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Supplementary results

Identification of novel bacteriohopanepolyols

Six novel BHPs with the m/z 762.5, 656.5, 771.6, 748.5, 638.5, and 743.6 Da were tentatively
identified using MS? spectra and molecular formulas derived from accurate masses (Table S2). All
novel BHPs contained amino or nitro groups and yielded the characteristic fragment at m/z 191.2
fragment, indicating ring cleavage of hopanoids not methylated at C-2 or C-3. BHP-762.5
(C43H72NO10", [M+H]") was tentatively identified as tetra-functionalized, containing three
hydroxyl groups indicated by consecutive neutral loss of 42/60 (acetylated hydroxyl groups,
COCH,/CH3COOH) and one nitro group (neutral loss of 47). The molecular formula indicates a
lack of acetylation at one functional group, which is also observed in other BHPs such as
adenosylhopane, and which could be related to steric effects. BHP-656.6 (C4HssNOg*, [M+H]")
was tentatively identified as a tetra-functionalized BHP bearing an amino group within a lactone
ring, indicated by neutral losses of 17 (NH3) and 44 (CO.; Crotti et al., 2005), respectively. The
fragmentation pattern of BHP-771.6 (C4sH7oN207", [M+H]") suggests a tetra-functionalized BHP
containing two hydroxyl groups (neutral loss of 42/60), an amino group (neutral loss of 59; Talbot
et al., 2001), and an ether-bound aminopropanol group indicated by sequential neutral loss of 59
(acetamido; C2HsNO) plus 58 (C3HsO). BHP-748.5 (C42H70NO10") produced a dominant in-source
fragment in MS* mode at m/z 688.5 (neutral loss of 60). Fragmentation of 688.5 yielded two neutral
losses of 60 as well as neutral losses of 75 (CHNO3) and 93 (CH3NO4). Fragmentation spectra thus
indicate that BHP-748.5 is tetra-functionalized and contains three hydroxyl groups and a fourth
hydroxyl group that is bound to a nitrogen-containing functional group. Based on the neutral loss
of 93, we speculate that the nitrogen-containing functional group could be nitroformic acid or
nitroperoxymethane. BHP-638.5 could not be identified with confidence due to its low abundance
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and consequent noisy spectra. However, accurate mass analysis suggests a molecular formula of
C0HesNOs™ ([M+H]") and thus the presence of a nitrogen-containing functional group. BHP-743.6
produced a dominant MS? in-source fragment at m/z 684.5 (neutral loss of 59). Accurate mass
analysis suggests a molecular formula of Ca4sH7sN207" ([M+H]"), suggesting the presence of two
nitrogen-containing functional groups. Fragmentation of m/z 684.5 yielded three neutral losses of
60 and a neutral loss of 31 (methylamine, CHsN), suggesting that BHP-743.6 is penta-
functionalized. Presence of one neutral loss of 59 but lack of a second neutral loss of 59 indicates
that the second nitrogen-containing group is not acetylated. This suggests that the second nitrogen-
containing group consists of an amino nitrogen bound to the hopanoid backbone and bound to a
methyl group that prevents acetylation. BHP-743.6 thus represents a penta-functionalized

hopanoid containing three hydroxyl groups, an amino group, and a methylamine group.
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Supplementary Datafile captions

Supplementary Datafile S1 (Supplied as supplementary .xlIsx file). Occurrence (+) and absence (-)
of hopanoid biosynthesis genes in AOB and NOB genomes from cultures and environmental
samples (metagenome-assembled genomes and single cell genomes) as well as from closely
related non-nitrifying taxa. Accession numbers, ecological metadata (taxonomy, habitat, C-
fixation pathway, metabolism), and references to original work describing genomic data are given.

Supplementary Datafile S2 (Supplied as supplementary xlsx file). Sheet 1: Average relative
abundance (%, +/- standard deviation, values below 0.01 rounded to 0.01) of
bacteriohopanepolyols in triplicate cultures of nitrite-oxidizing bacteria grown under different
conditions. b.d., below detection. Standard deviations omitted for experiments performed without
replicates (Nitrobacter vulgaris and Nitrococcus mobilis with pseudovitamin Bi2). Sheet 2:
Average relative abundance (%, +/- standard deviation, values below 0.01 rounded to 0.01) of
bacteriohopanepolyols (BHPs) and diploptene/methylated diploptene in tripliate cultures of nitrite-
oxidizing bacteria grown under different conditions. b.d., not detected. Standard deviations
omitted for experiments performed without replicates (Nitrobacter vulgaris and Nitrococcus
mobilis with pseudovitamin B12). Sheet 3: Average abundance of total hopanoids (BHPs + 2-Me
Diploptene + 2-Me BHPS) in triplicate cultures normalized to mmol NO; oxidized. Standard
deviations omitted for experiments performed without three replicates (Nitrobacter vulgaris and
Nitrococcus mobilis with pseudovitamin Bz as well as NO2™-limited and O»-limited experiments
with Nitrococcus mobilis and Nitrospina gracilis).
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Supplementary tables and figures

Table S1. Growth characteristics of nitrite-oxidizing bacteria in batch cultures (n.a., not available).

Strain

Growth condition

NO,-oxidation
rate (mM d1)

Nitrospira marina 295
Nitrospira marina 295
Nitrospira marina 295
Nitrospira marina 295
Nitrospira marina 295
Nitrospira lenta BS10
Nitrospira defluvii A17
Nitrospira moscoviensis M-1
Nitrospina gracilis Nb-3/211
Nitrospina gracilis Nb-3/211
Nitrospina gracilis Nb-3/211
Nitrococcus mobilis 231
Nitrococcus mobilis 231
Nitrococcus mobilis 231
Nitrococcus mobilis 231
Nitrobacter vulgaris AB1
Nitrobacter vulgaris AB1
Nitrobacter vulgaris AB1
Nitrobacter vulgaris AB1
Nitrobacter vulgaris AB1
Nitrobacter vulgaris AB1
Nitrobacter vulgaris AB1
Nitrobacter vulgaris AB1

Autotrophic, early stationary

Autotrophic, late stationary

Autotrophic, methionine, early stationary
Autotrophic, vitamin B12, early stationary
Mixotrophic, early stationary
Autotrophic, early stationary

Autotrophic, early stationary

Autotrophic, early stationary

Autotrophic, early stationary

Autotrophic, methionine, early stationary
Autotrophic, vitamin B12, early stationary
Autotrophic, early stationary

Autotrophic, late stationary

Autotrophic, methionine, early stationary
Autotrophic, vitamin B12, early stationary
Autotrophic, mid-growth phase
Autotrophic, early stationary

Autotrophic, methionine, early stationary
Autotrophic, vitamin B12, early stationary

Autotrophic, vitamin B12/methionine/light, early stationary

Mixotrophic, early stationary
Heterotrophic aerobic, early stationary
Heterotrophic anaerobic, early stationary

0.22 £0.05
n.a.

0.11 £ 0.07
03+0.14
058 +0.11
n.a.

n.a.

n.a.
0.74+0.01
0.74+0.01
0.74 £ 0.02
1.16 +0.26
n.a.
1.2+0.01
1.25+0.1
1.89+0.07
214+0.1
2.34+0.08
2.62+0.05
2.66 +0.22
n.a.

n.a.

n.a.




60  Table S2. Growth characteristics of Nitrobacter vulgaris AB1 in chemostat experiments under NO,-limited
61  and O»-limited conditions (average of triplicates + 1c standard deviation; b.d., below detection ~ <0.1 ppm).

NOy-limited  Oy-limited

0. dissolved, inflow (ppm) 86x0.2 8.6+0.2
O dissolved, reactor (ppm) 6+£0.2 b.d.
NO;" dissolved, inflow (mM) 10 10
NO; dissolved, reactor (mM)  0.009 £ 0.002 5.82+0.14
Medium volume, reactor (L) 2.0 2.0
Medium inflow rate (ml min) 0.443 0.443
Growth rate (h?) 0.013 0.013
Doubling time (h) 52.2 52.2

62
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68

Table S3. Growth characteristics of Nitrospina gracilis Nb-211 and Nitrococcus mobilis Nb-231 in
chemostat experiments under NO;-limited and O.-limited conditions (average of quadruplicates = 1o
standard deviation; b.d., below detection).

N. gracilis N. mobilis

NO2z-limited O2-limited NO2z-limited O2-limited
NOz2" dissolved, inflow (mM) 2.0 2.0 2.0 2.0
NOz2" dissolved, outflow (mM) b.d. 1.1 b.d. 1.1
Medium volume, reactor (L) 2.0 2.0 2.0 2.0
Medium in-/outflow rate (ml min) 0.37 0.37 0.37 0.37
Growth rate (h?) 0.011 0.011 0.011 0.011
Doubling time (h) 62.5 62.5 62.5 62.5
Cell concentration (cells mIt) 1.04+021x108 0.86+0.14x10% 1.83+0.46x10% 2.76+0.62x 108
Specific NO2 ox. rate (fmol cell* d!) 20.0+4.8 101+17 115+2.9 3.2+07

Growth yield (cells mol NO2 ox.™)

5.19+1.05 x 1088

1.01+1.59 x 101

9.13+2.28 x 1013

3.20+0.71 x10%




69  Table S4. Observed mass, predicted mass, predicted sum formula, measurement error inferred from
70  predicted and observed masses, and double-bond equivalents (Dbl. eq.) of base peak (underlined) and major
71 fragment ions in MS? spectra of novel BHPs from Nitrobacter vulgaris AB1 and Nitrococcus mobilis 231.

Observed Predicted Predicted Error Error

Compound lon mass (Da) mass (Da) formula (ppm) (mDa) Dbl. eq.
BHP-762.5 [M+H]" 762.5101 762.5151 Cy3H72NOo" 6.5 5.0 8.5
[M-CH3;COOH]* 702.4886 702.4939 C1HesNOg* 7.6 5.3 8.5
[M-CH;COOH-CH,CO]* 660.4766 660.4834 CaoHegsNO7* 10.3 6.8 7.5
[M-2xCH3;COOH-CH,CO] * 600.4557 600.4622  Cg7HeNOs* 10.9 6.6 7.5
[M-2xCH3COOH-CH,CO-NO,H] * 553.4653 553.4615 Ca7He 05" -6.8 -3.8 7.5
[M-3xCH3;COOH-CH,CO-NO,H] * 493.4438 493.4404 CasHs,0* -6.9 -3.4 7.5
[M-3xCH3COOH-CH,CO-NO,H-H,0] * 475.4339 475.4298 CasHss" -8.6 -4.1 8.5
BHP-656.5 [M+H]* 656.4950 656.4885  CaoHesNOg" -10 -6.5 8.5
[M-CO,]* 612.5040 612.4986  C3gHesNO,4* -8.8 -5.4 7.5
[M-CO,-CH;COOH] * 552.4824 552.4775 Cs7He2NO,* -8.9 -4.9 7.5
[M-CO,-2xCH3;COOH] * 492.4600 492.4564 CasHsgN* -1.4 -3.6 75
[M-CO,-2xCH3COOH-NH3] * 475.4363 475.4298 CasHss* -13.6 -6.5 8.5
BHP-771.6 [M+H]* 771.5944 771.5882 CsH79N,07" -8.1 -6.2 8.5
[M-CH;CONH_] * 712.5506 712.5511 CuH7aNOg" 0.7 0.5 85
[M-CH3;CONH,-CH;CHCH,01* 654.5143 654.5092 Cs1HesNOs* -7.8 5.1 85
[M-CH3;CONH,-CH;CHCH,0-CH;COOH] * 594.4902 594.4881  C3gHesNO3* -3.6 -2.1 8.5
[M-CH3CONH,-CH;CHCH,0-2xCH3;COOH] * 534.4707 534.4669 Ca7HgoNO* -7 -3.8 8.5
[C'\a'scc'gﬁgz?'f'z'cH3CHCH20'2XCH3COOH' 475.4352 475.4298 CasHss" -11.3 5.4 85
BHP-748.5 [M+H]* 748.4982 748.4994 CoH7oNOyo" 1.6 1.2 8.5
[M-CH;COOH]* 688.4800 688.4783  CyHesNOg" -25 -1.7 8.5
[M-2xCH3;COOH] * 628.4577 628.4572  CssHeNOg* -0.9 -0.5 8.5
[M-3xCH3;COOH] * 568.4321 568.4360  CagsHssNO,* 6.9 39 8.5
[M-3xCH3;COOH-CHNO3] * 493.446 493.4404 CasHs70* -11.4 -5.6 7.5
[M-3xCH3;COOH-CH3NO,4] * 475.4311 475.4298 CasHss -2.7 -1.3 85
BHP-638.5 [M+H]* 638.4823 638.4779 CoHsaNOs" -6.9 -4.4 9.5
BHP-743.6 [M+H]"* 7435651 7435569  CuHiN,O/ -11.1 8.2 8.5
[M-CH3CONH,] * 684.5213 6845198  CsH7oNOg* -2.2 -1.5 8.5
[M-CH3;CONH,-CH;COOH] * 624.5041 624.4986  CyHesNO,* -8.7 -5.5 8.5
[M-CH3;CONH,-2xCH3;COOH] * 564.4848 564.4775 CasHeNO,* -12.9 -7.3 85
[M-CH3;CONH,-3xCH3;COOH] * 504.4550 504.4564 CasHssN* 2.7 14 85
[M-CH3;CONH,-3xCH3;COOH-CH3N] * 473.4252 473.4142 CasHss" -23.3 -11 95
72
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Table S5. Absence (-) of marker genes for the aerobic (cobF, cobG) and anaerobic (cbiD, chiG)
cobalamin biosynthesis pathways as well as genes for cobalamin-dependent (metH) and
cobalamin-independent (metE) methionine synthase in seven species of nitrite-oxidizing bacteria,
indicating lack of cobalamin biosynthesis in four of these organisms. Presence of marker genes
was determined through blast (Altschul et al., 1990) analysis using protein query sequences from
Salmonella typhimurium LT2, Escherichia coli K12, Pseudomonas denitrificans, and
Halobacterium salinarum.

cobF cobG chiD chiG metE metH
Nitrospira marina 295 - - - - - +
Nitrospina gracilis 3/211 - - - -
Nitrobacter vulgaris AB1 - - - -
Nitrococcus mobilis 231 - -
Nitrospira defluvii A17 - -
Nitrospira lenta BS10 - -
Nitrospira moscoviensis M-1 - -

+ +
+ + 4+ + + +

+ + 4
+ + 4
1




Phase 1: Nitrite-limited (oxygen-replete)
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84  Fig. S1. The chemostat setup used to grow N. gracilis, N. mobilis and N. vulgaris in continuous
85  culture under nitrite-limited and oxygen-limited conditions.
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‘Q Other Cbl-binding radical SAM

————————————————————————————————————————————— Verrucomicrobia bacterium SPES9599.1 ™
Verrucomicrobia bacterium Tous-CSLFEB
fffffffffffffffffffffffffffffffffffffffffffff Verrucomicrobia bacterium HGX21450.1
e bacterium 1
Nitrospirales bacterium MBA3964629 1

t Nitrospiraceae bacterium TSA00055.1
r fffffffffffffffffffffffffffffffffffffffffffff Nitrospirae bacterium 72856334
Nitrospira alkalitclerans

— Koribacter versatilis

777777777777777777777777777777777777777777777 Gloeobacter violaceus
* { Nostoc punctiforme

! E Cyanothece sp. PCC 7424
fffffffffffffffffffffffffffffffffffffffffff Cyanothece sp. PCC 7822
Methylobacterium nodulans
+ i Methylobacterium organophilum
——————————————————————————————————————————— Methylobacterium radiotolerans JCM 2831
Methylobacterium populi
Methylorubrum populi
——————————————————————————————————————————— Methylorubrum extorquens CM4
Methylorubrum extorquens PA1
Oligotropha carboxidovorans
Beijerinckia indica
Methylocella silvestris
Bradyrhizobium diazoefficiens USDA 110

HpnP

Bradyrhizobium sp. ORS 278
Bradyrhizobium sp. BTAI1
Bradyrhizobium sp. BTAi1
Rhodopseudomonas palustris BisA53
Rhodopseudomonas palustris HaA2
Rhodopseudomonas palustris (strain TIE-1
Rhodopseudomonas palustris CGA009
Nitrobacter hamburgensis

Nitrobacter sp. Nb-311A

Acetobacter aceti
—————————————— Gluconobacter morbifer
—————————————— Gluconobacter oxydans
Acetabacter tropicalis
+ 7777777777777 Acetobacter pasteurianus
) S Acetobacter pomorum
Gluconacetobacter diazatrophicus
Komagataeibacter xylinus
Komagataeibacter oboediens

1 Komagataeibacter europaeus
_ Methylobacterium nodulans.
Burkholderia sp. H160
Paraburkholderia xenoverans
) Paraburkholderia phymatum
Metabolism - - Koribacter versatilis
Methylomirabilis oxyfera
AOB Nitrococcus mobilis
Frankia sp. EAN1pec
NOB Frankia casuarinae
Streptomyces sp. E14
COMAMMOX - Streptomyces griseoflavus

Streptomyces chartreusis
Streptomyces xinghaiensis

- Streptomyces cattleya
Streptomyces pristinaespiralis

HpnR

Methylococcus capsulatus
Methylomicrobium alcaliphilum
Methylomicrobium album
Leptospirillum rubrum
Leptospirillum ferrooxidans
Nitrospira sp. Q52205

Nitrospira marina
Nitrospira moscoviensis
Nitrospira japonica

Nitrospira inopinata

Fig. S2. Phylogenetic tree of hopanoid C-2 (hpnP) and C-3 (hpnR) methylase homologues in
bacteria. Colors indicate nitrite-oxidizing bacteria (NOB; red), ammonia-oxidizing bacteria (AOB;
cyan), and complete ammonia-oxidizing bacteria (comammaox; purple). Strains where presence of
C-2 or C-3 methyl hopanoids was tested and detected are highlighted in bold (based on this study
and Rohmer et al., 1984; Welander et al., 2010; Welander and Summons, 2012; Kool et al., 2014;
Sinninghe Damsté et al., 2017) and strains that were not tested are set in normal font. Circles
indicate branches with >85% support based on 500 bootstrap analyses. The scale bar represents 1
substitution per amino acid.
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Rhodopseudomonas palustris TIE-1 AFMPPQGLLVIAAY PUCW-VRF/DEN A DF WACAVFVSGMHIQ Q@ I RAH LGGPSVS YPHFDYLHVGE GDATDLOL LD RP<EQVVFITEDR
Methylorubrum extorquens PAT AFMPPQGLL! | AAYIVPE TW CRFVDEN A DF AWADAVFVSGMHIQ: CQ | GRRAH LGGPSVS YPUFDYLHVGE | GDATORL LORD RPAAQVVLDTKER
@ Mathylobacterium arganophilum AFMPPQGLL IAA 'P' "W CRF DEN A DF WA AVFVSGMHIQ ~Q I RAR LGGPSVS YGUFDYLH GE GDAT L LooD PPPOQVVLETHOR
g Rhodovelum sp. PH10 ALMFPQGLL . 1AAS L P “W-VRLVDEN A DF WAUAVLVTGMHAQ " Q@ I RAH LGGSSVS YPCFDYLHVGE L GDATD AL L D RPURQVVLETHER
% Bradyrhizobium sp. BTAi1 AFMPPQGLL 1AA" P W VRF DEN A DF "WA AVFVSGMHIQ  Q I RAH LGGPSVS YP-FDYLHVGE GDATD " L LoD RPEOQVVLETHER
% Beijerinckia indica AFMPPQGLL '1AS 'PA W VRF DEN A DF WACVVFVSGMHIQ " Q I RAH LGGPSVS YP FDYLHVGE GDATC L L KD RPEOQVVLETETR
E Oligolropha carboxidovorans AFMPPQGLL! | AAAL PP SWSYRF I DEN A DF “WA-AVFVSGMHIQrKQ I CRRAH LGGPSVS YPEFDYLHI GEI GDATFFL LADD RPFPRQVALTTHER
?? Mathylacella silvastris AFMPPQGLL ' IAA" P W WRF DEN A DF WA AVFVSGMHIQ " Q I RAH LGGPSVS YP/FDYLHV GE GDAT" L 1D RPFEQI I LETHDR
Adipia felis AFMPPQGLL 1AA/_ P: CW-VRF I DEN A DF “WA-AVFVSGMHIQ 1 Q I RAH LGGPSVS YPEFDYLHI GEVGDATOOL LD RPHEQVMLETHER
Nitrabacter vulgaris AFMPPQGLL! | AAY | PAOWIVRF | DEN A DF “WA-AVFVSGMH I QR0 I CRRAH LGGPSVS YP I FDYLHVGE ! GDATOOL LarD RPRSQVVLETADR
T Loptyngbya baryanaGOAP 14632 | M AFMPPRGLL (WAAY. P- -WOVRF IDEN 1 A</ DY WA V. SGMHIQR QI N\ AHO /K T GGPSVSCREYYP FDI H GELGDASD-MIZY Br /- RRT0Q) AFETVORL
Cyanothece sp. PCC 7425 V¥ AFMFPQGIL VAAY P WEVRLVDEN A DY WAD VI SGMHIQR QI IN AH K. T/ /GGPSVSCCPEYYP FDI H GELGDATD MIEY D RPFAQLEFET. ERL
Mostoc punctiforme YV AFMPPQGIL VAAY P WEVRFIDEN A DY WAD VI SGMHIQK @I IN- L AH KIT//GGPSVS CPEYYP FDI H GELGDASD MIEY D RPORQIRFETHFRL
g Cyanothece sp. PCC 7822 V¥V GFMPPQGIL VAAY P WEVRFIDEN A DY WAD VI SGMHIQR QI IN ' AH K/T. /I GGPSVS CPEYYP FDL H GELGDATD MIKY D RP /QIRFETERL
T‘é Prochlorothrix hollandica W<AFMPPQGIL" WASY P -WEVRFIDEN A DY *WADV I I TSGMHIQRI Q11O INFKAH K/ T VGGPSVSCCPEYYPOFDL H/GELGDATD MIEH D RPPSQIRFETKDRL
:% Cyanothece sp. PCC 7424 YV AFMPPQGIL VAAY P WEVRFIDEN A DY WAD VI SGMHIQR QI INOLAH K T /GGPSVS CPEYYP FDI Q GELGDGTD MIEY D RPEKQICFETHDRL
8 Seylonerna hofmanii V AFMPPQGIL VAAY P WEVRFIDEN A DY WAD IV SGMHIQR QI IN® T AH K T 'GGPSVS CPEYYP FDI H GEMGDATD MIEY D RPEHQIRFETHERL
Glogobacter violaceus W AFMPPQGIL VAAY P WEVRF IDEN A DY “WAD VI VSGMHIQR QI =K IN® | AH K/ T: GGPSVSCCPEYYPOFDL H! GELGDATDMIEY D RPASQUAFETAFRL
Glorobacter kilauensis V AFMPPQGIL VAAY P WEVRFIDEN A DY WAD VI SGMHIQR QI 1GO1LAH KIT /GGPSVSC-CPEYYP FDL H GELGDATD LIEY D RPAAQIFLETHERL
Thermesynechococcus elongatus V¥ AFMPPQGIL VAAY P WEVRLIDEN DY WAD VI SGMHIQR QI IN  AH K. T GGPSVS-CPEYYP VDI H GELGDATD-MIAY D RPFOQL FATTARL

Fig. S3. Alignment of the cobalamin- blndlng domain of HpnP amino acid sequences from selected
alphaproteobacteria and cyanobacteria. Highlighted are residues conserved in >90% of either
cyanobacteria (green) or alphaproteobacteria (yellow). Also highlighted are residues universally
conserved in both clades (blue).
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