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Abstract

Fe(ll) oxidation coupled to nitrate reduction (NRFO) has
been described for many environments. Yet very few auto-
trophic microorganisms catalysing NRFO have been culti-
vated and their diversity, as well as their mechanisms for
NRFO in situ remain unclear. A novel autotrophic NRFO en-
richment culture, named culture BP, was obtained from
freshwater sediment. After more than 20 transfers, culture
BP oxidized 8.22 mM of Fe(ll) and reduced 2.42 mM of nitrate
within 6.5 days under autotrophic conditions. We applied
metagenomic, metatranscriptomic, and metaproteomic
analyses to culture BP to identify the microorganisms in-
volved in autotrophic NRFO and to unravel their metabo-
lism. Overall, twelve metagenome-assembled genomes
(MAGs) were constructed, including a dominant Gallionel-
laceae sp. MAG (=71% relative abundance). Genes and tran-
scripts associated with potential Fe(ll) oxidizers in culture
BP, identified as a Gallionellaceae sp., Noviherbaspirillum sp.,
and Thiobacillus sp., were likely involved in metal oxidation

(e.g., cyc2, mtoA), denitrification (e.g., nirk/S, norBC), carbon
fixation (e.g., rbcL), and oxidative phosphorylation. The pu-
tative Fe(ll)-oxidizing protein Cyc2 was detected for the Gal-
lionellaceae sp. Overall, a complex network of microbial in-
teractions among several Fe(ll) oxidizers and denitrifiers
was deciphered in culture BP that might resemble NRFO
mechanisms in situ. Furthermore, 16S rRNA gene amplicon
sequencing from environmental samples revealed 36 dis-
tinct Gallionellaceae taxa, including the key player of NRFO
from culture BP (approx. 0.13% relative abundance in situ).
Since several of these in situ-detected Gallionellaceae taxa
were closely related to the key player in culture BP, this sug-
gests that the diversity of organisms contributing to NRFO
might be higher than currently known.

© 2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

Oxidation of ferrous iron [Fe(II)] and reduction of fer-
ric iron [Fe(III)] contribute to biogeochemical carbon,
nitrogen, oxygen and sulphur cycles and can be mediated
by specific microorganisms. There are three physiological
types of Fe(II)-oxidizing bacteria (FeOB), namely, micro-
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aerophiles, photoferrotrophs, and nitrate-reducing Fe(II)
oxidizers. Autotrophic nitrate-reducing Fe(II) oxidizers
have the ability to fix carbon dioxide (CO,) and to oxidize
Fe(II) coupled with complete or incomplete denitrifica-
tion and can, thus, influence the fate of the groundwater
pollutant nitrate and the greenhouse gases nitrous oxide
(N,O) and carbon dioxide (CO,). However, detailed
knowledge about the enzymatic mechanisms of autotro-
phic Fe(II) oxidation coupled to nitrate reduction (NRFO)
in the environment is lacking.

Based on several laboratory studies on autotrophic and
mixotrophic nitrate-reducing Fe(II)-oxidizing bacteria
[ZoBell and Upham, 1944; Rabus and Widdel, 1995;
Straub et al., 1996; Buchholz-Cleven et al., 1997; Edwards
et al., 2003; Beller et al., 2006; Kumaraswamy et al., 2006;
Weber et al., 2006; Su et al., 2015; Zhang et al., 2015; Zhou
etal., 2016], it was proposed that true autotrophic nitrate-
reducing Fe(II)-oxidizing cultures: (i) have no need of an
additional organic carbon source, (ii) maintain Fe(II) ox-
idation over several (>3) transfers without organic carbon
addition, (iii) confirm the growth of cells with only Fe(II),
nitrate, and CO, provided, and (iv) show CO, uptake by
the incorporation of labelled CO, into biomass during
Fe(II) oxidation [Bryce et al., 2018]. To date, there has
only been one example of a stable autotrophic nitrate-
reducing Fe(II)-oxidizing bacterial culture that fits all of
the above criteria: enrichment culture KS [Straub et al,,
1996; He et al.,, 2016; Tominski et al., 2018a, b]. Culture
KS was initially described by Straub et al. [1996], origi-
nates from Bremen, Germany, and is composed of FeOB,
i.e., an unclassified Gallionellaceae sp., and denitrifiers,
i.e., Rhodanobacter sp. and Bradyrhizobium sp. [He et al.,
2016]. These FeOB and denitrifiers in culture KS showed
that species interdependencies are used as a survival strat-
egy under the carbon-limited but Fe(II)- and nitrate-rich
culture conditions [Huang et al., 2021]. Yet, it remains
unknown whether additional autotrophic nitrate-reduc-
ing Fe(II)-oxidizing cultures, aside from culture KS, can
be cultivated to expand the diversity of known key players
of autotrophic NRFO.

Nitrate-reducing Fe(II)-oxidizing bacteria were found
in various types of environments [Straub and Buchholz-
Cleven, 1998; Laufer et al., 2016] and were studied as
treatments for contaminated groundwater [Suetal., 2016;
Zhang et al., 2016; Kiskira et al., 2017] and constructed
wetlands (i.e., wastewater treatment systems) [Song et al.,
2016]. Furthermore, microorganisms of the family Gal-
lionellaceae were widely found in a variety of natural en-
vironments [Wang et al., 2009; McBeth et al., 2013; Em-
erson et al., 2016; Fabisch et al., 2016; Jewell et al., 2016;
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Li et al., 2017]. In addition, several observations pointed
towards an involvement of Gallionellaceae spp. in NRFO
processes at different habitats [Emerson et al., 2016; Jew-
ell et al., 2016; Bethencourt et al., 2020]. However, it re-
mained largely unknown whether these FeOB are depen-
dent on other microbial community members, similar to
the interdependencies described for culture KS [He et al.,
2016; Huang et al., 2021].

Here, we explored a novel autotrophic NRFO enrich-
ment culture, named culture BP (Bremen Pond), that
originated from freshwater sediment in Bremen, Germa-
ny, and was obtained in 2015 from a pond close to the
sampling site of culture KS. We studied the physiology of
culture BP by analysing its geochemistry, cell numbers,
and microbial community composition (via 16S rRNA
gene amplicon sequencing). In addition, we used metage-
nomic, metatranscriptomic, and metaproteomic
(meta’omics) analysis to: (i) identify the key players of
NRFO in culture BP, (ii) study their potential metabo-
lism, particularly for Fe(II) oxidation, denitrification, and
carbon fixation, (iii) explore possible microbial interspe-
cies interactions in culture BP, and (iv) compare the more
recent culture BP that might resemble environmental
NRFO processes more closely to the long-term estab-
lished culture KS. We furthermore performed DNA- and
RNA-based 16S rRNA (gene) amplicon sequencing of six
sites at the original habitat of culture BP to (v) assess the
in situ diversity and relative abundance of potential key
players involved in NRFO at the field site.

Results

Physiology and Microbial Community Composition of

the Novel Enrichment Culture BP

To explore the diversity of cultivable autotrophic
FeOB contributing to NRFO in the environment, we
sampled a freshwater habitat, a pond in Bremen (Ger-
many), which is in the vicinity of the origin of the existing
NRFO culture KS (a connected ditch nearby). We estab-
lished the novel culture BP, maintained under the same
autotrophic growth conditions as culture KS [Tominski
et al., 2018a]. Culture BP was grown under autotrophic
conditions (i.e., with 10 mM Fe(II) as an electron donor
and 4 mM nitrate as an electron acceptor in bicarbonate-
buffered medium) and under heterotrophic conditions
(i.e., with 5 mM acetate as an electron donor and 4 mM
nitrate as an electron acceptor) as alternative growth con-
dition for three successive transfers in triplicates, respec-
tively. Samples for meta’omics analyses were collected on
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Fig. 1. Geochemistry of culture BP under autotrophic (a, ¢) and
heterotrophic (b, d) conditions. Changes in Fe(II), nitrate and ni-
trite concentrations (a), acetate, nitrate and nitrite concentrations
(b), and estimated absolute cell numbers (calculated using total cell

the 2nd day under autotrophic conditions, and at 18 h
under heterotrophic conditions; optimum sampling
points were determined based on geochemical and short-
read 16S rRNA gene amplicon sequencing analyses con-
ducted in parallel.

Under autotrophic conditions, 8.22 mM of Fe(II) was
oxidized in 6.5 days with an average Fe(II) oxidation rate
of 1.66 mM/day during the active growth phase (i.e., be-
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numbers and short-read 16S rRNA gene amplicon sequencing rel-
ative abundance data; (¢, d), as monitored over time. Error bars
represent the standard deviation of three biological replicates (ex-
cept for T0).

tween 23 and 90 h) (Fig. 1a). This co-occurred with a re-
duction of 2.42 mM of nitrate and an average nitrate re-
duction rate of 0.53 mM/day, without detectable nitrite
production (Fig. 1a). The average Fe(II)xidieq/nitrate,.
educed Stoichiometric ratio was 3.4, and cell numbers in-
creased from 1.04 x 10° cells/mL to 4.31 x 10° cells/mL
within 3.75 days (Fig. 1c). Under heterotrophic condi-
tions, 3.4 mM of acetate was consumed with an average
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acetate oxidation rate of 2.7 mM/day during the exponen-
tial growth phase (i.e., between 11 and 37 h). This co-oc-
curred with a reduction of 4.0 mM nitrate and an average
nitrate reduction rate of 3.5 mM/day. Nitrite increased
from 0.02 to 0.8 mM from 11 to 18 h, but decreased again
afterwards (Fig. 1b). The average ratio for acetate,ygized/
nitrate,eqyced Was 0.85, which is higher than the theoretical
stoichiometry value of 0.625, suggesting that acetate was
oxidized not only for energy generation, but also used for
biomass production and nitrate was eventually reduced
completely to N,. Throughout the experiment, cell num-
bers increased from 3.89 x 10* cells/mL to 3.68 x 107 cells/
mL within 37 h (Fig. 1d).

Under autotrophic conditions, an amplicon sequenc-
ing variant (ASV) classified as Gallionellaceae sp. domi-
nated with 71-78% relative abundance on days 1, 2, 4,
and 7 (corresponding to approx. up to 3.1 x 10° cells/mL;
Fig. 1c). In addition to short-reads, long-read 16S rRNA
gene amplicon sequencing was performed to obtain im-
proved taxonomic identification of the microbial popu-
lations in culture BP (long-read and short-read 16S
rRNA gene sequences are presented in the online suppl.
data S1 and S2, respectively; for all online suppl. mate-
rial, see www.karger.com/doi/10.1159/000517083).
Based on long-reads, the novel unclassified Gallionella-
ceae sp. in culture BP shared 97.88% sequence identity
with the unclassified Gallionellaceae sp. in culture KS
and 96.17% with Ferrigenium kumadai (online suppl.
Table S1). Other abundant ASVs were classified as Novi-
herbaspirillum (9-15%; corresponding to approx. up to
5.3 x 10° cells/mL), Geothrix (2-7%; approx. up to 1.9 x
10° cells/mL), Rhodoferax (ASV-1 with 2-3%; approx.
up to 7.5 x 10* cells/mL), Thiobacillus (two ASVs with
0.4-1.6%; approx. up to 4.1 x 10* cells/mL), and Rhodo-
blastus (1-5%; approx. up to 1.9 x 10° cells/mL; Fig. 1c).
Under heterotrophic growth conditions, a Rhodoferax
sp. (ASV-1) dominated with 84-94% relative abundance
(corresponding to approx. up to 3.5 x 107 cells/mL)
throughout the 3rd transfer under heterotrophic condi-
tions, while lower relative abundances were detected for
ASVs classified as Noviherbaspirillum (2-11%; approx.
up to 8.6 x 10° cells/mL), Rhodoferax (ASV-2, only 1 nu-
cleotide difference to ASV-1; 2-3%; approx. up to 1.3 x
10° cells/mL), Gallionellaceae (up to 0.1%; approx. up to
3.2 x 10* cells/mL), and Geothrix (up to 0.03%; approx.
up to 4.0 x 10° cells/mL; Fig. 1d). The long-read 16S
rRNA gene amplicon sequence of Rhodoferax sp. was
closely related to the Curvibacter delicatus strain NBRC
14919 (98.56% sequence identity; online suppl. Table
S1).
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We identified highly similar 16S rRNA gene sequenc-
es of the Rhodoblastus sp. using short- and long-read 16S
rRNA amplicon sequencing compared to the metage-
nome-assembled genome (MAG; see below). However,
for the Gallionellaceae sp., Noviherbaspirillum sp., Rho-
doferax sp., Thiobacillus sp., Geothrix sp. and Betaproteo-
bacteria bacterium, only short- and long-read sequencing
offered 16S rRNA gene sequences of the respective taxa.
The phylogenetic relationships of the 16S rRNA gene se-
quences of the amplicon sequencing approach and the
MAG is shown in the online supplementary Figure S1.

General Characteristics of the MAGs in Culture BP

In order to study the genomic potential of key players
involved in NRFO and to use this information as refer-
ence for our meta’omics approach, twelve MAGs were
retrieved from the metagenome of culture BP (online
suppl. data S3). Among these twelve MAGs, six were high
quality with completeness >90% (Gallionellaceae sp.,
Noviherbaspirillum sp., Rhodoferax sp., Rhodoblastus sp.,
Thiobacillus sp. and Betaproteobacteria bacterium; on-
line suppl. Table S1.), two had medium quality with 88%
and 64.8% completeness (Ramlibacter sp. and Geothrix
sp., respectively; online suppl. Table S1), and four were
low quality with <50% completeness (Geothrix sp., Meso-
rhizobium sp. and two unclassified MAGs), according to
the definition of Bowers et al. [2017]. The four low-qual-
ity MAGs and one medium-quality MAG (Geothrix sp.)
did not contain Fe(II) oxidation genes and showed only
partial genes for denitrification. Thus, these five MAGs
were not explored further. Additionally, the classification
of the Betaproteobacteria bacterium MAG was vague,
and it did not express any denitrification genes in culture
BP. Therefore, we mainly focused on the remaining six
MAG:s, i.e., the Gallionellaceae sp., Noviherbaspirillum
sp., Rhodoferax sp., Rhodoblastus sp., Thiobacillus sp. and
Ramlibacter sp., representing up to 98% of the microbial
community during the Fe(II) oxidation phase. These
MAGs harboured genes associated with key biogeochem-
ical cycles, including carbon, nitrogen, oxygen, and iron,
in particular Fe(II) oxidation (Fig. 2). In order to add
more evidence to gene-level information, we conducted
metatranscriptomic and metaproteomic analyses to gain
additional evidence at RNA and protein levels. The detec-
tion of a protein confirmed its presence and therefore
suggested that the catalysed reaction of this particular
protein was likely happening. Statistical meta’omics data
are presented in the online supplementary Table S2 and
full detected transcript and protein data are shown in the
online supplementary data S4.
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Fig. 2. The relative and estimated absolute abundance (calculated
using total cell numbers and short-read 16S rRNA gene amplicon
sequencing relative abundance data) of related ASV's under auto-
trophic conditions accompanied by fold changes (log2) of key
transcripts and proteins involved in Fe(II) oxidation, CO, fixation,
denitrification, and potential oxygen respiration genes under au-
totrophic conditions compared to heterotrophic conditions.
Genes with several copy numbers are listed multiple times. MT,
metatranscriptomic analysis; MP, metaproteomic analysis. Stars
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indicate significant changes (adjusted p < 0.05). A white “A” indi-
cates the protein was only detected under autotrophic conditions.
A white “H” indicates the protein was only detected under hetero-
trophic conditions. “#a” indicates two short-read Rhodoferax
ASVswere combined, which had 100 and 99.6% sequence identity,
respectively, to the long-read Rhodoferax sp. (only one nucleotide
difference). “#b” indicates two short-read Thiobacillus ASVs were
combined, which had a difference of three nucleotides to each oth-
er.
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Fe(II) Oxidation

To explore the pathways of Fe(II) oxidation in culture
BP, we searched for homologues of known and putative
Fe(II) oxidation genes in the six MAGs, such as cyc2,
mtoA, and mofA [Corstjens et al., 1997; Castelle et al,,
2008; El Gheriany et al., 2009; Liu et al., 2012; He et al,,
2017]. Specifically, the cyc2 gene was identified in the
MAG:s of the Gallionellaceae sp., Rhodoblastus sp., Thio-
bacillus sp., and Ramlibacter sp. At the transcript level,
cyc2 was detected for the Gallionellaceae sp. and Thioba-
cillus sp. with significantly higher abundance (i.e.,amount
of detected transcript) under autotrophic conditions
compared to heterotrophic conditions. In addition, the
Cyc2 protein from the Gallionellaceae sp. was detected
under autotrophic conditions (Fig. 2, 3). To uncover the
evolutionary relationship of Cyc2 between culture BP and
other studied organisms, we performed phylogenetic
analysis of Cyc2 amino acid sequences, including those of
the Gallionellaceae sp., Rhodoblastus sp., and Ramlibacter
sp. (online suppl. Fig. S2). The Cyc2 of the Gallionella-
ceae sp. in culture BP and of Sideroxydans lithotrophicus
ES-1 were closely related to each other. Overall, there ap-
peared to be distinct clusters within the Cyc2 tree, which
consisted of Gallionellaceae spp. and Zetaproteobacteria
spp. (related to Mariprofundus spp.), respectively (online
suppl. Fig. S2). In addition, mtoAB genes were identified
for the Noviherbaspirillum sp. MAG and the transcripts
were at a significantly higher abundance (Fig. 2). Phylo-
genetic analysis of MtoAB from Noviherbaspirillum sp.
demonstrated that they are closely related to the MtoAB
from other proposed microaerophilic FeOB (online sup-
pl. Fig. S3) [Liu et al., 2012]. Particularly for MtoB, there
appeared to a be a distinct cluster for Noviherbaspirillum
(online suppl. Fig. S3). Furthermore, mofA genes were
identified in the Thiobacillus sp. MAG and the transcripts
were also of significantly higher abundance under auto-
trophic compared to heterotrophic conditions (Fig. 2).

Denitrification (nirK/S, norBC)

To investigate the mechanisms of denitrification in
culture BP, we identified genes encoding the nitrate re-
ductase (narGHI), nitrite reductase (nirK or nirS), nitric

Fig.3. Overview of the meta’omics results for the extracellular elec-
tron transfer system, denitrification, carbon metabolism, and oxi-
dative phosphorylation in the three proposed key players for Fe(II)
oxidation: the Gallionellaceae-BP sp. (a), Noviherbaspirillum sp.
(b), and Thiobacillus sp. (c) under autotrophic conditions. Black
font and lines indicate complete pathway of transcripts detected
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oxide reductase (norBC), and nitrous oxide reductase
(nosZ) in the MAGs of Noviherbaspirillum sp., Thiobacil-
lus sp., Rhodoblastus sp., and Ramlibacter sp. Among
these organisms, the transcripts of detected denitrifica-
tion genes had significantly higher abundance under au-
totrophic conditions compared to heterotrophic condi-
tions (Fig. 2). Although the denitrification pathway was
incomplete in the Gallionellaceae sp., it appeared to con-
tribute to nitrite reduction and nitric oxide reduction.
Both nitrite reductase (nirK and nirS) and nitric oxide
reductase (norB and norC) transcripts from the Gallionel-
laceae sp. were detected at significantly higher abundance
under autotrophic conditions compared to heterotrophic
conditions, and the proteins of NirK/S were detected un-
der autotrophic conditions (Fig. 2). Since the transcripts
and proteins of these nirK/S genes in the MAGs of the
dominant Gallionellaceae sp. were detected under auto-
trophic conditions (Fig. 2), this suggests that the reduc-
tion of nitrite coupled Fe(II) oxidation in culture BP
might have occurred enzymatically. However, an abiotic
contribution to the reduction of nitrite and nitric oxide
by Fe(II) cannot be ruled out. Alternatively, it is possible
that the Gallionellaceae sp. was expressing nitrite reduc-
tase genes to detoxify the products derived from nitrate
reduction performed by other community members.

Carbon Fixation

Carbon fixation is essential for the growth of autotro-
phic microorganisms; thus, we explored carbon fixation
pathways in culture BP under autotrophic conditions. All
six MAGs contained genes involved in carbon metabo-
lism pathways, i.e., the reductive pentose phosphate
(CBB) cycle, glycolysis, tricarboxylic acid (TCA) cycle,
and pentose phosphate pathway (PPP; online suppl. Ta-
ble S3). More specifically, genes responsible for carbon
fixation (rbcL/S), encoding ribulose-1,5-bisphosphate
carboxylase-oxygenase (RuBisCO), were identified in the
MAGs of the Gallionellaceae sp., Noviherbaspirillum sp.,
Rhodoblastus sp., Thiobacillus sp., and Ramlibacter sp.
(Fig. 2; online suppl. Fig. S4). The transcripts of rbcL were
detected at a significantly higher level under autotrophic
conditions compared to heterotrophic conditions for

under autotrophic conditions. Grey font and lines indicate incom-
plete pathway of transcripts detected under autotrophic condi-
tions. Intense blue colour shows all proteins of the complete path-
way detected under autotrophic conditions. Lighter blue colour
shows incomplete pathway of proteins detected under autotrophic
conditions. (For figure see next page.)
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Gallionellaceae sp., Noviherbaspirillum sp., Thiobacillus
sp., and Rhodoblastus sp., as well as rbcS for the Novi-
herbaspirillum sp. and Thiobacillus sp. (Fig. 2). However,
none of the RuBisCO-related proteins were detected
(Fig. 2). Phylogenetic analysis of the large-chain RuBis-
CO (RbcL; online suppl. Fig. S4A) and small-chain RuBis-
CO (RbcS; online suppl. Fig. S4B) revealed that the RbcL
of the Gallionellaceae spp. from culture BP and culture KS
were closely related to each other as well as to other FeOB
(online suppl. Fig. S4A). This indicates that the RbcL of
the Gallionellaceae sp. in culture BP might have the same
function as the RbcL of the Gallionellaceae sp. in culture
KS (online suppl. Fig. S4A).

Amino Acid Biosynthesis Pathways

Essential amino acids are vital for the survival of indi-
vidual isolated organisms and, therefore, the biosynthesis
of the essential amino acids of the bacterial community
members in culture BP was analysed. Except for the Geo-
thrix sp., all community members had most, if not all, es-
sential amino acid biosynthesis pathways at least partially
encoded. However, the gene encoding histidine isomer-
ase (hisA) was detected at medium confidence for the
MAG of the Gallionellaceae sp. and Rhodoferax sp. with
the GapMind tool [Price et al., 2020]. The genes encoding
ribose-phosphate diphosphokinase (prs) for histidine
biosynthesis and homoserine kinase (thrB) for threonine
biosynthesis were missing in the MAG of the Thiobacillus
sp. Furthermore, the gene encoding glutamine synthetase
(glnA) for glutamine biosynthesis was missing in the
MAG of the Rhodoblastus sp. In addition, the genes en-
coding homoserine dehydrogenase (hom) and vitamin
Bi,-dependent methionine synthase (metH) for methio-
nine biosynthesis were missing in the MAG of the Ram-
libacter sp. Almost all of the essential amino acid biosyn-
thesis pathways in the MAGs of both Gallionellaceae sp.
and Noviherbaspirillum sp. were expressed (i.e., the tran-
scripts were detected).

Energy (ATP) Generation and Electron Transport

Phosphorylation

In order to identify energy generation pathways in cul-
ture BP, we explored the different levels of gene expres-
sion and proteins for terminal electron acceptors. The
genes involved in oxidative phosphorylation complexes
I-V, were found in the MAGs of the Gallionellaceae sp.,
Noviherbaspirillum sp., Rhodoferax sp., Thiobacillus sp.,
Rhodoblastus sp., and Ramlibacter sp. Under autotrophic
conditions, the Gallionellaceae sp., Noviherbaspirillum
sp., and Rhodoblastus sp. had significantly higher expres-
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sion of these respiration genes in comparison to hetero-
trophic conditions (Fig. 2). On the protein level, partial
oxidative phosphorylation proteins were detected under
autotrophic conditions for the Gallionellaceae sp. and
Noviherbaspirillum sp. (Fig. 2, 3). In addition, cbb;-type
and aas-type cytochrome c oxidase-related transcripts
and proteins of complex IV, which typically have high
and low affinities to oxygen, were detected under both
conditions (Fig. 2), even though culture BP was grown
under anoxic conditions.

In situ Microbial Community Analysis

In order to identify the in situ distribution and relative
abundance of the enriched populations in culture BP,
field studies were conducted in 2017. The microbial com-
munity was investigated at the sampling site of the origin
of culture BP (and culture KS). To this end, sediment
cores of a pond and a ditch were obtained, and DNA- and
RNA-based short-read 16S rRNA (gene) sequencing was
performed from a total of 50 samples. At the sampling
sites, 37 different ASV's were classified as Gallionellaceae
(20 ASVs were detected at the pond and 23 ASVs at the
ditch; online suppl. Fig. S6); of these, eight were identified
as Gallionella spp., eleven as Sideroxydans spp., three as
Candidatus Nitrotoga spp. and fifteen as unclassified spp.
(online suppl. Fig. S5). In the environmental samples,
among these ASV's assigned to the family Gallionellaceae
(accounting for up to 3.13% relative abundance for the
whole family; online suppl. Fig. S6), nine DNA-based and
two RNA-based samples, corresponding to three sedi-
ment cores, revealed the same ASV (100% sequence iden-
tity) as the dominant Gallionellaceae sp. ASV in culture
BP. It accounted for up to 0.13% relative abundance and
was found both at the pond and at the ditch (online sup-
pl. Fig. S6). Therefore, the Gallionellaceae sp. in culture
BP (i.e., the investigated sequence) was detectable, rela-
tively widespread, and likely active at the sampling sites.
The 37 different Gallionellaceae ASV's were furthermore
quite diverse and affiliated, based on phylogenetic analy-
sis, for instance with Sideroxydans lithotrophicus ES-1,
Gallionella capsiferriformans ES-2, and Ferrigenium ku-
madai (online suppl. Fig. S5). The other members in cul-
ture BP, i.e., the Rhodoferax sp., Thiobacillus sp.,and Rho-
doblastus sp., were also found at the pond and the ditch
with up to 0.13% relative abundance for identical ASVs
as in culture BP, respectively, and up to 2.0% relative
abundance for the whole genus, i.e., Rhodoblastus (online
suppl. Fig. S6). Neither the Noviherbaspirillum sp. and
Ramlibacter sp. in culture BP, nor the Gallionellaceae sp.
in culture KS, were found within these sediment samples.
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However, our sampling procedure might just have missed
them, in terms of the methodological detection limit,
sampling location, or season.

Discussion

A Novel Autotrophic Nitrate-Reducing Fe(Il)-

Oxidizing Enrichment Culture

Microbial NRFO is considered to be an important
pathway for nitrate removal in organic-poor, Fe-abun-
dant environments, whereby microorganisms gain elec-
trons from Fe(II) for carbon fixation and for energy gen-
eration (by nitrate reduction) which is utilized for growth,
ultimately transforming CO, into biomass [Weber et al.,
2006]. The enrichment of two autotrophic NRFO cul-
tures (i.e., the culture KS and in this study culture BP)
from two close-by organic-rich environments suggests
that this process might be more widespread than expect-
ed and might therefore be occurring in diverse habitats.

The physiology in growing cultures of culture BP was
slightly different from the results for culture KS described
in previous studies. The ratio of Fe(II)yyigizeq/Nitrate educed
was reported in the range of 4.3-4.8 in culture KS [Straub
et al.,, 1996; Tominski, 2016; Tominski et al., 2018a],
which was higher than the Fe(II) oxigized/nitrate eqyceq ratio
of 3.4 in this study. Theoretically, the stoichiometry sug-
gests that the Fe(II)xidizea/Nitrate egyceq ratio should be
around 5 or even higher than 5, when the electrons re-
quired from Fe(II) for carbon fixation are also consid-
ered, potentially indicating incomplete denitrification or
an additional electron donor (i.e., traces of dissolved or-
ganic carbon, DOC, in the growth medium) [Huangetal.,
2021]. However, cell numbers increased from 1.04 x 10°
cells/mL to 4.31 x 10° cells/mL within 4 days, and there-
fore the electrons must not only have derived from the
DOC but also from Fe(II) oxidation.

In this study, we show that culture BP fulfils the fol-
lowing three criteria of autotrophic NRFO [Bryce et al.,
2018]: (i) there is no need for an additional organic car-
bon substrate for continuous growth, (ii) the culture is
able to maintain Fe(II) oxidation over several transfers
without organic carbon addition, (iii) there is confirmed
growth of cells with only Fe(II), nitrate, and CO, provid-
ed. Additionally, our meta’omics data demonstrated that
culture BP not only has the genetic potential but also ex-
presses carbon fixation genes. Especially the rbcL gene of
the Gallionellaceae sp. in culture BP (hereafter Gallionel-
laceae-BP sp.) was closely related to the rbcL gene of the
Gallionellaceae sp. in culture KS (hereafter Gallionellace-
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ae-KS sp.), which was proven to fix 1*C-labelled inorgan-
ic carbon [Tominski et al., 2018b]. Culture BP is therefore
a novel autotrophic nitrate-reducing Fe(II)-oxidizing en-
richment culture that provides the opportunity to study
NRFO under more environmentally relevant conditions,
i.e., in a more complex microbial network with probably
less laboratory evolutionary influence, compared to the
long-term established culture KS.

Role of Gallionellaceae for Fe(Il) Oxidation in Culture

BP and beyond

In this study, the dominant Gallionellaceae-BP sp. in
culture BP (51-87% relative abundance) was identified as
Fe(Il) oxidizer and was shown to be closely related to
known FeOB, such as the unclassified Gallionellaceae-KS
sp. from culture KS, a nitrate-reducing Fe(II)-oxidizing
culture enriched from the same freshwater habitat as cul-
ture BP [Straub et al., 1996]. Comparing meta’omics anal-
ysis of culture KS from previous studies [He et al., 2016;
Huang et al., 2021] with those of culture BP in this study,
some interesting differences were observed for the Gallio-
nellaceae spp. Although both the Gallionellaceae-KS sp.
and Gallionellaceae-BP sp., likely perform Fe(II) oxida-
tion, partial denitrification, and carbon fixation, the genes
encoding these functions differed. For example, the pro-
posed Fe(II) oxidation genes, cyc2, mtoAB, and mofAB
were identified in the Gallionellaceae-KS sp. [He et al,,
2016; Huang et al., 2021]. In addition, the transcripts of
cyc2, mtoAB and mofAB were all detected, and the MofA
protein of the Gallionellaceae-KS sp. was shown to be
present [Huang et al., 2021]. For the Gallionellaceae-BP
sp. cyc2 was detected at DNA, RNA, and protein levels in
this study. In a previous study [Castelle et al., 2008], the
outer membrane-bound cytochrome ¢ Cyc2 of acidophil-
ic FeOB, Acidithiobacillus ferrooxidans, was purified and
shown to be responsible for performing Fe(II) oxidation.
Therefore, combined with the fact that the Gallionellace-
ae-BP sp. dominates culture BP, these results indicate that
the Cyc2 of the Gallionellaceae-BP sp. likely plays the
main role for Fe(II) oxidation in culture BP under auto-
trophic conditions. As for denitrification, the Gallionella-
ceae-BP sp. harboured the genes encoding nitrite reduc-
tase (nirK/S) and nitric oxide reductase (norBC), whereas
the Gallionellaceae-KS sp. harboured the genes encoding
nitrate reductase (narGHI) and nitrite reductase (nirK/S).
In contrast to the Gallionellaceae-KS sp., the Gallionella-
ceae-BP sp. possesses an NO reductase and can reduce
NO to N,O. However, both Gallionellaceae spp. in culture
BP and culture KS require other flanking community
members to complete denitrification (i.e., they are miss-
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ing the nosZ gene). To investigate whether nitrite or NO
can serve as electron acceptors and generate energy in the
Gallionellaceae-BP sp., further experiments are required.
Moreover, we detected coxABC encoding for aas-type cy-
tochrome ¢ oxidases and belonging to the Gallionellace-
ae-BP sp. and additional community members in culture
BP, both at the transcript level and some at the protein
level. Interestingly, coxABC are normally observed under
oxic conditions [Krab and Slater, 1979]. In contrast, in
our cultivation system under autotrophic and heterotro-
phic conditions, we used N,/CO, in the headspace and
amended with FeCl, prior to inoculation, which would
have consumed any atmosphere O, contamination dur-
ing the preparation procedure. However, one possible
scenario might be that the coxABC genes in the organisms
in culture BP do not require oxygen to be expressed. Al-
ternatively, there might be a so far undetected internal
oxygen production pathway in at least one of the organ-
isms in culture BP, similar to the proposed aerobic meth-
ane oxidation under anoxic conditions [Ettwig et al.,
2010]. Thelatter hypothesis was already discussed for cul-
ture KS by He et al. [2016]. Nevertheless, these possible
scenarios remain highly speculative at this point and re-
quire further investigation.

Based on 16S rRNA gene sequences, the Gallionellace-
ae-BP sp. was closely related to Ferrigenium kumadai, and
Sideroxydans lithotrophicus strain ES-1. While Ferrigeni-
um kumadai was isolated from rice paddy soils [Khalifa
etal., 2018; Nakagawa et al., 2020], Sideroxydans lithotro-
phicus strain ES-1 was isolated from a groundwater-fed
iron seep [Emerson and Moyer, 1997]. It is apparent,
when combining our results with other studies, that Gal-
lionellaceae spp. play important roles as FeOB within
freshwater ecosystems. Furthermore, our in situ survey
indicated a high diversity of Gallionellaceae spp. at the
field site, suggesting that, in addition to the microbial
populations in culture KS and culture BP, there might be
a higher diversity of organisms contributing to NRFO in
freshwater environments and other habitats than cur-
rently known from cultivation approaches.

Contribution of Noviherbaspirillum sp. and

Thiobacillus sp. to NRFO in Culture BP

The 2nd most abundant organism in culture BP under
autotrophic conditions was the Noviherbaspirillum sp.
(9-15%). Based on 16S rRNA gene sequences, the top
three closest related isolates were Noviherbaspirillum au-
totrophicum strain TSA66 [Ishii et al., 2017], Novi-
herbaspirillum agri K-1-15 [Chaudhary and Kim, 2017],
and Noviherbaspirillum denitrificans TSA40 [Ishii et al.,
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2017] (online suppl. Table S1). Among these isolates, only
Noviherbaspirillum autotrophicum strain TSA66 was re-
ported to be able to grow autotrophically by using H, as
an energy source to perform denitrification [Ishii et al.,
2017]. However, a gene search on the Joint Genome In-
stitute’s Integrated Microbial Genome (JGI/IMG) data-
base showed that the genome of Noviherbaspirillumauto-
trophicum strain TSA66 has genes encoding RuBisCO
but does not have Fe(II) oxidation gene homologues, ei-
ther mtoA or cyc2, which were detected in the Novi-
herbaspirillum sp. from culture BP. Therefore, the Novi-
herbaspirillum sp. from culture BP might have unique ca-
pabilities for NRFO within this genus.

Another potential FeOB in culture BP was the Thioba-
cillus sp., which accounted for only up to 1.6% relative
abundance in culture BP and possessed the potential
Fe(II) oxidation gene homologues cyc2 and mofA. The
top three closest related isolates based on 16S rRNA gene
sequences with an available genome sequence were Thio-
bacillus thioparus strain THI 111, Thiobacillus thioparus
DSM 505, and Thiobacillus thioparus strain Starkey
[Boden et al., 2012] (online suppl. Table S1). Addition-
ally, Thiobacillus denitrificans ATCC 25259 was previ-
ously proposed as an autotrophic nitrate-reducing Fe(II)-
oxidizing organism [Straub etal., 1996; Beller et al., 2006].
Interestingly, only Thiobacillus thioparus DSM 505 has
the Fe(II) oxidation gene cyc2, and neither Thiobacillus
denitrificans ATCC 25259 and Thiobacillus denitrificans
RG nor Thiobacillus thiophilus DSM 19892 revealed po-
tential Fe(II) oxidation genes. The copper resistance
genes, copAB, i.e., the homologues of the putative Fe(II)-
oxidizing genes, pcoAB [He et al., 2017], were detected in
Thiobacillus denitrificans ATCC 25259, Thiobacillus de-
nitrificans RG, Thiobacillus denitrificans DSM 12475, and
Thiobacillus thiophilus DSM 19892 [Beller et al., 2006,
2013]. We therefore suggest that the Thiobacillus sp. in
culture BP was also actively contributing to NRFO.

Interestingly, in culture KS, there seems to be no com-
munity member with a similar role to that of the Novi-
herbaspirillum sp. and Thiobacillus sp. in culture BP. For
example, the 2nd most abundant organism in culture KS
under autotrophic conditions, a Rhodanobacter sp., was
the main organism cooperating with Gallionellaceae-KS,
which is likely able to perform NRFO under autotrophic
conditions [He et al., 2016; Huang et al., 2021]. The Rho-
danobacter sp. likely performs Fe(II) oxidation and com-
plete denitrification but does not have the ability to con-
duct carbon fixation [Huang et al., 2021]. Therefore, the
isolation and the study of Noviherbaspirillum sp. and
Thiobacillus sp. in culture BP, which likely contribute to
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Fig. 4. Overview of the proposed microbial interactions in culture
BP, mainly essential for the organisms’ survival under autotrophic
conditions. The depicted putative reactions are based on the
meta’omics data for Fe(II) oxidation (red arrows and font), deni-
trification (blue arrows and font), and CO, fixation (black arrows
and font), for the Gallionellaceae-BP sp., Noviherbaspirillum sp.,
Thiobacillus sp., Rhodoblastus sp., and Rhodoferax sp. The cells in

Fe(II) oxidation and CO, fixation, would be beneficial in
order to broaden our knowledge of autotrophic nitrate-
reducing Fe(II)-oxidizing bacteria.

Expanding the Microbial Network for NRFO in

Culture BP

Besides the Gallionellaceae-BP sp., Noviherbaspirillum
sp., and Thiobacillus sp., other flanking members poten-
tially also play a relevant role in culture BP: Rhodoblastus
sp. (up to 5% relative abundance), Rhodoferax sp. (up to
3%), and Ramlibacter sp. (up to 1%). We identified Fe(II)
oxidation gene homologues in the MAGs of the Rhodo-
blastus sp. (cyc2 and mofA) and the Ramlibacter sp. (cyc2
and mtoB), indicating that they can potentially play a role
in Fe(II) oxidation, despite the fact that cyc2 transcripts
were not detected for the Rhodoblastus sp., and neither
cyc2 nor mtoB transcripts for the Ramlibacter sp. were
detected at significant levels. Furthermore, we observed
that the genes necessary to perform full denitrification
were present in these three flanking members, i.e., the
Rhodoblastus sp., Rhodoferax sp., and Ramlibacter sp.,
and some of them were detected at significantly higher

Microbial Network in a Novel NRFO
Enrichment Culture

blue indicate FeOB with carbon fixation ability, in grey indicate
heterotrophs, and in green indicate that the organism can conduct
carbon fixation and potentially Fe(II) oxidation. The detected
transcripts are in italic font, and a combination of both detected
transcripts and proteins are with underlined font. The transcripts
with significantly higher expression under autotrophic conditions
compared to heterotrophic conditions are in bold font.

transcript levels. Regarding carbon fixation, there was a
complete CBB reductive pentose phosphate cycle detect-
ed in both the Rhodoblastus sp. and Ramlibacter sp., while
only a partial cycle was found for the Rhodoferax sp. (on-
line suppl. Table S3). As a result, although the relative
abundance of these three flanking community members
accounted for less than 5% (respectively) throughout the
autotrophic growth conditions, our findings suggest that
they play partial roles in NRFO and carbon fixation
(Fig. 4).

To summarize, there were five potential Fe(II)-oxidiz-
ing microbial key players in culture BP: the Gallionellace-
ae-BP sp., Noviherbaspirillum sp., Thiobacillus sp., Rho-
doblastus sp., and Ramlibacter sp. (Fig. 4). Among these,
the Gallionellaceae-BP sp., Noviherbaspirillum sp., and
Thiobacillus sp. may not only perform Fe(II) oxidation
but also carbon fixation (Fig. 3, 4). The resulting fixed or-
ganic carbon was likely provided to other heterotrophic
community members and used for their growth (Fig. 4).
During denitrification, the nitrate may be reduced by
flanking community members, while the Gallionellaceae-
BP sp. may contribute to partial denitrification, i.e., ni-
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trite and nitric oxide reduction, and the remaining flank-
ing community members complete the denitrification
(Fig. 4). Therefore, in order to survive and indeed thrive,
the dominant Gallionellaceae-BP sp. has to cooperate
with other community members under autotrophic con-
ditions (Fig. 4). In return, the heterotrophic community
members may have to rely for their survival on Fe detox-
ification and carbon fixation likely performed by the Gal-
lionellaceae-BP sp., Noviherbaspirillum sp., and Thioba-
cillus sp. (Fig. 4). In addition, our findings highlighted
potential interdependencies between the microbial com-
munity members regarding amino acid biosynthesis that
might be crucial for their survival as well.

Comparing the microbial network of culture BP with
that of culture KS, the most active species in culture KS
were the Gallionellaceae-KS sp. and the Rhodanobacter
sp. under autotrophic conditions [Huang et al., 2021].
However, in culture BP, there were several active popula-
tions involved in NRFO under autotrophic conditions,
including the Gallionellaceae-BP sp., Noviherbaspirillum
sp., Thiobacillus sp., Rhodoblastus sp., Rhodoferax sp.,
and Ramlibacter sp. (Fig. 2, 3). Therefore, in contrast to
culture BP, culture KS is likely characterized by a reduced
microbial network, which may be due to long-term culti-
vation and selection of specialized organisms. The occur-
rence of the lower relative abundance, yet active, organ-
isms (i.e., the Rhodoblastus sp., Rhodoferax sp., and Ram-
libacter sp.) in culture BP expands the microbial network
contributing to NRFO processes, which might be more
similar to the complex microbial interactions in the envi-
ronment.

NRFO Core Features of Complex Microbial Networks

including Gallionellaceae spp.

There seems to be several core features that might be
similar for autotrophic NRFO processes carried out by
complex microbial networks including Gallionellaceae
spp. (Fig. 4): (i) NRFO requires Fe(II) oxidation features,
with several possible electron transfer pathways (i.e., dif-
ferent putative Fe(II)-oxidizing proteins might be used);
(ii) during denitrification, the Gallionellaceae spp. may
contribute to partial denitrification (e.g., reducing nitrate
to nitric oxide or nitrite to nitrous oxide), while the flank-
ing microbial community members complete the denitri-
fication; (iii) fixed organic carbon from the autotrophic
lifestyle of Gallionellaceae spp. is provided to other het-
erotrophic community members and used for their
growth; therefore, the key FeOB (i.e., the Gallionellaceae
sp.) has to cooperate with other community members un-
der autotrophic conditions; however (iv) the identity of
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these flanking community members seems interchange-
able. We suggest that these core features are relevant for
NRFO processes in the environment as well, that NRFO
is widespread, including organic-rich habitats, and that
several microbial key players of NRFO in situ thrive in
complex microbial networks and are yet-to-be discov-
ered.

Experimental Procedures

Cultivation, Analytical Methods, and Cell Counts

Culture BP originated from a freshwater pond at the Max
Planck Institute for Marine Microbiology, located in Bremen, Ger-
many, sampled in 2015 (described in the online suppl. material).
Since then, culture BP was transferred with 10% (v/v) inoculum,
including more than 20 transfers per year from 2018, growing with
25 mL anoxic headspace (the N,/CO, ratio was 90/10), unfiltered,
bicarbonate-buffered medium, containing 10 mM FeCl,, 4 mM
NaNO;, vitamins, and trace elements with a final pH of 6.9-7.2 in
58 mL serum bottles [Hegler et al., 2008; Blothe and Roden, 2009].
The incubation temperature was 28°C in the dark. Under hetero-
trophic conditions, 5 mM acetate was used instead of 10 mM FeCl,
as the electron donor. Analytical methods of Fe(II), Fe(total), ni-
trate, nitrite and acetate concentrations were described by Tomin-
ski et al. [2018a]. Prior to cell counts, a mineral dissolution step
was conducted, using the protocols obtained from personal com-
munication with Stefanie Becker, as described in the online sup-
plementary material. Cells were stained with BacLight Green stain
(Thermo Fisher Scientific, ] mM stain/1 mL sample) and cell num-
bers were determined with an Attune NxT Flow Cytometer (Ther-
mo Fisher Scientific) with the instrument setup adapted from the
procedure of Schmidt et al. [2020], as described in the online sup-
plementary material. Estimated absolute cell numbers were calcu-
lated by multiplying flow cytometer-based total cell numbers with
short-read 16S rRNA gene amplicon sequencing relative abun-
dance data (described below).

Experimental Setup, Biomass Sampling, DNA/RNA Co-

Extraction and Protein Extraction of Culture BP

Both autotrophic and heterotrophic conditions were used with
triplicates, respectively, in the meta’omics experiment (described
in the online suppl. material). Samples were taken on the 2nd day
from cultures grown under autotrophic conditions. For the con-
trol group, it was deemed essential to incubate the cultures for
some time prior to the main experiment to avoid protein carryover
from remaining proteins of Fe(II) oxidation. Therefore, under het-
erotrophic conditions, pre-cultures were first grown for two trans-
fers sequentially with 10 and 1% (v/v) inoculum for at least 24 h
each. In a second step, the 3rd transfer with 1% (v/v) inoculum
under heterotrophic conditions was used for the experimental set-
up and samples were taken after approximately 18 h. DNA, RNA,
and protein samples were collected from culture BP grown under
autotrophic and heterotrophic conditions. DNA/RNA co-extrac-
tion was performed according to an upscaled version of Lueders et
al. [2004] (described in the online suppl. material) and used for
meta’omics and short-read 16S rRNA (gene) amplicon sequenc-
ing. DNA for long-read 16S rRNA gene amplicon sequencing was
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extracted using the DNEasy UltraClean Microbial Kit (QIAGEN,
Hilden, Germany), according to the user manual. Protein extrac-
tion was performed according to Spat et al. [2015], as described in
the online supplementary material.

Sampling and DNA/RNA Co-Extraction for in situ Analysis

For environmental sampling, six cores were obtained, three
from a pond and three from a ditch near the Max Planck Institute
for Marine Microbiology in Bremen. The sediment cores were sep-
arated into six different depths: 0-0.5, 0.5-1, 1-2, 2-4, 4-7, and
7-10 cm. DNA and RNA were co-extracted using the method pub-
lished by Griffiths et al. [2000] with modifications described in the
online supplementary material.

Short-Read 16S rRNA (Gene) Amplicon Sequencing

DNA from culture BP as well as DNA and cDNA (cDNA syn-
thesis is described in the SI) from sediments were used for ampli-
fication with universal primers, i.e., 515F: GTGYCAGCMGCC-
GCGGTAA [Paradaetal.,2016] and 806R: GGACTACNVGGGT-
WTCTAAT [Apprill et al,, 2015] fused to Illumina adapters. The
PCR, library preparation, and sequencing are detailed in the online
supplementary material. Quality control, reconstruction of 16S
rRNA gene sequences, and taxonomic annotation was performed
with nf-core/ampliseq v1.1.0 [Ewels et al., 2020; Straub et al., 2020]
as outlined in the online supplementary material.

Long-Read 16S rRNA Gene Amplicon Sequencing

DNA from culture BP was used for amplification with primers
27F and 1492R. PacBio Sequel SMRT long-read amplicon se-
quencing was performed at the Helmholtz Zentrum Miinchen,
Germany. Circular consensus sequences were analysed with
DADAZ2 v1.10.0 [Callahan et al., 2016; Callahan et al., 2019] in R
v.3.5.1 [R Development Core Team, 2018]. Further details are de-
scribed in the online supplementary material.

Metagenome Analysis and Draft Genome Recovery

Library preparation and shotgun Illumina sequencing of cul-
ture BP grown under autotrophic and heterotrophic conditions
were performed by CeGaT, Tuebingen, Germany. Raw read qual-
ity control, assembly, metagenome assembled genome binning
and taxonomic annotation was performed with nf-core/mag
v1.0.0 (https://nf-co.re/mag, DOI: 10.5281/zenodo.3589528)
[Ewels et al., 2020]. Further details are described in the online
supplementary material. Characteristics of the assembled metage-
nome can be found in the online supplementary Table S2. Twelve
MAGs were obtained from the metagenome, of which eleven had
<2% estimated contamination, and of these, seven had >88% es-
timated completeness and four had between 11 and 45% com-
pleteness. Selected MAGs are presented in the online supplemen-
tary Table S1.

The assembled metagenome and MAGs were uploaded to the
Joint Genome Institute’s Integrated Microbial Genome and Mi-
crobiome Expert Review (IMG/MER) pipeline (IMGAP v5.0.8) for
annotation (available online at: https://img.jgi.doe.gov/cgi-bin/
mer/main.cgi) [Chen et al., 2019]. FeGenie [Garber et al., 2020]
and the IMG database [Chen et al., 2019] were used to search for
potential Fe(II) oxidation genes, i.e., cyc2, mtoAB, pcoAB, mofA
[He et al., 2017], for the closely related species of the community
in culture BP.
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Metatranscriptome Analysis

For RNA analysis, DNAse treatment, library preparation in-
cluding bacterial ribodepletion (with Illumina Stranded Total
RNA Prep with Ribo-Zero Plus kit), and sequencing with 2 x 75
bp and 6-53 Mio clusters per sample were performed by Micro-
synth AG (Balgach, Switzerland) using triplicate samples of cul-
ture BP grown under autotrophic and heterotrophic conditions,
respectively. For data analysis, nf-core/rnaseq v1.4.2 (https://nf-
co.re/rnaseq) [Ewels et al., 2020] performed quality control, map-
ping on the metagenome, and differential abundance testing, as
detailed in the online supplementary material. The definition of a
significant difference was postulated for transcripts with Benjami-
ni and Hochberg-adjusted p < 0.05. A summary of features of the
metatranscriptome is described in online supplementary Table S2.

Metaproteome Analysis

The metaproteome measurement with LC-MS/MS and Max-
Quant software suite 1.6.7.0 [Cox and Mann, 2008] was conducted
by the Quantitative Proteomics and Proteome Center, Tuebingen,
as described in Schmitt et al. [2019] and detailed in the online sup-
plementary material. Differential protein abundance analysis was
performed with proteus v0.2.13 (https://github.com/bartongroup/
Proteus) [Gierlinski et al., 2018] (https://github.com/barton-
group/Proteus) in Rv3.6.0 (https://www.R-project.org/) [R Devel-
opment Core Team, 2018] (https://www.R-project.org/). Key
characteristics of the metaproteomes are described in Figures 2
and 3 as well as in the online supplementary Tables S1 and S2. The
definition of a significant difference was postulated for proteins
with Benjamini and Hochberg-adjusted p < 0.05.

Phylogenetic Analysis, Figure Illustration, and Data

Availability

Phylogenetic analysis of Cyc2, MtoA/B, RbcL/S protein se-
quences of culture BP and 16S rRNA genes of Gallionellaceae spp.
identified in the environmental samples were conducted with
MEGA X [Kumar et al., 2018] as described in the online supple-
mentary material. The amino acid biosynthesis pathways were de-
termined by using the tool: GapMind: Automated Annotation of
Amino Acid Biosynthesis (https://papers.genomics.Ibl.gov/cgi-
bin/gapView.cgi) [Price et al., 2020]. The physiological growth
plots, cell count plots, heat map, and bubble plots (Fig. 1, 2; online
suppl. Fig. S6) were constructed via R v.3.6.1 and its working in-
terface RStudio (https://www.R-project.org/and http://www.rstu-
dio.com/) [RStudio Team, 2019; R Development Core Team,
2020]. Figure illustrations of cell shapes (Fig. 3, 4) were adapted
from “Icons > Cell Membranes > Simplified Bilayer Membranes”
and “Icons > Cell Structures > Organelles,” respectively, by using
BioRender.com (2021; https://app.biorender.com/biorender-tem-
plates). The datasets presented in this study can be found in online
repositories. The names of the repositories and accession numbers
are described below and in the online supplementary Table S4.
Raw sequencing data and metagenome assembly were deposited at
the Sequence Reads Archive (SRA; https://www.ncbinlm.nih.gov/
bioproject/PRINA693457). The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via
the PRIDE [Perez-Riverol et al., 2019] partner repository with the
dataset identifier PXD023710. The IMG metagenome ID for BP
culture is 3300036710 and the corresponding accession numbers
of MAGs are: Gallionellaceae sp. 2831290873; Noviherbaspirillum
sp. 2831285802; Rhodoferax sp. 2840079448; Thiobacillus sp.
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2840071692; Rhodoblastus sp. 2840074988; Ramlibacter sp.
2840082686; Geothrix sp. 2840087968, and Betaproteobacteria
bacterium 2840090052 (online suppl. Table Sland S2) [Chen et al.,
2019]. The other four MAGs did not reach the quality criteria for
submission to IMG.
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