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Supplementary Tables

Supplementary Table 1. Composition of the bioreactor community on day 250 determined
using 16S rRNA gene amplicon sequencing. Operational taxonomic units (OTUs) >1%
relative abundance are shown.

OTUs Percentage
Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; ANME-2d 78.0%
Bacteria; Planctomycetes; Phycisphaerae; Phycisphaerales 5.8%
Bacteria; Planctomycetes; Kueneniae; Kueneniales 2.8%
Bacteria; Actinobacteria; Actinobacteria; koll13 21%
Bacteria; Chloroflexi; Anaerolineae; envOPS12 2.1%
Bacteria; Chlorobi; Ignavibacteria; Ignavibacteriales 2.0%
Bacteria; Chlorobi; OPB56 1.4%
Bacteria; Chloroflexi; Anaerolineae; S0208 1.0%
Bacteria; Chloroflexi; Anaerolineae; SJA-101 1.0%
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Supplementary Table 2. Summary of metagenome assembly and single-cell genome

mapping.
Number of raw Illumina reads 88,859,724
Number of reads after trimming 73,165,513
Reads in metagenomic contigs 52,200,776
Metagenome
Assembled metagenome size (Mbp) 68.8
N50 (bp) 6,325
Maximum scaffold size (bp) 414,561
Number of single cell reads 31,254,040
Single-cell Perc§ntage of reads mapped to metagenomic 91.5%
contigs
genome
Percentage of reads mapped to ‘M. nitroreducens’ | 90.2%
genome (contigs > 1 kb)

Supplementary Table 3. Taxonomic identification of genomes based on 16S rRNA genes
present in each metagenomic bin. 16S rRNA genes were compared to the Greengenes
database'. Bin IDs are consistent with Supplementary Fig. 4.

Bin ID Greengenes ID | Taxonomy

1 12752 k__Bacteria;p__ Actinobacteria;c__ Actinobacteria;
o__kolll3

’ 213866 k_B acte'ria;p_'Chlorobi;c_Ignavibacteria;0_Ignavibacteriales;
f__Ignavibacteriaceae

3 242876 k_Archaea;p_Euryarchaeota;C_Methanomicrobia;
o__Methanosarcinales

4 537668 k_B acteria};p_Planctomyc.etes;c_Kueneniae;
o__Kueneniales;f Kueneniaceae

5 361409 k_Bacte.ria;p_Planctomycetes;c_Phycisphaerae;
o__Phycisphaerales
k__Bacteria;p__Acidobacteria;c__Sva0725;

18574 — -

6 85747 o__Sva0725
k__Bacteria;p__Chloroflexi;c__Anaerolineae;

7 167480 — —
o__envOPS12
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Supplementary Table 4. ‘M. nitroreducens’ gene expression analysis based on the number
of fragments mapped per kilobase of gene length (FPKG) values. FPKG values of the ORFs
in ‘M. nitroreducens’ are listed on Sheet 1. The phylogenetic marker genes used by
AMPHORA?2? to check the completeness of the genome are listed on Sheet 2, and the
housekeeping genes and median FPKG value used as baseline for metatranscriptomics is
listed on Sheet 3 (as separate Excel document available from Nature website).

Supplementary Table 5. Comparison of the ‘M. nitroreducens’ and ANME-1b genome3.

‘M. nitroreducens’ ANME-1b

Size (base pairs) 3,198,961 3,398,838

Number of scaffolds 10 13 supercontigs and 17 fosmids
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GC content (%) 4322 43.21
Number of ORFs 3481 3578
rRNAs 3 3
tRNAs 46 35

Supplementary Table 6. Single-cell reads mapped against the ‘M. nitroreducens’ narGH
genes.

Median | Min Max
Genes Locus Tag coverage | coverage | coverage
Nitrate reductase alpha subunit ANME2D_03460 91 45 147
Nitrate reductase beta subunit ANME2D 03461 141 97 184

Supplementary Table 7. Correspondence analysis of codon usage for all ‘M. nitroreducens’
ORFs. Codon usage was determined using codonw (http://codonw.sourceforge.net/) (as
separate Excel document available from Nature website).

Supplementary Table 8. Fragments mapped per kilobase of gene length (FPKG) values for
all narG (Sheet 1) and narH (Sheet 2) genes in metagenome (as separate Excel document
available from Nature website).

Supplementary Table 9. Kuenenia population gene expression analysis based on the
fragments mapped per kilobase of gene length (FPKG) values. FPKG values of key genes
involved in anaerobic ammonium oxidation are listed on Sheet 1. Phylogenetic marker genes
used by AMPHORAZ2? to check the completeness of the genome, the housekeeping genes and
median FPKG value are listed on Sheet 2 (as separate Excel document available from
Nature website).
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Supplementary Table 10. Reaction rates and electron and mass balance calculation based on
bioreactor performance data collected between days 230 and 290. The consumption rate of
methane (rCHy4), ammonium (rNH,"), nitrate (rNO5’) and nitrite (rNO,"), and production rate
of dinitrogen gas (rN,-N) were determined from the respective measured concentrations
through linear regression. Nitrogen balance was calculated as the difference between the
measured dinitrogen gas production rate and the sum of the measured ammonium and nitrate
consumption rates: rN,-N + (rNH," + tNO5"). The percentage error was calculated as the ratio
between nitrogen balance error and the measured dinitrogen gas production rate: (rN,-N +
(rNH4" + rNO3))/ 1N,-N. Electron balance was calculated as the difference between the
electrons required by the reduction of nitrate to dinitrogen gas and the electrons produced by
the oxidation of ammonium to dinitrogen gas and methane to carbon dioxide: -5 x INO3™ + 3
x tNH;" + 8 x rCH,. The percentage error was calculated as the ratio between electron
balance error and electrons required by the reduction of nitrate to dinitrogen gas: (-5 X rNO3’
+3 x INH;" + 8 x rCHy)/ -5 x INO5’.

Measurement Nitrogen balancing error  |Electron balancing error
mmol/day mmol/day % error mmol/day | % error
Day fNH," | tNO, | tNO; | rN,-N rCH, Nitrogen Nitrogen Electron Electron
230-290| -3.33 0.00 -3.54 6.68 -1.06 -0.19 -2.8% -0.77 -4.4%
stdev 0.14 0.00 0.14 0.36 0.13

The nitrogen balance indicates that all nitrate and ammonium consumed were converted to
dinitrogen gas. The electron balance indicates that electron supply (sources) matches electron
consumption (sinks) in the bioreactor.

Nitrogen and carbon flux calculation for Figure 4a
Based on the following stoichiometry of the anammox reaction®:

1.32N02_ + NH4+ - 1.02 N, + 0.26 NO3_

The oxidation of ammonium at 3.33 mmol d"' (Supplementary Table 10) would consume
nitrite at a rate of 4.40 mmol d”' and produce nitrate at a rate of 0.87 mmol d”'. The total
nitrate reduction rate in the bioreactor is 4.41 mmol d” (= 3.54 mmol d”' (Table 10) + 0.87
mmol d'). This is very close to the nitrite consumption rate of 4.40 mmol d”' required by the
annammox reaction, as calculated above.

Conversely, the reduction of nitrate to nitrite at a rate of 4.41 mmol d! with methane as the
electron donor would require a methane consumption rate of 1.10 mmol d” (=4.41/4,
referring to Equation 1 in the manuscript). This is very close to the observed methane
consumption rate of 1.06 + 0.13 mmol d™. This indicates that methane is not have been used
for nitrite reduction to dinitrogen gas.

The above nitrogen and electron balance strongly suggests that all methane consumed in the
bioreactor was used for nitrate reduction by ‘M. nitroreducens’, and all nitrite produced from
nitrate reduction was consumed by anammox organisms, giving rise to the conceptual
reaction model in the bioreactor (Fig. 4a).
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Comparison of AOM and anammox rates in this study with literature

Using quantitative PCR, the cell density in our bioreactor was estimated to be ~1.75 x 10’
cells ml™', which would equate to 2.4 x 10" anammox cells (~3%) and 6.2 x 10'2 ANME-2d
cells (~78%). Thus, the specific cell rate for anammox is 14 fmol ammonium per anammox
cell per day, which is comparable to the reported anammox rate (2-20 fmol ammonium per
cell per day in laboratory bioreactors). The specific cell rate for AOM is 0.17 fmol methane
per ANME-2d cell per day. This is comparable to the reported sulfate-dependant AOM (0.7
fmol CHy4 per cell per dayé).

Supplementary Figures

Candidatus ‘Methanoperedens nitroreducens’
AB294257.1, Microbial structure deep coal seem groundwater stream

EU155957.1, Archaeal Rich Minerotrophic Fen Methanoperedenaceae
EU155958.1, Archaeal Rich Minerotrophic Fen (ANME-2d)
FJ982704.1, Microbial Terrestrial and Submarine Permafrost Sediments

ANME-2B ANME-2a

ANME-2b

ANME-2A

g NC_007355.1, Methanosarcina barkeri str. fusaro
AB0B5295.1, Methanosarcina mazei str. TMA

M59137.2, Methanosarcina acelivorans

NC_007955.1, Methanococcoides burtonii str. DSM 6242
ANME-S Euryarchaeota
B ANME-3

ANME-2C ANME-2¢

NC_008553.1, Methanosaeta thermophila str. PT
[] AnME-1 | ANME-1

NC_009051.1, Methanoculleus manisnigri str. JR1
Eﬁom?e& 1, Methanospiriium hungatei str. JF-1

NC_008942.1, Methanocorpusculum labreanum str. Z

&  NC_009634.1, Methanococcus vannielii str. SB
+ — U38941.1, Methanococcus maripaludis str. CT

M59145.1, Methanothermus fervidus
2 NC_007681.1, Methanosphaera stadtmanae str. DSM 3091

AY196661.1, Methanothermobacter thermautotrophicus str. GC-1
AB301476.1, Methanopyrus kandleri str. 116

0.10

Supplementary Fig 1. Phylogenetic tree of ANME lineages. The 16S rRNA gene tree was
generated using the maximume-likelihood method with 100 bootstraps. Bootstrap values are
indicated at the nodes (solid circles, >75%; open circles, >50%; no circles, <50%). Scale bars
are equal to 0.1 changes per site.
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Supplementary Fig 2. Binning of the metagenome contigs based on coverage and GC
content. Each dot represents a contig that is coloured based on its coverage in the
metagenome. Only contigs > 5kb are shown. The blue dots correspond to the ‘M.
nitroreducens’ genome, and were validated by 16S rRNA gene and single copy gene
analysis.
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Supplementary Fig 3. Binning of metagenome contigs based on principle component
analysis of contig tetranucleotide frequencies. Each dot represents a contig that is coloured
based on its coverage. Only contigs > 5kb are shown.
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Supplementary Fig 4. Emergent self-organising map (ESOM) of metagenome contigs (>
Skb contigs with 5-kb window size) based on tetranucleotide frequencies. Each point is
coloured based on its putative genome bin. The numbers indicate different genome
assignments. Bins were identified as (class level): (1) Actinobacteria, (2) Ignavibacteria, (3)
‘M. nitroreducens’, (4) Kuenenia, (5) Phycisphaerae, (6) Sva0725 (Acidobacteria), (7)
Anaerolinea.
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Supplementary Fig 5. Scaffolding of ‘M. nitroreducens’ genome using 3kb mate-pair library
information. Blue rectangular blocks represent ‘M. nitroreducens’ contigs identified using
GC content, read coverage and tetranucleotide frequencies. Coloured lines linking contigs
indicate the number of mate-pairs spanning the gap between the contigs. Red lines indicate
more than 100 mate-pairs linking the contigs, and green lines indicate less than 100 mate-
pairs linking the contigs. Mate-pair read mapping carried out using bwa v.0.6.2” with default
settings.
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Candidatus

Methanoperedens nitroreducens
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Supplementary Fig 6. ‘M. nitroreducens’ genome and transcriptome. From the outermost
to the innermost ring; the first ring (blue) represents the 10 scaffolds of the reconstructed
genome (ordered by size). The red plot within the scaffold segments represents the log of the
median single-cell coverage across 3205 non-overlapping 1 kb windows. Only 7 non-
consecutive windows have no coverage. The second ring shows the open reading frames
(grey) including genes for reverse methanogenesis (green) and nitrogen metabolism (red).
The innermost yellow ring shows the GC skew. The box corresponds to laterally transferred
narGH genes (yellow) that are found in the context of host archaeal genes (purple).
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Methanomicrobia (26)
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100%

Methanocella conradii HZ254
———— Methanocella sp. RC-I

Methanosarcinales (12)
e

Methanosarcinaceae (8)
Methanococcoides burtonii DSM 6242
Methanohalophilus mahii SLP, DSM 5219
Methanomethylovorans hollandica DSM 15978
Methanohalobium evestigatum Z-7303, DSM 3721
Methanosalsum zhilinae WeN5, DSM 4017

999 Methanosarcina acetivorans C2A
1040 Methanosarcina mazei Go1, DSM 3647

Methanosarcina barkeri Fusaro, DSM 804

B Candidatus ‘Methanoperedens nitroreducens’
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100% | -

Methanosaetaceae (3)
_1_(1[):2,_|:I‘Jle1hanosaeta thermophila PT

100% Methanosaeta concili GP8

Methanosaeta harundinacea 6Ac

100%

Methanomicrobiales (10)

Candidatus 'Methanoregula boonei' 6A8
Methanoregula formicicum SMSP
Methanosphaerula palustris E1-9c, DSM 19958
Methanospirillum hungatei JF-1
Methanolinea tarda NOBI-1

Methanoculleus marisnigri JR1, DSM 1498
Methanofollis liminatans GKZPZ, DSM 4140
Methanoplanus petrolearius SEBR 4847, DSM 11571
Methanoplanus limicola M3, DSM 2279
Methanocorpusculum labreanum Z

ANME-1b (Meyerdierks et al 2010

100%
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Candidatus ‘Caldiarchaeum subterraneum’

100%

Supplementary Fig 7. Archaeal genome tree of archaeal based on 38 essential single-copy
gene markers from Phylosift (A. Darling, H. Bik, G. Jospin, J. A. Eisen. Manuscript in
preparation). The tree shows that ‘M. nitroreducens’ is closely related to the
Methanosarcinaceae family. The ANME-1 partial genome3 is more closely related to the
Methanomicrobiales family. Both ‘M. nitroreducens’ and ANME-1 are within the
Methanosarcinales order.
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Lutiella nitroferrum: NZ_ACIS01000002
Pseudogulbenkiania sp. NH8B : NC_016002
Commensalibacter intestini A911 : NZ_AGFR01000009
Herminiimonas arsenicoxydans: NC_009138
Azorhizobium caulinodans ORS 571: NC_009937
Actinoplanes missouriensis NBRC 102363 : NC_017093
Actinosynnema mirum DSM 43827: NC_013093
Saccharomonospora marina XMU15 : SacmaDRAFT_SMG.1
Bacillus cereus Q1: NC_011969
Geobacter metallireducens GS-15: NC_007517

Candidatus 'Nitrospira defluvii. NC_014355
ﬁ Candidatus 'Kuenenia stuttgartiensis” CT573072
Hydrogenobacter thermophilus TK-6: NC_013799
Hydrogenobaculum sp. YO4AAS1: NC_011126
—@® — Thioalkalivibrio thiocyanodenitrificans ARhD 1 : ThithiDRAFT
{ Beggiatoa sp. PS: NZ_ABBZ01000396

narG, Candidatus 'Methanoperedens nitroreducens’

Halopiger xanaduensis SH-6 : CP002839

Haloterrigena turkmenica DSM 5511: NC_013743
— @ Natronococcus occultus SP4, DSM 3396 : Natoc
Natrinema pellirubrum 157, JCM 10476 : Natpe
{ Natronomonas pharaonis DSM 2160: NC_007426

Candidatus 'Caldiarchaeum subterraneum’: CCsub_BA000048_1
Haloarcula hispanica CGMCC 1.2049 : NC_015943
Persephonella marina EX-H1: NC_012440
Clostridium sp. SY8519: NC_015737
Thermanaeromonas toyohensis ToBE, DSM 14490 : Ttoyo
Carboxydothermus hydrogenoformans Z-2901: NC_007503
Desulfosporosinus meridiei S10, DSM 13257 : Desmer
Archaeoglobus fulgidus DSM 4304: AE000782
Ferroglobus placidus DSM 10642: NC_013849
Halorhabdus utahensis DSM 12940: NC_013158
Dechloromonas aromatica RCB: NC_007298

Dechlorosoma suillum PS : Dsui_Contig73.1

0.1

Supplementary Fig 8. Phylogenetic tree of narG sequences generated using maximum
parsimony methods (Phylip PROTPARS) in ARB. Bootstrap values are indicated at the
nodes (solid circles, >75%; open circles, >50%; no circles, <50%). Scale bars are equal to 0.1

changes per site.
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Desulfococcus oleovorans Hxd3 : Doleo_NC_009943
Halorhabdus utahensis DSM 12940: NC_013158
Haloferax mediterranei R-4, ATCC 33500 : HAL _scaffold00004.2
Halogeometricum borinquense DSM 11551 pHBOR02: NC_014731
Halorubrum lacusprofundi ATCC 49239: NC_012029
Halomicrobium mukohataei DSM 12286: NC_013202
Haloarcula marismortui ATCC 43049: AY596297
Persephonella marina EX-H1: NC_012440
Sulfurihydrogenibium azorense Az-Fu1: NC_012438
Sulfurihydrogenibium sp. YO3AOP1: NC_010730
Nitratiruptor sp. SB155-2: NC_009662
Sulfuricurvum kujiense DSM 16994: NC_014762
Sulfurihydrogenibium yellowstonense SS-5: NZ_ABZS01000111
Ammonifex degensii KC4: NC_013385
Magnetospirillum magnetotacticum MS-1: NZ_AAAP01003828
Beggiatoa sp. PS,: NZ_ABBZ01003117
Halopiger xanaduensis SH-6 : CP002839
Haloterrigena turkmenica DSM 5511: NC_013743
Natronococcus occultus SP4, DSM 3396 : Natoc_Contig267
Natronomonas pharaonis DSM 2160: NC_007426
Hydrogenobacter thermophilus TK-6: NC_013799
Candidatus 'Caldiarchasum subterraneum”. CCsub_BA000048_1
narH, Candidatus 'Methanoperedens nitroreducens’
Thioalkalivibrio thiocyanodenitrificans ARhD 1: ThithiDRAFT_Contig156.7
Caldilinea aerophila STL-6-01, DSM 14535: CalaeDRAFT_Scaffold1.1
—® Candidatus 'Nitrospira defluvii: NC_014355
Candidatus 'Kuenenia stuttgartiensis". CT573072
Natrinema pellirubrum 157, JCM 10476 : Natpe_Contig129
Brucella ceti M13/05/1: NZ_ACBP01000017
Hydrogenobacter thermophilus TK-6: CP002221
Streptomyces cattleya DSM 46488 : CP003229
Pseudomonas sp. 2_1_26 : NZ_ACWU01000006
Thioalkalivibrio paradoxus ARh 1 : THIPADRAFT_Scaffold1.1
Pseudovibrio sp. FO-BEG1 : NC_016642
Amycolatopsis nigrescens CSC17Ta-90, DSM 44992 : AmyniDRAFT_Contig68.1

01

Supplementary Fig 9. Phylogenetic tree of narH sequences generated using maximum
parsimony methods (Phylip PROTPARS) in ARB. Bootstrap values are indicated at the
nodes (solid circles, >75%; open circles, >50%:; no circles, <50%). Scale bars are equal to 0.1

changes per site.
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Supplementary Fig 11. Codon usage analysis for genes in the ‘M. nitroreducens’ genome.
Each dot represents a gene. The y-axis represents Axis 1 from the correspondence analysis on
relative synonymous codon usage (RSCU) while the x-axis represents the G+C content at the
3rd codon position in the nucleotide sequence (GC3s). Yellow dots represent genes with
typical codon usage, while red dots represent genes with atypical codon usage. The blue dots
represent the narGH genes, which have codon usage on the boundary typical/atypical genes.
Only genes > 50 amino acids are shown.
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Supplementary Fig 12. Data from the isotope labeling batch tests demonstrating conversion
of CHy4 (total) to CO».
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Supplementary Fig 13. BES inhibition tests performed between days 301 and 305. For each
test, 260 ml biomass was transferred from the bioreactor into a 330 ml batch vessel. Twenty-
four hours after the experiments started, BES was added to the batch vessels to reach
concentrations of 20 mM (upper panel) and 50 mM (lower panel), respectively. No clear

reduction of the methane oxidation rate or other reaction rates was observed.
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Anammox (analysed),
25 'M.nitroreducens’ (reference)

=
n ]

Pair cross-correlation function, g(r)
=

0.5 -

0 1 2 3 4 5
Distance, r (um)

Supplementary Fig 14. Plot of the pair cross-correlation function versus distance separating
‘M. nitroreducens’ and anammox populations calculated using the Linear Dipole Algorithm
in DAIME®. The peak between 0.5 — 1.5 ym (g(r) > 1.5) indicates that there is a strong
co-aggregation signal suggesting co-localisation of ‘M. nitroreducens’ and anammox
populations.
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