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Supplementary text 16 

Comparison of 16S rRNA gene amplicon and metagenomic libraries of high buoyant 

density DNA from 12C and 13C-CH4 incubations 18 

The relative abundance of annotated contigs belonging to different families in replicate 

metagenomic libraries was reproducible and distinct between acidic and neutral pH 20 

soils (SI Appendix, Fig. S2a). Twenty of the 23 medium and high-quality MAGs 

recovered in 13C-derived metagenomic libraries were from methanotrophic or non-22 

methanotrophic methylotrophic populations and therefore consistent with targeting a 

CH4-fuelled community using stable isotope probing (SI Appendix, Table S2). 24 

Nevertheless, comparison with equivalent 12C incubations was performed as per 

standard practice with DNA-SIP experiments (1). Genomic DNA was recovered and 26 

purified from high buoyant density fractions (>1.732 g ml-1) from triplicate microcosms 

of both 12C- and 13C-CH4 incubations. While recovered DNA from 12C incubations was 28 

considered too low for metagenome sequencing, with DNA concentrations below the 

limit of detection in some fractions, PCR amplification enabled characterisation of 16S 30 

rRNA gene-based community structures and comparison to the equivalent fractions 

from 13C incubations.  32 

Six taxonomic families were represented by contigs ≥5kb to which a minimum 

of ≥1% of reads were mapped from metagenome analysis of 13C-enriched DNA in at 34 
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least one soil (SI Appendix, Fig. S2). These families represented 39.8% and 83.7% of 

16S rRNA gene ASVs in pH 4.5 and 7.5 samples, respectively, compared to 6.9 and 36 

18.3% in the equivalent DNA fractions from 12C-incubations. Annotated metagenome 

and 16S rRNA amplicon libraries generated from the same 13C-enriched DNA 38 

contained representatives of the same C1-utilising groups, although substantial 

differences were observed in relative abundance. For example, while the 40 

Methylococcaceae was the dominant family in pH 7.5 13C-enriched DNA using both 

approaches, it represented 5.3% (±0.3% s.e.) and 61.1% (±3.2% s.e.) of annotated 42 

contigs and 16S rRNA gene ASVs, respectively. In 13C-enriched pH 4.5 DNA, the 

dominant family in the metagenomic libraries was the Methylocystaceae, representing 44 

13.9% (±1.6% s.e.) of annotated contigs ≥5kb but only 0.02% (±0.006% s.e.) in the 

amplicon libraries, where the non-methanotrophic methylotrophic Hyphomicrobiaceae 46 

was the most abundant at 22.0% (±5.7% s.e.). While some differences may be due to 

the range of biases associated with different marker-gene and metagenomic 48 

sequencing approaches (2), these differences are likely a reflection of variation in the 

diversity of populations within each of these families which will have effect contig 50 

assembly e.g. a MAG may be recovered with relative high completeness due to a 

comparatively low diversity of closely related populations, rather than being a simple 52 

function of its relative abundance in the community. Nevertheless, the overall 

community composition determined by 16S rRNA gene amplicon libraries were highly 54 

reproducible and clearly distinct between 12C and 13C incubations, confirming that 

communities analysed in metagenomic libraries were enriched in CH4-derived 13C (SI 56 

Appendix, Fig. S2b).  

  58 

Predicted C1 metabolism in metagenome assembled genomes 

Aerobic methylotrophic organisms utilise C1 compounds such as CH4 or methanol 60 

(CH3OH) for both carbon and energy requirements (3). Methanotrophs are one group 

of methylotrophs that oxidise CH4 to formaldehyde via CH3OH, which is either 62 

assimilated for generating biomass or oxidised through to carbon dioxide to obtain 

energy and reductant. Non-CH4 oxidising methylotrophs, lacking methane 64 

monooxygenase, utilise CH3OH produced from other sources including that excreted 

from methanotrophs. CH4 can therefore be directly and indirectly utilised by 66 

methylotrophic populations in natural communities.  
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To determine whether MAGs represented methanotrophic or non-68 

methanotrophic methylotrophs, the presence of genes encoding methane 

monooxygenase (MMO), methanol dehydrogenases (MDH) and formate 70 

dehydrogenases (FDH) was determined after predicted protein sequence annotation. 

Taxonomic assignment and methylotrophic characterisation were consistent with 72 

known traits of Methylobacter, Methylocapsa, Methylosinus and Methylocystis strains, 

all of which possessed particulate methane monooxygenase (pMMO) and with the 74 

three Methylosinus MAGs also possessing soluble methane monooxygenase 

(sMMO). Eight MAGS lacked genes encoding an MMO but possessed MDH and FDH 76 

confirming methylotrophic capability. This included representatives of previously 

recognised non-methanotrophic methylotrophs including Gemmatimonadales, 78 

Hyphomicrobium, Methylophilaceae, Methyloceanibacter plus MAGs representative of 

the genera Rudea and Herminiimonas. One MAG belonged to the class Kiritimatiellae 80 

of the Verrucomicrobiota. While this phylum contains known methylotrophs, no 

pathways for C1 metabolism were identified, potentially due to the low (51.5%) 82 

estimated completeness. 

 84 

Comparison of VirSorter and DeepVirFinder in predicting virus-associated 

metagenome contigs 86 

Using assembled contigs >10 kb, metagenomic viral contigs (mVCs) were predicted 

using two established tools. VirSorter (4) uses a database of viral genes plus analysis 88 

of virus-like motifs, and DeepVirFinder (5) uses a k-mer based alignment-free 

approach, using viral genomes to train the prediction model. Both approaches provide 90 

different levels of confidence. VirSorter categories 1, 2 and 3 represent ‘most 

confident’, ‘likely’ and ‘possible’ virus predictions, respectively, with categories 4, 5 92 

and 6 the equivalent for proviruses. Based on probability values, DeepVirFinder virus 

predictions can be considered likely (≥0.9, p-value <0.05) and probable (≥0.7, p-value 94 

<0.05) (6). We considered the matching of CRISPR array spacers with virus 

protospacers as the most confident method of confirming a viral origin for an individual 96 

contig and facilitated comparison of the success of the two prediction tools. Of the 21 

mVCs linked using CRISPR spacer analysis, 19 were predicted using VirSorter only, 98 

1 was predicted using DeepVirFinder only and 1 predicted using both, the latter two 

being <10 kb and identified after further analysis of 5-10 kb contigs. Of the 270 contigs 100 

predicted as category 1, 2 or 3 mVCs by VirSorter, 49 were also predicted by 
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DeepVirFinder, which uniquely identified a further 41 (of which only 4 were ‘likely’ 102 

viruses). These results indicate that substantially more soil virus genomes are required 

for training datasets using an alignment-free approach. 104 

 

Evaluation of k-mer analysis for identifying host-virus linkages 106 

The matching of protospacers in mVCs to spacers in CRISPR arrays with 100% 

identity was also used to validate criteria for linkages via a ‘best hit’ homologue 108 

approach, specifically the sharing of a minimum of five homologues to the same 

taxonomic family. These two approaches were then compared to linkages predicted 110 

using a k-mer based analysis with the tool WIsH (7), which involves the comparison 

and prediction of linkage of previously defined host- or virus-derived contigs on the 112 

basis of k-mer frequency analysis. Seven of the 21 mVCs predicted to hosts via 

CRISPR spacer analysis were linked to a host using WIsH and a probability score 114 

≤0.05 (SI Appendix, Table S9), all of which were consistent at the family level. Of the 

103 mVCs linked in vConTACT 2.0 analysis with an assigned host, 35 had a host 116 

predicted using WIsH, of which only 23 (66%) and 8 (23%) was the same as the 

homologue-based prediction at the order and family levels, respectively. These 118 

analyses therefore indicated that while the k-mer based approach using WIsH was 

partially successful in identifying correct linkages at the family level, it was not robust 120 

for identifying linkages with a high level of taxonomic resolution or confidence.   

 122 

Analysis of methanotroph mVCs in metagenomes without CH4 incubation 

In addition to the analysis of soil metagenomes derived from CH4 incubations, mVCs 124 

associated with methanotrophs were also searched for in total community and virus-

targeted metagenomes derived from the same soil samples used for CH4 incubations. 126 

DNA was extracted for total metagenomic analysis using the same procedure as for 

the CH4 incubations (1). Soil virome analysis used fresh (i.e. non-frozen) soil samples 128 

with viral particles recovered with the protocol of Trubl et al. (8) except 10 g of soil, 20 

ml of of amended 1% potassium citrate buffer, and PEG8000 precipitation were used. 130 

For subsequent DNA extraction, the protocol of Casas and Rower (9) was used with 

modifications. Specifically, after lysis using SDS and proteinase K, 100 ul CTAB buffer 132 

(1) was added before incubation for 10 min at 65°C. Humic acids were then removed 
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following two rounds of phenol:chloroform: isoamyl alcohol extraction and precipitation 134 

with PEG8000 in 1.6 M NaCl solution, with an RNase A treatment performed between.  
 136 

Gene-sharing networks of viral metagenomic contigs 

Predicted hosts of mVCs from this study (using CRISPR and homologue-based 138 

approaches) were generally inconsistent with the known hosts of RefSeq viruses that 

were linked through vConTACT 2.0 gene-sharing network analysis (10). However, 140 

mVCs from this study placed into individual clusters all had the same predicted host 

(SI Appendix, Fig. S4). Initial networks used mVCs with a conservative host prediction 142 

only (i.e. a minimum of ≥5 homologues linked to one taxonomic family).  With the 

exception of one cluster of 3 mVCs, which were predicted to be linked to 144 

Methylococcaceae and non-CH4 oxidising methylotrophic Hyphomicrobiaceae, all 

individual networks were restricted to one family for methanotrophs or one cluster of 146 

exclusively rhizobia-linked mVCs. Further analyses included all mVCs >10 kb in this 

study (i.e. including those with <5 host associated homologues) and the same 148 

networks were identified i.e. mVCs linked within the same cluster all had homologues 

(i.e. with <5 or ≥5) linking them to the same host family. 150 

 For Methylocystaceae mVCs, two separate but linked clusters were identified. 

The first contained CRISPR-linked Methylocystaceae-associated mVCs, which were 152 

recovered from both pH 4.5 and 7.5 soil (although individual mVCs were restricted to 

one soil pH). A second cluster was dominated by mVCs from pH 4.5 soil only, 154 

indicating that most active Methylocystaceae viruses belonged to one of two distinct 

lineages. There was a clear difference in the prediction of category-2 (‘likely’) and 156 

category-3 (‘possible’) mVCs associated with these two clusters. While category-3 

viruses are often excluded prior to analysis of soil viromes9, CRISPR analysis 158 

demonstrated that one-third of linked mVCs were of the lowest category of confidence. 

It must be recognised that a proportion of the predicted category-3 mVCs in this study 160 

will not be derived from viruses, and clusters composed exclusively of category-3 

mVCs without further validation (e.g. without CRISPR spacer linkages) must be 162 

interpreted with caution. However, all major clusters identified through gene-sharing 

network analysis contained a mixture of category-2 and -3 mVCs indicating that they 164 

represented groupings of genuine virus-derived genomes.  
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An intriguing finding was the linkage of host family-specific viruses from two 166 

different geographical regions (Scotland and Sweden) and contrasting soil types 

(agricultural loamy-sand and permafrost peatland soils), from this study and that of 168 

Emerson et al. (11), respectively. In the latter study, 13 of 1,907 mVCs were predicted 

to have a methanotroph host, of which 9 were linked specifically to the 170 

Methyocystaceae. Seven of these were also linked to a predicted Methyocystaceae 

mVC in our study, with one additional mVC predicted to have a Methylocapsa host 172 

(i.e. belonging to the Beijerinckiaceae which is another methylotrophic family of the 

Rhizobiales) but also contained one predicted gene with a ‘best hit’ match to a 174 

Methylocystis genome homologue. As soil pH is recognised as one of the dominant 

factors driving microbial community structures in soil (12), it is interesting to note that 176 

linked mVCs from both studies were also from acidic soils only. 

 178 
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Fig. S1. Buoyant density distribution of genomic DNA from total bacterial 16S rRNA 

genes and methanotroph communities possessing particulate methane 

monooxygenase sub-unit A (pmoA) genes after isopycnic centrifugation in CsCl 

gradients. Genomic DNA was extracted from triplicate pH 4.5 and 7.5 soil microcosms 

incubated with a 10% 12C- or 13C-CH4 headspace. Vertical error bars are the standard 

error of the mean relative abundance and horizontal bars (mostly smaller than the 

symbol size) the standard error of the mean buoyant density of individual fractions 

from three independent CsCl gradients, each representing an individual microcosm. 

The four fractions with the highest buoyant density (highlighted by grey area) were 

pooled for each replicate microcosm. 
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Fig. S2. Taxonomic affiliation of metagenome reads and 16S rRNA gene amplified sequence variants (ASVs) derived from high 
buoyant density DNA from triplicate pH 4.5 and pH 7.5 soil microcosms after incubation with 12C- or 13C-CH4. (A) Relative abundance 
of metagenome sequences mapped to contigs ≥5 kb from families that each recruited ≥1% reads from 13C-incubated microcosms 
only. (B) Comparison of 16S rRNA gene-defined communities using non-metric multidimensional scaling of Bray-Curtis dissimilarities 
derived from the relative abundance of annotated 16S rRNA gene ASVs. Due to the close overlap of replicates (small symbols), 
samples were resolved for visualisation using a jitter function (large symbols). (C) and (D) Relative abundance of ASVs in families 
that were each represented by ≥1% of quality-filtered amplicons in 12C- or 13C-CH4 incubations of pH 4.5 and 7.5 soil, respectively. 
Significant differences between samples are indicated with * (p <0.05, two-sample Student’s t-test or Welsch’s t-test when variances 
were not homogenous).  
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Fig. S3. Heat-map displaying the relative abundance of 270 mVCs >10 kb in length 

from 13C-enriched viral DNA derived from triplicate pH 4.5 and pH 7.5 soil microcosms. 

The values of normalised relative abundance are presented as reads per kb after ln 

transformation. 
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Fig. S4. Gene sharing network analysis of mVCs (one representative per vOTU) from 
13C-enriched viruses in pH 4.5 and 7.5 soils. (A) Taxonomic affiliation of hosts 

predicted by homologue analysis, with mVCs containing ≥5 or <5 linked homologues 

highlighted. Eight mVCs from peatland soils linked to the Methylocystaceae (Emerson 

et al., 2018) are also shown. (B) Distribution of mVCs in pH 4.5 and 7.5 soil determined 

by the mean ratio of normalised relative abundance from triplicate samples. Seven 

mVCs from peatland were only found in soils with pH ≤4.7 and are labelled with the 

highest ratio for acidic pH distribution. (C) VirSorter category prediction and linkage to 

CRISPR arrays via spacer sequence analysis (identical, 1- or 2- mismatches to 

protospacer sequences).  
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Fig. S5. Maximum likelihood phylogenetic tree of derived amino acid sequences of 

PmoC and PxmC found in three type I and seven type II methanotroph MAGs and one 

potential viral-derived contig. MAG-derived sequences are described by MAG number, 

genus and contig identifier (SI Appendix, Table S8). Sequences in reference 

methanotroph genomes and freshwater-derived viruses (Chen et al., 2020) were 

included with NCBI accession numbers given in parenthesis. Circles at nodes describe 

percentage bootstrap support from 100 replicates and the scale bar represents 0.02 

changes per amino acid position.  
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