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Abstract 

The betaproteobacterium Thiobacillus denitrificans (ATCC 25259) oxidizes Fe(II) while reducing nitr ate , y et its capacity for autotrophic 
growth as a nitrate-reducing Fe(II)-oxidizer remains uncertain. This study explored this capacity through cultivation experiments 
acr oss m ultiple transfers, using growth medium with Fe(II) and nitrate as sole electron donor and acce ptor, r especti v el y. This setup 

necessitated nitrate reduction coupled to Fe(II) oxidation as the primary energy-yielding mechanism and Fe(II) as the exclusive elec- 
tron donor for CO 2 fixation and biomass production. Thiosulfate/nitrate pregrown T. denitrificans oxidized 42% of 10 mM Fe(II), reduced 

54% of 3.5 mM nitr ate , and accumulated 1.6 mM nitrite, but showed no cell growth. Subsequent transfers from this Fe(II)/nitrate cul- 
ture to fresh medium with Fe(II) and nitrate showed no nitrate-reducing Fe(II) oxidation or population growth. While bacterial activity 
[Fe(II) oxidation, nitrate reduction] occurred in the first transfer from thiosulfate/nitrate to Fe(II)/nitrate, nitrite was produced, further 
reacting with Fe(II) abiotically (chemodenitrification). A kinetic model assessed enzymatic versus abiotic F e(II) oxidation, re vealing 
enzymatic oxidation accounted for twice as much (ca. 70%) as abiotic denitrification (ca. 30%) within 22 days. These findings suggest 
T. denitrificans performs the first step of denitrification with Fe(II) as an electron donor but does not achieve autotrophic growth under 
these conditions. 

Ke yw or ds: T hiobacillus denitrificans ; nitr ate-reducing Fe(II) oxidation; nitr ate-reducing Fe(II)-oxidizer; c hemodenitrification 
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Introduction 

The pr e v alence of nitr ate pollution fr om a gricultur e, coupled with 

widespr ead ir on occurr ence in the envir onment (OECD 2008 , Riv- 
ett et al. 2008 ), highlights the potential importance of denitrify- 
ing iron(II)-oxidizers in the environment (Kappler et al. 2021 ) and 

in w astew ater treatment, offering potential ecofriendly solutions 
for remediating nitrate-polluted groundwater (Zhang et al. 2016 ,
2018 , Jakus et al. 2021 , Jokai et al. 2021 , Grimm et al. 2024 ). These 
bacteria, collectiv el y termed nitr ate-dependent ir on(II)-oxidizing 
bacteria (NDF eO), pla y a crucial role in merging the biogeochem- 
ical iron and nitrate cycles (Kappler et al. 2021 ). In the literature 
the term NDFeO is used for both, bacteria that catalyze Fe(II) ox- 
idation enzymatically, and heterotrophic denitrifiers, which oxi- 
dize Fe(II) indir ectl y via r eactiv e nitr ogen species (N-species), in- 
termediates of denitrification (Sørensen and Thorling 1991 , Tai 
and Dempsey 2009 ). In the case of enzymatic Fe(II) oxidation, it is 
bioc hemicall y coupled to nitrate reduction, leading to the classifi- 
cation of related bacteria as nitrate-reducing Fe(II)-oxidizers (NR- 
F eOx). T his subgroup can be further categorized into (1) bacte- 
ria with a carbon demand that relies on organic carbon, such as 
c hemolithoheter otr ophs (mixotr ophic NRFeOx), and (2) those that 
ar e c hemolithoautotr ophs (autotr ophic NRFeOx). While studying 
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acterial communities remains challenging, working with pure 
acterial str ains, especiall y colon y-forming cells, is mor e str aight-
orw ar d. Molecular biology tools de v eloped for these strains al-
ow for detailed assessment and a deeper understanding of their

etabolic mechanisms . T hus , the identification of a model organ-
sm as single bacterial strain for studying autotrophic NRFeOx is
ssential. For example, cultures KS, BP, and AG have been used as
odel enrichment cultures to study chemolithoautotrophic NR- 

eOx instead of a pure culture (Huang et al. 2021a , b , Jakus et al.
021 ). Despite se v er al individual pur e str ains showing pr omise [r e-
iew ed b y Bryce et al. ( 2018 )], none have been sufficiently stud-
ed to be classified as c hemolithoautotr ophic NRFeOx (Bryce et al.
018 ). Potential candidates should (1) not r equir e an y or ganic car-
on to meet their whole carbon demand, (2) show cell growth with
nl y Fe(II), nitr ate and CO 2 as ener gy and gr owth substr ates, (3)
aintain Fe(II) oxidation over several transfers under autotrophic 

onditions, and (4) incor por ate labelled CO 2 into biomass during
e(II) oxidation (Bryce et al. 2018 ). 

Identifying an organism meeting all criteria is crucial for un-
 av eling the molecular mechanisms underlying chemolithoau- 
otr ophic nitr ate r eduction coupled to ir on(II) oxidation. As the
r ocess r emains incompletel y elucidated, it lac ks a formal des-
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h permits unrestricted reuse, distribution, and reproduction in any 
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gnation. For clarity and consistency with Becker et al. ( 2021 ),
his process will be referred to as chemolithoautotrophic nitrate-
educing Fe(II) o xidation (Beck er et al. 2021 ). In the present study,
e selected Thiobacillus denitrificans (ATCC 25259) as a potential au-

otrophic NRFeOx by confirming criteria 1–3. Thiobacillus denitrifi-
ans ( T. denitrificans ) was suggested to be an obligate chemolithoau-
otr ophic, facultativ e anaer obic, Gr am-negativ e bacterium known
o couple denitrification to sulfur, uranium, and Fe(II) oxida-
ion (Beijerinc k 1904 , Str aub et al. 1996 , K ell y and Wood 2000 ,
eller 2005 , K ell y et al. 2005 , Beller et al. 2006a ). Given the
uite of molecular tools available for T. denitrificans (single colony
r owth, micr oarr ay anal ysis, tar geted gene knoc k outs, and r an-
om tr ansposon m uta genesis), this isolate might r epr esent an

deal c hemolithoautotr ophic NRFeOx model or ganism (Beller et
l. 2006b , 2013 , Letain et al. 2007 ). Enzymatic Fe(II) oxidation was
nitiall y r eported for T. denitrificans by Str aub et al. ( 1996 ), wher eas
eller et al. ( 2013 ) demonstrated a str ong corr elation between
e(II) oxidation and nitr ate r eduction via a whole-cell suspen-
ion assay and conducted cultivation experiments to evaluate au-
otr ophic gr owth (Str aub et al. 1996 , Beller et al. 2013 ). 

Ho w e v er, despite extensiv e studies , understanding the F e(II) ox-
dation mechanism of T. denitrificans remains challenging (Beller
t al. 2013 ). While T. denitrificans stands out as one of the most
xtensiv el y studied potential autotr ophic NRFeOx, ther e still ex-
sts a deficiency in data supporting sustained cell growth under
itr ate-r educing, F e(II)-oxidizing conditions . 

This article presents an investigation into whether T. denitrif-
cans can pr olifer ate thr ough ener gy conserv ation fr om nitr ate-
educing Fe(II) oxidation and utilize Fe(II) as the sole growth-
upporting electron donor for CO 2 fixation. To address this, we
stablished a novel protocol for direct cell counting of Fe(II)-
xidizers using flow cytometry. Cultures of T. denitrificans were
onitor ed ov er a 22-day period in medium containing nitr ate and

e(II), with transfers to fresh medium to assess its ability to per-
ist and pr olifer ate under nitr ate-r educing Fe(II)-oxidizing condi-
ions. Various contr ols wer e emplo y ed to exclude heter otr ophic
r thiosulfate-induced growth, ensuring the observed effects were
ttributable to nitr ate-r educing Fe(II) oxidation. 

aterials and methods 

ource of microorganism 

hiobacillus denitrificans strain ATCC 25259, originally isolated by B.
. Taylor in the 1960s, was obtained from the American Type Cul-
ure Collection (ATCC), where it was freeze-dried for storage and
istribution (Taylor and Hoare 1971 , Taylor et al. 1971 ). Thiobacil-

us denitrificans is maintained in our laboratory since 2019 using
hiosulfate as electron donor under denitrifying conditions, as de-
cribed else wher e (DSMZ 2024 ). 

edia prepar a tion and experimental setup 

or the pr ecultur e and positive growth control, thiosulfate-
ontaining medium was pr epar ed, as described by Leibniz Insti-
ute DSMZ (German Collection of Micr oor ganisms and Cell Cul-
ures), containing 12 mM bicarbonate, 20 mM thiosulfate, and
0 mM nitrate. 50 ml of medium were distributed into 100 ml
erum bottles and 25 ml of medium into 50 ml serum bottles for
r ecultur es or positiv e gr owth contr ols, r espectiv el y (DSMZ 2024 ).
ll cultures were incubated at 30 ◦C. 
Fe(II) oxidation, nitr ate r eduction, and gr o wth b y T. denitrificans

er e e v aluated under a 90% N 2 /10% CO 2 atmosphere at 30 ◦C us-
ng basal freshwater medium as described by Widdel and Bak
 1992 ) amended with 10 mM FeSO 4 and 3.5 mM NaNO 3 as de-
cribed by Straub et al. ( 1996 ) (Widdel and Bak 1992 ). The basal
edium was buffered by 30 mM bicarbonate while being ex-

osed to 10% CO 2 atmosphere and the pH was adjusted to 7.2
sing 1 M HCl. The medium was distributed to Schott-bottles us-

ng a Widdel-flask. FeSO 4 and NaNO 3 were added using syringes,
ccording to the different setups as shown in Fig. 1 . 50 ml of
edium were then distributed into 100 ml serum bottles . T he ini-

ial ov er pr essur e of the serum bottles has been adjusted to at-
ospheric pr essur e using a gas tr a p, prior to inoculation with

acteria. The inoculum for the first transfer was 10% (v/v) of
 thiosulfate-/nitr ate-gr own cultur e harv ested in late exponen-
ial phase ( 4 × 1 0 7 cells/ml final concentration). The cells were
ashed twice with basal medium lacking FeSO 4 and NaNO 3 

−, by
entrifugation (10 min, 6200 × g and 20 ◦C). The biological repli-
ates were tested along with contr ols lac king either FeSO 4 or
aNO 3 

−, or lacking both as shown in Fig. 1 . The Fe(II)-oxidizing
enitrifying setup was carried out in five biological replicates, neg-
tiv e contr ols in triplicates and the positiv e gr owth contr ol (thio-
ulfate/nitrate) once. After 22 days, the Fe(II)-oxidizing denitrify-
ng cultures w ere harvested, w ashed (10 min, 6200 × g and 20 ◦C)
nd used as inoculum for the second tr ansfer. All harv ested cells
er e tr ansferr ed ( 3 × 1 0 6 cells/ml final concentr ation for all se-

ups) to triplicates containing both 10 mM FeSO 4 and 3.5 mM
aNO 3 

−, only FeSO 4 and lacking both substrates as shown in
ig. 1 . 

While the harvested cells for the first transfer were iron free
since they wer e pr egr own with thiosulfate), the inoculum for
he second transfer contained some Fe(II) minerals (such as vi-
ianite and siderite) that precipitated in the cultures of the first
ransfer with the Fe(II) added and the phosphate/bicarbonate in
he growth medium, and some Fe(III) minerals that formed dur-
ng Fe(II) oxidation in the first tr ansfer. Consequentl y, a no-Fe(II)
ontrol was impossible for the second transfer. Nitrogen and iron
peciation (nitrate , nitrite , ammonia, ferrous, and ferric iron), and
ell numbers were quantified by photometric measurements us-
ng flow injection analysis, colorimetric ferrozine-based assay, and
o w c ytometry, r espectiv el y, and the cell viability was e v aluated
y dead/live staining and fluorescence microscopy as described
elow. 

ample collection 

amples wer e withdr awn fr om the bottles anoxically with a sy-
inge through a rubber stopper, while gently mixed by hand, inside
f an anoxic glo vebox. T he samples were used for cell counts and
uantification of Fe(tot) and Fe(II) [the sum of dissolved and solid
hase Fe(tot) and Fe(II), r espectiv el y], wher eas the r emaining sam-
le was centrifuged for 5 min at 12 408 × g and room temperature

R T) (For details regar ding the sampling pr ocedur e and terminol-
gy, see Fig. S1 ). The supernatant was used for quantification of
itrogen species and aqueous Fe(II) (Fe(II) aq ). 

nalytical methods 

-species were quantified by an automatic method for colori-
etric analysis using a continuous flow analyzer system (AA3,

eal Anal ytical, Norderstedt, German y) (Anderson 1979 ). Nitr ate
as reduced to nitrite on an on-line copper cadmium reduc-

or column, so that both nitrate and nitrite were quantified as
zo dye photometrically at 520 nm, after reaction with sulfanil-
mide and N -(1-napthyl) ethylenediamine (Skeggs 1957 ). Ammo-
ia was quantified as indophenol photometrically at 660 nm, af-
er Berthelot reaction with dichloroisoc y anuric acid and salicylate

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
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Figure 1. Ov ervie w of the experimental setup. First, a pr ecultur e was grown under denitrifying conditions with thiosulfate as electron donor in 50 ml 
medium, containing 12 mM bicarbonate, 20 mM thiosulfate, and 20 mM nitrate (DSMZ 2024 ). In the late exponential growth phase, the cells were 
harvested by centrifugation, washed, and inoculated (Transfer 1) into five bottles with 50 ml of medium each containing 30 mM bicarbonate, 10 mM 

Fe(II), and 3.5 mM nitrate and into three bottles with nitrate only as well as three bottles with Fe(II) only. The final cell concentration was 4 × 1 0 7 

cells/ml after inoculation. In addition, three bottles with cells only (no substrates), an abiotic control [with Fe(II) and nitrate], and a positive growth 
contr ol (thiosulfate/nitr ate) wer e set up. Finall y, the cell/miner al a ggr egates fr om the Fe(II)-oxidizing denitrifying cultur e fr om Tr ansfer 1 wer e washed 
and tr ansferr ed (Tr ansfer 2) to fr esh medium containing 10 mM Fe(II) and 3.5 mM nitr ate, to medium lac king nitr ate or lac king both Fe(II) and nitr ate, 
and finally into medium containing thiosulfate and nitrate, serving as a growth control. The final cell concentration was 3 × 1 0 6 cells/ml after 
inoculation. 

n  

a
 

f  

a
t  

e  
catalyzed by nitroprusside (Patton and Crouch 1977 ). Calibration 

curv es wer e pr epar ed with standards r anging fr om 0 to 7.5 mg/l of 
the corr esponding N-compound. Ther efor e, samples fr om our ex- 
periments for nitrate and ammonia analyses were diluted in dis- 
tilled water (aqua dest) befor e anal ysis . T he dilution factor (11- or 
21-fold) depended on the time point of sampling (corresponding 
to pr ogr ess of nitr ate r eduction). Undiluted samples wer e used for 
itrite quantification. Samples were stored anoxically at 4 ◦C until
nalysis. 

F e tot , F e(II) tot , and F e(II) aq w ere quantified b y a colorimetric
err ozine-based micr oplate assay using a 96-well microplates and
 microtiter plate reader (Multiskan GO Microplate Spectropho- 
ometer, Thermo Fisher Scientific, Inc) (Stook e y 1970 , Schaedler
t al. 2018 ). Fe(III) was reduced to Fe(II) using hydroxylammo-
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ium hydr oc hloride (HAHCl 10% w/v, 1 M HCl) by 30 min incu-
ation at RT and ther efor e both total Fe and total Fe(II) (and total
e(III) as the difference) were determined as ferrozine-Fe(II) com-
lex photometrically at 562 nm, after reaction with the Ferrozine
 ea gent [3-(2-pyridyl)-5,6-diphen yl-1,2,4-triazine- p , p ′ -disulfonic
cid monosodium salt hydrate 1 g/l, 500 g/l ammonium acetate]
or 5 min at RT, in the dark. The plate was amended with 80 μl of
 M HCl or HAHCl and 20 μl sample then 100 μl ferrozine reagent
ere added per well. Each sample was measured in triplicates. A

alibr ation curv e was pr epar ed with standards r anging fr om 0 to
000 μM ammonium Fe(II) sulfate in SA: HCl (40 mM amidosul-
onic acid, 1 M HCl). 

The samples were diluted 21-fold in SA: HCl subsequently col-
ected and stored at 4 ◦C (Granger and Sigman 2009 , Klueglein and
appler 2013 ). 

F e(II) tot and F e(III) tot in % were calculated using the results
rom Fe(II) tot and Fe tot . Fe(III) tot in mM was calculated by: Fe ( I I I ) tot 

F e tot 
×

0 mM , where 10 mM is the initial Fe(II) concentration (for reason-
ng see supplemental information ). 

Cells were counted by flow cytometry using a fluorescence dye
BacLight Green bacterial stain, Invitrogen by Thermo Fischer Sci-
ntific, Inc.) and an Attune NxT connected to an autosampler
T hermo Fischer Scientific , Inc.). We observed that the Fe(III) min-
ral particles produced by Fe(II) oxidation in the cultures had a
trong influence on the quality of cell counts. We established the
ollowing protocol to dissolve the iron precipitates. Pretest using
ultures containing thiosulfate and nitrate (no minerals) sho w ed
hat this protocol did not affect the staining efficiency of the ap-
lied fluorescent stain and the cell counting; data not shown.
or consistency, the protocol was ther efor e a pplied to all sam-
les, both with and without ir on. Cultur e samples (200 μl) were
ixed gently with 100 mM EDAS-Fe(II) (200 μl) and oxalic acid

600 μl: 28 g/l C 2 H 2 O 4 ×2N H 3 , 15 g/l ( COOH ) 2 × 2 H 2 O , pH 7.0). Sub-
equentl y, the samples wer e diluted 100-fold using oxalic acid and
ncubated for 30 min. The fluorescence dye (2 μl) was added and
he samples were incubated in the dark for 15 min. The suspen-
ion was aliquoted to a 96-well microplate and analyzed as techni-
al triplicates. One abiotic setup was sampled and served as neg-
tiv e contr ol. The mean of the counts r esulting fr om the corr e-
ponding three runs have been subtracted from the cell counts.
amples were acquired at a flow rate of 12 μl/min using 488 nm
lue laser excitation sources and BL1 530/30 c hannel. Ther efor e,
5 μl of a 200 μl reserv oir w ere used. The side scatter, forw ar d
catter, and BL1 detector were set to 440 V , 350 V , and 380 V, re-
pectiv el y, and thr esholds wer e set to 0.8 × 10 3 fluor escence (BL1
30/30) intensity and 0.1 × 10 3 side scatter intensity. Side scatter,
orw ar d scatter, and florescence were measured and reported as
he height of the electronic pulse that comes off from the respec-
ive detector. 

/L staining and fluorescence microscopy 

IVE/DEAD™ Bac Light™ Bacterial Viability Kit was used according
o the manufacturer’s manual and the cell viability was e v aluated
y a fluor escence micr oscope (Leica CTR5500 Microscope, Leica
icrosystems GmbH). The micrograph images were captured us-

ng a 20x objective lens and processed by Leica Application Suite
. 

canning electron microscopy 

amples for scanning electr on micr oscop y (SEM) w ere collected
rom a T. denitrificans culture initially containing 3.5 mM nitrate
nd 10 mM Fe(II). Samples wer e withdr awn fr om the bottles anox-
cally with a syringe through a rubber stopper, while gently mixed
y hand, inside of an anoxic glov ebox, immediatel y after inocu-
ation and after 5 da ys . Cells were fixed in 2.5% glutaraldehyde
or at least 24 h at 4 ◦C by adding 100 μl of a 25% glutaraldehyde
olution to 900 μl of culture, under atmospheric conditions. After
xation, samples were centrifuged (1 min at 2348 × g ), and 900 μl
f supernatant was r emov ed. The r emaining sample was washed
ith 900 μl of ultr a pur e water, then centrifuged again (1 min at
348 × g ). This wash step was repeated twice. After the final wash,
00 μl of supernatant was r emov ed, and the sample was diluted
:1 with ultr a pur e water to ac hie v e an optimal cell density for
EM. 

For sample pr epar ation, 50 μl of eac h sample was placed onto
ol y- l -l ysine-coated cov er glass slides (coated with 35 μl of 0.01%
ol y- l -l ysine solution, PLANO , Wetzlar , item #18 026) and dried at
0 ◦C for 2 h. The slides were arranged in a 24-well plate , co vered
ith the plate lid, and left undisturbed for 30 min to allow cells to

ettle. Samples were then dehydrated through a graded ethanol
eries (25%, 50%, and 75% for 15 min each, follo w ed b y 3 × 100%
or 30 min). Samples wer e tr ansitioned to hexamethyldisilazane
HMDS) via a 1:1 ethanol/HMDS mixture for 30 min, follo w ed b y
ure HMDS for another 30 min. Finally, 250 μl of fresh HMDS was
dded and allo w ed to e v a por ate ov ernight in a fume hood with
he well plate lid slightly open. 

Once dried, cover glass slides were mounted on aluminum
tubs with carbon tape (PLANO , Wetzlar , item #G301 and G3347)
nd sputter-coated with ∼8 nm platinum using a BAL-TEC SCD
05 sputter coater. SEM imaging was conducted on a Zeiss Cross-
eam 550 L FIB-SEM at an acceleration voltage of 2 kV and a work-

ng distance of 5.0 mm, utilizing the SESI detector for image cap-
ure. 

inetic model setup and parameter estimation 

 kinetic model has been applied to support the hypothesis that
. denitrificans is a non-autotrophic nitrate-reducing Fe(II)-oxidizer,
apable of performing the first step of denitrification, producing
itrite . T his assumption is based on the experimental results of
he present study and Beller et al. ( 2013 ). 

Fe(II) oxidation stems from both enzymatic Fe(II) oxidation cou-
led to denitrification (equation 1 ) and abiotic oxidation due to
itrite as oxidizing agent (equation 2 ) (Tai and Dempsey 2009 ,
eller et al. 2013 ). T he F e(III) (o xyhydr)o xide mineral was as-
umed to be goethite in equation ( 2 ) based on pr e vious work un-
er similar experimental conditions albeit using different nitrate-
 educing Fe(II)-oxidizers (Ka ppler et al. 2005 ) and based on the
 eaction mec hanism suggested by Sørensen and Thorling ( 1991 ).
he abiotic reduction of nitrite by aqueous Fe(II) was found to
e faster in the presence of Fe(III) minerals because they pro-
ote the sorption of Fe(II), forming solid-bound Fe(II) which acts

s a catalyst (Tai and Dempsey 2009 , Van Cleemput and Baert
983 ). Ther efor e the adsorption process of Fe(II) aq on the Fe(III)
o xyhydr)o xide minerals (equation 3 ) effects the ov er all oxidation
rocess. 

2 Fe ( II ) + NO 

−
3 + 2 H 

+ → 2 Fe ( III ) + NO 

−
2 + H 2 O . (1)

4 Fe ( II ) + 2 NO 

−
2 + 5 H 2 O → 4 FeO ( OH ) + N 2 O + 6 H 

+ . (2)

Fe ( III ) OH + Fe ( II )O H 

+ → Fe ( III ) OFe(II)OH+ H 

+ . (3)

The dynamic model described in the following scheme simpli-
es these underl ying mec hanisms (Fig. 2 ) and was applied to dis-
ntangle the biotic from the abiotic reaction. The simplifications
re explained in detail in the supplemental information , but in

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
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Figure 2. Conceptual model of enzymatic and abiotic denitrification 
catalyzed by T. denitrificans . Based on the experimental results of the 
presented study and Beller et al. ( 2013 ), T. denitrificans has been modeled 
as non-autotrophic nitrate-reducing Fe(II)-oxidizer performing the first 
step of denitrification (NO 3 

− → NO 2 
−). Biotic denitrification with Fe 2 + as 

electron donor produces nitrite and Fe(III) minerals (green background). 
Biotic denitrification with Fe 2 + as electron donor produces nitrite and 
Fe(III) minerals (green background). Additional dissolved Fe 2 + binds to 
Fe(III) mineral surfaces and both dissolved Fe 2 + and sorbed Fe(II) reacts 
abiotically with nitrite producing N 2 O and Fe(III) minerals (red 
bac kgr ound). The sc hematic is based on the molecular form ulas of 
equations ( 1 –3 ), with stoichiometry omitted for simplicity. 

 

 

o  

i  

t
c  

s
k  

e  

a  

u  

h  

i  

s  

F  

o  

w

w
 

c  

t  

p  

m  

p

 

(  

t  

a  

i  

1

r  

m  

2

 

r
a

w  

t  

3  

m  

e
 

u  

t

brief it is important to note that we have modeled the change 
in total Fe(II)/(III). Modeling the change in aqueous Fe(II) is very 
complex due to unknown abiotic processes causing Fe(II) adsorp- 
tion, precipitation, and dissolution. (for clarification on Fe phases 
please refer to Fig. S1 ). 

The bacterial denitrification rates of Fe(II) tot by NO 2 
− were sim- 

ulated using dual-substrate Monod kinetics (equation 4 ). Since 
the pr ogr essiv e nitr ate-r educing, Fe(II)-oxidizing activity of the 
bacteria can lead to encrustation of the cells by Fe(III) (oxy- 
hydr)oxide minerals, an irreversible product inhibition by Fe(III) 
was added to the simulation of bacterial denitrification (Jamieson 

et al. 2018 ), leading to a rate equation of bacterial denitrification as 
follows: 

r biotic = r max 

( [
NO 

−
3 

]
[
NO 

−
3 

] + K N 

) (
[ F e ( II ) tot ] 

[ F e ( II ) tot ] + K Fe 

)
f tox , (4) 

where r max is the maximum denitrification rate, K N and K Fe is the 
half-saturation constant for NO 3 

− and Fe(II) tot , respectively, and 

f tox accounts for the toxicity term. 
Following the assumption that abiotic denitrification occurs 

mainly on cell-bound F e(III)/F e(II) (o xyhydr)o xide minerals and 

thus additionally encrusts the cell (Jamieson et al. 2018 ), the 
toxicity term was made dependent on the concentration of to- 
tal Fe(III). Four standard inhibition terms have been tested (see 
supplemental information ) and a two-parameter logistic term 

performed best (Kal yuzhn yi et al. 1998 , Poina pen and Ekama 2010 ,
Belli et al. 2015 , Robles et al. 2020 ): 

f tox = 

1 

1 + 

(
[ Fe ( I I I ) tot ] 

I C 50 

) log ( 99 ) 

log 
(

K 100 
I C 50 

) , (5) 

where, K100 denote for the concentrations of Fe(III) tot corre- 
sponding to a 100-fold decrease in bacterial denitrification rate 
and IC 50 is an inhibitory constant r epr esenting the Fe(III) tot con- 
centr ation at whic h cell encrustation causes 50% (2-fold decr ease) 
of inhibition. The exponent log ( 99 ) 

log 
(

K 100 
IC 50 

) determines the slope around 

the inflection point of IC 50 . 
As pr e viousl y noted, Fe(III) (equation 3 ) enhances the abiotic
xidation by nitrite (Tai and Dempsey 2009 ). Consequentl y, v ar-
ous forms of the rate function r epr esenting abiotic denitrifica-
ion have been modeled to assess the relationship between Fe(III) 
oncentration and the abiotic Fe(II) oxidation rate within the pre-
ented system (see supplemental information , Evaluation of the 
inetic models). Equation ( 6 ), r epr esenting the kinetics for a het-
rogenous solution, was identified as the most suitable and was
pplied to model the data presented in this study. Although the
se of an ov er all thir d or der equation to model the underlying
eter ogeneous r eaction was inspired by Tai and Dempsey ( 2009 ),

t is noteworthy that here the concentration of Fe(II) aq and the ad-
orbed fraction of Fe(II) were not used, but instead Fe(II) tot and
e(III) tot . (Tai and Dempsey 2009 ). It relies on the concentrations
f F e(II) tot , F e(III) tot , and nitrite and it follows first-order kinetics
ith respect to these substrates: 

r abtiotic = k abtiotic [ F e ( II ) tot ] [ F e ( I I I ) tot ] 
[
NO 

−
2 

]
, (6) 

ith, k abiotic r epr esenting the kinetic constant of the abiotic rate. 
The coupled differential equations ( 7–10 ) describe the rates of

hange of total ferrous and ferric iron, nitrate, and nitrite, respec-
iv el y and were used to simulate the dynamics of these com-
ounds during biotic and abiotic denitrification processes . T he
olecular ratios of the denitrification (equations 1 and 2 ) were im-

lemented in the differential equations ( 7 –10 ). 

d F e ( I I ) tot 
dt 

= − 2 × r biotic − 4 × r abiotic . (7) 

d F e ( I I I ) tot 
dt 

= 2 × r biotic + 4 × r abiotic . (8) 

d N O 

−
3 

dt 
= − r biotic . (9) 

d N O 

−
2 

dt 
= r biotic − 2 × r abiotic . (10) 

The r eaction par ameters wer e estimated by fitting the model
equations 7 –10 ) to the measured concentrations of Fe(II) tot , ni-
rate and nitrite . T he simulation starts not at time point zero but
fter 1 day in order to omit the lag phase . T he system was solved
n MATLAB using the ODE solver ode15s (Shampine and Reichelt
997 ). 

For all the parameterizations the fitted parameter values were 
eported. The goodness of fit of the model is evaluated using nor-

alized r oot-mean-squar e-err or (NRMSE) (equation 11 ) (Liu et al.
020 ). 

NRMSE = 

√ ∑ n 
i =1 ( y model , i − y obs ,i ) 

2 
/n 

y obs , max − y obs , min 
. (11) 

The model ( 7 –10 ) was applied to estimate the parameters
 max ; K N ; K Fe ; I C 50 ; ρ and k abtiotic . The objective function is defined 

s equation ( 12 ), 

min 

θ
( f ( θ ) ) = 

∑ n 

i =1 
( f ( θ, x i ) − y obs ,i ) 

2 
, (12) 

here θ is the parameter vector; y obs ,i the observations . T he to-
al number of observations for Fe(II) tot , nitrate and nitrite were
0. lsqnonlin algorithm in MATLAB was used for parameter opti-
ization by minimizing equation ( 12 ). NRMSE was computed to

 v aluate the goodness of the fit (equation 11 ). 
Ferric and ferrous iron solution speciation due to changes in pH

p to Fe(II) oxidation were neglected as the system is considered
o be buffered by the bicarbonate containing medium. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
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Figur e 3. Total F e(II) (blac k) and nitr ate (r ed) consumption, along with nitrite pr oduction (blue), during nitr ate-r educing Fe(II) oxidation by T. denitrificans 
in the first and second transfers with 3.5 mM nitrate and 10 mM F e(II). F e(II) oxidation is shown on the left y -axis as total Fe(II) as a percentage of the 
total Fe content in the culture, with the first right y -axis indicating the corresponding Fe(III) concentration in mM. Note that on day 22 the first transfer 
culture was used to inoculate fresh medium containing nitrate and Fe(II). Symbols represent the measured data and solid lines represent a kinetic 
model (equations 7 –10 ). NRMSE: normalized r oot-mean-squar e-err or. The selected photos of the serum bottles are re presentati ve of the replicates. 
Error bars indicate the standard deviation of biological replicates. Absence of error bars indicate that the error was smaller than the symbol size. 
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itr a te-reducing Fe(II) oxidation and growth of 
. denitrificans cultures 

he growth experiment for T. denitrificans was conducted over
wo tr ansfers. Initiall y, the cultur e (pr egr own on thiosulfate and
itrate) was incubated in medium containing Fe(II) and nitrate

or 22 days (transfer 1). The culture was then harvested and
r ansferr ed to fresh medium containing again Fe(II) and nitrate
transfer 2) (Fig. 1 ). We found that in the first transfer T. den-
trificans cultures with 10 mM Fe(II) and 3.5 mM nitrate, oxi-
ized 42.02 ± 1.44% (4.20 ± 0.06 mM) total Fe(II), consumed
3.75 ± 3.23% (1.90 ± 0.06 mM) nitrate, and accumulated up
o 1.56 ± 0.03 mM nitrite (44.17 ± 1.97% of the initial nitrate)
ithin 22 days (Fig. 3 ). The cells did not grow, instead the cell
umber decreased to 25.80 ± 3.81% of the initial cell number

Fig. 4 ). The final cell number after 22 days was 38.81 ± 0.24%
o w er in setups containing both Fe(II) and nitrate than in cul-
ur es lac king either nitr ate , F e(II), or both ( Fig. S2 ). T he cell num-
er in these cultures gradually decreased, averaging 67.04 ± 3.11%
f the initial cell number after 22 da ys . Consequently, neither
utotr ophic gr owth utilizing Fe(II) as an electr on donor nor het-
r otr ophic gr owth due to either traces of vitamins stemming from
he medium, stored organic carbon/reducing equivalents or low
 d  
mounts of organic carbon present in the water used to pre-
are the medium was observed in any of the cultures (Rittenberg
972 ). The positive growth control culture with thiosulfate as elec-
ron donor and nitrate as electron acceptor clearly demonstrated
hat the cells used as inoculum were not damaged by the har-
est and washing procedure, as it grew similarly to the preculture
 Fig. S3 ). 

The T. denitrificans cultures containing nitrate and Fe(II) (first
r ansfer fr om nitr ate/thiosulfate) exhibited a la g phase of 1 day
efore they started oxidizing Fe(II) and r educing nitr ate, with half
f the nitrate and F e(II) turno ver occurring within ∼5 da ys . In cul-
ures containing Fe(II) and nitrate, nitrite accumulated to a max-
mum of 1.56 ± 0.03 mM after 12 days (Fig. 3 ). In contrast, in
ultur es with nitr ate lac king Fe(II), nitrite accum ulated onl y to
 few μM (Fig. 5 A). Nitrate reduction to ammonia was not ob-
erved in any of the cultures containing nitrate (see final ammo-
ia concentrations in Table 1 ). No Fe(II) oxidation was observed

n cultures containing Fe(II) but no nitrate (Fig. 5 A). Neither abi-
tic nitrate reduction nor Fe(II) oxidation was observed in nitrate-
Fe(II)-containing controls without cells over the course of 22 days
Fig. 5 B). 

After the second transfer (using inoculum harvested after 22
ays from the Fe(II)/nitrate setup) the cultures did not show any
enitrifying or Fe(II)-oxidizing activities (Fig. 3 ). Furthermore, the

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
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Figure 4. Cell counts of T. denitrificans in the first and second transfer cultures containing 3.5 mM nitrate and 10 mM Fe(II), with re presentati ve 
micr ogr a phs of the cultures at different time points. Note that on day 22 the first tr ansfer, cultur e was used to inoculate fresh medium containing 
nitrate and Fe(II). Dead and defective cells are shown in red, live cells in green. While the cells for cell counting were treated with oxalic acid to 
dissolv e ir on, the samples for dead–liv e staining wer e untr eated. Symbols r epr esent the measur ed data and dashed lines connect them. Err or bars 
indicate the standard deviation of biological replicates. Absence of error bars indicate that the error was smaller than the symbol size. 

Figure 5. (A) Total Fe(II) oxidation and nitrate reduction in setups with T. denitrificans containing either 3.5 mM nitrate only (nitrate and nitrite data) or 
10 mM Fe(II) only (iron data). Please note, the scale for nitrite is in μM. (B) Nitrate and Fe(II) over time in abiotic setups containing 3.5 mM nitrate plus 
10 mM Fe(II) without cells. Fe is shown on the left y -axis as total Fe(II) as a percentage of the total Fe content in the culture, with the first right y -axis 
indicating the corresponding Fe(III) concentration in mM. Error bars indicate the standard deviation of triplicates. Absence of error bars indicate error 
was smaller than symbol size. 
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Figure 6. Scanning electron micrographs of a single T. denitrificans cell, 
the culture was pregrown on 20 mM thiosulfate and 20 mM nitrate, 
washed and tr ansferr ed to medium containing 10 mM Fe(II) and 3.5 mM 

nitr ate. (A) Immediatel y after inoculation and (B) after 5 days of 
incubation, at which 2.42 mM of Fe(III) was formed [24.19% oxidation of 
10 mM Fe(II)]. 

 

 

Table 2. P ar ameters r esulting fr om the kinetic model describing 
nitr ate-r educing Fe(II) oxidation by T. denitrificans (equations 4–6 ). 
Note, this is the result of a mathematical model, and not half- 
saturation constants determined using an enzyme assa y. T he pre- 
sented half-saturation constants have a mathematical, ho w ever, 
no conceptual physical meaning. 

Fitted parameter Constant 

Maximum denitrification rate (r max ) 0 . 28 mM 
d 

Half-saturation constant for nitrate (K N ) 10 × 10 −160 mM 

Half-saturation constant for Fe(II) (K Fe ) 2 × 10 −31 mM 

Abiotic kinetic rate constant (k abiotic ) 0 . 64 × 10 −3 1 
m M 2 ×d 

Inhibitory constant, 100-fold (K 100 ) 6 . 88 mM 

Inhibitory constant, 50% (IC50) 3 . 19 mM 
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culture did not even grow anymore in the bottles intended to 
serve as positive growth control (transferred after 22 days from 

Fe(II)/nitrate to thiosulfate/nitrate) ( Fig. S3 ). 
To better understand the processes occurring in the cultures, in 

addition to total Fe(II) we also analyzed the fraction of dissolved 

F e(II), i.e . aqueous F e 2 + . A decrease in aqueous F e 2 + was observed 

not only in the Fe(II)-oxidizing denitrifying culture (decrease of 
84.06 ± 5.89%; 6.46 ± 0.38 mM) at the first transfer but also in 

the abiotic control (decrease of 44.58 ± 15.96%; 3.39 ± 1.23 mM) 
and in cultures of the second transfer (decrease of 28.12 ± 2.60%; 
2.11 ± 0.05 mM) ( Fig. S4 ; final concentration Table 1 ). Biotic and 

abiotic processes occurring in the cultures are also evident from 

the changes in the cultures’ colors (Fig. 3 ). During the first trans- 
fer, cultur es containing nitr ate and Fe(II) sho w ed first white par- 
ticles (pr obabl y pr ecipitates of Fe 2 + with phosphate and carbon- 
ate yielding vivianite- and siderite-related minerals; ThomasAr- 
rigo et al. 2017 ), which turned green and then orange as the experi- 
ment pr ogr essed indicating Fe(II) oxidation. In the second transfer,
where no further Fe(II) oxidation occurred, the color changed from 

initiall y or ange (stemming fr om the Fe(III) (o xyhydr)o xide miner- 
als tr ansferr ed together with the inoculum) first to br own and fi- 
nally to dark blue–gray indicating abiotic iron mineral transfor- 
mation, pr obabl y caused by the dissolved Fe 2 + and sorbed Fe(II) 
(Hansel et al. 2003 ). 

Miner al precipita tion on the cell surface re vealed 

by SEM 

To investigate cell association with minerals or even potential 
cell encrustation, T. denitrificans was pr ecultur ed in medium with 

20 mM thiosulfate and 20 mM nitrate, then washed and trans- 
ferred to a medium containing 10 mM Fe(II) and 3.5 mM nitrate.
The cells corresponding to the “immediately after inoculation”
sampling time point had a few, small mineral precipitates on their 
surfaces (Fig. 6 A). This artifact was expected given that sample 
pr epar ation was performed under atmospheric conditions, allow- 
ing small amounts of Fe(II) to be oxidized by atmospheric oxygen 

to form F e(III) minerals , which adhere to the cell surfaces. After 5 
da ys , the culture contained 2.42 mM Fe(III), 2.11 mM nitrate, and 

1.34 mM nitrite, with mineral precipitates observed on cell sur- 
faces, leading to partial cell encrustation (Fig. 6 B). 
omparison of total Fe(II) oxidation rates of T. 
enitrificans under autotrophic conditions versus 

ixotrophic NRFeOx under mixotrophic 

onditions 

uring the first transfer of T. denitrificans from thiosulfate/nitrate 
n F e(II)/nitrate , the o v er all Fe(II) oxidation r ate was found to be
bout four times slo w er than the Fe(II) oxidation rates derived
r om mixotr ophic NRFeOx cultur es ( Acidovorax str ains BoFeN1,
aracoccus denitrificans strain Pd1222, and Pseudogulbenkiania strain 

002) r e vie w ed b y J amieson et al. ( 2018 ). 
Incubation of these NRFeOx under mixotrophic conditions 

Fe(II) plus organic electron donor and nitrate as electron accep-
or), resulted in an overall Fe(II) oxidation rate of ∼ 2 mM 

d on aver-
ge [including partial enzymatic Fe(II) oxidation by the cells and
he abiotic Fe(II) oxidation by nitrite formed during heter otr ophic
enitrification], whereas the Fe(II) oxidation rate obtained for T.
enitrificans in our study has been ∼ 0 . 5 mM 

d . The initial cell num-
er of our experiment and the cell numbers in the experiments
 e vie w ed b y J amieson et al. ( 2018 ) are comparable, although the
ell numbers in their experiments increased over time under 
ixotrophic conditions (Carlson et al. 2013 , Klueglein and Kap-

ler 2013 , Jamieson et al. 2018 ). In contrast, the mixotrophic cul-
ure experiment using Acidovorax sp. BoFeN1 from Muehe et al.
 2009 sho w ed with 1 × 10 −11 mM 

cell ×d 
a similar Fe(II) oxidation rate

er cell as the T. denitrificans culture in the herein presented study
ere the rate has been 2 × 10 −11 mM 

cell ×d 
. 

inetic model for nitr a te-reducing Fe(II) oxida tion 

y T. denitrificans and abiotic denitrification 

 kinetic model w as emplo y ed to analyze the stoichiometry of the
 edox r eactions during the first tr ansfer of T. denitrificans fr om thio-
ulfate/nitrate to Fe(II)/nitrate and to estimate the share of bacte-
ial (enzymatic) and abiotic F e(II) oxidation. T he dynamic model
as calibr ated a gainst the measur ed nitr ate , nitrite , and total

e(II) concentrations of the Fe(II)-oxidizing, denitrifying culture.
he parameters ( r max ; K N ; K Fe ; I C 50 ; ρ and k abtiotic ) of the model 

equations 7 –10 ) are listed in Table 2 . 
The half-saturation constants K N and K Fe of the Monod terms,

redicting biotic denitrification, approach zero (equation 4 ). In 

he frame of the experiment, the concentrations of nitrate and
ron do not approach zero since they are not fully consumed;
onsequently, the Monod terms approach one, implying that the 
ubstr ate concentr ation r emains high and thus the denitrifica-
ion rate is near-maximum. Noteworthy, different starting points 
nd boundaries for the half saturation constants where tested,
nd either the estimated half saturation constants a ppr oac hed

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
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Figure 7. (A) Cum ulativ e Fe(II) oxidation and denitrification r ates sim ulated and based on the model of equations ( 7 –10 ). T he o v er all Fe(II) oxidation is 
based on bacterial Fe(II) oxidation (green) and abiotic Fe(II) oxidation by nitrite (blue). (B) Corresponding biotic (green) and abiotic (blue/dashed line) 
denitrification rates . T he biotic r eaction is c har acterized b y a Monod function and a tw o-parameter logistic toxicity term (equation 7 ), while the abiotic 
denitrification follows a first-order kinetic with respect to F e(II), F e(III), and nitrite (equation 9 ). 
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ero or were in the range of 10 3 while the maximum rate in-
reased. For both outcomes, the term “r max ( 

[ NO −3 ] 
[ NO −3 ]+ K N 

)( [ Fe ( II ) tot ] 
[ Fe ( II ) tot ]+ K Fe 

) ”
f equation ( 4 ) remained the same . T herefore , the kinetics of
itr ate-r educing Fe(II) oxidation rather shows linear behavior, as
pposed to following Monod kinetics. While the Monod terms ap-
r oac h one, the rate is primarily dictated by the toxicity term.
his term has a strong influence on the rate, especially outside
he initial near-linear phase . T his dominant beha vior of the toxic-
ty function has been observed for all tested inhibition terms (see
upplemental information ). 

The sim ulated concentr ations of nitr ate , nitrite , and F e(II) are
lotted as lines in Fig. 3 . The NRMSE of nitrate, nitrite, and total
e(II) data were calculated to be 0.038, 0.034, and 0.069, respec-
iv el y, demonstr ating a good fit. Ther efor e, the model supports
he pr e v ailing hypothesis that two Fe(II) ions ar e oxidized cou-
led to the reduction of one nitrate molecule to nitrite through
acterial denitrification (equation 1 ), and subsequently, two ni-
rite molecules react with four Fe(II) through abiotic denitrifica-
ion (equation 2 ). Consequently, the model corroborates the no-
ion that Fe(II) is not further utilized as an electron donor for CO 2 

xation. 
Furthermore, the model was applied to estimate the reaction

ates in order to disentangle biotic and abiotic Fe(II) oxidation.
he bacterial denitrification starts at its maxim um, wher e r biotic 

s 0 . 27 mM 

d and the abiotic r eaction r ate r eac hes a maxim um after
0.7 da ys , with r abiotic of 0 . 025 mM 

d . T his equals to 0 . 54 mM 

d biotic
e(II) oxidation rate ( 2 × r biotic ) and 0 . 10 mM 

d abiotic Fe(II) oxida-
ion rate ( 4 × r abiotic ), respectively. T he maximum F e(II) oxidation
ate of the abiotic reaction is 5.4 times slo w er than the maximum
iotic Fe(II) oxidation rate (Fig. 7 ). 

Based on the applied model, 70% of Fe(II) oxidation are due to
nzymatic oxidation and 30% are attributed to abiotic reactions
ith nitrite (Fig. 7 ). 
In the following (Table 3 ), the kinetics of different kinetic mod-

ls were applied to determine abiotic Fe(II) oxidation rates us-
ng the setting of two time points of interest of the T. denitrificans
 e(II)/nitrate system studied. T he first time point of interest has
een at the maximum abiotic Fe(II) oxidation rate determined by
he use of the herein presented model (equations 7 –10 ) at 10.80
a ys , with a rate of 0 . 1 mM 

d . Approaching the end of the incubation,
he bacteria are inactive and only abiotic oxidation is observed,
his has been the second time point of interest. The abiotic Fe(II)
xidation rate at 22 da ys , end of the experiment, was 0 . 08 mM 

d .
 he maximum F e(II) oxidation rate and the rate at the end of

his experiment were found to be about eight times slo w er to 2.4
imes faster than the Fe(II) oxidation rates derived from the kinet-
cs based on abiotic Fe(II)/nitrite experiments using bicarbonate-
uffered medium (BBM) without bacteria ( 0 . 01 − 0 . 24 mM 

d , Table 3 )
Jamieson et al. 2018 ). The r ates deriv ed fr om the kinetics based on
xperiments without bicarbonate buffer of homogeneous systems
Fe(II)/nitrite] were up to 47 times faster ( 4 . 7 mM 

d , Table 3 ) (Jones et
l. 2015 ) and of a heterogeneous system [F e(III)/F e(II)/nitrite] up to
34 times faster ( 23 . 36 mM 

d , Table 3 ) (Tai and Dempsey 2009 ). 

iscussion 

hiobacillus denitrificans : a non-autotrophic 

RFeOx and its inability to grow with Fe(II) as 

he sole electron donor 
hile T. denitrificans harv ested fr om a cultur e gr owing with

hiosulfate and nitrate demonstrated the capability for nitrate-
educing Fe(II) oxidation, it was incapable of autotrophic growth
hen Fe(II) serves as the sole electron donor and CO 2 as the

ole carbon source . T her efor e, T. denitrificans is not an autotroph
ith respect to nitrate-reducing Fe(II) oxidation, or in other w or ds,

t does not function as a c hemolithoautotr ophic NRF eOx alone .
hese findings stand in contrast to Straub et al. ( 1996 ) reporting
hat T. denitrificans growths on nitrate and Fe(II), autotrophically.
o w e v er, sufficient supportiv e data for autotr ophic gr o wth w ere
ot demonstrated by Straub et al. ( 1996 ). 

Further, the observations of our study a gr ee with Beller et al.
 2013 ) who demonstrated a strong correlation of Fe(II) oxidation
nd nitrate reduction by a whole-cell suspension assay and per-
ormed a cultivation experiment over a period of 20 days to eval-
ate autotrophic growth. Based on the ratio of reduced nitrate to
xidized Fe(II), Beller et al. ( 2013 ) suggested incomplete denitrifi-
ation stopping at nitrite, although they were unable to quantify
he nitrite concentration because it was under the detection limit
f their method. As indicator for growth, Beller et al. ( 2013 ) moni-
ored the protein concentration and no growth was found. In the
resent study, higher substrate concentrations enabled the detec-
ion of nitrite, confirming that T. denitrificans reduced nitrate only
o nitrite with Fe(II) as electron donor. Although it is possible that a
mall amount of nitrite could be reduced to N 2 later during the ex-
eriment, this outcome would alter the electron balance applied

n the model presented here (Fig. 3 ), which uses stoichiometry for
iological reduction to nitrite follo w ed b y abiotic reduction to N 2 O
equations 1 and 2 ). Given the model’s strong fit, we conclude that
itrite is abiotically converted to N 2 O, which was not quantified in
his study. Based on multiple control setups and direct cell counts

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
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ur data clearly demonstrates that T. denitrificans cannot grow un-
er autotrophic nitrate-reducing Fe(II)-oxidizing conditions. 

mplications from the modeling results 

esson learned about the diversity of kinetic models 
eflecting chemodenitrification 

arious methods have been used to differentiate abiotic from bi-
tic Fe(II) oxidation during nitr ate-r educing Fe(II) oxidation, suc h
s temper atur e-based experiments (Dopffel et al. 2021 ), compar-
ng different mixotrophic strains (Jamieson et al. 2018 ), N 2 O mon-
toring (Jones et al. 2015 ), and abiotic batch experiments (Tai and
empsey 2009 , Chen et al. 2020 ). The present study used a novel
 ppr oac h by extending experiments to a point where cell activ-
ty ceased, allowing for a clearer distinction between biotic and
biotic processes. As the kinetic model of this study led to com-
ar able Fe(II) oxidation r ates than r ates deriv ed fr om abiotic sys-
ems using BBM, the model succeeded to distinguish the abiotic
rom the biotic Fe(II) oxidation. Oxidation rates derived from BBM
ystems are slo w er than oxidation rates of systems without bicar-
onate (Table 3 ) (Jamieson et al. 2018 , Dopffel et al. 2021 ). Oxida-
ion rates of heterogeneous reactions are faster than derived from
omogeneous reactions (Table 3 ) (Tai and Dempsey 2009 , Jones et
l. 2015 ). This study and the study of Jamieson et al. ( 2018 ) indi-
ate that the kinetics observed from abiotic homogeneous exper-
ments in BBM are transferable for modeling nitrate-dependent
 e(II) oxidation in BBM systems . T he slo w er Fe(II) oxidation rates
eriv ed fr om BBM systems may be a consequence of initially not
aving all iron(II) in solution but having a mix of solid and dis-
olved Fe(II) in the system due to Fe(II) mineral precipitation as
iderite and vivianite as a consequence of the presence of bicar-
onate (as buffer) and phosphate (as nutrient) in the medium.
urther, the rates derived from a citrate BBM system studied by
opf et al. ( 2013 ) are up to 12 times faster than the rates from
etups without an organic acid (Table 3 ) (Dopffel et al. 2021 , Klue-
lein and Kappler 2013 ). By studying the effect of citrate , K opf et
l. ( 2013 ) aimed to mimic the biological environment. Ho w e v er, it
as been shown that bacteria secrete metabolites which, in con-
rast, lo w er abiotic Fe(II) oxidation (Baker et al. 2023 ). As the rates
eriv ed fr om this study’s kinetic model a ppr oximate the av er a ge
f the r ates corr esponding to abiotic BBM systems (with and with-
ut citrate), it indicates that complexation to organic matter plays
 minor role in the abiotic Fe(II) oxidation in the presented system.

esson learned about the kinetics of nitrate-reducing Fe(II) 
xidation and why Monod kinetics do not apply 

he initial kinetics of nitr ate-r educing Fe(II) oxidation observed
n our experiments are linear and do not following Monod ki-
etics (equation 4 ), as the Monod terms a ppr oac h 1 while the
alf-saturation constants approach zero. Similar to Jamieson et al.
 2018 ), nitrate and Fe(II) concentrations had minimal influence on
iotic denitrification rates, suggesting bacterial activity is primar-

l y contr olled by inhibition (Jamieson et al. 2018 ). In general, the
onod term a ppr oac hes the maxim um r ate while the bacteria,

een as whole cell biocatal yst, ar e satur ated by their substrates.
hen an experiment is performed where the substrate concen-

r ations ar e not decr eased low enough to observ e a status wher e
he bacteria are not saturated, it is not possible to predict half-
aturation constants. As the half-saturation constants K N and K Fe ,
btained by the herein applied model, approach zero while the
ubstr ate concentr ations at the end of the experiment are 5 mM
e(II) and 1.6 mM nitrite, these constants do not have a physical
ut only a mathematical meaning. 
esson learned about a sudden inhibition of 
itrate-reducing Fe(II) oxidation 

 noncompetitive inhibition term based on total Fe(III) concentra-
ion ( Table S1 ) best describes nitr ate-r educing Fe(II) oxidation by T.
enitrificans . The model suggests a sudden e v ent with a significant
imiting effect on the denitrification r ate, whic h could be due to
ell encrustation (Fig. 7 B). Ho w e v er, since Fe(III) miner al encrus-
ation is a gradual process, it is unlikely to cause such an abrupt
nhibition. While the inhibition term based on Fe(III) aligns well
ith the data, this is not definitive proof that Fe(III) encrustation

s responsible for the inhibition. The likelihood of encrustation as
he cause is discussed further in the next section, alongside alter-
ative scenarios involving sudden inhibition e v ents. 

esson learned about the Fe(II)/nitrate ratio and 

mplications for electron usage in denitrification 

s the applied model considers a F e(II) oxidized /nitrate reduced (F e/N)
atio of 2 and fits well to the measured data, we can conclude that
. denitrificans does not use Fe(II) as electron donor for CO 2 fixa-
ion. Our data rather support the observation that two Fe(II) ions
re oxidized while one nitrate molecule is reduced to nitrite dur-
ng bacterial denitrification. There is a str ong corr elation between
e(II) oxidation and nitrate reduction, reflected in the consistent
:1 ratio. Ho w ever, w e cannot definitively state whether the elec-
r ons fr om Fe(II) r educe nitr ate dir ectl y or if the y dri v e a bioc hemi-
al reaction that causes further downstream of the metabolism of
. denitrificans the reduction of nitrate by another reducing agent
uch as NADH stemming from the tricarboxylic acid cycle. At this
tate, the observed 2:1 ratio is an overall ratio. 

In summary, the three processes applied to the model were
ufficient to provide a good fit and therefore probably capture
he dominant processes in the T. denitrificans , Fe(II)/nitrate system
r esented her e . T hese pr ocesses wer e (i) biological denitrification

NO 3 
−→ NO 2 

−), (ii) the increasing inhibition of the first process,
n the course of Fe(II) oxidation, and (iii) abiotic denitrification
NO 2 

−→ N 2 O), which is autoinduced by Fe(III) mineral production.

hallenging the autotrophic paradigm in 

itr a te-reducing Fe(II) oxidation 

n the early period after the discovery of nitrate-reducing Fe(II)
xidation (NRFeOx), the assumption was that this process is in-
rinsically linked to autotrophy. Ho w ever, no w adays w e kno w that
his is not always the case . T his section will use the data obtained
n the presented study to discuss why nitr ate-r educing Fe(II) ox-
dation has historically been associated with autotrophic growth
nd explore the knowledge gaps that persist in this field (Straub
t al. 1996 , Bryce et al. 2018 ). 

The pr e v ailing hypothesis is that Fe(II) is oxidized by c -type
ytoc hr ome outer membrane proteins, such as MtoA or Cyc2,
hic h ar e commonl y found in the geno- and phenotypes of mi-

r oaer ophilic and nitr ate-r educing Fe(II)-oxidizing bacteria (Gar-
er et al. 2020 , McAllister et al. 2020 , Huang et al. 2021a ) (Fig. 8 ).
o w e v er, T. denitrificans lac ks homologs of these classical iron ox-

dases. Beller et al. ( 2013 ) hypothesized that another c -type cy-
oc hr ome might act as the initial electron acce ptor. Gi ven that
e(II) has been shown to reduce the quinone pool (Tian et al. 2024 ),
 logical assumption is that Fe(II)-derived electrons accepted by
edo x acti ve proteins are transferred to the quinone pool. How-
 v er, the mec hanism by whic h this occurs r emains poorl y under-
tood and is a significant knowledge gap in the liter atur e (Bec ker
t al. 2021 ). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf024#supplementary-data
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Figure 8. Comparison of a model autotrophic nitrate-reducing Fe(II)-oxidizing metabolic pathway (top) with a r e vised non-autotr ophic v ersion 
(bottom), based on the findings of Beller et al. ( 2013 ) and the present study. The electron transport pathway highlighted in red indicates the significant 
knowledge gap regarding how Fe(II)-derived electrons are transferred to the quinone pool. The proton (H 

+ ) stoichiometry is based on Simon et al. 
( 2008 ) and Steigmiller et al. ( 2008 ). Cytoc hr ome- c -r eductase: cytoc hr ome bc 1 complex. 
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Quinones play a k e y role in metabolic flexibility and rapid adap-
ation to environmental changes. In the downhill electron trans-
ort pathway, the quinone pool is used to the generate a proton
otiv e force (pmf), whic h is subsequentl y utilized to r egener ate

denosine triphosphate (ATP). In the uphill pathway (r e v erse elec-
r on tr ansport), electr ons deriv ed fr om the quinone pool, along
ith the pmf, are used to regenerate nicotinamide adenine din-
cleotide phosphate, reduced form (NADPH), a critical reducing
gent for anabolic processes, including CO 2 fixation during au-
otrophy. Based on this model, it appears that Fe(II)-derived elec-
rons could support autotrophic CO 2 fixation. 

Ho w e v er, this idealized vie w of autotr ophic NRFeOx m ust be r e-
ised in light of the findings from both Beller et al. ( 2013 ) and the
er ein pr esented study. Beller et al. ( 2013 )’s knoc k out studies aim-

ng at identifying the specific Fe(II) oxidase in T. denitrificans were
nconclusive . T hey speculated about two possibilities: (i) the or-
anism uses alternative pathways to oxidize F e(II), in volving mul-
iple c -type cytoc hr omes , or (ii) the true F e(II) oxidase has not been
dentified and might be of a distinct nature. 

Their targeted c -type c ytochromes w ere based on a whole-
enome transcriptional study, focusing on genes that were highly
xpr essed or upr egulated. If the second scenario is corr ect, and
one of the tested pr oteins ar e involv ed in Fe(II) oxidation, this
eans that Beller et al. ( 2013 ) ma y ha v e observ ed a gener al
etabolic response to the absence of a viable electron donor,

 ather than ada ptation to F e(II) oxidation. T he incr eased expr es-
ion of c -type cytoc hr omes could be r elated to cellular str ess, suc h
s starv ation, r ather than Fe(II) oxidation specificall y. 

The study of Beller et al. ( 2013 ), sho w ed that denitrification
enes ar e expr essed under nitr ate-r educing, Fe(II)-oxidizing con-
itions. Ho w e v er, based on the nitrite accumulation observed in
ur experiments, it appears that only the nitrate reductase is
ctive. Although it is possible that the nitrite reductase is ac-
iv e but oper ates m uc h mor e slowl y than the upstr eam r educ-
ion of nitrate, the following section is based on the assumption,
hat the nitrite reductase is inactive . T his assumption aligns with
he strong fit of the applied model, where electron balance was
c hie v ed by a ppl ying the stoic hiometry for biological r eduction to
itrite follo w ed b y abiotic reduction to N 2 O (equations 1 and 2 ).
ull denitrification typically offers the benefit of maintaining a
tr eamlined electr on flow, whic h contributes to the gener ation of
 pmf. Ho w e v er, the denitrifying enzymes nitrite r eductase, ni-
rous oxide reductase, and the cytochrome c- dependent nitric ox-
de r eductase (Shir o 2012 ), consume pr otons fr om the periplasm,
her eby r educing the pmf. The absence of complete denitrifica-
ion under Fe(II)-oxidizing conditions suggests that continuous
lectron flow may not provide a significant ener gy adv anta ge. In-
tead, the nitr ate r eductase likel y serv es as the primary ener gy-
onserving enzyme during nitr ate-r educing Fe(II) oxidation in T.
enitrificans . The balance between uphill (r e v erse electr on tr ans-
ort) and downhill electron transport is tightly regulated in bacte-
ia. Given that the oxidation of one Fe(II) to Fe(III) contributes only
ne proton to the pmf (Simon et al. 2008 ), it is unsurprising that
etabolic regulation favors ATP production over reverse electron

ransport to meet the ATP demands of the cell. Even in the ab-
ence of growth, bacteria need ATP for essential processes such as
embrane potential maintenance, protein synthesis, DNA repair,

r ansport, and str ess r esponses, all of whic h ar e critical for sur-
iv al. When nitr ate-r educing Fe(II) oxidation bar el y meets these
TP demands, energy cannot be used for reverse electron trans-
ort, whic h is r equir ed for gener ating r educing equiv alents used
or carbon fixation. 
While this is an energetic explanation for the downhill reg-
lation, it could also be attributed to the absence of a mech-
nism for Fe(III) waste management. Strict downhill regulation
ay be crucial because T. denitrificans lacks a strategy to han-

le Fe(III) miner alization, suc h as stalk formation [as observ ed in
icr oaer ophilic Fe(II)-oxidizers; see e.g. McAllister et al. ( 2019 )],
hen r el ying solel y on Fe(II) as an electr on donor (Fig. 7 B). During

omplete denitrification, 10 Fe(II) ions are oxidized for two nitrate
olecules being reduced to one molecule of N 2 (equation 13 ), re-

ulting in a Fe/N ratio of 10 
2 = 5 . 

10F e 2+ + 2 NO 

−
3 + 24 H 2 O → 10 Fe ( OH ) 3 + N 2 + 18 H 

+ . (13)

Of the denitrifying enzymes encoded by the T. denitrificans
enome, onl y the nitr ate r eductase contributes with two pr otons
o pmf formation by r educing nitr ate to nitrite (Beller et al. 2006a ,
imon et al. 2008 , Shiro 2012 ). If Fe(II)-deriv ed electr ons enter the
uinone pool without contributing to the pmf, only the electrons
tilized by nitr ate r eductase contribute with 1 proton per electron
o the pmf. Consequently, during complete denitrification (two ni-
rate molecules being reduced to one molecule of N 2 , equation 13 ),
nly four protons contribute to the pmf while 10 Fe(II) become
xidized. In this context, complete denitrification results in the
xidation of 2.5 Fe(II) per proton contributing to pmf. If only ni-
rate is reduced to nitrite (equation 1 ), the oxidation of each Fe(II)
ields one proton and the Fe/N r atio r esults in 

2 
1 = 2 . Since this ra-

io is consistent with the results of the herein presented study, it
uggests that the electron transfer from Fe(II) to the quinone pool
oes not effectiv el y contribute to ener gy conserv ation via the pmf,
ecause otherwise full denitrification would be ener geticall y ben-
ficial and observed. 

T. denitrificans uses the Calvin cycle for CO 2 fixation (Beller et al.
006a ,b ). Fixing three CO 2 molecules into one glyceraldehyde-3-
hosphate r equir es nine ATP and six Nicotinamide adenine din-
cleotide, reduced form (NADH) (Shark e y 2019 ). With four pro-
ons needed per ATP synthesis and four per NADH r egener ation
ia r e v erse electr on tr ansport (Simon et al. 2008 , Steigmiller et al.
008 ), the bacteria r equir e 60 pr otons fr om the pmf and 12 elec-
rons to reduce 3 CO 2 molecules . T his means that 72 Fe(II) are
eeded to fix 3 CO 2 molecules when nitrate is reduced only to
itrite. When 60 protons are required, 60 Fe(II) become oxidized
nd 30 nitr ate r educed, while 12 electr ons deriv ed fr om Fe(II) r e-
uce three molecules of CO 2 , the Fe/N ratio results in 

72 
30 = 2 . 4 .

or complete denitrification, which may be necessary to detox-
fy nitrite, the r equir ed Fe(II) rises from 72 to 162. As explained
y the calculation abo ve , complete denitrification results in the
xidation of 2.5 Fe(II) per proton contributing to the pmf. When
0 protons are required, 150 Fe(II) become oxidized, 30 nitrate be-
ame reduced to 15 N 2 , while 12 electrons derived from Fe(II) re-
uce three molecules of CO 2 , the Fe/N ratio results in 

162 
30 = 5 . 4 .

EM ima ging r esults (Fig. 6 ) suggested that T. denitrificans lacks a
echanism to avoid Fe(III) accumulation on its cell surface [such

s a modified cell surface c har ge (Saini and Chan 2013 ), low-pH-
icr oenvir onment (Hegler et al. 2010 ), or stalk formation (McAl-

ister et al. 2019 )]. If the bacterium uses r e v erse electr on flow for
O 2 fixation despite lacking a strategy to mitigate Fe(III) encrusta-

ion, this could impede essential mass transfer with its surround-
ngs, potentially harming cell viability. Thus, the bacterium may
av e e volv ed a r egulatory mec hanism that pr e v ents uphill elec-
r on tr ansport as a self-pr otection str ategy. Additionall y, the r e-
ults of this study show that substrate utilization is incomplete
nd ceases abruptl y, r ather than gr aduall y. Further hypothetical
etabolic models incor por ating this observ ation will be explor ed.
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Hypotheses explaining the inability to survive 

under nitr a te-reducing Fe(II)-oxidizing conditions 

As suggested by Bryce et al. ( 2018 ), a trul y autotr ophic NRFeOx 
organism should sustain growth under nitrate-reducing Fe(II)- 
oxidizing conditions (Bryce et al. 2018 ). We tr ansferr ed the initial 
Fe(II)/nitr ate cultur e (tr ansferr ed fr om thiosulfate/nitr ate; i.e. first 
transfer) to fresh medium with nitrate and Fe(II) (second trans- 
fer), but no further cell activity was observ ed. Additionall y, the 
live/dead assay at the end of the incubation of the first transfer 
sho w ed mainly dead cells, and they failed to r ecov er when trans- 
ferred to medium with thiosulfate/nitrate . T his indicates that the 
cells were adversely affected by using nitrate and Fe(II) as sole 
substrates. To model the inhibitory effects of nitr ate-r educing 
Fe(II) o xidation, a noncompetiti ve inhibition term based on to- 
tal Fe(III) concentration was applied. After 5 da ys , the bacterial 
Fe(II) oxidation rate decreased significantly, even though nitrate 
and Fe(II) were not fully consumed. The exact cause of this inhi- 
bition remains unclear. The following section discusses three po- 
tential scenarios that may lead to a limiting e v ent, causing the 
sudden cessation of bacterial denitrification (Fig. 9 ). The first sce- 
nario follows a conventional approach (Carlson et al. 2013 , Becker 
et al. 2021 ), while the other two are primarily introduced here.
Ho w e v er, all thr ee scenarios ar e hypothetical and equall y spec- 
ulati ve. Although ad ditional scenarios could be proposed, the two 
unconv entional ones pr esented her e ar e meant to inspir e br oader 
thinking within the NRFeOx r esearc h comm unity. 

Scenario 1: “No-substrate-limitation” for NRFeOx energy 
metabolism: nitr ate-r educing Fe(II) oxidation stops either 
due to limited mass transfer caused by Fe(III) mineraliza- 
tion around the cells, or because constantly increasing ni- 
trite concentr ations r eac h a specific toxic thr eshold v alue 
and nitrite becomes inhibiting for the denitrification activ- 
ity. 

Scenario 2: “No-r ecycling-mec hanism” for an intermediate 
substr ate: the r eaction halts as the cosubstr ate becomes 
depleted. 

Scenario 3: Nitr ate r eduction coupled to Fe 2 + r emov al: nitr ate 
reduction is not coupled to energy production, so either it 
ceases when the cell’s energy reserves are exhausted, or be- 
cause constantly increasing nitrite concentrations reach a 
specific toxic threshold value and nitrite becomes inhibit- 
ing for the denitrification activity. 

Scenario 1 r epr esents a v ery conv entional model, aligning with 

commonl y pr oposed nitr ate-r educing F e(II) oxidation pathwa ys .
In this pathway, the Fe(II) oxidase reduces an electron acceptor 
molecule, which then serves as the substrate for a quinone reduc- 
tase . T he quinone , in turn, becomes the substr ate for the nitr ate 
reductase. Referring to the final substrate concentrations in the 
experiment, this pathway shows no shortage of substrates. It is 
reasonable to assume that the observed inhibition is due to cell 
encrustation, as has been observed multiple times under condi- 
tions involving nitrite and Fe(II) at neutral pH (Emerson and Mo y er 
1997 , Kappler et al. 2005 , Miot et al. 2009 , Schädler et al. 2009 ,
Cheng et al. 2022 ). Further the le v el of encrustation ov erserv ed 

in this study (Fig. 7 B) has been comparable to the cell mineral 
encrustation observed for autotrophic culture KS, cultivated with 

10 mM Fe(II) and 4 mM nitrate after 4 days (Huang et al. 2023 ). This 
raises the question: to what extent does Fe(III) mineral encrusta- 
tion inhibit NRFeOx? Are there qualitative differences in the en- 
crustation observed in autotrophs compared to other NRFeOx sys- 
tems? For example, could the porosity or location of encrustation 
outer surface versus periplasm) play a role, which might not be
ully distinguishable by commonly used microscopy techniques? 
or eov er, does encrustation lead to a r a pid decline in bacterial

ctivity, or does it cause a mor e gr adual decr ease pr oportional to
he le v el of encrustation, affecting the metabolite exc hange be-
ween the cell and its environment? If encrustation is indeed the
ause of inhibition, it suggests that this process remains harm-
ess until a threshold is r eac hed for mass tr ansfer, after whic h the
ell’s homeostasis collapses . T his implies that a certain ATP de-
and can no longer be met once mass transfer falls below this

hreshold, leading to cell death. 
Another explanation could be that the conditions in the mi-

r oenvir onment at the cell surface differs significantl y fr om the
onditions in the bulk culture (and as a consequence, leads to
rong conclusions if only considering the bulk geochemical data).
pecificall y, the concentr ation of Fe(III) (o xyhydr)o xide around the
ell is very high due to cell mineral incrustation (Fig. 7 B). This is
etrimental because aqueous Fe(II) is adsorbed in the proximity of
he cell, making it less mobile and it is possibly no longer bioavail-
ble . T he result is a sink of aqueous Fe(II) at the cell surface. In
ddition, the ratio of Fe(II) to the pr ecipitated ir on (o xyhydr)o xide
ay be lo w er in this micr oenvir onment of the cell, leading to
 uc h faster abiotic oxidation rates than observed for the whole

ystem (Tai and Dempsey 2009 ). This is likely to be further en-
anced by the local accumulation of NO 2 

− caused by cell excre-
ion. As a result, Fe(II) in the micr oenvir onment of the encrusted
ell is no longer available to the bacteria, and the concentration
f aqueous F e(II) ma y be so low that biological denitrification is
hermodynamically infeasible. 

Another cause of inhibition could be a toxic effect due to the
itrite accumulation of up to 1.65 mM observed here . T his is a

ikely scenario because impaired microbial activity due to nitrite 
as been observed for several T. denitrificans strains (Baalsrud and
aalsrud 1954 , Baldensperger and Garcia 1975 , Claus and Kutzner
985 ). Claus and Kutzner ( 1985 ) describe, for a different T. denitri-
cans strain using thiosulfate as an electron donor, no inhibitory
ffect of nitrite on denitrification for nitrite concentrations of up
o 2 mM and a strong inhibitory effect at a nitrite concentration
f 6.5 mM (Claus and Kutzner 1985 ). Similarly, nitrite could be a
ossible cause for the observed incomplete nitrate reduction in 

he here presented Fe(II)-oxidizing culture of T. denitrificans (ATCC 

5259). After a latency phase of about 1 day, the nitr ate-r educing
e(II) oxidation proceeds at approximately maximum speed un- 
il about 4.5 days (Fig. 7 ), with a denitrification rate (r biotic ) of
 . 27 mM 

d to 0 . 26 mM 

d , and the nitrite concentr ation measur ed after
 days is 1.11 mM. Thus, a nitrite concentration starting at about
 mM may r epr esent a potential threshold for nitrite toxicity for T.
enitrificans (ATCC 25259) incubated with 10 mM Fe(II) and 3.5 mM
itrate. 

Another study conducted by D’Aquino et al. ( 2023 ) on T. den-
trificans (DSM 12475), investigating the effects of inorganic ions 
n both autotrophic and heterotrophic denitrification, observed 

n intermediate nitrite accumulation of up to ∼21 mM, which
as almost completely consumed ( ∼95%) by the bacteria dur-

ng the course of the experiment. One of the heter otr ophic se-
ups was performed in the presence of 7.20 mM Fe(II), and all
utotrophic setups contained 19.20 mM thiosulfate and 7.20 mM 

e(II) (D’Aquino et al. 2023 ). Thus, this strain sho w ed sufficient
ctivity at nitrite concentrations of up to 20 mM and was able to
 emov e nitrite under the conditions tested, which contained, in
ddition to Fe(II), also or ganic substr ates (yeast extr act) or thio-
ulfate as electron donors. 
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Figure 9. Hypothetical mechanisms responsible for incomplete nitrate-reducing Fe(II) oxidation by T. denitrificans . Scenario 1 considers that the process 
is not substrate-limited (nitrate and iron). (I) Fe(II) is oxidized by a c -type cytoc hr ome Fe(II) oxidase or an unknown novel Fe(II) oxidase. (II) Electrons 
pass to a one-electron acceptor. (III) Two of these molecules transfer electrons to quinone reductase, reducing one quinone. (IV) Quinol: nitrate 
oxidor eductase r educes nitr ate to nitrite, contributing to the pmf. (V) The pmf r egener ates ATP. Finall y, inhibition is caused by cell encrustation when 
Fe(III) mineralization limits mass transfer, collapsing cell homeostasis or nitrite accumulation inhibiting further nitrate-reducing Fe(II) oxidation. 
Scenario 2 considers dependency on a cosubstrate A. (I and II) Fe(II) oxidation proceeds as in Scenario 1. (III) Electrons are accepted by A, producing B, 
which (IV) is oxidized by a quinone reductase. (V and VI) Downstream reactions mirror Scenario 1. When A is una vailable , cell homeostasis collapses. 
Scenario 3 is a cost-efficient strategy to remove iron from inside the cell by coupling the translocation of iron to the reduction of nitrate. (I and II) 
Fe(II)-deriv ed electr ons ar e passed to the nitr ate r eductase, r educing its electr on-accepting center. (III) The ener gy r eleased is linked to the 
translocation of the first Fe(II) (IV and V). The second Fe(II) reduces the electron-accepting center of the nitrate reductase. (VI) Iron is translocated and 
both electrons collected by the reductase are transferred to nitrate, forming nitrite. Finally, the cell homeostasis collapses once ATP is depleted or 
nitr ate-r educing Fe(II) oxidation is inhibited by nitrite accum ulation. The H 

+ stoic hiometry is based on Simone et al. (2008) and Steigmiller et al. ( 2008 ). 
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Scenario 2 assumes that the availability of a necessary sub-
trate or cofactor becomes a limiting factor, leading to r a pid in-
ibition. While scenario 2 is unconventional, it is no less specu-

ative than scenario 1. Pinpointing specific explanations for this
odel is complex, as numerous hypothetical pathways involving

ubstrate limitation may exist, beyond the basic model shown in
ig. 9 . In this model, electrons derived from Fe(II) reduce substrate
 to B, which then donates electrons to the quinone pool by con-
ersion to C. If the reducing po w er is lacking, C cannot be recycled
ac k to A. Substr ate A could be a membr ane-bound pr otein that
 eceiv es electr ons fr om Fe(II) and r educes an intermediate of the
ricarboxylic acid cycle, such as malate, acting similarly to malate
xidoreductase (MQO) (Kabashima et al. 2013 ), but with a special-
zed subunit to r eceiv e electr ons fr om an intermediate r educed by
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Fe(II). Malate could then be converted to pyruvate, and pyruvate to 
formate, with formate functioning as substr ate C, whic h r educes 
the quinone pool. In this scenario, the quinone reductase could be 
formate dehydr ogenase. Nitr ate r eductase often forms a r espir a- 
tory chain with formate dehydrogenase (Bertero et al. 2005 ), and 

electr on tr ansfer fr om formate to nitr ate is coupled with pr oton 

tr anslocation acr oss the inner membr ane, gener ating a pmf via a 
redox loop mechanism (Mitchell 1976 ). 

An alternativ e, though mor e complex scenario, whic h is not 
r epr esented by the model in Fig. 9 , involves the primary electron 

acceptor lacking sufficient reducing potential to reduce quinone 
(whic h r equir es two electr ons per quinone). Ho w e v er, in combi- 
nation with an electron from another substrate (or cofactor) with 

slightl y higher r educing potential, it may become thermodynam- 
icall y favor able to use both electr ons. In suc h cases, a pr otein 

might r eceiv e one electr on fr om Fe(II) oxidase and one fr om the 
additional substrate to reduce quinone. As maintaining these pro- 
cesses is essential, the cell would spend its stored reducing po w er 
to r egener ate this substr ate until the r eserv e is depleted. This 
raises the question of where the second electr on fr om Fe(II) goes 
during nitrate reduction, given that the Fe(II) oxidized /nitrate reduced 

ratio would be 1 versus the observed ratio of 2. One possible ex- 
planation is that an additional reaction, involving electron bifur- 
cation, loses one electr on, whic h is used to reduce a second addi- 
tional substrate. 

In the case of Scenario 3, Fe(II) oxidation is considered to be a 
str ess r esponse and part of a strategy to efficiently remo ve F e(II) 
from the bacterial cell while sim ultaneousl y r educing nitr ate to 
nitrite. Beller et al. ( 2013 ) identified upregulated genes in T. deni- 
trificans when incubated with both ir on(II) and nitr ate, whic h may 
contribute to Fe(II) translocation. Based on bioinformatic analy- 
sis using AlphaFold Protein Structure Database, UniProt, Foldseek, 
and STRING the below hypothetical functions where assigned to 
proteins encoded by the T. denitrificans genome (Beller et al. 2006a ,
Szklarczyk et al. 2023 , The UniProt Consortium 2023 , van Kempen 

et al. 2024 , Varadi et al. 2024 ). Specifically, two of the genes found 

upregulated, i.e. Tbd_1320 and its neighboring gene Tbd_1321 may 
be involved in denitrification processes, while Tbd_1323 has sim- 
ilarities to nitrogen fixation pr oteins. Downstr eam of Tbd_1320,
two genes encode a multicopper oxidase, pcoAB (Tbd_1324 and 

Tbd_1325), whic h ar e belie v ed to contribute to copper r esistance 
(Mellano and Cooksey 1988 ). Based on findings by Huston et al.
( 2002 ), whic h demonstr ated that PcoA homologues in Pseudomonas 
aeruginosa function as ferroxidases involved in iron acquisition,
He et al. ( 2016 ) hypothesized that these homologues could play 
a role in Fe(II) oxidation within nitrate-reducing Fe(II) oxidation 

metabolism (Huston et al. 2002 , He et al. 2016 ). Further, these pro- 
teins could potentiall y inter act with those encoded by Tbd_2741,
also identified as an upregulated gene, whose protein structure 
shows similarities to membrane-bound electron transport pro- 
teins. Additionally, Tbd_2740 encodes a heavy metal-translocating 
P-type ATPase, and Tbd_2742 encodes a ferredoxin, further sug- 
gesting a role in electron transfer during these processes. 

The nitrite accumulation observed in our experiments could 

support our hypothesis that an alternative nitrate reductase, dis- 
tinct from the membrane-bound nitrate reductase Nar, may act 
as the primary nitrate acceptor, for the following reasons. Nitrite 
is known to have toxic effects on T. denitrificans (Baalsrud and 

Baalsrud 1954 , Baldensperger and Garcia 1975 , Claus and Kutzner 
1985 ), and since T. denitrificans has the genomic capacity to metab- 
olize nitrite, one would expect the cells to pr e v ent its accumula- 
tion. Ho w e v er, since nitrite accumulation was evident in the here 
presented study, two possibilities arise: (i) nitrite at a concentra- 
ion of up to 1.65 mM does not exert toxic effects on the cells and
her efor e does not necessitate detoxification. (ii) T. denitrificans is
nable to metabolize nitrite using electrons derived from Fe(II) 
xidation. The second scenario implies that the nitr ate-r educing
 e(II) oxidation pathwa y does not in volv e r eduction of the quinone
ool. While Tian et al ( 2024 ) argued that Fe(II) has a sufficiently
egativ e r eduction potential to reduce the quinone pool, our re-
ults may indicate otherwise. Assuming that the quinone is not
educed by electrons stemming from Fe(II) oxidation in the sys-
em presented here, the cytochrome c reductase (cytochrome bc 1 
omplex) would not be able to r egener ate r educed cytoc hr ome c ,
he electron donor required by the nitrite reductase, which would
esult in the observed accumulation of nitrite (for the denitrifica-
ion cascade see Fig. 8 , expected hypothetical mechanism). 

T hus , the accumulation of nitrite suggests that Fe(II) oxida-
ion by T. denitrificans cannot r egener ate the quinone pool. Conse-
uentl y, the nitr ate-r educing enzyme m ust be one that operates

ndependently of the quinone pool, since the membrane-bound 

itr ate r eductase Nar depends on quinol as a substr ate . T here-
ore, this finding is consistent with the proposed scenario 3, which
ostulates the involvement of an alternative nitrate reductase. 

Furthermore, the inability to couple Fe(II) oxidation to quinone 
eduction negates the possibility of reverse electron transport 
o generate reducing po w er for autotrophic growth. This inabil-
ty challenges the traditional autotrophic paradigm in nitrate- 
educing Fe(II) oxidation, as discussed in the section “Challenging 
he autotrophic paradigm in nitrate-reducing Fe(II) oxidation.”

ee v alua ting the classification of NRFeOx: 
e yond tr aditional autotr ophic and mixotr ophic 

ifestyles 

n the liter atur e , NRF eOx are either categorized as autotrophs or
eter otr ophs . T he latter is commonly referred to as mixotrophic,
s the c hemolithotr ophic pathway of nitr ate-r educing Fe(II) oxi-
ation runs in parallel to a chemoorganotrophic pathwa y. T hese
wo terms refer to the ener gy-yielding mec hanisms, but it r e-

ains complicated to estimate the contributions of the energy 
ield fr om eac h type of substr ate . While it in volv es a mixtur e of
sing both inorganic and organic substrates, the corresponding 
acteria are facultative mixotrophs. 

Thiobacillus denitrificans cannot be categorized in any of these 
wo groups. Thiobacillus denitrificans is an autotroph when using 
hiosulfate (inorganic) as its sole source of electrons. Calling T.
enitrificans an autotrophic NRFeOx is not necessarily incorrect,
s it is an autotroph and a NRFeOx. Ho w ever, this designation is
isleading as it may imply that it gr ows autotr ophicall y under

itr ate-r educing Fe(II)-oxidizing conditions which is not the case.
ince ther e ar e trul y autotr ophic NRFeOx enric hment cultur es
hat grow autotrophically oxidizing Fe(II) for both nitrate reduc- 
ion and CO 2 fixation (Straub et al. 1996 , Jakus et al. 2021 , Huang et
l. 2023 ), it is not recommended to assign a micr oor ganism as an
utotrophic NRFeOx if the autotrophy does not refer to using Fe(II)
oth as an electron donor for nitrate reduction and as an elec-
ron donor for fixing inorganic carbon. It might be clearer to refer
o it as a non-autotrophic NRFeOx, additionally mentioning that 
t can grow autotrophically with other inorganic substrates (e.g.
hiosulfate). If T. denitrificans is further investigated and evidence 
upports either scenario 1 or 2, it could be classified as a mixo-
ithotrophic NRFeOx, as both thiosulfate and iron(II) are inorganic 
lectron donors. If scenario 3 is supported, it might be more appro-
riately termed a F e(II)-remo ving NRF eOx or Fe(II)-stress-related 
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RFeOx, r eflecting its r ole in mana ging Fe(II) str ess r ather than
ner gy conserv ation. 

onclusions and outlook 

hiobacillus denitrificans does not exhibit c hemolithoautotr ophic
r owth under nitr ate-r educing, F e(II)-oxidizing conditions , and
t fails to sustain nitr ate-r educing Fe(II) oxidation over multi-
le transfers . T his indicates that while the strain can carry out
itr ate-r educing Fe(II) oxidation, it does not concurr entl y conduct
utotrophy. The inability to survive long-term under these con-
itions and the higher mortality compared to nutrient-starvation
cenarios (r epr esented by contr ols missing one or both substrates)
uggest that in this str ain, nitr ate-r educing Fe(II) oxidation does
ot support growth on its own. Howe v er, it may offer an en-
r gy adv anta ge when combined with a growth-supporting elec-
ron donor. In the context of microbial flexibility, negative out-
omes, like those reported her e, ar e crucial for uncovering knowl-
dge gaps and questioning established assumptions. Although T.
enitrificans can utilize Fe(II) as an electron donor, its use seems
o be directed primarily to w ar d energy conservation rather than
r owth, e v en though the latter might theor eticall y be possible.
his paradox remains a k e y focus for future research. 

The study emphasizes a core issue in the classification of NR-
 eOx organisms . Our study has shown that T. denitrificans is a non-
utotrophic NRFeOx, but further research is required to determine
hether it is mixo-lithotrophic (scenarios 1 and 2) or functions as
n F e(II)-remo ving NRF eOx (scenario 3). 

If T. denitrificans is indeed mixo-lithotrophic, its environmen-
al role in nitrate-reducing Fe(II) oxidation should be explored
urther. Thiobacillus denitrificans ’ ability to oxidize pyrite (FeS 2 ) for
enitrification suggests that nitr ate-r educing Fe(II) oxidation, cou-
led with sulfur species oxidation, might support an autotrophic

ifestyle (Torrentó et al. 2010 ). Ho w ever, if Fe(II) oxidation is merely
 stress response to intracellular Fe(II) toxicity, its environmental
ole may be more limited, functioning as a survival strategy rather
han contributing to energy conservation. 

To confirm whether T. denitrificans is mixo-lithotrophic, ATP
easurements should be conducted to demonstrate energy pro-

uction. Alternativ el y, structur al studies of hypothetical proteins
n volved in F e(II) transport and proteins standing in genomic re-
ationship with hypothetical nitrate-binding domains could pro-
ide further insights. In the near future, the rapid advancements
n bioinformatics tools driven by artificial intelligence may allow
 esearc hers to r e visit foundational studies, suc h as those by Beller
t al. ( 2013 ). Unknown proteins identified in transcriptomic stud-
es, alongside their genomic neighbors or other genes potentially
inked to a common function, might soon be placed in a broader
ontext, helping us better understand this process and align it
ith the herein proposed scenarios. 
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