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Abstract Methanotrophs are microorganisms that are able to utilize methane as the
electron donor and carbon source. For long, methanotrophs have been widely studied
for their application in environmental biotechnology, due mainly to the exclusive
ownership of the unique enzymes that mediate oxidation of methane to methanol,
namely the particulate methane monooxygenases (pMMO) and soluble methane
monooxygenases (sMMO). Utilizing these methane monooxygenases, methanotrophs
are capable of co-oxidizing a broad range of organic pollutants including chlorinated
ethenes. Thus, methanotrophs have long been studied and utilized as biocatalysts for in
situ bioremediation of soil and aquatic environments contaminated with these xeno-
biotic compounds. Due to the growing concerns in anthropogenically induced climate
change and global warming, methanotrophs have increasingly gained attention also for
greenhouse gas mitigation purposes. Active methane removal using methanotrophic
biofilters of diverse configurations have proven to be effective for treatments of gases
with relatively high methane concentrations, e.g., landfill gases and animal husbandry
tank exhausts. Furthermore, improving the atmospheric methane sink capability of
agricultural soils has been one of the foremost foci of climate-smart soil research. This
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chapter provides an extensive overview of scientific and engineering breakthroughs
geared towards practical applications of methanotroph biotechnology in managing
impending environmental problems.

1 Introduction

Methanotrophs are groups of organisms that are capable of utilizing methane as the
energy and carbon source (Hanson and Hanson 1996; Semrau et al. 2010). Tradition-
ally, only two subgroups belonging to the Proteobacteria phylum (aerobic
alphaproteobacterial and gammaproteobacterial methanotrophs) had been recognized
as methanotrophs; however, the term ‘methanotroph’ is now used in a broader context,
encompassing the aerobic verrucomicrobial methanotrophs, anaerobic archaeal
methanotrophs, and denitrifying methanotrophs of the NC10 phylum, besides the
conventional proteobacterial methanotrophs (Raghoebarsing et al. 2006; Knittel and
Boetius 2009; Op den Camp et al. 2009). These organisms, except for the archaeal
anaerobic methanotrophs, possess and utilize particulate (pMMO) and/or soluble
methane monooxygenases (sMMO), which are the only identified enzymes capable
of catalyzing CH4 oxidation to CH3OH (Semrau et al. 2010). Most, if not all, previous
studies on environmental applications of methanotrophs have focused on aerobic
proteobacterial methanotrophs possessing these MMOs. Therefore, the literature
review in this chapter will be limited mostly to these conventional aerobic
methanotrophs, despite the recently invigorated scientific interests in verrucomicrobial
methanotrophs and anaerobic methanotrophy.

The methane monooxygenases are key to environmental applications of
methanotrophs (Jiang et al. 2010; Wendlandt et al. 2010). Both pMMO and sMMO
have the identical physiological function of catalyzing CH4 turnover to CH3OH in
methanotrophs; however, these two groups of MMOs have distinct evolutionary
history and do not share any structural similarity (Elango et al. 1997; Leahy et al.
2003; Lieberman and Rosenzweig 2005; Khadka et al. 2018). While pMMO are
membrane-integrated cuproenzymes that share the evolutionary lineage with ammo-
nia monooxygenases (AMO), sMMO are structurally and evolutionarily affiliated to
soluble di-iron monooxygenases, which include diverse alkene/aromatic
monooxygenases (Leahy et al. 2003; Khadka et al. 2018). Ecological studies have
suggested that pMMO is the prevalent form of methane monooxygenases in most
environments inhabited by proteobacterial methanotrophs. The pmoA gene, encoding
for the pMMO, has been recovered in a much larger quantity than the mmoX gene
which encodes for the sMMO, in most soil and aquatic environments examined to
date (Rahman et al. 2011). Until recently, no RNA-targeted analysis had been
successful in detecting mmoX transcript in environmental samples, suggesting that
the mmoX is rarely transcribed by methanotrophs in natural environmental settings
(Chen et al. 2007; Liebner and Svenning 2013; Kumaresan et al. 2018). All isolated
proteobacterial methanotrophs, except for the strains belonging to the Methylocella

232 A. Ho et al.



and Methyloferula genera, possess pMMO. Contrastingly, the genes encoding
sMMO are only found in selected subgroups of methanotrophs across diverse
phylogenetic groups within the Proteobacteria (Semrau et al. 2010; Kenney et al.
2016). These different lines of evidence point towards pMMO being more relevant to
overall methanotrophic activity in natural environments, although in vitro incubation
in Cu-depleted medium elevates sMMO expression and activity in methanotrophs
possessing both MMOs, i.e. Methylosinus trichosporium strain OB3b and
Methylococcus strain Bath (Murrell et al. 2000; Kenney et al. 2016).

Attempts to artificially generate methane-oxidizing bacteria using synthetic biol-
ogy approaches have been unsuccessful, and the methanotrophs of the phyla
Proteobacteria, Verrucomicrobia, and NC10 remain as the only groups of organisms
capable of wielding either MMO. Ex vivo activities of isolated MMO enzymes, both
sMMO and pMMO, have been examined, but without success in reproducing in vivo
activity levels or maintaining their reactivity over extended period of time (Fox et al.
1989; Zahn and DiSpirito 1996). Thus, to utilize MMOs for environmental applica-
tions, whole-cell activities of the sMMO- or pMMO-expressing methanotrophs
appears as the most feasible option. Such application of methanotrophs capitalize
on largely two catalytic capabilities of the MMOs: CH4 oxidation to CH3OH, and
involuntary cometabolic mono-oxidation of various mono- and multi-carbon
organics. During the decades spanning 1980s through 2000s, when the public interest
in environmental bioremediation was at its apex, cometabolic degradation of organic
contaminants was the foremost research focus of methanotroph biotechnology
(Semrau 2011).More recently, however, with the growing concern in global warming
and climate change, the focus has shifted towards biological mitigation of CH4

emissions from its major sources, e.g., landfills, animal feeding operations, and rice
paddies. Besides, recent research aims to develop strategies to augment the methane
sink function of the indigenous high-affinity methanotrophs in agricultural soils. In
this chapter, the history of methanotroph biotechnology is summarized and the future
research directions geared towards practical applications of methanotrophs are
posited.

2 Cometabolic Organic Pollutant Degradation

Methanotrophs are capable of degrading various organic compounds utilizing meth-
ane monooxygenases. Particularly, their capability to oxidize various halogenated
organic compounds has been widely studied. The most commonly practiced
approach for bioremediation of chlorinated organic compounds has been the reduc-
tive dechlorination approach, whereby dechlorination serve as the electron acceptor
reaction for selected groups of anaerobic microorganisms, e.g., Dehalobacter spp.
and Dehalococcoides spp. (Holliger et al. 1998; Löffler et al. 2013). The mechanism
of methanotrophic cometabolic degradation is entirely distinct from that of reductive
dehalogenation, in that dehalogenation occurs via an oxidative pathway with O2 as
the electron acceptor (Keck et al. 1989; Alvarez-Cohen and Speitel 2001). Unlike in
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reductive dechlorination, in which halogenated organic compounds are utilized as
growth substrates, these organic contaminants cannot serve as growth substrates for
methanotrophs and can be co-oxidized only in the presence of CH4. Thus, supply of
CH4 (the electron donor and carbon source) and O2 (electron acceptor) need to be
ensured to maintain activity of methanotrophs as they cometabolically oxidize
halogenated organic compounds.

Methanotrophic co-oxidation of halogenated hydrocarbons is catalyzed byMMOs
(Semrau et al. 2010). In general, the copper-free sMMOs have been observed with
higher reactivity towards non-CH4 substrates than the copper-dependent pMMOs
(Lee et al. 2006; Yoon and Semrau 2008). Thus, initial research efforts for haloge-
nated hydrocarbon degradation were focused on utilization of sMMO-expressing
methanotrophs (Oldenhuis et al. 1991; vanHylckamaVlieg et al. 1996). Although the
high metabolic rate of sMMO towards chlorinated hydrocarbons is certainly attrac-
tive, the sMMO-utilizing approach has limitations in its practical applications. The
expression of sMMO is tightly regulated by copper and the near-complete absence of
copper necessitated for sMMO expression is rare in terrestrial environments (Murrell
et al. 2000). In fact, mmoX transcripts are rarely detected in molecular analyses
targeting RNA in CH4-oxidizing soils (Chen et al. 2007, 2008; Lee et al. 2009).
Thus, the effectiveness of sMMO-catalyzed halogenated hydrocarbon oxidation is
questionable in in situ bioremediation. As cometabolic substrates are often compet-
itive inhibitors to methane oxidation and cometabolic oxidation often generates toxic
intermediates, the high affinity and reactivity of sMMO towards chlorinated hydro-
carbon compounds may act against establishment of methanotroph population when
the contaminants are present at high concentrations (Alvarez-Cohen and McCarty
1991; Lee et al. 2006). Therefore, several researches have investigated pMMO-
mediated halogenated hydrocarbon as an alternative, despite of the low reactivity of
pMMO towards non-CH4 compounds (Anderson and McCarty 1997; Lontoh and
Semrau 1998; Han et al. 1999).

The xenobiotic halogenated hydrocarbons targeted by methanotrophic cometabolic
degradation and the kinetic parameters experimentally determined with laboratory
strains of methanotrophs expressing sMMO or pMMO are summarized in Table 1.
Majority of these biodegradation experiments were performed withM. trichosporium
OB3b (Alphaproteobacteria) and M. capsulatus Bath (Gammaproteobacteria) at the
sMMO-expressing condition, i.e., in absence of copper. Degradation of trichloroeth-
ylene (TCE), cis- and trans-dichloroethylene (c- and t-DCE), and vinyl chloride (VC),
among many other one- or two-carbon halogenated compounds have also been
confirmed with pMMO-expressing methanotrophs, including those lacking mmoX
gene (Han et al. 1999).

Biodegradation of the chlorinated ethenes using the methanotrophic
cometabolism attracted particular interests during the decades spanning the 1980s
to 2000s. Although methanotrophic cometabolic degradation had a major drawback
in its field application, in that it demands continuous supply of CH4 and O2 to the
target contaminated sites, cometabolic degradation has certain advantages over
reductive dechlorination in removal of chlorinated ethenes. The most toxic form of
the chlorinated ethenes is VC. Even though Dehalococcoides spp. capable of
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Table 1 Apparent whole-cell Michaelis-Menten rate constants determined for cometabolic degra-
dation of halogenated hydrocarbons by methanotrophs expressing either particulate or soluble
methane monooxygenases

Compounda Methanotrophb MMOc
Vmax

[nmol min�1�(mg protein)�1]d
Km

(μM) References

TCE BG8 pMMO 4.3 59 Han et al.
(1999)

OB3b pMMO 214 15 Lontoh
et al. (1999)

OB3b sMMO 580e 145 Oldenhuis
et al. (1991)

Mixed pMMO 1.3 44 Forrester
et al. (2005)

VC BG8 pMMO 7 30 Han et al.
(1999)

OB3b pMMO 42 26 Lee et al.
(2006)

OB3b sMMO 2100 160 Lee et al.
(2006)

Mixed pMMO 9.9 47 Forrester
et al. (2005)

c-DCE BG8 pMMO 0.12 0.8 Han et al.
(1999)

Mixed pMMO 0.52 3.1 Forrester
et al. (2005)

OB3b sMMO 364e 30 Oldenhuis
et al. (1991)

t-DCE BG8 pMMO 43 60 Han et al.
(1999)

OB3b sMMO 662e 148 Oldenhuis
et al. (1991)

OB3b pMMO 61 42 Lee et al.
(2006)

1,1-DCE BG8 pMMO 0.23 2.5 Han et al.
(1999)

OB3b sMMO 12e 5 Oldenhuis
et al. (1991)

DCM BG8 pMMO 33 73 Han et al.
(1999)

OB3b pMMO 235 32 Lontoh
et al. (1999)

OB3b sMMO 66e 4 Oldenhuis
et al. (1991)

(continued)
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reducing VC (C2H3Cl) to innocuous ethene (C2H4) have been discovered and micro-
bial consortia capable of complete reduction of chlorinated ethenes have been fully
commercialized, VC remains to be the most recalcitrant intermediate in the reductive
dechlorination pathway (He et al. 2003a, b; Ritalahti et al. 2005; Popat and Deshusses
2009). Thus, VC accumulation is unavoidable in bioremediation practices employing
reductive dechlorination. In methanotrophic cometabolism, regardless of whether
sMMO or pMMO is involved, oxidization of TCE and c- and t-DCE does not leave
stable toxic intermediates and VC is the most rapidly degraded compound of the
chlorinated ethenes (van Hylckama Vlieg and Janssen 2001; Lee et al. 2006).

Methanotrophs are also less vulnerable to adverse changes to environmental
conditions than VC-respiring Dehalococcoides spp., which are easily inactivated
by O2 exposure or modest changes to pH or salinity (Amos et al. 2008; Islam et al.
2016; Matturro et al. 2016; Yang et al. 2017a; Ho et al. 2018). Methanotrophic
degradation of chlorinated ethenes have been examined only at the neutral-pH
conditions; however, diverse groups of acidophilic and halophilic methanotrophs
harboring pMMO and/or sMMO have been isolated, suggesting that acidophilic or
halophilic biological degradation of chlorinated ethenes, including VC, may be
feasible (Kip et al. 2011; Semrau 2011). No VC-to-ethene reduction activity has
been observed in acidic VC-to-ethene reduction or saline environments to date
(Kittelmann and Friedrich 2008; Yang et al. 2017b). Reductive dehalogenation of
chlorinated ethenes at pH 5.5 had resulted in permanent stoichiometric accumulation
of VC inD. mccartyi cultures, suggesting complete inactivation of VC reductase and
potential VC accumulation from PCE or TCE in contaminated acidic soil (Yang et al.
2017a). Biostimulation or, if necessary, bioaugmentation of acidophilic or halophilic
methanotrophs may be a plausible alternative for removal of residual VC from such
environments recalcitrant to the reductive dechlorination approach.

Table 1 (continued)

Compounda Methanotrophb MMOc
Vmax

[nmol min�1�(mg protein)�1]d
Km

(μM) References

CF OB3b sMMO 1096e 34 Oldenhuis
et al. (1991)

DBM BG8 pMMO 45 171 Han et al.
(1999)

1,1,1-TCA OB3b sMMO 48 214 Oldenhuis
et al. (1991)

aTCE, trichloroethylene; VC, vinyl chloride; c-DCE, cis-dichloroethylene; t-DCE, trans-
dichloroethylene; 1,1-DCE, 1,1-dichloroethylene; DCM, dichloromethane; BF, bromoform; CF,
chloroform; DBM, dibromomethane; 1,1,1-TCA, 1,1,1-trichloroethane
bBG8, Methylomicrobium album strain BG8; OB3b, Methylosinus trichosporium strain OB3b;
Mixed, Uncharacterized mixed methanotrophic culture
cpMMO, particulate methane monooxygenase; sMMO, soluble methane monooxygenase
dMethanotrophs were cultured at 30 �C with addition of 20 mM formate
eConverted from the reported units of mL min�1 (mg cells)�1, assuming that 50% of the total cell
dry weight is protein
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Several different field application methods were tested as the means to stimulate
methanotrophic cometabolism in situ for removal of chlorinated ethenes. In the pilot
scale experiment performed at Moffett Naval Air Station using biostimulation
approach, the methanotrophic activity in the artificially contaminated aquifer was
stimulated in situ by alternating pulse injections of air and CH4 at the injection wells
(Fig. 1a). The concentrations of TCE, t-DCE, and VC at the extraction wells were
significantly lower with the air and CH4 injections than without, indicating the
occurrence of cometabolic biodegradation at the site. The bioremediation of the
PCE/TCE-contaminated Savannah River Site employed horizontal injection wells
installed below the water table for direct injection of CH4/air mixed gas and
horizontal vacuum extraction wells positioned in the vadose zone to capture stripped
chlorinated ethenes for incineration (Fig. 1b) (Brockman et al. 1995; Hazen et al.
1993). Addition of CH4/air mixed gas and gaseous nitrogen (nitrous oxide) and
phosphorous (triethyl phosphate) sources resulted in active TCE/PCE removal in
situ. Similar pilot scale studies using similar biostimulation approaches proved to be
effective in removing chlorinated ethenes from contaminated soils and groundwater
(Eguchi et al. 2001; Takeuchi et al. 2005).

In an attempt to avoid the drawbacks of such biostimulation strategy (e.g.,
inconsistent contacts between contaminant and stimulated bacterial population, spa-
tially uneven biostimulation, and competitive inhibition of MMO’s methane oxida-
tion activity by chlorinated ethenes), an unconventional bioaugmentation approach
was also tested (Taylor et al. 1993; Duba et al. 1996). Dense pre-incubated cultures of
M. trichosporium OB3b were applied to porous media to establish in situ microbial
filters and TCE-contaminated plumes were passed through these microbial filters. In
both laboratory-scale experiments and the pilot-scale study at a TCE-contaminated
site at the Chico Municipal Airport, TCE removal activities of the biofilters were
sustained for >20 days, albeit with the removal efficiency gradually decreasing
over time.

Whether sMMO- or pMMO-expressing methanotrophs are involved in the
observed in situ chlorinated ethene degradation still remains controversial, as no
comparative quantification of pmoA and mmoX transcripts or expressed proteins in
situ has been reported to date. The presence ofmmoX transcripts in the Savannah test
site was confirmed with gene probes; however, due to the lack of information with
regards to the quantitative comparison between pmoA and mmoX transcripts, the
relative contribution of sMMO activity to TCE degradation remained unknown
(Hazen et al. 2009).

3 Potential Environmental Applications of Methanobactin

The majority of methanotrophs in the environment utilize pMMO to carry out the
first step of CH4 oxidation and thus require sufficient supply of Cu2+ ions. Some
alphaproteobacterial methanotrophs, previously termed type II methanotrophs, are
capable of synthesizing and utilizing a Cu2+-chelator termed methanobactin (Mbn)
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Fig. 1 Schematic depictions of the pilot-scale field tests of bioremediation of TCE-contaminated
groundwater and soil via in situ CH4 biostimulation of indigenous methanotrophs. (a) The field test
at Moffet Naval Air Base, where pulse injections of air- and CH4-saturated groundwater at the
injection wells supported TCE removal from contaminated groundwater. (b) The field test at
Savannah River Site, where mixed gas of CH4 and air was supplied into contaminated aquifer
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(Kim et al. 2004; DiSpirito et al. 2016). Recent studies of Mbn and Mbn-synthesiz-
ing methanotrophs have suggested several potential environmental applications of
this novel copper-binding compound. Although Mbn binds Cu ions with high
specificity, Mbn also forms complexes with other trace metals, most notably Hg2+

(Baral et al. 2014). Abstraction of Hg2+ by Mbn mitigated the mercury toxicity to
methanotrophs of diverse phylogenetic groups, including those not able to synthe-
size Mbn (Vorobev et al. 2013); however, whether Mbn-bound Hg is less bioavail-
able and toxic to other micro- or macro-organisms still awaits to be examined. More
recently, the Mbn-producing M. trichosporium strain OB3b was examined for the
capability to uptake and demethylate methyl-mercury (CH3Hg

+) (Lu et al. 2017).
Methanobactin was found to have a crucial role in the demethylation reaction, as the
mbnA� deletion mutant defective in the capability to Mbn lacked the capability.
These experimental evidences suggest the possibility of utilizing Mbn or Mbn-
producing methanotrophs for detoxifying mercury in heavy-metal contaminated
sites.

Quite a few of the most consequential reactions in the biological N-cycling are
catalyzed by cuproenzymes, i.e., the enzymes that require Cu for their activities.
Ammonia monooxygenases (AMO), NirK-type NO2

� reductases, and NosZ-type
N2O reductases are all crucial enzymes in the N-cycling that require Cu for their
activities (Hulse et al. 1989; Brown et al. 2000; Khadka et al. 2018). Whether
Mbn-bound Cu2+ can be taken up by non-methanotrophic organisms has not yet
been closely examined. If the ability to uptake and utilize Mbn-bound Cu is not a
widespread trait among the organisms wielding aforementioned cuproenzymes, Cu
sequestration by Mbn may significantly alter the nitrogen flux in the environment.
Indeed, in a recent experiment investigating the effect of Mbn on denitrification, the
activities of NosZ and NirK were evidently hindered by the presence of Mbn (Chang
et al. 2018). It is certainly plausible that AMO activities may also be affected by the
presence ofMbn orMbn-synthesizing methanotrophs. Such alteration of the nitrogen
cycling reactions may have utilities in environmental engineering and agricultural
practices. Methanobactin-induced inhibition of N2O reduction can be utilized for
recovery of N2O from wastewater treatment plants with biological nitrogen removal
(BNR) systems. Theoretically, denitrification can be stopped at N2O by adding Mbn-
enriched additives to anoxic tanks of activated sludge reactors. N2O has been studied
as the replacement for hydrazine as rocket fuels and has newfound utility in
manufacturing of organic light emitting diode (OLED) displays (Yamazaki et al.
2014; Zakirov et al. 2001). Recovery of such valuable resource from otherwise
wasted nitrogenous contaminants is crucial in developing more sustainable sewage
treatment systems. The impacts of Mbn on ammonia oxidizing bacteria and ammonia
oxidizing archaea have not yet been examined, but two possible effects can be

⁄�

Fig. 1 (continued) through horizontal injection wells. The rising gas containing stripped TCE was
extracted with another set of overlying horizontal injection wells and incinerated before release. The
figures (a) and (b) were adapted from the graphical presentations in Semprini and McCarty (1991)
and Hazen et al. (1993), respectively
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expected. Methanobactin may suppress NH3 oxidation by sequestering Cu ions away
from ammonia monooxygenase-utilizing ammonia oxidizing bacteria and archaea, as
was observed with NosZ-utilizing denitrifiers. Another possible outcome is protec-
tion of these sensitive organisms from copper and heavy metal toxicity (Park and Ely
2008). Either way, Mbnmay prove useful, as a nitrification inhibitor for enhancement
of nitrogen fertilizer efficiency or NH3 oxidation facilitator in wastewater treatment
plants debilitated by heavy metal influx.

4 Methane Emission Mitigation

Themain growth substrate of methanotrophs, CH4, is a potent greenhouse gas (GHG)
with ~25 times higher global warming potential than CO2 over 100-year period and
the International Panel on Climate Change (IPCC) estimated the contribution of CH4

to the net global GHG to be approximately 16% (Ciais et al. 2013). The largest
anthropogenic CH4 sources include landfills, livestock farming, rice farming, and
mining industry (Ciais et al. 2013). Utilization of methanotrophic metabolism has
long been considered as a viable strategy for mitigation of CH4 emissions from these
sources (summarized in Table 2).

Table 2 Lab- and field-scale experimentations of various CH4 emission mitigation strategies
utilizing CH4-oxidizing capability of methanotrophs

Targeted
source Strategy Scale Materials

Methane removal
rate (g h�1 m�3) References

Landfill Biofilter (active) Pilot-
scale

Loamy sand,
clay, gravel

80 Gebert and
Gröngröft
(2006)

Landfill Biofilter
(passive)

Lab-
scale

Compost 63 Streese and
Stegmann
(2003)

Landfill Biofilter
(passive)

Lab-
scale

Inorganic
material

13.3–29.2 Nikiema et al.
(2005)

Manure
storage

Biofilter
(passive)

Pilot-
scale

Perlite, gar-
den compost

5.5–22 Melse and van
der Werf (2005)

Enteric
fermentation

Bio-integrated
building
material

Lab-
scale

Aerated
concrete

<0.01 Ganendra et al.
(2014)

Enteric
fermentation

Biofilter
(passive)

Pilot-
scale

Aerated
concrete

2.8 Ganendra et al.
(2015)

Dairy farm Biofilter
(passive)

Pilot-
scale

Landfill
cover soil,
perlite

16 Pratt et al.
(2012)

Anaerobic
digester

Biofilter
(passive)

Lab-
scale

Activated
carbon

348 Wu et al. (2017)
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Landfill gases (LFG) with high CH4 contents (e.g.,>30%) are often collected and
utilized for energy production and those with lower CH4 contents are mostly flared
before being released to the atmosphere. Neither is applicable, however, for the
landfills gases with CH4 contents below the flammable threshold (the lower flam-
mability limit for CH4 is 5.0% in air at 25 �C). Both passive biofiltration and forced-
ventilation biofiltration have been devised and tested for CH4 removal from the
low-CH4 LFG. The best example of the former is the pilot-scale biofilter tested for
treatment of passively emitted gas from a low-organic land disposal site in Hamburg,
Germany (Gebert et al. 2003). The biofilter was built into the landfill cover soils and
filled with layers of gravels, sand and clay pellets and operated without artificial
watering or nutrient supply (Fig. 2a). In spite of the reduced performance during the
wintry months, the biofilter removed 62% of CH4 emitted during the 1-year span of
the test period (Gebert and Gröngröft 2006). The fatty acid profile-based analysis of
the microbial composition indicated that the CH4-oxidizing population in the
biofilter was enriched with alphaproteobacterial methanotrophs of the Methylosinus
and Methylocystis genera (Gebert et al. 2004).

Several researchers have examined CH4-removal capacities of lab-scale and/or
pilot-scale biofiltration experiments using forced ventilation with higher volumetric
processing rates (Streese and Stegmann 2003; Nikiema et al. 2005). The lab-scale
CH4 biofilter developed by Nikiema et al. (2005) was constructed to the height and
the internal diameter of 135 cm (subdivided into three sections of 45 cm) and 15 cm,
respectively, and was operated as a biotrickling biofilter wetted with nutrient solution
fed at the rate of 1.5 L day�1 (Fig. 2b). For treating 4.2 L min�1 gas influx containing
7000–7500 ppmv CH4, CH4-to-CO2 conversion rates of up to 41% and elimination
capacities up to 29 g m�3 h�1 were achieved with the biofilter packed with inorganic
filter beds. The biofiltration system developed by Streese and Stegmann (2003) used a
mixture of squeezed wood fibers, peat, and compost as the filter material and instead
of wetting the filter beds with trickled nutrient medium, LFG was humidified in a
separate antechamber with scrubbers before being distributed into the parallel
biofilters. The pilot-scale biofiltration system with the total filter volume of 4 m3

treated a mixed stream carrying 0.2–2.5% CH4 with 25 m3 h�1 total flow rate at an
elimination capacity of 20–40 g m�3 h�1.

Methane emissions from livestock farming have become increasingly problem-
atic, due to the recent growth in global demands for meat and dairy products (Godfray
et al. 2010). Enteric fermentation in cattle rumens is estimated to be responsible for
approximately 25% of the current total anthropogenic CH4 emissions, and additional
CH4 emission results from manure storage and processing (Ciais et al. 2013; Hou
et al. 2015). Utilization of methanotrophs has been, for long, considered as a viable
strategy for reducing CH4 emissions from livestock farming (Melse and van derWerf
2005; Yoon et al. 2009; Ganendra et al. 2015). Melse and van der Werf (2005)
examined the feasibility of CH4 removal from off-gas from a liquid manure storage
tank with a pilot-scale biofilter packed with a mixture of perlite and compost.
Presumably due to the low temperature (average of 12.0 �C during the period of
study) and the low CH4 concentrations (<5 g m�3), the observed elimination
capacities were lower than the biofilters developed for LFG treatments. Nevertheless,
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Fig. 2 Schematics of (a) a passive biofilter and (b) a forced-ventilation biofilter designed and
experimented for removal of CH4 from landfill gas. The figures (a) and (b) were adapted from
Gebert et al. (2003) and Nikiema et al. (2005), respectively
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substantial removal of CH4 was possible using this approach at an estimated cost of
$26 per ton CO2eq. Incorporation of immobilized methanotrophs into the porous
building materials has also been examined as an alternative strategy (Ganendra et al.
2014). Of the porous materials tested as the potential support for methanotrophic
biofilms, aerated concrete was determined as the most suitable material, as the highest
rates of CH4 oxidation was observed at both high (ca. 20% v/v) and low (ca.
50 ppmv) concentrations of CH4 with methanotrophs immobilized in this medium
(Ganendra et al. 2014). A biofilter using this same material as the filter bed was also
tested in ruminant respiration chambers; however, the device failed to achieve
sufficiently high removal efficiency (Ganendra et al. 2015).

Similar methanotroph-utilizing approaches have been devised and tested for
removal of CH4 from other environmental hotspots, which include coal mines and
oil sands tailings ponds (Limbri et al. 2014; La et al. 2018). Methane biofiltration may
also provide a solution for the CH4 leakage problem in shale gas mining, although no
reliable literature has been published regarding such possibility (Alvarez et al. 2012).
As such, microbial conversion of CH4 to CO2 remains to be one of the most realistic
approaches for GHG emission reduction in the foreseeable future. Provided that
microbial CH4 emission reduction can be coupled to resource recovery, further cuts
in the net costs will be possible. Such possibilities abound; methanotrophs
(M. capsulatus Bath) have long been used for production of commercial single-cell
protein and methanobactin has commercial potential as a cost-efficient cure for
Wilson’s disease (Lichtmannegger et al. 2016). Single cell protein and/or
methanobactin can be collected from methanotrophic biomass grown in the CH4

removal devices and processed for commercial production, relieving, at least in part,
financial burden for the prospective operators.

The major dilemma in utilizing methanotrophic activity for reducing CH4 emis-
sions is the oft low concentration of emitted CH4 (Scheutz et al. 2009; Yoon et al.
2009; Ganendra et al. 2015). The reported observed half-saturation constants (Km,app)
for CH4 oxidation by conventional laboratory strains of methanotrophs, range from
0.11 to 23 μM(equivalent to 77–16,100 ppmv, assuming equilibrium at 25 �C) (Knief
and Dunfield 2005; Baani and Liesack 2008). Most, if not all, sources of CH4, e.g.,
rice paddy soils, animal husbandry storage tank, and animal barn housings, emit CH4

at concentrations in the order of several hundred ppmv at the maximum, as CH4

diffuses rapidly after emission (Yoon et al. 2009). These concentrations are rarely
high enough to ensure sustained CH4 oxidation by the conventional methanotrophs
(Knief and Dunfield 2005). A potential solution to this dilemma is to establish and
maintain high-affinity CH4-oxidizing population in the bioreactors (Yoon et al.
2009). The existence of methanotrophs capable of oxidizing CH4 at concentrations
as low as the atmospheric concentration (1.8 ppmv) has been suggested since the turn
of the century (Bull et al. 2000). The analyses of pmoA genes of upland soils with
atmospheric CH4 sink capability identified the USCα (upland soil cluster α) clade of
alphaproteobacterial methanotrophs with supposedly high affinity to CH4 (Kolb et al.
2005). The genomic potential of the USCα methanotroph has recently been charac-
terized using a targeted cell sorting approach coupled to metagenomic analysis
(Pratscher et al. 2018). Evidences of high-affinity CH4 oxidation were also found in
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reports of experiments performed with pure cultures of alphaproteobacterial
methanotrophs. Upon starvation, Methylocystis sp. LR1 exhibited half saturation
constants as low as ~300 nM (equivalent to a gaseous concentration of ~210 ppmv
at 25 �C) andMethylocystis strain SC2, possessing two dissimilar pmoCAB operons,
was observed to oxidize CH4 with a Km,app value of 0.11 μMwith the expression and
activity of higher-affinity pMMO2 (Dunfield and Conrad 2000; Baani and Liesack
2008). The wildtypeMethylocystis strain SC2 was able to sustain its viability on CH4

concentration as low as the atmospheric concentration, suggesting its potential utility
in CH4 emission mitigation. These experimental evidences should not be ignored
despite the recently casted doubts on the existence of methanotrophs specifically
suited for consumption of atmospheric CH4 (Cai et al. 2016). There is no doubt that
better understanding of physiology of such high-affinity methanotrophs and the
ability to wield these organisms in engineered systems are crucial for successful
development of practical biological CH4 emission control strategies.

5 Climate-Smart Soils and Methanotrophs

The increasing demand for food, feed, and fibres to meet the global human popula-
tion growth necessitates a sustainable circular economy to combat climate change.
Meeting the global demands for these commodities entails conversion of native to
arable lands and intensification of agriculture. Land-use related GHG emissions,
including conversion to agricultural usage, account for approximately 25% of the
global anthropogenic GHG emissions (Ciais et al. 2013; Tubiello et al. 2015).
Climate-smart organic-based fertilization is one of the emerging GHG emission
reduction strategies to offset the land-use related GHG emissions. In this approach,
bio-based residues from various waste streams (e.g., livestock manure, plant waste
materials, and anaerobic digester effluents) are recycled as soil additives to minimize
GHG (mostly CH4 and N2O) emissions in agricultural soils, while sustaining or
improving soil fertility, quality, and carbon storage capacity (Cayuela et al. 2010;
Paustian et al. 2016). Recent research results suggest that optimization of the choice
and combination of the residue materials may enable further reduction (Cayuela
et al. 2010; Ho et al. 2017; Brenzinger et al. 2018).

The incorporation of bio-based residues in agricultural soils alters the abundance
and composition of indigenous microbial populations and interactions among soil
microorganisms (Hartmann et al. 2014; Sengupta and Dick 2015). Such shift in the
microbial community composition and abundances may affect the methanotrophic
population and the overall net methane emissions (Ho et al. 2015; Malghani et al.
2016). Upland agricultural soils are generally regarded as a relatively weak sink for
atmospheric methane, when compared to native upland soils (Maxfield et al. 2008;
Levine et al. 2011; Ho et al. 2015; Tate 2015; Malghani et al. 2016). However, the
potential for methane oxidation in agricultural soils can be stimulated by the addition
of specific organic residues (e.g., compost), thereby augmenting the methane sink
function (Ho et al. 2015, 2019). Although the stimulatory effect was transient (20–30
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days), the elevated methane uptake rate was comparable to those of native upland
soils and could offset up to 16% of total GHG emissions, bringing into question
whether repeated compost amendment in agricultural soils may or may not be able to
sustain higher methane uptake rates for prolonged periods (Ho et al. 2015). Never-
theless, crop (common wheat) yield remained unchanged, suggesting that compost
amendment was neither particularly beneficial nor detrimental to crop growth
(Ho et al. 2017). Although slow mineralization rate of composted organics allow
long-term deposition of organic carbon in the soil, compost is often deprived of
nutrients and thus, is less beneficial in terms of plant growth enhancement (Ryals
et al. 2015). A recent research suggested that the trade-off between higher crop
yields and lower CH4 emission may be reached considering the combination of
compost and nutrient-rich bio-based residues, e.g., sewage sludge (Brenzinger et al.
2018). Organic amendments may also be combined with specific beneficial micro-
organisms (e.g., methanotrophs) to further improve the soil CH4 uptake, as well as
for promoting plant growth and suppressing plant pathogens (Berg 2009; Singh and
Strong 2016; Carrión et al. 2018). Therefore, combinations of bio-based residues and
microbial inocula at the optimum ratios to improve fertilization efficiency while
curbing GHG emissions would be a potentially viable strategy to be implemented in
climate-smart agriculture.

6 Harnessing the Methanotroph Interactome
for Environmental Applications

Methanotrophs are typically employed as pure cultures for biotechnological applica-
tions, fueling the development of novel isolation strategies (Svenning et al. 2003;
Kim et al. 2018; Kwon et al. 2018). In the environment, however, microorganisms
rarely live in seclusion and methanotrophs are not exceptions. Soil and aquatic
microorganisms co-exist and interact in the environment to modulate Earth’s nutrient
cycles. The response of methanotrophs to physico-chemical environmental parame-
ters are widely documented; however, the interactions of methanotrophs with the
biotic components of the Earth’s environments are known to a lesser extent (Semrau
et al. 2010; Ho et al. 2013). The investigations of methanotroph interactomes (i.e.,
mathanotrophs and accompanying non-methanotrophic community members) for
environmental applications have, in fact, just recently gained scientific attention
(Ho et al. 2016).

Several examples of direct and indirect modes of interactions constituting
methanotroph interactomes can be found in recent literature (Fig. 3). A recent study
suggested that methanotrophs may benefit from interaction with non-methanotrophic
heterotrophs (e.g., Rhizobium spp.) that can provide the methanotrophs with the
essential micronutrient vitamin B12 (Fig. 3a) (Iguchi et al. 2011). Co-culturing of
Methylovulum miyakonense strain HT12 with the vitamin B12-producing Rhizobium
spp. stimulated CH4 uptake and cell growth. In another recent work, co-habitation
with methylotroph was found to influence the regulation of methanol dehydrogenase
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in a gammaproteobacterial methanotroph, Methylobacter tundripalodum strain 31/
32, inducing methanol release from the methanotroph (Krause et al. 2017). As a
result, the methylotrophs in the co-culture thrived with methanotrophs despite the
absence of non-CH4 organic carbon substances in the medium. Conversely, as
already mentioned above, M. trichosporium strain OB3b, and possibly most
alphaproteobacterial methanotrophs with capability to synthesize methanobactin,
may indirectly suppress other soil microbial processes such as N2O reduction via
secretion of methanobactin, imposing a ‘copper monopoly’ which depletes bioavail-
able copper needed for other cuproenzymes (Fig. 3b) (Chang et al. 2018).

Taking such interactome approach enables stable methanotrophic growth under
conditions previously known to be unfit for methanotroph cultivation. Aerobic
methanotrophs and strictly anaerobic methanogens conventionally thrive under seem-
ingly contrasting conditions; however, a recent study have shown tight spatial orga-
nization of these microorganisms in a membrane bioreactor provided with acetate as
the only substrate and maintained under oxygen-limiting condition. The methanogens
provided CH4 to the methanotrophs and the methanotrophs relieved O2 tension in the
microenvironments in return, to allow for survival of methanogens (’t Zandt et al.

Fig. 3 Schematic representation of direct (a) and indirect (b) interactions within methanotroph
interactomes. The empty circles of different colors denote non-methanotrophs. Indirect interactions
represented in the panel (a), the blue circle and arrow depict chemical signaling of methylotrophs
inducing methanol release from methanotrophs (Krause et al. 2017), whereas the black circle and
arrow depict the flux of essential nutrients, e.g. vitamin B12, and oxygen by other non-methanotrophs
to the methanotrophs. In return, the methanotrophs provide assimilable carbon and nitrogen sources
to the neighboring non-methanotrophs. In indirect interactions represented in the panel (b), release of
methanobactin (Mbn, in green color) by methanotroph is depicted, which may impose a monopoly
over bioavailable copper (solid yellow circles), effectively suppressing other microbial processes
catalyzed by copper-dependent enzymes (Chang et al. 2018). Other non-methanotrophs may com-
petitively uptake necessary micronutrients (solid red circles), which may, likewise, bar utilization by
methanotrophs
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2018). Driven by the incentives to generate higher value bio-products from biogas, van
der Ha et al. (2012) successfully established stable enriched co-culture of
methanotrophs with eukaryotic microalgae on biogas containing CH4 and CO2 but
not O2. Interestingly, such interactions between methanotrophs and
non-methanotrophs may even occur in the presence of a physical barrier between
the organisms with a cocktail of volatile organic compounds as the mediator of the
interactome (Veraart et al. 2018). These studies exemplify diverse modes of biotic
interactions within the methanotroph interactome at multi-trophic levels to modulate
methanotrophic activity and cell growth.

Working with mixed microbial cultures, capitalizing on such interactions, often
enhances growths and activities of the microorganisms within, and/or eliminates the
necessity to operate under sterile conditions, lowering production costs (Ho et al.
2014; Strong et al. 2016). Methanotrophs, interacting with heterotrophs also enable
development of environmental applications that are not feasible with pure
methanotroph cultures. The association of aerobic methanotrophs and denitrifiers
have been capitalized for developing nitrogen removal processes with CH4 as the
sole external carbon source (Eisentraeger et al. 2001; Modin et al. 2007; Zhu et al.
2016). A mixed community of methanotrophs and heterotrophs growing on organic
substrates ‘leaked’ from the methanotrophs was able to collectively degrade a broad
spectrum of micropollutants, a feat that could not be achieved with pure cultures of
methanotrophs (Benner et al. 2015). Although still at its infancy, these studies
provide an impetus for harnessing the methanotroph interactome for environmental
applications. In future studies, further investigation of the key drivers regulating the
methanotroph interactome is warranted for optimizing the intricate balances between
the co-existing microorganisms to improve the effectiveness, stability, and repro-
ducibility of the artificial communities engineered for specific environmental appli-
cations, as well as for devising novel environmental processes (Hays et al. 2015).

7 Conclusion and Future Perspective

Methanotrophs have now been studied for over 100 years since their first discovery,
but continue to offer surprises. The new scientific discoveries regarding
methanotroph physiology and ecology in the past few decades, e.g., copper regulation
of MMOs, synthesis and utilization of methanobactin, high-affinity methane oxida-
tion, and the discovery of the NC-10 denitrifying methanotrophs capable of generat-
ing O2 internally from dismutation of NO, were among the most exciting discoveries
in the field of microbiology and have had substantial implications in the development
of novel environmental biotechnologies. As reviewed in this chapter, utilization of
MMO-utilizing methanotrophs has already been vigorously studied for their practical
engineering applications. Nevertheless, the new scientific discoveries are continuing
to expand the horizon.

The recent discovery of the denitrifying anaerobic methanotrophs opened up new
opportunities for improving sustainability of wastewater treatment processes (Shi
et al. 2013; van Kessel et al. 2018). Combining anaerobic ammonia oxidation
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(anammox) and denitrifying anaerobic methane oxidation (DAMO) by both archaea
and Methylomirabilis-like bacteria in a laboratory-scale membrane biofilm reactor
enabled simultaneous removal of NO3

� and NH4
+ without aeration (Luesken et al.

2011; Shi et al. 2013). The DAMO reactions may also be utilized for simultaneous
oxidation of residual CH4 and nitrogenous nutrients in wastewater treatment plant
effluents (van Kessel et al. 2018). Likewise, the discoveries of the extremely
acidophilic methanotrophs of the Verrucomicrobia phylum may lead to develop-
ment of environmental cleanup technologies for extreme acidic environments uti-
lizing the cometabolic activity of the pMMO expressed by these organisms (Semrau
2011). The collaborative efforts across disciplines are necessary, for bridging these
hypothetical or nascent technologies to actual field applications. Better scientific
understanding of the novel physiologies, capitalizing on the recent advances in
molecular techniques, sequencing technology, and cell-imaging techniques, would
be crucial for effectively wielding these microorganisms of great potential utility.
Designing of innovative bioreactor configurations or field application methods for
establishing and sustaining stable populations of these unconventional culture-
resistant organisms and harnessing them with minimum energy consumption and
greenhouse gas emissions would require rigorous efforts from the engineering side.
As such, the relentless collaborative efforts of environmental microbiologists, micro-
bial ecologists, and environmental and chemical engineers will be critical for success
of future research on environmental applications of methanotrophs.
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