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How methanotrophs respond to
pH: A review of ecophysiology

Xiangwu Yao?, Jiagi Wang! and Baolan Hu®?*

!Department of Environmental Engineering, Zhejiang University, Hangzhou, China, 2Zhejiang
Province Key Laboratory for Water Pollution Control and Environmental Safety, Hangzhou, China

Varying pH globally affects terrestrial microbial communities and biochemical
cycles. Methanotrophs effectively mitigate methane fluxes in terrestrial
habitats. Many methanotrophs grow optimally at neutral pH. However,
recent discoveries show that methanotrophs grow in strongly acidic and
alkaline environments. Here, we summarize the existing knowledge on
the ecophysiology of methanotrophs under different pH conditions. The
distribution pattern of diverse subgroups is described with respect to their
relationship with pH. In addition, their responses to pH stress, consisting
of structure—function traits and substrate affinity traits, are reviewed.
Furthermore, we propose a putative energy trade-off model aiming at
shedding light on the adaptation mechanisms of methanotrophs from a novel
perspective. Finally, we take an outlook on methanotrophs’ ecophysiology
affected by pH, which would offer new insights into the methane cycle and
global climate change.
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Highlights

pH is a significant predictor of microbial communities and biochemical cycles.
- Methanotrophs wildly exist in various acidic and alkaline habitats.

Various adaption mechanisms such as energy trade-offs have evolved.

Methanotrophs in acidic and alkaline habitats may become potential methane sinks.

Methanotrophy in bacteria and archaea

Methane is an important greenhouse gas with a global warming potential of
15-34 times greater than that of carbon dioxide, and its emission contributes to
~20% of global warming (Townsend-Small et al., 2016). Global terrestrial methane
emission reaches 370 Tg/year, accounting for 96% of natural methane emissions (Stavert
et al, 2020). Methanotrophs (see Glossary), utilizing methane as the carbon and
energy sources, construct an effective methane filtration system continentally and play
significant roles in biogeochemical cycles (Malyan et al., 2016). Methane oxidation
is coupled to the reduction of various electron acceptors, including oxygen, sulfate,
nitrate, nitrite, manganese (IV), and iron (III) (Hinrichs et al., 1999; Raghoebarsing
et al., 2006; Caldwell et al., 2008; Ettwig et al., 2010, 2016; Haroon et al., 2013; Leu
et al, 2020). Methanotrophs are usually divided into aerobic methanotrophs and
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anaerobic methanotrophic (ANME) archaea/bacteria based
on electron acceptor types (Chistoserdova and Kalyuzhnaya,
2018).

Aerobic methane oxidizers utilize oxygen as the electron
acceptor, and they belong to Proteobacteria (Gamma and
Alphaproteobacteria) The
contains gamma-proteobacterial and alpha-proteobacterial

and Verrucumicrobia. former
methanotrophs (Kalyuzhnaya and Xing, 2018). The latter
include the acidophilic genera Methylacidiphilum and
Methylacidimicrobium (Dunfield et al, 2007; Pol et al,
2007; Islam et al., 2008; Schmitz et al., 2021). The anaerobic
methane oxidation process refers to methane oxidation with
other electron acceptors instead of oxygen. This process is
catalyzed by anaerobic methanotrophic (ANME) archaea
and bacteria (Hinrichs et al, 1999; Raghoebarsing et al,
2006). However, NC10 phylum bacteria is special for its
intracellular oxygen production from nitrite reduction to
oxidize methane under anaerobic conditions (Ettwig et al.,
2010). To date, five different clusters of ANME archaea have
been found: ANME-1, ANME-2a/b, ANME-2c, ANME-2d, and
ANME-3 (Baker et al., 2020). Sulfate-dependent anaerobic
methane oxidation (SAMO) process is catalyzed by ANME-1,
ANME-2a/b, ANME-2¢c, ANME-3 archaea, and their partner
sulfate-reducing bacteria (SRB) (Barker and Fritz, 1981; Devol
and Ahmed, 1981). Denitrifying anaerobic methane oxidation
(DAMO) process refers to anaerobic methane oxidation
with nitrite or nitrate as the electron acceptors, performed
by NCI10 phylum bacteria Candidatus Methylomirabilis
species and ANME-2d archaea Candidatus Methanoperedens
nitroreducens, respectively (Ettwig et al., 2010; Haroon
et al., 2013; Arshad et al., 2015; He et al., 2016; Graf et al,,
2018). Tt was reported that manganese- and iron-dependent
anaerobic methane oxidation processes were performed by
Candidatus Methanoperedens manganireducens/manganicus
and Candidatus Methanoperedens ferrireducens, which were
affiliated with ANME-2d cluster as well (Ettwig et al., 20165
Cai et al.,, 2018; Leu et al.,, 2020). Methane oxidation processes
coupled to the reduction of different electron acceptors are
shown in Figure 1 (Hinrichs et al., 1999; Raghoebarsing et al.,
2006; Caldwell et al., 2008; Ettwig et al., 2010, 2016; Haroon
et al., 2013; Leu et al., 2020).

Ecological patterns of
methanotrophs driven by pH

pH, which varies on a global scale, largely affects terrestrial
microbial communities and biochemical cycles (Fierer, 2017;
Tripathi et al., 2018). Delgado-Baquerizo et al. (2018) found
that bacterial communities performed pH preferences on
a continental scale. Bahram et al. (2018) discovered that
global bacterial diversity was regulated by pH and nutrients.
Furthermore, shifts induced by global change factors in
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microbial alpha diversity could be for the main part explained
by pH changes in soil (Zhou et al,, 2020). Likewise, pH is
an essential driving force affecting the ecological niche of
methanotrophs. Earlier, the optimal pH for methanotrophs’
growth was considered to be 6.6-7.5 (Krulwich et al.,, 2007).
Studies during the last three decades have demonstrated that
methanotrophs existed wildly with methane oxidation activity in
acidic and alkaline habitats and some of them have been isolated
(Trotsenko and Khmelenina, 2002; Semrau et al., 2008; Nguyen
et al., 2018; Zhao et al., 2020; Schmitz et al., 2021).

In acidic habitats, such as vast peatlands in the northern
hemisphere, multiple proteobacterial methanotrophs have been
isolated and characterized since the 1980s (Whittenbury et al.,
1970). Various strains affiliated with the genus Methylosinus,
Methylocella, Methylocapsa, —Methylobacter,
Methylomonas, and  Methyloferula
considered mildly acidophilic (Heyer and Suckow, 1985;
Dedysh et al., 2002, 2015; Dunfield et al, 2010; Iguchi
et al, 2010; Svenning et al, 2011; Vorobev et al, 2011;
Danilova et al, 2013, 2016; Bowman, 2015; Dedysh and
Dunfield, 2016). Verrucomicrobial methanotrophs, different

Methylocystis,

Methylovulum, were

from proteobacterial methanotrophs, were reported to be
extremely acidophilic. From 2007 to 2008, three isolations
of verrucomicrobial methanotrophs were first obtained from
thermal and acidic habitats (Dunfield et al., 2007; Pol et al,,
2007; Islam et al., 2008). Subsequently, various novel species
were isolated from other acidic environments, which were
characterized as metabolically versatile acidophiles (Sharp
et al, 2014; van Teeseling et al,, 2014; Erikstad et al., 2019;
Schmitz et al, 2021). Unlike aerobic methanotrophs, the
ecological niche of anaerobic methanotrophs affected by pH
was rarely reported. Based on gene sequence analyses, the
researchers indicated that both NCI10 phylum bacteria and
ANME-2d archaea would exist in acidic habitats. Zhu et al.
(2015) explored the anaerobic methane oxidation process in
Chinese wetland ecosystems and detected the presence of
Candidatus Methylomirabilis oxyfera (M. oxyfera) in the basin
sediments with a pH lower than 5. Meng et al. (2016) found
the coexistence of anammox and NCI10 phylum bacteria in
acidic forest soil. Similarly, the presence of M. oxyfera was
also found in sediment samples from a reservoir in southern
China, where the pH was from 5.12 to 5.85 (Long et al., 2017).
Compared with the NC10 phylum bacteria, ecological research
on ANME-2d archaea is even more lacking. Only a few scholars
performed related works. Seo et al. (2014) used the functional
gene mcrA as a target to detect the presence of Candidatus
Methanoperedens nitroreducens (M. nitroreducens) in acidic
paddy soils. Although some anaerobic methanotrophs were
detected in various acidic habitats, no systematic research
was conducted on the ecological niche driven by pH. At
the same time, for lack of isolations, studies on physiology of
anaerobic methanotrophs were far from in-depth. The described
methanotrophs isolated or detected in acidic habitats are shown
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FIGURE 1

Methanotroph Electron acceptor Product AG° (kJ/mol CH,)
20,
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N ' ANME-2d archaea > (O, + gFe2++8H* -454.0
4Mn0,+7H*
= ' ANME-2d archaea > HCO3+4Mn?* +5H,0 -383.0

Gibbs free energies of reactions between methane and relevant electron acceptors performed by different methanotrophs (Hinrichs et al., 1999;
Raghoebarsing et al., 2006; Caldwell et al., 2008; Ettwig et al., 2010, 2016; Haroon et al., 2013; Leu et al., 2020).

in light (mildly acidophilic) and dark (acidophilic) red boxes in
Table 1.
In

habitats, soda lakes,

proteobacterial methanotrophs were isolated and characterized

alkaline represented by
as well. As a unique type of habitat, soda lakes contain a high
concentration of carbonate with a pH ranging from 9 to 12. Such
harsh condition is unsuitable for microbes due to high salinity,
so only a few species affiliated with the genus Methylomicrobium
and Methylobacter were isolated and defined as alkaliphilic
methanotrophs  (Kalyuzhnaya et al, 2008;
2016). From 1995 to 1996, some scholars detected the
consumption of methane in soda lakes, indicating the presence

Kalyuzhnaya,

of methanotrophs (Sokolov and Trotsenko, 1995; Khmelenina
et al., 1996). Khmelenina et al. (1997) isolated two strains of
gamma-proteobacterial methanotrophs, M. alcaliphilum 5Z
and M. alcaliphilum 20Z in Tuva soda lake (pH 9.0-9.5). It
was the first time to isolate alkalophilic methanotrophs from
natural habitats. To explore the activity of methanotrophs in
soda lakes, sediments were collected in the Baikal region, and a
stable isotope '3CHy culture was conducted. DNA-SIP results
indicated that gamma-proteobacterial methanotrophs made
a major contribution to methane oxidation in such habitats
(Lin et al.,, 2004). Similarly, few research studies focused on
anaerobic methane oxidizers in high-pH habitats. The limited
studies showed that NC10 phylum bacteria and ANME-2d
archaea existed in some alkaline environments as well (Xu
et al,, 2017; Ren et al, 2018). Xu et al. found NCI10 phylum
bacterium M. oxyfera in food treatment wastewater (pH
9.24). The Pearson correlation analysis showed a significant
positive correlation between the pH and NC10 phylum bacterial
diversity (Xu et al., 2017). Ren et al. (2018) detected ANME-2d
archaea in volcanic mud samples (pH 8.25-10.25) and analyzed
the community structure using network methods. Currently
described methanotrophs isolated or detected in alkaline
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habitats were given in light blue boxes of Table I, and the
unknown ecotype is shown in light yellow boxes.

Methane oxidation activities of methanotrophs were
conventionally considered to be optimum under neutral
conditions (Whittenbury et al., 1970). However, in some acidic
or alkaline habitats, the optimum pH values for methane
oxidation were in the acidic and alkaline ranges. In some
alkaline habitats, it was shown that mud samples from soda
lakes exhibited the maximum aerobic methane oxidation rates at
pH 8.15-9.40 with a value of 33.2 nmol-ml~!.d~! (Khmelenina
et al., 2000). The aerobic methane oxidation rate in saline
alkaline soils with pH 8.5 was almost as high as that under
neutral conditions (pH 6.7) (Serrano-Silva et al., 2014). In some
acidic environments, methane oxidation rates reached peaks
under low-pH conditions (Brumme and Borken, 1999; Benstead
and King, 2001; Levy et al., 2012; Khmelenina et al.,, 2020).
The anaerobic methane oxidation activity in Dianchi Lake was
reported significantly and negatively related to pH, and the
optimum value was 316.9 nmol-g~'-d~! at pH 6.2 (Khmelenina
et al., 2020). In acidic forest soil, the maximum aerobic methane
oxidation rate (2.88 nmol-g~!-d~!) was observed at the surface
where soil pH was about 4.4 (Benstead and King, 2001). Some
acidic forest soil was even regarded as methane sinks with
methane uptake rates ranging from 0.02 to 0.49 nmol-m 2.5~
in the range of pH 3.85-5.24 (Brumme and Borken, 1999).
Similarly, in acidic peatlands, the methane uptake rates reached
100-1400 nmol-m~2-s~!, where pH values ranged from 4.1 to
6.4 (Levy et al, 2012). Although a high atmosphere methane
oxidation rate does not mean that total methane oxidation
activity in these habitats is high, a considerable aerobic methane
oxidation rate also indicates that methanotrophs living in acidic
and alkaline environments might become potential methane
sinks contributing directly to methane reduction. To precisely
assess the contribution of methane oxidation in acidic and
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TABLE 1 Current described methanotrophs detected or isolated in habitats with different pH.

10.3389/fmicb.2022.1034164

Ecotype Phylum Strains PHoptimum (;arb_on Habitats References
(andrange) fixation
pathway
Acidophilic Verrucomicrobia,  Methylacidiphilum fumariolicum 2.0 (0.8-6.0) CBB Acidic thermal mud Dunfield et al.,
SolV pot 2007
Methylacidiphilum infernorum V4 2.0-2.5 (1.0-6.0) Acidic thermal soil Pol et al., 2007
Methylacidiphilum kamchatkense 2.0-2.5 (2.0-5.0) Acidic thermal Islam et al.,
Kam1 spring 2008
Methylacidiphilum sp. Phi 3.0 Acidic hot spring Erikstad et al.,
2019
Methylacidiphilum sp. Yel 2.8 Acidic hot spring Erikstad et al.,
2019
Methylacidimicrobium 1.0-3.0 (0.5-5.5) Acidic soil van Teeseling
tartarophylax 4AC. etal., 2014
Methylacidimicrobium 1.5-3.0 (0.6-5.5) van Teeseling
cyclopophantes 3B etal, 2014
Methylacidimicrobium fagopyrum 1.5-3.0 (0.6-5.5) van Teeseling
3C etal, 2014
Methylacidimicrobium sp. LP2A 3.1(1.0-5.2) Acidic mud pool Sharp et al,,
2014
Methylacidimicrobium 3.0-5.0 (1.5-5.5) Acidic geothermal Sharp et al,,
thermophilum AP8 soil 2014
Mildly Proteobacteria Methylocapsa acidiphila B2 5.0-5.5 (4.2-7.2) Serine Acidic peatland Dedysh et al.,
acidophilic 2002
Methylocapsa palsarum NE2 5.2-6.5 (4.1-8.0) Dedysh et al.,
2015
Methylocella palustris K 5.0-5.5 (4.5-7.0) Dedysh and
Dunfield, 2016
Methylocella tundrae T4 5.5-6.0 (4.2-7.5) Dedysh and
Dunfield, 2016
Methylocystis bryophila H2s 6.0-6.5 (4.2-7.6) Bowman, 2015
Methylocystis heyeri H2 5.8-6.2 (4.4-7.5) Bowman, 2015
Methyloferula stellata AR4 4.8-5.2 (3.5-7.2) Vorobev et al.,
2011
Methylocapsa aurea KYG 6.0-6.2 (5.2-7.2) Acidic forest soil Dunfield et al.,
2010
Methylocella silvestris BL2 5.5 (4.5-7.0) Dedysh and
Dunfield, 2016
Candidatus Methylospira mobilis 6.0-6.5 (4.2-6.5) RuMP Acidic peatland Danilova et al.,
2016
Methylobacter tundripaludum (5.5-7.9) Svenning et al.,
SV96 2011
Methylomonas paludis MG30 5.8-6.4 (3.8-7.3) Danilova et al.,
2013
Methylovulum miyakonense HT12 (6.0-7.5) Acidic forest soil Iguchi et al.,
2010
Neutrophilic Most of methanotrophs (6.0-8.0) RuMP/Serine Soils, lakes, Whittenbury
sediments et al. etal,, 1970
Alkaliphilic Methylobacter alcaliphilum 5Z/20Z 9.0-9.5 (7.0-10.5) RuMP Soda lake Khmelenina
etal, 1997
Methylomicrobium buryatense 8.5-9.5 (6.8-11.0) Lin et al., 2004
strains
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TABLE 1 (Continued)

10.3389/fmicb.2022.1034164

Ecotype Phylum Strains PHoptimum Carbon Habitats References
(and range) ﬁXathn
pathway
Methylomicrobium kenyense 9.0-10.0 (9.0-11.0) Lin et al., 2004
AMO1
Unknown NCI10 phylum Candidatus Methylomirabilis <5.0° CBB River Zhu et al,, 2015
oxyfera
5358 Reservoir Long et al.,
2017
3.8-4.6% Forest soil Meng et al.,
2016
>9.0% River Zhu et al., 2015
9.24* Food waste Xu et al., 2017
treatment facility
Euryarchaeota Candidatus Methanoperedens 5.5-6.4 WL Paddy soil Seo etal., 2014
nitroreducens
8.3-10.3* Volcano mud Ren etal., 2018

CBB, Calvin-Benson-Basham cycle; Serine, serine pathway; RuMP, ribulose monophosphate pathway; WL, Wood-Ljungdahl pathway.
Colors: The described methanotrophs isolated or detected in acidic habitats were shown in boxes with light (mildly acidophilic) and dark (acidophilic) red, those isolated or detected in
neutral and alkaline habitats were given in light green (neutrophilic) and light blue (alkaliphilic) boxes respectively, the ecotype of those that remained unknown were shown in light

yellow boxes.
#Environmental pH range for strains that were not isolated so far.

alkaline habitats, more research on the total methane oxidation
rate, especially the anaerobic part, should be conducted in
the future.

Physiological adaptions to
different pH

pH makes a difference in microbial metabolism on the
cellular level (Nguyen et al, 2018; Daebeler et al., 2020).
Microbes synthesize some metabolites with specific structures or
compositions to control the proton exchange flux and maintain
intracellular pH close to neutral (Semrau et al., 2008; Krulwich
et al, 2011). Under low-pH conditions, acidophilic microbes
employ multiple ways to prevent protons from entering the
cytoplasm and discharge excess protons (Slonczewski et al.,
2009). The internal positive transmembrane electrical potential
helps to maintain a cytoplasmic pH that is only mildly acidic.
Owing to the special structure or composition of the cytoplasmic
membrane, the influx of protons is blocked as well. The
membrane of acidophilic verrucomicrobial methanotrophs was
almost made up of saturated fatty acids, whereas membranes
of proteobacterial methanotrophs were mainly composed of
unsaturated fatty acids (den Camp et al., 2009; Erikstad et al.,
2019). It implied that verrucomicrobial methanotrophs required
a saturated membrane to minimize proton permeability in
an extremely acidic environment (Siliakus et al, 2017).
In addition, the relatively greater clusters of a unique
gene involved in the cell wall/membrane/envelope biogenesis
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and secondary symporters/antiporters working to remove
excess intracellular protons were found in verrucomicrobial
methanotrophs, indicating the structure-function mechanism
for coping with acid stress (shown as Figure 2A) (Schmitz
et al, 2021). On the contrary, under high-pH conditions,
the external positive membrane potential blocks protons off
and the second cell wall polymers (SCWPs), such as S-
layer protein, are developed by alkaliphilic microbes. These
components enhance net negative charges on cellular surfaces
that increase attraction to external protons (Trotsenko and
Khmelenina, 2002; Krulwich et al., 2007). It was reported
that alkaliphilic species Methylomicrobium alcaliphilum and
Methylomicrobium buryatense possessed a macromolecular
glycoprotein structure (S-layer) wrapped outside the cell. The
S-layer consisted of a monolayer of cup-shaped structures
(CS) (Kaluzhnaya et al., 2001; Khmelenina et al, 2010).
These glycoproteins were composed of a large number of
hydrophobic amino acids, lacking sulfur-containing amino acids
and exhibiting acidity, which could enhance the net negative
charges to attract external protons (Trotsenko and Khmelenina,
2002; Krulwich et al, 2007). Besides, methanotrophs also
adapted the composition of the cell membrane to regulate the
proton flux. For instance, Methylomicrobium alcaliphilum 20Z
modified its phospholipid composition based on salinity and
pH values (Khmelenina et al., 1997). It increased the relative
abundance of phosphatidylglycerol (PG), phosphatidylcholine
(PC),
decreased the relative abundance of phosphatidylethanolamine
(PE), phosphatidylserine (PS), and phosphatidic acid (PA)

and cardiolipin (CL) in response to high pH and
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FIGURE 2

pH homeostasis schematic diagram of acidophilic (A) and alkaliphilic (B) methanotrophs. (A) To stop protons from entering, cytoplasmic
membranes with saturated fatty acids are formed, which are shown as red lines on the left. To discharge excess intracellular protons, symporters
and antiporters play an important role, shown as green ovals on the right. In the lower-left corner, the blue oval refers to the potassium uptake
transporter that helps generate an internal positive membrane potential. The respiration process is shown in the upper part that primary proton
pumps (Complexes I, Ill, and V) remove protons from the cytoplasm (shown as yellow arrows) that re-enter to generate ATP via the FoF1-ATPase
(shown as blue arrows). (B) The red dashed box connecting the cytochrome oxidase of the respiratory chain and ATP synthase indicates the
existence of incompletely elucidated mechanisms for sequestered proton transfer between the respiratory chain and the ATP synthase in the
alkaliphilic methanotrophs. To attract external protons, the S-layer consisting of a monolayer of cup-shaped structures is developed. PG,
phosphatidylglycerol; PC, phosphatidylcholine; CL, cardiolipin; PE, phosphatidylethanolamine; PS, phosphatidylserine; PA, phosphatidic acid.
The red arrows represent the increase and decrease of these compositions, respectively.
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(Khmelenina et al, 1997). Likewise, an increase in PG
relative abundance and a decrease in PA were observed in
Methylomicrobium buryatense 5G and 7G in response to elevated
pH (Kaluzhnaya et al,, 2001). Changes in negatively charged
phospholipids (PG, CL, and zwitterionic PC) were the most
important as they helped accumulate protons on the membrane
surface and maintain membrane stability (shown in Figure 2B)
(Cullis and Kruijft, 1979).

Methane (MMO)
converting methane to methanol, play a vital role in

monooxygenase enzyme systems,
methanotrophs. It was also reported that MMO could be
affected by pH directly or indirectly (Whittington and Lippard,
2001; Ghazouani et al, 2011). Previous structural studies
of soluble MMO (sMMO) in Methylococcus capsulatus have
demonstrated that the hydrogen bonding active site was
impacted by pH (Whittington and Lippard, 2001). The results
presented that the diiron center in the mixed-valent state at
pH values of 8.5 increased liability for ferrous ions in the
enzyme. This change altered the surface protein near the
catalytic core and resulted in small-molecule accessibility to
the active site, which directly affected the activity of sSMMO
(Whittington and Lippard, 2001). Copper ions are significant
for copper-containing particulate MMO (pMMO) regulation
and catalysis (Lieberman and Rosenzweig, 2004). pH would
indirectly affect the MMO by regulating the Cu uptake process
(Ghazouani etal,, 2011). Virtually, all methanotrophs, except the
Methylocella species, can initiate methane utilization through
the action of pMMO, while some of them alternately express an
sMMO under low copper conditions (Ghazouani et al., 2011;
Dedysh and Dunfield, 2016). As methanotrophs expressing
pMMO have a high demand for Cu, they develop effective Cu
uptake systems (Semrau et al., 2010). One of the Cu acquisition
systems is based on the extracellular Cu-binding protein, MopE,
or CorA (Helland et al., 2008). Methanobactins (mbs), a class
of Cu-binding peptides produced by methanotrophs, were
also thought to affect the MMO systems by regulating copper
uptake. It was reported that the Cu(I) affinity of mbs was high
at pH > 8.0 and one order of magnitude lower at pH 6.0 in
Methylosinus trichosporium OB3b, indicating that pH might
mediate the switchover between sMMO and pMMO by affecting
the availability of metal ions (Ghazouani et al., 2011).

Microbial metabolic energy is categorized into three main
types: energy produced by catabolism, energy consumed by
assimilation metabolism, and heat of reaction (Madigan, 2014).
The transfer of electrons between donors and acceptors via bio-
catalysis is a common energy-producing pathway observed in
microbes (Marcus, 2004). During the process, the proton is
pumped out to form a proton gradient (ApH, chemical potential
energy) and a charge gradient (A, electric potential energy).
A proton motive force (PMF) is formed by the above two
potential types of energy, which pushes protons through the
membrane back to the cytoplasm and releases energy (Kashket,
1985; Goto et al., 2005; Liu et al., 2008). The ApH across the cell
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is a major contributor to the PME, suggesting that acidophilic
microbes possess the best potential for energy capture, followed
by mildly acidophilic or neutrophilic microbes, and alkaliphiles
at the bottom (Krulwich et al., 2011; Carere et al., 2021). As
for methanotrophs, the oxidation of methane or other electron
donors is the main way to capture energy, whereas carbon
assimilation is the main way to consume energy (Whittenbury
etal., 1970). Although the phylogenetic affiliation plays a key role
in selecting the carbon assimilation pathway, the relationship
between the pH-ecotype and the carbon fixation pathway of
methanotrophs seems intriguing as well. In this review, we
provide a putative energy trade-off (Ferenci, 2016) model to
describe the relationship, which is shown in Figure 3.

The Calvin cycle, the serine pathway, and the ribulose
monophosphate (RuMP) pathway are three common ways
by which methanotrophs assimilate carbon (Figure 3) (den
Camp et al, 2009; Khmelenina et al., 2010; Anvar et al,
2014). The Calvin cycle reactions occur in three basic
stages: fixation, reduction, and regeneration. During this
process, with CO; as the carbon source, fixing 1mol C
requires 3mol ATP and 2mol of reducing power (NADPH),
equivalent to 531 kJ energy (Figure 3A). In the serine pathway,
the cells use formaldehyde derived from the oxidation of
methane as a substrate. The formaldehyde is converted to
methylenetetrahydrofolate (CH, =H4F) by the tetrahydrofolate
(H4F) pathway, and CH, =H4F enters the serine cycle via
the demethyltransferase to form acetyl-CoA. In this pathway,
fixing 1mol C requires 1mol ATP and 1mol of reducing
power (NADH), and the microbial synthesis of the ATP
and the reducing power requires about 60.7 k] of energy,
which saves ~90% in energy consumption (Figure 3B). As
for the RuMP pathway, formaldehyde is assimilated through
two unique reactions: i.e., condensation of formaldehyde and
ribulose 5-phosphate to produce hexulose 6-phosphate (Hu6P);
ii. isomerization of Hu6P to form fructose 6-phosphate (F6P),
which is then converted to pyruvate through the Entner-
Doudoroff (EDD) and the Embden-Meyerhof-Parnas (EMP)
pathways (Kato et al,, 2006; Trotsenko and Murrell, 2008).
During this process, for 1 mol C fixation, only 1/3 mol (10.3 kJ
energy) of ATP is required, and it only accounts for 2% of the
energy in the Calvin cycle (Figure 3C) (Hanson and Hanson,
1996; Semrau et al., 2010). The acidic condition provides a
considerable PMF that drives the energy capture process with
ATP synthesis. Although acidophilic methanotrophs have to
pay a heavy price to survive in such habitats, they still select
an energy-consuming pathway, the Calvin cycle, for carbon
assimilation, such as verrucomicrobial methanotrophs (Khadem
et al., 2012; Sharp et al, 2012). As shown in Table 1, most
mildly acidophilic methanotrophs and some neutrophilic strains
of Methylosinus and Methylocystis utilize a relatively energy-
efficient pathway, the serine pathway, owing to the decrease
of PMF. The lower PMF in neutrophilic and alkalophilic
methanotrophs, including a few mildly acidophilic species,
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Energy trade-off model of methanotrophs under different pH conditions. The red part refers to the energy trade-off model in acidophilic
methanotrophs. The yellow part refers to the energy trade-off model in mildly acidophilic methanotrophs. The blue part refers to the energy
trade-off model in alkalophilic methanotrophs. The respiration process is given in the dashed box, and the carbon fixation pathway is shown on
the other side. (A) Calvin cycle, (B) serine pathway, and (C) ribulose monophosphate (RuUMP) pathway. Most neutrophilic and a few of mildly
acidophilic methanotrophs select the RUMP pathway (shown as an orange dotted arrow), and some neutrophilic strains select the serine
pathway (shown as green dotted arrow). The overall reactions are shown above or below the cycles, and the energy calculation formulas are

followed in the dashed boxes.

requires a more energy-efficient way, the RuMP pathway
(Khmelenina et al, 1997; Lin et al, 2004; Iguchi et al,
2010; Svenning et al, 2011; Danilova et al, 2013, 2016).
Without sufficient energy, alkalophilic methanotrophs even
have to cope with high-pH stress. In this case, selecting the
RuMP pathway is undoubtedly a wise strategy for survival
(Kato et al,, 2006). This putative energy trade-off model might
be a miniature of the interaction between microbes and
environments with further investigations and verifications. We
believe that it will offer novel insights into microbial ecology and

biochemical cycles.
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Concluding remarks and
future directions

Methanotrophs, an intriguing kind of microbes, play an
indispensable role in methane cycles and global climate change.
As a significant environmental factor, pH varies significantly on
a global scale and is coupled with multiple ecological processes
such as nitrogen deposition and precipitation (Galloway et al.,
2004; Zhao et al., 2017). It is considered a predictor of microbial
communities and biochemical cycles (Fierer and Jackson, 20065
Fierer, 2017). The question that how methanotrophs are affected
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by pH must deserve to be answered. Based on the current
research, this review could answer a part of the question of
how methanotrophs respond to pH. However, many challenging
issues need to be addressed in this field (see Outstanding
questions). How the methanotrophs’ ecophysiology is affected
by pH deserves in-depth studies. In this field, different
methanotrophs, especially anaerobic methanotrophs, should
be isolated and characterized so that the energy trade-off
model can be further verified and physiological mechanisms
can be further clarified. Quantitative ecological relationships
between pH and methanotrophs need to be established
with a complete methane oxidation process, which demands
systematic ecological research on both aerobic and anaerobic
methanotrophs globally. It is of vital importance to determine
the roles that different methanotrophs play in the methane cycle
at different pH levels and identify their contributions to the
reduction of global methane emissions.

Outstanding questions

1. What is the ecophysiology of anaerobic methanotrophs
affected by pH? Undoubtedly, it requires more
ecological investigations and microbial isolations with
novel technologies.

2. What is the ecological pattern and methane reduction
contribution of methanotrophs under different pH
conditions? Is there any methane sink that has been
neglected in acidic or alkaline habitats such as peatlands or
plateau lakes?

3. How pH impacts the substrate affinity of enzymes
in methanotrophs, consisting of the structure-function
relationships of sMMO and pMMO and their optimum pH
ranges in methanotrophs with various pH-ecotype?

4. Why do acidophilic verrucomicrobial methanotrophs
select an energy-consuming pathway rather than an
energy-efficient pathway for carbon fixation? Could
methanotrophs switch metabolic pathways, such as the
carbon assimilation pathway, responding to the change in
environmental pH?

References

Anvar, S. Y., Frank, J,, Pol, A, Schmitz, A, Kraaijeveld, K., den Dunnen,
J. T, et al. (2014). The genomic landscape of the verrucomicrobial
methanotroph methylacidiphilum fumariolicum SolV. BMC Genom. 15, 914.
doi: 10.1186/1471-2164-15-914

Arshad, A., Speth, D. R,, de Graaf, R. M., den Camp, H. J. M. O., Jetten,
M. S. M,, and Welte, C. U. (2015). A metagenomics-based metabolic model
of nitratedependent anaerobic oxidation of methane by Methanoperedens-like
archaea. Front. Microbiol. 6:1423. doi: 10.3389/fmicb.2015.01423

Frontiers in Microbiology

10.3389/fmicb.2022.1034164

5. Verrucomicrobial methanotrophs, as well as

proteobacterial ~ methanotrophs, are much more
metabolically versatile than previously assumed. Several
inorganic gases and other molecules present in acidic
geothermal ecosystems can be utilized, such as methane,
hydrogen gas, carbon dioxide, ammonium, nitrogen gas,
and perhaps also hydrogen sulfide. Could pH matter for

metabolic versatility?

Author contributions

XY: conceptualization and writing—review and editing. JW:
writing—review and editing. BH: conceptualization, writing—
review and editing, and funding acquisition. All authors
contributed to the article and approved the submitted version.

Funding

The authors gratefully acknowledge the National Key R&D
Project of China (No. 2018YFC1800702) and the National
Natural Science Foundation of China (Nos. 31828001 and
41773074) for funding this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Bahram, M., Hildebrand, F., Forslund, S. K., Anderson, J. L., Soudzilovskaia,
N. A, Bodegom, P. M., et al. (2018). Structure and function of the global topsoil
microbiome. Nature. 560, 233-237. doi: 10.1038/s41586-018-0386-6

Baker, B.]., De Anda, V., Seitz, K. W., Dombrowski, N., Santoro, A. E., and Lloyd,
K. G. (2020). Diversity, ecology and evolution of archaea. Nat. Microbiol. 5, 1-14.
doi: 10.1038/s41564-020-0715-z

Barker, J. F., and Fritz, P. (1981). Carbon isotope fractionation during microbial
methane oxidation. Nature. 293, 289-291. doi: 10.1038/2932892a0

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1034164
https://doi.org/10.1186/1471-2164-15-914
https://doi.org/10.3389/fmicb.2015.01423
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.1038/s41564-020-0715-z
https://doi.org/10.1038/293289a0
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yao et al.

Benstead, J., and King, G. M. (2001). The effect of soil acidification on
atmospheric methane uptake by a Maine forest soil. FEMS Microbiol. Ecol. 34,
207-212. doi: 10.1016/S0168-6496(00)00096-9

Bowman, J. P. (2015). “Methylocystis,” in Bergeys Manual of Systematics of
Archaea and Bacteria, eds F. Rainey, P. Kimpfer, M. Trujillo, J. Chun, and P. DeVos
(New York, NY: John Wiley and Sons, Inc).

Brumme, R., and Borken, W. (1999). Site variation in methane oxidation as
affected by atmospheric deposition and type of temperate forest ecosystem. Glob.
Biogeochem. Cycles 13, 493-501. doi: 10.1029/1998GB900017

Cai, C, Leu, A. O, Xie, G.-]., Guo, J., Feng, Y., Zhao, J.-X,, et al. (2018).
A methanotrophic archaeon couples anaerobic oxidation of methane to Fe(III)
reduction. ISME J. 12, 1929-1939. doi: 10.1038/s41396-018-0109-x

Caldwell, S. L., Laidler, J. R., Brewer, E. A,, Eberly, J. O., Sandborgh, S.
C., and Colwell, F. S. (2008). Anaerobic oxidation of methane: mechanisms,
bioenergetics, and the ecology of associated microorganisms. Environ. Sci. Technol.
42, 6791-6799. doi: 10.1021/es800120b

Carere, C. R,, Hards, K., Wigley, K., Carman, L., Houghton, K. M., Cook, G. M.,
et al. (2021). Growth on formic acid is dependent on intracellular pH homeostasis
for the thermoacidophilic methanotroph methylacidiphilum sp. rtk17.1. Front.
Microbiol. 12, 651744. doi: 10.3389/fmicb.2021.651744

Chistoserdova, L., and Kalyuzhnaya, M. G. (2018). Current trends in
methylotrophy. Trends Microbiol. 26, 703-714. doi: 10.1016/j.tim.2018.0

1.011
Cullis, P. R, and Kruijffi B. D. (1979). Lipid polymorphism
and the functional roles of lipids in biological ~membranes.
Biochem.  Biophys. Acta. 559, 399-420. doi: 10.1016/0304-4157(79)90
012-1

Daebeler, A., Kitzinger, K., Koch, H., Herbold, C. W, Steinfeder, M., Schwarz,
J., et al. (2020). Exploring the upper pH limits of nitrite oxidation: diversity,
ecophysiology, and adaptive traits of haloalkalitolerant Nitrospira. ISME J. 14,
2967-79. doi: 10.1038/s41396-020-0724-1

Danilova, O. V., Kulichevskaya, I. S., Rozova, O. N., Detkova, E. N., Bodelier, P.
L. E., Trotsenko, Y. A, et al. (2013). Methylomonas paludis sp. nov., the first acid-
tolerant member of the genus Methylomonas, from an acidic wetland. Int. J. Syst.
Evol. Microbiol. 63, 2282-2289. doi: 10.1099/ijs.0.045658-0

Danilova, O. V., Suzina, N. E., Van De Kamp, J., Svenning, M. M., Bodrossy,
L., and Dedysh, S. N. (2016). A new cell morphotype among methane oxidizers: a
spiral-shaped obligately microaerophilic methanotroph from northern low-oxygen
environments. ISME J. 10, 2734-2743. doi: 10.1038/isme;j.2016.48

Dedysh, S. N., Didriksen, A., Danilova, O. V., Belova, S. E., Liebner, S., and
Svenning, M. M. (2015). Methylocapsa palsarum sp. nov., a methanotroph isolated
from a sub-Arctic discontinuous permafrost ecosystem. Int. J. Syst. Evol. Microbiol.
65, 3618-3624. doi: 10.1099/ijsem.0.000465

Dedysh, S. N., and Dunfield, P. F. (2016). “Methylocella,” in Bergey’s Manual of
Systematics of Archaea and Bacteria, eds F. Rainey, P. Kaimpfer, M. Trujillo, J. Chun,
and P. DeVos (New York, NY: John Wiley and Sons, Inc).

Dedysh, S. N., Khmelenina, V. N., Suzina, N. E,, Trotsenko, Y. A., Semrau, J.
D., Liesack, W., et al. (2002). Methylocapsa acidiphila gen. nov., sp. nov., a novel
methane-oxidizing and dinitrogen-fixing acidophilic bacterium from Sphagnum
bog. Int. J. Syst. Evol. Microbiol. 52:251-261. doi: 10.1099/00207713-52-1-251

Delgado-Baquerizo, M., Oliverio, A. M., Brewer, T. E., Benavent-Gonzalez, A.,
Eldridge, D. J., Bardgett, R. D., et al. (2018). A global atlas of the dominant bacteria
found in soil. Science 359, aap9516. doi: 10.1126/science.aap9516

den Camp, H. J. M. O,, Islam, T., Stott, M. B., Harhangi, H. R,, Hynes, A,
Schouten, S., et al. (2009). Environmental, genomic and taxonomic perspectives
on methanotrophic Verrucomicrobia. Environ. Microbiol. Rep. 1, 293-306.
doi: 10.1111/j.1758-2229.2009.00022.x

Devol, A. H., and Ahmed, S. I (1981). Are high rates of sulphate
reduction associated with anaerobic oxidation of methane? Nature 291, 407-408.
doi: 10.1038/291407a0

Dunfield, P. F., Belova, S. E., Vorobev, A. V. Cornish, S. L, and
Dedysh, S. N. (2010). Methylocapsa aurea sp. nov., a facultative methanotroph
possessing a particulate methane monooxygenase, and emended description
of the genus Methylocapsa. Int. J. Syst. Evol. Microbiol. 60, 2659-2664.
doi: 10.1099/ijs.0.020149-0

Dunfield, P. F., Yuryev, A., Senin, P., Smirnova, A. V., Stott, M. B., Hou, S, et al.
(2007). Methane oxidation by an extremely acidophilic bacterium of the phylum
Verrucomicrobia. Nature 450, 879-882. doi: 10.1038/nature06411

Erikstad, H.-A., Ceballos, R. M., Smestad, N. B., and Birkeland, N.-
K. (2019). Global biogeographic distribution patterns of thermoacidophilic

Verrucomicrobia methanotrophs suggest allopatric evolution. Front. Microbiol. 10,
1129. doi: 10.3389/fmicb.2019.01129

Frontiers in Microbiology

10

10.3389/fmicb.2022.1034164

Ettwig, K. F., Butler, M. K, Paslier, D. L., Pelletier, E., Mangenot, S., Kuypers,
M. M. M., et al. (2010). Nitrite-driven anaerobic methane oxidation by oxygenic
bacteria. Nature 464, 543. doi: 10.1038/nature08883

Ettwig, K. F., Zhu, B., Speth, D., Keltjens, J. T., Jetten, M. S. M., and Kartal, B.
(2016). Archaea catalyze iron-dependent anaerobic oxidation of methane. Proc.
Natl. Acad. Sci. USA 113, 12792-12796. doi: 10.1073/pnas. 1609534113

Ferenci, T. (2016). Trade-off mechanisms shaping the diversity of bacteria.
Trends Microbiol. 24, 209-223. doi: 10.1016/j.tim.2015.11.009

Fierer, N. (2017). Embracing the unknown: disentangling the complexities of the
soil microbiome. Nat. Rev. Microbiol. 15, 579-590. doi: 10.1038/nrmicro.2017.87

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography
of soil bacterial communities. Poc. Natl. Acad. Sci. USA 103, 626-631.
doi: 10.1073/pnas.0507535103

Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W,
Seitzinger, S. P., et al. (2004). Nitrogen cycles: past, present, and future. Fruit
present and future. Biogeochemistry 70, 153-226. doi: 10.1007/s10533-004-0370-0

Ghazouani, A. E., Baslé, A., Firbank, S. J., Knapp, C. W, Gray, J., Graham, D. W.,
et al. (2011). Copper-binding properties and structures of methanobactins from
methylosinus trichosporium OB3b. Inorg. Chem. 50, 1378. doi: 10.1021/ic101965j

Goto, T., Matsuno, T., Hishinuma-Narisawa, M., Yamazaki, K., Matsuyama, H.,
Inoue, N., et al. (2005). Cytochrome ¢ and bioenergetic hypothetical model for
alkaliphilic Bacillus spp. J. Biosci. Bioeng. 100, 365-379. doi: 10.1263/jbb.100.365

Graf, J. S, Mayr, M. J, Marchant, H. K, Tienken, D., Hach, P. F,
Brand, A., et al. (2018). Bloom of a denitrifying methanotroph, “candidatus
methylomirabilis limnetica”, in a deep stratified lake. Environ. Microbiol. 20,
2598-2614. doi: 10.1111/1462-2920.14285

Hanson, R. S., and Hanson, T. E. (1996). Methanotrophic bacteria. Microbiol.
Rev. 60, 439-471. doi: 10.1128/mr.60.2.439-471.1996

Haroon, M. F,, Huy, S., Shi, Y., Imelfort, M., Keller, J., Hugenholtz, P., et al. (2013).
Anaerobic oxidation of methane coupled to nitrate reduction in a novel archaeal
lineage. Nature 500, 567-570. doi: 10.1038/nature12375

He, Z., Cai, C., Wang, J., Xu, X., Zheng, P, Jetten, M. S. M,, et al. (2016). A
novel denitrifying methanotroph of the NC10 phylum and its microcolony. Sci.
Rep. 2016, 33241. doi: 10.1038/srep32241

Helland, R., Fjellbirkeland, A., Karlsen, O. A., Ve, T., Lillehaug, J. R, and
Jensen, H. B. (2008). An oxidized tryptophan facilitates copper binding in
Methylococcus capsulatus-secreted protein MopE. J. Biol. Chem. 283, 13897-13904.
doi: 10.1074/jbc.M800340200

Heyer, J., and Suckow, R. (1985). Ecological studies of methane oxidation in an
acid bog lake. Limnologica 16, 247-266.

Hinrichs, K. U., Hayes, ]. M., Sylva, S. P, Brewer, P. G., and DeLong, E. F. (1999).
Methane-consuming archaebacteria in marine sediments. Nature 398, 802-805.
doi: 10.1038/19751

Iguchi, H., Yurimoto, H., and Sakai, Y. (2010). Methylovulum miyakonense gen.
nov., sp. nov., a type I methanotroph isolated from forest soil. Int. J. Syst. Evol.
Microbiol. 61:810-815. doi: 10.1099/ijs.0.019604-0

Islam, T., Jensen, S., Reigstad, L. J., Larsen, O., and Birkeland, N.-K. (2008).
Methane oxidation at 55°C and pH 2 by a thermoacidophilic bacterium belonging
to the Verrucomicrobia phylum. Poc. Natl. Acad. Sci. USA 105, 300-304.
doi: 10.1073/pnas.0704162105

Kaluzhnaya, M., Khmelenina, V., Eshinimaev, B., Suzina, N., Nikitin, D., Solonin,
A, etal. (2001). Taxonomic characterization of new alkaliphilic and alkalitolerant
methanotrophs from soda lakes of the Southeastern Transbaikal region and
description of Methylomicrobium buryatense sp.nov. Syst. Appl. Microbiol. 24,
166-176. doi: 10.1078/0723-2020-00028

Kalyuzhnaya, M. (2016). “Methylomicrobium,” in Bergey’s Manual of Systematics
of Archaea and Bacteria, eds W. B. Whitman (Hoboken, NJ: John Wiley and Sons,
Inc). doi: 10.1002/9781118960608.gbm01182.pub2

Kalyuzhnaya, M. G., Khmelenina, V., Eshinimaev, B., Sorokin, D., Fuse,
H., Lidstrom, M. et al. (2008). Classification of halo(alkali)philic and
halo(alkali)tolerant methanotrophs provisionally assigned to the genera
methylomicrobium and methylobacter and emended description of the genus
methylomicrobium. Int. J. Syst. Evol. Microbiol. 58, 591. doi: 10.1099/ijs.0.65317-0

Ka.lyuzhnaya, M. G, and Xing, X. H. (2018). Methane Biocatalysis: Paving the
Way to Sustainability. Berlin: Springer. doi: 10.1007/978-3-319-74866-5

Kashket, R. E. (1985). The proton motive force
critical assessment of methods. Annu. Rev. Microbiol.
doi: 10.1146/annurev.mi.39.100185.001251

Kato, N., Yurimoto, H., and Thauer, R. K. (2006). The physiological role of the
ribulose monophosphate pathway in bacteria and archaea. Biosci. Biotech. Bioch.
70, 10-21. doi: 10.1271/bbb.70.10

in bacteria: a
39, 219-242.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1034164
https://doi.org/10.1016/S0168-6496(00)00096-9
https://doi.org/10.1029/1998GB900017
https://doi.org/10.1038/s41396-018-0109-x
https://doi.org/10.1021/es800120b
https://doi.org/10.3389/fmicb.2021.651744
https://doi.org/10.1016/j.tim.2018.01.011
https://doi.org/10.1016/0304-4157(79)90012-1
https://doi.org/10.1038/s41396-020-0724-1
https://doi.org/10.1099/ijs.0.045658-0
https://doi.org/10.1038/ismej.2016.48
https://doi.org/10.1099/ijsem.0.000465
https://doi.org/10.1099/00207713-52-1-251
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1111/j.1758-2229.2009.00022.x
https://doi.org/10.1038/291407a0
https://doi.org/10.1099/ijs.0.020149-0
https://doi.org/10.1038/nature06411
https://doi.org/10.3389/fmicb.2019.01129
https://doi.org/10.1038/nature08883
https://doi.org/10.1073/pnas.1609534113
https://doi.org/10.1016/j.tim.2015.11.009
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1007/s10533-004-0370-0
https://doi.org/10.1021/ic101965j
https://doi.org/10.1263/jbb.100.365
https://doi.org/10.1111/1462-2920.14285
https://doi.org/10.1128/mr.60.2.439-471.1996
https://doi.org/10.1038/nature12375
https://doi.org/10.1038/srep32241
https://doi.org/10.1074/jbc.M800340200
https://doi.org/10.1038/19751
https://doi.org/10.1099/ijs.0.019604-0
https://doi.org/10.1073/pnas.0704162105
https://doi.org/10.1078/0723-2020-00028
https://doi.org/10.1002/9781118960608.gbm01182.pub2
https://doi.org/10.1099/ijs.0.65317-0
https://doi.org/10.1007/978-3-319-74866-5
https://doi.org/10.1146/annurev.mi.39.100185.001251
https://doi.org/10.1271/bbb.70.10
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yao et al.

Khadem, A. F., van Teeseling, M. C. F., van Niftrik, L., Jetten, M. S. M., den
Camp, H. J. M. O., and Pol, A. (2012). Genomic and physiological analysis of
carbon storage in the verrucomicrobial methanotroph “Ca. Methylacidiphilum
fumariolicum” SolV. Front. Microbiol. 3, 345. doi: 10.3389/fmicb.2012.00345

Khmelenina, V. N., Eshinimaev, B. T., Kaliuzhnaia, M. G., and Trotsenko, 1. A.
(2000). Potential activity of methane and ammonium oxidation by methanotrophic
communities from the soda lakes of southern Transbaikal. Microbiology 69,
460-465. doi: 10.1007/BF02756771

Khmelenina, V. N., Kalyuzhnaya, M. G., Starostina, N. G., Suzina, N. E., and
Trotsenko, Y. A. (1997). Isolation and characterization of halotolerant alkaliphilic
methanotrophic bacteria from Tuva soda lakes. Curr. Microbiol. 35, 257-261.
doi: 10.1007/s002849900249

Khmelenina, V. N., Kalyuzhnaya, M. G., Starostina, N. G., Suzina, N. E., and
Trotsenko, Y. A., et al. (2020). Comparison of anaerobic methane oxidation in
different sediment habitats of Dianchi Lake. Water Air Soil Pollut. 231, 491.
doi: 10.1007/s11270-020-04868-5

Khmelenina, V. N., Shchukin, V. N., Reshetnikov, A. S., Mustakhimov, 1. L.,
Suzina, N. E., Eshinimaev, B. T., et al. (2010). Structural and functional features
of methanotrophs from hypersaline and alkaline lakes. Microbiology 79, 472-482.
doi: 10.1134/50026261710040090

Khmelenina, V. N., Starostina, N. G., Tsvetkova, M. G., Sokolov, A. P., and
Suzina, N. E. (1996). Methanotrophic bacteria in saline reservoirs of Ukraine and
Tuva. Mikrobiologiya. 65, 609-615.

Krulwich, T. A., Hicks, D. B., Swartz, T., and Ito, M. (2007). “Bioenergetic
adaptations that support alkaliphily,” in Physiology and Biochemistry of
Extremophiles, eds C. Gerday and N. Glansdorff (Washington, DC: ASM Press),
311-329. doi: 10.1128/9781555815813.ch24

Krulwich, T. A., Sachs, G., and Padan, E. (2011). Molecular aspects of
bacterial pH sensing and homeostasis. Nat. Rev. Microbiol. 9, 330-343.
doi: 10.1038/nrmicro2549

Leu, A. O., Cai, C, Mcllroy, S. J., Southam, G., Orphan, V. J., Yuan,
Z., et al. (2020). Anaerobic methane oxidation coupled to manganese
reduction by members of the Methanoperedenaceae. ISME J. 14, 1030-1041.
doi: 10.1038/s41396-020-0590-x

Levy, P. E., Burden, A., Cooper, M. D., Dinsmore, K. J., Drewer, J., Evans, C., et al.
(2012). Methane emissions from soils: synthesis and analysis of a large uk data set.
Glob. Chang. Biol. 18, 1657-1669. doi: 10.1111/j.1365-2486.2011.02616.x

Lieberman, R. L., and Rosenzweig, A. C. (2004). Biological methane
oxidation: regulation, biochemistry, and active site structure of particulate
methane monooxygenase. Crit. Rev. Biochem. Mol. Biol. 39, 147-164.
doi: 10.1080/10409230490475507

Lin, J.-L., Radajewski, S., Eshinimaev, B. T., Trotsenko, Y. A., McDonald,
I. R, and Murrell, J. C. (2004). Molecular diversity of methanotrophs
in Transbaikal soda lake sediments and identification of potentially active
populations by stable isotope probing. Environ. Microbiol. 6, 1049-1060.
doi: 10.1111/j.1462-2920.2004.00635.x

Liu, J., Krulwich, T. A., and Hicks, D. B. (2008). Purification of two putative
type Il NADH dehyrogenases with different substrate specificities from alkaliphilic
Bacillus pseudofirmus OF4. Biochim. Biophys. Acta. Biomembr. 1777, 453-461.
doi: 10.1016/j.bbabio.2008.02.004

Long, Y., Guo, Q., Li, N,, Li, B, Tong, T., and Xie, S. (2017). Spatial change of
reservoir nitrite-dependent methane-oxidizing microorganisms. Ann. Microbiol.
67, 165-174. doi: 10.1007/s13213-016-1247-x

Madigan, M. T. (2014). Brock Biology of Microorganisms,
London: Pearson.

Malyan, S. K., Bhatia, A., Kumar, A., Gupta, D. K, Singh, R., Kumar, S.
S., et al. (2016). Methane production, oxidation and mitigation: a mechanistic

understanding and comprehensive evaluation of influencing factors. Sci. Total
Environ. 572, 874-896. doi: 10.1016/j.scitotenv.2016.07.182

14th Edn.

Marcus, R. A. (2004). On the theory of oxidation-reduction reactions involving
electron transfer. Int. J. Chem. Phys. 26, 867-871. doi: 10.1063/1.1743423

Meng, H., Wang, Y.-F., Chan, H.-W., Wu, R.-N,, and Gu, J.-D. (2016). Co-
occurrence of nitrite-dependent anaerobic ammonium and methane oxidation
processes in subtropical acidic forest soils. Appl. Microbiol. Biotechnol. 100,
7727-7739. doi: 10.1007/500253-016-7585-6

Nguyen, N.-L, Yu, W.-J, Gwak, J.-H.,, Kim, S.-J., Park, S.-J., Herbold,
C. W, et al. (2018). Genomic insights into the acid adaptation of novel
methanotrophs enriched from acidic forest soils. Front. Microbiol. 9, 1982.
doi: 10.3389/fmicb.2018.01982

Pol, A., Heijmans, K., Harhangi, H. R., Tedesco, D., Jetten, M. S. M., and den
Camp, H. J. M. O. (2007). Methanotrophy below pH 1 by a new Verrucomicrobia
species. Nature 450, 874-878. doi: 10.1038/nature06222

Frontiers in Microbiology

11

10.3389/fmicb.2022.1034164

Raghoebarsing, A. A., Pol, A, van de Pas-Schoonen, K. T., Smolders, A.
J. P., Ettwig, K. F., Rijpstra, W. L. C,, et al. (2006). A microbial consortium
couples anaerobic methane oxidation to denitrification. Nature 440, 918.
doi: 10.1038/nature04617

Ren, G.,, Ma, A, Zhang, Y., Deng, Y., Zheng, G., Zhuang, X,, et al. (2018).
Electron acceptors for anaerobic oxidation of methane drive microbial community
structure and diversity in mud volcanoes. Environ. Microbiol. 20, 2370-2385.
doi: 10.1111/1462-2920.14128

Schmitz, R. A., Peeters, S. H., Versantvoort, W., Picone, N., Pol, A.,
Jetten, M. S. M., et al. (2021). Verrucomicrobial methanotrophs: ecophysiology
of metabolically versatile acidophiles. FEMS Microbiol. Rev. 2021, fuab007.
doi: 10.1093/femsre/fuab007

Semrau, J. D., Dispirito, A. A., and Murrell, J. C. (2008). Life in the
extreme: thermoacidophilic methanotrophy. Trends Microbiol. 16, 190-193.
doi: 10.1016/j.tim.2008.02.004

Semrau, J. D., DiSpirito, A. A., and Yoon, S. (2010). Methanotrophs and copper.
FEMS Microbiol.Rev. 34, 496-531. doi: 10.1111/j.1574-6976.2010.00212.x

Seo, J., Jang, L, Gebauer, G., and Kang, H. (2014). Abundance of methanogens,
methanotrophic bacteria, and denitrifiers in rice paddy soils. Wetlands 34,
213-223. doi: 10.1007/s13157-013-0477-y

Serrano-Silva, N., Valenzuela-Encinas, C., Marsch, R., Dendooven, L., and
Alcéntara-Herndndez, R. J. (2014). Changes in methane oxidation activity and
methanotrophic community composition in saline alkaline soils. Extremophiles 18,
561-571. doi: 10.1007/s00792-014-0641-1

Sharp, C. E., Smirnova, A. V., Graham, J. M., Stott, M. B., Khadka, R., Moore,
T. R, et al. (2014). Distribution and diversity of Verrucomicrobia methanotrophs
in geothermal and acidic environments. Environ. Microbiol. 16, 1867-1878.
doi: 10.1111/1462-2920.12454

Sharp, C. E,, Stott, M. B., and Dunfield, P. F. (2012). Detection of autotrophic
verrucomicrobial methanotrophs in a geothermal environment using stable
isotope probing. Front. Microbiol. 3, 303. doi: 10.3389/fmicb.2012.00303

Siliakus, M. F., van der Oost, J., and Kengen, S. W. M. (2017). Adaptations of
archaeal and bacterial membranes to variations in temperature, pH and pressure.
Extremophiles 21, 651-670. doi: 10.1007/s00792-017-0939-x

Slonczewski, J. L., Fujisawa, M., Dopson, M., and Krulwich, T. A. (2009).
Cytoplasmic pH measurement and homeostasis in bacteria and archaea. Adv.
Microb. Physiol. 55, 1-79. doi: 10.1016/S0065-2911(09)05501-5

Sokolov, A. P., and Trotsenko, Y. A. (1995). Methane consumption in
(hyper) saline habitats of Crimea (Ukraine). FEMS Microbiol. Ecol. 18, 299-303.
doi: 10.1111/§.1574-6941.1995.tb00186.x

Stavert, A. R., Saunois, M., Canadell, J. G., Poulter, B., Jackson, R. B., Regnier,
P., et al. (2020). The global methane budget 2000-2017. Earth Syst. Sci. Data. 12,
1561-1623. doi: 10.5194/essd-12-1561-2020

Svenning, M. M., Hestnes, A. G., Wartiainen, I, Stein, L. Y., Klotz, M.
G., Kalyuzhnaya, M. G., et al. (2011). Genome sequence of the Arctic
methanotroph Methylobacter tundripaludum SV96. J. Bacteriol. 193, 6418-6419.
doi: 10.1128/JB.05380-11

Townsend-Small, A., Disbennett, D., Fernandez, J. M., Ransohoff, R. W,
Mackay, R., and Bourbonniere, R. A. (2016). Quantifying emissions of methane
derived from anaerobic organic matter respiration and natural gas extraction in
Lake Erie. Limnol. Oceanogr. 61, S356-5366. doi: 10.1002/In0.10273

Tripathi, B. M., Stegen, J. C., Kim, M., Dong, K., Adams, J. M., and Lee, Y.
K. (2018). Soil pH mediates the balance between stochastic and deterministic
assembly of bacteria. ISME J. 12, 1072-1083. doi: 10.1038/s41396-018-0082-4

Trotsenko, Y. A., and Khmelenina, V. N. (2002). Biology of extremophilic

and extremotolerant methanotrophs. Arch. Microbiol. 177, 123-131.
doi: 10.1007/500203-001-0368-0

Trotsenko, Y. A, and Murrell, J. C. (2008). Metabolic aspects
of aerobic obligate methanotrophy. Adv. Appl. Microbiol. 63, 183.

doi: 10.1016/S0065-2164(07)00005-6

van Teeseling, M. C. F., Pol, A., Harhangi, H. R, van der Zwart, S., Jetten,
M. S. M, den Camp, H. J. M. O, et al. (2014). Expanding the verrucomicrobial
methanotrophic world: description of three novel species of Methylacidimicrobium
gen. nov. Appl. Environ. Microbiol. 80:6782-6791. doi: 10.1128/ AEM.01838-14

Vorobev, A. V., Baani, M., Doronina, N. V., Brady, A. L., Liesack, W., Dunfield,
P.F., etal. (2011). Methyloferula stellata gen. nov. sp. nov. an acidophilic, obligately

methanotrophic bacterium that possesses only a soluble methane monooxygenase.
Int. J. Syst. Evol. Microbiol. 61, 2456-2463. doi: 10.1099/ijs.0.028118-0

Whittenbury, R., Phillips, K. C., and Wilkinson, J. F. (1970). Enrichment,
isolation and some properties of methane-utilizing bacteria. J. Gen. Microbiol. 61,
205-218. doi: 10.1099/00221287-61-2-205

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1034164
https://doi.org/10.3389/fmicb.2012.00345
https://doi.org/10.1007/BF02756771
https://doi.org/10.1007/s002849900249
https://doi.org/10.1007/s11270-020-04868-5
https://doi.org/10.1134/S0026261710040090
https://doi.org/10.1128/9781555815813.ch24
https://doi.org/10.1038/nrmicro2549
https://doi.org/10.1038/s41396-020-0590-x
https://doi.org/10.1111/j.1365-2486.2011.02616.x
https://doi.org/10.1080/10409230490475507
https://doi.org/10.1111/j.1462-2920.2004.00635.x
https://doi.org/10.1016/j.bbabio.2008.02.004
https://doi.org/10.1007/s13213-016-1247-x
https://doi.org/10.1016/j.scitotenv.2016.07.182
https://doi.org/10.1063/1.1743423
https://doi.org/10.1007/s00253-016-7585-6
https://doi.org/10.3389/fmicb.2018.01982
https://doi.org/10.1038/nature06222
https://doi.org/10.1038/nature04617
https://doi.org/10.1111/1462-2920.14128
https://doi.org/10.1093/femsre/fuab007
https://doi.org/10.1016/j.tim.2008.02.004
https://doi.org/10.1111/j.1574-6976.2010.00212.x
https://doi.org/10.1007/s13157-013-0477-y
https://doi.org/10.1007/s00792-014-0641-1
https://doi.org/10.1111/1462-2920.12454
https://doi.org/10.3389/fmicb.2012.00303
https://doi.org/10.1007/s00792-017-0939-x
https://doi.org/10.1016/S0065-2911(09)05501-5
https://doi.org/10.1111/j.1574-6941.1995.tb00186.x
https://doi.org/10.5194/essd-12-1561-2020
https://doi.org/10.1128/JB.05380-11
https://doi.org/10.1002/lno.10273
https://doi.org/10.1038/s41396-018-0082-4
https://doi.org/10.1007/s00203-001-0368-0
https://doi.org/10.1016/S0065-2164(07)00005-6
https://doi.org/10.1128/AEM.01838-14
https://doi.org/10.1099/ijs.0.028118-0
https://doi.org/10.1099/00221287-61-2-205
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yao et al.

Whittington, D. A., and Lippard, S. J. (2001). Crystal structures of the soluble
methane monooxygenase hydroxylase from methylococcus capsulatus (bath)
demonstrating geometrical variability at the dinuclear iron active site. J. Am. Chem.
Soc. 123, 827-838. doi: 10.1021/ja003240n

Xu, S., Lu, W.,, Muhammad, F. M., Liu, Y., Guo, H., Meng, R, et al. (2017).
New molecular method to detect denitrifying anaerobic methane oxidation

bacteria from different environmental niches. J. Environ. Sci. 65, 367-374.
doi: 10.1016/j.jes.2017.04.016

Zhao, J., Cai, Y., and Jia, Z. (2020). The pH-based ecological coherence of
active canonical methanotrophs in paddy soils. Biogeoscience 17, 1451-1462.
doi: 10.5194/bg-17-1451-2020

Frontiers in Microbiology

12

10.3389/fmicb.2022.1034164

Zhao, R., Zhu, L., and Wu, Q. (2017). Effect of environmental factors on
nitrite-dependent denitrifying anaerobic methane oxidation. Acta Sci. Circumst.
37,178-184. doi: 10.13671/j.hjkxxb.2016.0269

Zhou, Z., Wang, C., and Luo, Y. (2020). Meta-analysis of the impacts of global
change factors on soil microbial diversity and functionality. Nat. Commun. 11,
3072. doi: 10.1038/s41467-020-16881-7

Zhu, G., Zhou, L, Wang, Y, Wang, S, Guo, J, Long, X-
E, et al.  (2015). Biogeographical distribution of  denitrifying
anaerobic methane oxidizing bacteria in Chinese wetland ecosystems.
Environ. Microbiol. Rep. 7, 128-138. doi: 10.1111/1758-2229.1
2214

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1034164
https://doi.org/10.1021/ja003240n
https://doi.org/10.1016/j.jes.2017.04.016
https://doi.org/10.5194/bg-17-1451-2020
https://doi.org/10.13671/j.hjkxxb.2016.0269
https://doi.org/10.1038/s41467-020-16881-7
https://doi.org/10.1111/1758-2229.12214
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yao et al.

Glossary

Methanotrophs: A type of microbes that utilize methane as
carbon and energy sources and play a significant role in natural
methane cycles.

Aerobic methanotrophs: Bacteria that use molecular oxygen
as electron acceptors to activate methane, in a methane
monooxygenase reaction.

Anaerobic methanotrophs (ANME): Microbes that use other
electron acceptors instead of molecular oxygen to oxidize
methane, which consists of NC10 phylum bacteria and
ANME archaea.

Sulfate-dependent anaerobic methane oxidation process
(SAMO): A process catalyzed by ANME-1, ANME-2a/b,
ANME-2¢, ANME-3 archaea, and sulfate-reducing bacteria
(SRB) with sulfate as the electron acceptor, oxidizing methane
in a reverse methanogenesis pathway.

Denitrifying anaerobic methane oxidation (DAMO): Refers
to anaerobic methane oxidation with nitrite or nitrate as the
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electron acceptor, performed by NC10 phylum bacteria and
ANME-2d archaea, respectively.

Acidophilic bacteria: Extremely acidophilic bacteria grow at
external pH < 3, whereas the lowest growth pH for mildly
acidophiles is in the pH 3-5.5 range.

Alkaliphilic bacteria: Extremely alkaliphilic bacteria grow at
external pH > 10, whereas moderate alkaliphiles grow in the
pH 9-10 range. The pH range for the growth of facultative
alkaliphiles extends down to pH 7.0-7.5.

Energy trade-off: To spend on one side, energy is forced to
economize on the other side. Such negative correlations in
microbial energy metabolisms are called energy trade-offs.
Proton motive force (PMF): A transmembrane electrochemical
gradient across the bacterial cell membrane.

Methanotrophs’ ecophysiology affected by pH: A systematical
ecological and physiological study on methanotrophs coping
with pH variation on a global scale. Based on the relationships
between pH and climate change, the ecological status and
contribution of methanotrophs will be further clarified.
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