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ARTICLE INFO ABSTRACT
Keywords: Methane emissions from livestock, particularly ruminants, significantly contribute to global warming, necessi-
Methane proxies tating the development of accurate methane monitoring systems. Direct methane measurement is technically
Methane mitigation complex, time-consuming, labour-intensive, and costly. Recent advances in methane inhibitors, such as 3-nitro-
Microbiome . . . .
Metagenomics oxy propanol and halogenated analogues, plant secondary compounds, including polyphenols and essential oils,
Rumegn fermentation to reduce methane emissions have necessitated the discovery of processes underlying rumen methane synthesis

and inhibition. The identification of methane proxies, such as behavioural and input proxies (dry matter intake,

neutral detergent fibre), microbial community proxies (rumen metagenome profiles), metabolic pathway proxies
(fatty acids), molecular and genetic proxies (microbial genes), and downstream and non-invasive proxies (milk
fatty acids and faecal lipidomes), is leading to more viable solutions. New developments in ‘omic’ techniques,
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including lipidomics, metagenomics and metatranscriptomics, have enabled the detection of proxies at the
molecular level utilising rumen liquor, milk, blood, urine, and faeces. In addition to traditional methane proxies,
rumen microbiota profiles, and specific genes involved in rumen methanogenesis (such as mcr and mrt, which
encode methyl coenzyme reductase 1 and 2), these markers can be used to identify methane-producing path-
ways. Protozoa-associated methanogens (PAMs), propionate-producing bacteria, and methane-oxidising meth-
anotrophs (Methylocystis sp.) are emerging as new proxies. Methane proxies provide scalable, affordable, and
mechanistically insightful alternatives to conventional direct measuring techniques, which improve the under-
standing of rumen function and the biological causes of methane releases, enabling large-scale methane moni-
toring and will enable designing effective methane mitigation strategies in livestock production systems.

1. Introduction

Greenhouse gases (GHGs), including carbon dioxide (CO3), methane
(CHy), and nitrous oxide (N20), hold heat in the atmosphere and thus
contribute to climate change (Filonchyk et al., 2024). For example, in
the United States, CO5, CH4, and N-O account for 79.7 %, 11.1 %, and
6.7 % of GHG emissions, respectively (EPA, 2025). Over the past cen-
tury, the global warming potential (GWP), the amount of thermal energy
absorbed by one tonne of gas in contrast to one tonne of CO5 varied from
21 to 28 for CHy4 (EPA, 2025). The half-life of methane is 13.8 years, and
some methane remains in the atmosphere after 60 years (Reisinger et al.,
2021). Enteric fermentation and livestock manure emissions account for
25 % and 11 % of total CH4 emissions, respectively (EPA, 2025).
Therefore, reducing CH4 output from livestock is proposed as a long-
term strategy for mitigating CH4 emissions in agriculture.

Evaluating CHa reduction strategies, calculating precise GHG in-
ventories, and estimating the carbon footprint of livestock products re-
quires accurate, cost-effective, and repeatable measuring
methodologies. However, implementing these technologies on a large
scale remains challenging due to their high cost and logistical
complexity. For instance, genetic selection of low-methane cattle re-
quires methane phenotyping of several individual animals in the order
of 10*-10° (de Haas et al., 2021). Similarly, for evaluating long-term
methane mitigation strategies, such as early-life programming and
foetal programming, long-term assessment of methane emissions is
required (Kolathingal-Thodika et al., 2025). Also, understanding the
biological processes of methane generation and mitigation requires
estimation of the biological intermediaries of methanogenesis. Recently,
integrating Al for the assessment of livestock emissions has generated
big data on methane and related traits. These necessitate the use of

proxies in addition to direct methane measurements. In recent years,
several biochemical and molecular proxies have been demonstrated to
evaluate traits such as heat tolerance (Elayadeth-Meethal et al., 2023a;
Elayadeth-Meethal and Kolathingal-Thodika, 2024), disease tolerance
(Kalaiyarasi and Elayadeth-Meethal, 2025) and growth traits (Manjutha
et al., 2023). Hence, the use of proxies can be a sustainable and synergic
alternative to use inexpensively, along with direct livestock methane
measurements.

Methane is measured directly using different techniques. All these
direct approaches have been widely utilised to measure CH,4 at the an-
imal/farm level and to validate GHG inventories based on IPCC re-
quirements at the regional/national/global levels (Hristov et al., 2025).
However, for developing more economic and effective adoption path-
ways for recent methane mitigation technologies based on genetic,
management and dietary interventions, methane proxies could be more
viable options. Furthermore, to develop the inhibitors of methano-
genesis, it is imperative to elucidate the mechanism driving CHy4 syn-
thesis using methane proxies. As methane proxies often are the
intermediaries or byproducts in the various biological pathways
involved in methanogenesis, they help understand the mechanism of
methanogenesis (see Fig. 1). The proxies are frequently coupled with
direct measurements to better understand the mechanisms underlying
CH4 formation and the inhibitory effects of anti-methanogenic supple-
ments. Hence, this review aims to connect the existing and emerging
proxies with mechanisms associated with methane production and
inhibition.

Although methane proxies have arisen as an alternative to direct
methane measurement, they suffer a number of challenges. Data inte-
gration is a challenge because measurement and analysis tool methods
for proxies differ significantly across production systems. As a result,
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standardisation of measuring protocols is critical for increasing the use
of methane proxies. Another challenge is utilising proxies across breeds,
species, and production systems. Because of variances in the digestive
process, metabolism, and gut bacteria, proxies developed in one do not
necessarily translate to others. Furthermore, proxy models established in
a single context may require additional independent validation to tune
the methane proxies to different management techniques and situations.
To address these problems, context-specific proxies must be discovered
and evaluated in order to expand the use of proxies.

Accordingly, this review assesses the use of various proxies for CHy
measurement in livestock and their relationship to methanogenesis,
providing a tool for validating direct CH4 measurements and exploring
the mechanism of CH, synthesis and its inhibition in the rumen.

2. Methane phenotypes in livestock

Methane production (MP), methane intensity (MI), and methane
yield (MY) are metrics used to express methane observed directly in the
breath or approximated indirectly using milk spectral data, feed intake,
or faecal lipidome. The MP is quantified in litres or grammes per day per
animal. The MI represents the amount of CH4 exhaled per kilogram of
milk production or daily body weight gain. MY, or the quantity of CHa
emitted per kg of dry matter intake (DMI), is the most widely used
phenotype. This is intimately related to feed intake, which is directly
linked to milk output or growth. These CH4 phenotypes are used for the
selection of low methane livestock, the preparation of CH4 inventories
and evaluating CH4 mitigation efficiency of antimethanogenic feed
supplements. Targeting MY rather than overall output or intensity ap-
pears to be the most successful approach for selecting cattle with low
emissions (Culbertson et al., 2025). Another significant and relatively
new CH4 metric is residual CH4 production (RMP), which, like residual
feed intake (RFI), measures the difference between observed and pro-
jected CHy4 production based on feed intake and body weight. For ge-
netic selection for low methane, RMP is the preferred metric.

3. Direct methane measurement

The traditional and most reliable method uses respiration chambers,
a high-cost and labour-intensive process, which limits its suitability for
large-scale CH4 measurements. A second method, which employs
sulphur hexafluoride (SFg, a potent greenhouse gas with a lifespan of
3200 years and an estimated GWP (global warming potential) of 23,500
times greater than that of CO2), uses SFg as a tracer gas and requires
invasive halters on animals, as well as laboratory testing of gases
extracted. A snapshot gas sampling technique, such as the GreenFeed®
system, is another commonly used sensor approach, in which exhaled
gas is monitored in real-time as animals feed or drink (Hristov et al.,
2015). This method, while non-invasive and suited to larger-scale as-
sessments, has a greater risk of inter- and intra-animal variance (Hristov
et al., 2015). For example, in a recent study, the animal-to-animal
variation in CH4 production measured using GreenFeed® was 13 %
(Starsmore et al., 2024). GreenFeed®, as a snapshot method, extrapo-
lates GHG measurements acquired during shorter periods (minutes or
hours) to 24 h (CH4 output, g/day/animal).

Methane concentration is also measured using a sniffer device or gas
cards placed in the feeding trough in an automated milking system or
concentrate feeder. Here, the exhaled CH4 is measured using non-
dispersive infrared (NDIR) or Fourier transform infrared (FTIR) spec-
troscopy. There is also widespread use of other snapshot techniques such
as polytunnels, face masks and portable accumulation chambers
(Prathap et al., 2021). An inverse dispersion model (IDM) employing
open-path lasers is used for the herd-level detection of CH4 emissions
(Bai et al., 2025). While Rusitec and in vitro fermentation provide CH4
production kinetics at the rumen level, they do not provide information
on complex metabolic processes occurring at the animal level.
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4. Proxies for methane measurement

Methane proxies can include microbes, molecules or compounds that
provide information on rumen methanogenesis and the animal’s CH4
emissions. Unlike traditional approaches, which rely on directly
detecting emissions from the animal’s breath or utilising snapshot esti-
mations, proxies utilise cutting-edge technologies to provide an
improved understanding of methanogenesis at the molecular level. The
ideal proxy would be phenotypically and genetically correlated with
CH4 emissions, inexpensive, and easily and routinely measured on a
large scale. Proxies also help us understand the biological processes
involved in inhibiting rumen methanogenesis. Methane proxies
encompass a wide range of physiological, molecular, and biochemical
indicators, which provide a clear indication of CH4 emissions from
ruminant animals. Broadly, these proxies may be classified into five
categories (Fig. 2).

4.1. Behavioural and input proxies

These proxies include feed intake and rumination time, indicating
differences in CH4 substrate availability and fermentation dynamics,
respectively.

4.1.1. Feed intake

Feed intake is responsible for most of the changes in daily CHy4
emissions and plays an essential role in CH4 production. Enteric CHy is a
naturally occurring byproduct of microbial fermentation that is pri-
marily produced in the rumen (87-90 %), with a modest contribution
from the animal’s hindgut (10 %-13 %). The availability of substrates
(feed) has a significant impact on the methanogenic pathways, which
may vary depending on the feed type (fibre-rich or carbohydrate-rich)
and feeding management (Meo-Filho et al., 2023). Methane synthesis
and eructation occur more quickly after feeding than during rumination
or rest (Watt et al., 2015). This can be easily explained since more feed
reaching the rumen triggers more fermentation and offers more sub-
strates for CH4-producing bacteria, resulting in increased CH4 output
(Smith et al., 2021). Increasing feed intake results in more overall MP,
whereas the MY decreases as feed intake increases. The MP is strongly
correlated to dry matter intake (DMI), both phenotypically and geneti-
cally, with DMI accounting for up to 85-86 % of the variance in MP
(Zetouni et al., 2018). However, this correlation can vary depending on
the animal’s breed, nutrition, composition of the feed, and the tech-
nology applied to detect emissions.

Recently, there has been increased focus on understanding the as-
sociation between feed intake and CH,4 emissions. For example, Goopy
etal. (2020) evaluated the link between CH,4 generation and feed intake.
They found a decline in MP with decreased feeding level, roughly 1 to
0.4 of the maintenance energy requirement. However, there was an
increase in MI. This is linked to rumen passage rate, as faster means less
fermentation time (Arowolo et al., 2022). Previously, Hendriks et al.
(2013) explored how RFI, which examines the discrepancy between an
animal’s actual feed intake and the estimated feed requirements based
on weight and body composition, affects CH4 output in steers and found
that animals with lower RFI generated 25 % less CHy4 per day than those
with greater RFI. Similarly, Johnson et al. (2022) evaluated the
phenotypic and genetic association between RFI and CH,4 emissions and
found that CH4 emissions increased with feed consumption. Hence, feed
intake may be a non-invasive proxy for CH4 emissions.

Proxies related to feed intake, such as DMI and RFI, play a significant
role in CHy production variability and can provide inexpensive markers
of CHa outputs. Once paired with feed composition, animal behaviour,
and digestibility metrics, they allow for multi-dimensional proxies that
improve prediction accuracy and mechanistic knowledge of CH4 emis-
sions. Methane proxies connected to feed intake, their mode of action,
and the possible coupled usage are summarised in Table 1.
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Fig. 2. Classification of CH,4 proxies used for indirect CH;, measurements in livestock. This classification is based on physiological, molecular and biochemical

processes underlying rumen CHy4 synthesis and inhibition.

4.1.2. Rumination time

Rumination is necessary to break down feed particles, increase sur-
face area, and make them more accessible for fermentation by rumen
microbes. This helps the feed to flow more efficiently through the
reticulorumen, resulting in faster digestion and nutritional absorption. It
also boosts saliva production, which maintains rumen pH stability. The
duration and pattern of rumination have a major impact on feed
breakdown and fermentation in the rumen. Feed digestibility, fibre
intake, and pasture quality influence rumination, either positively or
adversely. For example, Mikuta et al. (2021) found that cows with
extended rumination durations emitted less CH4 (MP) but had higher
MY. Specifically, cows in the low rumination group (up to 412 min/day)
emitted 1.8 % more CH4 than those in the medium rumination group
(412-527 min/day), and 4.2 % more than those in the high rumination
group (527 min/day or more, Mikuta et al., 2021). Similarly, cows with
longer rumination times digested more dry matter and produced more
milk while generating less CH4 (Castaneda et al., 2024).

Studies showed that rumination time is an indicator of animal health,
growth, production and reproduction efficiency and CH4 emissions
(Lopes et al., 2025). The rumination time is moderately heritable (her-
itability 0.4), and putative genomic regions affecting rumination time
have been identified (Atashi et al., 2024). Lopes et al. (2024) reported
comparable results when analysing the genetic relationships between
RT, feed efficiency (FE), MP, and production indices. Their findings
showed that RT, CH4 emissions, energy-corrected milk, fat and protein
yield had moderate heritability, while FE had low heritability. A major
conclusion from their research was a negative genetic association be-
tween RT and CHy4 emissions, meaning that cows with longer RT pro-
duced less CH4. Furthermore, they observed a substantial genetic
correlation between RT and energy-corrected milk, demonstrating that

extended rumination leads to enhanced milk production efficiency. In a
recent study by Castaneda et al. (2025), it was found that animals with
high rumination time (20 % more daily rumination time than animals
with low rumination time) had 26 % less MY. However, Weller and Ezra
(2024) found no significant genetic correlation between RT and MY. It
could be a finite amount of CHy4 that could be generated/unit intake,
thus longer RT means sigmoidal decay towards the end, i.e., the last 20
% of RT is all flat-lined (Castaneda et al., 2025).

Combining feed intake and rumination time, along with related
feeding behaviour such as feeding time, feed composition and dietary
source of nutrients, may serve as a better proxy for CH4 emissions
(Giagnoni et al., 2024b). Sepulveda et al. (2022) found that including
eating time improved enteric CH4 prediction accuracy. Similarly, clus-
tering rumination time and feeding strategies improved enteric CHy
evaluation (Ferronato et al., 2025).

4.2. Microbial community proxies

Through changes in community structure and operational inter-
connectivity, microbial population proxies, which include enteric bac-
teria, archaea, protozoa, and fungi, offer a direct link to CH4 generation
capability. The growing evidence suggests that individual cow CHy
production differs based on their genotype and rumen bacterial
composition. For example, Difford et al. (2018) found that bacteria and
archaea accounted for 13 % of the variation in CH4 generation, with a
heritability of 21 %, and that these two components were mostly inde-
pendent of one another.

Rumen microbes play a crucial role in converting otherwise unusable
organic resources into protein and energy, which has a direct impact on
the animal’s health, performance, and feeding efficiency. While rumen
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Table 1
Methane proxies linked to feed intake: mode of action and combined
applications.
Proxy Mode of action Possible coupled Reference
usage
Dry matter Feed intake is closely It can be used with Zetouni
intake (DMI) associated with total nutrient composition et al. (2018)

CH4 production (MP),
as it improves the
availability of
substrate for
fermentation and CH,4
formation

and feeding
behaviour to forecast
daily CH4 emission. It
is critical for
scalability over
breeds and feeding
methods.

Feed conversion  Corresponds to the When paired with Atashi et al.
efficiency ratio of feed data on feed (2024)
(FCE) consumed to digestibility and

production output (e. animal productivity,
g., milk or weight it is possible to

gain). Low FCE identify the biological
indicates inefficient efficiency from
digestion and greater intake-driven

CHa loss per unit of impacts.

product.

Residual feed Determine the When combined with Hendriks

intake (RFI) difference between DMI and growth/milk et al.
actual and anticipated  yield data, this proxy (2013);
feed intake for is a useful tool for Johnson
maintenance and identifying genotypes et al. (2022)
production. Low-RFI with low emissions
animals produce less and high efficiency.
CHa due to better
metabolic efficiency
and lower
fermentation loss

Feeding The feeding episodes Sensor data (e.g., Watt et al.
behaviour lead to fast increases accelerometers, (2015)
(duration, in CHa generation RFID) can enhance
frequency, through substrate the temporal
meal size) input and microbial resolution of CHa

fermentation spikes. predictions when
paired with DMI and
food composition.

Feed High-fibre feeds Integrating DMI and Meo-Filho
composition promote feed content et al. (2023)
(fibre-to- methanogenesis by improves the

starch ratio)

increasing acetate and
H: generation,
whereas starch-rich
diets boost propionate
pathways and
decrease CHa yield.

prediction of CHa
intensity (g CHs/kg
DMD).

Feeding level Reduced feeding rates ~ Combining analysis Goopy et al.
(relative to decrease total CHs but ~ with passage rate and  (2020);
maintenance) increase CHa per unit rumen dynamics can Arowolo

intake due to slower enhance dynamic CHs et al. (2022)
passage rate and models for different

longer fermentation energy consumption.

duration

Feed Low-quality feeds Coupling with DMI Patra et al.
digestibility / enhance CHa per unit and feed type enables  (2024);
energy of energy used, while mechanistic Giagnoni
density more digestible feeds modelling of CHa et al.

result in rapid conversion rates in (2024a)

fermentation and
lower CHa production
per unit of energy
consumed.

various diets.

metagenomics identifies the richness of the rumen microbiome, meta-
transcriptomics reflects the microbiome’s functional activity to fluctu-
ations in CH4 emissions (Li et al., 2019). Differences in CHy yield are
primarily explained by other microbial communities and their activities,
rather than by methanogens alone (Martinez-Alvaro et al., 2020). While
archaea are necessary for CHy synthesis, their overall abundance is only
weakly associated with individual animal CH4 emissions. However, the
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distinct composition of the archaeal population appears to have a
greater impact, with a higher proportion of Methanobrevibacter found
among high CH,4 emitters (Auffret et al., 2018). In a recent study,
combining rumination time and rumen and faecal microbiome profiles
increased the accuracy of prediction. For example, low CH,4 emitters
typically had high rumination times and a high abundance of Meth-
anosphaera stadtmanae (methylotrophic methanogen) in the ruminal
fluid. Conversely, high CH4 emitters had low rumination time, and
rumen fluid had a high abundance of Methanobrevibacter sp. (hydro-
genotrophic methanogen), resulting in low-enteric CH4 (Castaneda
et al., 2025).

Several bacteria that utilise hydrogen (Hy) compete with metha-
nogens for metabolic hydrogen [H] (Fig. 1). Propionate synthesis is a
pathway that consumes H. One mole of propionate uses two moles of
[H], while the synthesis of butyrate and acetate releases Hy in the
rumen. Each mole of butyrate synthesis releases two moles of [H], and
acetate synthesis releases four moles of [H] (Khairunisa et al., 2023).
Among the alternative Hj sink pathways, acetate and fumarate path-
ways are preferred in terms of reaction kinetics (Ungerfeld, 2020).
Sulfate and nitrate reduction pathways are less favourable because they
can lead to the accumulation of hydrogen sulfide and ammonia or ni-
trite, respectively (Beauchemin et al., 2020).

Acetogens, such as Eubacterium, Blautia, and Acetitomaculum, convert
H, and CO, into acetate. Other anaerobic bacteria that utilise Hy are
Desulfovibrio desulfuricans (which reduces sulphate), Selenomonas rumi-
nantium and Wolinella succinogenes (which reduce fumarate and nitrate),
and Denitrobacterium detoxificans (which reduces trimethylamine N-
oxide). Supplementing with fumarate, sulphate, or nitrate can signifi-
cantly reduce CH4 production, plausibly by stimulating alternate Hy-use
pathways (Greening et al., 2019). Low- CH4 ruminotypes typically have
fewer Hjy-producing bacteria. For example, in high CH4 emitters,
carbohydrate-fermenting bacteria belonging to the phylum Firmicutes
and class Clostridia (Ruminococcus, Christensenellaceae) are more abun-
dant, providing much of the H; necessary for hydrogenotrophic
methanogens (Kittelmann et al., 2014; Ramayo-Caldas et al., 2020).
Reduced Proteobacteria and Bacteroidetes abundance was linked to
increased CH4 emissions (Tapio et al., 2017). Similarly, lower CH4
emissions were linked to a higher abundance of ruminal Prevotella in
Colombian buffaloes, through more efficient NH4+ production,
consuming more Hy (Aguilar-Marin et al., 2020). Megasphaera elsdenii
and Coprococcus catus, which produce propionate, have been associated
with lower CHy4 emissions in dairy cows (Shabat et al., 2016). Similarly,
rumen anaerobic fungi were prolific producers of Hy and formate, and
their abundance was correlated with high levels of CH4 emissions (Bach
et al., 2023). The various rumen microorganisms, their modes of action,
and the effects on rumen fermentation and CH,4 synthesis are summar-
ised in Table 2.

Methanotrophs are aerobic CHy -oxidising microbes utilising CH, as
a source of energy to produce methanol and formaldehyde (Parmar
et al., 2015). For example, Methylocystis sp. were isolated from the
rumen and examined for their CHy-reducing ability (Tseten et al., 2025).
Likewise, Proteobacteria in rumen fluid and Nitrosomonas from rumen
epithelium oxidise CH4 in the rumen (Mitsumori et al., 2002). Auffret
et al. (2018) found a negative association between the methanotrophic
genus Methylomonas and CH4 production. Feeding methanotroph
(Methylocystis sp.) and methylotroph (Methylobacterium sp.) bacteria
dramatically reduced CH4 emissions without any implications for ani-
mal health (Tseten et al., 2025). The limitation is that they need surface
area to attach, so they tend to be on the rumen wall rather than
distributed through the rumen where needed. This is one of the theories
why biochar may reduce methanogenesis by increasing the surface area
distributed across the rumen. Methane oxidation produces formalde-
hyde, which is utilised by y-proteobacteria (type I methanotrophs)
through the ribulose monophosphate pathway and o-proteobacteria
(type II methanotrophs) through the serine pathway (Parmar et al.,
2015). Consequently, the detection of enzymes in the serine pathway,
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Table 2
The various rumen microorganisms, their modes of action, and the effects on rumen fermentation and CHy4 synthesis.
Microorganisms Description Fermentation product ~ Change in Methane Details Reference
abundance emission
Succinovibrionaceae  Amylolytic Acetate, propionate, Increased Reduced Favour propionate production through Wallace et al. (2015)
succinate CH4 out put succinate pathway, thus reducing the Hy
available for methanogenesis
Prevotella bryantii Fibre Succinate, propionate  Increased Low CH4 Reduce fumarate into succinate which then  Kittelmann et al. (2014)
degradation form propionate. Also increase
ammonification, consuming H+
Megasphaera Lactic acid Acetate, propionate, Increased Low CH4 Produce propionate through alternate H, Shabat et al. (2016); Kamke
utilising butyric acid output sink et al. (2016)
bacteria
Coprococcus Lactate utilizer propionate Increased Low CHy4 Favour propionate formation through the Shabat et al. (2016)
acrylate pathway
Sharpea Lactate Lactate, propionate Increased Low CH4 Favour propionate formation through the Kamke et al. (2016);
producing acrylate pathway Kittelmann et al. (2014)
bacteria
Fibrobacter Cellulose Succinate, formate, Increased Low CHy4 Favour propionate formation Kittelmann et al. (2014)
degrading lactate
Ruminococcus Cellulose Acetate, formate High High CH,4 Ferment hexose sugars to acetate and Ramayo-Caldas et al. (2020);
degrading abundance butyrate, increasing H, and methane Kittelmann et al. (2014);
Prathap et al. (2024)
Blautia Acetogenic acetate Increased Low CH4 Favour acetogenesis through alternate Hy Greening et al. (2019)
bacteria sink
Selenomonas Amylolytic Acetate, propionate Increased Low CH4 Favour fumarate reduction, compete with Greening et al. (2019)
bacteria methanogens for Hy
Clostridium Cellulose Propionic acid, Increased High CH4 Favour nitrate reduction and provide N Wang et al. (2016); Jiang
degrading butyrate source for methanogens et al. (2022)
Lachnospira Pectin, cellulose Acetate, formate, Increased High CH4 Ferment hexose sugars to acetate and Ramayo-Caldas et al. (2020);
degrading lactate butyrate, increasing H, and methane. Kittelmann et al. (2014);
Prathap et al. (2024)
Methanomicrobium Ruminal Methane Increased High CH4 Hydrogenotrophic methanogen Jiang et al. (2022)
archaea
Methanobrevibacter Ruminal Methane Increased High CH4 Dominant methanogen Li et al. (2024); Hook et al.
archaea (2010); Prathap et al. (2024)
Methanosphaera Ruminal Methane Low High CH4 Positive interaction with Lachnospiraceae Henderson et al. (2015);
archaea abundance Ramayo-Caldas et al. (2020)
Epidinium Proteolytic Ammonium, VFA Decreased Low CHy4 Harbour intra and extracellular Bach et al. (2023); Newbold
protozoa methanogenic archaea et al. (2015)
Entodonium Proteolytic Ammonium, VFA Increased Low CH4 No intracellular methanogens Newbold et al. (2015); Bach
protozoa et al. (2023)
Neocallimastix Cellulolytic Lactate, formate, Decreased Low CHy4 Provide H, and formate for CH, production Bach et al. (2023)
fungi acetate, succinate,

ethanol

such as glycine hydroxyl methyl transferase, can predict CH4 emissions
(Parmar et al., 2015).

Interspecies Hy transfer shifts a significant amount of Hy from Ho-
producing fermenters to hydrogenotrophic methanogens (Belanche
et al., 2014). For example, ciliate protozoa produce substantial amounts
of Hy because of their metabolism and form a close association with
methanogens. These relationships not only provide Hy for CH, synthesis,
but they also protect the symbiotic archaea from oxygen. Methanogens
linked with protozoa make up 9 % to 25 % of the total methanogen
population in the rumen and account for 9-37 % of total CH4 emission
(Belanche et al., 2014). Around 32.8 % of Methanobrevibacter sp., or
approximately 65 % of rumen methanogens, were found in conjunction
with protozoa (Dai et al., 2022). This interaction is aided by Mru_1499,
an adhesion-like protein that allows Methanobrevibacter to bind to the
surfaces of different protozoa species (Smith et al., 2022). Holotrich
ciliates, such as Dasytricha and Isotricha, have a particularly significant
impact on CH4 production and are more accurate proxies in CHy4 pre-
diction models due to their capacity to ferment soluble carbohydrates
and generate VFAs and Hy (Dai et al., 2022). As a result, defaunation
often reduces CH4 emissions by 11 % while the overall number of
methanogens remains relatively constant (Newbold et al., 2015). The
increase in methanogenesis was not linked to protozoal biomass, but
rather to their metabolic activity and impact on the microbiome (Tapio
et al., 2017). The presence of protozoa increased NH3-N concentrations
and altered the VFA profile, increasing acetate and butyrate synthesis
while decreasing propionate levels (Ranilla et al., 2007). Supplementing

Agolin® Ruminant, an essential oil mix, reduced Epidinium relative
abundance (Bach et al., 2023), resulting in a 13 % reduction in daily CH4
emissions and a 97 % decrease in protozoal count (Foggi et al., 2024).
Hence, more research is needed to use rumen metagenomics as a reliable
proxy for enteric CH4 emission in livestock. Additionally, a clearer
mechanistic understanding of how microbes interact with the host is
needed to use rumen microbial abundance, diversity and activity al-
terations to accurately predict CH4 emissions. Fig. 3 illustrates the
relationship between rumen microbiome and CHa4 emissions.

4.3. Metabolic network proxies

Metabolic network proxies, such as VFAs, dissolved Hz/CO2, and
odd- and branched-chain fatty acids (OBCFAs), are intermediates of
metabolism that indicate hydrogen balance and fermentation efficacy.

4.3.1. Fatty acids in rumen fluid

4.3.1.1. Short-chain fatty acids. Carbohydrate fermentation is an
important metabolic activity in the rumen, generating three major VFAs:
acetate, propionate, and butyrate, as well as Hy and carbon dioxide
(COy) (Fig. 1). The amount of hydrogen present governs the thermo-
dynamics of fermentation processes that produce or consume [H]. High
[H] levels stimulate fermentation pathways that produce less Hp,
resulting in more propionate and less CH4 (Fig. 1). When Hj concen-
trations are low, fermentation pathways that produce more [H] (acetate
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and butyrate synthesis) are chosen, resulting in increased CH4 produc-
tion. Acetate and butyrate formation produce Hy, which is converted
into CHa, while propionate production lowers Hz levels (Fig. 1). Acetate
is a key substrate for milk fat synthesis, whereas propionate is mostly
utilised for gluconeogenesis (Fig. 4). Increasing the acetate-to-
propionate ratio in the rumen can result in higher milk fat content
and CH4 release. Propionate generation provides an alternative method
of disposing of Hy and has been associated with lower CH4 emissions. As
a result, shifting Ho out of CH4 and to propionate could be an effective
method for reducing CH4 emissions (Wang et al., 2023). Cattle with high
residual CH,4 efficiency (RME) had lower ruminal propionate levels than
cattle with low RME, but higher butyrate levels than medium and low
RME animals (Smith et al., 2021).

Plant extracts high in polyphenols and saponins reduce CH4 pro-
duction and increase total VFAs, with a significant increase in propio-
nate and butyrate levels, accompanied by a drop in acetate and a lower
acetate-to-propionate ratio (Suriyapha et al., 2024; Prathap et al., 2024).

Similarly, supplementing with seaweed containing bromoform and/or
high-lipid/polyphenols reduced CH4 emissions while increasing total
VFAs and propionate molar percentage (Choi et al., 2021). A compara-
ble study on buffaloes found that a blended polyphenol-rich extract
increased propionate levels while decreasing acetate content, the
acetate-to-propionate ratio, and NH3-N concentrations, while inhibiting
CH4 synthesis (Singh et al., 2022). Similarly, polyphenol extracts from
Castanea involucres significantly decreased acetic acid levels and the
acetate-to-propionate ratio, while increasing propionic acid levels and
decreasing CH4 (Wang et al., 2021). Likewise, nutmeg essential oil
administration significantly reduced CH4 production, NH3-N levels,
total VFAs, and acetate, propionate, and butyrate levels (Abdillah et al.,
2024).

4.3.1.2. Odd- and branched-chain fatty acids (OBCFAs). Odd- and
branched-chain fatty acids include an odd number of carbon atoms and a
methyl group attached to a second (iso) or the third (anteiso) carbon
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from the methyl end (w, Liu et al., 2019). Rumen bacteria produce
OBCFAs from propionate, isobutyrate, isovalerate, and 2-methylbuty-
rate as precursors, with higher levels indicating more microbial pro-
ductivity (Kupczynski et al., 2024). As a result, both the composition and
amount of OBCFAs vary in response to variations in rumen microbial
communities and fermentation procedures. The OBCFA composition is
affected by the animal’s energy expenditure, the concentrate-to-forage
ratio, and the amount of bioactive compounds in the feed. Lipases in
the rumen degrade dietary fats to produce free fatty acids. These proceed
via biohydrogenation, in which specific bacteria transform unsaturated
lipids into saturated fats via isomerisation and saturation (Fig. 5).
Rumen bacteria hydrogenate unsaturated fatty acids using Hp which
reduces the amount of Hy accessible to methanogens and hence lowers
CH4 emissions (Dijkstra et al., 2011). However, stoichiometric calcula-
tion shows this Hy consumption to be rather small (Ungerfeld, 2020).
Furthermore, anteiso C15:0 reduces Hy availability by boosting propio-
nate formation, limiting CH4 production. Unsaturated fatty acids may
also reduce methanogenesis by inhibiting cellulose-degrading protozoa
and bacteria.

0Odd- and branched-chain fatty acids are synthesised by elongating
fatty acids by two carbon units with malonyl-CoA synthetase, starting
with precursors such as propionate, isobutyrate, isovalerate, and 2-
methylbutyrate (Kupczynski et al., 2024). For example, propionate is
used to synthesise C15:0 and C17:0, isoC14:0 and isoC16:0 from iso-
butyrate, isoC15:0 and isoC17:0 from isovalerate, and anteiso-C15:0 and
anteiso-C17:0 from 2-methylbutyrate (Kupczynski et al., 2024). Xin et al.
(2021) found a negative link between acetate and both C15:0 and iso-
C17:0, but propionate had a positive correlation with C15:0. In a
related study, Liu et al. (2019) found that total rumen OBCFA levels
correlated positively to the molar proportion of acetate, negatively
linked to isobutyrate, and demonstrated a negative association between

propionate and iso-C17:0, but a positive relationship among propionate
and anteiso-C15:0 and butyrate.

Different bacterial species in the rumen produce distinct OBCFA
profiles. Cellulolytic bacteria have stronger relationships with OBCFA
levels than starch-degrading species (Zhang et al., 2020a). While starch-
degrading bacteria like Selenomonas ruminantium, Ruminobacter amylo-
philus, and Streptococcus bovis have higher levels of linear odd-chain fatty
acids and only trace amounts of branched-chain fatty acids, fibre-
digesting bacteria like Ruminococcus flavefaciens and Ruminococcus
albus have high levels of iso-fatty acids (Xin et al., 2021). Ruminococcus
flavefaciens shows the highest connection with C15:0 levels. Notably,
iso-C16:0 concentrations have been reported as possible indicators for
assessing total VFAs and microbial crude protein (MCP) production in
the rumen (Xin et al., 2021). Combining rumen fatty acid profiles with
other non-invasive proxies, such as rumination time, can increase the
accuracy of CH4 prediction. In a recent study, Castaneda et al. (2025)
found that cows with high rumination time had low CH4 yield with
higher levels of propionate in the rumen fluid, while cows with low
rumination time and higher CH4 yield had higher acetate
concentrations.

4.3.2. Non-methane gases in the rumen

Anaerobic fermentation produces [H] in the rumen. The rumen
produces Hy and CO; in two forms: gaseous and soluble. Microbes do not
consume gaseous Hy; instead, they use dissolved Hy (dHy). Similarly,
gaseous CO; is expelled while the rumen organisms use dissolved COy
(dCOy). A fraction of dCO; is absorbed into the bloodstream, and high
CO3 can result in hypercapnia (Wang et al., 2016). Thus, measuring dHy
and dCOs in rumen liquor or blood may be used as a proxy for CHy
measurement. The main H, sinks in the rumen are CH4 (methano-
genesis), propionate (propiogenesis), acetate (acetogenesis), hydrogen
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sulphide (H3S, sulphate reduction), and NHs3-N (nitrate reduction)
(Fig. 1). Inhibiting methanogenesis reduces total gas generation and
VFAs in the rumen by inhibiting overall fermentation. For example, in
beef cattle and in vitro studies, utilising seaweeds such as Asparagopsis
taxiformis and Colpomenia peregrina to limit methanogenesis reduced
total gas production by 10 % and 14 %, respectively (Roque et al., 2021;
Wasson et al., 2023). Similarly, Martinez-Fernandez et al. (2016)
observed that chloroform supplementation in Brahman steers decreased
CH4 emissions while increasing Hy production, without altering dry
matter intake. Likewise, supplementation of Asparagopsis spp. reduced
CH,4 generation while increasing Hy and CO2 emissions in dairy cattle
(Roque et al., 2019, 2021). In contrast, adding seaweed extracts reduced
CH4 without significantly reducing total gas production (Choi et al.,
2021).

Adding essential oil-rich plant extracts, like lemongrass and dragon
fruit peel pellets, enhanced total gas production while decreasing CH4
emissions (Suriyapha et al., 2024). Wang et al. (2016) investigated the
relationship between dissolved and gaseous CH. and hydrogen,
observing that only dissolved CH4 had a positive correlation with dHa.
Furthermore, dH- and gaseous H, were associated with higher butyrate
and lower acetate levels. In another study, Roskam et al. (2025) found
that feeding linseed oil to growing dairy beef bulls reduced daily CH4
emissions by 19 % and Hy output by 21 %. A mechanistic interaction plot
illustrating non-CH,4 gases as proxies for CH4 emissions is shown in

Fig. 6.

4.4. Molecular and genetic proxies

Molecular and genetic proxies, comprising microbial genes (mcr, mrt)
and host genomic signatures, provide a mechanistic understanding of
fermentation control and host-microbe interplay.

4.4.1. Microbial genes

Methane synthesis in the rumen is mediated through specific mi-
crobial genes such as methyl co-enzyme M reductase (mcr), which re-
duces methyl-coenzyme M to CHy. The kinetics of these rate-limiting
enzymatic reactions determine the rate of CHy4 synthesis in the rumen
(Patra and Puchala, 2023). According to Wallace et al. (2015), archaeal
genes associated with CH4 generation were 2.7 times more prevalent in
high CHy4 emitters. The high emitters had a higher abundance of genes
coding for coenzyme F420 hydrogenase (which is a direct electron donor
in hydrogenotrophic methanogenesis) and heterodisulfide reductase,
which catalyses electron bifurcation in methanogenesis (Bharanidharan
et al., 2021, see Fig. 7).

Formyl-MF dehydrogenases (FMDs) convert COz and methanofuran
(MF) into formyl-methanofuran (formyl-MF) in the first step of meth-
anogenesis and are encoded by the operons fmdB. The fir genes encode
formyl-transferases (FTRs), which catalyse the second step in
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methanogenesis. The third step is catalysed by methenyl cyclo-
hydrolases (MCHs), which are encoded by the mch genes. In step 4,
coenzyme F420-dependent methylene dehydrogenase (MTD) and Ha-
forming methylene dehydrogenase (HMD) synthesise methylene-

10

H4MPT. These enzymes are encoded by the mtd and hmd genes. Step 5 is
catalysed by coenzyme F420-dependent methylene reductases (MERs),
while step 6 is carried out by methyltransferases (MTRs) encoded by the
mtr operon. In the penultimate phase of CH4 generation, methyl-
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coenzyme M reductase (MCR) reduces the methyl group on coenzyme
M, resulting in CH4 and heterodisulfide of CoM and CoB (See Fig. 7;
Wallace et al., 2015).

Microbial genes associated with non-methanogenic pathways may
also be used as proxies for CH4 emission potential. For example, genes
linked with pyruvate metabolism, such as porA (Pyruvate ferredoxin
oxidoreductase alpha subunit) and porG (gamma subunit), which
encode enzymes that convert pyruvate to acetyl-CoA, were more com-
mon in high emitters (Bharanidharan et al., 2021). In contrast, the ackA
(acetate kinase) gene, which converts acetate to acetyl phosphate, was
more common in low-emitting Holstein steers. Similarly, butyryl-CoA
dehydrogenase was upregulated when 3-NOP was administered (Pitta
et al., 2022). The expression of genes involved in CH4 generation and
rumen fermentation is summarised in Table 3.

High CH,4 emitters had a 173 % greater relative abundance of fmdB
than low emitters (Roehe et al., 2016). During methanogenesis, methyl-
coenzyme M reductase (MCR) reduces the methyl group on coenzyme
M, forming CH. and heterodisulfide of CoM and CoB (Fig. 7). MCR exists
in two forms: MCR-I, encoded by the mcr operon, and MCR-II, encoded
by the mrt operon (Bharanidharan et al., 2021; Khairunisa et al., 2023).
Various methanogenic species have distinct mcr and mrt gene ratios, as

Table 3
Rumen fermentation changes and the expression of genes related to CH4
production.

Reference Gene expression Mechanism

Denman et al.
(2015)

Pitta et al.
(2022)

Guo et al. (2008)

Wallace et al.
(2015)

Zhang et al.
(2020b)

Bharanidharan
et al. (2021)

Roehe et al.
(2016)

Auffret et al.
(2018)

Leahy et al.
(2010)

Genes encoding transcarboxylase,
malate dehydrogenase, and
fumarate reductase were more
abundant in goats supplemented
with bromochloromethane.

Dairy cows fed with 3-NOP had
lower mcr gene expression and
higher copies of butyryl-CoA
dehydrogenase. There was no
increase in fumarate reductase.
In vitro, tea saponin lowered mcrA
gene expression.

High emitters had higher levels of
genes for coenzyme F420
hydrogenase, heterodisulfide
reductase, and phosphoserine
phosphatase than low emitters.
Formate dehydrogenase p subunit
abundance was low.

In-vitro experiments with nitro
compounds such as nitroethane
(NE), 2-nitroethanol (NEOH), and
2-nitro-1-propanol (NPOH)
inhibit mcrA, coenzyme F420 and
F430 levels.

The abundance of porA and porG
was positively associated with
CH, generation, while ackA, serB,
and thrH were negatively
associated in steers given TMR.
Higher mcrA gene abundance has
been identified in high-emitting
beef cattle.

mcrABG, formate dehydrogenase,
tetrahydromethanopterin S-
methyl transferase, fmd, and
hetero disulphide reductase were
all abundant in high emission
cattle.

Expression of fmd, mcrBCDG, and
methyl viologen reducing
hydrogenase (mvhG) increased in
high-emitters. The mtr was
increased in batch cultures.

Propionates randomising
pathway- increasing
propionate production.

Increase in butyrate
pathway.

Decreases CH,4 production
without affecting the
methanogen number.
Up-regulation of acetate
kinase, electron transport
complex proteins (RnfC
and RnfD) and glucose-6-
phosphate isomerase.

Gene encoding methyl co-
enzyme reductase
enzyme, which catalyse
the final step of
methanogenesis.

mcrA, fmdB, fdhF formate
dehydrogenase alpha
subunit not identified.

Gene encoding methyl co-
enzyme reductase
enzyme, which catalyse
the final step of
methanogenesis.

All are associated with
methanogenesis pathway.

Genes encoding the
enzyme associated with
methanogenesis.
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well as structural changes in the MCR enzyme (Khairunisa et al., 2023;
Leahy et al., 2010) (Fig. 8). High CH4 emitters contain a high proportion
of mcr genes (Roehe et al., 2016). Likewise, Shi et al. (2014) found that
sheep with high CH4 production had an increased amount of mcr tran-
scripts. Similarly, Casanas et al. (2015) found a direct link between the
number of mcr DNA copies and CH4 emission in Holstein dairy cattle.
Furthermore, Zhang et al. (2020b) found that when methanogenesis was
inhibited with nitro chemicals, the expression of the mcr gene was more
strongly influenced than the quantity of methanogens or key cofactors
involved in methanogenesis, such as F420 and F430.

4.4.2. Host genes, microbial genes and metabolite interactions

The host genome has a role in regulating methanogenesis in the
rumen, with heritability ranging from 0.13 to 0.61 (Martinez-Alvaro
etal., 2022a). For example, out of 1141 microbial genes discovered, 337
were functionally regulated with host genes, and 115 of these host-
mediated microbial genes were associated with CH4 emission
(Martinez-Alvaro et al., 2022b). The top 30 putative microbial genes had
a 17 % mitigation potential in each generation (Martinez-Alvaro et al.,
2022a). Methanogenic redox cofactor F420G, cofG, bicold, bcd, and beta
subunit of propionyl-CoA carboxylase, pccB (supply of substrates to
archaea), ATP-binding cassette subfamily P member, ABCP (microbial
communication), tissue-specific transplantation antigen P35B, and
TSTA3 (microbiome-host interaction) are some of the candidate micro-
bial genes linked to CH4 emissions. A more effective method for inves-
tigating the relationship between rumen microbial functions and host
performance is the use of meta-transcriptomic data, as it provides a
holistic view of real-time fermentation dynamics in the rumen (Li et al.,
2019; Kamke et al., 2016). Consequently, CH4 mitigation in dairy cattle
was improved by microbiome-based breeding.

After assembling 4941 microbial genomes from the rumen, Stewart
et al. (2019) discovered a large variety of enzymes that break down
plant matter in addition to a wide spectrum of digestive proteins. In a
related study, Roehe et al. (2016) identified 3970 microbial genes in the
rumen using metagenomic analysis, which revealed 20 genes associated
with feed conversion efficiency and 49 with CH4 production. Notably,
host genes like TSTA3 and Fucl, which are involved in host-microbiome
interactions, were linked to feed efficiency, whereas the genes mcrA and
fmdB were linked to CH4 emissions. These findings suggest that the host
animal has significant control over its microbiota, and they emphasise
the potential for employing microbial gene abundance to study the ge-
netic relationship between hosts and their microbiomes (Roehe et al.,
2016). Similarly, a metagenomic investigation found that cows with
high milk protein output (MPY) had a higher abundance of Prevotella
species and a lower number of methanogens (Aguilar-Marin et al.,
2020). Furthermore, these MPY-high cows had greater levels of
microbial-originated metabolites such as amino, carboxylic and fatty
acids, as well as VFA concentrations. Various -omic investigations found
that the rumen microbial composition, function, metabolites, and serum
metabolites each contributed 17.81 %, 21.56 %, 29.76 %, and 26.78 %
of the host’s milk protein output, respectively (Xue et al., 2022). Wallace
et al. (2019) reported that a heritable core microbiome played an
important role in CH4 production, rumen and blood metabolites, and
milk yield and was a viable target for rumen alteration. Similarly,
characteristics such as breed, sex, and nutrition contribute to variances
in the rumen microbiome among animals. A heritability estimate (h?) of
0.15 or above suggests a considerable genetic influence. This heredity
was also linked with feed efficiency and rumen VFA levels (Li et al.,
2019). High-efficiency animals engage in more and stronger microbial
interactions than low-efficiency species. For example, Selenomonas and
members of the Succinivibrionaceae family showed favourable in-
teractions with high-efficiency animals (Xue et al., 2022).

4.5. Downstream and non-invasive proxies

These include milk fatty acid profiling, faecal archaeol, blood
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Prepared using R (R Core Team, 2024).

metabolites, urinary purine derivatives, and infrared thermography
(IRT), which provide useful tools for large-scale profiling and farm-level
CH,4 assessment.

4.5.1. Milk fatty acids

Methane emissions from dairy cows vary depending on their lacta-
tion stage (Fresco et al., 2023). Cows have a negative energy balance
during early lactation and use their body stores for energy; therefore, the
CH,4 produced at this time has no direct relationship to milk production
(Wang et al., 2023). The cows’ reliance on feed intake for energy, as well
as feed intake itself, increases as lactation proceeds, and so do CHy
emissions. Methane emissions typically rise during the first 20 weeks of
lactation (as DMI increases to meet lactation demand, but do both MP
and MY), and then plateau between weeks 21 and 50 (Bell et al., 2014).
Similarly, CH4 intensity increases throughout lactation, with primipa-
rous cows emitting more CH4 than multiparous cows (Fresco et al.,
2023).

Fermentation-derived short-chain VFAs serve as the substrate for de
novo fatty acid synthesis in the udder (Fig. 4). Milk fatty acids are either
synthesised from acetate and 3-beta-hydroxybutyrate (BHBA) in the
mammary gland or derived from the circulation (Fig. 4). Short-chain
VFAs (C4, C6, and C8), most medium-chain VFAs (C10, C12, and
C14), and more than 60 % of C16 FAs are generated de novo. Acetate
accounts for around 85 % of this synthesis, with BHBA accounting for
10-15 % (Kyriakaki et al., 2023; Fig. 4). Long-chain fatty acids (C18 and
above) are obtained from the bloodstream, either from triglycerides or
VLDL, or from non-esterified fatty acids (NEFAs) bound to albumin
(Fig. 4). Intermediate compounds generated during biohydrogenation
are absorbed in the duodenum and utilised to produce milk fat (Fig. 5).
Thus, milk fatty acids (FA) are intimately associated with microbial
digestion in the rumen, making them a viable non-invasive indication of
rumen fermentation, except for the initial stages of lactation.

Mid-infrared spectroscopy (MIRS) is a reliable method for fore-
casting milk fat composition and CH4 emissions (Dehareng et al., 2012).
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Using MIRS, Dehareng et al. (2012) identified a substantial relationship
between milk fatty acid profile and CH4 emissions in dairy cows.
Methane emissions had a significant association with iso C14:0 and iso
C15:0 (Dijkstra et al., 2011), were negatively associated with trans-
10,11-C18:1, and did not correlate with C15:0 or C17:0 (Dijkstra et al.,
2011).

The concentration of OBCFAs in milk fat may indicate rumen
fermentation activity (Vlaeminck et al., 2015). For example, propionate
levels in the rumen, for example, were positively correlated with milk fat
C15:0 and C17:0, whereas acetate showed a negative correlation with
these fatty acids but a positive one with isoC14:0 and isoC16:0. Micro-
bial interactions in the rumen affect changes in milk OBCFA levels.
Cellulolytic bacteria had a higher connection with OBCFA concentra-
tions than amylolytic bacteria (Zhang et al., 2020a). Cellulolytic bac-
teria often create more isoOBCFAs, whereas amylolytic bacteria produce
more anteiso-OBCFAs (Melgar et al., 2020). Xin et al. (2021) found a
substantial link between C13:0 levels in milk and the presence of
Ruminococcus albus, Ruminococcus flavefaciens, and Eubacterium rumi-
nantium. Similarly, Liu et al. (2019) found favourable associations be-
tween the amounts of C11:0, isoC15:0, anteiso-C15:0, C15:0, and anteiso-
C17:0 in rumen fluid and milk fat. Furthermore, milk C15:0 was nega-
tively correlated with the amount of isovalerate in the rumen, but total
milk OBCFA level was positively correlated with acetate concentration
in the rumen.

To accurately use fatty acids as a proxy for CHy, various confounding
factors such as variations due to lactation stage and energy balance need
to be considered. For example, milk phenomics have been extensively
used to evaluate health status, feed efficiency and negative energy bal-
ance in early lactation; thus, connecting these traits with CH, traits may
improve prediction accuracy. In commercial herds, the lactation stage
and parity need to be included in the model while using milk parameters
for CH4 prediction.
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4.5.2. Faecal fatty acids and archaeol

Methanogenic archaea have distinct membrane lipids known as
dialkyl glycerol diethers (DGDG) and glycerol dialkyl glycerol tet-
raethers (GDGT), with archaeol and caldarchaeol being the most com-
mon forms. In contrast to archaeol, caldarchaeol creates a monolayer
that is less permeable to protons, shielding methanogens from ruminal
pH decreases (McCartney et al., 2014a). Among these, archaeol (2,3-
diphytanyl-O-sn-glycerol) has attracted a lot of attention because of its
link to CH4 synthesis. It can be determined using GC-MS following
extraction and purification from the total lipid content (Elayadeth-
Meethal et al., 2023b). The archaeol has been found in bovine faeces but
not in other herbivores (Gill et al., 2011), and it is largely produced by
foregut fermentation, with hindgut fermentation playing a minor role
(Gill et al., 2010).

Quantifying archaeol is an alternate way for estimating methanogen
abundance (McCartney et al., 2013). McCartney et al. (2014b) used
archaeol to locate methanogens in the rumen. They found that the
archaeol were significantly more associated with solid-associated mi-
croorganisms (SAM) than liquid-associated microbes (LAM), indicating
that methanogens may face difficulty surviving in the liquid phase.
Furthermore, they reported that excrement contained more archaeol
than either SAM or LAM. Faecal archaeol content and CH4 emission were
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found to be strongly positively correlated (McCartney et al., 2013).
However, Gill et al. (2011) and Schwarm et al. (2015) found only a weak
link but showed that faecal archaeol could still predict CH4 emissions in
individual animals. Sandberg et al. (2020) found that cows on a mod-
erate starch and fat diet released less CH4 and had significantly lower
faecal archaeol contents than cows fed a low-starch, low-fat diet.

Although faecal archaeol has emerged as a reliable proxy for CHy,
both rumen (foregut) and caecum (hindgut) fermentation may need to
be differentiated. Typically, enteric gas production is differentially
regulated in the rumen and caecum through differential microbial
fermentation, favouring methanogenesis in the rumen, and acetogenesis
in the caecum, facilitated through protobiofilm formation in association
with an immune-mediated process (Leng, 2018). As the archaeal
composition and activity widely vary with breed and gut location, it is
essential to include these factors in the prediction models. Fig. 9 depicts
a mechanistic diagram showing the connection between CHa emissions
and archaeol.

4.5.3. Insulin and other blood metabolites
Methane generation in the rumen is regarded as a loss of energy for

the animal. This energy shortfall leads to less availability of blood
glucose, pushing the body to draw on its energy stores. To compensate
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for the lost energy, the body begins breaking down amino acids from
muscle and other tissues (Kim et al., 2022) (Fig. 10). In this process,
insulin regulates gluconeogenesis and the uptake of amino acids. As a
result, animals with lower CH4 emissions exhibit higher glucose-to-
insulin ratios and lower insulin levels. Ornelas et al. (2019) reported
that, even when fed the same diet and with similar DMI, cows emitting
less CHy4 had lower insulin levels than those producing more. Similarly,
Kim et al. (2022) reported that insulin levels were considerably greater
in high-methane-emitting calves than in low-emitting ones. Similarly,
Melgar et al. (2020) found that inhibiting methanogenesis with 3-NOP
reduced insulin levels.

In ruminants, the liver maintains energy balance by converting
propionic acid into glucose, which is absorbed via the rumen wall
(Fig. 10). The liver uses around 80-85 % of the propionate entering the
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portal vein for gluconeogenesis, underscoring its importance in overall
energy control (Dzermeikaite et al., 2024). Given its critical involvement
in metabolic processes, liver function is thought to influence both direct
and indirect CH4 generation (Dzermeikaite et al., 2024). Microbial
metabolites such as dimethyl sulfone, formic acid, stachydrine (proline-
betaine), sarcosine, and trimethylamine were found in significant con-
centrations in cows treated with an antimethanogenic agent. 3-NOP
supplementation lowered arginine and citrulline levels in the blood
while boosting serine and 1-methylhistidine levels (Melgar et al., 2020)
and methionine levels in calves (Meale et al., 2021). Table 4 summarises
the changes in plasma/serum metabolites following antimethanogenic
agent administration.

Panel B. Alluvial Relationships: Methane Emission, VFAs, and Systemic Metabolism
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Fig. 10. Blood metabolites associated with a change in rumen methanogenesis. Panel A: Insulin-centred energy partition cascade. In high CH,4 emitters, due to the
energy loss, blood glucose level is maintained through gluconeogenesis, characterised by insulin inflow in the blood. Panel B: Alluvial relationships: Methane
emission, VFAs, and systemic Metabolism. When butyrate levels increase in the rumen, BHBA acts as the major energy source. Panel C: Mechanistic network:
Endocrine-metabolic-methane pathways. A high propionate level in the rumen enhances gluconeogenesis, leading to low insulin requirement and better feed energy
capture. On the other hand, high CH4 emissions result in increased insulin levels, leading to metabolic inefficiency. Adapted and modified from: Kim et al. (2022).
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Table 4
Change in plasma/serum metabolite after supplementation with antimethanogenic agent and its effect on rumen fermentation/ CH4 production.
Treatment Animal Change in plasma/serum metabolites Effect on rumen fermentation/ Reference
methane production
3-NOP Dairy cow Lysine, valine, sarcosine, 1-methyl histidine, and serine levels increased. =~ Decreased daily CH4 emission by Melgar et al.
Plasma insulin, arginine, and citrulline levels dropped. No change in urea 26 % (2020)

N, glucose, NEFA, BHB, leptin, and IGF-1.

Antimethanogenic agent Dairy cow Dimethylsulfone, formic acid, stachydrine, glycine, serine, threonine, Methane emission reduced by 23 %  Yanibada et al.
methionine, and leucine levels have increased, as has trimethyl amine. (2020)
Plasma acetate, valine, and isoleucine levels had all decreased. Glucose,
urea, non-esterified fatty acids, and p-hydroxybutyrate did not change.
Japanese High CH,4 emitters had elevated levels of p-hydroxybutyric acid, cysteine, = High butyrate production in the Kim et al.
Black cattle. and insulin. Threonine, valine, histidine, lysine, tryptophan, ALP, and rumen (2022)
aspartate aminotransferase decreased. Cortisol, IGF, and glucose were
not changed.
Essential oil Goat Thymol, O-acetyl carnitine, and calcium levels were elevated. Low levels 12.0-13.6 % reduction in CH4 Choi et al.
of 2-hydroxyvalerate, alanine, phenylalanine, inorganic phosphate, and  concentrations in the exhaled gas (2024)
sarcosine. Blood urea nitrogen, creatinine, glucose, total cholesterol,
total protein, albumin, alanine transaminase/serum glutamic pyruvate
transaminase, and aspartate aminotransferase/serum glutamic
oxaloacetic transaminase levels remained unchanged.
Gallic acid Calves Total protein, BHB, glucose, triglycerides, and catalase increased, Improved the rumen fermentation Xu et al. (2022)
whereas malondialdehyde (MDA) decreased. The blood urea nitrogen and altered the bacterial
and cholesterol levels were unchanged. community
Bacillus licheniformis and Lambs Insulin, growth hormone, IgF-1, IgA, IgG, superoxide dismutase, and Low ammonia- nitrogen, Low Jiaetal. (2018)

saccharomyces cervisiae

malondialdehyde (MDA).

Probiotics with native Cattle
ruminal microbes(NRM)

Sheep Increased level of BHB and low NEFA in high CH, producers. High Zn in

low CH,4 emitters

3-NOP Calves High methionine

Essential oil blend agoline Cows Level of plasma urea nitrogen, phosphate and glucose not affected
ruminant

Inclusion of dietary starch, Dairy cow Increased level of insulin but glucose not affected

Sugarcane polyphenol Beef heifer Level of glucose and urea not affected

extract

glutathione peroxidase levels increased. There is no change in

Insulin level decreased with no change in glucose level.

acetate and high propionate in
rumen
Low CHjy in treated group

Found association between
metabolic indicators and CHy4
emission

Persistent reduction in CHy
production throughout the post-
weening period

16.4 % reduction in CHy4

Methane production high in high
starch diet

Increase in rumen pH, no effect on
rumen fermentation or bacterial

Pittaluga et al.
(2023)
Reintke et al.
(2021)

Meale et al.
(2021)

Batley et al.
(2024)
Culbertson

et al. (2025)
Williams et al.
(2025)

diversity

4.5.4. Urinary purine derivatives

The urinary excretion of purine derivatives (PD) has been used to
assess microbial protein supply in ruminants, indirectly giving an indi-
cation of CH4 emissions. Rumen degradable protein (RDP) and rumen
undegradable protein (RUP) are the two categories of dietary proteins in
ruminants. In the rumen, bacterial enzymes like proteases, peptidases,
and deaminases convert RDP into peptides, amino acids, and ammonia
(NH3). After that, this ammonia is converted into microbial crude pro-
tein (MCP), which makes up between 50 % and 80 % of the absorbable
protein. It passes through the liquid and solid phases of the digesta and is
finally absorbed in the colon as amino acids and peptides. For high-
producing dairy cows, the migration of microbial protein to the duo-
denum is an important sign of adequate rumen metabolism. However,
monitoring this flow in vivo necessitates intrusive techniques that are
costly and can impact dry matter intake and production. In a recent
study, it was found that legumes (Delosperma sutherlandii and Gliricidia
sepium) with high degradable protein fraction had higher CH4 produc-
tion (Tunkala et al., 2023).

Measuring the urinary excretion of PD, including allantoin, uric acid,
hypoxanthine, and xanthine, is a viable alternative to assess CH4. This
non-invasive method has demonstrated promise as a reliable means to
estimate microbial nitrogen transport to the duodenum, providing a
simpler, less intrusive alternative to monitoring rumen metabolism (da
Silva Junior et al., 2021). The assumption is that most of the nucleic
acids that exit the rumen come from bacteria. Once these microbial
nucleic acids reach the small intestine, they are digested further,
resulting in purine nucleosides and free bases that the body can absorb.
Purines ingested are metabolised into substances such as hypoxanthine,
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xanthine, uric acid, and allantoin. In ruminants, xanthine oxidase con-
verts hypoxanthine and xanthine to uric acid, which is then transformed
to allantoin by uricase (da Silva Junior et al., 2021).

The quantity of PD excreted is proportional to the amount of purine
absorbed. Purine derivative analysis indicates the effect of dietary CP
and forage content on microbial protein synthesis, manure N excretion,
and emissions of CHy. Soltan et al. (2013) found that sheep fed with
Leucaena tannins and mimosin had altered protein degradability in the
rumen and reduced CH4 emissions by 14.1 %. Soltan et al. (2021)
observed that lambs fed with low tannin sorghum had higher retained N
g/day, increased microbial protein uptake, and reduced CH4 emission by
29-35 %. Increased digestibility of NDF, ADF, and CP results in lower
CH4 emissions (Pineiro-Vazquez et al., 2017). Similarly, goats given
grass hay had lower total VFA and butyrate levels, higher acetate levels,
increased allantoin excretion, and lower xanthine and hypoxanthine
levels (Carro et al., 2012). This non-invasive technique has the possi-
bility of detecting methane-associated rumen changes, but its proof re-
mains restricted. Most studies were conducted under confined dietary
circumstances; thus, additional testing across breeds and production
systems is required. A mechanistic diagram illustrating the use of uri-
nary purine derivatives as a proxy for the assessment of CH4 emissions
from ruminants is given in Fig. 11.

4.5.5. Infrared thermography (IRT)

The generation of CH4 from acetate is endothermic, whereas the
reduction of CO, to CHy is exothermic (Gabbi et al., 2022). Standardised
to concentrations of 1 M, pH of 0, gas pressure of 1 bar, adjusted to 312
K, and the average stoichiometric number y, the Gibbs energy change for
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Fig. 11. Mechanistic graphic illustrates the use of urinary purine derivatives as a proxy for estimating ruminant methane emissions. RDP-Rumen degradable protein,
RUP-Rumen undegradable protein, MCP-Microbial crude protein, PD-Purine derivatives.

CHj4 generation in the rumen is (—)172 kJ/mol (Van Lingen et al., 2016). temperature between the left (rumen side) and right flanks is utilised to
The difference in rumen temperature affects body temperature, notably estimate rumen CH4 production (Gabbi et al., 2022). IRT can be used to
the surface temperature in the flank region. As a result, the difference in measure the heat generated within an animal’s body. Montanholi et al.
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Fig. 12. Mechanistic diagram illustrating the use of infra-red thermography (IRT) as an indirect proxy for assessment of methane emissions from ruminants.
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(2008) reported that IRT can identify heat production and CHy release
by detecting foot temperature and temperature differences between the
left and right flanks, respectively. Guadagnin et al. (2023) found that IR
was positively related to CH4 generation in Holstein-Friesian and
Gyrolando lactating cows based on anatomical locations measured and
IR imaging time. One hour after feeding, right front foot IR imaging in
Gyrolando and eye imaging in Holstein-Friesian revealed a high corre-
lation with intestinal CH4 emission. Similarly, in hairy sheep, IRT
correctly predicted CH4 emission (Crisostomo et al., 2025). Though IRT
is a prospective emerging CH,4 proxy, validation remains in the early
stages. The majority of positive outcomes so far have come from
restricted testing environments and a small number of breeds. Stand-
ardised imaging procedures and extensive on-farm research are required
before IRT can be deemed a reliable CH4 forecast tool.

A mechanistic diagram illustrating the use of infra-red thermography
(IRT) as an indirect proxy for assessment of CH4 emissions from rumi-
nants is given in Fig. 12.

The detailed network diagram, showing the direct and indirect CH4
measurement strategies, mitigation measures, outcomes, and potential
proxies, is summarised in Fig. 13.

5. Conclusions and prospects

Methane is a potent greenhouse gas produced as a by-product of
rumen fermentation. Developing adaptation and mitigation plans,
establishing sector-specific and regional GHG inventories, and assessing
the effectiveness of antimethanogenic feed additives all depend on
precise CH4 measurement from animals. However, direct CH4 moni-
toring at the individual animal and farm levels is challenging due to the
high expense, labour intensity, and technical complexity. Methane
proxies include molecules or microorganisms that participate in the CHy
synthesis pathway, providing a clear indication of CH4 production in the
rumen. Conventional CH; measurements are based on static and
mechanistic models of methanogenesis to explain only one conceivable

6 Nitrate,

aeaweed

Science of the Total Environment 1012 (2026) 181258

scenario. Proxies, on the other hand, can use empirical modelling of
dynamic and stochastic processes based on numerous pathways to
explain a wide range of methanogenic events. These proxies can be
quantified utilising high-throughput omics approaches, which are
appropriate for large-scale and long-term CH4 evaluations across a va-
riety of agricultural systems. Metabolomic investigations have identified
compounds involved in methanogenesis. Rumen metagenomics and
metatranscriptomics provide information about microbiome diversity
and functional state. The transcriptome and epigenetic profiles reveal a
host-microbe relationship that leads to alterations in CH4 emissions. The
expression monitoring and assessment of mcr and mrt genes involved in
the latter stages of CH, synthesis has also been utilised as a proxy for CHy
emissions. Several candidate microbes, including archaea, bacteria, and
protozoa, have been identified as proxies for various methane-
generating pathways in the rumen, such as hydrogenotrophic, methyl-
otrophic, and acetoclastic, as well as alternate Hy sinks such as propio-
nate, nitrate and sulphate synthesis pathways. Methane proxies,
including those derived using ‘omics’ techniques paired with machine
learning, artificial intelligence, and traditional features, can be a viable
CH4 phenotyping tool for large-scale and long-term assessment across
multiple livestock production systems in the future. However, several
hurdles must be overcome before they can be widely deployed. We need
better standardisation of proxy measures across testing facilities and
production systems, improved methods for integrating diverse omics
information, and widespread evaluation of proxies, particularly novel
ones like urine PD and IRT, across several farms and breeds. Resolving
these challenges will make it easier to use CH4 proxies in national in-
ventories, breeding schemes, and precision agriculture.
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