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Zusammenfassung
Methanotrophe Mikroorganismen sind in der Umwelt allgegenwärtig und fungieren in
vielen Methan-emittierenden Umgebungen als Biofilter für das Treibhausgas Methan,
da sie die einzige Gilde von Mikroorganismen sind, die Methan oxidieren können. Viele
Studien haben die Methanotrophen in verschiedenen Habitaten untersucht, aber nur
wenige haben das Interaktom der Methanotrophen, d. h. die mit den Methanotrophen
assoziierten nicht-methanotrophen / heterotrophen Organismen, in Betracht gezogen.
Methanotrophe leben nicht in Abgeschiedenheit, sondern werden sowohl positiv als
auch negativ von nicht-methanotrophen Organismen beeinflusst. Daher kann das In-
teraktom zur Funktion der methanotrophen Gemeinschaft beitragen und die Stressant-
wort beeinflussen.

In dieser Arbeit wird eine neuartige Strategie angewandt, bei der die Analyse von
’Co-occurrence’ Netzwerken verwendet wird, um auf trophische Interaktionsnetzwerke
im Zusammenhang mit Methanotrophen zu schließen. Eine Vorauswahl der aktiven
und replizierenden Gemeinschaft wird durch DNA-stabile Isotopenbeprobung
erleichtert, um eine Überbewertung solcher Netzwerke zu vermeiden. Diese Arbeit gibt
außerdem Aufschluss über die Standortspezifität methanotropher Netzwerke und über
die Auswirkungen von Stressfaktoren auf die Gemeinschaft. Ersteres wird durch den
Vergleich des methanotrophen Interaktoms von fünf verschiedenen Methan-
emittierenden Umgebungen aufgedeckt, da die gleichen trophisch interagierenden Taxa
selten in mehreren Umgebungen gefunden werden. Letzteres wird durch die Anwen-
dung eines milden und eines starken Stressoren in Methan-emittierenden Umgebun-
gen gezeigt und die Auswirkungen auf das Interaktom der Methanotrophen
nachgewiesen. Während ein leichter Austrocknungsstress, der auf einen Reisfeldbo-
den angewandt wurde, nur geringe Auswirkungen auf das Interaktom hat und möglicher-
weise die interagierende Gemeinschaft stärkt, hat ein schwerer Stressor, wie z.B. der
Abbau und die Wiederherstellung eines Torf-Moores, erhebliche Auswirkungen auf das
Interaktom, was wiederum die Stressreaktion des Systems auf künftige Stressoren
beeinträchtigen kann. Allerdings spiegeln sich diese Veränderungen nicht im Inter-
aktom wider. Schließlich wird der Einfluss abiotischer und biotischer Parameter auf
die Wiederbesiedlung sterilisierter Böden anhand der methanotrophen Aktivität und
der Entwicklung der Gemeinschaft analysiert. Die anfängliche Zusammensetzung der
Gemeinschaft wirkt sich in gewissem Maße auf die Entwicklung der methanotrophen
Gemeinschaft aus, während die edaphischen Eigenschaften hauptsächlich die Aktivität
der methanotrophen Gemeinschaft beeinflussen.

Insgesamt ist das Interaktom der Methanotrophen standortspezifisch und der Ein-
fluss von Stressoren auf das Interaktom kann von abiotischen und biotischen Parame-
tern abhängen. Obwohl sich die Bodenfunktionen nach der Stresseinwirkung erholten,
bleiben die Netzwerke beeinträchtigt.

Keywords: Methan-oxidation; Methanotrophe Mikroorganismen; Stressoren; ’Co-
occurrence’ Netzwerke; Interaktom; DNA-stabile Isotopenbeprobung
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Abstract

Methanotrophs are ubiquitous organisms in the environment, acting as a biofilter for the
potent greenhouse gas methane in many methane emitting environments, being the
only guild of organisms capable of methane oxidation. Many studies have investigated
methanotrophs in various environments, but few have taken the methanotrophic in-
teractome, i.e., the methanotroph-associated non-methanotrophic organisms, into ac-
count. Methanotrophs do not live in seclusion, being influenced, both positively and
negatively, by non-methanotrophic organisms. Thus, the methanotrophic interactome
may contribute to methanotrophic community functioning and promote stress response.

In this thesis, a novel strategy applies co-occurrence network analyses to infer
methanotroph-related trophic interaction networks. A pre-selection of the active and
metabolizing community was facilitated by DNA-stable isotope probing to avoid overes-
timation of such networks that can occur otherwise. This work further provides insights
into the site-specificity of methanotrophic networks and community-related stressor
impacts. The former was revealed by comparing the methanotrophic interactome of
five different methane-emitting environments, as the same trophically interacting taxa
were seldom found in multiple environments. The latter was demonstrated by applying
a mild and severe stressor to methane-emitting environments, and the impact on the
methanotrophic interactome was determined. While mild desiccation / re-wetting stress
applied to paddy soil had a minor impact on the methanotrophic interactome and po-
tentially strengthened the interacting community, a severe stressor, such as peatland
mining and restoration, had a significant impact on the interactome, which in turn likely
impairs the system’s stress response to future stressors. Changes in the interactome
were not reflected in the methanotrophic activity and abundance, which weakens these
parameters as indicators of soil functional restoration. Lastly, the influence of abiotic
and biotic parameters on the re-colonization of gamma-irradiated soil was analyzed, in-
dicated by methanotrophic activity and community development. To an extent, the initial
community composition affects methanotrophic community succession, while edaphic
properties mainly influence methanotrophic activity.

Altogether, the methanotrophic interactome was site-specific, and the influence of
stressors on the methanotrophic interactome may be dependent on abiotic and bi-
otic parameters. Even though the soil functions recovered after disturbance, the co-
occurrence networks remained impaired.

Keywords: Methane oxidation; Methanotrophs; Co-occurrence networks; Interac-
tome; Stressors; DNA-stable isotope probing
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Chapter 1 General Introduction

1.1 Background

Climate change or global warming is powered by greenhouse gas (GHG) emissions
and affects all living organisms, e.g., microbes, animals, as well as humans, on planet
Earth. With an increase in temperature and weather extremes (Song et al., 2022), new
challenges arise in nature. Anthropogenic or naturally occurring droughts,
(bio-)turbation, or habitat destruction are just a few examples of stressors that influ-
ence all organisms. Yet, researchers from all around the world have put focus on
the impact of climate change and its consequences. Restoration or renaturation of
destroyed ecosystems, optimization of land use, and further are introduced by govern-
ments to limit these consequences. In this thesis, an overview on microbial recovery
after drought stress, microbial habitat (re-)colonization after restoration, and a com-
parative view on environment-dependent microbial community structures in terrestrial
ecosystems is provided.

1.2 Methane - the Potent Greenhouse Gas

In 1776, the Italian physicist Alessandro Volta collected rising bubbles from the bottom
of a pond, finding that this mixture of gases was flammable (Dalton, 2005; Reay et al.,
2007). This was the first (known) discovery of methane (CH4), one of the most potent
GHGs. Half a decade later, John Dalton termed the gas as ’carburetted hydrogen’ and
suggested that one carbon atom is combined with two hydrogen atoms (Dalton, 2005).
To date, CH4 is the simplest known hydrocarbon, consisting of a single carbon atom
with four hydrogen atoms bound to it.

CH4 is highly flammable, and thus natural gas, which consists mainly of CH4, is used
as fuel worldwide; e.g., in 2005 in the EU ≈ 25 % of the total energy was produced from
natural gas (EEA, 2010). Although CH4 - in the form of natural gas - is an essential
driver of industry and heating material in households, there are significant issues to its
use. The industrial revolution ≈ 260 years ago was the start of massive anthropological
GHG emissions (Cicerone and Oremland, 1988; IPCC, 2007). Apart from carbon diox-
ide (CO2) and nitrous oxide (N2O) as potent GHGs, atmospheric CH4 concentration
has more than doubled (Mancinelli, 1995; Montzka et al., 2011; Saunois et al., 2020)
and is continuously increasing (see Figure 1.1; Cicerone and Oremland, 1988; Fraser
et al., 1987).

Main anthropogenic sources of CH4 are fossil fuel production and its use (see Fig-
ure 1.1), as well as the continual increase in agriculture and livestock (Ritchie and
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Roser, 2013) to feed the growing human population. The latter is accompanied by
increasing waste production worldwide, and hence, landfills are important sources of
CH4 (see Section 1.3; Bogner et al., 1997, 1995).

Figure 1.1 Atmospheric CH4 concentration from 1984 to 2022. From Dlugokencky (2022).

Compared to CO2, CH4 has a 25 times higher global warming potential (GWP)
(Boucher et al., 2009; Reay et al., 2007; Schiermeier, 2020), raising interest in its
regulation or atmospheric depletion. Even though methane has a relatively short life-
time in the atmosphere (∼ 12 years), it is then chemically degraded by OH radicals to
CO2, carbon monoxide (CO), water, and further by-products (Bergamaschi and Bous-
quet, 2008; Bodelier and Steenbergh, 2014; Cicerone and Oremland, 1988; Reay et al.,
2007; Saunois et al., 2020; Schiermeier, 2020; Włodarczyk, 2011). The atmospheric
CH4 degradation via OH radicals accounts for ≈ 90 % of the total CH4 sink but further
contributes to the greenhouse effect due to its consequent release of CO2 and water
vapor (Ehhalt et al., 2001). The remaining CH4 sink capacity is the biological oxidation
of CH4 to CO2, which is presented later in this thesis, and the reaction of CH4 with
chlorine radicals or excited atomic oxygen (O(1D)) that is produced in the photolysis of
ozone (Bergamaschi and Bousquet, 2008; Ehhalt et al., 2001; Platt et al., 2004). Be-
sides water vapor, CO2, N2O, and CH4, other gases, like ozone-depleting substances,
hydrofluorocarbons, sulfur hexafluoride, and perfluorocarbons (IPCC, 2007; Montzka
et al., 2011), contribute to the greenhouse effect, where atmospheric transmission of
outgoing thermal radiation from the earth is inhibited and reflected back to the planet

3



Chapter 1 General Introduction

(Greenhouse Effect, 2011; Hatano, 2011). This additional reflected thermal radiation
causes a continuous increase in global temperature greater than the critical rate of
0.1◦C/decade (Lal, 2004), leading to global warming and, consequently, global climate
change.

Top-down 
view  (TD) 

Bottom-up 
view (BU) 

GLOBAL METHANE BUDGET 2008–2017

EMISSIONS AND SINKS
In teragrams of CH  per year (Tg CH  yr -1) average over 2008–20174 4

* The observed atmospheric growth rate is 18.2 (17.3–19) Tg CH  yr . The difference with the TD budget imbalance reflects uncertainties in capturing the observed growth rate.-14
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Figure 1.2 Anthropogenic and natural sources and sinks of CH4. Global CH4 budget between 2008
and 2017. Estimated individual as well as total emission / sink categories are given in
Tg CH4 yr−1. From Saunois et al. (2020).

Thus, the regulation or depletion of atmospheric CH4 may be a first step towards
reducing climate change consequences. Anthropocentric sources contribute approxi-
mately half of the CH4 release (see Figure 1.2; Bodelier and Steenbergh, 2014; Ciais
et al., 2013). Production or burning of fossil fuels, landfills, as well as livestock, are
the main drivers of anthropogenic emissions and GWP, as well as agriculture and land
use change (Bodelier et al., 2000; Jackson et al., 2008; Kaupper et al., 2020a; Liu
et al., 2017). Of equal importance in the global CH4 sources are the remaining 50 %
that is produced in soils and wetlands (Bodelier and Steenbergh, 2014). Whether an
environment is a sink or a source for CH4 depends on the dynamics in CH4 produc-
tion (methanogenesis; see Section 1.3) and CH4 oxidation (methanotrophy; see Sec-
tion 1.5). Soils and especially wetlands are massive carbon storage systems, so-called
carbon sinks, that are natural (or artificial) pools of carbon-containing compounds (Wło-
darczyk, 2011), like dead plant material. Further carbon sinks are (deep) oceans,
where CO2 is solubilized, where (complex) carbon compounds are ’stored’ (Lal, 2008).
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This process is known as carbon sequestration, where carbon is temporarily deposited
in the form of soil organic carbon (SOC), preventing its release as CO2 into the atmo-
sphere (Lal, 2004, 2008). Nevertheless, the CH4 source potential of a system and,
thus, CH4 emission comes from methanogenesis in anaerobic layers.

1.3 The Anaerobic Food Chain and Methanogenesis

Besides anthropogenic sources for CH4, also natural / biological sources contribute to
the global CH4 emission budget. As mentioned, peatlands are a stockpile of carbon in
the form of dead plant material decomposed slowly but continuously. And it is not just
the carbon-rich peatlands where anaerobic degradation takes place. Independent of
the environment, in the anoxic layers, carbon compounds are degraded, e.g., in landfills
(Gurijala and Suflita, 1993), rice paddy soils (Watanabe and Kimura, 1995; Watanabe
et al., 1999) and peatlands (Juottonen et al., 2012), converted to CH4 and released
into the atmosphere. In these environments, methanogenesis drives GHG emissions
and global warming.

Generally, fermentation and, subsequently, methanogenesis occur in the deeper
anaerobic soil layers, where little to no alternative electron acceptors e.g., nitrate, sul-
fate, iron or, manganese, are available (Gurijala and Suflita, 1993; Metje and Frenzel,
2007). Wherever fermentation occurs - and the metabolic capability in a consortium
of microorganisms is present - complex carbon molecules, like cellulose, lignin, etc.,
are broken down into smaller, simpler, and more easily degradable carbon compounds
by primary fermenters (Hydrolysis; see Figure 1.3; Chin et al., 1998; Conrad, 2002).
Secondary fermenters, or ’syntrophs’, feed on these various short-chain fatty acids
(e.g., butyrate, propionate, lactate) producing, e.g., acetate, di-hydrogen (H2) and CO2

(Drake et al., 2009; Liesack, 2000; Metje and Frenzel, 2007). The last step is catalyzed
by strictly anaerobic methanogenic archaea (Woese et al., 1978) that either use acetate
(acetoclastic methanogens) or CO2 and di-hydrogen (hydrogenotrophic methanogens)
to form CH4 (see Figure 1.3). In the environment, acetoclastic methanogens ma-
jorly contribute (up to 60 %) to CH4 production. The remaining is produced by hy-
drogenotrophic methanogens from CO2 and H2 (Conrad, 1999; Hatano, 2011; Le Mer
and Roger, 2001). All methanogenic pathways use the methyl-co-enzyme M reduc-
tase in the last transformation step, forming CH4 (Ellermann et al., 1988; McBride and
Wolfe, 1971; Niu et al., 2018). Consequently, the methyl-co-enzyme M reductase sub-
unit A gene (mcrA) encoding for the α subunit of the methyl-co-enzyme M reductase
has been used as a molecular marker for methanogens (Ho et al., 2015a; Juottonen
et al., 2006, 2012). As CH4 production plays a tremendous role in GHG emission and
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global warming, even more important is the biological counterpart, the (aerobic) CH4

oxidation performed by methane oxidizing bacteria (MOB).

Hydrolysis

Primary 

fermentation

Secondary 

fermentation

Methanogenesis

Figure 1.3 Simplified scheme of the anaerobic degradation of complex organic matter to CH4 and CO2.
PF: Primary fermenters, SF: Secondary fermenters (Syntrophs), SAO: Syntrophic acetate
fermenters, AB: Acetogenic bacteria, AM: Acetogenic methanogens, HM: Hydrogenotrophic
methanogens. Modified from Liebetrau et al. (2019).

1.4 Anaerobic Methanotrophy

The produced CH4 from methanogenesis can be metabolized under anoxic conditions,
i.e., in the anaerobic oxidation of methane (AOM) performed by anaerobic methan-
otrophs (ANME). Different electron acceptors besides oxygen (O2) are known by now
to be used in AOM, e.g., sulfate, nitrate, and nitrite, as well as iron and manganese
minerals (Beal et al., 2009; Bhattarai et al., 2019; Welte et al., 2016; Zhang et al.,
2020). When AOM was first discovered, ANME were found to couple AOM to sulfate
reduction in a potentially syntrophic consortium with sulfate-reducing bacteria (SRB)
(Boetius et al., 2000; Orphan et al., 2001). It is hypothesized that the ANME and SRB
share intermediates (i.e., acetate or formate) or electrons via direct electron transfer
between cells (Bhattarai et al., 2019; McGlynn et al., 2015 and references therein).
Later two groups of organisms were identified coupling nitrate or nitrite reduction to
AOM: “Candidatus Methanoperedens nitroreducens” (archaea; nitrate reduction; Ha-
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roon et al., 2013) and “Candidatus Methylomirabilis oxyfera” (bacteria; nitrite reduction;
Ettwig et al., 2010). In “Candidatus Methanoperedens nitroreducens”, nitrate is used
as an electron acceptor for reversed methanogenesis (Haroon et al., 2013), whereas
in “Candidatus Methylomirabilis oxyfera”, it is hypothesized that O2 is produced intra-
cellularly by the conversion of NO to N2 and O2 (Ettwig et al., 2010). The produced O2

is then used for CH4 oxidation.
Organisms capable of AOM are found within the archaea and bacteria. Within the

archaea, by now, three distinct groups were identified named as ANME-1 (related
to Methanomicrobiales and Methanosarcinales), ANME-2 (related to Methanosarci-
nales), and ANME-3 (related to Methanococcoides spp.) based on their 16S rRNA and
mcrA gene phylogeny (Timmers et al., 2017 and Bhattarai et al., 2019 and references
therein). Here, the reverse reaction of the methyl coenzyme M reductase may cat-
alyze the oxidation of CH4 with the addition of electron acceptors (Hallam et al., 2004;
Haroon et al., 2013).

Bacteria within the Methylomirabilis genus of the novel NC10 phylum, e.g., “Candida-
tus Methylomirabilis oxyfera” are the only described organisms that potentially produce
their O2 intracellularly. Furthermore, they possess conventional particulate methane
monooxygenase (pMMO) and methanol dehydrogenase (MDH) enzymes as known for
aerobic CH4 oxidizers (see Subsection 1.5.2, Ettwig et al., 2010).

Many metabolic pathways for AOM are under debate, and the lack of pure cultures
within the NC10 phylum and within the ANME groups limit the knowledge on AOM.
Thus, the focus of this thesis is set on the aerobic MOB (from here on termed as
MOB), as they are ubiquitous and predominant active members in terrestrial bacterial
communities. Furthermore, MOB were studied intensively throughout the last century
in pure cultures, as well as simple or complex communities using MOB as a model
system. Thus, their community composition / development, ecological traits, and stress
response to disturbances are well documented (see Section 1.5 below).

1.5 Aerobic Methanotrophy

Even though wetlands, landfills and other environments are natural sources of CH4,
the activity of the MOB counterbalances its emission. Being ubiquitously distributed in
the environment, they are the main biological sink for CH4 in nature. MOB, together
with ANME, are a special guild of microorganisms, as it is the only group of organisms
capable of metabolizing CH4. This particular feature made MOB a subject of countless
experiments all around the world within the last decades.
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1.5.1 History, Physiology and Taxonomy of Methanotrophs

Discovery of the Methanotrophs The MOB were first discovered in 1906 (Semrau
et al., 2010), but it took quite a while until MOB could finally be isolated (Whittenbury
et al., 1970b). These strains are characterized as obligatory dependent on CH4 as
their sole carbon and energy source (Semrau et al., 2011; Smith and Ribbons, 1970)
and potentially evolved from methylotrophs (Kang et al., 2019), a group of organisms
capable of metabolizing C1 compounds. First electron-microscopic images revealed
morphological peculiarities within the MOB, possessing intracellular membranes (Dal-
ton, 2005; Davies and Whittenbury, 1970; Semrau et al., 2010; Smith and Ribbons,
1970). With further investigations and isolations, additional characteristics divide the
MOB into two types depending on the carbon assimilation pathway, fatty-acid content,
spore formation, and G+C content. Regardless of these distinct characteristics, or-
ganisms of all MOB were generally found to be gram-negative (Dedysh et al., 1998;
Deutzmann et al., 2014; Eshinimaev et al., 2008; Hanson and Hanson, 1996; Heyer
et al., 2005; Hoefman et al., 2014b; Islam et al., 2020; Mancinelli, 1995; Op den Camp
et al., 2009; Vigliotta et al., 2007; Vorobev et al., 2011).

The initial conversion of CH4 to methanol is catalyzed by enzymes within the group
of monooxygenases, more specifically, methane monooxygenases (MMOs). The two
known forms of the MMO are the particulate, membrane-bound form (pMMO) and the
soluble, cytoplasmic form (sMMO). Most MOB possess the particulate form, some
genera / species have both forms (e.g., Methylococcus capsulatus, and some Methylo-
cystis sp., Methylosinus trichosporium and further; Semrau et al., 2018, 2010; Ward
et al., 2004) and a few genera only have the soluble form of the MMO (Methylo-
cella, Methyloferula; Chen et al., 2010; Dedysh et al., 2005; Semrau et al., 2018,
2010; Vorobev et al., 2011). These aforementioned findings corroborate the ’Type’-
subdivision of the MOB.

Type-dependent Classification of the Methanotrophs At first, it was known that
two main classes of bacteria harbored the MOB, the Gamma- and Alphaproteobacte-
ria (see Table 1.1). Regarding their affiliation to these classes, as well as the above-
mentioned characteristics, the MOB were grouped into Type I and Type II, respectively.
Moreover, other characteristics, like internal membranes (see above), phospholipid
fatty acid (PLFA) profiles, and the C-assimilation pathway separate Type I and Type II
MOB. While the ribulose monophosphate pathway (RuMP)-cycle is used by the
gammaproteobacterial MOB, the serin cycle is used for C-assimilation by alphapro-
teobacterial MOB (see Figure 1.4; Cai et al., 2016; Culpepper and Rosenzweig, 2012;
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Figure 1.4 Oxidation pathway of CH4 to CO2 of Type I and Type II MOB. Abbrev.: CytC, cytochrome
c; FADH, formaldehyde dehydrogenase; FDH, formate dehydrogenase. From Hanson and
Hanson (1996).

Eshinimaev et al., 2008; Hanson and Hanson, 1996; Knief, 2015; Zhu et al., 2016).
PLFA chain length seemed to separate MOB well into the two types (Type I - 14C
and 16C PLFAs; Type II - 18C PLFAs; Bodelier et al., 2009). However, there are spe-
cific MOB that do not fit this grouping - a Type II MOB containing 16C and 18C PLFAs
(Dedysh et al., 2007) and a Type I MOB also containing 18C PLFAs (Heyer et al., 2005;
Hirayama et al., 2014).

Independent of these inconsistencies in classification, Type I is further divided into
subgroups, which are Ia (former Type I MOB), Ib (former Type X) MOB, and Ic, which
can be distinguished by pmoA and 16S rRNA gene phylogeny, physiology, biochem-
istry, stress response, and morphology (see Figure 1.5, Culpepper and Rosenzweig,
2012; Ho et al., 2013a; Knief, 2015; Krause et al., 2010). Former Type X MOB, re-
classified as Type Ib (Hoefman, 2013; Knief, 2015; Lüke, 2010), that also belong to
the Gammaproteobacteria, use the RuMP pathway as well, but they also have low
levels of ribulose-biphosphate carboxylase, an enzyme of the serine pathway (Culpep-
per and Rosenzweig, 2012; Semrau et al., 2010). Furthermore, Type Ic MOB use
the RuMP pathway for carbon assimilation. These MOB were grouped dependent on
their thermophilic and halophilic characteristics (Hirayama et al., 2014; Islam et al.,
2020). MOB of Type Ib, Type II, and Verrucomicrobia (see below) were identified
to possess the RubisCO, phosphoenolpyruvat carboxylase enzyme (serin cycle) or
Calvin–Benson–Bassham (CBB) cycle, making these organisms capable of autotrophic
CO2-fixation (Hanson and Hanson, 1996; Jahnke et al., 1999; Taylor, 1977; Taylor et al.,
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Figure 1.5 Phylogenetic trees showing the phylogeny of MOB type strains based on 16S rRNA gene
sequences (left tree) and PmoA sequences (right tree). From Knief (2015).

1981; Templeton et al., 2006; Vorobev et al., 2011).

First discovered 2007 by three research groups in parallel, verrucomicrobial MOB are
extremely acidophilic (Mohammadi et al., 2017; Op den Camp et al., 2009; Sharp et al.,
2014, 2012). The first verrucomicrobial MOB isolates were named ‘Acidimethylosilex
fumarolicum’ strain SolV (Pol et al., 2007), ‘Methylokorus infernorum’ strain V4 (Dun-
field et al., 2007), and ‘Methyloacida kamchatkensis’ strain Kam1 (Islam et al., 2008)
potentially all representing the same genus (Op den Camp et al., 2009) and were later
renamed as Methylacidiphilum infernorum V4T, Methylacidiphilum fumariolicum SolV
and Methylacidiphilum kamchatkense Kam1 of the family Methylacidiphilaceae (Op
den Camp et al., 2009). Up to then, no MOB was found to be acid-tolerant below pH 4
(Dedysh et al., 1998), and only a few thermotolerant MOB grew beyond 60◦C (Op den
Camp et al., 2009; Tsubota et al., 2005). Within the phylum of Verrucomicrobia, there
is the family of Methylacidiphilaceae that consists of the two genera Methylacidiphilum
and Methylacidimicrobium, often referred to as Type III (see Table 1.1, Figure 1.5, Islam
et al., 2020; Knief, 2015). These organisms do not use the RuMP pathway for carbon
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Table 1.1 Taxonomic classification of proteobacterial and verrucomicrobial MOB.

MOB
type

Family Genus

Gammaproteobacteria
Ia Methylomonadaceae Methylobacter, Methylomicrobium, Methylomonas, Methy-

losphaera, Methylosarcina, Methylosoma, Methylovulum,
Methyloprofundus, ’Candidatus Clonothrix’

Ib Methylococcaceae Methylocaldum, Methylococcus, Methyloparacoccus, Methy-
loglobulus, Methylogaea

Ic Methylothermaceae Methylohalobius, Methylothermus, Methylomarinovum

Alphaproteobacteria
IIa Methylocystaceae Methylosinus, Methylocystis

IIb Beijerinckiaceae Methylocella, Methyloferula, Methylocapsa

Verrucomicrobia
III Methylacidiphilaceae Methylacidiphilum, Methylacidimicrobium

References: Deng et al., 2013; Deutzmann et al., 2014; Geymonat et al., 2011; Gilbert et al., 2000;
Heyer et al., 2005; Hirayama et al., 2014; Hoefman, 2013; Hoefman et al., 2014b; Islam et al., 2020;
Knief, 2015; Liu et al., 2017; Op den Camp et al., 2009; Orata et al., 2018; Semrau et al., 2010;
Tavormina et al., 2015; Theisen et al., 2005; Trotsenko and Murrell, 2008; Vigliotta et al., 2007; Whitten-
bury et al., 1970b

assimilation and internal membranes are missing, even though pMMO is expressed
(Islam et al., 2008; Pol et al., 2007). As well, these organisms possess a full CBB cycle
for CO2 fixation (Dunfield et al., 2007; Op den Camp et al., 2009). The findings of such
’out-of-the-box’ MOB weaken the established classification system.

As mentioned before, there are some characteristics that are no longer exclusively
found in one of the groups. Thus the major carbon fixation pathway might be the only
distinctive feature (Knief, 2015). To date, reclassification, e.g., on genome level (Orata
et al., 2018), or abolition of this system is discussed, as more and more characteristics
of the different types overlap and grouping may cause confusion (Op den Camp et al.,
2009).

1.5.2 Metabolism and Carbon Assimilation Pathways

As the MMOs and the carbon assimilation pathway are decisive for MOB proliferation
in the environment and, as just introduced, are of greater importance for MOB classifi-
cation, the most prominent pathways are introduced in the following.

The two MMOs catalyze the first step in CH4 metabolism, the energy-demanding
transformation of CH4 to methanol. As CH4 is the most inert hydrocarbon, the chem-
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ical reaction of CH4 to methanol is challenging (Arakawa et al., 2001; Lieberman and
Rosenzweig, 2004; Periana et al., 2004), and MOB are of great interest for the chemical
industry, as MOB perform this reaction at ambient temperatures. Most MOB only pos-
sess the pMMO, while some possess both the pMMO and soluble methane monooxy-
genase (sMMO), whereas few only use the sMMO for CH4 turnover.

Figure 1.6 Potential CH4 oxidation pathway in cells cultured under high and low Cu conditions. Pro-
teins showing positive (shown in blue) or negative (shown in red) effect on increased Cu
concentrations. Cu, copper; Cyt, cytochrome; D-FalDH, dye-linked/quinone-linked formalde-
hyde dehydrogenase (positive effect); FDH, formate dehydrogenase; N-FalDH, NAD(P)-
linked formaldehyde dehydrogenase (negative effect); NDH-2, type 2 NADH dehydrogenase;
pMMO, membrane-associated or particulate methane monooxygenase (positive effect); Q,
ubiquinone; FAD, flavin adenine dinucleotide; MDH, methanol dehydrogenase; PQQ, pyrolo-
quinoline quinone (positive effect); sMMO, cytoplasmic or soluble methane monooxygenase
(negative effect); RuMP, ribulose monophosphate. From Semrau et al. (2010)

Particulate Methane Monooxygenase The pMMO catalyzes the first reaction in
MOB metabolism, which is O2 and nicotinamidadenindinukleotid (NADH) or ubiquinone
dependent (Hakemian and Rosenzweig, 2007; Kalyuzhnaya et al., 2015; Semrau et al.,
2010). The pMMO is located in the cytoplasmic membrane of the MOB, as well as
in the internal membrane stacks (Balasubramanian and Rosenzweig, 2007; Murrell,
2010; Semrau et al., 2010) and consists of three subunits (α-subunit, PmoB, encoded
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by pmoB; β-subunit, PmoA, encoded by pmoA; and γ-subunit, PmoC, encoded by
pmoC) forming a trimer sub-unit structure (αβγ)3 (Balasubramanian and Rosenzweig,
2007; Culpepper and Rosenzweig, 2012; Semrau et al., 2010; Wang et al., 2017).
While PmoB sub-unit partially consists of a soluble cytoplasmic domain, PmoA and
PmoC sub-units are composed of transmembrane helices (Culpepper and Rosen-
zweig, 2012). The genes encoding the sub-units are located in the pmoCAB operon;
usually, the MOB possess one to three copies of this operon (Gilbert et al., 2000;
Miroshnikov et al., 2017; Op den Camp et al., 2009; Ward et al., 2004). The catalytic
center in the active site in sub-unit PmoB is still unknown and highly discussed, but
many researchers have agreed on a di-copper metal center (Balasubramanian and
Rosenzweig, 2007; Balasubramanian et al., 2010; Culpepper and Rosenzweig, 2012).
It was known before that copper plays an essential role in the expression of the pMMO,
as experiments have shown no growth of only pMMO possessing MOB or no expres-
sion of pMMO in copper (Cu)-free media (Collins et al., 1991). The theory of the active
site in PmoA or PmoB was corroborated by the finding that 14C-labeled acetylene that
fully inhibits CH4 oxidation binds to either PmoA or PmoB (DiSpirito et al., 1992; Zahn
and DiSpirito, 1996). Later, the pmoB sub-unit was found to contain the pMMO ac-
tive site (Balasubramanian et al., 2010). Cu is not just a part of the active site in the
pMMO; it is also a regulatory factor for the expression of either pMMO or sMMO (Mur-
rell et al., 2000a; Murrell, 2010; Semrau et al., 2010; Stanley et al., 1983). Under Cu-
limiting conditions, some MOB that possess both the pMMO and sMMO can express
the sMMO-enzyme to retain CH4 oxidation function. Additionally - and potentially to
prevent methanol intoxication inside the cells - it is suggested that the MDH assembles
with the pMMO complex (Balasubramanian and Rosenzweig, 2007; Culpepper and
Rosenzweig, 2014).

In microbial ecology, the pMMO has become a molecular marker for MOB being
present in almost all MOB (Kolb et al., 2003; McDonald and Murrell, 1997), besides
Methyloferula stellata and Methylocella silvestris (Theisen et al., 2005; Vorobev et al.,
2011), that is widely used to identify and quantify MOB. Corroborating the polyphyletic
relation mentioned before, verrucomicrobial pmoCAB operons may stem from a differ-
ent evolutionary origin (Op den Camp et al., 2009). Furthermore, it has been shown
that some MOB possess an additional divergent pmoCAB operon, termed pmoCAB2
or pxmABC, that encodes for a pMMO (pXMO / pMMO2) with different CH4 oxidation
kinetics compared to the pMMO (Baani and Liesack, 2008; Dunfield et al., 2002; Ricke
et al., 2004; Tavormina et al., 2011; Tchawa Yimga et al., 2003). While both, pMMO1
and pMMO2 are active at CH4 concentrations > 700 ppmv, only pMMO2 can oxidize
CH4 down at (circum-)atmospheric levels (Baani and Liesack, 2008). This is also re-
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flected in the Km-values of both enzymes being ∼ 10 times higher for pMMO1 com-
pared to pMMO2 (Baani and Liesack, 2008; determined in pure cultures). Independent
of their evolutionary origin or CH4 affinity, pMMO genes are an important tool for anal-
ysis and identification of MOB.

Copper and Copper Transport System - Methanobactin Even before the identi-
fication of the Cu-containing active site of the pMMO, the importance of Cu for MOB
was recognized (Burrows et al., 1984; Collins et al., 1991; Graham et al., 1993; Stanley
et al., 1983). Cu was known to improve MOB activity in a certain concentration range
but can also inhibit MOB activity outside this range (Graham et al., 1993). Some MOB
possess a chalcophore that binds Cu-ions with high specificity, termed methanobactin.
It is excreted by MOB for Cu uptake, potentially giving MOB an important advantage
in nutrient / Cu-limited environments (Balasubramanian and Rosenzweig, 2008). Ad-
ditionally, Methylococcus capsulatus expresses a Cu-binding MopE protein for highly
specific Cu binding and uptake (Karlsen et al., 2003; Ve et al., 2012). Especially for
MOB that posses both pMMO and sMMO, the Cu:biomass ratio is the decisive factor
for MMO gene expression; when the Cu:biomass ratio exceeds a certain level, pMMO
is expressed while under Cu-limitation (low Cu:biomass ratio), sMMO is expressed, po-
tentially directly regulated by intracellular Cu-ions (Burrows et al., 1984; Nielsen et al.,
1996, 1997; Stanley et al., 1983), or regulated by methanobactin acting as a signaling
molecule (Balasubramanian and Rosenzweig, 2008; Farhan Ul-Haque et al., 2015), a
mechanism that is named ’copper switch’.

Soluble Methane Monooxygenase MOB that do not possess the genetic poten-
tial to express the pMMO use the sMMO for CH4 oxidation. In MOB that posses
both, sMMO expression is regulated by Cu availability. As for pMMO, the reaction
here is also O2 dependent but uses NADH as an electron carrier (See Figure 1.6).
The sMMO is located in the cytoplasm and has a catalytic di-iron active center (Bal-
asubramanian et al., 2010). The protein is expressed in the mmoXYBZDC operon
with mmoX encoding the α-, mmoY the β- and mmoZ the γ-sub-unit of the hydrox-
ylase, arranged in a α2β2γ2 configuration; mmoB, mmoD, and mmoC encode Pro-
tein B, and the nicotinamidadenindinukleotidphosphat (NADPH)-dependent reductase
unit, respectively (Murrell et al., 2000b; Semrau et al., 2010; Smith et al., 2010; Theisen
et al., 2005; Wang et al., 2017). Besides small differences between the sMMO and the
pMMO, like electron carrier, substrate specificity (Burrows et al., 1984), and CH4 affin-
ity (Lee et al., 2006), the two MMOs mainly perform the same transformation that is
characteristic of the MOB. Independent of the MMO type, the dissimilatory carbon flow
is similar in all MOB.
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Carbon Usage In the dissimilarity pathway in MOB methanol is further oxidized by
MDHs to formaldehyde via a cytochrome c-type electron acceptor (see Figure 1.6).
Usually two types of MDHs are expressed in MOB; a calcium-dependent MDH and a
lanthanide-dependent MDH (Gu et al., 2016; Krause et al., 2017). Both MDHs also
play a role in MOB-heterotroph interactions (see Section 1.6). Next, formaldehyde
is either assimilated (see below) or further oxidized to formic acid via a NAD+-linked
formaldehyde dehydrogenase (FalDH) (N-FalDH; see Figure 1.6), a dye / cytochrome
linked FalDH (D-FalDH; see Figure 1.6), or via a tetrahydromethanopterin /
methanofuran pathway (DiSpirito et al., 2004). In the last step, formate is oxidized
to CO2, which is then released into the atmosphere. This reaction is catalyzed by a
NAD+-dependent formate dehydrogenase (FDH), an [FeS]x-cluster containing enzyme
(See Figure 1.6; DiSpirito et al., 2004; Hanson and Hanson, 1996).

Carbon assimilation by MOB is performed via RuMP-pathway, Serin cycle, or CO2-
fixation. Mainly Type I MOB, e.g., Methylobacter sp., Methyloglobulus sp. and fur-
ther (Deutzmann et al., 2014; Semrau et al., 2010), assimilate carbon via formalde-
hyde using the RuMP pathway being thermodynamically most favorable (Kalyuzh-
naya et al., 2019). Here, formaldehyde is transformed to Hexulose 6-P and further to
Glucose 6-P, which is then cleaved via Entner-Doudoroff or Embden-Meyerhof-Parnas
pathway forming phosphotrioses (Trotsenko and Murrell, 2008). Pyruvate is then trans-
formed to Acetyl-CoA and introduced into the tricarboxylic acid (TCA)-cycle for biomass
formation (Cai et al., 2016; Fu et al., 2019). In the serin cycle, that is mainly used by
Type II MOB, e.g., Methylocella sp. (Dedysh et al., 2000), Methylosinus sp. (Matsen
et al., 2013) or Methyloferula sp. (Vorobev et al., 2011), carbon is assimilated from
formic acid via the amino acid glycine that is then transformed to serin. With the cleav-
age of ammonia, trioses are formed that are modified to phosphotrioses which are
then also channeled into the TCA-cycle via Acetyl-CoA as an intermediate (Cai et al.,
2022; Trotsenko and Murrell, 2008). In some MOB - solely or additionally to the RuMP
or serin pathway - the CBB cycle is used for carbon assimilation. These MOB ex-
press or have the genetic potential to express ribulose-1,5-bisphosphate carboxylase-
oxygenase (RubisCO) that enables autotrophic growth via CO2 fixation (Khadem et al.,
2011; Taylor, 1977; Taylor et al., 1981; Vorobev et al., 2011). In Type I MOB, where
CBB enzymes are less active, up to 15 % of cell carbon is derived from CO2, while in
Type II up to 50 % of the cell biomass comes from CO2 fixation (Trotsenko and Mur-
rell, 2008). For longtime carbon storage alphaproteobacterial MOB form intracellular
poly-β-hydroxybutyrate (PHB) granules (Hirayama et al., 2014; Hoefman et al., 2014b;
Khmelenina et al., 2019; Vorobev et al., 2011). Besides carbon, nitrogen uptake is as
well essential for the MOB with beneficial and detrimental effects.
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Nitrogen Uptake Microorganisms have a demand for nitrogen e.g., for the synthe-
sis of nucleic acids or proteins from amino acids. MOB have been shown to take up
nitrogen in different forms, such as ammonium (NH+

4), nitrite, nitrate (Danilova et al.,
2013; Geymonat et al., 2011), or di-nitrogen. Some MOB are diazotrophic, having the
capability to fix gaseous di-nitrogen via nitrogenases (encoded by nifH; Danilova et al.,
2013; Dedysh et al., 2000; Graham et al., 1993; Hirayama et al., 2014; Murrell and
Dalton, 1983), covering MOB and potentially heterotrophic nitrogen demand in om-
brotrophic environments, like peatlands (Ho and Bodelier, 2015; Larmola et al., 2014)
or decaying wood (Mäkipää et al., 2018). Nevertheless, nitrogenases seem to be ac-
tive in MOB only under N-limiting conditions, as N fixation has a high energy demand
(Graham et al., 1993).

Far more ecologically important is the impact of NH+
4 salts on MOB. The addition (or

presence) of nitrogen as NH+
4 salts reduces the CH4 uptake of the cells at certain con-

centrations (van Dijk et al., 2021), likely due to a concentration-dependent competition
of NH+

4 and CH4 in the MMO active site (Nyerges and Stein, 2009; Semrau et al., 2010).
It is still unclear if NH+

4 salts inhibit or enhance CH4 uptake, as no tipping point could be
defined yet (van Dijk et al., 2021). Some studies show an increase in MOB population
size and / or activity (Semrau et al., 2010). Other studies demonstrated the addition of
NH+

4 salts or urea to rice paddy (Mohanty et al., 2006; Noll et al., 2008) and forest soils
(Mohanty et al., 2006) favors the growth of Type I MOB over Type II, because these
can be used primarily by Type I as a nitrogen source.

NH+
4 is a concentration dependent competitive inhibitor for MMOs. When NH+

4 is me-
tabolized by a MMO due to the structural similarity to CH4, hydroxylamine, a highly
toxic molecule, is formed. The capability of MOB to (1) further metabolize hydroxy-
lamine to NOx via hydroxylamine oxidoreductase, or (2) reduce hydroxylamine back
to NH+

4, are dependent on the genetic potential of certain MOB and are still up for
debate (Stein et al., 2012). Recently, a study by Versantvoort and colleagues (2020)
has shown that verrucomicrobial MOB express a hydroxylamine oxidoreductase con-
verting hydroxylamine to NO; which is then further oxidized to nitrite and finally nitrate
(Mohammadi et al., 2017). With regard to a potential common ancestor of MOB and
ammonia oxidizing bacteria (AOB), the metabolic potential necessary for the MOB to
detoxify hydroxylamine strengthens this theory (Stein et al., 2012). But it is not just
NH+

4 that can be metabolized besides CH4 as the finding of facultative MOB changed
the dogma of CH4 being the only carbon and energy source.

Facultative Methanotrophs Although it has been assumed that MOB metabolize
CH4 as their ’sole carbon and energy source’ (Chen et al., 2007; Heyer et al., 2002;
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Stanley et al., 1983; Vorobev et al., 2011), it was long proposed that MOB are capable
to co-metabolize further carbon sources beside C1 compounds and that MOB can even
be facultative (Whittenbury et al., 1970b). With the identification of facultative MOB, this
concept was proven (Dedysh et al., 2005).

Because of the large range of environments where MOB can be found (see Sub-
section 1.5.3) and the wide variety of phylogenetic characteristics, some MOB can
metabolize not just one-carbon compounds, like CH4 and methanol, but can also me-
tabolize, for example, short chain alkanes, like propane (Crombie and Murrell, 2014), or
organic acids, like acetate, pyruvate or malate (Chen et al., 2010; Dedysh and Dunfield,
2010; Semrau et al., 2011, 2010). The unspecificity of the sMMO enables the MOB to
break down and co-metabolize alkanes up to C-8, ethers, cyclic alkenes, or aromatic
ring structures (Balasubramanian and Rosenzweig, 2007; Semrau et al., 2010), while
pMMO can break down alkanes up to C-5 (Balasubramanian and Rosenzweig, 2007;
Burrows et al., 1984; Dedysh and Dunfield, 2010). In cases of, e.g., acetate produced
during fermentation of plant material in acidic peatlands, present facultative MOB may
metabolize acetate preferentially, as it directly provides energy without the need for
reductant supply, as required for CH4(Dedysh et al., 2005). Nevertheless, the MOB re-
main the only guild of microorganisms capable of metabolizing CH4, even though they
may use other carbon sources additionally. Besides the discovered variety in carbon
sources also different electron acceptors, apart from O2 in MOB, were found to be used
by ANME (see Section 1.4, Deutzmann and Schink, 2011; Knittel and Boetius, 2009,
2010; Timmers et al., 2017; Welte et al., 2016).

1.5.3 Habitat and Role of Aerobic Methanotrophs

Ubiquity of Methanotrophs MOB are ubiquitous microorganisms in the environ-
ment, occurring in terrestrial, marine and aquatic ecosystems, typically at oxic / anoxic
interfaces (Hanson and Hanson, 1996; Knief, 2015; Reim et al., 2012). Here, the MOB,
mainly living in the upper, oxic soil layers, metabolize up to 90 % of the CH4 that is
produced and released in the lower anaerobic soil layers from methanogenic archaea
(Chen and Murrell, 2010; Conrad and Rothfuss, 1991; DiSpirito et al., 2016; Fechner
and Hemond, 1992; Kalidass et al., 2015; Kallistova et al., 2005; Mancinelli, 1995).

To date, MOB communities in the environment are well studied. With the application
of various methods (e.g., cultivation / isolation (Dedysh et al., 2005), CH4 uptake (this
thesis; Gupta et al., 2012; Ho et al., 2018, 2015b), gene specific (q)PCR (this thesis;
Ho and Frenzel, 2012; Ho et al., 2018, 2015b, 2021; Kolb et al., 2003; Reim et al.,
2012), DGGE (Chen et al., 2007; Horz et al., 2001; Rietl et al., 2017; Sherry et al.,
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2016), stable-isotope probing (SIP) (this thesis; Cébron et al., 2007a,b; Gupta et al.,
2012; He et al., 2012c, 2015; Sultana et al., 2019), (T)RFLP (Horz et al., 2001; Reim
et al., 2012; Uz et al., 2003), PLFA profiling (Bodelier et al., 2009; He et al., 2015; Ho
et al., 2019b), messenger ribonucleic acid (mRNA) based micro-arrays (Cébron et al.,
2007a; Ho et al., 2013b; Kumaresan et al., 2011), genome and amplicon sequencing
(this thesis; Ho et al., 2020; Sultana et al., 2019; Ward et al., 2004), co-occurrence
networks (this thesis; Ho et al., 2020)) MOB or MOB communities could be identified
- or isolated - from a plethora of environments. Being ubiqious in the environment,
MOB communities are found in e.g., peatlands (this thesis; Dedysh, 2009; Dedysh
et al., 2007, 1998; Deng et al., 2013; Vorobev et al., 2011; Wieczorek et al., 2011),
rice paddy soils (this thesis; Ho et al., 2011b, 2013b, 2016b, 2020, 2018; Noll et al.,
2008; van Dijk et al., 2021; Zhu et al., 2020), flooded sediments / river sediment / marine
sediment (this thesis; Deutzmann et al., 2014; Sherry et al., 2016; Tavormina et al.,
2015), landfills (this thesis; Kallistova et al., 2005; Kumaresan et al., 2011; Mancinelli,
1995; Uz et al., 2003), soda lakes / alkaline thermal springs (Eshinimaev et al., 2008;
Islam et al., 2020), upland soils (Ho et al., 2019b), slurry surface crusts (Duan et al.,
2017), natural gas seeps (Ul-Haque et al., 2019), plant surfaces (Iguchi et al., 2012,
2013), masonry (Kussmaul et al., 1998) along with others. This huge variety of MOB
harboring environments is characterized by diverse physico-chemical characteristics
to which the MOB have adapted. Ranging from psychrophilic environments, where
MOB were identified growing at 5 - 20◦C (Berestovskaya et al., 2002; Dedysh et al.,
2007; Sherry et al., 2016; Vorobev et al., 2011), mesophilic environments (this thesis;
Dedysh et al., 2007; Deutzmann et al., 2014; Hoefman et al., 2014b; Zhu et al., 2020)
up to thermophilic environments, where proteobacterial and verrucomicrobial MOB are
found active and growing up to ∼ 60◦C (Islam et al., 2020; Sherry et al., 2016; Tsubota
et al., 2005). Besides temperature, pH plays a major role in many environments, from
highly acidic environments (pH < 5; Dunfield et al., 2007; Pol et al., 2007) to alkaline
soda lakes (pH < 9.3; Eshinimaev et al., 2008; Islam et al., 2020) MOB are found to be
active. The importance of MOB as biofilters in various CH4 emitting environments, for
example in rice paddy fields or wetlands is well known.

Methanotroph Survival Strategies and Environmental Stressors Many natural
and anthropogenic stressors influence the MOB, their surrounding and their associated
community. As methanotrophy is an essential factor in GHG reduction, the impact of
such stressors is of tremendous importance for the climate and, thus, of high research
interest. Various environments that harbor MOB have different physico-chemical char-
acteristics but are also affected by different / specific (re-occurring) stressors. During
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the last decades, many natural and anthropogenic stressors of ecosystem-related rel-
evance have been investigated. Natural and anthropogenic stressors, e.g., salinity / pH
(Deng et al., 2017; Ho et al., 2018; Sherry et al., 2016), starvation in terms of CH4

and / or O2 availability (Benstead and King, 1997; Tavormina et al., 2017; Walkiewicz
et al., 2018), drought / water availability (this thesis; Ho et al., 2016b), heat stress (Ho
and Frenzel, 2012; Ho et al., 2016b), artificial / natural fertilization (Ho et al., 2020), land
use change, perturbation and habitat destruction (this thesis; Eusufzai et al., 2010; Ku-
maresan et al., 2011; Liu et al., 2017; Meyer et al., 2017; Pérez-Valera et al., 2017;
Reumer et al., 2018), plant growth (Eller and Frenzel, 2001), predation / virulence (Lee
et al., 2021; Murase and Frenzel, 2007, 2008) or animal grazing / perturbation (Héry
et al., 2008; Li et al., 2020; Rietl et al., 2017; Wang et al., 2022) were found to influ-
ence the MOB, their associated community or the soil community in general. But it is
not just the impact of the stressors on the community that is important and needs to
be considered but also the recovery of the (MOB) community and the legacy of the
exposure to stress that shapes the restoration (or loss) of the previous soil community
and function (Jurburg et al., 2017; Krause et al., 2018). To overcome and survive these
stressors, the MOB have developed certain life strategies.

Forming cysts or cyst-like structures is one of the mechanisms of MOB to overcome
stressor impacts or to resist them (Whittenbury et al., 1970a,b), maintaining the sys-
tem’s original stable state (Loreau et al., 2002). Resistance is a key mechanism for
MOB to withstand the perturbation caused. In ecology, a stable state of a system
is hard to define, as continuous natural changes influence the system (Griffiths and
Philippot, 2013). Recovery of activity of a system is thought to indicate if a (bacterial)
community has recovered, indicating a system has returned to a stable state (Girvan
et al., 2005; Gunderson, 2000; Ives and Carpenter, 2007) and soil functions have re-
covered, even though ecological parameters, e.g., bacterial community composition
may have changed. Functional redundancy drives this recovery in activity as factors,
e.g., bacteria of a certain function that may have been depleted during perturbation,
are buffered by different properties, like other bacteria that can perform the same task
(functionally redundant) but could not have competed for these ecological niches (Ho
et al., 2011b). Besides resistance for organisms to stressors, the inactive or dormant
seed bank community, which is formed by the soil legacy, is one of the main drivers
of restoration of soil activity and function after stressor impact (Eller et al., 2005; Ho
et al., 2016b). As well, the response of surviving organisms rapidly growing back to
/ beyond their starting abundance driven by the nutrient availability of e.g., dead or-
ganisms (Ho et al., 2016b), drives soil functional resilience. The MOB have developed
different life strategies making them well adapted for various environments and the
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consequent stressors. These traits make them perfect model organisms to study the
effect of natural or anthropogenic stressors on the MOB and their interactome.

1.6 The Methanotrophic Interactome

Besides abiotic characteristics, like soil physicochemical parameters and nutrient con-
centrations influencing the MOB (van Grinsven et al., 2021a,b), they can also be influ-
enced by their biotic surrounding. ’No methanotroph is an island’ perfectly describes
how MOB live and survive in the environment. To date, there are numerous studies
describing interactions of MOB with non-MOB / heterotrophic organisms.

MOB, being a subgroup of methylotrophs, catalyze the reaction from CH4 to methanol.
Methanol is a small C1 molecule that can easily penetrate cell walls, which makes MOB
constantly, but passively, excreting methanol (Krause et al., 2017). Here, methylotrophs
come into play, as these organisms are capable of methanol metabolism (Chistoser-
dova, 2011; Chistoserdova et al., 2009; Lidstrom, 2006). Thus MOB and methylotrophs
or other organisms capable of methanol metabolism often co-occur in environmental
niches, forming trophic interactions (Krause et al., 2017; Lueders et al., 2004b; van
Grinsven et al., 2021b). It has been shown that heterotrophic organisms can also in-
fluence MOB activity (Ho et al., 2014; Iguchi et al., 2011; Jeong et al., 2014; Veraart
et al., 2018) or even manipulate MOB to increase methanol excretion (Krause et al.,
2017). But it is not just the MOB that passively feed other organisms. Heterotrophs
may provide essential vitamins and co-factors for the MOB, increasing their activity
(Iguchi et al., 2011; Rani et al., 2021). Ho and colleagues (2014) have shown that in
pure cultures MOB activity increases with heterotrophic richness. As most MOB attach
to soil particles (Priemé et al., 1996) and some of them are non-motile (Bowman, 2006;
Dedysh et al., 2007; Dunfield et al., 2002), the interaction is often locally restricted. In
short, MOB may cluster together with interacting organisms in general - not just methy-
lotrophs - exchanging carbon and co-factors or manipulating their activity (Rani et al.,
2021; van Grinsven et al., 2021b), corroborating the idea that heterotrophs play a sig-
nificant role in MOB life. But there are not only positive interactions in the environment,
as predators have been shown to ’hunt’ for MOB (Lee et al., 2021; Murase and Fren-
zel, 2008). Bdellovibrio sp. and members of Myxococcales are known to graze on
the MOB. In summary, these interacting MOB and non-MOB / heterotrophic organisms
are defined as the MOB interactome, as organisms co-occurring more than by chance
driven by the carbon derived from CH4 provided by the MOB (Ho et al., 2016a).
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1.7 Hypothesis and Aim of the Project

MOB are found ubiquitously in the environment, being intensively studied through-
out the last century. Nevertheless, few studies have taken the heterotrophic / non-
methanotrophic organisms as drivers of MOB proliferation into account. This thesis
investigates not just the importance of the MOB in different CH4 emitting habitats but
also considers interacting heterotrophs, more precisely, the MOB interactome, as a rel-
evant determinant regulating community functioning. The focus of the following studies
lies on the aerobic MOB used as a model system, as their community and stress re-
sponse to physical and chemical disturbances, as well as ecological traits, are exten-
sively documented (see Chapter 1).
General hypothesis: The MOB interactome is driven by biotic and abiotic parame-
ters equally, forming similar trophic interactions dependent on the soil biological and
physico-chemical properties. Disturbances may alter the composition of the MOB in-
teractome while soil function (here, methanotrophy) remains.

Identification of the MOB interactome in different habitats - Chapter 3 To map
the MOB interactome over time and space in CH4 emitting habitats, deoxyribonucleic
acid (DNA)-SIP coupled co-occurrence network analysis was applied. Using this ap-
proach, MOB and non-MOB trophic interactions were identified from diverse habitats,
enabling comparison of the CH4-driven interaction network across space and over time.
Hypothesis: The MOB interactome, including intra-MOB interaction, forms a (tight)
network of specific interacting microorganisms in space and time.

Response of the MOB interactome to a mild stressor - Chapter 4 To determine
the relevance of the MOB interactome following a single disturbance event i.e., desicca-
tion and CH4 starvation, DNA-SIP coupled co-occurrence network analysis is applied.
This strategy will allow the direct association of putative interacting microorganisms in
the CH4-derived food web to how a close-knit community may confer resilience against
stress.
Hypothesis: CH4 oxidation is moderately affected by the structure of the MOB-
associated heterotrophs in an MOB interactome rather than MOB abundance and com-
position following mild disturbances.
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Response of the MOB interactome to a severe stressor - Chapter 5 To determine
how the MOB interactome may re-establish after restoration of an excavated peatland a
pairwise comparison of a pristine and a restored peatland was conducted. Using DNA-
SIP coupled to a co-occurrence network analysis, the complexity of the CH4-driven
interaction networks were compared.
Hypothesis: CH4 oxidation is strongly affected by the structure of the MOB-associated
heterotrophs in an MOB interactome rather than MOB abundance and composition
following severe disturbances.

Identification of parameters affecting re-colonization - Chapter 6 MOB commu-
nity development is dependent on abiotic and biotic parameters, driving CH4 oxidation
in various habitats. In a soil microcosm incubation a sterilized fraction of a paddy and
upland soil are reciprocally inoculated with the corresponding unsterilized soil to ana-
lyze recolonization, MOB community development and CH4 oxidation potential depen-
dent on the soil physico-chemical parameters independent of the starting community.
Hypothesis: Soil CH4 uptake potential is mainly regulated by abiotic than biotic de-
terminants (e.g., community composition) in MOB communities independent on the
starting community.
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Chapter 2
Novel Experimental Strategy - SIP-coupled
Co-occurrence Network Analysis
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2.1 Background

Due to their ability to survive and proliferate in various habitats, introducing carbon
into soil systems via cross-feeding, and their ability to reduce GHG emissions (see
Chapter 1), MOB have been used as model organisms in innumerable experiments
before. Throughout the last decades, researchers have more and more unraveled the
importance of the non-MOB for the MOB (Ho et al., 2016a, 2014, 2020; Krause et al.,
2017). Experiments in pure and mixed cultures were applied, confirming the signif-
icance of the MOB interaction partners for the MOB (Ho et al., 2014; Jeong et al.,
2014; Veraart et al., 2018). In soil systems, it is anticipated that MOB interaction part-
ners can support the MOB in terms of stress response to restore soil function (see
Section 1.6). Co-occurrence networks are used to infer (trophic) interactions between
organisms (this thesis; Barberán et al., 2012; Berry and Widder, 2014) or to identify
the core community of a system (Murdock et al., 2021; Purkamo et al., 2016), but often
these interactions were inferred directly from sampled soil (e.g., Barberán et al., 2012;
Cheng et al., 2021; de Vries et al., 2018; Pérez-Valera et al., 2017; Zhang et al., 2019).
In these studies, all organisms, independent of their activity / dormancy are probably
introduced into the network, increasing the number of random / spurious interactions.

In the following studies, a novel approach has been applied, combining SIP with a
co-occurrence network analysis to directly relate found correlations to the actively grow-
ing community, corroborating the meaningfulness of the potential trophic interactions
identified in the following experiments. The experiments were conducted to investigate
the impact of stressors on microbial communities and to analyze how trophic inter-
actions in communities from different CH4-emitting environments are structured using
methanotrophy as a model system. Below, the theoretical background to SIP and the
co-occurrence networks is introduced.

2.2 Stable Isotope Probing

SIP is a well established method in microbiology that has been used for more than 20
years (e.g., Cébron et al., 2007a; Chen et al., 2008b; Hetz and Horn, 2021; Lueders
et al., 2004b; Radajewski et al., 2000 and further). In SIP, using, e.g., 13C-labeled car-
bon molecules, the assimilating organisms can be labeled and later identified. Various
targets (i.e., cell components) for SIP have been tested and successfully used, like
proteins, PLFAs, ribonucleic acid (RNA), and DNA (Boschker et al., 1998; Dörr et al.,
2010; Jehmlich et al., 2016; Manefield et al., 2004; Neufeld et al., 2007a; Radajewski
et al., 2003; Vogt et al., 2016). In DNA-SIP, 13C-labeled substrate is fed to systems
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to be metabolized by microorganisms that incorporate the 13C into their DNA during
replication. In contrast to RNA-SIP, where it is sufficient for organisms to be active,
producing ribosomal ribonucleic acids (rRNAs) or mRNAs, in DNA-SIP, the organisms
have to be active and growing. Thus, incubation times for DNA-SIP have to be well-
adjusted to have at least two replications of the target organisms. In short, DNA can
be extracted from the incubations; then 12C and 13C DNA are separated in isopycnic
density gradient centrifugation and afterwards fractionated. Heavy and light fractions
can be determined via, e.g., DNA concentration determination or real-time quantita-
tive polymerase chain reaction (qPCR) targeting 16S rRNA gene or functional genes,
and fractions with the highest gene abundance can be sequenced to investigate the
labeled community. A more detailed explanation of the proceeding is given in Neufeld
et al. (2007b), Lueders (2010), and Dunford and Neufeld (2010) (see also chapters
3, 4, and 5 in the respective ’Methods and Materials’ sections). SIP alone can al-
ready improve the information about the active community in soil systems, omitting the
’background’ microbial organisms that are dead or dormant, or simply not active. The
labeled community can be further analyzed using a co-occurrence network analysis to
deduce microbial interaction.

2.3 Network Construction

Here, the focus is set on the MOB in various habitats investigating their interactome.
The MOB interactome is a consortium of microorganisms that co-occur more than by
chance, as indicated by a strong positive or negative correlation dependent on CH4-
derived carbon. DNA-SIP pre-selects for the actively growing organisms that can me-
tabolize the labeled 13C-CH4 and cross-feed to interaction partners at higher trophic lev-
els. In SIP, unlabeled 12C-DNA is separated from heavier 13C-DNA that is enriched with
13C carbon derived from 13C metabolites in actively growing organisms. This procedure
reduces the chance for spurious correlation due to the exclusion of dormant / inactive
cells that may randomly form strong correlations. Often, co-occurrence networks are
derived from extracted nucleic acids being directly applied to co-occurrence network
construction after sequencing, as mentioned before. Only a few have taken the im-
provement of SIP before co-occurrence network construction into consideration (e.g.,
Li et al., 2018; Sun et al., 2018). In this thesis, experiments were conducted shed-
ding light on how DNA-SIP coupled co-occurrence network construction improves the
identification of potential trophic interactions in various CH4-emitting habitats and how
reformation or restoration of trophic interaction networks after stressor impact indicate
changes in community stability.
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A
B C

D

Figure 2.1 Simplified network with edges (A), nodes (B), as well as nodes of high betweeness centrality
(B), triangle node connections forming clusters (C) and highly connected modules (D). Pa-
rameters are described in Table 2.1.

In interaction networks, positive interactions are referred to as beneficial interactions,
e.g., mutualism or syntrophy, sharing nutrients, co-factors, and carbon sources via
cross-feeding, while negative correlations indicate competition between taxa or preda-
tion (see Section 1.6) depicted by edges between nodes (see ’A’ and ’B’ in Figure 2.1).
Highly connected modules of nodes (Modularity; see Table 2.1) may have specific soil
functions (Cao et al., 2022; Ravasz et al., 2002), potentially forming (sub-)communities
(Newman, 2003). Important nodes inside the network, acting as a bridge between
modules, are nodes of high betweenness centrality. If a single node is often crossed
on a path within the network, the node might fulfill a specific function in the system
that is not fulfilled by other taxa (Girvan and Newman, 2002; Newman, 2003; Poudel
et al., 2016). A loss of such nodes might lead to a collapse of the network (Borgatti,
2005; Iyer et al., 2013). Nodes in the network tend to form triangle structures clustering
together (Average clustering coefficient; see Table 2.1). This measure describes the
local connectivity and can be associated with network robustness in terms of distur-
bances (Iyer et al., 2013; Li et al., 2017). Trophic interaction networks are the main
focus of this thesis; as yet, little is known about how trophic interactions differ depen-
dent on the environment (see Chapter 3) as well as on the influence of stressors on
trophic interaction networks (see Chapter 4 and 5).
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Table 2.1 Description of network parameters

Parameter Description Depiction in
Figure 2.1 Reference

Edge The edges depict the nodes potential positive or negative interactions derived from the
correlation. A

Node
The number of nodes describes the amount of operational taxonomic units
(OTUs) / amplicon sequence variants (ASVs) that form the network i.e., how many or-
ganisms are involved.

B

Degree /
Average degree

The degree and the average degree depict how many connections a node has in the
network. Newman, 2003

Network diameter /
Average path length

How many nodes are connected forming the longest path in the network. The average
path length depicts how many nodes are crossed on average between to random nodes
in the network.

Modularity Modularity describes the tendency of nodes to form highly connected groups inside the
network potentially providing a specific function. D

Newman and Girvan, 2004,
Newman, 2006,

Ravasz et al., 2002

Number of communities The number of communities then depicts the number of such highly connected modules
in the network.

Betweeness centrality Betweenness centrality, similar to ’edge betweenness’, depicts the count of how often
a node is crossed on the path between random nodes in the network.

Freeman, 1977,
Poudel et al., 2016

Average clustering
coefficient

Nodes tend to form triangle structures in networks, clustering together. Newman (2003)
describes this as ’the friend of my friend potentially is also my friend’ forming a trian-
gular node structure.

C Newman, 2003,
Poudel et al., 2016
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3.1 Abstract

Background
Biological interaction affects diverse facets of microbial life by modulating the activity, di-
versity, abundance, and composition of microbial communities. Aerobic CH4 oxidation
is a community function, with emergent community traits arising from the interaction of
the CH4-oxidizers (MOB) and non-MOB. Yet little is known of the spatial and temporal
organization of these interaction networks in naturally-occurring complex communities.
We hypothesized that the assembled bacterial community of the interaction network in
CH4 hotspots would converge, driven by high substrate availability that favors specific
MOB, and in turn influences the recruitment of non-MOB. These environments would
also share more co-occurring than site-specific taxa.
Results
We applied SIP using 13C-CH4 coupled to a co-occurrence network analysis to probe
trophic interactions in widespread CH4-emitting environments, and over time. Network
analysis revealed predominantly unique co-occurring taxa from different environments,
indicating distinctly co-evolved communities more strongly influenced by other parame-
ters than high CH4 availability. Also, results showed a narrower network topology range
over time than between environments. Co-occurrence pattern points to Chthoniobacter
as a relevant yet-unrecognized interacting partner particularly of the gammaproteobac-
terial MOB, deserving future attention. In almost all instances, the networks derived
from the 13C-CH4 incubation exhibited a less connected and complex topology than the
networks derived from the unlabelledC-CH4 incubations, likely attributable to the exclusion
of the inactive microbial population and spurious connections; DNA-based networks
(without SIP) may thus overestimate the CH4-dependent network complexity.
Conclusion
We demonstrated that site-specific environmental parameters more strongly shaped
the co-occurrence of bacterial taxa than substrate availability. Given that members
of the interactome without the capacity to oxidize CH4 can exert interaction-induced
effects on community function, understanding the co-occurrence pattern of the CH4-
driven interaction network is key to elucidating community function, which goes beyond
relating activity to community composition, abundances, and diversity. More generally,
we provide a methodological strategy that substantiates the ecological linkages be-
tween potentially interacting microorganisms with broad applications to elucidate the
role of microbial interaction in community function.
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3.2 Background

Microbial interactions are widespread, leading to a plethora of interdependent relation-
ships with stimulatory and inhibitory effects on community function (D’Souza et al.,
2018; Ho et al., 2014; Johnson et al., 2020; Morris et al., 2013). It is becoming evident
that aerobic CH4 oxidation is a community function, whereby microorganisms lack-
ing the enzymatic repertoire to oxidize CH4 are also relevant. These microorganisms
(non-MOB) play a significant role, stimulating MOB activity and growth, and increasing
MOB–mediated micropollutant degradation (Benner et al., 2015; Ho et al., 2014; Ver-
aart et al., 2018). Interestingly, the accompanying non-MOB have also been implicated
in the resilience of MOB activity during recovery from disturbances (García-Contreras
and Loarca, 2021; Kaupper et al., 2021a,b). Emergent properties may thus arise from
the interaction of the MOB and non-MOB, both constituting the “MOB interactome” de-
fined here as the consortium of co-occurring microorganisms that can be tracked via
the flow of 13C-CH4 from the MOB (primary consumers) to other microorganisms in the
soil food web (Ho et al., 2016a; Kaupper et al., 2021b).

Microbial interactions in complex communities, including the MOB interactome, have
been explored using a co-occurrence network analysis based on specific genes (e.g.,
16S rRNA, 18S rRNA genes) amplified from isolated nucleic acids (DNA, RNA) (Bar-
berán et al., 2012; Ho et al., 2020; Li et al., 2021; Peura et al., 2015; Rossmann et al.,
2020; Tripathi et al., 2016; Williams et al., 2014). Microbial taxa that are positively
correlated in the network analysis can be interpreted as having complementary roles,
sharing the same habitat niche, or are driven by cross-feeding (Barberán et al., 2012;
D’Souza et al., 2018; Morris et al., 2013; Peura et al., 2015; Zelezniak et al., 2015),
whereas negative correlations are attributable to competing taxa, predation, or niche
partitioning (Chang et al., 2021; Dann et al., 2019; Ghoul and Mitri, 2016; Johnson
et al., 2020). The aerobic MOB thrive in the presence of other organisms, forming (mu-
tually) beneficial associations (e.g., receiving essential vitamins; Iguchi et al., 2011), as
well as adverse relationships (e.g., selective predation by protists; Murase and Frenzel,
2008) with their biotic environment. These interactions can be species-specific (Iguchi
et al., 2011; Stock et al., 2013; Veraart et al., 2018), underscoring the relevance of
the physiology, and ecological traits inherent to diverse MOB in selecting for interact-
ing partners, influencing the membership of the MOB interactome. Accordingly, the
aerobic MOB belong to Gamma- / Alpha-proteobacteria and Verrucomicrobia, with the
active verrucomicrobial MOB typically detected in acidic and geothermal environments
(e.g., peatlands, volcanic and geothermal soils; Kaupper et al., 2021a; Schmitz et al.,
2021; Sharp et al., 2014). These MOB can be distinguished based on their physiology,
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including C-assimilation pathway and substrate utilization (e.g., facultative methanotro-
phy) and PLFA profile, among other distinct ecological characteristics (Dedysh and
Dunfield, 2011; Guerrero-Cruz et al., 2021; Praeg et al., 2021; Trotsenko and Murrell,
2008; Ul-Haque et al., 2019). In terrestrial ecosystems, the aerobic MOB play a crucial
role as a CH4-biofilter at oxic-anoxic interfaces where they consume a large portion of
CH4 produced before being emitted into the atmosphere (Reim et al., 2012), in addi-
tion to being a CH4 sink in well-aerated soils (Ho et al., 2019b; Shrestha et al., 2012;
Täumer et al., 2021). Besides the MOB and interaction with methylotrophs (Krause
et al., 2017; van Grinsven et al., 2021a), very little is known of the organization (over
space and time), and other constituents of the MOB interactome despite their relevance
in modulating community function.

Here, we elaborate on the CH4-driven interaction network in naturally-occurring com-
plex communities from widespread CH4 hotspots (pristine/restored ombrotrophic peat-
lands, and paddy, riparian, and landfill cover soils). Considering that a high substrate
(CH4) availability favors gammaproteobacterial MOB (e.g., Methylobacter,
Methylosarcina; Ho et al., 2013a; Krause et al., 2012; Reim et al., 2012), in turn in-
fluence the recruitment of the non-MOB, we hypothesize that members of the MOB
interactome from these environments would converge, having more shared than site-
specific co-occurring taxa. To address our hypothesis, we applied SIP using 13C-CH4

coupled to a co-occurrence network analysis of the 13C-enriched 16S rRNA gene,
which not only enabled direct association of MOB activity to the network structure,
but also provided a tangible link between the co-occurring taxa involved in the trophic
interaction. This is in contrast to previous work deriving the networks from isolated
nucleic acids (DNA and RNA), where relationships between taxa were inferred rather
than demonstrated. Capitalizing on the SIP-network analysis, we determined differ-
ent scales of organization, that is, consistency of co-occurring taxa that were nested
among the metabolically active sub-population between environments (spatial scale),
and over time (temporal scale) in the pristine peatland to assess the stability of the
network structure during the incubation. Furthermore, comparing the unlabelledC- and
13C-based networks, we postulate that the networks derived from the DNA isolated
from the soils (i.e., unlabelledC-CH4 incubation, without SIP) would be relatively more
complex because of the inclusion of the metabolically inactive community members,
non-trophic interactions, and weak or spurious correlations. Hence, we examined the
applicability of our methodological approach, while shedding light on the spatial and
temporal organization of the MOB interactome.
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3.3 Results and Discussion

3.3.1 Aerobic Methanotrophy, and Environmental Variables
Influencing the Metabolically Active Bacterial Community
Composition

MOB activity was detected in all environments and was within the range expected
for low-affinity CH4 oxidation typical in CH4 hotspots (Table 3.1; Conrad, 2009; Singh
et al., 2010). In these environments, the MOB serve as a CH4-biofilter, consuming
high concentrations of CH4 generated in the anoxic soil layers before releasing into
the atmosphere (Henneberger et al., 2012; Ho et al., 2013a; Reim et al., 2012). Al-
though low-affinity MOB were detected, some of these MOB may also consume CH4

at (circum-)atmospheric levels, doubling as a CH4 sink under low CH4 availability (Cai
et al., 2016; Ho et al., 2019b; Tveit et al., 2019). The MOB activity was corroborated by
the significant increase (p < 0.05) in the pmoA gene abundance and/or the pmoA:16S
rRNA gene abundance ratio (%) during the incubation (Tables 3.1 & S1, Figure S1),
indicating MOB growth.

Importantly, assimilation of CH4-derived 13C into the MOB was evidenced by the de-
tection of the 13C-DNA following density gradient fractionation in the SIP approach,
which showed well-separated unlabelledC-(“light”) and 13C-DNA (“heavy”) fractions (Fig-
ures S2 & S3). The microorganisms derived from the 13C-enriched 16S rRNA gene
thus represent the metabolically active, 13C-CH4 derived consuming, and replicating
community members. Despite the relatively low proportion of MOB (Figures S1, S4 &
S5), the bacterial community composition, as determined from the amplicon sequence
analysis of the 16S rRNA gene in the “light” and “heavy” fractions were discernible,
clearly separated along the axes in the principal component analysis (PCA) (Figures
S6 & S7), supporting the density gradient fractionation. However, with a relatively lower
proportion of MOB in the riparian soil (Figure S1), differences in the “light” and “heavy”
fractions were no longer reflected in the total bacterial population (i.e., at the 16S rRNA
gene level; Figure S6). Generally, the SIP approach not only confirmed the assimilation
of 13C-CH4 by the MOB, but also captured the subsequent dispersal of the 13C into the
CH4-driven soil food web.

Compositional changes during the incubation may reflect on the temporal dynamics
of the bacterial, including the MOB community (e.g., Ho et al., 2011b, 2015b; Noll et al.,
2005). Nevertheless, with the exception of the peat, the metabolically active, that is, 13C
assimilating and replicating bacterial community composition after the incubation was
representative of the community in the starting material (Figure S4). The metabolically
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Figure 3.1 RDA showing compositional differences of the metabolically active bacterial community (13C-
enriched 16S rRNA gene diversity) from widespread CH4 hotspots, and the variables (inor-
ganic N, sulphate, pH, EC, total N and C, CH4 uptake rates, and pmoA gene abundance)
affecting the community as constraints. Significant (p < 0.01) variables affecting the commu-
nity composition are emboldened (EC, total C and N). Abbreviations: EC, electrical conduc-
tivity; pmoA, pmoA gene abundance as proxy for MOB abundance

active bacterial community composition was distinct in the ombrotrophic peatlands, as
revealed in a redundancy analysis (RDA; Figure 3.1). The redundancy analysis (RDA)
integrates the abiotic parameters in Table 3.1 to the 13C-labelled bacterial commu-
nity composition in all environments. The bacterial composition in the riparian, landfill
cover, and paddy soils were more similar clustering closely together, and could be sep-
arated from the community in the ombrotrophic peatlands along RDA axis 1; > 53 %
of the variation of the bacterial community composition could be explained by RDA 1
and RDA 2 (Figure 3.1). The bacterial community composition can be profoundly in-
fluenced by the soil physico-chemical parameters including substrate availability and
land use, with the latter potentially having a stronger impact on the compositional dif-
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ferences among the MOB (Drenovsky et al., 2010; Ho et al., 2017b; Kaupper et al.,
2021b; Praeg et al., 2021). Among the environmental parameters, total C and N, and
electrical conductivity (EC) indicative of soil salinity, significantly (p < 0.05) affected
the active bacterial community (Figure 3.1). While EC favours the community in the
riparian, landfill cover, and paddy soils, total C and N strongly affected the commu-
nity particularly in the restored ombrotrophic peatland. This is not entirely unexpected
as ombrotrophic peatlands are nutrient-impoverished environments, where the peat-
inhabiting microorganisms would more strongly respond to C and N than in the other
relatively nutrient-rich environments (Table 3.1; Keller et al., 2006). In the other envi-
ronments, it is noteworthy that despite the different ecosystems represented, that is,
freshwater wetlands (paddy and riparian soil) and well-aerated landfill cover soil, the
active bacterial community composition was more similar, possibly forming interaction
networks comprising of shared community members.

34



C
hapter3

The
M

ethane-D
riven

Interaction
N

etw
ork

in
TerrestrialM

ethane
H

otspots

Table 3.1 Selected soil physico-chemical properties, and CH4 uptake rates from CH4 hotspots. The location, coordinates and sampling times are given
in the original version of the publication (see section A.1)

Environment pH EC Total C Total N NH+
4 NO−

3 SO2−
4 CH4 uptake rate References

(mS cm-1) (mg g-1
dw) (µmol g-1

dw) (µmol g-1
dw h-1)

Paddy soil 6.6±0.05a BD 13.9±0.5a 1.3±0.04a 1±0.02ac 0.6±0.01abc 0.8±0.2a 0.44±0.19b Kaupper et al. (2021b)

Landfill cover 8.81±0.11b 0.07±0.01a 136±12b 10.1±0.5bc 12.2±8.3c 1.9±1.2bc 28±32bd 0.67±0.24ab This study

Pristine peatland 4.39±0.19c BD 457±4.2c 6.9±1.2ab 0.2±0.08b 0.6±0.2bc 3.3±0.6bcd 1±0.26a
Kaupper et al. (2021a);

this study

Restored peatland 4.68±0.12c BD 492±6d 12.5±0.4c 0.7±0.3a 0.7±0.6abc 2.3±0.3c 1±0.16a Kaupper et al. (2021a)

Riparian soil 8.22±0.18d 0.06±0.01a 32.2±8.4e 2.5±0.8ab 0.4±0.2a 0.07±0.07a 1.8±0.4a 0.15±0.05c This study
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3.3.2 The Methanotrophic Interactome Over Space and Time

The interaction among members of the CH4-driven food web was explored using a co-
occurrence network analysis derived from the 13C-enriched 16S rRNA genes. A com-
parison of the networks from the different environments revealed that the 13C-labelled
riparian soil community was relatively more connected and complex, as indicated by
the higher number of interacting community members (nodes), number of connections
(edges), and number of connections per node or node connectivity (average degree),
but was less modular, having fewer compartmentalized groups of interaction within
the network than the other environments (Table 3.2, Figure S8; Bissett et al., 2013;
Peura et al., 2015; Zhou et al., 2010). In contrast, the restored peatland harboured the
least connected and complex interaction network (Table 3.2). Presumably, increased
co-occurrence is fueled by a higher metabolic exchange and/or competition among
members of the MOB interactome in the riparian soil (van Elsas et al., 2012; Zelezniak
et al., 2015).

Because temporal community patterns may lead to the elimination of highly con-
nected taxa (Estrada, 2007) which affects the network complexity (Peura et al., 2015),
the interaction network in the pristine peatland was additionally determined after 8,
13, and 19 days incubation to monitor the changes of the network topology over time
(Table 3.3, Figure S9). Besides being a source of CH4-derived organic C, MOB also
drive the N-cycle by fixing N2 to assimilable N forms, and hence, are a key microbial
group linking C and N cycling in ombrotrophic peatlands (Ho and Bodelier, 2015; Lar-
mola et al., 2014). The connectedness and complexity of the 13C-enriched 16S rRNA
gene-derived interaction network, as deduced from the number of nodes, edges, and
degree, fluctuated within a relatively narrow range over time when compared to the dif-
ferences in the network topology between environments (Tables 3.2 & 3.3). However,
modularity decreased from day 8 to 13, and remained relatively unchanged thereafter,
indicating a reduced number of independently connected groups of nodes or compart-
ments within the network over time (Zhou et al., 2010). Initially, compartments that are
formed centered around the MOB before 13C dispersal to other community members
at higher trophic levels. With continuous CH4 availability during the incubation, it is not
unreasonable to assume that the CH4-derived 13C would be more evenly and widely
dispersed in the MOB interactome, becoming less modular over time (Kaupper et al.,
2021b). Such temporal changes in the network topology are anticipated given that the
soil is a dynamic environment. Nevertheless, it appears that some network topological
features (e.g., degree, number of nodes and edges) were relatively more consistent
that others (e.g., modularity) over time.
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Table 3.2 Correlations and topological properties of the co-occurrence network analysis derived from widespread CH4 hotspots. The networks are given
in Figure S8.The number of connections for "Positive edges", "Negative edges", "Met/Met", "Met/non-Met" and "Non-Met/non-Met" are given in
the original version of the publication (see section A.1)

Network properties Paddy soil Landfill cover Pristine peatland Restored peatland Riparian soil
13C UnlabelledC 13C UnlabelledC 13C UnlabelledC 13C UnlabelledC 13C UnlabelledC

Number of nodesa 299 536 329 655 344 622 258 681 737 667
Number of edgesb 980 2839 2078 8899 1684 4219 846 6918 10,003 6261

Positive edgesc 82% 76% 64% 59% 61% 65% 66% 62% 76% 76%
Negative edgesd 18% 24% 36% 41% 39% 35% 34% 38% 24% 24%

Met/Met 8% 0.3% 1% 0.5% 0.2% 0.5% 2.2% 0.1% 9.5% 0.1%
Met/non-Met 32% 2.7% 17% 2.5% 10.5% 5.5% 22.4% 6.9% 37% 4.9%

Non-Met/non-Met 60% 97% 82% 97% 89.3% 94% 75.4% 93% 53.5% 95%
Modularitye 0.817 1.166 1.557 2.067 2.316 1.734 1.812 1.894 0.692 0.992

Number of communitiesf 55 91 32 30 39 67 38 40 19 74
Network diameterg 16 14 10 10 11 10 11 11 12 10

Average path lengthh 5.913 5.803 3.969 3.607 4.402 4.372 5.01 4.228 4.201 4.433
Average degreei 6.55 10.59 12.63 27.173 9.79 13.566 6.55 20.317 27.14 18.774

Av. clustering coefficientj 0.365 0.416 0.409 0.418 0.413 0.397 0.397 0.413 0.319 0.345

Met/Met correlation within MOB, Met/non-Met correlation between MOB and non-MOB, Non-met/non-Met correlation between non-methanotrphs
a Microbial taxon (at genus level) with at least one significant (p < 0.01) and strong (SparCC > 0.8 or < -0.8) correlation;
b Number of connections/correlations obtained by SparCC analysis;
c SparCC positive correlation (> 0.7 with P < 0.01);
d SparCC negative correlation (< -0.7 with P < 0.01);
e The capability of the nodes to form highly connected communities, that is, a structure with high density of between nodes connections (inferred by
Gephi);
f A community is defined as a group of nodes densely connected internally (Gephi);
g The longest distance between nodes in the network, measured in number of edges (Gephi);
h Average network distance between all pair of nodes or the average length off all edges in the network (Gephi);
i The average number of connections per node in the network, that is, the node connectivity (Gephi);
j How nodes are embedded in their neighborhood and the degree to which they tend to cluster together (Gephi)
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Table 3.3 Correlations and topological properties of the co-occurrence network analysis from the
pristine peatland over time. The networks are given in Figure S9. The number of con-
nections for "Positive edges", "Negative edges", "Met/Met", "Met/non-Met" and "Non-
Met/non-Met" are given in the original version of the publication (see section A.1)

Network properties 8 days 13 days 19 days
13C UnlabelledC 13C UnlabelledC 13C UnlabelledC

Number of nodesa 297 608 347 628 205 578
Number of edgesb 1265 4651 1758 3845 687 4117

Positive edgesc 57% 64% 60% 69% 61% 62%
Negative edgesd 43% 36% 40% 31% 39% 38%

Met/Met 0.3% 0.1% 0.3% 0.1% 1.2% 0.02%
Met/non-Met 10.2% 5% 10.5% 6% 19.6% 3.3%

Non-Met/non-Met 89.5% 94.9% 89.2% 93.9% 79.2% 96.6%
Modularitye 3.317 1.752 2.440 1.445 2.478 2.150
Number of

communitiesf 34 66 37 79 35 44

Network diameterg 14 14 11 10 17 12
Average path lengthh 5.233 4.243 4.463 4.441 5.038 4.181

Average degreei 8.519 15.29 10.13 12.24 6.702 14.24
Av. clustering

coefficientj 0.421 0.404 0.415 0.399 0.430 0.374

Description of the network properties are as given in Table 3.2
Met/Met correlation within MOB, Met/non-Met correlation between MOB and non-MOB,
Non-met/non-Met correlation between non-methanotrphs

3.3.3 Insights Into Intra-Methanotroph and Methanotroph / Non-
Methanotroph Interaction Within the Methanotrophic Interactome

The co-occurring MOB/MOB (intra-MOB) and MOB/non-MOB interactions were further
explored to determine whether co-occurring taxa are conserved across different envi-
ronments, and to identify non-MOB as interacting partners of the MOB. The non-MOB
and MOB that co-occur are anticipated to form close associations, forming tight-knit
clusters that are centered around the MOB (Ho et al., 2016a, 2020). On the other hand,
linkages between non-MOB that occurred at higher proportion (Tables 3.2 & 3.3) repre-
sent heterotrophic microorganisms that assimilated the 13C at higher trophic levels. The
co-occurring MOB/MOB and MOB/non-MOB taxa exhibited site specificity, with the ma-
jority of the co-occurring microorganisms unique to an environment (Figure 3.2). Differ-
ing from our hypothesis, this suggests that microbial communities distinctly co-evolved
in the different environments, and other factors besides high CH4 availability drives
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Figure 3.2 Venn diagram showing shared co-occurring taxa in all environments. MOB are emboldened.
Taxa in blue and red denote significant positive and negative correlations, respectively. Bei-
jerinkiaceae is given in brackets as many MOB, along with other methylotrophs belong to this
family, but remain ambiguous at the resolvable taxonomic affiliation; hence Beijerinkiaceae
are potentially MOB. Bacterial affiliations are identified to the highest taxonomic resolution
(genus/species) whenever possible. The unique co-occurring taxa specific to each environ-
ment and classified OTUs are given in the Table S2.
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the co-occurrence of these microorganisms. Interestingly, more shared co-occurring
taxa from the pristine and restored peatlands (acidic freshwater ecosystem), as well as
in the riparian and paddy soil (circum-neutral freshwater ecosystems) were detected
(Figure 3.2), suggesting some commonalities in the environmental selection of these
co-occurring microorganisms.
Communal metabolism drives the interaction network of the 13C-enriched members
of the MOB interactome (Ho et al., 2016a; Kaupper et al., 2021a,b; Krause et al.,
2017; Taubert et al., 2019). Although the incorporation of 13C derived from dead
microbial biomass can not be completely excluded, this would have been minimized
with a metabolically active and growing CH4-oxidizing population. Also, CH4-derived
13C-CO2 may be incorporated by chemoautotrophs in the community, but the major-
ity of the co-occurring genus/species were heterotrophs. Here, we focused on the
shared taxa from the different environments which represent the more universal co-
occurring members of the interaction network (Figure 3.2). Expectedly, many MOB
(e.g., Methylobacter, Methylomonas, Methylomicrobium, Methylosarcina, Methylocys-
tis, and members of Methyloacidiphilaceae) co-occur, sharing similar niche in diverse
environments. Among other co-occurring taxa common to many environments, non-
MOB methylotrophs (e.g., Methylotenera, Hyphomicrobium, and members of Methy-
lophilaceae) were significantly co-enriched alongside MOB (Figure 3.2; Dumont et al.,
2011; Kaupper et al., 2021a,b; Oshkin et al., 2015; Taubert et al., 2019). Indeed,
cross-feeding drives their co-occurrence via passive release of methanol by the MOB.
Also, the non-MOB methylotrophs have been demonstrated to induce the release of
methanol as a C source for growth by modifying the expression of the methanol dehy-
drogenase in MOB (Krause et al., 2017), in addition to utilizing other CH4-derived one
C compounds (e.g., formaldehyde, formate). Considering that some members of Myx-
ococcales (e.g., Haliangiaceae; Petters et al., 2021) are recognized microbial preda-
tors shown to exert a regulatory effect in bacterial communities (Lueders et al., 2006;
Muñoz-Dorado et al., 2016; Ye et al., 2020), their significant positive and negative cor-
relations in the restored peatland and riparian soil suggest selective predation on the
MOB, as shown before in freshwater environments (Murase and Frenzel, 2007). The
apparently contrasting correlations may be explained by the predator-prey relationship,
where predator and prey alternately fluctuate over time. Thus, correlations of Myxococ-
cales with the MOB may vary from positive (e.g., during nutrient availability derived from
lysed cells after predation) to negative (e.g., during predation on MOB) through time.
Overall, although co-occurrence patterns may differ across environments, few relation-
ships were persistent reflecting on the biological interactions that were independent of
the environmental conditions. Besides predation and methylotrophic interaction, other
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interacting members of the MOB interactome remain elusive.

Of interest, Chthoniobacter appears to be closely associated with the MOB in di-
verse environments (peatlands, paddy, and riparian soils), and was overwhelmingly
(the only exception occurred at days 8-13 interval in the pristine peatland; Figure 3.3)
positively correlated to the gammaproteobacterial MOB (Methylobacter, Methylomicro-
bium, Methylomonas, and other “Methylomonaceae”); Chthoniobacter positively and
negatively correlated to the alphaproteobacterial MOB Methylocystis, depending on the
environment (Figure 3.2, Table S2). Unlike the methylotrophs, a cultured representative
of Chthoniobacter (C. flavus) is a soil-inhabiting heterotroph that cannot utilize prod-
ucts of CH4 oxidation (i.e., methanol, formate) nor other organic acids (except pyruvate)
and amino acids for growth (Sangwan et al., 2004). This suggests that leaked pyru-
vate and/or sugars derived from the RuMP pathway during C-assimilation specifically
in gammaproteobacterial MOB may shape the cross-feeding between Chthoniobacter
and the MOB. Another co-enriched non-MOB taxon belonged to Haliangium, detected
only in the paddy and riparian soils (Figure 3.2, Table S2). Cultured representatives
of Haliangium (group Myxobacteria) seemingly inhabit and show a preference for min-
eral soils (Petters et al., 2021), corroborating with their absence in the pristine and
restored peatlands (Figures 3.2 and 3.3). However, the co-occurrence network anal-
ysis revealed statistical relationships; the biological interdependencies or causative
mechanisms driving the inferred interaction requires further investigation, facilitated by
co-culture studies (Krause et al., 2017; Kwon et al., 2019a). Also noteworthy is that
a taxon may simultaneously be positively and negatively correlated to the same MOB
(e.g., Ca. Solibacter, Pajaroellobacter, Occallatibacter ; Figure 3.2). Admittedly, our
sequencing analysis suffers from the lack of finer taxonomic resolution. This could
partly explain the seemingly contradictory correlations, which may also stem from the
inherently different ecological traits possessed by members of the same genus or even
strain and/or that the same microorganism may have evolved to play distinct roles in
different environments (Ho et al., 2017a; Hoefman et al., 2014a). Hence, further explo-
ration of the inherent microbial traits driving the co-occurrence of the MOB and specific
non-MOB warrants attention.

Additionally, we monitored shifts in the co-occurring taxa over time (8, 13, and 19
days intervals) in the pristine peatland to determine the persistent non-MOB interact-
ing partners (Figure 3.3, Table S3). Unique co-occurring taxa emerged at different
time intervals, with some co-occurring microorganisms overlapping between time inter-
vals. The 20 co-occurring taxa that were consistently present at all time intervals were
regarded as the core community members. The core community was thus likely to
comprise microorganisms that were in close and stable interaction with the MOB. Like-
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Figure 3.3 Venn diagram showing shared co-occurring taxa over time in the pristine peatland. The
taxa that co-occurred at all time intervals were regarded as the “core” community members.
MOB are emboldened. Taxa in blue and red denote significant positive and negative corre-
lation, respectively. Like Figure 3.2, Beijerinkiaceae is given in brackets. Bacterial affiliations
are identified to the highest taxonomic resolution (genus/species) whenever possible. The
unique co-occurring taxa at each time interval, and shared co-occurring taxa at two time in-
tervals, along with the classified OTUs are given in Table S3.
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wise, Chthoniobacter was consistently positively correlated to the gammaproteobacte-
rial MOB in the core community. Generally, our analysis revealed some consistency in
the co-occurring patterns of the interaction network over space and time, paving the
way for future detailed studies to elucidate the underlying mechanisms and metabolites
driving the co-occurrence of specific taxa.

3.3.4 Comparison of the Interaction Networks Derived From the
Total (unlabelledC-DNA) and Metabolically Active (13C-DNA)
Microbial Communities

Network analyses are commonly derived from nucleic acids isolated from the envi-
ronment. Depending on the sampling strategy, the environmental samples are often
collected apart and composited prior to nucleic acid extraction. Considering that mi-
croorganisms are largely restricted in their movements and particularly for the MOB,
strongly adhere to soil particles (Priemé et al., 1996; Scheu et al., 2005), the interac-
tions between microorganisms in these networks are thus inferred. Also, the complex-
ity of these networks may have been overestimated given that the inferred interaction
includes a large fraction of soil micoorganisms that may not be metabolically active
(Lennon and Jones, 2011; Schloter et al., 2018). Here, we addressed these limitations
by coupling 13C-CH4 SIP to a co-occurrence network analysis which provides a strong
link, tracking trophic interactions of microorganisms involved in the flow of the 13C in
the CH4-based food web. Although a relatively more complex interaction topology is
intuitively anticipated in networks derived from the total community (unlabelledC-DNA),
this assumption has yet to be empirically validated. Indeed, the network structure de-
rived from the 16S rRNA gene sequences, representing the total community exhibited
higher connectivity and complexity, as indicated by the higher number of nodes, edges,
and degree when compared to the network of the active community (i.e., 13C-enriched
16S rRNA gene sequences; Tables 3.2 & 3.3). This was documented in all environ-
ments and over time in the pristine peat, except for the riparian soil where the network
derived from the 13C-enriched 16S rRNA gene sequences was comparably more con-
nected and complex. Hence, results largely support our postulation that the coupling
of SIP to network analysis can be applied to exclude or reduce spurious connections
in the networks.
The unexpected trend in the riparian soil may have been caused by methodological ar-
tifacts, namely cross-contamination of the ‘light’ (unlabelledC-DNA) and ‘heavy’ (13C-DNA)
fractions, but the densities of these fractions were well-separated (Figure S2). Notably,
the riparian soil harboured a higher number of nodes derived from the 13C-enriched

43



Chapter 3
The Methane-Driven Interaction Network

in Terrestrial Methane Hotspots

16S rRNA gene (Table 3.2) compared to the total community (unlabelledC-DNA), as well
as in other environments. This is indicative of a higher number of interacting microor-
ganisms within the MOB interactome in the riparian soil, which in turn, may foster
higher metabolic exchange, contributing to the complexity of the CH4-driven interaction
network (D’Souza et al., 2018; Ratzke et al., 2020; Zelezniak et al., 2015). Whether
this is the rule for networks harbouring highly diverse nodes or an exception for the ri-
parian soil, needs further confirmation. Regardless, we demonstrate that our approach
(SIP-network analysis) is an effective tool to probe trophic interactions in complex com-
munities approximating in-situ conditions.

3.4 Conclusion

Given that biological interactions modulate different aspects of microbial life in the en-
vironment, shaping the activity, biodiversity, community composition, abundance, and
stability of microbial communities (Dal Co et al., 2020; Kaupper et al., 2021a,b; Peura
et al., 2015; Ratzke et al., 2020), elucidating the interaction of assembled communities
within the CH4-driven network is key to determining their response to environmental
cues. While numerous studies utilized artificially assembled communities, we explored
microbial interactions in naturally-occurring complex communities aided by SIP cou-
pled to a co-occurrence network analysis to target the MOB interactome. Although
co-occurring taxa were predominantly site-specific, it appears that some biological in-
teractions (e.g., cross-feeding within methylotrophs) were independent of the environ-
ment. Results also indicate a relatively stable interaction network in the short-term,
comparing networks between all environments and within the pristine peatland, with
the emergence of a persistent core MOB interactome over time. More generally, we
provide a methodological strategy to improve the network analysis derived from envi-
ronmental samples by introducing SIP with labelled substrates to strengthen and sub-
stantiate the biological linkages between the potentially interacting microorganisms.

3.5 Materials and Methods

3.5.1 Chemicals and reagents

Reagents (analytical and molecular biology grade) used were obtained from Carl Roth
GmbH (Karlsruhe, Germany), VWR International (Hannover, Germany), and Merck
(Bielefeld, Germany) unless explicitly stated otherwise. Gases (13C- and unlabelledC-
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CH4) were ordered from Linde plc (Pullach, Germany). For ultracentrifugation, tubes,
rotors, and ultra-centrifuge were sourced from Beckman Coulter (CA, USA). Further
details on kits and reagents are given in the corresponding sections.

3.5.2 Soil microcosm incubation, and soil physico-chemical
characterization

The soils were sampled from CH4-emitting environments, including a landfill cover,
pristine ombrotrophic peatlands, and riparian soil (Table 3.1). Additionally, results from
previous incubations with a rice paddy soil and ombrotrophic peatlands, were also re-
analysed and included in this study (Kaupper et al., 2021a,b). These environments are
anticipated to harbor aerobic low-affinity CH4-oxidizers. The soils were collected from
the upper 10-15 cm using a corer. Three to four soil cores were collected and com-
posited from each of four random plots spaced > 4 m apart, representing independent
replicates. Samples from the peatlands (Poland; Table 3.1) were transported to the
laboratory in ice with styrofoam containers, while the other samples (landfill cover and
riparian soil; Lower Saxony, Germany) were immediately transported to the lab for incu-
bation set-up. Because of the large amounts of waste debris, the landfill cover soil was
further loosely sieved (< 5 mm) prior to incubation. Rice paddy soil was processed
as described before (air-dried at room temperature and sieved to < 2 mm; Kaupper
et al., 2021b). The site location, sampling time, and selected soil physico-chemical
properties are provided in Table 3.1.

The landfill cover, pristine and restored ombrotrophic peatland, and riparian soils
were incubated similarly; each microcosm consisted of 5-7 g fresh soil in a 120 ml
bottle. After sealing the bottle with a butyl rubber stopper crimped with a metal cap,
headspace CH4 was adjusted to 1-2 % v/v (unlabelledC-CH4 and 13C-CH4, n=4 each)
in air, reflecting on the anticipated in-situ CH4 concentrations in the CH4 hotpots. In-
cubation was performed at 27 ◦C, while shaking (110 rpm) in the dark. Upon CH4

depletion, the microcosm was aerated for 30 mins before replenishing headspace CH4

(1-2 % v/v), and incubation resumed as before. The incubation was terminated when
approximately 30 µmol CH4 per g fresh weight soil was consumed to ensure sufficient
labelling. Furthermore, incubations were performed with samples from the pristine
ombrotrophic peatland in this study to follow the temporal dynamics of the MOB inter-
actome over a 19-day incubation after approximately 14 (day 8), 30 (day 13), and 60
(day 19) µmol CH4 per g fresh weight peat were consumed. The incubation containing
the rice paddy soil was performed differently. Here, each microcosm consisted of 10 g
air-dried rice paddy soil saturated with 4.5 mL autoclaved deionized water in a Petri
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dish. Incubation was performed statically at 25 ◦C in a flux chamber after adjusting
headspace CH4 to 1-2 % v/v (unlabelledC-CH4, n=2; 13C-CH4, n=4) in air, as detailed in
Kaupper et al. (2021b); incubation was terminated when approximately 30 µmol CH4

per g soil was consumed. In all microcosms, the soil was homogenized, sampled, and
stored in the -20 ◦C freezer till DNA extraction after the incubation.

CH4 was measured daily during the incubation using a gas chromatograph (7890B
GC System, Agilent Technologies, Santa Clara, USA) coupled to a pulsed discharge
helium ionization detector (PD-HID), with helium as the carrier gas. Cumulative CH4

uptake is reported. Inorganic nitrogen (ammonium and nitrate) concentrations were
determined in autoclaved deionized water (1:1 or 1:2 w/v) after centrifugation and fil-
tration (0.22 µm) with standard colorimetric methods (Horn et al., 2005; van Dijk et al.,
2021), while total sulphate was determined using a modified colorimetric assay af-
ter Wolfson (1980); all colorimetric assays were performed using an Infinite M plex
plate reader (TECAN, Meannedorf, Switzerland). Total C and N were determined from
air-dried (50 ◦C) and milled soils using a Vario EL III elemental analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany).

3.5.3 DNA-SIP with 13C-CH4

DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. DNA was extracted in duplicate per sample
to obtain sufficient amounts for the isopycnic ultracentrifugation.

The DNA-SIP with 13C-CH4 was performed as described before (Kaupper et al.,
2021b; Neufeld et al., 2007b). Isopycnic ultracentrifugation was performed using an
Optima L-80XP (Beckman Coulter Inc., USA) at 144000 g for 67 hours. Immediately
after centrifugation, fractionation was performed using a peristaltic pump (Duelabo,
Dusseldorf, Germany) at 2.8 rpm min-1. Nine or ten fractions were obtained per sam-
ple, after discarding the final fraction. Fractionation was unsuccessful for one out of
the four replicates of the riparian soil. The density gradient of each fraction was de-
termined using an AR200 digital refractometer (Reichert Technologies, Munich, Ger-
many). Thereafter, the DNA from each fraction was precipitated and washed twice
with ethanol, and the pellet was re-suspended in 30 µL ultrapure PCR water (INVIT-
ROGEN, Waltham, USA). The pmoA gene was quantified from the precipitated DNA
for each fraction using qPCR (MTOT assay; Kolb et al., 2003) to distinguish the “heavy”
(13C-enriched DNA) and “light” (unlabelledC-DNA) fractions after comparing the fractions
derived from the 13C- and unlabelledC-CH4 incubations (Figure S2 & S3). The “heavy” and
“light” DNA fractions were identified as defined in Neufeld et al. (2007b). The 16S rRNA
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gene from these fractions was subsequently amplified for Illumina MiSeq sequencing
and network construction.

3.5.4 Quantitative PCR (qPCR)

The qPCR assay was performed to enumerate the pmoA gene abundance after frac-
tionation (DNA-SIP), and to follow the change in the pmoA relative to the 16S rRNA
gene abundance during the incubation. The increase in the pmoA:16S rRNA gene
abundance ratio is indicative of MOB growth (Kaupper et al., 2021a), complementing
the DNA-SIP. The qPCR was performed using a BIORAD CFX Connect RT Sys-
tem (Biorad, Hercules, USA). Each qPCR reaction (total volume, 20 µL) targeting the
pmoA gene consisted of 10 µL SYBR 2X Sensifast (BIOLINE, London, UK), 3.5 µL of
A189f/mb661r primer each (4 µM), 1 µL BSA (1 %), and 2 µL template DNA. Each
qPCR reaction (total volume, 20 µL) targeting the 16S rRNA gene consisted of 10 µL
SYBR 2X Sensifast, 1.2 µL MgCl2 (50 mM), 2.0 µL of 341F/907R primer each (10 µM),
1.8 µL of PCR-grade water, 1 µL BSA (1 %), and 2 µL template DNA. The polymerase
chain reaction (PCR) thermal profiles are given elsewhere (Kaupper et al., 2021a; Kolb
et al., 2003). Template DNA was undiluted when quantifying the pmoA gene after
fractionation, and diluted 50 or 100-fold with RNase- and DNase-free water when enu-
merating the pmoA and 16S rRNA gene from the DNA isolated from the soil. These
dilutions resulted in the optimal gene copy numbers. The calibration curve, ranging
from 101 to 107 copy number of target genes, was derived from clones (pmoA gene)
or plasmid DNA (16S rRNA gene) as described before (Ho et al., 2011b). The PCR
efficiency was on average 90% - 95%, depending on the qPCR assay. Amplicon speci-
ficity was assessed from the melt curve, and further confirmed by 1 % agarose gel
electrophoresis.

3.5.5 16S rRNA gene amplicon preparation and Illumina MiSeq
sequencing

The 16S rRNA gene was amplified with the primer pair 341F/805R. Each PCR reac-
tion (total volume, 40 µL) consisted of 20 µL KAPA HIFI (Roche, Basel, Switzerland),
2 µL forward/reverse tagged-primer each (10 µM), 2 µL BSA (1 %), 4 µL template
DNA, and 10 µL PCR-grade water. The template DNA was replaced with equivalent
amounts of PCR-grade water and DNA derived from Rhodanobacter denitrificans in
the negative and positive control, respectively. The positive control was confirmed af-
ter sequencing, resulting in the retrieval of sequences affiliated to R. denitrificans, as
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expected; there was no amplification in the negative control. The PCR thermal profile
consisted of an initial denaturation step at 95 ◦C for 3 min, followed by 30 cycles of
denaturation at 98 ◦C for 20 s, annealing at 53 ◦C for 15 s, and elongation at 72 ◦C
for 15 s. The final elongation step was at 72 ◦C for 1 mins. Amplicon specificity was
verified by 1 % agarose gel electrophoresis. Thereafter, the PCR product was puri-
fied using the GeneRead Size Selection Kit (Qiagen, Hilden, Germany) to be used as
template (5 µL) for the second PCR. The second PCR was performed to attach the
adapters to the amplicons using the Nextera XT index kit (Illumina, San Diego, USA).
The reagents, reagent concentrations, and thermal profile for the second PCR are
given elsewhere (Kaupper et al., 2021b). After the second PCR, the amplicons were
purified using the MagSi-NGSPREP Plus Magnetic beads (Steinbrenner Laborsysteme
GmbH, Wiesenbach, Germany) according to the manufacturer’s instructions. Equimo-
lar amounts (133 ng) of the amplicons from each sample were pooled for library prepa-
ration and sequencing using the Illumina MiSeq version 3 chemistry (paired-end, 600
cycles).

3.5.6 16S rRNA gene amplicon analyses

Firstly, the 16S rRNA gene paired-end reads were merged using PEAR (Zhang et al.,
2014), and subsequently processed using QIIME 2 version 2019.10. The de-multiplex
and quality control steps were performed with DADA2 (Callahan et al., 2016) using
the consensus method to remove remaining chimeric and low-quality sequences. After
filtering, approximately 5,650,000 high quality sequences were obtained, with an av-
erage of ∼ 49,570 sequences per sample. Singletons and doubletons were removed,
and the samples were rarefied to 11,600 sequences following the sample with the low-
est number of sequences. Classification was performed at 97 % similarity based on the
Silva database v. 132 (Quast et al., 2013). Because the aerobic MOB are restricted to
< 30 genera from two phyla (Guerrero-Cruz et al., 2021), they were identified using the
“search” function in the operational taxonomic unit (OTU) table. The composition of the
active bacterial community from different environments was visualized as a RDA based
on the relative abundance of the 16S rRNA gene diversity. The data matrix was initially
analysed using the detrended correspondence analysis (DCA), indicating a linear data
distribution and the best-fit mathematical model was the RDA. Also, plot clustering
was performed using permutational multivariate analysis of variance (PERMANOVA;
Anderson, 2001) to test whether the different environments harboured significantly dif-
ferent active bacterial communities and whether the communities in the “heavy” and
“light” fractions were distinct. The PERMANOVA was calculated using PAST 4 software
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(Hammer et al., 2001). The RDA analysis was implemented in Canoco 4.5 (Biometrics,
Wageningen, The Netherlands). The 16S rRNA gene sequences (sample names/treat-
ments and corresponding accession numbers are listed in Table S4) were deposited
at the National Center for Biotechnology Information (NCBI) under the BioProject ID
number PRJNA751592.

3.5.7 Co-occurrence network analysis

The complexity of the interaction was explored using a co-occurrence network anal-
ysis, based on the 16S rRNA gene (OTU level) derived from the 13C-enriched DNA
(“heavy” fraction), representing the active community. Moreover, networks were also
constructed from the unlabelled DNA from the unlabelledC-CH4 incubations to be com-
pared to the networks derived from the 13C-enriched DNA. The networks were derived
from at least 3 replicates. Previously, we showed that networks derived from an uneven
number of replicates (e.g., 3-5) and a randomly chosen subset of replicates showed
comparable results (Kaupper et al., 2021b). To remove weak and spurious correlations,
only the OTUs with ≥ 10 sequences were included in the analysis, which represented
> 90 % of the total amount of sequences. The co-occurrence analysis between abso-
lute OTUs counts were calculated using the Python module “SparCC”, a tool designed
to generate and assess the correlations of the compositional data (Friedman and Alm,
2012). True SparCC correlations with a magnitude of > 0.8 (positive correlation) or
< - 0.8 (negative correlation), and statistical significance of p < 0.01 were selected for
the network construction. The p-values were obtained by 99 permutations of random
selections of the data tables. All networks were constructed in parallel using the same
analytical pipeline, including re-analysis of networks from the rice paddy soil and peat-
land together with the current dataset. This enables direct comparison of the networks
derived from the different environments and over time. Assessment of the networks
was based on their topological properties, which includes the number of nodes and
edges, modularity, number of communities, network diameter, average path length,
degree, and clustering coefficient (interpretation of these network properties are pro-
vided in Table 3.2; Ho et al., 2021; Newman, 2003; Peura et al., 2015). Additionally,
the correlations between the MOB, and MOB/non-MOB were identified to determine
potential intra-MOB and non-MOB interacting partners. The network construction and
topological properties were calculated with Gephi (Bastian et al., 2009).
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3.5.8 Statistical analysis

Statistical analysis was performed in PAST 4 software (Hammer et al., 2001). Normal
distribution was tested using the Shapiro-Wilk test, and homogeneity of variance was
tested using Levene’s test. Where normality and homogeneity of data were met, an
ANOVA with Tukey post-hoc test (p < 0.05) was performed for comparisons between
sites and over time in the pristine peatland. Otherwise, a Kruskall-Wallis ANOVA and
Dunn’s post-hoc test (p < 0.05) were performed.
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4.1 Abstract

Microorganisms interact in complex communities, affecting microbially-mediated pro-
cesses in the environment. Particularly, aerobic MOB showed significantly stimulated
growth and activity in the presence of accompanying microorganisms in an interac-
tion network (interactome). Yet, little is known of how the interactome responds to
disturbances, and how community functioning is affected by the disturbance-induced
structuring of the interaction network. Here, we employed a time-series stable isotope
probing (SIP) approach using 13C-CH4 coupled to a co-occurrence network analysis
after Illumina MiSeq sequencing of the 13C-enriched 16S rRNA gene to directly re-
late the response in MOB activity to the network structure of the interactome after
desiccation-rewetting of a paddy soil. CH4 uptake rate decreased immediately (< 5
days) after short-term desiccation-rewetting. Although the MOB subgroups deferen-
tially responded to desiccation-rewetting, the metabolically active bacterial community
composition, including the MOB, recovered after the disturbance. However, the in-
teraction network was profoundly altered, becoming more complex but, less modular
after desiccation-rewetting, despite the recovery in the MOB activity and community
composition/abundances. This suggests that the legacy of the disturbance persists in
the interaction network. The change in the network structure may have consequences
for community functioning with recurring desiccation-rewetting.

4.2 Introduction

Biological interactions are widespread in microbial communities. Microorganisms form
a plethora of interdependent relationships with their biotic environment, with synergistic
and/or antagonistic effects. Concerning methanotrophy, emergent properties enhanc-
ing community functioning may arise from such interactions. Indeed, aerobic MOB ex-
hibit higher co-metabolic biodegradation rates of micropollutants and show significantly
higher MOB activity in a multi-species consortium than as monocultures (Begonja and
Hrsak, 2001; Benner et al., 2015; Ho et al., 2014; Krause et al., 2017; Veraart et al.,
2018). Therefore, accompanying microorganisms that do not possess the metabolic
potential and do not seemingly contribute to CH4 oxidation may also be relevant, ex-
erting an indirect interaction-induced effect on community functioning. While changes
in the MOB community composition and/or abundances have been correlated to the
CH4 oxidation rate in response to environmental cues and disturbances (Christiansen
et al., 2016; Danilova et al., 2015; Ho et al., 2011a; Reis et al., 2020; Reumer et al.,
2018), interaction-induced effects that alter the structure of the interaction network (i.e.,
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MOB interactome; Ho et al., 2016a) remains unclear. Here, we define the MOB in-
teractome as a sub-population of the entire community, encompassing the MOB and
accompanying non-MOB that is tracked via the flow of CH4-derived 13C; the members
of the interactome co-occur more than by chance, as determined in a co-occurrence
network analysis (Ho et al., 2016a). The recovery in the community composition and
abundance does not necessarily translate to the return of the network structure to the
pre-disturbance state (Pérez-Valera et al., 2017). Therefore, the response of the inter-
actome is a lesser known but important determinant, potentially imposing an effect on
community functioning during recovery from disturbances (Ratzke et al., 2020).

Aerobic MOB belong to the Gammaproteobacteria (Type Ia and Ib subgroups), Al-
phaproteobacteria (Type II subgroup), and Verrucomicrobia, and may show habitat
preference (Knief, 2015), with the verrucomicrobial MOB typically inhabiting acidic
and thermophilic geothermal environments (Op den Camp et al., 2009; Sharp et al.,
2014). The proteobacterial MOB are ubiquitous and thought to be relevant in terres-
trial ecosystems, acting as a CH4 sink in well-aerated upland soils and CH4 biofilter
at oxic-anoxic interfaces (Ho et al., 2019b; Kaupper et al., 2020a; Praeg et al., 2017;
Reim et al., 2012; Shrestha et al., 2012). Accordingly, proteobacterial MOB can be dis-
tinguished based on their biochemistry and ecophysiology, which reflect on their eco-
logical life strategies and response to disturbances (Ho et al., 2017a; Semrau et al.,
2010; Trotsenko and Murrell, 2008). The pmoA gene (encoding for the pMMO) phy-
logeny corresponds with that of the 16S rRNA gene, and is commonly targeted to
characterize the MOB in complex communities (e.g., Dumont et al., 2011; Karwautz
et al., 2018; Knief, 2015; Kolb et al., 2003). Therefore, aerobic CH4 oxidation is cat-
alyzed by a defined microbial guild with relatively low diversity (mainly, proteobacteria
in non-geothermal environments) when compared to other microbial groups catalyz-
ing generalized processes (e.g., denitrification, respiration). This allows the MOB to
be clearly distinguished from the non-MOB in complex communities, making the MOB
interactome a suitable model system for our study.

Here, we elaborate the response of a CH4-driven interaction network to desiccation-
rewetting to determine how MOB activity is affected by the disturbance-induced struc-
turing of the interactome. A DNA-based SIP approach using 13C-CH4 was coupled to
a co-occurrence network analysis after Illumina MiSeq sequencing of the 16S rRNA
gene, allowing direct association of MOB activity to the structure of the interaction
network (CH4 food web). Although the network analysis is a useful tool to explore
interactions in complex microbial communities (e.g., Barberán et al., 2012; Ho et al.,
2016a, 2020; Mo et al., 2020; Morriën et al., 2017; Ratzke et al., 2020), biological
interpretation of the analysis (e.g., causative mechanisms driving the interaction) re-
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quires further probing. Given that the MOB are the only members of the interactome
capable of using CH4 as a carbon and energy source, it is not unreasonable to as-
sume that 13C-labeled non-MOB microorganisms depended on and interacted with the
MOB (e.g., via cross-feeding and co-aggregation; Ho et al., 2016a; Pérez-Valera et al.,
2017). Coupling SIP to the network analysis thus confirms the unidirectional flow of
substrate from the metabolically active MOB to non-MOB. We hypothesized that a
more complex interaction network will arise as a response to desiccation-rewetting, as
documented in other single or sporadic disturbance events, given sufficient recovery
time (Eldridge et al., 2015; Pérez-Valera et al., 2017). With the elimination of less
desiccation-resistant/tolerant microorganisms, it is not unreasonable to postulate that
the surviving community members were forced to interact more among themselves,
increasing metabolic exchange which further drives their co-occurrence over time (Dal
Co et al., 2020; Ratzke et al., 2020; Tripathi et al., 2016; Zelezniak et al., 2015).

4.3 Materials and Methods

4.3.1 Soil Sampling and Microcosm Set-Up

The paddy soil (upper 10-15 cm) was collected from a rice field belonging to the Italian
Rice Research Institute, Vercelli, Italy (45◦20’ N, 8◦25’ W). The soil pH and electrical
conductivity (EC) were 6.5 and 0.2 dS m-1, respectively. The C and N concentrations
were 13.9 mg C g-1

dw and 1.3 mg N g-1
dw, respectively. The concentrations of nitrite and

nitrate (NO−
x ), sulphate, and phosphate were 34.4 µg N g-1

dw, 96 µg g-1
dw, and 0.6 µg g-1

dw,
respectively. Agricultural practices in the rice field have been reported in detail else-
where (Krueger et al., 2001). Generally, rice was cropped in the paddy soil twice a
year (May / June to September / October and January / February to May / June), with
each rice growing season spanning over 4-5 months; rice was not grown for approxi-
mately two months in winter (Krueger et al., 2001). The paddy field was drained prior
to rice harvest and left fallow for 2-3 weeks before the commencement of the next rice
growing season. Soil sampling was performed in May 2015 after drainage and rice har-
vest. After sampling, the soil was air-dried at ambient temperature and sieved (2 mm)
to eliminate (fine) roots and debris, before being stored in a plastic container at room
temperature till incubation set-up (November, 2017). Paddy soil prepared and stored
under the same conditions < 5 years after sampling showed comparable potentially ac-
tive MOB community composition (mRNA-based community analysis) over ∼80 days
incubation after re-wetting (Collet et al., 2015).

Each microcosm consisted of 10 g soil saturated with 4.5 mL autoclaved deionized
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water in a Petri dish. The saturated soil was homogenized, and pre-incubated under
∼10 % v/v CH4 in air at 25◦C in an air-tight jar. Following pre-incubation (7 days), des-
iccation was induced by placing the microcosms under a laminar flow cabinet overnight
(15 hours) to achieve a gravimetric water loss of > 95 % in the disturbed microcosm
(Figure S10; Ho et al., 2016c). After desiccation, water loss was replenished by adding
the corresponding amount of autoclaved deionized water, and incubation resumed un-
der the same conditions as before. Microcosms not exposed to desiccation-rewetting
(un-disturbed) served as reference. A total of 42 microcosms were constructed (Fig-
ure S10). At designated intervals (i.e., pre-incubation, as well as 1 – 7, 27 – 34, and
64 – 71 days after disturbance; Figure S10), 13C-CH4 labelling incubation was per-
formed; the microcosms (n=6) were transferred into a flux chamber and incubated
under 2 % v/v CH4 (13C-CH4, n=4; unlabelledC-CH4, n=2) in air. Headspace CH4 was
replenished when CH4 in the flux chamber was reduced to < 0.5 % v/v. Incubation in
the flux chamber was performed over 6 - 7 days or until at least 500 µmol CH4 was con-
sumed to ensure sufficient labelling (Neufeld et al., 2007b). After incubation, the soil
was homogenized, shock-frozen, and stored in the -20◦C freezer until DNA extraction.

4.3.2 Methane and Inorganic N Measurements

Headspace CH4 was measured daily in all replicates (i.e., both unlabelledC- and 13C-CH4

incubations) using a gas chromatograph (7890B GC System, Agilent Technologies,
Santa Clara, USA) coupled to a pulsed discharge helium ionization detector (PD-HID),
with helium as the carrier gas. The CH4 uptake rates were determined by linear re-
gression from the slope of CH4 depletion with at least three time intervals (12-24 hours
between intervals). Soluble ammonium and nitrate were determined in all replicates
in autoclaved deionized water (1:2.5 w/v) after centrifugation and filtration (0.2 µm)
of the soil suspension. Soluble ammonium was determined colorimetrically (Horn
et al., 2005) using an Infinite M plex plate reader (TECAN, Meannedorf, Switzerland),
whereas nitrate was determined using a Sievers 208i NO analyzer system (GE Analyt-
ical Instruments, Boulder, CO, USA) with 50 mM VCl3 in 1 M sterile HCl as a reducing
agent.

4.3.3 DNA Extraction and Isopycnic Ultracentrifugation

DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instruction. DNA was extracted in duplicate for each sam-
ple (n=6, per treatment and time) and pooled after elution to obtain sufficient amounts
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for the isopycnic ultracentrifugation.

DNA stable isotope probing was performed according to Neufeld et al. (2007b).
Isopycnic ultracentrifugation was performed at 144000 g for 67 hours using an Op-
tima L-80XP (Beckman Coulter Inc., USA). Each ultracentrifugation run consisted of
DNA extracted from incubations containing 13C- and unlabelledC-CH4 to distinguish the
’light’ from the ’heavy’ fractions (Figure S11). Fractionation was performed immedi-
ately after centrifugation using a hydraulic pump (Duelabo, Dusseldorf, Germany) at 3
rpm min-1. Although 10 - 11 fractions were obtained, the last fraction was discarded,
yielding 9 - 10 fractions per sample. Fractionation was unsuccessful for DNA sampled
from two of the four replicate in the disturbed microcosm (13C-CH4 incubation, 64 - 71
days interval). Given that a minimum of three replicates is needed to construct each
network, post-disturbance samples were grouped into days 1 - 7 (immediately after
disturbance) and 27 – 71 (during recovery) for subsequent 13C-enriched 16S rRNA
gene-derived network analysis (see Subsection 4.3.7). In the other time intervals, at
least three replicates were obtained in the 13C-CH4 incubation. The density gradient
of each fraction was determined by weighing on a precision scale (technical replicate,
n=10). DNA precipitation was performed over night, as described in Neufeld et al.
(2007b); nucleic acid was washed twice with ethanol, and the pellet was suspended
in 30 µL of ultrapure PCR water (INVITROGEN, Waltham, USA). The pmoA gene was
enumerated from each fraction using a qPCR assay (MTOT; Table S5) to distinguish
the ’heavy’ from the ’light’ fraction after comparing DNA from the 13C- and unlabelledC-CH4

incubations (Figure S11). The identified ‘heavy’ and ‘light’ DNA fractions as defined in
Neufeld et al. (2007b) were amplified for Illumina MiSeq sequencing.

4.3.4 Group-Specific qPCR Assays

The qPCR assays (MBAC, MCOC, and TYPEII targeting Type Ia, Ib, and II, respec-
tively) were performed to follow the abundance of the MOB sub-groups over time (Ta-
ble S5). Additionally, a qPCR assay targeting the total MOB population (MTOT) was
applied to the DNA samples after fractionation to distinguish the ‘heavy’ from the ‘light’
fraction. The qPCR was performed using a BIORAD CFX Connect RT System (Biorad,
Hercules, USA). Briefly, each reaction (total volume, 20 µL) consisted of 10 µL SYBR
2X Sensifast (BIOLINE, London, UK), 3.5 µL of forward/reverse primer each, 1 µL
0.04 % BSA, and 2 µL template DNA. Template DNA was diluted 50-fold with RNase-
and DNase-free water for the MBAC, MCOC, and TYPEII assays, and was undiluted
for the MTOT assay. Diluting the template DNA 50-fold resulted in the optimal pmoA
gene copy numbers. The primer combinations and concentrations, as well as the PCR
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thermal profiles, are given elsewhere (see Table S5, Kaupper et al., 2020b; Kolb et al.,
2003). The calibration curve (101-108 copy number of target genes) was derived from
gene libraries as described before (Ho et al., 2011a). The qPCR amplification effi-
ciency was 83 – 91%, with R2 ranging from 0.994 - 0.997. Amplicon specificity was
determined from the melt curve, and confirmed by 1 % agarose gel electrophoresis
yielding a band of the correct size in a preliminary qPCR run.

4.3.5 Amplification for the pmoA and 16S rRNA Genes for Illumina
MiSeq Sequencing

The pmoA gene was amplified using the primer pair A189f/mb661r, with the forward
primer containing a fused 6 bp bar code. Each PCR reaction comprised of 25 µL
SYBR Premix Ex TaqTM (Tli RNaseH Plus, TaKaRa, Japan), 1 µL forward/reverse
primer each (10 µM), 2 µL template DNA (DNA concentration diluted to 2-8 ng µL-1),
and 21 µL sterilized distilled water, giving a total volume of 50 µL. The PCR thermal
profile consisted of an initial denaturation step at 94◦C for 2 min, followed by 39 cycles
of denaturation at 94◦C for 30 s, annealing at 60◦C for 30 s, and elongation at 72◦C
for 45 s. The final elongation step was at 72◦C for 5 mins. The PCR products were
verified on 1.2 % agarose gel electrophoresis showing a single band of the correct
size, before purification using the E.Z.N.A. Cycle-Pure kit (Omega Bio-tek, USA). Sub-
sequently, the purified amplicons were pooled at equimolar DNA amounts (200 ng) for
sequencing using Illumina MiSeq version 3 chemistry (paired-end, 600 cycles). The
pmoA sequence library was prepared using the TruSeq Nano DNA LT Sample Prep Kit
set A (Illumina, Beijing, China).

The 16S rRNA gene was amplified using the primer pair 341F/805R. Each PCR
reaction comprised of 4 µL Buffers B and S each (CRYSTAL Taq-DNA-Polymerase,
BiolabProducts, Germany), 4 µL MgCl2 (25 mM), 0.2 µL Taq polymerase (5 U µL-1)
(CRYSTAL Taq-DNA-Polymerase), 1.6 µL dNTPs (10 mM), 2 µL forward and reverse
tagged-primers each (10 µM), 4 µL template DNA, and 18.2 µL sterilized distilled wa-
ter. The PCR thermal profile consisted of an initial denaturation step at 94◦C for 7 min,
followed by 30 cycles of denaturation at 94◦C for 30 s, annealing at 53◦C for 30 s,
and elongation at 72◦C for 30 s. The final elongation step was at 72◦C for 5 mins.
After the specificity of the amplicon was checked by 1 % agarose gel electrophoresis,
the PCR product was purified using the GeneRead Size Selection Kit (Qiagen, Hilden,
Germany). Subsequently, a second PCR was performed with adapters using the Nex-
tera XT Index Kit (Illumina, San Diego, USA). The second PCR reaction consisted of
12.5 µL 2X KAPA HiFi HotStart Ready Mix (Roche, Mannheim, Germany), 2.5 µL of

57



Chapter 4
When the Going Gets Tough: Emergence of a Complex Methane - Driven

Interaction Network During Recovery from Desiccation - Rewetting.

each tagged primers (10 µ M), 2.5 µL PCR grade water, and 5 µL template from the
first PCR. The amplicons were then purified using the MagSi-NGSPREP Plus Magnetic
beads (Steinbrenner Laborsysteme GmbH, Wiesenbacj, Germany). Normalization of
the amplicons before sequencing was performed using the Janus Automated Worksta-
tion (Perkin Elmer, Waltham Massachusetts, USA). Sequencing was performed using
Illumina MiSeq version 3 chemistry (paired-end, 600 cycles).

4.3.6 pmoA and 16S rRNA Gene Amplicon Analyses

The pmoA gene amplicon was analyzed as described before (Reumer et al., 2018).
Briefly, the paired-end reads were sorted based on the length and the quality of the
primers (≤ 2 errors) and barcodes (≤ 1 error) after assembly in Mothur version 1.42.1
using the ‘make.contigs‘ command (Schloss et al., 2009). Primers and barcodes which
did not meet these requirements were removed. Similarly, chimeric reads were also
removed in Mothur using the ‘chimera.uchime‘ command with the ‘self‘ option. After
filtering, the initial ∼ 1175000 contigs generated from Illumina Miseq sequencing was
reduced to ∼ 628000 high quality contigs, with approximately 15300 contigs per sam-
ple. The pmoA sequences were classified using BLAST by comparing to the GenBank
nonredundant (nr) database and the lowest common ancestor algorithm in MEGAN
version 5.11.3, based on curated pmoA gene database and MEGAN tree, respectively
as detailed in Dumont et al. (2014). The high quality pmoA sequences could be affil-
iated (family, genus, or species level) to known cultured MOB. Based on the relative
abundance of the pmoA gene sequences, a PCA was performed to determine the re-
sponse of the MOB to desiccation-rewetting. To construct the PCA, the data matrix was
initially analyzed using the DCA, which indicated linearly distributed data and revealed
that the best-fit mathematical model was the PCA. To test whether the treatments har-
bored significantly different bacterial community composition and structure, plot clus-
tering was tested using permutational multivariate analysis of variance (PERMANOVA;
Anderson, 2001). The PCA was conducted in Canoco 4.5 (Biometrics, Wageningen,
The Netherlands), and the PERMANOVA was calculated using PAST 4 software (Ham-
mer et al., 2001). The pmoA gene sequences were deposited at the National Center
for Biotechnology Information (NCBI), SRA database under the BioProject accession
number PRJNA634611.

The 16S rRNA gene paired-end reads were firstly merged using PEAR (Zhang et al.,
2014). Next, the merged sequences were processed using QIIME 2 version 2019.10,
with de-multiplex and quality control performed with DADA2 (Callahan, 2017) using
the consensus method to remove any remaining chimeric and low-quality sequences.
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Approximately 1300000 high quality contigs were retained after filtering (on average,
∼ 18000 contigs per sample). After the removal of singletons and doubletons, the sam-
ples were rarefied to 7560 sequences following the number of the lowest sample. The
taxonomic affiliation was performed at 97 % similarity according to the Silva database
v. 132 (Quast et al., 2013). The affiliations of the OTUs are given to the finest taxo-
nomic resolution, whenever available. A PCA was performed to compare the bacterial
community composition in the un-disturbed and disturbed incubations. The 16S rRNA-
based PCA was constructed as described for the pmoA -based PCA using Canoco 4.5
(Biometrics, Wageningen, the Netherlands) after analysis of variance (PERMANOVA)
in PAST 4 software. The 16S rRNA gene sequences were deposited at the NCBI, SRA
database under the BioProject accession number PRJNA634611.

4.3.7 Co-Occurrence Network Analysis

To explore the complexity of the interaction between bacterial taxa (OTU-level) within
the interactome, a co-occurrence network analysis was performed based on the 16S
rRNA gene derived from the 13C-enriched DNA (’heavy’ fraction). For network con-
struction, non-random co-occurrence analyses between bacterial OTUs were calcu-
lated using SparCC, a tool designed to assess correlations for compositional data
(Friedman and Alm, 2012). For each network, P-values were obtained by 99 permuta-
tions of random selections of the data tables, applying the same analytical pipeline. The
true SparCC correlations were selected based on statistical significance of p < 0.01,
with a magnitude of > 0.7 or < -0.7. The networks were assessed based on their
topological features such as the number of nodes and edges (connectivity), modularity,
number of communities, average path length, network diameter, average degree, and
clustering coefficient (Table 4.1; Newman, 2003). The nodes in the networks repre-
sent OTUs, whereas the edges represent significantly positive or negative correlations
between two nodes. Also, key nodes were identified based on the betweenness cen-
trality, a measure of the frequency of a node acting as a bridge along the shortest path
between two other nodes (Poudel et al., 2016). Hence, nodes with high betweenness
centrality can be regarded to represent important key taxa within the interaction net-
work (Borgatti, 2005). The co-occurrence network analysis was performed using the
Python module ‘SparCC’, and the network construction and properties were calculated
with Gephi (Bastian et al., 2009).
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4.3.8 Statistical Analysis

Significant differences (p < 0.05) in the CH4 uptake rate and qPCR analyses per time
between treatments (un-disturbed and disturbed incubations) were performed using
IBM SPSS Statistics (IBM, Armonk, USA). The data were tested for normal distribution
using the Kolmogorov-Smirnov test and the Shapiro-Wilk test. Where normal distribu-
tion was met, a two-sided paired t-test was performed. Otherwise, a non-parametric
test (Wilcoxon signed rank test) was performed. Additionally, CH4 uptake rates were
correlated to the abundances of Type Ia, Ib, and II pmoA gene separately by linear
regression in Origin (OriginLab Corporation, Northampton, MA, USA).

4.4 Results

4.4.1 The Abiotic Environment

The trend in CH4 uptake was largely comparable in the un-disturbed and disturbed in-
cubations, where activity peaked at 27 – 34 days before reaching similar rates after
71 days (Figure 4.1). However, CH4 uptake was significantly lower (p < 0.05) im-
mediately after desiccation-rewetting when compared to the un-disturbed incubation
(un-disturbed, 0.64 ± 0.06 µmol h-1 g-1

dw; desiccated-rewetted, 0.5 ± 0.05 µmol h-1 g-1
dw);

the adverse effects of the disturbance on CH4 uptake were transient (< 5 days).
Soluble ammonium and nitrate were rapidly consumed during pre-incubation (Fig-

ure S12). The inorganic N concentrations significantly increased (p < 0.05) after
desiccation-rewetting. However, the elevated inorganic N concentrations were not sus-
tained. Soluble ammonium and nitrate concentrations decreased to values similar to
those after pre-incubation at ∼ 34 days. Particularly, ammonium concentration was sig-
nificantly higher in the un-disturbed than in the disturbed microcosm after incubation
(day 71).

4.4.2 Response in Methanotroph Abundance

Group-specific qPCR assays were performed to enumerate the pmoA genes belong-
ing to Type Ia, Ib, and II MOB to be used as proxies for MOB abundances. Generally,
the gammaproteobacterial MOB were less responsive to desiccation-rewetting than
the alphaproteobacterial ones (Figure 4.2). Although values were within the same or-
der of magnitude and the discrepancies documented were not appreciable, changes
in the abundance of Type Ia and Ib MOB were statistically significant comparing the
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Figure 4.1 CH4 uptake rate in the un-disturbed and disturbed incubations determined during the pre-
incubation, as well as 1–7, 27–34, and 64–71 days interval after desiccation-rewetting. Incu-
bations with 13C- and unlabeledC-CH4 were combined (mean ± s.d., n = 6) for each treatment.
Pre-incubation is denoted by the shaded area. Significant difference in the CH4 uptake rate
between treatments is indicated by an asterisk (t-test, p < 0.05).

un-disturbed to the desiccation-rewetted microcosms. Consistently, like for the Type II
MOB, CH4 uptake rates were significantly (p < 0.05) correlated to the abundances of
Type Ib MOB (Figure S13). It is also noteworthy that Type I MOB were appreciably
more abundant in the disturbed microcosm after the incubation despite showing an ad-
verse effect on population numbers soon after desiccation-rewetting (Figure 4.2). Par-
ticularly, the Type II MOB abundance recovered well, appreciably increased by around
two orders of magnitude after desiccation-rewetting (7 – 71 days). By comparison,
Type I MOB abundance also increased but within a relatively narrow range (Type Ia
MOB, 2.1 · 107 ± 7.4 · 106 to 3.4 · 107 ± 7.0 · 106; Type Ib MOB, 2.5 · 107 ± 7.9 · 106 to
1.9 · 108 ± 6.6 · 107 gene copy numbers g dw soil-1) during the same time frame (Fig-
ure 4.2). It appears that although Type II MOB constitute a minor overall fraction of the
MOB population, they were more responsive and significantly increased in abundance
after desiccation-rewetting.

4.4.3 Effects of Desiccation - Rewetting on the Methanotrophic
Community Composition, as Determined by DNA-based SIP

The bacterial communities, including the MOB in the ‘heavy’ and ‘light’ fractions were
distinct, as revealed in a PCA for each time interval, showing a clear separation of the
13C-enriched and unlabelledC-DNA (Figure S14). The 16S rRNA- and pmoA gene-derived
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Figure 4.2 Temporal changes in the pmoA gene abundance of Type Ia (a), Type Ib (b), and Type II (c)

MOB, as determined from group-specific qPCR assays. Each qPCR reaction was performed
in duplicate for each DNA extract (n = 6), giving a total of 12 replicates per treatment, time,
and assay. Pre-incubation is denoted by the shaded area, and dashed lines indicate the
detection limit of the qPCR assays. Significant difference in the pmoA gene abundance
between treatments is indicated by an asterisk (t-test, p < 0.05).
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sequencing analyses were then performed on the 13C-enriched DNA, representing the
metabolically active and replicating community. The pmoA gene was sequenced before
(after pre-incubation) and immediately after disturbance (1 – 7 days interval), as well
as after incubation (64 – 71 days interval) to follow the recovery of the MOB community
composition. The pmoA gene sequences, visualized as a PCA (Figure 4.3), revealed a
distinct active MOB community prior to the disturbance (pre-incubation), and the com-
munity shifted soon after desiccation-rewetting, diverging from the community in the
un-disturbed microcosm. Over 96 % of the variation in the MOB community compo-
sition could be explained by PC1 and PC2 (67.9 % and 28.5 % of the total variance,
respectively). The active MOB which emerged soon after desiccation-rewetting (1 – 7
days interval) were predominantly comprised of members belonging to the putative
Rice Paddy Cluster (RPC) closely affiliated to Methylocaldum (Type Ib; Lüke et al.,
2014; Shiau et al., 2018b). 71 days post-desiccation-rewetting, the recovering commu-
nity in the disturbed, as well as in the un-disturbed microcosms were more scattered,
largely comprising of Type I MOB. The active MOB showed dynamic population shifts
after desiccation-rewetting, with the recovered community becoming more varied after
incubation.

4.4.4 Effects of Desiccation - Rewetting on the Total Bacterial
Community Composition, as Determined by DNA-based SIP

The active bacterial community was largely comprised of members belonging to
Gammaproteobacteria (families Methylomonaceae, Methylophilaceae,
Burkholderiaceae, Rhodocyclaceae, and Nitrosomonadaceae), Bacteroidetes (family
Chitinophagaceae and Microscillaceae), and Gemmatimonadetes (family Gemmati-
monadaceae), collectively representing the majority of the population (> 75 %; Fig-
ure 4.4). Like the pmoA gene sequence analysis, the PCA derived from the 16S
rRNA gene sequences revealed a compositional shift in the bacterial community after
desiccation-rewetting, but the community recovered after 71 days, closely resembling
the composition in the un-disturbed microcosm (Figure 4.3). Comparing the commu-
nity in the un-disturbed and disturbed microcosms, Methylocaldum (Type Ib MOB), and
Methylobacter (Type Ia) as well as members of Burkholderiaceae, were respectively
detected at appreciably higher relative abundance soon after desiccation-rewetting
(1-7 days interval) and during recovery (27-71 days interval), consistent with the pmoA
gene sequence analysis (Figure S15). The active members of the bacterial community
in the un-disturbed microcosm were generally more diverse; microorganisms present
at deferentially higher relative abundances belonged to Proteobacteria, Bacteroidetes,
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Figure 4.3 Principal component analysis showing the response of the active MOB (A) and bacterial
(B) community composition to desiccation-rewetting, as determined from the relative abun-
dances of the pmoA and 16S rRNA gene sequences, respectively. Both the pmoA and 16S
rRNA gene sequences were derived from the 13C-enriched DNA (‘heavy’ fraction). In (A),
the vectors represent the predominant MOB belonging to Type Ia (Methylobacter ), Type Ib
(RPC, rice paddy cluster), and Type II (Methylocystis).
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Verrucomicrobia, and Acidobacteria (family/genus level identification, Figures 4.4 and
S15). Generally, the pmoA and 16S rRNA gene sequencing analyses were consistent,
revealing the compositional shift and recovery of the active community.
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Figure 4.4 The mean active bacterial community composition in the un-disturbed and disturbed incu-
bations, based on the 16S rRNA gene sequence analysis. The 16S rRNA gene sequences
were derived from the 13C-enriched DNA after incubation at 1–7, 27–34, and 64–71 days
intervals.

4.4.5 Response of the Co-Occurrence Network Structure to
Desiccation - Rewetting

A 16S rRNA gene-based co-occurrence network analysis derived from the 13C-enriched
‘heavy‘ fraction was performed to explore the complexity of the CH4-driven interactome
immediately after, and during the recovery from desiccation-rewetting (resilience; Fig-
ure 4.5). These networks were assessed by their topological properties comparing
the un-disturbed and disturbed incubations (Table 4.1). Generally, both the microbial
communities in the un-disturbed and after desiccation-rewetting increased in connec-
tivity over time (i.e., higher no. of edges, degree, clustering coefficient; Table 4.1).
However, a more connected network emerged after desiccation-rewetting (> 27 days),
exhibiting a higher number of connections (edges), connections per node (degree),
and clustering coefficient than in the un-disturbed community (Table 4.1). Accord-
ingly, the desiccation-rewetted community was characterized by a shorter average
path length (Table 4.1). Although modularity generally decreased in all microcosms
after pre-incubation, the community showed a less modular structure after desiccation-
rewetting when compared to the un-disturbed community during recovery. Additionally,
to account for biases arising from the imbalance number of replicates used to construct
the networks (i.e., grouping of 27-34 and 64-71 days intervals yielding a higher number
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of replicates, n = 6 or 7), the networks were re-constructed using 4 randomly selected
replicates from all replicates for the 27-71 days interval. The results obtained were con-
sistent and support the general trends documented in the networks using all replicates
(Table S6). Overall, the network structure of the active bacterial community became
more complex and connected after recovery from desiccation-rewetting, demonstrat-
ing that the disturbance fostered a closer association of community members within
the interactome.

Table 4.1 Correlations and topological properties of the interaction networks during preincubation, and
recovery from desiccation-rewetting at 1–7 and 27–71 days intervals.

Network properties Pre-incubation Un-disturbed Disturbed

1-7 d 27-71 d 1-7 d 27-71 d

Number of nodesa 165 181 211 210 156
Number of edgesb 769 616 1547 888 1835

Positive edgesc 435 368 919 493 1235
(56%) (60%) (59%) (56%) (67%)

Negative edgesd 334 248 628 395 600
(43%) (40%) (41%) (44%) (33%)

Modularitye 2.96 2.32 1.81 2.78 0.88
Number of communitiesf 26 38 29 58 12

Network diameterg 6 9 12 8 6
Average path lengthh 2.95 3.35 3.09 2.99 2.49

Average degreei 9.32 6.80 14.66 8.45 23.52
Average clustering coefficientj 0.430 0.385 0.449 0.358 0.567

a Microbial taxon (at genus level) with at least one significant (P < 0.01) and strong (SparCC > 0.7 or
< -0.7) correlation.
b Number of connections/correlations obtained by SparCC analysis.
c SparCC positive correlation (> 0.7 with P < 0.01).
d SparCC negative correlation (< -0.7 with P < 0.01).
e The capability of the nodes to form highly connected communities, that is, a structure with high density
of between nodes connections (inferred by Gephi).
f A community is defined as a group of nodes densely connected internally (Gephi).
g The longest distance between nodes in the network, measured in number of edges (Gephi).
h Average network distance between all pair of nodes or the average length off all edges in the network
(Gephi).
i The average number of connections per node in the network, that is, the node connectivity (Gephi).
j How nodes are embedded in their neighborhood and the degree to which they tend to cluster together
(Gephi).

The top five nodes with the highest betweenness centrality were identified in all treat-
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ments (Figure 4.5 & Table S7). As anticipated, the key nodes comprised of MOB, as
well as non-MOB methylotrophs; the MOB are a subset of the methylotrophs (Chis-
toserdova, 2015). Surprisingly, many other non-MOB bacterial taxa also formed the key
nodes. These taxa were rather unique to each treatment (un-disturbed and disturbed)
at 1-7 and 27-71 days intervals (Figure 4.5 & Table S7). It appears that non-MOB, albeit
unable to assimilate CH4 directly, were also relevant members of the interactome.

4.5 Discussion

4.5.1 Recovery and Resilience of the Methanotrophic Activity and
Community Composition Following Desiccation - Rewetting

The MOB activity was resilient to desiccation-rewetting. Periodic exposure of the paddy
soil to lower soil water content after drainage for rice harvest may have selected for a
desiccation-tolerant MOB community. This may partly explain the transient (< 5 days)
adverse effect on CH4 uptake rates, which rapidly recovered. Nevertheless, the re-
covery in MOB activity to single disturbance events is not entirely unexpected, as has
been shown before (e.g., soil structural disruption, Kumaresan et al., 2011; long-term
drought spanning over decades, Collet et al., 2015; desiccation and heat stress, Ho
et al., 2016b,c). Similarly, MOB activity recovered from multiple disturbances, with soils
harboring low-affinity MOB showing resilience to repeated desiccation and ammonium
stress (van Kruistum et al., 2018), and compounded disturbances associated to land
transformation given sufficient recovery time (e.g., over 15 years after peat excavation;
Reumer et al., 2018). However, the recovery in CH4 oxidation may be accompanied by
compositional shifts in the MOB community, affecting the trajectory of MOB succession
after disturbance (Ho et al., 2016c).

In contrast to previous work (e.g., Collet et al., 2015; Ho et al., 2018, 2016c; Jur-
burg et al., 2017; Krause et al., 2017; Kumaresan et al., 2011; Reumer et al., 2018),
a time-series 13C-CH4 labeling approach was employed in this study to directly re-
late not only the MOB activity to the response of the metabolically active MOB, but
also to the structure of the interaction network, to desiccation-rewetting. The active
bacterial community composition, including the MOB, recovered well as indicated by
the 16S rRNA gene sequence analysis, which showed that the disturbed commu-
nity resembled that of the un-disturbed community, clustering closely together after
incubation (PCA; Figure 4.3). Specifically, Methylocaldum was predominant soon af-
ter desiccation-rewetting, whereas Methylobacter and Burkholderiaceae were present
at relatively higher abundances during recovery from the disturbance (Figures 4.4
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Figure 4.5 Co-occurrence network analysis of the active bacterial community based on the 16S rRNA
gene during pre-incubation, and after desiccation-rewetting. The 16S rRNA gene sequences
were derived from the 13C-enriched DNA (‘heavy’ fraction). Samples from 27 to 34 and 64–71
days intervals were combined to have sufficient replicates for the network analysis; density
gradient ultracentrifugation was unsuccessful in 2 of 4 replicated 13C–CH4 incubations in the
disturbed microcosm at 64–71 days interval. Significant (p < 0.01) positive (magnitude > 0.7)
and negative (magnitude, < - 0.7) SparCC correlations are respectively denoted by the blue
and red edges. Each node represents a bacterial taxa at the OTU level, and the size of
the node corresponds to the number of connections (degree). The colour intensity indicates
the betweenness centrality (darker shades indicating higher values). The numbers in the
key nodes (top five nodes with highest betweenness centrality) refer to (1) Methylophilaceae,
(2) Rhodocyclaceae, (3) Gemmatirosa, (4) Crenothrix (CH4-oxidizer), (5) Acidobacteria sub-
group 6, (6) Gemmatimonadaceae, (7) Methylomonas (MOB), (8) Noviherbaspirillum, (9)
Beijerinckiaceae, (10) Paenibacillus, (11) Acidobacteria subgroup 7, (12) Opitutaceae, (13)
Unclassified Bacteria, (14) Sphingomonas, (15) Blastocatellia, (16) Ideonella, (17) Chtho-
niobacter, (18) Proteobacteria, (19) Chitinophagaceae (20) Microscillaceae. Detailed topo-
logical properties of the networks are provided in Table 4.1.
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and S15). Gammaproteobacterial MOB, including Methylocaldum and Methylobacter
species, are generally known to be rapid colonizers, proliferating under high nutrient
and CH4 availability (Ho et al., 2013a, 2016b), whereas the dominance and role of
Burkholderiaceae during recovery from disturbances remain elusive. However, mem-
bers of the family Burkholderiaceae exhibit metabolic versatility, with Cupriavidus re-
ported to stimulate MOB growth (Stock et al., 2013). Furthermore, Ralstonia, another
Burkholderiaceae, has been documented to co-occur with MOB in a 13C-CH4 labeling
study, likely caused by cross-feeding, suggesting that there was a trophic interaction
with MOB (Qiu et al., 2008). Like for the gammaproteobacterial Type Ib MOB, the
significant correlation between CH4 uptake rates and the alphaproteobacterial MOB,
suggests a coupling of MOB activity and the growth of these sub-groups (Figure S13).
The alphaproteobacterial MOB (Methylocystis; Type II) were seemingly more respon-
sive to the disturbance, exhibiting a gradual increase in numerical abundance during
the incubation (Figure 4.2). This reinforces previous studies documenting the emer-
gence of this sub-group (Methylocystis-Methylosinus) after stress events (Ho et al.,
2011a, 2016b,c; van Kruistum et al., 2018). It is thought that desiccation-rewetting
may trigger the proliferation of alphaproteobacterial MOB either by awakening dormant
members of the seedbank community and/or generating open niches for recolonization
(Collet et al., 2015; Ho et al., 2016c; Kaupper et al., 2020b; Whittenbury et al., 1970a).
Also, the gradual increase in alphaproteobacterial MOB abundance may be attributable
to a relatively slower recovery after being adversely affected by desiccation-rewetting,
having a lower initial abundance than gammaproteobacterial MOB. Admittedly, we can-
not exclude experimental artifacts deriving from soil preparation which may affect the
MOB, but the soil was mildly pre-processed (i.e., air-dried at ambient temperature and
sieved), ensuring homogeneity for a standardized incubation. Overall, the differential
response among MOB sub-groups was consistent with trends detected previously.

4.5.2 The Emergence of a More Complex and Connected
Methane-Driven Interactome After Desiccation - Rewetting

MOB thrive in the presence of specific accompanying microorganisms, exhibiting higher
activity and growth as cocultures than as monocultures (Benner et al., 2015; Ho et al.,
2014; Iguchi et al., 2011; Jeong et al., 2014; Krause et al., 2017; Stock et al., 2013;
Veraart et al., 2018). This emphasizes the relevance of interdependent relationships
among members of a MOB interactome for community functioning. Although MOB
activity and community composition may recover, disturbances may exert an impact
on the structure of the microbial network, affecting the interaction among community
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members which may have consequences in future disturbances (Berg and Ellers, 2010;
Bissett et al., 2013; Ho et al., 2020; Ratzke et al., 2020; Sun et al., 2013).

Interestingly, the MOB interactome became more complex and increased in connec-
tivity during recovery (> 27 days) from desiccation-rewetting (Table 4.1 & Figure 4.5).
The disturbance-induced highly connected interactome suggests higher competition
for specific niches (van Elsas et al., 2012), which likely became available after the
disturbance event. This enables rapid re-colonization of the open niches, resulting in
the recovery of MOB activity and abundance, particularly when CH4 is not limiting (Ho
et al., 2011a; Kaupper et al., 2020b; Pan et al., 2014). The emergence of a more com-
plex network after disturbance also suggests that the loss of some microorganisms
were compensated by other community members having similar roles; the community
was thus sufficiently redundant to sustain MOB activity (Eldridge et al., 2015; Mendes
et al., 2015; Tripathi et al., 2016). Similarly, when compared to an un-perturbed soil,
the bacterial network after bio-perturbation (> 12 months) caused by the foraging ac-
tivity of burrowing mammals increased in connectedness (Eldridge et al., 2015). In
another form of disturbance, the microbial network was altered, increasing in the num-
ber of positively co-occurring bacteria during the recovery from a forest fire (12 months;
Pérez-Valera et al., 2017). In line with these studies, the interaction networks increased
in complexity, becoming more connected after deforestation for oil palm (Tripathi et al.,
2016) and after abandonment of agriculture (Morriën et al., 2017).

Like these disturbances, desiccation-rewetting fostered closer associations among
interacting members of the MOB interactome, supporting our hypothesis. The increase
in network complexity, as indicated by a higher number of edges, degree, and clus-
tering efficiency suggests a more connected network, concomitant to a shorter aver-
age path length which indicates a tighter and more efficient network, in response to
desiccation-rewetting (Dal Co et al., 2020; Mendes et al., 2018; Zhou et al., 2010).
Hence, desiccation-rewetting likely augmented or consolidated metabolic exchange
to increase co-occurrence among community members within the interactome, giv-
ing rise to a more complex interaction network (Ratzke et al., 2020; Zelezniak et al.,
2015). The increase in network complexity directly related to the recovery in MOB ac-
tivity. Nevertheless, modularity decreased over time, possessing fewer independently
connected groups (compartments) within the network (Zhou et al., 2010), more pro-
nounced in the desiccation-rewetted community. A highly modular network is thought
to restrict and localize the effects of a disturbance within compartments in the network
(Ruiz-Moreno et al., 2006; Zhou et al., 2010). Therefore, the loss of modularity after
contemporary disturbances suggests that future disturbances will more evenly affect
community members. Hence, community composition and activity, when examined
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alongside the network structure, provided a more comprehensive understanding of mi-
crobial responses to contemporary and future disturbances.

Expectedly, the nodes with high betweenness centrality were found to comprise of
methylotrophs, including the MOB (Figure 4.5). These key nodes were not necessar-
ily bacterial taxa that were present at significantly higher relative abundances (e.g.,
Burkholderiaceae; Figure 4.4) but rather, refer to nodes acting as a bridge between
other nodes with significantly higher frequencies (Poudel et al., 2016). As such, the
key nodes within the network are crucial members of the MOB interactome, potentially
having a significant regulatory effect on the other members of the interactome; the
loss of the key nodes is anticipated to unravel the interaction network (van der Heijden
and Hartmann, 2016; Williams et al., 2014). Because the methylotrophs can oxidize
methanol and other intermediary products of CH4 oxidation (e.g., formaldehyde, for-
mate), cross-feeding between the MOB and non-MOB methylotrophs (e.g., Methyloten-
era, Methylophilus) drives their co-occurrence, as has been established before (Krause
et al., 2017). Interestingly, many non-MOB/methylotrophs also formed the key nodes.
Given that the non-MOB cannot utilize CH4 as a carbon and energy source, their iden-
tification as key nodes indicates their potential regulatory role, indirectly via interaction-
induced effects, on the MOB activity (van der Heijden and Hartmann, 2016). Among the
non-MOB key nodes, other members of Sphingomonadaceae (Sphingopyxis) but not
specifically Sphingomonas, have been shown to significantly stimulate the expression
of the pmoA gene when co-cultured with an alphaproteobacterial MOB (Methylocystis;
Jeong et al., 2014). Members of Gemmatimonadaceae have been co-detected along
with the MOB in 13C-CH4 labeling SIP studies, but their exact role within the interacome
remains to be elucidated (Zheng et al., 2014). Similarly, the underlying mechanisms
that drive the interaction between other co-occurring bacterial taxa and the MOB war-
rant further exploration through isolation and co-culture studies (Kwon et al., 2019a).
However, it is likely that some members of the co-occurring taxa may reciprocally in-
teract with the MOB, supporting MOB growth and activity (e.g., Sphingomonas), and
contributed to the resilience of the MOB following desiccation-rewetting. Accordingly,
the bacterial taxa representing key nodes were distinct in the un-disturbed microcosm
and after desiccation-rewetting, despite compositional recovery among metabolically
active members of the community (Figure 4.3). This indicates sufficient redundancy
among active members of the MOB interactome; presumably, the different key taxa in
the un-disturbed and disturbed community shared similar traits relevant for community
functioning.
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4.6 Conclusion

Our findings, based on the time-resolved 13C-CH4 approach, reinforced previous DNA-
based studies, showing the differential response among the MOB to disturbances,
likely reflecting on their ecological life strategies (Ho et al., 2013a). Widening cur-
rent understanding, we showed that although MOB activity recovered after desiccation-
rewetting and the post-disturbance microbial community may resemble those in the un-
disturbed soil, the disturbance legacy manifests in the structure of the co-occurrence
network, which became more complex but less modular. Therefore, community inter-
action profoundly changed after desiccation-rewetting, which may have consequences
for community functioning with recurring and/or compounded disturbances. More gen-
erally, our findings move beyond biodiversity-functioning relationships to encompass
interaction-induced responses in community functioning.
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Methane-Driven Interaction Network after Peat Mining.

5.1 Abstract

Aerobic MOB are crucial in ombrotrophic peatlands, driving the CH4 and nitrogen cy-
cles. Peat mining adversely affects the MOB, but activity and community composi-
tion / abundances may recover after restoration. Considering that the MOB activity
and growth are significantly stimulated in the presence of other microorganisms, the
CH4-driven interaction network, encompassing MOB and non-MOB (i.e., MOB interac-
tome), may also be relevant conferring community resilience. Yet, little is known of the
response and recovery of the MOB interactome to disturbances. Here, we determined
the recovery of the MOB interactome as inferred by a co-occurrence network analysis,
comparing a pristine and restored peatland. We coupled a DNA-based SIP approach
using 13C-CH4 to a co-occurrence network analysis derived from the 13C-enriched 16S
rRNA gene sequences to relate the response in MOB activity to the structuring of the
interaction network. MOB activity and abundances recovered after peat restoration
since 2000. ’Methylomonaceae’ was the predominantly active MOB in both peatlands,
but differed in the relative abundance of Methylacidiphilaceae and Methylocystis. How-
ever, bacterial community composition was distinct in both peatlands. Likewise, the
MOB interactome was profoundly altered in the restored peatland. Structuring of the
interaction network after peat mining resulted in the loss of complexity and modularity,
indicating a less connected and efficient network, which may have consequences in
the event of recurring / future disturbances. Therefore, determining the response of the
CH4-driven interaction network, in addition to relating MOB activity to community com-
position / abundances, provided a more comprehensive understanding of the resilience
of the MOB.

5.2 Importance

The resilience and recovery of microorganisms from disturbances are often determined
with regard to their activity and community composition / abundances. Rarely has the
response of the network of interacting microorganisms been considered, despite accu-
mulating evidence showing that microbial interaction modulates community functioning.
Comparing the CH4-driven interaction network of a pristine and restored peatland, our
findings revealed that the metabolically active microorganisms were less connected
and formed less modular ‘hubs’ in the restored peatland, indicative of a less complex
network which may have consequences with recurring disturbances and environmental
changes. This also suggests that the resilience and full recovery in the MOB activity
and abundances do not reflect on the interaction network. Therefore, it is relevant
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to consider the interaction-induced response, in addition to documenting changes in
activity and community composition / abundances, to provide a comprehensive under-
standing of the resilience of microorganisms to disturbances.

5.3 Introduction

Peat is harvested to meet global fuel and feed demands (e.g., renewable combustible
fuel, soil additives; Cleary et al., 2005; Pryce, 1991). Mining profoundly alters the
peat physico-chemical properties (e.g., increases pH and compaction, and reduces
the availability of inorganic compounds; Andersen et al., 2006; Basiliko et al., 2007),
exerting an effect on the indigenous microbial communities with consequences for
microbially-mediated processes such as GHG emissions (Juottonen et al., 2012; Putki-
nen et al., 2018). Depending on the mining method (block-cut, vacuum-harvested
peat), peat restoration to a pristine-like state can take decades, during which the rewet-
ted peatlands may become a source of carbon, with altered CO2 and CH4 emissions
(Basiliko et al., 2007; Holl et al., 2020). In particular, CH4 emission in ombrotrophic
peatlands is governed by the balance of CH4 production in the anoxic peat layers, and
aerobic CH4 oxidation at niches where CH4-O2 counter gradients occur (e.g., peat-
overlaying water layer). Hence, the aerobic MOB are key to mitigating CH4 emission in
peatlands, acting as a CH4 bio-filter (Yavitt et al., 1988). Besides, diazotrophic MOB are
a significant source of assimilable nitrogen, driving the N-cycle in ombrotrophic peat-
lands (Ho and Bodelier, 2015; Larmola et al., 2014; Vile et al., 2014). The MOB are
thus highly relevant members of the peatland microbiome, participating in the C- and N-
cycles. While changes in the abiotic environment following peat restoration have been
the focus of earlier work (Andersen et al., 2006; Basiliko et al., 2007), the microbial
community composition and abundances, specifically methanotrophy, in ombrotrophic
peatlands have since gained attention (Esson et al., 2016; Kip et al., 2010; Liebner
and Svenning, 2013; Reumer et al., 2018). Still, less is known about the response of
the relevant and metabolically active community members to peat restoration, and it re-
mains to be determined how well the CH4-driven network of interacting microorganisms
recovers in the re-established peatland.

Ombrotrophic Sphagnum-dominated peatlands are relatively harsh environments,
characterized by low pH and are nutrient-depauperated (Dedysh, 2011). These con-
ditions, along with the antimicrobial properties of Sphagnum, may exert pressure to
select for specific aerobic MOB (Kostka et al., 2016). Not surprisingly, the MOB being
strongly influenced by their abiotic environment, showed habitat specificity (Kaupper
et al., 2020b; Knief, 2015). Predominantly active MOB in ombrotrophic peatlands fall
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into Alphaproteobacteria (Type II MOB), which include Methylocystis and Methylos-
inus (family Methylocystaceae), as well as members belonging to the family Beijer-
inckiaceae (Methylocella, Methyloferula, and Methylocapsa); class Gammaproteobac-
teri MOB (Type I) belonging to Methylomonas and Methylovulum were more recently
found to be active members of the community (Belova et al., 2011; Chen et al., 2008a;
Danilova et al., 2013; Esson et al., 2016; Gupta et al., 2012; Liebner and Svenning,
2013). The MOB form a plethora of interdependent relationships with other organisms,
at times supporting multi-trophic foodwebs in high CH4-emitting environments (Agasild
et al., 2014; Ho et al., 2016a; Hutchens et al., 2004; Krause et al., 2017). Accordingly,
CH4 oxidation and growth rates, as well as the transcription of the pmoA gene (en-
coding for the pMMO) were significantly stimulated when the MOB were co-cultured
together with other microorganisms compared to monocultures (Ho et al., 2014; Jeong
et al., 2014; Stock et al., 2013; Veraart et al., 2018). As such, non-MOB that do not
seemingly contribute to CH4 oxidation are also relevant, indirectly affecting community
functioning via interaction-induced effects. Therefore, considering the CH4-driven inter-
action network is important to elaborate community response during peat restoration
but, has so far received little attention.

Here, we aimed to compare and contrast the CH4-driven interaction network in om-
brotrophic peatlands to follow the recovery in the network structure during peat restora-
tion. Although MOB activity and community composition/abundances may recover af-
ter Sphagnum re-growth upon peat rewetting (Putkinen et al., 2018; Reumer et al.,
2018), the legacy of peat mining may persists in the structure of the interaction net-
work (Pérez-Valera et al., 2017). Revisiting the sites of our previous work (pristine and
restored peatlands; Reumer et al., 2018), we performed SIP using 13C-CH4 to track
the unidirectional flow of CH4 into the foodweb. Instead of deriving the co-occurrence
network analysis from isolated DNA (e.g., Barberán et al., 2012; Mo et al., 2020), we
performed a network analysis using the 13C-enriched 16S rRNA gene from SIP to infer
the CH4-driven interaction network (i.e., MOB interactome). We define the MOB inter-
actome as a subset of the entire bacterial community comprising of both MOB and non-
MOB that is tracked via the flow of CH4-derived 13C. Coupling SIP to the co-occurrence
network analysis not only provides direct ecological linkages of the metabolically ac-
tive members of the interaction network thereby minimizing spurious and weak con-
nections, but also unambiguously relate community functioning (CH4 oxidation as the
functional response variable) to the network structure.
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Table 5.1 Selected physicochemical properties, pmoA and 16S rRNA gene abundances, and CH4 uptake rates in the pristine and restored peatlandsa

Peatland status pH
Ammonium

(µmol · g
dry wt-1)

Nitrate
(µmol · g
dry wt-1)

CH4 uptake rate
(µmol · g dry
wt-1 · day -1)b

pmoA gene
abundance (copy

no. · g dry wt-1)

16S rRNA gene
abundance (copy

no. · g dry wt-1)

Mean pmoA/
16S rRNA gene
abundance (%)

Pristine
4.4±
0.19 C

0.2±
0.02 C

0.6±
0.07 C

After incubation
setup

24.7±6.17 C (6.0±3.29)·104 C (6.81±3.41)·107 C 0.08

After replenishing
headspace CH4

45.6±8.61 A (3.5±2.47)·105 A (9.31±4.9)·107 A 0.53

Restored
4.7±
0.12 C

0.7±
0.08 D

0.7±
0.21 C

After incubation
setup

24.7±3.82 C (4.9±4.02)·105 D (2.48±0.93)·108 D 0.21

After replenishing
headspace CH4

31.2±9.57 B (2.8±1.47)·106 B (2.52±1.48)·108 B 1.46

a Uppercase letters indicate a level of significance at P<0.05 between sites. C and D refer to data after incubation setup, and A and B refer to data after
replenishing headspace CH4.
b CH4 uptake rates were determined by linear regression after incubation setup (C and D, P<0.05; days 0 to 8) and after replenishing headspace CH4

(A and B, P<0.05; days 8 to 13 or 14) (CH4 depletion curve; see Figure S16 in the supplemental material).
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5.4 Results

5.4.1 Comparison of the Methanotrophic Activity and Abundance,
and the Abiotic Environment in the Pristine and Restored
Peatlands

Headspace CH4 was immediately consumed upon incubation setup (initial and after
CH4 replenishment; Figure S16) in both peatlands, indicating the presence of a thriv-
ing indigenous MOB population. The initial CH4 uptake rate reflecting the in-situ rate
(Steenbergh et al., 2009), was comparable in both peatlands at ∼ 24 µmol g-1

dw d-1

(Table 5.1). This suggests the recovery in MOB activity in the restored peatland, con-
sistent with a previous study of the same peatlands over two consecutive years (in
2015 and 2016; Reumer et al., 2018). The CH4 uptake rate increased in both peat-
lands after replenishing headspace CH4 achieving an ‘induced rate’ which was likely
caused by population growth during incubation (Table 5.1; Steenbergh et al., 2009).
This was corroborated by with the increased pmoA gene abundance by approximately
an order of magnitude after the incubation, indicating MOB growth. Also, the proportion
of MOB (i.e., pmoA/16S rRNA gene abundance ratio) increased during the incubation
(Table 5.1). Similarly, the total bacteria, and specifically the MOB population size,
recovered to even higher abundances following peat restoration, as was previously
documented (Reumer et al., 2018).

The pH was comparable in both peatlands, within the range of 4.4 – 4.7 (Table 5.1).
Soluble ammonium was significantly higher after peat restoration, while nitrate con-
centrations were comparable (Table 5.1), consistent with previous work (Reumer et al.,
2018).

5.4.2 Response of the Metabolically Active Bacterial Community
Composition to Peat Restoration, as Determined by
DNA-based SIP

A SIP approach using [13C]CH4 was performed to track the flow of 13C into the DNA
of metabolically active and replicating microorganisms. Because the MOB are the
only microorganisms capable of assimilating CH4, 13C incorporated into the DNA of
non-MOB indicate the reliance of these microorganisms on the CH4-derived carbon for
growth. Each ultracentrifugation run was performed for DNA extracted from incubations
with [13C]CH4 and [unlabelledC]CH4 to distinguish the ‘heavy’ and ‘light’ fractions after
amplification of the pmoA gene for each gradient fraction (Figure 5.1). Admittedly, we
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Figure 5.1 Relative pmoA gene abundance along the density gradient of the [13C]CH4 and
[unlabelledC]CH4 incubations from the pristine (A) and restored (B) peatlands (mean ± stan-
dard deviation [SD]; n = 4). The relative abundance was calculated as the proportion of each
fraction over the total sum of the gene abundance for each sample. DNA from the “light” and
“heavy” fractions (denoted by arrows) in the [13C]CH4 incubations was used for 16S rRNA
gene amplicon sequencing.

cannot completely exclude the presence of unlabelled 16S rRNA gene with a high GC
content in the ‘heavy’ fraction (Lueders et al., 2004a). The ‘heavy’ fraction could be
clearly separated from the ‘light’ fraction in both peat incubations (Figure 5.1), and was
further supported by the clustering of the distinct communities in both fractions, based
on the 16S rRNA gene sequencing analysis (PCA; Figure 5.2). Subsequently, the
co-occurrence network analysis was performed on the 13C-enriched 16S rRNA gene
sequences, representing the active community members.

The 13C-enriched bacterial community composition was distinct in the pristine and
restored peatlands, indicating that the total community in the restored peatland had
not fully recovered to a pristine-like state (Figure 5.2). Among the 13C-labelled bacte-
rial phyla, Proteobacteria was predominantly present in both peatlands (> 65 %; Fig-
ure 5.3). However, the phylum was detected at a significantly higher relative abundance
in the restored site (Figure S17). Within Proteobacteria, Beijerinckiaceae, Oligoflexales,
Polyangiaceae, Pajaroellobacter, Elsterales, Myxococcales, and Burkholderiaceae, as
well as the genera Anaeromyxobacter, Occallatibacter, and Cavicella were detected
at significantly (p < 0.05) deferentially higher proportion (over-abundant) in the re-
stored when compared to the pristine peatlands (Figure S18). However, a member of
the Beijerinckiaceae (represented by OTU 1; Figure S18) was more abundant in the
pristine peatland. Among other phyla, Acidobacteria, Bacteriodetes, and WPS-2 were
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Figure 5.2 Principal-component analysis showing the clustering of the 16S rRNA gene sequences ac-
cording to the different fractions (light and heavy) and sites (pristine and restored peatlands)
of the incubation with [13C]CH4. The circle and triangle indicate pristine and restored peat-
lands, respectively.

present at significantly higher relative abundances in the pristine peatland (Figure S17).
Considering finer taxonomic resolution, differentially higher relative abundances of Oc-
callatibacter, Granulicella, Acidimicrobiaceae, Acidobacteriales, Candidatus Solibac-
ter, and Candidatus Koribacter belonging to Acidobacteria, and Chitinophagales within
Bacteriodetes were detected in the pristine peatland (Figure S18). WPS-2 is a candi-
date division represented by an as yet uncultured bacterium. Generally, members of
Acidobacteria and Proteobacteria, along with Actinobacteria are typical active inhabi-
tants of ombrotrophic peatlands (Deng et al., 2014; Ivanova et al., 2016; Palmer and
Horn, 2012).

The MOB consisted of < 2 % of the total bacterial population in both peatlands (start-
ing material), based on the 16S rRNA gene sequencing analysis (Figure 5.2A). After
incubation, the MOB population comprised of ∼ 20 % and ∼ 74 % of the total ac-
tive community (‘heavy’ fraction) in the pristine and restored peatland, respectively.
The predominantly active MOB, as retrieved from the 16S rRNA gene sequences,
belonged to ‘Methylomonaceae’ including the genus Methylomonas (> 72 % of the
total MOB population) in both peatlands, whereas the genus Methylocystis was rela-
tively more abundant in the restored than pristine peatland (Figure 5.3). Conversely,
Methylacidiphilaceae was detected at a higher relative abundance in the pristine than
restored peatland. Although constituting the majority of the MOB community compo-
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sition in the starting material, members of Methylacidiphilaceae were not as actively
assimilating CH4 as ‘Methylomonaceae’ under the incubation conditions; metabolically
active Methylacidiphilaceae was detected at ∼ 22 % and < 2 % in the ‘heavy’ fraction
of the pristine and restored peatland, respectively, after incubation (Figure 5.3).

Table 5.2 Topological properties of the co-occurrence network analysis in the pristine and restored peat-
lands

Network properties Pristine peatland Restored peatland

No. of nodesa 600 464
No. of edgesb 5,397 3,476

Positive edges (no. [%])c 2,871 (53.2) 2,234 (64.3)
Negative edges (no. [%])d 2,526 (46.8) 1,242 (35.7)

Modularitye 7.30 1.82
No. of communitiesf 47 57

Network diamg 10 11
Avg path lengthh 4.27 4.30

Avg degreei 17.99 14.98
Avg clustering coefficientj 0.55 0.53
a Microbial taxon (at OTU level) with at least one significant (P<0.01) and strong (SparCC of more than
0.9 or less than -0.9) correlation.
b Number of connections/correlations obtained by SparCC analysis.
c SparCC positive correlation (more than 0.9 with P<0.01).
d SparCC negative correlation (less than -0.9 with P<0.01).
e Capability of the nodes to form highly connected communities, that is, a structure with a high density
of between-node connections (inferred by Gephi).
f A community is defined as a group of nodes densely connected internally.
g The longest distance between nodes in the network, measured in number of edges.
h Average network distance for all pairs of nodes or the average length of all edges in the network.
i The average number of connections per node in the network, that is, the node connectivity.
j How nodes are embedded in their neighborhood and the degree to which they tend to cluster together.

5.4.3 Insights Into the Methane-Driven Co-Occurrence Interaction
Network in the Pristine and Restored Peatlands

Subsequently, a co-occurrence network analysis was performed on the 13C-enriched
16S rRNA gene sequences, targeting the community members of the MOB interactome
in the pristine and restored peatlands (Figure 5.4). The network topological properties
indicate that the pristine peatland harboured a more complex and connected commu-
nity, exhibiting a higher number of edges (number of connections), degree (number of

81



Chapter 5
Recovery of Methanotrophic Activity Is Not Reflected in the

Methane-Driven Interaction Network after Peat Mining.

connections per node or node connectivity), and clustering coefficient (the degree to
which the nodes cluster together) than in the restored peatland (Table 5.2). Accordingly,
the pristine peatland also possessed a more diverse metabolically active community
(number of significant nodes, representing bacterial taxa at the OTU-level), and showed
a more modular network structure than the restored peatland (Table 5.2). Higher mod-
ularity is indicative of a more compartmentalized network, having more independently
connected groups within the interaction network (Williams et al., 2014; Zhou et al.,
2010). The network diameter and average path length between co-occurring nodes,
indicative of the network efficiency (Bissett et al., 2013; Zhou et al., 2010), were largely
comparable in both peatlands (Table 5.2). Having a comparatively less complex and
connected network structure thus indicate that the MOB interactome in the restored
peatland since 2000 had not returned to a pristine-like state, despite the resilience in
the MOB activity and abundance.

Methylacidiphilaceae

Methylocystis

Methylomonas

`Methylomonaceae´

Methylobacter

Other (<0.5%)

Armatimonadetes

Unc_Bacteria

FCPU426

WPS-2

Cyanobacteria

Clamydiae

Bacteroidetes

Planctomycetes

Actinobacteria

Patescibacteria

Verrucomicrobia

Acidobacteria

Proteobacteria

Figure 5.3 The bacterial (A) and MOB (B) community composition in the starting material (prior to the
incubation) and after [13C]CH4 incubation (light and heavy fractions) (mean; n = 4). The 16S
rRNA gene sequences affiliated with MOB in panel B were retrieved from the total community
in panel A. The 16S rRNA gene sequences affiliated with the MOB were present at < 2 % of
the total community in the starting material, and at ∼ 20 % and ∼ 74 %, respectively, in the
pristine and restored peatland after incubation (heavy fraction). P and R denote pristine and
restored peatlands, respectively.

The nodes with high betweenness centrality were identified as the key nodes (Fig-
ure 5.4) (Poudel et al., 2016), which likely played a significant regulatory role within
the interaction network, affecting MOB activity (Borgatti, 2005; van der Heijden and
Hartmann, 2016). In particular, the key nodes are not necessarily the more abun-
dant OTUs (Figure S18), but rather, refer to nodes acting as a bridge between other
nodes at a relatively higher frequency (Poudel et al., 2016). The ten key nodes with
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the highest betweenness centrality were identified in both the pristine and restored
peatlands (Figure 5.4). Expectedly, these nodes were represented by proteobacterial
MOB (Methylomonas and Methylocystis), as well as verrucomicrobial MOB belonging
to Methylacidiphilaceae in the pristine peatland, whereas the MOB-related key nodes in
the restored peatland were affiliated to Methylomonas. It is noteworthy that Beijerincki-
aceae (phylum, Proteobacteria), a key node in the restored peatland (Figure 5.4), also
constitutes MOB harboring the sMMO (Methylocella, Methylocapsa, and Methyloferula;
Dedysh, 2011), as well as other methylotrophs, but these microorganisms may have
been overlooked at the coarse taxonomic resolution. Unexpectedly, many non-MOB
formed the key nodes and appeared to be site-specific (Figure 5.4). Although unable
to assimilate CH4 directly, the non-MOB also appear to be relevant members of the
interaction network.

5.5 Discussion

5.5.1 Recovery of the Active Methanotrophs After Peat
Restoration

MOB activity and population size recovered after peat restoration, comparing the pris-
tine and restored sites (Table 5.1). Likewise, pH and nitrate concentrations returned to
pristine-like levels but, ammonium concentrations remained significantly higher in the
restored site. These trends were also documented in a previous study of the same
sites sampled in 2015 and 2016, suggesting the presence of a relatively persistent
MOB population possibly attributable to narrow fluctuations in environmental condi-
tions (Reumer et al., 2018). It thus appears that the MOB recovered < 15 years after
Sphagnum re-established during peat restoration.

The metabolically active bacterial community composition including the MOB were
determined by targeting the 13C-enriched 16S rRNA gene after 13C-CH4 SIP. Predom-
inantly active MOB belonged to ‘Methylomonaceae’ (> 72 % of the MOB community
composition) in both peatlands, while Methylacidiphilaceae and Methylocystis formed
the rest of the MOB community (Figure 5.3). In particular, Methylocystis is thought
to possess ecological traits suitable for the relatively inhospitable and fluctuating envi-
ronmental conditions in ombrotrophic peatlands, having the metabolic potential to fix
N2, utilize other substrates besides CH4 (e.g., acetate), and were favored by the lower
pH (Belova et al., 2011; Han et al., 2018; Im et al., 2011; Zhao et al., 2020). Be-
sides Methylocystis, members of ‘Methylomonaceae’ (e.g., Methylomonas strains) and
Methylacidiphilaceae (e.g., Methyloacidiphilum fumariolicum solV) which also formed
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Figure 5.4 Co-occurrence network analysis in the pristine (A) and restored (B) peatlands. The network
analysis was derived from the 13C-enriched 16S rRNA gene sequences (heavy fraction),
representing the metabolically active community of the interaction network. The topological
properties of the networks are given in Table 5.2. Significant connection (p < 0.01) with
a SparCC correlation of a magnitude of more than 0.7 (positive correlation, blue edges) or
less than -0.7 (negative correlation, red edges) are given. Each node represents a bacte-
rial taxon at the OTU level, given to the lowest taxonomic rank (family, genus, or species)
when available. The size of the node is proportional to the number of connections, and
a darker shade of a color indicates higher betweenness centrality. The top 10 nodes with
the highest betweenness centrality, representing the key nodes, are given as triangles, and
the number inside the key nodes refers to their affiliation as follows: 1, Rhodospirillales; 2,
uncultured bacteria; 3, Burkholderiaceae; 4, Methylomonas (MOB); 5, “Candidatus Solibac-
ter ”; 6, Gammaproteobacteria; 7, Methylocystis (MOB); 8, Babeliales; 9, Pirellulaceae; 10,
Methylacidiphilaceae (MOB); 11, Bdellovibrio; 12, Magnetospirillaceae; 13, Acidimicrobiia;
14, Sphingobacteriales; 15, Roseiarcus; 16, Beijerinckiaceae; 17, Myxococcales; and 18,
Methylomonas paludis (MOB). The OTUs representing the microorganisms and between-
ness centrality values of each OTU are listed in Table S8 in the supplemental material.

the active community, are also potentially diazotrophic, as indicated by the presence of
the nifH gene (encoding for the nitrogenase) (Auman et al., 2001; Khadem et al., 2011).
Consistent with previous studies, active gammaproteobacterial MOB (namely, Methy-
lomonas and Methylovulum) have also been found to co-dominate alongside Methylo-
cystis in some peatlands (Chen et al., 2008a; Esson et al., 2016; Gupta et al., 2012).
This suggests that traits to grow and survive in acidic peatlands are not confined to a
particular MOB subgroup.

Previously, we characterized the MOB community composition in the pristine and re-
stored sites (same sites as in this study), along with the community in an actively mined
peatland, and abandoned peatlands since 2004 and 2009 (Reumer et al., 2018). The
MOB community composition in the restored peatland resembled those in the pris-
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tine peatland, clustering more closely together as shown in a correspondence analysis
(Reumer et al., 2018). This indicates that the MOB community composition recovered
following peat restoration. Here, although the relative abundance of Methylacidiphi-
laceae and Methylocystis differed in the pristine and restored peatlands, the predom-
inantly active MOB comprised of the same family members (Figure 5.3). However,
the active bacterial community composition in response to CH4, was distinct in both
peatlands (Figure 5.2 and 5.3). Hence, specific microbial sub-populations may have
shown relatively faster recovery than the total bacterial community composition after
peat mining.

5.5.2 Insights Into the Recovery of the Methanotrophic
Interactome After Peat Restoration

The recovery in the MOB activity and community composition/abundances was not re-
flected in the structure of the interaction network, even after approximately two decades
of peat rewetting (Table 5.2 and Figure 5.4). The pristine peatland harboured a more
complex MOB interactome, possessing a higher number of nodes with significant cor-
relations, edges, degree, and clustering coefficient, as well as having higher modularity
(Table 5.2). These topological features are indicative of a more connected and robust
network (Bissett et al., 2013; Faust and Raes, 2012; Mendes et al., 2018), and suggest
that the MOB interactome in the pristine peatland was characterized by relatively higher
metabolic exchange and competition among community members that likely increased
their co-occurrence (van Elsas et al., 2012; Zelezniak et al., 2015). Also, having rel-
atively higher modularity in the pristine peatland is anticipated to constrain the effects
of environmental stressors / disturbance on localized areas (compartments) within the
network (Kitano, 2004). In contrast, the loss of modularity in the restored peatland
suggests that stress effects would be more uniformly distributed among community
members, which may become more vulnerable in the face of intensified or recurring
disturbances (Faust and Raes, 2012; Ho et al., 2020). Hence, the CH4-driven commu-
nity in the restored peatland may not be as resilient as the community in the pristine
peatland in responding to future changes in environmental conditions. Indeed, a recent
study showed the unraveling of the MOB interactome concomitant to significantly im-
paired MOB activity following NH4Cl-induced stressor intensification (Ho et al., 2020).
Overall, considering the co-occurrence network analysis in addition to activity measure-
ments and characterization of the community composition / abundances may provide a
more comprehensive understanding, moving beyond diversity-ecosystem functioning
relationship (e.g., Krause et al., 2018), to encompass potential interaction-induced ef-
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fects.

Admittedly, we could not account for seasonal variations affecting the interaction
networks. However, the consistent trends in MOB activity and community composi-
tion / abundances in the pristine and restored peatlands in previous (sampled in August
2015 and June 2016; Reumer et al., 2018) and current work (May 2019; Table 5.1), de-
spite a three-year interval, suggest that a specific MOB population persists over time.
Although we anticipate a relatively consistent MOB population, the seasonal dynamics
of the interaction network warrants attention in future studies.

The MOB are the only microbial group capable of assimilating CH4, having the role
of a ‘primary’ producer, whereby the CH4-derived carbon is anticipated to fuel the com-
munity. Nevertheless, the MOB may gain from other members of the interactome (e.g.,
stimulation of MOB growth by cobalamin excreted by other microorganisms; Iguchi
et al., 2011), which may have been inadvertently excluded by the experimental de-
sign capturing the unidirectional flow of 13C. Expectedly, the key nodes included the
MOB (Figure 5.4). Surprisingly, the key nodes were overwhelmingly represented by
the non-MOB and were distinct in the pristine and restored peatlands. This indicates
sufficiently redundant community members sharing traits to fulfill similar roles ensur-
ing community functioning within the MOB interactome (Barberán et al., 2012; Williams
et al., 2014). It is not unreasonable to assume that selective predation on the MOB may
have occurred (Murase and Frenzel, 2007). For instance, members of Myxococcales,
a key taxon in the restored peat, have been widely recognized as predators, swarm-
ing their prey in a coordinated and cooperative manner during feeding (Muñoz-Dorado
et al., 2016). Beijerinkiaceae, another key taxon, includes non-MOB methylotrophs
which likely benefited from (intermediary) products of CH4 oxidation (e.g., methanol,
formaldehyde, formate). Hence, the cross-feeding between MOB and non-MOB methy-
lotrophs (e.g., Methylotenera) drives their co-occurrence (Ho et al., 2020; Krause et al.,
2017). It is noteworthy that Beijerinkiaceae also includes MOB, but the MOB and non-
MOB methylotrophs could not be distinguished at the taxonomic resolution in this study.
Also, Burkholderiaceae may comprise of microorganisms shown to have a stimulatory
effect on MOB growth in co-cultures (i.e., Cupriavidus; Stock et al., 2013). Although
some of the key taxa (e.g., Burkholderiaceae, Sphingobacteriales, Beijerinkiaceae, and
Bdellovibrio) have been identified to co-occur alongside and interacted with the MOB
(Ho et al., 2020; Qiu et al., 2008; Stock et al., 2013), the underlying mechanisms driving
the biological interaction and organization (e.g., commensalism, mutualism; Johnson
et al., 2020; Morris et al., 2013) warrant further probing by isolation and co-culture stud-
ies (Kwon et al., 2019b). Despite lacking the metabolic capability to assimilate CH4, the
detection of the non-MOB as key nodes indicate their potentially significant role within
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the interaction network. In particular, the key nodes in the restored peatlands may act
to expedite the natural restoration process (Wubs et al., 2016).

5.6 Conclusion

We elaborated on the CH4-driven interaction network after peat mining by comparing
a pristine and restored peatland. Our findings showed the structuring of the interac-
tion network resulting in the loss of complexity, connectedness, and modularity in the
restored peatland, which may have consequences in the face of future disturbances
and environmental changes. This also suggests that the re-established peatlands had
not yet fully recovered, despite showing resilience in the MOB activity. More generally,
our study suggests the inclusion of interaction-induced responses, in addition to docu-
menting shifts in community composition/abundances, as a step forward to understand
the resilience of microbial communities to disturbances.

5.7 Materials and Methods

5.7.1 Peat sampling and incubation setup

The sampling sites are ombrotrophic peatlands located in Warmia and Mazury province,
Poland. The upper ∼ 10 cm of peat below the water surface was collected in May
2019 from a pristine peatland (Zielony Mechacz; 53◦54´24´´ N, 19◦41´41´´ E) and
was regarded as the reference site for comparison to the restored peatland (Rucianka;
54◦15´34´´ N, 19◦44´0.4´´ E). These peatlands were selected based on a previ-
ous study, showing recovery in the MOB activity and abundances after peat mining
(Reumer et al., 2018). The atmospheric temperature at the time of sampling was 21-
25◦C. Five cores (10 cm height x 3.5 cm diameter) were sampled from four randomly
selected plots (spaced > 4 m apart) from each site and composited, giving four in-
dependent replicates per site. The pristine peatland was declared a nature reserve
since 1962, while peatland in the restored site was dammed, rewetted, and remained
water-logged since 2000 after peat excavation using the block peat method. In both
sites, Sphagnum spp. (e.g., S. fimbriatum, S. fluxuosum, S. fallax, and S. capillifolium)
dominated the vegetation, interspersed with Orthotrichum lyellii. The pH in both peat-
lands was within a narrow range of 4.4 - 4.7. Detailed peat hydrology and selected
physico-chemical parameters are given elsewhere (Table 5.1) (Reumer et al., 2018).
The samples were transported to the laboratory with coolers in ice.
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Each incubation containing 5 g fresh sample in a 120 ml bottle was performed in
eight replicates for the pristine and restored peat. After sealing the bottle with a butyl
rubber stopper and crimp cap, the headspace CH4 concentration in the bottle was ad-
justed to ∼2 % v/v unlabelledC- or 13C-CH4 (n=4 each) in air. Incubation was performed
at 27◦C while shaking (110 rpm) in the dark. Headspace CH4 concentration was mon-
itored during the incubation. Upon CH4 depletion, headspace was replenished with
2 % v/v unlabelledC- or 13C-CH4 in air, and incubation was resumed under the same con-
ditions as before. Incubation was terminated after approximately 30 µmol CH4 g fresh
sample-1 was consumed (13 – 14 days; Figure S16) to ensure sufficient 13C labelling
(Neufeld et al., 2007b). The samples were immediately homogenized and collected
after incubation to be stored in the -20◦C freezer till DNA extraction.

5.7.2 Methane and inorganic N measurements

Headspace CH4 was monitored daily using a gas chromatograph (7890B GC System,
Agilent Technologies, Santa Clara, USA) coupled to a PD-HID. Helium was used as the
carrier gas. The CH4 uptake rate was determined by linear regression. The gravimetric
water content (∼ 93 % in both peat samples) was determined after drying the peat
in the 70◦C oven until the weight remained constant. Soluble ammonium and nitrate
were determined in autoclaved deionized water (1:1 w/v) colorimetrically as described
before (Gadkari, 1984; Horn et al., 2005) using an Infinite M plex reader (TECAN,
Meannedorf, Switzerland).

5.7.3 DNA extraction and quantitative PCR (qPCR)

DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. A pmoA gene-targeted qPCR assay
(A189f / mb661r primer pair) was performed to enumerate the MOB abundance. Addi-
tionally, a qPCR targeting the 16S rRNA gene (341F / 907R primer pair) was performed
to determine the abundance of the total bacterial population. Both qPCR assays were
performed using the BIORAD CFX Connect Real-time PCR System (Biorad, Hercules,
USA). The pmoA gene-targeted qPCR was performed as described before (Kolb et al.,
2003) with minor modifications (Ho et al., 2019b); the reagents and reagent concen-
trations, as well as the PCR thermal profile for the qPCR assay are given elsewhere
(Ho et al., 2019b). Each reaction in the 16S rRNA gene-targeted qPCR (total volume,
20 µL) consisted of 10 µL SensiMix (2X), 1.2 µL MgCl2 (50 mM), 1 µL BSA (1 %), 2 µL
of each primer (10 µM), 1.8 µL of H2O and 2 µL of template DNA. The PCR thermal
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profile consisted of an initial denaturation step at 95 ◦C for 8 min, followed by 45 cy-
cles of denaturation at 95 ◦C for 15 s, annealing at 55.7 ◦C for 15 s, and elongation at
72 ◦C for 40 s, with an additional data acquisition step at 80 ◦C for 8 s. The template
DNA from the peat (starting material and after incubation) was diluted 50-fold (mean
total DNA, 13.5 - 46.5 ng DNA µL-1) for both qPCR assays to determine the pmoA/16S
rRNA gene abundance ratio (Table 5.1), while template DNA to determine the relative
pmoA gene abundance after fractionation for the SIP analysis was undiluted (see Sub-
section 5.7.4 below). The calibration curve (101 to 108 pmoA or 16S rRNA gene copy
numbers) was derived from the gene library (Ho et al., 2011a, 2017b). The specificity of
the amplicons was determined from the melt curve and further verified on 1 % agarose
gel electrophoresis, showing a single band of the correct size. The qPCR efficiency
was 94.3 %, with an R2 of 0.988.

5.7.4 13C-CH4 stable Isotope probing

Isopycnic ultracentrifugation (144000 g for 67 hours) was performed using the Op-
tima L-80XP ultracentrifuge (Beckman Coulter Inc., USA) as described before (Neufeld
et al., 2007b). Briefly, fractionation was immediately performed after ultracentrifugation
using a peristaltic pump (3 rpm min-1), yielding 10-11 fractions whereby the final fraction
was discarded. The density of each fraction was determined using an AR200 digital
refractometer (Reichert Technologies, Munich, Germany). DNA was precipitated by
introducing two washing steps with ethanol, and the pellet was suspended in 30 µL
ultrapure PCR water (INVITROGEN, Waltham, USA). Thereafter, the pmoA gene was
enumerated from each fraction using the qPCR assay described above to distinguish
the ‘light’ from the ‘heavy’ fraction by comparing the DNA retrieved from the 13C- and
unlabelledC-CH4 incubations (Figure 5.1). The 16S rRNA gene from the ‘light’ and ‘heavy’
fractions, as well as from the starting material were subsequently amplified for Illumina
Miseq sequencing.

5.7.5 16S rRNA gene amplicon sequencing

The 16S rRNA gene was amplified using the primer pair 341F / 805R, as detailed before
(Ho et al., 2020). Briefly, each PCR reaction comprised of 20 µL 2X KAPA HiFi Hot-
Start Ready Mix (Roche, Mannheim, Germany), 2 µL forward / reverse tagged-primers
each (10 µM), 2 µL BSA (1 %), and 4 µL DNA template. PCR grade water was added
to achieve a total volume of 40 µL. The PCR thermal profile consisted of an initial de-
naturation step at 94◦C for 7 min, followed by 30 cycles of denaturation at 94◦C for
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30 s, annealing at 53◦C for 30 s, and elongation at 72◦C for 30 s. The final elongation
step was at 72◦C for 5 mins. The amplicons were purified using the GeneRead Size
Selection Kit (Qiagen, Hilden, Germany) after verification on 1 % agarose gel elec-
trophoresis. Thereafter, a second PCR was performed using 5 µL template from the
first PCR to attach the adapters to the 16S rRNA gene amplicon using the Nextera XT
Index Kit (Illumina, San Diego, USA). The PCR reagents, reagent concentrations, and
thermal profile for the second PCR is given elsewhere (Ho et al., 2020). Following the
second PCR, the 16S rRNA gene amplicon was purified using the MagSi-NGSPREP
Plus Magnetic beads (Steinbrenner Laborsysteme GmbH, Wiesenbacj, Germany) ac-
cording to the manufacturer’s instructions. After purification, equimolar amounts of 16S
rRNA gene amplicons (133 ng) were pooled for library preparation and sequencing (Il-
lumina MiSeq version 3 chemistry, paired-end 600 cycles).

5.7.6 16S rRNA gene sequencing analysis

The 16S rRNA gene sequences were processed using QIIME 2 version 2019.10, as
described before (Ho et al., 2020). Briefly, after merging the paired-end reads using
PEAR (Zhang et al., 2014), the sequences were de-multiplexed, and quality control
was performed with DADA2 (Callahan, 2017) to remove remaining chimeric and low-
quality sequences. Approximately 1 010 000 high-quality contigs (on average, 31 604
contigs per sample) were obtained. After removing singletons and doubletons, the
samples were rarefied to 18 800 contigs following the number of the sample with the
lowest contigs. The classification was performed at 97 % similarity against the Silva
database v. 132 (Quast et al., 2013); the generated matrix based on the relative abun-
dance of the OTUs was further used for statistical analyses. The affiliation of the OTUs
is given to the lowest taxonomic rank (family, genus, or species), whenever possible.
The 16S rRNA gene sequences were deposited at the National Center for Biotechnol-
ogy Information (NCBI) under the accession numbers SRR15925518-SRR15925549
(project number PRJNA659768).

A PCA was performed to assess the separation of the 13C-enriched (active) from the
unlabelledC (inactive) bacterial community composition, and to determine the recovery of
the community composition following peat restoration. The PCA was constructed using
Canoco 4.5 (Biometrics, Wageningen, the Netherlands). To test the significance of the
PCA clustering, permutational multivariate analysis of variance (PERMANOVA) was
performed with the software Past 4.01 (Hammer et al., 2001). Furthermore, the dif-
ferential relative abundance (over-abundant) OTUs in the restored, when compared to
the pristine peatlands were determined using the STAMP software (Parks et al., 2014).
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The P-values were calculated based on the two-sided Welch’s t-test and corrected
using Benjamini-Hochberg False discovery rate.

Additionally, a co-occurrence network analysis was performed using the 13C-enriched
16S rRNA gene sequences to explore potential interaction among the active members
of the MOB interactome. The network analysis was performed using the Python mod-
ule ´SparCC´ and the network properties were calculated with Gephi (Table 5.2) (Bas-
tian et al., 2009). The same analytical pipeline was applied to each network (pristine
and restored peatlands). The P-values were obtained by 99 permutations of random
selections of the data table for each network. The true SparCC non-random correla-
tions were selected based on a magnitude of > 0.7 or < -0.7, with a statistical sig-
nificance of p < 0.01. Comparison between the networks was assessed based on
their topological properties namely, the number of nodes, edges, modularity, number of
communities, average path length, network diameter, average degree, and clustering
coefficient (Table 5.2) (Newman, 2003). Furthermore, the OTUs with high between-
ness centrality i.e., the number of times a node acts as a bridge along the shortest
path between two other nodes, were determined (Poudel et al., 2016). These nodes
are regarded as key nodes, representing microorganisms that likely play a significant
role within the MOB interactome (Borgatti, 2005).

5.7.7 Statistical analyses

Normal distribution was tested using the Kolmogorov-Smirnov test at p = 0.05. Equal
distribution of variance was tested and one-sided t-tests (p = 0.05) were then performed
comparing the pristine and restored peatlands. Where normal distribution was not met,
a Mann-Whitney-U-test was performed.
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Chapter 6
Disentangling Abiotic and Biotic Controls of Aerobic

Methane Oxidation During Re-Colonization.

6.1 Abstract

Aerobic CH4 oxidation is driven by both abiotic and biotic factors which are often con-
founded in the soil environment. Using a laboratory-scale reciprocal inoculation ex-
periment with two native soils (paddy and upland agricultural soils) and the gamma-
irradiated fraction of these soils, we aim to disentangle and determine the relative
contribution of abiotic (i.e., soil edaphic properties) and biotic (i.e., initial MOB com-
munity composition) controls of CH4 oxidation during re-colonization. CH4 uptake was
appreciably higher in incubations containing gamma-irradiated paddy soil after inoc-
ulation with both native soils despite of different initial MOB community composition,
suggesting an overriding effect of the soil edaphic properties in positively regulating
CH4 oxidation. Population dynamics, monitored via culture-independent techniques
targeting the pmoA gene showed comparable community composition in incubations
with the same starting inoculum. Therefore, the initial community composition affects
the trajectory of community succession to an extent, but not at the expense of the
MOB activity under high CH4 availability; edaphic properties override initial community
composition in regulating CH4 oxidation.

6.2 Introduction

MOB represent a specialized microbial guild characterized by their ability to use CH4 as
a carbon and energy source. Aerobic MOB belong to Verrucomicrobia and Proteobac-
teria, with members of the proteobacterial MOB fall within the classes Gammapro-
teobacteria (comprising of subgroups Type Ia and Ib) and Alphaproteobacteria (sub-
group Type II). While the verrucomicrobial MOB were discovered in low pH (< 5) and
high temperature (> 50◦C) geothermal springs, the proteobacterial MOB are
widespread, but show habitat specificity (Knief, 2015; Op den Camp et al., 2009). MOB
possess the enzyme MMO which enable them to oxidize CH4 to methanol, the initial
step in CH4 oxidation (Semrau et al., 2010). Typically, the structural genes encoding
for the soluble and particulate form of the MMO enzyme (mmoX and pmoA, respec-
tively) are targeted to survey the MOB diversity in complex microbial communities (Wen
et al., 2016). In wetland ecosystems, MOB inhabit oxic-anoxic interfaces with O2-CH4

counter-gradients (e.g., soil-overlaying water, aquatic plant roots) where they act as
a filter to consume CH4 produced in the deeper anoxic sediment layers (Reim et al.,
2012). On the other hand, MOB in well-aerated upland soils serve as a CH4 sink,
consuming atmospheric CH4 (Ho et al., 2019b, 2015b; Kolb, 2009; Pratscher et al.,
2018; Shrestha et al., 2012). In both these roles, abiotic (e.g., substrate concentra-
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tions, micronutrients, and other soil physico-chemical properties; Bodelier, 2011a; Ho
et al., 2013b, 2018; Hütsch et al., 1994; Semrau et al., 2018; Veraart et al., 2015) and
biotic factors (e.g., MOB community composition / abundance and interaction-induced
response in community functioning; Ho et al., 2016a; Malghani et al., 2016; Reumer
et al., 2018; Schnyder et al., 2018; Veraart et al., 2018) are known to drive aerobic
CH4 oxidation. Collectively, we refer to the non-biological attributes inherent to the soil
as abiotic parameters, whereas biotic determinant is exemplified by the initial MOB
community composition.

Soil manipulation (e.g., amendment) studies, and experimental design capitalizing
on soil chronosequence with natural environmental gradients are typically used to re-
late changes in (a)biotic factors to community functioning (e.g., Bissett et al., 2012; Ho
et al., 2013b, 2018; Rousk et al., 2010; Shiau et al., 2018b). Often, the abiotic and
biotic determinants are confounded, obscuring the contribution of either factors to the
regulation of CH4 oxidation. Rarely are there factors explicitly tested independently and
simultaneously.

Paddy soil

Upland soil

Gamma-irradiated
paddy soil

PP

Gamma-irradiated
upland soil

PU

UP UU

Figure 6.1 Experimental setup showing reciprocal inoculation of native soils in gamma-irradiated frac-
tions of the soils. Three microcosms per time and amendment were established. The
microcosms consisted of paddy soil + gamma-irradiated paddy soil (designated as ‘PP’),
paddy soil + gamma-irradiated upland soil (‘PU’), upland soil + gamma-irradiated paddy soil
(‘UP’), and upland soil + gamma-irradiated upland soil (‘UU’). To confirm the sterility of the
soil after gamma-irradiation, the soil (9.5 g) was saturated with autoclaved deionized wa-
ter (0.45 ml gdw soil-1) in a 120 ml bottle with an adjusted headspace CH4 concentration of
1 %v/v. The soil was considered free of viable MOB when headspace CH4 remained un-
changed over three weeks (Figure S19).

Here, we aim to disentangle abiotic and biotic controls of CH4 oxidation by employ-
ing a reciprocal inoculation experimental design using two native soils and the gamma-
irradiated (25 kGy; 60Co) fractions of these soils (Figure 6.1), which enabled us to relate
the (a)biotic determinants to CH4 oxidation. We anticipate that if (i) abiotic determinants
exert a stronger control than biotic determinants in regulating CH4 oxidation, the same
abiotic environment (i.e., gamma-irradiated soil) will consistently support high CH4 up-
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take regardless of the initial community composition, (ii) biotic determinants exert a
stronger control than abiotic determinants, the same native soil harboring the initial
MOB community will consistently exhibit high CH4 uptake regardless of the edaphic
properties, and (iii) there is no consistent effect, less predictive and / or stochastic fac-
tors (e.g., priority effect, site history) may have an overriding impact on the contem-
porary MOB activity. To address our suppositions, we incubated soil microcosms con-
taining native and gamma-irradiated native soils in all combinations (Figure 6.1) for 35
days, and followed the potential CH4 oxidation rate over time (Figure 6.2). Two soils
(wetland paddy and upland agricultural soils) with distinct physico-chemical properties,
and harbor different MOB communities with proven CH4 uptake capacity under high
CH4 availability (> 2 % v/v) were used (Table 6.1; Ho et al., 2013b, 2015b). Soil pro-
cessing, and soil microcosm setup and sampling are detailed in the Supplementary
Materials.

The temporal succession of the MOB community composition was monitored during
the incubation using group-specific qPCR assays (i.e., MBAC, MCOC, and TYPEII as-
says targeting the MOB subgroups Type Ia, Ib, and II, respectively; Ho et al., 2016c;
Kolb et al., 2003; Supplementary Materials) and Illumina MiSeq sequencing of the
pmoA gene. The pmoA gene, instead of the mmoX gene, was targeted because the
mmoX gene transcript or the MOB harbouring only the mmoX gene were not detected
or below the detection limit in these soils (Ho et al., 2015b; Reim et al., 2012). While
the group-specific qPCR assays were performed to be used as proxies for MOB abun-
dances, high throughput sequencing of the pmoA gene was performed to follow com-
positional shifts in the MOB community. The pmoA gene sequences were analysed as
described before (Reumer et al., 2018; Supplementary Materials), and were deposited
at the NCBI Sequence Read Archive under the accession number SRR9924748 (NCBI
BioProject PRJNA559227).
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Figure 6.2 CH4 uptake rate (a) and total CH4 consumed (b) during recolonization (mean ± s.d.; n = 3).
Each soil microcosm consisted of 9.5 g gamma-irradiated soil and 0.5 g native soil in a Petri
dish. The soil was saturated with autoclaved deionized water (0.45 ml g dw soil1) and ho-
mogenized before being incubated in a gas tight jar under 10 %v/v CH4 in air in the dark
at 27◦C. Headspace air in the jar was replenish every 2–3 days to ensure that CH4 was
not limiting. At designated intervals (days 8, 12, 19, 26, and 35), individual microcosm was
removed from the jar, and placed in a flux chamber to determine the CH4 uptake rate, mea-
sured over 5–6 h (minimum of three time points) by linear regression (a), as described before
(Ho et al., 2011b). Negligible or no CH4 uptake was detected < 8 days in the UP and UU
incubation hence, the first sampling was performed at day 12, allowing direct comparisons
between treatments per time. Additionally, total CH4 consumed for each treatment during the
incubation (over 35 days) was determined by integrating the area below the curve of CH4
uptake rates (b). Headspace CH4 was measured using gas chromatograph (GC) coupled to
a thermal conductivity and pulsed discharge helium ionization detector (7890B, Agilent Tech-
nologies, JAS GC systems, Moers, Germany). In (a), letters indicate the level of significance
(ANOVA; p < 0.01) in the total CH4 consumed between treatments.
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Table 6.1 Selected physico-chemical parameters of the wetland and upland agricultural soils.

Soil
(Coordinates) Texture pHa Total C Total N

Organic
matter
content

Total nutrient contents
(µmoles gdw soil-1)

Vegetation
(during

sampling)
Reference

µmoles C
gdw soil-1

µmoles N
gdw soil-1

LOI % NH+
4 NOx

b PO3-
4

Paddy soil
(45◦ 20’ N,
8◦ 25’ E)

Calcareous
clay

5.4 1158.3 92.9 4.0 1.0 0.3 6.3 · 10-3 Rice (fallow) Ho et al. (2015a)

Upland soil
(51◦ 32’ N,
05◦ 50’ E)

Gley podzol
(sandy loam)

5.4 1850.0 92.9 4.7 0.1 3.7 · 10-2 9.5 · 10-3 Potato (fallow) Ho et al. (2015b)

Abbreviation: LOI, loss on ignition
a pH determined in 1 M KCl (1:5, vol:vol)
b Total of NO-

2 and NO-
3
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6.3 Abiotic Parameters Exert a Stronger Effect on

Aerobic Methane Oxidation than the Initial

Methanotrophic Community Composition

The potential for CH4 oxidation (total CH4 consumed) was consistently significantly
higher in the microcosms containing the gamma-irradiated paddy soil (PP, 190 ±
15 µmoles g-1

dw; UP, 231 ± 42 µmoles g-1
dw), and was significantly lower and remained rel-

atively constant during incubation in the microcosms containing the gamma-irradiated
upland soil (PU, 66 ± 26 µmoles g-1

dw; and UU, 64 ± 17 µmoles g-1
dw), regardless of the

initial community composition (Figure 6.2). This suggests that the abiotic, rather than
the biotic determinants, more strongly regulated CH4 oxidation, in line with our first sup-
position. Higher MOB activity in microcosms containing gamma-irradiated paddy soil
coincided with the higher initial ammonium concentration (paddy soil,
3.4 – 4.2 µmoles gdw soil-1; upland soil, 2.0 – 2.7 µmoles gdw soil-1; Figure S20).
Also, NH+

4 and NOx concentrations in the inoculum was on average 8-10 folds higher
in the paddy than upland soil, whereas PO3-

4 was comparable in both soils (Table 6.1).
Higher inorganic N concentrations likely alleviated N limitation when coupled to high
CH4 availability in the gamma-irradiated paddy soil, stimulating MOB growth and CH4

uptake (< 12 days) when compared to the incubations containing the gamma-irradiated
upland soil. Besides inorganic N, we cannot exclude the availability of other N com-
pounds (e.g., organic N) given the high total N in these soils (Table 6.1). Besides
macronutrients, MOB activity can be restricted by micronutrients (e.g., lanthanides,
copper; Knapp et al., 2007; Semrau et al., 2018, 2010). Hence, we cannot completely
exclude that differences in the micronutrient and trace element contents in the paddy
and upland soils may have also affected CH4 oxidation rates. Since pH was similar in
both soils (pH 5.4; Table 6.1), discrepancy in CH4 uptake was likely caused by factors
other than pH in our incubations. Likewise, water content, which can restrict substrate
(CH4 and O2) diffusion into the soil was kept constant, and is unlikely to account for
the discrepant trend in CH4 uptake (Hiltbrunner et al., 2012; Shrestha et al., 2012).
However, the water potential which may affect water availability for microbial activity,
potentially contributing to shifts in the community composition, could be different in
both soils (Harris, 1981). Admittedly, not all abiotic factors potentially contributing to
the discrepancy in CH4 uptake in both soils were determined. Nevertheless, it became
evident that the soil abiotic parameters more strongly affected the MOB activity, re-
sulting in significantly higher CH4 uptake rates during the early stage (< 35 days) of
recolonization under high CH4 availability.
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Figure 6.3 PCA showing the response of the MOB community composition during recolonization. The
composition of the MOB community was derived from sequencing of the pmoA gene per-
formed for each DNA extract (n = 3) per time and treatment. The PCA was performed in the
R statistics software environment (R Core Team, 2014) using the function ‘prcomp’. Visual-
ization of the PCA was performed using the ‘ggfortify’ package. Rarefaction curves generated
for each sample showed a good coverage of the pmoA gene diversity (see Figure S21). The
affiliation and distribution of the pmoA gene sequences are given in Figure S22. The vectors
indicate predominant MOB genera/group. Abbreviations: RPC, rice paddy cluster (Type Ib-
related MOB).

Microorganisms compete for nutrients and space, occupying specific niches in the
soil which fulfills their physiological requirements hence, shaping the microbial activity
and community composition (Little et al., 2008; Pan et al., 2014). Here, the gamma-
irradiated soils provide open niches, allowing rapid recolonization by the inoculum-
borne MOB under high CH4 availability. The microcosms containing native soils and
their gamma-irradiated fractions (PP and UU) thus represent the optimum
native / gamma-irradiated soil combinations because the inoculum consists of MOB
with established niche specialization (e.g., as a result of shared site history) for the
specific soil. Interestingly, although PP exhibited significantly higher CH4 uptake than
PU as anticipated, CH4 uptake in UU was significantly lower than UP, indicating that
conditions in the upland soil was not optimal and constrained MOB activity; the paddy
soil likely possessed more suitable conditions (e.g., high inorganic N), favoring the
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survival of the MOB. This suggests that the MOB community composition, although
indigenous to the upland soil, plays a relatively less important role in determining con-
temporary CH4 uptake rates than abiotic controls (Ho et al., 2016b).

6.4 Methanotroph Population Dynamics; the

Emergence of the Alphaproteobacterial

Methanotrophs During Recolonization

The total MOB abundance appreciably increased after incubation in all microcosms by
approximately three to four orders of magnitude during incubation (Figure 6.4), con-
sistent with previous recolonization studies (Ho et al., 2011b; Pan et al., 2014). In
particular, the significant increase (p < 0.01) in all MOB sub-groups (Type Ia, four-
fold; Type Ib, seven-fold; Type II, three-fold) corroborated with the higher CH4 uptake
in the UP incubation (Figure 6.2 and 6.4). On the other hand, PP microcosm which
exhibits comparable total CH4 uptake to UP, was accompanied by a significant in-
crease (p < 0.01) in Type II MOB abundance (Figure 6.4). Likewise, the abundance of
Type II MOB significantly increased (p < 0.01) in the other incubations (PU and UU).
Before being succeeded by the Type II MOB, Type Ib MOB formed the majority in the
paddy soil-inoculated microcosms (< 19 days; PP and PU), in agreement with their
general predominance in rice paddy environments (Lüke et al., 2014). However, the
high abundance of Type Ib MOB in PU is no consistent with the relatively low CH4

uptake detected in this microcosm. This may be attributable to the relatively more olig-
otrophic condition (e.g., lower inorganic N, NH+

4, NO-
3) or faster transition to oligotrophic

condition in the gamma-irradiated upland soil than in the gamma-irradiated paddy soil
incubations, resulting in lower cell-specific activity (Ho et al., 2011b) not only in PU, but
also in the UU microcosms. Although the MOB sub-groups were differentially affected
during recolonization, the trajectory of the MOB succession was consistent across all
microcosms, with the Type II MOB increasing in abundance and was generally more
responsive than the Type I during recolonization (> 12 days; Figure 6.4). This may
reflect on the ecological characteristics of the community members in the native soil
(see discussion below; Ho et al., 2017a). Nevertheless, irrespective of the community
members, it is likely that reduced competition coupled to high CH4 availability spurred
recolonization.

The pmoA gene sequences, visualized as a PCA (Figure 6.3) revealed a divergent
community composition in the PP/PU and UP/UU incubations which could be largely

100



Chapter 6
Disentangling Abiotic and Biotic Controls of Aerobic

Methane Oxidation During Re-Colonization.

12 19 26 35
10

4

10
6

10
8

10
10

 

 

ty
p
e
 I
a
 p

m
o
A

 g
e
n
e
 a

b
u
n
d
a
n
c
e

 (
c
o
p
y
 n

o
. 
o
f 
ta

rg
e
t 
m

o
le

c
u
le

s
 g

 d
w

-1
)

Time (d)

 PP

 PU

 UP

UU

a

 

 

 

 

10
4

10
6

10
8

10
10

10
4

10
6

10
8

10
10

ty
p
e
 I
b
 p

m
o
A

 g
e
n
e
 a

b
u
n
d
a
n
c
e

 (
c
o
p
y
 n

o
. 
o
f 
ta

rg
e
t 
m

o
le

c
u
le

s
 g

 d
w

-1
)

b

ty
p
e
 I
I 

p
m

o
A

 g
e
n
e
 a

b
u
n
d
a
n
c
e

 (
c
o
p
y
 n

o
. 
o
f 
ta

rg
e
t 
m

o
le

c
u
le

s
 g

 d
w

-1
) c

12 19 26 35

Time (d)

12 19 26 35

Time (d)

a

b b a,b

a

b,cc
d

a
bb

c

a

b

a
a

b

c

a
b

c

d

a
b

cc

a

b

a

b

a

b

c

a

a

b c

d

b

bb

c

A
A,B A A

B B
A

A,B B,C
B

A,B
A

C
A,BA

A

A A,B A AA A
B B B A,B B

B
A,B

A
B

B
A,B

B
A

B
C

C
B

C D
C

Figure 6.4 Response of the pmoA gene abundance of Type Ia (A), Type Ib (B), and Type II (C) MOB
during re-colonization. The qPCR was performed in duplicate for each DNA extract (n = 3),
giving a total of six replicates per time, treatment, and assay. The lower case letters indicate
the level of significance (ANOVA; p < 0.01) between treatments per time. The upper case
letters indicate the level of significance (ANOVA; p < 0.01) between sampling days per treat-
ment. Values at the start of the incubation were at or below the detection limits of the qPCR
assays used. The lower detection limit of the qPCR assays is indicated by the dashed line
(1.8 - 8.5 · 105 copy no. of target molecules gdw soil-1).

separated along PC axis 2 (Figure 6.3). Over 90 % of the variation in the MOB commu-
nity composition could be explained by PC1 and PC2 (62.24 % and 30.71 % of the total
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variance, respectively). The predominant MOB were represented by members of Type
Ia (Methylobacter ), Type Ib (RPCs), and Type II (Methylocystis). The RPCs are putative
MOB closely related to Methylocaldum (Lüke et al., 2014; Shiau et al., 2018a). Hence,
the MiSeq sequencing enabled the identification of key MOB within each sub-group.
The PCA revealed a RPCs-dominated population in microcosms inoculated with na-
tive paddy soils (PP and PU), and Methylobacter dominated the community inoculated
with native upland soils (UP and UU), with the UU incubation having a broader inven-
tory of dominant MOB comprising of Methylocystis, besides Methylobacter, reflecting
on the dynamic shifts in the community composition. Hence, comparing the qPCR and
pmoA gene sequencing analyses (Figure 6.4 and 6.3), the general trend in community
dominance and succession was consistent in both analyses.

When the same community was inoculated in different gamma-irradiated soils, com-
parable predominant communities developed, indicating that the initial community com-
position plays a role in shaping the dynamics of the MOB population, but not to an
extent that profoundly affects CH4 uptake. In particular, gammaproteobacterial MOB
affiliated to Methylobacter and RPCs were predominant in the microcosms inoculated
with the upland and paddy soil, respectively, while Type II MOB related to Methylocys-
tis increased in abundance, more pronounced in the UU incubation (Figure 6.3 and
S22). Previously, the potentially active community members when incubated near in-
situ CH4 concentrations in the paddy (∼ 1 % v/v) and upland (30-40 ppmv) soils were
predominantly comprised of Type I and Type II MOB, respectively (Ho et al., 2019b,
2013b). Here, Type I MOB were initially dominant in the microcosms inoculated with
both soils. Considering that the gammaproteobacterial MOB, particularly members
of Type Ia (e.g., Methylobacter, Methylosarcina, Methylomicrobium, Methylomonas),
are thought to be more competitive under high or excess CH4 availability, these MOB
may have been favored during incubation under high (10 % v/v) CH4 concentrations
(Ho et al., 2017a; Krause et al., 2012; Reim et al., 2012 and references therein). How-
ever, consistent in all incubations, Type II MOB presumably comprised of Methylocystis
significantly increased over time, and even dominated the population after 19 days, de-
spite of the prevalence of Type I MOB (Figure 6.4 and 6.3). The emergence of Methy-
locystis during recolonization is not entirely unexpected. Another alphaproteobacterial
MOB (Methylosinus) showed colonization potential in a soil and sediment, increasing in
numerical abundance over time (< 3.5 months incubation; Ho et al., 2011b; Pan et al.,
2014). Likewise, in a synthetic community comprising of aerobic MOB, only alphapro-
teobacterial ones (Methylosinus or Methylocystis) became dominant over time (Schny-
der et al., 2018). The successional trajectory indicates that Type II MOB may become
important for community functioning during late succession when conditions turned
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oligotrophic (e.g., after nutrient, including ammonium depletion; Ho et al., 2017a).
Overall, results support our first supposition, indicating that CH4 oxidation is primarily

governed by the soil physico-chemical properties, provided CH4 is available. The initial
community composition influences the population dynamics of the MOB without having
pronounced effects on CH4 oxidation. Considering accumulating evidence indicating
the relevance of biotic determinants in modulating CH4 oxidation (e.g., Chang et al.,
2018; Ho et al., 2016a; Veraart et al., 2018), we further suggest that while soil edaphic
properties modulate the MOB activity at the pioneering stages of recolonization, biotic
determinants (e.g., MOB community structure, and interaction) may become relevant
in established communities.
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7.1 Recapitulation of Findings

MOB provide an essential ecosystem function, oxidizing CH4, the prominent GHG,
before its release into the atmosphere, being a primary producer in CH4 emitting envi-
ronments providing CH4-derived carbon. Literature has shown that MOB do not live in
seclusion, being dependent on their interactome, a consortium of MOB and non-MOB
organisms, promoting MOB survival and activity (Ho et al., 2014; Krause et al., 2017).
To date, the MOB interactome remains understudied, yet providing such key factors
for soil function. This work explores the MOB interactomes in various CH4-emitting
habitats and the response of the interactome to disturbance using a novel strategy by
combining DNA-SIP with a co-occurrence network analysis. Furthermore, biotic and
abiotic parameters are investigated for their influence on the MOB interactome com-
munity composition.

Summary of Chapter 3 The identification of the MOB interactomes over space and
time revealed distinct MOB interaction partners dependent on the environment shaped
dominantly by abiotic parameters. The time scale analysis provides information on
a MOB ’core’ interactome that is present throughout the incubation period indicating
mutual dependencies, e.g., by continuous local proximity of interacting organisms. In
the case of methylotrophs, which can metabolize methanol and further C1 compounds
excreted by MOB, it is shown that this guild of organisms tends to form clusters with
MOB, creating physical contact and thus, constant local trophic interaction (Kalyuzh-
naya et al., 2013; Krause et al., 2017). Many heterotrophs that are part of the MOB
interactome identified in this study belong to the methylotrophs. Furthermore, preda-
tors and yet unidentified interaction partners were found to be part of the interactome.

Summary of Chapter 4 and Chapter 5 The impact of a mild and severe stressor
(Chapter 4 and Chapter 5, respectively) on the MOB interactome has revealed func-
tional resilience in these systems, independent of the severity of the stressor given
sufficient recovery time. Desiccation / re-wetting was applied to a rice paddy soil, a
common stressor in such systems, as paddy soils get drained during rice harvesting;
while a restored peatland was analyzed for functional and community resilience after
peat mining and approximately 20 years of restoration process. In both systems, MOB
activity has recovered, as well as MOB abundance, indicating the return of both sys-
tems to their undisturbed state. Nevertheless, dependent on the stressor, the structure
of the co-occurrence network changed. While in the mild stressor approach (desicca-
tion / re-wetting), the network increased in complexity, indicating a stronger association
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of fewer organisms, in the severe stressor approach (peatland restoration after peat
mining), the network became less connected and complex, indicating a loss in diver-
sity buffered by functional redundancy. Even though in both systems MOB activity and
abundance recovered, the structure of the interactome was profoundly altered.

Summary of Chapter 6 MOB community development and CH4 oxidation as a soil
function is analyzed for its relation to abiotic and biotic soil parameters. Here, sterilized
paddy and upland soil was reciprocally inoculated with the corresponding unsterilized
soil to determine whether biotic or abiotic parameters shape the developing community
composition and CH4 oxidation. Dependent on the sterilized soil, CH4 uptake rates de-
veloped similarly, while the MOB community composition remained similar to its initial
composition. After the early succession of Type Ia MOB, being usually more competi-
tive, the Type II MOB dominated the community, potentially driven by nutrient limitation
in the later incubation stages. Nevertheless, these results indicate that CH4 oxidation
levels may be regulated by abiotic parameters independent of the initial community
composition.

7.2 Importance of Selected Methane Emitting

Environments

All selected habitats are known CH4 emitting environments (see Subsection 1.5.3; Ta-
ble 3.1; Kaupper et al., 2020a; van Dijk et al., 2021), where MOB act as CH4 biofilters.
Besides the reduction of GHG emissions, these environments provide food or capac-
ities for future energy production. For example, in food production, the world’s nutri-
tional energy supply is mainly covered by rice, wheat, and coarse grains. Especially
in Asia, rice primarily contributes to the total dietary energy (Khush, 2003; Rohman
et al., 2014). During rice cultivation in water-saturated soils, aerenchyma inside the rice
plants transport CH4 from the roots upwards and release it into the atmosphere (Con-
rad, 2009; Holzapfel-Pschorn and Seiler, 1986; Watanabe and Kimura, 1995) while O2

is transported and released into the soil by the roots (Frenzel et al., 1992; Schulze et al.,
2005; van der Gon and Neue, 1996). Consequently, the dissolved O2 can be used as
an electron acceptor for aerobic microorganisms, e.g., MOB, in the rhizosphere (Fren-
zel, 2000; Khalifa et al., 2015; Kögel-Knabner et al., 2010). A maximum of 80 % of
the CH4 is oxidized by MOB in the upper soil layers in rice paddies in some phases
during the rice growing season (Eller et al., 2005; Hanson and Hanson, 1996). In the
whole season, approx. 30 % to 50 % of total CH4 is directly oxidized (Bodelier, 2011a;
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Eller et al., 2005; Krüger and Frenzel, 2003), underpinning the importance of MOB
communities in rice cultivation.

Especially nutrient-rich environments, such as landfills, provide vast amounts of bio-
available carbon, making them significant sources of CH4 / GHG emissions. The reduc-
tion or recycling of the emitted GHG increased the interest in environmental research,
as well as research in bio-gas retrieval or biofilter functions (Ho et al., 2019a and ref-
erences therein). In the upper layers of the landfill or in the landfill cover soil MOB
oxidize minor amounts of the emitted CH4 (∼ 10 %; Bogner et al., 1997) before it is
released into the atmosphere. With respect to the enormous amounts of carbon de-
posited / fermented in landfills, one may expect an enriched community of MOB that is
partially driven by relatively high amounts of emitted CH4. However, MOB only made
up a rather low proportion of the total bacterial community (< 5 %; see Figure S1,
Rohrbach et al., 2022), nevertheless providing easily available carbon for their interac-
tome, e.g., via cross-feeding.

In contrast, peatlands are often nutrient-impoverished environments, containing ap-
prox. a third of the total world soil carbon (Gorham, 1991). They are one of the major
natural GHG sources and sinks in the environment, playing a crucial role in the global
CH4 and GHG budget. In peatlands, carbon is stored in the form of (dead) plant mate-
rial in waterlogged, and thus mainly in anaerobic systems, forming peat material. Most
peatlands, especially ombrotrophic peatlands, are characterized by relatively harsh
conditions, e.g., low pH (∼ 3) and limited amounts of nutrients (NH+

4, NO-
3, PO3-

4 , etc.)
(see Table 5.1, Andersen et al., 2006; Gorham, 1991; Reumer et al., 2018). Bacterial
communities have developed life strategies to survive in such harsh conditions. Mi-
crobial interactions are crucial in such environments as diversity is expected to be low
(Graef et al., 2011), and thus, specific functions may only be carried out by specific
community members.

All habitats contained a natural enrichment of MOB, as indicated by the relatively
high CH4 oxidation capabilities (i.e., low-affinity CH4 oxidation) and MOB abundance
(see Table 3.1 and Figure S1), although possessing various / contrasting soil physico-
chemical properties and community compositions (Table 3.1 and Figure 3.1). Given
our incubation set-up with ∼ 3 % CH4 in the head-space, one may expect an enrich-
ment of gammaproteobacterial MOB (Krause et al., 2012) that assemble new / more
trophic interactions due to the sudden carbon availability. In consequence, MOB may
form similar trophic interactions independent of the soil physico-chemical parameters,
as well making (gammaproteobacterial) MOB a driver for disturbance induced commu-
nity / interactome reconstruction.
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7.3 Resistance and Resilience of the MOB Interactome

One of the most prominent (anthropogenic) disturbances is peat harvesting. When har-
vested and dried, peat material can be used as a combustible (IPCC, 2014), while the
peatlands get partially or fully destroyed. During the last decades, peatland restoration
was performed after harvesting, rebuilding these carbon storage systems, and allowing
microbiomes to re-establish. Previous studies have shown that soil characteristics and
community functions, e.g., methanogenesis or CH4 oxidation, recovered to an extent
during peatland restoration (see Table 5.1, Andersen et al., 2006; Basiliko et al., 2007;
Reumer et al., 2018), but it is still unclear how the bacterial community develops; if re-
covery of soil function also reflects community recovery and how the bacterial commu-
nity might react to further stressors. Here, the MOB activity and abundance may have
recovered given sufficient time; nevertheless, the community composition changed dur-
ing peatland restoration and the network became less complex (see Chapter 5). This
indicates that the whole system has not yet fully recovered to its undisturbed state. The
succession of MOB to withstand stressors or recolonize available niches after organism
die-off (see Chapter 4, 5, and 6) is derived from specific traits of the MOB.

Such recovery in activity can be related to functional redundancy. Functional re-
dundancy describes the ability of microbial taxa to carry out processes at similar rates
compared to other taxa and under the same environmental conditions (Allison and Mar-
tiny, 2008). Thus, the microbial community can compensate for the loss of organisms
with specific functions. Functional redundancy comes into play when organisms of the
microbial community are neither resilient nor resistant to a disturbance. While resis-
tance can be described as the capability of a community to withstand a disturbance
and to remain unchanged, resilience is the return of a microbial community to its pre-
disturbed composition after a disturbance (Allison and Martiny, 2008). To overcome
disturbances, MOB have developed different strategies for survival (Ho et al., 2013a).
While Type Ia MOB are rather resistant, competitive, driven by nutrient availability and
form cysts to survive (e.g., Methylobacter sp., Whittenbury et al., 1970a), Type Ib can
react fast to sudden nutrient availability, being highly resilient after stressor impacts
(see Figure 4.2, Ho et al., 2013a). Additionally, some Type II MOB can also form rest-
ing stages, becoming active under nutrient-limited conditions (see Chapter 4, Ho et al.,
2013a; Krause et al., 2012).

Even though MOB can withstand stressors or quickly re-colonize niches,
heterotrophic / non-MOB organisms are known to influence MOB, both positively or
negatively, as they provide essential nutrients, like vitamins (Iguchi et al., 2011), in-
crease the MOB CH4 oxidation activity (Ho et al., 2014), or manipulate their
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metabolism to make the MOB excrete e.g., methanol for their metabolism (Krause
et al., 2017). Nevertheless, the increase in complexity of the MOB-related heterotrophic
community is shown to be beneficial for the MOB, increasing methane oxidation rates
(Ho et al., 2014). Consequently, the MOB thrive better when accompanied by their
interactome. In this thesis, it is shown that the MOB interactome may even support the
recovery of the MOB after disturbances, contributing to soil function maintenance, e.g.,
CH4 oxidation. Disturbances may influence CH4 oxidation rates in the short term, re-
covering in the long term (see Figure 4.1 and 5.1, Ho et al., 2016c). Additionally, MOB
abundance quickly recovered, reaching levels of pre-disturbance, driven by high sub-
strate and niche availability, potentially even out-competing the undisturbed community
(see Figure 4.3 and 5.1, Ho et al., 2011b, 2016b,c). Furthermore, highly connected in-
teraction networks or modules inside the network consisting of functionally redundant
nodes as well buffer the impact of a stressor on the system, as community function
can be maintained to some extent even though some nodes get depleted (Hooper
et al., 2012). A network consisting of fewer nodes and edges and lower modularity
after disturbance due to, e.g., species loss may be more vulnerable to future distur-
bances, compared to highly connected networks consisting of functionally redundant
organisms, as the stress would be more evenly distributed (as discussed before in Sub-
section 5.5.2). One can only speculate on the impairment of the single disturbance
on the MOB interactome in terms of future disturbances, as no re-occurring stressors
have been applied, as done before (Ho et al., 2016b,c).

Resistance, resilience, and functional redundancy of microorganisms may depict the
stability and recovery of microbial communities in soil systems after a disturbance (Bis-
sett et al., 2013; Bodelier, 2011b). Here, we have shown that besides the recovery of
the soil CH4 oxidation potential and the MOB-associated microorganisms, the networks
mainly portray the impact of the stressor (see Figure 4.5 and 5.4 as well as Table 4.1
and 5.2). It is expected for the rice paddy soil to be less impaired by the rather mild
disturbance of desiccation / re-wetting, as this system is frequently drained for rice
harvesting; thus, the legacy of the system may have supported its resilience (see Fig-
ure 4.3, Ho et al., 2016b,c; Jurburg et al., 2017; Krause et al., 2018). Even though
microorganisms and whole microbiomes may have protection mechanisms to buffer
a stressor impact (Cyst / spore formation, Whittenbury et al., 1970a; cross-protection,
Yurtsev et al., 2016; functional redundancy, Naeem, 1998), the effect on the whole
(trophic) interaction network yet remains poorly studied.

Functional redundancy buffers the impact of a stressor on the trophic interaction
network. Even though functional redundancy may not be necessary for a stable and
continuous system (Loreau, 2004), it may might be of importance under instable con-
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ditions, e.g., sudden or continual change in soil biotic / abiotic parameters or species
loss. Potentially, functional redundancy is driven by the importance of a functional
group in the soil and its diversity, assuring the persistence of the community (Jurburg
and Salles, 2015). For example, in Ho et al. (2020), a loss of CH4 oxidation activity
due to a continuously increasing ammonia stress and, consequently, inhibition of CH4

oxidation may cause a collapse of the whole system as there would be a lack of car-
bon input into the food web via the MOB. Nevertheless, species loss has massively
decreased the complexity of the MOB interactome, the function remained after a lag
phase (Ho et al., 2020). In this thesis, functional redundancy was only investigated
as the recovery of CH4 oxidation activity in a rice paddy soil and peatlands after a
mild and severe stressor impact, respectively, as well as the change / re-establishment
of the community composition (short term in Figure 4.1 and Figure 4.3; long term
in Table 5.1 and Figure 5.2). Species loss also makes niches available for dormant
community members (the seed bank community, Ho et al., 2016b; Lennon and Jones,
2011) that become active, e.g., due to sudden nutrient availability, colonizing available
niches forming new trophic interactions. Furthermore, one may also expect rare taxa
to be important drivers of community dynamics providing multi-function (Chen et al.,
2020; Jousset et al., 2017; Shade et al., 2014; Sogin et al., 2006) to be competitive,
colonizing available niches, supporting the functional redundancy of the system. Be-
sides trophic interactions, non-trophic interactions also enhance the persistence of the
microbial food web (Hammill et al., 2015). In this thesis, the scope is limited to trophic
interactions.

The interactome of an environmental system may maintain soil function up to a cer-
tain strength of the disturbance or loss of essential community members until the soil
function no longer persists (e.g., MOB under NH+

4 stress; Ho et al., 2020). In theory, a
community can always recover from a disturbance until a ’tipping point’ is passed, from
which the community may reach a new alternative ’stable state’ (Beisner et al., 2003;
Griffiths and Philippot, 2013; Veraart et al., 2012). A stable state is a state in which a
system remains and to which it returns after minor disturbance (see Figure 7.1, Beis-
ner et al., 2003; Faust and Raes, 2012). Even though a stable state in an environmental
system and the tipping point at which a system may change dramatically are theoretical
models, they have been tested in experiments contributing to their applicability (Veraart
et al., 2012). In this thesis, both potential outcomes were shown. In Chapter 4, the
full recovery of the soil function (especially methanotrophy) and community structure
reached its pre-disturbed state (see Figure 4.1 and 4.3), while a severe disturbance
may have led the system to pass a tipping point, leading the peatland system to a new
stable state, where soil function in terms of CH4 oxidation activity has been restored
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(see Table 5.1), even though the community composition may still be different (see
Figure 5.2). This change may as well be reflected in the co-occurrence networks. In
the mild disturbance, independent of the loss in nodes, the number of edges increased,
compensating for the organism loss and restoring community function (Figure 7.1). In
contrast, the severe disturbance led to a decrease in nodes, edges and modularity,
that decreased connectivity, and sub-clustering of nodes. Here, the system may have
turned to an alternative stable state, with different biotic and abiotic conditions, but still
maintaining soil functions (Figure 7.1).

Av. clustering coefficient

Av. clustering coefficient

Modularity

Nodes

Edges

Nodes

Edges

Modularity

Severe disturbance

Mild disturbance

Undisturbed Disturbed Stable state transition

Figure 7.1 Conceptual model summarizing the influence of a mild and severe disturbance on the co-
occurrence network (see Chapter 4 and 5). Mild disturbance (top panel) reduced the num-
ber of nodes while the number of edges increased, leading to a total increase in connectivity
as well as average clustering coefficient. Modularity was lower in the disturbed network. The
increased connectivity may have buffered the influence of the disturbance on the commu-
nity, even though the network remains impaired. Nevertheless, the community may have
returned to its stable state, not passing a tipping point (right top panel). Compared to this,
the severe disturbance (bottom panel) lead to a decrease in connectivity, depicted by a de-
crease in nodes and edges, as well as modularity, potentially weakening the system for future
disturbances. Here, the system may have passed a tipping point that lead the system to an
alternative stable state (right bottom panel) still maintaining soil function.

No general rule for the anticipation or reaction of a community to / after disturbance
can be drawn as environmental systems are complex and driven by multiple factors. In
Figure 3.2 it is shown that no common interactome can be identified in the selected
habitats, and Chapters 4 and 5 illustrate the stress response of such systems, re-
acting differently based on the severity of the stress (summarized in Figure 7.1, Ho
et al., 2016b) and also dependent on the legacy of the system (Krause et al., 2018;
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van Kruistum et al., 2018). Here, a mild stressor led to an increase in complexity
and connectivity, while modularity decreased; a severe stressor led to a decrease in
complexity and connectivity, as well as modularity. Taken together, both interaction
networks remained impaired after the disturbance, weakening their stability in terms of
future disturbances. Besides biotic parameters that may shape the community in the
long term (see Chapter 6), abiotic parameters were shown to play a major role in MOB
community development during recolonization.

Edaphic parameters have the main influence on MOB activity and re-colonization
potential shortly after disturbances (see Chapter 6). In a microcosm experiment, the
re-colonization of MOB in sterilized soil highlighted the similar development of the MOB
community dependent on the initially inoculated community with a limited extent to CH4

oxidation (see Figure 6.2 and Figure 6.4). CH4 oxidation activities have developed
independent of the inoculated community, supporting the hypothesis that abiotic, more
than biotic parameters (e.g., initial community composition) shape the MOB activity.

Yet, it is already known that abiotic parameters can shape microbiomes (Fierer, 2017;
Kaupper et al., 2020a; Lauber et al., 2008; Sun et al., 2013; Zheng et al., 2019), e.g.,
during a disturbance, when conditions suddenly change, or during a continuous shift.
Comparing the investigated habitats, total C, total N, and ion concentration (analyzed
via electrical conductivity (EC)) have mainly driven community development (see Fig-
ure 3.1). A release in nutrients, e.g., caused by a disturbance, as shown in Figure S12,
may have contributed to fast MOB recovery due to sudden nutrient availability. Surpris-
ingly, NH+

4 concentration was not a significant variable shaping the microbial communi-
ties in various habitats (Figure 3.1), enhancing or inhibiting methane oxidation depen-
dent on its concentration (Ho et al., 2020; van Dijk et al., 2021). Besides total C and N,
EC had a significant impact on the community development underpinning the influence
of abiotic parameters for community development, even though tested parameters (pH,
NH+

4, NO-
3, and SO2-

4 ) did not influence the community remarkably (see Figure 3.1).
Consequently, disturbances and consequent changes in abiotic parameters can cause
beneficial / detrimental changes in the community composition, either in the short term
(e.g., Figure 4.3, Ho et al., 2016c; van Kruistum et al., 2018) or long-term / permanently
(e.g., Figure 5.2, Ho et al., 2016c; Reumer et al., 2018). As a change in abiotic param-
eters as well influences the development of the active community, future experiments
may include the edaphic parameters in the co-occurrence network analysis, as done
by Mandakovic et al. (2018), potentially identifying edaphic parameters that (re-)shape
the microbiome / interactome in pristine habitats or after disturbance.
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7.4 The MOB Core Interactome

The soil core microbiome is defined by organisms, present in all samples or over longer
periods, potentially providing essential functions within their habitat and maintaining
bacterial community structure during environmental change (Hernandez-Agreda et al.,
2017; Mandakovic et al., 2018; Neu et al., 2021). Expanding this definition, conse-
quently, the microbial ’core interactome’ can be defined as trophic interactions between
the same taxa either found in various environments or over time in the same environ-
ment, maintaining (fundamental) soil function even during / after stressor impact. Such
interactions may be stronger compared to random or weak interactions; thus, organ-
isms are interacting more than by chance, as it can be inferred from the co-occurrence
analysis. Here, the identification was strengthened by the application of DNA-SIP,
reducing spurious correlations in the co-occurrence network (see Table 3.2 and Ta-
ble 3.3). Members of the non-core interactome may hence contribute to soil function in
loose interactions or provide subordinate functions. Together with the remaining active
(non-core) organisms, as well as the seed bank community (Ho et al., 2016b; Lennon
and Jones, 2011), the core organisms form a dynamic soil system. Trophic interaction
partners that may get removed from the system, e.g., due to stressors, may be replaced
by the seed bank community when inactive / dormant cells get active (Ho et al., 2016b;
Krause et al., 2012). As core communities can be present throughout the year and
depth independent (Degenhardt et al., 2020), one may speculate on the persistence of
the trophic interactome of environmental systems. Here, we have shown that a part of
the active community forms continuous trophic interactions over the course of 19 days
(see Figure 3.3). This time frame is insufficient to indicate interactions over the course
of a year. Still, one may expect a continuous core community to form persistent trophic
interactions, e.g., in niche communities that are limited in motility.

Often, co-occurrence networks are used to identify the core microbiome, that is, the
shared nodes between environments or treatments (e.g., Mandakovic et al., 2018). To
date, there is only little literature comparing the edges, thus the shared and unique
interactions between sites or over time (e.g., Mandakovic et al., 2018; Williams et al.,
2014). Both approaches provide insights into the core network / interactome, giving
valuable information on the most important organisms. Still, only the shared edges
(trophic interactions) provide insight into how the trophic network is structured, as done
in Chapter 3. Nevertheless, the identification of the direction of the positive or nega-
tive interactions and, consequently, the model of biological interaction remains chal-
lenging (Pinto et al., 2022). Here, one can only speculate on the mode of interaction
(i.e., positive interactions: Mutualism or commensalism; negative: Competition, para-
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sitism, predation or ammensalism) between interacting taxa. Methylotrophs that were
co-enriched alongside the methanotrophs are assumed to interact positively with MOB
as the MOB (involuntarily) share the methanol (see Figure 3.2; Dumont et al., 2011;
Taubert et al., 2019) while potentially receiving essential nutrients forming a mutualistic
or commensalistic interaction. Surprisingly, predatory organisms were found to posi-
tively and negatively correlate to MOB. Here, the negative mode of interaction is likely
predation, while the positive interaction may be explained by nutrient availability after
cell lysis, from which the MOB may have taken advantage.

In contrast to our hypothesis, the MOB interactomes were distinct in the different
habitats, indicating that not just carbon source availability drives the MOB-dependent
interactome (see Figure 3.2). Ecological niches, predation, and abiotic parameters
may affect the MOB and their interaction partners more than just CH4 availability. Sup-
porting our hypothesis, it is shown in a pristine peatland that the identified interactome
is continuous (see Figure 3.3). One may extrapolate this to all investigated environ-
ments and, thus, only a fraction of the identified interactome may persist over time,
while others are only ephemeral. To determine the MOB core interactome, longer in-
cubations may be of interest to reveal the constantly interacting organisms.

7.5 Limitations and Advantageous of SIP and

Co-occurrence Networks

Throughout the last years, co-occurrence network analysis has been discussed con-
troversially for its use in identifying interactions in ecology (Blanchet et al., 2020; Faust,
2021; Goberna and Verdú, 2022; Guseva et al., 2022; Hirano and Takemoto, 2019;
Pinto et al., 2022; Poudel et al., 2016). Correlations can only infer interactions ’post
hoc ergo propter hoc’ (“After this, therefore because of it”) and do not imply causation.
Co-occurrence network analysis is one of the few tools ecologists have to infer trophic
interactions, yet its meaningfulness may be limited. In this work, a novel strategy for
the identification of interaction partners is applied and tested for the MOB interactome,
combining DNA-SIP to co-occurrence network analysis. DNA-SIP increases the ac-
curacy in identifying active members of the community via the assimilation and incor-
poration of the labeled substrate into the cell biomass. Consequent separation and
sequencing of the labeled DNA from the total nucleic acids reveal the actively growing
community members (Neufeld et al., 2007b). In combination with a co-occurrence net-
work analysis, only active organisms are considered for the correlation, increasing the
meaningfulness of the detected correlations by following a labeled substrate (e.g., 13C-
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CH4) through the food web via cross-feeding, here, identifying the MOB interactome
(see Chapter 3, 4 and 5). Applying SIP before the co-occurrence network analysis
and filtering for significant strong positive / negative correlations decreased the com-
plexity of the network (see Table 3.2), excluding spurious / random correlations, e.g.,
from dormant organisms. Complexity decreased in the co-occurrence networks in al-
most all habitats when only considering the 13C labeled fraction of the community (see
Table 3.2, Table 3.3, and Figure 7.2). A decrease in complexity is depicted by a re-
duced number of nodes and edges. Thus, fewer organisms are part of the network
forming fewer interactions, creating a less complex network. This strategy highlights
the improvement of the network analysis by SIP-pre-filtering for the actively CH4 and
derived secondary metabolite assimilating community.

Network derived from 
13C labeled heavy fraction 

of DNA-SIP approach

Network derived from 
unlabeledC light fraction 
of DNA-SIP approach

Nodes

Edges

Modularity

Av. Clustering coefficient

Figure 7.2 Conceptual model recapitulating the results from the novel strategy applied in this thesis
combining SIP and co-occurrence network construction (see Chapter 3). DNA-SIP reduced
the number of nodes and edges (left network) compared to the unlabeled network (right
network). Independent of this decrease in connectivity, modularity and average clustering
coefficient remained similar comparing labeled and unlabeled networks. DNA-SIP coupled
co-occurrence network analysis may have excluded dormant or inactive members of the com-
munity via labeling of the active and growing community, representing the over-interpretation
of interactions in non-SIP co-occurrence networks.

SIP has shown to be a valid tool to screen environmental systems for active and
growing organisms (e.g., Gupta et al., 2012; He et al., 2012a,b,c; Hetz and Horn, 2021;
Lee et al., 2021; Lueders et al., 2004b) and for their trophic interactomes (Chapter 3,
4 and 5). Nevertheless, it is to mention that the addition of labeled substrate or nutri-
ents in concentrations higher than in nature may select for specific organisms and re-
shapes the community due to sudden carbon availability (Cébron et al., 2007b; Neufeld
et al., 2007a). Here, specifically the MOB, more precisely low-affinity MOB, were tar-
geted using 13C-labeled CH4, as the MOB are a small guild solely capable of CH4
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metabolism. Consequently, the scope of this thesis is limited to the MOB interactome,
not being able to directly relate the findings to the whole soil system. Nevertheless,
this focus strengthens the validation of found interactions, as heterotrophic organisms
that are labeled must have derived 13C-carbon via the MOB, being a strong indicator
of trophic interaction. The finding of a potential trophic interaction still comes with the
difficulty to identify the interaction mechanism (Pinto et al., 2022). Unfortunately, we
can only speculate on some found trophic interactions and their interaction partners,
i.e., a Chthoniobacter species or predators.

A yet unknown interaction mechanism of a Chthoniobacter sp. with various MOB
interaction partners was identified. This interaction was found either continuous with
a Methylomonas sp. in the core interactome or only transient with an organism of the
Methylacidiphilaceae (Figure 3.2 and Figure 3.3). To the knowledge of the author, no
research group has identified the contribution of Chthoniobacter sp. to the MOB inter-
actome, yet members of the Chthoniobacteraceae were identified in various habitats
that are as well colonized by MOB (e.g., peatlands: Dedysh et al., 2021; Graham et al.,
2017; rice fields: Hester et al., 2022; mineral spring caves: Karwautz et al., 2018). The
finding is unexpected as no obvious MOB-associated carbon uptake mechanisms, ei-
ther via metabolites or predation, could be predicted. Nevertheless, carbon transfer of
MOB to Chthoniobacter sp. via digestion of biofilms containing 13C-labeled exopolysac-
charides produced either by MOB (Wei et al., 2015) or heterotrophic organisms (e.g.,
Myxobacteria, Berleman and Kirby, 2009) could be possible.

Further trophic dependencies were shown, with microbial predators being part of the
MOB interactome. Microbial predators (e.g., Bdellovibrio sp. and members of Myxo-
coccales) were mainly identified in the spacial approach, as these organisms are less
found in oligotrophic environments (see Chapter 3). Independent of their relevance
for the microbial food web (Petters et al., 2021), it is unexpected for predatory organ-
isms to be part of the core (MOB) interactome, as these organisms do not have a
high nutritional dependency on specific metabolites (e.g., C1 molecules in MOB and
methylotrophs) or local proximity due to their mobility (Berleman and Kirby, 2009),
even though they can ’hunt’ for specific bacteria releasing nutrients into the system
(e.g., Myxobacteria Berleman and Kirby, 2009; protists, Geisen et al., 2018). The iden-
tification and validation of such interactions still remain troublesome, but also method-
ological issues affect the finding of potential interactions.

In SIP studies, one should always consider the influence of the nucleic acid GC con-
tent, as it affects the banding within the density gradient (e.g., Lee et al., 2022; Neufeld
et al., 2007a). The influence of DNA with high GC content banding in the region of the
heavy 13C-labeled fraction is a known problem in SIP studies (Lueders et al., 2004a).
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This is of great importance for network constructions, as it may increase the number
of interactions due to the banding of high GC-content unlabeled DNA in the 13C heavy
fraction, increasing the number of OTUs. Nevertheless, here (see Chapter 3, 4, and
5), the correlations have been filtered for very strong and significant correlations, de-
creasing the chance of random correlations between OTUs derived from labeled and
heavy GC unlabeled DNA potentially present in the sequencing data. The considera-
tion and subtraction of these unlabeled nucleic acids will remain a challenge for SIP,
as well as SIP-coupled network studies.

In this thesis, 16S rRNA gene Illumina amplicon sequencing data was used for the
correlation to infer interactions from the network (see Chapter 3, 4, and 5). This data
cannot truly reflect the abundance of organisms in the soil due to commonly known bi-
ases produced, e.g., during nucleic acid extraction or amplification during PCR (Eisen-
stein, 2018; Suzuki and Giovannoni, 1996 and references therein). Additionally, the
variability of the abundance and diversity of the 16S rRNA gene per organism (Aci-
nas et al., 2004) plays a tremendous role in the co-occurrence network construction.
Introducing the 16S rRNA gene abundance per organism into the data may change
the abundance of several OTUs, leading to stronger or weaker correlations. In future
work, researchers may include the prokaryotic / eukaryotic rRNA gene abundance and
sequence variability (Kembel et al., 2012; Louca et al., 2018) into the network calcula-
tions, increasing the validity of inferred (trophic) interactions.

Trophic interactions not only occur on MOB-MOB or MOB-heterotrophic bacteria lev-
els, but can be formed between bacteria, archaea, and eukaryotes on different trophic
levels (e.g., Distel and Cavanaugh, 1994; Hernandez-Agreda et al., 2017; Ho and
Bodelier, 2015; Lee et al., 2021; Lueders et al., 2004b; Raghoebarsing et al., 2005;
Sanseverino et al., 2012; Schulz and Boyle, 2006; Yoshida et al., 2014) which were not
taken into account in this thesis. Future experiments may reveal the methanotrophic
interactome regarding the missing or overlooked organisms and unknown paths of car-
bon flow derived from MOB.

Even though we can not confirm our hypothesis that MOB form similar interactomes
in different CH4 emitting habitats, a shown continuity in trophic interactions approved
our hypothesis of persistent trophic interactions within a soil system, potentially form-
ing the core interactome. DNA-SIP coupled co-occurrence network analysis is shown
to provide interactions between taxa, supported by the pre-selection for actively grow-
ing organisms, increasing the credibility of the identified interacting taxa in stressed
systems and when comparing habitats.
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7.6 Limited Information on Pure Culture Interactions

Soil abiotic parameters shape the composition and activity of a microbiome (see Chap-
ter 3 and 6, respectively). Nevertheless, the identification of microbial (trophic) interac-
tion is often tested or validated in pure cultures, and efforts are made to identify / predict
microbial interactions from such incubations (Kehe et al., 2021; Nestor et al., 2022).
Edaphic properties shape the soil bacterial community, and biotic parameters, but it
is challenging or impossible to mimic soil properties in vitro. Nevertheless, inferring
interactions from a mixture of pure cultures remains one of the few tools to identify
interacting organisms. It was shown that interactions in such mixed culture systems
occur (Ho et al., 2014; Kehe et al., 2021) and may reflect potential interactions that
can occur in nature (e.g., MOB-methylotroph, Krause et al., 2017, or MOB-predator,
Murase and Frenzel, 2008), but still cannot mimic abiotic / biotic soil conditions. Inter-
actions identified in soils may be more complex than just simple one-to-one interac-
tions, potentially having dependencies on the presence / absence of further metabo-
lites / organisms. Derived from our network analysis (see Chapter 3, 4, and 5), the
clustering coefficient depicts the number of triangle structures in the network (see Ta-
ble 2.1), referring to more complex interactions than simple one-to-one structures (see
Table 2.1, Billick and Case, 1994; Faust, 2021). Such interactions, as well as neces-
sary metabolites, co-factors, interaction partners, abiotic parameters, etc., are almost
impossible to unravel and recreate. Even though DNA-SIP coupled network analysis or
pure culture work to identify trophic interactions in soils may not be optimal tools, these
methods are incredibly important to provide further insights into the almost unlimited
trophic / non-trophic interactions in microbial food webs.

7.7 Conclusion

To unravel trophic interactions in environmental systems, MOB were used as a model
system. The MOB interactome is known to influence MOB activity, as well as stress
response. In this thesis, the interactome of various CH4-emitting habitats was inves-
tigated using a novel strategy by combining DNA-SIP with co-occurrence networks.
This approach reduced the OTUs introduced into the network to the actively metaboliz-
ing and growing community. The investigated habitats had few overlapping interacting
taxa, indicating site specificity of the MOB interactome. As stressors influence micro-
bial communities regularly, a mild and severe stressor was applied to MOB-associated
communities using the novel DNA-SIP co-occurrence network approach. In both sys-
tems, the soil function (here, methanotrophy) recovered. When a mild stressor was
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applied, the community composition returned to its pre-disturbed state, while in the
severe stressor application, the community composition changed. Nevertheless, after
both stressors, the co-occurrence networks remained impaired, potentially being more
vulnerable to future stressors. Lastly, the determining factors for community composi-
tion during recolonization were determined, highlighting that in the early stages, abiotic
factors may have a greater influence on the developing community than biotic parame-
ters, which changes during the later recolonization phase. Consequently, MOB interac-
tomes are versatile, and community response may be greatly influenced first by abiotic
parameters after a disturbance and later by biotic / community-dependent parameters.
Concluding, we have shown that the development of the MOB community and inter-
actome is dependent on abiotic and biotic parameters depicted by the varying interac-
tomes found in contrasting habitats. Resistance and resilience of the interactome may
be dependent on the severity of the stressor and on the legacy of the system. Con-
sequently, the general hypothesis is disproved, as no general rule for MOB community
and interactome composition and stress response dependent on the habitat can be
drawn here. Future experiments may include further processes present in soil systems
and generate models to predict community responses to disturbances from the given
parameters (e.g., soil physico-chemical parameters, community composition, and co-
occurrence networks).
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Figure 7.3 Graphical model of the microbial community and network complexity development after dis-
turbance. After a mild stressor (small wrecking ball), the microbial community may return
to its undisturbed state, while transiently, the network gets more complex. Contrasting, af-
ter a severe stressor (big wrecking ball), the community composition changes and the co-
occurrence network gets less complex.
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7.8 Summary

MOB provide a fundamental soil function, being the only group of organisms capable
of CH4 oxidation, reducing soil GHG emissions in CH4 emitting environments, or acting
as a CH4 sink. These functions make MOB subject to many investigations of how one
can use MOB against CH4 emissions. MOB do not live in seclusion in environmental
systems, acting as primary producers introducing carbon into the soil food web. The
MOB trophic interactome yet remained understudied even though non-methanotrophic
organisms have significant influence on the MOB.

In this thesis, the MOB interactome is compared in five different CH4-emitting habi-
tats, depicting the site specificity of the MOB interaction partners, potentially driven by
soil physico-chemical parameters. In a temporal approach, a continuity of the trophic
interactions was identified, potentially forming the MOB core interactome. The iden-
tification of the MOB interactome raised the question of how these interactomes be-
have under stress. Two experiments have been performed comparing a mild stressor
(here: desiccation / re-wetting) in rice paddy soil and a severe stressor (here: peat
mining and restoration) in a peatland. In both habitats, CH4 oxidation potential re-
turned to its undisturbed state, indicating a full recovery of the system. In contrast,
the co-occurrence networks, and thus, the MOB interactome indicates a remaining im-
pairment that may have tremendous consequences in terms of reoccurring stressors.
Besides biotic soil parameters, abiotic parameters were identified to drive community
development and composition. Comparing the re-colonization of sterilized soils, it is
shown that abiotic parameters mainly shape the developing community independent of
the inoculated community composition.

Taken together, MOB provide CH4 oxidation as an important soil function, affected
more by abiotic than biotic parameters. The methanotrophic interactome is distinct in
CH4-emitting habitats and remains impaired after stressor application, even though soil
function, e.g., the CH4 oxidation potential, may recover. Even though various methods
have been developed to infer microbial interactions, in the future, methods may validly
identify (trophic) interactions directly in soil systems, shedding light on the microbial
food web.
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7.9 Outlook

The finding of the MMOs raise the industrial interest in MOB. As CH4 is quite inert, the
CH4 molecule needs to be ’activated’ first by the abstraction of the first hydrogen atom,
which requires energy (104 kcal mol-1; Blanksby and Ellison, 2003; Dalton, 2005). Es-
pecially, this transformation makes MOB interesting for chemists, as the reaction of
CH4 to methanol is a high-energy and catalyst-demanding reaction (Yang et al., 2021).
To date, MOB are still of great interest for industrial, chemical, or environmental appli-
cations with regard to their unique metabolism.

MOB provide versatile functions, that are, the oxidation of CH4 at ambient temper-
atures for biofuel production (Gęsicka et al., 2021; Lee et al., 2016) or plastic precur-
sor production (Gęsicka et al., 2021), metal detoxification in soils and bio-remediation
(Pandey et al., 2014) as well as animal feed (Chen et al., 2022, 2021; Yu et al., 2022).
MOB have shown to be robust against stressors in soil, interacting with their abiotic and
biotic surrounding, being a primary carbon producer in CH4 emitting environments. To
understand the full potential that the MOB provide, the MOB have to be investigated
further, e.g., in pure cultures, but especially in soil systems. MOB growth and activity
is improved when co-cultured with non-MOB. Furthermore, this thesis highlighted the
trophic interactions maintained by the MOB in complex communities in environmental
systems. Unfortunately, the scope of this thesis is limited to trophic interactions be-
tween prokaryotes. To extend the findings of this thesis, one may consider including
interactions of the MOB with eukaryotes or viruses.

Yet largely unexplored, viruses contribute massively to biomass cycling (e.g., in lakes
and oceans, up to 50 % of the microbes are lysed each day; Peduzzi and Schiemer,
2004) in aquatic and terrestrial systems. Microbial cell debris after viral lysis provide
a substantial amount of nutrients in the form of proteins, fatty acids, and nucleic acids
to surrounding organisms. Such a release of nutrients may even have a greater effect
in oligotrophic environments where nutrients are limited. Besides viral lysis, predation
causes a similar effect. In this thesis, predatory prokaryotic organisms were identified
(see Chapter 3, 4, and 5), known to graze on MOB. Additionally, eukaryotic predatory
organisms (i.e., protozoa) are known to feed on MOB (Murase and Frenzel, 2007,
2008), which were not taken into account in this thesis. Future experiments may reveal
how viral and predator-related cell lysis affect and restructure the MOB interactome and
potentially provide information on the resistance or resilience of the MOB interactome
also towards its soil function (CH4 oxidation potential).
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Abstract 

Background: Biological interaction affects diverse facets of microbial life by modulating the activity, diversity, 
abundance, and composition of microbial communities. Aerobic methane oxidation is a community function, with 
emergent community traits arising from the interaction of the methane-oxidizers (methanotrophs) and non-metha-
notrophs. Yet little is known of the spatial and temporal organization of these interaction networks in naturally-occur-
ring complex communities. We hypothesized that the assembled bacterial community of the interaction network 
in methane hotspots would converge, driven by high substrate availability that favors specific methanotrophs, and 
in turn influences the recruitment of non-methanotrophs. These environments would also share more co-occurring 
than site-specific taxa.

Results: We applied stable isotope probing (SIP) using 13C-CH4 coupled to a co-occurrence network analysis to 
probe trophic interactions in widespread methane-emitting environments, and over time. Network analysis revealed 
predominantly unique co-occurring taxa from different environments, indicating distinctly co-evolved communi-
ties more strongly influenced by other parameters than high methane availability. Also, results showed a narrower 
network topology range over time than between environments. Co-occurrence pattern points to Chthoniobacter as 
a relevant yet-unrecognized interacting partner particularly of the gammaproteobacterial methanotrophs, deserving 
future attention. In almost all instances, the networks derived from the 13C-CH4 incubation exhibited a less connected 
and complex topology than the networks derived from the unlabelledC-CH4 incubations, likely attributable to the exclu-
sion of the inactive microbial population and spurious connections; DNA-based networks (without SIP) may thus 
overestimate the methane-dependent network complexity.

Conclusion: We demonstrated that site-specific environmental parameters more strongly shaped the co-occurrence 
of bacterial taxa than substrate availability. Given that members of the interactome without the capacity to oxidize 
methane can exert interaction-induced effects on community function, understanding the co-occurrence pattern 
of the methane-driven interaction network is key to elucidating community function, which goes beyond relating 
activity to community composition, abundances, and diversity. More generally, we provide a methodological strategy 
that substantiates the ecological linkages between potentially interacting microorganisms with broad applications to 
elucidate the role of microbial interaction in community function.

Keywords: Stable-isotope probing, Microbial interaction, Aerobic methanotrophs, Freshwater methanotrophs, 
Methane bio-filter
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Background
Microbial interactions are widespread, leading to a 
plethora of interdependent relationships with stimula-
tory and inhibitory effects on community function [1–4]. 

Open Access

Environmental Microbiome

*Correspondence:  horn@ifmb.uni-hannover.de; adrian.ho@ifmb.uni-
hannover.de
1 Institute for Microbiology, Leibniz Universität Hannover, Herrenhäuser 
Str. 2, 30419 Hannover, Germany
Full list of author information is available at the end of the article

Appendix

155



Page 2 of 17Kaupper et al. Environmental Microbiome           (2022) 17:15 

It is becoming evident that aerobic methane oxidation is 
a community function, whereby microorganisms lack-
ing the enzymatic repertoire to oxidize methane are also 
relevant. These microorganisms (non-methanotrophs) 
play a significant role, stimulating methanotrophic activ-
ity and growth, and increasing methanotroph–mediated 
micropollutant degradation [2, 5, 6]. Interestingly, the 
accompanying non-methanotrophs have also been impli-
cated in the resilience of methanotrophic activity during 
recovery from disturbances [7–9]. Emergent properties 
may thus arise from the interaction of the methanotrophs 
and non-methanotrophs, both constituting the “metha-
notroph interactome” defined here as the consortium of 
co-occurring microorganisms that can be tracked via the 
flow of 13C-CH4 from the methanotrophs (primary con-
sumers) to other microorganisms in the soil food web [9, 
10].

Microbial interactions in complex communities, 
including the methanotroph interactome, have been 
explored using a co-occurrence network analysis based 
on specific genes (e.g., 16S rRNA, 18S rRNA genes) 
amplified from isolated nucleic acids (DNA, RNA) 
[11–17]. Microbial taxa that are positively correlated in 
the network analysis can be interpreted as having com-
plementary roles, sharing the same habitat niche, or are 
driven by cross-feeding [1, 3, 11, 13, 18], whereas nega-
tive correlations are attributable to competing taxa, pre-
dation, or niche partitioning [4, 19–21]. The aerobic 
methanotrophs thrive in the presence of other organ-
isms, forming (mutually) beneficial associations (e.g., 
receiving essential vitamins; [22]), as well as adverse 
relationships (e.g., selective predation by protists; [23]) 
with their biotic environment. These interactions can be 
species-specific [5, 22, 24], underscoring the relevance of 
the physiology, and ecological traits inherent to diverse 
methanotrophs in selecting for interacting partners, 
influencing the membership of the methanotroph inter-
actome. Accordingly, the aerobic methanotrophs belong 
to Gamma- / Alpha-proteobacteria and Verrucomicro-
bia, with the active verrucomicrobial methanotrophs 
typically detected in acidic and geothermal environments 
(e.g., peatlands, volcanic and geothermal soils; [8, 25, 
26]). These methanotrophs can be distinguished based 
on their physiology, including C-assimilation pathway 
and substrate utilization (e.g., facultative methanotrophy) 
and PLFA profile, among other distinct ecological char-
acteristics [27–31]. In terrestrial ecosystems, the aerobic 
methanotrophs play a crucial role as a methane-biofilter 
at oxic-anoxic interfaces where they consume a large 
portion of methane produced before being emitted into 
the atmosphere [32], in addition to being a methane 
sink in well-aerated soils [33–35]. Besides the metha-
notrophs and interaction with methylotrophs [36, 37], 

very little is known of the organization (over space and 
time), and other constituents of the methanotroph inter-
actome despite their relevance in modulating community 
function.

Here, we elaborate on the methane-driven interac-
tion network in naturally-occurring complex commu-
nities from widespread methane hotspots (pristine/
restored ombrotrophic peatlands, and paddy, riparian, 
and landfill cover soils). Considering that a high sub-
strate (methane) availability favors gammaproteobacte-
rial methanotrophs (e.g., Methylobacter, Methylosarcina; 
[32, 38, 39]), in turn influence the recruitment of the 
non-methanotrophs, we hypothesize that members of 
the methanotroph interactome from these environments 
would converge, having more shared than site-specific 
co-occurring taxa. To address our hypothesis, we applied 
stable isotope probing (SIP) using 13C-CH4 coupled to a 
co-occurrence network analysis of the 13C-enriched 16S 
rRNA gene, which not only enabled direct association 
of methanotrophic activity to the network structure, but 
also provided a tangible link between the co-occurring 
taxa involved in the trophic interaction. This is in con-
trast to previous work deriving the networks from iso-
lated nucleic acids (DNA and RNA), where relationships 
between taxa were inferred rather than demonstrated. 
Capitalizing on the SIP-network analysis, we determined 
different scales of organization, that is, consistency of 
co-occurring taxa that were nested among the metaboli-
cally active sub-population between environments (spa-
tial scale), and over time (temporal scale) in the pristine 
peatland to assess the stability of the network structure 
during the incubation. Furthermore, comparing the unla-

belledC- and 13C-based networks, we postulate that the 
networks derived from the DNA isolated from the soils 
(i.e., unlabelledC-CH4 incubation, without SIP) would be 
relatively more complex because of the inclusion of the 
metabolically inactive community members, non-trophic 
interactions, and weak or spurious correlations. Hence, 
we examined the applicability of our methodological 
approach, while shedding light on the spatial and tempo-
ral organization of the methanotroph interactome.

Results and discussion
Aerobic methanotrophy, and environmental variables 
influencing the metabolically active bacterial community 
composition
Methanotrophic activity was detected in all environ-
ments and was within the range expected for low-
affinity methane oxidation typical in methane hotspots 
(Table  1; [40, 41]). In these environments, the metha-
notrophs serve as a methane-biofilter, consuming high 
concentrations of methane generated in the anoxic soil 
layers before releasing into the atmosphere [32, 39, 42]. 
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Although low-affinity methanotrophs were detected, 
some of these methanotrophs may also consume meth-
ane at (circum-)atmospheric levels, doubling as a meth-
ane sink under low methane availability [34, 43, 44]. The 
methanotrophic activity was corroborated by the signifi-
cant increase (p < 0.05) in the pmoA gene abundance and/
or the pmoA:16S rRNA gene abundance ratio (%) dur-
ing the incubation (Table 1, Additional file 11: Table S1, 
Additional file  2: Figure S1), indicating methanotrophic 
growth.

Importantly, assimilation of methane-derived 13C 
into the methanotrophs was evidenced by the detection 
of the 13C-DNA following density gradient fractiona-
tion in the SIP approach, which showed well-separated 
unlabelledC- (“light”) and 13C-DNA (“heavy”) fractions 
(Additional file  3: Figures  S2 & Additional file  4: Figure 
S3). The microorganisms derived from the 13C-enriched 
16S rRNA gene thus represent the metabolically active, 
13C-methane derived consuming, and replicating com-
munity members. Despite the relatively low proportion 
of methanotrophs (Additional file  2: Figures  S1, Addi-
tional file 5: Figure S4 & Additional file 6: Figure S5), the 
bacterial community composition, as determined from 
the amplicon sequence analysis of the 16S rRNA gene in 
the “light” and “heavy” fractions were discernible, clearly 
separated along the axes in the Principal Component 
Analysis (PCA, Additional file 7: Figure S6 & Additional 
file  8: Figure S7), supporting the density gradient frac-
tionation. However, with a relatively lower proportion 
of methanotrophs in the riparian soil (Additional file  2: 
Figure S1), differences in the “light” and “heavy” fractions 
were no longer reflected in the total bacterial population 
(i.e., at the 16S rRNA gene level; Additional file 7: Figure 
S6). Generally, the SIP approach not only confirmed the 
assimilation of 13C-methane by the methanotrophs, but 
also captured the subsequent dispersal of the 13C into the 
methane-driven soil food web.

Compositional changes during the incubation may 
reflect on the temporal dynamics of the bacterial, includ-
ing the methanotrophic community (e.g., [45–47]). 
Nevertheless, with the exception of the peat, the meta-
bolically active, that is, 13C assimilating and replicating 
bacterial community composition after the incubation 
was representative of the community in the starting 
material (Additional file 5: Figure S4). The metabolically 
active bacterial community composition was distinct 
in the ombrotrophic peatlands, as revealed in a redun-
dancy analysis (RDA; Fig.  1). The RDA integrates the 
abiotic parameters in Table  1 to the 13C-labelled bacte-
rial community composition in all environments. The 
bacterial composition in the riparian, landfill cover, and 
paddy soils were more similar clustering closely together, 
and could be separated from the community in the 

ombrotrophic peatlands along RDA axis 1; > 53% of the 
variation of the bacterial community composition could 
be explained by RDA 1 and RDA 2 (Fig. 1). The bacterial 
community composition can be profoundly influenced by 
the soil physico-chemical parameters including substrate 
availability and land use, with the latter potentially hav-
ing a stronger impact on the compositional differences 
among the methanotrophs [9, 31, 48, 49]. Among the 
environmental parameters, total C and N, and electrical 
conductivity (EC) indicative of soil salinity, significantly 
(p < 0.05) affected the active bacterial community (Fig. 1). 
While EC favours the community in the riparian, land-
fill cover, and paddy soils, total C and N strongly affected 
the community particularly in the restored ombrotrophic 
peatland. This is not entirely unexpected as ombro-
trophic peatlands are nutrient-impoverished environ-
ments, where the peat-inhabiting microorganisms would 
more strongly respond to C and N than in the other rela-
tively nutrient-rich environments (Table  1; [50]). In the 
other environments, it is noteworthy that despite the 
different ecosystems represented, that is, freshwater wet-
lands (paddy and riparian soil) and well-aerated landfill 
cover soil, the active bacterial community composition 
was more similar, possibly forming interaction networks 
comprising of shared community members.

-1.0 1.0
-1.0

1.0

CH4uptake

pH
*EC

NH4
+

NO3
-

SO4
2-

*Total C

*Total N

pmoA

Paddy soil

Landfill cover soil

Pris�ne peatlands

Restored peatlands

Riparian soil

PERMANOVA 
F = 7.557 

P = 0.0001 

RDA1 (33.8%)

R
D

A
2 

(1
9.

6%
)

0

0

rate

Fig. 1 Redundancy analysis (RDA) showing compositional 
differences of the metabolically active bacterial community 
(13C-enriched 16S rRNA gene diversity) from widespread methane 
hotspots, and the variables (inorganic N, sulphate, pH, EC, total N and 
C, methane uptake rates, and pmoA gene abundance) affecting the 
community as constraints. Significant (p < 0.01) variables affecting 
the community composition are emboldened (EC, total C and 
N). Abbreviations: EC, electrical conductivity; pmoA, pmoA gene 
abundance as proxy for methanotroph abundance
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The methanotrophic interactome over space and time
The interaction among members of the methane-driven 
food web was explored using a co-occurrence net-
work analysis derived from the 13C-enriched 16S rRNA 
genes. A comparison of the networks from the differ-
ent environments revealed that the 13C-labelled ripar-
ian soil community was relatively more connected and 
complex, as indicated by the higher number of interact-
ing community members (nodes), number of connec-
tions (edges), and number of connections per node or 
node connectivity (average degree), but was less modu-
lar, having fewer compartmentalized groups of interac-
tion within the network than the other environments 
(Table  2, Additional file  9: Figure S8; [13, 51, 52]). In 
contrast, the restored peatland harboured the least 
connected and complex interaction network (Table 2). 
Presumably, increased co-occurrence is fueled by a 
higher metabolic exchange and/or competition among 
members of the methanotrophic interactome in the 
riparian soil [18, 53].

Because temporal community patterns may lead to the 
elimination of highly connected taxa [54] which affects 
the network complexity [13], the interaction network in 
the pristine peatland was additionally determined after 
8, 13, and 19  days incubation to monitor the changes 
of the network topology over time (Table  3, Additional 
file  10: Figure S9). Besides being a source of methane-
derived organic C, methanotrophs also drive the N-cycle 
by fixing  N2 to assimilable N forms, and hence, are a key 
microbial group linking C and N cycling in ombrotrophic 
peatlands [55, 56]. The connectedness and complexity of 
the 13C-enriched 16S rRNA gene-derived interaction net-
work, as deduced from the number of nodes, edges, and 
degree, fluctuated within a relatively narrow range over 
time when compared to the differences in the network 
topology between environments (Tables  2, 3). However, 
modularity decreased from day 8 to 13, and remained 
relatively unchanged thereafter, indicating a reduced 
number of independently connected groups of nodes or 
compartments within the network over time [51]. Ini-
tially, compartments that are formed centered around 
the methanotrophs before 13C dispersal to other com-
munity members at higher trophic levels. With continu-
ous methane availability during the incubation, it is not 
unreasonable to assume that the methane-derived 13C 
would be more evenly and widely dispersed in the metha-
notrophic interactome, becoming less modular over time 
[9]. Such temporal changes in the network topology are 
anticipated given that the soil is a dynamic environment. 
Nevertheless, it appears that some network topological 
features (e.g., degree, number of nodes and edges) were 
relatively more consistent that others (e.g., modularity) 
over time.

Insights into intra‑methanotroph and methanotroph/
non‑methanotroph interaction within the methanotrophic 
interactome
The co-occurring methanotroph/methanotroph (intra-
methanotroph) and methanotroph/non-methanotroph 
interactions were further explored to determine whether 
co-occurring taxa are conserved across different environ-
ments, and to identify non-methanotrophs as interacting 
partners of the methanotrophs. The non-methanotrophs 
and methanotrophs that co-occur are anticipated to 
form close associations, forming tight-knit clusters that 
are centered around the methanotrophs [10, 15]. On the 
other hand, linkages between non-methanotrophs that 
occurred at higher proportion (Tables  2, 3) represent 
heterotrophic microorganisms that assimilated the 13C at 
higher trophic levels. The co-occurring methanotroph/
methanotroph and methanotroph/non-methanotroph 
taxa exhibited site specificity, with the majority of the 
co-occurring microorganisms unique to an environ-
ment (Fig.  2). Differing from our hypothesis, this sug-
gests that microbial communities distinctly co-evolved 
in the different environments, and other factors besides 
high methane availability drives the co-occurrence of 
these microorganisms. Interestingly, more shared co-
occurring taxa from the pristine and restored peatlands 
(acidic freshwater ecosystem), as well as in the riparian 
and paddy soil (circum-neutral freshwater ecosystems) 
were detected (Fig.  2), suggesting some commonalities 
in the environmental selection of these co-occurring 
microorganisms.

Communal metabolism drives the interaction network 
of the 13C-enriched members of the methanotrophic 
interactome [8–10, 36, 57]. Although the incorporation 
of 13C derived from dead microbial biomass can not be 
completely excluded, this would have been minimized 
with a metabolically active and growing methane-oxi-
dizing population. Also, methane-derived 13C-CO2 may 
be incorporated by chemoautotrophs in the commu-
nity, but the majority of the co-occurring genus/species 
were heterotrophs. Here, we focused on the shared taxa 
from the different environments which represent the 
more universal co-occurring members of the interac-
tion network (Fig.  2). Expectedly, many methanotrophs 
(e.g., Methylobacter, Methylomonas, Methylomicrobium, 
Methylosarcina, Methylocystis, and members of Methy-
loacidiphilaceae) co-occur, sharing similar niche in 
diverse environments. Among other co-occurring taxa 
common to many environments, non-methanotrophic 
methylotrophs (e.g., Methylotenera, Hyphomicrobium, 
and members of Methylophilaceae) were significantly co-
enriched alongside methanotrophs (Fig. 2; [8, 9, 57–59]). 
Indeed, cross-feeding drives their co-occurrence via pas-
sive release of methanol by the methanotrophs. Also, the 
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non-methanotrophic methylotrophs have been demon-
strated to induce the release of methanol as a C source 
for growth by modifying the expression of the methanol 
dehydrogenase in methanotrophs [36], in addition to 
utilizing other methane-derived one C compounds (e.g., 
formaldehyde, formate). Considering that some members 
of Myxococcales (e.g., Haliangiaceae; [60]) are recognized 
microbial predators shown to exert a regulatory effect in 
bacterial communities [61–63], their significant positive 
and negative correlations in the restored peatland and 
riparian soil suggest selective predation on the methano-
trophs, as shown before in freshwater environments [64]. 
The apparently contrasting correlations may be explained 
by the predator–prey relationship, where predator and 
prey alternately fluctuate over time. Thus, correlations 
of Myxococcales with the methanotrophs may vary from 
positive (e.g., during nutrient availability derived from 
lysed cells after predation) to negative (e.g., during preda-
tion on methanotrophs) through time. Overall, although 
co-occurrence patterns may differ across environments, 
few relationships were persistent reflecting on the biolog-
ical interactions that were independent of the environ-
mental conditions. Besides predation and methylotrophic 
interaction, other interacting members of the methano-
troph interactome remain elusive.

Of interest, Chthoniobacter appears to be closely 
associated with the methanotrophs in diverse environ-
ments (peatlands, paddy, and riparian soils), and was 
overwhelmingly (the only exception occurred at days 
8–13 interval in the pristine peatland; Fig.  3) positively 

correlated to the gammaproteobacterial methanotrophs 
(Methylobacter, Methylomicrobium, Methylomonas, and 
other “Methylomonaceae”); Chthoniobacter positively 
and negatively correlated to the alphaproteobacterial 
methanotroph Methylocystis, depending on the envi-
ronment (Fig.  2, Additional file  12: Table  S2). Unlike 
the methylotrophs, a cultured representative of Chtho-
niobacter (C. flavus) is a soil-inhabiting heterotroph 
that cannot utilize products of methane oxidation (i.e., 
methanol, formate) nor other organic acids (except pyru-
vate) and amino acids for growth [65]. This suggests that 
leaked pyruvate and/or sugars derived from the ribulose 
monophosphate (RuMP) pathway during C-assimilation 
specifically in gammaproteobacterial methanotrophs 
may shape the cross-feeding between Chthoniobac-
ter and the methanotrophs. Another co-enriched non-
methanotroph taxon belonged to Haliangium, detected 
only in the paddy and riparian soils (Fig.  2, Additional 
file  12: Table  S2). Cultured representatives of Halian-
gium (group Myxobacteria) seemingly inhabit and show 
a preference for mineral soils [60], corroborating with 
their absence in the pristine and restored peatlands 
(Figs.  2 and 3). However, the co-occurrence network 
analysis revealed statistical relationships; the biologi-
cal interdependencies or causative mechanisms driving 
the inferred interaction requires further investigation, 
facilitated by co-culture studies [36, 66]. Also notewor-
thy is that a taxon may simultaneously be positively and 
negatively correlated to the same methanotroph (e.g., 
Ca. Solibacter, Pajaroellobacter, Occallatibacter; Fig.  2). 

Table 3 Correlations and topological properties of the co-occurrence network analysis from the pristine peatland over time. The 
networks are given in the Additional file 10: Figure S9

Description of the network properties are as given in Table 2

Met/Met correlation within methanotrophs, Met/non-Met correlation between methanotrophs and non-methanotrophs, Non-met/non-Met correlation between non-
methanotrphs

Network properties 8 days 13 days 19 days

13C UnlabelledC 13C UnlabelledC 13C UnlabelledC

Number of  nodesa 297 608 347 628 205 578

Number of  edgesb 1265 4651 1758 3845 687 4117

Positive  edgesc 724 (57%) 2970 (64%) 1056 (60%) 2646 (69%) 418 (61%) 2561 (62%)

Negative  edgesd 541 (43%) 1681 (36%) 702 (40%) 1199 (31%) 269 (39%) 1556 (38%)

Met/Met 4 (0.3%) 4 (0.1%) 5 (0.3%) 3 (0.1%) 8 (1.2%) 1 (0.02%)

Met/non-Met 130 (10.2%) 231 (5%) 185 (10.5%) 230 (6%) 135 (19.6%) 138 (3.3%)

Non-Met/non-Met 1131 (89.5%) 4416 (94.9%) 1568 (89.2%) 3612 (93.9%) 544 (79.2%) 3978 (96.6%)

Modularitye 3.317 1.752 2.440 1.445 2.478 2.150

Number of  communitiesf 34 66 37 79 35 44

Network  diameterg 14 14 11 10 17 12

Average path  lengthh 5.233 4.243 4.463 4.441 5.038 4.181

Average  degreei 8.519 15.29 10.13 12.24 6.702 14.24

Av. clustering  coefficientj 0.421 0.404 0.415 0.399 0.430 0.374
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WD260.
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Occallatibacter, Ca. Solibacter.

Methylomonas - 

Methylocystis -                          

(Beijerinckiaceae) -                       

Oligoflexales  
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WPS-2, Beijerinckiaceae, Acidimicrobiia, 
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Saccharimonadales, 
Chthoniobacter.
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Methylomonas.
Myxococcales, Bryobacter,
Pajaroellobacter.

Methylomonas - Chthoniobacter.

(Beijerinckiaceae) -                       
Chthoniobacter.
Pajaroellobacter.

Methylomonas - 
Burkholderiaceae,
Pedosphaeraceae.

Methylocystis -                          Chthoniobacter.

Paddy soil
Methylomonas - Bdellovibrio.

Methylobacter -                       
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Intrasporangiaceae
Microscillaceae.
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24

7

3

4

1

6

1

  Riparian
  soil
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peatlands Pristine
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Methylobacter - 

Methylobacter - Methylophilaceae,
Methylotenera.

Methylomicrobium -  Methylotenera.

Rhizobiaceae,
Anaerolinea.

Anaerolinea.
`Methylomonaceae`- Methylotenera.

`Methylomonaceae` -                       

Bradyrhizobium, SC-I-84.

Methylocystis -                          Methylophilaceae, Hyphomicrobium,
Methylocystis.

Methylobacter - Chthoniobacter, Hyphomicrobium,
Methylocystis, `Methylomonaceae`.
.

Chthoniobacter, Hyphomicrobium,
Methylocystis, Haliangium.
.

Methylomicrobium - 

Methylomonas - Methylophilaceae.

Methylosarcina - Methylophilaceae, `Methylomonaceae`. 

Polyangiaceae, Gemmatimonadaceae, 
Methylophilaceae, `Methylomonaceae`,
Chthoniobacter, Hyphomicrobium,
Methylocystis, Haliangium.

Fig. 2 Venn diagram showing shared co-occurring taxa in all environments. Methanotrophs are emboldened. Taxa in blue and red denote 
significant positive and negative correlations, respectively. Beijerinkiaceae is given in brackets as many methanotrophs, along with other 
methylotrophs belong to this family, but remain ambiguous at the resolvable taxonomic affiliation; hence Beijerinkiaceae are potentially 
methanotrophs. Bacterial affiliations are identified to the highest taxonomic resolution (genus/species) whenever possible. The unique co-occurring 
taxa specific to each environment and classified OTUs are given in the Additional file 12: Table S2
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Obscuribacterales, Armatimonadales,
Tepidisphaerales, Occallatibacter, 
Chthoniobacter.
Saccharimonadales, Pedosphaeraceae, 
Acidimicrobiia, Oligoflexales.

Methylomonas - Opitutaceae, Obscuribacterales, 
Armatimonadales, Acidobacteriaceae, 
Sphingobacteriales, Bdellovibrio. 
Acidimicrobiia, Pedosphaeraceae, 
Chthoniobacter.

Methylomonas - Methylacidiphilaceae, Pajaroellobacter, 
Ca. Solibacter, .  Chthoniobacter
Pedosphaeraceae, Anaeromyxobacter,
Occallatibacter, Ca. Koribacter.

Methylacidiphilaceae -      Acidobacteriales, Methylacidiphilaceae.

(Beijerinckiaceae) -    

Singulisphaera, Occallatibacter, 
Ca. Solibacter.

Pedosphaeraceae, Occallatibacter,
Chthoniobacter. 
Acetobacteraceae, Pedosphaeraceae 
Ca. Solibacter, Methylomonas.

Chitinophagaceae, 
Acidimicrobiia, WD260.    

Methylomonas - Gammaproteobacteria, 
Pedosphaeraceae, Tepidisphaerales, 
Elsterales, WD260, Granulicella.
Mycobacterium, Ca. Solibacter, 
Neochlamydia.

Methylacidiphilaceae -      Pajaroellobacter. 
Mycobacterium, Babeliales.

Methylomonas - Acidobacteriales, Roseiarcus.
Solirubrobacteraceae.

Methylacidiphilaceae -      Phycisphaeraceae, Rhodospirillales,
Pedosphaeraceae, Ca. Solibacter.
Solirubrobacteraceae, Micropepsaceae.

(Beijerinckiaceae) -    Acidimicrobiia.
Occallatibacter. 

Fig. 3 Venn diagram showing shared co-occurring taxa over time in the pristine peatland. The taxa that co-occurred at all time intervals were 
regarded as the “core” community members. Methanotrophs are emboldened. Taxa in blue and red denote significant positive and negative 
correlation, respectively. Like Fig. 2, Beijerinkiaceae is given in brackets. Bacterial affiliations are identified to the highest taxonomic resolution 
(genus/species) whenever possible. The unique co-occurring taxa at each time interval, and shared co-occurring taxa at two time intervals, along 
with the classified OTUs are given in the Additional file 13: Table S3
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Admittedly, our sequencing analysis suffers from the lack 
of finer taxonomic resolution. This could partly explain 
the seemingly contradictory correlations, which may also 
stem from the inherently different ecological traits pos-
sessed by members of the same genus or even strain and/
or that the same microorganism may have evolved to play 
distinct roles in different environments [67, 68]. Hence, 
further exploration of the inherent microbial traits driv-
ing the co-occurrence of the methanotrophs and specific 
non-methanotrophs warrants attention.

Additionally, we monitored shifts in the co-occurring 
taxa over time (8, 13, and 19 days intervals) in the pris-
tine peatland to determine the persistent non-methano-
trophic interacting partners (Fig.  3, Additional file  13: 
Table S3). Unique co-occurring taxa emerged at different 
time intervals, with some co-occurring microorganisms 
overlapping between time intervals. The 20 co-occurring 
taxa that were consistently present at all time intervals 
were regarded as the core community members. The 
core community was thus likely to comprise microorgan-
isms that were in close and stable interaction with the 
methanotrophs. Likewise, Chthoniobacter was consist-
ently positively correlated to the gammaproteobacterial 
methanotrophs in the core community. Generally, our 
analysis revealed some consistency in the co-occurring 
patterns of the interaction network over space and time, 
paving the way for future detailed studies to elucidate the 
underlying mechanisms and metabolites driving the co-
occurrence of specific taxa.

Comparison of the interaction networks derived 
from the total (unlabelledC‑DNA) and metabolically active 
(13C‑DNA) microbial communities
Network analyses are commonly derived from nucleic 
acids isolated from the environment. Depending on 
the sampling strategy, the environmental samples are 
often collected apart and composited prior to nucleic 
acid extraction. Considering that microorganisms are 
largely restricted in their movements and particularly 
for the methanotrophs, strongly adhere to soil particles 
[69, 70], the interactions between microorganisms in 
these networks are thus inferred. Also, the complexity 
of these networks may have been overestimated given 
that the inferred interaction includes a large fraction of 
soil micoorganisms that may not be metabolically active 
[71, 72]. Here, we addressed these limitations by cou-
pling 13C-CH4 SIP to a co-occurrence network analysis 
which provides a strong link, tracking trophic interac-
tions of microorganisms involved in the flow of the 13C 
in the methane-based food web. Although a relatively 
more complex interaction topology is intuitively antici-
pated in networks derived from the total community 

(unlabelledC-DNA), this assumption has yet to be empiri-
cally validated. Indeed, the network structure derived 
from the 16S rRNA gene sequences, representing the 
total community exhibited higher connectivity and com-
plexity, as indicated by the higher number of nodes, 
edges, and degree when compared to the network of 
the active community (i.e., 13C-enriched 16S rRNA gene 
sequences; Tables 2, 3). This was documented in all envi-
ronments and over time in the pristine peat, except for 
the riparian soil where the network derived from the 
13C-enriched 16S rRNA gene sequences was comparably 
more connected and complex. Hence, results largely sup-
port our postulation that the coupling of SIP to network 
analysis can be applied to exclude or reduce spurious 
connections in the networks.

The unexpected trend in the riparian soil may have 
been caused by methodological artifacts, namely cross-
contamination of the ‘light’ (unlabelledC-DNA) and ‘heavy’ 
(13C-DNA) fractions, but the densities of these fractions 
were well-separated (Additional file 3: Figure S2). Nota-
bly, the riparian soil harboured a higher number of nodes 
derived from the 13C-enriched 16S rRNA gene (Table 2) 
compared to the total community (unlabelledC-DNA), 
as well as in other environments. This is indicative of a 
higher number of interacting microorganisms within the 
methanotrophic interactome in the riparian soil, which 
in turn, may foster higher metabolic exchange, contribut-
ing to the complexity of the methane-driven interaction 
network [3, 18, 73]. Whether this is the rule for networks 
harbouring highly diverse nodes or an exception for the 
riparian soil, needs further confirmation. Regardless, we 
demonstrate that our approach (SIP-network analysis) is 
an effective tool to probe trophic interactions in complex 
communities approximating in-situ conditions.

Conclusion
Given that biological interactions modulate different 
aspects of microbial life in the environment, shaping the 
activity, biodiversity, community composition, abun-
dance, and stability of microbial communities [8, 9, 13, 
73, 74], elucidating the interaction of assembled com-
munities within the methane-driven network is key to 
determining their response to environmental cues. While 
numerous studies utilized artificially assembled commu-
nities, we explored microbial interactions in naturally-
occurring complex communities aided by SIP coupled to 
a co-occurrence network analysis to target the methano-
troph interactome. Although co-occurring taxa were pre-
dominantly site-specific, it appears that some biological 
interactions (e.g., cross-feeding within methylotrophs) 
were independent of the environment. Results also indi-
cate a relatively stable interaction network in the short-
term, comparing networks between all environments 
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and within the pristine peatland, with the emergence of 
a persistent core methanotroph interactome over time. 
More generally, we provide a methodological strategy to 
improve the network analysis derived from environmen-
tal samples by introducing SIP with labelled substrates 
to strengthen and substantiate the biological linkages 
between the potentially interacting microorganisms.

Materials and methods
Chemicals and reagents
Reagents (analytical and molecular biology grade) used 
were obtained from Carl Roth GmbH (Karlsruhe, Ger-
many), VWR International (Hannover, Germany), and 
Merck (Bielefeld, Germany) unless explicitly stated oth-
erwise. Gases (13C- and unlabelledC-CH4) were ordered 
from Linde plc (Pullach, Germany). For ultracentrifuga-
tion, tubes, rotors, and ultra-centrifuge were sourced 
from Beckman Coulter (CA, USA). Further details on 
kits and reagents are given in the corresponding sections.

Soil microcosm incubation, and soil physico‑chemical 
characterization
The soils were sampled from methane-emitting environ-
ments, including a landfill cover, pristine ombrotrophic 
peatlands, and riparian soil (Table  1). Additionally, 
results from previous incubations with a rice paddy soil 
and ombrotrophic peatlands, were also re-analysed and 
included in this study [8, 9]. These environments are 
anticipated to harbor aerobic low-affinity methane-oxi-
dizers. The soils were collected from the upper 10–15 cm 
using a corer. Three to four soil cores were collected and 
composited from each of four random plots spaced > 4 m 
apart, representing independent replicates. Samples from 
the peatlands (Poland; Table  1) were transported to the 
laboratory in ice with styrofoam containers, while the 
other samples (landfill cover and riparian soil; Lower 
Saxony, Germany) were immediately transported to the 
lab for incubation set-up. Because of the large amounts 
of waste debris, the landfill cover soil was further loosely 
sieved (< 5 mm) prior to incubation. Rice paddy soil was 
processed as described before (air-dried at room temper-
ature and sieved to < 2 mm; [9]). The site location, sam-
pling time, and selected soil physico-chemical properties 
are provided in Table 1.

The landfill cover, pristine and restored ombrotrophic 
peatland, and riparian soils were incubated similarly; 
each microcosm consisted of 5–7 g fresh soil in a 120 ml 
bottle. After sealing the bottle with a butyl rubber stop-
per crimped with a metal cap, headspace methane was 
adjusted to 1–2% v/v (unlabelledC-CH4 and 13C-CH4, n = 4 
each) in air, reflecting on the anticipated in-situ meth-
ane concentrations in the methane hotpots. Incubation 
was performed at 27  °C, while shaking (110 rpm) in the 

dark. Upon methane depletion, the microcosm was aer-
ated for 30  min before replenishing headspace methane 
(1–2% v/v), and incubation resumed as before. The incu-
bation was terminated when approximately 30 µmol  CH4 
per g fresh weight soil was consumed to ensure sufficient 
labelling. Furthermore, incubations were performed with 
samples from the pristine ombrotrophic peatland in this 
study to follow the temporal dynamics of the metha-
notrophic interactome over a 19-day incubation after 
approximately 14 (day 8), 30 (day 13), and 60 (day 19) 
µmol  CH4 per g fresh weight peat were consumed. The 
incubation containing the rice paddy soil was performed 
differently. Here, each microcosm consisted of 10  g air-
dried rice paddy soil saturated with 4.5  mL autoclaved 
deionized water in a Petri dish. Incubation was per-
formed statically at 25 °C in a flux chamber after adjust-
ing headspace methane to 1–2% v/v (unlabelledC-CH4, n = 2; 
13C-CH4, n = 4) in air, as detailed in [9]; incubation was 
terminated when approximately 30 µmol  CH4 per g soil 
was consumed. In all microcosms, the soil was homog-
enized, sampled, and stored in the -20 °C freezer till DNA 
extraction after the incubation.

Methane was measured daily during the incubation 
using a gas chromatograph (7890B GC System, Agilent 
Technologies, Santa Clara, USA) coupled to a pulsed 
discharge helium ionization detector (PD-HID), with 
helium as the carrier gas. Cumulative methane uptake 
is reported. Inorganic nitrogen (ammonium and nitrate) 
concentrations were determined in autoclaved deion-
ized water (1:1 or 1:2 w/v) after centrifugation and filtra-
tion (0.22  µm) with standard colorimetric methods [75, 
76], while total sulphate was determined using a modi-
fied colorimetric assay after Wolfson [77]; all colorimet-
ric assays were performed using an Infinite M plex plate 
reader (TECAN, Meannedorf, Switzerland). Total C and 
N were determined from air-dried (50  °C) and milled 
soils using a Vario EL III elemental analyzer (Elementar 
Analysensysteme GmbH, Langenselbold, Germany).

DNA‑SIP with 13C‑CH4
DNA was extracted using the DNeasy PowerSoil Kit 
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. DNA was extracted in duplicate per 
sample to obtain sufficient amounts for the isopycnic 
ultracentrifugation.

The DNA-SIP with 13C-CH4 was performed as 
described before [9, 78]. Isopycnic ultracentrifugation 
was performed using an Optima L-80XP (Beckman 
Coulter Inc., USA) at 144,000 g for 67 h. Immediately 
after centrifugation, fractionation was performed 
using a peristaltic pump (Duelabo, Dusseldorf, Ger-
many) at 2.8  rpm   min−1. Nine or ten fractions were 
obtained per sample, after discarding the final fraction. 
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Fractionation was unsuccessful for one out of the four 
replicates of the riparian soil. The density gradient of 
each fraction was determined using an AR200 digital 
refractometer (Reichert Technologies, Munich, Ger-
many). Thereafter, the DNA from each fraction was 
precipitated and washed twice with ethanol, and the 
pellet was re-suspended in 30 µL ultrapure PCR water 
(INVITROGEN, Waltham, USA). The pmoA gene was 
quantified from the precipitated DNA for each frac-
tion using quantitative PCR, qPCR (MTOT assay; 
[79]) to distinguish the “heavy” (13C-enriched DNA) 
and “light” (unlabelledC-DNA) fractions after comparing 
the fractions derived from the 13C- and unlabelledC-CH4 
incubations (Additional file 3: Figure S2 & Additional 
file  4: Figure S3). The “heavy” and “light” DNA frac-
tions were identified as defined in Neufeld et  al. [78]. 
The 16S rRNA gene from these fractions was subse-
quently amplified for Illumina MiSeq sequencing and 
network construction.

Quantitative PCR (qPCR)
The qPCR assay was performed to enumerate the 
pmoA gene abundance after fractionation (DNA-SIP), 
and to follow the change in the pmoA relative to the 
16S rRNA gene abundance during the incubation. The 
increase in the pmoA:16S rRNA gene abundance ratio 
is indicative of methanotrophic growth [8], comple-
menting the DNA-SIP. The qPCR was performed using 
a BIORAD CFX Connect RT System (Biorad, Hercu-
les, USA). Each qPCR reaction (total volume, 20 µL) 
targeting the pmoA gene consisted of 10 µL SYBR 2X 
Sensifast (BIOLINE, London, UK), 3.5 µL of A189f/
mb661r primer each (4  µM), 1 µL BSA (1%), and 2 
µL template DNA. Each qPCR reaction (total vol-
ume, 20 µL) targeting the 16S rRNA gene consisted 
of 10 µL SYBR 2X Sensifast, 1.2 µL  MgCl2 (50  mM), 
2.0 µL of 341F/907R primer each (10  µM), 1.8 µL of 
PCR-grade water, 1 µL BSA (1%), and 2 µL template 
DNA. The PCR thermal profiles are given elsewhere 
[8, 79]. Template DNA was undiluted when quantify-
ing the pmoA gene after fractionation, and diluted 50 
or 100-fold with RNase- and DNase-free water when 
enumerating the pmoA and 16S rRNA gene from the 
DNA isolated from the soil. These dilutions resulted in 
the optimal gene copy numbers. The calibration curve, 
ranging from  101 to  107 copy number of target genes, 
was derived from clones (pmoA gene) or plasmid DNA 
(16S rRNA gene) as described before [47]. The PCR 
efficiency was on average 90–95%, depending on the 
qPCR assay. Amplicon specificity was assessed from 
the melt curve, and further confirmed by 1% agarose 
gel electrophoresis.

16S rRNA gene amplicon preparation and Illumina MiSeq 
sequencing
The 16S rRNA gene was amplified with the primer pair 
341F/805R. Each PCR reaction (total volume, 40 µL) con-
sisted of 20 µL KAPA HIFI (Roche, Basel, Switzerland), 
2 μL forward/reverse tagged-primer each (10 μM), 2 µL 
BSA (1%), 4 μL template DNA, and 10 μL PCR-grade 
water. The template DNA was replaced with equivalent 
amounts of PCR-grade water and DNA derived from 
Rhodanobacter denitrificans in the negative and positive 
control, respectively. The positive control was confirmed 
after sequencing, resulting in the retrieval of sequences 
affiliated to R. denitrificans, as expected; there was no 
amplification in the negative control. The PCR thermal 
profile consisted of an initial denaturation step at 95  °C 
for 3 min, followed by 30 cycles of denaturation at 98 °C 
for 20  s, annealing at 53  °C for 15  s, and elongation at 
72 °C for 15 s. The final elongation step was at 72 °C for 
1  min. Amplicon specificity was verified by 1% agarose 
gel electrophoresis. Thereafter, the PCR product was 
purified using the GeneRead Size Selection Kit (Qiagen, 
Hilden, Germany) to be used as template (5 μL) for the 
second PCR. The second PCR was performed to attach 
the adapters to the amplicons using the Nextera XT 
index kit (Illumina, San Diego, USA). The reagents, rea-
gent concentrations, and thermal profile for the second 
PCR are given elsewhere [9]. After the second PCR, the 
amplicons were purified using the MagSi-NGSPREP Plus 
Magnetic beads (Steinbrenner Laborsysteme GmbH, 
Wiesenbach, Germany) according to the manufacturer’s 
instructions. Equimolar amounts (133  ng) of the ampli-
cons from each sample were pooled for library prepara-
tion and sequencing using the Illumina MiSeq version 3 
chemistry (paired-end, 600 cycles).

16S rRNA gene amplicon analyses
Firstly, the 16S rRNA gene paired-end reads were merged 
using PEAR [80], and subsequently processed using 
QIIME 2 version 2019.10. The de-multiplex and quality 
control steps were performed with DADA2 [81] using 
the consensus method to remove remaining chimeric 
and low-quality sequences. After filtering, approximately 
5,650,000 high quality sequences were obtained, with an 
average of ~ 49,570 sequences per sample. Singletons and 
doubletons were removed, and the samples were rarefied 
to 11,600 sequences following the sample with the low-
est number of sequences. Classification was performed 
at 97% similarity based on the Silva database v. 132 [82]. 
Because the aerobic methanotrophs are restricted to 
< 30 genera from two phyla [30], they were identified 
using the “search” function in the OTU table. The com-
position of the active bacterial community from different 
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environments was visualized as a RDA based on the rela-
tive abundance of the 16S rRNA gene diversity. The data 
matrix was initially analysed using the detrended corre-
spondence analysis (DCA), indicating a linear data distri-
bution and the best-fit mathematical model was the RDA. 
Also, plot clustering was performed using permutational 
multivariate analysis of variance (PERMANOVA; [83]) 
to test whether the different environments harboured 
significantly different active bacterial communities and 
whether the communities in the “heavy” and “light” frac-
tions were distinct. The PERMANOVA was calculated 
using PAST 4 software [84]. The RDA analysis was imple-
mented in Canoco 4.5 (Biometrics, Wageningen, The 
Netherlands). The 16S rRNA gene sequences (sample 
names/treatments and corresponding accession numbers 
are listed in Additional file 14: Table S4) were deposited 
at the National Center for Biotechnology Information 
(NCBI) under the BioProject ID number PRJNA751592.

Co‑occurrence network analysis
The complexity of the interaction was explored using 
a co-occurrence network analysis, based on the 16S 
rRNA gene (OTU level) derived from the 13C-enriched 
DNA (“heavy” fraction), representing the active com-
munity. Moreover, networks were also constructed 
from the unlabelled DNA from the unlabelledC-CH4 incu-
bations to be compared to the networks derived from 
the 13C-enriched DNA. The networks were derived 
from at least 3 replicates. Previously, we showed that 
networks derived from an uneven number of repli-
cates (e.g., 3–5) and a randomly chosen subset of rep-
licates showed comparable results [9]. To remove weak 
and spurious correlations, only the OTUs with ≥ 10 
sequences were included in the analysis, which rep-
resented > 90% of the total amount of sequences. The 
co-occurrence analysis between absolute OTUs counts 
were calculated using the Python module “SparCC”, a 
tool designed to generate and assess the correlations 
of the compositional data [85]. True SparCC corre-
lations with a magnitude of > 0.8 (positive correla-
tion) or < − 0.8 (negative correlation), and statistical 
significance of p < 0.01 were selected for the network 
construction. The p-values were obtained by 99 per-
mutations of random selections of the data tables. All 
networks were constructed in parallel using the same 
analytical pipeline, including re-analysis of networks 
from the rice paddy soil and peatland together with the 
current dataset. This enables direct comparison of the 
networks derived from the different environments and 
over time. Assessment of the networks was based on 
their topological properties, which includes the num-
ber of nodes and edges, modularity, number of commu-
nities, network diameter, average path length, degree, 

and clustering coefficient (interpretation of these net-
work properties are provided in Table  2; [13, 86, 87]). 
Additionally, the correlations between the methano-
trophs, and methanotrophs/non-methanotrophs were 
identified to determine potential intra-methanotroph 
and non-methanotroph interacting partners. The net-
work construction and topological properties were cal-
culated with Gephi [88].

Statistical analysis
Statistical analysis was performed in PAST 4 software 
[84]. Normal distribution was tested using the Shap-
iro–Wilk test, and homogeneity of variance was tested 
using Levene’s test. Where normality and homogene-
ity of data were met, an ANOVA with Tukey post-hoc 
test (p < 0.05) was performed for comparisons between 
sites and over time in the pristine peatland. Otherwise, 
a Kruskall-Wallis ANOVA and Dunn’s post-hoc test 
(p < 0.05) were performed.

Abbreviations
ANOVA: Analysis of variance; BSA: Bovine serum albumin; DNA: Deoxyribonu-
cleic acid; OTU: Operational taxonomic unit; PCA: Principal component analy-
sis; PCR: Polymerase chain reaction; PD-HID: Pulsed discharge helium ioniza-
tion detector; PERMANOVA: Permutational multivariate analysis of variance; 
PLFA: Phospholipid fatty acids; pmoA: Particulate methane monooxygenase 
Subunit A; qPCR: Quantitative polymerase chain reaction; RDA: Redundancy 
analysis; RNA: Ribonucleic acid; SIP: Stable isotope probing.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40793- 022- 00409-1.

Additional file 1. Text file. Supplementary table and figure legends.

Additional file 2. Figure S1. The pmoA and 16S rRNA gene abundances 
in the starting material and after incubation in diverse environments 
(mean ± s.d.; n ≥ 4). The qPCR assay was performed in duplicate for each 
DNA extraction. The 16S rRNA and pmoA gene abundances for all samples 
were at least an order of magnitude higher than the lower detection limit 
of the qPCR assays. The upper and lower case letters indicate the level of 
significance (p < 0.05) of the 16S rRNA gene and pmoA gene abundance 
between environments in the starting material. The asterisk indicates 
significant difference (p < 0.05) in the starting pmoA gene abundance 
and after incubation. The numbers at the top of each bar refer to the 
pmoA:16S rRNA gene abundance ratio in percentage (%), which increased 
after incubation.

Additional file 3. Figure S2. Relative pmoA gene abundance along the 
density gradient of the 13C- and unlabelledC-CH4 incubations with the (a) 
paddy soil, (b) landfill cover soil, (c) restored peatland, (d) pristine peatland, 
and (e) riparian soil (mean ± s.d.; n=4 each). The results of the paddy soil 
(a; [2]) and the peatlands (c,d; [1]) were re-analysed for the present study. 
The pmoA gene relative abundance was calculated as the proportion of 
each fraction over the total sum of all fractions per sample. The density 
gradients of the 13C- and unlabelledC-CH4 incubations were compared to 
distinguish the “light” from the “heavy” fraction in the 13C-CH4 incuba-
tion. The arrows denote the “light” and “heavy” fractions where the 16S 
rRNA gene was amplified for Illumina MiSeq sequencing in the 13C-CH4 
incubations.
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Additional file 4. Figure S3. Relative pmoA gene abundance along the 
density gradient of the 13C- and unlabelledC-CH4 incubations in the pristine 
peat at days 8, 13, and 19 (mean ± s.d.; n=4 each). The pmoA gene relative 
abundance was calculated as the proportion of each fraction over the 
total sum of all fractions per sample. The arrows denote the “light” and 
“heavy” fractions where the 16S rRNA gene was amplified for Illumina 
MiSeq sequencing in the 13C-CH4 incubations.

Additional file 5. Figure S4. Mean relative abundance of the methano-
troph-affiliated OTUs in the paddy soil, landfill cover soil, pristine/restored 
peatlands, and riparian soil based on the 16S rRNA gene sequences in 
the starting material and after the incubation with 13C-methane (“light” 
and “heavy” fractions). The numbers at the bottom of the bars denote the 
mean proportion (%) of the methanotroph-affiliated OTUs among the 
total 16S rRNA gene sequences. Abbreviations; S.M, starting material; L, 
“light” fraction; H, “heavy” fraction.

Additional file 6. Figure S5. Mean relative abundance of the metha-
notroph-affiliated OTUs in the pristine peatland after 8, 13, and 19 days 
incubation with 13C-methane (“light” and “heavy” fractions), based on the 
16S rRNA gene sequences. The numbers at the bottom of the bars denote 
the mean proportion (%) of the methanotroph-affiliated OTUs among the 
total 16S rRNA gene sequences.

Additional file 7. Figure S6. Principal component analysis showing the 
clustering of the 16S rRNA gene sequences in the “light” and “heavy” frac-
tions of the (a) paddy soil (orange, triangle), (b) landfill cover soil (purple, 
circle), (c) pristine peatland (light green, square), (d) restored peatland 
(dark green, square), and (e) riparian soil (blue, inverted triangle). All rep-
licates (n=4) are given; in the incubation with the riparian soil, fractiona-
tion was unsuccessful for one replicate. Full colored and striped symbols 
represent the “light” and “heavy” fraction, respectively.

Additional file 8. Figure S7. Principal component analysis showing the 
clustering of the 16S rRNA gene sequences in the ‘light’ and ‘heavy’ frac-
tions of the pristine peatland over time (days 8, 13, and 19). All replicates 
(n=4) are given. Full colored and striped symbols represent the ‘heavy’ 
and ‘light’ fraction, respectively.

Additional file 9. Figure S8. Co-occurrence network analysis of methane 
hotspots derived from the 13C- and unlabelledC-DNA. The corresponding 
topological parameters of the networks are provided in Table 2. Each node 
represents a bacterial taxon at the OTU level, while the size and shade of 
the node corresponds to the number of connections per node and the 
number of connections passing through the node (i.e., darker shade for 
nodes acting as a bridge between other nodes at higher frequencies), 
respectively. A connection denotes significant SparCC correlation (p<0.01) 
with a magnitude of > 0.8 (positive correlation, blue edges) or < -0.8 
(negative correlations, red edges).

Additional file 10. Figure S9. Co-occurrence network analysis after 8, 
13, and 19 days incubation of the pristine peat derived from the 13C- 
and unlabelledC-DNA. The corresponding topological parameters of the 
networks are provided in Table 3. Each node represents a bacterial taxon 
at the OTU level, while the size and shade of the node corresponds to the 
number of connections per node and the number of connections passing 
through the node (i.e., darker shade for nodes acting as a bridge between 
other nodes at higher frequencies), respectively. A connection denotes 
significant SparCC correlation (p<0.01) with a magnitude of > 0.8 (positive 
correlation, blue edges) or < -0.8 (negative correlations, red edges).

Additional file 11. Table S1. Selected physico-chemical parameters and 
methane uptake rates of individual replicates in methane hotspots (rice 
paddy soil, landfill cover soil, pristine peatland, restored peatland, and 
riparian soil). Summarized data given in Table 1.

Additional file 12. Table S2. Signficantly positively and negatively 
co-occuring (p < 0.01) OTUs between environments, as determined by 
the co-occurrence network analysis. The first panel shows site-specific co-
occurring OTUs, while the other panels show shared co-occurring OTUs 
between environments. The OTUs were given to the finest resolveable 
taxonomic affiliation based on the Silva database v. 132, whenever avail-
able. The number in brackets refer to the OTU numbers. Abbreviations: 
pos, positive correlations; neg, negative correlations; RP, rice paddy; LC, 

landfill cover soil; PP, pristine peatland; RP, restored peatland; RS, riparian 
soil; MIP, methanotroph interacting partner (including other co-occurring 
methanotrophs).

Additional file 13. Table S3. Signficantly positively and negatively 
co-occuring (p < 0.01) OTUs in the pristine peatland over time (days 8, 
13, and 19, respectively denoted by T1, T2, and T3), as determined by the 
co-occurrence network analysis. The first panel shows co-occurring OTUs 
at each time interval while the other panels show shared co-occurring 
OTUs between time intervals. The OTUs were given to the finest resolve-
able taxonomic affiliation based on the Silva database v. 132, whenever 
available. The number in brackets refer to the OTU numbers. Abbrevia-
tions: pos, positive correlations; neg, negative correlations; T1, after 8 
days incubation; T2, after 13 days incubation; T3, after 19 days incubation; 
MIP, methanotroph interacting partner (including other co-occurring 
methanotrophs).

Additional file 14. Table S4. Sample names/treatment and corre-
sponding accession numbers (BioProject PRJNA751592). Sample name 
is labelled in the following order: site, sampling time, 12C or 13C (i..e, 
unlabelledC or 13C-CH4 incubations), H or L (i.e., “heavy” or “light” fractions). 
Note that for the pristine peatland, T1 and T3 correspond to days 8 and 19, 
respectively; samples from day 13 are published (Table 1; [1]).
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Following tables are not included in the supplementary an can be accessed on
the journal web page: Supplementary Information

Table S1 Selected physico-chemical parameters and methane uptake rates of individual replicates in
methane hotspots (rice paddy soil, landfill cover soil, pristine peatland, restored peatland, and
riparian soil). Summarized data given in Table 3.1.

Table S2 Signficantly positively and negatively co-occuring (p < 0.01) OTUs between environments,
as determined by the co-occurrence network analysis. The first panel shows site-specific
co-occurring OTUs, while the other panels show shared co-occurring OTUs between environ-
ments. The OTUs were given to the finest resolveable taxonomic affiliation based on the Silva
database v. 132, whenever available. The number in brackets refer to the OTU numbers. Ab-
breviations: pos, positive correlations; neg, negative correlations; RP, rice paddy; LC, landfill
cover soil; PP, pristine peatland; RP, restored peatland; RS, riparian soil; MIP, methanotroph
interacting partner (including other co-occurring methanotrophs).

Table S3 Signficantly positively and negatively co-occuring (p < 0.01) OTUs in the pristine peatland
over time (days 8, 13, and 19, respectively denoted by T1, T2, and T3), as determined by
the co-occurrence network analysis. The first panel shows co-occurring OTUs at each time
interval while the other panels show shared co-occurring OTUs between time intervals. The
OTUs were given to the finest resolveable taxonomic affiliation based on the Silva database v.
132, whenever available. The number in brackets refer to the OTU numbers. Abbreviations:
pos, positive correlations; neg, negative correlations; T1, after 8 days incubation; T2, after 13
days incubation; T3, after 19 days incubation; MIP, methanotroph interacting partner (including
other co-occurring methanotrophs).

Table S4 Sample names/treatment and corresponding accession numbers (BioProject PRJNA751592).
Sample name is labelled in the following order: site, sampling time, 12C or 13C (i..e, unlabelledC
or 13C-CH4 incubations), H or L (i.e., “heavy” or “light” fractions).
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Figure S1 The pmoA and 16S rRNA gene abundances in the starting material and after incubation in
diverse environments (mean ± s.d.; n≥4). The qPCR assay was performed in duplicate for
each DNA extraction. The 16S rRNA and pmoA gene abundances for all samples were at
least an order of magnitude higher than the lower detection limit of the qPCR assays. The
upper and lower case letters indicate the level of significance (p<0.05) of the 16S rRNA gene
and pmoA gene abundance between environments in the starting material. The asterisk
indicates significant difference (p<0.05) in the starting pmoA gene abundance and after in-
cubation. The numbers at the top of each bar refer to the pmoA:16S rRNA gene abundance
ratio in percentage (%), which increased after incubation.
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Figure S2Figure S2 Relative pmoA gene abundance along the density gradient of the 13C- and unlabelledC-CH4
incubations with the (a) paddy soil, (b) landfill cover soil, (c) restored peatland, (d) pristine
peatland, and (e) riparian soil (mean ± s.d.; n=4 each). The results of the paddy soil (a;
[1]) and the peatlands (c,d; [2]) were re-analysed for the present study. The pmoA gene
relative abundance was calculated as the proportion of each fraction over the total sum of all
fractions per sample. The density gradients of the 13C- and unlabelledC-CH4 incubations were
compared to distinguish the “light” from the “heavy” fraction in the 13C-CH4 incubation. The
arrows denote the “light” and “heavy” fractions where the 16S rRNA gene was amplified for
Illumina MiSeq sequencing in the 13C-CH4 incubations.
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Figure S3 Relative pmoA gene abundance along the density gradient of the 13C- and unlabelledC-CH4

incubations in the pristine peat at days 8, 13, and 19 (mean ± s.d.; n=4 each). The pmoA
gene relative abundance was calculated as the proportion of each fraction over the total sum
of all fractions per sample. The arrows denote the “light” and “heavy” fractions where the 16S
rRNA gene was amplified for Illumina MiSeq sequencing in the 13C-CH4 incubations.

176



Appendix

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

 

Methylosinus 

Methyloligellaceae 

Methyloceanibacter 

Methylomagnum 

Methyloglobulus 

Methylosarcina 

Candidatus  Methylospira 

Methylovulum 

Methylocaldum 

Crenothrix 

Methylomicrobium 

Methylococcaceae 

Methylomonas 

Methylocys�s 

Methylobacter 

Methylomonaceae 

Methylacidiphilaceae 

R
e

la
ti

v
e

 a
b

u
n

d
a

n
c

e
 (

%
)

S.M L H

Paddy soil

S.M L H

  Landfill
cover soil

S.M L H

 Pristine 
peatland

S.M L H

Restored 
peatland

S.M L H

Riparian 
    soil

8.95 8.33 34.94 1.34 14.73 16.22 1.40 0.85 11.45 0.60 0.17 45.51 0.79 18.29 20.90

  Figure S4
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0%	

10%	

20%	

30%	

40%	

50%	

60%	

70%	

80%	

90%	

100%	

T1	 T2	 T3	 T1	 T2	 T3	

R
e
la
ti
ve
	a
b
u
n
d
an

ce
	(
%
)	

Methylomonas	

Methylocystis	

Methylacidiphilaceae	
0%	

10%	

20%	

30%	

40%	

50%	

60%	

70%	

80%	

90%	

100%	

T1	 T2	 T3	 T1	 T2	 T3	

R
e
la
ti
ve
	a
b
u
n
d
an

ce
	(
%
)	

Methylomonas	

Methylocystis	

Methylacidiphilaceae	

“Light“

Figure S5

R
e

la
ti

ve
 a

b
u

n
d

an
ce

(%
)

8 13 19 8 13 19

“Heavy“

Methylomonas

Methylocystis

Methylacidiphilaceae0.97 0.87 0.75 8.10 11.12 17.09

(days) (days)

Figure S5 Relative abundance of the methanotroph-affiliated OTUs in the starting material of the pris-
tine peatland and after 8, 13, and 19 days incubation with 13C-methane (“light” and “heavy”
fractions), based on the 16S rRNA gene sequences. The numbers above the bars denote the
mean proportion (%) of the methanotroph-affiliated OTUs among the total 16S rRNA gene
sequences. Abbreviations; S.M, starting material; L, “light” fraction; H, “heavy” fraction.
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Figure S6 Principal component analysis showing the clustering of the 16S rRNA gene sequences in
the “light” and “heavy” fractions of the (a) paddy soil (orange, triangle), (b) landfill cover soil
(purple, circle), (c) pristine peatland (light green, square), (d) restored peatland (dark green,
square), and (e) riparian soil (blue, inverted triangle). All replicates (n=4) are given; in the
incubation with the riparian soil, fractionation was unsuccessful for one replicate. Full colored
and striped symbols represent the “light” and “heavy” fraction, respectively.
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Figure S7 Principal component analysis showing the clustering of the 16S rRNA gene sequences in
the ‘light’ and ‘heavy’ fractions of the pristine peatland over time (days 8, 13, and 19). All
replicates (n=4) are given. Full colored and striped symbols represent the ‘heavy’ and ‘light’
fraction, respectively.
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Paddy soil Landfill cover Pristine peatland Restored peatland Riparian soil

13C

UnlabelledC

Figure S8
Figure S8 Co-occurrence network analysis of methane hotspots derived from the 13C- and unlabelledC-

DNA. The corresponding topological parameters of the networks are provided in Table 3.2.
Each node represents a bacterial taxon at the OTU level, while the size and shade of the
node corresponds to the number of connections per node and the number of connections
passing through the node (i.e., darker shade for nodes acting as a bridge between other
nodes at higher frequencies), respectively. A connection denotes significant SparCC correla-
tion (p<0.01) with a magnitude of > 0.8 (positive correlation, blue edges) or < -0.8 (negative
correlations, red edges).
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Day 8 Day 13 Day 19

13C
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Figure S9Figure S9 Co-occurrence network analysis after 8, 13, and 19 days incubation of the pristine peat de-
rived from the 13C- and unlabelledC-DNA. The corresponding topological parameters of the
networks are provided in Table 3.3. Each node represents a bacterial taxon at the OTU level,
while the size and shade of the node corresponds to the number of connections per node
and the number of connections passing through the node (i.e., darker shade for nodes acting
as a bridge between other nodes at higher frequencies), respectively. A connection denotes
significant SparCC correlation (p<0.01) with a magnitude of > 0.8 (positive correlation, blue
edges) or < -0.8 (negative correlations, red edges).
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A B S T R A C T   

Microorganisms interact in complex communities, affecting microbially-mediated processes in the environment. 
Particularly, aerobic methanotrophs showed significantly stimulated growth and activity in the presence of 
accompanying microorganisms in an interaction network (interactome). Yet, little is known of how the inter-
actome responds to disturbances, and how community functioning is affected by the disturbance-induced 
structuring of the interaction network. Here, we employed a time-series stable isotope probing (SIP) approach 
using 13C–CH4 coupled to a co-occurrence network analysis after Illumina MiSeq sequencing of the 13C-enriched 
16S rRNA gene to directly relate the response in methanotrophic activity to the network structure of the 
interactome after desiccation-rewetting of a paddy soil. Methane uptake rate decreased immediately (<5 days) 
after short-term desiccation-rewetting. Although the methanotroph subgroups differentially responded to 
desiccation-rewetting, the metabolically active bacterial community composition, including the methanotrophs, 
recovered after the disturbance. However, the interaction network was profoundly altered, becoming more 
complex but, less modular after desiccation-rewetting, despite the recovery in the methanotrophic activity and 
community composition/abundances. This suggests that the legacy of the disturbance persists in the interaction 
network. The change in the network structure may have consequences for community functioning with recurring 
desiccation-rewetting.   

1. Introduction 

Biological interactions are widespread in microbial communities. 
Microorganisms form a plethora of interdependent relationships with 
their biotic environment, with synergistic and/or antagonistic effects. 
Concerning methanotrophy, emergent properties enhancing community 
functioning may arise from such interactions. Indeed, aerobic meth-
anotrophs exhibit higher co-metabolic biodegradation rates of micro-
pollutants and show significantly higher methanotrophic activity in a 
multi-species consortium than as monocultures (Begonja and Hrsak, 
2001; Ho et al., 2014; Benner et al., 2015; Krause et al., 2017; Veraart 
et al., 2018). Therefore, accompanying microorganisms that do not 

possess the metabolic potential and do not seemingly contribute to 
methane oxidation may also be relevant, exerting an indirect 
interaction-induced effect on community functioning. While changes in 
the methanotrophic community composition and/or abundances have 
been correlated to the methane oxidation rate in response to environ-
mental cues and disturbances (Ho et al., 2011; Danilova et al., 2015; 
Christiansen et al., 2016; Reumer et al., 2018; Reis et al., 2020), 
interaction-induced effects that alter the structure of the interaction 
network (i.e., methanotrophic interactome; Ho et al., 2016a) remains 
unclear. Here, we define the methanotrophic interactome as a 
sub-population of the entire community, encompassing the methano-
trophs and accompanying non-methanotrophs that is tracked via the 
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flow of methane-derived 13C; the members of the interactome co-occur 
more than by chance, as determined in a co-occurrence network analysis 
(Ho et al., 2016a). The recovery in the community composition and 
abundance does not necessarily translate to the return of the network 
structure to the pre-disturbance state (Pérez-Valera et al., 2017). 
Therefore, the response of the interactome is a lesser known but 
important determinant, potentially imposing an effect on community 
functioning during recovery from disturbances (Ratzke et al., 2020). 

Aerobic methanotrophs belong to the Gammaproteobacteria (Type 
Ia and Ib subgroups), Alphaproteobacteria (Type II subgroup), and 
Verrucomicrobia, and may show habitat preference (Knief, 2015), with 
the verrucomicrobial methanotrophs typically inhabiting acidic and 
thermophilic geothermal environments (Op den Camp et al., 2009; 
Sharp et al., 2014). The proteobacterial methanotrophs are ubiquitous 
and thought to be relevant in terrestrial ecosystems, acting as a methane 
sink in well-aerated upland soils and methane biofilter at oxic-anoxic 
interfaces (Reim et al., 2012; Shrestha et al., 2012; Praeg et al., 2017; 
Ho et al., 2019; Kaupper et al., 2020a). Accordingly, proteobacterial 
methanotrophs can be distinguished based on their biochemistry and 
ecophysiology, which reflect on their ecological life strategies and 
response to disturbances (Trotsenko and Murrell, 2008; Semrau et al., 
2010; Ho et al., 2017). The pmoA gene (encoding for the particulate 
methane monooxygenase) phylogeny corresponds with that of the 16S 
rRNA gene, and is commonly targeted to characterize the methano-
trophs in complex communities (e.g., Kolb et al., 2003; Dumont et al., 
2011; Knief, 2015; Karwautz et al., 2018). Therefore, aerobic methane 
oxidation is catalyzed by a defined microbial guild with relatively low 
diversity (mainly, proteobacteria in non-geothermal environments) 
when compared to other microbial groups catalyzing generalized pro-
cesses (e.g., denitrification, respiration). This allows the methanotrophs 
to be clearly distinguished from the non-methanotrophs in complex 
communities, making the methanotrophic interactome a suitable model 
system for our study. 

Here, we elaborate the response of a methane-driven interaction 
network to desiccation-rewetting to determine how methanotrophic 
activity is affected by the disturbance-induced structuring of the inter-
actome. A DNA-based stable isotope probing (SIP) approach using 
13C–CH4 was coupled to a co-occurrence network analysis after Illumina 
MiSeq sequencing of the 16S rRNA gene, allowing direct association of 
methanotrophic activity to the structure of the interaction network 
(methane food web). Although the network analysis is a useful tool to 
explore interactions in complex microbial communities (e.g., Barberán 
et al., 2012; Ho et al., 2016a; Morriën et al., 2017; Ho et al., 2020; Mo 
et al., 2020; Ratzke et al., 2020), biological interpretation of the analysis 
(e.g., causative mechanisms driving the interaction) requires further 
probing. Given that the methanotrophs are the only members of the 
interactome capable of using methane as a carbon and energy source, it 
is not unreasonable to assume that 13C-labeled non-methanotrophic 
microorganisms depended on and interacted with the methanotrophs 
(e.g., via cross-feeding and co-aggregation; Ho et al., 2016a; 
Pérez-Valera et al., 2017). Coupling SIP to the network analysis thus 
confirms the unidirectional flow of substrate from the metabolically 
active methanotrophs to non-methanotrophs. We hypothesized that a 
more complex interaction network will arise as a response to 
desiccation-rewetting, as documented in other single or sporadic 
disturbance events, given sufficient recovery time (Eldridge et al., 2015; 
Pérez-Valera et al., 2017). With the elimination of less 
desiccation-resistant/tolerant microorganisms, it is not unreasonable to 
postulate that the surviving community members were forced to interact 
more among themselves, increasing metabolic exchange which further 
drives their co-occurrence over time (Zelezniak et al., 2015; Tripathi 
et al., 2016; Dal Co et al., 2020; Ratzke et al., 2020). 

2. Materials and methods 

2.1. Soil sampling and microcosm set-up 

The paddy soil (upper 10–15 cm) was collected from a rice field 
belonging to the Italian Rice Research Institute, Vercelli, Italy (45◦ 20′N, 
8◦ 25′W). The soil pH and electrical conductivity (EC) were 6.5 and 0.2 
dS m− 1, respectively. The C and N concentrations were 13.9 mg C g 
dw− 1 and 1.3 mg N g dw− 1, respectively. The concentrations of nitrite 
and nitrate (NOx

− ), sulphate, and phosphate were 34.4 μg N g dw− 1, 96 
μg g dw− 1, and 0.6 μg g dw− 1, respectively. Agricultural practices in the 
rice field have been reported in detail elsewhere (Krueger et al., 2001). 
Generally, rice was cropped in the paddy soil twice a year (May/June to 
September/October and January/February to May/June), with each 
rice growing season spanning over 4–5 months; rice was not grown for 
approximately two months in winter (Krueger et al., 2001). The paddy 
field was drained prior to rice harvest and left fallow for 2–3 weeks 
before the commencement of the next rice growing season. Soil sampling 
was performed in May 2015 after drainage and rice harvest. After 
sampling, the soil was air-dried at ambient temperature and sieved (2 
mm) to eliminate (fine) roots and debris, before being stored in a plastic 
container at room temperature till incubation set-up (November 2017). 
Paddy soil prepared and stored under the same conditions <5 years after 
sampling showed comparable potentially active methanotrophic com-
munity composition (mRNA-based community analysis) over ~ 80 days 
incubation after re-wetting (Collet et al., 2015). 

Each microcosm consisted of 10 g soil saturated with 4.5 mL auto-
claved deionized water in a Petri dish. The saturated soil was homoge-
nized, and pre-incubated under ~10 %v/v methane in air at 25 ◦C in an 
air-tight jar. Following pre-incubation (7 days), desiccation was induced 
by placing the microcosms under a laminar flow cabinet overnight (15 
h) to achieve a gravimetric water loss of >95% in the disturbed micro-
cosm (Fig. S1; Ho et al., 2016b). After desiccation, water loss was 
replenished by adding the corresponding amount of autoclaved deion-
ized water, and incubation resumed under the same conditions as 
before. Microcosms not exposed to desiccation-rewetting (un-disturbed) 
served as reference. A total of 42 microcosms were constructed (Fig. S1). 
At designated intervals (i.e., pre-incubation, as well as 1–7, 27–34, and 
64–71 days after disturbance; Fig. S1), 13C–CH4 labelling incubation was 
performed; the microcosms (n = 6) were transferred into a flux chamber 
and incubated under 2 %v/v methane (13C–CH4, n = 4; unlabelledC-CH4, n 
= 2) in air. Headspace methane was replenished when methane in the 
flux chamber was reduced to <0.5 %v/v. Incubation in the flux chamber 
was performed over 6–7 days or until at least 500 μmole methane was 
consumed to ensure sufficient labelling (Neufeld et al., 2007). After 
incubation, the soil was homogenized, shock-frozen, and stored in the 
− 20 ◦C freezer until DNA extraction. 

2.2. Methane and inorganic N measurements 

Headspace methane was measured daily in all replicates (i.e., both 
unlabelledC- and 13C–CH4 incubations) using a gas chromatograph (7890B 
GC System, Agilent Technologies, Santa Clara, USA) coupled to a pulsed 
discharge helium ionization detector (PD-HID), with helium as the 
carrier gas. The methane uptake rates were determined by linear 
regression from the slope of methane depletion with at least three time 
intervals (12–24 h between intervals). Soluble ammonium and nitrate 
were determined in all replicates in autoclaved deionized water (1:2.5w/ 

v) after centrifugation and filtration (0.2 μm) of the soil suspension. 
Soluble ammonium was determined colorimetrically (Horn et al., 2005) 
using an Infinite M plex plate reader (TECAN, Meannedorf, 
Switzerland), whereas nitrate was determined using a Sievers 208i NO 
analyzer system (GE Analytical Instruments, Boulder, CO, USA) with 50 
mM VCl3 in 1 M sterile HCl as a reducing agent. 
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2.3. DNA extraction and isopycnic ultracentrifugation 

DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instruction. DNA was 
extracted in duplicate for each sample (n = 6, per treatment and time) 
and pooled after elution to obtain sufficient amounts for the isopycnic 
ultracentrifugation. 

DNA stable isotope probing was performed according to Neufeld 
et al. (2007). Isopycnic ultracentrifugation was performed at 144000 g 
for 67 h using an Optima L-80XP (Beckman Coulter Inc., USA). Each 
ultracentrifugation run consisted of DNA extracted from incubations 
containing 13C- and unlabelledC-methane to distinguish the ’light‘ from the 
’heavy’ fractions (Fig. S2). Fractionation was performed immediately 
after centrifugation using a hydraulic pump (Duelabo, Dusseldorf, Ger-
many) at 3 rpm min− 1. Although 10–11 fractions were obtained, the last 
fraction was discarded, yielding 9–10 fractions per sample. Fraction-
ation was unsuccessful for DNA sampled from two of the four replicate in 
the disturbed microcosm (13C–CH4 incubation, 64–71 days interval). 
Given that a minimum of three replicates is needed to construct each 
network, post-disturbance samples were grouped into days 1–7 
(immediately after disturbance) and 27–71 (during recovery) for sub-
sequent 13C-enriched 16S rRNA gene-derived network analysis (see 
Section 2.7). In the other time intervals, at least three replicates were 
obtained in the 13C–CH4 incubation. The density gradient of each frac-
tion was determined by weighing on a precision scale (technical repli-
cate, n = 10). DNA precipitation was performed over night, as described 
in Neufeld et al. (2007); nucleic acid was washed twice with ethanol, 
and the pellet was suspended in 30 μL of ultrapure PCR water (INVI-
TROGEN, Waltham, USA). The pmoA gene was enumerated from each 
fraction using a qPCR assay (MTOT; Table S1) to distinguish the ‘heavy’ 
from the ‘light’ fraction after comparing DNA from the 13C- and unla-

belledC-CH4 incubations (Fig. S2). The identified ‘heavy’ and ‘light’ DNA 
fractions as defined in Neufeld et al. (2007) were amplified for Illumina 
MiSeq sequencing. 

2.4. Group-specific qPCR assays 

The qPCR assays (MBAC, MCOC, and TYPEII targeting type Ia, Ib, 
and II, respectively) were performed to follow the abundance of the 
methanotroph sub-groups over time (Table S1). Additionally, a qPCR 
assay targeting the total methanotrophic population (MTOT) was 
applied to the DNA samples after fractionation to distinguish the ‘heavy’ 
from the ‘light’ fraction. The qPCR was performed using a BIORAD CFX 
Connect RT System (Biorad, Hercules, USA). Briefly, each reaction (total 
volume, 20 μL) consisted of 10 μL SYBR 2X Sensifast (BIOLINE, London, 
UK), 3.5 μL of forward/reverse primer each, 1 μL 0.04% BSA, and 2 μL 
template DNA. Template DNA was diluted 50-fold with RNase- and 
DNase-free water for the MBAC, MCOC, and TYPEII assays, and was 
undiluted for the MTOT assay. Diluting the template DNA 50-fold 
resulted in the optimal pmoA gene copy numbers. The primer combi-
nations and concentrations, as well as the PCR thermal profiles, are 
given elsewhere (see Table S1, Kolb et al., 2003 and Kaupper et al., 
2020b). The calibration curve (101-108 copy number of target genes) 
was derived from gene libraries as described before (Ho et al., 2011). 
The qPCR amplification efficiency was 83–91%, with R2 ranging from 
0.994 to 0.997. Amplicon specificity was determined from the melt 
curve, and confirmed by 1% agarose gel electrophoresis yielding a band 
of the correct size in a preliminary qPCR run. 

2.5. Amplification for the pmoA and 16S rRNA genes for Illumina MiSeq 
sequencing 

The pmoA gene was amplified using the primer pair A189f/mb661r, 
with the forward primer containing a fused 6 bp bar code. Each PCR 
reaction comprised of 25 μl SYBR Premix Ex Taq™ (Tli RNaseH Plus, 
TaKaRa, Japan), 1 μl forward/reverse primer each (10 μM), 2 μl 

template DNA (DNA concentration diluted to 2–8 ng μl− 1), and 21 μl 
sterilized distilled water, giving a total volume of 50 μl. The PCR thermal 
profile consisted of an initial denaturation step at 94 ◦C for 2 min, fol-
lowed by 39 cycles of denaturation at 94 ◦C for 30 s, annealing at 60 ◦C 
for 30 s, and elongation at 72 ◦C for 45 s. The final elongation step was at 
72 ◦C for 5 min. The PCR products were verified on 1.2% agarose gel 
electrophoresis showing a single band of the correct size, before puri-
fication using the E.Z.N.A. Cycle-Pure kit (Omega Bio-tek, USA). Sub-
sequently, the purified amplicons were pooled at equimolar DNA 
amounts (200 ng) for sequencing using Illumina MiSeq version 3 
chemistry (paired-end, 600 cycles). The pmoA sequence library was 
prepared using the TruSeq Nano DNA LT Sample Prep Kit set A (Illu-
mina, Beijing, China). 

The 16S rRNA gene was amplified using the primer pair 341F/805R. 
Each PCR reaction comprised of 4 μl Buffers B and S each (CRYSTAL 
Taq-DNA-Polymerase, BiolabProducts, Germany), 4 μl MgCl2 (25 mM), 
0.2 μl Taq polymerase (5 U μl− 1) (CRYSTAL Taq-DNA-Polymerase), 1.6 
μl dNTPs (10 mM), 2 μl forward and reverse tagged-primers each (10 
μM), 4 μl template DNA, and 18.2 μl sterilized distilled water. The PCR 
thermal profile consisted of an initial denaturation step at 94 ◦C for 7 
min, followed by 30 cycles of denaturation at 94 ◦C for 30 s, annealing at 
53 ◦C for 30 s, and elongation at 72 ◦C for 30 s. The final elongation step 
was at 72 ◦C for 5 min. After the specificity of the amplicon was checked 
by 1% agarose gel electrophoresis, the PCR product was purified using 
the GeneRead Size Selection Kit (Qiagen, Hilden, Germany). Subse-
quently, a second PCR was performed with adapters using the Nextera 
XT Index Kit (Illumina, San Diego, USA). The second PCR reaction 
consisted of 12.5 μl 2X KAPA HiFi HotStart Ready Mix (Roche, Man-
nheim, Germany), 2.5 μl of each tagged primers (10 μM), 2.5 μl PCR 
grade water, and 5 μl template from the first PCR. The amplicons were 
then purified using the MagSi-NGSPREP Plus Magnetic beads (Stein-
brenner Laborsysteme GmbH, Wiesenbacj, Germany). Normalization of 
the amplicons before sequencing was performed using the Janus Auto-
mated Workstation (PerkinElmer, Waltham Massachusetts, USA). 
Sequencing was performed using Illumina MiSeq version 3 chemistry 
(paired-end, 600 cycles). 

2.6. pmoA and 16S rRNA gene amplicon analyses 

The pmoA gene amplicon was analyzed as described before (Reumer 
et al., 2018). Briefly, the paired-end reads were sorted based on the 
length and the quality of the primers (≤2 errors) and barcodes (≤1 
error) after assembly in Mothur version 1.42.1 using the ’make.contigs’ 
command (Schloss et al., 2009). Primers and barcodes which did not 
meet these requirements were removed. Similarly, chimeric reads were 
also removed in Mothur using the ’chimera.uchime’ command with the 
’self’ option. After filtering, the initial ~1 175 000 contigs generated 
from Illumina Miseq sequencing was reduced to ~628 000 high quality 
contigs, with approximately 15 300 contigs per sample. The pmoA se-
quences were classified using BLAST by comparing to the GenBank 
nonredundant (nr) database and the lowest common ancestor algorithm 
in MEGAN version 5.11.3, based on curated pmoA gene database and 
MEGAN tree, respectively as detailed in Dumont et al. (2014). The high 
quality pmoA sequences could be affiliated (family, genus, or species 
level) to known cultured methanotrophs. Based on the relative abun-
dance of the pmoA gene sequences, a principal component analysis 
(PCA) was performed to determine the response of the methanotrophs to 
desiccation-rewetting. To construct the PCA, the data matrix was 
initially analyzed using the detrended correspondence analysis (DCA), 
which indicated linearly distributed data and revealed that the best-fit 
mathematical model was the PCA. To test whether the treatments 
harbored significantly different bacterial community composition and 
structure, plot clustering was tested using permutational multivariate 
analysis of variance (PERMANOVA; Anderson, 2001). The PCA was 
conducted in Canoco 4.5 (Biometrics, Wageningen, The Netherlands), 
and the PERMANOVA was calculated using PAST 4 software (Hammer 
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et al., 2001). The pmoA gene sequences were deposited at the National 
Center for Biotechnology Information (NCBI), SRA database under the 
BioProject accession number PRJNA634611. 

The 16S rRNA gene paired-end reads were firstly merged using PEAR 
(Zhang et al., 2014). Next, the merged sequences were processed using 
QIIME 2 version 2019.10, with de-multiplex and quality control per-
formed with DADA2 (Callahan, 2017) using the consensus method to 
remove any remaining chimeric and low-quality sequences. Approxi-
mately 1 300 000 high quality contigs were retained after filtering (on 
average, ~18 000 contigs per sample). After the removal of singletons 
and doubletons, the samples were rarefied to 7,560 sequences following 
the number of the lowest sample. The taxonomic affiliation was per-
formed at 97% similarity according to the Silva database v. 132 (Quast 
et al., 2013). The affiliations of the OTUs are given to the finest taxo-
nomic resolution, whenever available. A PCA was performed to compare 
the bacterial community composition in the un-disturbed and disturbed 
incubations. The 16S rRNA-based PCA was constructed as described for 
the pmoA-based PCA using Canoco 4.5 (Biometrics, Wageningen, the 
Netherlands) after analysis of variance (PERMANOVA) in the PAST 4 
software. The 16S rRNA gene sequences were deposited at the NCBI, 
SRA database under the BioProject accession number PRJNA634611. 

2.7. Co-occurrence network analysis 

To explore the complexity of the interaction between bacterial taxa 
(OTU-level) within the interactome, a co-occurrence network analysis 
was performed based on the 16S rRNA gene derived from the 13C- 
enriched DNA (’heavy’ fraction). For network construction, non-random 
co-occurrence analyses between bacterial OTUs were calculated using 
SparCC, a tool designed to assess correlations for compositional data 
(Friedman and Alm, 2012). For each network, P-values were obtained by 
99 permutations of random selections of the data tables, applying the 
same analytical pipeline. The true SparCC correlations were selected 
based on statistical significance of p < 0.01, with a magnitude of >0.7 
or < − 0.7. The networks were assessed based on their topological fea-
tures such as the number of nodes and edges (connectivity), modularity, 
number of communities, average path length, network diameter, 
average degree, and clustering coefficient (Table 1; Newman, 2003). 
The nodes in the networks represent OTUs, whereas the edges represent 
significantly positive or negative correlations between two nodes. Also, 
key nodes were identified based on the betweenness centrality, a mea-
sure of the frequency of a node acting as a bridge along the shortest path 
between two other nodes (Poudel et al., 2016). Hence, nodes with high 
betweenness centrality can be regarded to represent important key taxa 
within the interaction network (Borgatti, 2005). The co-occurrence 
network analysis was performed using the Python module ‘SparCC’, 
and the network construction and properties were calculated with Gephi 
(Bastian et al., 2009). 

2.8. Statistical analysis 

Significant differences (p < 0.05) in the methane uptake rate and 
qPCR analyses per time between treatments (un-disturbed and disturbed 
incubations) were performed using IBM SPSS Statistics (IBM, Armonk, 
USA). The data were tested for normal distribution using the 
Kolmogorov-Smirnov test and the Shapiro-Wilk test. Where normal 
distribution was met, a two-sided paired t-test was performed. Other-
wise, a non-parametric test (Wilcoxon signed rank test) was performed. 
Additionally, methane uptake rates were correlated to the abundances 
of type Ia, Ib, and II pmoA gene separately by linear regression in Origin 
(OriginLab Corporation, Northampton, MA, USA). 

3. Results 

3.1. The abiotic environment 

The trend in methane uptake was largely comparable in the un- 
disturbed and disturbed incubations, where activity peaked at 27–34 
days before reaching similar rates after 71 days (Fig. 1). However, 
methane uptake was significantly lower (p < 0.05) immediately after 
desiccation-rewetting when compared to the un-disturbed incubation 
(un-disturbed, 0.64 ± 0.06 μmol h− 1 g dw− 1; desiccated-rewetted, 0.5 ±
0.05 μmol h− 1 g dw− 1); the adverse effects of the disturbance on 

Table 1 
Correlations and topological properties of the interaction networks during pre- 
incubation, and recovery from desiccation-rewetting at 1–7 and 27–71 days 
intervals.  

Network properties Pre- 
incubation 

Un-disturbed Disturbed 

1–7 d 27-71d 1–7 d 27-71d 

Number of nodesa 165 181 211 210 156 
Number of edgesb 769 616 1547 888 1835 
Positive edgesc 435 (56%) 368 

(60%) 
919 
(59%) 

493 
(56%) 

1235 
(67%) 

Negative edgesd 334 (43%) 248 
(40%) 

628 
(41%) 

395 
(44%) 

600 
(33%) 

Modularitye 2.96 2.32 1.81 2.78 0.88 
Number of 

communitiesf 
26 38 29 58 12 

Network diameterg 6 9 12 8 6 
Average path 

lengthh 
2.95 3.35 3.09 2.99 2.49 

Average degreei 9.32 6.80 14.66 8.45 23.52 
Average clustering 

coefficientj 
0.430 0.385 0.449 0.358 0.567  

a Microbial taxon (at genus level) with at least one significant (P < 0.01) and 
strong (SparCC > 0.7 or < − 0.7) correlation. 

b Number of connections/correlations obtained by SparCC analysis. 
c SparCC positive correlation (>0.7 with P < 0.01). 
d SparCC negative correlation (<− 0.7 with P < 0.01). 
e The capability of the nodes to form highly connected communities, that is, a 

structure with high density of between nodes connections (inferred by Gephi). 
f A community is defined as a group of nodes densely connected internally 

(Gephi). 
g The longest distance between nodes in the network, measured in number of 

edges (Gephi). 
h Average network distance between all pair of nodes or the average length off 

all edges in the network (Gephi). 
i The average number of connections per node in the network, that is, the node 

connectivity (Gephi). 
j How nodes are embedded in their neighborhood and the degree to which 

they tend to cluster together (Gephi). 

Fig. 1. Methane uptake rate in the un-disturbed and disturbed incubations 
determined during the pre-incubation, as well as 1–7, 27–34, and 64–71 days 
interval after desiccation-rewetting. Incubations with 13C- and unlabeledC-CH4 
were combined (mean ± s.d., n = 6) for each treatment. Pre-incubation is 
denoted by the shaded area. Significant difference in the methane uptake rate 
between treatments is indicated by an asterisk (t-test, p < 0.05). 
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methane uptake were transient (<5 days). 
Soluble ammonium and nitrate were rapidly consumed during pre- 

incubation (Fig. S3). The inorganic N concentrations significantly 
increased (p < 0.05) after desiccation-rewetting. However, the elevated 
inorganic N concentrations were not sustained. Soluble ammonium and 
nitrate concentrations decreased to values similar to those after pre- 
incubation at ~34 days. Particularly, ammonium concentration was 
significantly higher in the un-disturbed than in the disturbed microcosm 
after incubation (day 71). 

3.2. Response in methanotroph abundance 

Group-specific qPCR assays were performed to enumerate the pmoA 
genes belonging to type Ia, Ib, and II methanotrophs to be used as 
proxies for methanotrophic abundances. Generally, the gammaproteo-
bacterial methanotrophs were less responsive to desiccation-rewetting 
than the alphaproteobacterial ones (Fig. 2). Although values were 
within the same order of magnitude and the discrepancies documented 
were not appreciable, changes in the abundance of type Ia and Ib 
methanotrophs were statistically significant comparing the un-disturbed 
to the desiccation-rewetted microcosms. Consistently, like for the type II 
methanotrophs, methane uptake rates were significantly (p < 0.05) 
correlated to the abundances of type Ib methanotrophs (Fig S4). It is also 
noteworthy that type I methanotrophs were appreciably more abundant 
in the disturbed microcosm after the incubation despite showing an 
adverse effect on population numbers soon after desiccation-rewetting 

(Fig. 2). Particularly, the type II methanotroph abundance recovered 
well, appreciably increased by around two orders of magnitude after 
desiccation-rewetting (7–71 days). By comparison, type I methanotroph 
abundance also increased but within a relatively narrow range (type Ia 
methanotrophs, 2.1 × 107 ± 7.4 × 106 to 3.4 × 107 ± 7.0 × 106; type Ib 
methanotrophs, 2.5 × 107 ± 7.9 × 106 to 1.9 × 108 ± 6.6 × 107 gene 
copy numbers g dw soil− 1) during the same time frame (Fig. 2). It ap-
pears that although type II methanotrophs constitute a minor overall 
fraction of the methanotrophic population, they were more responsive 
and significantly increased in abundance after desiccation-rewetting. 

3.3. Effects of desiccation-rewetting on the methanotrophic community 
composition, as determined by DNA-based SIP 

The bacterial communities, including the methanotrophs in the 
‘heavy’ and ‘light’ fractions were distinct, as revealed in a PCA for each 
time interval, showing a clear separation of the 13C-enriched and unla-

belledC-DNA (Fig. S5). The 16S rRNA- and pmoA gene-derived sequencing 
analyses were then performed on the 13C-enriched DNA, representing 
the metabolically active and replicating community. The pmoA gene was 
sequenced before (after pre-incubation) and immediately after distur-
bance (1–7 days interval), as well as after incubation (64–71 days in-
terval) to follow the recovery of the methanotrophic community 
composition. The pmoA gene sequences, visualized as a PCA (Fig. 3), 
revealed a distinct active methanotrophic community prior to the 
disturbance (pre-incubation), and the community shifted soon after 
desiccation-rewetting, diverging from the community in the un- 
disturbed microcosm. Over 96% of the variation in the methano-
trophic community composition could be explained by PC1 and PC2 
(67.9% and 28.5% of the total variance, respectively). The active 
methanotrophs which emerged soon after desiccation-rewetting (1–7 
days interval) were predominantly comprised of members belonging to 
the putative Rice Paddy Cluster (RPC) closely affiliated to Methyl-
ocaldum (type Ib; Lüke et al., 2014; Shiau et al., 2018). 71 days 
post-desiccation-rewetting, the recovering community in the disturbed, 
as well as in the un-disturbed microcosms were more scattered, largely 
comprising of type I methanotrophs. The active methanotrophs showed 
dynamic population shifts after desiccation-rewetting, with the recov-
ered community becoming more varied after incubation. 

3.4. Effects of desiccation-rewetting on the total bacterial community 
composition, as determined by DNA-based SIP 

The active bacterial community was largely comprised of members 
belonging to Gammaproteobacteria (families Methylomonaceae, Meth-
ylophilaceae, Burkholderiaceae, Rhodocyclaceae, and Nitro-
somonadaceae), Bacteroidetes (family Chitinophagaceae and 
Microscillaceae), and Gemmatimonadetes (family Gemmatimonada-
ceae), collectively representing the majority of the population (>75%; 
Fig. 4). Like the pmoA gene sequence analysis, the PCA derived from the 
16S rRNA gene sequences revealed a compositional shift in the bacterial 
community after desiccation-rewetting, but the community recovered 
after 71 days, closely resembling the composition in the un-disturbed 
microcosm (Fig. 3). Comparing the community in the un-disturbed 
and disturbed microcosms, Methylocaldum (type Ib methanotroph), 
and Methylobacter (type Ia) as well as members of Burkholderiaceae, 
were respectively detected at appreciably higher relative abundance 
soon after desiccation-rewetting (1–7 days interval) and during recovery 
(27–71 days interval), consistent with the pmoA gene sequence analysis 
(Fig S6). The active members of the bacterial community in the un- 
disturbed microcosm were generally more diverse; microorganisms 
present at differentially higher relative abundances belonged to Pro-
teobacteria, Bacteroidetes, Verrucomicrobia, and Acidobacteria (fam-
ily/genus level identification, Fig. 4 and S6). Generally, the pmoA and 
16S rRNA gene sequencing analyses were consistent, revealing the 
compositional shift and recovery of the active community. 

Fig. 2. Temporal changes in the pmoA gene abundance of type Ia (a), type Ib 
(b), and type II (c) methanotrophs, as determined from group-specific qPCR 
assays. Each qPCR reaction was performed in duplicate for each DNA extract (n 
= 6), giving a total of 12 replicates per treatment, time, and assay. Pre- 
incubation is denoted by the shaded area, and dashed lines indicate the 
detection limit of the qPCR assays. Significant difference in the pmoA gene 
abundance between treatments is indicated by an asterisk (t-test, p < 0.05). 
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3.5. Response of the co-occurrence network structure to desiccation- 
rewetting 

A 16S rRNA gene-based co-occurrence network analysis derived 
from the 13C-enriched ’heavy’ fraction was performed to explore the 
complexity of the methane-driven interactome immediately after, and 
during the recovery from desiccation-rewetting (resilience; Fig. 5). 
These networks were assessed by their topological properties comparing 
the un-disturbed and disturbed incubations (Table 1). Generally, both 
the microbial communities in the un-disturbed and after desiccation- 
rewetting increased in connectivity over time (i.e., higher no. of 
edges, degree, clustering coefficient; Table 1). However, a more con-
nected network emerged after desiccation-rewetting (>27 days), 
exhibiting a higher number of connections (edges), connections per 
node (degree), and clustering coefficient than in the un-disturbed 
community (Table 1). Accordingly, the desiccation-rewetted commu-
nity was characterized by a shorter average path length (Table 1). 

Although modularity generally decreased in all microcosms after pre- 
incubation, the community showed a less modular structure after 
desiccation-rewetting when compared to the un-disturbed community 
during recovery. Additionally, to account for biases arising from the 
imbalance number of replicates used to construct the networks (i.e., 
grouping of 27–34 and 64–71 days intervals yielding a higher number of 
replicates, n = 6 or 7), the networks were re-constructed using 4 
randomly selected replicates from all replicates for the 27–71 days in-
terval. The results obtained were consistent and support the general 
trends documented in the networks using all replicates (Table S2). 
Overall, the network structure of the active bacterial community became 
more complex and connected after recovery from desiccation-rewetting, 
demonstrating that the disturbance fostered a closer association of 
community members within the interactome. 

The top five nodes with the highest betweenness centrality were 
identified in all treatments (Fig. 5 & Table S3). As anticipated, the key 
nodes comprised of methanotrophs, as well as non-methanotrophic 
methylotrophs; the methanotrophs are a subset of the methylotrophs 
(Chistoserdova, 2015). Surprisingly, many other non-methanotrophic 
bacterial taxa also formed the key nodes. These taxa were rather 
unique to each treatment (un-disturbed and disturbed) at 1–7 and 27–71 
days intervals (Fig. 5 & Table S3). It appears that non-methanotrophs, 
albeit unable to assimilate methane directly, were also relevant mem-
bers of the interactome. 

4. Discussion 

4.1. Recovery and resilience of the methanotrophic activity and 
community composition following desiccation-rewetting 

The methanotrophic activity was resilient to desiccation-rewetting. 
Periodic exposure of the paddy soil to lower soil water content after 
drainage for rice harvest may have selected for a desiccation-tolerant 
methanotrophic community. This may partly explain the transient (<5 
days) adverse effect on methane uptake rates, which rapidly recovered. 
Nevertheless, the recovery in methanotrophic activity to single distur-
bance events is not entirely unexpected, as has been shown before (e.g., 
soil structural disruption, (Kumaresan et al., 2011); long-term drought 
spanning over decades, (Collet et al., 2015); desiccation and heat stress, 
(Ho et al., 2016b, 2016c). Similarly, methanotrophic activity recovered 
from multiple disturbances, with soils harboring low-affinity methano-
trophs showing resilience to repeated desiccation and ammonium stress 
(van Kruistum et al., 2018), and compounded disturbances associated to 
land transformation given sufficient recovery time (e.g., over 15 years 
after peat excavation; Reumer et al., 2018). However, the recovery in 
methane oxidation may be accompanied by compositional shifts in the 
methanotrophic community, affecting the trajectory of methanotroph 
succession after disturbance (Ho et al., 2016b). 

In contrast to previous work (e.g., Kumaresan et al., 2011; Collet 
et al., 2015; Ho et al., 2016b; Jurburg et al., 2017; Krause et al., 2017; 
Ho et al., 2018; Reumer et al., 2018), a time-series 13C–CH4 labeling 
approach was employed in this study to directly relate not only the 
methanotrophic activity to the response of the metabolically active 
methanotrophs, but also to the structure of the interaction network, to 
desiccation-rewetting. The active bacterial community composition, 
including the methanotrophs, recovered well as indicated by the 16S 
rRNA gene sequence analysis, which showed that the disturbed com-
munity resembled that of the un-disturbed community, clustering 
closely together after incubation (PCA; Fig. 3). Specifically, Methyl-
ocaldum was predominant soon after desiccation-rewetting, whereas 
Methylobacter and Burkholderiaceae were present at relatively higher 
abundances during recovery from the disturbance (Fig. 4 and S6). 
Gammaproteobacterial methanotrophs, including Methylocaldum and 
Methylobacter species, are generally known to be rapid colonizers, 
proliferating under high nutrient and methane availability (Ho et al., 
2013, 2016c), whereas the dominance and role of Burkholderiaceae 

Fig. 3. Principal component analysis showing the response of the active 
methanotrophic (a) and bacterial (b) community composition to desiccation- 
rewetting, as determined from the relative abundances of the pmoA and 16S 
rRNA gene sequences, respectively. Both the pmoA and 16S rRNA gene se-
quences were derived from the 13C-enriched DNA (‘heavy’ fraction). In (A), the 
vectors represent the predominant methanotrophs belonging to type Ia (Meth-
ylobacter), type Ib (RPC, rice paddy cluster), and type II (Methylocystis). 
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during recovery from disturbances remain elusive. However, members 
of the family Burkholderiaceae exhibit metabolic versatility, with 
Cupriavidus reported to stimulate methanotrophic growth (Stock et al., 
2013). Furthermore, Ralstonia, another Burkholderiaceae, has been 
documented to co-occur with methanotrophs in a 13C–CH4 labeling 
study, likely caused by cross-feeding, suggesting that there was a trophic 
interaction with methanotrophs (Qiu et al., 2008). Like for the gam-
maproteobacterial type Ib methanotrophs, the significant correlation 
between methane uptake rates and the alphaproteobacterial 

methanotrophs suggests a coupling of methanotrophic activity and the 
growth of these methanotrophic sub-groups (Fig S4). The alphaproteo-
bacterial methanotrophs (Methylocystis; type II) were seemingly more 
responsive to the disturbance, exhibiting a gradual increase in numerical 
abundance during the incubation (Fig. 2). This reinforces previous 
studies documenting the emergence of this sub-group (Methyl-
ocystis-Methylosinus) after stress events (Ho et al., 2011, 2016b, 2016c; 
van Kruistum et al., 2018). It is thought that desiccation-rewetting may 
trigger the proliferation of alphaproteobacterial methanotrophs either 

Fig. 4. The mean active bacterial community composition in the un-disturbed and disturbed incubations, based on the 16S rRNA gene sequence analysis. The 16S 
rRNA gene sequences were derived from the 13C-enriched DNA after incubation at 1–7, 27–34, and 64–71 days intervals. 

Fig. 5. Co-occurence network analysis of 
the active bacterial community based on the 
16S rRNA gene during pre-incubation, and 
after desiccation-rewetting. The 16S rRNA 
gene sequences were derived from the 13C- 
enriched DNA (‘heavy’ fraction). Samples 
from 27 to 34 and 64–71 days intervals were 
combined to have sufficient replicates for 
the network analysis; density gradient ul-
tracentrifugation was unsuccessful in 2 of 4 
replicated 13C–CH4 incubations in the 
disturbed microcosm at 64–71 days interval. 
Significant (p < 0.01) positive (magnitude 
> 0.7) and negative (magnitude, < − 0.7) 
SparCC correlations are respectively denoted 
by the blue and red edges. Each node rep-
resents a bacterial taxa at the OTU level, and 
the size of the node corresponds to the 
number of connections (degree). The colour 
intensity indicates the betweenness central-
ity (darker shades indicating higher values). 
The numbers in the key nodes (top five 
nodes with highest betweenness centrality) 
refer to (1) Methylophilaceae, (2) Rhodocy-
claceae, (3) Gemmatirosa, (4) Crenothrix 
(methane-oxidizer), (5) Acidobacteria sub-
group 6, (6) Gemmatimonadaceae, (7) 
Methylomonas (methanotroph), (8) Nov-
iherbaspirillum, (9) Beijerinckiaceae, (10) 
Paenibacillus, (11) Acidobacteria subgroup 7, 
(12) Opitutaceae, (13) Unclassified Bacteria, 
(14) Sphingomonas, (15) Blastocatellia, (16) 
Ideonella, (17) Chthoniobacter, (18) Proteo-
bacteria, (19) Chitinophagaceae (20) 
Microscillaceae. Detailed topological prop-
erties of the networks are provided in 
Table 1. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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by awakening dormant members of the seedbank community and/or 
generating open niches for recolonization (Whittenbury et al., 1970; 
Collet et al., 2015; Ho et al., 2016c; Kaupper et al., 2020b). Also, the 
gradual increase in alphaproteobacterial methanotroph abundance may 
be attributable to a relatively slower recovery after being adversely 
affected by desiccation-rewetting, having a lower initial abundance than 
gammaproteobacterial methanotrophs. Admittedly, we cannot exclude 
experimental artifacts deriving from soil preparation which may affect 
the methanotrophs, but the soil was mildly pre-processed (i.e., air-dried 
at ambient temperature and sieved), ensuring homogeneity for a stan-
dardized incubation. Overall, the differential response among meth-
anotroph sub-groups was consistent with trends detected previously. 

4.2. The emergence of a more complex and connected methane-driven 
interactome after desiccation-rewetting 

Methanotrophs thrive in the presence of specific accompanying mi-
croorganisms, exhibiting higher activity and growth as cocultures than 
as monocultures (Iguchi et al., 2011; Stock et al., 2013; Ho et al., 2014; 
Jeong et al., 2014; Benner et al., 2015; Krause et al., 2017; Veraart et al., 
2018). This emphasizes the relevance of interdependent relationships 
among members of a methanotrophic interactome for community 
functioning. Although methanotrophic activity and community 
composition may recover, disturbances may exert an impact on the 
structure of the microbial network, affecting the interaction among 
community members which may have consequences in future distur-
bances (Berg and Ellers, 2010; Bissett et al., 2013; Sun et al., 2013; Ho 
et al., 2020; Ratzke et al., 2020). 

Interestingly, the methanotrophic interactome became more com-
plex and increased in connectivity during recovery (>27 days) from 
desiccation-rewetting (Table 1 & Fig. 5). The disturbance-induced 
highly connected interactome suggests higher competition for specific 
niches (van Elsas et al., 2012), which likely became available after the 
disturbance event. This enables rapid re-colonization of the open niches, 
resulting in the recovery of methanotrophic activity and abundance, 
particularly when methane is not limiting (Ho et al., 2011; Pan et al., 
2014; Kaupper et al., 2020b). The emergence of a more complex 
network after disturbance also suggests that the loss of some microor-
ganisms were compensated by other community members having 
similar roles; the community was thus sufficiently redundant to sustain 
methanotrophic activity (Eldridge et al., 2015; Mendes et al., 2015; 
Tripathi et al., 2016). Similarly, when compared to an un-perturbed soil, 
the bacterial network after bio-perturbation (>12 months) caused by the 
foraging activity of burrowing mammals increased in connectedness 
(Eldridge et al., 2015). In another form of disturbance, the microbial 
network was altered, increasing in the number of positively co-occurring 
bacteria during the recovery from a forest fire (12 months; Pérez-Valera 
et al., 2017). In line with these studies, the interaction networks 
increased in complexity, becoming more connected after deforestation 
for oil palm (Tripathi et al., 2016) and after abandonment of agriculture 
(Morriën et al., 2017). 

Like these disturbances, desiccation-rewetting fostered closer asso-
ciations among interacting members of the methanotrophic inter-
actome, supporting our hypothesis. The increase in network complexity, 
as indicated by a higher number of edges, degree, and clustering effi-
ciency suggests a more connected network, concomitant to a shorter 
average path length which indicates a tighter and more efficient 
network, in response to desiccation-rewetting (Zhou et al., 2010; 
Mendes et al., 2018; Dal Co et al., 2020). Hence, desiccation-rewetting 
likely augmented or consolidated metabolic exchange to increase 
co-occurrence among community members within the interactome, 
giving rise to a more complex interaction network (Zelezniak et al., 
2015; Ratzke et al., 2020). The increase in network complexity directly 
related to the recovery in methanotrophic activity. Nevertheless, 
modularity decreased over time, possessing fewer independently con-
nected groups (compartments) within the network (Zhou et al., 2010), 

more pronounced in the desiccation-rewetted community. A highly 
modular network is thought to restrict and localize the effects of a 
disturbance within compartments in the network (Ruiz-Moreno et al., 
2006; Zhou et al., 2010). Therefore, the loss of modularity after 
contemporary disturbances suggests that future disturbances will more 
evenly affect community members. Hence, community composition and 
activity, when examined alongside the network structure, provided a 
more comprehensive understanding of microbial responses to contem-
porary and future disturbances. 

Expectedly, the nodes with high betweenness centrality were found 
to comprise of methylotrophs, including the methanotrophs (Fig. 5). 
These key nodes were not necessarily bacterial taxa that were present at 
significantly higher relative abundances (e.g., Burkholderiaceae; Fig. 4) 
but rather, refer to nodes acting as a bridge between other nodes with 
significantly higher frequencies (Poudel et al., 2016). As such, the key 
nodes within the network are crucial members of the methanotrophic 
interactome, potentially having a significant regulatory effect on the 
other members of the interactome; the loss of the key nodes is antici-
pated to unravel the interaction network (Williams et al., 2014; van der 
Heijden and Hartmann, 2016). Because the methylotrophs can oxidize 
methanol and other intermediary products of methane oxidation (e.g., 
formaldehyde, formate), cross-feeding between the methanotrophs and 
non-methanotrophic methylotrophs (e.g., Methylotenera, Methylophilus) 
drives their co-occurrence, as has been established before (Krause et al., 
2017). Interestingly, many non-methanotrophs/methylotrophs also 
formed the key nodes. Given that the non-methanotrophs cannot utilize 
methane as a carbon and energy source, their identification as key nodes 
indicates their potential regulatory role, indirectly via 
interaction-induced effects, on the methanotrophic activity (van der 
Heijden and Hartmann, 2016). Among the non-methanotrophic key 
nodes, other members of Sphingomonadaceae (Sphingopyxis) but not 
specifically Sphingomonas, have been shown to significantly stimulate 
the expression of the pmoA gene when co-cultured with an alphapro-
teobacterial methanotroph (Methylocystis; Jeong et al., 2014). Members 
of Gemmatimonadaceae have been co-detected along with the meth-
anotrophs in 13C–CH4 labelling SIP studies, but their exact role within 
the interacome remains to be elucidated (Zheng et al., 2014). Similarly, 
the underlying mechanisms that drive the interaction between other 
co-occurring bacterial taxa and the methanotrophs warrant further 
exploration through isolation and co-culture studies (Kwon et al., 2018). 
However, it is likely that some members of the co-occurring taxa may 
reciprocally interact with the methanotrophs, supporting methano-
trophic growth and activity (e.g., Sphingomonas), and contributed to the 
resilience of the methanotrophs following desiccation-rewetting. 
Accordingly, the bacterial taxa representing key nodes were distinct in 
the un-disturbed microcosm and after desiccation-rewetting, despite 
compositional recovery among metabolically active members of the 
community (Fig. 3). This indicates sufficient redundancy among active 
members of the methanotrophic interactome; presumably, the different 
key taxa in the un-disturbed and disturbed community shared similar 
traits relevant for community functioning. 

5. Conclusion 

Our findings, based on the time-resolved 13C–CH4 SIP approach, 
reinforced previous DNA-based studies, showing the differential 
response among the methanotrophs to disturbances, likely reflecting on 
their ecological life strategies (Ho et al., 2013). Widening current un-
derstanding, we showed that although methanotrophic activity recov-
ered after desiccation-rewetting and the post-disturbance microbial 
community may resemble those in the un-disturbed soil, the disturbance 
legacy manifests in the structure of the co-occurrence network, which 
became more complex but less modular. Therefore, community inter-
action profoundly changed after desiccation-rewetting, which may have 
consequences for community functioning with recurring and/or com-
pounded disturbances. More generally, our findings move beyond 
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biodiversity-ecosystem functioning relationships to encompass 
interaction-induced responses in community functioning. 
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Reis, P.C.J., Thottathil, S.D., Ruiz-González, C., Prairie, Y.T., 2020. Niche separation 
within aerobic methanotrophic bacteria across lakes and its link to methane 
oxidation rates. Environmental Microbiology 22, 738–751. 

Reumer, M., Harnisz, M., Lee, H.J., Reim, A., Grunert, O., Putkinen, A., Fritze, H., 
Bodelier, P.L.E., Ho, A., 2018. Impact of peat mining and restoration on methane 
turnover potential and methane-cycling microorganisms in a northern bog. Applied 
and Environmental Microbiology 84. 

Ruiz-Moreno, D., Pascual, M., Riolo, R., 2006. Exploring network space with genetic 
algorithms: modularity, resilience and reactivity. In: Pascua, l.M., Dunne, J.A. (Eds.), 
Ecological Networks: Linking Structure to Dynamics in Food Webs. Oxford 
University Press, New York, NY, pp. 187–208. 

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., 
Lesniewski, R.A., Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W., Stres, B., 
Thallinger, G.G., van Horn, D.J., Weber, C.F., 2009. Introducing mothur: open- 
source, platform-independent, community-supported software for describing and 

comparing microbial communities. Applied and Environmental Microbiology 75, 
7537–7541. 

Semrau, J.D., DiSpirito, A.A., Yoon, S., 2010. Methanotrophs and copper. FEMS 
Microbiology Reviews 34, 496–531. 

Sharp, C.E., Smirnova, A.V., Graham, J.M., Stott, M.B., Khadka, R., Moore, T.R., 
Grasby, S.E., Strack, M., Dunfield, P.F., 2014. Distribution and diversity of 
Verrucomicrobia methanotrophs in geothermal and acidic environments. 
Environmental Microbiology 16, 1867–1878. 

Shiau, Y.-J., Cai, Y., Jia, Z., Chen, C.-L., Chiu, C.-Y., 2018. Phylogenetically distinct 
methanotrophs modulate methane oxidation in rice paddies across Taiwan. Soil 
Biology and Biochemistry 124, 59–69. 

Shrestha, P.M., Kammann, C., Lenhart, K., Dam, B., Liesack, W., 2012. Linking activity, 
composition and seasonal dynamics of atmospheric methane oxidizers in a meadow 
soil. The ISME Journal 6, 1115–1126. 

Stock, M., Hoefman, S., Kerckhof, F.-M., Boon, N., Vos, P. de, Baets, B. de, Heylen, K., 
Waegeman, W., 2013. Exploration and prediction of interactions between 
methanotrophs and heterotrophs. Research in Microbiology 164, 1045–1054. 

Sun, M.Y., Dafforn, K.A., Johnston, E.L., Brown, M.V., 2013. Core sediment bacteria 
drive community response to anthropogenic contamination over multiple 
environmental gradients. Environmental Microbiology 15, 2517–2531. 

Tripathi, B.M., Edwards, D.P., Mendes, L.W., Kim, M., Dong, K., Kim, H., Adams, J.M., 
2016. The impact of tropical forest logging and oil palm agriculture on the soil 
microbiome. Molecular Ecology 25, 2244–2257. 

Trotsenko, Y.A., Murrell, J.C., 2008. Metabolic aspects of aerobic obligate 
methanotrophy. In: Laskin, A.I., Gadd, G.M., Sariaslani, S. (Eds.), Advances in 
Applied Microbiology, first ed., vol. 63. Academic Press, Amsterdam, pp. 183–229. 

van der Heijden, M.G.A., Hartmann, M., 2016. Networking in the plant microbiome. 
PLoS Biology 14, e1002378. 

van Elsas, J.D., Chiurazzi, M., Mallon, C.A., Elhottova, D., Kristufek, V., Salles, J.F., 2012. 
Microbial diversity determines the invasion of soil by a bacterial pathogen. 
Proceedings of the National Academy of Sciences of the United States of America 
109, 1159–1164. 

van Kruistum, H., Bodelier, P.L.E., Ho, A., Meima-Franke, M., Veraart, A.J., 2018. 
Resistance and recovery of methane-oxidizing communities depends on stress regime 
and history; A microcosm study. Frontiers in Microbiology 9, 1714. 

Veraart, A.J., Garbeva, P., van Beersum, F., Ho, A., Hordijk, C.A., Meima-Franke, M., 
Zweers, A.J., Bodelier, P.L.E., 2018. Living apart together-bacterial volatiles 
influence methanotrophic growth and activity. The ISME Journal 12, 1163–1166. 

Whittenbury, R., Davies, S.L., Davey, J.F., 1970. Exospores and cysts formed by methane- 
utilizing bacteria. Journal of General Microbiology 61, 219–226. 

Williams, R.J., Howe, A., Hofmockel, K.S., 2014. Demonstrating microbial co-occurrence 
pattern analyses within and between ecosystems. Frontiers in Microbiology 5, 358. 

Zelezniak, A., Andrejev, S., Ponomarova, O., Mende, D.R., Bork, P., Patil, K.R., 2015. 
Metabolic dependencies drive species co-occurrence in diverse microbial 
communities. Proceedings of the National Academy of Sciences of the United States 
of America 112, 6449–6454. 

Zhang, J., Kobert, K., Flouri, T., Stamatakis, A., 2014. PEAR: a fast and accurate Illumina 
Paired-End reAd mergeR. Bioinformatics (Oxford, England) 30, 614–620. 

Zheng, Y., Huang, R., Wang, B.Z., Bodelier, P.L.E., Jia, Z.J., 2014. Competitive 
interactions between methane- and ammonia-oxidizing bacteria modulate carbon 
and nitrogen cycling in paddy soil. Biogeosciences 11, 3353–3368. 

Zhou, J., Deng, Y., Luo, F., He, Z., Tu, Q., Zhi, X., 2010. Functional molecular ecological 
networks. mBio 1, 1–10. 

T. Kaupper et al.                                                                                                                                                                                                                                

Appendix

190



Appendix

A.4 Supplementary information - When the going gets tough:
emergence of a complex methane-driven interaction network
during recovery from desiccation-rewetting

Thomas Kaupper1, Lucas W. Mendes2, Hyo Jung Lee3, Yongliang Mo4, Anja Poehlein5,
Zhongjun Jia4, Marcus A. Horn1, Adrian Ho1.

1 Institute for Microbiology, Leibniz Universität Hannover, Herrenhäuser Str. 2, 30419
Hannover, Germany.
2 Center of Nuclear Energy in Agriculture, University of São Paulo CENA-USP, Brazil.
3 Department of Biology, Kunsan National University, Gunsan, Republic of Korea.
4 Institute of Soil Science, Chinese Academy of Sciences, No.71 East Beijing Road,
Xuan-Wu District, Nanjing City, 210008 PR China.
5 Department of Genomic and Applied Microbiology and Göttingen Genomics Lab-
oratory, Institute of Microbiology and Genetics, George-August University Göttingen,
Grisebachstr. 8, D-37077 Göttingen, Germany.

Included:
• Supplementary table captions. The tables can be found online.
• Supplementary figures and figure captions.

191



Appendix

Following tables are not included in the supplementary an can be accessed on
the journal web page: Supplementary Information

Table S5 qPCR primer concentrations and thermal profiles

Table S6 Topological properties of the interaction networks at 27-71 days incubations derived from all
replicates (n=6 or 7) and from 4 randomly selected combinations from all replicates (3 subsets).

Table S7 Top 5 OTUs with more betweenness centrality in the undisturbed and disturbed incubations at
1-7 and 27-71 days interval. The representative sequences for the classified OTUs, based on
the SILVA database v. 132, is provided. Methanotrophs are given in bold.
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Figure S10 Experimental setup showing 13C- and unlabelledC-CH4 incubations. Desiccation was in-
duced overnight (15 h) after pre-incubation. Immediately after rewetting, the disturbed
as well as un-disturbed (reference) microcosms were individually incubated under 2%v/v
13C- and unlabelledC-CH4 (1-7 days) in flux chambers (inset figure). Likewise, disturbed and
un-disturbed microcosms were individually incubated under 2%v/v 13C- and unlabelledC-CH4
at 27-34 and 64-71 days interval after desiccation-rewetting to follow the recovery of the
methanotrophic activity. In between the 1-7, 27-34, and 64-71 days intervals, the micro-
cosms were incubated in a gas tight jar under 10%v/v unlabelledC-CH4.
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Figure S11 Representative relative abundance of the pmoA gene recovered from each density gradient
in the 13C- and unlabelledC-CH4 incubations after pre-incubation (a), 1-7 (b), 27-34 (c), and 64-
71 (d) days incubation. The ‘light’ fractions of the 13C- and unlabelledC-CH4 incubations were
compared to determine the ‘heavy’ fraction of the 13C-CH4 incubation. The arrow denotes
the fraction used for sequencing the 16S rRNA and pmoA genes.
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Figure S12 Changes in soluble ammonium (a) and nitrate (b) concentrations in the un-disturbed and dis-
turbed incubations (mean ± s.d., n=12). Ammonium and nitrate assays were performed in
duplicate for each sample. Incubations with 13C- and unlabelledC-CH4 were combined (mean
± s.d., n=6) for each treatment, giving a total of 12 replicate per time. Shaded area denotes
pre-incubation. Significant difference in the ammonium and nitrate concentrations compar-
ing the un-disturbed and disturbed incubations is indicated by an asterisk (t-test, p < 0.05).
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Figure S13 Correlation between the methane uptake rates and pmoA gene abundances of type Ia (a), Ib
(b), and II (c) methanotrophs. Replicates from all time points and treatments (un-disturbed
and disturbed) were integrated into the linear correlation.
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Figure S14 Principal component analysis showing the separation of the bacterial communities (16S
rRNA-based) derived from the ‘heavy´ (13C-enriched DNA) and ´light´ (unlabelled DNA)
fractions during pre-incubation (a), and 1-7 (b), 27 – 34 (c) and 64 – 71 (d) days interval after
desiccation-rewetting. The ‘heavy’ and ‘light’ fractions were determined after comparing the
13C- and unlabelledC-CH4 incubations (Figure S11).
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Figure S15 Differential abundance of the bacterial taxa at the OTU level, based on the 16S rRNA gene
sequences derived from the 13C-enriched DNA in the un-disturbed and disturbed incuba-
tions at 1-7 (a), and combined 27-34 and 64-71 (b) days interval. Affiliations of the OTUs
at the finest taxonomic resolution (genus level) are given, whenever available. Only signifi-
cantly different OTUs (p<0.01) between treatments are given.
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Recovery of Methanotrophic Activity Is Not Reflected in the
Methane-Driven Interaction Network after Peat Mining
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ABSTRACT Aerobic methanotrophs are crucial in ombrotrophic peatlands, driving
the methane and nitrogen cycles. Peat mining adversely affects methanotrophs, but
activity and community composition/abundances may recover after restoration. Considering
that the methanotrophic activity and growth are significantly stimulated in the presence of
other microorganisms, the methane-driven interaction network, which encompasses metha-
notrophs and nonmethanotrophs (i.e., the methanotrophic interactome), may also be rele-
vant in conferring community resilience. Yet, little is known of the methanotrophic interac-
tome's response to and recovery from disturbances. Here, we determined the recovery of
the methanotrophic interactome as inferred by a co-occurrence network analysis comparing
pristine and restored peatlands. We coupled a DNA-based stable isotope probing (SIP)
approach using [13C]CH4 to a co-occurrence network analysis derived from the 13C-enriched
16S rRNA gene sequences to relate the response in methanotrophic activity to the structur-
ing of the interaction network. Methanotrophic activity and abundances recovered after
peat restoration since 2000. “Methylomonaceae” taxa were the predominantly active metha-
notrophs in both peatlands, but the peatlands differed in the relative abundances of
Methylacidiphilaceae and Methylocystis. However, bacterial community compositions were
distinct in both peatlands. Likewise, the methanotrophic interactome was profoundly
altered in the restored peatland. Structuring of the interaction network after peat mining
resulted in the loss of complexity and modularity, indicating a less connected and efficient
network, which may have consequences in the event of recurring/future disturbances.
Therefore, determining the response of the methane-driven interaction network, in addition
to relating methanotrophic activity to community composition/abundances, provided a
more comprehensive understanding of the resilience of the methanotrophs.

IMPORTANCE Microbial resilience against and recovery from disturbances are often
determined with regard to microorganisms' activity and community composition/
abundances. Rarely has the response of the network of interacting microorganisms
been considered, despite accumulating evidence showing that microbial interaction
modulates community functioning. Comparing the methane-driven interaction net-
works of a pristine peatland and a restored peatland, our findings revealed that the
metabolically active microorganisms were less connected and formed less-modular
“hubs” in the restored peatland, which is indicative of a less complex network that
may have consequences with recurring disturbances and environmental changes.
This also suggests that the resilience and full recovery in the methanotrophic activity
and abundances do not reflect on the interaction network. Therefore, it is relevant to
consider the interaction-induced response, in addition to documenting changes in activ-
ity and community composition/abundances, to provide a comprehensive understanding
of the resilience of microorganisms to disturbances.
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KEYWORDS peatland restoration, methane oxidation, methane-based food web,
methanotrophs, stable isotope probing

Peat is harvested to meet global fuel and feed demands (e.g., renewable combusti-
ble fuel and soil additives [1, 2]). Mining profoundly alters the peat physicochemical

properties (e.g., increases pH and compaction and reduces the availability of inorganic
compounds [3, 4]), exerting an effect on the indigenous microbial communities with
consequences for microbially mediated processes such as greenhouse gas emissions
(5, 6). Depending on the mining method (block-cut or vacuum-harvested peat), peat
restoration to a pristine-like state can take decades, during which the rewetted peat-
lands may become a source of carbon, with altered carbon dioxide and methane emis-
sions (3, 7). In particular, methane emission in ombrotrophic peatlands is governed by
the balance of methane production in the anoxic peat layers, and aerobic methane oxi-
dation in niches where methane-oxygen counter gradients occur (e.g., the peat-over-
laying water layer). Hence, aerobic methanotrophs are key to mitigating methane
emission in peatlands, acting as a methane biofilter (8). Besides, diazotrophic methano-
trophs are a significant source of assimilable nitrogen, driving the N cycle in ombrotro-
phic peatlands (9–11). Methanotrophs are thus highly relevant members of the peat-
land microbiome, participating in the C and N cycles. While changes in the abiotic
environment following peat restoration have been the focus of earlier work (3, 4), the
microbial community composition and abundances, specifically those of methano-
trophs, in ombrotrophic peatlands have since gained attention (12–15). Still, less is
known about the response of the relevant and metabolically active community mem-
bers to peat restoration, and it remains to be determined how well the methane-driven
network of interacting microorganisms recovers in the reestablished peatland.

Ombrotrophic Sphagnum-dominated peatlands are relatively harsh environments
that are characterized by low pH and are nutrient depauperate (16). These conditions,
along with the antimicrobial properties of Sphagnum, may exert pressure to select for
specific aerobic methanotrophs (17). Not surprisingly, the methanotrophs, being
strongly influenced by their abiotic environment, showed habitat specificity (18, 19).
Predominantly active methanotrophs in ombrotrophic peatlands fall into the class
Alphaproteobacteria (type II methanotrophs), which includes Methylocystis and Methylosinus
(family Methylocystaceae), as well as members of the family Beijerinckiaceae (Methylocella,
Methyloferula, and Methylocapsa); class Gammaproteobacteri methanotrophs (type I)
belonging to Methylomonas and Methylovulum were more recently found to be active
members of the community (14, 15, 20–23). The methanotrophs form a plethora of interde-
pendent relationships with other organisms, at times supporting multitrophic food webs
in high-methane-emission environments (24–27). Accordingly, methane oxidation and
growth rates, as well as the transcription of the pmoA gene (encoding methane monooxy-
genase) were significantly stimulated when the methanotrophs were cocultured together
with other microorganisms compared to monoculture (28–31). As such, nonmethanotrophs
that do not seemingly contribute to methane oxidation are also relevant, indirectly affect-
ing community functioning via interaction-induced effects. Therefore, considering the
methane-driven interaction network is important to elaborate community response during
peat restoration, but this has so far received little attention.

Here, we aimed to compare and contrast the methane-driven interaction network
in ombrotrophic peatlands to follow the recovery in the network structure during peat
restoration. Although methanotrophic activity and community composition/abundan-
ces may recover after Sphagnum regrowth upon peat rewetting (6, 13), the legacy of
peat mining may persist in the structure of the interaction network (32, 80). Revisiting
the sites of our previous work (pristine and restored peatlands [13]), we performed sta-
ble isotope probing (SIP) using [13C]CH4 to track the unidirectional flow of methane
into the food web. Instead of deriving the co-occurrence network analysis from iso-
lated DNA (e.g., references 33 and 34), we performed a network analysis using the 13C-
enriched 16S rRNA gene from SIP to infer the methane-driven interaction network (i.e.,
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methanotrophic interactome). We define the methanotrophic interactome as a subset
of the entire bacterial community comprising of both methanotrophs and nonmetha-
notrophs that is tracked via the flow of methane-derived 13C. Coupling SIP to the co-
occurrence network analysis not only provides direct ecological linkages of the meta-
bolically active members of the interaction network, thereby minimizing spurious and
weak connections, but also unambiguously relates community functioning (methane
oxidation as the functional response variable) to the network structure.

RESULTS
Comparison of methanotrophic activity and abundance and the abiotic

environment in the pristine and restored peatlands. Headspace methane was im-
mediately consumed upon incubation setup (initial and after methane replenishment;
see Fig. S1 in the supplemental material) in both peatlands, indicating the presence of
a thriving indigenous methanotrophic population. The initial methane uptake rate,
reflecting the in-situ rate (35), was comparable in both peatlands at ;24mmol · g dry
weight21 · day21 (Table 1). This suggests recovery in methanotrophic activity in the restored
peatland, consistent with a previous study of the same peatlands over two consecutive
years (in 2015 and 2016 [13]). The methane uptake rate increased in both peatlands after
replenishing headspace methane, achieving an “induced rate” that was likely caused by
population growth during incubation (Table 1) (35). This was corroborated by the increased
pmoA gene abundance by approximately an order of magnitude after the incubation, indi-
cating methanotrophic growth. Also, the proportion of methanotrophs (i.e., the pmoA/16S
rRNA gene abundance ratio) increased during the incubation (Table 1). Similarly, the total
bacteria, and specifically the methanotrophic population size, recovered to even higher
abundances following peat restoration, as was previously documented (13).

The pHs in the two peatlands were comparable, within the range of 4.4 to 4.7
(Table 1). Soluble ammonium was significantly higher after peat restoration, while ni-
trate concentrations were comparable (Table 1), consistent with previous work (13).

Response of the metabolically active bacterial community composition to peat
restoration, as determined by DNA-based SIP. An SIP approach using [13C]CH4 was
performed to track the flow of 13C into the DNA of metabolically active and replicating
microorganisms. Because the methanotrophs are the only microorganisms capable of
assimilating methane, 13C incorporated into the DNA of nonmethanotrophs indicates
the reliance of these microorganisms on methane-derived carbon for growth. Each
ultracentrifugation run was performed for DNA extracted from incubations with [13C]
CH4 and [unlabelledC]CH4 to distinguish the “heavy” and “light” fractions after amplifica-
tion of the pmoA gene for each gradient fraction (Fig. 1). Admittedly, we cannot com-
pletely exclude the presence of unlabeled 16S rRNA gene with a high GC content in

TABLE 1 Selected physicochemical properties, pmoA and 16S rRNA gene abundances, and methane uptake rates in the pristine and restored
peatlandsa

Peatland status pH

Ammonium
(mmol · g
dry wt21)

Nitrate
(mmol · g
dry wt 21)

Methane uptake
rate (mmol · g dry
wt21 · day21)b

pmoA gene
abundance (copy
no. · g dry wt21)

16S rRNA gene
abundance (copy
no. · g dry wt21)

Mean pmoA/
16S rRNA gene
abundance (%)

Pristine 4.46 0.19 C 0.26 0.02 C 0.66 0.07 C
After incubation setup 24.76 6.17 C (6.06 3.29)� 104 C (6.816 3.41)� 107 C 0.08
After replenishing
headspace methane

45.66 8.61 A (3.56 2.47)� 105 A (9.136 4.9)� 107 A 0.53

Restored 4.76 0.12 C 0.76 0.08 D 0.76 0.21 C
After incubation setup 24.76 3.82 C (4.96 4.02)� 105 D (2.486 0.93)� 108 D 0.21
After replenishing
headspace methane

31.26 9.57 B (2.86 1.47)� 106 B (2.526 1.48)� 108 B 1.46

aUppercase letters indicate a level of significance at P, 0.05 between sites. C and D refer to data after incubation setup, and A and B refer to data after replenishing
headspace methane.

bMethane uptake rates were determined by linear regression after incubation setup (C and D, P, 0.05; days 0 to 8) and after replenishing headspace methane (A and B,
P, 0.05; days 8 to 13 or 14) (methane depletion curve; see Fig. S1 in the supplemental material).
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the heavy fraction (36). The heavy fraction could be clearly separated from the light
fraction in both peat incubations (Fig. 1), and this was further supported by the cluster-
ing of the distinct communities in both fractions, based on the 16S rRNA gene
sequencing analysis (principal-component analysis [PCA]; Fig. 2). Subsequently, co-
occurrence network analysis was performed on the 13C-enriched 16S rRNA gene
sequences, representing the active community members.

The 13C-enriched bacterial community composition was distinct in the pristine and
restored peatlands, indicating that the total community in the restored peatland had
not fully recovered to a pristine-like state (Fig. 2). Among the 13C-labeled bacterial
phyla, Proteobacteria members were predominantly present in both peatlands (.65%;
Fig. 3). However, members of the phylum were detected at a significantly higher rela-
tive abundance in the restored site (see Fig. S2 in the supplemental material). Within
Proteobacteria, Beijerinckiaceae, Oligoflexales, Polyangiaceae, Pajaroellobacter, Elsterales,
Myxococcales, and Burkholderiaceae, as well as the genera Anaeromyxobacter,
Occallatibacter, and Cavicella were detected at significantly (P, 0.05) differentially
higher proportion (overabundant) in the restored compared to that in the pristine
peatlands (see Fig. S3 in the supplemental material). However, a member of the
Beijerinckiaceae (represented by operational taxonomic unit [OTU] 1; Fig. S3) was more
abundant in the pristine peatland. Among other phyla, Acidobacteria, Bacteroidetes,
and WPS-2 were present at significantly higher relative abundances in the pristine
peatland (Fig. S2). Considering finer taxonomic resolution, differentially higher relative
abundances of Occallatibacter, Granulicella, Acidimicrobiaceae, Acidobacteriales, “Candidatus
Solibacter,” and “Candidatus Koribacter” belonging to Acidobacteria, and Chitinophagales
within Bacteroidetes were detected in the pristine peatland (Fig. S3). WPS-2 is a candidate
division represented by an as yet uncultured bacterium. Generally, members of
Acidobacteria and Proteobacteria, along with Actinobacteria, are typical active inhabi-
tants of ombrotrophic peatlands (37–39).

The methanotrophs consisted of,2% of the total bacterial population in both peat-
lands (starting material), based on 16S rRNA gene sequencing analysis (Fig. 3A). After
incubation, the methanotrophic population comprised ;20% and ;74% of the total
active community (heavy fraction) in the pristine and restored peatland, respectively.
The predominantly active methanotrophs, as retrieved from the 16S rRNA gene
sequences, belonged to “Methylomonaceae” and included the genus Methylomonas
(.72% of the total methanotrophic population) in both peatlands, whereas the genus

FIG 1 Relative pmoA gene abundance along the density gradient of the [13C]CH4 and [unlabelledC]CH4

incubations from the pristine (A) and restored (B) peatlands (mean 6 standard deviation [SD]; n= 4).
The relative abundance was calculated as the proportion of each fraction over the total sum of the
gene abundance for each sample. DNA from the “light” and “heavy” fractions (denoted by arrows) in
the [13C]CH4 incubations was used for 16S rRNA gene amplicon sequencing.
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Methylocystis was relatively more abundant in the restored than the pristine peatland
(Fig. 3B). Conversely, Methylacidiphilaceae taxa were detected at a higher relative abun-
dance in the pristine than the restored peatland. Although they constituted the major-
ity of the methanotrophic community composition in the starting material, members
of Methylacidiphilaceae did not assimilate methane as actively as “Methylomonaceae”
under the incubation conditions; metabolically active Methylacidiphilaceae was
detected at ;22% and ,2% in the heavy fraction of the pristine and restored peat-
land, respectively, after incubation (Fig. 3).

Insights into the methane-driven co-occurrence interaction network in the
pristine and restored peatlands. Subsequently, a co-occurrence network analysis was
performed on the 13C-enriched 16S rRNA gene sequences, targeting the community
members of the methanotrophic interactome in the pristine and restored peatlands

FIG 2 Principal-component analysis showing the clustering of the 16S rRNA gene sequences
according to the different fractions (light and heavy) and sites (pristine and restored peatlands) of the
incubation with [13C]CH4. The circle and triangle indicate pristine and restored peatlands, respectively.

FIG 3 The bacterial (A) and methanotrophic (B) community composition in the starting material (prior to the incubation) and after
[13C]CH4 incubation (light and heavy fractions) (mean; n= 4). The 16S rRNA gene sequences affiliated with methanotrophs in panel B
were retrieved from the total community in panel A. The 16S rRNA gene sequences affiliated with the methanotrophs were present
at,2% of the total community in the starting material, and at ;20% and ;74%, respectively, in the pristine and restored peatland
after incubation (heavy fraction). P and R denote pristine and restored peatlands, respectively.
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(Fig. 4). The network topological properties indicate that the pristine peatland har-
bored a more complex and connected community, exhibiting a higher number of
edges (number of connections), degree (number of connections per node or node con-
nectivity), and clustering coefficient (the degree to which the nodes cluster together)
than in the restored peatland (Table 2). Accordingly, the pristine peatland also pos-
sessed a more diverse metabolically active community (number of significant nodes,
representing bacterial taxa at the OTU level), and showed a more modular network
structure than the restored peatland (Table 2). Higher modularity is indicative of a
more compartmentalized network, having more independently connected groups
within the interaction network (40, 41). The network diameter and average path length
between co-occurring nodes, indicative of the network efficiency (40, 42), were largely
comparable in both peatlands (Table 2). Having a comparatively less complex and con-
nected network structure thus indicates that the methanotrophic interactome in the
restored peatland since 2000 had not returned to a pristine-like state, despite the resil-
ience in the methanotrophic activity and abundance.

The nodes with high betweenness centrality were identified as the key nodes (Fig.
4) (43), which likely played a significant regulatory role within the interaction network,
affecting methanotrophic activity (44, 45). In particular, the key nodes are not necessar-
ily the more abundant OTUs (Fig. S3), but rather refer to nodes acting as a bridge
between other nodes at a relatively higher frequency (43). The 10 key nodes with the
highest betweenness centrality were identified in both the pristine and restored peat-
lands (Fig. 4). Expectedly, these nodes were represented by proteobacterial methano-
trophs (Methylomonas and Methylocystis), as well as by verrucomicrobial methanotrophs
belonging to Methylacidiphilaceae in the pristine peatland, whereas the methanotroph-
related key nodes in the restored peatland were affiliated with Methylomonas. It is

FIG 4 Co-occurrence network analysis in the pristine (A) and restored (B) peatlands. The network analysis was derived from the 13C-enriched 16S rRNA
gene sequences (heavy fraction), representing the metabolically active community of the interaction network. The topological properties of the networks
are given in Table 2. Significant connection (P, 0.01) with a SparCC correlation of a magnitude ofmore than 0.7 (positive correlation, blue edges) or less
than 20.7 (negative correlation, red edges) are given. Each node represents a bacterial taxon at the operational taxonomic unit (OTU) level, given to the
lowest taxonomic rank (family, genus, or species) when available. The size of the node is proportional to the number of connections, and a darker shade of
a color indicates higher betweenness centrality. The top 10 nodes with the highest betweenness centrality, representing the key nodes, are given as
triangles, and the number inside the key nodes refers to their affiliation as follows: 1, Rhodospirillales; 2, uncultured bacteria; 3, Burkholderiaceae; 4,
Methylomonas (methanotroph); 5, “Candidatus Solibacter”; 6, Gammaproteobacteria; 7, Methylocystis (methanotroph); 8, Babeliales; 9, Pirellulaceae; 10,
Methylacidiphilaceae (methanotroph); 11, Bdellovibrio; 12, Magnetospirillaceae; 13, Acidimicrobiia; 14, Sphingobacteriales; 15, Roseiarcus; 16, Beijerinckiaceae;
17, Myxococcales; and 18, Methylomonas paludis (methanotroph). The OTUs representing the microorganisms and betweenness centrality values of each
OTU are listed in Table S1 in the supplemental material.
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noteworthy that Beijerinckiaceae (phylum Proteobacteria), a key node in the restored
peatland (Fig. 4), also constitutes methanotrophs harboring soluble methane monooxy-
genase (sMMO) (Methylocella, Methylocapsa, and Methyloferula [16]), as well as other
methylotrophs, but these microorganisms may have been overlooked at the coarse taxo-
nomic resolution. Unexpectedly, many nonmethanotrophs formed the key nodes and
appeared to be site specific (Fig. 4). Although they are unable to assimilate methane
directly, the nonmethanotrophs also appear to be relevant members of the interaction
network.

DISCUSSION
Recovery of the active methanotrophs after peat restoration. Methanotrophic

activity and population size recovered after peat restoration when pristine and
restored sites were compared (Table 1). Likewise, pH and nitrate concentrations
returned to pristine-like levels, but ammonium concentrations remained significantly
higher in the restored site. These trends were also documented in a previous study of
the same sites sampled in 2015 and 2016, suggesting the presence of a relatively per-
sistent methanotrophic population, possibly attributable to narrow fluctuations in envi-
ronmental conditions (13). It thus appears that the methanotrophs recovered,15years af-
ter Sphagnum reestablished during peat restoration.

The metabolically active bacterial community composition, including the methano-
trophs, was determined by targeting the 13C-enriched 16S rRNA gene after [13C]CH4

SIP. Predominantly active methanotrophs belonged to “Methylomonaceae” (.72% of
the methanotrophic community composition) in both peatlands, whileMethylacidiphilaceae
and Methylocystis formed the rest of the methanotrophic community (Fig. 3). In particular,
Methylocystis is thought to possess ecological traits suitable for the relatively inhospitable
and fluctuating environmental conditions in ombrotrophic peatlands, having the metabolic
potential to fix N2, utilize other substrates besides methane (e.g., acetate), and being
favored by the lower pH (23, 46–48). Besides Methylocystis, members of “Methylomonaceae”
(e.g., Methylomonas strains) and Methylacidiphilaceae (e.g., Methyloacidiphilum fumariolicum
SolV), which also formed the active community, are also potentially diazotrophic, as indi-
cated by the presence of the nifH gene (encoding nitrogenase) (49, 50). Consistent with pre-
vious studies, active gammaproteobacterial methanotrophs (namely, Methylomonas and

TABLE 2 Topological properties of the co-occurrence network analysis in the pristine and
restored peatlands

Network properties Pristine peatland Restored peatland
No. of nodesa 600 464
No. of edgesb 5,397 3,476
Positive edges (no. [%])c 2,871 (53.2) 2,234 (64.3)
Negative edges (no. [%])d 2,526 (46.8) 1,242 (35.7)
Modularitye 7.30 1.82
No. of communitiesf 47 57
Network diamg 10 11
Avg path lengthh 4.27 4.30
Avg degreei 17.99 14.98
Avg clustering coefficientj 0.55 0.53
aMicrobial taxon (at operational taxonomic unit [OTU] level) with at least one significant (P, 0.01) and strong
(SparCC of more than 0.9 or less than20.9) correlation.

bNumber of connections/correlations obtained by SparCC analysis.
cSparCC positive correlation (more than 0.9 with P, 0.01).
dSparCC negative correlation (less than20.9 with P, 0.01).
eCapability of the nodes to form highly connected communities, that is, a structure with a high density of
between-node connections (inferred by Gephi).
fA community is defined as a group of nodes densely connected internally.
gThe longest distance between nodes in the network, measured in number of edges.
hAverage network distance for all pairs of nodes or the average length of all edges in the network.
iThe average number of connections per node in the network, that is, the node connectivity.
jHow nodes are embedded in their neighborhood and the degree to which they tend to cluster together.

Peatland Methanotrophic Interactome Applied and Environmental Microbiology

March 2021 Volume 87 Issue 5 e02355-20 aem.asm.org 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
24

 N
ov

em
be

r 
20

21
 b

y 
84

.1
79

.1
86

.2
12

.

Appendix

205



Methylovulum) have also been found to codominate alongside Methylocystis in some peat-
lands (14, 20, 21). This suggests that traits to grow and survive in acidic peatlands are not
confined to a particular methanotroph subgroup.

Previously, we characterized the methanotrophic community composition in the
pristine and restored sites (same sites as in this study), along with the community in an
actively mined peatland and those in abandoned peatlands since 2004 and 2009 (13).
The methanotrophic community composition in the restored peatland resembled
those in the pristine peatland, clustering more closely together as shown in a corre-
spondence analysis (13). This indicates that the methanotrophic community composi-
tion recovered following peat restoration. Here, although the relative abundances of
Methylacidiphilaceae and Methylocystis species differed in the pristine and restored
peatlands, the predominantly active methanotrophs comprised the same family mem-
bers (Fig. 3). However, the active bacterial community composition in response to
methane was distinct in both peatlands (Fig. 2 and 3). Hence, specific microbial subpo-
pulations may have shown relatively faster recovery than the total bacterial community
composition after peat mining.

Insights into the recovery of the methanotrophic interactome after peat
restoration. The recovery in the methanotrophic activity and community composi-
tion/abundances was not reflected in the structure of the interaction network, even af-
ter approximately 2 decades of peat rewetting (Table 2 and Fig. 4). The pristine peat-
land harbored a more complex methanotrophic interactome, possessing a higher
number of nodes with significant correlations, edges, degree, and clustering coeffi-
cient, as well as having higher modularity (Table 2). These topological features are in-
dicative of a more connected and robust network (42, 51, 52) and suggest that the
methanotrophic interactome in the pristine peatland was characterized by relatively
higher metabolic exchange and competition among community members that likely
increased their co-occurrence (53, 54). Also, having relatively higher modularity in the
pristine peatland is anticipated to constrain the effects of environmental stressors/dis-
turbance on localized areas (compartments) within the network (55). In contrast, the
loss of modularity in the restored peatland suggests that stress effects would be more
uniformly distributed among community members, which may become more vulnera-
ble in the face of intensified or recurring disturbances (51, 56). Hence, the methane-
driven community in the restored peatland may not be as resilient as the community
in the pristine peatland in responding to future changes in environmental conditions.
Indeed, a recent study showed the unraveling of the methanotrophic interactome con-
comitant to significantly impair methanotrophic activity following NH4Cl-induced stres-
sor intensification (56). Overall, considering the co-occurrence network analysis in addi-
tion to activity measurements and characterization of the community composition/
abundances may provide a more comprehensive understanding, moving beyond the
diversity-ecosystem functioning relationship (e.g., reference 57), to encompass poten-
tial interaction-induced effects.

Admittedly, we could not account for seasonal variations affecting the interaction
networks. However, the consistent trends in methanotrophic activity and community
composition/abundances in the pristine and restored peatlands in previous (sampled
in August 2015 and June 2016 [13]) and current work (May 2019; Table 1), despite a 3-
year interval, suggest that a specific methanotrophic population persists over time.
Although we anticipate a relatively consistent methanotrophic population, the sea-
sonal dynamics of the interaction network warrant attention in future studies.

The methanotrophs are the only microbial group capable of assimilating methane,
having the role of a “primary” producer, whereby the methane-derived carbon is antici-
pated to fuel the community. Nevertheless, the methanotrophs may gain from other
members of the interactome (e.g., stimulation of methanotrophic growth by cobalamin
excreted by other microorganisms [58]), which may have been inadvertently excluded
by the experimental design capturing the unidirectional flow of 13C. Expectedly, the
key nodes included the methanotrophs (Fig. 4). Surprisingly, the key nodes were over-
whelmingly represented by the nonmethanotrophs and were distinct in the pristine
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and restored peatlands. This indicates sufficiently redundant community members
sharing traits to fulfill similar roles ensuring community functioning within the metha-
notrophic interactome (33, 41). It is not unreasonable to assume that selective preda-
tion on the methanotrophs may have occurred (59). For instance, members of
Myxococcales, a key taxon in the restored peat, have been widely recognized as preda-
tors, swarming their prey in a coordinated and cooperative manner during feeding
(60). Beijerinkiaceae, another key taxon, includes nonmethanotrophic methylotrophs
which likely benefited from (intermediary) products of methane oxidation (e.g., metha-
nol, formaldehyde, and formate). Hence, the cross-feeding between methanotrophs
and nonmethanotrophic methylotrophs (e.g., Methylotenera) drives their co-occurrence
(26, 56). It is noteworthy that Beijerinkiaceae also includes methanotrophs, but the
methanotrophs and nonmethanotrophic methylotrophs could not be distinguished at
the taxonomic resolution in this study. Also, Burkholderiaceae may comprise microor-
ganisms shown to have a stimulatory effect on methanotrophic growth in cocultures
(i.e., Cupriavidus [29]). Although some of the key taxa (e.g., Burkholderiaceae,
Sphingobacteriales, Beijerinkiaceae, and Bdellovibrio) have been identified to co-occur
alongside and interact with the methanotrophs (29, 56, 61), the underlying mecha-
nisms driving the biological interaction and organization (e.g., commensalism and mu-
tualism [62, 63]) warrant further probing by isolation and coculture studies (64).
Despite lacking the metabolic capability to assimilate methane, the detection of the
nonmethanotrophs as key nodes indicate their potentially significant role within the
interaction network. In particular, the key nodes in the restored peatlands may act to
expedite the natural restoration process (65).

Conclusion. We elaborated on the methane-driven interaction network after peat
mining by comparing a pristine and restored peatland. Our findings showed the struc-
turing of the interaction network resulting in the loss of complexity, connectedness,
and modularity in the restored peatland, which may have consequences in the face of
future disturbances and environmental changes. They also suggest that the reestab-
lished peatlands had not yet fully recovered, despite showing resilience in methanotro-
phic activity. More generally, our study suggests the inclusion of interaction-induced
responses, in addition to documenting shifts in community composition/abundances,
as a step forward to understand the resilience of microbial communities to disturbances.

MATERIALS ANDMETHODS
Peat sampling and incubation setup. The sampling sites are ombrotrophic peatlands located in

Warmia and Mazury Province, Poland. The upper ;10 cm of peat below the water surface was collected
in May 2019 from a pristine peatland (Zielony Mechacz; 53°549240N, 19°419410E) and was regarded as
the reference site for comparison to the restored peatland (Rucianka; 54°159340N, 19°4490.40E). These
peatlands were selected based on a previous study showing recovery in the methanotrophic activity
and abundances after peat mining (13). The atmospheric temperature at the time of sampling was 21 to
25°C. Five cores (10-cm height � 3.5-cm diameter) were sampled from four randomly selected plots
(spaced.4 m apart) from each site and composited, giving four independent replicates per site. The
pristine peatland was declared a nature reserve since 1962, while peatland in the restored site was
dammed, rewetted, and remained waterlogged since 2000 after peat excavation using the block peat
method. In both sites, Sphagnum spp. (e.g., Sphagnum fimbriatum, Sphagnum fluxuosum, Sphagnum fal-
lax, and Sphagnum capillifolium) dominated the vegetation, interspersed with Orthotrichum lyellii. The
pH in both peatlands was within a narrow range of 4.4 to 4.7. Detailed peat hydrology and selected
physicochemical parameters are given elsewhere (Table 1) (13). The samples were transported to the
laboratory with coolers in ice.

Each incubation containing 5 g fresh sample in a 120-ml bottle was performed in eight replicates for
the pristine and restored peat. After sealing the bottle with a butyl rubber stopper and crimp cap, the
headspace methane concentration in the bottle was adjusted to ;2% (vol/vol) [unlabelledC]CH4 or [

13C]CH4

(n= 4 each) in air. Incubation was performed at 27°C while shaking (110 rpm) in the dark. Headspace
methane concentration was monitored during the incubation. Upon methane depletion, headspace was
replenished with 2% (vol/vol) [unlabelledC]CH4 or [

13C]CH4 in air, and incubation was resumed under the
same conditions as before. Incubation was terminated after approximately 30mmol CH4 · g fresh
sample21 was consumed (13 to 14 days; see Fig. S1 in the supplemental material) to ensure sufficient 13C
labeling (66). The samples were immediately homogenized and collected after incubation to be stored
in the 220°C freezer until DNA extraction.

Methane and inorganic N measurements. Headspace methane was monitored daily using a gas
chromatograph (7890B GC system; Agilent Technologies, Santa Clara, CA) coupled to a pulsed discharge
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helium ionization detector (PD-HID). Helium was used as the carrier gas. The methane uptake rate was
determined by linear regression. The gravimetric water content (;93% in both peat samples) was deter-
mined after drying the peat in the 70°C oven until the weight remained constant. Soluble ammonium
and nitrate were determined colorimetrically in autoclaved deionized water (1:1 wt/vol) as described
before (67, 68) using an Infinite M Plex reader (Tecan, Männedorf, Switzerland).

DNA extraction and quantitative PCR. DNA was extracted using the DNeasy PowerSoil lit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. A pmoA gene-targeted quantitative PCR
(qPCR) assay (A189f/mb661r primer pair) was performed to enumerate methanotroph abundance.
Additionally, a qPCR targeting the 16S rRNA gene (341F/907R primer pair) was performed to determine
the abundance of the total bacterial population. Both qPCR assays were performed using the CFX
Connect real-time PCR system (Bio-Rad, Hercules, CA). The pmoA gene-targeted qPCR was performed as
described before (69) with minor modifications (70); the reagents and reagent concentrations, as well as
the PCR thermal profile for the qPCR assay, are given elsewhere (70). Each reaction in the 16S rRNA
gene-targeted qPCR (total volume, 20 ml) consisted of 10 ml SensiMix (2�), 1.2 ml MgCl2 (50mM), 1 ml
bovine serum albumin (BSA; 1%), 2 ml of each primer (10mM), 1.8 ml of H2O, and 2 ml of template DNA.
The PCR thermal profile consisted of an initial denaturation step at 95°C for 8min, followed by 45 cycles
of denaturation at 95°C for 15 s, annealing at 55.7°C for 15 s, and elongation at 72°C for 40 s, with an
additional data acquisition step at 80°C for 8 s. The template DNA from the peat (starting material and
after incubation) was diluted 50-fold (mean total DNA, 13.5 to 46.5 ng DNA · ml21) for both qPCR assays
to determine the pmoA/16S rRNA gene abundance ratio (Table 1), while template DNA to determine the
relative pmoA gene abundance after fractionation for the SIP analysis was undiluted (see “[13C]CH4 stable
isotope probing,” below). The calibration curve (101 to 108 pmoA or 16S rRNA gene copy numbers) was
derived from the gene library (71, 72). The specificity of the amplicons was determined from the melt
curve and further verified on 1% agarose gel electrophoresis, showing a single band of the correct size.
The qPCR efficiency was 94.3%, with an R2 of 0.988.

[13C]CH4 stable isotope probing. Isopycnic ultracentrifugation (144,000 � g for 67 h) was per-
formed using the Optima L-80XP ultracentrifuge (Beckman Coulter, Inc., USA) as described before (66).
Briefly, fractionation was immediately performed after ultracentrifugation using a peristaltic pump
(3 rpm · min21), yielding 10 or 11 fractions, from which the final fraction was discarded. The density of
each fraction was determined using an AR200 digital refractometer (Reichert Technologies, Munich,
Germany). DNA was precipitated by introducing two washing steps with ethanol, and the pellet was sus-
pended in 30ml ultrapure PCR water (Invitrogen, Waltham, MA). Thereafter, the pmoA gene was enumer-
ated from each fraction using the qPCR assay described above to distinguish the light from the heavy
fraction by comparing the DNA retrieved from the [13C]CH4 and [unlabelledC]CH4 incubations (Fig. 1). The
16S rRNA genes from the light and heavy fractions, as well that as from the starting material, were sub-
sequently amplified for Illumina MiSeq sequencing.

16S rRNA gene amplicon sequencing. The 16S rRNA gene was amplified using the primer pair
341F/805R, as detailed before (56). Briefly, each PCR comprised 20 ml 2� Kapa HiFi HotStart ready mix
(Roche, Mannheim, Germany), 2 ml each forward/reverse tagged-primers (10mM), 2 ml BSA (1%), and 4
ml DNA template. PCR-grade water was added to achieve a total volume of 40 ml. The PCR thermal pro-
file consisted of an initial denaturation step at 94°C for 7min, followed by 30 cycles of denaturation at
94°C for 30 s, annealing at 53°C for 30 s, and elongation at 72°C for 30 s. The final elongation step was at
72°C for 5 min. The amplicons were purified using the GeneRead size selection kit (Qiagen, Hilden,
Germany) after verification on 1% agarose gel electrophoresis. Thereafter, a second PCR was performed
using 5ml of template from the first PCR to attach the adapters to the 16S rRNA gene amplicon using
the Nextera XT index kit (Illumina, San Diego, CA). The PCR reagents, reagent concentrations, and ther-
mal profile for the second PCR are given elsewhere (56). Following the second PCR, the 16S rRNA gene
amplicon was purified using the MagSi-NGSPREP Plus magnetic beads (Steinbrenner Laborsysteme
GmbH, Wiesenbach, Germany) according to the manufacturer’s instructions. After purification, equimo-
lar amounts of 16S rRNA gene amplicons (133 ng) were pooled for library preparation and sequencing
(Illumina MiSeq version 3 chemistry, paired-end, and 600 cycles).

16S rRNA gene sequencing analysis. The 16S rRNA gene sequences were processed using QIIME 2
version 2019.10, as described before (56). Briefly, after merging the paired-end reads using PEAR (73),
the sequences were demultiplexed, and quality control was performed with DADA2 (74) to remove
remaining chimeric and low-quality sequences. Approximately 1,010,000 high-quality contigs (on aver-
age, 31,604 contigs per sample) were obtained. After removing singletons and doubletons, the samples
were rarefied to 18,800 contigs, following the number of the sample with the lowest contigs. The classifi-
cation was performed at 97% similarity against the Silva database version 132 (75); the generated matrix
based on the relative abundance of the OTUs was further used for statistical analyses. The affiliations of
the OTUs are given to the lowest taxonomic rank (family, genus, or species), whenever possible.

A principal-component analysis (PCA) was performed to assess the separation of the 13C-enriched
(active) from the unlabelledC (inactive) bacterial community composition and to determine the recovery of
the community composition following peat restoration. The PCA was constructed using Canoco version
4.5 (Biometrics, Wageningen, the Netherlands). To test the significance of the PCA clustering, permuta-
tional multivariate analysis of variance (PERMANOVA) was performed with the software PAST version
4.01 (76). Furthermore, the differential relative abundances of (overabundant) OTUs in the restored ver-
sus the pristine peatlands were determined using STAMP software (77). The P values were calculated
based on the two-sided Welch’s t test and corrected using the Benjamini-Hochberg false-discovery rate.

Additionally, a co-occurrence network analysis was performed using the 13C-enriched 16S rRNA gene
sequences to explore potential interaction among the active members of the methanotrophic
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interactome. The network analysis was performed using the Python module SparCC, and the network
properties were calculated with Gephi (Table 2) (78). The same analytical pipeline was applied to each
network (pristine and restored peatlands). The P values were obtained by 99 permutations of random
selections of the data table for each network. The true SparCC nonrandom correlations were selected
based on a magnitude ofmore than 0.7 or less than 20.7, with a statistical significance of P, 0.01.
Comparison between the networks was assessed based on their topological properties namely, the
number of nodes, edges, modularity, number of communities, average path length, network diameter,
average degree, and clustering coefficient (Table 2) (79). Furthermore, the OTUs with high betweenness
centrality, i.e., the number of times a node acts as a bridge along the shortest path between two other
nodes, were determined (43). These nodes are regarded as key nodes, representing microorganisms that
likely play a significant role within the methanotrophic interactome (44).

Statistical analyses. Normal distribution was tested using the Kolmogorov-Smirnov test at P= 0.05.
Equal distribution of variance was tested and one-sided t tests (P= 0.05) were then performed compar-
ing the pristine and restored peatlands. Where anormal distribution was not met, a Mann-Whitney U
test was performed.

Data availability. 16S rRNA gene sequences were deposited at the National Center for Biotechnology
Information (NCBI) under the accession numbers SRR12542333 to SRR12542364 (project number
PRJNA659768).
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Table S8 Top 10 OTUs with more betweenness centrality, representing the key nodes in the pristine
and restored peatlands derived from the 13C-enriched 16S rRNA gene (metabolically active
micoorganisms). The OTUs were classified to and given at the lowest taxonomic affiliation.
Methanotrophs are highlighted in bold.

OTU Classification Betweenness centrality
Pristine OTU_24 Rhodospirillales 10656.9

OTU_979 Uncultured Bacteria 9894.4
OTU_123 Burkholderiaceae 9755.8

OTU_8 Methylomonas 8653.7
OTU_51 Candidatus Solibacter 8011.1
OTU_26 Gammaproteobacteria 7406.9
OTU_2 Methylocystis 6985.9

OTU_160 Babeliales 6854.6
OTU_944 Pirellulaceae 6601.7
OTU_144 Methylacidiphilaceae 6484.9

Restored OTU_146 Methylomonas 6872.3
OTU_19 Bdellovibrio 6312.0
OTU_192 Magnetospirillaceae 5617.5

OTU_9 Methylomonas 5426.7
OTU_205 Acidimicrobiia 5061.8
OTU_158 Sphingobacteriales 5021.8
OTU_395 Roseiarcus 4988.4

OTU_1 Beijerinckiaceae 4900.8
OTU_376 Myxococcales 4615.9
OTU_15 Methylomonas paludis 4473.8
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Figure S16 Headspace methane concentration during incubation (mean±s.d.; n = 8) in the pristine and
restored peat. Arrow indicates methane replenishment.
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Figure S17 Boxplot showing the distribution of significantly different phyla i.e., Proteobacteria (a), Aci-
dobacteria (b), Bacteroidetes (c), and WPS-2 (d) in the pristine and restored peatlands,
derived from the 13C-enriched 16S rRNA gene sequences. WPS-2 is a candidate division
represented by as yet uncultured bacterium.
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Proteobacteria | Rhodospirillales -
Acidobacteria | Occalla bacter -

Proteobacteria | Oligoflexales -
Proteobacteria | Methylomonas -
WPS-2 | uncultured bacterium -

Acidobacteria| Candidatus Koribacter -
Acidobacteria| Acidobacteriales -

Proteobacteria| Anaeromyxobacter -
Acidobacteria| Occalla bacter -

Proteobacteria| Anaeromyxobacter -
Proteobacteria| Anaeromyxobacter -

Acidobacteria| Candidatus Solibacter -
Verrucomicrobia| Opitutus -
Verrucomicrobia| Opitutus -

Proteobacteria| Anaeromyxobacter -
Proteobacteria| Beijerinckiaceae -

Proteobacteria| Oligoflexales -
Proteobacteria | Methylomonas -

Proteobacteria | Gammaproteobacteria -
Acidobacteria| Candidatus Koribacter -

Ac nobacteria| Gaiellales -
Proteobacteria| Beijerinckiaceae -

Proteobacteria| Methylocys s -
Verrucomicrobia| Pedosphaeraceae -

Proteobacteria| Oligoflexales -
Acidobacteria| Subgroup 2 -

Acidobacteria| Acidobacteriales -
Acidobacteria| Occalla bacter -

Acidobacteria| Granulicella -
Proteobacteria| Cavicella -

WPS-2 | uncultured bacterium -
WPS-2 | uncultured bacterium -
Planctomycetes| Schlesneria -

Acidobacteria| Acidobacteriales -
Acidobacteria| Occalla bacter -

Unclassified Bacteria -
Verrucomicrobia| Verrucomicrobiae -
Ac nobacteria| Acidimicrobiaceae -

Proteobacteria| Polyangiaceae -
Proteobacteria| Pajaroellobacter -

Proteobacteria| Elsterales -
Proteobacteria | Gammaproteobacteria -

Unclassified Bacteria -
Proteobacteria | Methylocys s -

Proteobacteria| Beijerinckiaceae -
Ac nobacteria | Solubacteraceae -

Bacteroidetes| Chi nophagales -
Proteobacteria| Myxococcales -

Proteobacteria| Burkholderiaceae -

Fig. S3

Figure S18 Differential abundance of OTUs in the pristine and restored peatlands derived from the 13C-
enriched 16S rRNA gene sequences. The post-hoc plot indicates the mean over-abundant
OTUs in each peatland, and the difference in mean proportions between sites at 95% con-
fidence intervals. Only significantly different OTUs (p > 0.05) between sites are provided.
The numbers represent different OTUs. The affiliations of the OTUs are given at the lowest
taxonomic level (genus), whenever available. Microorganisms belonging to Beijerinckiaceae
include non-methanotrophs, which could not be distinguished from the methanotrophs at the
coarse taxonomic resolution.
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Disentangling abiotic and biotic controls of aerobic methane oxidation 
during re-colonization 
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A B S T R A C T   

Aerobic methane oxidation is driven by both abiotic and biotic factors, which are often confounded in the soil 
environment. Using a laboratory-scale reciprocal inoculation experiment with two native soils (paddy and up-
land agricultural soils) and the gamma-irradiated fraction of these soils, we aim to disentangle and determine the 
relative contribution of abiotic (i.e., soil edaphic properties) and biotic (i.e., initial methanotrophic community 
composition) controls of methane oxidation during re-colonization. Methane uptake was appreciably higher in 
incubations containing gamma-irradiated paddy than upland soil despite the initial difference in the methano-
trophic community composition. This suggested an overriding effect of the soil edaphic properties, which 
positively regulated methane oxidation. Community composition was similar in incubations with the same 
starting inoculum, based on quantitative and qualitative pmoA gene analyses. Thus, results suggested that the 
initial community composition affects the trajectory of community succession to an extent, but not at the expense 
of the methanotrophic activity under high methane availability. Still, methane oxidation was affected more by 
soil edaphic properties than by the initial composition of the methanotrophic community.   

1. Introduction 

Aerobic methane-oxidizing bacteria (methanotrophs) represent a 
specialized microbial guild characterized by their ability to use methane 
as a carbon and energy source. Aerobic methanotrophs belong to Ver-
rucomicrobia and Proteobacteria, with members of the proteobacterial 
methanotrophs falling within the classes Gammaproteobacteria 
(comprising of subgroups type Ia and Ib) and Alphaproteobacteria (sub-
group type II). While the verrucomicrobial methanotrophs were 
discovered in low pH (<5) and high temperature (>50 �C) geothermal 
environments, the proteobacterial methanotrophs are widespread, but 
show habitat specificity (Op den Camp et al., 2009; Knief, 2015). 
Methanotrophs possess the enzyme methane monooxygenase that en-
ables them to oxidize methane to methanol, the initial step in methane 
oxidation (Semrau et al., 2010). Typically, the structural genes encoding 
for the soluble and particulate form of the methane monooxygenase 
enzyme (mmoX and pmoA, respectively) are targeted to survey the 

methanotrophic diversity in complex microbial communities (Wen 
et al., 2016). In wetland ecosystems, methanotrophs inhabit oxic-anoxic 
interfaces with oxygen-methane counter-gradients (e.g., soil-overlaying 
water, aquatic plant roots) where they act as a filter to consume methane 
produced in the deeper anoxic sediment layers (Reim et al., 2012). On 
the other hand, methanotrophs in well-aerated upland soils serve as a 
methane sink, consuming atmospheric methane (Kolb, 2009; Shrestha 
et al., 2012; Ho et al., 2015a, 2019; Pratscher et al., 2018). In both these 
roles, abiotic (e.g., substrate concentrations, micronutrients, and other 
soil physico-chemical properties; Hütsch et al., 1994; Bodelier, 2011; 
Veraart et al., 2015; Ho et al., 2013, 2018; Semrau et al., 2018) and 
biotic factors (e.g., methanotrophic community composition/abundance 
and interaction-induced response in community functioning; Ho et al., 
2016a; Malghani et al., 2016; Chang et al., 2018; Reumer et al., 2018; 
Schnyder et al., 2018; Veraart et al., 2018) are known to drive aerobic 
methane oxidation. Collectively, we refer to the non-biological attri-
butes inherent to the soil as abiotic parameters, whereas biotic 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: horn@ifmb.uni-hannover.de (M.A. Horn), Adrian.ho@ifmb.uni-hannover.de (A. Ho).   
1 Equal contribution. 

Contents lists available at ScienceDirect 

Soil Biology and Biochemistry 

journal homepage: http://www.elsevier.com/locate/soilbio 

https://doi.org/10.1016/j.soilbio.2020.107729 
Received 21 October 2019; Received in revised form 20 January 2020; Accepted 20 January 2020   

Appendix

216



Soil Biology and Biochemistry 142 (2020) 107729

2

determinants are exemplified by the initial methanotrophic community 
composition. 

Soil manipulation (e.g., amendment) studies, and experimental 
design capitalizing on soil chronosequence with natural environmental 
gradients are typically used to relate changes in (a)biotic factors to 
community functioning (e.g., Rousk et al., 2010; Bissett et al., 2012; Ho 
et al., 2013, 2018; Palmer and Horn, 2015; Shiau et al., 2018). Often, the 
abiotic and biotic determinants are confounded, obscuring the contri-
bution of either factors to the regulation of methane oxidation. Rarely 
are there factors explicitly tested independently and simultaneously. 

Here, we aim to disentangle abiotic and biotic controls of methane 
oxidation by employing a reciprocal inoculation experimental design 
using two native soils and the gamma-irradiated (25 kGy; 60Co) fractions 
of these soils (Fig. 1), which enabled us to relate the (a)biotic de-
terminants to methane oxidation. We anticipate that if (i) abiotic de-
terminants exert a stronger control than biotic determinants in 
regulating methane oxidation, the same abiotic environment (i.e., 
gamma-irradiated soil) will consistently support high methane uptake 
regardless of the initial community composition, (ii) biotic determinants 
exert a stronger control than abiotic determinants, the same native soil 
harboring the initial methanotrophic community will consistently 
exhibit high methane uptake regardless of the edaphic properties, and 
(iii) there is no consistent effect, less predictive and/or stochastic factors 
(e.g., priority effect, site history) may have an overriding impact on the 
contemporary methanotrophic activity. To address our suppositions, we 
incubated oxic soil microcosms containing native and gamma-irradiated 
native soils in all combinations (Fig. 1) for 35 days, and followed the 
potential methane oxidation rate over time (Fig. 2). Two soils (wetland 
paddy and upland agricultural soils) with distinct physico-chemical 
properties and different methanotrophic communities with proven 
methane uptake capacity under high methane availability (>2 %v/v) 
were used (Table 1; Ho et al., 2013, 2015a). Soil processing, and soil 
microcosm setup and sampling are detailed in the Supplementary 
Materials. 

The temporal succession of the methanotrophic community compo-
sition was monitored during the incubation using group-specific qPCR 
assays (i.e., MBAC, MCOC, and TYPEII assays targeting the 

methanotroph subgroups type Ia, Ib, and II, respectively; Kolb et al., 
2003; Ho et al., 2016b; Supplementary Materials) and Illumina MiSeq 
sequencing of pmoA gene amplicons. The pmoA gene, instead of the 
mmoX gene, was targeted because the mmoX gene transcript or the 
methanotrophs harbouring only the mmoX gene were not detected or 
below the detection limit in these soils (Reim et al., 2012; Ho et al., 
2015a). While the group-specific qPCR assays were performed to be used 
as proxies for methanotroph abundances, high throughput sequencing of 
the pmoA gene was performed to follow compositional changes in the 

Fig. 1. Experimental setup showing reciprocal inoculation of native soils in 
gamma-irradiated fractions of the soils. Three microcosms per time and 
amendment were established. The microcosms consisted of paddy soil þ
gamma-irradiated paddy soil (designated as ‘PP’), paddy soil þ gamma-irradi-
ated upland soil (‘PU’), upland soil þ gamma-irradiated paddy soil (‘UP’), and 
upland soil þ gamma-irradiated upland soil (‘UU’). To confirm the sterility of 
the soil after gamma-irradiation, the soil (9.5 g) was saturated with autoclaved 
deionized water (0.45 ml g dw soil� 1) in a 120 ml bottle with an adjusted 
headspace methane concentration of 1 %v/v. The soil was considered free of 
viable methanotrophs when headspace methane remained unchanged over 
three weeks (Fig. S1). 

Fig. 2. Methane uptake rate (A) and total methane consumed (B) during re- 
colonization (mean � s.d.; n ¼ 3). Each soil microcosm consisted of 9.5 g 
gamma-irradiated soil and 0.5 g native soil in a Petri dish. The soil was satu-
rated with autoclaved deionized water (0.45 ml g dw soil� 1) and homogenized 
before being incubated in a gas tight jar under 10 %v/v methane in air in the 
dark at 27 �C. Headspace air in the jar was replenish every 2–3 days to ensure 
that methane was not limiting. At designated intervals (days 8, 12, 19, 26, and 
35), individual microcosm was removed from the jar, and placed in a flux 
chamber to determine the methane uptake rate, measured over 5–6 h (mini-
mum of three time points) by linear regression (A), as described before (Ho 
et al., 2011). Negligible or no methane uptake was detected <8 days in the UP 
and UU incubation hence, the first sampling was performed at day 12, allowing 
direct comparisons between treatments per time. Additionally, total methane 
consumed for each treatment during the incubation (over 35 days) was deter-
mined by integrating the area below the curve of methane uptake rates (B). 
Headspace methane was measured using gas chromatography (GC) coupled to a 
thermal conductivity and pulsed discharge helium ionization detector (7890B, 
Agilent Technologies, JAS GC systems, Moers, Germany). In (B), letters indicate 
the level of significance (ANOVA; p < 0.01) in the total methane consumed 
between treatments. 
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methanotrophic community. The pmoA gene sequences were analysed as 
described before (Reumer et al., 2018; Supplementary Materials), and 
were deposited at the NCBI Sequence Read Archive under the accession 
number SRR9924748 (NCBI BioProject PRJNA559227). 

2. Abiotic parameters exert a stronger effect on aerobic methane 
oxidation than the initial methanotrophic community 
composition 

The potential for methane oxidation (total methane consumed) was 
consistently and significantly higher in the microcosms containing the 
gamma-irradiated paddy soil (PP, 190 � 15 μmol g dw� 1; UP, 231 � 42 
μmol g dw� 1) than those containing the gamma-irradiated upland soil 
(PU, 66 � 26 μmol g dw� 1; and UU, 64 � 17 μmol g dw� 1), regardless of 
the initial community composition (Fig. 2). This suggests that the abiotic 
rather than the biotic determinants, more strongly regulated methane 
oxidation, which is in line with our first supposition. Higher methano-
trophic activity in microcosms containing gamma-irradiated paddy than 
upland soil coincided with the higher initial ammonium concentration 
(paddy soil, 3.4–4.2 μmol g dw soil� 1; upland soil, 2.0–2.7 μmol g dw 
soil� 1; Fig. S2). Also, NH4

þ and NOx concentrations in the inoculum was 
on average 8–10 folds higher in the paddy than upland soil, whereas 
PO4

3� was comparable in both soils (Table 1). Higher inorganic N con-
centrations likely alleviated N limitation when coupled to high methane 
availability in the gamma-irradiated paddy soil, stimulating methano-
trophic growth and methane uptake (<12 days) when compared to the 
incubations containing the gamma-irradiated upland soil. However, we 
cannot exclude the availability of other N compounds (e.g., organic N) 
given the high total N in these soils (Table 1). Besides macronutrients, 
methanotrophic activity can be restricted by micronutrients (e.g., lan-
thanides, copper; Knapp et al., 2007; Semrau et al., 2010, 2018). Hence, 
we cannot completely exclude that differences in the micronutrient and 
trace element contents in the paddy and upland soils may have also 
affected methane oxidation rates. pH, and water content that may 
restrict methane and oxygen diffusion into the soil were similar during 
the incubation of both soils (Table 1; Supplementary Materials); there-
fore, difference in methane uptake between the soils were likely caused 
by factors other than these (Hiltbrunner et al., 2012; Shrestha et al., 
2012). However, the water potential which may affect water availability 
for microbial activity, potentially contributing to shifts in the commu-
nity composition, could be different in both soils (Harris, 1981). 
Admittedly, not all abiotic factors potentially contributing to the dif-
ference in methane uptake in both soils were determined. Nevertheless, 
it became evident that the soil abiotic parameters more strongly affected 
the methanotrophic activity, resulting in significantly higher methane 
uptake rates during the early stage (<35 days) of recolonization under 
high methane availability. 

Microorganisms compete for nutrients as well as space, and occupy 
specific niches in the soil according to their physiological requirements. 
These are examples for mechanisms shaping the microbial activity and 
community composition (Little et al., 2008; Pan et al., 2014). Here, the 
gamma-irradiated soils provide open niches, allowing rapid 

recolonization by the inoculum-borne methanotrophs under high 
methane availability. The microcosms containing native soils and their 
gamma-irradiated fractions (PP and UU) thus represent the optimum 
native/gamma-irradiated soil combinations because the inoculum con-
sists of methanotrophs with established niche specialization (e.g., as a 
result of shared site history) for the specific soil. Interestingly, although 
PP exhibited significantly higher methane uptake than PU as antici-
pated, methane uptake in UU was significantly lower than UP, indicating 
that conditions in the upland soil were not optimal and constrained 
methanotrophic activity; the paddy soil likely possessed more suitable 
conditions (e.g., high inorganic N), favoring the survival of methano-
trophs. This suggests that the methanotrophic community composition, 
although indigenous to the upland soil, plays a relatively less important 
role in determining contemporary methane uptake rates than abiotic 
controls (Ho et al., 2016c). 

3. Methanotroph population dynamics; the emergence of the 
alphaproteobacterial methanotrophs during recolonization 

The total methanotroph abundance was at or below the detection 
limit of the qPCR assays (1.8–8.5 � 105 copy no. of target molecules g 
dw soil� 1) at the beginning of the incubations and appreciably increased 
in all microcosms by approximately three to four orders of magnitude 
during incubation (Fig. 3), consistent with previous recolonization 
studies (Ho et al., 2011; Pan et al., 2014). In particular, the significant 
increase (p < 0.01) in all methanotroph sub-groups (days 12–35; type Ia, 
four-fold; type Ib, seven-fold; type II, three-fold) corroborated the higher 
total methane uptake in the UP incubations (Figs. 2 and 3). On the other 
hand, PP microcosms which exhibited similar total methane uptake to 
UP, showed a significant increase (p < 0.01) in type II methanotroph 
abundance during the same time (Fig. 3). Likewise, the abundance of 
type II methanotrophs significantly increased (p < 0.01) in the other 
incubations (from days 12–35 and days 12–19 in PU and UU, respec-
tively). Before being succeeded by the type II methanotrophs, type Ib 
methanotrophs formed the majority in the paddy soil-inoculated mi-
crocosms (<19 days; PP and PU), in agreement with their general pre-
dominance in rice paddy environments (Lüke et al., 2013). However, the 
high abundance of type Ib methanotrophs in PU is no consistent with the 
relatively low methane uptake detected in this microcosm. This may be 
attributable to the relatively more oligotrophic condition (e.g., lower 
inorganic N, NH4

þ, NO3
� ) or faster transition to oligotrophic condition in 

the gamma-irradiated upland soil than in the gamma-irradiated paddy 
soil incubations, resulting in lower cell-specific activity (Ho et al., 2011) 
not only in PU, but also in the UU microcosms. Although the methano-
troph sub-groups were differentially affected during recolonization, the 
trajectory of the methanotroph succession was consistent across all 
microcosms, with the type II methanotrophs increasing in abundance 
and being generally more responsive than the type I during recoloni-
zation (>12 days; Fig. 3). This may reflect on the ecological character-
istics of the community members in the native soil (see discussion below; 
Ho et al., 2017). Nevertheless, irrespective of the community members, 
it is likely that reduced competition coupled to high methane 

Table 1 
Selected physico-chemical parameters of the wetland and upland agricultural soils.  

Soil(Coordinates) Texture pHa Total C (μmoles 
C g dw soil� 1) 

Total N (μmoles 
N g dw soil� 1) 

Organic matter 
content (LOI %) 

Total nutrient contents 
(μmoles g dw soil� 1) 

Vegetation 
(during 
sampling) 

Reference 

NH4
þ NOx

b PO4
3�

Paddy soil (45� 200

N, 8� 250 E) 
Calcareous clay 5.4 1158.3 92.9 4.0 1.0 0.3 6.3 �

10� 3 
Rice (fallow) Ho et al. 

(2015b) 
Upland soil (51� 32’ 

N, 05� 500 E) 
Gley podzol 
(sandy loam) 

5.4 1850.0 92.9 4.7 0.1 3.7 �
10� 2 

9.5 �
10� 3 

Potato (fallow) Ho et al. 
(2015a) 

Abbreviation: LOI, loss on ignition. 
a pH determined in 1 M KCl (1:5, vol:vol). 
b Total of NO2

� and NO3
� . 

T. Kaupper et al.                                                                                                                                                                                                                                

Appendix

218



Soil Biology and Biochemistry 142 (2020) 107729

4

availability spurred recolonization. 
The pmoA gene sequences, visualized as a principal component 

analysis (PCA; Fig. 4) revealed a divergent community composition in 
the PP/PU and UP/UU incubations which could be largely separated 

along PC axis 2 (Fig. 4). Over 90% of the variation in the methanotrophic 
community composition could be explained by PC1 and PC2 (62.24% 
and 30.71% of the total variance, respectively). The predominant 
methanotrophs were represented by members of type Ia (Methylobacter), 
type Ib (Rice Paddy Clusters, RPCs), and type II (Methylocystis). The 
RPCs are putative methanotrophs closely related to Methylocaldum (Lüke 
et al., 2013; Shiau et al., 2019). Hence, the MiSeq sequencing enabled 
the identification of key methanotrophs within each sub-group. The PCA 
revealed a RPCs-dominated population in microcosms inoculated with 
native paddy soils (PP and PU), and Methylobacter dominated the com-
munity inoculated with native upland soils (UP and UU), with the UU 
incubation having a broader inventory of dominant methanotrophs 
comprising of Methylocystis, besides Methylobacter, reflecting on the 
dynamic shifts in the community composition. Hence, comparing the 
qPCR and pmoA gene sequencing analyses (Figs. 3 and 4), the general 
trend in community dominance and succession was consistent in both 
analyses. 

When the same community was inoculated in different gamma- 
irradiated soils, similar predominant communities developed, indi-
cating that the initial community composition plays a role in shaping the 
dynamics of the methanotrophic population, but not to an extent that 
profoundly affects methane uptake. In particular, gammaproteobacte-
rial methanotrophs affiliated to Methylobacter and RPCs were predomi-
nant in the microcosms inoculated with the upland and paddy soil, 
respectively, while type II methanotrophs related to Methylocystis 
increased in abundance, more pronounced in the UU incubation (Fig. 4 
and Fig. S4). Previously, the potentially active community members 
when incubated near in-situ methane concentrations in the paddy 
(~1%v/v) and upland (30–40 ppmv) soils were predominantly 
comprised of type I and type II methanotrophs, respectively (Ho et al., 
2013, 2019). Here, type I methanotrophs were initially dominant in the 
microcosms inoculated with both soils. Considering that the 

Fig. 3. Response of the pmoA gene abundance of type Ia (A), type Ib (B), and 
type II (C) methanotrophs during re-colonization. The qPCR was performed in 
duplicate for each DNA extract (n ¼ 3), giving a total of six replicates per time, 
treatment, and assay. The lower case letters indicate the level of significance 
(ANOVA; p < 0.01) between treatments per time. The upper case letters indi-
cate the level of significance (ANOVA; p < 0.01) between sampling days per 
treatment. Values at the start of the incubation were at or below the detection 
limits of the qPCR assays used. The lower detection limit of the qPCR assays is 
indicated by the dashed line (1.8–8.5 � 105 copy no. of target molecules g 
dw soil� 1). 

Fig. 4. Principal component analysis (PCA) showing the response of the 
methanotrophic community composition during recolonization. The composi-
tion of the methanotrophic community was derived from sequencing of the 
pmoA gene performed for each DNA extract (n ¼ 3) per time and treatment. The 
PCA was performed in the R statistics software environment (R core Team, 
2014) using the function ‘prcomp’. Visualization of the PCA was performed 
using the ‘ggfortify’ package. Rarefaction curves generated for each sample 
showed a good coverage of the pmoA gene diversity (Fig. S3). The affiliation 
and distribution of the pmoA gene sequences are given in Fig. S4. The vectors 
indicate predominant methanotrophic genera/group. Abbreviations: RPC, rice 
paddy cluster (type Ib-related methanotroph). 
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gammaproteobacterial methanotrophs, particularly members of type Ia 
(e.g., Methylobacter, Methylosarcina, Methylomicrobium, Methylomonas), 
are thought to be more competitive under high or excess methane 
availability, these methanotrophs may have been favored during incu-
bation under high (10%v/v) methane concentrations (Krause et al., 2012; 
Reim et al., 2012; Ho et al., 2017 and references therein). However, 
consistent in all incubations, type II methanotrophs presumably 
comprised of Methylocystis significantly increased over time, and even 
dominated the population after 19 days, despite of the prevalence of 
type I methanotrophs (Figs. 3 and 4). The emergence of Methylocystis 
during recolonization is not entirely unexpected. Another alphaproteo-
bacterial methanotroph (Methylosinus) showed colonization potential in 
a soil and sediment, increasing in numerical abundance over time (<3.5 
months incubation; Ho et al., 2011; Pan et al., 2014). Likewise, in a 
synthetic community comprising of aerobic methanotrophs, only 
alphaproteobacterial ones (Methylosinus or Methylocystis) became 
dominant over time (Schnyder et al., 2018). The successional trajectory 
indicates that type II methanotrophs may become important for com-
munity functioning during late succession when conditions turned 
oligotrophic (e.g., after nutrient, including ammonium depletion; Ho 
et al., 2017). 

Overall, results support our first supposition, indicating that 
methane oxidation is primarily governed by the soil physico-chemical 
properties, provided methane is available. The initial community 
composition influences the population dynamics of the methanotrophs 
without having pronounced effects on methane oxidation. Considering 
accumulating evidence indicating the relevance of biotic determinants 
in modulating methane oxidation (e.g., Ho et al., 2016a; Chang et al., 
2018; Veraart et al., 2018), we further suggest that while soil edaphic 
properties modulate the methanotrophic activity at the pioneering 
stages of recolonization, biotic determinants (e.g., methanotrophic 
community structure, and interaction) may become relevant in estab-
lished communities. 
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Extended Methods and Materials.

Soil and soil microcosm setup A wetland paddy soil and a well-aerated upland
agricultural soil was used (Table 6.1). These soils, proven to consume methane, were
selected based on their distinct soil characteristics (clay and sandy loam) and the
methanotrophic community composition (Table 6.1; Ho et al. (2013b, 2015b)). The
paddy soil was collected from a rice field at the CRA Agricultural Research Council,
Rice Research Unit (Vercelli, Italy; coordinates 45◦ 20’ N, 8◦ 25’ E) in May 2011. The
rice agricultural practices at the sampling field have been described before (Krueger
et al., 2001). The upland soil was collected from a potato field post-harvest belonging
to the Wageningen University and Research (Vredepeel, the Netherlands; coordinates
51◦ 32’ N, 05◦ 50’ E) in October 2013. The edaphic properties, as well as the methan-
otrophic community composition in both soils have been characterized before (Ho et al.,
2013b, 2015b). In both sites, soils were collected from the plough layer (approximately
10-15 cm from the surface), air-dried at room temperature, crushed, and sieved to 2
mm before storage in sealed plastic containers till incubation setup. A fraction of the
same soil was gamma-irradiated (25 kGy; 60Co).

Each soil microcosm consisted of 9.5 g gamma-irradiated soil and 0.5 g native soil
in a Petri dish. The soil was saturated with autoclaved deionized water (0.45 ml g dw
soil-1), and homogenized. We established three microcosms per time for each treat-
ment: paddy soil + gamma-irradiated paddy soil (designated as ‘PP’), paddy soil +
gamma-irradiated upland soil (‘PU’), upland soil + gamma-irradiated paddy soil (‘UP’),
and upland soil + gamma-irradiated upland soil (‘UU’). The microcosms were incubated
in gas tight jars under 10% v/v methane in air in the dark at 27◦C as described before
(Ho et al., 2011b). Headspace air in the jar was replenish every 2-3 days to ensure that
methane was not limiting. At designated intervals (days 8, 12, 19, 26, and 35), individ-
ual microcosm was removed from the jar, and placed in a flux chamber to determine
the methane uptake rate by linear regression. Additionally, total methane consumed
for each treatment during the incubation (35 days) was determined by integrating the
area below the curve of methane uptake rates. Methane uptake was measured over
5-6 hours with a minimum of three time points. Negligible or no methane uptake was
detected < 8 days in the UP and UU incubation hence, the first methane uptake rate
was determined at day 12. After each methane uptake measurement, the soil was
homogenized, and destructively sampled. An aliquot of the soil was kept in the 4◦C
fridge for soil nutrient analysis, while the remaining soil was stored in the -20◦C freezer
till DNA extraction.

To confirm the sterility of the soil after gamma-irradiation, the soil (9.5 g) was satu-
rated with autoclaved deionized water (0.45 ml g dw soil-1) in a 120 ml bottle with an
adjusted headspace methane concentration of 1% v/v. The soil was considered free
of viable methanotrophs when headspace methane remained unchanged over three
weeks (Figure S19).

Ammonium colorimetric assay and methane measurement Soil ammonium con-
centration was determined by a colorimetric method in 2 M KCl extracts (1:5) after filtra-
tion (0.2 µm pore size) according to Horn et al. (2005). Headspace methane was mea-
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sured using gas chromatography (GC) coupled to a thermal conductivity and pulsed
discharge helium ionization detector (7890B, Agilent Technologies, JAS GC systems,
Moers, Germany).

DNA extraction, and pmoA-based group-specific qPCR assays DNA was ex-
tracted from soil using the PowerSoil DNA Isolation kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. The DNA was extracted from each replicate
(n=3) per treatment and time, and was stored in the -20◦C freezer till further molecular
analyses.

The qPCR assays targeting the pmoA gene of Type Ia (MBAC assay), Type Ib
(MCOC assay), and Type II (TYPEII assay) aerobic proteobacterial methanotrophs
were performed as detailed in Kolb et al. (2003), with some minor modifications (Ho
et al., 2016c). The primer, and primer concentrations used for these assays are given
in Ho et al. (2016c). The qPCR assays were performed using a CFX Connect Real-time
PCR system (Biorad, München, Germany) in duplicate for each DNA extract, giving a
total of six replicates per time and treatment for each assay. Each qPCR reaction (total
volume, 20 µl) comprised of 10 µl 2X SensiFAST SYBR (Bioline GmbH, Luckenwalde,
Germany), 3.5 µl of forward and reverse primers each, 1 µl bovine serum albumin (5 mg
ml-1; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), and 2 µl diluted template
DNA. Template DNA from microcosms containing gamma-irradiated paddy and upland
soil were diluted 100-fold and 50-fold in DNase- and RNase-free water, respectively.
In previous qPCR analyses of the same soils, these dilutions resulted in the maximum
target yield for the assays (Ho et al., 2011b, 2015b). DNA obtained from clones was
used for the calibration curve. The PCR thermal profile consisted of an initial denatu-
ration step at 95◦C for 3 mins, followed by 45 cycles of denaturation at 95◦C for 10 sec,
annealing at 54◦C for 10 sec (MBAC assay) / 64◦C for 10 sec (MCOC assay) / 60◦C
for 10 sec (TYPEII assay), and elongation at 72◦C for 25 sec. The melt curve for all
assays was determined from 70◦C to 95◦C at 1◦C increment. Amplicon specificity was
determined from the melt curve, and randomly selected amplicons were additionally
checked by 1% gel electrophoresis, showing a single band of the correct size.

pmoA gene amplicon sequencing The pmoA gene was amplified using the
A189f/mb661r primer combination (6 bp barcoded forward primer) for Illumina MiSeq
sequencing. Each PCR reaction (total volume, 50 µl) comprised of 25 µl SYBR Premix
Ex TaqTM (Tli RNaseH Plus, TaKaRa, Japan), 1 µl forward/reverse primer each (10
µM), 2 µl template DNA (DNA concentration diluted to 2-8 ng µl-1), and 21 µl steril-
ized distilled water. The PCR thermal profile consisted of an initial denaturation step
at 94◦C for 2 min, followed by 39 cycles of denaturation at 94◦C for 30 s, annealing
at 60◦C for 30 s, and elongation at 72◦C for 45 s (Yun et al., 2013). The final elonga-
tion step was at 72◦C for 5 mins. After PCR, the pmoA gene amplicon was purified
using the E.Z.N.A. Cycle-Pure kit (Omega Bio-tek, USA) following 1.2% agarose gel
electrophoresis showing a single band of the correct size. The purified amplicons were
pooled at equimolar DNA amount (200 ng) for sequencing. The high throughput se-
quencing was performed using Illumina MiSeq version 3 chemistry (600 cycles). A
sequence library was constructed for the pmoA gene using the TruSeq Nano DNA LT
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Sample Prep Kit set A (Illumina, Beijing, China).

pmoA gene amplicon sequencing analysis The pmoA gene sequences were anal-
ysed as described before (Reumer et al., 2018). Briefly, assembly of paired end reads
were performed in Mothur version 1.35.1 (Schloss et al., 2009) using the ‘make.contigs’
command, before being sorted based on their length, and the quality of the primers (≤ 2
errors) and barcodes (≤ 1 error). Primers and barcodes which do not meet the qual-
ity control requirements were removed. Putative chimeric reads were also removed
in Mothur version 1.35.1 using the ‘chimera.uchime’ command with the ‘self’ option.
Illumina MiSeq sequencing generated a total of ∼1.35 million reads. After filtering,
∼770000 (on average, ∼14800 reads per sample) high quality sequences were ob-
tained. These sequences could be affiliated to the pmoA gene at the genus level
for methanotrophs with cultured representatives. Rarefaction curves were generated
to show the coverage of the pmoA gene diversity. Classification of the high quality
pmoA sequence reads were performed using BLAST by comparing to the GenBank
nonredundant (nr) database, and the lowest common ancestor algorithm in MEGAN
(v 5.11.3), respectively based on curated pmoA gene database and MEGAN tree, as
detailed in Dumont et al. (2014). The principal component analysis (PCA) was de-
rived from the relative abundance of the classified pmoA gene sequences. The PCA
was performed in the R statistics software environment (R Core Team, 2014) using the
function ‘prcomp’. Visualization of the PCA was performed using the ‘ggfortify’ pack-
age. The pmoA gene sequences were deposited at the NCBI Sequence Read Archive
under the accession number SRR9924748 (NCBI BioProject PRJNA559227).

Statistical analyses Significant differences (p<0.01) in the methane uptake and
pmoA gene abundances (MBAC, MCOC, and TYPEII assays) between treatments over
time were determined by analysis of variance (ANOVA) using SigmaPlot version 13.0
(Systat Software Inc., USA).
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Supplementary Figures
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Figure S19 Headspace methane in the gamma-irradiated rice paddy and upland soils (mean, s.d.,
n = 2), indicating the absence of viable methanotrophs.
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Figure S20 Changes in ammonium concentrations during incubation (mean, s.d., n = 3). Soil ammo-
nium concentration was determined by a colorimetric method in 2 M KCl extracts (1:5) after
filtration (0.2 µm pore size) according to Horn et al. (2005). Initial (day 0) ammonium con-
centration in the incubations was higher than in the native soil (Table 6.1), likely contributed
by the gamma-irradiated fraction of the soil as a result of mineralization of dead microbial
biomass (McNamara et al., 2003).
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Figure S21 Rarefaction curve for all samples and replicates approached the asymptote, showing a good
coverage of the pmoA gene diversity. The samples are labelled denoting the treatment
(i.e., PP, PU, UP, or UU; Figure 6.1), days after incubation (i.e., 0d representing starting
material; 12d, 19d, 26d, and 35d, represent samples taken on 12, 19, 26, and 35 days after
incubation, respectively), and the number of replicate.
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Figure S22 Mean relative abundance and affiliation of the pmoA gene in the PP, PU, UP, and UU incu-
bations (n = 3). Type Ia methanotrophs were predominantly comprised of Methylobacter,
and to a much lesser extent, Methylosarcina forming < 2% of total reads related to Type Ia
methanotrophs. Sequences affiliated to Type Ib and II methanotrophs were predominantly
related to rice paddy clusters (RPCs) and Methylocystis, respectively. pmoA sequences
affiliated to RA21-like and M84-P105 clusters, unclassified pxmA, and other unclassified
methanotrophs are grouped as ‘Others’. Collectively, these sequences represented on av-
erage 0.6 % (ranging from 0.1 – 1.8 %) of the total number of reads. Abbreviation; TUSC,
tropical upland soil cluster.
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Desiccation - re-wetting is a recurring phenomenon in rice paddies exerting an im-
pact on the soil microbial community. Rice paddy soils are drained bi-annually dur-
ing rice harvest and re-flooded with the start of the new planting season. Since rice
paddy soils contribute substantially to global methane emission, it is relevant to de-
termine the methane-oxidizing microbial community (i.e., both the methane-oxidizing
bacteria, MOB, as well as other microorganisms associated to the MOB) and their
resistance / resilience to desiccation - re-wetting. It is known that methane-oxidizing
bacteria form a close network with their interacting partners but it is barely understood
how these react / interact in case of a desiccation.
To relate key microorganisms to community functioning, a stable-isotope probing (SIP)
experiment was performed using a rice paddy soil to determine the impact of desic-
cation - re-wetting on the active methane-oxidizing community. Using gas chromatog-
raphy (GC), methane oxidation was monitored, while the methanotrophic community
abundance was followed via group specific qPCR assays targeting the MOB subgroups
type Ia, Ib and II. DNA-based SIP was coupled to amplicon MiSeq sequence analysis
to determine the change in the active methane-oxidizing community after desiccation -
re-wetting.
The disturbance adversely affected methane uptake rate only in the short term. There-
after the trend in methane uptake was generally comparable in the un-disturbed and
disturbed incubations. A dominance of type I over Type II methanotrophs was ob-
served during the incubation, showing community resilience to the disturbance. The
abundance of the more oligotrophic type II MOB increased after desiccation in the later
stages of incubation, when nutrients became limiting. A shift in the active microbial
community composition was detected after desiccation on the overall bacterial commu-
nity indicated by a change in the abundance of the community members and resulting
in a less diverse but more connected network. Altogether, our results showed, that
MOB are resilient to single desiccation events given sufficient recovery periods, even
though their associated microbial community may change.
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dation is a community functioning, where non-methanotrophs that do not possess the
metabolic capability to oxide methane are also highly relevant, significantly stimulating
the methanotrophic activity via interaction-induced effects.

Objectives and Methods Here, we determined the response of the methane-driven
interaction network, in addition to the recovery in community composition, abundance,
and activity > 15 years after peat excavation1 (i.e., compounded disturbance event)
and after desiccation-rewetting2 (i.e., single disturbance event) using a stable isotope
probing approach (13C-CH4) coupled to a co-occurrence network analysis derived from
the 13C-enriched DNA. By combining SIP-network analysis, we effectively provide di-
rect ecological linkages between the interacting microorganisms, and unambiguously
relate the re-structuring of the interaction network after disturbance to methane uptake.

Results Despite recovery in community composition, abundance, and methane up-
take rates to levels comparable or even higher than in the un-disturbed reference, the
interaction network was profoundly altered, becoming less connected with reduced
complexity after the compounded disturbance, but the reverse (i.e., increase connect-
edness and complexity) was detected after the single disturbance event. Modularity,
however, decreased after both disturbances. The altered networks may have conse-
quences in the event of future and/or recurring disturbances, as the network unrav-
eled concomitant to significantly impaired methanotrophic activity upon disturbance
intensification3. Our work suggests the inclusion of interaction-induced responses, in
addition to documenting recovery in community composition/abundances/activity, as a
step forward to understand the resilience of microbial communities to disturbances.
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The methane - driven interaction network in terrestrial methane
hotspots.
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The composition, activity and diversity of microbial communities is mainly affected
by biological interactions. Concerning methanotrophy, aerobic methane oxidation is
a community functioning, with emergent community traits arising from the interaction
of the methane-oxidizers (methanotrophs) and non-methanotrophs. It is known that
methanotrophs thrive better when heterotrophs are present, but little is known of the
organization of these interaction networks in naturally-occurring complex communities.
We hypothesized that the assembled bacterial community of the interaction network
(interactome) in methane hotspots would converge, driven by high substrate availabil-
ity that favors specific methanotrophs, and consequently influence the recruitment of
non-methanotrophs. Such ‘hot spots’ would also share more co-occurring than site-
specific taxa.
To compare the site-specific methanotrophic interactomes, we applied stable isotope
probing (SIP) using 13C-CH4 coupled to a co-occurrence network analysis to probe
trophic interactions in widespread methane-emitting environments. Network analysis
revealed predominantly unique co-occurring taxa from different environments, indicat-
ing distinctly co-evolved communities more strongly influenced by other parameters
than high substrate availability. In the majority of all instances, the networks derived
from the 13C-CH4 incubation exhibited a less connected and complex topology than the
networks derived from the unlabelledC-CH4 incubations, likely caused by the exclusion
of the inactive/non-replicating microbial population and spurious connections; DNA-
based networks (without SIP) may thus overestimate the network complexity.
In contrast to our hypothesis, each environment contained distinct interactomes of
methanotroph/methanotroph, as well as methanotroph/non-methanotroph. Such data
indicate an influence of site specific parameters over substrate availability, which leads
to the assumption of different over all community functions.
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revealed predominantly unique co-occurring taxa from different environments, indicat-
ing distinctly co-evolved communities more strongly influenced by other parameters
than high substrate availability. In the majority of all instances, the networks derived
from the 13C-CH4 incubation exhibited a less connected and complex topology than the
networks derived from the unlabelledC-CH4 incubations, likely caused by the exclusion
of the inactive/non-replicating microbial population and spurious connections; DNA-
based networks (without SIP) may thus overestimate the network complexity.
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