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Fig. S1  Amino acid sequence alignment of 289 QNOR. The colored amino acid positions represent 95% 

conserved amino acids across all 289 QNOR sequences. Primers for qnor + cnor and qnor are shown in black and 

green. Corresponding qnor clades and transmembrane domain assignments are shown on the left and top, 

respectively. 
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Fig. S2  Amino acid sequence alignment of 259 CNORC and CNORB. The colored amino acid positions 

represent 95% conserved amino acids across all 259 CNORC and CNORB sequences. Primers for qnor + cnor and 

cnor are shown in black and blue. Corresponding cnor clades and transmembrane domain assignments are shown 

on the left and top, respectively. 
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Fig. S3  Phylogenetic tree of 289 qnor using the maximum likelihood method. 
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Cupriavidus necator N-1 chromosome 2 (CP002878.1)
Ralstonia pickettii DTP0602 chromosome 2 (CP006668.1)
Methyloversatilis sp. RAC08 (CP016448.1)
Thauera sp. S2 (QFPR01000010.1)
Methylocaldum marinum S8 (AP017928.1)

Acidovorax sp. KKS102 (CP003872.1)
Comamonas sp. CD01
Melaminivora sp. SC2-9 (CP027667.1)

Melaminivora sp. SC2-7 (CP027792.1)
Alicycliphilus denitrificans K601 (CP002657.1)
Alicycliphilus denitrificans BC (CP002449.1)
Alicycliphilus sp. CD02
Acidovorax sp. JS42 (CP000539.1)
Diaphorobacter polyhydroxybutyrativorans SL-205 (CP016278.1)
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Marinobacter hydrocarbonoclasticus ATCC 49840 (FO203363.1)
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Kangiella koreensis DSM 16069 (CP001707.1)
Idiomarina sp. OT37-5b (CP027188.1)
Idiomarina sp. X4 (CP025000.1)
Idiomarina loihiensis GSL 199 (CP005964.1)
Idiomarina loihiensis L2TR (AE017340.1)

Pseudomonas mandelii JR-1 (CP005960.1)
Pseudomonas fluorescens FW300-N2E2 (CP015225.1)

Pseudomonas reinekei BS3776 (LT629709.1)
Castellaniella sp. CD04
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Pusillimonas sp. T7-7 (CP002663.1) copy 1/2 (627444-629723)
Campylobacter concisus P2CDO4 (CP021642.1)
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Eikenella corrodens NCTC10596 (LT906482.1)

Neisseria zoodegmatis NCTC12230 (LT906434.1)
Actinobacillus succinogenes 130Z (CP000746.1)

Mannheimia succiniciproducens MBEL55E (AE016827.1)
Gallibacterium anatis UMN179 (CP002667.1)

Kingella kingae KWG1 (LN869922.1)
Neisseria weaveri NCTC13585 (LT571436.1)
Neisseria elongata subsp. glycolytica ATCC 29315 (CP007726.1)
Neisseria mucosa ATCC 19696 (CP028150.1)
Neisseria sicca FDAARGOS 260 (CP020452.2)
Neisseria meningitidis MC58 (AE002098.2)
Neisseria lactamica 020-06 (FN995097.1)
Neisseria gonorrhoeae FA 1090 (AE004969.1)
Neisseria meningitidis Z2491 (AL157959.1)
Neisseria meningitidis FDAARGOS 209 (CP020420.2)

Pusillimonas sp. T7-7 (CP002663.1) copy 2/2 (2332044-2334323)
Herminiimonas arsenicoxydans ULPAs1 (CU207211.1) copy 1/2 (44411-46684)

Sphingobium baderi DE-13 (CP013264.1)
Sphingomonas sp. DC-6 (CP021181.1)
Sphingomonas wittichii RW1 (CP000699.1) copy 1/2 (5075032-5077302)
Sphingopyxis terrae 203-1 (CP013342.1)
Sphingopyxis sp. MG (CP026381.1)
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Pseudoxanthomonas suwonensis J1 (CP011144.1)
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Shewanella sp. W3-18-1 (CP000503.1)
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Shewanella halifaxensis HAW-EB4 (CP000931.1)
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Shewanella woodyi ATCC 51908 (CP000961.1)
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Shewanella loihica PV-4 (CP000606.1)
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Defluviicoccus sp. isolate SSA4 (CP058705.1)

Defluviicoccus vanus Ben 114 (CP053923.1) copy 2/2 (1012978-1015266)
Rhodoferax ferrireducens T118 (CP000267.1)

Undibacterium parvum DSM 23061 (CP034464.1)
Herminiimonas arsenicoxydans ULPAs1 (CU207211.1) copy 2/2 (1668785-1671061) 

Polaromonas naphthalenivorans CJ2 (CP000529.1)
Candidatus Accumulibacter phosphatis UW-1 clade IIA (CP001715.1)

Massilia sp. NR 4-1 (CP012201.1)
Variovorax paradoxus B4 chromosome 2 (CP003912.1)
Variovorax sp. HW608 chromosome I (LT607803.1)

Ramlibacter tataouinensis 5-10 (CP010951.1)
Ralstonia solanacearum GMI1000 megaplasmid (AL646053.1)
Chromobacterium violaceum ATCC 12472 (AE016825.1)
Vogesella sp. LIG4 chromosome: I (LT607802.1)

Burkholderia thailandensis FDAARGOS 237 chromosome 1 (CP020390.1)
Burkholderia thailandensis E264 chromosome 1 (CP008785.1)
Burkholderia pseudomallei K42 chromosome 1 (CP009162.1)
Burkholderia pseudomallei 1026b chromosome 1 (CP004379.1)
Burkholderia mallei FMH chromosome 1 (CP009929.1)
Burkholderia mallei NCTC 10247 chromosome 1 (CP007802.1)
Burkholderia mallei JHU chromosome 1 (CP009931.1)
Chitinophaga pinensis DSM 2588 (CP001699.1)
Bdellovibrio bacteriovorus SSB218315 (CP020946.1)

Bacillus azotoformans LMG 9581 (GCA_000307855.1) copy 1/2 (36502-38763)
Flavobacterium johnsoniae UW101 (CP000685.1)

Flavobacteriaceae bacterium UJ101 (CP016269.1)
Anaeromyxobacter dehalogenans 2CP-1 (CP001359.1) copy 1/2 (4291148-4293439)
Anaeromyxobacter sp. K (CP001131.1) copy 1/2 (4250347-4252638)
Anaeromyxobacter dehalogenans 2CP-C (CP000251.1) copy 1/3 (4262710-4265001)

Archangium gephyra DSM 2261 (CP011509.1)
Fuerstia marisgermanicae NH11 (CP017641.1)
Rhodopirellula europaea 6C (ANMO01000157.1)

Isosphaeraceae bacterium GM2012 (RYZH01000001.1)
Gemmata sp. SH-PL17 (CP011271.1)

Corynebacterium diphtheriae NCTC 13129 (BX248360.1)
Arsenicicoccus sp. oral taxon 190 (CP012070.1)
Candidatus Koribacter versatilis Ellin345 (CP000360.1)

Acidobacterium ailaaui PMMR2 (JIAL01000001.1)
Acidipila sp. 4G-K13 (QVQT01000007.1)

Anaeromyxobacter sp. K (CP001131.1) copy 2/2 (2750601-2752889)
Anaeromyxobacter dehalogenans 2CP-1 (CP001359.1) copy 2/2 (2825767-2828055)
Anaeromyxobacter dehalogenans 2CP-C (CP000251.1) copy 2/3 (1611768-1614056) 

Geitlerinema sp. PCC 7407 (CP003591.1)
Halomicronema hongdechloris C2206 (CP021983.2)

Acaryochloris marina MBIC11017 (CP000828.1) copy 1/2 (461361-463655)
Acaryochloris marina MBIC11017 plasmid pREB1 (CP000838.1) copy 2/2 (122075-124387)

Synechocystis sp. PCC 6803 (CP003265.1)
Cyanobacterium stanieri PCC 7202 (CP003940.1)

Oscillatoria acuminata PCC 6304 (CP003607.1)
Calothrix sp. NIES-4105 (AP018290.1)
Pleurocapsa sp. PCC 7327 (CP003590.1)

Gloeocapsa sp. PCC 7428 (CP003646.1)
Chroococcidiopsis thermalis PCC 7203 (CP003597.1)

Nostocales cyanobacterium HT-58-2 (CP019636.1)
Chloroflexi bacterium HGW (PHBV01000031.1)

Legionella erythra SE-32A-C8 (LNYA01000034.1)
Rugosibacter aromaticivorans Ca6 (CP010554.1)
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Desulfovibrio sp. FW1012B (CM001368.1)

Geobacter pickeringii G13 (CP009788.1)
Geobacter metallireducens GS-15 (CP000148.1)
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Thiocystis violascens DSM 198 (CP003154.1)
Allochromatium vinosum DSM 180 (CP001896.1)

Castellaniella sp. CD04
Nitrosococcus watsonii C-113 (CP002086.1)

Rhodanobacter thiooxydans LCS2 (AJXW01000020.1) copy 2/2 (76720-79017) 
Rhodanobacter denitrificans 2APBS1 (CP003470.1) copy 2/2 (2460284-2462581) 

Methylomonas koyamae LM6 (CP023669.1)
Methylosinus trichosporium OB3b plasmid pOB3b2 (CP023739.1)

Streptomyces sp. WAC 01438 (CP029601.1)
Streptomyces xinghaiensis S187 (CP023202.1)

Anaeromyxobacter dehalogenans 2CP-C (CP000251.1) copy 3/3 (3620128-3622437)
Actinoplanes teichomyceticus ATCC 31121 (CP023865.1)

Mycobacterium avium subsp. hominissuis H87 (CP018363.1)
Mycobacterium avium RCAD0278 (CP016396.1) copy 1/2 (905760-907921)
Mycobacterium avium RCAD0278 (CP016396.1) copy 2/2 (4005880-4008044)

Propionibacterium acnes KPA171202 (CP012351.1)
Kocuria flava HO-9041 (CP013254.1)
Micromonospora tulbaghiae CNY-010 (CP024087.1)
Tessaracoccus flavus RP1 (CP019605.1)
Brachybacterium faecium DSM 4810 (CP001643.1)

Mycobacterium thermoresistibile NCTC10409 chromosome: 1 (LT906483.1)
Mycobacterium rhodesiae NBB3 (CP003169.1)
Microlunatus phosphovorus NM-1 (AP012204.1)
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Candidatus Methylomirabilis oxyfera DAMO_2434 (FP565575.1) copy 2/3 (2091655-2094081)
Candidatus Methylomirabilis oxyfera DAMO_2437 (FP565575.1) copy 3/3 (2094942-2097374)

Globobulimina sp. GF15 GloG15 CONTIG49717 (PIVH01002729.1:890-3289)
Globobulimina GloT15 NODE 10819 transcribed RNA sequence (GGCD01010812.1:151-2556)

Planctomycetes bacterium PLA5 (QEVJ01000029.1)
Burkholderiales bacterium 70-64 (MKUQ01000020.1)

Microbulbifer donghaiensis CGMCC 1.7063 (FQVA01000001.1) copy 2/2 (373995-376253)
Chlorobi bacterium OLB7 (LMYZ01000081.1)
Flavihumibacter solisilvae 3-3 (JSVC01000012.1)

Cadidatus Scalindua profounda (JGI Gene ID: Ga0074239_10028619) (scal02135)
Candidatus Scalindua rubra (GCA_002632345.1 )

Muricauda ruestringensis DSM 13258 (CP002999.1)
Algoriphagus aquaeductus T4 (QKTX01000014.1)

Aquiflexum balticum DSM 16537 (LT838813.1)
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Haloarcula hispanica N601 chromosome 1 (CP006884.1)
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Haloarcula sp. CBA1115 (CP010529.1)
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Halomicrobium mukohataei DSM 12286 (CP001688.1)
Haloferax mediterranei ATCC 33500 (CP039139.1)

Halorubrum trapanicum CBA1232 (AP017569.1)
Halorubrum lacusprofundi ATCC 49239 chromosome 1 (CP001365.1)
Halobacterium hubeiense JI20-1 chromosome: I (LN831302.1)

Halogeometricum borinquense DSM 11551 plasmid pHBOR02 (CP001692.1)
Halorientalis sp. IM1011 (CP019067.1)
Salinigranum rubrum GX10 (CP026309.1)

Natrinema pellirubrum DSM 15624 (CP003372.1)
Halopiger xanaduensis SH-6 (CP002839.1) copy 1/2 (825477-827813)
Halobiforma lacisalsi AJ5 (CP019285.1)
Haloterrigena turkmenica DSM 5511 (CP001860.1) copy 1/2 (198890-201220)
Natrinema sp. J7-2 (CP003412.1)

Natronococcus occultus SP4 plasmid 2 (CP003931.1)
Halopiger xanaduensis SH-6 (CP002839.1) copy 2/2 (3370462-3373806)
Haloterrigena turkmenica DSM 5511 (CP001860.1) copy 2/2 (887680-890913)

Burkholderia mallei NCTC 10247 chromosome II (CP000547.1)
Burkholderia mallei JHU chromosome 2 (CP009932.1)
Burkholderia mallei FMH chromosome 2 (CP009930.1)
Burkholderia pseudomallei 1026b chromosome 2 (CP004380.1)
Burkholderia pseudomallei K42 chromosome 2 (CP009163.1)
Burkholderia thailandensis FDAARGOS 237 chromosome 2 (CP020389.1)
Burkholderia thailandensis E264 chromosome 2 (CP008786.1)

Legionella pneumophila subsp. pneumophila str. Philadelphia 1 (CP013742.1)
Methylocystis heyeri H2 (CP046052.1)
Methylocystis parvus BRCS2 (CP044331.1)

Pyrobaculum oguniense TE7 (CP003316.1)
Pyrobaculum arsenaticum DSM 13514 (CP000660.1)

Pyrobaculum calidifontis JCM 11548 (CP000561.1)
Pyrobaculum aerophilum IM2 (AE009441.1)

Pyrobaculum ferrireducens 1860 (CP003098.1)
Sulfolobus islandicus HVE10/4 (CP002426.1)
Sulfolobus islandicus REY15A (CP002425.1)
Sulfolobus solfataricus SULB (CP011055.1)
Sulfolobus solfataricus 98/2 (CP001800.1)
Sulfolobus solfataricus SULC (CP011056.1)
Sulfolobus solfataricus SULA (CP011057.1)
Sulfolobus solfataricus P1 (LT549890.1)
Sulfolobus solfataricus P2 (AE006641.1)

Paludifilum halophilum DSM 102817 (NOWF01000010.1)
Clostridium ultunense Esp (CARA01000079.1)
Geobacillus thermodenitrificans T12 (CP020030.1)
Geobacillus thermodenitrificans KCTC3902 (CP017694.1)
Geobacillus thermodenitrificans NG80-2 (CP000557.1)
Geobacillus kaustophilus HTA426 (BA000043.1)
Geobacillus stearothermophilus 10 (CP008934.1)

Bacillus azotoformans LMG 9581 (GCA_000307855.1) copy 2/2 (10378-12741)
Staphylococcus aureus CFSAN007896 (CP020467.1)
Staphylococcus aureus subsp. aureus MRSA252 (BX571856.1)

Arcobacter butzleri RM4018 (CP000361.1)
Arcobacter butzleri 7h1h (CP006615.1)
Arcobacter butzleri ED-1 (AP012047.1)

Hydrogenobaculum sp. Y04AAS1 (CP001130.1)
Persephonella marina EX-H1(CP001230.1)
Sulfurihydrogenibium sp. YO3AOP1 (CP001080.1)
Sulfurihydrogenibium azorense Az-Fu1 (CP001229.1)
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Fig. S4  Phylogenetic tree of 259 cnorB using the maximum likelihood method. 

Alcaligenes faecalis S-6 (AB031072.1)
Ochrobactrum anthropi YD50.2 (AB490236.1)
Ochrobactrum anthropi OAB chromosome 2 (CP008819.1)
Ochrobactrum anthropi ATCC 49188 chromosome 2 (CP000759.1)
Ochrobactrum sp. A44 chromosome 2 (CP022603.1)

Brucella microti CCM 4915 chromosome 2 (CP001579.1)
Brucella ceti TE10759-12 chromosome 2 (CP006897.1)
Brucella melitensis CIIMS-BH-2 (CP025681.1)

Brucella melitensis B9 chromosome 2 (CP035798.1)
Agrobacterium tumefaciens C58 linear chromosome (AE007870.2)
Agrobacterium tumefaciens CFBP6623 chromosome linear (CP039904.1)
Agrobacterium rhizogenes K599 chromosome 2 (CP019702.2)
Agrobacterium sp. 33MFTa1.1 plasmid p JBx 073812 (CP036360.1)
Rhizobium sp. S41 chromosome 2 (CP016433.1)

Shinella sp. HZN7 (CP015736.1)
Rhizobium sp. ACO-34A (CP021371.1)

Rhizobium gallicum bv. gallicum R602 plasmid pRgalR602c (CP006880.1)
Ensifer adhaerens Casida A plasmid pCasidaAA (CP015881.1)
Ensifer adhaerens OV14 plasmid pOV14b (CP007239.1)

Sinorhizobium fredii NGR234 (CP001389.1)
Sinorhizobium sp. CCBAU 05631 plasmid pSS05631a (CP023065.1)
Ensifer glycinis CCBAU 23380 (LPUX01000067.1)
Sinorhizobium medicae WSM419 plasmid pSMED02 (CP000740.1)

Sinorhizobium meliloti HM006 plasmid psymA (CP021830.1)
Sinorhizobium meliloti CCMM B554 (FSM-MA) plasmid pSymA (CP019585.1)
Sinorhizobium meliloti 1021 plasmid pSymA (AE006469.1)
Sinorhizobium meliloti 2011 plasmid pSymA (CP004138.1)
Sinorhizobium meliloti USDA1520 (RPKR01000008.1)

Chelatococcus sp. CO-6 plasmid pCO-6 (CP012399.1)
Rhodopseudomonas palustris YSC3 (CP019967.1)
Rhodopseudomonas palustris PS3 (CP019966.1)

Rhodopseudomonas palustris TIE-1 (CP001096.1)
Rhodopseudomonas palustris BisA53 (CP000463.1)

Bradyrhizobium oligotrophicum S58 (AP012603.1)
Bradyrhizobium lablabi CCBAU 23086 (LLYB01000034.1)

Bradyrhizobium diazoefficiens USDA 110 (CP011360.1)
Bradyrhizobium japonicum SEMIA 5079 (CP007569.1)
Bradyrhizobium japonicum E109 (CP010313.1)
Bradyrhizobium japonicum USDA 6 (AP012206.1)

Aminobacter sp. MSH1 (CP028968.1)
Bosea sp. AS-1 (CP022372.1)
Bosea sp. Root670 (GCA_001429415.1)

Magnetospirillum magneticum AMB-1 (AP007255.1)
Magnetospirillum gryphiswaldense MSR-1 (CP027526.1)

Thalassospira xiamenensis M-5 DSM 17429 (CP004388.1)
Kiloniella spongiae MEBiC09566 (LAQL01000003.1)
Kiloniella majae SBRF1.10 (GCA_002118285.1)

Nitrosomonas europaea ATCC 19718 (AL954747.1)
Nitrosomonas eutropha C91 (CP000450.1)

Nitrosomonas communis Nm2 (CP011451.1)
Nitrosomonas sp. AL212 (CP002552.1)

Nitrosococcus halophilus Nc4 (CP001798.1)
Nitrosococcus oceani ATCC 19707 (CP000127.1)
Nitrosococcus watsonii C-113 (CP002086.1)

Azospirillum brasilense Az39 plasmid AbAZ39 p3 (CP007796.1)
Azospirillum sp. B2 (PDKW01000042.1)

Azospirillum sp. TSO35-2 (LGRA01000022.1) copy 1/2 (416481-417830)
Azospirillum brasilense Sp245 plasmid p85 (EU194339.1)
Azospirillum sp. TSO35-2 (LGRA01000008.1) copy 2/2 (1132039-1133388)

Methylocella silvestris BL2 (CP001280.1)
Hyphomicrobium zavarzinii ATCC 27496 (GCA_000383415.1)
Hyphomicrobium nitrativorans NL23 (CP006912.1)

Paracoccus yeei TT13 (CP024422.1)
Paracoccus mutanolyticus RSP-02 (CP030239.1)
Paracoccus yeei FDAARGOS 252 (CP020442.2)
Paracoccus aminovorans JCM7685 (LN832560.1)

Paracoccus sp. SY (KP881607.1)
Paracoccus denitrificans IFO12442 (AB014090.1)

Paracoccus denitrificans PD1222 (CP000489.1)
Polymorphum gilvum SL003B-26A1 (CP002568.1)
Labrenzia aggregata RMAR6-6 plasmid unnamed1 (CP019631.1)

Thalassococcus sp. SH-1 (CP027665.1)
Dinoroseobacter shibae DFL 12 (CP000830.1)
Ruegeria pomeroyi DSS-3 megaplasmid (CP000032.1)
Roseobacter denitrificans OCh 114 (CP000362.1)
Roseobacter litoralis Och 149 (CP002623.1)

Salipiger profundus JLT2016 (CP014796.1)
Sagittula sp. P11 plasmid unnamed1 (CP021914.1)

Sulfitobacter pseudonitzschiae SMR1 plasmid pSMR1-1 (CP022416.1)
Ruegeria mobilis F1926 plasmid unnamed1 (CP015231.1)

Celeribacter indicus P73 (CP004393.1)
Thioclava nitratireducens 25B10 4 (CP019437.1)
Rhodobacter sphaeroides 2.4.1 chromosome 1 (CP000143.2)
Rhodobacter sphaeroides ATCC 17029 chromosome 1 (CP000577.1)

Defluviimonas alba cai42 (CP012661.1)
Sedimentitalea sp. W43 (CP033219.1)
Phaeobacter porticola P97 plasmid pP97 b (CP016366.1)
Roseovarius sp. 217 (GCA_000152845.1)
Cohaesibacter sp. ES.047 (LT907844.1)
Sulfitobacter sp. SK011 (CP025803.1)

Antarctobacter heliothermus SMS3 (CP022540.1)
Phaeobacter sp. LSS9 plasmid unnamed1 (CP031957.1)
Phaeobacter gallaeciensis DSM 26640 plasmid pGal A255 (CP006967.1)
Phaeobacter inhibens 2.10 plasmid pPGA2 239 (CP002973.1)
Phaeobacter inhibens P88 plasmid pP88 a (CP010726.1)

Phaeobacter inhibens DSM 17395 plasmid pPGA1 262 (CP002977.1)
Thioalkalivibrio nitratireducens DSM 14787 (CP003989.2)

Halioglobus lutimaris HF004 (PKUS01000012.1)
Halomonas halodenitrificans DSM 735 (AB010889.2)
Hydrogenophaga sp. NH-16 (CP029344.1)
Hydrogenophaga pseudoflava DSM 1084 (CP037867.1)
Leptothrix cholodnii SP-6 (CP001013.1)
Rubrivivax gelatinosus IL144 (AP012320.1)

Aquabacterium olei NBRC 110486 (CP029210.1)
Ottowia sp. oral taxon 894 W10237 (CP012073.1)
Thauera chlorobenzoica 3CB1 (CP018839.1)
Thauera aromatica K172 (CP028339.1)
Thauera sp. MZ1T (CP001281.2)
Thauera humireducens SgZ-1 (CP014646.1)
Azoarcus communis TSPY31 (CP022187.1)
Thauera sp. K11 (CP023439.1)
Azoarcus olearius DQS4 (CP016210.1)
Azoarcus sp. BH72 (AM406670.1)
Azoarcus sp. SY39 (CP025682.1) copy 1/2 (1932115-1933512)
Azoarcus aromaticum EbN1 (CR555306.1)
Azoarcus sp. CIB (CP011072.1)
Azoarcus sp. KH32C (AP012304.1)

Rhodocyclaceae bacterium (CP020026.1)
Zoogloeaceae bacteirum Par-f-2 (CP028425.1)
Thauera sp. GD-2 (CP029331.1)

Vogesella sp. LIG4 (LT607802.1)
Aquitalea sp. USM4 (CP029539.1)

Pseudogulbenkiania sp. NH8B (AP012224.1)
Aquaspirillum sp. LM1 (CP019509.1)
Thiobacillus denitrificans ATCC 25259 (CP000116.1) copy 1/2 (589424-590827)
Microvirgula aerodenitrificans BE2.4 (CP028519.1)
Sideroxydans lithotrophicus ES-1 (CP001965.1)

Dechlorosoma suillum PS (CP003153.1)
Dechloromonas aromatica RCB (CP000089.1)
Dechloromonas sp. HYN0024 (CP031842.1)

Colwellia psychrerythraea 34H (CP000083.1)
Litorilituus sediminis JCM 17549 (CP034759.1)

Colwellia sp. Arc7-635 (CP034660.1)
Photobacterium profundum SS9 (GCA_000196255.1)
Photobacterium profundum 3TCK (GCA_000153425.1)
Methylophaga nitratireducenticrescens GP59 (CP021973.1) copy 1/2 (412851-414263)
Methylophaga nitratireducenticrescens JAM1 (CP003390.3) copy 1/2 (437532-438944) 

Shewanella denitrificans OS217 (CP000302.1)
Catenovulum sp. CCB-QB4 (CP026604.1)

Sulfurimonas autotrophica DSM 16294 (CP002205.1) copy 1/2 (393086-394471)
Oleispira antarctica RB-8 (FO203512.1)

Candidatus Thioglobus autotrophicus EF1 (CP010552.1) 
Thioploca ingrica (AP014633.1)

Sulfuriflexus mobilis aks1 (AP018725.1)
Ketobacter alkanivorans GI5 (CP022684.1)
Methylotenera mobilis JLW8 (CP001672.1)

Undibacterium parvum DSM 23061 (CP034464.1)
Contendobacter odensis Run_B_J11 (CBTK010000117.1)
Competibacteraceae bacterium UBA4410 (GCA_002400455.1)
Competibacteraceae bacterium UBA1928 (GCA_002337185.1)

Competibacteraceae bacterium UBA1593 (GCA_002321995.1)
Competibacter denitrificans Run_A_D11 (CBTJ020000111.1)

Magnetococcus sp. MC-1 (CP000471.1)
Magneto-ovoid bacterium MO-1 (LO017727.1) 

Sedimenticola thiotaurini SIP-G1 (CP011412.1) copy 1/2 (1962812-1964203) 
Sedimenticola thiotaurini SIP-G1 (CP011412.1) copy 2/2 (1981972-1983363)
Thiolapillus brandeum Hiromi 1 (AP012273.1)

Sulfurivermis fontis JG42 (AP018724.1)
Thiohalobacter thiocyanaticus FOKN1 (AP018052.1)

Marinobacter hydrocarbonoclasticus VT8 (CP000514.1)
Marinobacter hydrocarbonoclasticus ATCC 49840 (FO203363.1)

Marinobacter sp. JH2 (CP037934.1)
Marinobacter hydrocarbonoclasticus YB03 (AP019537.1)
Marinobacter sp. LV10R510-11A (LT907980.1)
Hahella chejuensis KCTC 2396 (CP000155.1)
Hahella sp. KA22 (CP035490.1)

Microbulbifer marinus CGMCC 1.10657 (FNQO01000004.1)
Microbulbifer donghaiensis CGMCC 1.7063 (FQVA01000003.1)

Pseudomonas aeruginosa F63912 (CP008858.2)
Pseudomonas aeruginosa PAO1 (AE004091.2)
Pseudomonas citronellolis SJTE-3 (CP015878.1)
Pseudomonas citronellolis P3B5 (CP014158.1)
Pseudomonas denitrificans ATCC 13867 (CP004143.1) 

Pseudomonas azotoformans LMG 21611 (LT629702.1) 
Pseudomonas stutzeri DSM 10701 (CP003725.1) copy 1/2 (729629-731056) 
Pseudomonas stutzeri TS44 (AJXE01000003.1) copy 1/2 (301813-303237) 
Pseudomonas sp. Chol1 (AMSL01000018.1) copy 1/2 (53595-55019)
Pseudomonas balearica DSM 6083 (CP007511.1) copy 1/2 (949364-950788) 
Pseudomonas stutzeri A1501 (CP000304.1)
Pseudomonas stutzeri DSM 4166 (CP002622.1)
Pseudomonas stutzeri CCUG 29243 (CP003677.1) copy 1/2 (843844-845265)

Pseudomonas stutzeri KC (Dr. Holly L. Sewell)
Arcobacter cryaerophilus ATCC 43158 (CP032823.1)
Arcobacter trophiarum LMG 25534 (CP031367.1)
Arcobacter sp. PSE-93 (CP032363.1)
Arcobacter bivalviorum LMG 26154 (CP031217.1)
Sulfurimonas denitrificans DSM 1251 (CP000153.1)
Sulfurimonas autotrophica DSM 16294 (CP002205.1) copy 2/2 (819135-820583) 

Sulfurovum lithotrophicum ATCC BAA-797 (CP011308.1)
Hydrogenobacter thermophilus TK-6 (CP002221.1)

Methylacidiphilum infernorum V4 (CP000975.1)
Methylocaldum marinum S8 (AP017928.1)

Zetaproteobacteria bacterium EBB-1 (RCFQ0100000)
Methylomicrobium alcaliphilum 20Z (FO082060.1)

Methylomonas methanica MC09 (CP002738.1)
Methylomonas koyamae LM6 (CP023669.1)

Methylomonas methanica R-45371 (LUUH01000079.1)
Methylomonas sp. LW13 (CP033381.1)

Oceanithermus profundus DSM 14977 (CP002361.1)
Thermus sp. YIM 78456 (CP038452.1)
Thermus scotoductus SA-01 (CP001962.1)
Thermus oshimai JL-2 (CP003249.1)

Thermus thermophilus JL-18 plasmid pTTJL1801 (CP003253.1)
Thermus thermophilus SG0.5JP17-16 plasmid pTHTHE1601 (CP002778.1)
Thermus thermophilus PRQ25 (FN666415.2)

Candidatus Scalindua rubra BSI-1 (MAYW01000066.1)
Candidatus Methanoperedens nitroreducens Mnv1 (FZMP01000028.1)

Ferroglobus placidus DSM 10642 (CP001899.1)
Castellaniella sp. CD04

Castellaniella defragrans 65Phen (HG916765.1)
Steroidobacter denitrificans DSM 18526 (CP011971.1)

Mesorhizobium sp. LA-28 (QURN01000006.1) 
Rhodanobacter fulvus Jip2 (AJXU01000018.1)

Rhodanobacter denitrificans 2APBS1 (CP003470.1)
Rhodanobacter thiooxydans LCS2 (AJXW01000003.1)

Candidatus Sulfobium mesophilum (OUUY01000141.1) copy 1/2 (39391-40782)
Geobacter sp. metabat2.124 (RPQA01000014.1)
Geobacter bemidjiensis Bem (CP001124.1)
Candidatus Sulfobium mesophilum (OUUY01000083.1) copy 2/2 (13644-14966)

Deltaproteobacteria bacterium RBG_16_54_11 (MGQS01000048.1)
Methylophaga nitratireducenticrescens GP59 (CP021973.1) copy 2/2 (474403-475764) 
Methylophaga nitratireducenticrescens JAM1 (CP003390.3) copy 2/2 (499084-500445) 

Halomonas xinjiangensis TRM 0175 (GCA 000759345.1)
Pseudomonas stutzeri DSM 10701 (CP003725.1) copy 2/2 (3607813-3609183) 

Azoarcus sp. SY39 (CP025682.1) copy 2/2 (1831378-1832757) 
Pseudomonas balearica DSM 6083 (CP007511.1) copy 2/2 (1887128-1888489) 

Pseudomonas stutzeri CCUG 29243 (CP003677.1) copy 2/2 (2281030-2282397) 
Pseudomonas fluorescens Ps 40 (LCYC01000062.1)

Pseudomonas stutzeri TS44 (AJXE01000006.1) copy 2/2 (75836-77206) 
Pseudomonas sp. Chol1 (AMSL01000022.1) copy 2/2 (37442-38818) 
Luteimonas sp. JM171 (CP017074.1)
Melaminivora sp. SC2-7 (CP027792.1)
Melaminivora sp. SC2-9 (CP027667.1)
Acidovorax sp. JS42 (CP000539.1)
Acidovorax ebreus TPSY (CP001392.1)
Diaphorobacter polyhydroxybutyrativorans SL-205 (CP016278.1)

Massilia sp. NR 4-1 (CP012201.1)
Thiobacillus denitrificans ATCC 25259 (CP000116.1) copy 2/2 (864780-866150)

Bdellovibrio bacteriovorus SSB218315 (CP020946.1)
Bdellovibrio bacteriovorus 109J (CP007656.1) 

Leptospira biflexa serovar Patoc Patoc 1 (Paris) (CP000786.1)
Leptospira biflexa serovar Patoc Patoc 1 (Ames) (CP000777.1)

Bacteroidetes bacterium B6 G9 (QMPA01000003.1)
Belliella baltica DSM 15883 (CP003281.1)
Aquiflexum balticum DSM 16537 (LT838813.1)

Cyclobacterium amurskyense KCTC 12363 (CP012040.1)
Marivirga tractuosa DSM 4126 (CP002349.1)

Flavobacterium commune PK15 (CP017774.1)
Flavobacterium gilvum EM1308 (CP017479.1)

Flavobacterium urumqiense CGMCC 1.9230 (FNVP01000005.1)
Aequorivita sp. H23M31 (CP034951.1) 
Arenibacter algicola SMS7 (CP022515.1)
Maribacter sp. HTCC2170 (CP002157.1)

Lacinutrix sp. Bg11-31 (CP025118.1)
Flavivirga eckloniae ECD14 (CP025791.1)

Lutibacter profundi LP1 (CP013355.1)
Flavobacteriaceae bacterium UJ101 (CP016269.1)

Flavobacterium columnare Pf1 (CP016277.1)
Flavobacterium columnare TC 1691 (CP018912.1)
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Fig. S5  Primer testing results with a DNA ladder (O'GeneRuler 1 kb Plus DNA Ladder, Thermo 

ScientificTM, MA, USA). The following Clade-specific or nor-universal primers were used for 12 PCR; 1: qU 2F 

(Clade I) + qcU 1R, 2: qU 2F (Clade I) + qcU 3R, 3: qU 2F (Clade I) + qS Coma R, 4: qU 2F (Clade V) + qcU 1R, 

5: qU 2F (Clade V) + qcU 2R, 6: qcU 1F + qU 1R (Clade V), 7: cU 2F (Clade VI) + qcU 1R, 8: cU 2F (Clade VI) 

+ qcU 2R, 9: qcU 1F + cU 1R (Clade VI), 10: cU 2F (Clade III) + qcU 1R, 11: cU 2F (Clade III) + qcU 2R, 12: 

qcU 1F + cU 1R (Clade III). 

 
 
 

Table S1  Conserved amino acids and primer sets for qnor (qnor-universal, qU) designed in this study. See 

Table 1 for key to amino acids. 

Primer 

name  

Primer 

direction 

Primer sequence (5'-3') Amino 

acid 

number 

Nucleotide 

sequence 

(5'-3') 

Amino 

acid 

type 

Amino 

acid 

(%) 

qU 1F Forward GAYTDBWSNGCNGANKVNYT 1 GAY D 100 

   2 TDB W 62.6 

     Y 22.1 

   3 WSN T 75.8 

     S 20.4 

   4 GCN A 97.6 

   5 GAN D 70.9 

     E 16.6 

   6 KVN W 57.4 

     A 16.3 
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     Y 11.4 

   7 YT L 97.2 

qU 2F Forward TAYACNAAYAAYTKBCCNYAN 1 TAY Y 92.0 

   2 ACN T 98.3 

   3 AAY N 74.7 

   4 AAY N 88.6 

   5 TKB W 87.2 

     F 12.8 

   6 CCN P 100 

   7 YAN H 49.8 

     Y 27.3 

qU 3F Forward ATHGCNACNGSNTKBBTN 1 ATH I 88.6 

   2 GCN A 89.3 

   3 ACN T 74.7 

   4 GSN A 36.0 

     G 33.9 

   5 TKB W 54.7 

     F 39.8 

   6 BTN L 80.6 

     V 10.4 

qU 1R Reverse ARNGGNANNACYTCNARNGYNSW 1 WSN S 97.9 

   2 RCN A 76.5 

     T 13.8 

   3 YTN L 87.2 

   4 GAR E 94.5 

   5 GTN V 89.6 

   6 NTN V 75.4 

     I 13.5 

     L 10.0 

   7 CCN P 100 

   8 YT L 95.5 
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Table S2  Conserved amino acids and primer sets for cnor (cnor-universal, cU) designed in this study. See 

Table 1 for key to amino acids. 

Primer 

name  

Primer 

direction 

Primer sequence (5'-3') Amino 

acid 

number 

Nucleotide 

sequence 

(5'-3') 

Amino 

acid 

type 

Amino 

acid 

(%) 

cU 1F Forward TGYRTNRANTGYCAYWSNHT 1 TGY C 99.6 

   2 RTN I 61.0 

     M 19.7 

     V 12.0 

   3 RAN N 47.9 

     G 43.6 

   4 TGY C 99.6 

   5 CAY H 99.6 

   6 WSN T 80.7 

     S 17.8 

   7 HT L 72.6 

     I 25.9 

cU 2F Forward YTNYTNHYNGGNTTYWTB 1 YTN L 81.1 

   2 YTN L 96.9 

   3 HYN F 32.4 

     L 19.3 

     M 17.0 

     T 11.6 

   4 GGN G 95.8 

   5 TTY F 93.4 

   6 WTB M 70.7 

     F 21.2 

cU 1R Reverse RTGRTGNSCNGTNCCNADNAD 1 HTN I 79.2 

     L 15.1 

   2 HTN L 68.3 

     I 28.2 

   3 GGN G 100 

   4 ACN T 85.7 

   5 GSN G 90.0 

     A 10.0 

   6 CAY H 100 

   7 CAY H 100 
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Table S3  A reverse primer specific for Comamonadaceae. Degeneracies were added to wobble positions as 

per the IUPAC code: R = A or G; Y = C or T; S = G or C; W = A or T; K = G or T; M = A or C; B = C or G or T; 

D = A or G or T; H = A or C or T; V = A or C or G. 

Primer name  Reverse primer sequence (5'-3') in 

the Coma-specific region 2 

Nucleotide sequence for Comamonadaceae 

family in the Coma-specific regions 2 

qnor Coma-

specific 

VYYRBTGSGVBYSARCAG CTGYTSRVBCSCAVYRRB 

 

 

Table S4  Nucleotide sequences of Comamonadaceae microorganisms in the Coma-specific region 2. 

Microorganism name  Nucleotide sequence (5'-3') in the Coma-specific region 2 

Hydrogenophaga sp. PBC CTGTTCGCGCGCAACGGG 

Ottowia sp. KADR8-3 CTGTTCGCCCGCACCAAG 

Comamonas aquatica CJG CTGCTGGCCCGCAATGGT 

Comamonas sp. CD01 CTGCTCAAGCCCAGCGGC 

Melaminivora sp. SC2-9 CTGTTCAGGCCCAACGGC 

Melaminivora sp. SC2-7 CTGCTGGCCCCCAACGGC 

Alicycliphilus denitrificans K601 CTGCTGGCCCCCAACGGC 

Alicycliphilus denitrificans BC CTGCTGGCCCCCAACGGC 

Alicycliphilus sp. CD02 CTGCTGGCCCCCAACGGC 

Diaphorobacter polyhydroxybutyrativorans 

SL-205 

CTGCTGGCTCCCAACGGC 

Acidovorax ebreus TPSY CTGCTGGCCCCCAACGGC 
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Table S5  nod-specific primers were designed using the nor-universal primers (qcU). Primer sequences were 

based on two nod sequences from Candidatus Methylomirabilis oxyfera DAMO2434 and DAMO2437. Reduction 

in nucleotide numbers in nod primers compared to the nor-universal primers is due to GC content considerations. 

See Table S3 for key to the IUPAC code of degeneracies. 

Primer 

name  

Primer 

direction 

Primer sequence (5'-3') Amino 

acid 

number 

Sequence for 

DAMO 2434 

and DAMO 

2437 (5'-3') 

Nucleotide 

sequence 

of DAMO 

2434 

Nucleotide 

sequence 

of DAMO 

2437 

nod qcU 

1F 

Forward GGWGACGGCGSWGARCGC 1 GGW GGA GGT 

   2 GAC GAC GAC 

   3 GGC GGC GGC 

   4 GSW GGT GCA 

   5 GAR GAA GAG 

   6 CGC CGC CGC 

nod qcU 

1R 

Reverse ACCTCAACCCACATGTGAATGTT 1 AAC AAC AAC 

   2 ATT ATT ATT 

   3 CAC CAC CAC 

   4 ATG ATG ATG 

   5 TGG TGG TGG 

   6 GTT GTT GTT 

   7 GAG GAG GAG 

   8 GT GT GT 

nod qcU 

2R 

Reverse CGAGCCSAWGACACCSGCRCC 1 GGY GGC GGT 

   2 GCS GCG GCC 

   3 GGT GGT GGT 

   4 GTC GTC GTC 

   5 WTS TTC ATG 

   6 GGC GGC GGC 

   7 TCG TCG TCG 

nod qcU 

3R 

Reverse AACATGGCGSCATGGGCATG 1 CAT CAT CAT 

   2 GCC GCC GCC 

   3 CAT CAT CAT 

   4 GSC GCC GGC 

   5 GCC GCC GCC 

   6 ATG ATG ATG 

   7 TT TT TT 
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Table S6  Examples of qnor Clade-specific primers. Primers for each Clade were designed based on a 

representative strain in that Clade using qU2F and qU1R. 

Position Clade-specific primers Primer sequence 

qU2F 

qnor Clade I (Comamonas sp. CD01) TAC ACC AAC AAC TGG CCG CA 

qnor Clade II (Defluviicoccus sp. SSA4) TAC ACC ATG AAC TGG CCG CA 

qnor Clade III (Gemmata sp. SH-PL17) TAC ACC CAC AAC TGG CCG TA 

qnor Clade IV (Synechocystis sp. PCC 6803) TAT ACA GCC AAC TGG CCC CA 

qnor Clade V (Castellaniella sp. CD04) TAC ACC AAC AAC TTC CCC TA 

qnor Clade VI (Flavihumibacter solisilvae 3-3) TAT ACG CAC AAC TGG CCC TA 

qnor Clade VII (Haloferax mediterranei ATCC 33500) TAC ACG AAC GAC TGG CCG TA 

qnor Clade VIII (Pyrobaculum aerophilum IM2) TAC ATG CCT GGC ATT CT 

qnor Clade IX (Geobacillus stearothermophilus 10) TAC ACC AAC AAC TGG CCG TA 

qU1R 

qnor Clade I (Comamonas sp. CD01) AGC GGC ACC ACT TCC AGC GCG CT 

qnor Clade II (Defluviicoccus sp. SSA4) AGC GGC ACC ACT TCC AGC GCC GA 

qnor Clade III (Gemmata sp. SH-PL17) AGC GGC ACG ACC TCC AGG GCG CT 

qnor Clade IV (Synechocystis sp. PCC 6803) AAA GGA ACC ACT TCC AGA GCG GA 

qnor Clade V (Castellaniella sp. CD04) AGC GGG ACG ACT TCA AGC ACC GA 

qnor Clade VI (Flavihumibacter solisilvae 3-3) AAC GGG ATA ACC TGC AAA GTC GA 

qnor Clade VII (Haloferax mediterranei ATCC 33500) AGC GGG ATG AGT TCG AGC GTC GA 

qnor Clade VIII (Pyrobaculum aerophilum IM2) ATT GGG AGC ACT TCT AAA GTG GA 

qnor Clade IX (Geobacillus stearothermophilus 10) AGT GGA ATT ACT TCT AAT GCT GA 

 

Table S7  Examples of cnor Clade-specific primers. Primers for each Clade were designed based on a 

representative strain in that Clade using cU2F and of cU1R. 

Position Clade-specific primers Primer sequence 

cU2F 

cnor Clade I (Paracoccus denitrificans PD1222) CTG CTC CTG GGC TTT TTC 

cnor Clade II (Thauera chlorobenzoica 3CB1) CTG CTG TTC GGC TTC ATG 

cnor Clade III (Pseudomonas stutzeri KC) CTG CTG TTT GGC TTC ATG 

cnor Clade IV (Methylomonas methanica MC09) ATG TTG TAT GGC TTT ATC 

cnor Clade V (Thermus thermophilus PRQ25) CTCCTTTTGGGCTTCATG 

cnor Clade VI (Castellaniella sp. CD04) ATT CTC TGC GGC TTC ATT 

cnor Clade VII (Geobacter sp. metabat2.124) CTT CTC TCC GGC TTC ATG 

cnor Clade VIII (Pseudomonas fluorescens Ps 40) GTA CTG ACC GGC TTC ATG 

cnor Clade IX (Flavobacterium gilvum EM1308) TTG TTG ACC GGT TTT ATG 

cU1R 

cnor Clade I (Paracoccus denitrificans PD1222) ATG GTG CCC GGT GCC CAG GAT 

cnor Clade II (Thauera chlorobenzoica 3CB1) GTG GTG ACC GGT ACC GAT CAG 

cnor Clade III (Pseudomonas stutzeri KC) GTG GTG ACC CGT ACC GAT GAT 

cnor Clade IV (Methylomonas methanica MC09) ATG ATG TCC CAG CCC TAA AAT 

cnor Clade V (Thermus thermophilus PRQ25) GTG GTG GCC GAG GCC CAG GAT 

cnor Clade VI (Castellaniella sp. CD04) GTG GTG GGC GTT GCC GAT GAG 
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cnor Clade VII (Geobacter sp. metabat2.124) GTG GTG ACC GGT GCC GAG TAT 

cnor Clade VIII (Pseudomonas fluorescens Ps 40) GTG GTG CGC GGT ACC GAT AAT 

cnor Clade IX (Flavobacterium gilvum EM1308) ATG GTG TCC TGT TCC CAA AAC 

 

Table S8  Overlapping regions between nor-universal primers and pre-existing primers. For the pre-existing 

primers, qnorB5R, qnorB7R, cnorB6R, and cnorB7R are from (Braker and Tiedje, 2003), cnorB3 Reverse and 

cnorB6 Reverse from (Casciotti and Ward, 2005), and nod 2015R from (Zhu et al., 2017). The overlapping 

nucleotides are in bold and underlined. 

nor-universal primers in this study 

Pre-

existing 

primers 

Overlapping nucleotide 

qcU1R 

CCYTCNACCCANARRTGNAYNAY 
qnorB5R ACCCANAGRTGNACNACCCACCA 

 
cnorB3 

Reverse 
CCYTCVACCCAGASATGCAC 

qcU2R 

RAANCCNMRNANNCCNGCNCC 
qnorB7R GGNTTCDTGATDAARCCNCC 

 cnorB6R GAANCCCCANACNCCNGC 

 
cnorB6 

Reverse 
TGCAKSARRCCCCABACBCC 

qcU3R 

CCVHWNADNGCNVNRTGNSCRTG 
cnorB7R TGNCCRTGNGCNGCNGT 

 
nod 

2015R 
ATGTTACCYTTKACACCGAAC 

 
 
 

Text S1  Phylogeny of qnor and nod  

 

Clade I of qnor contains three qnor genes from the N2O-producing CANDO isolates (Comamonas 
sp. CD01, Alicycliphilus sp. CD02, and Castellaniella sp. CD04 - WP_066454372.1) and multiple 
heterotrophic denitrifying bacteria within the families Burkholderiaceae (Ralstonia, Cupriavidus), 
Comamonadaceae (Comamonas, Alicycliphilus, Acidovorax, Diaphorobacter, Ottowia, 
Hydrogenophaga, Melaminivora) and Alcaligenaceae (Bordetella, Achromobacter, Castellaniella, 
Alcaligenes). Possibly pathogenic Neisseria strains are also present in Clade I. 

Clade II of qnor consists of qnor genes from Xanthomonadaceae (Xanthomonas, 
Pseudoxanthomonas, Stenotrophmonas), Shewanella, and Burkholderia. Clade II also contains 
sequences from Comamonadaceae (Rhodoferax, Polaromonas, Variovorax, Ramlibacter) that 
differ from those of Clade I Comamonadaceae. Clade II also includes two qnor genes from two 
separate plasmids within an α-proteobacterial methanotroph (Methylocystis sp. SC2) and one qnor 
gene from a phosphate-accumulating organism (Candidatus Accumulibacter phosphatis UW-1 
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clade IIA). Clade II also contains four qnor genes from Bacteriodetes (Chitinophaga, 
Bdellovibrio, Flavobacterium, Flavobacteriaceae), and one of two qnor genes detected in Bacillus 
azotoformans LMG 9581 (Firmicutes). 

Clade III contains three qnor genes from Actinobacteria (Archangium, Corynebacterium and 
Arsenicicoccus), four from Planctomycetes (Fuerstia, Rhodopirellula, Isosphaeraceae and 
Gemmata), and three from Acidobacteria (Koribacter, Acidobacterium, Acidipila), including the 
first copy of qnor from Anaeromyxobacter dehalogenans 2CP-C. 

Clade IV contains a second copy of qnor from Anaeromyxobacter dehalogenans 2CP-C and 
qnor from Cyanobacterial strains (Geitlerinema, Chroococcidiopsis, Nostocales, Pleurocapsa, 
Acaryochloris, Synechocystis, Arthrospira, Cyanobacterium, Fischerella, Gloeocapsa, 
Oscillatoria, Halomicronema, Calothrix). 

Clade V contains mostly Actinobacterial qnor genes in Streptomyces, Actinoplanes, 
Mycobacterium, Propionibacterium, Kocuria, Micromonospora, Tessaracoccus, 
Brachybacterium, Microlunatus, and Ornithinimicrobium with a second copy of qnor in 
Castellaniella sp. CD04 (WP_084386783.1) and a third copy in Anaeromyxobacter dehalogenans 
2CP-C. Clade V also includes qnor genes from numerous Geobacter strains, an α-
proteobacterium (Type II) methanotroph (Methylosinus trichosporium OB3b), a γ-
proteobacterium (Type I) halophilic methanotroph (Methylohalobius crimeensis 10Ki), two purple 
sulfur bacterial strains (Thiocystis, Allochromatium) and qnor genes in Candidatus 
Methylomirabilis oxyfera (DAMO1889), Chloroflexi, Legionella, and Rugosibacter. 

Clade VI contains qnor from Bacteriodetes strains (Flavihumibacter, Muricauda, Algoriphagus, 
Cecembia, Indibacter, Aquiflexum) and two anammox strains (Candidatus Scalindua profounda 
and Candidatus Scalindua rubra). It also contains two nod genes in Candidatus Methylomirabilis 
oxyfera (DAMO2434 and DAMO2437) adjacent to qnor from Foraminifera. 

Clade VII contains mostly halophilic Euryarchaeota (Haloarcula, Halorubrum, 
Halogeometricum, Halobacterium, Salinigranum, Halorientalis, Natrinema, Haloterrigena, 
Halopiger, Halobiforma, Natronococcus, and Haloterrigena). Clade VIII contains qnor genes in 
Creanarchaeota (Sulfolobus and Pyrobaculum). One Crenarchaeal strain, Sulfolobus solfataricus 
P2, has an extraordinarily lengthy qnor sequence (AE006641.1) due to the extra amino acids in 
the N-terminal region of qNOR. Clade VIII also has second copies of qnor from numerous 
Burkholderia strains and qnor from two Methylocystis strains, both α-proteobacteria 
methanotrophs. 

Clade IX contains qnor genes from extremophiles such as Aquificae (Hydrogenobaculum, 
Persephonella, Sulfurihydrogenibium) and Gram-positive Firmicutes (Geobacillus, Bacillus, 
Staphylococcus, Paludifilum) with multiple Proteobacterial Arcobacter strains. Clade IX includes 
Bacillus azotoformans LMG 9581 with a second copy of qnor. 
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Text S2  Phylogeny of cnor  

 

Clade I of the cnor tree contains many rhizosphere α-proteobacteria or plant pathogens within the 
Rhizobiales order such as Ochrobactrum, Rhizobium, Sinorhizibium, Bradyrhizobium. Shinella, 
Ensifer, Bosea, Aminobacter, Agrobacterium, Hyphomicrobium, Breoghania, Cohaesibacter, and 
Rhodopseudomonas. Clade I also contains multiple strains in the Rhodospirillales order, such as 
the Rhodospirillaceae family (Azospirillum and Magnetospirillum, Thalassospira) and the 
Rhodobacteraceae family (Paracoccus, Thalassococcus, Dinoroseobacter, Labrenzia, Ruegeria, 
Roseobacter, Roseobacter, Thiobacimonas, Salipiger, Sagittula, Sulfitobacter, Leisingera, 
Celeribacter, Thioclava, Defluviimonas, Sulfitobacter, Sedimentitalea, Roseovaris, 
Antarctobacter, Phaeobacter). Also included within cnor Clade I are Ammonia-oxidizing bacteria 
such as Nitrosomonas and Nitrosococcus strains and halophiles (Thioalkalivibrio, Halioglobus, 
Halomonas). 

Clade II contains Thauera and Azoarcus strains within the Zoogloeaceae family and some 
strains within the Comamonadaceae family (Hydrogenophaga, Leptothrix, Aquabacterium, 
Ottowia). Clade II cnor is also found within the orders Neisseriales (Vogesella, Aquitalea, 
Pseudogulbenkiania, Aquaspirillum, Microvirgula, Sideroxydans) and Rhodocyclales 
(Dechlorosoma, Dechloromonas). 

Clade III contains cnor from glycogen-accumulating organisms (GAOs), such as 
Contendobacter and Competibacter, and multiple Pseudomonas strains, such as P. stutzeri KC, 
and other γ-proteobacteria. 

Clade IV contains Verrucomicrobia (Methylacidiphilum infernorum V4), Aquificae 
(Hydrogenobacter thermophilus TK-6) and proteobacterial strains, such as γ-proteobacteria 
methanotrophs (Methylomonas, Methylomicrobium and Methylocaldum), sulfur-oxidizing bacteria 
(Sulfurovum and Sulfurimonas), and potential animal pathogens (Arcobacter). 

Clade V contains Deinococcus-Thermus strains (Thermus and Oceanithermus). Clade VI 
contains cnor genes from Castellaniella and Rhodanobacter that also harbor qnor. Candidatus 
Scalindua rubra, an anammox Plantomycetes strain in qnor Clade VI, also possesses a Clade VI 
cnor. Euryarchaeota strains (Ferroglobus, Candidatus Methanoperedens nitroreducens) also 
cluster in Clade VI. 

Clade VII has two copies of cnor from Candidatus Sulfobium mesophilum (Nitrospirae), two 
cnor from two Geobacter strains and one from Deltaproteobacteria bacterium RBG_16_54_11. 
Clade VIII contains β-proteobacteria that harbor both qnor and cnor such as Halomonas, 
Luteimonas, Massilia, Acidovorax, Melaminivora, and Diaphorobacter. Most Pseudomonas 
strains in Clade VIII have an additional copy of cnor in Clade III. The majority of Clade IX 
comprises Bacteroidetes strains (Belliella, Aquiflexum, Cyclobacterium, Marivirga, 
Flavobacterium, Aequorivita, Arenibacter, Maribacter, Lacinutrix, Flavivirga, Lutibacter) with 
two cnor from two Spirochaetes strains. 
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