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Abstract
In this review article, we cover the recent develop-
ments in understanding the principles and the 
mechanisms by which microbial communities 
participating in methane consumption in natural 
environmental niches are assembled, and the 
physiological and biochemical mechanisms and 
regulators that allow efficient carbon transfer 
within the communities. We first give a brief 
overview of methanotrophy. We then describe the 
recent evidence on non-random assembly of bacte-
rial communities that utilize carbon from methane, 
based on stable isotope probing experiments as well 
as on results from natural community manipula-
tions followed by metagenomic analysis. We follow 
up by highlighting results from synthetic methano-
trophic community manipulations identifying the 
importance of a lanthanide switch that regulates 
alternative methanol dehydrogenase enzymes in 
these communities. We further expand on the 
recently uncovered significance of lanthanides in 
methylotrophy and review data on the biochemi-
cal properties of representatives of two different 
clades of lanthanide-dependent enzymes. We also 
provide an overview of the occurrence and the 
distribution of the lanthanide-dependent alcohol 

dehydrogenases in the bacterial domain, these data 
strongly suggesting significance of these metals 
beyond methylotrophy.

Introduction

A historical outlook on methane 
oxidation
Methane is an abundant hydrocarbon on Earth. 
While braking the strong bond between carbon 
and hydrogen in this molecule is thermodynami-
cally difficult, this reaction is readily catalysed by 
specialized bacteria, the methanotrophs, at ambient 
temperatures (Lawton and Rosenzweig, 2016). The 
ability of microbes to utilize methane as a substrate 
has been discovered over a century ago, giving rise 
to the field of science known as the Methylotrophy 
field (reviewed in Chistoserdova, 2018). It has been 
especially active since the early 1970s, after multi-
ple methanotrophs have been cultivated in pure 
cultures (Whittenbury et al., 1970). Those were 
the so-called aerobic methanotrophs, belonging 
to the Proteobacteria Phylum of Bacteria, of which 
originally two types were recognized, gammapro-
teobacterial (Type I) and alphaproteobacterial 

Curr. Issues Mol. Biol. (2019) Vol. 33 caister.com/cimb

https://doi.org/10.21775/9781912530045.10


Yu et al.184 |

(Type II) methanotrophs (Trotsenko and Mur-
rell, 2008). Key enzymes involved in the primary 
oxidation of methane in these bacteria have 
been characterized as two alternative methane 
monooxygenases, particulate (pMMO) and 
soluble (sMMO), respectively, the former reli-
ant on copper-mediated catalysis and the latter 
dependent of iron-mediated catalysis (Ross and 
Rosenzweig, 2017). The enzyme involved in oxida-
tion of methanol, which is a product of methane 
oxidation, methanol dehydrogenase (MDH) of the 
MxaFI-type, has also been thoroughly studied over 
years, uncovering its calcium dependence and regu-
lation by the presence of methanol (Anthony and 
Zatman, 1967a,b; Anthony, 2004). However, very 
recently, an alternative MDH has been identified 
(see below), suggesting metabolic flexibility for this 
oxidative step as well. Downstream of methanol, 
formaldehyde and, sequentially, formate can also 
be oxidized via alternative enzymes and pathways, 
further expanding the flexible metabolic scheme 
of methylotrophy (Chistoserdova, 2011a). Carbon 
assimilation by proteobacterial methanotrophs has 
been originally attributed to two specific biochemi-
cal pathways, the ribulose monophosphate cycle 
(in gammaproteobacterial methanotrophs) and 
the serine cycle (in alphaproteobacterial metha-
notrophs; Anthony 1982). From recent genomic 
studies, the gammaproteobacterial methanotrophs 
also encode at least parts of the serine cycle, but its 
role in carbon assimilation by these bacteria is still 
not well understood (But et al., 2017). Some meth-
anotrophs also encode and express genes for the 
Calvin-Benson-Bassham cycle (Baxter et al., 2002; 
Kao et al., 2004), this cycle potentially serving as an 
additional pathway for carbon assimilation. Carbon 
in the form of CO2 is also assimilated through the 
ethylmalonyl-CoA pathway (Anthony, 2011) by 
the alphaproteobacterial methanotrophs (Chis-
toserdova et al., 2009).

Two novel taxa within Bacteria capable of meth-
anotrophy have been discovered relatively recently. 
These are the Verrucomicrobia (Sharp et al., 2014) 
and the yet unnamed phylum NC10 (Ettwig et al., 
2010; Versantvoort et al., 2018). In both of these 
novel methanotroph taxa, the traditional path-
ways for methane oxidation are recognized, while 
carbon assimilation takes place at the level of CO2 
(Khadem et al., 2011; Rasigraf et al., 2014). While 
the verrucomicrobial methanotrophs are aerobes, 

the NC10 methanotrophs are considered to be 
anaerobes (Ettwig et al., 2010; Welte et al., 2016). 
The latter, so far, have not been isolated in pure 
cultures, as they potentially require functional part-
ners to carry out methane oxidation anaerobically.

Anaerobic oxidation of methane can also be car-
ried out by the archaeal ANME-types (Hinrichs et 
al., 1999; Boetius et al., 2000; Orphan et al., 2001). 
In these species, methanotrophy is carried out 
through a reverse methanogenesis pathway (McG-
lynn, 2017), and carbon from methane is assimilated 
via the Wood–Ljungdahl pathway (Meyerdierks et 
al, 2010; Haroon et al., 2013). Thus, the metabolic 
scheme employed by methanotrophic archaea is 
radically different from the one employed by bacte-
ria. These archaeal species are typically engaged in 
syntrophic co-metabolism involving bacterial spe-
cies, and, like anaerobic NC10 bacteria, they have 
not yet been isolated as pure cultures (Knittel and 
Boetius, 2009; Trembath-Reichert et al., 2016).

Lanthanides in methanotrophy
Over two decades ago, a homologue of the mxaF 
gene has been identified in several methylotroph 
genomes (Chistoserdova and Lidstrom, 1997), but 
it’s true function, in encoding an alternative MDH, 
XoxF, has been revealed only recently, by uncover-
ing its reliance on the so-called rare earth elements 
lanthanides (Ln; Chistoserdova, 2016; Chistoser-
dova and Kalyuzhnaya, 2018). The discovery of the 
role of the mysterious homologue of MxaF (Chis-
toserdova, 2011a), as an alternative MDH requiring 
Ln for both expression and activity has stirred-up 
the field of methylotrophy (Chistoserdova, 2016), 
raising numbers of questions fundamental not only 
to microbial physiology and biochemistry, but also 
to the broader fields of basic chemistry and geobi-
ology: why Ln, and how? Since their discovery, Ln 
were deemed biologically inert due to their very 
low solubility (Lim and Franklin, 2004). However, 
the methylotrophs apparently possess mechanisms 
for solubilizing Ln and employing them in their 
central metabolism not only in environments in 
which Ln concentrations are relatively high (Pol 
et al., 2014), but also in environments in which Ln 
concentrations are very low (Chistoserdova, 2016; 
Shiller et al., 2017).

Laboratory experiments with Ln have mostly 
employed unnaturally high concentrations of Ln, 
in the form easily dissolved salts (Fitryanto et al., 
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2011; Farhan Ul Haque et al., 2015; Gu et al., 2016; 
Chu and Lidstrom, 2016; Chu et al., 2016). Thus, 
one needs to consider these results while exercising 
caution that, in real life, similar conditions probably 
do not exist. Whenever tested, the addition of Ln 
ions to growth media has caused a dramatic, arrest-
ing effect on the expression of the genes for the 
classic, calcium-dependent MDH (MxaFI), while 
positively effecting transcription of xoxF (Gu et al., 
2016; Chu and Lidstrom, 2016; Chu et al., 2016; 
Zheng et al., 2018), the mechanism that became 
known as the Ln switch (Chu and Lidstrom, 2016; 
Chu et al., 2016). In the presence of Ln, the MxaFI 
MDH could be removed without a significant effect 
on growth, while XoxF could be removed when Ln 
were not present (Farhan Ul Haque et al., 2015; 
Chu and Lidstrom, 2016; Chu et al., 2016; Zheng 
et al., 2018). However, the Ln switch was proven to 
be very fragile. When XoxF mutants were grown in 
the presence of Ln, suppressor mutants appeared 
at high frequency, suggesting deregulation and 
suggesting that some type of selective pressure for 
such deregulation exists, at least under the condi-
tions of high Ln concentrations (Chu et al., 2016; 
Zheng et al., 2018). On another hand, there are 
many examples of methylotrophs that only contain 
XoxF types of MDH, thus demonstrating that  
the MxaFI type is an auxiliary enzyme while the 
XoxF type is essential (Hou et al., 2008; Vekeman et 
al., 2016). Moreover, many genomes contain mul-
tiple, sometimes divergent copies of xoxF genes, 
suggesting further complexity in the alcohol oxida-
tion potential (Mustakhimov et al., 2013; Huang  
et al., 2018).

When both the Ca and the Ln forms of MDH 
are encoded, it is possible that the Ln switch may be 
a subject to different settings, as opposed to being 
simply ‘on’ or ‘off ’. For example, when assessed in 
a species encoding both types, both were enzy-
matically active over a range of Ln concentrations, 
despite differences in the transcriptional responses 
(Zheng et al., 2018). Simultaneous expression of 
both proteins has also been observed in natural set-
tings such as the plant phyllosphere (Delmotte et al., 
2009). It is thus likely that each enzyme may play a 
specialized role in the methylotrophy metabolism, 
by exploiting not only different metal dependen-
cies, but, potentially, different redox properties, 
and the presence of both types of enzymes likely 
confers enhanced environmental fitness.

Interspecies interactions in 
metabolism of methane

Community function, (re)discovered?
While the process of anaerobic methane oxidation 
appears to be a communal function (Trembath-
Reichert et al., 2016), likely due to the energetic 
or the metabolic constraints of such a metabolism 
(Thauer and Shima, 2008), the aerobic metha-
notrophs have been cultivated as pure cultures 
for decades, and this is how their metabolism and 
their physiology have been studied over years 
(Trotsenko and Murrell, 2008; Chistoserdova and 
Lidstrom, 2013). However, a possibility of commu-
nity function in aerobic methane oxidation has also 
been suggested, based on the observations of the 
tight associations between the methanotrophs and 
the generalist heterotrophs during the attempts of 
obtaining methanotrophs in pure cultures (Dalton, 
2005; Dedysh and Dunfield, 2017). The poten-
tial of methanotrophs in engaging in communal 
behaviour has been rediscovered more recently, 
and, unlike the early notions of methanotrophs 
supporting random communities of generalist het-
erotrophs, the recent observations suggest that the 
communal relationships may not be random after 
all. For example, stable isotope probing experi-
ments with a lake sediment community responding 
to methane stimulus have produced interesting and 
not entirely expected results: the label from meth-
ane appeared to be split between a major primary 
methane consumer, a Methylobacter species, and a 
non-methanotrophic methylotroph, a Methyloten-
era species (Kalyuzhnaya et al., 2008; Fig. 10.1). 
This result was puzzling because methylotroph 
communities have been known to be very diverse 
in the study site, and alternative methanotroph 
species such as Methylomonas and Methylosinus, 
have been readily cultivated from the site, while the 
Methylobacter species remained overlooked (Chis-
toserdova, 2011b). As to the partner species, many 
species have been identified in the site that showed 
robust methylotrophic or growth in laboratory 
(Beck et al., 2015), but only Mathylotenera species 
were able to partner with Methylobacter species in 
consuming carbon from methane (Kalyuzhnaya 
et al., 2008). Reconstruction of the metabolisms 
of the major species involved in methane con-
sumption in these experiments has uncovered a 
potential for a link between methane oxidation and 
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denitrification, and thus a potential for adaptation 
to the conditions of low molecular oxygen availabil-
ity (Kalyuzhnaya et al., 2008). This hypothesis was 
tested in additional experiments with labelled meth-
ane, under conditions of variable O2 and nitrate 
concentrations (Beck et al., 2013). In these experi-
ments, once again, the Methylobacter types and the 
Methylotenera types were the species most actively 
consuming methane in both oxic and hypoxic con-
ditions, and nitrate had a stimulatory effect on both 
species, further supporting the notion that the two 
species may be engaged in communal behaviour 
(Beck et al., 2013). Co-occurrence of the Methy-
lococcaceae types along with the Methylophilaceae 
types has been also noted in natural freshwater and 
soil environments (Martineau et al., 2010; He et 
al., 2012; Karwautz et al., 2018; Biderre-Petit et al., 
2018), while in marine environments, the Methylo-
coccaceae type primary methane oxidizers appear to 
cooperate with Methylophaga species as the major 
carbon sharing partners (Kessler et al., 2011; Paul 
et al., 2017).

The hypothesis of the non-random partner 
selection has been tested more directly by manipu-
lating natural communities, as parts of microcosms 
stimulated with methane (Oshkin et al., 2015). 
When natural sediment communities were fed 
methane, in the presence of nitrate, in conditions 
of either ‘high’ or ‘low’ dioxygen partial pressures, 
very rapid reduction in community complexity 
occurred, as judged by 16S rRNA gene marker 
surveys, selecting again for the Methylococcaceae 
and the Methylophilaceae types, along with select 

representatives of non-methylotrophic hetero-
trophs such as Burkholderiales and Bacteroidetes 
(Oshkin et al., 2015). Further microcosm experi-
ments that imposed a stricter control of dioxygen 
concentrations in the headspace allowed for dis-
tinguishing genus-specific selection for both major 
partners: the ‘high’ oxygen conditions selecting 
for the Methylosarcina/Methylophilus partnerships, 
and the ‘low’ oxygen conditions selecting for the 
Methylobacter/Methylotenera partnerships (Her-
nandez et al., 2015). Thus, it is possible that discrete 
niche conditions, such as the different ratios of O2/
methane along their counter-gradients typically 
observed in methane-producing environments such 
as lake sediments, may be fine-tuning the specific 
methanotroph–non-methanotroph partnerships, 
selecting for organisms with optimized metabolic 
schemes for most successful partnerships.

Insights from synthetic community 
manipulations
Synthetic communities of organisms relevant to 
communal methane oxidation have been employed 
as a simplified and a better controlled model to test 
the findings from the natural community experi-
ments. Some of the questions addressed via the 
synthetic community model were whether the 
dynamics of the natural communities were deter-
mined by the initial titres of species present in native 
conditions, or whether the species most success-
ful in methane consumption were biochemically 
equipped to be more competitive, under specific 
conditions created as parts of a specific experiment. 

Figure 10.1 Summary of the stable isotope probing experiment followed by metagenomic sequencing. 
Methylobacter and Methylotenera were identified as the most competitive consumers of carbon from methane, 
based on sequence read abundance in the metagenome. See Kalyuzhnaya et al. (2008).
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Complex synthetic communities were mixed of 
50 species representing bona fide methanotrophs, 
including the Methylobacter and Methylosarcina 
species closely related to the ones identified via 
stable isotope probing, as well as via microcosm 
manipulations (Kalyuzhnaya et al., 2008; Oshkin 
et al., 2015; Hernandez et al., 2015), the Methyl-
otenera and Methylophilus species identified in prior 
experiments, and of species that have been isolated 
from the native environment and grown methy-
lotrophically in laboratory, but not detected in 
the microcosm experiments (Beck et al., 2015). In 
addition, a handful of non-methylotrophic hetero-
trophs were employed to test whether they would 
persist in communities fed exclusively methane as 
a carbon source, at variable concentrations of meth-
ane and dioxygen, in the presence of alternative 
(nitrate versus ammonium) nitrogen sources. These 
synthetic communities were treated similarly to the 
natural communities (Oshkin et al., 2015; Hernan-
dez et al., 2015), and their dynamics were followed 
through 16S rRNA gene profiling and through the 
analysis of select metatranscriptomes, matched 
to the respective 50 genomes (Yu et al., 2017; Fig. 
10.2). The synthetic communities, in general, 
followed the pattern of the natural communities 
in terms of the Methylococcaceae and the Methy-
lophilaceae establishing themselves as the most 
abundant species. However, when considered at the 

genus level, the major species differed from the ones 
in natural community microcosms. The species 
known for most robust growth in laboratory, the 
Methylomonas species among the Methylococcaceae 
and the Methylophilus species among the Methy-
lophilaceae gradually outcompeted other species 
in most microcosms, suggesting that some of the 
controls present in natural communities, such as, 
for example, any predatory species, have not been 
recaptured in the synthetic communities (Yu et al., 
2017). Thus, while providing more straightforward 
and more easily controlled models, synthetic com-
munities function somewhat differently, favouring 
fast-growing species. This conclusion has been 
further tested in a simplified model that competed 
thee major Methylococcaceae species against each 
other under a variety of conditions, confirming that 
growth rate played a role in the outcomes of the 
competition experiments (Yu et al., 2016).

One advantage of the synthetic communities 
is the resolution they offer for the analysis of the 
metatranscriptomic data, allowing for match-
ing transcript reads to the well assembled and 
annotated genomic scaffolds (Yu et al., 2017). 
The strain-resolved transcript abundance analyses 
produced interesting results: in each of the actively 
expressing methylotrophs, some of the genes most 
responsive to the specific experimental condi-
tions were the genes encoding alternative MDH 

Figure 10.2 Schematic of the synthetic community experiment. Pure cultures were mixed and incubated under 
different conditions with methane as the only carbon source. Competitive species were identified via iTag 
analysis, and metabolic features were identified via comparative transcriptomics. See Yu et al. (2016, 2017).
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enzymes, MxaFI and XoxF. The expression pat-
terns were found very distinct dependent on 
whether nitrate or ammonium were supplied, or 
whether ‘low’ or ‘high’ concentrations of O2 and 
methane were present. Moreover, expression pat-
terns differed among different species and among 
different MDH enzymes. While the Methylococ-
caceae, Methylocystaceae, Rhodocyclaceae, and the 
Methylophilus species expressed mxaFI genes 
at high levels when ‘high’ O2, ‘high’ methane, 
and nitrate were supplied, they expressed xoxF 
genes at higher levels when ammonium was 
supplied instead, or when methane supply was 
limited. Under the ‘high’ methane, ‘low’ O2, 
NO3

– regimen, genes for both enzymes were 
expressed at approximately equal levels in these 
species. In contrast, Methylophilaceae other than 
Methylophilus (mostly represented by unclassified 
Methylophilaceae) displayed higher expression of 
xoxF genes under all regimens (Yu et al., 2017). 
It is important to note that the xoxF genes that 
were highly and differentially expressed by major 
community partners belonged to two main 
phylogenetic clades (Chistoserdova, 2011a), as 
follows. While the Methylococcaceae, Methylocys-
taceae, and Rhodocyclaceae possessed and express 
the xoxF5 clade genes, the Methylophilaceae 
possessed and expressed the xoxF4 clade genes. 
Proteins classified as XoxF4 and XoxF5 share 
approximately 50% amino acid identity, similarly 
to the identity divergencies between MxaF and 
XoxF4 and XoxF5 proteins, respectively (Huang 
et al., 2018, 2019).

The complexity of the 
lanthanide-dependent methanol 
oxidation system
The Ln switch mechanism has been proposed 
as the result of the experiments with pure cul-
tures of methanotrophs, using typical laboratory 
conditions, i.e. high methane and high dioxygen 
concentrations and nitrate as the source of nitrogen 
(Farhan Ul Haque et al., 2015; Gu et al., 2016; Chu 
and Lidstrom; 2016; Chu et al., 2016; Zheng et al., 
2018). Even in these conditions, in some studies, 
the switch was shown to act in this manner only in 
the absence of copper, suggesting that, at least in 
some organisms, the Cu switch may override the Ln 
switch (Gu et al., 2016). Sampling of the communal 
transcript response, under a variety of experimental 
conditions, produced a much more complex pic-
ture of how the Ln switch regulates transcription 
of alternative MDH genes. It appeared that the Ln 
switch is not only responsive to the presence of Ln, 
but also to the partial pressures of both methane 
and dioxygen, as well to the nitrogen source. In 
addition, a response has been recorded to both the 
phylogenetic positioning of an organism, and to the 
phylogenetic affiliation of a XoxF enzyme, provid-
ing a very complex picture of how different XoxF 
enzymes may contribute to the communal function 
in methane oxidation and, potentially, to interspe-
cies communications (Yu et al., 2017; Fig. 10.3).

Further insights into the Ln switch were 
gained by manipulating synthetic bacterial com-
munities in their simplest, two-species form, 
combining a Methylobacter type methanotroph 

Figure 10.3 Cartoon depicting factors regulating expression of genes encoding XoxF and MxaFI methanol 
dehydrogenases. Red arrow, up-regulated; blue arrow, down-regulated. See Krause et al. (2017), Yu et al. 
(2017) and Zheng et al. (2018).
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with two different Methylotenera partners, into 
functional methane-oxidizing communities, in sep-
arate two-species community experiments (Krause 
et al., 2017). These were grown in the presence of 
Ln, either as communities or as axenic cultures, and 
their transcriptomes were compared (Krause et al., 
2017). Pure cultures of the Methylobacter species 
demonstrated the predicted pattern for MDH gene 
expression: the xoxF gene being induced and the 
mxa genes being repressed. Remarkably, in cocul-
tures, this pattern was reversed, and Methylobacter 
cultures expressed the mxa genes (Krause et al., 
2017). In this case, it appeared that community 
living has overruled the Ln switch, even in the pres-
ence of Ln (Fig. 10.3). It has been proposed that the 
reversal of the Ln switch was a result of interspecies 
interactions, the Methylotenera species potentially 
releasing a signal to upregulate the mxa machinery 
in Methylobacter, resulting in methanol release 
(Krause et al., 2017). However, this conclusion on 
the requirement of the mxa system for methanol 
release needs further investigation. In a more recent 
study, knockout mutants of a Methylomonas species 
separately expressing either MxaFI or XoxF both 
appeared to maintain populations of the satellite 
Methylophilaceae of similar size, while the sizes of 
the satellite populations were correlated with the 
concentrations of the methanol released (Zheng et 
al., 2018).

When multiple xoxF genes are present in the 
genomes, these genes are also subjects to differ-
ential regulation. For example, the Methylotenera 
species employed in the two-species communities 
showed reversed transcriptional regulation of the 
alternative xoxF genes, in response to communal 
living (Krause et al., 2017).

Insights into lanthanide-
dependent catalysis
The complexity of the Ln switch has highlighted the 
necessity of a better understanding of the biochemi-
cal properties of XoxF enzymes. It needs to be noted 
that the diversity of enzymes referred to XoxF has 
been appreciated for a long time, and, as early as 
2011, they have been classified into five divergent 
phylogenetic clades (Chistoserdova, 2011a). More 
recent phylogenetic inferences suggested that Ln 
dependencies may extend beyond these five clus-
ters, and, perhaps, even beyond primary alcohol/

aldehyde dehydrogenase enzymes (Keltjens et al., 
2014; Chistoserdova and Kalyuzhnaya, 2018). A 
second aspartate has been proposed to be essential 
in the active site of XoxF-type enzymes (Pol et al., 
2014; Jahn et al., 2018; Lumpe et al., 2018), and 
this aspartate appears to be conserved in many 
divergent clades of XoxF and XoxF-like enzymes 
(Keltjens et al., 2014; Chistoserdova and Kalyuzh-
naya, 2018). Two clades, XoxF4 and XoxF5 appear 
to be especially widely spread among the proteo-
bacterial methylotrophs, and intriguingly, these 
two types appear to be mutually exclusive: while a 
variety of Alpha-, Beta- and Gammaproteobacteria 
encode, sometimes multiple, XoxF5 types, the 
XoxF4 types are only encoded by the members of 
Methylophilaceae (Betaproteobacteria; Huang et al., 
2018). Thus, among the main partners in methane 
oxidation, as described above, the Methylococcaceae 
encode the XoxF5 type and the Methylophilaceae 
encode the XoxF4 type. The uncompetitive 
methanol consumers, such as Rhodocyclaceae, 
Methylobacterium, Hyphomicrobium, Methylopila 
types, etc. based on the synthetic community 
experiments, (Yu et al., 2017) also only encode and 
express XoxF5 types, raising a question whether 
the XoxF4 type, possessed by the Methylophilaceae 
gives them advantage in competing for methanol 
spilled by the Methylococcaceae? This hypothesis 
was tested by purifying and evaluating the catalytic 
properties of XoxF5 and XoxF4 enzymes from 
select organisms (Fitriyanto et al., 2011; Huang et 
al., 2018, 2019). Both types revealed similarities in 
terms of Ln dependences and in terms of a broad 
range of substrates. However, the catalytic efficien-
cies of the XoxF5 enzymes appeared to be generally 
higher than the catalytic efficiencies of the XoxF4 
enzymes (Fitriyanto et al., 2011; Huang et al., 2018, 
2019; Fig. 10.4), thus not supporting the original 
hypothesis. What does this result mean for under-
standing the relationships among partner species 
sharing carbon from methane (Krause et al., 2017; 
Yu and Chistoserdova, 2017)? The discrepancies 
between the measured kinetic constants and the 
observed communal behaviour further point to the 
limitations of our understanding of the metabolic 
step mediated by alternative MDH enzymes. One 
obvious problem is the reliance on the artificial 
dye assay, practised since the 1960s, for measur-
ing the activity of MDH enzymes (Anthony and 
Zatman, 1967a,b). However, more likely, enzyme 
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efficiencies and their differential functions could 
only be understood when considered in the context 
of natural redox metabolic complexes, which would 
include the primary alcohol-oxidizing enzyme, their 
natural electron acceptors (dedicated or promiscu-
ous cytochromes), and the respective cytochrome 
oxidases, and these additional electron transfer 
chain components remain poorly understood for 
XoxF type MDH enzymes. Recently, complex rela-
tionships for XoxF enzymes with the downstream 
redox enzymes have been suggested, with different 
types of cytochromes potentially metabolically 
coupling with different types of XoxF enzymes (Yu 
et al., 2017; Zheng et al., 2018), and these metabolic 
connections and their metabolic efficiencies need 
to be further characterized, to advance our under-
standing of Ln-linked versus Ca-linked methanol 
oxidation in methanotrophs and non-methane-
oxidizing methylotrophs, as well as their potential 
involvement in the community function.

The inferred diversity and 
distribution of lanthanide-
dependent alcohol 
dehydrogenases
Besides XoxF-type MDH enzymes, two enzymes 
have been recently biochemically characterized, 

named ExaF/PedH, which also depend on Ln for 
activity, revealing highest affinities towards ethanol, 
thus these enzymes were assumed to be functional 
ethanol dehydrogenases (Good et al., 2016; 
Wehrmann et al., 2017). In Pseudomonas putida, 
which also encodes a Ca version of this enzyme 
(PedE/QedH), expression of the two enzymes is 
regulated by a Ln switch (Wehrmann et al., 2018), 
a mechanism that is similar to the one described 
for XoxF (Chu and Lidstrom, 2016; Chu et al., 
2016). How frequently do Ln-dependent enzymes 
occur in nature? Based on the conclusion that the 
Ln MDH enzymes are more widely spread among 
the methylotrophs, and based on their ancestral 
positioning in phylogenetic trees (Chistoserdova, 
2011a; Keltjens et al., 2014; Chistoserdova and 
Kalyuzhnaya, 2018), they should be expected to be 
abundant beyond organisms with a demonstrated 
methylotrophic life style. Indeed, close homologues 
of XoxF5 are found among a variety of Proteobac-
teria, belonging, so far, to 12 orders, of which only 
one, the Methylococcales, is represented exclusively 
by the methylotrophs (Huang et al., 2019). Five 
of the remaining orders are represented by taxa 
that include methylotroph species but also species 
not known for methylotrophic life style, and the 
remaining six orders are only represented by non-
methylotrophs, including such important orders as 

Figure 10.4 Cartoon depicting catalytic properties of XoxF4 versus XoxF5. While XoxF4 enzymes reveal 
activity with a broader range of lanthanides, XoxF5 enzymes reveal higher catalytic efficiency (size of arrow). 
The range of metals supporting activity is shown for each enzyme. See Fitriyanto et al. (2011) and Huang et al. 
(2018, 2019).
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Vibrionales and Pseudomonadales (Fig. 10.5; Huang 
et al., 2019). While XoxF4 type Ln-MDH enzymes 
have only been identified so far in members of 
Methylophilales, these represent abundant environ-
mental populations that play important functions 
in global carbon cycling (Sowell et al., 2011; Sal-
cher et al., 2015; Gifford et al., 2016). ExaF/PedH 
enzymes appear to be even more broadly spread 
among the Proteobacteria Phylum microbes, and 
these are found in bacteria belonging to 14 different 
orders (Fig. 10.5; Huang et al., 2019), compared 
with 16 orders possessing the Ca-dependent homo-
logues of ExaF/PedH, named ExaA/PedE (Fig. 
10.5). The two counterparts co-occur in 14 orders 

(Huang et al., 2019). Note that Ln enzymes are also 
common in Verrucomicrobia and NC10 phylum 
microbes. However, the databases of the relevant 
genomes remain limited, while most of the proteins 
possessing the Ln-binding motif (Keltjens et al., 
2014) have not yet been biochemically character-
ized. However, the currently available genomic and 
biochemical data strongly suggest that Ln should be 
considered as true life metals, to join other metals 
recognized for their importance in biological func-
tions, such as iron, calcium, copper, magnesium, 
zinc, cobalt, manganese, potassium. Based on the 
wide distribution of Ln-dependent counterparts 
of the Ca-dependent alcohol dehydrogenases, and 
based on existence of special cellular mechanisms 
of Ln acquisition and the Ln-dependent regulatory 
mechanisms, it is reasonable to expect that enzy-
matic reactions beyond alcohol oxidation, along 
with specific transport and regulation mechanisms, 
and potentially community interactions involving 
these reactions, may also be reliant on Ln. Thus 
further discoveries of Ln-dependent functions are 
expected.

Conclusions and future 
perspectives
The communal metabolism of methane, while not 
an entirely new concept, has regained interest, 
as the recent meta-omics data suggest that envi-
ronmental co-occurrences of the methanotroph 
species along with non-methanotrophic methy-
lotroph species may not be random, and, instead, 
these partnerships may be specific. While data 
are available on methanol being the one carbon 
source shared among the community members, it 
remains unknown why would the methanotrophs 
release methanol, and whether this carbon shar-
ing is accidental or is specifically designed to feed 
populations of the satellite species. The feedbacks 
that these methanol-consuming populations 
may be providing to the methanotrophs remain 
unknown. However, evidence is also available that 
alternative enzymes involved in methanol oxida-
tion in both the methane-oxidizing species and 
in the methanol-consuming species are some of 
the major metabolic sites for regulation, which 
follows a rather complex pattern, involving, as 
the major controlling factors, the availability of 
Ln, the partial pressures of O2 and methane, the 

Figure 10.5 Occurrence and distribution of 
lanthanide-dependent alcohol dehydrogenases 
among Proteobacteria, compared with the occurrence 
and distribution of their calcium-dependent 
counterparts. Taxa are shown at the Order level. In 
green, taxa that only contain methylotroph species. 
In yellow, taxa that contain both methylotroph and 
non-methylotroph species. In purple, taxa that are 
not known to contain any methylotroph species. 
Enzymes highlighted in blue, Ln-dependent; in pink, 
Ca-dependent. Green, gene present, grey, gene 
absent. See Huang et al. (2019).
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phylogenetic makeups of the communities, and the 
types of MDH enzymes encoded in the genomes. 
Deciphering the details of this complex regulation 
presents a significant challenge for furthering our 
understanding of the communal methanotrophy 
under aerobic conditions. The potentially discrete 
functions of the MDH enzymes with alternative 
metal specificities, and, further, potentially discrete 
functions of the multiple Ln-dependent MDH 
enzymes encoded in many methylotroph genomes 
present another challenge. While a collection of 
the Ln-dependent alcohol dehydrogenases have 
been already characterized, more data are needed 
in order to decipher the differences among the 
distinct clades of Ln enzymes, at higher confidence. 
With this respect, the emergent problem is the pau-
city of the data on the classic, Ca-dependent MDH 
enzymes, despite the long history of these enzymes 
and the intense efforts on their investigation over 
decades. Next, the functions of the non-methyl-
otrophic heterotrophs in the communities, while 
they typically are present at minor populations, 
also need to be addressed, and most parsimoni-
ous interspecies interaction scenarios elucidated: 
whether such heterotrophs are directly fed by the 
methanotrophs, and whether alternative carbon 
sources are consumed by them, such as acetate 
(Kalyuzhnaya et al., 2013), or whether the carbon 
flow also involves the major methylotroph partners. 
Further sampling of the potentially Ln-dependent 
enzymes is necessary, across the phylogenetic trees 
of the homologues, and their functions within their 
hosts or potentially within communities need to 
be revealed. Perhaps, deployment of Ln-binding 
motifs could identify Ln-dependent enzymes 
beyond alcohol dehydrogenases, furthering insights 
into Ln-dependent biological functions. Likely, the 
insights into the communal function in the aerobic 
methanotrophy, as a momentum of the ongoing 
effort, will identify and highlight similar patterns in 
communal behaviours relevant to other important 
microbially driven biogeochemical processes.
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