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Re-analyses of published oil sands datasets

Datasets from four previously published studies related to oil sands waste lakes are included for analyses here, see below for
details. To sum, studies 1 and 2 were detected with both Methyloparacoccus_57 and pmoC-phages, studies 3 and 4 with only
Methyloparacoccus_57.

1. Tan et al., 2015 - Comparative analysis of metagenomes from three methanogenic hydrocarbon-degrading enrichment
cultures with 41 environmental samples.

We firstly analyzed the datasets of enrichment samples added with short-chain alkane (C6-C10; SCADC) or naphtha (NAPDC)
or toluene (TOLDC), and did not detect Methyloparacoccus_57 or any pmoC-phages. Then we analyzed the other two
metagenomic datasets used for comparison in the original paper, i.e., TP6 and TP_MLSB.

The sample TP6 (UTM 466358E 6319838N) was collected in 2012 from Suncor tailing pond at the depth of 6 meters
and sequenced with both 454 pyrosequencing and Illumina (accession number: SRX327722). We detected one pmoC-phage
(referred to as “TP6_1") from the original assembly and extended the TP6_1 genome using the 454 pyrosequencing reads
and lllumina to the current version (see Table 1 and descriptions in the main text). No other pmoC-phage identified in BML
samples was detected in this sample. For its host, we compared the PmoC sequence of TP6_1 to all others from the
assembly, and analyzed all the bacterial and archaeal species in the community via rpS3 phylogeny for methanotroph(s), and
found that the host of TP6_1 is Methyloparacoccus_57 that reported in this study (see main text).

The sample TP_MLSB was collected from Syncrude in 2011 (accession number: SRR636569), the quality lllumina
reads were downloaded and mapped to genomes reconstructed from BML (with > 98% nucleotide identity). As a result,
Methyloparacoccus_57 (sequencing coverage: 7.37 X, genome covered: 97.8%) and pmoC-phages of TP6_1 (sequencing
coverage: 5.24 X, genome covered: 97.8%) and BML_3 (sequencing coverage: 7.01 X, genome covered: 89.6%) were
detected. (Extended Data Fig. 1). We thus did not assemble this dataset because of the low sequencing coverage of these
genomes. Interestingly, the pmoC region of BML_3 was only mapped by two reads, indicating that the corresponding phage
in TP_MLSB generally did not contain pmoC. Also, the coverage peaks may indicate the existence of other related phage(s)
and/or repeat regions in the genome of the same phage.
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Extended Data Fig. 1 | Screenshot showing the mapping of reads from TP_MLSB to pmoC-phage genomes of TP6_1 (upper
panel) and BML_3 (bottom panel). The pmoC genes are shown in red.


https://www.ncbi.nlm.nih.gov/sra/SRX327722[accn]

2. Saidi-Mehrabad et al., 2013 - Methanotrophic bacteria in oilsands tailings ponds of northern Alberta.

Saidi-Mehrabad et al. collected surface water (0—10 cm) at 1-3-month intervals over 2010-2011 from two tailings ponds near
Fort McMurray, Alberta, Canada (i.e., Pond A and Pond B as designated in the original paper). As described in the original
paper, “An aerobic methanotroph belonging to the Methylococcus/Methylocaldum cluster of Gammaproteobacteria
(OTU12103) was among the predominantly detected OTUs in Pond A, making up on average 1.5% of all reads”, we thus
performed de novo assembly of the metagenomic dataset of PD_SYN_TP_WS_002_003_071511 (accession number:
SRX327520; referred to as “PDSYNTPWS” hereafter) sequenced by lllumina and found that the predominant 0TU12103
should be Methyloparacoccus_57 that reported in this study, as the 16S rRNA gene sequence from the assembly shared
100% similarity with that of Methyloparacoccus_57. Phylogenetic and sequencing coverage analyses also indicated
Methyloparacoccus_57 (or related species) is the most abundant bacterial methanotroph in the community (Extended Data
Fig. 2). Binning and subsequent curation obtained the Methyloparacoccus_57 related genome from PDSYNTPWS, which was
referred to as “Methyloparacoccus_57_PDSYNTPWS”.

We also mapped the lllumina reads to the pmoC-phage genomes reconstructed from BML and TP6 (see above),
and found that the existence of phages similar to BML_3 and BML_4 (Extended Data Fig. 3), which was confirmed by BLASTn
of assembled scaffolds against BML_3 and BML_4. Attempt for complete genome of phage similar to BML_3 (because it had
sufficient sequencing coverage) obtained a high-quality genome (referred to as “PDSYNTPWS_1") (Extended Data Fig. 4). The
genomic alignments of PDSYNTPWS_1, BML_3 and LM_6 are shown in Supplementary Fig. x and described in the main text.

In addition, DNA stable isotope probing (SIP) analyses using *CH4 were conducted to track the active methane
oxidizers in the PDSYNTPWS sample (Saidi-Mehrabad et al. 2013). A “Five microliters of a selected ‘heavy’ SIP fraction” of
DNA sample was collected for amplification and sequencing for metagenomic analyses. The resulting lllumina reads (382
million read pairs) were downloaded for re-analyses here, including mapping to the genomes of Methyloparacoccus_57 and
pmoC-phages reconstructed from BML in this study. As a result, ~ 6.58% of the metagenomic DNA-SIP reads could be
mapped to Methyloparacoccus_57 (Extended Data Fig. 5), and some reads were mapped to the phage genome of
PDSYNTPWS_1 (Extended Data Fig. 6). The uneven depth across the scaffold and the genome may be due to the multiple
displacement amplification (MDA) in DNA preparation. We also performed de novo assembly of the DNA-SIP data and
obtained a total length of 90 Mbp scaffolds, phylogenetic analyses based on rpS3 indicated that Methyloparacoccus_57 and
some other gammaproteobacterial methanotrophs in the community were active in methane oxidation (Extended Data Fig.
7).

Saidi-Mehrabad et al. also reported a total of 22 16S rRNA gene datasets (sequenced by 454 GS FLX Titanium) in
the original paper, while only 17 of them could be downloaded from NCBI SRA via the accession number provided
(SRP013946). The 16S rRNA gene sequences were searched against that of Methyloparacoccus_57 reported in this study
using BLASTn (> 98% similarity, > 500 alignment length), the total number of hits and the calculated relative abundance are
shown in Extended Data Fig. 8 for each sample. As we could not match the NCBI SRA datasets to the samples described in the
original paper, we thus show both the SRA accession number and sample description in the figure.
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Extended Data Fig. 2 | Phylogenetic analyses based on rpS3 showing the bacterial methanotrophs (only gamma-) detected in
the PDSYNTPWS sample. The phylogeny of the methanotrophs is zoomed-in in the middle, those from PDSYNTPWS are
indicated by red stars and their sequencing coverages of the corresponding scaffolds are listed in the brackets, the rpS3 of
Methyloparacoccus_57 (from BML) is included for reference. A black solid circle indicates bootstrap = 70.
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Extended Data Fig. 3 | The detection of DNA-SIP metagenomic reads (highlighted in the red boxes) mapped to the genomes

of pmoC-phages of BML_2, BML_3 and BML_4 indicating the existence of related phages in the sample. The mapping was
performed by bowtie2 and filtered with no more than 2 mismatches. The pmoC genes are shown in red.
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Extended Data Fig. 4 | The high quality of the phage genome of PDSYNTPWS_1 (highly similar to BML_3), reconstructed from
the metagenomic dataset reported by Saidi-Mehrabad et al. 2013. The region with lower coverage is due to its absence in
some of the phages, as indicated by the spanned read pairs.
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Extended Data Fig. 5 | Reads mapping (= 98 nucleotide identity) to scaffold of Methyloparacoccus_57_PDSYNTPWS in the
heavy DNA-SIP sample. The longest scaffold of Methyloparacoccus_57_PDSYNTPWS (scaffold_494; 70,351 bp) is used as an
example and shown here.
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Extended Data Fig. 6 | Mapping of reads showing the usage of *CH, by PDSYNTPWS_1 in the community analyzed by
DNA-SIP. Reads mapping was performed by Bowtie2 and filtered allowing with > 98% nucleotide identity. The uneven depth
may be due to the multiple displacement amplification in sequencing sample preparation (see Saidi-Mehrabad et al. 2013 for

detail).
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Extended Data Fig. 7 | Phylogenetic analyses showing the active members in the community as revealed by DNA-SIP analyses.
The phylogeny was performed based on the rpS3 protein sequences, rpS3 of Methyloparacoccus_57 (indicated by an arrow)
was included for reference. The sequencing coverages of the corresponding scaffolds are shown in the brackets.

SRA accession ID |SRA description # Total 16S reads |# Methylococcaceae_57 reads Relative abundance

SRR516405 PD_SUN_TP_WS_002_006_092509 13297 0 0.00%

SRR516408 PD_SUN_OS_WS_001_002_092509 14901 0 0.00%

SRR516409 PD_SUN_OS_WS_002_002_092509 5575 0 0.00%

SRR516411 PD_SUN_TP_WS_001_006_092509 18846 0.07%

SRR516412 PD_SUN_TP_WS_003_006_092509 14414 0.08%

SRR516413 PD_SUN_TP_WS_004_006_092509 17616 0.09%

SRR516414 PD_SUN_TP_WS_005_006_092509 28042 0.09%

SRR516415 PD_SYN_TP_WS_001_006_072210 6386 0.03%

SRR516416 PD_SYN_TP_WS_001_002_081211 16196

SRR516417 PD_SYN_TP_WS_002_003_071511 17125 £ witlillwnina metagenomer: e
and also analyzed by DNA-SIP in lab.

SRR516420 PD_SYN_TP_WS_003_003_071511 8257

SRR516421 PD_SYN_TP_WS_002_002_090111 17898

SRR516422 PD_SYN TP WS 002_002 081211 14344

SRR516423 PD_SYN_TP_WS_002_006_072210 7721 1l 0.01%

SRR516424 PD_SYN_TP_WS_001_003_071511 17557 3l 0.02%

SRR516425 PD_SYN_TP_WS_001 002 090111 19197 1| 0.01%

Extended Data Fig. 8 | The information of Methyloparacoccus_57 detected in the 16S rRNA gene sequence datasets reported
by Saidi-Mehrabad et al., 2013.



3. Anetal., 2013 - Metagenomics of hydrocarbon resource environments indicates aerobic taxa and genes to be

unexpectedly common.
A total of 12 metagenomic datasets (sequenced by 454 pyrosequencing or lllumina) from oil sands related habitats were
reported in this study. Methyloparacoccus_57 were only detected in PDSYNTPWS (454 pyrosequencing reads) by 16S rRNA
gene sequence search, and genomic fragments similar to PDSYNTPWS_1 as well in the sample (Extended Data Fig. 9).
Samples from the same site were also reported in Saidi-Mehrabad et al., 2013 (see above). No pmoC-phage was detected in

other samples reported in An et al., 2013.
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Extended Data Fig. 9 | Screenshots showing the alignment of 454 pyrosequencing reads from PDSYNTPWS in An et al., 2013,
to the genome of PDSYNTPWS_1 reconstructed from Saidi-Mehrabad et al., 2013. The limited number of reads aligned was

likely due to the low sequencing coverage of 454 pyrosequencing, and/or the low abundance of related phage in the sample,
or genetic divergences (only reads with > 97% nucleotide identity were included for alignment).

4. Rochman et al., 2017 - Benzene and Naphthalene Degrading Bacterial Communities in an Oil Sands Tailings Pond.

Qil sands process-affected water (OSPW) was collected in 2012 for incubation experiment with the addition of Benzene and
Naphthalene, to reveal the microorganisms in OSPW for their degradation, one control water sample was also analyzed via

16S analyses (sequenced by 454 GS FLX Titanium). The 16S rRNA gene sequence datasets were downloaded from NCBI SRA
via the accession number of SRP109130 provided in the original paper, and compared against that of Methyloparacoccus_57

reported in this study by BLASTn (> 98% similarity, > 500 alignment length), the results are shown in Extended Data Fig. 10. As
a result, the analyses indicate that Methyloparacoccus_57 was not the primary player in using methanol, naphthalene or
benzene, however, it was with high abundance in the natural OSPW samples.

SRA accession ID [SRA description (description in the paper) |# Total 165 reads |# Methylococcaceae_57 reads |Relative abundance

SRR5681085 Methanol Heavy SIP 9961 18]l 0.181%
SRR5681086 Naphthalene Heavy SIP (Naphthalene) 9705 6 0.062%
SRR5681088 Benzene Heavy SIP (Benzene) 13101 1 0.008%
SRR5681087 Control (OSPW) 712899 41003l ! )
SRR5681089 Heavy SIP (OSPW heawy) 7111 248N 3.485%

Extended Data Fig. 10 | The information of Methyloparacoccus_57 detected in the 16S rRNA gene sequence datasets
reported by Rochman et al., 2017.



SNPs analyses of pmoC-phages
As a case study, we investigated the population heterogeneity of the most commonly observed pmoC-phage in BML, BML_2,
which was detected in 13 samples with = 5X coverage.

We found that the genomes were remarkably well conserved both across and within samples, and with no SNPs
detected in the pmoC gene, indicating that this gene was highly conserved in the population. Only 10-37 base pair differences
distinguish consensus sequences that were detected from each of the 13 samples. Using the reads that mapped to the
genome from each sample, we called single nucleotide polymorphisms (SNPs) using the inStrain package *. As a result,
between 14-160 SNPs were detected per sample, and those segregating variants were found on average in 70% of the
samples, indicating that many polymorphisms were consistent between samples. We categorized each SNP as
non-synonymous (NS) or synonymous based on predicted proteins. The overall ratio of non-synonymous SNPs to
synonymous was 0.75. Across all samples, there are 23 genes with at least one non-synonymous SNPs (Supplementary Fig.
13a), 14 of them are hypothetical proteins with no domain detected. Within the nine with predicted function are two DNA
polymerases and one endonuclease encoded by syntenic genes (i.e., genes _45, 46 and _47; Supplementary Fig. 13a).

To discern the population dynamics of individual variants over time, we tested for variants that significantly
changed in frequency between 2016 and 2017 (z-test; g < 0.05). We found that variants that changed in frequency were
about 2x as likely to be non-synonymous and that there were 14 non-synonymous variants that changed in frequencies
between 2016 and 2017. These variants were found in 3 genes (Supplementary Fig. 13b), while two of these genes were
unannotable, the third was an endonuclease with 3 amino acid variants that were present in most 2016 samples and absent
from all but one 2017 sample. Overall, there was no average reduction or change in the average genetic diversity within the
population between 2016 and 2017, indicating that any selective pressures present were not strong enough for selective
sweeps of individual genotypes. Taken together, these results imply that the genes most quickly evolving in the phage
population play largely unknown ecological roles.

The confirmation of Methyloparacoccus_57 with low abundance in some BML samples

When the biomass of a given population only accounts for a small fraction of that of a collected sample, de novo
metagenomic assembly and subsequent analyses may not be able to detect the corresponding population with assembled
fragments.

In this study, the host-phage relationship is predicted based on the similarity of the PmoC sequences (among those
from pmoC-phages and bacterial methanotrophs) and followed by evaluation of the co-occurrence of phage and its predicted
host (based on their genomic sequences assembled from metagenomic data). The pmoc-phages of BML_2, BML_3 and
BML_3 were predicted with the potential host of Methyloparacoccus_57, however, assembled fragments of this population
could only be detected in 14 of the 28 analyzed BML samples. To evaluate the existence of Methyloparacoccus_57 in the
other 14 BML samples (from which the ribosomal protein S3 of Methyloparacoccus_57 was not assembled), we firstly
curated the genome of Methyloparacoccus_57 (2,444,800 bp in length) from the sample of BML_10242017_9.75m (which
has the highest sequencing coverage of this population), then the quality reads of all BML samples were individually mapped
to the curated Methyloparacoccus_57 genome, with 2 mismatches allowed for each mapped read (> 98.6% nucleotide
similarity). As expected, for the samples with Methyloparacoccus_57 fragments assembled, the number of reads (18,252 -
556,226 reads) mapped to a scaffold is strongly correlated to the length of the corresponding scaffold (sample names in
black; Supplementary Fig. 6a). For the 14 BML samples without Methyloparacoccus_57 rpS3 assembled (sample names in
red; Supplementary Fig. 6a), though only 380 - 6,046 reads were mapped to the curated Methyloparacoccus_57 genome, the
number of reads mapped to a scaffold is also strongly correlated to the length of the corresponding scaffold. We also
checked the reads mapped to the scaffold (i.e., BML_10242017_9_75m_scaffold_435) with the ribosomal proteins

(Supplementary Fig. 6b), and found all samples with reads mapped to this region. In summary, we concluded that
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Supplementary Fig. 1. Microbial community composition of BML and BML_S samples. (a) The relative abundance of
microbial phyla (or classes for Proteobacteria) in BML and BML_S samples. The analysis was performed based on ribosomal
protein S3 (rpS3) genes (see methods in the main text for details). The addition of alum in 2016 was conducted to lower the
available organic carbons in the water column. The communities were dominated by Actinobacteria, Alphaproteobacteria,
and Betaproteobacteria. (b) The clustering analyses of BML and BML_S samples based on the relative abundance of microbial
species/strain (determined based on rpS3) detected in the samples. Note that the BML_S microbial community is very
different from the BML ones. The sampling year of samples is indicated by different colors. The clustering was performed
using the R package of “pheatmap” ? with the “correlation” clustering algorithm and “average” method.
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Supplementary Fig. 2. The growth rate of microorganisms detected in BML and BML_S samples. (a) The growth rate (iRep
values) and relative abundance of alphaproteobacterial and gammaproteobacterial methanotrophs. The taxonomic
information of methanotrophs are shown in the brackets, the iRep values are shown above the bars indicating relative
abundance. (b) The growth rate (iRep values) of all microorganisms. Only those with at least a 5X coverage were calculated
for growth rate via iRep analyses.



ribosomal protein S3 (rpS3) tree

16 ribosomal protein (16RP) tree

1 BML_S 09192017 0 5m scaffold 2976 4

Proteobacteria
Alphaproteobacteria;
Rhizobiales

Methylobacteriaceae; Microvirga sp. WSM3557

| ©BSRR5260928 NODE 3970 length 3796 cov 0.821750 3
CB SRR5260756 NODE 5365 length 4097 cov 0.996222 7
B Bacteria WP 018406015 1 MULTISPECIES 30S Methylocystis 1
Bacteria WP 014890757 1 MULTISPECIES 308 Methylocystis.
Bacteria WP 036285013 1 30S Methylocystis sp ATCC 49242
Bacteria WP 018266634 1 30S Methylosinus sp LW4
Bacteria WP 108918352 1 30S Methylosinus sporium

Bacteria WP 003613518 1 MULTISPECIES 30S Methylosinus

Beljerinckiaceae; Chelatococeus sp. GW1
Bacteria 1305

Bacleria 1305
Bacteria WP 045226012 1 30S Methyloterricola oryzae
Bacteria WP 085215630 1 308 Methylomagnum ishizawai
Bacteria 1308
Bacteria YVP 119630030 1 30S Methylocaidum marinum
Bacteria WP 077731310 1 MULTISPECIES 205 Methylocaidum

Beijerinckiaceae; Methyloferula stellata AR4
Beijerinckiaceae; Methylocella silvestris BL2

17" "3 W'CB 5RR56260691 NODE 2499 length 4163 cov 0.890238 1
4 W LakMenEpi29.un12 NODE 6481 length 3199 cov 0.238607 1
BML 09192017 9 75m scaffold 964 8
BML 09012016 9m scaffold 11492 2
BML 10242017 3 76m scaffold 435 9
5| BML 07062017 9 26m scaffold 2708 10
BML 08042016 7 5m scaffoid 3253 2

BML 08182015 8 5m scaffold 624 9

BML 02132018 0 5m scaffold 519 9
BML 08182015 6 5m scaffold 1116 9

BML_S 09192017 0 5m scaffold 2976
CB SRR5260756 NODE 5365 length 4097 cov 0.996222
CB SRR5260928 NODE 3870 length 3796 cov 0.821750

Thiocapsa marina 5811 DSM 5653
—’—E'rmammﬁmmus drewsil AZ{
Allochromatium vinosum DSM 180
latus Bath
Methylocaldum szegediense O 12
BML 07062017 9 25m scaffold 2708
BML 09192017 9 75m scaffold 964
BML 08182015 8 5m scaffold 624
BML 02132018 0 5m scaffold 519
BML 08182015 6 5m scaffold 1116

6 i LakMenEpi29.un12 NODE 15167 length 2101 cov 0.258359 4
Bacteria WP 013520382 1 30S Methylomonas methanica

7 | LakMenE070ci09ns NODE 360 length 8816 cov 1.521924 14

LakMenEp/29Jun12 NODE 49268 length 1117 cov 0.334848 4

BML 10242017 9 75m scaffoid 435 8 Y L akMenEpi20Jul12 NODE 13457 length 2094 cov 0.176411 4

BML 02132018 6 5m scaffold 859 Bacteria WP 07 1158634 1 30S Methylomonas sp LWB

Methylomarinum vadi IT 4 Bacteria WP 054755257 1 MULTISPECIES 30S Methylomonas

LakMenE070ct09ns NODE 360 length 8816 cov 1.521924 S PR ST L SRS s S

N Bacteria WP 020484807 1 308 Methylomonas sp MK1

Methylomonas mecanica MC08 Bacteria WP 026602118 1 305 Methylomonas sp 11b'

Bacteria WP D45778167 1 30S Methylocucumis oryzae .

BML 02132018 6 5m scaffold 100 9

BML 02132018 0 5m scaffold 608 §

Bacteria WP 1 1308
Bacteria 1

BML 06152017 9 76 scatfold 22683 3

40| BML 07122017 9 5m scaffold 4733 9

BML 08012017 9 75m scaffold 307 31

BML 06132017 6 25m scaffold 702 9

BML 05172017 7 5m scaffold 112617

44| BML 05172017 9 9m scaffold 28185 1

Bacteria WP 027158773 1305 Meihylobacter luteus

Proteobacteria;
Gammaproteobacteria;
Methylococcales;
Methylococcaceae

Methylosarcina lacus LW14

BML 02172017 9 0m scaffold 35
BML_S 09192017 0 5m scaffold 8174
LakMenEpl29Jun12 NODE 4367 length 3829 cov 0.986764
LakMenE070¢t09ns NODE 2338 length 4379 cov 1.456021
LakMenEpi20Jul 12 NODE 1499 length 6120 cov 1.440347
BML 05172017 7 5m scaffold 11261
Methylobacter tundripaludum 2122
BML 08042016 9 3m scaffold 2123
BML 07062017 9 25m scaffold 3226

Tree scale: 0.1

—_—

® 270% bootstraps

Bacteria 7 1 MULTISP|

Methylogiobulus morosus KoM 1
Methylovulum miyakonense HT12 Bacteria WP 020158211 1 30S Methylobacter marinus
BML 06132017 6 25m scaffold 654 |— 42| BML 06132017 6 25m scaffold 654 15
BML 06132017 6 26m scaffold 702 BML 08182015 8 5m scaffold 47671 1
BML 08012017 9 75m scaffold 307 Bacteria WP 005373854 1 308 Methylomicrobium agile
Bacteria WP 020565344 1 30S Methylosarcina fibrata.

BAML 021320185 Gm scaold 100 BML 08012016 6m scaffold 23102 4
L (B LS 43| BML 05012016 Sm scafioid 41173 3
BML 02172017 8 0m scaffold 85 84
CH BML_S 09192017 0 5m scaffold 8174 5
Proteobacteria; LakMenEpi20Jul12 NODE 1499 length 6120 cov 1.440347 15
14 LakmenE070ct09ns NODE 2338 length 4379 cov 1.456021 9

Gammaproteobacteria;

Methylococcales; LakMenEpi29Jun12 NODE 4367 length 3829 cov 0.986764 T
Bacteria WP 127028033 1 30S Methylobacter sp KRF1

Methylococcaceae 45 W BML 05172017 9 9m scaffoid 6544 1

Bacteria WP 104427899 1305 Methylobacter tundripaludum
Bacteria WP 60483 1 308
Bacteria WP 104422824 1 308 Methylobacter tundripaludum
BML 09012016 9m scaffold 40919 1
BML 08042016 8 3m scaffold 2123 5
16 BML 02132018 6 5m scaffold 14932 5
BML 07062017 9 25m scaffold 3226 6

Supplementary Fig. 3. Phylogenetic analyses of bacterial methanotrophs. It was analyzed based on (left panel) 16 ribosomal
proteins (16RPs), (right panel) ribosomal protein S3 (rpS3) and 16S rRNA (Supplementary Fig. 3 - continued). The scaffolds
appeared in both trees are linked by lines and marked with a number for reference of the 16S rRNA tree (see next page for
it). The scaffolds with 7 or fewer of the 16RPs were not included in the 16RPs and indicated by red stars in the rpS3 tree. The

should be Methyloparacoccus sp.
(see the 165 rRNA gene tree)
< without published genome available:

Tree scale: 0.1

Y Notin the 16RP tree,
because the
corresponding scaffold
contained < 8 ribosomal
proteins among the
16 ones.

® 270% bootstraps

partlal ;pS3

major lineages are highlighted in colored backgrounds. References were selected based on the rpS3 BLASTp search (top 5 hits
for each). For a summary based on all three phylogenetic analyses: alphaproteobacterial methanotrophs were detected in CB

and BML_S samples, gammaproteobacterial methanotrophs were detected in BML, BML_S, CB and LM samples. Note that

the proteins and 16S rRNA genes were predicted from scaffolds with a minimum length of 1 kbp.
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16S rRNA gene sequence tree

FPLS0M019153 Beferinckiaceas siphal cluster metopancens

FPLE0I036274
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BML 10242017 8 T5m scaffold 6774

BML 07062017 8 25m scaffold 1206
PEML 081420156 Sm scatfold 1924 5
'BIL 09012016 m scaffold 1367
BML 021320180 5m scaifold 6835
BML 03152017 8 75m scaffold 2842
BML 02132018 6 5m scaffold 8432
BML 081820158 5m scalfold 4340
JATY 01000003 Methylobacter huteus IMV.B.3008
ATY. 1000013 Mettyicbacter huteus IMV-B-3008

Tree scale: 0.1 i
ARVSIHI000: Mathiobacter mesinus A45

® 2 70% bootstraps JPOHPT0000C1 MeThAbedter lndngalim 31 32

BifL 090432016 9 3m scatlold 1938
'BML 08012017 3 75m scalfold 17564
(BML 07062017 9 25m scaffold T779
| BML 08042016 T 5m scaffold 2510
'BML 08012016 #m scaffold 10369

— BAL 08152017 3 75 acaffold 8224
BML 05172017 7 Sm scaffold 9395
{BuL 02172017 9 0 seattold 2139
feurL 02132018 6 5 scaffold 17015
'BML 05172047 1 5m scaffoid 1575
JFT33447 uncultured Metirylobacter sp
BML 05172017 8 9m acaffeld 13411
|— BML 02172017 0m scaffold 19334
AF 152597 Mettylobacisr psychrophitss
BIML 05172917 & Om scafold 8351

- BML 02172047 8 5m scaffold 12531
 JNBSGEET
1502257 Metnyotarter incured bacarian
JNBSGT24 L
JND3B7ED Crancthei: incultured gamma protacbaclarium

11&15& 167

KTG38877 Crenothex unculiured bacterum

£8.01% to that of

Methylocystis rosea SVG7 (this fragment 185 the same as SRR5204520 NODE_1929_langth_14853_cov_4.795192)
Proteobacteria;

Alphaproteobacteria;

Rhizobiales

Proteobacteria;
Gammaproteobacteria;
Methylococcales;
Methylococcaceae

de novo assembly of the PDSYNTPWS sample obtained a

165 rRNA gene sequence that is identical to that of
/ Methyloparacoccus_57 from BML samples.

G326 uncultared Mathylcbacier 5
Jnes3TEn Proteobacteria;
4B 09012016 8m scaffold 5435 Gammaproteobacteria;

ML 05912016 5m scaffold 2137
BML 02172017 8 Om scaffold 162
FPLKO1001304 uncullured

13  Methylococcales;

BIL_S 09152017 0 5m scaffold 9561

FPLKD1000062 Methylococoaceas uncultured metagencms:

L NODE 1776 langth 5674 cov 2.220660
12223 length 2342 cov 1.196840

NGSGTE
LakienE0TOct09ns NODE 12740 langth 2025 cov 2 174394
TS3036 Mathyiococeacsae unculfured bactarium

ABT22214 Crenaltwix uncultured bacterum
- ABT 22228 Crenolhric uncultured bacterium
FSZI72 Crancilit UnLmured Dackinm
-AF351235 Crenathrix uncultured gamma proteobactermm
ABADN304 Crenothrix unculured bacterum
LRI 000168 Methylomonas lents
AF150T06 Mattylomonas sp LYV1E
AF150800 Mathylomonas sp LW21

LakMenE0TH
JF215181 Methylomonas uncuitured bac berium
ABHE0540 MELPyIamanas Uncuiured Bactanim
| ABGE0642 Methylomanas uneulured bacterim
uncultured
LABMMB Crenothiix uncultured bacterum
— LNET0760 Methylococcaceas uncultred bacterium
BML 02122018 8 5m scaffold 49318
BML 021320180 5m scaffold 8192

DQ118050 Methylosome difficia
DML 02132012 0 5m acaffoid 10448
BML 02172017 Om scaffold 15660
BML 06152017 8 75 scaffold 4350
BML 06132017 6 25m scaffald 7206 * 10
06132017 6 25m scaffold 26234 *
BML 071220178 5m scaffold 1382
BML 08012017 8 Om scaffold 2343
BML 0BD12017 9 75m seaffold 2377
BML 02172017 Om scaffold 14024 |7
KT381580 Metfcvulum
ABSOET Mettiowulum miyakonensa
AQIZLIO1000004 Methyfoniim miyaKonara HT12
1000002 Methylovaum miyakonanss HT12
| AGZLID00003 Mathyiovuium miyekonenss HT 12

BML 06132017 & 25m scaffold 7466

Methylococcaceae

14

OctdSns NODE 20653 length 1553 cov 2128331 | T

* could be combinned as one

Supplementary Fig. 3 - continued. Phylogenetic analyses of bacterial methanotrophs. The 16S rRNA genes that could not be
found with a match in 16RP or rpS3 tree are indicated a question mark.
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Supplementary Fig. 4. The pMMO subunits detected in published bacterial methanotroph genomes. The order of three
subunits may vary from operon to operon (pmoACB or pmoABC). The protein sequence alignment of pmoAB-adjacent and
standalone PmoC are shown at the bottom of each example. It is interesting that the PmoC from the same genome could be
divergent from each other, and the standalone PmoC could be very similar to the ones within an operon. For analyses, the
Genbank files of the genomes were downloaded from NCBI RefSeq, and the figures were drawn via Geneious with the pMMO
subunits highlighted based on Genbank annotations. The standalone of pmoC genes are indicated by black stars.
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Supplementary Fig. 5. Phylogenetic analyses of published bacterial methanotrophs based on concatenated sequences of
16 ribosomal proteins and pMMO subunits (PmoC, PmoA, and PmoB). Only those genomes with a scaffold containing eight
or more of the 16 ribosomal proteins are included in the 16RP-based phylogenetic analyses. The ones with one copy of their
pMMOs phylogenetically related to some gammaproteobacterial methanotrophs are indicated by black triangles. Some
bacterial methanotrophs genomes encode standalone pmoC (without pmoA/pmoB nearby), which are confirmed (via genetic

context) and indicated by black solid circles, and those pmoC genes detected at the end of scaffolds are indicated by black
empty circles.
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Supplementary Fig. 6. The detection of Methyloparacoccus_57 with low abundance in some BML samples. For each
sample, the number of mapped reads to each scaffold was plotted as the function of the length of the corresponding
scaffold. The total number of reads mapped to Methyloparacoccus_57 in each sample is shown. The sample names shown in
black were detected with Methyloparacoccus_57 via assembled scaffolds and reads mapping, the ones are shown in red via
only reads mapping. See Supplementary information (section “The confirmation of Methyloparacoccus_57 with low
abundance in some BML samples”) for details.
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Supplementary Fig. 7. Examples of pmoC gene detected on scaffolds with phage signals. The phage/virus related genes
were identified by the search against the KEGG, UniRef and UniProt databases (see methods in the main text for details).
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Supplementary Fig. 8. Examples showing the reasons why phage-related scaffolds broke at or near the pmoC gene. In
detail, the example (a) is due to the repeat sequences at the two ends of the scaffolds, (b) is due to the existence of
alternative paths for the part that scaffold_38 could be joined with.
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BML_05172017_9_9m_scaffold_28015_1 TWLCMYGIRAIYFGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLAYPIYII|TG
BML_06132017_6_25m_scaffold_1038_4 v MYAIRIYYGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|TG
BML_06132017_6_25m_scaffold 72_1 VWLFAYANAIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIY II|TG|
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BML_07122017_ 9_! _5m_scaffold_377_40 T CYGTAIYYGASYFTEQDGTWHOTIVRDTDFTPSHIIEFYLSYPIYIITG
BML_08012017_8_0Om_scaffold_12737_2 TWLVCYG TR I YYGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|TG
BML_08042016_6_5m_scaffold_38_3 IWMLFAYANAI YWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|TGFGA
BML_08042016_7_5m_scaffold_2130_8 TWLVMYGFAIYYGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|PGGAA]
BML_08042016_7_5m_scaffold_23_3 VWLFRYANARIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYIITGFAS
BML_08042016_7_5m_scaffold 3114_2 VWLFRYANAIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIY II|TGIFGA]
BML_08042016_9_3m_scaffold_16303_2 VWLFAYANRIYWGASYFTEQDGTWHOTIVRDTDFTPSHIIEFYLSYPIY I I|TGFGA]
BML_08182015_1_5m_scaffold_10859_2 VWLFRAYANRIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|TGFAS]
BML_08182015_6_5m_scaffold_1804_7 VWIFRYANRIYWGASFFTEQDGTWHQTIVRDTDFTPSHILEFYLSYPIYII|TGFGS]
BML_08182015_6_5m_scaffold_1945_1 VWLFAYANAIYWCASYFTEQDGTWHOTIVRDTDFTPSHIIEFYLSYPIYIITGFGA
BML_08182015_6_5m_scaffold_4411_7 IMLFAYANAI YWGASYFTEQDGTWHOTIVRDTDFTPSHIIEFYLSYPIYII|TGFGA
BML_08182015_6_5m_scaffold_604_1 eleafaleafeefeesssr s sia s TPSHIIEFYLSYPIYIIDGFGA
BML_08182015_8_5m_scaffold_33359_3 IWLFRYANAIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|PGFAS]
BML_08182015_8_5m_scaffold_41939_1 VWLVMYAIRIYYGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYIITGVAS]
BML_08182015_8_5m_scaffold_465_15 IWLPRAYANRIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIY I I|DGFGS|
BML_09012016_5m_scaffold_10080_2 VWLFAYANARIYWGASYFTEQDGTWHOQTIVRDTDFTPSHIIEFYLSYPIY I I|TGFGA]
BML_09012016_5m_scaffold_24059_2 MWI|SVYTFAVYWAGSYFAEQDNSWHOVAIRDTPFTANHIIEFYFNFPMY IILGGCA
BML_09012016_5m_scaffold_5641_3 INLVMYRIAIYYGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYIITGVAS]
BML_09012016_9m_scaffold_18720_3 IWLVMYATATYYGASYFTEQDGTWHOTIVRDTDFTPSHIIEFYLSYPIYII|PGVAS]
BML_10242017_9_75m_scaffold_42337_1 IWLFRYANAIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|PGFGS|
CB_SRR5260555_NODE_1182_length_9617_cov_1.177345 QWLVVYGIRIYWGASFFTEQDGTWHMTVIRDTDFTPSHITIEFYMSYPIYSVIAVGA]
CB_SRR5260555_NODE_20859_length_1722_cov_0.83887 VWLFAYANRIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|TGFGAL
CB_SRR5260555_NODE_237_length_24341_cov_2.849591 QWLVVYGIAIYWGASFFTEQDGTWHMTVIRDTDFTPSHITIEFYMSYPIVSI[IRAVGA]
CB_SRR5260555_NODE_50_length_50397_cov_1.705610_ IWLFRYANAIYWCASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIY I ITGFGAS
CB_SRR5260555_NODE_7067_length_3226_cov_0.956115 IWLFAYANRIYWGASYFTEQDGTWHQTIVRDTDPTPSHIIEFYLSYPIYII|PGFAAf
CB_SRR5260691_NODE_25873_length_1084_cov_0.46708 VWLFAYANRIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIVIITGFG
CB_SRR5260691_NODE_288_length_15486_cov_2.355297 VWLFAYANRIVYWGASYFTEQDGTWHOTIVRDTDFTPSHIIERYLSYPIVIITGPA,
CB_SRR5260691_NODE_3876_length_3193 cov_1.806262 VWLFAYANRIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|TG]
CB_SRR5260691_NODE_3_length_85098_cov_3.298843_1 OQWLVVYAVAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSIIA
CB_SRR5260691_NODE_5654_length_2555_cov_0.851318 QWLVVYGIRIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSV|IA
CB_SRR5260756_NODE_32_length_90189_cov_3.497480_ ©Q VYGIRIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIY SV|I[A
CB_SRR5260928_NODE_1_length_352651_cov_6.751960_ Q VYGIRIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYP IYSV[I[A
CB_SRR5260928_NODE_219_length_23096_cov_6.376116 OQWLVVYAVAIYWCASFFTEQDGTWHEMTVIRDTDFTPSHIIEFYMSYPIYSI|IA
CB_SRR5260928_NODE_3198_length_4334_cov_1.497742 O VYAVRAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIVSI|TIA
CB_SRR5260928_NODE_40585_length_1033_cov_1.04856 TWLFAYANRIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIERYLSYPIYII|TG]
CB_SRR5260928_NODE_9818_length_2274_cov_0.639963 QWLVVYGIAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYS.|.|.
TP6_1 IWLFAYANAIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|DG
LakMenEQ70ct09ns_NODE_18630_length_1645_cov_1.17 TWLVCYGWAIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIY II|T(G
LakMenEQ70ct09ns_NODE_l_length_l125382_cov_1.8404 OQWLVVYAVAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSI[IR
LakMenEQ70ct09ns_NODE_20139_length_1576_cov_0.12 QWLVVYAARIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSV[IA
LakMenE07Oct 09ns_NODE_9148_length_2395_cov_0.431 M I|S[I¥TFAVYWAGSYFAEQDNSWHOVAIRDTPFTANHI IEFYFNFPLYV I[L(C|
LakMenEpil3Oct10_NODE_22812_length_1848_cov_0.01 Vi LFRYANAIYWCASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIY I (TG
LakMenEpil30ct10_NODE_23089_length 1837 cov_ " 0.37 QWLVVYAVAIYWGASFFTEQDGTWHMTVIRDTDFTPSHITIEFYMSYPIYSIIA
LakMenEpildSep09 NODE_30253_length_1116_cov_0.38 QWLV[VYAVAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIERYMSYPIYSIT/A
LakMenEpildSep09 NODE_74_length_23414_cov_1,3123 QWLV[VYAVAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSI|I/A
LakMenEpi20Jull2_NODE_1305_length_6543_cov_1.338 OQ VYAVAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSI(I[A
LakMenEpi20Jull2 NODE_16_length_45406 _cov_2.2408 VWLVMYGIRIYYGASYFTEQDGTWHQTIVRDTDFTPSHVIEFYLSYPIVII|TG
LakMenEpi20Jull2_NODE_21324_length_1618_cov_0.03 IWL[FAYANRIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYIIITG
LakMenEpi20Jull2_NODE_2366 Iength 1988 cov 0.427 VWLFRYANAIYWGASYFTEQODGTWHOTIVRDTDFTPRHIIE F v v v s sssfsfs
LakMenEpi20Jull2_NODE_26788_length_1426_cov_0.19 M I|S[I¥TFSVYWAGSYFAEQDNAWHQAAIRDNIFTANHVVEFYLCFRF YT IMC|
LakMenEpi20Jull2_NODE_47_length_30741_cov_1.9689 VWLVMYGIRIYYGASYFTEQDGTWHQTIVRDTDFTPSHVIEFYLSYPIYII|T(
LakMenEpi20Jull2_NODE_83_length_24155 cov_1.4646 QWLV[VYAARIVYWGASFFTEQDGTWHEHMTVIRDTDFTPSHITIEFRYMSYPIYSV[IA
LakMenEpi20Jull2 NODE_8_length_57499_cov_ 1.26641 QWLVVYAVAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSI|T[A|
LakMenEpi29Junl2 NODE_10637_length_: 2511 _cov_0.13 K VYAARIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYS I[LA
LakMenEpi29Junl2_ NODE_19251_ length_1863_cov_1.03 V| MYGIRIYYGASYFTEQDGTWHQTIVRDTDFTPSHVIEFYLSYPIYII[TG|
LakMenEpi29Junl2_NODE_29591_length_1481_cov _0.12 O LVVYGVRAIYWGASFFTEODGTW . v v v v sssssssssssssssslefs
LakMenEpi29Junl2_NODE_31542_length_1431_cov_0.66 Vi LFRYANAIYWGASYFTEQDGTWHOTIVRDTDFTPSHIIEFYLSYPIVII[TGFAS]
LakMenEpi29Junl2_NODE_35841_length_! 1333_ _Cov_| —0.24 IWLVICYGWAIYWGASYFTEQODGTWHOTIVRDTDFTPSHIIEFYLSYPIYII|NGTAS]
LakMenEpi29Junl2_NODE_4686_length_3703_Cov_0.399 VIHLVMY(G «fe « v v v v v v v v v vimesnmsnsnnnnnnnnnsssssnnnnnnnnn ) P PP A
LakMenEpi29Jun12_NODE_9739_length_2629 cov_0.129 VWLFRYANAIYWCASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYIIPGFG
WP_003612568_1_MULTISPECIES methane_monooxygenas KWL/T|I IAIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSIM&
WP_003616009_1_MULTISPECIES methane monooxygenas ENLVVYAVREIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIYSIM
WP_005370914_1_methane monooxygenase ammonia_mon MW I|S|I¥|TFRVYWAGSYFAEQDNSWHOVAIRDTPFTANHIIEFYFNFPLYVILGGCA
WP_005374468_1_methane_monooxygenase_ammonia_mon IWLCCYATAIYFGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|TG
WP_006890228_1_methane_monooxygenase_ammonia_mon M I|S|I¥|TFAVYWAGSYFAEQDNSWHOVAIRDTPFTANHIIEFYFNFPLYVI[LG
WP_006891796_1_methane_monooxygenase_ammonia_mon TLVMY|GFAIYYGASYFTEQDGTWHOTIVRDTDETPSHITIEFYLSYPIYII|TG

w | WP_010959659_1_methane_monooxygenase_ammonia_mon VW LVAYAWAIYWGASYFTEQDGTWHOTIVRDTDFTPSHITIEFYLSYPIYIITG

@ | wPZ010961051_1_methane _mongoxygenase_ammonia_mom V(i LVA WEIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYIITG

Q wWP_013817025_1 mthane _monooxygenase ammonia _mon IWLVCYGWAIYWGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYIITG

E WP_014147020_1_methane_monooxygenase_ammonia_mon TWLMMYGIRIYFGASYFTEQDGTWHQTIVRDTDFTPSHIIEFYLSYPIYII|TG

= | WP_014890337_1_MULTISPECIES_methane monooxygenas QW L{V[VYAARIYWGASFFTEQDGTWHMTVIRDTDFTPSHITEFYMSYPIYSV|IA

@ | WpP_016919308_1_methane_monooxygenase_ammonia_mon K VYARRIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYPIY S I[LA

@ | WP_016919976_1_methane_monooxygenase_ammonia_mon K VY[SARIYWGASFFTEQDGTWHMTVIRDTDFTPSHIIEFYMSYP IY SV[LA|

[ | WP_017841992_1_methane_monooxygenase_ammonia mon TWILMMYGIRIYFGASYFTEQDGTWHQTIVRDTDFTPSHITIEFYLSYPIYII|TG
WP_018265151_1_methane_monooxygenase_ammonia_mon OQWLIT[VYSVAIYWGASFFTEQDGTWHEMTVIRDTDFTPSHIIEFYLSYPIYSIFG
WP_019865091_1_methane_monooxygenase_ammonia_mon VHLVMYGIAIYYGASYFTEQDGTWHOTIVRDTDFTPSHIIEFYLSYPIYIITG
WP_020158145_1_MULTISPECIES_methane_monooxygenas TWLVMY|GIAIYYGASYFTEQDGTWHQTIVRDTDFTPSHITIEFYLSYPIYII|TG
WP_020483731_1_MULTISPECIES methane_monooxygemas T[WLV|CY|GWAIYWGASYFTEQDGTWHQTIVRDTDFTPSHITIEFYLSYPIYII|TG
WP_ 020483938 1 mthane uoumxggenase ammonia_mon MWISIYTFAVYWAGSYFAEQODNSWHOVAIRDTPFTANHIIEFYFNFPLYVILG

Supplementary Fig. 9. Alignment of bacterial and phage-associated PmoC sequences detected in BML, BML_S, LM and CB
samples. The residues involved in O, binding and methane oxidation are highlighted.
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Supplementary Fig. 10. Genetic context of fragmented and partial pmoC genes in pmoC-phages. Fragmented or partial

phage-associated PmoC were detected in pmoC-phages with predicted hosts of alphaproteobacterial methanotroph (i.e.,
LM_8, CB_5) and gammaproteobacterial methanotrophs (i.e., TP6_1, BML_3 and BML_4). The protein-coding genes with
functional annotation are shown in green, the ones without functional annotation in grey, tRNA in blue. Some CB_5 cells

contained only part of the pmoC gene, which is shown in detail.

19



1

Colored ranges

[] gamma - type |
alpha - type Il
[] gamma - type Ib
[[] Gamma - type |

# BML_Bacteria_pmoC
@® BML_phage_pmoC

# BML_S_Bacteria_pmoC
© BML_S_phage_pmoC
“ CB_Bacteria_pmoC

@® CB_phage_pmoC

* LM_Bacteria_pmoC

@® LM_phage_pmoC

Host - phage relationship?
" (BML_S, CB and LM samples)

Host - phage relationship?
(BML_S and LM samples)

B0EE U EERRREREREEES

)
[
[
[
[
il
[
v
[
[
v
[
[}
| i
[ [
el
! [l

Host - phage relationship?
(BML, CB and LM samples)

Supplementary Fig. 11. The full phylogenetic tree of bacterial and phage-associated PmoC detected in BML, BML_S, LM, CB
and TBL samples. PmoC from published bacterial methanotrophs with genomes available are included for reference, see
Supplementary Tables 3 and 6 for details. Please note that only some metagenomic datasets from LM and CB have been
re-analyzed and PmoC were included here.
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Supplementary Fig. 12. The cumulative relative abundance of bacterial and phage-associated pmoC genes in samples from
BML, BML_S, LM, and CB. Please note that only some of the metagenomic datasets from LM and CB have been re-analyzed,
for which ones the data are shown here. The quality reads from each sample were mapped to the representative scaffolds
with the detected bacterial or phage-associated pmoC gene, and the sequencing coverage was calculated for each scaffold,
the cumulative coverage of all bacterial pmoC scaffolds was summed as i, and that of phage-associated pmoC scaffolds
summed as j, the cumulative relative abundance of bacterial pmoC was calculated as i/(i + j) X 100%, and that of
phage-associated pmoC was calculated as j/(i + j) X 100% (or 1 - i/(i + j) X 100%).



Y]

Protein-coding genes with NS SNP(s)

NS SNP frequency

Supplementary Fig. 13. The SNPs analyses of pmoC-phage BML_2. (a) The number of SNPs detected in protein-coding
genes and their functional annotation. Only protein-coding genes with non-synonymous (NS) SNPs are shown and listed in
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Supplementary Fig. 14 | Whole-genome alignment of BML_3, PDSYNTPWS_1 and LM_6. (a)Mauve genome alignment

viewer of BML_3 and PDSYNTPWS_1. The pmoC gene and five syntenic genes (all for hypothetical proteins) that present in

BML_3 while absent from PDSYNTPWS_1 are shown in detail at the top. (b) Mauve genome alignment viewer of BML_3 and
LM_6. (c) Genome alignment of the pmoC regions of LM_6 and BML_3. Five protein-coding genes near the fragmented PmoC

are only present in BML_3. The alignment of PmoC sequences shows the breakpoint of the PmoC in BML_3.
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Supplementary Fig. 15 | The shared region among LM_1, LM_7 and LM_8. Manual curation and check were performed to
confirm that these phage genomes share this region. The NCBI BLASTp information is shown for the two protein-coding genes

that could be annotated.
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Supplementary Fig. 16. The selection of reference phage/virus genomes based on Viptree analyses. The analysis was
performed by uploading the curated phage genomes reconstructed in this study via the viptree online analysis tool
(https://www.genome.jp/viptree/), which generated the circular proteomic tree. Based on this, the reference virus/phage
genomes with similar protein profiles with phages reported in this study are shown in detail at the bottom of the Figure.
These reference genomes are used for protein families and phylogenetic analyses that are detailed in the main text.
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Supplementary Fig. 17. Phylogenetic analyses of phages with genomes reported in this study based on DNA polymerases.
The taxa of reference phages and their hosts are shown with information from the NCBI virus-host database 3.
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Supplementary Fig. 18. CRISPR-Cas analyses of bacterial methanotrophs reported in this study and that already published.
The CRISPR-Cas system of Methyloparacoccus_57 (top panel) contains two repeat regions with the same repeat sequences,
the Casl and Cas2 protein sequences are most similar to those from Methylocaldum sp. 0917 (middle panel), which also have
two repeat regions and the repeat sequences are only one base divergent. The mapping of reads from all BML samples to the
CRISPR scaffolds indicates divergences in spacer sequences, and we found one of the spacers matches the genomic sequence
of pmoC-phage BML_4. Interestingly, one spacer from the published Methylobacteria sp. isolate WN.3.3 (bottom panel) also
targets pmoC-phage BML_4. The CRISPR-Cas system of Methylobacteria sp. isolate WN.3.3 is also similar to that of
Methyloparacoccus_57 by sharing the same type of other cas proteins excluding cas1 and cas2.
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Supplementary Fig. 19. The sequencing coverage profiles of genomes of pmoC-phages and their predicted hosts in (a) BML,
(b) Lake Mendota and (c) Crystal Bog samples. The published pmoC-phage of BML_1 sampled in August 2011 from 0-10 cm
of an oil sands lake * is predicted to have the same host as other BML pmoC-phages. The names of samples detected with
very low abundances of Methyloparacoccus_57 are shown in red (see Supplementary Fig. 6 and Supplementary Information
for details). Grey shading indicates times when both pmoC-phages and the predicted host are relatively abundant. When one
bacteria was predicted as the host of multiple pmoC-phages, their profiles are shown in separate panels. The epilimnion and
hypolimnion samples collected on the same day from Crystal Bog are paired and indicated by solid black and red circles,
respectively. Only epilimnion samples were collected from Lake Mendota. A “v” indicated the detection of bacterial pmoC
gene(s) in the sample, while “X” indicates no detection.
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Supplementary Fig. 20. Phylogenetic analyses of the Pcy-A like proteins encoded by three pmoC-phages and one
non-pmoC-phage reported in this study. The ferredoxin-dependent bilin reductases (FDBRs) reference sequences were
retrieved from a previous study °, along with the information of products from the corresponding proteins. The products of
PcyA_Brady and PcyX_actino have been documented and reported ¢, based on which the products by similar phage proteins
reported in this study were speculated and shown. The genetic context of genes in phages reported in this study is shown in

detail. The analyses were performed by firstly aligning the proteins using Muscle 7 and filtering the alignment by trimAl & to

remove those columns with 2 90% gaps, followed by tree building with IQtree ° using the “LG+G4” model.
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Supplementary Fig. 21. The gene expression of pmoC-phages with genomes reconstructed from Lake Rotsee, with LR_4 as

an example. The sample collecting time points are shown for each sample above the gene transcriptional profile, followed by
the sampling depth, and the number of genes transcribed in the brackets. Some genes with high transcriptional activities are

highlighted with their annotations, the transcriptional levels of six syntenic genes including the pmoC genes are zoomed-in in

the inserted figure.
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