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ABSTRACT Nitrate removal in oligotrophic environments is often limited by the
availability of suitable organic electron donors. Chemolithoautotrophic bacteria may
play a key role in denitrification in aquifers depleted in organic carbon. Under anoxic
and circumneutral pH conditions, iron(II) was hypothesized to serve as an electron do-
nor for microbially mediated nitrate reduction by Fe(II)-oxidizing (NRFeOx) microorgan-
isms. However, lithoautotrophic NRFeOx cultures have never been enriched from any
aquifer, and as such, there are no model cultures available to study the physiology
and geochemistry of this potentially environmentally relevant process. Using iron(II) as
an electron donor, we enriched a lithoautotrophic NRFeOx culture from nitrate-con-
taining groundwater of a pyrite-rich limestone aquifer. In the enriched NRFeOx culture
that does not require additional organic cosubstrates for growth, within 7 to 11days,
0.3 to 0.5 mM nitrate was reduced and 1.3 to 2 mM iron(II) was oxidized, leading to a
stoichiometric NO3

2/Fe(II) ratio of 0.2, with N2 and N2O identified as the main nitrate
reduction products. Short-range ordered Fe(III) (oxyhydr)oxides were the product of
iron(II) oxidation. Microorganisms were observed to be closely associated with formed
minerals, but only few cells were encrusted, suggesting that most of the bacteria were
able to avoid mineral precipitation at their surface. Analysis of the microbial commu-
nity by long-read 16S rRNA gene sequencing revealed that the culture is dominated
by members of the Gallionellaceae family that are known as autotrophic, neutrophilic,
and microaerophilic iron(II) oxidizers. In summary, our study suggests that NRFeOx
mediated by lithoautotrophic bacteria can lead to nitrate removal in anthropogenically
affected aquifers.

IMPORTANCE Removal of nitrate by microbial denitrification in groundwater is often
limited by low concentrations of organic carbon. In these carbon-poor ecosystems, ni-
trate-reducing bacteria that can use inorganic compounds such as Fe(II) (NRFeOx) as
electron donors could play a major role in nitrate removal. However, no lithoautotro-
phic NRFeOx culture has been successfully isolated or enriched from this type of envi-
ronment, and as such, there are no model cultures available to study the rate-limiting
factors of this potentially important process. Here, we present the physiology and mi-
crobial community composition of a novel lithoautotrophic NRFeOx culture enriched
from a fractured aquifer in southern Germany. The culture is dominated by a putative
Fe(II) oxidizer affiliated with the Gallionellaceae family and performs nitrate reduction
coupled to Fe(II) oxidation leading to N2O and N2 formation without the addition of
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organic substrates. Our analyses demonstrate that lithoautotrophic NRFeOx can poten-
tially lead to nitrate removal in nitrate-contaminated aquifers.

KEYWORDS geomicrobiology, NRFeOx, aquifer, groundwater, iron metabolism, iron
oxidizers, nitrate, pyrite

High concentrations of nitrate (NO3
2) in groundwater cause negative effects on

both human health and the environment (1, 2). In agricultural areas, nitrate is
mostly derived from application of nitrogen-based chemicals and organic fertilizers (3).
This nitrate input can lead to excessive nitrate concentrations that are responsible for
low groundwater quality and pollution of drinking water supplies (4, 5). The guideline
value for nitrate present in freshwaters set by the World Health Organization and the
European Union to protect groundwater is 50mg/liter (Drinking Water Directive 98/83/
EC [2]). Therefore, water remediation and nitrate removal are necessary to protect pub-
lic health and the entire ecosystem.

Industrial technologies for nitrate removal from drinking water include approaches
divided into separation-based and elimination-based methods. Many of those methods
are considered inefficient and expensive or may generate hazardous concentrated
waste that requires careful disposal (6, 7). In natural ecosystems, nitrate removal is usu-
ally mediated in the absence of oxygen or at low oxygen concentrations by different
microbial processes. In denitrification, nitrate is reduced stepwise to dinitrogen (N2)
gas. Denitrifying bacteria mediate a series of sequential reduction reactions as follows:
NO3

2 ! NO2
2 ! NO ! N2O ! N2. Gaseous intermediates and end products are

released to the atmosphere. A second process, called dissimilatory nitrate reduction to
ammonium (DNRA), results in the production of ammonium and the retention of nitro-
gen in the ecosystem (8). The factors that may determine the activity of these different
pathways are, e.g., pH, sulfide concentrations, the type and complexity of the electron
donors, the bioavailability of electron acceptors, and the resulting ratio of carbon to ni-
trate (9). Under carbon-limited conditions, when the ratio is low, denitrification is
favored over DNRA (10, 11). Most of the microbial denitrifiers described so far are het-
erotrophs and therefore need an organic carbon source to be able to reduce nitrate
(12). However, in oligotrophic systems, such as many aquifers, bacteria are often
limited in organic carbon compounds, which influences the potential of microbially
mediated nitrate reduction and inhibits the activity of heterotrophs (13, 14).

In addition to organic matter, denitrifying microorganisms can also utilize various
inorganic electron donors, such as iron(II), reduced sulfur compounds, H2, or even U(IV)
(15). Bacteria that require organic carbon in addition to iron(II) as a cosubstrate (e.g.,
acetate) are called mixotrophic nitrate-reducing iron(II)-oxidizing (NRFeOx) bacteria
(16–19). It seems that none of the well-studied mixotrophic strains are actually able to
oxidize Fe(II) enzymatically (20). Instead, most of them probably cause Fe(II) oxidation
by triggering an abiotic reaction of Fe(II) with reactive nitrogen species that are
byproducts of heterotrophic denitrification (21, 22). Therefore, they are not considered
true mixotrophs and instead have been called chemodenitrifiers (20, 23). Purely auto-
trophic NRFeOx bacteria such as the lithoautotrophic NRFeOx culture KS (named after
Kristina Straub), enriched about 2 decades ago from a freshwater sediment (24–26),
were shown to use only inorganic carbon (HCO3

2) to build biomass and enzymatically
mediate the oxidation of iron(II) coupled to the complete reduction of NO3

2 (15, 20,
27) according to the following reaction.

10Fe211 2NO3
21 24H2O ! 10FeðOHÞ3 1N2 1 18H1 (1)

This process requires reducing conditions where iron(II) is present as dissolved
Fe21(aq) or as a component of iron(II)-bearing minerals (28), such as iron sulfides, e.g.,
pyrite (FeS2) (29, 30). Pyrite is often a prevalent accessory constituent of carbonate-
rock (limestone, dolomite) aquifers and can serve as a source of reduced sulfur species
and iron(II), promoting iron-dependent chemolithoautotrophic denitrification (13, 31,

Jakus et al. Applied and Environmental Microbiology

August 2021 Volume 87 Issue 16 e00460-21 aem.asm.org 2

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
29

 S
ep

te
m

be
r 

20
21

 b
y 

13
4.

2.
77

.1
32

.

https://aem.asm.org


32). A number of studies link pyrite oxidation to nitrate reduction (33–38) and empha-
size the importance of the NRFeOx process in freshwater aquifers (39–45). Despite the
environmental relevance, to date no lithoautotrophic NRFeOx bacteria have been iso-
lated or even enriched from an oligotrophic aquifer, and as such, there are no model
cultures to study the biogeochemistry of this potentially environmentally relevant
process.

The objectives of the present work therefore were (i) to enrich a lithoautotrophic Fe
(II)-oxidizing denitrifying culture from a pyrite-rich and nitrate-contaminated aquifer and
(ii) to determine the rates of nitrate reduction coupled to iron(II) oxidation. We further
intended (iii) to evaluate the capacity of the culture to perform continued autotrophic
denitrification coupled to iron(II) oxidation over several growth transfers and (iv) to char-
acterize the microbial community in the enrichment culture.

RESULTS AND DISCUSSION
Identity of the enriched lithoautotrophic NRFeOx culture. Primary enrichment

cultures from microbial trapping devices (MTDs) were incubated at room temperature in
the dark and transferred to fresh medium every 2nd to 3rd week, when the cultures
turned visually orange and dissolved Fe21 was completely oxidized. In 7 out of 10 cultures,
we observed Fe(II) oxidation and cell growth; 1 of these 7 was selected for further transfers
and characterization. After 21 continuous transfers under neutrophilic Fe(II)-oxidizing and
nitrate-reducing conditions with 2 mM Fe(II) as the only electron donor, 2mM nitrate as
the only electron acceptor added, and CO2 as the only carbon source, it was evident that
the enriched microbial culture does not require any addition of organic carbon to sustain
cell growth and therefore can be considered a potentially lithoautotrophic culture. To our
best knowledge, the enriched culture is only the third known lithoautotrophic NRFeOx cul-
ture that was shown to be continuously transferred under lithoautotrophic conditions,
besides culture KS (24) and the recently described culture BP (named after the location of
isolation, Bremen Pond) (46). In addition, it is the only known lithoautotrophic NRFeOx cul-
ture enriched from an oligotrophic aquifer. Long-read 16S rRNA gene amplicon sequenc-
ing of the microbial community in the culture showed that it is dominated by
Betaproteobacteria, with the highest relative abundance of bacteria belonging to the
Nitrosomonadales order, related to the Gallionellaceae family (49%) (Fig. 1A.). Members of
this family are known as obligate microaerophilic bacteria capable of autotrophic growth
with Fe(II) as electron and energy source (47).

Analysis of the long-read 16S rRNA gene analysis furthermore revealed that the
dominant Gallionellaceae sp. in our culture has only 96.24% and 96.17% sequence simi-
larity to the next closely related, cultured microorganisms, Ferrigenium kumadai and
Gallionella capsiferriformans ES-2, respectively. This suggests that the enriched microor-
ganisms might represent a new species or genus within the Gallionellaceae family. Due
to the limitation of 16S rRNA in gene comparison for novel taxa, the whole genome
needs to be obtained for further phylogenic analysis. Closely related sequences were
previously found in in situ communities in aquifers and mineral springs of groundwater
(Fig. 1B). Additionally, bacteria belonging to the Gallionellaceae family were found to
dominate the microbial community present in the groundwater monitoring well from
which our culture was enriched, with up to 50% relative abundance of the population
(Blackwell et al., unpublished data). This implies that Gallionellaceae spp. may be im-
portant members in freshwater communities and that their environmental role should
be investigated further using meta-omics studies.

The other culture for which lithoautotrophic Fe(II) oxidation coupled to nitrate reduc-
tion has been demonstrated unequivocally is culture KS, enriched from a freshwater ditch
in Bremen, Germany (24). Similar to our NRFeOx culture, culture KS is dominated by
bacteria affiliated with the Gallionellaceae family (25, 48); however, the most abundant pre-
sumed Fe(II) oxidizer (Gallionellaceae sp.) from culture KS is 97.06% similar based on 16S
rRNA gene sequence analysis to the Gallionellaceae sp. from this study. Recent metage-
nomic studies of culture KS further revealed that in this culture, Gallionellaceae sp. is
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lacking NO and N2O reductase genes, suggesting that, as complete denitrification is occur-
ring in the culture (based on stoichiometry), toxic NO must be consumed and then con-
verted to N2 by other flanking community members (potentially heterotrophic NO and
N2O reducers). Gallionellaceae sp. in the culture KS probably utilizes cyc2, MtoAB system,
or OmpB to transfer electrons from Fe(II) to cytochromes present in the inner membrane
to reduce the quinone pool. Reduced ubiquinol could then be passed to the nitrate reduc-
tase in one direction for energy generation and in the other direction to generate NAD(P)
H for carbon fixation. Therefore, as an autotroph, Gallionellaceae sp. may later support the
community by providing reducing equivalents (potentially as organic carbon) for complete
denitrification (49). This suggests that an efficient cooperation between Gallionellaceae sp.
and other strains present in the culture KS guarantees robust and continuous chemoli-
thoautotrophic NRFeOx. Similar observations were made recently for another autotrophic
enrichment NRFeOx culture, also originating from freshwater sediments (culture BP), which
like the KS culture and the culture presented here is also dominated by a member of the

FIG 1 Relative abundance of taxa (A) found in the autotrophic NRFeOx enrichment culture based on long-read 16S rRNA gene sequences, where sequence
similarities to cultured representatives at family and genus level ranged from 96% to 100% (query coverage .99%), based on SINAsearch (86) using the
SILVA 132 database. Neighbor-joining phylogenetic tree (B) constructed showing the relation of the most dominant bacterium in the enrichment culture
(blue background, bold and underlined) and representative microaerophilic Fe(II) oxidizers related to Gallionella spp. and Sideroxydans sp. including the
most abundant representative of Gallionellaceae family present in culture KS (blue background). Mariprofundus ferrooxydans PV-1, a microaerophilic Fe(II)
oxidizer, was included as outgroup. The scale bar corresponds to 0.02 nucleotide substitutions per site. At the branches, high-confidence (.50) bootstrap
values (from 1,000 replications) are shown. GenBank accession numbers are shown in parentheses next to the organism names. Squares indicate bacteria
enriched from aquifers, and circles indicate bacteria originating from mineral springs.
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Gallionellaceae family. The metagenome-assembled genome of Gallionellaceae sp. from BP
culture lacks NO3

2 and N2O reductases, and therefore complete nitrate reduction and Fe
(II) oxidation occurring in this culture were suggested to result from a complex network of
microbial interactions among several Fe(II) oxidizers and denitrifiers rather than by the ac-
tivity of one species (46). However, it should be noted that since the amplicon sequence
variants (ASVs) of Gallionellaceae spp. in KS, BP, and the culture presented here are differ-
ent, the genomic traits and the roles they play in the community may differ.

The second most abundant bacterium present in our culture also belongs to the
Betaproteobacteria and was affiliated with Acidovorax. Some species of this genus, such
as Acidovorax ebreus, Acidovorax sp. strain 2AN, or Acidovorax sp. strain BoFeN1, were
found to be proficient at mediating nitrate-dependent iron(II) oxidation (17, 50, 51).
However, at least Acidovorax strain BoFeN1 was shown not to be a true mixotrophic ni-
trate-dependent iron(II) oxidizer [using both Fe(II) and the organic cosubstrate as elec-
tron sources] but instead to produce nitrite during heterotrophic denitrification, caus-
ing an abiotic oxidation of the Fe(II) (chemodenitrification) (17, 21). Nevertheless, the
Acidovorax sp. in our enrichment might potentially also play an important role in ni-
trate turnover [and maybe to a small extent in Fe(II) oxidation] by oxidizing organic
carbon provided by the autotrophs.

In addition to iron(II) oxidizers, other community members in our enrichment culture
have 16S rRNA gene sequences most similar to those of bacteria known as nitrate reduc-
ers, such as Rhodocyclaceae (2.75%), which is closely related to Dechloromonas spp. that
are often dominant in denitrifying populations in sediments (52–54), including strain
UWNR4 obtained from river sediments that oxidizes Fe(II) in the presence of nitrate and
acetate (55). Some ASVs were assigned to be closely related to other nitrate-reducing
taxa such as Bradyrhizobium spp. (56, 57) belonging to Xanthobacteraceae (5.8%).
Interestingly, Bradyrhizobium is also present in culture KS and was found to possess
RuBisCO genes that can be used to fix CO2. If so, Bradyrhizobium in culture KS is likely con-
ducting Fe(II) oxidation coupled with denitrification to obtain reducing equivalents and
ATP needed for CO2 fixation (48). Our culture comprises microorganisms related to a
Geothrix sp. (2%) (Holophagaceae), a potential iron(III) reducer also found previously in
aquatic environments such as aquifers (58). The presence of iron(III) reducers suggests the
possibility for iron cycling in the culture using internally produced organic compounds.

Physiology of the enriched lithoautotrophic NRFeOx culture. To measure rates
of denitrification coupled to iron(II) oxidation, the lithoautotrophic NRFeOx enrichment
culture was cultivated continuously on fresh medium containing Fe(II) and NO3

2 as the
only electron donor and acceptor. The cultivation was repeated over three transfers,
i.e., the first transfer (generation of the culture) was used to inoculate the second that
was then used to inoculate the third. Since no organic carbon sources were provided
externally to the denitrifying culture, and since we observed Fe(II) oxidation, nitrate
reduction, and growth of cells over time, the reduction of nitrate must be mediated by
microorganisms and is mainly linked to iron(II) oxidation. An addition of 2 mM FeCl2
and 2 mM nitrate (molar ratio of 1:1, representing the electron acceptor, i.e., nitrate, in
excess) to sodium carbonate buffered low phosphate medium was followed by iron(II)
carbonate and iron(II) phosphate precipitation, which resulted in a final concentration
of ca. 1.3 mM Fe21(aq). Oxidation of total Fe(II) was never complete, but it ceased
when approximately 90% of the added iron was oxidized (Fig. S3 and S4). In contrast,
dissolved Fe21(aq) was always completely removed (i.e., oxidized) after each transfer
(Fig. 2). The reason for that could be the difference in bioavailability of Fe(II) in aqueous
and solid form, i.e., precipitation of siderite and vivianite might lead to formation of Fe
(II) solids which the culture is unable to use as electron donor. Per 1 mM oxidized Fe(II),
the NRFeOx culture formed 6.9� 105 cells/ml (Fig. S5).

Because Fe(II) oxidation by truly autotrophic NRFeOx bacteria is enzymatic, medi-
ated by a dedicated Fe(II) oxidase, and probably happening in the cell periplasm (48,
50), we specifically only present the removal of Fe21(aq) here, i.e., the Fe species that
can enter the periplasm. Additional plots showing concentrations of total Fe(II) over
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time are presented in the supplemental material (Fig. S3). The overall rates of NO3
2

reduction and removal of Fe21(aq) [most probably by oxidation as indicated by the
stoichiometric formation of Fe(III); Fig. S3] were similar over all three consecutive trans-
fers, showing the reproducibility of the microbially catalyzed process. Complete
removal of Fe21(aq) occurred within 7 to 11 days at the expense of nitrate, i.e., the cul-
ture reduced 0.3 to 0.5 mM nitrate and oxidized 1.3 to 2 mM Fe21(aq). Generally,
Fe21(aq) conversion can be divided into three phases (Fig. 2). In phase 1 (0 to 2 days af-
ter inoculation), the decrease of Fe21(aq) concentration (0.406 0.08mM) was always
observed immediately after addition of Fe(II) to the medium followed by inoculation,
which may be associated with the precipitation of siderite and vivianite and the sorp-
tion of the iron(II) to the glass wall. This might be supported by the fact that the same
decrease of iron(II) concentration (ca. 0.5mM) was also observed in abiotic controls
between days 0 and 1 (first transfer) (Fig. 2). The same noninoculated bottles were
used as an abiotic control for the two subsequent transfers; therefore, no further fluc-
tuation in substrate concentrations in the abiotic controls was found. After approxi-
mately 2 days (2nd phase), Fe21(aq) oxidation slowed down, which may be related to a
microbial adaptation phase or potentially also to NO2

2 production and the resulting
lowering or even inhibition of the Fe(II) oxidase activity due to nitrite toxicity (34, 59,
60). However, although we observed the accumulation of nitrite, it was minor and
never exceeded 0.1mM. In contrast, nitrite accumulation in nitrate-dependent iron(II)-
oxidizing cultures at millimolar concentrations has been described previously by
Kappler et al. (17) for Acidovorax strain BoFeN1 and by Weber et al. (61) for
Pseudogulbenkiania sp. strain 2002. These two strains cannot grow purely autotrophi-
cally with Fe(II) and nitrate but are known to require an additional organic substrate or
at least precultivation on organic substrate (62) that probably leads to internal carbon
storage and heterotrophic denitrification, nitrite formation, and chemodenitrification.
However, nitrite in pure cultures of strain BoFeN1 and strain 2002 remained in solution
until the end of incubation, whereas in our culture, nitrite was always low and had

FIG 2 Concentrations of dissolved NO3
2, NO2

2, and Fe21 in three consecutive transfers of the
enriched autotrophic nitrate-reducing, Fe(II)-oxidizing culture. All data points are mean values of
samples from three replicate bottles; error bars represent standard deviations. The transfers on days
0, 7, and 17 are indicated by arrows.
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been completely removed by the end of the incubation. The complete removal of ni-
trite in our culture may be explained by the presence of denitrifying bacteria poten-
tially equipped with nitrite reductases which might have used internally produced car-
bon compounds derived by primary biomass producers. However, a part of the nitrite
could also have been reduced by an abiotic reaction with iron(II) (63, 64). Additionally,
the presence of Fe(II) minerals like siderite (65) could have catalyzed the process by
providing reactive surfaces (66). The 3rd phase of the incubation (last 5 to 6 days) was
characterized again by rapid removal, i.e., oxidation, of Fe21(aq) in the biotic setups
with a maximum Fe21 removal rate of 0.56 0.1mM/day. The multistage nature of the
process might be related to the accessibility to Fe21(aq), which is limited by dissolution
of solid phases present in the medium (siderite, vivianite), or to inhibitory effects of the
accumulated nitrite. In the abiotic controls, no changes in nitrate, nitrite, or Fe(II) con-
centrations were observed within the time of the experiment.

The average nitratereduced/total Fe(II)oxidized ratio over three transfers of 0.286 0.1
(Table 1) is slightly higher than but still approximates the theoretical stoichiometry of
Equation 1, suggesting almost complete reduction of NO3

2 to N2. Similar ratios were
shown for culture KS growing autotrophically (26), yielding ratios of 0.21 to 0.24, and in
a marine sediment microcosm study (67) in which a nitratereduced/Fe(II)oxidized ratio of 0.22
to 0.28 was measured. This suggests that less Fe(II) is oxidized or slightly more nitrate is
removed than expected from the 1:5 ratio of nitrate (reduced) and Fe(II) oxidized. In fact,
the theoretical ratio should be even lower than 0.2 because some of the electrons from
Fe(II) oxidation must also be used for the reduction of CO2 (for biomass production)
rather than reduction of nitrate (for energy generation) (67). In our setups amended with
15N-NaNO3

2, from the 0.61 mM 15N-nitrate that was removed, 0.116 0.02 mM nitrate
was reduced to 15N-N2, while 0.256 0.01mM was reduced to 15N-N2O (Table S1). If
directly coupled to autotrophic Fe(II) oxidation, these reactions would lead to oxidation
of ca. 1.55 mM Fe(II) of the initial 2.0 mM Fe(II). This suggests that with the remaining
0.45 mM Fe(II) (that was also oxidized based on our geochemical analyses), ca. 0.25 mM
nitrate could have been converted to 15N-NO (or maybe also 15N-NH4

1), which both
were not measured in the 15N isotope analyses. Quantification of dissolved ammonium
by flow injection analysis (FIA) showed that its overall concentration decreased over
time of incubation from 5.526 0.01 to 5.386 0.06 mM (Fig. S7), meaning that if any am-
monium was produced due to nitrate reduction, its concentration was lower than the
amount of ammonium that was consumed by the microbes during the incubation.
Overall, this shows that nitrate removal by the studied NRFeOx culture results from mul-
tiple metabolic reactions in which both Fe(II) and, to a small extent, organic carbon

TABLE 1 Decreases of NO3
2 and Fe(II) concentrations, rates, and stoichiometries of NO3

2 reduction and Fe(II) oxidation in three transfers of
the microcosm experiment

Transfer
number

Culture
number

Rate of NO3
2

reduction (mM/day)
Rate of Fe(II)
oxidation (mM/day)

Rate of Fe2+(aq)
oxidation (mM/day)

Ratio of NO3
2
reduced/

Fe(II)oxidized

Ratio of NO3
2
reduced/

Fe2+(aq)oxidized
1 1.1 0.12 0.39 0.27 0.31 0.45

1.2 0.08 0.30 0.25 0.22 0.30
1.3 0.05 0.30 0.18 0.23 0.26
Avg 0.086 0.03 0.336 0.04 0.246 0.04 0.266 0.04 0.336 0.08

2 2.1 0.04 0.14 0.14 0.32 0.32
2.2 0.05 0.18 0.13 0.22 0.34
2.3 0.04 0.19 0.19 0.21 0.21
Avg 0.046 0.00 0.306 0.02 0.156 0.03 0.256 0.05 0.296 0.06

3 3.1 0.05 0.17 0.22 0.28 0.21
3.2 0.05 0.18 0.22 0.26 0.22
3.3 0.05 0.20 0.23 0.25 0.23
Avg 0.056 0.00 0.256 0.01 0.226 0.00 0.266 0.01 0.226 0.01
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compounds are used as electron donors. Potential sources of organic carbon for nitrate
reduction by the heterotrophic bacteria are internally produced organic carbon by the
autotrophic Fe(II) oxidizers (leading to cross-feeding) or traces of organic carbon present
as a background contaminant in Milli-Q water used for medium preparation (measured
to be in the range of 0.3 to 0.9mg/liter). Additional explanations for the extra nitrate
consumption are the storage of nitrate in the cells or maybe also the use of nitrate as an
N source for assimilation. In order to verify to which extent the culture can grow solely
on nitrate and organic carbon stemming from the background in the water, the culture
was inoculated in the same medium with nitrate but without any addition of Fe(II). As
controls, separate microcosms with nitrate and 1, 2, and 3 mM Fe(II) were used. Bacteria
in setups with no Fe(II) reduced 0.246 0.06 mM nitrate, i.e., less than in incubations with
1 mM Fe(II) (0.366 0.03mM) (Table S2; Fig. S5C and D). In setups where 2mM and 3 mM
Fe(II) was added, the amount of nitrate reduced was higher and reached 0.616 0.04 and
0.766 0.03mM, respectively. Interestingly, in all microcosms where Fe(II) was present,
the ratio of nitratereduced/Fe(II)oxidized was again between 0.24 and 0.33, independent of Fe
(II) concentration (Table S2). In addition, cell numbers were counted at the beginning
(day 0) of the experiment and at day 5, respectively, when reduction of nitrate and/or ox-
idation of Fe(II) has stopped. The results (Table S3) show that the final number of cells
growing in the cultures with Fe(II) was higher than that of cells growing in setups with
no Fe(II), although there was no statistically significant pair of treatments (P value= 0.76).
These results show that direct coupling of nitrate reduction to Fe(II) oxidation ultimately
results in carbon fixation, leading to biomass production, which is favorable for the com-
munity as a whole but is not necessarily mediated by all members of the community. To
confirm this result and to clearly demonstrate autotrophic growth, we performed an
additional experiment with several sequential spikes of Fe(II) that are expected to lead to
additional cell growth after each spike. For this experiment, incubations were prepared
using the same medium amended with 2mM Fe(II), 2mM NO3

2, and 10% (vol/vol) of
inoculum as described above but with a difference that once all Fe(II) had been com-
pletely oxidized, the same bottles were spiked with additional 2 mM Fe(II). Three contin-
uous Fe(II) oxidation phases were carried out to follow cell numbers. Since all trace car-
bon stemming from the water should be consumed in the initial incubation, all nitrate
reduction in the 2nd and 3rd phase [after the 2nd and 3rd spike with Fe(II)] can be attrib-
uted to Fe(II) oxidation only. As expected for a culture performing autotrophic Fe(II) oxi-
dation coupled to nitrate reduction, the spiking experiment indeed resulted not only in
an enhanced rate of Fe(II) oxidation after the 2nd and 3rd spike of Fe(II) but in particular
in an incremental increase in cell numbers after each spike of Fe(II), resulting in
7.73� 106 6 4.37� 105 cells/ml at the end of incubation (Fig. S6.).

Cell-mineral interactions. As a consequence of Fe(II) oxidation, Fe(III) mineral pre-
cipitates were formed. Mössbauer spectroscopy identified the formation of a short-
range ordered Fe(III) (oxyhydr)oxide mineral phase with hyperfine parameters that
were similar to those of ferrihydrite (Table S4; Fig. 3B) (68). Mössbauer data also
revealed that up to 10% of Fe(II) remained in the precipitate. X-ray diffraction was
unable to resolve any clear reflections corresponding to any Fe mineral (Fig. 3A) which,
combined with the results of the Mössbauer data, provides clear evidence that ferrihy-
drite was the formation product of microbial Fe(II) oxidation. Scanning electron micro-
graphs and light microscopy images of the NRFeOx culture showed that bacteria are
closely associated with the Fe(III) precipitates but that only a few of the cells were
encrusted in minerals at the end of the Fe(II) oxidation phase (Fig. 4). This suggested
that most of the cells are able to avoid mineral precipitation at their cell surface.
Several possible mechanisms have been suggested in the literature to explain how
cells can avoid encrustation, e.g., via excretion of Fe(III)-complexing ligands that can
retain Fe(III) in solution or by maintaining a slightly acidic microenvironment around
cells (19, 69–71). For the cells present in our culture, the change of pH could be local
(in the direct cell environment) since the overall pH of medium did change only to a
minor extent during the incubation time (decrease from 7.046 0.00 to 6.936 0.03).
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The culture, however, was observed to perform nitrate reduction coupled to Fe(II) oxi-
dation also at lower pH values of 6.0 and 6.5 (Fig. S5A and B), showing that the cells
were capable of metabolizing under these lower-pH conditions. Additionally, such an
acidification of the local environment around cells may also stimulate the dissolution
of carbonates such as siderite (71). This may have important implications for the envi-
ronments where siderite or iron-bearing carbonates are present (e.g., in carbonate-rich
aquifers) and may serve as an Fe(II) source for chemolithotrophic bacteria.

Relevance of Gallionellaceae-related strains for Fe(II) oxidation in anoxic,
nitrate-rich environments such as aquifers. Knowledge of the microbial key players,
the mechanisms, and the controlling factors of anaerobic nitrate-reducing Fe(II) oxida-
tion is critical for understanding the fate of nitrate, one of the pollutants in ground-
water aquifers. Under in situ conditions, rates of NRFeOx can be controlled by various
process-limiting factors. Depending on the aquifer, either the electron acceptor nitrate
(determined by the input from agriculture) or the electron donor [Fe(II), potentially lim-
ited by the solubility of the available Fe(II)-containing minerals] can limit the NRFeOx
process, while the carbon source, CO2, is usually not limiting in such systems. This is
supported by numerous environmental studies, which provided evidence for the im-
portance of autotrophic processes mediated by microorganisms in the subsurface. As
an example, in one previous study where the response of an aquifer microbial commu-
nity to an increase in the flux of electron acceptor, i.e., nitrate, was characterized, meta-
transcriptomic data showed an unexpected increase of the activity of Gallionellaceae
spp. [known autotrophic microaerophilic Fe(II) oxidizers], although the influx of a ther-
modynamically favorable electron acceptor like nitrate was expected to stimulate mi-
crobial oxidation of organic electron donors (41). In the studied aquifer, Fe(II) originates
mainly from mineral phases such as pyrite, Fe(II)-bearing carbonates, and clays. The
maximum concentration of aqueous Fe21 measured in groundwater was 0.02 mM. The
availability of aqueous Fe21 is therefore determined by the solubility of Fe(II) minerals

FIG 3 X-ray diffractogram (A) and Mössbauer spectrum (B) of the minerals formed during oxidation
of 2 mM Fe(II) by the Fe(II)-oxidizing, nitrate-reducing enrichment culture. Samples were taken after
11 days. The diffraction reflexes at 51.0°2u and 65.9°2u belong to Si-wafer (sample holder). In the
Mössbauer spectrum, the black circles indicate raw data, the brown area represents short-range
ordered Fe(III) oxyhydroxide, likely ferrihydrite, and the blue-shaded represents Fe(II).
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and activity of sulfide-oxidizing microorganisms, like potentially Thiobacillus sp. present
in this culture. However, some microorganisms can directly oxidize Fe(II)-containing
minerals. For instance, an mto gene cluster that forms a pathway that couples extracel-
lular oxidation of Fe(II) to the reduction of quinone to quinol in the cytoplasmic mem-
brane has been found in Sideroxydans lithotrophicus ES-1 (Gallionellaceae family) (72).
This indicates that some representatives of this family have the metabolic potential to
directly oxidize solid iron(II) phases. The same bacterial strain, Sideroxydans lithotrophi-
cus ES-1, was also observed in high abundance in the rock-attached communities of
passive samplers incubated in a pristine limestone aquifer, along with other potential
autotrophs related to Thiobacillus (13). Taken together with our results, these findings
highlight the potential importance of chemolithoautotrophic bacteria in linking bio-
geochemical cycles of N, C, S, and Fe species in aquifers and raise the question about
the exact role of typically microaerophilic iron(II)-oxidizing Gallionellaceae-related bac-
teria in mediating denitrification under anoxic conditions. The isolation of an individual
strain of the relevant Gallionellaceae sp. from the nitrate-dependent iron(II)-oxidizing
cocultures KS, BP, and the enrichment culture presented here, together with genome
analyses, is the key for future studies to understand the ecological importance of
NRFeOx in natural environments, in particular groundwater aquifers.

MATERIALS ANDMETHODS
Field site and sampling. The studied aquifer is located in southwest Germany (Baden-Württemberg)

and is the major drinking water supply across the Ammer catchment. The land use of this catchment at
the regional scale is homogeneous, with about 67% of the area being used for agriculture. The geological
setting of the aquifer is dominated by Triassic carbonates of the Upper Muschelkalk. Fractured bedrock
consists of dolomitic, micritic, and bioclastic pyrite-bearing limestones (73) with a pyrite concentration of
4.16 1.4mg/g of rock (determined by the AVS/CRS method, see supplemental material). Groundwater is
accessible for sampling via production wells and monitoring wells, which have a broad range of nitrate
concentrations (Fig. S1). The median nitrate concentrations in the monitoring wells located in uncovered
Muschelkalk layers are between 29.8 and 38.3mg/liter (0.35 and 0.45mM). Similar or slightly higher con-
centrations of 42.5 to 54.4mg/liter (0.5 to 0.64mM) were observed at the karstic spring of the Ammer river
that integrates over part of the catchment. Based on that, we hypothesized that the changes of nitrate

FIG 4 Overlay of fluorescence and transmission light microscopic pictures of the autotrophic NRFeOx
culture enriched in this study. Cells were stained with the LIVE/DEAD stain (green, alive; red, dead)
(A). Scanning electron micrographs of the culture after 11 days of incubation showing nonencrusted
(B) and encrusted (C) cells. Arrows indicate cells.
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concentration were driven mainly by in situ transformations and that low-nitrate concentrations were indi-
cators of potential hot spots of microbial nitrate turnover. A low-nitrate anoxic artesian well (48°
33947.5299N, 8°53959.27999E) was therefore selected for the enrichment of microbial key players involved
in nitrate removal. During the observation period (2004 to 2018), the average nitrate concentration (n=8)
was 1.56 0.6mg/liter (0.026 0.01mM), with a mean conductivity of 885.16 75.1 mS/cm (n=9), a circum-
neutral pH of 7.16 0.1 (n=9), and an average temperature of 12.56 1.6°C (n=9). The groundwater well
had anoxic to suboxic conditions (dissolved O2 of 0.16 0.1mg/liter, n=4) and a mean dissolved organic
carbon (DOC) concentration of 1.26 0.3mg/liter (n=4).

Microbial communities used for enrichment cultures were sampled using passive samplers called mi-
crobial trapping devices (MTDs) (adapted from previous publications [13, 74, 75]) filled with representa-
tive in situ rock material (Fig. S2). Fresh pyrite-bearing limestone was collected from Upper Muschelkalk
outcrops, crushed with a hammer and a jaw crusher to 3-mm fragments, sterilized by autoclaving under
anoxic conditions to minimize mineral transformations, and exposed to UV light (8 W, S/L; Herolab
GmbH Laborgeräte, Germany, UVC at 254 nm, exposure time 1 h). Rock particles were then transferred
into sterile 10-cm-long Teflon tubing with 2-mm-diameter randomly distributed holes (Fig. S2). Rock ma-
terial was fixed with sterile glass wool on both sides of the tubing to prevent loss of the material. MTDs
were attached to a stainless-steel wire, deployed into the artesian well to the depth were water-conduct-
ing fractures were found (29 to 35 m below the ground) by deploying a camera into the well, and incu-
bated for 4months. This approach enabled the enrichment of microorganisms inhabiting pyrite-rich
limestone that is building the aquifer. After incubation, the MTDs were collected, transferred to sterile
anoxic jars filled with N2, and stored wet for 4weeks at 4°C in the dark until enrichment cultures were
set up.

Setup of microbial enrichments and incubation conditions. Rock material with attached microbial
communities obtained from incubated MTDs was distributed in a glove box (100% N2), and approxi-
mately 4 g were then transferred into separate sterile serum bottles (58ml) that were filled with 25ml of
anoxic bicarbonate-buffered (22mM) low phosphate medium (LPM), adjusted to pH 7.0 to 7.1 (69). The
concentration of selenite-tungstate solution (76) was decreased from 1.0ml/liter to a final concentration
of 0.1ml/liter to eliminate a potential inhibitory effect of tungsten on the nitrate reductase, as it was
reported previously by Burke et al. (77). Bottles were closed with butyl-rubber stoppers and crimped,
and the headspace was flushed with N2/CO2 (90:10). After this step, bottles were amended with 2 mM
NaNO3 and 2 mM FeCl2. Adding Fe(II) was followed by the precipitation of vivianite and siderite (78) that
resulted in a final concentration of ca. 1.3 mM dissolved iron(II), i.e., Fe21(aq). Enrichments were incu-
bated at room temperature in the dark and transferred to fresh medium every 2 to 3weeks (for about a
year in total) after complete oxidation of iron(II).

For quantification of rates and the extent of nitrate-dependent iron(II) oxidation, medium was pre-
pared as described above (2mM NaNO3, 2mM FeCl2 [pH 7.0 to 7.1]) and inoculated with 10% (vol/vol) of
the NRFeOx enrichment culture (that was cultivated over 21 subsequent transfers under lithoautotro-
phic conditions). Once at least 90% of Fe(II) had been oxidized, the microbial culture was transferred to
fresh medium. Three continuous transfers were carried out to follow rates of Fe(II) oxidation and nitrate
reduction over these three successive transfers. Sterile setups were used as controls. All cultures and abi-
otic controls were conducted in triplicates and incubated at room temperature in the dark. Final rates
and ratios were calculated as an average of rates and ratios from each individual replicate.

Additionally, to analyze the gaseous products of nitrate reduction coupled to Fe(II) during growth of
the autotrophic NRFeOx enrichment culture, a separate experimental setup was run using the same me-
dium, substrates, and inoculum volume as described above, except the medium was amended with 15N-
labeled NaNO3

2 (for details see supplemental material).
Cell counts, light microscopy, and scanning electron microscopy. Cell numbers were quantified

using an Attune NxT flow cytometer (Thermo Fisher Scientific) equipped with a blue laser beam as an
excitation source (488 nm). Prior to flow cytometry, an aliquot of the cells was stained using BacLight
green stain (Thermo Fisher Scientific). Cells were distinguished from debris by their properties in the
side-scatter and fluorescence parameters. All measurements were conducted in triplicates and
the results were reported as an average. A two-way analysis of variance (ANOVA) test was used to test
the effects of Fe(II) concentration on cell numbers using R (79).

Transmission light and fluorescence microscopy was performed with a Leica DM5500 B epifluores-
cence microscope equipped with a 40� air objective (numerical aperture, 0.75). The filter sets applied
were L5 (excitation filter, band-pass [BP] 480/40 nm; dichromatic mirror, 505 nm; suppressor filter, BP
527/39) and Y3 (excitation filter, BP 543/30; dichromatic mirror, 565 nm; suppressor filter, BP 610/75).
Cells were stained with the LIVE/DEAD BacLight bacterial viability kit (Molecular Probes, Carlsbad, CA,
USA). For scanning electron microscopy (SEM), samples were fixed with glutaraldehyde (2.5% final con-
centration) and left at 4°C overnight. A stepwise dehydration was performed by an ethanol dilution se-
ries with increasing ethanol concentrations (30%, 75%, 95%, and twice 100%). Samples were then
treated with hexamethyldisilazane (HMDS; Sigma-Aldrich, St. Louis, MO, USA) (80). Micrographs were col-
lected at the Centre for Light-Matter Interaction, Sensors & Analytics (LISA1), University of Tübingen.
JEOL JSM-6500F field emission SEM with a Schottky-field-emitter were used. Working distances were
approximately 10mm, and the acceleration voltage was 5.0 kV.

Chemical analyses. Samples were taken from the cultures daily in an anoxic glove box (100% N2)
using a syringe with a needle through the butyl-rubber stopper and centrifuged (14,000 � g, 10min).
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 (21, 81). The purple ferro-
zine-Fe(II) complex was quantified at 562 nm using a microtiter plate reader; all ferrozine measurements
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were done in triplicate. Nitrate, nitrite, and ammonium samples were diluted with anoxic Milli-Q H2O
and stored under anoxic conditions at 4°C until analysis using a continuous-flow analyzer (flow injection
analysis [FIA] system) was done, following standard protocols provided by the instrument manufacturer.
The system was equipped with a dialysis membrane for Fe removal to prevent side reactions during
analysis (3-Quattro; Bran & Luebbe, Seal Analytical, Norderstedt, Germany). Rates of microbial Fe21 oxi-
dation and nitrate reduction were calculated from the slope between the first and last data point in
each of the three Fe(II) oxidation phases specified in detail later in the manuscript.

Mineralogical analysis. X-ray diffraction (XRD) was performed using Bruker’s D8 Discover GADDS
XRD2 microdiffractometer equipped with a standard sealed tube with a Co anode (Co Ka radiation, l =
0.17903 nm) at parameters of 30 kV/30mA. The total time of measurement was 240 s at two detector
positions (15 and 40°). Resulting diffractograms were analyzed using the software Match! (version
3.6.2.121). Phase identification of minerals was performed using Mössbauer spectroscopy. Liquid-sus-
pended mineral precipitates were passed through a filter (0.45mm, Millipore) and then sealed between
two layers of oxygen-impermeable adhesive polyimide film (Kapton) and sealed in a Schott bottle. The
sample was inserted into a closed-cycle exchange gas cryostat (Janis cryogenics) with spectra measured
at 77 K using a constant acceleration drive system (WissEL) in transmission mode with a 57Co/Rh source
and calibrated against a 7-mm-thick a-57Fe foil measured at room temperature. Spectra were analyzed
using Recoil (University of Ottawa) by applying the Voigt-based fitting (VBF) routine (82). The half width
at half maximum (HWHM) was fixed to a value of 0.125mm/s for all samples, which was determined to
be the inner line broadening of the calibration foil at room temperature.

Phylogenetic analysis. DNA from the enrichment culture was extracted with the FastDNA spin kit
for soil (MP Biomedicals) according to the user manual. 16S rRNA gene amplicons were analyzed using
PacBio Sequel single-molecule, real-time (SMRT) long-read amplicon sequencing. Two rounds of PCR
were applied for DNA amplification. The first PCR was performed using the KAPA HiFi ReadyMix PCR kit
(KAPA BioSystems, Cape Town, South Africa) and universal 16S primers tailed with PacBio universal
sequencing adapters (universal tags) and 59 amino modifiers C6 in a first round of PCR (27F gcagtcgaa
catgtagctgactcaggtcac [tailed universal sequence], AGRGTTYGATYMTGGCTCAG [primer sequence], 1492R
tggatcacttgtgcaagcatcacatcgtag, RGYTACCTTGTTACGACTT) (Eurofins Genomics, Ebersberg, Germany). The
following PCR program was used for the first PCR with 26 cycles: initial denaturation for 3 min at 95°C,
denaturation for 30 s at 95°C, annealing for 30 s at 57°C, and extension for 60 s at 72°C. Amplicons were
purified with the QIAquick PCR purification kit (Qiagen, Hilden, Germany) according to the user manual.
The second PCR was performed using the KAPA HiFi ReadyMix PCR kit and PacBio Barcoded Universal F/R
Primers Plate, 96 (Pacific Biosciences, CA, USA), followed by AMPure PB bead kit (PacBio biosciences, CA,
USA) purification according to the user manual. The following PCR program was used for the second PCR
with 20 cycles: denaturation for 30 s at 95°C, annealing for 30 s at 57°C, and extension for 60 s at 72°C. The
quality and quantity of PCR products were checked by an Agilent 2100 bioanalyzer system (Agilent, CA,
USA) after each PCR. SMRTbell library preparation and further purification were achieved by SMRTbell
Template Prep kit (PacBio biosciences, CA, USA) and by following the user instructions.

Circular consensus sequencing reads were analyzed with DADA2 version 1.10.0 (83) in R version
3.5.1 (79) by sequentially orienting reads and removing primers, filtering (no ambiguous nucleotides
and maximum 2 expected errors) and trimming (1,000 bp to 1,600 bp read length), dereplicating
sequences, learning error rates, removing bimera de novo, and finally assigning taxonomy to the
detected sequences based on SILVA version 132 (84). Results are discussed in the manuscript as relative
bacterial 16S rRNA gene sequence abundance of ASVs as a proportion of the total number of reads per
sample.

For constructing a phylogenetic tree, selected full-length 16S rRNA gene sequences (minimum
length 1,460 bp) from close relatives of dominant bacteria in the culture, as well as more distantly
related known potential NRFeOx bacteria, were downloaded from the NCBI database. Bacterial 16S rRNA
gene sequence from Mariprofundus ferrooxydans PV-1, a microaerophilic Fe(II) oxidizer belonging to the
novel Zetaproteobacteria class, was chosen as an outgroup. MUSCLE implemented in the MEGA X soft-
ware (85) was used for alignment of the 16S rRNA gene sequences with default parameters. A consensus
neighbor-joining tree of the most abundant taxa from the enrichment culture was constructed in MEGA
X using the maximum-likelihood method with 1,000 bootstrap replicates.

Data availability. Raw sequencing data have been deposited at DDBJ/ENA/GenBank under
BioProject accession number PRJNA592904.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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