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Abstract  25 

 26 

Microorganisms interact in complex communities, affecting microbially-mediated processes 27 

in the environment. Particularly, aerobic methanotrophs showed significantly stimulated 28 

growth and activity in the presence of accompanying microorganisms in an interaction 29 

network (interactome). Yet, little is known of how the interactome responds to disturbances, 30 

and how community functioning is affected by the disturbance-induced structuring of the 31 

interaction network. Here, we employed a time-series stable isotope probing (SIP) approach 32 

using 13C-CH4 coupled to a co-occurrence network analysis after Illumina MiSeq sequencing of 33 

the 13C-enriched 16S rRNA gene to directly relate the response in methanotrophic activity to 34 

the network structure of the interactome after desiccation-rewetting of a paddy soil.  35 

Methane uptake rate decreased immediately (< 5 days) after short-term desiccation-36 

rewetting. Although the methanotroph subgroups differentially responded to desiccation-37 

rewetting, the metabolically active bacterial community composition, including the 38 

methanotrophs, recovered after the disturbance. However, the interaction network was 39 

profoundly altered, becoming more complex but, less modular after desiccation-rewetting, 40 

despite the recovery in the methanotrophic activity and community 41 

composition/abundances. This suggests that the legacy of the disturbance persists in the 42 

interaction network. The change in the network structure may have consequences for 43 

community functioning with recurring desiccation-rewetting. 44 

 45 

 46 

 47 

 48 
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1.0 Introduction 49 

 50 

Biological interactions are widespread in microbial communities. Microorganisms form a 51 

plethora of interdependent relationships with their biotic environment, with synergistic 52 

and/or antagonistic effects. Concerning methanotrophy, emergent properties enhancing 53 

community functioning may arise from such interactions. Indeed, aerobic methanotrophs 54 

exhibit higher co-metabolic biodegradation rates of micropollutants and show significantly 55 

higher methanotrophic activity in a multi-species consortium than as monocultures (Begonja 56 

und Hrsak 2001; Ho et al. 2014; Benner et al. 2015; Krause et al. 2017; Veraart et al. 2018). 57 

Therefore, accompanying microorganisms that do not possess the metabolic potential and do 58 

not seemingly contribute to methane oxidation may also be relevant, exerting an indirect 59 

interaction-induced effect on community functioning. While changes in the methanotrophic 60 

community composition and/or abundances have been correlated to the methane oxidation 61 

rate in response to environmental cues and disturbances (Ho et al. 2011; Danilova et al. 2015; 62 

Christiansen et al. 2016; Reumer et al. 2018; Reis et al. 2020), interaction-induced effects that 63 

alter the structure of the interaction network (i.e., methanotrophic interactome; Ho et al. 64 

2016a) remains unclear. Here, we define the methanotrophic interactome as a sub-population 65 

of the entire community, encompassing the methanotrophs and accompanying non-66 

methanotrophs that is tracked via the flow of methane-derived 13C; the members of the 67 

interactome co-occur more than by chance, as determined in a co-occurrence network 68 

analysis (Ho et al. 2016a). The recovery in the community composition and abundance does 69 

not necessarily translate to the return of the network structure to the pre-disturbance state 70 

(Pérez-Valera et al. 2017). Therefore, the response of the interactome is a lesser known but 71 
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important determinant, potentially imposing an effect on community functioning during 72 

recovery from disturbances (Ratzke et al. 2020).   73 

 74 

Aerobic methanotrophs belong to the Gammaproteobacteria (Type Ia and Ib subgroups), 75 

Alphaproteobacteria (Type II subgroup), and Verrucomicrobia, and may show habitat 76 

preference (Knief 2015), with the verrucomicrobial methanotrophs typically inhabiting acidic 77 

and thermophilic geothermal environments (Op den Camp et al. 2009; Sharp et al. 2014). The 78 

proteobacterial methanotrophs are ubiquitous and thought to be relevant in terrestrial 79 

ecosystems, acting as a methane sink in well-aerated upland soils and methane biofilter at 80 

oxic-anoxic interfaces (Reim et al. 2012; Shrestha et al. 2012; Praeg et al. 2017; Ho et al. 2019; 81 

Kaupper et al. 2020a). Accordingly, proteobacterial methanotrophs can be distinguished 82 

based on their biochemistry and ecophysiology, which reflect on their ecological life strategies 83 

and response to disturbances (Trotsenko und Murrell 2008; Semrau et al. 2010; Ho et al. 84 

2017). The pmoA gene (encoding for the particulate methane monooxygenase) phylogeny 85 

corresponds with that of the 16S rRNA gene, and is commonly targeted to characterize the 86 

methanotrophs in complex communities (e.g., Kolb et al. 2003; Dumont et al. 2011; Knief 87 

2015; Karwautz et al. 2018). Therefore, aerobic methane oxidation is catalyzed by a defined 88 

microbial guild with relatively low diversity (mainly, proteobacteria in non-geothermal 89 

environments) when compared to other microbial groups catalyzing generalized processes 90 

(e.g., denitrification, respiration). This allows the methanotrophs to be clearly distinguished 91 

from the non-methanotrophs in complex communities, making the methanotrophic 92 

interactome a suitable model system for our study. 93 

 94 
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Here, we elaborate the response of a methane-driven interaction network to desiccation-95 

rewetting to determine how methanotrophic activity is affected by the disturbance-induced 96 

structuring of the interactome. A DNA-based stable isotope probing (SIP) approach using 13C-97 

CH4 was coupled to a co-occurrence network analysis after Illumina MiSeq sequencing of the 98 

16S rRNA gene, allowing direct association of methanotrophic activity to the structure of the 99 

interaction network (methane food web). Although the network analysis is a useful tool to 100 

explore interactions in complex microbial communities (e.g., Barberán et al. 2012; Ho et al. 101 

2016a; Morriën et al. 2017; Ho et al. 2020; Mo et al. 2020; Ratzke et al. 2020), biological 102 

interpretation of the analysis (e.g., causative mechanisms driving the interaction) requires 103 

further probing. Given that the methanotrophs are the only members of the interactome 104 

capable of using methane as a carbon and energy source, it is not unreasonable to assume 105 

that 13C-labeled non-methanotrophic microorganisms depended on and interacted with the 106 

methanotrophs (e.g., via cross-feeding and co-aggregation; Ho et al. 2016a; Pérez-Valera et 107 

al. 2017). Coupling SIP to the network analysis thus confirms the unidirectional flow of 108 

substrate from the metabolically active methanotrophs to non-methanotrophs. We 109 

hypothesized that a more complex interaction network will arise as a response to desiccation-110 

rewetting, as documented in other single or sporadic disturbance events, given sufficient 111 

recovery time (Eldridge et al. 2015; Pérez-Valera et al. 2017). With the elimination of less 112 

desiccation-resistant/tolerant microorganisms, it is not unreasonable to postulate that the 113 

surviving community members were forced to interact more among themselves, increasing 114 

metabolic exchange which further drives their co-occurrence over time (Zelezniak et al. 2015; 115 

Tripathi et al. 2016; Dal Co et al. 2020; Ratzke et al. 2020). 116 

 117 

2.0 Materials and Methods 118 
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 119 

2.1 Soil sampling and microcosm set-up 120 

  121 

The paddy soil (upper 10-15 cm) was collected from a rice field belonging to the Italian Rice 122 

Research Institute, Vercelli, Italy (45o 20’N, 8o 25’W). The soil pH and electrical conductivity 123 

(EC) were 6.5 and 0.2 dS m-1, respectively. The C and N concentrations were 13.9 mg C g dw-1 124 

and 1.3 mg N g dw-1, respectively. The concentrations of nitrite and nitrate (NOx
-), sulphate, 125 

and phosphate were 34.4 µg N g dw-1, 96 µg g dw-1, and 0.6 µg g dw-1, respectively. Agricultural 126 

practices in the rice field have been reported in detail elsewhere (Krueger et al. 2001). 127 

Generally, rice was cropped in the paddy soil twice a year (May/June to September/October 128 

and January/February to May/June), with each rice growing season spanning over 4-5 months; 129 

rice was not grown for approximately two months in winter (Krueger et al. 2001). The paddy 130 

field was drained prior to rice harvest and left fallow for 2-3 weeks before the commencement 131 

of the next rice growing season. Soil sampling was performed in May 2015 after drainage and 132 

rice harvest. After sampling, the soil was air-dried at ambient temperature and sieved (2 mm) 133 

to eliminate (fine) roots and debris, before being stored in a plastic container at room 134 

temperature till incubation set-up (November, 2017). Paddy soil prepared and stored under 135 

the same conditions < 5 years after sampling showed comparable potentially active 136 

methanotrophic community composition (mRNA-based community analysis) over ~ 80 days 137 

incubation after re-wetting (Collet et al. 2015). 138 

 139 

Each microcosm consisted of 10 g soil saturated with 4.5 mL autoclaved deionized water in a 140 

Petri dish. The saturated soil was homogenized, and pre-incubated under ~10 %v/v methane in 141 

air at 25°C in an air-tight jar. Following pre-incubation (7 days), desiccation was induced by 142 
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placing the microcosms under a laminar flow cabinet overnight (15 hours) to achieve a 143 

gravimetric water loss of > 95 % in the disturbed microcosm (Figure S1; Ho et al. 2016c). After 144 

desiccation, water loss was replenished by adding the corresponding amount of autoclaved 145 

deionized water, and incubation resumed under the same conditions as before. Microcosms 146 

not exposed to desiccation-rewetting (un-disturbed) served as reference. A total of 42 147 

microcosms were constructed (Figure S1). At designated intervals (i.e., pre-incubation, as well 148 

as 1 – 7, 27 – 34, and 64 – 71 days after disturbance; Figure S1), 13C-CH4 labelling incubation 149 

was performed; the microcosms (n=6) were transferred into a flux chamber and incubated 150 

under 2 %v/v methane (13C-CH4, n=4; unlabelledC-CH4, n=2) in air. Headspace methane was 151 

replenished when methane in the flux chamber was reduced to < 0.5 %v/v. Incubation in the 152 

flux chamber was performed over 6 - 7 days or until at least 500 µmole methane was 153 

consumed to ensure sufficient labelling (Neufeld et al. 2007). After incubation, the soil was 154 

homogenized, shock-frozen, and stored in the -20°C freezer until DNA extraction.   155 

 156 

2.2 Methane and inorganic N measurements. 157 

 158 

Headspace methane was measured daily in all replicates (i.e., both unlabelledC- and 13C-CH4 159 

incubations) using a gas chromatograph (7890B GC System, Agilent Technologies, Santa Clara, 160 

USA) coupled to a pulsed discharge helium ionization detector (PD-HID), with helium as the 161 

carrier gas. The methane uptake rates were determined by linear regression from the slope of 162 

methane depletion with at least three time intervals (12-24 hours between intervals). Soluble 163 

ammonium and nitrate were determined in all replicates in autoclaved deionized water 164 

(1:2.5w/v) after centrifugation and filtration (0.2 µm) of the soil suspension. Soluble ammonium 165 

was determined colorimetrically (Horn et al. 2005) using an Infinite M plex plate reader 166 
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(TECAN, Meannedorf, Switzerland), whereas nitrate was determined using a Sievers 208i NO 167 

analyzer system (GE Analytical Instruments, Boulder, CO, USA) with 50 mM VCl3 in 1 M sterile 168 

HCl as a reducing agent. 169 

 170 

2.3 DNA extraction and isopycnic ultracentrifugation 171 

 172 

DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) according to 173 

the manufacturer's instruction. DNA was extracted in duplicate for each sample (n=6, per 174 

treatment and time) and pooled after elution to obtain sufficient amounts for the isopycnic 175 

ultracentrifugation.   176 

 177 

DNA stable isotope probing was performed according to Neufeld et al. (2007). Isopycnic 178 

ultracentrifugation was performed at 144000 g for 67 hours using an Optima L-80XP (Beckman 179 

Coulter Inc., USA). Each ultracentrifugation run consisted of DNA extracted from incubations 180 

containing 13C- and unlabelledC-methane to distinguish the `light‘ from the `heavy` fractions 181 

(Figure S2). Fractionation was performed immediately after centrifugation using a hydraulic 182 

pump (Duelabo, Dusseldorf, Germany) at 3 rpm min-1. Although 10 - 11 fractions were 183 

obtained, the last fraction was discarded, yielding 9 - 10 fractions per sample. Fractionation 184 

was unsuccessful for DNA sampled from two of the four replicate in the disturbed microcosm 185 

(13C-CH4 incubation, 64 - 71 days interval). Given that a minimum of three replicates is needed 186 

to construct each network, post-disturbance samples were grouped into days 1 - 7 187 

(immediately after disturbance) and 27 – 71 (during recovery) for subsequent 13C-enriched 188 

16S rRNA gene-derived network analysis (see Section 2.7). In the other time intervals, at least 189 

three replicates were obtained in the 13C-CH4 incubation. The density gradient of each fraction 190 
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was determined by weighing on a precision scale (technical replicate, n=10). DNA precipitation 191 

was performed over night, as described in Neufeld et al. (2007); nucleic acid was washed twice 192 

with ethanol, and the pellet was suspended in 30 µL of ultrapure PCR water (INVITROGEN, 193 

Waltham, USA). The pmoA gene was enumerated from each fraction using a qPCR assay 194 

(MTOT; Table S1) to distinguish the ‘heavy’ from the ‘light’ fraction after comparing DNA from 195 

the 13C- and unlabelledC-CH4 incubations (Figure S2). The identified ‘heavy’ and ‘light’ DNA 196 

fractions as defined in Neufeld et al. (2007) were amplified for Illumina MiSeq sequencing.  197 

 198 

2.4 Group-specific qPCR assays. 199 

 200 

The qPCR assays (MBAC, MCOC, and TYPEII targeting type Ia, Ib, and II, respectively) were 201 

performed to follow the abundance of the methanotroph sub-groups over time (Table S1). 202 

Additionally, a qPCR assay targeting the total methanotrophic population (MTOT) was applied 203 

to the DNA samples after fractionation to distinguish the ‘heavy’ from the ‘light’ fraction. The 204 

qPCR was performed using a BIORAD CFX Connect RT System (Biorad, Hercules, USA). Briefly, 205 

each reaction (total volume, 20 µL) consisted of 10 µL SYBR 2X Sensifast (BIOLINE, London, 206 

UK), 3.5 µL of forward/reverse primer each, 1 µL 0.04% BSA, and 2 µL template DNA. Template 207 

DNA was diluted 50-fold with RNase- and DNase-free water for the MBAC, MCOC, and TYPEII 208 

assays, and was undiluted for the MTOT assay. Diluting the template DNA 50-fold resulted in 209 

the optimal pmoA gene copy numbers. The primer combinations and concentrations, as well 210 

as the PCR thermal profiles, are given elsewhere (see Table S1, Kolb et al. 2003 and Kaupper 211 

et al. 2020b). The calibration curve (101-108 copy number of target genes) was derived from 212 

gene libraries as described before (Ho et al. 2011). The qPCR amplification efficiency was 83 – 213 

91%, with R2 ranging from 0.994 - 0.997. Amplicon specificity was determined from the melt 214 
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curve, and confirmed by 1% agarose gel electrophoresis yielding a band of the correct size in 215 

a preliminary qPCR run.  216 

 217 

2.5 Amplification for the pmoA and 16S rRNA genes for Illumina MiSeq sequencing. 218 

 219 

The pmoA gene was amplified using the primer pair A189f/mb661r, with the forward primer 220 

containing a fused 6 bp bar code. Each PCR reaction comprised of 25 μl SYBR Premix Ex TaqTM 221 

(Tli RNaseH Plus, TaKaRa, Japan), 1 μl forward/reverse primer each (10 μM), 2 μl template 222 

DNA (DNA concentration diluted to 2-8 ng μl-1), and 21 μl sterilized distilled water, giving a 223 

total volume of 50 μl. The PCR thermal profile consisted of an initial denaturation step at 94 °C 224 

for 2 min, followed by 39 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, 225 

and elongation at 72°C for 45 s. The final elongation step was at 72°C for 5 mins. The PCR 226 

products were verified on 1.2% agarose gel electrophoresis showing a single band of the 227 

correct size, before purification using the E.Z.N.A. Cycle-Pure kit (Omega Bio-tek, USA). 228 

Subsequently, the purified amplicons were pooled at equimolar DNA amounts (200 ng) for 229 

sequencing using Illumina MiSeq version 3 chemistry (paired-end, 600 cycles). The pmoA 230 

sequence library was prepared using the TruSeq Nano DNA LT Sample Prep Kit set A (Illumina, 231 

Beijing, China). 232 

 233 

The 16S rRNA gene was amplified using the primer pair 341F/805R. Each PCR reaction 234 

comprised of 4 µl Buffers B and S each (CRYSTAL Taq-DNA-Polymerase, BiolabProducts, 235 

Germany), 4 µl MgCl2 (25 mM), 0.2 μl Taq polymerase (5 U µl-1) (CRYSTAL Taq-DNA-236 

Polymerase), 1.6 µl dNTPs (10 mM), 2 μl forward and reverse tagged-primers each (10 μM), 4 237 

μl template DNA, and 18.2 μl sterilized distilled water. The PCR thermal profile consisted of an 238 
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initial denaturation step at 94°C for 7 min, followed by 30 cycles of denaturation at 94°C for 239 

30 s, annealing at 53°C for 30 s, and elongation at 72°C for 30 s. The final elongation step was 240 

at 72°C for 5 mins. After the specificity of the amplicon was checked by 1% agarose gel 241 

electrophoresis, the PCR product was purified using the GeneRead Size Selection Kit (Qiagen, 242 

Hilden, Germany). Subsequently, a second PCR was performed with adapters using the 243 

Nextera XT Index Kit (Illumina, San Diego, USA). The second PCR reaction consisted of 12.5 µl 244 

2X KAPA HiFi HotStart Ready Mix (Roche, Mannheim, Germany), 2.5 µl of each tagged primers 245 

(10 μM), 2.5 µl PCR grade water, and 5 µl template from the first PCR. The amplicons were 246 

then purified using the MagSi-NGSPREP Plus Magnetic beads (Steinbrenner Laborsysteme 247 

GmbH, Wiesenbacj, Germany). Normalization of the amplicons before sequencing was 248 

performed using the Janus Automated Workstation (Perkin Elmer, Waltham Massachusetts, 249 

USA). Sequencing was performed using Illumina MiSeq version 3 chemistry (paired-end, 600 250 

cycles).  251 

 252 

2.6 pmoA and 16S rRNA gene amplicon analyses 253 

 254 

The pmoA gene amplicon was analyzed as described before (Reumer et al. 2018). Briefly, the 255 

paired-end reads were sorted based on the length and the quality of the primers (≤ 2 errors) 256 

and barcodes (≤ 1 error) after assembly in Mothur version 1.42.1 using the `make.contigs` 257 

command (Schloss et al. 2009). Primers and barcodes which did not meet these requirements 258 

were removed. Similarly, chimeric reads were also removed in Mothur using the 259 

`chimera.uchime` command with the ̀ self` option. After filtering, the initial ~ 1 175 000 contigs 260 

generated from Illumina Miseq sequencing was reduced to ~ 628 000 high quality contigs, 261 

with approximately 15 300 contigs per sample. The pmoA sequences were classified using 262 
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BLAST by comparing to the GenBank nonredundant (nr) database and the lowest common 263 

ancestor algorithm in MEGAN version 5.11.3, based on curated pmoA gene database and 264 

MEGAN tree, respectively as detailed in Dumont et al. (2014). The high quality pmoA 265 

sequences could be affiliated (family, genus, or species level) to known cultured 266 

methanotrophs. Based on the relative abundance of the pmoA gene sequences, a principal 267 

component analysis (PCA) was performed to determine the response of the methanotrophs 268 

to desiccation-rewetting. To construct the PCA, the data matrix was initially analyzed using 269 

the detrended correspondence analysis (DCA), which indicated linearly distributed data and 270 

revealed that the best-fit mathematical model was the PCA. To test whether the treatments 271 

harbored significantly different bacterial community composition and structure, plot 272 

clustering was tested using permutational multivariate analysis of variance (PERMANOVA; 273 

Anderson 2001). The PCA was conducted in Canoco 4.5 (Biometrics, Wageningen, The 274 

Netherlands), and the PERMANOVA was calculated using PAST 4 software (Hammer et al. 275 

2001). The pmoA gene sequences were deposited at the National Center for Biotechnology 276 

Information (NCBI), SRA database under the BioProject accession number PRJNA634611. 277 

 278 

The 16S rRNA gene paired-end reads were firstly merged using PEAR (Zhang et al. 2014). Next, 279 

the merged sequences were processed using QIIME 2 version 2019.10, with de-multiplex and 280 

quality control performed with DADA2 (Callahan 2017) using the consensus method to 281 

remove any remaining chimeric and low-quality sequences. Approximately 1 300 000 high 282 

quality contigs were retained after filtering (on average, ~18 000 contigs per sample). After 283 

the removal of singletons and doubletons, the samples were rarefied to 7,560 sequences 284 

following the number of the lowest sample. The taxonomic affiliation was performed at 97% 285 

similarity according to the Silva database v. 132 (Quast et al. 2013). The affiliations of the OTUs 286 



13 
 

are given to the finest taxonomic resolution, whenever available. A PCA was performed to 287 

compare the bacterial community composition in the un-disturbed and disturbed incubations. 288 

The 16S rRNA-based PCA was constructed as described for the pmoA-based PCA using Canoco 289 

4.5 (Biometrics, Wageningen, the Netherlands) after analysis of variance (PERMANOVA) in the 290 

PAST 4 software. The 16S rRNA gene sequences were deposited at the NCBI, SRA database 291 

under the BioProject accession number PRJNA634611. 292 

 293 

2.7 Co-occurrence network analysis. 294 

 295 

To explore the complexity of the interaction between bacterial taxa (OTU-level) within the 296 

interactome, a co-occurrence network analysis was performed based on the 16S rRNA gene 297 

derived from the 13C-enriched DNA (`heavy´ fraction). For network construction, non-random 298 

co-occurrence analyses between bacterial OTUs were calculated using SparCC, a tool designed 299 

to assess correlations for compositional data (Friedman und Alm 2012). For each network, P-300 

values were obtained by 99 permutations of random selections of the data tables, applying 301 

the same analytical pipeline. The true SparCC correlations were selected based on statistical 302 

significance of p < 0.01, with a magnitude of > 0.7 or < -0.7. The networks were assessed based 303 

on their topological features such as the number of nodes and edges (connectivity), 304 

modularity, number of communities, average path length, network diameter, average degree, 305 

and clustering coefficient (Table 1; Newman 2003). The nodes in the networks represent 306 

OTUs, whereas the edges represent significantly positive or negative correlations between 307 

two nodes. Also, key nodes were identified based on the betweenness centrality, a measure 308 

of the frequency of a node acting as a bridge along the shortest path between two other nodes 309 

(Poudel et al. 2016). Hence, nodes with high betweenness centrality can be regarded to 310 
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represent important key taxa within the interaction network (Borgatti 2005). The co-311 

occurrence network analysis was performed using the Python module ‘SparCC’, and the 312 

network construction and properties were calculated with Gephi (Bastian et al. 2009). 313 

 314 

2.8 Statistical analysis 315 

 316 

Significant differences (p<0.05) in the methane uptake rate and qPCR analyses per time 317 

between treatments (un-disturbed and disturbed incubations) were performed using IBM 318 

SPSS Statistics (IBM, Armonk, USA). The data were tested for normal distribution using the 319 

Kolmogorov-Smirnov test and the Shapiro-Wilk test. Where normal distribution was met, a 320 

two-sided paired t-test was performed. Otherwise, a non-parametric test (Wilcoxon signed 321 

rank test) was performed. Additionally, methane uptake rates were correlated to the 322 

abundances of type Ia, Ib, and II pmoA gene separately by linear regression in Origin (OriginLab 323 

Corporation, Northampton, MA, USA). 324 

 325 

3.0 Results 326 

 327 

3.1 The abiotic environment. 328 

 329 

The trend in methane uptake was largely comparable in the un-disturbed and disturbed 330 

incubations, where activity peaked at 27 – 34 days before reaching similar rates after 71 days 331 

(Figure 1). However, methane uptake was significantly lower (p<0.05) immediately after 332 

desiccation-rewetting when compared to the un-disturbed incubation (un-disturbed, 0.64 ± 333 
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0.06 μmol h-1 g dw-1; desiccated-rewetted, 0.5 ± 0.05 μmol h-1 g dw-1); the adverse effects of 334 

the disturbance on methane uptake were transient (< 5 days).  335 

 336 

Soluble ammonium and nitrate were rapidly consumed during pre-incubation (Figure S3). The 337 

inorganic N concentrations significantly increased (p<0.05) after desiccation-rewetting. 338 

However, the elevated inorganic N concentrations were not sustained. Soluble ammonium 339 

and nitrate concentrations decreased to values similar to those after pre-incubation at ~34 340 

days. Particularly, ammonium concentration was significantly higher in the un-disturbed than 341 

in the disturbed microcosm after incubation (day 71).    342 

 343 

3.2 Response in methanotroph abundance. 344 

 345 

Group-specific qPCR assays were performed to enumerate the pmoA genes belonging to type 346 

Ia, Ib, and II methanotrophs to be used as proxies for methanotrophic abundances. Generally, 347 

the gammaproteobacterial methanotrophs were less responsive to desiccation-rewetting 348 

than the alphaproteobacterial ones (Figure 2). Although values were within the same order of 349 

magnitude and the discrepancies documented were not appreciable, changes in the 350 

abundance of type Ia and Ib methanotrophs were statistically significant comparing the un-351 

disturbed to the desiccation-rewetted microcosms. Consistently, like for the type II 352 

methanotrophs, methane uptake rates were significantly (p<0.05) correlated to the 353 

abundances of type Ib methanotrophs (Figure S4). It is also noteworthy that type I 354 

methanotrophs were appreciably more abundant in the disturbed microcosm after the 355 

incubation despite showing an adverse effect on population numbers soon after desiccation-356 

rewetting (Figure 2). Particularly, the type II methanotroph abundance recovered well, 357 
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appreciably increased by around two orders of magnitude after desiccation-rewetting (7 – 71 358 

days). By comparison, type I methanotroph abundance also increased but within a relatively 359 

narrow range (type Ia methanotrophs, 2.1 x 107 ± 7.4 x 106 to 3.4 x 107 ± 7.0 x 106; type Ib 360 

methanotrophs, 2.5 x 107 ± 7.9 x 106 to 1.9 x 108 ± 6.6 x 107 gene copy numbers g dw soil-1) 361 

during the same time frame (Figure 2). It appears that although type II methanotrophs 362 

constitute a minor overall fraction of the methanotrophic population, they were more 363 

responsive and significantly increased in abundance after desiccation-rewetting.  364 

 365 

3.3 Effects of desiccation-rewetting on the methanotrophic community composition, as 366 

determined by DNA-based SIP. 367 

 368 

The bacterial communities, including the methanotrophs in the ‘heavy’ and ‘light’ fractions 369 

were distinct, as revealed in a PCA for each time interval, showing a clear separation of the 370 

13C-enriched and unlabelledC-DNA (Figure S5). The 16S rRNA- and pmoA gene-derived sequencing 371 

analyses were then performed on the 13C-enriched DNA, representing the metabolically active 372 

and replicating community. The pmoA gene was sequenced before (after pre-incubation) and 373 

immediately after disturbance (1 – 7 days interval), as well as after incubation (64 – 71 days 374 

interval) to follow the recovery of the methanotrophic community composition. The pmoA 375 

gene sequences, visualized as a PCA (Figure 3), revealed a distinct active methanotrophic 376 

community prior to the disturbance (pre-incubation), and the community shifted soon after 377 

desiccation-rewetting, diverging from the community in the un-disturbed microcosm. Over 96 378 

% of the variation in the methanotrophic community composition could be explained by PC1 379 

and PC2 (67.9 % and 28.5 % of the total variance, respectively). The active methanotrophs 380 

which emerged soon after desiccation-rewetting (1 – 7 days interval) were predominantly 381 
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comprised of members belonging to the putative Rice Paddy Cluster (RPC) closely affiliated to 382 

Methylocaldum (type Ib; Lüke et al. 2014; Shiau et al. 2018). 71 days post-desiccation-383 

rewetting, the recovering community in the disturbed, as well as in the un-disturbed 384 

microcosms were more scattered, largely comprising of type I methanotrophs. The active 385 

methanotrophs showed dynamic population shifts after desiccation-rewetting, with the 386 

recovered community becoming more varied after incubation. 387 

 388 

3.4 Effects of desiccation-rewetting on the total bacterial community composition, as 389 

determined by DNA-based SIP. 390 

 391 

The active bacterial community was largely comprised of members belonging to 392 

Gammaproteobacteria (families Methylomonaceae, Methylophilaceae, Burkholderiaceae, 393 

Rhodocyclaceae, and Nitrosomonadaceae), Bacteroidetes (family Chitinophagaceae and 394 

Microscillaceae), and Gemmatimonadetes (family Gemmatimonadaceae), collectively 395 

representing the majority of the population (> 75 %; Figure 4). Like the pmoA gene sequence 396 

analysis, the PCA derived from the 16S rRNA gene sequences revealed a compositional shift in 397 

the bacterial community after desiccation-rewetting, but the community recovered after 71 398 

days, closely resembling the composition in the un-disturbed microcosm (Figure 3). 399 

Comparing the community in the un-disturbed and disturbed microcosms, Methylocaldum 400 

(type Ib methanotroph), and Methylobacter (type Ia) as well as members of Burkholderiaceae, 401 

were respectively detected at appreciably higher relative abundance soon after desiccation-402 

rewetting (1-7 days interval) and during recovery (27-71 days interval), consistent with the 403 

pmoA gene sequence analysis (Figure S6). The active members of the bacterial community in 404 

the un-disturbed microcosm were generally more diverse; microorganisms present at 405 
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differentially higher relative abundances belonged to Proteobacteria, Bacteroidetes, 406 

Verrucomicrobia, and Acidobacteria (family/genus level identification, Figures 4 and S6). 407 

Generally, the pmoA and 16S rRNA gene sequencing analyses were consistent, revealing the 408 

compositional shift and recovery of the active community.  409 

 410 

3.5 Response of the co-occurrence network structure to desiccation-rewetting. 411 

 412 

A 16S rRNA gene-based co-occurrence network analysis derived from the 13C-enriched ̀ heavy` 413 

fraction was performed to explore the complexity of the methane-driven interactome 414 

immediately after, and during the recovery from desiccation-rewetting (resilience; Figure 5). 415 

These networks were assessed by their topological properties comparing the un-disturbed 416 

and disturbed incubations (Table 1). Generally, both the microbial communities in the un-417 

disturbed and after desiccation-rewetting increased in connectivity over time (i.e., higher no. 418 

of edges, degree, clustering coefficient; Table 1). However, a more connected network 419 

emerged after desiccation-rewetting (> 27 days), exhibiting a higher number of connections 420 

(edges), connections per node (degree), and clustering coefficient than in the un-disturbed 421 

community (Table 1). Accordingly, the desiccation-rewetted community was characterized by 422 

a shorter average path length (Table 1). Although modularity generally decreased in all 423 

microcosms after pre-incubation, the community showed a less modular structure after 424 

desiccation-rewetting when compared to the un-disturbed community during recovery. 425 

Additionally, to account for biases arising from the imbalance number of replicates used to 426 

construct the networks (i.e., grouping of 27-34 and 64-71 days intervals yielding a higher 427 

number of replicates, n= 6 or 7), the networks were re-constructed using 4 randomly selected 428 

replicates from all replicates for the 27-71 days interval. The results obtained were consistent 429 
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and support the general trends documented in the networks using all replicates (Table S2). 430 

Overall, the network structure of the active bacterial community became more complex and 431 

connected after recovery from desiccation-rewetting, demonstrating that the disturbance 432 

fostered a closer association of community members within the interactome.  433 

 434 

The top five nodes with the highest betweenness centrality were identified in all treatments 435 

(Figure 5 & Table S3). As anticipated, the key nodes comprised of methanotrophs, as well as 436 

non-methanotrophic methylotrophs; the methanotrophs are a subset of the methylotrophs 437 

(Chistoserdova 2015). Surprisingly, many other non-methanotrophic bacterial taxa also 438 

formed the key nodes. These taxa were rather unique to each treatment (un-disturbed and 439 

disturbed) at 1-7 and 27 – 71 days intervals (Figure 5 & Table S3). It appears that non-440 

methanotrophs, albeit unable to assimilate methane directly, were also relevant members of 441 

the interactome.  442 

 443 

4.0 Discussion 444 

 445 

4.1 Recovery and resilience of the methanotrophic activity and community composition 446 

following desiccation-rewetting.  447 

 448 

The methanotrophic activity was resilient to desiccation-rewetting. Periodic exposure of the 449 

paddy soil to lower soil water content after drainage for rice harvest may have selected for a 450 

desiccation-tolerant methanotrophic community. This may partly explain the transient (<5 451 

days) adverse effect on methane uptake rates, which rapidly recovered. Nevertheless, the 452 

recovery in methanotrophic activity to single disturbance events is not entirely unexpected, 453 
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as has been shown before (e.g., soil structural disruption, (Kumaresan et al. 2011); long-term 454 

drought spanning over decades, (Collet et al. 2015); desiccation and heat stress, (Ho et al. 455 

2016c; 2016b). Similarly, methanotrophic activity recovered from multiple disturbances, with 456 

soils harboring low-affinity methanotrophs showing resilience to repeated desiccation and 457 

ammonium stress (van Kruistum et al. 2018), and compounded disturbances associated to 458 

land transformation given sufficient recovery time (e.g., over 15 years after peat excavation; 459 

Reumer et al. 2018). However, the recovery in methane oxidation may be accompanied by 460 

compositional shifts in the methanotrophic community, affecting the trajectory of 461 

methanotroph succession after disturbance (Ho et al. 2016c).  462 

 463 

In contrast to previous work (e.g., Kumaresan et al. 2011; Collet et al. 2015; Ho et al. 2016c; 464 

Jurburg et al. 2017; Krause et al. 2017; Ho et al. 2018; Reumer et al. 2018), a time-series 13C-465 

CH4 labeling approach was employed in this study to directly relate not only the 466 

methanotrophic activity to the response of the metabolically active methanotrophs, but also 467 

to the structure of the interaction network, to desiccation-rewetting. The active bacterial 468 

community composition, including the methanotrophs, recovered well as indicated by the 16S 469 

rRNA gene sequence analysis, which showed that the disturbed community resembled that of 470 

the un-disturbed community, clustering closely together after incubation (PCA; Figure 3). 471 

Specifically, Methylocaldum was predominant soon after desiccation-rewetting, whereas 472 

Methylobacter and Burkholderiaceae were present at relatively higher abundances during 473 

recovery from the disturbance (Figures 4 and S6). Gammaproteobacterial methanotrophs, 474 

including Methylocaldum and Methylobacter species, are generally known to be rapid 475 

colonizers, proliferating under high nutrient and methane availability (Ho et al. 2013; Ho et al. 476 

2016b), whereas the dominance and role of Burkholderiaceae during recovery from 477 
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disturbances remain elusive. However, members of the family Burkholderiaceae exhibit 478 

metabolic versatility, with Cupriavidus reported to stimulate methanotrophic growth (Stock 479 

et al. 2013). Furthermore, Ralstonia, another Burkholderiaceae, has been documented to co-480 

occur with methanotrophs in a 13C-CH4 labeling study, likely caused by cross-feeding, 481 

suggesting that there was a trophic interaction with methanotrophs (Qiu et al. 2008). Like for 482 

the gammaproteobacterial type Ib methanotrophs, the significant correlation between 483 

methane uptake rates and the alphaproteobacterial methanotrophs suggests a coupling of 484 

methanotrophic activity and the growth of these methanotrophic sub-groups (Figure S4). The 485 

alphaproteobacterial methanotrophs (Methylocystis; type II) were seemingly more responsive 486 

to the disturbance, exhibiting a gradual increase in numerical abundance during the 487 

incubation (Figure 2). This reinforces previous studies documenting the emergence of this sub-488 

group (Methylocystis-Methylosinus) after stress events (Ho et al. 2011; Ho et al. 2016c; 2016b; 489 

van Kruistum et al. 2018). It is thought that desiccation-rewetting may trigger the proliferation 490 

of alphaproteobacterial methanotrophs either by awakening dormant members of the 491 

seedbank community and/or generating open niches for recolonization (Whittenbury et al. 492 

1970; Collet et al. 2015; Ho et al. 2016b; Kaupper et al. 2020b). Also, the gradual increase in 493 

alphaproteobacterial methanotroph abundance may be attributable to a relatively slower 494 

recovery after being adversely affected by desiccation-rewetting, having a lower initial 495 

abundance than gammaproteobacterial methanotrophs. Admittedly, we cannot exclude 496 

experimental artifacts deriving from soil preparation which may affect the methanotrophs, 497 

but the soil was mildly pre-processed (i.e., air-dried at ambient temperature and sieved), 498 

ensuring homogeneity for a standardized incubation. Overall, the differential response among 499 

methanotroph sub-groups was consistent with trends detected previously.  500 

 501 
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4.2 The emergence of a more complex and connected methane-driven interactome after 502 

desiccation-rewetting.  503 

 504 

Methanotrophs thrive in the presence of specific accompanying microorganisms, exhibiting 505 

higher activity and growth as cocultures than as monocultures (Iguchi et al. 2011; Stock et al. 506 

2013; Ho et al. 2014; Jeong et al. 2014; Benner et al. 2015; Krause et al. 2017; Veraart et al. 507 

2018). This emphasizes the relevance of interdependent relationships among members of a 508 

methanotrophic interactome for community functioning. Although methanotrophic activity 509 

and community composition may recover, disturbances may exert an impact on the structure 510 

of the microbial network, affecting the interaction among community members which may 511 

have consequences in future disturbances (Berg und Ellers 2010; Bissett et al. 2013; Sun et al. 512 

2013; Ho et al. 2020; Ratzke et al. 2020). 513 

 514 

Interestingly, the methanotrophic interactome became more complex and increased in 515 

connectivity during recovery (> 27 days) from desiccation-rewetting (Table 1 & Figure 5). The 516 

disturbance-induced highly connected interactome suggests higher competition for specific 517 

niches (van Elsas et al. 2012), which likely became available after the disturbance event. This 518 

enables rapid re-colonization of the open niches, resulting in the recovery of methanotrophic 519 

activity and abundance, particularly when methane is not limiting (Ho et al. 2011; Pan et al. 520 

2014; Kaupper et al. 2020b). The emergence of a more complex network after disturbance 521 

also suggests that the loss of some microorganisms were compensated by other community 522 

members having similar roles; the community was thus sufficiently redundant to sustain 523 

methanotrophic activity (Eldridge et al. 2015; Mendes et al. 2015; Tripathi et al. 2016). 524 

Similarly, when compared to an un-perturbed soil, the bacterial network after bio-525 
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perturbation (> 12 months) caused by the foraging activity of burrowing mammals increased 526 

in connectedness (Eldridge et al. 2015). In another form of disturbance, the microbial network 527 

was altered, increasing in the number of positively co-occurring bacteria during the recovery 528 

from a forest fire (12 months; Pérez-Valera et al. 2017). In line with these studies, the 529 

interaction networks increased in complexity, becoming more connected after deforestation 530 

for oil palm (Tripathi et al. 2016) and after abandonment of agriculture (Morriën et al. 2017). 531 

 532 

Like these disturbances, desiccation-rewetting fostered closer associations among interacting 533 

members of the methanotrophic interactome, supporting our hypothesis. The increase in 534 

network complexity, as indicated by a higher number of edges, degree, and clustering 535 

efficiency suggests a more connected network, concomitant to a shorter average path length 536 

which indicates a tighter and more efficient network, in response to desiccation-rewetting 537 

(Zhou et al. 2010; Mendes et al. 2018; Dal Co et al. 2020). Hence, desiccation-rewetting likely 538 

augmented or consolidated metabolic exchange to increase co-occurrence among community 539 

members within the interactome, giving rise to a more complex interaction network (Zelezniak 540 

et al. 2015; Ratzke et al. 2020). The increase in network complexity directly related to the 541 

recovery in methanotrophic activity. Nevertheless, modularity decreased over time, 542 

possessing fewer independently connected groups (compartments) within the network (Zhou 543 

et al. 2010), more pronounced in the desiccation-rewetted community. A highly modular 544 

network is thought to restrict and localize the effects of a disturbance within compartments 545 

in the network (Ruiz‐Moreno et al. 2006; Zhou et al. 2010). Therefore, the loss of modularity 546 

after contemporary disturbances suggests that future disturbances will more evenly affect 547 

community members. Hence, community composition and activity, when examined alongside 548 
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the network structure, provided a more comprehensive understanding of microbial responses 549 

to contemporary and future disturbances.   550 

 551 

Expectedly, the nodes with high betweenness centrality were found to comprise of 552 

methylotrophs, including the methanotrophs (Figure 5). These key nodes were not necessarily 553 

bacterial taxa that were present at significantly higher relative abundances (e.g., 554 

Burkholderiaceae; Figure 4) but rather, refer to nodes acting as a bridge between other nodes 555 

with significantly higher frequencies (Poudel et al. 2016). As such, the key nodes within the 556 

network are crucial members of the methanotrophic interactome, potentially having a 557 

significant regulatory effect on the other members of the interactome; the loss of the key 558 

nodes is anticipated to unravel the interaction network (Williams et al. 2014; van der Heijden 559 

and Hartmann 2016). Because the methylotrophs can oxidize methanol and other 560 

intermediary products of methane oxidation (e.g., formaldehyde, formate), cross-feeding 561 

between the methanotrophs and non-methanotrophic methylotrophs (e.g., Methylotenera, 562 

Methylophilus) drives their co-occurrence, as has been established before (Krause et al. 2017). 563 

Interestingly, many non-methanotrophs/methylotrophs also formed the key nodes. Given 564 

that the non-methanotrophs cannot utilize methane as a carbon and energy source, their 565 

identification as key nodes indicates their potential regulatory role, indirectly via interaction-566 

induced effects, on the methanotrophic activity (van der Heijden and Hartmann 2016). Among 567 

the non-methanotrophic key nodes, other members of Sphingomonadaceae (Sphingopyxis) 568 

but not specifically Sphingomonas, have been shown to significantly stimulate the expression 569 

of the pmoA gene when co-cultured with an alphaproteobacterial methanotroph 570 

(Methylocystis; Jeong et al. 2014). Members of Gemmatimonadaceae have been co-detected 571 

along with the methanotrophs in 13C-CH4 labelling SIP studies, but their exact role within the 572 
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interacome remains to be elucidated (Zheng et al. 2014). Similarly, the underlying mechanisms 573 

that drive the interaction between other co-occurring bacterial taxa and the methanotrophs 574 

warrant further exploration through isolation and co-culture studies (Kwon et al. 2018). 575 

However, it is likely that some members of the co-occurring taxa may reciprocally interact 576 

with the methanotrophs, supporting methanotrophic growth and activity (e.g., 577 

Sphingomonas), and contributed to the resilience of the methanotrophs following 578 

desiccation-rewetting. Accordingly, the bacterial taxa representing key nodes were distinct in 579 

the un-disturbed microcosm and after desiccation-rewetting, despite compositional recovery 580 

among metabolically active members of the community (Figure 3). This indicates sufficient 581 

redundancy among active members of the methanotrophic interactome; presumably, the 582 

different key taxa in the un-disturbed and disturbed community shared similar traits relevant 583 

for community functioning.   584 

 585 

4.3 Conclusion  586 

 587 

Our findings, based on the  time-resolved 13C-CH4 SIP approach, reinforced previous DNA-588 

based studies, showing the differential response among the methanotrophs to disturbances, 589 

likely reflecting on their ecological life strategies (Ho et al. 2013). Widening current 590 

understanding, we showed that although methanotrophic activity recovered after 591 

desiccation-rewetting and the post-disturbance microbial community may resemble those in 592 

the un-disturbed soil, the disturbance legacy manifests in the structure of the co-occurrence 593 

network, which became more complex but less modular. Therefore, community interaction 594 

profoundly changed after desiccation-rewetting, which may have consequences for 595 

community functioning with recurring and/or compounded disturbances. More generally, our 596 
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findings move beyond biodiversity-ecosystem functioning relationships to encompass 597 

interaction-induced responses in community functioning. 598 
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Table 1: Correlations and topological properties of the interaction networks during pre-877 

incubation, and recovery from desiccation-rewetting at 1 - 7 and 27 - 71 days intervals.  878 

 879 

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 

aMicrobial taxon (at genus level) with at least one significant (P < 0.01) and strong (SparCC > 0.7 or < -880 

0.7) correlation; 881 
bNumber of connections/correlations obtained by SparCC analysis; 882 
cSparCC positive correlation (> 0.7 with P < 0.01); 883 
dSparCC negative correlation (< -0.7 with P < 0.01); 884 
eThe capability of the nodes to form highly connected communities, that is, a structure with high 885 

density of between nodes connections (inferred by Gephi); 886 
fA community is defined as a group of nodes densely connected internally (Gephi); 887 
gThe longest distance between nodes in the network, measured in number of edges (Gephi); 888 
hAverage network distance between all pair of nodes or the average length off all edges in the 889 

network (Gephi); 890 
iThe average number of connections per node in the network, that is, the node connectivity (Gephi); 891 
jHow nodes are embedded in their neighborhood and the degree to which they tend to cluster 892 

together (Gephi). 893 

 894 

 895 
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Figure captions 896 

 897 

Figure 1: Methane uptake rate in the un-disturbed and disturbed incubations determined 898 

during the pre-incubation, as well as 1-7, 27-34, and 64-71 days interval after desiccation-899 

rewetting. Incubations with 13C- and unlabeledC-CH4 were combined (mean ± s.d., n=6) for each 900 

treatment. Pre-incubation is denoted by the shaded area. Significant difference in the 901 

methane uptake rate between treatments is indicated by an asterisk (t-test, p < 0.05).  902 

 903 

Figure 2: Temporal changes in the pmoA gene abundance of type Ia (a), type Ib (b), and type 904 

II (c) methanotrophs, as determined from group-specific qPCR assays. Each qPCR reaction was 905 

performed in duplicate for each DNA extract (n=6), giving a total of 12 replicates per 906 

treatment, time, and assay. Pre-incubation is denoted by the shaded area, and dashed lines 907 

indicate the detection limit of the qPCR assays. Significant difference in the pmoA gene 908 

abundance between treatments is indicated by an asterisk (t-test, p < 0.05). 909 

 910 

Figure 3: Principal component analysis showing the response of the active methanotrophic (a) 911 

and bacterial (b) community composition to desiccation-rewetting, as determined from the 912 

relative abundances of the pmoA and 16S rRNA gene sequences, respectively. Both the pmoA 913 

and 16S rRNA gene sequences were derived from the 13C-enriched DNA (‘heavy’ fraction). In 914 

(A), the vectors represent the predominant methanotrophs belonging to type Ia 915 

(Methylobacter), type Ib (RPC, rice paddy cluster), and type II (Methylocystis).  916 

 917 

Figure 4: The mean active bacterial community composition in the un-disturbed and disturbed 918 

incubations, based on the 16S rRNA gene sequence analysis. The 16S rRNA gene sequences 919 
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were derived from the 13C-enriched DNA after incubation at 1-7, 27-34, and 64-71 days 920 

intervals. 921 

 922 

Figure 5: Co-occurence network analysis of the active bacterial community based on the 16S 923 

rRNA gene during pre-incubation, and after desiccation-rewetting. The 16S rRNA gene 924 

sequences were derived from the 13C-enriched DNA (‘heavy’ fraction). Samples from 27-34 925 

and 64-71 days intervals were combined to have sufficient replicates for the network analysis; 926 

density gradient ultracentrifugation was unsuccessful in 2 of 4 replicated 13C-CH4 incubations 927 

in the disturbed microcosm at 64-71 days interval. Significant (p < 0.01) positive (magnitude > 928 

0.7) and negative (magnitude, < -0.7) SparCC correlations are respectively denoted by the blue 929 

and red edges. Each node represents a bacterial taxa at the OTU level, and the size of the node 930 

corresponds to the number of connections (degree). The colour intensity indicates the 931 

betweenness centrality (darker shades indicating higher values). The numbers in the key 932 

nodes (top five nodes with highest betweenness centrality) refer to (1) Methylophilaceae, 933 

(2) Rhodocyclaceae, (3) Gemmatirosa, (4) Crenothrix (methane-oxidizer), (5) Acidobacteria 934 

subgroup 6, (6) Gemmatimonadaceae, (7) Methylomonas (methanotroph), 935 

(8) Noviherbaspirillum, (9) Beijerinckiaceae, (10) Paenibacillus, (11) Acidobacteria subgroup 7, 936 

(12) Opitutaceae, (13) Unclassified Bacteria, (14) Sphingomonas, (15) Blastocatellia, 937 

(16) Ideonella, (17) Chthoniobacter, (18) Proteobacteria, (19) Chitinophagaceae (20) 938 

Microscillaceae. Detailed topological properties of the networks are provided in Table 1.  939 

 940 
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Table 1: Correlations and topological properties of the interaction networks during pre-1 

incubation, and recovery from desiccation-rewetting at 1 - 7 and 27 - 71 days intervals.  2 
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2.96 2.32 1.81 2.78 0.88 

Number of communitiesf 

 
26 38 29 58 12 

Network diameterg 
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