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Supplementary Figures and Tables

Supplementary Figures

Supplementary Figure S1A. Maximum-likelihood XmoCAB based phylogeny of a Cu-
monooxygenase. The tree was constructed using Seaviw 4.4.12 (Gouy et al., 2010) employing an
LG model (Le and Gascuel, 2008) (100 iterations). Node values are based on 100 bootstrap
replicates. The scale bar represents 0.2 change per amino acid position. Colours indicate coherent
functional and taxonomic groups.
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Supplementary Figure S1B. Phylogenetic tree of inferred XmoCAB sequences based on a
Neighbor-joining method with Poisson model constructed using Seaview 4.4.12 (Gouy et al.,
2010). Node values are based on 100 bootstrap replicates. The scale bar represents 0.2 change
per amino acid position. Colours indicate coherent functional and taxonomic groups.
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Supplementary Figure S2A. Phylogenetic tree based on inferred XmoA sequences constructed
using Bayesian analysis employing a gamma site heterogeneity model with 4 gamma categories
with a relaxed clock log normal model. Node values are Bayesian posterior probabilities based
on 10,000,000 iterations, minus a burn-in of 20% of total. The scale bar represents 0.08 changes
per amino acid position. Colours indicate coherent functional and taxonomic groups.
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Supplementary Figure S2B. Phylogenetic tree based on inferred XmoA sequences constructed
using Maximum-likelihood. The tree was constructed using Seaview 4.4.12 (Gouy et al., 2010),
employing an LG model (Le and Gascuel, 2008) (100 iterations). Node values are based on 100
bootstrap replicates. The scale bar represents 0.2 changes per amino acid position. Colours
indicate coherent functional and taxonomic groups.

|2

100

100I

'E'

Nocardioid. bacterium Broad-1

Nocardioides sp CF8 iig is DSM 44881

cobact mrh d slaa
cobac umc uense 4

Me rh// ac «m,mm, n fumarjolicum” SoJV operon 3
1°°[l»/' le (l) zum philum kamchatke nsr Kam1 operon3

57

92

e {Iz, r‘/m/) 1lum jnferps vul"v V4 operon3

ethy /lac /m/}/u/mn sp. RT 1 operon3

“Met f iju chatkense S’ eroni
“Met y’ ;% té:{: s UWHI lgneron gperonZ

“Metr'slylla::lé:llp'flllumfm erno;'um V4 operon2 2
ethylac 'm fumarjolicum ron
m h%ac’d%hilt'lm uamc/r lfgnsesﬁamroperon -

ﬂezﬁ{ aclabhilim: 3o, BRI 4 ‘Q‘}fé?&!?m

ay ac:dlmlcmblum cyclogophanles
_Fdelhyl cidimicrobium” sp: L operoni

“Methylacidimicrobium” sp. LP2A operon2
Mel’hylococcus capsulatus Bath operon2
ococcus caps u%§ th operon1
oga?f oryzae
m'szege nse
fohal o ius crimeensis o eron

l“eth Iohao l scnmeens:so e

erole:ll(arenae ITMVA
Met ovu um miya onense
’vl"y os"a”é:rm /acual ‘EG eron2
t Iosarcn wgratam é %p
Methyloglobulus morosus KoM1 operon1
Mer‘:ﬁomonas sB f\fﬁ& eron?I
omonas s eron
Methylomonas sp MK1 operon1
eth lomonas ip 11b f
5, lomonas y mae s@‘ 6701 operon1
ethylomonas me amca
Methylomarinum vadilT
Methyloprofundus sedlmentl operon2
Methyloprofundus sedimenti operon1

Meth acterium marinus A4
ylogacter uteus | Mn B-3( 9§Poperon2

W?ﬁyfé%’i%%’&%"gfc’é’ﬂp%‘ﬂ’"’ i

Met microbium burya
llrosococcus oceani A""CC ? 9707

itrosococcus oceanj C mC107
100 N;(rosococcgs ocean/ 35 t%’% g

Raz

95

100

I—Nltrosococcus'ha"lop"hllus c4
M g ;oslnus SB I:Wgoperon
e, ¥ oslnuis S peron1
eth losznus #:c%s 0 siﬂm §§§ D b é‘ron
ethylosinus trichosporium eron

ethyloc a-;sp 382 operoni
ethylocystis s \? 2ron2

eiu OCysSliS r sea if operon
ethylocys )I‘OSOZ operon
ethylocys »S&Fm,pwe g:eron

peron

Methglocapsa acidiphila B2

Meth 'ocapsa p
ane a aerolata #116
MtM;{o I bulus morosus 3n3
ac'ter,ngzgm\f\ds operon
er lu
ﬁ o(%%onas koyﬁg ?C?l??g;ofoperonz

lomona og
lomonas s peronz

Iomonas 13 opero
A/”e"’;’ P AR
m:cro album ovgerom
a rtundn alu u ‘F 60psron2
’Yy?go usm Sus operon
C stlss ‘?g;ron
Math locystis r: sea T operon3
Nitrosomonas sp. |Is79A3 operon3
Nitrosomonas sp. Is79A3 operon2
Nitrosomonas sp. Is79A3 operoni
Nitrosomonas sp. A operon
Nitrosomonas sp. A operon
Nitrosomonas sp. A operon
Nitrosospira multiformis ATCC 2519
Nitrosospira multiformis ATCC 25196 operoni
Nitrosomonas eutropha C91 operonZ
Nitrosomonas eutropha C91 o&)er?m
Nitrosomonas europaea ATCC 197 %
“Nitrospira inopinata” ENR4

6 operon2

I Haliea sp ETY-NAG

o
Haliea sp ETY_M Cycloclasticus sp. SCGC AC281-P21

100

Brad rh:zob:um S|
Soélmgpa; aquatica DSM 259
url iales bacterlum IFCSPLOWO2




Supplementary Figure S2C. Phylogenetic tree based on inferred XmoA sequences constructed
using a Neighbor-joining method with Poisson model using Seaview 4.4.12 (Gouy et al., 2010).
Node values are based on 100 bootstrap replicates. The scale bar represents 0.2 changes per
amino acid position. Colours indicate coherent functional and taxonomic groups.
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Supplementary Figure S3A. Phylogenetic tree based on inferred XmoB sequences constructed
using Bayesian analysis employing a gamma site heterogeneity model with 4 gamma categories
with a relaxed clock log normal model. Node value are Bayesian posterior probabilities based on
10,000,000 iterations, minus a burn-in of 20% of total. The scale bar represents 0.01 changes per
amino acid position. Colours indicate coherent functional and taxonomic groups

r acterium chul uens
_m| L % rgjg ég S| ug enSIs 4‘4881 |
4@
f}“ ;
5' % i Zs”r;fs %sﬁﬁgi 530
7 aci /umw &
’ e Iac; mICfOEIUﬁ sg (E%lg o%ggﬂ

M th ylobacter marinus A45

oggcgr ule a'ylud %%y operon2
Bifum

g, peron1
=-1100 C10

%géggrg??%af 7" ol

100

!

e 0monas s opero
lethylomonas s operon
8 ;om as sp. LW13 o eron
w| | i é 4
L
100 il Sr n%
-Qﬁrosococcus oc am
100 100 INJIroSOCOCCUs watsoni

rosococcus
‘hylocystis rosea ¥:|: eron
’oc S I.S ros er n
0 operon

0C Sng: ocweﬂ Eern

100

e, —
— =
. R cERgsis deadl NM
smus CE%; gB oBero
ggggg aciip Irhl

ogacteﬁf %%teus ﬁ%{g g}%ﬁ? ogero§1

G s

100

100

95

0.01

100

100 l rosomonas S

A
(ro'in spira /nu/tlformm AT 25196 operon2

100 '_I E e
100 1 3
—
e
1
i

100!

| /oeo uamu/h /pEmTCC 25196 operon1
rhhdi larzeR éi@ Zi;%g%bcﬁsﬂowoz
o as zua ica
C281-P21
?‘ 63 $B: EmAG




Supplementary Figure S3B. Phylogenetic tree based on inferred XmoB sequences constructed
using Maximum-likelihood. The tree was constructed using Seaview 4.4.12 (Gouy et al., 2010),
employing an LG model (Le and Gascuel, 2008) (100 iterations). Node values are based on 100

bootstrap replicates. The scale bar represents 0.2 changes per amino acid position. Colours
indicate coherent functional and taxonomic groups.
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Supplementary Figure S3C: Phylogenetic tree of inferred XmoB sequences constructed using
Neighbor-joining with a Poisson model. The tree was constructed using Seaview 4.4.12 (Gouy et
al., 2010). Node values are based on 100 bootstrap replicates. The scale bar represents 0.2

changes per amino acid position. Colours indicate coherent functional and taxonomic groups.
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Supplementary Figure S4A. Phylogenetic tree of inferred XmoC sequences, constructed using
Bayesian analysis employing a gamma site heterogeneity model with 4 gamma categories with a
relaxed clock log normal model. Node value are Bayesian posterior probabilities based on
10,000,000 iterations, minus a burn-in of 20% of total. The scale bar represents 0.08 changes per
amino acid position. Colours indicate coherent functional and taxonomic groups.

0.08
100, rs—]

l'—'l-_.
e ”
100 —
100 I —
 S—

100 100 |_|_£

100 _|—|:.

I 100 —(—+
S —

= —C:

100 —_—

100 ——
o —

—

100 == — E

— 100 =

94
100
100
100

ac erium uens 4
ggw B e

ocarﬂmgoggagﬁlé%fé?ﬂ%s rg%“w

ethylaci RTK17,1 operon1
ethylaci h/}umn%m rm”™ p ron2
ethylaci; h// /m umaro um o o e{om
ethylacl L) o
SHvacialbhiLm R;mo %

ethylaci h//um umar/]o um %W% eron2
e Flc m ﬁtump % rg
ethylaciaunicro Eg operon
ethylacidimicrobium 38 A operon

Methylobacter marinus A45
Meth y/obacrer tundrrpaludum SV96 operon2
lovufum mi %’akon?nﬁ

lomicro tu glca azz rlum VA

l lcr

lef o elhar na

4
;ogarcma ;'g,rat e

JCM 162701 operon1

ﬁfga 5%"” 2

SSSSNSNNNNEY
DODD DDDDDDDDDD DD D

) o o o e e Sy T
=

localdum szegegdien -12
Iococcus capsu ,a us Ba eron
10COCCH sc:zpsua us.
lohalobius crimeensis
Johalobius crime, éé eron
uouobus oce

rosasaccis
r0SO occus a}Aso /SZNB
Mr COCCUS

ethylocystis rose o eron
e loc s:s ros er n
e o
e R
ethyiosinus {richos onum o eron}
e los:nus TiCH
eth /osrnus S|
Sﬁ 10. SU‘I s eron

hI 1

ﬂn/gﬁr;iza o 88’% 604
e operon
eg I inus s| o eron
ethylosinus Sp.

u/ocapsa alsarum

Sﬁ oca sa aér ?)I;(l};%;
a s
el lo ulys gorosus KMJ operoBB

lo acterium marinus,

lobacter/ teus IMV- % 309 iR peron1
Iomonas oyamae J 1670 operon2
Methylomonas sp. MK1 operon2
Methylomonas sp. 11b operon1

Methylomonas sp. LW13 operon1
Methylomonas sp. FJG1 operon1
Methy/omlcrob/um album

Meth o %gBO eron1 2
Mgthylogys{/s Lrjgs,gg 'é’v%s/ operoggron
— Methyiockst b2.9peron!

O

é yeron é
/1 gFur n
A3 %F’e{rgn
Dperonz
§ operon3
‘ iormis AFEE 23188 5
/lmsp!n /nopm )é Efé
CRCAG B bos

operon
wmn

cl
hor ena RS
monas aqualica

11



Supplementary Figure S4B. Phylogenetic tree of inferred XmoC sequences, constructed using

Maximum-likelihood The tree was constructed using Seaview 4.4.12 (Gouy et al.,
2010).employing LG model (Le and Gascuel, 2008) (100 iterations). Node values are based on
100 bootstrap replicates. The scale bar represents 0.2 changes per amino acid position. Colours

indicate coherent functional and taxonomic groups.
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Supplementary Figure S4C. Phylogenetic tree of inferred XmoC sequences constructed using
Neighbor-joining with a Poisson model in Seaview 4.4.12 (Gouy et al., 2010). Node values are
based on 100 bootstrap replicates. The scale bar represents 0.2 changes per amino acid position.

Colours indicate coherent functional and taxonomic groups.
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Supplementary Figure S5A. Phylogenetic tree based on inferred XmoA sequences. The tree
was constructed using Bayesian analysis employing a gamma site heterogeneity model with 4
gamma categories with a relaxed clock log normal model. Node value are evolutionary rate for
selected lineages (indicated as either light green or blue) based on 10,000,000 iterations, minus a
burn-in of 20% of total. The light green colour indicate pmoA in operon3 for the
Verrucomicrobia genus Methylacidiphilum.
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Supplementary Figure S5B. Phylogenetic tree based on inferred XmoB sequences. The tree
was constructed using Bayesian analysis employing a Gamma site heterogeneity model with 4
gamma categories with a relaxed clock log normal model. Node value are evolutionary rate for
lineage (indicated as either light green or blue) based on 10,000,000 iterations, minus a burn-in
of 20% of total. The light green colour indicate pmoB in operon3 for the Verrucomicrobia genus
Methylacidiphilum.

4
; §}enumc Ui uselgg
] . a ’;’fé tens:s 414881
ocar ceae erum oad

1.18

ihel /m RTK1? per
e e

0

‘s ,u,n %P,
ac gﬁ:/lum ffuira)o %um %Sﬁyé%r é

0.85 0.96

0.92 hilur kamc

/ imicrobium.c c Zlanl S
CI( micropLan, eron

eron

hylaci /mlcro I
“Methylomirabilis ox era
Methylobacter marinu A4g
e,t /o acerue V-B-309
3

VafuR c‘)‘/”% oné‘r%’é’

operon2
op%ronq

E% cHlis gﬁ?ﬂéﬁfﬁ%@%ﬂé
?

§%§§%§%ﬁ? 5 36701 operon

DDD D
=
Q000
33
ISIsLs!
S
DD O
1371
mm nwvw;

|

ﬁ_.__ﬁ

? alo /u eron
ifroSococcus ocea

R e

I‘OSOCOCCUS

ﬁ loc s;:s rosea eron
wgz'sg“%as%ﬁ i
R
g@g éﬁsﬁﬁs Q%B 9perans
§3RS3 ASAIIR R

ogacteﬁfkn ute%ﬁ% éé%‘ﬂ? oger051
1

95 fsmsnsg %‘g et
arln SE

ace

/ rr]u;ﬁrg /uma ro o

rh i

§§\

ﬂ-\ﬂ-ﬂ=em

UUUU
ttcmx:x:)

ope
CAC oeron
operon

Iroso%onass ISTIAYS grgn

trososplra muiltiformis A 251 96 operon2
oso\fflra multl 25196 operon1

e TS
gmﬁa%'g'gfa B aspnone2

C281-P21

M.,_mﬁ

grasono 0
it SE. ﬁ ?§ﬁ on
0m

Ni

ea sB -NAG

15



Supplementary Figure S5C. Phylogenetic tree based on inferred XmoC sequences. The tree
was constructed using Bayesian analysis employing a Gamma site heterogeneity model with 4
gamma categories with a relaxed clock log normal model. Node value are evolutionary rate for
lineage (indicated as either light green or blue) based on 10,000,000 iterations, minus a burn-in
of 20% of total. The light green colour indicate pmoC in operon3 for the Verrucomicrobia genus

Methylacidiphilum.
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Supplementary Tables

Supplementary Table 1. Estimation of potential LGT in genomes having xmoCAB operons. Columns 2-4 shows G+C compositional
bias in the genomes compared to the operons. Column 5 -7 shows KL divergence values between 0 to 1. Higher KL values indicate
higher compositional bias of the operon compared to the host genome, and a high probability of LGT. Values close to 0 indicate low
compositional bias, and a lower chance of LGT. TETRA gives an output of tetra nucleotide frequency or tetranucleotide usage
patterns in a DNA sequences (Teeling et al., 2004), CodonW calculates codon usage frequency in a DNA sequences (Angellotti et al.,
2007), and Alien Hunter gives an output of 2500 base pair windows based on the frequency of every k-mer from 2-8 nucleotides
(Vernikos and Parkhill, 2006). BT indicates the KL calculated by Alien Hunter was below a significance threshold (i.e. not
significantly greater than 0). Column 8 indicates whether the xmoCAB operon was estimated to be located within a genomic island
using IslandViewer (Vernikos and Parkhill, 2006), placement on an island is indicated by “LGT”.

Organism Genome pmoCAB GC (%) Kullback Leibler (KL) divergence Island
GC (%) GC (%) Deviation Viewer
Alien Hunter  CodonW TETRA
Betaproteobacteria-nitrifiers
Nitrosomonas europaea ATCC 19718 50.7 48 -2.7 0.430 0.135 0.072 -
Nitrosomonas eutropha C91 operonl 48.5 47 -1.5 0.281 0.146 0.073 -
Nitrosomonas eutropha C91 operon2 48.5 46.9 -1.6 0.341 0.149 0.074 -
Nitrosomonas sp. AL212 operonl 48.8 47.6 2.8 0.246 0.212 0.071 -
Nitrosomonas sp. AL212 operon2 48.8 47.7 2.9 0.250 0.214 0.071 -
Nitrosomonas sp. AL212 operon3 48.8 47.7 2.9 0.269 0.214 0.071 LGT
Nitrosomonas sp. IST9A3 operonl 45.5 474 2.0 0.279 0.202 0.080 -
Nitrosomonas sp. IsS7T9A3 operon2 45.5 473 1.9 0.181 0.198 0.080 -
Nitrosomonas sp. IS7T9A3 operon3 45.5 474 2.0 0.209 0.201 0.080 LGT
Nitrosospira multiformis ATCC 25196 operonl ~ 53.9 58.8 4.9 0.169 0.211 0.084 -
Nitrosospira multiformis ATCC 25196 operon2 ~ 53.9 58.8 4.9 0.235 0.211 0.085 -
Nitrosospira multiformis ATCC 25196 operon3 ~ 53.9 58.8 4.9 0.285 0.212 0.084 -
Mean 2.0 0.265 0.192 0.077
Gammaproteobacteria-pxm
Methylobacter luteus IMV-B-3098 operonl 51.1 43.5 -7.6 BT 0.087 0.035 -
Methylobacter marinus A45 operon2 52.6 51.9 -0.7 BT 0.084 0.038 -
Methylomonas sp. 11B operonl 514 453 -6.1 BT 0.070 0.032 -
Methylomicrobium album BG8 operonl 56.3 48.3 -8.0 BT 0.050 0.035 -
Mean -5.6 BT 0.073 0.035 -
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Alphaproteobacteria-pxm

Methylocystis rosea SV97 operon3 62.5 56.9 -5.6 0.184 0.077 0.072 -
Verrucomicrobia

“Methyacidiphilum infernorum” V4 operonl 45.5 48.9 34 BT 0.078 0.064 LGT
“Methyacidiphilum infernorum” V4 operon2 45.5 48.1 2.6 BT 0.081 0.043 LGT
“Methyacidiphilum infernorum” V4 operon3 45.5 37.9 -7.6 0.467 0.228 0.130 -
“Methylacidimicrobium cyclopophantes” 3C 60.6 59.8 -0.7 0.206 0.111 0.059 -
“Methylacidimicrobium” sp. LP2A operonl 62.7 60.1 -2.6 0.274 0.073 0.063 -
“Methylacidimicrobium” sp. LP2A operon2 62.7 60.3 2.4 0.274 0.073 0.059 -
Mean -1.2 0.107 0.070

NC10

“Methylomirabilis oxyfera” 58.6 56.3 -2.3 BT 0.067 0.046 -
Beijerinckaceae

Methylocapsa acidiphila B2 61.9 60 -1.9 0.273 0.131 0.064 -
Methylocystaceae

Methylosinus trichosporium OB3b operonl 66 63 -1.7 0.191 0.152 0.085 -
Methylosinus trichosporium OB3b operon2 66 63 -1.7 0.163 0.151 0.084 -
Methylocystis sp. Rockwell operonl 62.8 61.3 -1.5 0.192 0.202 0.076 -
Methylocystis sp. Rockwell operon2 62.8 61.3 -1.5 0.214 0.133 0.075 -
Methylocystis sp. SC2 operonl 63.4 61.3 -2.1 0.269 0.101 0.052 -
Methylocystis sp. SC2 operon2 63.4 61.7 -1.7 0.189 0.226 0.065 -
Methylosinus sp. LW3 operonl 64.7 62.4 -2.3 0.187 0.065 0.050 -
Methylosinus sp. LW3 operon2 64.7 63 -1.7 0.148 0.184 0.109 -
Methylosinus sp. LW3 operon3 64.7 63 -1.7 0.151 0.184 0.109 -
Methylosinus sp. LW4 operonl 64.9 63.1 -1.8 0.199 0.174 0.113 -
Methylosinus sp. LW4 operon2 64.9 62.5 2.4 0.228 0.067 0.052 -
Methylosinus sp. LW4 operon3 64.9 63.1 -1.8 0.218 0.174 0.112 -
Methylocystis rosea SV97 operonl 62.5 61.2 -1.3 BT 0.219 0.067 -
Methylocystis rosea SV97 operon2 62.5 61.2 -1.3 BT 0.219 0.068 -
Mean -1.8 0.161 0.080
Gammaproteobacteria-nitrifiers

Nitrosococcus oceani C-107 50.3 50.4 0.1 0.198 0.088 0.035 -
Nitrosococcus watsoni C-113 50.1 50.5 0.4 0.196 0.094 0.034 -
Nitrosococcus halophilus Nc4 51.6 52.4 0.8 BT 0.072 0.055 -
Nitrosococcus AFC27 51 50.1 -0.9 BT 0.087 0.048 -
Nitrosococcus AFC132 51 49.8 -1.2 BT 0.085 0.042 -
Nitrosococcus C27 51 49.4 -1.6 BT 0.085 0.042 -
Nitrosococcus wardiae D1FHS 50.7 52.0 1.3 BT 0.243 0.135 -
Mean 0.15 0.107 0.055

Gammaproteobacteria
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Methylococcus capsulatus Bath operonl 63.6 60.7 -2.9 0.194 0.190 0.065 - 14
Methylococcus capsulatus Bath operon2 63.6 60.8 -2.8 0.157 0.196 0.065 -
Methylocaldum szegediense O12 57.2 56 -1.2 0.217 0.307 0.072 -
Methylococcus capsulatus ATCC 19069 63.51 58.9 -4.6 BT 0.323 0.051 -
Methylohalobius crimeensis operonl 58.28 58.1 -0.1 0.145 0.215 0.094 -
Methylohalobius crimeensis operon2 58.28 58.1 -0.2 BT 0.215 0.094 -
Methylomonas methanica MC09 51.3 44.9 -6.4 0.364 0.562 0.182 -
Methylomonas sp. 11B operon2 514 453 -6.1 0.292 0.525 0.138 LGT
Methylosarcina fibrata AML-C10 operonl 54.1 46.9 -7.2 0.318 0.486 0.172 -
Methylomicrobium album BG8 operon2 56.3 48.3 -8.0 0.273 0.583 0.203 -
Methylosarcina lacus LW 14 operonl 54.7 46.8 -7.9 0.283 0.244 0.201 -
Methylomicrobium buryatense 5G 48.7 44.4 -4.7 0.462 0.405 0.145 -
Methylomicrobium alcaliphilum 48.7 44.1 -4.6 0.414 0.474 0.162 -
Methylovulum miyakonense HT12 operonl 50.7 42.1 -8.6 0.296 0.287 0.190 -
Methylobacter luteus IMV-B-3098 operon2 51.1 43.5 -1.7 0.324 0.565 0.175 LGT
Methylobacter marinus A45 operonl 52.6 433 -9.3 0.346 0.638 0.198 -
Mean -5.1 0.388 0.137
Thaumarcheota

Cenarchaeum symbiosum A 57.4 523 -5.1 BT 0.135 0.108 -
“Nitrosoarchaeum limnia” SFB1 325 38.4 59 BT 0.154 0.092 -
“Nitrosoarchaeum koreensis” MY 1 32.7 38.6 6.0 0.207 0.173 0.094 -
“Nitrosopumilus” sp. BD31 32.1 335 1.4 BT 0.164 0.040 -
Mean 23 0.157 0.088
Actinobacteria butane oxidiser

Nocardioides sp. CF8 70.03 63.93 -6.1 0.297 0.104 0.093 LGT
Mycobacterium chubuense NBB4 68.29 60.90 -7.3 0.290 0.172 0.104 -
Mycobacterium rhodesiae NBB3 65.49 64.41 -1.0 0.163 0.057 0.045 LGT
Smaragdicoccus niigatensis DSM 44881 64.34 62.93 -1.4 0.214 0.066 0.043 -
Nocardioidaceae bacterium Broad-1 69.55 65.66 -3.9 0.330 0.061 0.056 -
Mean -3.9 0.259 0.092 0.068
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Supplementary Table 2A. Commonly used primers for detection of methanotrophs and their specificity to respective methane

oxidisers and nitrifiers. Numbers represent the total mismatches of the primer sequences to the target DNA. A pound symbol indicates

>5 mismatches.

Organism

pmMoOA primers*

A682r

Mb661

650r

Betaproteobacteria-nitrifiers

Nitrosomonas europaea ATCC 19718

Nitrosomonas eutropha C91
Nitrosomonas sp. AL212
Nitrosomonas sp. Is79A3

Nitrosospira multiformis ATCC 25196

N & W AN

H OHF = O

H OHF = O H

Gammaproteobacteria-nitrifiers
Nitrosococcus oceani C-107
Nitrosococcus watsoni C-113
Nitrosococcus halophilus Nc4
Nitrosococcus AFC27
Nitrosococcus AFC132
Nitrosococcus C27

W Wk PR R

H ¥ 00w H O

T H W w ww

A AN PP WDN

Gammaproteobacteria-pxm
Methylobacter luteus IMV-B-3098
Methylobacter marinus A45
Methylomonas sp. 11B
Methylomicrobium album BG8
Alphaproteobacteria-pxm
Methylocystis rosea SV97
Beijerinckaceae

Methylocapsa acidiphila B2

HF O O

HF O O

HF O O

HF O T

Methylocystaceae
Methylosinus trichosporium OB3b
Methylocystis sp. SC2
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Methylosinus sp. LW3
Methylosinus sp. LW4
Methylocystis rosea SV97

N
[ERN

o

Gammaproteobacteria
Methylococcus capsulatus Bath
Methylocaldum szegediense 012
Methylohalobius crimeensis
Methylococcus capsulatus Texas
Methylomonas methanica MCO9
Methylomonas sp. 11B 2
Methylosarcina fibrata AML-C10
Methylomicrobium album BG8
Methylosarcina lacus LW14
Methylomicrobium buryatense 5G
Methylomicrobium alcaliphilum
Methylovulum miyakonense HT12
Methylobacter luteus IMV-B-3098
Methylobacter marinus A45

P P, PR P OO, PR OO0OOOoOOo
W W W WwWwwhdwwwNNRLN
P R R R R PR RR R R R R R

N NN W W EFERE P NDNPFEPEOPRPRFPRO

Verrucomicrobia

“Methyacidiphilum infernorum” V4

“Methylacidimicrobium
cyclopophantes” 3C
“Methylacidimicrobium” sp. LP2A

“Methylacidiphilum fumarolicum” SolV

(9]
E=

N W
H*H R

H

NC10
“Methylomirabilis oxyfera”

0 # #

* Primer (5'- 3') (reference)

A189f: GGNGACTGGGACTTCTGG
(Holmes et al., 1995)
A682r: GAASGCNGAGAAGAASGC
(Holmes et al., 1995)

#: 5 or more mismatches

Mb661: CCGGMGCAACGTCYTTACC
(Costello and Lidstrom, 1999)
A650r: ACGTCCTTACCGAAGGT
(Bourne et al., 2001)

21



18

22



19
20
21

22

Supplementary Table 2B. Specificity of group-specific primers or primer pairs used to target various xmoA genes (especially pmoA
and amoA) in previous studies. Numbers indicate the maximum number of mismatches to the target DNA of any member of a specific

taxon/group. A pound symbol represents >5 mismatches.

Group specific primers

o« 3
3 3
r: 2

o

518 § 2

< 4 L n

© ('8 [T 2] o

Bk £ |y |3 g | &

~ ~N [} I o © ~

T |4 S |3 |a 3 (5 |28 |3 |8 |g

< © n 1 © - <3 % © Q S © n - 1

2 E |8 |9 g S E | & g S T |8 R < o o | &

S |8 |2 | & |8 |8 |2 |5 |g |s |sS |S |§ |§ |§ |E
Betaproteobacteria-
nitrifiers
Nitrosomonas 0/1 3/# # # # # A/ # # # # # 2/# # # # 1
europaea ATCC 19718
Nitrosomonas eutropha | 1/0 3/# # # # # A/ # # # # # 2/# # # # 1
91
Nitrosomonas sp. 2/2 4/4 # # # # # # # # # # 3/# # # # 0
AL212
Nitrosomonas sp. 1/2 4/3 # # # # # # # # # # 3/# # # # 1
Is79A3
Nitrosospira 0/0 3/4 # # # # # # # # # # Af# # # # 1
multiformis ATCC
25196
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Gammaproteobacteria
-nitrifiers

Nitrosococcus oceani C- 3/#
107

Nitrosococcus watsoni 2/#
C-113

Nitrosococcus 3/#
halophilus Nc4

Nitrosococcus AFC27 3/#
Nitrosococcus AFC132 2/#
Nitrosococcus C27 2/#
Gammaproteobacteria

-pxm

Methylobacter luteus 2/#
IMV-B-3098

Methylobacter marinus 2/#
A45

Methylomonas sp. 11B a4/
Methylomicrobium #
album BG8

Alphaproteobacteria-

pxm

Methylocystis rosea #
Sv97

Beijerinckaceae
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Methylocapsa
acidiphila B2

2/#

Methylocystaceae

Methylosinus
trichosporium OB3b

4/#

Methylocystis sp. SC2

3/#

Methylosinus sp. LW3

Methylosinus sp. LW4

4/#

Methylocystis rosea
Sva97

3/#

Gammaproteobacteria

Methylococcus
capsulatus Bath

Methylocaldum
szegediense 012

Methylohalobius
crimeensis

Methylococcus
capsulatus Texas

Methylomonas
methanica MC09

3/#

Methylomonas sp. 11B

3/#

Methylosarcina fibrata
AML-C10

3/#
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Methylomicrobium 3/ | #
album BGS8

Methylosarcina lacus 3/# #
LW14

Methylomicrobium 2/# | #
buryatense 5G

Methylomicrobium 2/# | #
alcaliphilum

Methylovulum 2/ | #
miyakonense HT12

Methylobacter luteus 2/# | #
IMV-B-3098

Methylobacter marinus 2/# #
A45

Verrucomicrobia

“Methyacidiphilum 0/0 | #
infernorum” V4

“Methylacidimicrobium 2/2 | #
cyclopophantes” 3C

“Methylacidimicrobium 3/2 | #
7 sp. LP2A

“Methylacidiphilum 1/0 | #
fumarolicum” SolvV

NC10

“Methylomirabilis A/ 0/0
oxyfera”
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Primer (5'- 3') (reference)

AmoA-1: GGGGTTTCTACTGGTGGT
(Rotthauwe et al., 1997)

F326: TGGGGYTGGACCTAYTTCC
(Fjellbirkeland et al., 2001)

V170f: GGATWGATTGGAAAGATMG
(Sharp et al., 2012)

AmoA-2IR: CCCCTCIGIAAAGCCTTCTTC
(Avrahami et al., 2003)

r643: CCGGCRCRACGTCCTTACC
(Fjellbirkeland et al., 2001)

V613B: GCAAARCTYCTCATYGTWCC
(Sharp et al., 2012)

ComaA-244F: TAYAAYTGGGTSAAYTA
(Pjevac et al., 2017)

11223F: CGTCGTATGTGGCCGAC
(Kolb et al., 2003)

cmo682: TCGTTCTTYGCCGGRTTT
(Luesken et al., 2011)

ComaA-659R: ARATCATSGTGCTRTG
(Pjevac et al., 2017)

11646R: CGTGCCGCGCTCGACCATGYG
(Kolb et al., 2003)

cmo568: GATGGGGATGGAGTATGTGC
(Luesken et al., 2011)

ComaB-244F: TAYTTCTGGACRTTYTA
(Pjevac et al., 2017)

Mcap630: CTCGACGATGCGGAGATATT
(Kolb et al., 2003)

cmo182: TCACGTTGACGCCGATCC
(Luesken et al., 2011)

ComaB-659R: ARATCCARACDGTGTG
(Pjevac et al., 2017)

Mc468R: GCSGTGAACAGGTAGCTGCC
(Kolb et al., 2003)

Usca-346f: TGGGYGATCCTNGCNC
(Degelmann et al., 2009)

Forest675R: CCYACSACATCCTTACCGAA
(Kolb et al., 2003)

Mb601R: ACRTAGTGGTAACCTTGYAA
(Kolb et al., 2003)

HD616: AYCWKVCKNAYRTAYTCVGG (Wang et al., 2017)
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Supplementary Table 3. xmoC, xmoB and xmoA locus tags of sequences used in this study from NCBI/JGI database. The respective
protein or concatenate xmoCAB was used for phylogenetic analysis of CuUMMOs gene family.

Locus tag
Genome Genome Accession no. | PmoC PmoA PmoB
“Methylacidiphilum” sp. RTK17.1 LN998017 NC58166.1 ANCS58167.1 ANCS58168.1
operonl
“Methylacidiphilum” sp. RTK17.1 ANCS58166.1 ANCS58170.1 ANCS58171.1
operon2
“Methylacidiphilum” sp. RTK17.1 ANCS58172.1 ANCS58118.1 ANCS58119.1
operon3
“Methylacidiphilum infernorum” NC 010794 Minf 1508 Minf 1507 Minf 1506
V4 operonl
“Methylacidiphilum infernorum” Minf 1511 Minf 1510 Minf 1509
V4 operon2
“Methylacidiphilum infernorum” Minf 1591 Minf 1590 Minf 1589
V4 operon3
“Methylacidiphilum fumariolicum”  NZ_LM997411 ABUS88150 ABU88148 ABU88149
SolV operonl
“Methylacidiphilum fumariolicum” ABUS88151 ABUS88152 ABUR88153
SolV operon2
“Methylacidiphilum fumariolicum” ABU88154 ABUS88155 ABU88156
SolV operon3
“Methylacidiphilum kamchatkense”  NZ_JQNX00000000 AFC75740 AFC75741 AFC75742
Kam1 operonl
“Methylacidiphilum kamchatkense” AFC75743 AFC75744 AFC75745
Kam1 operon2
“Methylacidiphilum kamchatkense” AFC75746 ACK55193 AFC75748

Kam1 operon3
“Methylacidimicrobium
cyclopophantes” 3C
“Methylacidimicrobium” sp. LP2A
operonl

“Methylacidimicrobium” sp. LP2A
operon2

Bradyrhizobium sp. ERR11

Solimonas aquatica

Cycloclasticus sp. SCGC AC281-
P21

NZ_KB901882

NZ_JAFS01000000

NZ_FMAI01000000
NZ_FOFS00000000

Gs0032475

A37ADRAFT 0437
G346DRAFT 1245
G346DRAFT 1248

Ga0061098 101192
Ga0070002_104143
Ga0055579 00185

A37ADRAFT 0436
G346DRAFT 1244
G346DRAFT 1247

Ga0061098 101193
Ga0070002_104144
Ga0055579_00184

A37ADRAFT 0435
G346DRAFT 1243
G346DRAFT 1246

Ga0061098 101194
Ga0070002_104145
Ga0055579_00183
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Burkholderiales bacterium
Skermanella aerolata KACC 11604
Methylocapsa aurea
Methylocapsa palsarum NE2
Methylocapsa acidiphila B2
USCa

Methylomonas sp. FIG1 operonl
Methylomonas sp. FIG1 operon2
Methylomonas sp. LW13 operonl
Methylomonas sp. LW13 operon2
Methylomonas sp. MK1 operonl
Methylomonas sp. MK1 operon2
Methylomonas methanica MC09
Methylomonas sp. 11b operonl
Methylomonas sp. 11b operon2

Methylomonas koyamae JCM 16701
operonl

Methylomonas koyamae JCM 16701
operon2

Methyloprofundus sedimenti
operonl

Methyloprofundus sedimenti
operon2

Methylogaea oryzae JCM 16910

Methylobacter tundripaludum SV96
operonl

Methylobacter tundripaludum SV96
operon2

Methylobacter luteus IMV-B-3098
operonl

Methylobacter luteus IMV-B-3098
operon2

Methylobacter marinus A45
operonl

Methylobacter marinus A45
operon2

MERU00000000
NZ_AVFK01000000
KN050804
NZ_FOSN01000000
NZ_ATYA00000000

NZ_CP014476
NZ_JNLB00000000

AQOV01000000

CP002738
NZ_KI911557

NZ_BBCK00000000

NZ_LPUF01000000

NZ_BBDL01000000
JH109152

KE386569

NZ_ARVS01000000

Ga0156155_1046
Ga0069205_1047
WP_084572853.1

Ga0116912 107
MetacDRAFT 3746
CAJ01564.1

JTDDO01000035
JTDDO01000139

U737DRAFT _scaffold00008.8
U737DRAFT _scaffold00008.8
GOO6DRAFT _scaffold00001.1
GOO6DRAFT _scaffold00001.1
AEF98752

Meth11bDRAFT 3088
Meth11bDRAFT 3297
Ga0128345 10381

Ga0128345 10542
WP_080524231.1
OQK15279.1

Ga0128369 1626
EGW22255

EGW23567
WP 027157618
WP_027159169
WP_020158145

WP_027147300

Ga0156155 1046
Ga0069205_ 1047

WP _084572913.1

Ga0116912 107
MetacDRAFT 3747
CAJ01563.1

JTDDO01000035
JTDDO01000139

U737DRAFT _scaffold00022.22
U737DRAFT _scaffold00008.8
GO06DRAFT scaftold00001.1
GOO06DRAFT scaffold00001.1
AEF98753

Meth11bDRAFT 3086
Meth11bDRAFT 3298
Ga0128345 10382

Ga0128345 10544
WP_080524391.1
OQK15452.1

Ga0128369 1475
EGW22253

EGW23568
WP_027157616
WP_027159170
WP_020158144

WP_020159526

Ga0156155_1046
Ga0069205_1047
WP_051953405.1

Ga0116912 107
MetacDRAFT 3748
CAJ01562.1

JTDDO01000035
JTDDO01000139

U737DRAFT scaffold00022.22
U737DRAFT _scaffold00008.8
GOO6DRAFT _scaffold00001.1
GOO6DRAFT _scaffold00001.1
AEF98754

Meth11bDRAFT 3087
Meth11bDRAFT 3299
Ga0128345 10383

Ga0128345 10543
WP_080524230.1
OQK15278.1

Ga0128369 1475
EGW22254

EGW23569

WP 027157617
WP_ 027159171
WP_020158143

WP_020159527
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Methylobacter sp. BBAS.1 operonl
Methylobacter sp. BBAS.1 operon2

Methylococcus capsulatus Bath
operonl

Methylococcus capsulatus Bath
operon2

Methylocaldum szegediense O-12

Methylohalobius crimeensis 10Ki
operonl

Methylohalobius crimeensis 10Ki
operon2

Methyloglobulus morosus KoM1
operonl

Methyloglobulus morosus KoM1
operon2

Methyloglobulus morosus KoM1
operon3

Methylomarinum vadi 1T-4

Methylomicrobium agile ATCC
35068 operonl
Methylomicrobium agile ATCC
35068 operon2
Methylomicrobium album BG8
operon 1

Methylomicrobium album BG8
operon 2

Methylomicrobium alcaliphilum

Methylomicrobium buryatense 5G
Methylocystis rosea SV97 operonl
Methylocystis rosea SV97 operon2
Methylocystis rosea SV97 operon3
Methylocystis sp. SB2 operon 1
Methylocystis sp. SB2 operon 2

Methylocystis sp. Rockwell ATCC
49242 operonl

Methylocystis sp. Rockwell ATCC
49242 operon2

Methylocystis sp. SC2 operonl

Methylocystis sp. SC2 operon2

NZ_JQKS01000000

NC_002977

NZ_ATXX01000000
NZ_ATXB01000000

NZ_AYLO00000000

NZ_JPON01000000
JPOJ01000000

CMO001475

NC 016108

ARCT01000000

NZ_AYNA01000000

NZ KE124774

NC_018485

WP_020158145
WP_036253497
AAB49820

AAB51064

WP_026609016
WP_022947314

WP_022949196

MKO MKOI ¢77.74
MKO MKOI ¢123.115
MKO MKOI ¢167.152

EP25DRAFT 1965
CC94DRAFT 0956

CC94DRAFT 2803

EIC29217
EIC31240

CCE22212
WP_017840377
WP_026222791
WP_026222791
WP_018409559.1
WP_014889687
WP_014890337
WP_084678888

WP_084678888

CCJ05653
CCJ08277

WP_020158144
WP_020159526
AAB49821

AAB51065

WP_026609851
WP_022947315

WP_022947315

MKO MKOI ¢77.74
MKO MKOI ¢123.115
MKO MKOI ¢167.152

EP25DRAFT 1964
CC94DRAFT 0955

CC94DRAFT 2805

EIC29218
EIC31239

CCE22213
WP_017840378
WP_014892304
WP_014892304
WP_026223175.1
WP_014889688
WP_014892304
WP_036281738

WP_036281738

CCJ05654
CCJ08278

WP_020158143
WP_036253495
AAB49822

AAB51066

WP_026609852
WP_022947316

WP_022947316
MKO MKOI ¢77.74

MKO MKOI ¢123.115
MKO MKOI ¢167.152

EP25DRAFT 1963
CC94DRAFT 0954

CC94DRAFT 2804
EIC29219
EIC31238

CCE22214

WP_017840379
WP_018408664
WP_018408664
WP_018409560
WP_014889689
WP_014892305
WP_036287217

WP_036287217

CCJ05655
CCJ08279
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Methylocystis sp. SC2 operon3

Methylosinus trichosporium OB3b
operonl

Methylosinus trichosporium OB3b
operon2

Methylosinus sp. LW4 operonl

Methylosinus sp. LW4 operon2
Methylosinus sp. LW4 operon3
Methylovulum miyakonense HT12
Methylosinus sp. LW3 operonl
Methylosinus sp. LW3 operon2
Methylosinus sp. LW3 operon3
Nitrosococcus oceani ATCC 19707
Nitrosococcus oceani C-27
Nitrosococcus oceani AFC132
Nitrosococcus halophilus Nc4
Nitrosococcus watsoni C-113
Mycobacterium chubuense NBB4
Mycobacterium rhodesiae NBB3

Smaragdicoccus niigatensis DSM
44881
Nocardioides sp. CF8

Nocardioidaceae bacterium Broad-1
“Nitrosoarchaeum limnia” SFB1
“Nitrosopumilus salaria” BD31
“Nitrosopumilus koreensis” MY 1
Cenarchaeum symbiosum A

Nitrosomonas europaea ATCC
19718

Nitrosomonas eutropha C91
operonl

Nitrosomonas eutropha C91
operon2

NZ_ADVE02000000

KB900626

NZ_KB913025
NZ_AZU001000000

NC_007484
NZ_JPGN01000000
NZ_JPFN01000000
NC_013960

NC 014315
NC_018027
NC_016604
NZ_AQXZ01000000

NZ_CMO001852
GL873260
AEGP01000000
NZ_AEXL02000000
NZ_AFPU01000000
DP000238
NC_004757

NC_008344

CCJ08984
ATQ66668

ATQ68210

WP_018265151
WP_018265988
WP_018265151
BAJ17640
WP_024879510
WP_024880171
WP_024880171
WP_011330983
WP_036526307
WP_036502511
ADE13855
WP_013219692
AFM20520
WP_014211367.1

F600DRAFT 00579

EON22009
EGD43188
EGG41086
E1J67027
AFS81497
ABK77035

WP 011111554

WP_011635098

WP_011635098

CCJ08985
ATQ66669

ATQ68209

WP 018265152
WP 018265987
WP 018265152
BAJ17641

WP 024879511
WP 018265152
WP 018265152
WP 011330982
WP 011330982
WP 011330982
ADE13856

WP 013219693
AFM20519

WP 014211362.1

F600DRAFT 00580

EON22010
EGDA43187
EGG41084
E1J67028
AFS81495.1
ABK77038

WP 041357108

WP_041353839

WP_041353839

CCJ08986
ATQ70154

ATQ70325

WP_043332230
WP_018265986
WP_043332230
BAJ17642
WP_024879512
WP_051465414
WP_051465414
WP_002811287
WP_002811287
WP_036502509
ADE13857
WP_013219694
AFM20518
WP_014211290.1

F600DRAFT 00581

EON22011
EGD43186
EGG41085
ElJ67026
AFS81498.1
ABK77030

WP 011111552

WP_011635096

WP_011635096
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29

30

Nitrosomonas sp. AL212
operonl

Nitrosomonas sp. AL212
operon2

Nitrosomonas sp. AL212
operon3

Nitrosomonas sp. Is79A3
operonl

Nitrosomonas sp. Is79A3
operon2

Nitrosomonas sp. Is79A3
operon3

Nitrosospira multiformis ATCC
25196 operonl

Nitrosospira multiformis ATCC
25196 operon2

“Nitrospira inopinata” ENR4

Haliea sp. ETY-M
Haliea sp. ETY-NAG
“Methylomirabilis oxyfera”

NC_015222

NC 015731

NC_007614

NZ_LN885086

FP565575

WP_013646791
WP_013646791
WP_013646791
WP_013964653
WP_013964653
WP_013964653
WP_011379539
WP_011379539

WP_062484140
BAM38052
BAM38058
CBE69521

WP_013646792
WP_013646792
WP_013646792
WP_013964654
WP_013964654
WP_013964654
WP_011380154
WP_011380154

WP_062484767
BAM38053
BAM38059
CBE69519

WP_013646793
WP_013646793
WP_013646793
WP_013964655
WP_013964655
WP_013964655
WP_011380155
WP_011380155

WP_062484768
BAM38054
BAM38060
CBE69517
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