister and Newbold
(McAllister, 2008) reported that a commercial allicin
product originating from garlic was effective in
inhibiting CH4 production at a dose of 20 µg/mL
without any adverse effect on daily VFA production.
Tannins have also been reported to reduce emissions
of CH4 from ruminants, either by reducing the
methanogen population in the rumen directly or by
reducing the protozoa population, which tends to
increase the molar proportion of propionate in the
rumen (Bhatta, 2009). Tavendale et al (Tavendale,
2005) reported a decrease in CH4 production when
legume forages containing condensed tannins were

incubated in vitro. Reductions in H2 production or
direct inhibitory effects on methanogens were the
suggested mechanisms by which tannins reduced
CH4 production (Ramin, 2013).
Defaunation:
Protozoa provide a habitat for 10 to 20% of
rumen methanogens and produce acetate and
butyrate as substrates for methanogenesis
(Rodehutscord, 2013; Stumm, 1982)]. The
elimination of protozoa (defaunation) is reported to
considerably decrease the methane production
compared with the normal faunated animals
(Williams, 1988; Santra, 2002). Defaunation can be
done by lowering the pH in the rumen (e.g. feeding
grain), if the pH fall below 5.0, the ciliate protozoa
are to be completely eliminated. In addition, the
inclusion of fat in ruminant diet depress protozoal
numbers (Ikwuegbu, 1982; Czerkawski, 1975) and
the use of lipids as a defaunating agent has been
suggested (Moss, 2000; Newbold, 1988).
It is possible to get defaunated animals with a
consequently lower methane production, when they
are isolated as new-borns from other ruminants
(Faichney, 1999). Hegarty (Hegarty, 1999) reviewed
further possibilities to eliminate protozoa by the use
of synthetic chemicals (e.g. copper sulphate or
calcium peroxide). Plant secondary metabolites i.e.,
saponin-containing plants are reported to suppress or
inhibit protozoa and certain bacteria in the rumen
(Cheeke, 2000). Saponins are glycosides which
interact with the cholesterol present in the membrane
of protozoa and causes cell lysis (Hess, 2003).
Consequently, the elimination of the rumen
protozoal population to mitigate methanogenesis
appears interesting, but this option should be
carefully evaluated in terms of livestock
performances. The absence of protozoa from the
rumen can have diverse effects on animals that can
be either negative or positive depending on the diet
and the type of production targeted. Up to now,
however, practical defaunation techniques are not
available (Martin, 2010).
Acetogenesis:
An alternative strategy to reduce ruminal
methanogenesis would be to rechannel substrates for
methane production into alternative products, in fact,
potential microbes for CO2-acetate fermentation exist
in the rumen, but CO2- CH4 fermentation is always
predominant in the rumen (Crutzen, 1995; Fievez,
1999). Acetogenic bacteria in the hindgut of
mammals and termites produce acetic acid by the
reduction of carbon dioxide with hydrogen and
reductive acetogenesis acts as important hydrogen
sink in hindgut fermentation (Lajoie, 1988; Demeyer,
1991). Adding acetogenic bacteria daily as a feed
additive to the diet of ruminants can inhibit CH4
production, as they compete with methanogens by
using H2 and producing acetic acid. Joblin (Joblin,
1999) reported that artificially increasing the
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concentration of acetogens through exogenous
inoculation could be useful for competing against
methanogens as they have many-fold greater
hydrogen threshold concentration than methanogens.
Similarly, Lopez et al (1999) found that acetogens
suppressed methane production when added to the
rumen fluid in vitro but that they did not persist in
the rumen. However, they concluded that it might be
possible to achieve the same metabolic activity using
acetogens provided as a daily-fed feed additive.
Unfortunately, it has been reported that in the rumen
conditions, acetogens are unable to compete with
methanogenic Archaea. Acetogens are more active in
the gut of termites and the human colon than in the
rumen (Immig, 1996; Klieve, 1999), furthermore
acetogens are more numerous in the hind-gut than in
the rumen of the dairy cow (Fievez, 1999).
Vaccines and other factors:
Several biotechnological strategies are currently
being explored. Vaccination is a novel strategy to
reduce CH4 production in ruminants. This approach
has the benefit of using the animal’s immune system
to produce antibodies against specific methanogens,
instead of chemicals, drugs, or antibiotics that may
be potentially harmful to the animal or the
environment. Baker (Baker, 1995) has proposed that
it may be possible to immunize ruminants against
their own methanogens with associated decreases in
CH4 output. Shu et al (1999) have shown that such
an approach can successfully reduce the numbers of
Streptococci and Lactobacilli in the rumen. In a
further study by Wright et al (Wright, 2004), two
vaccines were developed, named VF3 (based on
three methanogen strains) and VF7 (based on seven
methanogen strains), which produced a 7.7%
methane reduction per dry matter intake, despite only
approximately 20% of the methanogen population
being targeted. The same research group also created
a vaccine based on five methanogen strains that was
administered in three vaccinations to sheep
(Williams, 2009). An additional vaccine has recently
been developed using subcellular fractions of
Methanobrevibacter ruminantium M1. Twenty sheep
were vaccinated and then revaccinated three weeks
later and the antisera was found to cause
agglutination of methanogens and decrease growth
and methane production in vitro (Wedlock, 2010).
Biological strategies to control methanogens are
one approach influencing CH4 production.
Bacteriophages against rumen bacteria, not rumen
Archea, have been detected in the rumen (Swain,
1996; Klieve, 2004). The presence of phages against
archaea in the rumen has also been suggested
(Newbold, 1996). Some bacteriocins are known to
reduce CH4 production in vitro (Lee, 2002;
Callaway, 1997). Nisin is thought to act indirectly,
affecting hydrogen-producing microbes in a similar
way to that of the ionophore anti-biotic, monensin
(Callaway, 1997). There is a single in vivo result

reporting a significant 10% decrease of CH4
emissions in sheep with this bacteriocin (Santoso,
2004). In contrast, the expected effect of nisin on the
improvement of nitrogen metabolism was not
observed in other in vivo reports (Santoso, 2004;
Russell, 2002) implying that the same may happen if
CH4 was measured. A bacteriocin obtained from a
rumen bacterium, bovicin HC5, decreased CH4
production in vitro up to 50% without inducing
methanogens’ adaptation (Lee, 2002). The reported
inhibitory effect on methanogenesis of spent culture
from Lactobacillus plantarum 80 is also probably
induced by a bacteriocin or a similar compound. The
compound(s) in question reduced numbers of
methanogens, but, like many other inhibitors that are
efficient in vitro, the effect was lost in sheep after
continuous administration for a few days (Nollet,
1998).
Plants and their extracts:
Many compounds extracted from plants have
been screened and utilized for their ability to reduce
rumen methanogens, because of the increased
awareness of the hazards associated the use of
antibiotics and chemical feed additives (Wallace,
1996). One such compound is saponin. These are
glycosides found in many plants that have a direct
effect on rumen microbes. Saponins decrease protein
degradation and favor at the same time microbial
protein and biomass synthesis (Makkar, 1996), two
processes that result in reduced availability of
hydrogen for CH4 production (Dijkstra, 2007).
However, the mode of action of saponins seems to be
mostly related to their anti-protozoal effect
(Newbold, 2006). For tannin-rich plants, the
antimethanogenic activity has been attributed mainly
to the group of condensed tannins. Hydrolysable
tannins, although they also affect methanogens
(Field, 1989), are usually considered more toxic to
the animal (McSweeney, 2001) and have not been
extensively tested. The condensed tannins appear to
decrease methane more through reduction in fibre
digestion (indirect effect), while hydrolysable tannins
act more through inhibition of the growth and/or
activity of methanogens- and/or hydrogen-producing
microbes (direct effect). Most essential oils and
active components tested at high doses have inhibited
rumen microbial fermentation, confirming their
antimicrobial activity. Garlic oil, cinnamaldehyde,
eugenol, anethol, and capsaicin are potential options
for application as additives for ruminants. However,
even though in vitro research is still needed for
screening new products and determining mechanisms
of action, there is an urgent need to conduct in vivo
studies to determine the optimal dose in units of the
active component, the potential adaptation of rumen
microflora to the action of these additives, the fate of
these products in the animal and the presence of
residues in meat or milk, and the effects on animal
performance (Calsamiglia, 2007).
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Conclusions:
There is growing worldwide interest in reducing
methane emissions from domestic ruminants.
Methane is a potent greenhouse gas and its release
into the atmosphere is directly linked with animal
agriculture, particularly ruminant production.
Methane mitigation options from ruminants focus on
increasing production per animal, modifying diet,
decreasing numbers of methanogens and methanogen
activity and by reducing livestock numbers.
Moreover, stimulation of propionate production
could be the best alternative hydrogen sink to
methanogenesis in the rumen. Therefore, a strategy
for abatement of methane production should be
considered concurrently with a strategy to enhance
propionate production. A universal feed additive that
works under different conditions may not exist
because effects have been diet and ruminal pH
dependent. Although various feed additive
candidates are now available to achieve this aim, the
choice of additive must depend on the potency,
safety, and expense of the candidate additive. Models
predicting the amounts of CH4 produced by
ruminants are more of an interest for inventories such
as IPCC and for developing mitigation strategies.
Emphasis should be placed on developing models
predicting CH4 production with minimum
requirements needed as input variables, with the goal
of achieving higher accuracy. For evaluating
mitigation strategies, models that are able to predict
feed intake with reasonable accuracy and that rely on
input data available at the time of predictions should
be developed. It would also be useful to develop
ration formulation models, in which CH4 production
per unit product can be used as a constraint.
REFERENCES
Arglyle, JL., RL. Baldwin, 1988. Modeling of
rumen water kinetics and effects of rumen pH
changes. J Dairy Sci, 71: 1178-1188.
Baker, SK., 1995. Method for improving
utilization of nutrients by ruminant or ruminant like
animals. International Patent No WO9511041.
Bannink, A., J. Dijkstra, JAN. Mills, E. Kebreab,
J. France, 2005. Nutritional strategies to reduce
enteric methane formation in dairy cows. In:
Emissions from European Agriculture Edited by
Kuczynski T, Dämmgen U, Webb J, Myczko A.
Wageningen Academic Publishers, Wageningen, the
Netherlands, pp: 367-376.
Bauchop, T., 1967. Inhibition of rumen
methanogenesis by methane analogues. J. Bacteriol,
94: 171-175.
Beauchemin, KA., M. Kreuzer, F. O’Mara, TA.
McAllister, 2008. Nutritional management for enteric
methane abatement: a review. Aust. J. Exp. Agric,
48: 21-27.
Bhatta, R., Y. Uyeno, K. Tajima, A. Takenaka,
Y. Yabumoto, I. Nonaka, O. Enishi, M. Kurihara,

2009. Difference in the nature of tannins on in vitro
ruminal methane and volatile fatty acid production
and on methanogenic Archaea and protozoal
populations. J. Dairy.Sci, 92: 5512-5522.
Blaxter, KL., JL. Clapperton, 1965. Prediction of
the amount of methane produced by ruminants.
Brit.J. Nutr, 19: 511-522.
Boadi, D., C. Benchaar, J. Chiquette, D. Masse,
2004. Mitigation strategies to reduce enteric methane
emissions from dairy cows: update review. Can. J.
Anim. Sci, 84: 319-335.
Bonhomme, A., 1990. Rumen ciliates: their
metabolism and relationships with bacteria and their
hosts. Anim. Feed Sci. Technol, 30: 203-266.
Callaway, TR., DE. Carneiro, AM. Melo, JB.
Russell, 1997. The effect of nisin and monensin on
ruminal fermentations in vitro. Cur. Microbiol, 35:
90-96.
Calsamiglia, S., M. Busquet, PW. Cardozo, L.
Castillejos, A. Ferret, 2007. Invited Review:
Essential Oils as Modifiers of Rumen Microbial
Fermentation. J. Dairy. Sci, 90: 2580-2595.
Chapman, HD., TK. Jeffers, RB. Williams,
2010. Forty years of monensin for the control of
coccidiosis in poultry. Poult. Sci, 89: 1788-1801.
Cheeke, PR., 2000. Actual and potential
application of Yucca schidigera and Quillaja
saponaria saponins in human and animal nutrition. J.
Anim. Sci, 77: 1-10.
Clapperton, JL., 1974. The effect of
trichloroacetamide chloroform & linseed oil given
into the rumen of sheep on some of the end products
of rumen digestion. Br. J. Nutr, 32: 155-161.
Crutzen, PJ., 1995. Ruminant physiology:
digestion, metabolism, growth and reproduction. In
The Role of Methane in Atmospheric Chemistry and
Climate. Edited by Engelhardt WV, LeonhardtMarek S, Breves G, Giesecke D. Ventura, Germany,
pp: 291-313.
Czerkawski,
JW.,
WW.
Christie,
G.
Breckenridge, ML. Hunter, 1975. Changes in rumen
metabolism of sheep given increasing amounts of
linseed oil in their diet. Br. J. Nutr, 34: 25-44.
Demeyer, DI., K. De Graeve, 1991. Differences
in stoichiometry between rumen and hindgut
fermentation. J. Anim. Physiol. Anim. Nutr, 22: 5061.
Denman, SE., NW. Tomkins, CS. McSweeney,
2007. Quantitation and diversity analysis of ruminal
methanogenic populations in response to the
antimethanogenic compound bromochloromethane.
FEMS Microbiol. Ecol, 62: 313-322.
Dennis, SM., TG. Nagaraja, AD. Dayton, 1986.
Effect of lasalocid, monensin and thiopeptin on
rumen protozoa. Res. Vet. Sci, 41: 251-256.
Dijkstra, J., A. Bannink, J. France, E. Kebreab,
2007. Nutritional control to reduce environmental
impacts of intensive dairy cattle systems. In:
Proceedings of the VII International Symposium on
the Nutrition of Herbivores. Edited by Meng QX,

15

Samir Medjekal et al, 2015
Australian Journal of Basic and Applied Sciences, 9(27) August 2015, Pages: 9-18

Ren LP, Cao ZJ. China Agricultural University
Press, Beijing, China, pp: 411-435.
Dijkstra, J., HD. Neal, C. St, DE. Beever, J.
France, 1992. Stimulation of nutrient digestion,
absorption and outflow in the rumen: model
description. J. Nutr, 122: 2239-2256.
Dohme, F., A. Machmuller, A. Wasserfallen, M.
Kreuzer, 2000. Comparative efficiency in various
fats rich medium chain fatty acid to suppress ruminal
methanogenesis as measured with RUSITEC. Can. J.
Agric. Sci, 80: 473-482.
Dohme, F., A. Machmuller, BL. Estermann, P.
Pfister, A. Wasserfallen, M. Reuzer, 1999. The role
of the rumen ciliate protozoa for methane
suppression caused by coconut oil. Lett. Appl.
Microbiol, 29: 187-193.
Dong, Y., HD. Bae, TA. McAllister, GW.
Mathison, KJ. Cheng, 1999. Effects of exogenous
fibrolytic enzymes, 2-bromoethanesulfonate and
monensin on fermentation in a rumen simulation
(RUSITEC) system. Can. J. Anim. Sci, 79: 491-498.
Eckard, RJ., C. Grainger, CAM. de Klein, 2010.
Options for the abatement of methane and nitrous
oxide from ruminant production: A review. Livest.
Sci, 130: 47-56.
Faichney, GJ., NM. Graham, DM. Walker, 1999.
Rumen characteristics, methane emissions, and
digestion in weaned lambs reared in isolation. Aust.
J. Agric. Res, 50: 1083-1089.
Field, JA., S. Kortekaas, G. Lettinga, 1989. The
tannin theory of methanogenic toxicity. Biol. Waste,
29: 241-262.
Fievez, V., F. Piattoni, L. Mbanzamihigo, D.
Demeyer, 1999. Reductive acetogenesis in the
hindgut and attempts to its induction in the rumen A review. J. Appl. Anim. Res, 16: 1-22.
Finlay, BJ., G. Esteban, KJ. Clarke, AG.
Williams, TM. Embley, RP. Hirt, 1994. Some rumen
ciliates have endosymbiotic methanogens. Fems.
Microbiol. Lett, ll7: 157-162.
Friggens, NC., JD. Oldham, RJ. Dewhurst, G.
Horgan, 1998. Proportions of volatile fatty acids in
relation to the chemical composition of feeds based
on grass silage. J. Dairy, 8: 1331-1334.
Garcia-Lopez, PM., LJR. Kung, JMI. Odom,
1996. In vitro inhibition of microbial methane
production by 9, 10- anthraquinone. J. Anim. Sci, 74:
2276-2284.
Goel, G., HPS. Makkar, 2011. Methane
mitigation from ruminants using tannins and
saponins. Trop. Anim. Health. Prod, 44: 729-39.
Gworgwor, ZA., TF. Mbahi, B. Yakubu, 2006.
Environmental Implications of Methane Production
by Ruminants: A Review. J. Sustain. Agr. Dev.
Agric. Environ, 2: 0794-8867.
Hegarty,
RS.,
1999.
Mechanisms
for
competitively reducing ruminal methanogenesis.
Aust. J. Agric. Res, 50: 1299-1305.

Hegarty, RS., 1999. Reducing rumen methane
emissions through elimination of rumen protozoa.
Aust. J. Agric. Res, 50: 1321-1327.
Henderson, C.,1973. The effects of fatty acids
on pure cultures of rumen bacteria. J. Agric. Sci
(Camb), 81: 107-112.
Hess, HD., M. Kreuzer, TE. Diaz, CE. Lascano,
JE. Carulla, R. Soliva Carla, A. Machmüller, 2003.
Saponin rich tropical fruits affect fermentation and
methanogenesis in faunated and defaunated rumen
fluid. Anim. Feed. Sci. Technol, 109: 79-94.
Ikwuegbu, OA., JD. Sutton, 1982. The effect of
varying the amount of linseed oil supplementation on
rumen metabolism in sheep. Br. J. Nutr, 48: 365-375.
Immig, I., 1996. The rumen and hindgut as
source of ruminant methanogenesis. Environ. Monit.
Assess, 42: 57-72.
IPCC, 2001. In: Climate Change. Edited by
Houghton JT, Ding Y, Griggs DJ. The Scientific
Background, vol. 94; Cambridge, UK. Cambridge
University Press.
Joblin, KN., 1999. Ruminal acetogens and their
potential to lower ruminant methane emission. Aust.
J. Agric. Res, 50: 1307-1313.
Johnson, KA., DE. Johnson, 1995. Methane
emissions from cattle. J. Anim. Sci, 73: 2483-2492.
Klieve, AV., PA. Bain, MT. Yokoyama, D.
Ouwerkerk, RJ. Forster, AF. Turner, 2004.
Bacteriophages that infect the cellulolytic ruminal
bacterium Ruminococcus albus AR67. Lett. Appl.
Microbiol, 38: 333-338.
Klieve, AV., RS. Hegarty, 1999. Opportunities
for biological control of ruminal methanogenesis.
Aust. J. Agric. Res, 50: 1315-1319.
Kobayashi, Y., 2010. Abatement of Methane
Production from Ruminants: Trends in the
Manipulation of Rumen Fermentation. Asian-Aust. J.
Anim. Sci, 23(Suppl 3): 410-416.
Krumholz, LR., CW. Forsberg, DM. Veira,
1983. Association of methanogenic bacteria with
rumen protozoa. Can. J. Microbiol, 29: 676-680.
Kumar, S., AK. Puniya, M. Puniya, SS. Dagar,
SK. Sirohi, K. Singh, GW. Griffith, 2009. Factors
affecting rumen methanogens and methane
mitigation strategies. World. J. Microbiol Biotechnol,
25: 1557-1566.
Kung, LJR., AO. Hession, JP. Bracht, 1998.
Inhibition of sulfate reduction to sulfide by 9, 10anthraquinone in in vitro ruminal fermentations. J.
Dairy. Sci, 81: 2251-2256.
Lajoie, SF., S. Bank, TL. Miller, MJ. Wolin,
1988. Acetate production from hydrogen and 13
carbondioxide by the microflora of human faces.
Appl. Environ. Microbiol, 54(Suppl 11): 2723-2727.
Lanigan, GW., AL. Payne, JE. Peterson, 1978.
Antimethanogenic
drugs
and
heliotropium
europaeum poisoning in penned sheep. Aust. J.
Agric. Res, 29: 1281-1291.
Lee, SS., JT. Hsu, HC. Mantovani, JB. Russell,
2002. The effect of bovicin HC5, a bacteriocin from

16

Samir Medjekal et al, 2015
Australian Journal of Basic and Applied Sciences, 9(27) August 2015, Pages: 9-18

Streptococcus bovis HC5, on ruminal methane
production in vitro. Fems. Microbiol. Lett, 217: 5155.
Leng, RA, 1993. Quantative Ruminant
Nutrition- A Green house science. Aust. J. Agric.
Res, 44: 363-80.
Lopez, S., FM. McIntosh, RJ. Wallace, CJ.
Newbold, 1999. Effect of adding acetogenic bacteria
on methane production by mixed rumen
microorganisms. Anim. Feed. Sci. Technol, 78:1-9.
Machmuller, A., M. Kreuzer, 1999. Methane
suppression by coconut oil and associated effects on
nutrient and energy balance in sheep. Can. J. Anim.
Sci, 79: 65-72.
Maia, MRG., LC. Chaudhary, L. Figueres, RJ.
Wallace, 2007. Metabolism of polyunsaturated fatty
acids and their toxicity to the microflora of the
rumen. A. Van. Leeuw, 91: 303-314.
Makkar, HPS., K. Becker, 1996. Effect of pH,
temperature, and time on inactivation of tannins and
possible implications in detannification studies. J.
Agric. Food. Chem, 44: 1291-1295.
Martin, C., DP. Morgavi, M. Doreau, 2010.
Methane mitigation in ruminants: from microbe to
the farm scale. Anim, 4(Suppl 3): 351-365.
Martin, SA., JM. Macey, 1985. Effects of
monensin,
pyromellitic
diimide
and
2bromoethanesulfonic acid on rumen fermentation in
vitro. J. Anim. Sci, 60: 544-550.
Mathers, JC., EL. Miller, 1982. Some effects of
chloral hydrate on rumen fermentation and digestion
in sheep. J. Agric. Sci (Camb), 99: 215-224.
McAllister, TA, CJ. Newbold, 2008. Redirecting
rumen fermentation to reduce methanogenesis. Aust.
J. Exp. Agric, 48: 7-13.
McAllister, TA., KA. Beauchemin, SM.
McGinn, X. Hao, PH. Robinson, 2011. Greenhouse
gases in animal agriculture-Finding a balance
between food production and emissions. Anim. Feed.
Sci. Technol 2011, 1(Suppl 166-167.
McCrabb, GJ., KT. Berger, T. Magner, C. May,
RA. Hunter, 1997. Inhibiting methane production in
Brahman cattle by dietary supplementation with a
novel compound and the effects on growth. Aust .J.
Agric Res, 48: 323-329.
McGinn, SM., KA. Beauchemin, T. Coates, D.
Colombatto, 2004. Methane emissions from beef
cattle: effects of monensin, sunflower oil, enzymes,
yeast and fumaric acid. J. Anim. Sci, 82: 3346-3356.
McSweeney, CS., B. Palmer, DM. McNeill, DO.
Krause, 2001. Microbial interactions with tannins:
nutritional consequences for ruminants. Anim. Feed.
Sci. Technol, 91: 83-93.
Miller, TL., MJ. Wolin, 2001. Inhibition of
growth of methane-producing bacteria of the
ruminant forestomach by hydroxymethylglutarylSCoA reductase inhibitors. J. Dairy Sci, 84(Suppl
6):1445-8.
Mills, JAN., J. Dijkstra, A. Bannink, SB.
Cammell, E. Kebreab, J. France, 2001. A

mechanistic model of whole-tract digestion and
methanogenesis in the lactating dairy cow: Model
development, evaluation, and application. J. Anim.
Sci,79: 1584-1597.
Mitsumori, M., W. Sun, 2008. Control of Rumen
Microbial Fermentation for Mitigating Methane
Emissions from the Rumen. Asian-Aust. J. Anim.
Sci, 21(Suppl 1):144-154.
Moss, AR., JP. Jouany, CJ. Newbold, 2000.
Methane production by ruminants: its contribution to
global warming. Ann. Zootech, 49: 231-253.
Murphy, MR., RL. Baldwin, LJ. Koong, 1982.
Estimation of stoichiometric parameters of rumen
fermentation of roughage and concentrate diets. J.
Anim, 55: 411-421.
Nagaraja, TG., CJ. Newbold, CJ. Van Nevel, DI.
Demeyer,
1997.
Manipulation of ruminal
fermentation. In: The Rumen Microbial Ecosystem.
2nd edition. Edited by Hobson PJ, Stewart CS.
London. Blackie Acad. Profess, 523-632.
Newbold, CJ., LM. Rode, 2006. Dietary
additives to control methanogenesis in the rumen. In
Greenhouse gases and animal agriculture: an update.
Edited by Soliva CR, Takahashi J, Kreuzer M.
Elsevier International Congress Series 1293.
Elsevier, Amsterdam. The Netherlands, pp: 138-147.
Newbold, CJ., RJ. Wallace, FM. McIntosh,
1996. Mode of action of the yeast Saccharomyces
cerevisiae as a feed additive for ruminants. Br. J.
Nutr, 76: 249-261.
Newbold, CJ., RJ. Wallace, ND. Watt, AJ.
Richardson, 1988. The effect of the novel ionophore
tetronasin (ICI 139603) on ruminal microorganisms.
Appl. Environ. Microbiol, 54: 544-547.
Nollet, L., L. Mbanzamihig, D. Demeyer, W.
Verstraete, 1998. Effect of the addition of
Peptostreptococcus productus ATCC 35244 on
reductive acetogenesis in the ruminal ecosystem after
inhibition of methanogenesis by cell-free supernatant
of Lactobacillus plantarum 80. Anim. Feed. Sci.
Technol, 71: 49-66.
Odongo, NE., R. Bagg , G. Vessie , P. Dick,
MM. Or-Rashid, SE. Hook, JT. Gray, E. Kebreab, J.
France, BW. McBride, 2007. Long-term effects of
feeding monensin on methane production in lactating
dairy cows. J. Dairy Sci 2007, 90: 1781-1788.
Pinares-Patino, CS., MJ. Ulyatt, KR. Lassey,
TN. Barry, CW. Holmes, 2003. Rumen function and
digestion parameters associated with differences
between sheep in methane emissions when fed
chaffed lucerne hay. J. Agric. Sci, 140: 205-214.
Prins, RA., 1965. Action of chloral hydrate on
rumen microorganisms in vitro. J. Dairy Sci, 48: 991993.
Quaghebaur, D., W. Oyaert, 1971. Effect of
chloral hydrate and related compounds on the
activity of several enzymes in extracts of rumen
microorganisms. Zentrabl. Veterinaer. Med, 18: 417427.

17

Samir Medjekal et al, 2015
Australian Journal of Basic and Applied Sciences, 9(27) August 2015, Pages: 9-18

Ramin, M., 2013. Predicting Methane
Production in Dairy Cows. PhD thesis. Swedish
University of Agricultural Sciences Umeå. Sweden.
Robertson, LJ., GC. Waghorn, 2002. Dairy
industry perspectives on methane emissions and
production from cattle fed pasture or total mixed
rations in New Zealand. In: Proceedings of the New
Zealand Society Animal Production, 62: 213-218.
Rodehutscord, M., 2013. Effects of monensin
and tannin extract supplementation on methane
production and other criteria of rumen fermentation
in vitro and in long-term studies with sheep.
Dissertation. Universität Hohenheim. Hohenheim.
Rumpler, WV., DE. Johnson, DB. Bates, 1986.
The effect of high dietary cation concentrations of
methanogenesis by steers fed with or without
ionophores. J. Anim. Sci, 62: 1737-1741.
Russell, JB., 1998. The importance of pH in the
regulation of ruminal acetate to propionate ratio and
methane production in vitro. J. Dairy Sci, 81: 32223230.
Russell, JB., HC. Mantovani, 2002. The
bacteriocins of ruminal bacteria and their potential as
an alternative to antibiotics. J. Mol. Microb. Biotech,
4: 347-355.
Santoso, B., B. Mwenya, C. Sar, Y. Gamo, T.
Kobayashi, R. Morikawa, K. Kimura, H. Mizukoshi,
J. Takahashi, 2004. Effects of supplementing
galacto-oligosaccharides, Yucca schidigera or nisin
on rumen methanogenesis, nitrogen and energy
metabolism in sheep. Livest. Prod. Sci, 91: 209-217.
Santra, A., SA. Karim, 2002. Nutrient utilization
and growth performance of defaunated and faunated
lambs maintained on complete diets containing
varying proportion of roughage and concentrate.
Anim. Feed. Sci. Technol, 101: 87-99.
Sauer, FD., RM. Teather, 1987. Changes in
oxidation-reduction potentials and volatile fatty acid
production by rumen bacteria when methane
synthesis is inhibited. J. Dairy Sci, 70: 1835-1840.
Sawyer, MS., WH. Hoover, CJ. Sniffen, 1974.
Effects of ruminal methane inhibitor on growth and
energy metabolism in the ovine. J. Anim. Sci, 38:
908-914.
Schelling, GT., 1984. Monensin mode of action
in the rumen. J. Anim. Sci, 58: 1518-1527.
Shu, Q., HS. Gill, DW. Hennessy, RA. Leng,
SH. Bird, JB. Rowe, 1999. Immunisation against
lactic acidosis in cattle. Res. Vet. Sci, 67: 65-71.
Smink, W., KD. Bos, AF. Fitie, LJ. Van der
Kolk, WKJ. Rijm, G. Roelofs, GAM. Van den
Broek, 2003. Methaanreductie melkvee. Een
onderzoeksrapport naar inschatting van de
methaanproductie vanuit de voeding en naar de
reductiemogelijkheden via de voeding van
melkkoeien. FIS report, Wageningen.
Sparling, R., L. Daniels, 1987. The specificity of
growth inhibition of methanogenic bacteria by
bromoethanesulfonate. Can. J. Microbiol, 33: 11321136.

Stumm, CK., HJ. Gijzen, GD. Vogels, 1982.
Association of methanogenic bacteria with ovine
rumen ciliates. Br. J. Nutr, 47: 95-99.
Stumm, CK., KB. Zwart, 1986. Symbiosis of
protozoa with hydrogen-utilizing methanogens.
Microbiol. Sci, 3: 100-105.
Swain, RA., JV. Nolan, AV. Klieve, 1996.
Natural variability and diurnal fluctuations within the
bacteriophage population of the rumen. Appl.
Environ. Microbiol, 62: 994-997.
Tavendale, MH., LP. Meagher, D. Pacheco, N.
Walker, TA. Graeme, S. Sivakumaran, 2005.
Methane production from in vitro rumen incubations
with Lotus pedunculatus and Medicago sativa, and
effects of extractable condensed tannin fractions on
methanogenesis. Anim. Feed. Sci. Technol, 123-124:
403-419.
Tezel, U., JA. Pierson, SG. Pavlostathis, 2006.
Fate and effect of quaternary ammonium compounds
on a mixed methanogenic culture. Water. Res, 40:
3660-3668.
Thorpe, A., 2009. Enteric fermentation and
ruminant eructation: the role (and control?) of
methane in the climate change debate. Clim. Chan,
93: 407-431.
Ungerfeld, EM., SR. Rust, DR. Boone, Y. Liu,
2004. Effects of several inhibitors on pure cultures of
ruminal methanogens. J. Appl. Microbiol, 97: 520526.
Van Nevel, CJ., DI. Demeyer, 1995. Feed
additives and other interventions for decreasing
methane emissions. In: Biotechnology in Animal
Feeds & Animal Feeding. Edited by Wallace RJ,
Chesson A. VCH,Weinheim, pp: 329-349.
Van
Nevel,
CJ.,
DI.
Demeyer,1988.
Manipulation of rumen fermentation. In: The Rumen
Microbial Ecosystem. Edited by Hobson PN. New
York, NY: Elsevier Applied Science, pp: 387-443.
Van Soest, PJ., 1982. Nutritional Ecology of the
Ruminant. O & B Books, Oregon.
Waghorn, GC., 2007. Beneficial and detrimental
effects of dietary condensed tannins for sustainable
sheep and goat production: progress and challenges.
Anim. Feed. Sci. Technol, 147: 116-139.
Wallace, RJ., 1996. Antimicrobial properties of
plant secondary metabolites. Proc. Nutr. Soc, 63:
621-629.
Wedlock, DN., G. Pedersen, M. Denis, D. Dey,
PH. Janssen, BM. Buddle, 2010. Development of a
vaccine to mitigate greenhouse gas emissions in
agriculture: vaccination of sheep with methanogen
fractions induces antibodies that block methane
production in vitro. N. Z. Vet. J, 58: 29-36.
Williams, AG., GS. Coleman, 1988. The rumen
protozoa. In: The Rumen Microbial Ecosystem.
Edited by Hobson PN. Elsevier Applied Science.
London and New York, pp: 77-128.
Williams, YJ., S. Popovski, SM. Rea, LC.
Skillman, AF. Toovey, KS. Northwood, ADG.
Wright, 2009. A vaccine against rumen methanogens

18

Samir Medjekal et al, 2015
Australian Journal of Basic and Applied Sciences, 9(27) August 2015, Pages: 9-18

can alter the composition of archaeal populations.
Appl. Environ. Microbiol, 75: 1860-1866.
Wolfe,
RS.,
1982.
Biochemistry
of
methanogenesis. Experientia, 38: 198-200.

Wright, ADG., P. Kennedy, CJO. Neill, AF.
Toovey, S. Popovski, SM. Rea, CL. Pimm, L. Klein,
2004. Reducing methane emissions in sheep by
immunization against rumen methanogens. Vac, 22:
3976-3985.

