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Supplementary Materials and Methods

Naming clades:

Major clades in each tree were first delineated based on groupings identified in previous
literature [1,2], reserving clade 1 in each protein for the “canonical clade”, and letters were
used within each larger clade to delineate sub clades. Primarily structural features and
secondarily taxonomy and ecological traits were used to refine clade delineation. Clades
were defined as deeply as possible on the phylogeny within these constraints, leading to
statistically supported clades of variable phylogenetic depth. In some instances this meant
generating new clades from previously proposed clades that were not well-supported in the
present phylogeny. Thus, clades with similar naming number-letter hierarchy level do not
necessarily originate at similar depths on the phylogeny, and we refer to these well-supported

groups of sequences in the phylogeny as clades independent of number-letter hierarchy.

Exclusion of halophilic archaea and Pyrobaculum NirS
Functional NirS has also been demonstrated in Pyrobaculum species (Thermoproteota [3,4].
Despite carrying all the conserved motifs, we excluded these Pyrobaculum sequences from

our phylogeny because the haem d; and cy?. domains are encoded in opposite directions in



the genome, which led to an unresolvable long branch upon re-orienting and concatenating
them.

Halobacteriota NirS-like proteins were included as an outgroup and excluded from
nirS counts in the metagenome survey because they lack the first two characteristic motifs
corresponding to the cyt. domain. Using the previously described search for genes encoding
enzymes involved in NirS assembly combined with genome viewer in NCBI to look for
potential alternative heme assembly proteins [3] and cy?. domain-containing motifs, we
confirmed the absence of the evidence that these proteins are cyz NirS. An additional reason
for excluding this clade from nir§S gene fragments counts is that absence of the cyf, domain
led to strange behaviour of the search and place algorithm. An excess of nirS reads were
placed in this gapped region of the alignment and subsequently annotated as haloarchaeal,
despite being derived from habitats such as forest soils where Halobacteriota are rare, and
where Halobacteriota nirK reads were below detection. Furthermore, BLAST of a subset
(n=20) of the reads annotated as haloarchaeal nirS but mapped in their entirety to this 75aa
gap in the beginning of the alignment against the UniProt database indicated that none of
them most closely matched archaea; instead, most (18; 90%) mapped as non-nitrite reductase
bacterial cytochrome C or cytochrome C oxidase, often with at least 60% identity (13; 65%).
By contrast, short reads from this N-terminal region which GraftM placed in the canonical

nirS portion of the tree correctly mapped to proteobacterial nitrite reductase or cytochrome C.

Structural features and nitrite reductase helper genes

We searched for nirF, nirN, nirJ, nirE, nirB and nirT in assemblies carrying nirS, and nirV in
assemblies carrying nirK. The seed alignments for NirJ (TIGR04051, TIGR04055,
TIGR04054) and NirE (cd11642) were derived from the NCBI’s Conserved Domains

Database. Seed alignments for NirF and NirN were derived from the original NirS search,



and were readily differentiated from NirS using a phylogenetic approach. The HMMs for
NirB (UniProt P24037), NirT (UniProt P24038) and NirV (NCBI AAK08123.1) were
generated using protein BLAST searches with the aforementioned reference sequences
against NCBI’s ClusteredNR database [5]. We stochastically selected a subset of the 1000 top
hits to be aligned and exported using the multiple alignment function accessible from the
BLAST outputs, and then checked if the sequences were aligned at the important ligands and
catalytic residues in ARB [6]. We searched for the structural features TAT, lipobox, and Sec-
type signal peptides using the online version of SignalP 6.0 [7] and transmembrane domains
using DeepTMHMM [8], both with default settings. Clade-specific insertions and
deletions[9], and cytochrome C (-CX,CHX5,M-) and cupredoxin (CX, HX, sM) motifs in the

C and N termini of the proteins were identified in ARB [6].

Inferring redox traits from protein-coding gene composition

We looked for nitric oxide reductases within the heme-copper oxidase (HCO) superfamily
using the same method used for identifying NirK and NirS, but used the database generated
by Murali and colleagues as a starting seed for our hmmsearch [10,11]. Genes were
categorized into classes of nor also following Murali ez al. [10,11]. We identified nitrous
oxide reductases (nosZ) similarly, but used the reference database from Graf et al. 2014 as
our seed; hydrogenases associated with hydrogen oxidation (group 1, 2a) and reduction
(group 4 b,c.e) using the alignment in [12]; nitrite oxidation using the alignment and
structural information provided by [13]; ammonium (amoA) and methane (pmoA) oxidation
against the database provided by [14]; and sulfur compound oxidation (sox, ox-apr, ox-dsr,
sat, shdr, or sor) and reduction (APS sulfate reduction: aprAB, gmoABC; sulfite reduction:
dsrABCDNTMK, mccABCD, AsrABC; tetrathionate reduction: 7trABC) using HMMs and

gene neighborhood information provided in [15]. The capacity for anammox (hzoA,hzsA),



methane oxidation (mmoB/dmpM, pmoABC), iron (fmnA/dmkA/fmnB/pplA/ndh2/eetAB/dmkB,
mtrABC), selenate (ygfKMN), nitrate (napAB, narGH) and dissimilatory arsenate reduction
(arrA), and iron (cyc123; foxABCXYZ), nitrite (nxrAB) and manganese oxidation (mnxG)
were predicted using HMMs and gene neighborhood information from FeGenie and
Lithogenie [16]. nxrA/napA and amoA/pmoA/hcoA were further checked by assessing the
alignment and constructing a phylogeny using FastTree, and additional taxonomy-based
verification. The capacity for reductive dehalogenation was evaluated using HMMs built
from the Reductive Dehalogenase Database [17]; sequences lying within known reductive
dehalogenase diversity in a combined FastTree phylogeny were kept. The complete

denitrification trait was defined as having nir, nor, and nosZ genes as depicted below.

complete
denitrifier;

Supplementary methods figure 1: complete denitrification refers to the potential to
transform nitrite into dinitrogen via NO (completed by Nir), N,O (Nor) and finally N, (Nos).
Incomplete denitrification in organisms encoding NirK and/or NirS refers to the presence of

Nir+Nor (green), Nir+Nos (orange), or the presence of just Nir (yellow).
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Fig. S1 Representative NirS alignment. Yellow boxes represent >70% conserved residues
and red boxes represent identical residues. Numbered red boxes mark characteristic
conserved motifs (I, III, IV, V, VII and IV distinguish NirS from NirN and NirF) and blue
boxes mark functionally important residues, and asterisks beneath alignment mark specific
residues where nirS can be differentiated from NirF and NirN. Notably, motif I on the cyz.
domain was generally characterised by -CaGCHg- in NirS, motif VI by -LHD- (vs. -PyD- in
NirF and -LDD- in NirN), and motif VII at the cyzs; domain is identified by the universal
absence of a proline in the third position in NirN and NirF (i.e. -PHpGpG- vs.

PH!PgeG). Clade 1c: Hydrogenophilales sp., clade 3: Sulfurimonas paralvinellae,; clade 4:
Calidifontibacillus erzurumensis; clade 1d: Brocadia sp. WS118, clade le: c.
Magnetaquicoccus inordinatus, clade 1a: Stutzerimonas stutzeri; clade 1f:
Deltaproteobacteria bact. GWA2 43 19, clade 5: Levilinea saccharolytica; clade lh:
Scalindua brodae, clade 1j: Thermus oshimai, clade 1b: Thauera linaloolentis, clade 2:
Methylomicrobium album, clade 6: candidatus Methylomirabilis oxyfera, clade 1g:
Roseiflexus castenholzii; clade 1k: Colwellia psychrerythraea; halophilic archaea NirS-like:

Natrinema pellirubrum. The Fig. was prepared in ESPscript/ENDscript.



GCA_ 016703155
GCA 014905135
GCA 013303125
GCA_007618135
GCA 004217665
GCA_002339675
GCA_001797355
GCA 001050255
GCA_000786775
GCA_000373145
GCA 000310205
GCA_ 000214275
GCA_000091165
GCA_000017805
GCA_000012325
GCA_000230735

NirF
NirN

GCA 016703155
GCA 014905135
GCA 013303125
GCA 007618135
GCA 004217665
GCA 002339675
GCA 001797355
GCA 001050255
GCA 000786775
GCA 000373145
GCA 000310205
GCA 000214275
GCA 000091165
GCA 000017805
GCA 000012325
GCA 000230735
NirF

NirN

GCA 016703155
GCA 014905135
GCA 013303125
GCA 007618135
GCA 004217665
GCA 002339675
GCA 001797355
GCA 001050255
GCA 000786775
GCA 000373145
GCA 000310205
GCA 000214275
GCA 000091165
GCA 000017805
GCA 000012325
GCA 000230735
NirF

NirN

GCA 016703155
GCA 014905135
GCA 013303125
GCA 007618135
GCA 004217665
GCA 002339675
GCA 001797355
GCA 001050255
GCA 000786775
GCA 000373145
GCA 000310205
GCA 000214275
GCA 000091165
GCA 000017805
GCA 000012325
GCA 000230735
NirF

NirN

GCA 016703155
GCA 014905135
GCA 013303125
GCA 007618135
GCA 004217665
GCA 002339675
GCA 001797355
GCA 001050255
GCA 000786775
GCA 000373145
GCA 000310205
GCA 000214275
GCA 000091165
GCA 000017805
GCA 000012325
GCA 000230735
NirF

NirN

GCA 016703155
GCA 014905135
GCA 013303125
GCA 007618135
GCA 004217665
GCA 002339675
GCA 001797355
GCA 001050255
GCA 000786775
GCA 000373145
GCA 000310205
GCA 000214275
GCA 000091165
GCA 000017805
GCA 000012325
GCA 000230735
NirF

NirN

GCA 016703155
GCA 014905135
GCA 013303125
GCA 007618135
GCA 004217665
GCA 002339675
GCA 001797355
GCA 001050255
GCA 000786775
GCA 000373145
GCA 000310205
GCA 000214275
GCA 000091165
GCA 000017805
GCA 000012325
GCA 000230735
NirF

NirN

GCA 016703155
GCA 014905135
GCA 013303125
GCA 007618135
GCA 004217665
GCA 002339675
GCA 001797355
GCA 001050255
GCA 000786775
GCA 000373145
GCA 000310205
GCA 000214275
GCA 000091165
GCA 000017805
GCA 000012325
GCA 000230735
NirF

NirN

Hydrogenophilales sp.
Sulfurimonas paralvinellae
Calidifontibacillus erzurumensis
Brocadia sp. WS118

c. Magnetaquicoccus inordinatus
Stutzerimonas stutzeri
Deltaproteobacteria bact. GWA2_ 43 19
Levilinea saccharolytica
Scalindua brodae

Thermus oshimai

Thauera linaloolentis
Methylomicrobium album

C. Methylomirabilis oxyfera
Roseiflexus castenholzii
Colwellia psychrerythraea
Natrinema pellirubrum#*

Hydrogenophilales sp.
Sulfurimonas paralvinellae
Calidifontibacillus erzurumensis
Brocadia sp. WS118

c. Magnetaquicoccus inordinatus
Stutzerimonas stutzeri
Deltaproteobacteria bact. GWA2 43 19
Levilinea saccharolytica
Scalindua brodae

Thermus oshimai

Thauera linaloolentis
Methylomicrobium album

C. Methylomirabilis oxyfera
Roseiflexus castenholzii
Colwellia psychrerythraea
Natrinema pellirubrum*

Hydrogenophilales sp.
Sulfurimonas paralvinellae
Calidifontibacillus erzurumensis
Brocadia sp. WS118

c. Magnetaquicoccus inordinatus
Stutzerimonas stutzeri
Deltaproteobacteria bact. GWA2_ 43 19
Levilinea saccharolytica
Scalindua brodae

Thermus oshimai

Thauera linaloolentis
Methylomicrobium album

C. Methylomirabilis oxyfera
Roseiflexus castenholzii
Colwellia psychrerythraea
Natrinema pellirubrum*

Hydrogenophilales sp.
Sulfurimonas paralvinellae
Calidifontibacillus erzurumensis
Brocadia sp. WS118

c. Magnetaquicoccus inordinatus
Stutzerimonas stutzeri
Deltaproteobacteria bact. GWA2 43 19
Levilinea saccharolytica
Scalindua brodae

Thermus oshimai

Thauera linaloolentis
Methylomicrobium album

C. Methylomirabilis oxyfera
Roseiflexus castenholzii
Colwellia psychrerythraea
Natrinema pellirubrum*

Hydrogenophilales sp.
Sulfurimonas paralvinellae
Calidifontibacillus erzurumensis
Brocadia sp. WS118

c. Magnetaquicoccus inordinatus
Stutzerimonas stutzeri
Deltaproteobacteria bact. GWA2 43 19
Levilinea saccharolytica
Scalindua brodae

Thermus oshimai

Thauera linaloolentis
Methylomicrobium album

C. Methylomirabilis oxyfera
Roseiflexus castenholzii
Colwellia psychrerythraea
Natrinema pellirubrum*

Hydrogenophilales sp.
Sulfurimonas paralvinellae
Calidifontibacillus erzurumensis
Brocadia sp. WS118

c. Magnetaquicoccus inordinatus
Stutzerimonas stutzeri
Deltaproteobacteria bact. GWA2 43 19
Levilinea saccharolytica
Scalindua brodae

Thermus oshimai

Thauera linaloolentis
Methylomicrobium album

C. Methylomirabilis oxyfera
Roseiflexus castenholzii
Colwellia psychrerythraea
Natrinema pellirubrum*

Hydrogenophilales sp.
Sulfurimonas paralvinellae
Calidifontibacillus erzurumensis
Brocadia sp. WS118

c. Magnetaquicoccus inordinatus
Stutzerimonas stutzeri
Deltaproteobacteria bact. GWA2_ 43 19
Levilinea saccharolytica
Scalindua brodae

Thermus oshimai

Thauera linaloolentis
Methylomicrobium album

C. Methylomirabilis oxyfera
Roseiflexus castenholzii
Colwellia psychrerythraea
Natrinema pellirubrum*

Hydrogenophilales sp.
Sulfurimonas paralvinellae
Calidifontibacillus erzurumensis
Brocadia sp. WS118

c. Magnetaquicoccus inordinatus
Stutzerimonas stutzeri
Deltaproteobacteria bact. GWA2 43 19
Levilinea saccharolytica
Scalindua brodae

Thermus oshimai

Thauera linaloolentis
Methylomicrobium album

C. Methylomirabilis oxyfera
Roseiflexus castenholzii
Colwellia psychrerythraea
Natrinema pellirubrum*

< ™=
OxUo

KKKKHKKKKKKKKKAK-R
e e ey B e ey NS e B ma e B Bes e
OHOEHEHMOUOUOZ1002

[

7

QH
QH
KT
QM
QT

QQ
RS

MN
LE

QN

OR
QM

HEHE<EPEHHEPEH<HEHEH|

[

T DT "9 HH I 9IH A3 << TR <
MH<L<H< < HEPE<<H<HHOHT DO

SEPRKPPKKKKKEPEKKE KK H

=
O

QSTPKLDN
QHDPP.TP

YQAPP.RE

avEes el wlwi-MhvEes i v~dLvEwNw v wilwiv PN
Q2 - -

VL
PN
QT
ML
AL
VL
TL
PD
VL
VL
VL
SD
VL
TL
TL

> 0N R R0
G2 G) G G2 G2 G2 G2 P G) Gl GDG) G G Qaf-
o dmxodWWoW DDA
AAANQORANANATANANANANCEHA

[ -

AG

o

PAP.TP
FKG.KK
PVALEA
EPV.TP
EAP.MP
QHTPP.TP

EWG
ELT
TWS
EFN
EWG
EWG
EMS
EWT
QWD
IPT
EFS
AWT
ELS
EPP.APPELP
EPP.VPPEMS

PPP.AP
EAAASA
EPP.IP
EPP.AP
EPP.IP

Wi o H W)

QﬂJS

140

JTGFATEIIILR
SIGYAVEITISR

.S

21

8

P BEPEREHEP<EBEHECRERE O

20

KA
AD
PN
PA
PD
KP
PN
PA
PD
PA
KN
PA
PO
PA
KN

GATG
GGVG
GALG
GATG
GATG
GATG
GATG
GATG
GATG
GATG
GATG
GFLA
GATG
GATG
GATG

FEEEPEPEEBEEPBEHEPEHE B B H
A Z2H0398 99438 0O

B -

GGSGPT

ATGFAVEIISR . FSK
JAIGFAVEIVIIVTNKR
. 'GP
SIGFAVEITILR .
JSIGFATEITILR .
TIGYAVIIIGR .
TGFAVIHILR .
JABYRARIGEY S .
SIGYAVEITIIIR .
.SSA

JTNAAABITIIDYNPA
TGFAVEIISR . SSE
SIGYAVEIIII'R . MSA
TGYAVEIVIELKGTEH
VIGKATVEHD . FHP
LGDLSEIAISVVESR
YALEIGIGPKESP

o

0

KE
DA
ED
KD
KE
AQ
TE
KD
KN
EE
oD
DD
AD
ER
EQ
ET

IR
VK
AK
IK
MK
MK
MK
Iw
VK
IR
MK
MK
MK
MK
MR
LK

WK
WK
LE
WK
WK
WK
WR
LT
WK
WK
WN
LK
WN
WK
TK
HE

HOPRPUOTTPQIUOZ D> NP
T hhnhnHdnnnAaadHH QN

B SR IS <S<E a

'Jy .
[t -

EDIR QV

YSK
TSA
MSA
SSA
FHP
MSM

MSAIS|. . ..

KVDH
LPE.

H
D
D
D

. .NLKTTE
.. YPIVGD

AEK

S.

..NLTTTT
..NLKITQ
. .FPLVKL
. .SPGIKM

QKG

. .NLKTTT
. .FPVTKT
. .NLKMTQ
. .APQIKM
..NLTITS
. .FPVVAT
..EPQITR
. .PVAPKR

KV.
YT.
PG.
ET.
KT.
DV.
ET.
ET.
DSC
EA.
DT.
DA.
ES.
DT.
DV.
PM.
PV.
PL.

w
o)
o

PK
EH
EA
PK
PK
PK
PK
EN
PN
PN
PK
QN
PK
PN
ET
EN
PD

. .NLKVTQ

MKOBWYQRAAr Q0RO QQG Q)
QRQNAHORIH<SZRII<S TS

NH

MM T hhnhh>>nhnhhnhny hnohhonAHAin|-

AD

NH{egHW

ADEKE

AD[EKY

AA[TE
ND[eS E

AR[EDO

VLMD
VLMD
VIVN.
VILD
VVLK
TIMD
VILD
VILN
VILD
VILD
SIVD
VILN
IVTD
VILD
VIMD
VICD
KVED
VLLD

28

GFPIIHD

GTITETK

RPLPITM

BErTHHEPEHOHHHEBEHHHAHAHC<SHH]

Q.
n -

400

AALSPDEVAQKS
CVLGGKA .NWNK

KN
PF
KY
RH
KN
RH

LWVD
IWSD
VWVD
LWVD
VYCD
IYLD
IWVD
VWAD
VWLD
VIVD
FWAD
VAVD
VWVD
IWVD
VWAD
VWAD
IWVN
AWTD

PY
Kw
PW
KH
PY
KN
KW
QY
DY
RO
PY

450

o

. EAE
PNIG
GGVG
.ESE
.NAE
.GTA
.ETE
. KVG
.EAE
.DTE
.NSA
.NVG
.QGE
. PAA
.ASS
.ECG
EGIG
.AVA

ITAFEPNW. .
HTLSKDVDAQRS
NTINPNK .
TTFNPDAKVSQS
HTLNPDDKTIKRS
SVFSKEP. .
SPLGKKAKDRTS
FPMSPSPEAAAS
APMNPEREIAES
TISKDRR. .ART
HALNGDPATQKOQ
MTLNSDPALART
OLKHPEPEVQQS
VILTDTE.DDAY
FAHPDNH. . .
TFLGKKH. .

KAGDEVWESV
TMISE
VYVAL
VWISV
MWLSL
VWESV
VWVAV
VYIAD
VWVSV
IWVSA
VWISL
LYVSA
VWISV
VWVSI
VWVSV
VYISV
LWLSV
ALLSV

KDgK F
KDleDE
KE[EDE
EA[EDE
KA[TE

KA[DE
KGgTE
KAEDE

KADE

RDIEEK

RDIgRY

W
W
W
W
W
W
W
W
W
W
W
G
W
W
W
W
R

W

CHWEHIRIRDIOET UvHDDN D
NEMHQOHTORQHOO0QQHT®

34

NDTKF
YNDRY
HTEKH
KDPEY
VDPEF
VHPKF
TDPEF
EAD.G
VDPEF
THPTY
VHPQY
QVD.G
IDPKF
VDPEF
IDKKC
PDE. .

KRD.G

41

. HK

. SNV

. NK

. R

HI<<HS<S<SPE<SHIPEIRECI

.DE

GNLGDADK
GSK

GDAS. .KP
NRKD. .AK

39 49 59 69
PDOMOK. . v v oe et LGTDNLKVFMTY[GTAG . ASNEMSEKEVELMARY
PAKLKD . .. ..., KNSYSLAQTIIILNGRPG T .AEKMNKADAQKMV[DY
PDRLEFT . . oot ii e e .. SSEEEIFDI|IKN|GRAGTIPMP/HFP SKDNSEDETIKQLIEY
PDKMKP . . . oo vv e nn .. IGTEKLTKT|IFDGTEG .|[GMP GVNVY[TMEDARRLAKY
PAKTRL . v v vt ve e ee e KTLEALDKILFYGTDG.[GMP KSGFMTKDETALMAKY
PDITQA . . v v v iie e .. RGOAYLEALITYGSPA .[GMP TSNALTKDQITLMAKY
DAKLKE . . v v v ve e e e . KDTNIIKAFITNGTGG.[GMP GEYL|SSDDIDLLAR[F
PCRLTE . . v vt vv e et K .DAY[Y[FDVIKEGKPGTIMP KTQL|SDAEITS[LVAF
PSKTKV . . vvveenn.. TGTKKLREFIWFGTGG .[GMP KMGTITAEETDLLVKY
PKKMAE . . . oo v v v ... RGLEY[LKAVI[FGGLPG.[GMP RQGILISEKETELMAR[F
PHWSKTLDDGTKMEGGTLKLGTDRLEKIIAYGTEG.[GMV DDILIT|PEEINLMARY
NEETLKG . v v v voe e ee e e e RSPTALRTIVMTIGSFDTLMP YGRL|SDDDIRGLVKH
PAKTRA . v v v ve e e e e LTTPVLKAFIVNGTGG .[GMP RQGILITDAESDLMAR[Y
PDRTIP. .. ..ovuuun... LGTVGLSTIIIYNGTSR .[GMP KQGFFITKEQIEVLARF
PKSTMK . . v vv e eee .. KGOKRLEKIIALGTEG .[GMN DDLFTKKE I ANMATF
PESLSR. ..o .. LKPAQAREVILHGRPAT AGQLDDAAADALVAY
99 1()9 Zqu 12(? ZL3Q
LV .PADKRPKKQMN. .. .NLNL. . .sSNIFaAMTIYRE. ... .. SGELALIDGD[SKKIVT
LN.DRMAL|LKKYPH. .. .AADVKKVTDICFVITHRP. . . . .. AARVVFEFVDGTINGKVLS
VN.DESTL[PDTPTAWDPGKIEI . . .GDLMVAMHARE. . . . .. TRKYAVLDGKNHELL(G
QV.PADKRP[TKPMH. .. .NRNW. . .ENFFAVIIIRP. . .. .. AGKIIAIIDGDTKEVV|S
HV .PVDKRPTKPPA....GKNW. . .QNYFGVIVHRD. . . . .. KGQIAIIDGDTRKVLYV
LV.KPEDRPTKQMN. .. .DLDL. . .PNLFSVITIRP. . . ... DGKIALIDGK[SKEIIK
IV.PEAQRPKKPEH. .. .NKNW. . .QNFFGVVIRP. . . ... AGKVAILDGDSKEVV|S
IT.AEDKL[PSEPVK. ...PMNL. . .DNLMLVITHRE[. . . ... NQG|IAVINGDTHELLC
LI.PPEERPTKPEH....DRDV...DNMFTVIIIRP. ... .. AGQIAIIDGDTREIV|S
YV .PPEKRPTKPEH....TRNW. . .QNFFGQVIRP. ... .. TGQVAIIDGDKKELVT
IV.PVADRPITRQMN. .. .KVNL. . .SNVFAITIRP. .. ... AGKLALVDGDTHK|/IWK
YVSDESKLPERPAY....AIDD..MDDIICVIANREKYGRGEGSKAVF INSKTHQKVG
IV.PPDKRPTKRPEH. .. .NRDW. . .QNFFAVITIRP. ... .. AGQVAIIDGDTKE|IVN
YV .APDQRPTAPQT. .. .KRNW. . .QONYFVVITIRP. .. ... AGQVAVIDGDTYEVVS
YV .APKDYPTRPMH. ...GLNW. . .KNFFVVIIHRP. . . ... AGTAAIIDGDTKK|TIT
LK.EESELRQEPSH. .. .DLDL. . .RDIMVVITHRN. . .. .. NASVAMIDTVNDEFME
........ J.. ... .....RGT...GDLGVVIVHRR. . ... .TGSLOQIIESISNQSQIA
PH.PLATLPRSREPRF EADP. . .LNLFVVIVHSE. ... .. DHHVTILDGDREEPIA
159 169 179 189 199
... .[GRYLYT LINLIBLWMETP . TTVATIRTGS IDT[SKYK G YDDK
. .. .PRYAY|S LIVITMFLASKGQ . QK|TAQCQVGS LAVISP........ DGK
PEGRFMY|C WLFKVBMY|SFK . . . TVRKVRVGL VAVITR. . . ..... DG[E
. ...GRYLYT KATLVILWMDPI . QTIAEVKTGL I|ESISK[YKGRKGDY|I|DK
. ...GRYMFG KATMMBLWADPP . NLVAEVRTGL IDTSKFK. .. .GFEDT
. ...GRYLF|V RIIDMVILWAKEP . TKVAEIRVGV VETSKYX. .. .GYEDK
. ...GRYFY|S KATMIBLWMAKP . DKVAEVRTCS LDS|SKYNGKKGNY[L[DK
. . .QERWAYN WVIFKIIPLYSLK. . .PVRKIRIGL LAISD. ....... DG
. ...GRYVY|S KIC|T I|IPLWMKKP . DTVAEIRCSL VDVISKFK . .. .GFEDK
. ...GRYFMA KASLIIPLWMNPP . RVVAESKPCV IESISK[FK . GYEDK
. ...GRYVYT LITIT I|ILWPEEP . MTVATVRFGS VIDVISK[FK . GYEDK
. ...PRWAYV E|I|F KVINLYSMQ . . . VVRS|IKTGF LGVISRl. . ...... DGK
. ...GRYMYT RATMIPLWMKVP . DKIAETIKPCS IDTISKYKGKLGDF|T|DK
. ...GRYAYV KLAMIPLWTETP . AKVAEVQVCY VIEVISK[YNGPEGDF|T|DK
AKDVIGRFWY|T KVINK/IPLWQTPDKMLVAETRMAY IAVISG. .. ..... DGEK
OTREGAYVY|T EMYK/IBLFDFE. . . RVAVADAGT IAVISR........ DGD
. ...QRYAYV GLTKVPLLRHR. . . IDRRVIQGG GAISQ........ DG[T
. ...GRLVYF WVITLYBLYNLK . . . VVAEVRAGL LAVISD. ....... DGR
23(? 24(? 25(? 26(? 27(?
SffRGY .[MYDEME[YH . PEPRVASTIVIS[SILT . . . KPEFVVINVKET[GKVLILVDYTDLK
PITS SV INMDG.DI..GSSRVAGIYDTPY. . .GPY|IAFALKDAGHVYIVDYSKPN
PIT YAV .|DPDG.[QMVGSQSRAAATILDITVID.GKDMFVVALKEAGHVWVIDTSKEG
SIPRSY . TYDTQE[YH . IEPRVASIVAISHS . . . DPEWVINVKETGLILLVDYSDIK
GITRGY .ITY[DTNEYH . PEPRVAS[IVASHH. . . APEWVLNLKET/GVVLLVDYSKVA
SITRGM . TAATQE[YH . PEPRVAATIIAISHE . . . HPEFIVNVKETGKVMLVNYEDID
SIPRSY .|S[YDTNE[YI . PEARVAATIISAHK. . . EPEWIINVKEAGYIWAIDYSDIK
SIMHTT . DN[ECGKE|[T . . . DSRVATIMDITAPDLVGPYFLVALKEAGQVWRIDWSKPD
SITLGF . /TYDTEEFH . PEPRVASIVASHF . . . APEWVLC/IIKETGQVWLVDYSAPD
STMSY . |TKGAGEFV . QEARVARAIIVAISIQOF . . . NPEWIVNLEKESGQOITWLVDYSKLN
SIMRGQ . IMVIDCG . [V[YH . PEPRVASIVANPA . . . KPEWVVNVKETGMILLVDYSDLE
ELEGV .[DPDG.[NL. .VSSDSGMVIGTPY. . .ADVLVVALENAGQVWVVDLK.DD
SISRSM .| TYDTME[YH . PEPRVASIVA[ISHF . . . KPEWVINIKETGLIWLVDYSDLK
SIPRGY . MVDTME[YH . PEPRVASIVAISDF . . . KPEWIINVKEIGQIWLVNYANPR
SIPRGY .NITKG . [EF I . NEARVAATY|TS|PL . . . T|S|S|FIVIAVKETGOMLIQVDYTDLE
PITHTYV . NIPDG . [E[S. . LGSRVC|SLYDV|PE. . . EGLIFLAGLKEGGEVWLIDYTQDD
PAT.P.LADGSR|. .. .NARVVGVIDVPG. . .R|. RFIYSLFDTDETWLLDFSQGN
PAA .. .DAQG.|QA....SRVSAVYTAPP. . .RHSFVVALKDVHELWELPYANGK
3()9 3]_9 3129
RYFLVAANMRNT. . ......... VISVVDITKE . . . ......... GRLAANWV
RYLMQASQGSDV . ... ....... MGVVDEKT . . . oo v vv et K|S LVAKWV
RYFFIAAQGDNTKPSLLKLDDGLMAVVDVKE . .. ......... GKLVS|QOM
RYFLVAANMRDK. . . ........ IVAVDTKT . . ..o oo v v n .. KKLAATV
RYFMVAANARDT . . . .. ...... ISVIDTVD. .. ......... RIK L VKN|T
RYFMTAANNSNK. . ......... VAVIDSKE . .. ......... RIKLAAQWV
RYILMAANMRNK. . ......... VIVVVDSET . . . . oot v .. KKQIAQII
RTFYLAAQTDNW. . .. ....... MAAIDVDS . . . . oo o .. MKL I KNI
RYFLVAANARNK. . ......... IAVIDAKE . . . ..o v .. .. KKLVALI
RYFIVAANAVNK . .......... LIVIDTKT . ... ........ RIEFVAEV]
RYFLVAANASNK. . ......... VAAVDTKT . . .. oot e .. GRKLAA[LV]
TKLMVASYDDIS[T........... VITAIDLKE . . . ... ...... RK I IK[KL
RYFMVAANMANK . . . ........ VVVIDVEK . .. ......... GRKLEATI[F
RYFLVAANQSNK. .. ........ VAVVDAQE . . . . ... ... .. GRMVALV
RYFQIAANASNOQ . .......... MVVVDTVE . . . ... ...... RKLEA[T|T
RYFMIASQTDNQ. . ......... MDIIIDTHE . . . ... ...... RRHVAAT
RYYIAGLFGEDG. . . ... ..... MAKIDLWHPERGVERILDGYGRGE QKL
RYLLGSSRQARG. .. ... ..... GEVIELDS............ GARVAS|T)
Q 3!59 3(59 3'79 3!39
GPVIWAMGHLG. . . DETVAMIGT. . .DPAK. . HKANAWKVVIR SLJK . . NH[GNI[G|S
GOLYA[TNSMN|. . . VGDVV|T[W . . . . . D........ SSWDVVIAHVR . . TA[GGG .
GVLYA[TPAIIG. . . TNLVIS[F|Y . . . . . . .X..QKGKTFELYKQVPLPGEN|GGS
GWVYATPHLG|. . . EAAVALVCT. . .KPKG.GNAENLWKVVRKLK . . VAGDGG
GPVWATVHLG|. . . EGLVISMIST...DPK....SPKAWTVVREWK . .LGGN|.|S
GPVWATSHLG|. . . DES|I|SILIIGT. . .DPDK. .HPDQAWKVVETLK . . GOGGGS
GPVTATPHLG|. . . EGLIIAAYGS. . .DPKG. . HPKNAWKVVRKME . . TLIGG/GGC
HS[YAATTHAG|. . . EGKV|T|I[WDT. . .[Dl. . . . ..... TNEIAAAVE . . TS|GAG.
GPVWAS|GHVG|. . .DSVVISVIIGT. . .DPVN. . HPDSAWKVVRKIN. . ALS|S|GN
GPVWATGNIIG|. . . SPEV|[TV[VGV. . .DPEK. . HPQHAWKVIKRIQ . .LP[YTGN
GPVWSIT|GHLG|. . . DDVV|SILIISTPSEDAKFSKYKANNWKVVIQELK . . MPGAGN
RITLGF|GTNFGDCSKTVVISVWDL . . .D[. . . . ..... KMENVVKQV|P . . VAGCT|.
GPVNGTPHLG|. . . EGKIAV[YGT. . .[DPAK. . HKESAWKKVRDLK . . TLIGG/GC
GPVWS|SIGHLG|. . . DPAIIV|SIIGT. . .DPEG. . HPNVAWKAV[RV|T|P . . LPGAGS
GPVGCGT|THLG|. . . MGLV|SV[WGN . . .[DPIG. . HPAEAWKLCYEVE . . TDGAG. |2
.DLAFTTHAG|. . . APSVIGVWNT. . .[E......... TWEAEKMID . . VRG[S|G .
GN|QTFVIPAVG|. . . QHRNVILVIM . . . .. D....... SONWOQIQTIAA|ZID . . VAGQ[P|.
RWVIFATPNZIS...RGV|I[SMI..... DL....... ONWK[PLKEIV . . TDGPG .
Q 42(? 43(? 44LQ
S[EFDLKNLDKP . AQVINIAEL . « v v vt vt e e e e e e e e e e e u AG....ITKG
YLINKQTLETD.RIITVGTKRGTVTDPVTHKVLYSWKVPTVKDKKG. .KVVIP
FIIINKETLEIY .KEIDT.AKD . . v v vttt it e e ee e eee e AGL..DPKTA
TVYDIKNLGAE . PKIL. . KL+ v vt ottt et e e e e ee e AD...... RG
T FNVDKPNDP . PKET « + & v v v e e e e e e e e e e e e e e e e e e e e TFAK
AVFNIDDLGAG . YTVLPIGEW . « v vt vt e et e e e e e e e e SGL..TSGAK
CAFEKEHPNEK.PQCW. . OV e vttt e e et e ee e e e e AD...... HG
TVIIEKTPEFQVV . KVIS . o ittt e e et e e e e e et e e e e e e e e EGK
AVYDKANMAAGIFKVL . o oKV o ot e e e e e e e e e e e e e AD...... YG
CAIDKRKLEVA.KCWE . « o oVt ottt e e e e e e e e e PGA . .QDLKA
YVEDMNDLTKD . PVOLNVAKD . « v v v v e e e e e e e e e e e SGLPESKAIR
QLIIDKKSLEVV . KTLD .+ v v v vt e e e e e e e e et e e e e e e e e e e VGG
CVIFEKANPEKD.PKCW KV e e e e e e e e e e S, .. DKG
CVIIAKENPAEP . HTCW . « v v e v e e et e e et e e e e e e EA....SSYG
QVIFDKDTHEIV.KTIR Ve e TT....EPGK
Y[TIDPETLEVD.QEID cC e SQ....WGAA
OVIIDISETHETITL . ADLE + « « v e et e e e e e e e e e e e e e e e e PGP
LILIDKQTLEIA.HRLR T S, .. PGK
46(? 47(? 48(?
NGESALVVMDDK[TR K LKA V[I|K DK R[LV
. . .GRIGIYEAKTGKFVKY[IK. .GLT
. . .NCVLVYT[PDGIN . LVKK|I|E . . G[T[V
. .QGEIIVFDDKTLTEKARINDQRLV
. .EGEIVILDDKTHQEKARIT. . GLN
EEPSA[IVVVDDKTLKLKKV|I[KDKR|LT
. .AGELVIYDDKTLKEKSR|IKGDWLV
.. .DIVRVYNAETFEKVAEIT. . GIH
GQAGEIVIYDDKTLTEKTR|IK . . NLL
DTPTFIVVYDALTLKEKAR|ITGDWVR
ADQSAIVIYDDKTLKVKQVITDPEWVI
. .GDEVAVFD[ST|SLEKVAANP. . .ME
DGKSEIVVYDDKITLQEKARIDDPRIITETGKF
GETGEIVVYDDATLTEKARIP. . NLVI[T|ITGKF
NPTGEIVVYDAKTLKELHR[IK . . GLT
.ENESILVFDPNTGEMLTOQIE . . DLL
.. .EEIQVWDPYTLKLLKRLP. . .AHS|HISGIF
. .DGALVVYDAHSILEEVKRLP . . . MNKI3SGKY




Fig. S2 Representative NirK alignment. Yellow boxes represent >70% conserved residues
and red boxes represent identical residues. Green boxes mark characteristic conserved motifs
differentiating NirK from other MCOs (HniDfH- (or -HniSfH- in clade 5; [91]) rather than
HtiHFH- in motif I; YHCap- instead of -YHCHvm- in motif II; -trpHvVIG- instead of -
insfHIHG- in motif IV; and -GiY AydH- instead of GkKYmFHAH- in motif V), and blue
boxes mark functionally important residues. From top to bottom, the sequences represent:
clade 1c: Haloferax denitrificans; clade 4: Nitrosoarcheum sp., clade 5: Thioalkalivibrio
thiocyanoxidans; clade 4: Nitrososphaera viennensis; Clade 7: Nitrospira nitrificans; clade
lg: Fusarium oxysporum, cladeless anammox: Scalindua rubra; clade 8: Paenibacillus
amylolyticus; clade 3: Propionibacterium australiense; clade 11: Burkholderia mallei,; clade
la: Nitrosomonas oligotropha; clade 9: Rhodanobacter glycinis. The Fig. was prepared in

ESPscript/ENDscript.
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Fig. S3 Relative abundance of nirS clades in metagenomes from various biomes. Basal
branches indicate the best placement for a read occurred in regions of the phylogeny not
belonging to a specific clade. Unknown indicates best placements was distributed across
multiple clades. Remaining clades follow Fig. 2. Boxplots show median and quartiles, and
whiskers show 95 percentiles, and values outside 95 percentiles are shown as points. Please

note differences in y-axis scale across plots.
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Fig. S4 Relative abundance of nirK clades in metagenomes from various biomes. Basal
branches indicate the best placement for a read occurred in regions of the phylogeny not
belonging to a specific clade. Unknown indicates best placements was distributed across
multiple clades. Remaining clades follow Fig. 1. Boxplots show median and quartiles, and
whiskers show 95 percentiles, and values outside 95 percentiles are shown as points. Please

note differences in y-axis scale across plots.



