
Recovery of Methanotrophic Activity Is Not Reflected in the
Methane-Driven Interaction Network after Peat Mining

Thomas Kaupper,a Lucas W. Mendes,b Monica Harnisz,c Sascha M. B. Krause,d Marcus A. Horn,a Adrian Hoa

aInstitute of Microbiology, Leibniz Universität Hannover, Hannover, Germany
bCenter for Nuclear Energy in Agriculture, University of São Paulo-USP, São Paulo, Brazil
cDepartment of Environmental Microbiology, University of Warmia and Mazury in Olsztyn, Olsztyn, Poland
dZhejiang Tiantong Forest Ecosystem National Observation and Research Station, School of Ecological and Environmental Sciences, East China Normal University,
Shanghai, China

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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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.
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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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