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ABSTRACT

Autotrophic nitrate reduction coupled to Fe(II) oxidation is an important nitrate removal process in anoxic aquifers.
However, it remains unknown how changes of O2 and carbon availability influence the community structure of
nitrate-reducing Fe(II)-oxidizing (NRFeOx) microbial assemblages and what the genomic traits of these NRFeOx key players
are. We compared three metabolically distinct denitrifying assemblages, supplemented with acetate, acetate/Fe(II) or Fe(II),
enriched from an organic-poor, pyrite-rich aquifer. The presence of Fe(II) promoted the growth of denitrifying
Burkholderiaceae spp. and an unclassified Gallionellaceae sp. This Gallionellaceae sp. was related to microaerophilic Fe(II)
oxidizers; however, it did not grow under microoxic conditions. Furthermore, we explored a metagenome and 15
metagenome-assembled genomes from an aquifer-originating, autotrophic NRFeOx culture. The dominant Gallionellaceae
sp. revealed the potential to oxidize Fe(II) (e.g. cyc2), fix CO2 (e.g. rbcL) and perform near-complete denitrification leading to
N2O formation (e.g. narGHJI, nirK/S and norBC). In addition, Curvibacter spp., Methyloversatilis sp. and Thermomonas spp. were
identified as novel putative NRFeOx taxa. Our findings provide first insights into the genetic traits of the so far only known
autotrophic NRFeOx culture originating from an organic-poor aquifer, providing the genomic basis to study mechanisms of
nitrate removal in organic-poor subsurface ecosystems.
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INTRODUCTION

Nitrate (NO3
–) pollution in groundwater is one of the major

worldwide environmental issues as many aquifers exhibit val-
ues exceeding the maximum regulatory concentration of nitrate
in drinking water (50 mg L–1) (European Union 2006; Euro-
pean Commission 2018; Kazakis et al. 2020). Only two biologi-
cal pathways are known that lead to nitrate attenuation: dis-
similatory nitrate reduction to ammonium (DNRA) and deni-
trification (Kuypers, Marchant and Kartal 2018). Denitrification
is an anaerobic respiratory process in which dissolved nitrate
is reduced to nitrite (NO2

–) and further to gaseous nitric oxide
(NO), nitrous oxide (N2O) and dinitrogen (N2) via a series of enzy-
matic steps, mediated by a wide range of bacterial and archaeal
taxa (Kuypers, Marchant and Kartal 2018). Denitrifying bacte-
ria can be divided into three different groups: heterotrophs,
autotrophs or mixotrophs, depending on whether they gain
energy from the oxidation of organic compounds, inorganic
compounds or both, respectively (Bryce et al. 2018). In many sub-
surface ecosystems including aquifers, organic carbon is limited
and as such, autotrophic denitrifiers utilizing inorganic electron
donors like Fe(II), reduced sulfur or H2 were suggested to play
important roles in nitrate removal (Postma et al. 1991; Pauwels
et al. 1998; Schwientek et al. 2008; Jørgensen et al. 2009; Zhang
et al. 2012; Visser et al. 2020). However, the influence of the
availability of alternative electron acceptors (e.g. O2) as well as
electron donors (e.g. organic compounds) when compared with
nitrate and Fe(II) on autotrophic nitrate-reducing Fe(II)-oxidizing
(NRFeOx) groundwater assemblages remains poorly understood.

Most prominent candidates for NRFeOx microorganisms are
Fe(II)-oxidizing bacteria (FeOB) belonging to the family Gallionel-
laceae, typically inhabiting microoxic pH-neutral environments,
which were also reported to have the potential to reduce nitro-
gen species under anoxic conditions (He et al. 2016; Huang
et al. 2021b). Metagenome-assembled genomes (MAGs) of Gal-
lionellaceae spp. were shown to harbor several denitrification
genes (e.g. narG, nirK, nirS, norB or nosZ), co-occurring with at
least one of the candidate Fe(II)-oxidase genes encoding, for
example, cytochrome c Cyc2 or a MtoAB complex (He et al.
2016; Huang et al. 2021a,b). Additionally, Gallionellaceae spp. were
demonstrated to fix CO2 (Tominski et al. 2018), utilizing the
Calvin–Benson–Bassham (CBB) cycle encoded by cbbL, cbbM or
rbcS genes (Huang et al. 2021a). Since several Gallionellaceae sp.
MAGs in field studies and cultivation experiments were found
to have incomplete gene sets encoding denitrification (Jewell
et al. 2016; Bethencourt et al. 2020; Huang et al. 2021a,b), com-
plete autotrophic denitrification coupled to Fe(II) oxidation was
suggested to be achieved via metabolic handoffs between Gal-
lionellaceae spp. and other community members rather than by
Gallionellaceae sp. alone (He et al. 2016; Huang et al. 2021a,b). How-
ever, our knowledge about this process and the underlying com-
plex interdependencies in organic-poor aquifers is limited.

To fill this gap, a novel autotrophic NRFeOx culture was
recently obtained from a nitrate polluted, pyrite-rich (4.1 ±
1.4 mg [g rock]–1) limestone aquifer, and it is to date the only
autotrophic NRFeOx culture originating from an organic-poor
environment (dissolved organic carbon <2.0 mg L–1) (Jakus et al.
2021a). This culture is composed of a mixed community with
diverse bacterial taxa, dominated by Gallionellaceae sp., and was
demonstrated to oxidize 1–3 mM of dissolved Fe2+ or Fe(II) min-
erals such as siderite and pyrite under anoxic conditions using
nitrate as an electron acceptor (Jakus et al. 2021b). Yet, the
genomic traits that enable the uncultured Gallionellaceae sp. in
the aquifer-originating enrichment culture to grow under anoxic

conditions, the role of other microbial members and the mech-
anism(s) of Fe(II) oxidation remain unknown.

Our overarching hypothesis was that the availability of Fe(II)
and nitrate would substantially influence the composition and
capability of autotrophic NRFeOx assemblages originating from
a pyrite-rich, organic-poor limestone aquifer. We therefore com-
pared the microbial community composition of the autotrophic
NRFeOx culture with parallel enrichment cultures grown under
microoxic, heterotrophic or mixotrophic conditions, to test the
response of the denitrifying microbial community to the change
of electron acceptor (i.e. O2) and the availability of organic car-
bon (i.e. acetate) in the absence and presence of Fe(II). We further
investigated the metagenome of the autotrophic NRFeOx cul-
ture, retrieved 15 MAGs and analyzed the genetic traits encoded
in the MAGs to predict the metabolism of the most abundant
microorganisms growing in the enrichment culture including
the Gallionellaceae sp. and to search for candidates of NRFeOx
bacteria that may play a critical role in nitrate removal in
aquifers limited in organic carbon.

MATERIALS AND METHODS

Enrichment and cultivation

The field site location and the conditions and the procedure
of enrichment were the same for all three types of nitrate-
reducing cultures (autotrophic, mixotrophic and heterotrophic)
as described previously for the autotrophic NRFeOx enrichment,
Culture AG (Altingen groundwater, named after the source of
the culture; Jakus et al. 2021a). Briefly, denitrifying communi-
ties were enriched using passive samplers filled with crushed,
pyrite-rich limestone particles and incubated in an anoxic (dis-
solved O2 of 0.1 ± 0.1 mg L–1) low-nitrate (1.5 ± 0.6 mg L–1) moni-
toring well. After incubation, rock particles with attached micro-
bial cells were retrieved and transferred to sterile serum bottles
(58 mL) filled with 25 mL of anoxic bicarbonate-buffered (22 mM),
modified low-phosphate freshwater medium (LPM) (Jakus et al.
2021a), adjusted to pH 7.1 and amended with 2 mM of NaNO3.
Next, 24 h prior to the experiment, either 2 mM of FeCl2, 1 mM
of acetate or 1 mM of acetate plus 2 mM of FeCl2 was added
to the medium for autotrophic, heterotrophic and mixotrophic
cultivation conditions, respectively. For cultures growing under
microaerophilic conditions, gradient tubes and zero-valent iron
(ZVI) plates were used. Gradient tubes with opposing gradi-
ents of Fe2+ and O2 were prepared following Emerson and Floyd
(2005). Cultures in ZVI plates were established using Petri dishes
(55 mm diameter) containing 8 mL of modified Wolfe’s mineral
medium (Emerson and Floyd 2005) and ∼0.5 g of ZVI powder (200
mesh; metal basis; Alfa Aesar, Ward Hill, MA). ZVI plates were
inoculated by adding 100 μL of inoculum from a gradient tube
and incubated in an acrylic jar (Merck, Darmstadt, Germany)
with a gas pack (BD GasPak EZ Campy, New York, USA) to form
microoxic conditions (6–10% atmospheric O2).

Experimental setup and DNA extraction for 16S rRNA
gene and metagenome sequencing

In order to grow a sufficient amount of cells for the experi-
ment, a preculture of autotrophic NRFeOx enrichment culture
was grown in six serum bottles containing modified LPM (25 mL
of medium each) prepared as described earlier, supplemented
with 2 mM NO3

– and 2 mM Fe(II). After 5 days of growth, the
content of all bottles was pooled into one sterile anoxic serum
bottle and used as an inoculum. Immediately after obtaining
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Figure 1. Schematic figure of the experimental setups. Different bottle colors represent three different setups containing growth medium used to enrich heterotrophic
(pale blue), mixotrophic (purple) and autotrophic (blue) denitrifying communities using acetate and nitrate, Fe(II), acetate and nitrate, and Fe(II) and nitrate, respectively.
The gray serum vial represents enrichment cultures grown under microoxic conditions in opposite gradients of oxygen (entering from the top into the solidified agar
layer) and Fe2+ (released by dissolution of the black FeS from the bottom). Numbers on the bottles show the number of replicates used for DNA extractions followed

by sequencing. Numbers in circles indicate the time point when samples were collected in relation to Fe(II) consumption. Dark blue boxes display sequencing method
used. The figure was created with BioRender.com.

the preculture, a sample for 16S rRNA gene sequencing was col-
lected (day 0) and 53 serum bottles, containing the same mod-
ified LPM, were inoculated with 10% (vol/vol) of the preculture
(∼2 × 106 cells mL–1). To follow consumption of substrates, three
inoculated bottles (biotic controls) were randomly selected and
sampled daily. Additionally, abiotic controls (no cells, only mod-
ified LPM supplemented with substrates) were simultaneously
run in triplicates. At days 2, 3 and 9 of the experiment, we
collected DNA samples to follow changes in the relative abun-
dance of the microbial community, by harvesting three bottles
at each sampling point. After harvesting, all liquid together with
microbial cells was centrifuged (20 min, 4000 rpm) to remove the
supernatant. The biomass was frozen at –20◦C and stored until
DNA extraction. At day 3, we additionally collected a DNA sam-
ple for metagenome sequencing, for which, to have sufficient
yield of DNA, 40 serum bottles were sacrificed by filtration using
four (10 bottles per filter) 0.2-μm pore-size membrane filters
(Isopore R©, Millipore) (Fig. 1). Filters were subsequently placed
in 2-mL centrifuge tubes and frozen at –20◦C. All DNA sam-
ples collected in this study were extracted using the FastDNA
SPIN Kit according to the manufacturer’s instructions, and DNA
extracts were then pooled for shotgun metagenome library
construction.

Chemical analyses

Samples were taken daily in an anoxic glovebox (100% N2) using
a syringe with a needle through the butyl rubber stopper and
centrifuged (14 000 × g, 10 min). For quantification of Fe(II) and
Fe(III), a revised ferrozine protocol for nitrite-containing samples
was used to eliminate the abiotic reaction of nitrite with Fe(II)
during acidification as described in detail previously (Klueglein
and Kappler 2013; Schaedler et al. 2018). Nitrate and nitrite were
quantified following the DIN 38405/ISO 13395 standard quantifi-
cation method using AA3 HR AutoAnalyzer System (Seal Ana-
lytical, Germany).

16S rRNA gene sequencing and analysis

DNA extracted from the cultures was used for amplification with
universal primers (515F: GTGYCAGCMGCC-GCGGTAA [Parada,
Needham and Fuhrman 2016] and 806R: GGACTACNVGGGT-W
TCTAAT [Apprill et al. 2015]) fused to Illumina adapters. The PCR
(Polymerase Chain Reaction), library preparation and sequenc-
ing are detailed in the Supporting Information. Quality con-
trol, reconstruction of 16S rRNA gene sequences and taxonomic
annotation were performed with nf-core/ampliseq v1.1.0 (Ewels
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et al. 2020; Straub et al. 2020) as described in detail in the Sup-
porting Information.

Quantitative PCR

Total cell numbers of bacteria were estimated by quantita-
tive PCR (qPCR) (Bio-Rad Laboratories GmbH, Munich, Germany)
based on the amplification of bacterial 16S rRNA genes fol-
lowing a protocol described previously (Schaedler et al. 2018)
and described in detail in the Supporting Information. Abso-
lute abundances of 16S rRNA genes belonging to taxa present
in the autotrophic NRFeOx culture were calculated by multi-
plication of 16S rRNA gene copy numbers and relative abun-
dances of 16S rRNA gene amplicon sequences on species
level.

Metagenome sequencing, assembly and annotation

Metagenome library preparation and shotgun Illumina sequenc-
ing were conducted by CeGaT, Tuebingen, Germany. Short-
and long-read quality control, hybrid assembly, metagenome-
assembled genome binning and taxonomic annotation were
performed with nf-core/mag v1.0.0 (https://doi.org/10.5281/zeno
do.3589528) (Krakau et al. 2021) as described in detail in the
Supporting Information. The assembled metagenome and eight
high-quality MAGs (≥89.9% completeness, <10% contamination)
were uploaded to the Joint Genome Institute’s Integrated Micro-
bial Genome and Microbiome Expert Review (IMG/MER) pipeline
for annotation, and subsequent analysis was performed using
tools available through the pipeline IMGAP v5.0.19 (Chen et al.
2019). Putative Fe(II) oxidation genes were identified using the
blast function in IMG (10–5 E-value cutoff). For the remaining
seven MAGs with completeness between 89.9% and 56.1%, gene
annotations were subset from the whole metagenome annota-
tion. The genes of interest present in these MAGs were then
identified by their KEGG Orthology numbers and analyzed man-
ually. In addition, all 15 assembled MAGs were analyzed using
the FeGenie tool (Garber et al. 2020) installed using Python
3.6 (Python Software Foundation; https://www.python.org/) to
search for genes related to Fe cycling. A full list of the 15 MAG
identifiers together with the completeness and the identifiers of
the NCBI and IMG JGI platforms can be found in Table 1 and Table
S1 (Supporting Information).

RESULTS AND DISCUSSION

Microbial community composition under autotrophic
NRFeOx growth conditions

Using 16S rRNA gene sequencing of the V4 region (∼250 bp)
in combination with quantification of 16S rRNA gene copy
numbers and substrate concentrations over time during a 10-
day incubation of the autotrophic NRFeOx culture growing
under anoxic conditions, we determined microbial community
changes linked with nitrate and Fe(II) consumption (Fig. 2). Over-
all, the microbial community structure was stable as we did
not observe any major changes over 10 days (Fig. 2A). Minor
changes in the microbial community occurred between day 2
and day 3, where the largest increase in absolute 16S rRNA gene
copy numbers occurred (Fig. 2A). After a total consumption of
0.49 ± 0.07 mM of NO3

– and 1.22 ± 0.07 mM of Fe(II), the rela-
tive abundance of the unclassified Gallionellaceae sp. decreased
from 61.8% (day 2) to 54% (day 3), while relative 16S rRNA gene

sequence abundances of both Dechloromonas sp. and Ferribac-
terium sp. nearly doubled between these two time points (from
7.0% to 13.1% and from 2.1% to 5.2%, respectively). The overall
increase in absolute 16S rRNA gene copies over time from 3.08 ×
105 (day 0) to 1.36 × 106 (day 10) suggests the ability of this cul-
ture (or at least some of its members) to fix inorganic carbon for
biomass production coupled to Fe(II) oxidation. This is in agree-
ment with our previous study, where the culture was shown
to produce more cells when incubated in medium containing
nitrate and 1–3 mM of Fe(II) vs nitrate alone (no Fe(II)) (Jakus
et al. 2021a). Interestingly, our growth experiment results pre-
sented here point to a slight delay between substrate consump-
tion and cell growth at the beginning of the experiment. The
largest increase in the 16S rRNA gene copy numbers between
day 2 and day 3 did not correlate with the largest decrease in
Fe(II) and NO3

– concentrations between day 0 and day 2 (Fig. 2),
which may indicate that uptake of substrates took place ahead
of CO2 fixation and subsequent cell production. Alternatively,
the discrepancy between cell growth and consumption of sub-
strates could result from oxidation of either electron donors car-
ried over from the inoculum, or MQ water-derived organics as
discussed previously (Jakus et al. 2021a).

Oxygen as potential electron acceptor for autotrophic
growth of Fe(II) oxidizers

To examine the capability of the autotrophic NRFeOx culture to
perform microaerophilic Fe(II) oxidation that may occur in the
aquifer due to the presence of microoxic niches (Visser et al.
2020), the culture was transferred to gradient tubes and plates
containing FeS and zero valent iron (ZVI), respectively. With this
approach, we intended to test the community’s response to O2

and to promote growth and ultimately isolate the uncultured
Gallionellaceae sp., as these bacteria are typically known to be
microaerophilic Fe(II) oxidizers and some of the cultured mem-
bers of this family were isolated using one of the applied tech-
niques (Hallbeck, Ståhl and Pedersen 1993; Emerson and Moyer
1997). However, none of these Gallionellaceae sp. isolates were
reported to perform Fe(II) oxidation under anoxic conditions,
i.e. coupled to (partial) denitrification. After inoculation into a
gradient tube, our culture was observed to oxidize Fe(II), evi-
denced by the appearance of a bacterial layer above the bottom
FeS-containing layer. In contrast, after inoculating ZVI plates,
we did not observe an increase in cell numbers under the micro-
scope and no notable difference in Fe(II) oxidation was observed
compared with the abiotic control; therefore, further transfers
were only done in gradient tubes. After three continuous trans-
fers under microoxic autotrophic conditions, the very diverse
bacterial community initially growing in the autotrophic, anoxic
culture was reduced to four taxa: the unclassified Burkholderi-
aceae sp. (56.2%), Rhizobium sp. (36.5%), Bradyrhizobium sp. (5.2%)
and Paracoccus sp. (1.8%) (Fig. 3). Surprisingly, the uncultured
Gallionellaceae sp. was not identified among the sampled micro-
bial community, suggesting its adaptation to strictly anoxic
conditions or its dependence on other community members
that could not thrive under microoxic conditions.

Organic carbon as substrate for the aquifer-originating
enrichment cultures

To evaluate the impact of inorganic versus organic electron
donors that could both serve for microbial growth at the field
site (though organotrophic denitrification was suggested to play
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Figure 2. Changes in microbial community composition based on 16S rRNA gene amplicon sequencing (A) and concentrations of NO3
– (green), total Fe(II) (blue) and

total Fe(III) (brown) (B) in a 10-day incubation experiment using the autotrophic nitrate-reducing Fe(II)-oxidizing enrichment culture. All data points are mean values
of samples collected from three biological replicate bottles; error bars represent standard deviations.

a rather minor role when compared with other metabolic path-
ways at this field site; Visser et al. 2020), the community compo-
sition of heterotrophic denitrifying cultures supplemented with
organic carbon (i.e. acetate), simultaneously enriched from the
same field site, was compared with the autotrophic NRFeOx cul-
ture growing under anoxic conditions (Fig. 3). The 16S rRNA gene
sequencing revealed that the heterotrophic denitrifying culture
grown on acetate was dominated by known nitrate-reducing
bacteria belonging to the genus Thauera (Etchebehere and Tiedje
2005; Wang et al. 2017), yielding 84.8% relative sequence abun-
dance. Interestingly, the second most dominant (4.6% relative
16S rRNA gene sequence abundance) bacterial taxon in the
heterotrophic denitrifying culture shares 100% 16S rRNA gene
sequence identity (based on the Amplicon Sequence Variant

(ASV) region) with the predatory bacterium Bdellovibrio bacteri-
ovorus, probably preying on cells living in this culture.

Effect of Fe(II) on the community structure of
denitrifiers

We further analyzed the composition of the culture supple-
mented with both acetate and Fe(II) (mimicking fluxes of organic
carbon compounds in iron-rich fractures in the aquifer). Sur-
prisingly, despite being supplied with two different electron
donors (i.e. acetate and Fe(II) at the same time), this culture
had the least complex, i.e. the least diverse microbial commu-
nity composition (Shannon’s diversity indices for heterotrophic
and mixotrophic cultures were 1.03 and 0.23, respectively). This
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Jakus et al. 7

Figure 3. Microbial community composition based on 16S rRNA gene amplicon sequencing of three enrichment cultures (A) incubated under heterotrophic denitrifying,

mixotrophic nitrate-reducing iron(II) oxidizing (NRFeOx) and autotrophic NRFeOx (anoxic) conditions using nitrate-containing freshwater medium supplemented with
either 1 mM acetate, 1 mM acetate and 2 mM Fe(II), or 2 mM Fe(II), respectively. The fourth bar chart represents the community composition of the autotrophic NRFeOx
enrichment culture growing under microoxic conditions in a gradient tube with FeS as Fe(II) source and air (with O2) in the headspace. Venn diagram (B) depicts

the shared and distinct ASVs (Supporting Information) of the three metabolically different enrichment cultures. Autotrophic culture stands here for the enrichment
NRFeOx culture grown under anoxic conditions.

suggests that the addition of Fe(II) acted as a stressor, strongly
inhibiting the growth and probably activity of most of the
heterotrophic and autotrophic denitrifiers. The culture grown
under mixotrophic conditions was dominated by the unclassi-
fied Burkholderiaceae sp., which accounted for up to 97.3% rela-
tive 16S rRNA gene sequence abundance. In general, Burkholde-
riaceae spp. were present in all cultures ranging from 1.4% (het-
erotrophic denitrifying culture) to 97.5% (mixotrophic denitrify-
ing culture) of relative abundance, represented by a wide range
of genera, including those that were previously found to directly
and/or indirectly, i.e. via chemodenitrification (Bryce et al. 2018),
catalyze Fe(II) oxidation such as Acidovorax spp. (Muehe et al.
2009; Carlson et al. 2013; Chakraborty and Picardal 2013) and
Curvibacter spp. (Gülay et al. 2018). Our observation based on
the microbial community changes among the different treat-
ments leading to the enrichment of Burkholderiaceae spp. in
Fe(II)-containing media further confirmed that these microbes
play an important role in Fe cycling, especially in environments
where redox conditions and supply of nutrients are changing.

A comparison of the microbial communities of all three cul-
tures revealed that the unclassified Burkholderiaceae sp., together
with three other taxa identified as Thiobacillus denitrificans, a Ther-
momonas sp. and another less abundant unclassified Gallionel-
laceae sp., was identified in all three cultures, being able to sur-
vive under heterotrophic, mixotrophic or autotrophic conditions
(Fig. 3). Interestingly, besides these four ASVs, there was no fur-
ther overlap detected for the microbial community composi-
tion in autotrophic and mixotrophic cultures (see the Supporting
Information).

Recovery of MAGs of the autotrophic NRFeOx
community

Since autotrophic communities are hypothesized to play a key
role of nitrate removal at the field site (Visser et al. 2020), the

metabolic potential of the autotrophic NRFeOx community was
furthermore assessed using metagenome sequencing, assem-
bly and genome binning methods and yielded in the recovery
of 15 MAGs with a minimum of 56.1% estimated completeness
and a maximum of 1.4% estimated contamination (Table 1). Most
(10 out of 15) MAGs were assigned to the class Betaproteobacte-
ria as expected from 16S rRNA gene amplicon sequencing that
showed Betaproteobacteria spp. to be the most dominant class
(96.3%, based on estimated coverage). The MAG with the highest
estimated coverage (AG 11) was identified as unclassified mem-
ber of the order Nitrosomonadales (Table 1). Please note that in
the Genome Taxonomy Database (GTDB) taxa formerly known
as Betaproteobacteria, are now classified as Burkholderiales spp.,
an order of Gammaproteobacteria. Details on taxonomic clas-
sification of MAGs can be found in Table S2 (Supporting Infor-
mation). The 16S rRNA gene sequence retrieved from this MAG
was compared with 16S rRNA gene amplicon sequences and
showed 100% identity to the most dominant Gallionellaceae sp.
identified in our cultivation experiments. The MAG was then
compared with other genomes of Gallionellaceae spp. using aver-
age nucleotide identity and average amino acid identity analy-
ses, confirming that the MAG belongs to the family Gallionel-
laceae (Figs S1 and S3, Supporting Information). Therefore, the
Nitrosomondales sp. MAG (AG11) will be further referred to as
the unclassified Gallionellaceae sp. MAG (AG11). In addition, four
other MAGs were identified using pairwise comparison of MAG-
recovered 16S rRNA gene sequences and 16S rRNA gene ampli-
con sequencing data obtained from the culture (Table 1).

Nitrate reduction by the autotrophic NRFeOx
community

Among all of the genes associated with nitrogen cycling, genes
involved in nitrate reduction were the most abundant genes
identified in the metagenome (Fig. 4). The first step of denitrifi-
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8 FEMS Microbiology Ecology, 2021, Vol. 97, No. 11

Figure 4. Summary of key genes involved in putative energy generation pathways. Colored squares indicate presence of genes involved in nitrate reduction (blue),
Fe(II) oxidation (red), sulfur oxidation (brown), inorganic carbon fixation (bright green) and oxygen respiration (dark green). MAGs are ordered according to the genome
completeness, starting from the most complete (97.3%) to the least complete (56.1%) MAG. Bar plot underneath the table shows completeness (0–100%, dark gray) and
contamination (0–1.5%, bright gray) of each individual MAG.

cation and DNRA is performed by the periplasmic or membrane-
bound nitrate reductases encoded by napAB or narKGHJI genes,
respectively, that were detected in 12 of the 15 MAGs (Fig. 4). Only
one copy of nrf, a functional gene specific for DNRA, was iden-
tified in the whole metagenome, while genes encoding nitrite

reductases (nirK and nirS) and/or nitric oxide reductase (norBC),
and/or nitrous oxide reductase (nosZ) were annotated in all 15
MAGs. In general, all analyzed MAGs harbored at least one of
the functional genes involved in the denitrification pathway, but
only five MAGs revealed all the genes necessary to complete
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Jakus et al. 9

the entire process, starting from reduction of NO3
– to N2 for-

mation. MAGs encoding genes for the complete pathway were
identified as an unclassified Rhodobacteraceae sp., Methylotenera
sp., Acidovorax sp., Thiobacillus denitrificans and a Rhizobium sp.,
all previously described to be members of heterotrophic and/or
autotrophic denitrifying communities (Bellini et al. 2013; Mus-
takhimov et al. 2013; Chu and Wang 2017; Li et al. 2017; Kumar
et al. 2018). In contrast, the Gallionellaceae sp. MAG (AG11) was
found to harbor all genes required to reduce NO3

–, NO2
– and

transform toxic NO to N2O, but the last step was missing due to
the lack of the nosZ gene in the genome. However, the lack of nosZ
in this MAG might be attributed to the relatively low complete-
ness (89.9%). Alternatively, the organism may simply not possess
the full set of enzymes and rely on other microbial community
members to complete denitrification as suggested previously for
Gallionellaceae spp. from cultures KS and BP (He et al. 2016; Huang
et al. 2021a,b). The autotrophic NRFeOx culture presented in this
study is expected to also produce N2 resulting from denitrifi-
cation based on gas measurements (Jakus et al. 2021a) and on
the previously experimentally determined stoichiometric ratio
of nitratereduced/Fe(II)oxidized, which was 0.28 ± 0.1, approximating
the expected value of 0.2 for complete denitrification. Therefore,
the microbial community members likely have to cooperate to
complete the process via a series of metabolic handoffs.

Iron oxidation by the autotrophic NRFeOx community

The mechanisms for autotrophic Fe(II) oxidation in neu-
trophilic Fe(II)-oxidizing bacteria remain largely unknown and
are hypothesized to be facilitated by extracellular electron trans-
fer (Ilbert and Bonnefoy 2013; He et al. 2017). Using the FeGe-
nie software (Garber et al. 2020), we searched for putative genes
involved in Fe(II) oxidation (i.e. cyc1, cyc2, foxABC, foxEYZ, sul-
focyanin, pioABC and mtoAB) that resulted in the detection of
the genes in 3 out of all 15 MAGs: the Gallionellaceae sp. (AG11),
Thiobacillus denitrificans (AG14) and unclassified Betaproteobac-
teria sp. (AG20). All three MAGs possessed homologs of the
gene encoding an outer membrane cytochrome c, cyc2 (Figs 4
and 5A). However, it was previously found that Fe(II) oxida-
tion in Thiobacillus denitrificans is not catalyzed by any c-type
cytochrome (Beller et al. 2013), and we therefore conclude that
the identified homolog might rather be a heme-containing pro-
tein that may participate in a yet-to-be defined electron trans-
fer pathway rather than Fe(II) oxidation. For further discus-
sion, we thus consider only the dominant Gallionellaceae sp. and
unclassified Betaproteobacteria MAGs to contain the gene poten-
tially involved in energy generation via Fe(II) oxidation. The
cyc2 homolog recovered from the unclassified Gallionellaceae sp.
grouped phylogenetically with the putative cyc2 of other known
neutrophilic Fe(II) oxidizers (Fig. 5A), indicating that this microbe
may also use Cyc2 to facilitate Fe(II) oxidation. A homolog of the
cyc2 gene identified in the MAG AG20 was found to be more phy-
logenetically similar to cytochromes present in Dechloromonas
sp. and Methylotenera sp. genomes and other microbes not com-
monly classified as typical Fe(II) oxidizers (Fig. 5A). The 16S
rRNA gene retrieved from this MAG is incomplete (954 bp), and
we therefore performed additional comparative genomic analy-
ses (multilocus sequence analysis, see Fig. S3 [Supporting Infor-
mation]) that revealed that the unclassified Betaproteobacteria
MAG (AG20) containing a cyc2 gene might be affiliated with so
far unclassified Methyloversatilis spp. Interestingly, in previously
published studies, a methylotrophic nitrate-reducing Methylover-
satilis sp. was found to grow in the presence of Fe(II), but no

potential Fe(II) oxidase was identified. Further, using annota-
tions of the MAGs and metagenome produced by the IMG/MER
pipeline, we searched for putative Fe(II) oxidation genes and
detected the presence of homologs of three more putative oxi-
dases: a homolog of a gene encoding MofB in the MAG of Methy-
lotenera sp. (AG31), and PcoAB in MAGs of both Curvibacter sp.
(AG29) and Thiobacillus denitrificans (AG14) (see the Supporting
Information). Since we were unable to retrieve a 16S rRNA gene
sequence of the Curvibacter sp. MAG (AG29), we compared 16S
rRNA gene amplicon sequence-based relative abundances of
ASVs in the autotrophic NRFeOx culture with estimated cov-
erages of the MAGs (Table 1), revealing that the Curvibacter sp.
MAG (AG29) most likely represents the unclassified Burkholderi-
aceae sp. (accounting for 3% relative abundance). The same ASV
was additionally identified in the culture growing in the gradient
tube and in the culture growing under mixotrophic conditions
(Fig. 3), which further supports the hypothesis that this taxon
has the ability to oxidize Fe(II). Although Curvibacter spp. were
recently recognized as FeOB (Gülay et al. 2018a), the genes encod-
ing proteins involved in this process have not yet been identi-
fied; in addition, the electron transfer pathway has not yet been
proposed. Therefore, we suggest that Fe(II)-oxidizing Curvibacter
spp., closely related to the organism identified in this study, are
likely to use the putative Fe(II) oxidase PcoAB to promote Fe(II)
oxidation.

Sulfur oxidation by the autotrophic NRFeOx community

Pyrite present in the aquifer is a potential source of both
Fe(II) and reduced sulfur. Since the complete oxidation of sul-
fur involves multiple electron transfer steps, we searched for
genes involved in the first and the last oxidation step to iden-
tify potential microbial key players in this process. Ten out of
15 most complete MAGs contained sulfide:quinone oxidoreduc-
tase (sqr) genes providing the potential for oxidation of sulfide
(S2–) to zero-valent sulfur (S0) (Berben et al. 2019). This oxida-
tion step can also be mediated by the flavocytochrome c sul-
fide dehydrogenase (fccAB) genes (Berben et al. 2019) that were
not detected in the metagenome (Table S1, Supporting Informa-
tion). Genes needed for thiosulfate (S2O3

2–) oxidation (sox clus-
ter) leading to sulfate (SO4

2–) formation were present in most of
the MAGs, including those identified as Thiobacillus denitrificans
(AG14), Methylotenera sp. (AG31) and both Curvibacter spp. (AG29
and AG1). Similarly, homologs of sulfur-oxidizing sox genes were
recovered in all of the MAGs in our study, which cover a diverse
range of community members, except for the Chitinophagaceae
sp. The genome of the dominant Gallionellaceae sp. (AG11) assem-
bled in our study possessed neither sqr nor sox genes, and is
most probably unable to participate in steps initiating and com-
pleting the sulfur oxidation pathway. This implies that the most
dominant Gallionellaceae sp. of our study is likely better adapted
for growth with Fe(II) than reduced S-compounds, even though
the ability to grow on these compounds would give it a competi-
tive advantage during pyrite oxidation after all available Fe(II) is
oxidized.

Autotrophic carbon fixation by the NRFeOx community

Even though the NRFeOx culture enriched from the aquifer is
able to continuously grow under autotrophic conditions, with
CO2 being the sole carbon source (Jakus et al. 2021a), only eight
MAGs were found to contain the ribulose-1,5-bisphosphate car-
boxylase/oxygenase gene, encoding the key enzyme of the CBB
cycle, used for CO2 fixation. In total, 19 copies of this gene
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10 FEMS Microbiology Ecology, 2021, Vol. 97, No. 11

Figure 5. Phylogenetic trees of putative Fe(II)-oxidase homologs: Cyc2 (A) and PcoAB (B) identified from MAGs recovered in this study (bold font). Sequences of Thiobacillus

denitrificans sp. (AG14), unclassified Gallionellaceae sp. (AG11) and unclassified Betaproteobacteria sp. (AG20) are shown in relation to other homologs of Cyc2, including
protein sequences of commonly known neutrophilic Fe(II) oxidizers (gray background). Curvibacter spp. (AG29 and AG1) and Thermomonas sp. (AG27) are shown in
relation to homologous sequences of PcoAB. Predicted cellular locations of encoded PcoAB are shown by different line types under the genes, with dashed lines and

thick lines indicating periplasm and outer membrane, respectively. The trees were produced by neighbor joining in the MEGAX software suite using the p-distance
model and pairwise gap deletion. Bootstrap values are the percentage of 1000 trials in which a given node was present. Numbers in brackets are IMG gene ID accession
numbers. The scale bar corresponds to 0.1 nucleotide substitution per site.

were annotated in the whole metagenome but seven of them
were excluded from further analysis due to short sequence
length (<150 bp; Table S3, Supporting Information). Four copies
of the gene belonging to the MAGs of the Thiobacillus denitrifi-
cans (AG14), Acidovorax sp. (AG26), Rhizobium sp. (AG18), as well
as an unbinned sequence, were identified as rbcS genes. The
rbcS gene encodes RuBisCO Form I (Fig. S4, Supporting Infor-
mation), a key protein participating in CO2 fixation particu-
larly in environments with elevated levels of O2 (Badger and
Bek 2008). The unbinned sequence of the rbcS gene showed
the highest similarity to rbcS found in the genome of Acidovo-
rax sp. SD340 (WP 055394172.1, 100% query cover, 100% iden-
tity). The other gene encoding RuBisCO, rbcL/cbbM (Form II; Fig.

S4, Supporting Information), was identified in the MAGs of Gal-
lionellaceae sp. (AG11), unclassified Betaproteobacteria sp. (AG28),
Curvibacter delicatus (AG29) and two more sequences that were
not affiliated to any genome bins but had the highest similar-
ity to rbcL/cbbM sequences identified in Dechloromonas aromat-
ica (WP 011289362.1, 100% query cover, 96.51% and 91.72% iden-
tity). Additionally, the Thiobacillus denitrificans MAG (AG17) was
found to also possess genes encoding Form II RuBisCO along-
side the Form I, which was expected for this organism based
on a previous study (English et al. 1992). We also found that
two MAGs contained genes encoding RuBisCO Form IV (Fig. S4,
Supporting Information) that is unable to catalyze CO2 fixa-
tion because of key substitutions of many essential active-site
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Figure 6. A conceptual model of biogeochemical reactions and microbial key players controlling the fate of Fe(II) and NO3
– in response to fluxes of O2 and bioavailable

organic carbon (Corg) along the groundwater flow through fractures in the studied aquifer. First, oxygen entering the aquifer reacts either abiotically with Fe(II) phases

or is oxidized by microaerophilic FeOB (e.g. Curvibacter spp.), leading to precipitation of Fe(III) oxyhydroxides. Once all O2 is exhausted, NO3
– reduction is coupled to Corg

oxidation via heterotrophic denitrification (e.g. by Thauera sp.), and mixotrophic denitrification (with Fe(II) as a co-substrate, e.g. by Thermomonas spp., Methyloversatilis

sp. and Curvibacter spp.) commences, likely leading to the formation of N2O or N2. Additionally, heterotrophic denitrification leading to the formation of reactive N-

species (NO2
–, NO) (e.g. by Acidovorax sp.) may trigger abiotic oxidation of Fe(II) and, as a consequence, further reduce the reactive N-species (chemodenitrification).

Finally, after all bioavailable Corg is consumed, NO3
– can be reduced via Fe(II) oxidation by autotrophic denitrifiers (e.g. Gallionellaceae sp., Curvibacter spp.). Note that

white rectangles represent all forms of Fe(II) available for microbes in the studied aquifer, including pyrite, Fe(II)-bearing carbonates and aqueous Fe2+. Red arrows
and boxes indicate abiotic reactions.

residues, but it was found to play a role in sulfur metabolism
(thiosulfate oxidation) (Hanson and Tabita 2001, 2003; Tabita
et al. 2008). Additionally, using the IMG JGI platform, we sur-
veyed the metagenome for the presence of key genes involved in
CO2 fixation pathways alternative to the CBB cycle. The search
resulted in the identification of 3-methylfumaryl-CoA hydratase
homologs, belonging to the 3-hydroxypropanoate bicycle (Berg
et al. 2010), and a 4-hydroxybutanoyl-CoA dehydratase homolog,
involved in the 3-hydroxypropanoate, 4-hydroxybutyrate and
dicarboxylate pathways (Berg et al. 2010). However, none of the
other key genes involved in these pathways were found and,
therefore, we hypothesize that the identified genes might be
involved in other pathways than CO2 fixation. A detailed list of
the investigated CO2 fixation pathways and genes can be found
in Tables S5 and S6 (Supporting Information).

Potential oxygen reduction by the autotrophic NRFeOx
community

Conventional biological denitrification requires hypoxic condi-
tions with dissolved oxygen concentrations lower than 0.2 mg
L–1 (Seitzinger et al. 2006). However, in the studied aquifer,
structural discontinuities such as bedding planes or fractures
produce preferential flow paths, which can transport oxygen
(Osenbrück et al. 2021). Microbes living in such environments

are often adapted to take an advantage of local redox changes
and respire oxygen when it is present at low concentrations.
Genes encoding for the cbb3-type cytochrome c (ccoGPONQ) were
identified in all 15 MAGs with the exception of Curvibacter deli-
catus (AG29) and Geothrix fermentans (AG5). The lack of the genes
encoding cbb3-type cytochrome c in the Curvibacter delicatus MAG
is particularly surprising and might be linked to the MAG incom-
pleteness (89.9% completeness) since this taxon was found
to dominate the community growing under microoxic condi-
tions. The majority of the MAGs, including the Gallionellaceae sp.
(AG11), were also missing gene cydABX coding for another ter-
minal oxidase: the cytochrome bd oxidase. As expected from our
culture originating from an anoxic aquifer, none of the genomes
was found to possess aa3-type cytochrome oxidases, which is a
gene involved in oxygen reduction and therefore would require
elevated oxygen levels (Castelle et al. 2008).

Candidates of NRFeOx bacteria

The unclassified Gallionellaceae sp. dominating the autotrophic
NRFeOx culture most likely is a truly autotrophic NRFeOx organ-
ism, performing Fe(II) oxidation via Cyc2 coupled to near-
complete denitrification. Other potential autotrophic NRFeOx
candidates identified in this study are Curvibacter spp. and
Thiobacillus denitrificans, previously reported to be able to couple
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nitrate reduction to Fe(II) and pyrite oxidation (Bosch and Meck-
enstock 2012; Bosch et al. 2012). However, Thiobacillus denitrificans
has never been shown to maintain Fe(II) oxidation over several
transfers without organic carbon addition (Bryce et al. 2018) and
therefore its ability to continuously perform autotrophic NRFeOx
remains questionable. Furthermore, we classified Methyloversa-
tilis sp. and Thermomonas sp. as additional candidates for NRFeOx
bacteria, since these organisms possessed all genes required to
facilitate almost complete denitrification and genes putatively
involved in Fe(II) oxidation. Neither of them were found to har-
bor genes required for carbon fixation. The lack of these genes
in the Methyloversatilis sp. MAG can be associated with the MAG
incompleteness, since genomes of other bacteria related to this
genus (e.g. Methyloversatilis sp. RAC08) possess genes involved
in carbon fixation. This further indicates that the Methyloversa-
tilis sp., enriched in the culture supplemented with nitrate and
Fe(II) (only), is most probably a facultative mixotrophic NRFeOx
organism, able to survive under autotrophic conditions. Addi-
tionally, the MAG of the Thermomonas sp. revealed denitrifica-
tion genes and pcoAB but was lacking genes involved in car-
bon fixation pathways. Bacteria related to Thermomonas spp. are
typically heterotrophs (Mergaert, Cnockaert and Swings 2003),
and therefore PcoAB might be used facultatively for ATP pro-
duction under limitation of organic carbon. Alternatively, the
identified homolog of the putative Fe(II) oxidase may facilitate
a different process than Fe(II) oxidation and we currently do not
have enough evidence to consider this bacterium a potential
NRFeOx candidate. Interestingly, the MAG of the second most
abundant species in the autotrophic NRFeOx culture, Acidovo-
rax sp. (16.4%), was found to have a complete set of genes to
reduce NO3

– to N2 together with genes encoding CO2 fixation
but none of the putative Fe(II) oxidation genes was present. The
lack of the enzymatic component of Fe(II) oxidation was pre-
viously reported in a draft genome of the NRFeOx Acidovorax
sp. BoFeN1 (Price et al. 2018). Fe(II) oxidation catalyzed by this
taxon was therefore interpreted to be a result of chemodenitri-
fication (Klueglein and Kappler 2013; Bryce et al. 2018). Thus, the
Acidovorax sp. present in the NRFeOx culture is therefore most
likely a ‘chemodenitrifier’, catalyzing nitrate reduction (coupled
to organic carbon consumption) and indirectly contributing to
Fe(II) oxidation, although an enzymatic contribution to Fe(II) oxi-
dation cannot be ruled out.

Fe(II) and organic carbon availability changes the
composition of subsurface denitrifying communities

The availability of Fe(II) selects for a subset of denitrifying micro-
bial assemblages that in the presence of organic substrates are
able to tolerate, resist or transform Fe(II) by chemodenitrification
or by enzymatic oxidation, to gain energy from simultaneous
utilization of Fe(II) and organic compounds (mixotrophy). Alter-
natively, when the readily degradable organic carbon is limited
(which often is the case in deeper aquifers; Griebler and Lued-
ers 2009), microbes are able to perform denitrification coupled
to Fe(II) oxidation, and fixation of CO2 for energy and biomass
production (autotrophy) may become predominant. Here, we
found that only four taxa were shared between the different
enrichment cultures taking an advantage of metabolic adap-
tation to exploit various electron donors and acceptors, which
indicates that the supply of Fe(II) and in/organic carbon shapes
very specialized and distinct assemblages. Among these organ-
isms, the most metabolically flexible were bacteria related to

Burkholderiaceae sp. and identified as Curvibacter delicatus, dom-
inating mixotrophic communities and the culture subjected to
microoxic conditions. This flexibility is especially advantageous
in an aquifer, where fluxes of recent groundwater transported
along the horizontal, karstified bedding planes or fractures may
carry oxygen, nitrate and organic compounds and mix with
anoxic, electron donor-depleted groundwater (Hofmann et al.
2020; Osenbrück et al. 2021) (Fig. 6).

The culture represents one of a few known existing
autotrophic NRFeOx cultures that are continuously grown for a
span of several years without the addition of organic carbon, and
fulfilling most of the criteria for truly NRFeOx cultures defined by
Bryce et al. (2018). Additionally, the capability of the CO2 uptake
was now confirmed by the presence of genes encoding RuBisCO
in 8 out of 15 recovered MAGs. The culture contains several so
far uncultured taxa and potential candidates for autotrophic
NRFeOx bacteria. The physiology of these taxa remains rather
speculative, and thus, our experiments provide novel insights
into the potential lifestyles of uncultivated organisms rele-
vant for nitrate-contaminated aquifer sites. Our findings have
implications for assessing the denitrification potential of micro-
bial communities thriving in subsurface ecosystems like many
aquifers, where the host rock contains Fe(II) minerals, which can
serve as electron donor, supporting chemolithotrophic micro-
bial metabolisms and nitrate removal even under organic carbon
limitation.
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