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Abstract

The betaproteobacterium Thiobacillus denitrificans (ATCC 25259) oxidizes Fe(Il) while reducing nitrate, yet its capacity for autotrophic
growth as a nitrate-reducing Fe(Il)-oxidizer remains uncertain. This study explored this capacity through cultivation experiments
across multiple transfers, using growth medium with Fe(II) and nitrate as sole electron donor and acceptor, respectively. This setup
necessitated nitrate reduction coupled to Fe(Il) oxidation as the primary energy-yielding mechanism and Fe(Il) as the exclusive elec-
tron donor for CO, fixation and biomass production. Thiosulfate/nitrate pregrown T. denitrificans oxidized 42% of 10 mM Fe(I), reduced
54% of 3.5 mM nitrate, 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(Il) oxidation or population growth. While bacterial activity
[Fe(Il) oxidation, nitrate reduction] occurred in the first transfer from thiosulfate/nitrate to Fe(Il)/nitrate, nitrite was produced, further
reacting with Fe(II) abiotically (chemodenitrification). A kinetic model assessed enzymatic versus abiotic Fe(Il) oxidation, revealing
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(Il) as an electron donor but does not achieve autotrophic growth under

these conditions.
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Introduction

The prevalence of nitrate pollution from agriculture, coupled with
widespread iron occurrence in the environment (OECD 2008, Riv-
ett et al. 2008), highlights the potential importance of denitrify-
ing iron(Il)-oxidizers in the environment (Kappler et al. 2021) and
in wastewater 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, collectively termed nitrate-dependent iron(Il)-oxidizing
bacteria (NDFeO), play 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(Il) indirectly via reactive nitrogen species (N-species), in-
termediates of denitrification (Sgrensen and Thorling 1991, Tai
and Dempsey 2009). In the case of enzymatic Fe(Il) oxidation, it is
biochemically coupled to nitrate reduction, leading to the classifi-
cation of related bacteria as nitrate-reducing Fe(Il)-oxidizers (NR-
FeOx). This subgroup can be further categorized into (1) bacte-
ria with a carbon demand that relies on organic carbon, such as
chemolithoheterotrophs (mixotrophic NRFeOx), and (2) those that
are chemolithoautotrophs (autotrophic NRFeOx). While studying

bacterial communities remains challenging, working with pure
bacterial strains, especially colony-forming cells, is more straight-
forward. Molecular biology tools developed for these strains al-
low for detailed assessment and a deeper understanding of their
metabolic mechanisms. Thus, the identification of a model organ-
ism as single bacterial strain for studying autotrophic NRFeOx is
essential. For example, cultures KS, BP, and AG have been used as
model enrichment cultures to study chemolithoautotrophic NR-
FeOx instead of a pure culture (Huang et al. 2021a, b, Jakus et al.
2021). Despite several individual pure strains showing promise [re-
viewed by Bryce et al. (2018)], none have been sufficiently stud-
ied to be classified as chemolithoautotrophic NRFeOx (Bryce et al.
2018). Potential candidates should (1) not require any organic car-
bon to meet their whole carbon demand, (2) show cell growth with
only Fe(Il), nitrate and CO, as energy and growth substrates, (3)
maintain Fe(II) oxidation over several transfers under autotrophic
conditions, and (4) incorporate labelled CO, into biomass during
Fe(Il) oxidation (Bryce et al. 2018).

Identifying an organism meeting all criteria is crucial for un-
raveling the molecular mechanisms underlying chemolithoau-
totrophic nitrate reduction coupled to iron(Il) oxidation. As the
process remains incompletely elucidated, it lacks a formal des-

Received 2 December 2024; revised 16 January 2025; accepted 14 March 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any

medium, provided the original work is properly cited


https://doi.org/10.1093/femsec/fiaf024
https://orcid.org/0009-0000-6909-797X
mailto:stefanie.becker@geo.uni-tuebingen.de
mailto:andreas.kappler@uni-tuebingen.de
https://creativecommons.org/licenses/by/4.0/

2 | FEMS Microbiology Ecology, 2025, Vol. 101, No. 4

ignation. For clarity and consistency with Becker et al. (2021),
this process will be referred to as chemolithoautotrophic nitrate-
reducing Fe(Il) oxidation (Becker et al. 2021). In the present study,
we selected Thiobacillus denitrificans (ATCC 25259) as a potential au-
totrophic NRFeOx by confirming criteria 1-3. Thiobacillus denitrifi-
cans (T. denitrificans) was suggested to be an obligate chemolithoau-
totrophic, facultative anaerobic, Gram-negative bacterium known
to couple denitrification to sulfur, uranium, and Fe(ll) oxida-
tion (Beijerinck 1904, Straub et al. 1996, Kelly and Wood 2000,
Beller 2005, Kelly et al. 2005, Beller et al. 2006a). Given the
suite of molecular tools available for T. denitrificans (single colony
growth, microarray analysis, targeted gene knockouts, and ran-
dom transposon mutagenesis), this isolate might represent an
ideal chemolithoautotrophic NRFeOx model organism (Beller et
al. 2006b, 2013, Letain et al. 2007). Enzymatic Fe(II) oxidation was
initially reported for T. denitrificans by Straub et al. (1996), whereas
Beller et al. (2013) demonstrated a strong correlation between
Fe(Il) oxidation and nitrate reduction via a whole-cell suspen-
sion assay and conducted cultivation experiments to evaluate au-
totrophic growth (Straub et al. 1996, Beller et al. 2013).

However, despite extensive studies, understanding the Fe(II) ox-
idation mechanism of T. denitrificans remains challenging (Beller
et al. 2013). While T. denitrificans stands out as one of the most
extensively studied potential autotrophic NRFeOx, there still ex-
ists a deficiency in data supporting sustained cell growth under
nitrate-reducing, Fe(Il)-oxidizing conditions.

This article presents an investigation into whether T. denitrif-
icans can proliferate through energy conservation from nitrate-
reducing Fe(ll) oxidation and utilize Fe(ll) as the sole growth-
supporting electron donor for CO, fixation. To address this, we
established a novel protocol for direct cell counting of Fe(Il)-
oxidizers using flow cytometry. Cultures of T. denitrificans were
monitored over a 22-day period in medium containing nitrate and
Fe(Il), with transfers to fresh medium to assess its ability to per-
sist and proliferate under nitrate-reducing Fe(Il)-oxidizing condi-
tions. Various controls were employed to exclude heterotrophic
or thiosulfate-induced growth, ensuring the observed effects were
attributable to nitrate-reducing Fe(II) oxidation.

Materials and methods

Source of microorganism

Thiobacillus denitrificans strain ATCC 25259, originally isolated by B.
F. Taylor in the 1960s, was obtained from the American Type Cul-
ture Collection (ATCC), where it was freeze-dried for storage and
distribution (Taylor and Hoare 1971, Taylor et al. 1971). Thiobacil-
lus denitrificans is maintained in our laboratory since 2019 using
thiosulfate as electron donor under denitrifying conditions, as de-
scribed elsewhere (DSMZ 2024).

Media preparation and experimental setup

For the preculture and positive growth control, thiosulfate-
containing medium was prepared, as described by Leibniz Insti-
tute DSMZ (German Collection of Microorganisms and Cell Cul-
tures), containing 12 mM bicarbonate, 20 mM thiosulfate, and
20 mM nitrate. 50 ml of medium were distributed into 100 ml
serum bottles and 25 ml of medium into 50 ml serum bottles for
precultures or positive growth controls, respectively (DSMZ 2024).
All cultures were incubated at 30°C.

Fe(II) oxidation, nitrate reduction, and growth by T. denitrificans
were evaluated under a 90% N,/10% CO, atmosphere at 30°C us-
ing basal freshwater medium as described by Widdel and Bak

(1992) amended with 10 mM FeSO4 and 3.5 mM NaNOs as de-
scribed by Straub et al. (1996) (Widdel and Bak 1992). The basal
medium was buffered by 30 mM bicarbonate while being ex-
posed to 10% CO, atmosphere and the pH was adjusted to 7.2
using 1 M HCL. The medium was distributed to Schott-bottles us-
ing a Widdel-flask. FeSO, and NaNO; were added using syringes,
according to the different setups as shown in Fig. 1. 50 ml of
medium were then distributed into 100 ml serum bottles. The ini-
tial overpressure of the serum bottles has been adjusted to at-
mospheric pressure using a gas trap, prior to inoculation with
bacteria. The inoculum for the first transfer was 10% (v/v) of
a thiosulfate-/nitrate-grown culture harvested in late exponen-
tial phase (4 x 107 cells/ml final concentration). The cells were
washed twice with basal medium lacking FeSO, and NaNOs~, by
centrifugation (10 min, 6200 x g and 20°C). The biological repli-
cates were tested along with controls lacking either FeSO, or
NaNOs~, or lacking both as shown in Fig. 1. The Fe(Il)-oxidizing
denitrifying setup was carried outin five biological replicates, neg-
ative controls in triplicates and the positive growth control (thio-
sulfate/nitrate) once. After 22 days, the Fe(Il)-oxidizing denitrify-
ing cultures were harvested, washed (10 min, 6200 x g and 20°C)
and used as inoculum for the second transfer. All harvested cells
were transferred (3 x 10° cells/ml final concentration for all se-
tups) to triplicates containing both 10 mM FeSO4 and 3.5 mM
NaNOs~, only FeSO; and lacking both substrates as shown in
Fig. 1.

While the harvested cells for the first transfer were iron free
(since they were pregrown with thiosulfate), the inoculum for
the second transfer contained some Fe(Il) minerals (such as vi-
vianite and siderite) that precipitated in the cultures of the first
transfer with the Fe(Il) added and the phosphate/bicarbonate in
the growth medium, and some Fe(Ill) minerals that formed dur-
ing Fe(Il) oxidation in the first transfer. Consequently, a no-Fe(II)
control was impossible for the second transfer. Nitrogen and iron
speciation (nitrate, nitrite, ammonia, ferrous, and ferric iron), and
cell numbers were quantified by photometric measurements us-
ing flow injection analysis, colorimetric ferrozine-based assay, and
flow cytometry, respectively, and the cell viability was evaluated
by dead/live staining and fluorescence microscopy as described
below.

Sample collection

Samples were withdrawn from the bottles anoxically with a sy-
ringe through a rubber stopper, while gently mixed by hand, inside
of an anoxic glovebox. The samples were used for cell counts and
quantification of Fe(tot) and Fe(Il) [the sum of dissolved and solid
phase Fe(tot) and Fe(Il), respectively], whereas the remaining sam-
ple was centrifuged for 5 min at 12408 x g and room temperature
(RT) (For details regarding the sampling procedure and terminol-
ogy, see Fig. S1). The supernatant was used for quantification of
nitrogen species and aqueous Fe(Il) (Fe(Il)aq).

Analytical methods

N-species were quantified by an automatic method for colori-
metric analysis using a continuous flow analyzer system (AA3,
Seal Analytical, Norderstedt, Germany) (Anderson 1979). Nitrate
was reduced to nitrite on an on-line copper cadmium reduc-
tor column, so that both nitrate and nitrite were quantified as
azo dye photometrically at 520 nm, after reaction with sulfanil-
amide and N-(1-napthyl) ethylenediamine (Skeggs 1957). Ammo-
nia was quantified as indophenol photometrically at 660 nm, af-
ter Berthelot reaction with dichloroisocyanuric acid and salicylate
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Figure 1. Overview of the experimental setup. First, a preculture 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(1l), and 3.5 mM nitrate and into three bottles with nitrate only as well as three bottles with Fe(Il) only. The final cell concentration was 4 x 107
cells/ml after inoculation. In addition, three bottles with cells only (no substrates), an abiotic control [with Fe(Il) and nitrate], and a positive growth
control (thiosulfate/nitrate) were set up. Finally, the cell/mineral aggregates from the Fe(Il)-oxidizing denitrifying culture from Transfer 1 were washed
and transferred (Transfer 2) to fresh medium containing 10 mM Fe(Il) and 3.5 mM nitrate, to medium lacking nitrate or lacking both Fe(Il) and nitrate,
and finally into medium containing thiosulfate and nitrate, serving as a growth control. The final cell concentration was 3 x 10° cells/ml after

inoculation.

catalyzed by nitroprusside (Patton and Crouch 1977). Calibration
curves were prepared with standards ranging from 0 to 7.5 mg/1 of
the corresponding N-compound. Therefore, samples from our ex-
periments for nitrate and ammonia analyses were diluted in dis-
tilled water (aqua dest) before analysis. The dilution factor (11- or
21-fold) depended on the time point of sampling (corresponding
to progress of nitrate reduction). Undiluted samples were used for

nitrite quantification. Samples were stored anoxically at 4°C until
analysis.

Feior, Fe(Il)ior, and Fe(ll)aq were quantified by a colorimetric
ferrozine-based microplate assay using a 96-well microplates and
a microtiter plate reader (Multiskan GO Microplate Spectropho-
tometer, Thermo Fisher Scientific, Inc) (Stookey 1970, Schaedler
et al. 2018). Fe(Ill) was reduced to Fe(Il) using hydroxylammo-
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nium hydrochloride (HAHCI 10% w/v, 1 M HCI) by 30 min incu-
bation at RT and therefore both total Fe and total Fe(Il) (and total
Fe(III) as the difference) were determined as ferrozine-Fe(II) com-
plex photometrically at 562 nm, after reaction with the Ferrozine
reagent [3-(2-pyridyl)-5,6-diphenyl-1,2 4-triazine-p, p’-disulfonic
acid monosodium salt hydrate 1 g/, 500 g/l ammonium acetate]
for 5 min at RT, in the dark. The plate was amended with 80 pl of
1 M HCl or HAHCI and 20 pl sample then 100 pl ferrozine reagent
were added per well. Each sample was measured in triplicates. A
calibration curve was prepared with standards ranging from 0 to
1000 pM ammonium Fe(ll) sulfate in SA: HCl (40 mM amidosul-
fonic acid, 1 M HCI).

The samples were diluted 21-fold in SA: HCI subsequently col-
lected and stored at 4°C (Granger and Sigman 2009, Klueglein and
Kappler 2013).

Fe(Il)ior and Fe(lll)w: in % were calculated using the results
from Fe(Il)ior and Feror. Fe(Ill)ior in mM was calculated by: %
10 mM, where 10 mM is the initial Fe(II) concentration (for reason-
ing see supplemental information).

Cells were counted by flow cytometry using a fluorescence dye
(BacLight Green bacterial stain, Invitrogen by Thermo Fischer Sci-
entific, Inc.) and an Attune NxT connected to an autosampler
(Thermo Fischer Scientific, Inc.). We observed that the Fe(Ill) min-
eral particles produced by Fe(Il) oxidation in the cultures had a
strong influence on the quality of cell counts. We established the
following protocol to dissolve the iron precipitates. Pretest using
cultures containing thiosulfate and nitrate (no minerals) showed
that this protocol did not affect the staining efficiency of the ap-
plied fluorescent stain and the cell counting; data not shown.
For consistency, the protocol was therefore applied to all sam-
ples, both with and without iron. Culture samples (200 pl) were
mixed gently with 100 mM EDAS-Fe(II) (200 pl) and oxalic acid
(600 ul: 28 g/1 C,H,04 x2N Hs, 15 g/1 (COOH), x 2H,0, pH 7.0). Sub-
sequently, the samples were diluted 100-fold using oxalic acid and
incubated for 30 min. The fluorescence dye (2 pl) was added and
the samples were incubated in the dark for 15 min. The suspen-
sion was aliquoted to a 96-well microplate and analyzed as techni-
cal triplicates. One abiotic setup was sampled and served as neg-
ative control. The mean of the counts resulting from the corre-
sponding three runs have been subtracted from the cell counts.
Samples were acquired at a flow rate of 12 ul/min using 488 nm
blue laser excitation sources and BL1 530/30 channel. Therefore,
25 pl of a 200 pl reservoir were used. The side scatter, forward
scatter, and BL1 detector were set to 440 V, 350 V, and 380 V, re-
spectively, and thresholds were set to 0.8 x 10° fluorescence (BL1
530/30) intensity and 0.1 x 10° side scatter intensity. Side scatter,
forward scatter, and florescence were measured and reported as
the height of the electronic pulse that comes off from the respec-
tive detector.

D/L staining and fluorescence microscopy

LIVE/DEAD™ BacLight™ Bacterial Viability Kit was used according
to the manufacturer’s manual and the cell viability was evaluated
by a fluorescence microscope (Leica CTR5500 Microscope, Leica
Microsystems GmbH). The micrograph images were captured us-
ing a 20x objective lens and processed by Leica Application Suite
X.

Scanning electron microscopy

Samples for scanning electron microscopy (SEM) were collected
from a T. denitrificans culture initially containing 3.5 mM nitrate
and 10 mM Fe(II). Samples were withdrawn from the bottles anox-

ically with a syringe through a rubber stopper, while gently mixed
by hand, inside of an anoxic glovebox, immediately after inocu-
lation and after 5 days. Cells were fixed in 2.5% glutaraldehyde
for at least 24 h at 4°C by adding 100 pl of a 25% glutaraldehyde
solution to 900 pl of culture, under atmospheric conditions. After
fixation, samples were centrifuged (1 min at 2348 x g), and 900 pl
of supernatant was removed. The remaining sample was washed
with 900 ul of ultrapure water, then centrifuged again (1 min at
2348 x g). This wash step was repeated twice. After the final wash,
900 pl of supernatant was removed, and the sample was diluted
1:1 with ultrapure water to achieve an optimal cell density for
SEM.

For sample preparation, 50 pl of each sample was placed onto
poly-L-lysine-coated cover glass slides (coated with 35 pl of 0.01%
poly-L-lysine solution, PLANO, Wetzlar, item #18 026) and dried at
50°C for 2 h. The slides were arranged in a 24-well plate, covered
with the plate lid, and left undisturbed for 30 min to allow cells to
settle. Samples were then dehydrated through a graded ethanol
series (25%, 50%, and 75% for 15 min each, followed by 3 x 100%
for 30 min). Samples were transitioned to hexamethyldisilazane
(HMDS) via a 1:1 ethanol/HMDS mixture for 30 min, followed by
pure HMDS for another 30 min. Finally, 250 pl of fresh HMDS was
added and allowed to evaporate overnight in a fume hood with
the well plate lid slightly open.

Once dried, cover glass slides were mounted on aluminum
stubs with carbon tape (PLANO, Wetzlar, item #G301 and G3347)
and sputter-coated with ~8 nm platinum using a BAL-TEC SCD
005 sputter coater. SEM imaging was conducted on a Zeiss Cross-
beam 550 L FIB-SEM at an acceleration voltage of 2 kV and a work-
ing distance of 5.0 mm, utilizing the SESI detector for image cap-
ture.

Kinetic model setup and parameter estimation

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

Fe(II) oxidation stems from both enzymatic Fe(II) oxidation cou-
pled to denitrification (equation 1) and abiotic oxidation due to
nitrite as oxidizing agent (equation 2) (Tai and Dempsey 2009,
Beller et al. 2013). The Fe(Ill) (oxyhydr)oxide mineral was as-
sumed to be goethite in equation (2) based on previous work un-
der similar experimental conditions albeit using different nitrate-
reducing Fe(Il)-oxidizers (Kappler et al. 2005) and based on the
reaction mechanism suggested by Sgrensen and Thorling (1991).
The abiotic reduction of nitrite by aqueous Fe(Il) was found to
be faster in the presence of Fe(Ill) minerals because they pro-
mote the sorption of Fe(Il), forming solid-bound Fe(II) which acts
as a catalyst (Tai and Dempsey 2009, Van Cleemput and Baert
1983). Therefore the adsorption process of Fe(Il),q on the Fe(IIl)
(oxyhydr)oxide minerals (equation 3) effects the overall oxidation
process.

2Fe(IT) + NOj + 2H* — 2Fe(III) + NO; + H,0. (1)
4Fe(Il) + 2NO; + 5H,0 — 4FeO(OH) + N,O + 6H™. 2)
Fe(III)OH + Fe(I)OH* — Fe(IIT)OFe (1) OH-+H*. (3)

The dynamic model described in the following scheme simpli-
fies these underlying mechanisms (Fig. 2) and was applied to dis-
entangle the biotic from the abiotic reaction. The simplifications
are explained in detail in the supplemental information, but in
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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(Il)-oxidizer performing the first
step of denitrification (NO3~ —NO,~). Biotic denitrification with Fe?* as
electron donor produces nitrite and Fe(III) minerals (green background).
Biotic denitrification with Fe?* as electron donor produces nitrite and
Fe(Ill) minerals (green background). Additional dissolved Fe?* binds to
Fe(Ill) mineral surfaces and both dissolved Fe?* and sorbed Fe(ll) reacts
abiotically with nitrite producing N,O and Fe(III) minerals (red
background). The schematic is based on the molecular formulas of
equations (1-3), with stoichiometry omitted for simplicity.

brief it is important to note that we have modeled the change
in total Fe(II)/(IlI). Modeling the change in aqueous Fe(Il) 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(Il)o; by NO, ™ were sim-
ulated using dual-substrate Monod kinetics (equation 4). Since
the progressive nitrate-reducing, Fe(ll)-oxidizing activity of the
bacteria can lead to encrustation of the cells by Fe(Ill) (oxy-
hydr)oxide minerals, an irreversible product inhibition by Fe(III)
was added to the simulation of bacterial denitrification (Jamieson
etal.2018),leading to a rate equation of bacterial denitrification as
follows:

- [NO;5] [Fe(ll).y]
blotie = o ([N03] + KN) (P o) o @

where rmax 1 the maximum denitrification rate, Ky and Kge is the
half-saturation constant for NOs~ and Fe(Il)i, respectively, and
frox accounts for the toxicity term.

Following the assumption that abiotic denitrification occurs
mainly on cell-bound Fe(III)/Fe(Il) (oxyhydr)oxide minerals and
thus additionally encrusts the cell (Jamieson et al. 2018), the
toxicity term was made dependent on the concentration of to-
tal Fe(IIl). Four standard inhibition terms have been tested (see
supplemental information) and a two-parameter logistic term
performed best (Kalyuzhnyi et al. 1998, Poinapen and Ekama 2010,
Belli et al. 2015, Robles et al. 2020):

1
ftOX = Tog(99) _ * (5)

14 ([FE(”DM] ) tog (22 )

ICso

where, K100 denote for the concentrations of Fe(Ill)i,: corre-
sponding to a 100-fold decrease in bacterial denitrification rate
and ICs is an inhibitory constant representing the Fe(Ill)i; con-
centration at which cell encrustation causes 50% (2-fold decrease)

of inhibition. The exponent llog(# determines the slope around
og

100
Tso

the inflection point of ICsp.

Beckeretal. | 5

As previously noted, Fe(IIl) (equation 3) enhances the abiotic
oxidation by nitrite (Tai and Dempsey 2009). Consequently, var-
ious forms of the rate function representing abiotic denitrifica-
tion have been modeled to assess the relationship between Fe(III)
concentration and the abiotic Fe(Il) oxidation rate within the pre-
sented system (see supplemental information, Evaluation of the
kinetic models). Equation (6), representing the kinetics for a het-
erogenous solution, was identified as the most suitable and was
applied to model the data presented in this study. Although the
use of an overall third order equation to model the underlying
heterogeneous reaction was inspired by Tai and Dempsey (2009),
it is noteworthy that here the concentration of Fe(1l),q and the ad-
sorbed fraction of Fe(Il) were not used, but instead Fe(Il)i: and
Fe(IIl)ior. (Tai and Dempsey 2009). It relies on the concentrations
of Fe(I)ior, Fe(Ill)ior, and nitrite and it follows first-order kinetics
with respect to these substrates:

Tabtiotic = kabtiotic [Fe(ID)q] [Fe(IT)y] [NOZ_]’ (6)

with, kapietic Tepresenting the kinetic constant of the abiotic rate.

The coupled differential equations (7-10) describe the rates of
change of total ferrous and ferric iron, nitrate, and nitrite, respec-
tively and were used to simulate the dynamics of these com-
pounds during biotic and abiotic denitrification processes. The
molecular ratios of the denitrification (equations 1and 2) were im-
plemented in the differential equations (7-10).

% = — 2 XThiotic ~ 4 X Tabiotic: v)
ﬁ%%&g=2X%mm+4x%MMU ®)
dl\;% = ~ Thiotic’ ®)

g%$£'= Thiotic = 2 X Tabiotic- (10

The reaction parameters were estimated by fitting the model
(equations 7-10) to the measured concentrations of Fe(Il):, ni-
trate and nitrite. The simulation starts not at time point zero but
after 1 day in order to omit the lag phase. The system was solved
in MATLAB using the ODE solver ode15s (Shampine and Reichelt
1997).

For all the parameterizations the fitted parameter values were
reported. The goodness of fit of the model is evaluated using nor-
malized root-mean-square-error (NRMSE) (equation 11) (Liu et al.
2020).

\/ZL (VmodeLi = Yobs.i)>/1

Yobs,max — Yobs,min

NRMSE =

(11)

The model (7-10) was applied to estimate the parameters
Tmax: Kn: Kres ICs0; p and Rapiioic. The objective function is defined
as equation (12),

min (£ (6)) = Y. (f (6:%) = Yous.)’, (12)

where 6 is the parameter vector; yqs; the observations. The to-
tal number of observations for Fe(Il), nitrate and nitrite were
30. Isqnonlin algorithm in MATLAB was used for parameter opti-
mization by minimizing equation (12). NRMSE was computed to
evaluate the goodness of the fit (equation 11).

Ferric and ferrous iron solution speciation due to changes in pH
up to Fe(Il) oxidation were neglected as the system is considered
to be buffered by the bicarbonate containing medium.
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Figure 3. Total Fe(Il) (black) and nitrate (red) consumption, along with nitrite production (blue), during nitrate-reducing Fe(II) oxidation by T. denitrificans
in the first and second transfers with 3.5 mM nitrate and 10 mM Fe(II). Fe(II) oxidation is shown on the left y-axis as total Fe(Il) as a percentage of the
total Fe content in the culture, with the first right y-axis indicating the corresponding Fe(IIl) concentration in mM. Note that on day 22 the first transfer
culture was used to inoculate fresh medium containing nitrate and Fe(Il). Symbols represent the measured data and solid lines represent a kinetic
model (equations 7-10). NRMSE: normalized root-mean-square-error. The selected photos of the serum bottles are representative 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.

Results

Nitrate-reducing Fe(II) oxidation and growth of
T. denitrificans cultures

The growth experiment for T. denitrificans was conducted over
two transfers. Initially, the culture (pregrown on thiosulfate and
nitrate) was incubated in medium containing Fe(Il) and nitrate
for 22 days (transfer 1). The culture was then harvested and
transferred to fresh medium containing again Fe(Il) and nitrate
(transfer 2) (Fig. 1). We found that in the first transfer T. den-
itrificans cultures with 10 mM Fe(ll) and 3.5 mM nitrate, oxi-
dized 42.02 + 1.44% (4.20 £ 0.06 mM) total Fe(Il), consumed
53.75 + 3.23% (1.90 + 0.06 mM) nitrate, and accumulated up
to 1.56 + 0.03 mM nitrite (44.17 £+ 1.97% of the initial nitrate)
within 22 days (Fig. 3). The cells did not grow, instead the cell
number 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%
lower in setups containing both Fe(II) and nitrate than in cul-
tures lacking either nitrate, Fe(II), or both (Fig. S2). The cell num-
ber in these cultures gradually decreased, averaging 67.04 +£3.11%
of the initial cell number after 22 days. Consequently, neither
autotrophic growth utilizing Fe(Il) as an electron donor nor het-
erotrophic growth due to either traces of vitamins stemming from
the medium, stored organic carbon/reducing equivalents or low

amounts of organic carbon present in the water used to pre-
pare the medium was observed in any of the cultures (Rittenberg
1972). The positive growth control culture with thiosulfate as elec-
tron donor and nitrate as electron acceptor clearly demonstrated
that the cells used as inoculum were not damaged by the har-
vest and washing procedure, as it grew similarly to the preculture
(Fig. S3).

The T denitrificans cultures containing nitrate and Fe(Il) (first
transfer from nitrate/thiosulfate) exhibited a lag phase of 1 day
before they started oxidizing Fe(Il) and reducing nitrate, with half
of the nitrate and Fe(lI) turnover occurring within ~5 days. In cul-
tures containing Fe(Il) and nitrate, nitrite accumulated to a max-
imum of 1.56 + 0.03 mM after 12 days (Fig. 3). In contrast, in
cultures with nitrate lacking Fe(Il), nitrite accumulated only to
a few puM (Fig. 5A). Nitrate reduction to ammonia was not ob-
served in any of the cultures containing nitrate (see final ammo-
nia concentrations in Table 1). No Fe(Il) oxidation was observed
in cultures containing Fe(II) but no nitrate (Fig. 5A). Neither abi-
otic nitrate reduction nor Fe(Il) oxidation was observed in nitrate-
/Fe(I)-containing controls without cells over the course of 22 days
(Fig. SB).

After the second transfer (using inoculum harvested after 22
days from the Fe(II)/nitrate setup) the cultures did not show any
denitrifying or Fe(Il)-oxidizing activities (Fig. 3). Furthermore, the
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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 transferred to medium containing 10 mM Fe(Il) and 3.5 mM
nitrate. (A) Immediately after inoculation and (B) after 5 days of
incubation, at which 2.42 mM of Fe(Ill) was formed [24.19% oxidation of
10 mM Fe(II)].

culture did not even grow anymore in the bottles intended to
serve as positive growth control (transferred after 22 days from
Fe(lI)/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
Fe(Il), i.e. aqueous Fe?*. A decrease in aqueous Fe?* was observed
not only in the Fe(ll)-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, cultures containing nitrate and Fe(II) showed first white par-
ticles (probably precipitates of Fe’* with phosphate and carbon-
ate yielding vivianite- and siderite-related minerals; ThomasAr-
rigo etal. 2017), which turned green and then orange as the experi-
ment progressed indicating Fe(II) oxidation. In the second transfer,
where no further Fe(II) oxidation occurred, the color changed from
initially orange (stemming from the Fe(Ill) (oxyhydr)oxide miner-
als transferred together with the inoculum) first to brown and fi-
nally to dark blue-gray indicating abiotic iron mineral transfor-
mation, probably caused by the dissolved Fe?* and sorbed Fe(Il)
(Hansel et al. 2003).

Mineral precipitation on the cell surface revealed
by SEM

To investigate cell association with minerals or even potential
cell encrustation, T. denitrificans was precultured in medium with
20 mM thiosulfate and 20 mM nitrate, then washed and trans-
ferred to a medium containing 10 mM Fe(Il) 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. 6A). This artifact was expected given that sample
preparation was performed under atmospheric conditions, allow-
ing small amounts of Fe(Il) to be oxidized by atmospheric oxygen
to form Fe(IIl) minerals, which adhere to the cell surfaces. After 5
days, the culture contained 2.42 mM Fe(IIl), 2.11 mM nitrate, and
1.34 mM nitrite, with mineral precipitates observed on cell sur-
faces, leading to partial cell encrustation (Fig. 6B).

Beckeretal. | 9

Table 2. Parameters resulting from the kinetic model describing
nitrate-reducing Fe(Il) 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 assay. The pre-
sented half-saturation constants have a mathematical, however,
no conceptual physical meaning.

Fitted parameter Constant
Maximum denitrification rate (rmax) 0.28 ”}TM
Half-saturation constant for nitrate (Ky) 10 x 107199 mM
Half-saturation constant for Fe(Il) (Kre) 2 x 1073 mM
Abiotic kinetic rate constant (Kapiotic) 0.64 x 1073 —1—
Inhibitory constant, 100-fold (K1o0) 6.88 mM
Inhibitory constant, 50% (IC50) 3.19 mM

Comparison of total Fe(Il) oxidation rates of T.
denitrificans under autotrophic conditions versus
mixotrophic NRFeOx under mixotrophic
conditions

During the first transfer of T. denitrificans from thiosulfate/nitrate
on Fe(II)/nitrate, the overall Fe(Il) oxidation rate was found to be
about four times slower than the Fe(Il) oxidation rates derived
from mixotrophic NRFeOx cultures (Acidovorax strains BoFeN1,
Paracoccus denitrificans strain Pd1222, and Pseudogulbenkiania strain
2002) reviewed by Jamieson et al. (2018).

Incubation of these NRFeOx under mixotrophic conditions
(Fe(II) plus organic electron donor and nitrate as electron accep-
tor), resulted in an overall Fe(Il) oxidation rate of ~ 2 ™M on aver-
age [including partial enzymatic Fe(Il) oxidation by the cells and
the abiotic Fe(ll) oxidation by nitrite formed during heterotrophic
denitrification], whereas the Fe(Il) oxidation rate obtained for T.
denitrificans in our study has been ~ 0.5 ™. The initial cell num-
ber of our experiment and the cell numbers in the experiments
reviewed by Jamieson et al. (2018) are comparable, although the
cell numbers in their experiments increased over time under
mixotrophic conditions (Carlson et al. 2013, Klueglein and Kap-
pler 2013, Jamieson et al. 2018). In contrast, the mixotrophic cul-
ture experiment using Acidovorax sp. BoFeN1 from Muehe et al.
(2009showed with 1 x 107 cewllfid a similar Fe(ll) oxidation rate
per cell as the T. denitrificans culture in the herein presented study

were the rate has been 2 x 10-11 M|
cellxd

Kinetic model for nitrate-reducing Fe(II) oxidation
by T. denitrificans and abiotic denitrification

A kinetic model was employed to analyze the stoichiometry of the
redox reactions during the first transfer of T. denitrificans from thio-
sulfate/nitrate to Fe(II)/nitrate and to estimate the share of bacte-
rial (enzymatic) and abiotic Fe(II) oxidation. The dynamic model
was calibrated against the measured nitrate, nitrite, and total
Fe(II) concentrations of the Fe(Il)-oxidizing, denitrifying culture.
The parameters (Imax; Kn: Kre; ICs0; p and Raprioric) 0f the model
(equations 7-10) are listed in Table 2.

The half-saturation constants Ky and Kg, of the Monod terms,
predicting biotic denitrification, approach zero (equation 4). In
the frame of the experiment, the concentrations of nitrate and
iron do not approach zero since they are not fully consumed;
consequently, the Monod terms approach one, implying that the
substrate concentration remains high and thus the denitrifica-
tion rate is near-maximum. Noteworthy, different starting points
and boundaries for the half saturation constants where tested,
and either the estimated half saturation constants approached
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Figure 7. (A) Cumulative Fe(II) oxidation and denitrification rates simulated and based on the model of equations (7-10). The overall Fe(Il) oxidation is
based on bacterial Fe(Il) oxidation (green) and abiotic Fe(Il) oxidation by nitrite (blue). (B) Corresponding biotic (green) and abiotic (blue/dashed line)
denitrification rates. The biotic reaction is characterized by a Monod function and a two-parameter logistic toxicity term (equation 7), while the abiotic
denitrification follows a first-order kinetic with respect to Fe(1l), Fe(Ill), and nitrite (equation 9).

zero or were in the range of 10° while the maximum rate in-
creased. For both outcomes, the term “rmax([Ng?iiN)(%)"
of equation (4) remained the same. Therefore, the kinetics of
nitrate-reducing Fe(Il) oxidation rather shows linear behavior, as
opposed to following Monod kinetics. While the Monod terms ap-
proach one, the rate is primarily dictated by the toxicity term.
This term has a strong influence on the rate, especially outside
the initial near-linear phase. This dominant behavior of the toxic-
ity function has been observed for all tested inhibition terms (see
supplemental information).

The simulated concentrations of nitrate, nitrite, and Fe(II) are
plotted as lines in Fig. 3. The NRMSE of nitrate, nitrite, and total
Fe(Il) data were calculated to be 0.038, 0.034, and 0.069, respec-
tively, demonstrating a good fit. Therefore, the model supports
the prevailing hypothesis that two Fe(ll) ions are oxidized cou-
pled to the reduction of one nitrate molecule to nitrite through
bacterial denitrification (equation 1), and subsequently, two ni-
trite molecules react with four Fe(Il) through abiotic denitrifica-
tion (equation 2). Consequently, the model corroborates the no-
tion that Fe(II) is not further utilized as an electron donor for CO,
fixation.

Furthermore, the model was applied to estimate the reaction
rates in order to disentangle biotic and abiotic Fe(Il) oxidation.
The bacterial denitrification starts at its maximum, where ry; -
is 0.27 ™ and the abiotic reaction rate reaches a maximum after
10.7 days, with r,p; 4. of 0.025 "/ This equals to 0.54 ™ biotic
Fe(ll) oxidation rate (2 x 1p;q4.) and 0.10 MM abiotic Fe(ll) oxida-
tion rate (4 x Tpiotic) respectively. The maximum Fe(Il) oxidation
rate of the abiotic reaction is 5.4 times slower than the maximum
biotic Fe(Il) oxidation rate (Fig. 7).

Based on the applied model, 70% of Fe(II) oxidation are due to
enzymatic oxidation and 30% are attributed to abiotic reactions
with nitrite (Fig. 7).

In the following (Table 3), the kinetics of different kinetic mod-
els were applied to determine abiotic Fe(ll) oxidation rates us-
ing the setting of two time points of interest of the T. denitrificans
Fe(II)/nitrate system studied. The first time point of interest has
been at the maximum abiotic Fe(Il) oxidation rate determined by
the use of the herein presented model (equations 7-10) at 10.80
days, with a rate of 0.1 Approaching the end of the incubation,
the bacteria are inactive and only abiotic oxidation is observed,
this has been the second time point of interest. The abiotic Fe(II)
oxidation rate at 22 days, end of the experiment, was 0.08 ™.
The maximum Fe(Il) oxidation rate and the rate at the end of
this experiment were found to be about eight times slower to 2.4
times faster than the Fe(II) oxidation rates derived from the kinet-

ics based on abiotic Fe(II)/nitrite experiments using bicarbonate-
buffered medium (BBM) without bacteria (0.01 — 0.24 ™}, Table 3)
(Jamieson et al. 2018). The rates derived from the kinetics based on
experiments without bicarbonate buffer of homogeneous systems
[Fe(IT)/nitrite] were up to 47 times faster (4.7 ¢, Table 3) (Jones et
al. 2015) and of a heterogeneous system [Fe(I1I)/Fe(ll)/nitrite] up to
234 times faster (23.36 ™, Table 3) (Tai and Dempsey 2009).

Discussion

Thiobacillus denitrificans: a non-autotrophic
NRFeOx and its inability to grow with Fe(II) as
the sole electron donor

While T. denitrificans harvested from a culture growing with
thiosulfate and nitrate demonstrated the capability for nitrate-
reducing Fe(Il) oxidation, it was incapable of autotrophic growth
when Fe(Il) serves as the sole electron donor and CO, as the
sole carbon source. Therefore, T. denitrificans is not an autotroph
with respect to nitrate-reducing Fe(II) oxidation, or in other words,
it does not function as a chemolithoautotrophic NRFeOx alone.
These findings stand in contrast to Straub et al. (1996) reporting
that T denitrificans growths on nitrate and Fe(Il), autotrophically.
However, sufficient supportive data for autotrophic growth were
not demonstrated by Straub et al. (1996).

Further, the observations of our study agree with Beller et al.
(2013) who demonstrated a strong correlation of Fe(Il) oxidation
and nitrate reduction by a whole-cell suspension assay and per-
formed a cultivation experiment over a period of 20 days to eval-
uate autotrophic growth. Based on the ratio of reduced nitrate to
oxidized Fe(II), Beller et al. (2013) suggested incomplete denitrifi-
cation stopping at nitrite, although they were unable to quantify
the nitrite concentration because it was under the detection limit
of their method. As indicator for growth, Beller et al. (2013) moni-
tored the protein concentration and no growth was found. In the
present study, higher substrate concentrations enabled the detec-
tion of nitrite, confirming that T. denitrificans reduced nitrate only
tonitrite with Fe(II) as electron donor. Although it is possible that a
small amount of nitrite could be reduced to N, later during the ex-
periment, this outcome would alter the electron balance applied
in the model presented here (Fig. 3), which uses stoichiometry for
biological reduction to nitrite followed by abiotic reduction to N,O
(equations 1 and 2). Given the model’s strong fit, we conclude that
nitrite is abiotically converted to N, O, which was not quantified in
this study. Based on multiple control setups and direct cell counts
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our data clearly demonstrates that T. denitrificans cannot grow un-
der autotrophic nitrate-reducing Fe(II)-oxidizing conditions.

Implications from the modeling results

Lesson learned about the diversity of kinetic models
reflecting chemodenitrification

Various methods have been used to differentiate abiotic from bi-
otic Fe(Il) oxidation during nitrate-reducing Fe(Il) oxidation, such
as temperature-based experiments (Dopffel et al. 2021), compar-
ing different mixotrophic strains (Jamieson et al. 2018), N,O mon-
itoring (Jones et al. 2015), and abiotic batch experiments (Tai and
Dempsey 2009, Chen et al. 2020). The present study used a novel
approach by extending experiments to a point where cell activ-
ity ceased, allowing for a clearer distinction between biotic and
abiotic processes. As the kinetic model of this study led to com-
parable Fe(ll) oxidation rates than rates derived from abiotic sys-
tems using BBM, the model succeeded to distinguish the abiotic
from the biotic Fe(Il) oxidation. Oxidation rates derived from BBM
systems are slower than oxidation rates of systems without bicar-
bonate (Table 3) (Jamieson et al. 2018, Dopffel et al. 2021). Oxida-
tion rates of heterogeneous reactions are faster than derived from
homogeneous reactions (Table 3) (Tai and Dempsey 2009, Jones et
al. 2015). This study and the study of Jamieson et al. (2018) indi-
cate that the kinetics observed from abiotic homogeneous exper-
iments in BBM are transferable for modeling nitrate-dependent
Fe(Il) oxidation in BBM systems. The slower Fe(II) oxidation rates
derived from BBM systems may be a consequence of initially not
having all iron(Il) in solution but having a mix of solid and dis-
solved Fe(Il) in the system due to Fe(II) mineral precipitation as
siderite and vivianite as a consequence of the presence of bicar-
bonate (as buffer) and phosphate (as nutrient) in the medium.
Further, the rates derived from a citrate BBM system studied by
Kopf et al. (2013) are up to 12 times faster than the rates from
setups without an organic acid (Table 3) (Dopffel et al. 2021, Klue-
glein and Kappler 2013). By studying the effect of citrate, Kopf et
al. (2013) aimed to mimic the biological environment. However, it
has been shown that bacteria secrete metabolites which, in con-
trast, lower abiotic Fe(II) oxidation (Baker et al. 2023). As the rates
derived from this study’s kinetic model approximate the average
of the rates corresponding to abiotic BBM systems (with and with-
out citrate), it indicates that complexation to organic matter plays
aminor role in the abiotic Fe(II) oxidation in the presented system.

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

The initial kinetics of nitrate-reducing Fe(Il) oxidation observed
in our experiments are linear and do not following Monod ki-
netics (equation 4), as the Monod terms approach 1 while the
half-saturation constants approach zero. Similar to Jamieson et al.
(2018), nitrate and Fe(Il) concentrations had minimal influence on
biotic denitrification rates, suggesting bacterial activity is primar-
ily controlled by inhibition (Jamieson et al. 2018). In general, the
Monod term approaches the maximum rate while the bacteria,
seen as whole cell biocatalyst, are saturated by their substrates.
When an experiment is performed where the substrate concen-
trations are not decreased low enough to observe a status where
the bacteria are not saturated, it is not possible to predict half-
saturation constants. As the half-saturation constants Ky and K,
obtained by the herein applied model, approach zero while the
substrate concentrations at the end of the experiment are 5 mM
Fe(Il) and 1.6 mM nitrite, these constants do not have a physical
but only a mathematical meaning.

Lesson learned about a sudden inhibition of
nitrate-reducing Fe(Il) oxidation

A noncompetitive inhibition term based on total Fe(III) concentra-
tion (Table S1) best describes nitrate-reducing Fe(II) oxidation by T.
denitrificans. The model suggests a sudden event with a significant
limiting effect on the denitrification rate, which could be due to
cell encrustation (Fig. 7B). However, since Fe(III) mineral encrus-
tation is a gradual process, it is unlikely to cause such an abrupt
inhibition. While the inhibition term based on Fe(III) aligns well
with the data, this is not definitive proof that Fe(IIl) encrustation
is responsible for the inhibition. The likelihood of encrustation as
the cause is discussed further in the next section, alongside alter-
native scenarios involving sudden inhibition events.

Lesson learned about the Fe(Il)/nitrate ratio and
implications for electron usage in denitrification

As the applied model considers a Fe(Il)oyigizea/Nitraterequced (Fe/N)
ratio of 2 and fits well to the measured data, we can conclude that
T. denitrificans does not use Fe(Il) as electron donor for CO, fixa-
tion. Our data rather support the observation that two Fe(II) ions
are oxidized while one nitrate molecule is reduced to nitrite dur-
ing bacterial denitrification. There is a strong correlation between
Fe(1l) oxidation and nitrate reduction, reflected in the consistent
2:1 ratio. However, we cannot definitively state whether the elec-
trons from Fe(II) reduce nitrate directly or if they drive a biochemi-
cal reaction that causes further downstream of the metabolism of
T. denitrificans the reduction of nitrate by another reducing agent
such as NADH stemming from the tricarboxylic acid cycle. At this
state, the observed 2:1 ratio is an overall ratio.

In summary, the three processes applied to the model were
sufficient to provide a good fit and therefore probably capture
the dominant processes in the T denitrificans, Fe(Il)/nitrate system
presented here. These processes were (i) biological denitrification
(NO3~—NO, "), (ii) the increasing inhibition of the first process,
in the course of Fe(ll) oxidation, and (iii) abiotic denitrification
(NO,~—N,0), which is autoinduced by Fe(Ill) mineral production.

Challenging the autotrophic paradigm in
nitrate-reducing Fe(II) oxidation

In the early period after the discovery of nitrate-reducing Fe(II)
oxidation (NRFeOx), the assumption was that this process is in-
trinsically linked to autotrophy. However, nowadays we know that
this is not always the case. This section will use the data obtained
in the presented study to discuss why nitrate-reducing Fe(II) ox-
idation has historically been associated with autotrophic growth
and explore the knowledge gaps that persist in this field (Straub
et al. 1996, Bryce et al. 2018).

The prevailing hypothesis is that Fe(Il) is oxidized by c-type
cytochrome outer membrane proteins, such as MtoA or Cyc2,
which are commonly found in the geno- and phenotypes of mi-
croaerophilic and nitrate-reducing Fe(Il)-oxidizing bacteria (Gar-
ber et al. 2020, McAllister et al. 2020, Huang et al. 2021a) (Fig. 8).
However, T. denitrificans lacks homologs of these classical iron ox-
idases. Beller et al. (2013) hypothesized that another c-type cy-
tochrome might act as the initial electron acceptor. Given that
Fe(II) has been shown to reduce the quinone pool (Tian et al. 2024),
a logical assumption is that Fe(ll)-derived electrons accepted by
redox active proteins are transferred to the quinone pool. How-
ever, the mechanism by which this occurs remains poorly under-
stood and is a significant knowledge gap in the literature (Becker
et al. 2021).
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Quinones play a key role in metabolic flexibility and rapid adap-
tation to environmental changes. In the downhill electron trans-
port pathway, the quinone pool is used to the generate a proton
motive force (pmf), which is subsequently utilized to regenerate
adenosine triphosphate (ATP). In the uphill pathway (reverse elec-
tron transport), electrons derived from the quinone pool, along
with the pmf, are used to regenerate nicotinamide adenine din-
ucleotide phosphate, reduced form (NADPH), a critical reducing
agent for anabolic processes, including CO, fixation during au-
totrophy. Based on this model, it appears that Fe(Il)-derived elec-
trons could support autotrophic CO, fixation.

However, this idealized view of autotrophic NRFeOx must be re-
vised in light of the findings from both Beller et al. (2013) and the
herein presented study. Beller et al. (2013)’s knockout studies aim-
ing at identifying the specific Fe(Il) oxidase in T. denitrificans were
inconclusive. They speculated about two possibilities: (i) the or-
ganism uses alternative pathways to oxidize Fe(ll), involving mul-
tiple c-type cytochromes, or (ii) the true Fe(Il) oxidase has not been
identified and might be of a distinct nature.

Their targeted c-type cytochromes were based on a whole-
genome transcriptional study, focusing on genes that were highly
expressed or upregulated. If the second scenario is correct, and
none of the tested proteins are involved in Fe(ll) oxidation, this
means that Beller et al. (2013) may have observed a general
metabolic response to the absence of a viable electron donor,
rather than adaptation to Fe(ll) oxidation. The increased expres-
sion of c-type cytochromes could be related to cellular stress, such
as starvation, rather than Fe(Il) oxidation specifically.

The study of Beller et al. (2013), showed that denitrification
genes are expressed under nitrate-reducing, Fe(Il)-oxidizing con-
ditions. However, based on the nitrite accumulation observed in
our experiments, it appears that only the nitrate reductase is
active. Although it is possible that the nitrite reductase is ac-
tive but operates much more slowly than the upstream reduc-
tion of nitrate, the following section is based on the assumption,
that the nitrite reductase is inactive. This assumption aligns with
the strong fit of the applied model, where electron balance was
achieved by applying the stoichiometry for biological reduction to
nitrite followed by abiotic reduction to N,O (equations 1 and 2).
Full denitrification typically offers the benefit of maintaining a
streamlined electron flow, which contributes to the generation of
a pmf. However, the denitrifying enzymes nitrite reductase, ni-
trous oxide reductase, and the cytochrome c-dependent nitric ox-
ide reductase (Shiro 2012), consume protons from the periplasm,
thereby reducing the pmf. The absence of complete denitrifica-
tion under Fe(Il)-oxidizing conditions suggests that continuous
electron flow may not provide a significant energy advantage. In-
stead, the nitrate reductase likely serves as the primary energy-
conserving enzyme during nitrate-reducing Fe(Il) oxidation in T.
denitrificans. The balance between uphill (reverse electron trans-
port) and downhill electron transport is tightly regulated in bacte-
ria. Given that the oxidation of one Fe(II) to Fe(Ill) contributes only
one proton to the pmf (Simon et al. 2008), it is unsurprising that
metabolic regulation favors ATP production over reverse electron
transport to meet the ATP demands of the cell. Even in the ab-
sence of growth, bacteria need ATP for essential processes such as
membrane potential maintenance, protein synthesis, DNA repair,
transport, and stress responses, all of which are critical for sur-
vival. When nitrate-reducing Fe(Il) oxidation barely meets these
ATP demands, energy cannot be used for reverse electron trans-
port, which is required for generating reducing equivalents used
for carbon fixation.

While this is an energetic explanation for the downhill reg-
ulation, it could also be attributed to the absence of a mech-
anism for Fe(Ill) waste management. Strict downhill regulation
may be crucial because T. denitrificans lacks a strategy to han-
dle Fe(Ill) mineralization, such as stalk formation [as observed in
microaerophilic Fe(Il)-oxidizers; see e.g. McAllister et al. (2019)],
when relying solely on Fe(II) as an electron donor (Fig. 7B). During
complete denitrification, 10 Fe(Il) ions are oxidized for two nitrate
molecules being reduced to one molecule of N, (equation 13), re-
sulting in a Fe/N ratio of ¥ =5.

10Fe?* 4 2NOj + 24H,0 — 10Fe(OH)s + Ny + 18H*.  (13)

Of the denitrifying enzymes encoded by the T denitrificans
genome, only the nitrate reductase contributes with two protons
to pmf formation by reducing nitrate to nitrite (Beller et al. 2006a,
Simon et al. 2008, Shiro 2012). If Fe(Il)-derived electrons enter the
quinone pool without contributing to the pmf, only the electrons
utilized by nitrate reductase contribute with 1 proton per electron
to the pmf. Consequently, during complete denitrification (two ni-
trate molecules being reduced to one molecule of Ny, equation 13),
only four protons contribute to the pmf while 10 Fe(Il) become
oxidized. In this context, complete denitrification results in the
oxidation of 2.5 Fe(Il) per proton contributing to pmf. If only ni-
trate is reduced to nitrite (equation 1), the oxidation of each Fe(II)
yields one proton and the Fe/N ratio results in 2 = 2. Since this ra-
tio is consistent with the results of the herein presented study, it
suggests that the electron transfer from Fe(II) to the quinone pool
does not effectively contribute to energy conservation via the pmf,
because otherwise full denitrification would be energetically ben-
eficial and observed.

T. denitrificans uses the Calvin cycle for CO, fixation (Beller et al.
2006a,b). Fixing three CO, molecules into one glyceraldehyde-3-
phosphate requires nine ATP and six Nicotinamide adenine din-
ucleotide, reduced form (NADH) (Sharkey 2019). With four pro-
tons needed per ATP synthesis and four per NADH regeneration
via reverse electron transport (Simon et al. 2008, Steigmiller et al.
2008), the bacteria require 60 protons from the pmf and 12 elec-
trons to reduce 3 CO, molecules. This means that 72 Fe(Il) are
needed to fix 3 CO, molecules when nitrate is reduced only to
nitrite. When 60 protons are required, 60 Fe(II) become oxidized
and 30 nitrate reduced, while 12 electrons derived from Fe(I) re-
duce three molecules of CO,, the Fe/N ratio results in £2 = 2.4.
For complete denitrification, which may be necessary to detox-
ify nitrite, the required Fe(Il) rises from 72 to 162. As explained
by the calculation above, complete denitrification results in the
oxidation of 2.5 Fe(ll) per proton contributing to the pmf. When
60 protons are required, 150 Fe(II) become oxidized, 30 nitrate be-
came reduced to 15 Ny, while 12 electrons derived from Fe(1I) re-
duce three molecules of CO,, the Fe/N ratio results in 32 =5.4.
SEM imaging results (Fig. 6) suggested that T. denitrificans lacks a
mechanism to avoid Fe(Ill) accumulation on its cell surface [such
as a modified cell surface charge (Saini and Chan 2013), low-pH-
microenvironment (Hegler et al. 2010), or stalk formation (McAl-
lister et al. 2019)]. If the bacterium uses reverse electron flow for
CO, fixation despite lacking a strategy to mitigate Fe(IIl) encrusta-
tion, this could impede essential mass transfer with its surround-
ings, potentially harming cell viability. Thus, the bacterium may
have evolved a regulatory mechanism that prevents uphill elec-
tron transport as a self-protection strategy. Additionally, the re-
sults of this study show that substrate utilization is incomplete
and ceases abruptly, rather than gradually. Further hypothetical
metabolic models incorporating this observation will be explored.



Hypotheses explaining the inability to survive
under nitrate-reducing Fe(Il)-oxidizing conditions

As suggested by Bryce et al. (2018), a truly autotrophic NRFeOx
organism should sustain growth under nitrate-reducing Fe(II)-
oxidizing conditions (Bryce et al. 2018). We transferred the initial
Fe(lI)/nitrate culture (transferred from thiosulfate/nitrate;i.e. first
transfer) to fresh medium with nitrate and Fe(lI) (second trans-
fer), but no further cell activity was observed. Additionally, the
live/dead assay at the end of the incubation of the first transfer
showed mainly dead cells, and they failed to recover when trans-
ferred to medium with thiosulfate/nitrate. This indicates that the
cells were adversely affected by using nitrate and Fe(Il) as sole
substrates. To model the inhibitory effects of nitrate-reducing
Fe(Il) oxidation, a noncompetitive inhibition term based on to-
tal Fe(IIl) concentration was applied. After 5 days, the bacterial
Fe(II) oxidation rate decreased significantly, even though nitrate
and Fe(ll) 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 event, 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.
However, all three scenarios are hypothetical and equally spec-
ulative. Although additional scenarios could be proposed, the two
unconventional ones presented here are meant to inspire broader
thinking within the NRFeOx research community.

Scenario 1: “No-substrate-limitation” for NRFeOx energy
metabolism: nitrate-reducing Fe(Il) oxidation stops either
due to limited mass transfer caused by Fe(Ill) mineraliza-
tion around the cells, or because constantly increasing ni-
trite concentrations reach a specific toxic threshold value
and nitrite becomes inhibiting for the denitrification activ-
ity.

Scenario 2: “No-recycling-mechanism” for an intermediate
substrate: the reaction halts as the cosubstrate becomes
depleted.

Scenario 3: Nitrate reduction coupled to Fe?* removal: nitrate
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 represents a very conventional model, aligning with
commonly proposed nitrate-reducing Fe(Il) oxidation pathways.
In this pathway, the Fe(Il) oxidase reduces an electron acceptor
molecule, which then serves as the substrate for a quinone reduc-
tase. The quinone, in turn, becomes the substrate for the nitrate
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(Il) at neutral pH (Emerson and Moyer
1997, Kappler et al. 2005, Miot et al. 2009, Schadler et al. 2009,
Cheng et al. 2022). Further the level of encrustation overserved
in this study (Fig. 7B) has been comparable to the cell mineral
encrustation observed for autotrophic culture KS, cultivated with
10 mM Fe(ll) and 4 mM nitrate after 4 days (Huang et al. 2023). This
raises the question: to what extent does Fe(Ill) 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
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(outer surface versus periplasm) play a role, which might not be
fully distinguishable by commonly used microscopy techniques?
Moreover, does encrustation lead to a rapid decline in bacterial
activity, or does it cause a more gradual decrease proportional to
the level of encrustation, affecting the metabolite exchange be-
tween the cell and its environment? If encrustation is indeed the
cause of inhibition, it suggests that this process remains harm-
less until a threshold is reached for mass transfer, after which the
cell’s homeostasis collapses. This implies that a certain ATP de-
mand can no longer be met once mass transfer falls below this
threshold, leading to cell death.

Another explanation could be that the conditions in the mi-
croenvironment at the cell surface differs significantly from the
conditions in the bulk culture (and as a consequence, leads to
wrong conclusions if only considering the bulk geochemical data).
Specifically, the concentration of Fe(Ill) (oxyhydr)oxide around the
cell is very high due to cell mineral incrustation (Fig. 7B). This is
detrimental because aqueous Fe(ll) is adsorbed in the proximity of
the cell, making it less mobile and it is possibly no longer bioavail-
able. The result is a sink of aqueous Fe(Il) at the cell surface. In
addition, the ratio of Fe(Il) to the precipitated iron (oxyhydr)oxide
may be lower in this microenvironment of the cell, leading to
much faster abiotic oxidation rates than observed for the whole
system (Tai and Dempsey 2009). This is likely to be further en-
hanced by the local accumulation of NO,~ caused by cell excre-
tion. As a result, Fe(II) in the microenvironment of the encrusted
cell is no longer available to the bacteria, and the concentration
of aqueous Fe(Il) may be so low that biological denitrification is
thermodynamically infeasible.

Another cause of inhibition could be a toxic effect due to the
nitrite accumulation of up to 1.65 mM observed here. This is a
likely scenario because impaired microbial activity due to nitrite
has been observed for several T. denitrificans strains (Baalsrud and
Baalsrud 1954, Baldensperger and Garcia 1975, Claus and Kutzner
1985). Claus and Kutzner (1985) describe, for a different T. denitri-
ficans strain using thiosulfate as an electron donor, no inhibitory
effect of nitrite on denitrification for nitrite concentrations of up
to 2 mM and a strong inhibitory effect at a nitrite concentration
of 6.5 mM (Claus and Kutzner 1985). Similarly, nitrite could be a
possible cause for the observed incomplete nitrate reduction in
the here presented Fe(Il)-oxidizing culture of T. denitrificans (ATCC
25259). After a latency phase of about 1 day, the nitrate-reducing
Fe(Il) oxidation proceeds at approximately maximum speed un-
til about 4.5 days (Fig. 7), with a denitrification rate (Ipjotic) Of
0.27 ™ t0 0.26 ™, and the nitrite concentration measured after
5 daysis 1.11 mM. Thus, a nitrite concentration starting at about
1 mM may represent a potential threshold for nitrite toxicity for T.
denitrificans (ATCC 25259) incubated with 10 mM Fe(II) and 3.5 mM
nitrate.

Another study conducted by D’Aquino et al. (2023) on T. den-
itrificans (DSM 12475), investigating the effects of inorganic ions
on both autotrophic and heterotrophic denitrification, observed
an intermediate nitrite accumulation of up to ~21 mM, which
was almost completely consumed (~95%) by the bacteria dur-
ing the course of the experiment. One of the heterotrophic se-
tups was performed in the presence of 7.20 mM Fe(Il), and all
autotrophic setups contained 19.20 mM thiosulfate and 7.20 mM
Fe(ll) (D’Aquino et al. 2023). Thus, this strain showed sufficient
activity at nitrite concentrations of up to 20 mM and was able to
remove nitrite under the conditions tested, which contained, in
addition to Fe(Il), also organic substrates (yeast extract) or thio-
sulfate as electron donors.
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Figure 9. Hypothetical mechanisms responsible for incomplete nitrate-reducing Fe(Il) oxidation by T. denitrificans. Scenario 1 considers that the process
is not substrate-limited (nitrate and iron). (I) Fe(Il) is oxidized by a c-type cytochrome Fe(Il) oxidase or an unknown novel Fe(II) oxidase. (II) Electrons
pass to a one-electron acceptor. (I1I) Two of these molecules transfer electrons to quinone reductase, reducing one quinone. (IV) Quinol: nitrate
oxidoreductase reduces nitrate to nitrite, contributing to the pmf. (V) The pmf regenerates ATP. Finally, inhibition is caused by cell encrustation when
Fe(III) mineralization limits mass transfer, collapsing cell homeostasis or nitrite accumulation inhibiting further nitrate-reducing Fe(Il) oxidation.
Scenario 2 considers dependency on a cosubstrate A. (I and II) Fe(Il) 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 unavailable, 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(ll)-derived electrons are passed to the nitrate reductase, reducing its electron-accepting center. (I1I) The energy released is linked to the
translocation of the first Fe(Il) (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
nitrate-reducing Fe(II) oxidation is inhibited by nitrite accumulation. The H* stoichiometry is based on Simone et al. (2008) and Steigmiller et al. (2008).

Scenario 2 assumes that the availability of a necessary sub-
strate or cofactor becomes a limiting factor, leading to rapid in-
hibition. While scenario 2 is unconventional, it is no less specu-
lative than scenario 1. Pinpointing specific explanations for this
model is complex, as numerous hypothetical pathways involving
substrate limitation may exist, beyond the basic model shown in
Fig. 9. In this model, electrons derived from Fe(II) reduce substrate

A to B, which then donates electrons to the quinone pool by con-
version to C. If the reducing power is lacking, C cannot be recycled
back to A. Substrate A could be a membrane-bound protein that
receives electrons from Fe(Il) and reduces an intermediate of the
tricarboxylic acid cycle, such as malate, acting similarly to malate
oxidoreductase (MQO) (Kabashima et al. 2013), but with a special-
ized subunit to receive electrons from an intermediate reduced by



Fe(II). Malate could then be converted to pyruvate, and pyruvate to
formate, with formate functioning as substrate C, which reduces
the quinone pool. In this scenario, the quinone reductase could be
formate dehydrogenase. Nitrate reductase often forms a respira-
tory chain with formate dehydrogenase (Bertero et al. 2005), and
electron transfer from formate to nitrate is coupled with proton
translocation across the inner membrane, generating a pmf via a
redox loop mechanism (Mitchell 1976).

An alternative, though more complex scenario, which is not
represented by the model in Fig. 9, involves the primary electron
acceptor lacking sufficient reducing potential to reduce quinone
(which requires two electrons per quinone). However, in combi-
nation with an electron from another substrate (or cofactor) with
slightly higher reducing potential, it may become thermodynam-
ically favorable to use both electrons. In such cases, a protein
might receive one electron from Fe(Il) oxidase and one from the
additional substrate to reduce quinone. As maintaining these pro-
cesses is essential, the cell would spend its stored reducing power
to regenerate this substrate until the reserve is depleted. This
raises the question of where the second electron from Fe(II) goes
during nitrate reduction, given that the Fe(Il)oxigizea/Nitrate equced
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 electron, which is used to reduce a second addi-
tional substrate.

In the case of Scenario 3, Fe(Il) oxidation is considered to be a
stress response and part of a strategy to efficiently remove Fe(II)
from the bacterial cell while simultaneously reducing nitrate to
nitrite. Beller et al. (2013) identified upregulated genes in T. deni-
trificans when incubated with both iron(Il) and nitrate, which may
contribute to Fe(Il) 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. 20064,
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 proteins. Downstream of Tbd_1320,
two genes encode a multicopper oxidase, pcoAB (Tbd_1324 and
Tbd_1325), which are believed to contribute to copper resistance
(Mellano and Cooksey 1988). Based on findings by Huston et al.
(2002), which demonstrated 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(Il) oxidation
metabolism (Huston et al. 2002, He et al. 2016). Further, these pro-
teins could potentially interact 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 prevent its accumula-
tion. However, since nitrite accumulation was evident in the here
presented study, two possibilities arise: (i) nitrite at a concentra-
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tion of up to 1.65 mM does not exert toxic effects on the cells and
therefore does not necessitate detoxification. (ii) T. denitrificans is
unable to metabolize nitrite using electrons derived from Fe(II)
oxidation. The second scenario implies that the nitrate-reducing
Fe(Il) oxidation pathway does not involve reduction of the quinone
pool. While Tian et al (2024) argued that Fe(Il) has a sufficiently
negative reduction potential to reduce the quinone pool, our re-
sults may indicate otherwise. Assuming that the quinone is not
reduced by electrons stemming from Fe(Il) oxidation in the sys-
tem presented here, the cytochrome c reductase (cytochrome bcy
complex) would not be able to regenerate reduced cytochrome c,
the electron donor required by the nitrite reductase, which would
result in the observed accumulation of nitrite (for the denitrifica-
tion cascade see Fig. 8, expected hypothetical mechanism).

Thus, the accumulation of nitrite suggests that Fe(Il) oxida-
tion by T. denitrificans cannot regenerate the quinone pool. Conse-
quently, the nitrate-reducing enzyme must be one that operates
independently of the quinone pool, since the membrane-bound
nitrate reductase Nar depends on quinol as a substrate. There-
fore, this finding is consistent with the proposed scenario 3, which
postulates the involvement of an alternative nitrate reductase.

Furthermore, the inability to couple Fe(II) oxidation to quinone
reduction negates the possibility of reverse electron transport
to generate reducing power for autotrophic growth. This inabil-
ity challenges the traditional autotrophic paradigm in nitrate-
reducing Fe(Il) oxidation, as discussed in the section “Challenging
the autotrophic paradigm in nitrate-reducing Fe(II) oxidation.”

Reevaluating the classification of NRFeOx:
beyond traditional autotrophic and mixotrophic
lifestyles

In the literature, NRFeOx are either categorized as autotrophs or
heterotrophs. The latter is commonly referred to as mixotrophic,
as the chemolithotrophic pathway of nitrate-reducing Fe(Il) oxi-
dation runs in parallel to a chemoorganotrophic pathway. These
two terms refer to the energy-yielding mechanisms, but it re-
mains complicated to estimate the contributions of the energy
yield from each type of substrate. While it involves a mixture of
using both inorganic and organic substrates, the corresponding
bacteria are facultative mixotrophs.

Thiobacillus denitrificans cannot be categorized in any of these
two groups. Thiobacillus denitrificans is an autotroph when using
thiosulfate (inorganic) as its sole source of electrons. Calling T.
denitrificans an autotrophic NRFeOx is not necessarily incorrect,
as it is an autotroph and a NRFeOx. However, this designation is
misleading as it may imply that it grows autotrophically under
nitrate-reducing Fe(Il)-oxidizing conditions which is not the case.
Since there are truly autotrophic NRFeOx enrichment cultures
that grow autotrophically oxidizing Fe(Il) for both nitrate reduc-
tion and CO, fixation (Straub et al. 1996, Jakus et al. 2021, Huang et
al. 2023), it is not recommended to assign a microorganism as an
autotrophic NRFeOx if the autotrophy does not refer to using Fe(Il)
both as an electron donor for nitrate reduction and as an elec-
tron donor for fixing inorganic carbon. It might be clearer to refer
to it as a non-autotrophic NRFeOx, additionally mentioning that
it can grow autotrophically with other inorganic substrates (e.g.
thiosulfate). If T. denitrificans is further investigated and evidence
supports either scenario 1 or 2, it could be classified as a mixo-
lithotrophic NRFeOx, as both thiosulfate and iron(II) are inorganic
electron donors. If scenario 3is supported, it might be more appro-
priately termed a Fe(Il)-removing NRFeOx or Fe(Il)-stress-related
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NRFeOx, reflecting its role in managing Fe(Il) stress rather than
energy conservation.

Conclusions and outlook

Thiobacillus denitrificans does not exhibit chemolithoautotrophic
growth under nitrate-reducing, Fe(Il)-oxidizing conditions, and
it fails to sustain nitrate-reducing Fe(Il) oxidation over multi-
ple transfers. This indicates that while the strain can carry out
nitrate-reducing Fe(1l) oxidation, it does not concurrently conduct
autotrophy. The inability to survive long-term under these con-
ditions and the higher mortality compared to nutrient-starvation
scenarios (represented by controls missing one or both substrates)
suggest that in this strain, nitrate-reducing Fe(ll) oxidation does
not support growth on its own. However, it may offer an en-
ergy advantage when combined with a growth-supporting elec-
tron donor. In the context of microbial flexibility, negative out-
comes, like those reported here, are crucial for uncovering knowl-
edge gaps and questioning established assumptions. Although T.
denitrificans can utilize Fe(Il) as an electron donor, its use seems
to be directed primarily toward energy conservation rather than
growth, even though the latter might theoretically be possible.
This paradox remains a key focus for future research.

The study emphasizes a core issue in the classification of NR-
FeOx organisms. Our study has shown that T. denitrificans is a non-
autotrophic NRFeOx, but further research is required to determine
whether it is mixo-lithotrophic (scenarios 1 and 2) or functions as
an Fe(Il)-removing NRFeOx (scenario 3).

If T denitrificans is indeed mixo-lithotrophic, its environmen-
tal role in nitrate-reducing Fe(Il) oxidation should be explored
further. Thiobacillus denitrificans’ ability to oxidize pyrite (FeS,) for
denitrification suggests that nitrate-reducing Fe(II) oxidation, cou-
pled with sulfur species oxidation, might support an autotrophic
lifestyle (Torrenté et al. 2010). However, if Fe(II) oxidation is merely
a stress response to intracellular Fe(II) toxicity, its environmental
role may be more limited, functioning as a survival strategy rather
than contributing to energy conservation.

To confirm whether T denitrificans is mixo-lithotrophic, ATP
measurements should be conducted to demonstrate energy pro-
duction. Alternatively, structural studies of hypothetical proteins
involved in Fe(Il) transport and proteins standing in genomic re-
lationship with hypothetical nitrate-binding domains could pro-
vide further insights. In the near future, the rapid advancements
in bioinformatics tools driven by artificial intelligence may allow
researchers to revisit foundational studies, such as those by Beller
et al. (2013). Unknown proteins identified in transcriptomic stud-
ies, alongside their genomic neighbors or other genes potentially
linked to a common function, might soon be placed in a broader
context, helping us better understand this process and align it
with the herein proposed scenarios.
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