
This is a pre-print submitted to Earth ArXiv and has not been peer reviewed 

 1 

Inhibition of photoferrotrophy by nitric oxide in ferruginous environments 

Verena Nikeleit1, Adrian Mellage2, Giorgio Bianchini3, Lea Sauter1, Steffen Buessecker4,5, 

Stefanie Gotterbarm1, Manuel Schad1, Kurt Konhauser6, Aubrey L. Zerkle7, Patricia Sánchez-

Baracaldo3, Andreas Kappler1,8, Casey Bryce9* 

Affiliations: 

1Geomicrobiology, University of Tübingen, Tübingen, Germany 

2 Hydrogeology, University of Tübingen, Tübingen, Germany 

3 School of Geographical Sciences, University of Bristol, Bristol, UK 

4 Department of Earth System Science, Stanford University, Stanford, USA 

5 School of Life Sciences, Arizona State University, Tempe, AZ, USA. 

6 Department of Earth & Atmospheric Sciences, University of Alberta, Edmonton, Canada 

7 School of Earth & Environmental Sciences and Centre for Exoplanet Science, University of St Andrews, St Andrews, 

UK 

8 Cluster of Excellence: EXC 2124: Controlling Microbes to Fight Infections, Tübingen, Germany 

9 School of Earth Sciences, University of Bristol, Bristol, UK 
 

*Correspondence:  

Dr Casey Bryce, School of Earth Sciences, Wills Memorial Building, Queens Road Bristol, BS8 1RJ  

Email: casey.bryce@bristol.ac.uk 
 

Abstract:  

Anoxygenic phototrophic Fe(II)-oxidizers (photoferrotrophs) are thought to have thrived in Earth’s 

ancient ferruginous oceans and played a primary role in the precipitation of Archean and 

Paleoproterozoic (3.8-1.85 Ga) banded iron formations (BIF). The end of BIF deposition by 

photoferrotrophs has often been interpreted as being the result a deepening of water column 

oxygenation below the photic zone concomitant with the proliferation of cyanobacteria. We 

suggest here that a potentially overlooked aspect influencing BIF precipitation by photoferrotrophs 

is competition with another anaerobic Fe(II)-oxidizing metabolism. It is speculated that 

microorganisms capable of coupling Fe(II) oxidation to the reduction of nitrate were also present 

early in Earth history when BIF were being deposited, but the extent to which they could compete 

with photoferrotrophs when favourable geochemical conditions overlapped is unknown. Utilizing 

microbial incubations and numerical modelling, we show that nitrate-reducing Fe(II)-oxidizers 

metabolically outcompete photoferrotrophs for dissolved Fe(II). Moreover, the nitrate-reducing 

Fe(II)-oxidizers inhibit photoferrotrophy via the production of toxic nitric oxide (NO). Four 

different photoferrotrophs, representing both green sulfur and purple non-sulfur bacteria, are 

susceptible to this toxic effect despite having genomic capabilities for NO detoxification. Indeed, 

despite NO detoxification mechanisms being ubiquitous in some groups of phototrophs at the 

genomic level (e.g. Chlorobi and Cyanobacteria) it is likely they would still be influenced by NO 

stress. We suggest that the production of NO during nitrate-reducing Fe(II) oxidation in ferruginous 

environments represents an as yet unreported control on the activity of photoferrotrophs in the 

ancient oceans and thus the mechanisms driving precipitation of BIF.  
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INTRODUCTION 

Anoxygenic photoautotrophic Fe(II)-oxidizing bacteria, or “photoferrotrophs” (Equation 1), are 1 

thought to have thrived in Earth’s oceans prior to the rise of O2 and contributed to the deposition 2 

of banded iron formations (Hartman, 1984; Widdel et al., 1993; Konhauser et al., 2002). As O2 3 

began to rise, these microbes would have seen their habitats shrink, yet they are still thought to 4 

have been capable of out-competing abiotic Fe(II) oxidation by O2 or respiration by 5 

microaerophilic Fe(II)-oxidizers while the oxycline remained in the photic zone (Kappler et al., 6 

2005), i.e., when photons could reach deeper anoxic waters.  7 

𝐻𝐶𝑂3
− + 4𝐹𝑒2+ + 10𝐻2𝑂

ℎ𝜈
→ 〈𝐶𝐻2𝑂〉 + 4𝐹𝑒(𝑂𝐻)3 + 7𝐻

+   (1) 8 

However, the rise of O2 would also have shifted the balance of other biogeochemical cycles 9 

towards more oxidized states. Specifically, an increased abundance of nitrate led to pervasive 10 

denitrification in stratified water columns during the Great Oxidation Event (GOE) (Zerkle et al., 11 

2017) that began ca. 2.45 Ga. Even prior to the GOE, evidence exists for transient, localized cycling 12 

of oxidized nitrogen species associated with areas of locally elevated O2 (oxygen oases) as early as 13 

2.7 Ga (Busigny et al., 2013), although there is some debate regarding whether the 15N record 14 

could reflect other N cycling processes independent of oxidative N cycling prior to 2.3 Ga (Garvin 15 

et al., 2009; Godfrey and Falkowski, 2009; Busigny et al., 2013; Zerkle et al., 2017; Mettam et al., 16 

2019). NOx input from atmospheric photochemical reactions would also have supplied oxidized N 17 

species to the oceans as far back as the Hadean (Mancinelli and McKay, 1988; Summers and Khare, 18 

2007; Wong et al., 2017). 19 

In modern anoxic environments containing both Fe(II) and nitrate (NO3
-), nitrate reduction 20 

coupled to  Fe(II) oxidation (Equation 2) is widespread (Bryce et al., 2018). During this process, 21 

Fe(II) oxidation can be enzymatically driven (Straub et al., 1996; He et al., 2016) and/or occur 22 
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abiotically (Klueglein and Kappler, 2013), catalyzed by reactive N-intermediates produced during 23 

enzymatic reduction of nitrate, such as nitrite and nitric oxide (NO) (known as 24 

chemodenitrification) (Klueglein and Kappler, 2013). In modern environments, such as sediments 25 

(Melton et al., 2012, 2014; Laufer et al., 2016; Otte et al., 2018) and stratified water columns 26 

(Michiels et al., 2017), both nitrate-reducing and phototrophic Fe(II)-oxidizers have been found 27 

together. Oxidation of Fe(II) coupled to nitrate reduction could, therefore, compete with 28 

photoferrotrophs for Fe(II) in regions where nitrate and light were available but O2 was absent. 29 

10𝐹𝑒2+ + 2𝑁𝑂3
− + 24𝐻2𝑂 → 10𝐹𝑒(𝑂𝐻)3 + 𝑁2 + 18𝐻

+    (2) 30 

 31 

Nitric oxide produced during nitrate-dependent Fe(II) oxidation inhibits photoferrotrophy 32 

In order to observe potential competitive interactions we co-cultured model strains of nitrate-33 

reducing and phototrophic Fe(II)-oxidizing bacteria (enrichment culture KS and Rhodobacter 34 

ferrooxidans SW2, respectively) and compared cell growth, Fe(II) oxidation, nitrate reduction and 35 

nitrous oxide (N2O) formation in the mixed culture to those grown alone. When the photoferrotroph 36 

R. ferrooxidans SW2 was incubated alone with 1 mM NO3
- and 10 mM Fe(II) in the presence of 37 

light, Fe(II) oxidation was complete after 28 days and NO3
- was not consumed (Figure 1a & 1b). 38 

The KS culture incubated under the same conditions reduced all available NO3
- (1 mM) over 39 

approximately 4 days and oxidized 5 mM Fe(II), as would be expected from the 5:1 stoichiometry 40 

of the reaction (Figure 1a & 1b; Equation 2). When KS and R. ferrooxidans SW2 were incubated 41 

together, NO3
- was completely reduced, but Fe(II) oxidation stopped after consumption of 42 

approximately 5 mM Fe(II) (Figure 1a & 1b). The remaining 5 mM Fe(II) were not consumed, 43 

suggesting inhibition of the photoferrotroph in the presence of the nitrate-reducer KS. Inhibition of 44 

R. ferrooxidans SW2 was reflected in cell numbers (Figure 1c). A maximum of 108 cells/ml were 45 
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measured when R. ferrooxidans SW2 was incubated alone. Conversely, when incubated in the 46 

presence of KS, total cell counts were one order of magnitude lower. The patterns of nitrate 47 

reduction, cell growth and Fe(II) oxidation were almost identical in the mixed culture and when 48 

KS was incubated alone, with similar trends also observed at lower NO3
- concentrations (Figure 49 

S1). Indeed, the KS and mixed KS - R. ferrooxidans SW2 incubations were so similar that 50 

Moessbauer spectra of the minerals formed are indistinguishable (Figure S2). These mineralogical 51 

analyses also confirm that complete Fe(II) oxidation occurred when R. ferrooxidans SW2 was 52 

incubated alone, yielding (poorly crystalline) Fe(III) minerals. Conversely both the KS and KS - 53 

R. ferrooxidans SW2 mixed incubation contained a mix of Fe(II) and Fe(III) minerals, reflecting 54 

partial Fe(II) oxidation, as predicted by the stoichiometry of the nitrate-reducing Fe(II)-oxidizing 55 

reaction.  56 

The KS culture was previously reported to conduct complete denitrification and produce N2 57 

as the final product (He et al., 2016; Tominski et al., 2018). Whilst most of the added nitrate in our 58 

experiment was ultimately transformed to N2, concentrations of the denitrification intermediate 59 

N2O increased during nitrate reduction and plateaued after day 6 in both the KS and KS - R. 60 

ferrooxidans SW2 incubation (with a slight subsequent dilution due to ongoing sampling) (Figure 61 

1f). A parallel incubation inoculated only with KS, and conducted under the same conditions, was 62 

needed for separate NO quantification. Therein, we observed that NO was produced (in addition to 63 

N2O) shortly after the onset of the experiment, and persisted in the system over several days, albeit 64 

at nM aqueous concentrations, before being consumed (Figure 1d & 1e). Since NO is a potential 65 

toxin, we hypothesized that this gaseous intermediate could be driving the observed inhibitory 66 

effect (Saraiva et al., 2004). 67 

We employed our mathematical model to assess the importance of NO due to limitations on 68 

working with NO in the laboratory. Despite NO being quantified separately from all other chemical 69 
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species shown in Figure 1, our model accurately predicted the timing and extent of NO 70 

accumulation, and was in good agreement with the measured concentration dynamics of all other 71 

species (Figure 1d & 1e). A comparison of measured and modelled Fe(II) oxidation and total 72 

biomass growth in a mixed R. ferrooxidans SW2 and KS incubation is shown in Figure 2. When 73 

NO toxicity was accounted for as an inhibitor of reaction rates in our model, we accurately captured 74 

the measured growth and Fe(II) dynamics. When this was not accounted for, the model over-75 

estimated both biomass growth and the extent of Fe(II) oxidation.  76 

The inclusion of toxic inhibition as a function of prolonged exposure to NO (on the order of 77 

days) also successfully captured the stalled consumption of N2O by the KS culture (Figure 1e & 78 

1f). This suggests that components of the KS culture were also, to some extent, influenced by NO 79 

accumulation, which then led to stalled N2O consumption after NO exposure.  80 

We confirmed that a gaseous N-intermediate produced by KS was responsible for inhibiting 81 

photoferrotrophy by conducting an additional experiment where the headspace of the reactor was 82 

flushed after every sampling point. Although we did not measure N2O or NO after this headspace 83 

exchange, the flushing of the headspace led to uninhibited growth in the mixed culture (Figure 3). 84 

N2O is also a potential toxin (Drummond and Matthews, 1994), therefore we directly tested 85 

whether N2O could inhibit Fe(II) oxidation by R. ferrooxidans SW2, but did not observe any 86 

inhibition, even at concentrations higher than those observed in Figure 1 (up to 90 µM N2O(aq)) 87 

(Figure S3). Our simulation and cultivation results combined confirm that inhibition of R. 88 

ferrooxidans SW2 is due to prolonged exposure to low levels of NO produced by culture KS.  89 

NO is produced in culture KS because the culture’s Fe(II)-oxidizing Gallionellaceae sp. only 90 

has genes for the first two steps in the denitrification pathway (nar, nir) and can, therefore, only 91 

reduce nitrate as far as NO (He et al., 2016). The flanking community, consisting mainly of a 92 
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Bradyrhizobium sp. (Tominski et al., 2018), contain genes for complete denitrification and were 93 

thought to scavenge NO and N2O in order to complete denitrification. However, we observed that 94 

both NO and N2O accumulated in the KS-inoculated reactors. Our model suggests that the NO 95 

accumulation inhibits further denitrification after prolonged NO exposure (~3.5 days) and explains 96 

why N2O is not subsequently consumed. This implies that components of the KS culture (e.g. the 97 

flanking community) are not immune to NO toxicity under these conditions. It should be noted that 98 

the exposure time-based toxicity function (see section “Reaction Model”, Equation 10), was 99 

derived from the KS-only incubation and also applied to both KS- and photoferrotroph-catalyzed 100 

rates. 101 

Additionally, we evaluated whether inhibition required live and actively metabolizing KS 102 

cells, by comparing Fe(II) oxidation in the mixed culture when either live or dead (i.e., autoclaved) 103 

KS cells were added (Figure S4). We also added spent, filtered culture KS supernatant to an R. 104 

ferrooxidans SW2 culture to test whether the inhibitor had been introduced during inoculation 105 

(Figure S4). Combined, these experiments demonstrated that the KS culture needed to be alive and 106 

actively reducing NO3
- for inhibition to occur, thus further highlighting that production of the 107 

reactive intermediate NO drives the inhibition of the photoferrotroph. 108 

Abiotic and biotic Fe-driven NO production cause photoferrotroph inhibition 109 

If the inhibition effect observed in the KS - R. ferrooxidans SW2 co-culture is caused by the 110 

production of NO as we suggest, the effect would not be unique to culture KS but would also be 111 

observed in other reactions between Fe(II) and nitrogen species. In a further experiment, we 112 

observed that inhibition also occurred with the nitrate-reducing Fe(II)-oxidizer Acidovorax sp. 113 

BoFeN1. This strain reduces nitrate via oxidation of organic carbon. The coupled reaction produces 114 

nitrite, which abiotically oxidizes Fe(II) (Figure S5), although the potential for some enzymatic 115 
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component to Fe(II) oxidation has not been ruled out. The abiotic reaction between nitrite and 116 

Fe(II) produces NO and N2O in a process known as chemodenitrification (Equation 3 - 5; Klueglein 117 

et al., 2014). Nitrite accumulation by Acidovorax sp. BoFeN1 is typically in the 1 - 3 mM range 118 

under these conditions (Klueglein et al., 2014) whereas culture KS typically only sees nitrite 119 

accumulation up to tens of µM, if at all (Tominski et al., 2018). 120 

𝑁𝑂2 +  2𝐹𝑒
2+ + 2𝐻+ → 2𝐹𝑒3+ +𝑁𝑂 + 𝐻2𝑂     (3) 121 

𝑁𝑂 + 𝐹𝑒2+ + 𝐻+ → 𝐹𝑒3+ + 𝐻𝑁𝑂       (4) 122 

2𝐻𝑁𝑂 → 𝑁2𝑂 + 𝐻2𝑂        (5) 123 

We further evaluated whether nitrite itself showed a toxic effect when added to an R. 124 

ferrooxidans SW2 culture under ferruginous conditions, and observed no Fe(II) oxidation by R. 125 

ferrooxidans SW2 at 10 µM or 20 µM nitrite (Figure S6). However, in the absence of Fe(II), and 126 

with acetate as the electron donor, R. ferrooxidans SW2 tolerated nitrite concentrations above 500 127 

µM (Figure S7). This strongly suggests that the abiotic reaction of nitrite and Fe(II), which yields 128 

NO as an intermediate (Kampschreur et al., 2011), drives the observed toxicity in these 129 

experiments, not nitrite itself which can be tolerated at much higher concentrations in the absence 130 

of Fe(II). 131 

Collectively, these experiments demonstrate that three independent mechanisms of nitrate-132 

reducing Fe(II) oxidation (enzymatic Fe(II) oxidation by culture KS, microbially catalyzed 133 

chemodenitrification by Acidovorax sp. BoFeN1, and entirely abiotic Fe(II) oxidation with nitrite) 134 

lead to inhibition of the photoferrotroph R. ferrooxidans SW2. In all cases the inhibition can be 135 

explained by the production of highly toxic NO as an intermediate of denitrification in ferruginous 136 

conditions (Figure 4). 137 

NO detoxification capability is widespread in phototrophs but inadequate to avoid inhibition 138 
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The inhibition effect we report here is not unique to R. ferrooxidans SW2. We additionally 139 

tested whether inhibition of Fe(II) oxidation would occur when an alternative freshwater 140 

photoferrotroph, Chlorobium ferrooxidans strain KoFox, was incubated with culture KS. In this 141 

case, Fe(II) oxidation was delayed but not completely inhibited (Figure S8). We also observed that 142 

two marine photoferrotrophs (Chlorobium sp. N1 and Rhodovulum rubiginosum) were sensitive to 143 

chemodentification processes in the presence of Fe(II). Chlorobium sp. N1 oxidized Fe(II) with 2 144 

µM and 10 µM nitrite added (to promote NO formation via abiotic reaction with Fe(II)), but not 145 

with 20 µM nitrite. R. rubiginosum oxidized Fe(II) with 2 µM nitrite, but not with 10 µM or 20 146 

µM (Figure S6). The Fe(II) oxidation mechanism in this case is of the type depicted in Figure 4c. 147 

Sensitivity of these marine strains highlights that we also expect to observe a similar effect in the 148 

marine realm. Interestingly, for both the freshwater and marine strains, the green sulfur bacteria 149 

tested appeared to tolerate slightly higher nitrite concentrations than the purple non-sulfur bacteria 150 

tested, in turn, suggesting a higher tolerance to NO. This may be the result of physiological 151 

differences between the green sulfur and purple non-sulfur bacteria, or it could be because both 152 

green sulfur bacteria strains do not exist in pure culture and thus may be “helped” by a partner 153 

strain. 154 

All of the strains tested have some genetic capability to tolerate NO. Chlorobium 155 

ferrooxidans sp. KoFox, Chlorobium sp. N1 and Rhodovulum robiginosum all possess the norV 156 

gene, a flavorubredoxin which reduces NO for detoxification purposes (Gardner et al., 2002). 157 

Conversely, Rhodobacter ferrooxidans SW2 contains the norB gene encoding the canonical NO 158 

reductase in the denitrification pathway (cNor). However, it is more likely cNor has a detoxification 159 

role in this strain which is incapable of denitrification (as demonstrated in Figure 1). This suggests 160 

either that the possession of NO reduction genes, regardless of type, does not accurately predict a 161 

strain’s ability to tolerate NO, or that the concentrations of NO produced in our experiments are 162 
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outside the range in which NO can be efficiently detoxified. This hypothesis is supported by the 163 

fact that our experiments and simulations suggest that NO toxicity is also responsible for the stalled 164 

N2O reduction observed in the KS culture itself, in which the partner strains have NO-reducing 165 

capabilities (Blöthe and Roden, 2009; He et al., 2016).   166 

In order to visualize how genetic capabilities for NO detoxification in our cultured 167 

phototrophs compared to other phototrophic bacteria, we implemented comparative genomic 168 

analysis to map the presence of norV, norB or hmpA (a two-domain flavohemoglobin also known 169 

to convert NO to nitrate; Gardner et al., 1998) across all available phototroph genomes in the NCBI 170 

RefSeq database. Phototrophs were identified based on photosynthetic marker genes encoding for 171 

cyanobacterial photosystem I (psaB) and II (psbA) and non-cyanobacterial type I and type II 172 

reaction centres (pshA and pufL respectively). Marker genes for NO reduction are widespread 173 

within the phototroph genomes: 53 (7%) have hmpA, 314 (41%) have norV and 129 (17%) have 174 

norB (Figure 5). Anoxygenic phototrophs with type I reaction centres (i.e., the Chlorobi) and 175 

Cyanobacteria almost all contain norV (98% of Cyanobacteria, n = 259; 92% of Chlorobi, n = 22) 176 

and none contain hmpA. None of the Chlorobi have norB genes whilst a small number of 177 

Cyanobacteria (28, 11%) do. norV is much less common in anoxygenic phototrophs with type II 178 

reaction centres (i.e., purple bacteria), as it is only present in 36 species (8%), however norB (102, 179 

21%) and hmpA (53, 11%) genes are more common.  180 

Our results suggest that there are differences in genetic strategies for NO detoxification 181 

amongst different groups of phototrophs and emphasize that our cultured photoferrotrophs 182 

(Supplementary Figure S9) are broadly representative of their respective groups. Although 183 

comparative genomics only show whether the genes identified are present in phototrophs, more 184 

analyses would be needed to test under which condition these genes are expressed. However, the 185 

broad genomic sampling (Figure 5) implies that the inhibition we observe in culture is likely not 186 
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limited to our tested strains but that all phototrophs may be vulnerable despite having some genetic 187 

ability to detoxify NO. Additionally, the ubiquity of norV amongst the genomes of extant 188 

Cyanobacteria and Chlorobi spp. suggests this gene may have evolved early in the history of these 189 

groups.   190 

Would inhibition by NO be expected in modern and ancient environments? 191 

Measured NO concentrations in modern ferruginous systems are highly variable but can reach 192 

up to 500 nM e.g. in anoxic sediments (Schreiber et al., 2008, 2014). In these settings NO may be 193 

produced as a by-product of microbial denitrification or chemodenitrification, but is also an 194 

intermediate of nitrification and ammonium oxidation (Kuypers et al., 2018). We demonstrated 195 

that NO concentrations during KS-mediated denitrification can accumulate to levels of up to 15 nM 196 

(Figure 1), which is about 30-fold lower than the highest concentrations measured in some modern 197 

anoxic settings, thus NO sensitivity could be expected at environmentally relevant concentrations.  198 

The Fe(II) concentrations used in this study are high compared to modern environments and 199 

are at the very upper end of estimates for Archean (Thompson et al., 2019) and Proterozoic 200 

ferruginous oceans (Derry, 2015; Stanton et al., 2018), although in reality seawater Fe(II) 201 

concentrations at the time of BIF deposition were likely lower (up to 0.5 mM; Morris, 1993). The 202 

nitrate concentrations are also higher than would be expected in both modern and ancient settings. 203 

The archean ocean is thought to have contained < 1𝜇M NO3
- (Ranjan et al., 2019) whereas modern 204 

surface NO3
- concentrations range from e.g. 25 µM to < 0.1 µM in the Indian Ocean or 8 µM to < 205 

0.1 µM in the equatorial Pacific (Altabet and Francois, 1994). However, it must be considered that 206 

measured natural NO3
- concentrations are highly variable and often low because they reflect high 207 

N turnover and not low NO3
- availability. Indeed, Archean NO3

- concentrations are estimated to be 208 
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low precisely because of reaction between nitrogen oxides and ferrous iron, which produces short-209 

lived reactive N species such as NO. 210 

It is important to stress that the high Fe(II) (10 mM) and NO3
- (0.4 and 1 mM) concentrations 211 

used here were a practical necessity to quantify the co-culture dynamics experimentally as the 212 

Fe(II):NO3
- ratio has to be set such that there is enough NO3

- to observe Fe(II) oxidation by culture 213 

KS, but not so much as to leave no remaining Fe(II) for the photoferrotroph. 0.4 mM nitrate is the 214 

lowest concentration we could use whilst still being able to clearly measure the Fe(II) oxidation. 215 

However, our concentrations are in line with similar experimental studies (Stanton et al., 2018; 216 

Thompson et al., 2019). Because NO is the driving force of inhibition it is unlikely that the excess 217 

of Fe(II) has a significant effect on whether or not inhibition occurs. Moreover, we observe that 218 

concentrations as low as 15 nM NO have the ability to hinder the growth of phototrophs. Therefore, 219 

we expect that environmentally realistic NO concentrations can exert a strong selective pressure 220 

on the microbial community in modern ferruginous environments such as sediments, oxygen 221 

minimum zones and ferruginous, stratified lakes. 222 

Ferruginous environments were much more common in the Earth’s past and thus the effects 223 

we report here were likely more important earlier in Earth’s history. The complete biological cycle 224 

of nitrogen fixation, nitrification and denitrification (including chemodenitrification) had likely 225 

evolved by the late Archean or early Proterozoic (Garvin et al., 2009; Godfrey and Falkowski, 226 

2009; Stüeken et al., 2016; Stanton et al., 2018), although it is thought that up to 1013 g per year of 227 

NO could have been produced by atmospheric photochemical reactions as far back as the Hadean 228 

(Wang et al., 1998). The existence of microbially driven nitrate-reducing Fe(II) oxidation - which 229 

linked the Fe and C biogeochemical cycles - has been evoked to explain the inverse co-variations 230 

between δ15N and δ13C isotopes recorded in the early Paleoproterozoic Brockman Iron Formation 231 

in Western Australia (Busigny et al., 2013). In an alternative scenario, these authors propose that 232 
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Fe-driven chemodenitrification in a redox-stratified water column could drive the observed 233 

signatures. Our results demonstrate that nitrate-reducing Fe(II) oxidation would have the potential 234 

to inhibit the activity of photoferrotrophs in systems similar to those which produced the Brockman 235 

IF. Considering that photoferrotrophs are thought to have contributed to BIF formation as early as 236 

3.77 Ga (Czaja et al., 2013; Pecoits et al., 2015), and nitrate was likely at least locally available as 237 

early as 2.7 Ga (Godfrey and Falkowski, 2009), there is a potentially long time frame from then 238 

until the onset of the GOE (2.45 Ga) within which photoferrotrophs could have encountered 239 

microbial or abiotic nitrate-reducing Fe(II) oxidation in the photic zone. Based on the ubiquity of 240 

photoferrotrophs for which NO is toxic, our findings imply, at the very least, that nitrate-reducing 241 

Fe(II) oxidation could have imposed a selection pressure on strains with detoxifying capabilities 242 

or provided an impetus to evolve NO detoxifying traits. At worst, nitrate-reducing Fe(II) oxidation 243 

could have created photoferrotroph exclusion zones in regions with elevated nitrate availability.  244 

Whilst our study has focused on the effect of nitrate-reducing Fe(II) oxidation on anoxygenic 245 

phototrophs, other microbial lineages could also be affected by NO accumulation under ferruginous 246 

conditions. Indeed previous authors have noted that early accumulation of NO via photochemical 247 

reactions in the atmosphere would have provided one of the most promising electron acceptors for 248 

early life (Ducluzeau et al., 2009; Wong et al., 2017; Hu et al., 2019). It is even considered likely 249 

that NO and O2 reductases share an evolutionary history (Saraste and Castresana, 1994; Chen and 250 

Strous, 2013). Local accumulation of NO in the early oceans has also been proposed to have led to 251 

antagonistic interactions between denitrifying (e.g., NO-producing) bacteria and cyanobacteria 252 

(Santana et al., 2017). Those authors even go so far as to suggest that NO toxicity would represent 253 

the first cyanobacterial “disease” which gave rise to NO defense mechanisms in cyanobacteria and 254 

laid the groundwork for the evolution of phytopathogenesis. The ubiquity of NO detoxification 255 
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genes we observe in the Chlorobi and Cyanobacteria may hint towards this shared stress early in 256 

each group’s evolutionary history.  257 

The potential marginalization of photoferrotrophs by nitrate-reducing Fe(II)-oxidizers 258 

represents a previously unknown control on mechanisms of BIF deposition. As the marine photic 259 

zone became progressively oxygenated prior to the GOE, one of the immediate outcomes would 260 

have been the production of nitrate in marine settings with high primary productivity. This would 261 

have been followed by the proliferation of either chemodenitrification or enzymatic denitrification, 262 

with the two processes influencing photoferrotrophs via metabolic competition for Fe(II) as the 263 

electron donor, production of NO as a toxin, or a combination of the two.  264 

In terms of BIF deposition, we envisage an Archean ocean where photoferrotrophs were the 265 

primary biological driver of Fe(II) oxidation in the photic zone. However, as nitrate became more 266 

abundant and denitrification intensified, the photoferrotrophs would have been pushed further 267 

offshore, away from areas of peak primary productivity where cyanobacteria grew as mats (Blank 268 

and Sánchez-Baracaldo, 2010; Sánchez-Baracaldo, 2015), and where O2 and oxidized N species 269 

were accumulating. Although the photoferrotrophs would still have had first access to upwelling 270 

Fe(II) (Kappler et al., 2005; Jones et al., 2015), they would have found themselves limited by other 271 

trace elements sourced from continental weathering. Furthermore, as O2 increasingly diffused away 272 

from coastal environments the oxic zone would have eventually intersected the photic zone. As 273 

photoferrotrophs are obligate anaerobes, this oxygen would have completely limited their ability 274 

to survive in the open oceans. Consequently, upwelling Fe(II) would no longer have been oxidized 275 

via photoferrotrophy. At this stage, Fe(II) oxidation would instead have been driven by 276 

microaerophilic chemolithoautotrophs (e.g., Gallionella), nitrate-reducing Fe(II)-oxidizers, or 277 

abiotic Fe(II) oxidation with oxygen or reactive nitrogen species. 278 
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If photoferrotrophs were inhibited, how much BIF deposition could be driven by nitrate-279 

reducing Fe(II) oxidation alone? It has been previously hypothesized that the inverse correlation 280 

between δ15N and δ13Ccarb values in the Palaeoproteozoic Brockman IF could be explained by 281 

partial denitrification by nitrate-reducing Fe(II)-oxidizing bacteria, with the nitrate sourced from 282 

nitrification (oxidation of NH4
+) in a stratified water column (Busigny et al., 2013). It is estimated 283 

that deposition of the 2.48 Ga Dales Gorge Member of the Brockman Iron Formation required peak 284 

Fe(II) oxidation rates of 7.85 × 1011 mol of Fe per year (Konhauser et al., 2018). Thus, given the 285 

stoichiometry of nitrate:Fe(II) in the nitrate-reducing Fe(II)-oxidizing reaction (5:1; Equation 2), 286 

reduction of 1.57 x 1011 mol of nitrate per year would be required to oxidize all of this iron. Primary 287 

productivity in the Archean and Paleoproterozoic could have been as low as 10% of modern levels 288 

(Canfield et al., 2010), with a further 50% decrease in N2 fixation rates due to Mo limitation of 289 

nitrogenase enzymes (Zerkle et al., 2006), yielding an estimated nitrogen fixation rate of 5 x 1011 290 

mol/year. 31% of this fixed nitrogen would need to be oxidized to provide enough nitrate to form 291 

adequate amounts of BIF from nitrate-dependent Fe(II) oxidation, assuming no nitrate loss via 292 

heterotrophic denitrification or anaerobic ammonium oxidation. Given that there is no persistent 293 

signal for heterotrophic denitrification or anammox in the 15N record until ~2.3 Ga (Zerkle et al., 294 

2017), and that Fe2+ could have been a much more widely available electron donor in deep 295 

ferruginous oceans than organic matter, we find this to be a plausible assumption. These estimates 296 

of N availability do not account for abiotic sources of fixed N such as lightning, volcanism, and 297 

bolide impacts which could collectively account for N fluxes of the same magnitude as biological 298 

N fixation (~ 2.5 x 10^11 mol N yr-1) (Kasting, 1990; Mather et al., 2004; Harman et al., 2018) and 299 

would make the potential for nitrate-dependent Fe(II) oxidation even more widespread. Therefore, 300 

we hypothesize that it was possible that nitrate-reducing Fe(II) oxidation could have compensated 301 

to a significant extent for BIF deposition after photoferrotrophs became inhibited. While nitrate-302 
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reducing Fe(II)-oxidizers might initially have compensated for the lack of BIF deposition by 303 

photoferrotrophs, the aerial expansion of cyanobacteria and oxygenation of the deep ocean would 304 

ultimately have resulted in the cessation of BIF deposition. 305 

Conclusions 306 

Our work represents the first experimental evidence that NO produced by denitrifying bacteria can 307 

influence the survival of photoferrotrophs, and highlights that this toxicity would be enhanced 308 

under ferruginous conditions. The levels of NO required to inhibit photoferrotrophy are low and 309 

within the range observed in modern ferruginous environments, suggesting that NO stress could 310 

have played an important role in shaping the biogeochemistry and microbial community in both 311 

modern and ancient ferruginous habitats with an active N cycle. It is often thought that the main 312 

challenge for photoferrotrophs arose when O2 became more widespread. However, the introduction 313 

of reactive nitrogen species, such as NO2
- and NO into a ferruginous world would also have made 314 

photoferrotrophy difficult. Local enrichment of NO may have influenced biogeochemical cycling 315 

and, via competition with mineral precipitating phototrophs, fundamentally altered the mechanisms 316 

of BIF deposition, one of the main records of early ocean biogeochemistry itself.  317 

 318 

METHODS 319 

Model strains 320 

All experiments described in the main text were conducted with the autotrophic nitrate reducing 321 

Fe(II)-oxidizing enrichment culture KS (Straub et al., 1996) and the phototrophic Fe(II)-oxidizer 322 

Rhodobacter ferrooxidans SW2 (Ehrenreich and Widdel, 1994). Culture KS was enriched from a 323 

ditch in Bremen, Germany and SW2 was isolated from freshwater sediments in Hannover, 324 
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Germany. Both cultures were maintained in continuous culture in the culture collection of Andreas 325 

Kappler. Media recipes for other strains used can be found in Table S1. 326 

 327 

Cultivation 328 

For cultivation of KS and R. ferrooxidans SW2 22 mM bicarbonate-buffered mineral media was 329 

used for all set ups and contained: 0.6 g/L KH2PO4, 0.3 g/L NH4Cl, 0.025 g/L MgSO4·7 H2O, 0.4 330 

g/L MgCl2·6 H2O, 0.1 g/L CaCl2·2 H2O. After autoclaving in a Widdel flask the media was cooled 331 

to room temperature under an N2/CO2 atmosphere (90:10) and buffered with anoxic 22 mM 332 

bicarbonate buffer. Aliquots of 1 mL L-1 sterile filtered 7-vitamin solution (Widdel and Pfenning, 333 

1981), trace element solution (Widdel et al., 1983) and selenite-tungstate solution (Widdel and 334 

Bak, 1992) were added and the pH was adjusted to 7 with 0.5 M NaHCO3 or 1 M HCl. Media was 335 

stored at 5 °C. Before each experiment, the media was aliquoted into sterile glass serum vials with 336 

a 50 % headspace consisting of N2/CO2 gas (90:10) and amended with FeCl2·4H2O and NaNO3 as 337 

required. The initial cell density of each strain was approximately 106 cells/mL unless stated 338 

otherwise and the pre-culture was always grown under Fe(II)-oxidizing conditions. Serum vials 339 

were placed in a light incubator with 24h light that reached 23 ± 3 µmol/m2/s (2,700 K) at 25 °C. 340 

Vial position was randomized after each sampling point to avoid enhancing any effects caused by 341 

incubator position. Media recipes for the other strains tested (Acidovorax sp. BoFeN1, Chlorobium 342 

sp. N1, Rhodovulum rubiginosum) can be found in Table S1. 343 

 344 

Competition between KS and SW2 345 

To evaluate potential competitive effects between KS and R. ferrooxidans SW2, 50 mL media was 346 

amended with 10 mM FeCl2 and 0.4 mM (scenario A) or 1 mM NaNO3
- (scenario B). These 347 
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concentrations are high compared to what is expected in modern or ancient environments but is a 348 

practical necessity in order to monitor the competitive dynamics. Three different conditions were 349 

tested: KS alone, R. ferrooxidans SW2 alone, and KS and R. ferrooxidans SW2 grown together in 350 

the same vial. At every sampling time point samples for gas analyses was performed under sterile 351 

conditions at the lab bench before samples for Fe, NO2
-, NO3

-, and cells were taken in a glovebox 352 

under an N2 atmosphere. 353 

 354 

Further control experiments 355 

The potential for inhibition by the presence of KS biomass or a component from the 356 

supernatant was evaluated. For this we repeated the experiment but inoculated additional triplicates 357 

with cells from an autoclaved pre-culture (121 °C, 20 mins) or with an equal volume of pre-culture 358 

supernatant that had been passed through a 0.22 µm filter. Samples for Fe, NO2
-, NO3

-, N2O and 359 

cell number were collected at every time point as described in the previous section. 360 

 361 

Toxicity tests 362 

To determine whether potentially toxic gaseous products were causing inhibition of R. ferrooxidans 363 

SW2 when grown in combination with KS, we prepared six vials as described in the experiment 364 

above with 10 mM FeCl2 and 1 mM NaNO3
-. Three vials were flushed with an N2/CO2 gas mix for 365 

5 minutes after every sampling time point or every other day. The remaining three vials did not 366 

have the headspace replenished at any point. 367 

The potential for N2O toxicity in strain R. ferrooxidans SW2 was tested by inoculation into 368 

different concentrations of N2O with 10 mM FeCl2 as electron donor. These tests were performed 369 

in 15 mL Hungate tubes with 9 mL media and 1 mL inoculum in triplicates. Growth was monitored 370 
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visually with positive growth demonstrated by a colour change from grey to orange. The 371 

concentration range was from 0 µM N2O(aq) to 90 µM N2O (0, 9, 18, 45 and 90 µM N2O(aq)). 372 

Different concentrations of NO2
- (0, 2, 10, 20 µM) were tested in combination with 10 mM 373 

FeCl2, in duplicates, to determine the potential for nitrite toxicity. Microbial Fe(II) oxidation was 374 

indicated by a colour change from grey to orange. NO2
- toxicity was tested for 4 phototrophic 375 

Fe(II)-oxidizers in total: Rhodobacter ferrooxidans SW2, Rhodovulum rubiginosum, Chlorobium 376 

sp. strain N1 and Chlorobium ferrooxidans strain KoFox (please see SI for culture conditions for 377 

additional strains). Toxicity of NO2
- in the absence of Fe(II) was determined by incubating 378 

Rhodobacter ferrooxidans SW2 with acetate as an alternative growth substrate. Growth was 379 

monitored using optical density at 660 nm in the presence of either 0 mM, 0.5 mM or 2 mM NaNO2
-

380 

. 381 

 382 

Iron quantification 383 

Iron (Fe(II) and Fe(III)) was quantified spectrophotometrically with the ferrozine assay after 384 

Stookey (1970). Due to the potential presence of nitrite the protocol was modified and 1 M HCl 385 

was used together with 40 mM sulfamic acid (Schaedler et al. 2018, Klueglein et al. 2013) to 386 

stabilize iron from abiotic reactions with nitrogen species. During sampling, 0.1 mL of sample was 387 

added to 0.9 mL 40 mM SA in 1 M HCl. Samples were stored at 5 °C until quantification. The 388 

ferrozine-Fe(II) complex was quantified at 562 nm using a microtiter plate reader (Multiskan GO, 389 

Thermo Fisher Scientific). Ferrozine measurements were conducted in triplicates. 390 

 391 

Cell quantification  392 
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Cells were counted using a flow cytometer equipped with a 488 nm laser as an excitation source 393 

(Attune Nxt flow cytometer, Thermo Fisher Scientific). Samples for cell counts were directly 394 

processed after sampling. 600 µL of sterile filtered oxalate solution were added to 200 µL of sample 395 

and incubated for 30 sec to 1 min. 1200 µL 10 mM sterile filtered bicarbonate buffer was added, 396 

and the mixture centrifuged at 15000 rpm for 10 min. 1800 µL of the supernatant was discarded 397 

and 600 µL 10 mM sterile filtered bicarbonate buffer was added. BacLight Green stain (Thermo 398 

Fisher Scientific, 1µl stain/1 ml sample) was added and 200 µL of sample was distributed in 399 

triplicates in 96 well plates. The plate was incubated for 15 minutes in the dark before measuring. 400 

Cells were distinguished from noise or debris based on their properties in the side scatter and BL1 401 

channel (with emission filter 530/30 nm). This method measures total cell numbers and does not 402 

distinguish between different species. 403 

 404 

N2O quantification: Samples were extracted from the headspace using a Hamilton syringe after 405 

each bottle was shaken and transferred into vials previously flushed with N2. The vials were stored 406 

at room temperature until further analysis. The analysis was performed by a Gas Chromatograph 407 

with a Pulsed Discharged Detector (PDD). The temperature program for the columns was: 10 408 

minutes at 35 °C, 50 °C per minute until 120 °C, 120 °C for one minute. This was repeated with 409 

50 °C per minute until 150 °C and left for 5 min. The valve furnace was set to 40 °C. The carrier 410 

gas was run at 5 mL/min and run time was 18.3 min. Back PDD used was Molsieb5a 30mx0.53 411 

and front PDD was TG BondQ+ 30mx0.25. Injection volume was 2 mL.  412 

 413 

NO2
- and NO3

- quantification 414 
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Samples for NO2
- and NO3

-, were taken in a glovebox, centrifuged at 13,400 rpm for 5 min, and 415 

then stored under anoxic conditions at 5 °C until measurement. Concentrations were quantified 416 

colorimetrically using a continuous-flow analyzer (Seal Analytical Norderstedt, Germany). For 417 

details see (Tominski et al., 2018). 418 

 419 

NO monitoring 420 

To determine if NO accumulated during growth of the KS culture we conducted a parallel 421 

incubation with only KS inoculated in the reactor but under the same conditions as in the original 422 

experiment. For this incubation, cells pre-grown with Fe(II) as an electron donor were transferred 423 

(0.5 % inoculum) into reactors containing fresh media with 10 mM FeCl2, 1 mM NaNO3 and an 424 

N2/CO2 (90:10) headspace. The cultures were incubated in the dark at 25 °C and NO and N2O 425 

evolution was followed over time. NO was quantified in the microcosm headspace with a 426 

chemiluminescence-based analyzer (LMA-3D NO2 analyzer, Unisearch Associates Inc., Concord, 427 

Canada). Headspace gas (50 µL) was sampled by replacement under sterile conditions using a CO2-428 

N2-flushed gas-tight syringe and injected into the analyzer. The injection port was customized to 429 

fit the injection volume and consisted of a T-junction with an air filter at one end and a septum at 430 

the other end. An internal pump generated consistent airflow. Our method generally followed a 431 

previous protocol (Homyak et al., 2016), and included adjustments based on our experimental set 432 

up. In short, NO was oxidized to NO2 by a CrO3 catalyst. The NO2 passed across a fabric wick 433 

saturated with a Luminol solution. Luminol was obtained from Drummond Technology Inc. 434 

(Bowmanville, Ontario, Canada). Readings were corrected for background NO2 every 15 minutes. 435 

Shell airflow rate was kept at 500 mL min–1 and the span potentiometer was set to 8. Measurements 436 
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were calibrated with a 0.1 ppm NO (in N2) standard (<0.0005 ppm NO2, Scott-Marin, Riverside, 437 

CA, USA) over a range of 50–10,000 ppb.  438 

 439 

Moessbauer spectroscopy 440 

Samples for 57Fe Moessbauer spectroscopy were prepared inside an anoxic (100 % N2 atmosphere) 441 

glovebox by passing the sample through a 0.45 µm filter and sealing the filter paper between two 442 

pieces of airtight Kapton tape. The samples were stored in airtight (100 % N2 atmosphere) bottles 443 

at -20 °C until analysis. The bottles were opened just before loading the samples inside a closed-444 

cycle exchange gas cryostat (Janis cryogenics) under a backflow of helium. Spectra were collected 445 

at 77 K with a constant acceleration drive system (WissEL) in transmission geometry with a 446 

57Co/Rh source and calibrated against a 7 µm thick α-57Fe foil measured at room temperature. All 447 

spectra were fitted applying a Voight based fitting (VBF) routine (Rancourt and Ping, 1991) using 448 

the Recoil software (University of Ottawa). The half width at half maximum (HWHM) was fixed 449 

at 0.13 mm s-1 for all samples. 450 

 451 

Reaction model 452 

Incubation reactors for all experimental treatments, photoferrotrophy by R. ferrooxidans SW2, 453 

photoferrotrophy and nitrate dependent Fe(II) oxidation (R. ferrooxidans SW2 plus KS) and KS-454 

mediated nitrate dependent Fe(II) oxidation, were all simulated as well-mixed batch reactors. The 455 

model variants simulate microbially mediated reactions considering Monod kinetics explicitly 456 

accounting for biomass.  457 

The growth rate of R. ferrooxidans SW2 (𝑟𝑆𝑊2) during photoferrotrophy, in the presence of 458 

a continuous light source, was modeled via a single-Monod rate expression (Equation 6): 459 



This is a pre-print submitted to Earth ArXiv and has not been peer reviewed 

 22 

 
𝑟𝑆𝑊2 = 𝜇𝑚𝑎𝑥 (

𝐶𝐹𝑒(𝐼𝐼)

𝐶𝐹𝑒(𝐼𝐼) + 𝐾𝐹𝑒(𝐼𝐼)
)𝑋𝑆𝑊2 (6) 

where 𝜇𝑚𝑎𝑥 [day-1] is the maximum specific growth rate constant for photoferrotrophy, 𝐶𝐹𝑒(𝐼𝐼) 460 

[mM] is the concentration of aqueous Fe(II), 𝐾𝐹𝑒(𝐼𝐼) [mM] is the half-saturation constant, and 𝑋𝑆𝑊2 461 

[cells mL-1] is the biomass density of suspended SW2. The equation for 𝑟𝑆𝑊2 assumes that light is 462 

non-limiting. The corresponding concentration changes of 𝑋𝑆𝑊2 and Fe(II) with respect to time are 463 

given by: 464 

  𝑑𝑋𝑆𝑊2
𝑑𝑡

= 𝑟𝑠𝑤2 (7) 

 𝑑𝐶𝐹𝑒(𝐼𝐼)

𝑑𝑡
= −

𝑟𝑆𝑊2
𝑌𝑆𝑊2

 (8) 

where 𝑌𝑆𝑊2 [cells mmolFe(II)
-1] is the growth yield of SW2 on Fe(II).  465 

Nitrate-reducing Fe(II) oxidation by KS was modeled considering each denitrification step 466 

(NO3
-  ⟶
1  NO2

-  ⟶
2  NO  ⟶

3  N2O  ⟶
4  N2), where electron acceptor (N-species) and electron donor 467 

(Fe(II)) dependence was accounted for via dual-Monod kinetics. Although there is abundant 468 

discussion in the literature regarding which strain in the enrichment culture is responsible for each 469 

denitrification step, and the extent to which each step is enzymatically coupled to Fe(II) oxidation 470 

(Blöthe and Roden, 2009; He et al., 2016; Tominski et al., 2018), we opted to adopt the simplest 471 

scenario in the simulations which does not distinguish between community members and assumes 472 

all denitrification steps are enzymatically coupled to Fe(II) oxidation. The true scenario may be 473 

more complex; however, our model formulation successfully captured the dynamics of the culture 474 

well, and accurately predicted the timing and magnitude of formation of reactive intermediates.  475 
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The growth rate of KS, 𝑟𝐾𝑆
𝑖 , during each denitrification step is given by the following 476 

generalized expression: 477 

 
𝑟𝐾𝑆
𝑖 = 𝜇𝑚𝑎𝑥

𝑖 (
𝐶𝐹𝑒(𝐼𝐼)

𝐶𝐹𝑒(𝐼𝐼) +𝐾𝐹𝑒(𝐼𝐼)
)(

𝐶𝑁𝑖
𝐶𝑁𝑖 + 𝐾𝑁𝑖

)𝑋𝐾𝑆𝑓𝑡𝑜𝑥
𝑁𝑂 (9) 

where 𝜇𝑚𝑎𝑥
𝑖  [day-1] is the maximum specific growth rate constant for the reduction of nitrogen 478 

species, i, coupled to Fe(II) oxidation, 𝐾𝑁𝑖 [mM] is the half-saturation constant for each ith electron 479 

acceptor in the denitrification chain and 𝑋𝐾𝑆 [cells mL-1] is the biomass density of suspended KS. 480 

All growth rate expressions were scaled by 𝑓𝑡𝑜𝑥
𝑁𝑂 [-], an NO exposure time-based toxicity function 481 

(0 < 𝑓𝑡𝑜𝑥
𝑁𝑂 < 1). Toxicity effects were included based on the observation that NO accumulated at 482 

detectable levels in the headspace of the reactors, and that denitrification stopped (in multiple 483 

replicated incubations) after 3.5 days. Therefore, we modified a concentration-based toxicity 484 

function (Belli et al., 2015) to an exposure time formulation, based on the extremely high NO 485 

toxicity, even at low concentrations. 486 

 
𝑓𝑡𝑜𝑥
𝑁𝑂 =

1

1 + (
𝜏
𝜏𝐷
)
𝑝 (10) 

In equation (7), 𝜏 [days-1] is the exposure time to NO above a threshold concentration of 10 nM 487 

(based on best fit results), 𝜏𝐷 [days-1] exposure time at 50 % inhibition and 𝑝 [-] is an exponent 488 

characterizing the slope of the curve at the 𝜏𝐷 inflection point.  489 

Each step in the denitrification chain was modelled as a microbially mediated step, assumed 490 

to be carried out by a facet of the KS culture. Abiotic reaction steps were not accounted for in our 491 

model formulation.  492 
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Kinetic mass-transfer between the aqueous and gaseous phases (headspace and liquid) was 493 

simulated via a linear-driving force approximation, assuming Henry’s law partitioning of NO, N2O 494 

and N2.  495 

 
𝑟𝑡𝑟
𝑖 = 𝑘𝑡𝑟 (𝐶𝑁𝑖 −

𝑃𝑁𝑖
𝑅𝑇𝐻𝑖

) (11) 

In equation 11, 𝑘𝑡𝑟 [days-1] is the first-order mass transfer rate coefficient, 𝐶𝑁𝑖 [mM] is the aqueous 496 

phase concentration, 𝑃𝑁𝑖 [Pa] is the partial pressure,  𝐻𝑖 [-] is the Henry’s law constant of the i-th 497 

volatile N-compound, respectively, R is the ideal gas constant, and T is the absolute temperature. 498 

Headspace dilution due to sampling was also considered.  499 

The aqueous concentration changes for Fe(II), N-species and KS are given by: 500 

 
𝑑𝐶𝐹𝑒(𝐼𝐼)

𝑑𝑡
= −∑

𝑟𝐾𝑆
𝑖

𝑌𝐾𝑆

𝑛

𝑖=1

 (12) 

 𝑑𝐶𝑁𝑂3
𝑑𝑡

= −
1

2

𝑟𝐾𝑆
𝑁𝑂3

𝑌𝐾𝑆
 (13) 

 𝑑𝐶𝑁𝑂2
𝑑𝑡

=
1

2

𝑟𝐾𝑆
𝑁𝑂3

𝑌𝐾𝑆
−
1

2

𝑟𝐾𝑆
𝑁𝑂2

𝑌𝐾𝑆
 (14) 

 𝑑𝐶𝑁𝑂
𝑑𝑡

=
𝑟𝐾𝑆
𝑁𝑂2

𝑌𝐾𝑆
−
𝑟𝐾𝑆
𝑁𝑂

𝑌𝐾𝑆
− 𝑟𝑡𝑟

𝑁𝑂 (15) 

 𝑑𝐶𝑁2𝑂

𝑑𝑡
=
1

2

𝑟𝐾𝑆
𝑁𝑂

𝑌𝐾𝑆
−
1

2

𝑟𝐾𝑆
𝑁2𝑂

𝑌𝐾𝑆
− 𝑟𝑡𝑟

𝑁2𝑂 (16) 

 𝑑𝐶𝑁2
𝑑𝑡

=
1

2

𝑟𝐾𝑆
𝑁2𝑂

𝑌𝐾𝑆
− 𝑟𝑡𝑟

𝑁2𝑂 (17) 
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𝑑𝑋𝐾𝑆
𝑑𝑡

=  ∑𝑟𝐾𝑆
𝑖

𝑛

𝑖=1

 (18) 

For the case of a mixed R. ferrooxidans SW2 and KS incubation, the growth rate of 501 

photoferrotrophy is also inhibited by NO toxicity, hence, the concentration change of iron is given 502 

by:  503 

 
𝑑𝐶𝐹𝑒(𝐼𝐼)

𝑑𝑡
= −∑

𝑟𝐾𝑆
𝑖

𝑌𝐾𝑆

𝑛

𝑖=1

− 𝑟𝑆𝑊2 ∙ 𝑓𝑡𝑜𝑥
𝑁𝑂 (19) 

Changes in the partial pressures of NO, N2O and N2 are given by: 504 

 𝑑𝑃𝑁𝑂
𝑑𝑡

= −
𝑃𝑁𝑂𝑄𝑠
𝑉𝑔

+ (
𝑉𝑤
𝑉𝑔
)𝑅𝑇 ∙ 𝑟𝑡𝑟

𝑁𝑂 
    

(20) 

 𝑑𝑃𝑁2𝑂

𝑑𝑡
= −

𝑃𝑁2𝑂𝑄𝑠

𝑉𝑔
+ (
𝑉𝑤
𝑉𝑔
)𝑅𝑇 ∙ 𝑟𝑡𝑟

𝑁2𝑂 (21) 

 𝑑𝑃𝑁2
𝑑𝑡

= −
𝑃𝑁2𝑄𝑠

𝑉𝑔
+ (
𝑉𝑤
𝑉𝑔
)𝑅𝑇 ∙ 𝑟𝑡𝑟

𝑁2 + 𝑝𝑁2
𝑎𝑡𝑚 ∙

𝑄𝑠
𝑉𝑔

 (22) 

Periodic sample collection was simulated as the constant sampling rate, 𝑄𝑠 [L
 s-1] (based on 505 

the total amount of sample volume collected over the duration of the experiment), and assumed to 506 

result in headspace dilution of NO, N2O and N2 partial pressures, 𝑃𝑁𝑂, 𝑃𝑁2𝑂, and 𝑃𝑁2[Pa], 507 

respectively. In equations 15 through 17, 𝑉𝑤 and 𝑉𝑔 are the aqueous and gaseous volumes [L], 508 

respectively. An addition of N2 as a result of headspace volume replacement during sampling is 509 

accounted for by the addition of headspace gas at “atmospheric” (80% N2) partial pressure, 𝑝𝑁2
𝑎𝑡𝑚. 510 

(Note: experiments were run under an anerobic 90:10 N2:CO2 atmosphere.)   511 

All model variants were setup as well-mixed batch reactors. Partitioning of NO, N2O and N2 512 

between aqueous and gas phases was considered in model variants that simulated nitrate-reducing 513 
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iron oxidation. The coupled system of ordinary differential equations was solved in MATLAB 514 

using the built-in ordinary differential equation solver, ode15s. We fitted both the SW2-only and 515 

KS-only models to measured concentration, cell density and partial pressure data using the least 516 

squares MATLAB fitting tool, lsqnonlin. We fitted the logarithms of the parameters rather than the 517 

parameters themselves, thereby alleviating the discrepancy between nominal values differing by 518 

orders of magnitude. Our fitting scheme was based on minimizing the sum of squared differences 519 

between measurements and simulated output. Additional weight was allocated to NO partial 520 

pressure measurements. We justify increasing the importance of those measurements as they 521 

represent a key feature in the observed toxicity response of both KS and phototrophs to NO 522 

accumulation. Calibrated parameter values for photoferrotrophy and NDFO catalyzed by the KS 523 

culture are presented in Table S1.  524 

 525 

Bioinformatics 526 

Hundreds of thousands of assembly structure report files were downloaded from the NCBI 527 

RefSeq database (O’Leary et al., 2016) to study the distribution of nitric oxide reductase genes in 528 

bacterial genomes. This number was reduced to ~30,000 assemblies by selecting only the best 529 

assembly for each species (as defined in the NCBI taxonomy database information for the genomes, 530 

Schoch et al., 2020). RNAmmer v1.2 was used to obtain SSU rRNA sequences from each genome 531 

(Lagesen et al., 2007). Genomes without any 16S sequence were excluded from the analysis, with 532 

a final dataset size of 28,413 genomes.  533 

An SSU rRNA phylogenetic tree was used to illustrate and map the presence of nitric oxide 534 

reductase genes in bacterial genomes. To build this, 16S sequences were aligned with MAFFT 535 

v7.471 (Katoh and Standley, 2013) using as a guide tree the topology of the NCBI taxonomy in 536 
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which nodes with fewer than or equal to 2000 terminal descendants were transformed in 537 

polytomies. Sequences descending from each node were aligned separately and the alignments 538 

were then merged. Using the complete 16S alignment, the % identity was estimated amongst the 539 

403,635,078 possible pairs of genomes.  540 

A maximum-likelihood tree was built using IQTREE v2.1.2 (Nguyen et al., 2015), with the 541 

guide tree as a constraint. The topology obtained contains all major relevant bacterial groups, 542 

however deep-branching relationships do not reflect evolutionary histories; the tree was rooted 543 

arbitrarily using the Deferribacteres as an outgroup.  544 

Genomes were screened using BLAST searches (version 2.11.0; Camacho et al., 2009) to 545 

assess whether each contained nitric oxide reductase and photosynthesis genes. Phylogenetic gene 546 

trees for each gene were built to assess orthology. 547 

For photosynthesis (Cardona, 2015) these genes were used as markers: psaB (photosystem I,  548 

pshA (type I reaction centres,), psbA (photosystem II,), pufL (type II reaction centres,). For NO 549 

reductase, these genes were screened: norV (Shimizu et al., 2015), norB (i.e. the cnorB gene, which 550 

encodes for a protein that reduces NO using cytochromes as electron donors, and the qnorB gene, 551 

which encodes for a protein that uses electrons from quinol (Braker and Tiedje, 2003)), and hmpA 552 

(encoding a flavohemoglobin implicated in NO detoxification; (Hernández-Urzúa et al., 2003; 553 

Forrester and Foster, 2012). Query sequences for all genes above and their accession number are 554 

found in Supplementary File S1. 555 

To obtain a better readability of the tree, the branches in Figure 5 and Figure S9 were 556 

collapsed based on a 16S % identity threshold. In Figure 5 we used a threshold of 97%, while in 557 

Figure S9 we used a threshold of 90%. Additionally, in Figure 5 all non-photosynthetic strains 558 
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were pruned from the tree. In all figures, the tips representing the four strains that were cultured in 559 

this study were always kept as individual tips, regardless of their identity score. 560 

561 
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FIGURES 562 

563 
Figure 1. Aqueous and gas phase time-series measured (m) and simulated (s) concentrations for 564 

phototrophic Fe(II) oxidation by R. ferrooxidans SW2, nitrate dependent Fe(II) oxidation by KS, 565 

and a mixed KS plus R. ferrooxidans SW2 incubation. (a) Fe(II) oxidation. (b) NO3
- reduction. (c) 566 

Total cell numbers measured by flow cytometry. (d) Predicted aqueous concentrations of NO and 567 

N2O. (e) Predicted NO partial pressure compared to measured NO values in culture KS performed 568 

during a parallel incubation (square markers). (f) Predicted and measured N2O partial pressures. 569 

Also included is the model prediction for N2O when no NO toxicity term is included which 570 

validates the assertion that some inhibition of the KS culture occurs later in the growth phase which 571 

inhibits further N2O reduction. Gaseous reactive intermediates nitric and nitrous oxide were only 572 
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present in the KS and mixed KS plus R. ferrooxidans SW2 incubations. Star in figure 1b indicates 573 

potential outlier in data. 574 

575 
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 576 

Figure 2. Comparison of measured values for Fe(II) oxidation (a) and cell growth (b) in the mixed 577 

culture and in the numerical model where both with (NO-tox) and without (unaffected) NO toxicity 578 

included. Measured values for Fe(II) oxidation and cell growth are lower than would be predicted 579 

if there was no interaction between the nitrate-reducing Fe(II)-oxidizer and photoferrotroph. The 580 

model successfully captures the observed data when sensitivity of the photoferrotroph to NO is 581 

included.  582 

 583 

584 
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 585 

Figure 3. Cell numbers measured by flow cytometry in incubations containing both KS and R. 586 

ferrooxidans SW2. Orange is headspace exchanged with N2/CO2 gas mix after sampling, while 587 

blue is no headspace exchange. Exchange of the headspace after each sampling point in a KS- R. 588 

ferrooxidans SW2 mixed incubation results in alleviation of the inhibition of phototrophic Fe(II) 589 

oxidizers. Errors are standard deviations of biological triplicates. 590 

591 
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 592 

 593 

Figure 4. Schematic of NO production and phototroph inhibition by NO via 3 mechanisms of 594 

nitrate-reducing Fe(II) oxidation. (A) The Fe(II)-oxidizer of culture KS (Gallionella) produces NO 595 

via denitrification coupled to enzymatic Fe(II) oxidation. Some NO may be scavenged by 596 

heterotrophic partner strains (dominated by Bradyrhizobium) or may interact with the phototroph 597 

causing inhibition. It is also possible that some nitrite reacts with Fe(II) abiotically in this scenario. 598 

Nb. Our model does not simulate the individual contribution of the components of the KS culture 599 

but models the culture as a whole. (B) The non-enzymatic Fe(II)-oxidizer Acidovorax sp. BoFeN1 600 

produces nitrite during heterotrophic denitrification, which oxidizes Fe(II) abiotically and produces 601 

NO. (C) Nitrite reacts abiotically with Fe(II) and produces NO. In all cases NO inhibits 602 

photoferrotroph activity.  603 

604 

Created with BioRender.com 
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605 
Figure 5. Distribution of nitric oxide reduction genes in genomes of phototrophic bacteria. 606 

Anoxygenic phototrophs were identified by possession of genes encoding for Type I (pshA) or 607 

Type II (pufL) reaction centers. Cyanobacteria are identified by the presence of genes for both 608 

types of reaction center, photosystem I (psaB) and photosystem II (psbA). The presence of norV, 609 

norB and hmpA are indicated by light blue, dark blue, or pink annotations, respectively. NorV is 610 

ubiquitous in the Chlorobi and Cyanobacteria but is less common in anoxygenic phototrophs with 611 

Type II reaction centers. Numbers denote positions of the 4 photoferrotrophs cultured in this study: 612 

(1) Chlorobium ferrooxidans KoFox, (2) Chlorobium sp. N1, (3) Rhodovulum robiginosum, and 613 

(4) Rhodobacter ferrooxidans SW2. Branches were collapsed based on a 16S % identity threshold 614 

of 97%. Tips representing the four strains cultured in this study were kept as individual tips, 615 

regardless of their identity score. 616 

617 
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Supplementary Materials: 844 

 845 

 846 

Supplementary Figure S1. Competition dynamics between phototrophic and nitrate-dependent Fe(II)-847 

oxidizers (Rhodobacter ferroxidans strain SW2 and enrichment culture KS) with limited nitrate (0.4 mM), 848 

showing that the mixed culture behaves similarly to the nitrate-reducing culture with regards to all 849 

parameters, and Fe(II) oxidation in the mixed culture is incomplete.  850 

851 
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 852 
 853 

Supplementary Figure S2: Moessbauer spectra of minerals formed by KS (left), R. ferrooxidans SW2 854 

(middle) and the mixed incubation of both strains (right). Closed circles represent collected data, while 855 

the solid black line represents the data fit. Orange shaded areas represent a short-range ordered (SRO) Fe(III) 856 

mineral; the green shaded area siderite; and the blue shaded area a second Fe(II) mineral phase, possibly 857 

vivianite. R. ferrooxidans SW2 exclusively formed a SRO Fe(III) mineral, possibly ferrihydrite. Both, the 858 

KS and mixed incubations contain Fe(II) as well as Fe(III) mineral phases.  859 

 860 

  861 
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Table S1: Hyperfine parameters of the mineral products of setups KS, R. ferrooxidans SW2 and Mix 862 

incubation. Results of the fitting spectra. δ – center shift, ΔEQ – quadrupole splitting, R.A. – relative 863 

abundance of the mineral phase at the given temperature, ± - error in the relative abundance, χ2 indicates 864 

the goodness of fit. 1 (Forester and Koon, 1969), 2 (Eickhoff et al., 2014), 3 (Gonser and Grant, 1967). 865 

 866 

Sample 
Temp 

[K] 
Phase 

δ 

[mm s-1] 

ΔEQ 

[mm s-1] 

R. A. 

[%] 
± χ2 

KS 77 

Siderite1 1.34 2.26 43.9 8.2 

0.62 Ferrihydrite2 0.49 0.76 26.7 4.5 

Vivianite3 1.33 3.22 29.3 8.6 

SW2 77 Ferrihydrite2 0.49 0.80 100 - 1.58 

Mix 77 

Siderite1 1.33 2.33 47.1 3.7 

0.53 Ferrihydrite2 0.47 0.73 26.1 2.3 

Vivianite3 1.34 3.28 26.8 3.8 

 867 

  868 
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 869 

 870 

Supplementary Figure S3. Toxicity experiment with N2O(aq) showing no toxicity and no inhibition of 871 

Rhodobacter ferrooxidans SW2 with N2O added at concentrations significantly higher than measured in the 872 

experiment. 873 

 874 

  875 
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 876 

 877 

Supplementary Figure S4. Fe(II) oxidation is complete when R. ferrooxidans SW2 is combined with 878 

dead KS cells (autoclaved prior to inoculation) or with the supernatant from the KS culture (filtered prior to 879 

inoculation). Inhibition still occurs when live KS cells are added. 880 
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 884 

 885 

Supplementary figure S5: Fe(II) oxidation by R. ferrooxidans SW2, Acidovorax sp. BoFeN1 and a mixed 886 

incubation containing both. Inhibition of SW2 is also observed when this alternative nitrate-reducing Fe(II)-887 

oxidizer is used. 888 
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 890 

Supplementary figure S6. Photoferrotrophs R. ferrooxidans SW2 (top), Rhodovulum rubiginosum 891 

(middle) and Chlorobium sp. N1 (bottom) grown alone with different nitrite concentrations (listed at the top 892 

of the figure). All strains show inhibition suggesting the abiotic reaction between nitrite and Fe(II) can be 893 

inhibitory if the nitrite concentrations are high enough.  894 

 895 
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 897 

Supplementary Figure S7. A: Growth of R. ferrooxidans SW2 cells (measured by absorbance at 660 nm) 898 

in the presence of different concentrations of nitrite in the absence of Fe(II). * The 0.5 mM nitrite set up 899 

represents duplicate measurements, whilst the others are from biological triplicates. B: Cultures of R. 900 

ferrooxidans SW2 in the presence and absence of nitrite with 10 mM Fe(II). 901 

 902 

903 
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  904 

 905 

Supplementary Figure S8: Fe(II) oxidation by culture KS, Chlorobium ferroxidans sp. KoFox (a 906 

freshwater GSB) and an incubation containing both. In this case 0.4 mM nitrate was added. Chlorobium 907 

ferrooxidans sp. KoFox  is also inhibited by KS, but eventually overcomes the inhibition. 908 
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 909 

 910 

Supplementary figure S9: Distribution of phototrophy and nitric oxide detoxification genes across 14,624 911 

bacterial genomes. Numbers denote positions of the 4 photoferrotrophs cultured in this study: (1) 912 

Chlorobium ferrooxidans KoFox, (2) Chlorobium sp. N1, (3) Rhodovulum robiginosum, and (4) 913 

Rhodobacter ferrooxidans SW2. 914 

915 
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Table S2. Medium composition used for experiments with strains other than R. ferrooxidans SW2 916 

 917 

Strain Reference Growth media 

Rhdovulum rubiginosum Straub et al. (1999) 22 mM bicarbonate-buffered media containing 

following salts:  

26.4 g L -1 NaCl, 6.8 g L-1 MgSO4.7H20, 5.7 g L-1 

MgCl2.6H2O, 1.5 g L-1 CaCl2.2H2O, 0.66 g L-1 

KCl, 0.09 g L-1 KBr 0.4 g L-1 KH2PO4, 0.25 g L-1 

NH4Cl 

 

Additives: 1 mL L-1 sterile filtered 7-vitamin 

solution (Widdel and Pfennig, 1981), trace 

element solution (Widdel et al., 1983) and 

selenite-tungstate solution (Widdel and Bak, 

1992) 

 

pH: 7.0 

 

Added substrates: 10 mM FeCl2 

Chlorobium sp. N1 Laufer et al. (2016) 22 mM bicarbonate-buffered media containing 

following salts:  

17.3 g L -1 NaCl, 0.025 g L-1 MgSO4.7H20, 8.6 g 

L-1 MgCl2.6H2O, 0.99 g L-1 CaCl2.2H2O, 0.39 g L-

1 KCl, 0.059 g L-1 KBr, 0.05 g L-1 KH2PO4, 0.25 g 

L-1 NH4Cl 

 

Additives: 1 mL L-1 sterile filtered 7-vitamin 

solution (Widdel and Pfennig, 1981), trace 

element solution (Widdel et al., 1983) and 

selenite-tungstate solution (Widdel and Bak, 

1992) 

 

pH: 7.0 

 

Added substrates: 10 mM FeCl2 

Acidovorax sp. BoFeN1  22 mM bicarbonate-buffered media containing 

following salts:  

 

0.6 g/L KH2PO4, 0.3 g/L NH4Cl, 0.025 g/L 

MgSO4·7 H2O, 0.4 g/L MgCl2·6 H2O, 0.1 g/L 

CaCl2·2 H2O 

Additives: 1 mL L-1 sterile filtered 7-vitamin 

solution (Widdel and Pfennig, 1981), trace 

element solution (Widdel et al., 1983) and 

selenite-tungstate solution (Widdel and Bak, 

1992) 

 

pH: 7.0 

 

Added substrates: 10 mM FeCl2, 2 mM nitrate, 

0.5 mM sodium acetate 
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 918 

Supplementary Method 1: Parameter uncertainty and sensitivity analysis 919 

Relative parameter uncertainties were estimated via a linearized uncertainty analysis on the log-transformed 920 

parameters and are reported on the matrix-diagonal in Figure S1, along with the correlation coefficients of 921 

log-parameter uncertainties. In addition, results from a linearized sensitivity analysis obtained via the 922 

automated model calibration (of the log-parameter values) procedure are presented in Figures S1 and S2 for 923 

the SW2 and KS-only incubations. The kinetic parameters for N2O reduction exhibit high relative 924 

uncertainty estimates. The NO threshold concentration, 𝑪𝒕𝒉𝒓𝒆𝒔𝒉
𝑵𝑶 , has the highest estimate of relative 925 

uncertainty and is poorly constrained in our model. The latter is due, in part, to the sharp concentration 926 

behavior simulated during both the increase and decrease of NO in the system. Thus, relatively large changes 927 

in the  𝑪𝒕𝒉𝒓𝒆𝒔𝒉
𝑵𝑶  would still yield similar exposure times to NO and a similar toxicity response.  928 

The model output is sensitive to most parameters, in both SW2 and KS variants. Most notably, the 929 

parameters with the lowest sensitivities are 𝑪𝒕𝒉𝒓𝒆𝒔𝒉
𝑵𝑶 , 𝑲𝑵𝑶 and 𝑲𝑭𝒆

𝑲𝑺, corresponding to parameters with higher 930 

relative uncertainty estimates. The strong correlation (1:1) between 𝝁𝒎𝒂𝒙
𝒑𝒉

 and 𝑲𝑭𝒆
𝒑𝒉

 in the R. ferrooxidans 931 

SW2 incubation suggests that, for this particular experiment, our model can only reliably determine the ratio 932 

of both parameters and not their absolute value. Thereby, implying that the Monod-expression is effectively 933 

in the first-order range. 934 

The overall root mean squared error (RMSE) for each model was computed by considering the 935 

difference between measured and simulated values for all data-types, normalized by each measurement’s 936 

standard deviation. In addition, we computed RMSE values for each data type to highlight the model 937 

accuracy for each measurement. All data-specific RMSE values fall within measurement standard deviation 938 

bounds. Without the inclusion of NO-toxicity, the overall RMSE for the KS incubation is nearly double of 939 

that with toxicity, 7.88 and 15.29, respectively.    940 

To our knowledge, the only previously published work that simulated NDFO is that of Jamieson et 941 

al. (2018). The model formulation presented herein and that in Jamieson et al. (2018) differ, in particular, 942 

with regards to the number of denitrification steps considered. However, both sets of calibrated electron 943 
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acceptor and donor half saturation coefficients fall within the same order of magnitude. The electron 944 

acceptor half-saturation coefficients calibrated in this study fall close to the 3.5×10-3 [mM] electron acceptor 945 

half-saturation coefficient and 7.59 [mM] “encrustation inhibition coefficient” (equivalent to 𝐾𝐹𝑒
𝐾𝑆, herein) 946 

presented in Jamieson et al., (2018). Moreover, our fitted electron acceptor half-saturation constants and 947 

maximum specific growth rate constants (𝜇𝑚𝑎𝑥) fall within the range of previously reported denitrification 948 

parameters (e.g., Almeida et al., 1995; Schreiber et al., 2009; Ni et al., 2011), albeit coupled to organic 949 

carbon as the electron donor. Notably, the maximum specific growth rate constant for NO reduction,  950 

𝜇𝑚𝑎𝑥
𝑁𝑂 , is two orders of magnitude higher than for all other N-species. Thus, highlighting the much higher 951 

reactivity exhibited by NO, and in agreement with the convention that the kinetics of NO reduction are fast 952 

enough to often justify its neglection as an intermediate that merits explicit consideration. However, despite 953 

the fast consumption, its accumulation even at nM levels was shown to have pronounced toxic effects in 954 

our incubations.  955 

 956 

957 
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Table S2. Calibrated parameter values and goodness-of-fit, reported as root mean squared error (RMSE) 958 

between simulated and measured values, for both pure-culture incubations of either phototrophs or KS. 959 

 960 

Phototrophs (SW2) 

Parameter Value Units RMSE1   

𝜇𝑚𝑎𝑥
𝑝ℎ𝑜𝑡𝑜

 1 [day-1] Overall 0.014 [-] 

𝐾𝐹𝑒
𝑝ℎ𝑜𝑡𝑜

 32.7 [mM] Fe(II) 0.92 [mM] 

𝑌𝑝ℎ𝑜𝑡𝑜 1.26×1013 [cells molFe(II)
-1] Biomass 2.6×106 [cells mL-1] 

      

KS-culture 

Parameter Value Units RMSE1   

𝜇𝑚𝑎𝑥
𝑁𝑂3  0.43 [day-1] Overall 7.88 [-] 

𝜇𝑚𝑎𝑥
𝑁𝑂2  0.20 [day-1] Fe(II) 1.50 [mM] 

𝜇𝑚𝑎𝑥
𝑁𝑂  77.8 [day-1] NO3

- 0.13 [mM] 

𝜇𝑚𝑎𝑥
𝑁2𝑂  0.26 [day-1] pNO 0.04 [Pa] 

𝐾𝑁𝑂3/𝑁𝑂2 4.0×10-3 [mM] pN2O 17.9 [Pa] 

𝐾𝑁𝑂 3.5×10-3 [mM] Biomass 1.5×106 [cells mL-1] 

𝐾𝑁2𝑂 3.5×10-2 [mM]    

𝐾𝐹𝑒
𝐾𝑆 7.50 [mM]    

𝑌𝐾𝑆 3.0×1012 [cells molFe(II)
-1]    

𝐶𝑁𝑂
𝑡ℎ𝑟𝑒𝑠ℎ 1.0×10-6 [mM]    

𝑡𝑑 2 [days]    

𝑝 3 [-]    

1RMSE values are reported as overall values, normalized by the 
measurement standard deviations, or as absolute values per data-type 
(denoted by italicized text). 

 961 

  962 
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Supplementary Method 2: Parameter uncertainty and sensitivity analysis  963 

 964 

Supplementary Figure S11. Parameter uncertainty correlation matrix for KS- and SW2-only incubations, 965 

large and small panels, respectively. The upper triangle (of each panel) shows correlation coefficients of 966 

log-parameter uncertainties. The relative errors (×/÷) for each parameter are shown on the diagonal. 967 

Parameters with a relative error close to 1 have a low uncertainty.  968 
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 969 

Supplementary Figure S12. Parameter sensitivities plotted at each measurement time point during the 970 

KS-only incubation, where i denotes the i-th parameter, listed in order in the figure caption. 971 

 972 

 973 
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 974 

Supplementary Figure S13. Parameter sensitivities plotted at each measurement time point during the 975 

SW2-only incubation, where i denotes the i-th parameter, listed in order in the figure caption. 976 

977 
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Supplementary Data S1. Supplementary information for mapping of nitric oxide detoxification abilities 978 

in bacteria, particularly in phototrophs. 979 

 980 

Table 1 Cultured_strains: contains information about the presence/absence of genes in the genomes of the 981 

four strains of photoferrotrophs that were cultured in this study, as well as the release date of each genome 982 

and the BioProject accession number for the corresponding genome sequencing project. 983 

 984 

Table 2 Phototrophs: contains information about the presence/absence of genes in the genomes of the 726 985 

phototrophic strains included in the 14618 strains presented in the tree of Fig. 5 and Fig. S9, as well as the 986 

accession number for the first sequence in each genome. Phototrophic strains are defined here as possessing 987 

at least one of the genes psaB (cyanobacterial photosystem I), pshA (type I reaction centre), psbA 988 

(cyanobacterial photosystem II) or pufL (type II reaction centre). 989 

 990 

Table 3 Non-phototrophic: contains information about the presence/absence of genes in the genomes of the 991 

13892 non-phototrophic strains included in the 14618 strains presented in the tree of Fig. S9, as well as the 992 

accession number for the first sequence in each genome. 993 

 994 

Table 4 BLAST_queries: contains accession numbers for the sequences that were used as queries in BLAST 995 

searches to determine the presence/absence of genes in genomes. Additionally, for each group of genes, i.e., 996 

genes for photosynthetic reaction centres (psaB, pshA/CT2020, psbA1, pufL); norV; norB (cnorB, qnorB); 997 

and hmp, a Maximum-Likelihood phylogenetic tree is presented, showing the relationships between the 998 

query sequences. As an inset in each tree, the alignment of the corresponding query sequences is shown, 999 

highlighting gap regions and including a summary of % identity at each position in the alignment. 1000 


