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Abstract

Global warming refers to the long-term increase in the Earth's surface temperature, which can lead to significant and wide
spread impacts on the planet. These effects include rising sea levels, changes in precipitation patterns, and more frequent and
severe natural disasters. Atmospheric levels of methane (CH4) have risen by over 150% since the pre-industrial era, with
agriculture and livestock production being major contributors. This review aims to explore the effect of climate change on
methanotrophic microorganisms and the potential of managing microbial communities to reduce CH4 emissions, thereby
mitigating CHs emissions as part of broader climate change strategies. While methanogens are CHs-producing bacteria,
methanotrophic bacteria can utilise CH4 as a source of energy source and can consume large amounts of CHa4 directly from
both the atmosphere and soils. Many factors influence the balance of microbes acting as a sink or consumers of greenhouse
gasses including changes in terrestrial and marine environments. Temperature, COz levels and precipitation have all been
shown to have a profound effect on the ecology of methanogens, driving positive feedback which exacerbates the rate of
climate change. Reducing CH4 emissions is an important aspect of mitigating the impacts of climate change, and it may be
theoretically possible to mitigate a considerable portion of global CH4 emissions by managing microbial communities in
various environments by reviewing land use and farming management practices. Examples of these practices include
the reforestation of native woodlands, altering the management of organic materials in rice paddies and the reduction of CHa
release from ruminant livestock utilizing additives to animal feeds such as red seaweed or hormonal products such as bovine
somatotropin. Although efforts to mitigate CHa4-induced climate change effects are ongoing, further research is required to
better elucidate the mechanisms involved in methanogenesis and the potential for reducing CH4 emissions through targeted
interventions.
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Introduction Climate change can also have a significant impact on

human health, including greater incidence of heat-

Long-term increases in the surface temperature of the
earth, universally described as global warming, are
primarily instigated by the emission of greenhouse
gasses because of human activities. Thermal energy is
trapped by greenhouse gasses in the atmosphere by the
absorption of infrared radiation. Global warming
manifests itself in a myriad of ways and scientists have
predicted mass loss of biodiversity, increased air
pollution, rising sea levels and regular extreme weather
events if the trajectory of climate change continues its
current course. Rising temperatures are already resulting
in more heatwaves and extreme weather events, such as
hurricanes and wildfires, while glaciers and ice sheets
are melting at an alarming rate, threatening low-lying
areas because of rising sea levels (Bolan et al. 2024).

related illnesses and the increased spread of infectious
diseases, while ocean acidification is threatening marine
ecosystems and the livelihoods of individuals who
depend on these sensitive environments.

The leading cause of the Earth’s rapidly changing
climate is elevated emissions of gasses such as methane
(CHa), carbon dioxide (CO2) and nitrous oxide (N:20)
(Bhatti et al. 2024). Although the planet’s terrestrial and
marine environments sequester large quantities of
greenhouse gasses from the atmosphere through
photosynthesis and other processes, emissions far
outweigh the amounts these natural carbon sinks can
absorb, leading to the dramatic increases in atmospheric
concentrations of greenhouse gasses observed in recent
decades (Nayak et al. 2022).
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Microbes have been key drivers in determining
atmospheric concentrations of greenhouse gasses ever since
the evolution of marine cyanobacteria in the ocean more
than 3.5 billion years ago (Schopf and Packer 1987).
Microbes play an important role in both the release and
uptake of greenhouse gases such as N2O, CO2 and CH4
in the atmosphere. Some microbes, such as denitrifiers,
can consume N:20, reducing its concentration in the
atmosphere. In addition, microbes are also involved in
carbon cycling, as they decompose dead organic
materials and release COz back into the atmosphere (Wu
et al. 2024). In soil, microbes also help to regulate the
balance of CO: in the atmosphere by absorbing it
through photosynthesis and releasing it back into the
atmosphere through respiration. Other microbes, such as
methanogens, produce CHs4 as a by-product of their
metabolic processes, contributing to the increase of
atmospheric CH4 levels. Methanotrophic microbes can
however oxidize CH4 under both aerobic and anaerobic
conditions, effectively removing CHs from both the
atmosphere and soil (Guerrero-Cruz et al. 2021). By
reducing CHs emissions, methanotrophs help lower the
concentration of this potent greenhouse gas in the
atmosphere, which may help offset CH4 emissions from
various natural and human-made sources, including
wetlands, oceans, soils, and landfill sites. Methanotrophs
can therefore act as natural CHa sinks, breaking down CHa
before it reaches the atmosphere and thus playing a vital role
in mitigating climate change by reducing a major
greenhouse gas. In addition, the metabolism of CHs by
methanotrophs converts it into CO2 and biomass, which can
become part of the soil carbon pool, contributing to long-
term carbon storage.

Microbes are responsible for both the production and
consumption of greenhouse gases, so microbial activities are
likely to be significantly influenced by a changing climate.
This review aims to evaluate the effect of climate change on
methanotrophy and the potential of managing microbial
communities to reduce CHa4 emissions, thus mitigating the
effects of climate change.

Methane levels and climate change

CHa4 is a potent greenhouse gas that plays a significant role
in climate change. Levels of CH4 in the atmosphere have
significantly increased since preindustrial times, with levels
reaching 1,892 ppb in 2020 as measured by the Earth
System Research Laboratory of the NOAA. Since 2007,
globally averaged atmospheric CH4 concentrations have
been increasing at an accelerating rate, with concentrations
of CHu4 in the earth's atmosphere rising by a record amount
in 2020, despite a dip in emissions of carbon during the
COVID-19 pandemic (Peng et al. 2022). This study found
that the global average concentration of methane increased
by 15.19 ppb in 2020, with a further record increase of
18.12 ppb in 2021.

Sources of methane in the atmosphere

Sources of CH4 in the atmosphere are varied, but they all
involve either the decomposition of organic matter by
microbes or the release of CH4 from fossil fuels. CHa is
believed to be responsible for between 20 — 30% of
global warming, with significant CH4 emissions being
released by microorganisms (Singh et al. 2010).
Methanogenic bacteria play a vital role in global carbon
cycling owing to their unique ability to generate CHa.
According to the Global Carbon Project, methanogens
produce CH4 (approximately 250 million tons per year)
in natural environments such as sediments, wetlands and
oceans. These environmental sources are however
surpassed by CH4 emissions emanating from artificial
environments (approximately 320 million tons of CHa4
annually) including livestock farms, landfills, rice
cultivation and biogas and wastewater facilities (Galfalk
et al. 2016). Fires and burning of other biomass types,
such as burning wood or agricultural waste, can also
produce significant amounts of CH4. Methane release is
primarily via the combustion of fossil fuels or other
practices such as venting and flaring. Apart from CHs
emissions from fossil fuel extractions, all these artificial
sources of CHas4 are predominantly driven by
microorganisms. Fig. 1 shows the relative contributions
of the different sources mentioned above to global
anthropogenic CH4 emissions.

Regarding agricultural CHs4 emissions, ruminant
animals are the most significant source of CHa, resulting in
much higher carbon footprints for meat production (19 — 48
times greater) than crop foods (Ripple et al. 2014). Cows and
other ruminants generate CH4 as part of their digestive
process, which is then released through flatulence and
belching. Depending on the breed, a single cow can emit
between 151-497 g of CH4 per day (Broucek 2014). In
ruminants, the majority of methanogenesis occurs in the
rumen which is a large fermentative chamber (Patra 2012),
where methanogens use CO2 and hydrogen to generate
CHa. Rice paddies also contribute substantially to the
release of CH4 from agriculture, despite only covering
approximately 10% of cultivatable farmland. Since rice
is the staple food for at least half of the world’s
inhabitants, predictions indicate that CH4 emissions due
to rice production could double by the end of this century
(Groenigen et al. 2013).

Production of CH4 by methanogenic bacteria

There are over 50 described species of methanogenic bacteria,
and all known methanogens are members of the archaeal
phylum FEuryarchaeota. Methanogenesis involves the
synthesis of CHs which is carried out by this group of
microorganisms. The methanogens, which are coccoid or rod-
shaped, are a unique group of anaerobic microbes which
occur in various environments such as oceans, swamps,
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Fig. 1: Global anthropogenic CH,4 emission contributions (adapted
from Hammandhu and Sakthi 2017)

cultivated rice fields, sewage digestors and the intestinal tracts
of ruminant animals. Methanogenesis relies on substrates
such as COz, hydrogen, acetate, formic acid, methylamines
and methanol, which are produced as the end products of
the breakdown of biological materials by other fungal and
bacterial species in the adjacent microbial communities.
Since methanogens are anaerobic organisms, they do
not use oxygen for respiration, with carbon being the final
electron acceptor in methanogenesis. The substrate utilised
for CH4 production dictates CH4 production by one of three
major pathways. For the hydrogenotrophic pathway, CO: is
utilised as the source of carbon with the primary electron
donor being hydrogen (Hungate 1967). Hydrogenotrophic
methanogenesis occurs via a seven-step pathway, in which
reduced cofactors and H: are utilized to reduce CO2 to CHa
(Kurth et al. 2020). Second, CH4 can be produced from
acetate via the acetoclastic pathway (Lakhani et al. 2017).
Acetoclastic  methanogenesis, only performed by
Methanosaeta and Methanosarcina, involves the cleavage of
acetate, with the reduction of the methyl group of acetate to
CHz4 and the oxidation of the carboxyl group to CO: (Kurade
et al. 2019). Finally, methylotrophic methanogens can utilise
methanol and methylamines that are produced in the rumen
(Lakhani et al. 2017). Methyl-coenzyme M reductase
(MCR), an important catalyser in the biological process of
methanogenesis, is responsible for the final step in this
reaction, catalysing the reduction of methyl-coenzyme M
(methyl-CoM) to CH4 and coenzyme M (CoM) (Chen et al.
2020a). In turn, the generation of CHa4 releases adenosine
triphosphate for numerous other cellular activities.

CHj4 uptake by methanotrophic bacteria

Methanotrophic bacteria can consume large amounts of CH4
directly from both the atmosphere and soil. Methanotrophs
have been isolated from various habitats such as soils, rice
paddies, landfills, groundwater and seawater, peat bogs and
hot springs and are grouped according to a variety of
morphological and physiological characteristics
(Whittenbury et al. 1970). During the oxidation process,

CHs4 is converted into methanol by the methane
monooxygenase (MMO) enzyme, whereafter the methanol
is further oxidised into formaldehyde. Two iso-enzymes of
MMO occur, those being soluble MMO (sMMO) and
particulate or membrane-bound MMO (pMMO) (Semrau et
al. 2010). In the gamma-proteobacterial methanotrophs,
formaldehyde may be oxidised to formate by the cyclic
ribulose monophosphate pathway, whereas the serine cycle
is exploited for formaldehyde assimilation by the alpha-
proteobacterial methanotrophs. By oxidising CH4 to CO» for
energy, verrucomicrobial methanotrophs utilise the classical
Calvin-Benson-Bassham (CBB) cycle (Khadem ef al.
2011). Fig. 2 shows the classification of methanotrophs
based on their physiology.

While some soil environments can act as sources of
CHa4, soils can also act as effective sinks for CH4 (Reay
2003). High concentrations of CHa typically observed in
wetland ecosystems are generated due to the anaerobic
breakdown of organic materials. In these environments, the
CHa4 is predominantly utilised by methanotrophs as a carbon
source, with two distinct types of methanotrophs being
observed. First, low-affinity methanotrophs which can
flourish at higher CHs concentrations (> 40 mg. kg'!), often
observed in waterlogged soils and sediments, can consume a
significant quantity of the CHas generated in these soils
before the CHa4 has a chance to escape into the atmosphere.
Low-affinity methanotrophs catalyse CH4 oxidation in areas
such as the zone surrounding the oxygen-liberating roots of
wetland plant species and in oxygenated surface soil layers
(Conrad 2007). It has been estimated that > 80% of
endogenous CH4 produced in anaerobic soil environments is
absorbed by methanotrophs before it can escape into the
atmosphere (Conrad and Rothfuss 1991; Frenzel et al.
1992). Second, high-affinity methanotrophs, in contrast,
which are adapted to grow at CH4 concentrations of < 1.8
mg. kg!, tend to be most active in the top few centimetres of
these waterlogged areas, making use of the atmospheric
CHa4 diffusing into the soil from the surface (Schopf and
Packer 1987). For CHa that has already been released into
the atmosphere, these high-affinity methanotrophs may
serve as a CH4 sink, removing approximately 30 million
tons of CH4 annually from the air (IPCC 2023).

The water content of soil tends to be a key factor as to
whether soil acts as a source or a sink of CH4. In well-
drained soils, the aerobic conditions required by
methanotrophs prevail, resulting in CHs uptake and a net
CHa4 sink. When soils become waterlogged, the availability
of oxygen falls and the balance shifts from methanotrophs to
methanogens, with the soil becoming a net source of CHa.
Harriss et al. (1982) observed that whereas swamp soils
under waterlogged conditions operate as a net source of
CHa, during the drought season, high-affinity CH4 oxidation
activity resulted in the direct consumption of atmospheric
CHa. The shift between different environments acting as
either a CH4 source or sink has additionally been observed
in tidal wetlands with shifting water levels (Kelley et al.
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Table 1: Summary of the effect of climate change on methanotrophy

Climate fluctuation parameter _ Effect on CHa References

Elevated temperatures Significant rise in net CHs emissions from wetlands and permafrost (Friborg et al. 1997; Zhuang et al. 2004;
McCalley et al. 2014; Arndt et al. 2019)

Elevated temperatures Altered soil microbial methanogenesis (Inglett ez al. 2012; Yvon-Durocher et
al. 2014)

Elevated temperatures Rise in anaerobic CH4 respiration rate in soils (Dean et al. 2018)

Elevated temperatures Decreased methanogenic respiration rates of CH4 in wetland soils (Chen et al. 2020b)

Elevated temperatures Enhanced CH4 emissions in forest soils but not in floodplains (Gontijo et al. 2024)

Elevated temperatures Aerobic methanotrophic could potentially lessen emissions of CH4emissions (Roldén et al. 2022)

Increased precipitation
Flooding conditions
Elevated CO: levels
Elevated CO: levels
Elevated COzlevels

Raised temperatures and

Significantly increase in CHs release (30%)

Elevated emissions of CH4from floodplain soils

Significant reduction (70%) of the abundance of methanotrophic bacteria
Substantial reduction (30%) in CHa4 consumption by soil microbes

Increase in CHa release from rice paddies in the shorter term, although reduced
production of CHs in the longer term

Increase in methanogenesis with higher CO: concentrations and concomitant

(Neumann et al. 2019)
(Gontijo et al. 2024)
(Kolb et al. 2005)
(Phillips et al. 2001)
(Tian et al. 2024)

(Wang et al. 2024)

elevated CO; concentrations  elevated temperatures.
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Fig. 2: Methanotrophs and methanotrophic metabolism for utilizing CH,4

1995), tropical peatlands (Melling et al. 2005) and rice
paddies (Cai et al. 2016). Cai et al. (2016) observed that
high-affinity CH4 oxidation in rice paddies was rapidly
induced during the low-affinity oxidation of high CHa
levels. This high-affinity activity was, however, gradually
lost over two weeks but was able to be repetitively resumed
when the soil was flushed again with higher CHa levels.

The effect of climate change on methanotrophy

Although the capture of CH4 by methanotrophs is the largest
terrestrial sink for this greenhouse gas, CH4 is only second
to CO2 as the most important greenhouse gas concerning
climate change. Understanding the responses of
microorganism-mediated CH4 variations to climate
fluctuations is therefore vital to accurately predict future
CH4 emissions. A summary of the effect of various climate
change parameters on methanotrophy, reported in this
review, is presented in Table 1.

Environments above 45 degrees latitude have
undergone more significant environmental changes from
global warming compared to those at lower latitudes,
experiencing higher average air temperatures, increased
precipitation, and permafrost thawing (Vitt et al. 2000). Ice
cores obtained from the Antarctic and Greenland indicate
that changes in atmospheric CO. and CHas levels are
strongly linked to historical temperature variations (Petit et

al. 1999; Monnin et al. 2001), which implies an association
between temperature and the sources of these gasses.
Studies carried out in high-latitude soils from the northern
hemisphere indicated that global warming may cause a
significant rise in net CH4 emissions from both wetlands and
permafrost in this region (Zhuang et al. 2004), as well as
from Arctic tundra ecosystems (Arndt et al. 2019).
Significant emissions of CH4 have also been observed
owing to permafrost thaw in Northern Sweden, associated
with a switch from hydrogenotrophic methanogenesis,
during the early months of thawing, to partly acetoclastic
methanogenesis later in fully thawed marshy areas
(McCalley et al. 2014). The resultant higher CH4 release
could elevate atmospheric CH4 levels, leading to significant
positive feedback for the worldwide climate. In addition,
earlier spring thaws in arctic environments have been
correlated to elevated CH4 emissions which have been
detected earlier in the year (Friborg et al. 1997). Although
higher temperatures associated with global warming could
potentially increase the activities of both methanogenic and
methanotrophic bacteria, it is still unclear how this may
influence net global CH4 emissions.

Temperature appears to have a profound effect on the
ecology of methanogens and various studies have
demonstrated that soil microbial methanogenesis is
greatly influenced by temperature (Inglett et al 2012;
Yvon-Durocher ef al. 2014) indicating that anaerobic CH4

4
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respiration rate in soils is likely to increase sharply as global
temperatures rise (Dean et al. 2018). In semi-arid regions,
soil moisture is influenced by evapotranspiration due to
elevated temperatures, suggesting that CH4 fluctuations can
be driven by temperature changes (Dijkstra et al. 2011).
Chen et al. (2020a) have carried out a study using anaerobic
wetland soils in the Tibetan plateau to assess whether
methanogenesis by microbes displays a compensatory
reaction to changes in temperature. The results indicated
that methanogenic respiration rates of CH4 increased with
cooling while decreasing with experimental warming, which
was largely explained by alterations in the composition of
methanogenic species in the microbial populations. This
aligns with long-term studies on aerobic soils, which
suggest that a compensatory response from the microbial
community can significantly mitigate the effects of
temperature variations on soil CO: respiration rates in
various environments (Chen et al. 2020b). This is in
agreement with long-term studies on aerobic soils which
indicate that counteractive responses of bacterial
communities can significantly diminish the effect of
changes in temperature on CO: respiration rates in
environments such as grasslands and forests (Crowther et al.
2016; Dacal et al. 2019). In a study investigating CH4
cycling under various climate change scenarios, soils from
two Amazon floodplains and an upland forest in the
Amazon basin were subjected to a 3°C temperature increase
and flooding using a microcosm experiment (Gontijo et al.
2024). Although CHa fluxes were not affected by the
elevated temperatures in the floodplains, prolonged flooding
of the forest soils at elevated temperatures (30°C) enhanced
CHs emissions, highlighting the variability of CHa release
from different soil types under different environmental
conditions (Gontijo et al. 2024). From the evaluation of
freshwater lake sediments in Antarctica, it appeared
however that aerobic methanotrophic species could
potentially lessen emissions of CHs in climate-sensitive
areas such as the polar regions when they are exposed to
higher temperatures (Roldan et al. 2022). In evaluating the
effects of temperature on methanotrophic communities, an
important consideration may be methanotroph physiology,
since physiological adjustments have been observed in the
genus Methylobacter, leading to thermal acclimation and
shifts in CH4 consumption (Tveit et al. 2023).

Changes in precipitation can be directly related to
global warming, where elevated temperatures can result in
faster evaporation and surface drying, in turn increasing the
duration of droughts (Trenberth 2011; Feng et al. 2019).
Altered rainfall patterns can have both direct and indirect
effects on CHa production. Aspects including the type of
ecosystem, the activity of methanogenic bacteria, and the
characteristics of the soil can all affect the magnitude of
these effects. Drier conditions could promote oxygen
availability, leading to more favourable conditions for
methanotrophs with a consequent reduction in net CHg
emissions. Conversely, excessive rainfall in other areas

could lead to greater expanses of waterlogged environments
which would favour methanogenesis and net CHs
emissions. In northern latitudes such as Alaska, where soil
and air temperatures are often mismatched, it has been
shown that rainfall can act as a significant conveyor of
thermal energy into soils (Neumann et al. 2019). In this
study, a thawing wetland was rapidly warmed by spring
rainwater entering the soils, which significantly elevated
CHa4 release by approximately 30% (Neumann et al. 2019).
It is anticipated that Northern latitudes may receive more
precipitation in the future (Bintanja and Andry 2017) and by
heating soils and elevating CHa4 emissions, it has been
postulated that global warming related to permafrost thaw
could be augmented by higher precipitation levels
(Neumann et al. 2019). An investigation on the effect of
flooding of different soil samples from the Amazon basin
demonstrated CHas emissions from floodplain soils in
response to flooding conditions, while non-flooding
conditions encouraged CHa uptake. In contrast, soils from
an upland forest in the same area demonstrated a reduced
capability to act as a CHa sink when exposed to dry and
warm conditions (Gontijo ef al. 2024).

As with CH4, average atmospheric concentrations of
COz have been rapidly increasing and are currently around
415 mg. kg'!, largely as a result of burning of fossil fuels.
The UK Met Office has predicted that if the build-up of CO2
continues at current rates, CO: concentrations in that
atmosphere will have passed 560 mg. kg! by 2060. This is
significant in relation to CH4 in that the abundance of
methanotrophic bacteria of both the Methylosinus group

(class Alphaproteobacteria) and the
Methylosarcina/Methylobacter group (class
Gammaproteobacteria) group were shown to be

significantly reduced (by 70%) in samples of soil from
locations with a CO»-enriched atmosphere (Kolb et al. 2005).
In addition, a substantial reduction in CH4 consumption by
soil microbes has been observed when CO: levels are
elevated (Phillips ef al. 2001). Data from the study indicated
a 30% decrease in CH4 consumption in woodland soils,
related to increasing atmospheric COz levels, which would
substantially reduce the sink strength of these environments
leading to positive feedback on the greenhouse effect. This
phenomenon could be explained by data showing that soil
moisture strongly predicted variability in CH4 uptake by soil
microbes (McLain et al. 2002), where CH4 sink ability is
probably inhibited by moisture-restricted dissemination of
both CH4 and Oz into the soils. Interestingly, Zhuang et al.
(2004) have also observed that root exudate alterations,
connected to climate-induced augmentation of plant growth,
can likewise elevate CHa release due to these exudates
enhancing the bioavailability of carbon and thus consequently
enhancing methanogenesis. Although it appears that elevated
COz levels increase the release of CHs from rice paddies in
the shorter term, the effect of elevated CO: levels on CHa
emissions can change over time, indicating the flexibility of
CHa-emitting microbes (Tian ef al. 2024). In this regard, Yu
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Table 2: Summary of the effectiveness of various strategies to mitigate CH4 emissions

Strategy to reduce CH4 emissions

Effectiveness of strategy

References

Regeneration of natural forests following land-use change

Soil aeration of agricultural soils
Reforestation of native woodlands

Reestablishing degraded land back to native vegetation

Short-term draining practices in rice paddies carried out numerous
times

Keeping the soil dry during the non-growing season in rice paddies

Addition of organic fertilisers such as straw and pig manure to rice
paddies

Addition of pig slurry to rice paddies before seeding followed by
nitrogen-rich topdressing

Addition of ammonium sulphate fertilizer to rice paddies

Nutritional interventions for livestock include concentrates,
supplementation of oils to the diet and optimising protein intake
Halogenated compounds added to cattle feed inhibit methanogenic
bacteria

Propionate precursors (fumarate or malate) added to cattle feed
Addition of red seaweed (4Asparagopsis taxiformis) to cattle feed

More than a hundred years for the CHs sink potency of
forested soils to recover

Boost methanotrophic activity and CH4 uptake

Around 50 years required after reforestation before
significant increases in CH4-oxidation occurs

Little effect on CH4 flux

A large flush of CH4 directly following each drainage,
followed by a rapid reduction in CHs flux

Substantial decreases in CH4 emissions

Increased CHs emissions

No increase in CH4 emissions, therefore, may be a good
option for replacing artificial fertilisers without
compromising sustainability

Inhibits methanogenesis by promoting the increase of
sulphate-reducing bacteria

Can reduce CHs emissions but add to feed costs

Effects of adding these compounds are only transitory

Large quantities are required to be effective
Reduction of enteric CH4 generation by over 80%

(Smith et al. 2000)

(Davidson et al. 2024)
(Nazaries et al. 2011)

(McDaniel et al. 2019)
(Yagi et al. 1997)

(Cai et al. 2000; Xu et al.
2003)
(Bossio et al. 1999)

(Moreno-Garcia et al.
2020)

(Neue 1997)

(MacHmiiller et al. 2000;
Clark et al. 2023)

(Nevel and Demeyer
1992)

(Newbold et al. 2005)
(Roque et al. 2021)

et al. (2022) observed that long-term (> 10 years) CH4
release from rice paddies declined due to the enhancement of
CHa4 oxidation, in addition to reduced production of CHa.
Further studies using a multifactorial approach across
different ecosystems to consider the synergistic or
antagonistic effect of all these variables such as temperature,
precipitation and CO: concentrations on microorganism-
mediated CHa4 flux are however required. In this regard,
(Wang et al. 2024) evaluated CH4 fluxes from rice paddies
under conditions of both raised temperatures and elevated
CO2 concentrations and observed an increase in
methanogenesis with higher CO2 concentrations, which was
especially  noticeable  with  concomitant  elevated
temperatures.

Managing microbial communities to reduce CHs4 emissions

Reducing CH4 emissions is an important aspect of lessening
the impacts of global warming. Since methanotrophs are
responsible for the biological oxidation of CHas both directly
from the atmosphere and from the soil, it may be
theoretically conceivable to mitigate a substantial share of
global CH4 discharge by managing these microbial
communities in various environments. Table 2 provides a
summary of the effectiveness of various strategies to mitigate
CH4emissions by managing microbial communities.
Worldwide, previous solutions to the ongoing task of
producing additional food have been to transform natural
environments into agroecosystems, although concerns
regarding the sustainability of these practices are now being
raised. These concerns include questions regarding increases
in soil greenhouse gas release due to changes in land use.
Calculations have shown that the global soil CHs sink has
declined by approximately 71% due to the transformation of

natural soils for agricultural use, indicating the significant
effect of land use change on greenhouse gas emissions
(Smith et al. 2000). Soil compaction by livestock or
agricultural machinery drives CHa flux towards becoming a
net source of CH4, by decreasing soil macropore sites and
exacerbating soil anoxia (Sitaula et al. 2000; Liu et al.
2007). Methane oxidising bacteria are stratified in soils
depending on the CHa:0z ratio (Reim et al. 2012) and after
disturbance of soils due to compaction or tillage, it may take
a long time for the spatial distribution of the methane
oxidising bacteria community to re-establish. A study has
estimated that it could take more than a hundred years for
the CHa sink potency of forested soils in Northern Europe to
recover from disruption because of land-use change (Smith
et al. 2000). Methane oxidising bacteria populations appear
to recover over time in afforested soils owing to decreased
compaction, improved water-filled pore space and lower
concentrations of ammonium (Hiltbrunner et al. 2012).
Davidson et al. (2024) have suggested that soil aeration is
one of the best ways to boost methanotrophic activity in
agricultural soils.

Changes in land use management have been shown to
influence CH4 oxidation by altering the composition of the
methanotrophic community (Ojima et al. 1993). In addition,
land use change has been shown to elevate CHa variability
while reducing the strength of the CH4 sink in upland topsoil
(Nazaries et al. 2011). About 30-50% of the terrestrial CHa
sink consumed by methanotrophs occurs in temperate forest
soils (Ojima et al. 1993) but logging and deforestation alter
these forest soils from a net absorber of CHa to a net emitter
(Keller et al. 1990; Zerva and Mencuccini 2005). In a study
by Nazaries et al. (2011) on volcanic soils in New Zealand,
CHa4 oxidation was determined following the reforestation of
native woodlands after being burnt. Their results indicated
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that the establishment of a methanotrophic community is
required before significant increases in CH4-oxidation rates
could occur and that around 47 years may be required after
reforestation to reestablish a stable community of
methanotrophic organisms comparable to that of an
established native forest. These results suggest microbial
control of CHa4 changes and identify the requirement to
account for this response to afforestation and reforestation in
predictions of CH4 emissions (Nazaries et al. 2011). A meta-
analysis conducted by McDaniel et al. (2019) proposes that
reestablishing degraded land back to native vegetation would
however have little effect on CH4 and N2O flux.

In flooded soils such as rice paddies, the breakdown of
organic matter in waterlogged rice paddies generates CH4
where oxygen transfer in saturated soils increases
methanogen activity (Lakhani et al. 2017). Although
temporary draining methods carried out numerous times
during the immersion of rice paddies produced a large flush
of CHa directly following each drainage, a rapid reduction in
CHs flux followed this (Yagi et al. 1996). These results
demonstrate that CH4 emissions from rice paddies can be
significantly lowered using short-term draining practices and
that a key strategy for mitigating CH4 emissions from these
fields is the enhancement of water management practices. In
addition, keeping the soil dry during the non-growing season
substantially decreases emissions of CHs from cultivated
wetland rice soils (Cai ef al. 2000; Xu et al. 2003). During
the development of practices to lessen CHa release from rice
paddies and other similar environments, it is also important
to consider that practices focussing on mitigating CH4
release can result in increases in the release of other
greenhouse gasses such as N2O (Lagomarsino et al. 2016),
although N20 does have a much lower GWP than CHa.

Another promising option to reduce CHs release from
rice paddies is to alter the management of organic materials
by stimulating aerobic decomposition by composting into
the soil during the non-growing season when the fields are
drained (Yagi et al. 1997). The types of fertilisers used in
paddies can also influence CH4 emissions where CHa
emission is significantly higher in paddies fertilized with
organic manures compared to those treated with chemical
fertilisers (Traore et al. 1999). The addition of organic
fertilisers such as straw and pig manure has been shown to
increase CH4 emissions owing to the additional carbon input
(Bossio et al. 1999). Moreno-Garcia et al. (2020) applied
pig slurry as an alternative to mineral fertilisers to rice
paddies in Northern Spain and observed that the addition of
large amounts of pig slurry before rice seeding in soils with
lower organic matter content amplified CH4 release when
compared to mineral fertilization. Conversely, the addition
of pig slurry before seeding followed by nitrogen-rich
topdressing to complement the crop needs did not result in
increased CH4 emissions. These data led the authors to
conclude that organic fertilisers such as pig slurry may be a
good option for replacing artificial fertilisers without
compromising the sustainability of growth in rice fields.
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Fig. 3: Methane production in ruminants by methanogenic
bacteria

Although greater fertilization with nitrogen has also been
shown to inhibit CH4 uptake by impeding the activity of
methanotrophs (Wang and Ineson 2003), the inhibition of
methanogenesis using fertilisers such as ammonium
sulphate promotes the increase of sulphate-reducing bacteria
at the expense of methanogenic species (Neue 1997). Taken
together, these data suggest that the application of different
types of fertilisers to rice paddies can substantially influence
CH4 emissions from these environments, although further
studies on the replacement of chemical fertilisers with
organic fertilisers are still required.

With regards to ruminant livestock, emissions of CHa4
are largely from the breakdown of organic materials
anaerobically via bio-methanogenesis, where the CHs
produced in the rumen is absorbed across the intestinal wall
into the blood and moved to the lungs where it is expelled.
In ruminants, methanogens utilise H> and CO: to produce
CHa4 as shown in Fig. 3.

Methane release from ruminants decreases nutrient
utilization efficiency, making it important to manipulate the
rumen microbial environment to lower emissions of CHa,
serving the dual purpose of augmenting the productivity of
the animals while also reducing CHs impact on global
warming. The management of the ruminal hydrogen
pathways has been shown to provide the potential to control
or manipulate ruminant CH4 emissions (Tseten et al. 2022).
Nutritional intervention strategies to reduce CH4 emissions
from livestock include using concentrates, supplementation
of oils to the diet (MacHmiiller et al. 2000), optimising
protein intake (Clark et al. 2023) and improving pasture
quality. The addition of dietary additives that affect
methanogenic bacteria in the rumen has also been proposed
as a possible agent to reduce CHs emissions.

Halogenated compounds inhibit methanogenic
bacteria (Nevel and Demeyer 1992), but often their effects
are only transitory and while a decrease in CHs emissions
has been observed with probiotics such as yeast cultures,
these are often only non-significant reductions (McGinn et
al. 2004). Propionate precursors such as fumarate or malate
serve as alternate hydrogen acceptors and cut down CHa
generation (Newbold et al. 2005), but large quantities are
required to obtain a notable response, making this an
expensive option. The addition of red seaweed
(Asparagopsis taxiformis) to cattle feed was shown to
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reduce enteric CH4 generation by over 80%, suggesting that
this is a potential additive to animal feeds that could
substantially reduce the carbon footprint of cattle
(Roque et al. 2021). Red seaweed contains structural
analogues of CH4 called bromoform, which inhibits the
generation of CH4 by inhibiting the final stage of methyl
relocation by the MCR complex. Finally, hormonal products
such as bovine somatotropin can reduce CHs emissions
through effects on animal metabolism. Cattle breeding
programmes focused on host genetic factors that alter
microbial responses are potential strategies for reducing CH4
emissions from cattle. The goal would be to develop
livestock that maintains microbial communities emitting less
CH4 without compromising the animals' well-being and
productivity. Since concentrations are too low for
economical capture, CHa capture from ruminant housing is
not, however, deemed a feasible option to reduce CHs
emissions from livestock.

Other potential benefits of methanotrophs

Due to the abundance of excess CHs4 in certain
environments and industries, the conversion of CHs into
high-value end products has gained significant attention.
While landfill sites are significant sources of CHs
production, across the world, many sites now routinely
gather CH4, which can then either be used for on-site
electricity generation, or the CH4 can be piped directly into
the local gas supply network, providing the benefit of
reduced CHa emissions while also avoiding the use of fossil
fuels. Adding cover soils to landfill sites is an effective
technique for enhancing CH4 removal since this provides
soil for methanotrophic microbes to flourish (Nisbet-
Jones et al. 2022). The anaerobic digestion of various
organic materials and wastes can exploit methanogenesis
for CH4 harvesting, avoiding the release of gasses such
as N20 and CHa that occur when these materials are
applied to soils He et al. (2023) identified the methanotroph
Methylotuvimicrobium buryatense as a good candidate for
CHa4 removal at emission sites such as anaerobic digestors,
gas wells and landfills since this species demonstrates rapid
CHa uptake, even at low CHa4 concentrations.

Methanotrophs could also be employed for the
bioconversion of CHs into bioplastics, methanol, ectoines,
exopolysaccharides and single-cell proteins (Zappi et al.
2020; Guerrero-Cruz et al. 2021), in addition to being
used to produce useful compounds such as vitamin B12,
biopolymers, organic acids and short-chain fatty acids
using CHa4 as the carbon source (Strong ef al. 2015;
Comer et al. 2017). The production of single-cell proteins
from methanotrophs, utilized for animal feed in
agriculture, is possible using CHs from natural gas
(Wang et al. 2020). As an added advantage to reducing
CHa4 emissions from rice paddies, it has also been shown
that certain methanotrophs, including genera such as
Methylobacter, Methylomonas and Methylocucumis can

be utilized as bio-inoculants for rice agriculture,
significantly reducing nitrogenous fertilizer requirements
(Cao et al. 2022; Mohite et al. 2023).

Methanotrophic bacteria offer significant potential for
remediating polluted locations (Ahmadi and Lackner 2024),
and are known to degrade chlorinated and halogenated
hydrocarbons (Lee et al. 2006; Le et al 2021) and
persistent organic pollutants such as pentachlorophenol
and trichloroethylene (Fenibo et al. 2023) which act as
major aquatic contaminants. Since the oxidative
degradation of persistent organic pollutants by
methanotrophs only generates very low levels of toxic
intermediates, this is a substantially more sustainable
approach to treating contaminated water sources, compared
to reductive dehalogenation pathways utilized by other
microbes (Dutta et al. 2022).

Conclusions

The effects of climate change are complex and far-reaching,
affecting nearly every aspect of life on Earth. Immediate
action is therefore necessary to reduce the emissions of
greenhouse gasses before they become irreversible. Global
warming is widely recognized as the leading environmental
challenge currently facing the world, and mitigating its
effects is a priority for many countries. The advancement of
innovative approaches to lower CHa release from all key
emitting sources is required, and a significant opportunity
exists to reduce the rate of the warming of the planet by the
middle of this century. A study by Ocko et al. (2021) has
estimated that implementing these mitigation strategies to
reduce CH4 emissions could slow down the rate of warming
by approximately 30% and potentially avoid 0.25°C of
additional global-mean warming by 2050. The Climate and
Clean Air Coalition (https://www.ccacoalition.org/) claims
immediate and long-lasting benefits for climate,
agriculture, and human health by reducing CHas
emissions by 45% by 2030. Mitigation efforts at this
level could potentially prevent 255,000 deaths from
cardiovascular and respiratory diseases, 26 million tons
of crop losses, the loss of 73 billion work hours as a
result of heat exposure and 775,000 asthma-related
hospital visits every year, which would equate to a global
saving of approximately US$ 470 billion annually.

Studies on microorganisms and their role in climate
change are limited, even though potential changes in
microbial biodiversity and processes could play a crucial role
in modulating emissions of many greenhouse gasses.
Although microorganisms in some instances contribute
negatively to climate change, they correspondingly have the
potential to make an immense contribution to mitigation
efforts. Many factors influence the balance of microbes
acting as a sink or consumer of greenhouse gasses. As
discussed in this review, temperature, CO levels and
precipitation have all been shown to have a profound effect
on the ecology of methanogens, although it may be
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theoretically possible to mitigate a considerable portion of
global CH4 emissions by managing microbial communities
in various environments by reviewing land use and farming
management practices. Recommendations include improving
conditions for methanotrophic activity, such as oxygenation
in wetlands, to increase CH4 uptake, managing water levels
or adding organic amendments to rice paddies to reduce CH4
emissions and including methanotrophic biofilters on
landfills to oxidize CHa4 as it escapes from decomposing
organic matter. Future research thrusts in this area could
include the design of genetically engineered methanotrophs,
using CRISPR or other synthetic biology techniques, to
increase their CH4 uptake rate or expand their environmental
tolerance, making them more effective in diverse conditions
or using advanced molecular and bioinformatics tools to
profile methanotroph communities, and explore how these
organisms adapt to environmental changes. In addition, the
feasibility of deploying methanotrophs in specific
environments to reduce CHas emissions still needs to be
assessed, considering the scalability and potential
environmental risks of such an intervention.

Therefore, although microbes offer significant
prospects for alleviating many of these human-induced
issues,  further = multifactorial  studies  assessing
environmentally relevant conditions are still required to
further elucidate these processes since what we have
currently learnt in this field is incomplete and often very
difficult to interpret. An ongoing effort is therefore needed
to overtly incorporate microorganisms in future technology
and policy developments.

Acknowledgements

This work was supported by the Institutional Research Fund
of the University of South Africa.

Author Contributions

SMT conceptualised, designed, and wrote the manuscript.
TER revised and finalised the manuscript. Both authors read
and approved the final manuscript.

Conflict of Interest

No potential conflict of interest was reported by the authors.
Data Availability

No new data were generated during this study.

Ethics Approval

Not applicable.

References

Ahmadi F, M Lackner (2024). Recent findings in methanotrophs: genetics,
molecular ecology, an biopotential. Appl Microbiol Biotechnol
108:1-21

Arndt KA, WC Oechel, JP Goodrich, BA Bailey, A Kalhori, J] Hashemi, C
Sweeney, D Zona (2019). Sensitivity of methane emissions to later
soil freezing in Arctic tundra ecosystems. J Geophys Res Biogeosci
124:2595-2609

Bhatti UA, MA Bhatti, H Tang, MS Syam, EM Awwad, M Sharaf, YY
Ghadi (2024). Global production patterns: Understanding the
relationship between greenhouse gas emissions, agriculture greening
and climate variability. Environ Res 245:118049

Bintanja R, O Andry (2017). Towards a rain-dominated Arctic. Nat Clim
Chang 7:263-267

Bolan S, LP Padhye, T Jasemizad, M Govarthanan, N Karmegam, H
Wijesekara, D Amarasiri, D Hou, P Zhou, BK Biswal, R
Balasubramanian, H Wang, KHM Siddique, J Rinklebe, MB
Kirkham, N Bolan (2024). Impacts of climate change on the fate of
contaminants through extreme weather events. Sci Tot Environ
909:168388

Bossio DA, WR Horwath, RG Mutters, CV Kessel (1999). Methane pool
and flux dynamics in a rice field following straw incorporation. Soi/
Biol Biochem 31:1313-1322

Broucek J (2014). Production of Methane Emissions from Ruminant
Husbandry: A Review. J Environ Prot 5:1482—-1493

Cai Y, Y Zheng, PLE Bodelier, R Conrad, Z Jia (2016). Conventional
methanotrophs are responsible for atmospheric methane oxidation in
paddy soils. Nat Commun 7: 11728-11737

Cai ZC, H Tsuruta, K Minami (2000). Methane emission from rice fields in
China: Measurements and influencing factors. J Geophys Res Atmos
105:17231-17242

Cao W, Y Cai, Z Bao, S Wang, X Yan, Z Jia (2022). Methanotrophy
Alleviates Nitrogen Constraint of Carbon Turnover by Rice Root-
Associated Microbiomes. Front Microbiol 13:885087-885099

Chen H, Q Gan, C Fan (2020a). Methyl-Coenzyme M Reductase and Its
post-translational modifications. Front Microbiol 11:1-7

Chen H, T Zhu, C Fang, M Nie (2020b). The thermal response of soil
microbial methanogenesis decreases in magnitude with changing
temperature. Nat Commun 11:5733-5739

Clark H, C Pinares-Patifio, CD Klein (2023). Methane and nitrous oxide
emissions from grazed grasslands. /n: Grassland: A global resource,
IGC Proceedings (1993-2023), p:8
https://uknowledge.uky.edu/ige/20/2/8

Comer AD, MR Long, JL Reed, BF Pfleger (2017). Flux balance analysis
indicates that methane is the lowest cost feedstock for microbial cell
factories. Metab Eng Commun 5:26-33

Conrad R (2007). Microbial ecology of methanogens and methanotrophs.
Adv Agron 96:1-63

Conrad R, F Rothfuss (1991). Methane oxidation in the soil surface layer of
a flooded rice field and the effect of ammonium. Biol Fertil Soils
12:28-32

Crowther TW, KEO Todd-Brown, CW Rowe, WR Wieder, JC Carey, MB
MacHmuller, BL Snoek, S Fang, G Zhou, SD Allison, JM Blair, SD
Bridgham, AJ Burton, Y Carrillo, PB Reich, JS Clark, AT Classen,
FA Dijkstra, B Elberling, BA Emmett, M Estiarte, SD Frey, J Guo, J
Harte, L Jiang, BR Johnson, G Kro€l-Dulay, KS Larsen, H Laudon,
IM Lavallee, Y Luo, M Lupascu, LN Ma, S Marhan, A Michelsen, J
Mohan, S Niu, E Pendall, J Pefiuelas, L Pfeifer-Meister, C Poll, S
Reinsch, LL Reynolds, IK Schmidt, S Sistla, NW Sokol, PH
Templer, KK Treseder, JM Welker, MA Bradford (2016).
Quantifying global soil carbon losses in response to warming. Nature
540:104-108

Dacal M, MA Bradford, C Plaza, FT Maestre, P Garcia-Palacios (2019).
Soil microbial respiration adapts to ambient temperature in global
drylands. Nat Ecol Evol 3:232-238

Davidson EA, DR Monteverde, JD Semrau (2024). Viability of enhancing
methanotrophy in terrestrial ecosystems exposed to low
concentrations of methane. Commun Earth Environ 5:487-491

Dean JF, JJ Middelburg, T Rockmann, R Aerts, LG Blauw, M Egger, MSM
Jetten, AEED Jong, OH Meisel, O Rasigraf, CP Slomp, MHI Zandt,
AJ Dolman (2018). Methane feedback to the global climate system
in a warmer world. Rev Geophys 56:207-250

Dijkstra FA, JA Morgan, JCV Fischer, RF Follett (2011). Elevated CO2 and
warming effects on CH4 uptake in a semiarid grassland below




Meddows-Taylor and Ramadwa / Intl J Agric Biol, Vol 33, 2025

optimum soil moisture. J Geophys Res 116:1-9

Dutta N, M Usman, MA Ashraf, G Luo, S Zhang (2022). A critical review
of recent advances in the bio-remediation of chlorinated substances
by microbial dechlorinators. Chem Eng J Adv 12:100359

Feng X, C Liu, F Xie, J Lu, TS Chiu, G Tintera, B Chen (2019).
Precipitation characteristic changes due to global warming in a high-
resolution (16 km) ECMWF simulation. Quart J Royal Met Soc
145:303-317

Fenibo EO, R Selvarajan, H Wang, Y Wang, ALK Abia (2023). Untapped
talents: Insight into the ecological significance of methanotrophs and
its prospects. Sci Tot Environ 903:166145

Frenzel P, F Rothfuss, R Conrad (1992). Oxygen profiles and methane
turnover in a flooded rice microcosm. Biol Fertil Soils 14:84-89

Friborg T, TR Christensen, H Segaard (1997). Rapid response of
greenhouse gas emission to early spring thaw in a subarctic mire as
shown by micrometeorological techniques. Geophys Res Lett
24:3061-3064

Gilfalk M, G Olofsson, P Crill, D Bastviken (2016). Making methane
visible. Nat Clim Chang 6:426-430

Gontijo JB, FS Paula, W Bieluczyk, AG Franga, D Navroski, JA Mandro,
AM Venturini, FO Asselta, LW Mendes, JMS Moura, MZ Moreira,
K Niisslein, BJM Bohannan, PLE Bodelier, JLM Rodrigues, SM
Tsai (2024). Methane-cycling microbial communities from Amazon
floodplains and upland forests respond differently to simulated
climate change scenarios. Environ Microbiome 19:48-67

Guerrero-Cruz S, A Vaksmaa, MA Hom, H Niemann, M Pijuan, A Ho
(2021). Methanotrophs: Discoveries, environmental relevance, and a
perspective on current and future applications. Front Microbiol 12:1-28

Hammandhu RJH, SSA Sakthi (2017). Effective alternative for methane
extraction from earth and solid waste management. Int/ J Res Appl
Sci Eng Technol 5:2224-2227

Harriss RC, DI Sebacher, FP Day (1982). Methane flux in the Great Dismal
Swamp. Nature 297:673—674

He L, JD Groom, EH Wilson, J Fernandez, MC Konopka, DAC Beck, ME
Lidstrom ME (2023). A methanotrophic bacterium to enable
methane removal for climate mitigation. Proc Natl Acad Sci USA
120:35-42

Hiltbrunner D, S Zimmermann, S Karbin, F Hagedorn, PA Niklaus (2012).
Increasing soil methane sink along a 120-year afforestation
chronosequence is driven by soil moisture. Glob Chang Biol
18:3664-3671

Hungate RE (1967). Hydrogen as an intermediate in the rumen
fermentation. Arch Mikrobiol 59:158-164

Inglett KS, PW Inglett, KR Reddy, TZ Osborne (2012). Temperature
sensitivity of greenhouse gas production in wetland soils of different
vegetation. Biogeochemistry 108:77-90

Intergovernmental Panel on Climate Change (IPCC) (2023). Climate
Change 2021 — The physical science basis. Agenda 6:348-366

Keller M, ME Mitre, RF Stallard (1990). Consumption of atmospheric
methane in soils of central Panama: Effects of agricultural
development. Glob Biogeochem Cycles 4:21-27

Kelley CA, CS Martens, W Ussler (1995). Methane dynamics across
a tidally flooded riverbank margin. Limnol Oceanogr 40:1112—
1129

Khadem AF, A Pol, A Wieczorek, SS Mohammadi, KJ Francoijs, HG
Stunnenberg, MSM Jetten, HIMOD Camp (2011). Autotrophic
methanotrophy in verrucomicrobia: Methylacidiphilum fumariolicum
SolV uses the calvin-benson-bassham cycle for carbon dioxide
fixation. J Bacteriol 193:4438-4446

Kolb S, A Carbrera, C Kammann, P Kémpfer, R Conrad, U Jéckel (2005).
Quantitative impact of CO2 enriched atmosphere on abundances of
methanotrophic bacteria in a meadow soil. Biol Fertil Soils 41:337—
342

Kurade MB, S Saha, ES Salama, SM Patil, SP Govindwar, BH Jeon (2019).
Acetoclastic methanogenesis led by Methanosarcina in anaerobic co-
digestion of fats, oil and grease for enhanced production of methane.
Bioresour Technol 272:351-359

Kurth JM, HIMOD Camp, CU Welte (2020). Several ways one goal
methanogenesis from unconventional substrates. Appl Microbiol
Biotechnol 104:6839-6854

Lagomarsino A, AE Agnelli, B Linquist, MA Adviento-Borbe, A Agnelli,
G Gavina, S Ravaglia, RM Ferrara (2016). Alternate wetting and
drying of rice reduced CH4 emissions but triggered N>O peaks in a
clayey soil of central Italy. Pedosphere 26:533-548

Lakhani N, P Lakhani, AA Sheikh, R Rashid Dar, P Dogra, C Amir, A
Sheikh, A Amin Sheikh, R Bhagat (2017). Methanogenesis: Are
ruminants only responsible: A review. J Pharmacogn Phytochem
6:2347-2352

Le HTQ, AD Nguyen, YR Park, EY Lee (2021). Sustainable biosynthesis
of chemicals from methane and glycerol via reconstruction of multi-
carbon utilizing pathway in obligate methanotrophic bacteria.
Microb Biotechnol 14:2552-2565

Lee SW, DR Keeney, DH Lim, AA Dispirito, JD Semrau (2006). Mixed
pollutant degradation by Methylosinus trichosporium OB3b
expressing either soluble or particulate methane monooxygenase:
Can the tortoise beat the hare. Appl Environ Microbiol 72:7503—
7509

Liu C, J Holst, N Briiggemann, K Butterbach-Bahl, Z Yao, J Yue, S Han, X
Han, J Kriimmelbein, R Horn, X Zheng (2007). Winter-grazing
reduces methane uptake by soils of a typical semi-arid steppe in
Inner Mongolia, China. Atmos Environ 41:5948-5958

MacHmiiller A, DA Ossowski, M Kreuzer (2000). Comparative evaluation
of the effects of coconut oil, oilseeds and crystalline fat on methane
release, digestion and energy balance in lambs. Anim Feed Sci
Technol 85:41-60

McCalley CK, BJ Woodcroft, SB Hodgkins, RA Wehr, EH Kim, R
Mondav, PM Crill, JP Chanton, VI Rich, GW Tyson, SR Saleska
(2014). Methane dynamics regulated by microbial community
response to permafrost thaw. Nature 514:478-481

McDaniel MD, D Saha, MG Dumont, M Hernandez, MA Adams (2019).
The effect of land-use changes on soil CHs and N>° fluxes: A global
meta-analysis. Ecosystems 22:1424-1443

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

McLain JET, TB Kepler, DM Ahmann (2002). Belowground factors
mediating changes in methane consumption in a forest soil under
elevated CO,. Glob Biogeochem Cycles 16:1050-1063

Melling L, R Hatano, JG Kah (2005). Methane fluxes from three
ecosystems in tropical peatland of Sarawak, Malaysia. Soil Biol
Biochem 37:1445-1453

Mohite JA, K Khatri, K Pardhi, SS Manvi, R Jadhav, S Rathod, MC
Rahalkar (2023). Exploring the potential of methanotrophs for plant
growth promotion in rice agriculture. Methane 2:361-371

Monnin E, A Indermiihle, A Déllenbach, J Flickiger, B Stauffer, TF
Stocker, D Raynaud, JM Barnola (2001) Atmospheric CO:
concentrations over the last glacial termination. Science 291:112—-114

Moreno-Garcia B, M Guillén, D Quilez (2020). Greenhouse gas emissions
as affected by fertilization type (Pig Slurry vs. Mineral) and soil
management in Mediterranean rice systems. Agronomy 10:493-511

Nayak N, R Mehrotra, S Mehrotra (2022). Carbon biosequestration
strategies: A review. Carbon Cap Sci Technol 4:10065

Nazaries L, KR Tate, DJ Ross, J Singh, J Dando, S Saggar, EM Baggs, P
Millard, JC Murrell, BK Singh (2011). Response of methanotrophic
communities to afforestation and reforestation in New Zealand.
ISME J 5:1832-1836

Neue HU (1997). Fluxes of methane from rice fields and potential for
mitigation. Soil Use Manage 13:258-267

Neumann RB, CJ Moorberg, JD Lundquist, JC Turner, MP Waldrop, JW
McFarland, ES Euskirchen, CW Edgar, MR Turetsky (2019).
Warming effects of spring rainfall increase methane emissions from
thawing permafrost. Geophys Res Lett 46:1393-1401

Nevel CJV, DI Demeyer (1992). Influence of antibiotics and a deaminase
inhibitor on volatile fatty acids and methane production from
detergent washed hay and soluble starch by rumen microbes in vitro.
Anim Feed Sci Technol 37:21-31

Newbold JC, JO Ouda, S Lopez, N Nelson, H Omed, RJ Wallace, AR
Moss (2005). Propionate precursors as possible alternative
electron acceptors to methane in rumen fermentation. Brit J
Nutr 94:151-154

10



The Role of Methanotrophs in Mitigating Climate Change / Intl J Agric Biol Vol 33, 2025

Nisbet-Jones PBR, JM Fernandez, RE Fisher, JL France, D Lowry, DA
Waltham, CAW Maisch, EG Nisbet (2022). Is the destruction or
removal of atmospheric methane a worthwhile option? Phil Trans
Roy Soc 380:2215-2226

Ocko IB, T Sun, D Shindell, M Oppenheimer, AN Hristov, SW Pacala, DL
Mauzerall, Y Xu, SP Hamburg (2021). Acting rapidly to deploy
readily available methane mitigation measures by sector can
immediately slow global warming. Environ Res Lett 16:1-11

Ojima DS, DW Valentine, AR Mosier, W] Parton, DS Schimel (1993)
Effect of land use change on methane oxidation in temperate forest
and grassland soils. Chemosphere 26:675-685

Patra AK (2012). Enteric methane mitigation technologies for ruminant
livestock: A synthesis of current research and future directions.
Environ Monit Assess 184:1929-1952

Peng S, X Lin, RL Thompson, Y Xi, G Liu, D Hauglustaine, X Lan, B
Poulter, M Ramonet, M Saunois, Y Yin, Z Zhang, B Zheng, P
Ciais (2022). Wetland emission and atmospheric sink changes
explain Methane growth in 2020. Nature 612:477-482

Petit JR, D Raynaud, I Basile, J Chappellaz, M Davisk, C Ritz, M Delmotte,
M Legrand, C Lorius, L Pe, E Saltzmank (1999). Climate and
atmospheric history of the past 420, 000 years from the Vostok ice
core, Antarctica. Nature 399:429-436

Phillips RL, SC Whalen, WH Schlesinger (2001). Influence of atmospheric
CO2 enrichment on Methane consumption in a temperature forest
soil. Glob Chang Biol 7:557-563

Reay DS (2003). Sinking methane. Biologist 50:15-19

Reim A, C Liike, S Krause, J Pratscher, P Frenzel (2012). One millimetre
makes the difference: High-resolution analysis of methane-oxidizing
bacteria and their specific activity at the oxic-anoxic interface in a
flooded paddy soil. ISME J 6:2128-2139

Ripple WJ, P Smith, H Haberl, SA Montzka, C McAlpine, DH Boucher
(2014). Ruminants, climate change and climate policy. Nat Clim
Chang 4:2-5

Roldan DM, D Carrizo, L Sanchez-Garcia, RJ Menes (2022). Diversity and
effect of increasing temperature on the activity of methanotrophs in
sediments of fildes peninsula freshwater lakes, King George Island,
Antarctica. Front Microbiol 13:1-16
https://doi.org/10.3389/fimicb.2022.822552

Roque BM, M Venegas, RD Kinley, RD Nys, TL Duarte, X Yang, E
Kebreab (2021). Red seaweed (Asparagopsis  taxiformis)
supplementation reduces enteric methane by over 80% in beef steers.
PLoS One 16:1-20

Schopf JW, BM Packer (1987). Early archean (3.3-billion to 3.5-billion-
year-old) microfossils from Warrawoona Group, Australia. Science
237:70-73

Semrau JD, AA Dispirito, S Yoon (2010). Methanotrophs and copper.
FEMS Microbiol Rev 34:496-531

Singh BK, RD Bardgett, P Smith, DS Reay (2010). Microorganisms and
climate change: Terrestrial feedbacks and mitigation options. Nat
Rev Microbiol 8:779-790

Sitaula BK, S Hansen, JB Sitaula, LR Bakken (2000). Methane oxidation
potentials and fluxes in agricultural soil: Effects of fertilisation and
soil compaction. Biogeochemistry 48:323-339

Smith KA, KE Dobbie, BC Ball, LR Bakken, BK Sitaula, S Hansen,
R Brumme, W Borken, S Christensen, A Priemé, D Fowler,
JA Macdonald, U Skiba, L Klemedtsson, A Kasimir-
Klemedtsson, A Degorska, P Orlanski (2000). Oxidation of
atmospheric methane in Northern European soils, comparison
with other ecosystems, and uncertainties in the global
terrestrial sink. Glob Chang Biol 6:791-803

Strong PJ, S Xie, WP Clarke (2015). Methane as a resource: Can the
methanotrophs add value? Environ Sci Technol 49:4001-4018

Tian MH, LD Shen, WC Su (2024). Research progress on the effects of
elevated atmospheric CO: concentration on CH4 emission and related
microbial processes in paddy fields. Chin J Appl Ecol 35:2267-2281

Traore I, DS Shen, H Min, MC Chen, XS Feng (1999). Effect of different
fertilizers on methane emission from a paddy field of Zhejiang,
China. J Environ Sci 11:89-93

Trenberth KE (2011). Changes in precipitation with climate change. Clim
Res 47:123-138

Tseten T, RA Sanjorjo, M Kwon, SW Kim (2022). Strategies to mitigate
enteric methane emissions from ruminant animals. J Microbiol
Biotechnol 32:269-277

Tveit AT, A Sollinger, EM Rainer, A Didriksen, AG Hestnes, L Motleleng,
HIJ Hellinger, T Rattei, MM Svenning (2023). Thermal acclimation
of methanotrophs from the genus Methylobacter. ISME J 17:502—
513

Vitt DH, LA Halsey, SC Zoltai (2000). The changing landscape of
Canada’s western boreal forest: The current dynamics of permafrost.
Can J For Res 30:283-287

Wang S, Z An, ZW Wang (2020). Bioconversion of methane to chemicals
and fuels by methane-oxidizing bacteria. Adv Bioener 5:169-247

Wang Y, Z Hu, B Gu, J Xing, C Liu, T Liu, S Zhao, X Zhang, L Zhu, Z Xu
(2024). Role of methanogenesis and methanotrophy in CHs fluxes
from rice paddies under elevated CO: concentration and elevated
temperature. Sci Tot Environ 951:175466

Wang ZP, P Ineson (2003). Methane oxidation in a temperate coniferous
forest soil: Effects of inorganic N. Soil Biol Biochem 35:427-433

Whittenbury R, KC Phillips, JF Wilkinson (1970). Enrichment, isolation
and some properties of methane-utilizing bacteria. J Gen Microbiol
61:205-218

Wu H, H Cui, C Fu, R Li, F Qi, Z Liu, G Yang, K Xiao, M Qiao (2024).
Unveiling the crucial role of soil microorganisms in carbon cycling:
A review. Sci Tot Environ 909:168627

Xu H, ZC Cai, H Tsuruta (2003). Soil moisture between rice-growing
seasons affects methane emission, production, and oxidation. Soi/ Sci
Soc Amer J 67:1147-1157

Yagi K, H Tsuruta, K Minami (1997). Possible options for mitigating
methane emission from rice cultivation. Nutr Cycl Agroecosyst
49:213-220

Yagi K, H Tsuruta, KI Kanda, K Minami (1996). Effect of water
management on methane emission from a Japanese rice paddy field:
Automated methane monitoring. Glob Biogeochem Cycl 10:255-267

Yin, Z Zhang, B Zheng, P Ciais (2022). Wetland emission and atmospheric
sink changes explain Methane growth in 2020. Nature 612:477-482

Yu H, G Zhang, L Xia, Q Huang, ] Ma, C Zhu, J Shan, Q Jiang, J Zhu, P
Smith, X Yan, H Xu (2022). Elevated CO: does not necessarily
enhance greenhouse gas emissions from rice paddies. Sci Tot
Environ 810:152363

Yvon-Durocher G, AP Allen, D Bastviken, R Conrad, C Gudasz, A St-
Pierre, N Thanh-Duc, PAD Giorgio (2014). Methane fluxes show
consistent temperature dependence across microbial to ecosystem
scales. Nature 507:488-491

Zappi A, DL Fortela, WE Holmes (2020). An assessment of methanotrophs
producing industrial-grade lipids for biofuels and other commercial
chemicals. Energies 13:3887-3903

Zerva A, M Mencuccini (2005). Short-term effects of clearfelling on soil
COz, CH4, and N>O fluxes in a Sitka spruce plantation. Soil Biol
Biochem 37:2025-2036

Zhuang Q, JM Melillo, DW Kicklighter, RG Prinn, AD McGuire, PA
Steudler, BS Felzer, S Hu (2004). Methane fluxes between terrestrial
ecosystems and the atmosphere at northern high latitudes during the
past century: A retrospective analysis with a process-based
biogeochemistry model. Glob Biogeochem Cycl 18:1-24

11



