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ABSTRACT Nitrate reduction coupled to Fe(II) oxidation (NRFO) has been recog-
nized as an environmentally important microbial process in many freshwater ecosys-
tems. However, well-characterized examples of autotrophic nitrate-reducing Fe(II)-
oxidizing bacteria are rare, and their pathway of electron transfer as well as their
interaction with flanking community members remain largely unknown. Here, we
applied meta-omics (i.e., metagenomics, metatranscriptomics, and metaproteomics)
to the nitrate-reducing Fe(II)-oxidizing enrichment culture KS growing under autotro-
phic or heterotrophic conditions and originating from freshwater sediment. We con-
structed four metagenome-assembled genomes with an estimated completeness of
$95%, including the key players of NRFO in culture KS, identified as Gallionellaceae
sp. and Rhodanobacter sp. The Gallionellaceae sp. and Rhodanobacter sp. transcripts
and proteins likely involved in Fe(II) oxidation (e.g., mtoAB, cyc2, and mofA), denitrifi-
cation (e.g., napGHI), and oxidative phosphorylation (e.g., respiratory chain com-
plexes I to V) along with Gallionellaceae sp. transcripts and proteins for carbon fixa-
tion (e.g., rbcL) were detected. Overall, our results indicate that in culture KS, the
Gallionellaceae sp. and Rhodanobacter sp. are interdependent: while Gallionellaceae
sp. fixes CO2 and provides organic compounds for Rhodanobacter sp., Rhodanobacter
sp. likely detoxifies NO through NO reduction and completes denitrification, which
cannot be performed by Gallionellaceae sp. alone. Additionally, the transcripts and
partial proteins of cbb3- and aa3-type cytochrome c suggest the possibility for a
microaerophilic lifestyle of the Gallionellaceae sp., yet culture KS grows under anoxic
conditions. Our findings demonstrate that autotrophic NRFO is performed through
cooperation among denitrifying and Fe(II)-oxidizing bacteria, which might resemble
microbial interactions in freshwater environments.

IMPORTANCE Nitrate-reducing Fe(II)-oxidizing bacteria are widespread in the environ-
ment, contribute to nitrate removal, and influence the fate of the greenhouse gases
nitrous oxide and carbon dioxide. The autotrophic growth of nitrate-reducing Fe(II)-
oxidizing bacteria is rarely investigated and not fully understood. The most promi-
nent model system for this type of study is the enrichment culture KS. To gain
insights into the metabolism of nitrate reduction coupled to Fe(II) oxidation in the
absence of organic carbon and oxygen, we performed metagenomic, metatranscrip-
tomic, and metaproteomic analyses of culture KS and identified Gallionellaceae sp.
and Rhodanobacter sp. as interdependent key Fe(II) oxidizers in culture KS. Our work
demonstrates that autotrophic nitrate reduction coupled to Fe(II) oxidation is not
performed by an individual strain but is a cooperation of at least two members of
the bacterial community in culture KS. These findings serve as a foundation for our
understanding of nitrate-reducing Fe(II)-oxidizing bacteria in the environment.
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Neutrophilic nitrate reduction coupled to iron(II) [Fe(II)] oxidation (NRFO) by nitrate-
reducing Fe(II)-oxidizing bacteria is known as a vital biochemical process in different

natural environments, such as sediments and soils (1–9). Nitrate-reducing Fe(II)-oxidizing
bacteria can thrive under different conditions: autotrophic, with Fe(II) as the sole energy
and electron source; mixotrophic, with Fe(II) and additional organic carbon as energy,
electron, and carbon sources; and heterotrophic, with organic carbon as the sole energy
and carbon source. Chemolithotrophic Fe(II)-oxidizing bacteria (FeOB) use both solid and
dissolved Fe(II) as an electron donor (10) under either oxic conditions, i.e., microaero-
philic FeOB, or anoxic conditions, i.e., nitrate-reducing FeOB (1, 11–13). Despite the cur-
rent knowledge of NRFO, for instance, as studied using the autotrophic nitrate-reducing
Fe(II)-oxidizing bacterial enrichment culture KS (1), the knowledge of whether autotro-
phic NRFO can be performed by an individual strain or requires cooperation between
different strains remains elusive (14).

Culture KS originated from a freshwater ecosystem in Bremen, Germany, and was
first published in 1996 (1). The community composition of culture KS was analyzed
under autotrophic growth conditions [using Fe(II) and nitrate] and under heterotrophic
conditions (using acetate and nitrate) (15, 16). Under autotrophic conditions, culture
KS was found to be enriched for an unclassified FeOB Gallionellaceae sp., which domi-
nated with almost 96% relative 16S rRNA gene sequence abundance. The most closely
related organisms to this unclassified Gallionellaceae sp. are the microaerophilic FeOB,
Ferrigenium kumadai strain An22 (16S rRNA gene sequence identity, 96.45%) (17) and
Sideroxydans lithotrophicus strain ES-1 (16S rRNA gene sequence identity, 95.23%) (18)
as well as another unclassified Gallionellaceae sp. (16S rRNA gene sequence identity,
97.88%) (19) from the novel autotrophic NRFO enrichment culture BP that originated
from the same environment as culture KS, i.e., a freshwater ecosystem in Bremen.
However, despite elaborate cultivation attempts, the unclassified Gallionellaceae sp. of
culture KS has so far not been isolated (15, 16).

Metagenomic analysis of culture KS, including metagenome-assembled genomes
(MAGs), uncovered several genes encoding protein complexes potentially involved in
extracellular electron transfer (EET) pathways during neutrophilic Fe(II) oxidation (16).
Among the genes were those encoding the outer membrane cytochrome c (cyc2)
detected in marine microaerophiles (20, 21) as well as the porin-cytochrome c protein
complexes pcoAB known for Fe(II) oxidation in Pseudomonas aeruginosa (22) and the
mtoAB gene cluster shown in several microaerophiles, including Gallionella sp. strain
ES-2 and Sideroxydans sp. strain ES-1 (16, 23–25). However, it remained largely
unknown which genes and proteins are ultimately involved in NRFO. Furthermore, in
culture KS, the full denitrification gene complex, which consists of the genes encoding
the nitrate reductase (narGHI), the nitrite reductase (nirK/S), the nitric oxide reductase
(norBC), and the nitrous oxide reductase (nosZ), was only found in the MAGs of the het-
erotrophic organisms, i.e., the Bradyrhizobium sp. and Rhodanobacter sp. (16). In con-
trast, in the Gallionellaceae sp. MAG of culture KS, only the genes narGHI and nirK/S
were identified. This was unexpected since the product of nitrite reduction, nitric oxide
(NO), is generally toxic to organisms without detoxification genes (16). Therefore, it
remained unclear how the unclassified Gallionellaceae sp. in culture KS deals with this
toxic compound and survives under this condition. Apart from NRFO genes, the carbon
fixation gene encoding a form II ribulose 1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) was identified in the Gallionellaceae sp. MAG, and genes encoding form IC
RuBisCO were identified in the Rhizobium sp., Bradyrhizobium sp., and Rhodanobacter
sp. MAGs in culture KS (16). It was further shown that, unlike the Bradyrhizobium sp.,
the unclassified Gallionellaceae sp. in culture KS is capable of CO2 fixation during
Fe(II) oxidation, confirming its chemolithoautotrophic lifestyle (26). In addition, the
unclassified Gallionellaceae sp. from culture KS possesses high-oxygen-affinity genes
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(i.e., encoding cbb3-type cytochrome c oxidase) and low-oxygen-affinity genes (i.e.,
encoding aa3-type cytochrome c oxidase), which require low and high oxygen concen-
trations, respectively (16, 27). This indicates that the unclassified Gallionellaceae sp. in
culture KS might have the ability to respire oxygen as a microaerophilic Fe(II) oxidizer;
however, it remained unknown whether these cytochrome c oxidases are expressed.

Based on this previous work, several mechanisms were proposed for Fe(II) oxida-
tion in culture KS. Yet, the individual roles of the culture KS community members in
Fe(II) oxidation, CO2 fixation, reduction of the individual N species, and potential
oxygen respiration remained elusive. Therefore, the aims of this study were (i) to
identify genes and proteins expressed by the FeOB and other community members
of culture KS under autotrophic and heterotrophic conditions, (ii) to create a con-
cept of interspecies interaction based on the expressed genes and proteins which
enables survival under autotrophic NRFO conditions in culture KS, and (iii) to obtain
information from these expressed genes and proteins, allowing the development of
potential isolation strategies of the unclassified Gallionellaceae sp. from culture KS
for future studies. To answer these questions, we applied a meta-omics approach
(i.e., metagenomics, metatranscriptomics, and metaproteomics) to culture KS under
autotrophic and heterotrophic conditions. The physiology of the culture and popu-
lation dynamics in these experiments were furthermore determined by monitoring
Fe(II), nitrate, and acetate consumption as well as cell counts and 16S rRNA gene
amplicon sequencing.

RESULTS AND DISCUSSION
Physiology of culture KS. For the meta-omics approach, culture KS was grown under

anoxic autotrophic or anoxic heterotrophic conditions. Under autotrophic conditions,
9.34 mM Fe(II) was oxidized with an average Fe(II) oxidation rate of 3.25mM/day during
the exponential growth phase (i.e., between days 1 and 4) (Fig. 1A). This co-occurred with
a reduction of 2.18 mM nitrate and an average nitrate reduction rate of 0.77mM/day,
without detectable nitrite production (Fig. 1A), suggesting either a potentially rapid con-
sumption of nitrite by the enzyme nitrite reductase (NirK/S) or the involvement of nitrite
in abiotic Fe(II) oxidation. The average Fe(II)oxidized/nitratereduced stoichiometric ratio was
4.28, indicative of autotrophic NRFO, albeit at a ratio that is slightly lower than the previ-
ously reported Fe(II)oxidized/nitratereduced ratios of 4.5 to 4.8 (15). The theoretical stoichiome-
try, however, suggests that the Fe(II)oxidized/nitratereduced ratio should be around 5 or even
greater than 5 if the electrons used for CO2 fixation were also considered (28). We suggest
two possible explanations for this phenomenon. First, the product of nitrate reduction
might not only be the final end member of denitrification, i.e., N2, but may also be one of
the less reduced N intermediates, i.e., NO or N2O, which potentially leads to greenhouse
gas emission. Second, heterotrophs might contribute to nitrate reduction using the elec-
trons not only from Fe(II) but also from the trace amount of organic carbon present in
Milli-Q water (determined at 2.17mg/liter; triplicate measurements) used for medium
preparation. In our experiments, cell numbers increased from 5.16� 105 cells/ml to
2.82� 107 cells/ml within 3days (Fig. 1B). Given that 1mg/liter of dissolved organic car-
bon in Milli-Q water could in theory produce 2.5� 106 cells/ml (see the calculation in the
supplemental material), cell growth in our cultivation experiments clearly derive not only
from the trace amount of organic carbon but mainly from carbon fixation using electrons
donated from Fe(II).

Under autotrophic growth conditions, the microbial community composition revealed
that the unclassified Gallionellaceae sp. dominated, with 95% to 98% relative 16S rRNA
gene sequence abundance (Fig. 1B). Conversely, lower abundances were detected for the
Rhodanobacter sp. (2% to 3%), Bradyrhizobium sp. (up to 1%), Nocardioides sp. (,1%), and
another Gallionella sp. (,1%) (Fig. 1B), in agreement with previous studies (15, 16, 28).
The total cell numbers and the relative abundance of the unclassified Gallionellaceae sp.
were higher than in a previous growth and population dynamics study (15), which
reported total cell growth from 4� 104 cells/ml to 2� 106 cells/ml and an increase in the
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unclassified Gallionellaceae sp. relative abundance from 58% to 83% in 10days (15). In
line with previous studies, the cell number increased 55 times over 3 days, and the
unclassified Gallionellaceae sp. always accounted for the majority of the microbial com-
munity during the process of NRFO (Fig. 1B). Therefore, under autotrophic growth condi-
tions, culture KS appeared reproducible, with only slight fluctuations among the different
transfers.

Under heterotrophic conditions, 4.02 mM acetate was consumed with an average
acetate oxidation rate of 0.72mM/day during the exponential growth phase (i.e.,
between day 2 and day 7). This co-occurred with an average reduction of 4.16 mM ni-
trate and an average nitrate reduction rate of 0.82mM/day. Nitrite was detected
between day 4 and day 9 at concentrations ranging from 0.04 to 0.36mM (Fig. 1C),
pointing toward inefficient enzymatic nitrite reduction of the dominating microbial
populations. The average acetateoxidized/nitratereduced ratio yield of 0.99 was similar to
previously reported ratios (0.9 to 1.4) (15). Throughout the experiment, cell numbers
increased from 7.85� 105 cells/ml to 1.30� 108 cells/ml within 9days (Fig. 1D). The
Bradyrhizobium sp. dominated under heterotrophic conditions, with 85% to 97% relative

FIG 1 Geochemistry of culture KS under autotrophic (left) and heterotrophic (right) conditions. Changes in Fe(II), nitrate, and
nitrite concentrations (A), acetate, nitrate, and nitrite concentrations (C), and estimated absolute cell numbers from total cell
number (calculated with triplicate samples at all time points) and microbial community relative abundance of 16S rRNA gene
amplicon sequencing (performed with triplicate samples, except for time zero) (B and D) as monitored over time. Error bars
represent the standard deviations from three to four replicates (day 0 had no replicates in 16S rRNA gene amplicon
sequencing).
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16S rRNA gene sequence abundance, while lower abundances were detected for the
Nocardioides sp. (3% to 13%), unclassified Gallionellaceae sp. (,1%), Rhodanobacter sp.
(,1%), and Pseudomonas sp. (,1%) (Fig. 1D). Thus, the unclassified Gallionellaceae sp. and
Rhodanobacter sp. were still detectable, albeit at low relative abundance (i.e., 0.09% to
0.38% and 0.08% to 1.13%, respectively).

Our data confirmed the population dynamics of the unclassified Gallionellaceae sp.
and Bradyrhizobium sp. under heterotrophic and autotrophic conditions in culture KS,
which have previously been determined via fluorescence in situ hybridization (FISH)
(15), indicating that culture KS sustains a stable microbial consortium over time (i.e.,
several years). Our results also allowed us to determine optimal sampling points for
meta-omics analysis, i.e., during the exponential growth phase of culture KS under
both autotrophic and heterotrophic conditions.

Overview of the four assembled MAGs in culture KS under autotrophic
and heterotrophic conditions. Four high-quality MAGs of the Gallionellaceae sp.,
Rhodanobacter sp., Bradyrhizobium sp., and Nocardioides sp. were recovered from the
metagenomic data from culture KS with estimated completeness of $95% and esti-
mated contamination of 0% (see Table S1). Several genes involved in carbon, nitrate,
and oxygen metabolisms as well as in Fe(II) oxidation were identified (Fig. 2). Carbon
metabolism pathway genes for the reductive pentose phosphate (CBB) cycle, the gly-
colysis pathway, tricarboxylic acid (TCA) cycle, and the pentose phosphate pathway
(PPP) were identified in the four MAGs. Furthermore, the genes encoding RuBisCO
were only identified in the MAGs of the Gallionellaceae sp. and Bradyrhizobium sp. but
not in the Rhodanobacter sp., which is different from a previous report (16). The lack of
RuBisCO in the Rhodanobacter sp. might be explained by evolutionary gene loss over
time or incompleteness of the Rhodanobacter sp. MAG.

Regarding iron oxidation, the genes encoding outer membrane and porin-cyto-
chrome c proteins of putative EET systems, i.e., cyc2, mtoAB, pcoAB, and outer mem-
brane multi-copper oxidase (an ompB homolog, mofA), were detected in the MAGs of
the Gallionellaceae sp. and Rhodanobacter sp., suggesting that both organisms might
have the ability to oxidize Fe(II). Concerning the further electron acceptor pathway in
the periplasm and inner membrane, the dissimilatory nitrate reductase complex
narGHI and nitrite reductase nirK/S were detected in all four MAGs. The additional
genes to complete denitrification, i.e., norBC and nosZ, were only detected in the MAGs
of the Rhodanobacter sp., Bradyrhizobium sp., and Nocardioides sp. Another set of elec-
tron acceptors at the inner membrane of the cell are the oxidative phosphorylation
complexes, i.e., the respiratory chain complexes I (NADH quinone oxidoreductase), II
(succinate dehydrogenase), III (cytochrome bc1 complex), IV (cbb3- and aa3-type cyto-
chrome c oxidases), and V (F-type ATPase). We identified the genes encoding these oxi-
dative phosphorylation systems in all four MAGs.

To determine the nutritional requirements of the bacterial populations in culture
KS, particularly for the Gallionellaceae sp., we examined the amino acid biosynthesis
pathways. The Gallionellaceae sp. MAG in culture KS encodes the complete synthesis
pathways for the essential amino acids, suggesting that the Gallionellaceae sp. does
not depend on other organisms regarding amino acid biosynthesis, which is in line
with a previous metagenomic study (16).

Carbon fixation by the dominant Gallionellaceae sp. supports the survival of
heterotrophic community members under autotrophic conditions. To advance the
knowledge beyond the previous work (15, 16, 26, 28–30), we now also performed
metatranscriptomic and metaproteomic analyses, which has not been performed with
culture KS before. For a comparison of total transcript and protein abundances under
autotrophic and heterotrophic conditions, differential abundance analysis was per-
formed, which was the main basis of our interpretations (Fig. 2). In addition, normalized
gene expression per MAG (i.e., Gallionellaceae sp., Rhodanobacter sp., Bradyrhizobium sp.,
and Nocardioides sp.) was calculated for both growth conditions using housekeeping
genes as a reference and resulting in normalized transcripts per kilobase million (TPM)
(see Fig. S1); however, these normalized results were interpreted with caution if data
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were obtained from one sample only out of triplicates (a value of 0 TPM was interpreted
as missing data). The metatranscriptomic analysis revealed the presence of several tran-
scripts associated with carbon metabolic pathways under autotrophic NRFO conditions.
Some of those transcripts showed significantly higher abundances under autotrophic
conditions than under heterotrophic conditions (Fig. 2), more specifically, the essential
carbon fixation gene transcripts, encoding form II RuBisCO (rbcL) and form IC RuBisCO
(rbcL/S), of the Gallionellaceae sp. and Bradyrhizobium sp., respectively (Fig. 2). However,
of these carbon fixation genes, only the rbcL transcript of the Gallionellaceae sp. was sig-
nificantly (P# 0.05) more abundant under autotrophic conditions than under heterotro-
phic conditions, and the RbcL protein of the Gallionellaceae sp. was only detected under

FIG 2 Fold changes of normalized counts (log2) of key transcripts and proteins involved in Fe(II) oxidation, CO2 fixation, acetate oxidation,
denitrification, and potential oxygen respiration under autotrophic conditions compared to those under heterotrophic conditions. Genes with
several copy numbers are listed multiple times. MT, metatranscriptomic analysis; MP, metaproteomic analysis. *, adjusted P# 0.05; A, protein
was only detected under autotrophic conditions; H, protein was only detected under heterotrophic conditions.
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autotrophic conditions (Fig. 2). In addition, the highest normalized gene expression of
rbcL per MAG was calculated for the Gallionellaceae sp. under autotrophic conditions
(4.78 averaged normalized TPM) (Fig. S1) and under heterotrophic conditions (however,
with data from one sample only). In previous studies, form II RuBisCO was found in the
nitrate-reducing FeOB Thiobacillus denitrificans as well as the microaerophilic FeOB
Sideroxydans lithotrophicus ES-1 and Gallionella capsiferriformans ES-2 (23, 31). This gene
usually has a low affinity to CO2 and is adapted to high-CO2 and low-O2 environments;
hence, it could function well under the anoxic bicarbonate-buffered cultivation condi-
tions in culture KS (23, 32). Form IC RuBisCO was mostly found in the microorganisms liv-
ing in environments with oxic conditions and reduced levels of CO2 (32). Based on our
findings, the expression level of form IC RuBisCO in the Bradyrhizobium sp. might rather
be low under anoxic conditions (0 to 0.18 averaged normalized TPM per MAG) (Fig. S1),
and this could explain why we were unable to detect the corresponding protein in our
data set (Fig. 2). Our meta-omics data demonstrate, at both transcriptional and protein
levels, that the Gallionellaceae sp. is the key organism responsible for carbon fixation
under autotrophic conditions in culture KS (Fig. 3), supporting the hypothesis of
Tominski et al., based on uptake studies of 13C-labeled bicarbonate (26). In addition,
under autotrophic conditions, we detected most of the transcripts and some of the pro-
teins involved in the CBB cycle, the TCA cycle, the glycolysis pathway, and the PPP from
the Gallionellaceae sp. and Rhodanobacter sp. (Fig. 2 and 3). Based on these detected car-
bon metabolism pathways, we propose that the Gallionellaceae sp. may proceed carbon
fixation to produce the key component, i.e., organic carbon, 3-phosphoglycerate, for het-
erotrophic community members to survive under autotrophic conditions. These hetero-
trophs may subsequently metabolize 3-phosphoglycerate in the TCA cycle for further
energy generation (Fig. 2) and for their survival in culture KS under autotrophic condi-
tions. Hence, our data demonstrate that metabolic cooperation among microbial com-
munity members likely plays an essential role in the organic carbon-limited cultivation of
the autotrophic culture KS, which might resemble the conditions in an organic carbon-
poor aquifer (33) or even in a more organic carbon-rich coastal marine sediment
(Norsminde, Denmark) (3).

The Gallionellaceae sp. and Rhodanobacter sp. likely perform Fe(II) oxidation in
culture KS. The enzymatic Fe(II) oxidation by microaerophilic FeOB under pH-neutro-
philic conditions has been proposed to occur at the outer membrane of the cell via
EET instead of cytoplasmic Fe(II) oxidation to avoid intracellular mineral encrustation
(9, 18, 29, 34, 35). Our transcriptomic data revealed that most of the detected putative
EET system genes were expressed by the Gallionellaceae sp. and Rhodanobacter sp.
(Fig. 2). For these two populations, the transcripts encoding Cyc2, MtoA, MtoB, Cytc1,
Cytc2, Cytbc, and MofA were detected at a significantly higher abundance under auto-
trophic conditions than under heterotrophic conditions (Fig. 2). Additionally, in the
Rhodanobacter sp., the transcripts encoding PcoA and PcoB were detected at signifi-
cantly higher abundance levels under autotrophic conditions (Fig. 2). Furthermore,
among the detected putative EET system transcripts, highest normalized gene expres-
sion per MAG was calculated for cyc2 in the Gallionellaceae sp. (12.83 averaged normal-
ized TPM) (Fig. S1) and for pcoB in the Rhodanobacter sp. (12.13 and 29.97 averaged
normalized TPM of two pcoB copies) (Fig. S1) under autotrophic conditions. The nor-
malized gene expression of cyc2 in the Gallionellaceae sp. was also high under hetero-
trophic conditions; however, this was with data from one sample only. Homologs of
the mtoAB and cyc2 genes from the Gallionellaceae sp. in culture KS were found in the
most closely related and publicly available genomes of Sideroxydans lithotrophicus ES-1
and Gallionella capsiferriformans ES-2 (16, 23, 36). MtoA and MtoB were shown to per-
form Fe(II) oxidation in the Sideroxydans lithotrophicus strain ES-1 (37). Furthermore,
the cyc2 gene encoding the putative Fe oxidase was identified in several FeOB
genomes (36), cyc2 transcripts were highly abundant in situ in Zetaproteobacteria-
dominated Fe mats at marine hydrothermal vents (38), and cyc2 transcripts as well as
the Cyc2 protein were detected in the unclassified Gallionellaceae sp. of the novel
autotrophic NRFO enrichment culture BP (19). Moreover, PcoA and PcoB were shown
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to use a broad range of redox substrates, and pcoAB homologs were widely identified
in FeOB that have the genetic ability to oxidize Fe(II) (22, 36), e.g., in P. aeruginosa, for
which the Fe(II) oxidation function of PcoA was demonstrated (22). It was therefore
hypothesized that homologs of pcoAB might function in Fe(II) oxidation in many
Betaproteobacteria (22, 36). The proteins MofA, MofB, and MofC were identified in
Leptothrix discophora SS-1 and were speculated to be involved in Mn(II) and Fe(II)

FIG 3 Overview of the proposed microbial interactions of the Gallionellaceae sp. and Rhodanobacter sp. in culture KS under autotrophic conditions. The
depicted putative reactions are based on the meta-omics data for extracellular electron transfer system, denitrification, carbon metabolism, and oxidative
phosphorylation in the Gallionellaceae sp. and Rhodanobacter sp. Most of the transcripts in this figure were detected under autotrophic conditions. Lighter
blue color filling, incomplete pathway of proteins detected under autotrophic conditions; intense blue color filling, all proteins of the complete pathway
detected under autotrophic conditions.
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oxidation (39–42). Under our growth conditions, no Mn(II) was added besides the trace
amounts that originated from trace metals in the growth medium (0.50mM); thus, it is
unlikely that Mn(II) is the main electron donor in the KS culture, and we propose that
the detected putative EET system transcripts are directly involved in Fe(II) oxidation. At
the proteome level, we detected only the OmpB homolog MofA, which was assigned
to the Gallionellaceae sp. MAG (Fig. 2). Even though we used a total protein extraction
method, membrane proteins are difficult to extract (43), and we might have missed
those EET proteins that reside in the membrane.

Collectively, the data from our meta-omics analyses combined with previous studies
strengthen the concept that cyc2, mtoAB, mofABC, and pcoAB might be involved in EET
to oxidize Fe(II) in not only the Gallionellaceae sp. but also the Rhodanobacter sp.
(Fig. 2 and Fig. S1). However, according to the metaproteomic data, the Gallionellaceae
sp. might be the key FeOB potentially employing MofA to oxidize Fe(II) and to transfer
electrons from Fe(II) to the periplasm via MofB and MofC (36, 39, 41, 42). Indeed, the
isolated Rhodanobacter sp. from culture KS was unable to oxidize FeCl2 and Fe(II)-EDTA
under either autotrophic or mixotrophic conditions (30). This indicates that the
Rhodanobacter sp. might be dependent on the Gallionellaceae sp. to survive in culture
KS under autotrophic conditions, as previously proposed (15, 16).

With respect to the other flanking community members under both autotrophic
and heterotrophic conditions, the only EET transcripts detected for the Bradyrhizobium
sp. and Nocardioides sp. were those of mofA (Fig. 2). The results overall indicate that
the Gallionellaceae sp. might not depend on the Rhodanobacter sp. for the process of
electron donation, i.e., Fe(II) oxidation, but might depend on the Rhodanobacter sp. for
other metabolic steps, e.g., for accepting electrons from oxidation of organic carbon
provided by the Gallionellaceae sp. at the periplasm and the inner membrane.
Furthermore, in order to survive (and even grow) under carbon-limited and Fe(II)-rich
conditions, heterotrophs such as the Bradyrhizobium sp. and Nocardioides sp. depend
on the Gallionellaceae sp. that uses electrons from Fe(II) oxidation to fix carbon and,
thus, provides organic compounds to the heterotrophs.

The Rhodanobacter sp. in culture KS likely detoxifies NO under autotrophic
conditions. Among the processes able to accept the electrons donated by Fe(II) oxida-
tion at the periplasm and the inner membrane of the bacterial populations in culture KS
is the reduction of nitrate, also known as denitrification. The transcripts of the denitrifica-
tion pathway genes, i.e., narGHI and nirK/S of the Gallionellaceae sp. as well as narGHI,
nirK, norB, and nosZ of the Rhodanobacter sp., were detected at significantly higher abun-
dances under autotrophic conditions (Fig. 2). The proteins NarGHI and NirK/S of the
Gallionellaceae sp. as well as NirK and NosZ of the Rhodanobacter sp. were detected only
under autotrophic conditions (Fig. 2). The Rhodanobacter sp. expressed all three copies
of the nitric oxide reductase (norB) gene. In addition, normalized gene expression per
MAG revealed highly expressed norB in the Rhodanobacter sp. under autotrophic condi-
tions (439.88 averaged normalized TPM) (Fig. S1). Therefore, the Rhodanobacter sp. might
play a role in NO detoxification, which is critical for the survival of the Gallionellaceae sp.
(Fig. 2). It was previously suggested that the NO produced by the Gallionellaceae sp.
could be reduced either via biotic processes by flanking community members or via abi-
otic processes, i.e., nitric oxide reduction coupled to Fe(II) oxidation (16). Based on our
findings, the biotic process of NO detoxification by the Rhodanobacter sp. seems likely
and might be essential for the survival of the Gallionellaceae sp. in the presence of toxic
NO. This implies that the lack of the nor gene could be the barrier that prevents isolation
of the Gallionellaceae sp. from culture KS. Thus, constant removal of NO may help for the
isolation of the Gallionellaceae sp. in culture KS. Furthermore, the product derived from
NO reduction is a greenhouse gas, N2O, which is harmful to the environment. The pro-
teins required for completing the denitrification pathway—NosZ by the Rhodanobacter
sp. and the other heterotrophic community members—were detected in culture KS
under autotrophic conditions, further highlighting the critical role of interspecies interac-
tions in the process of reducing N2O. In naturally occurring microbial communities, the
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process of complete denitrification is vital to decrease N2O greenhouse gas emissions
which derive from incomplete microbial denitrification.

Oxidative phosphorylation pathway under anoxic conditions. Oxidative phos-
phorylation could also take part in accepting the electrons and transfer the electrons
at the inner membrane to generate cellular energy. The metatranscriptome analysis
revealed the presence of significantly higher abundances of oxidative phosphorylation
gene transcripts under autotrophic compared to heterotrophic conditions for both, the
Gallionellaceae sp. and Rhodanobacter sp. (Fig. 2). In addition, normalized gene expres-
sion per MAG showed high expression of cytB in the Gallionellaceae sp. (up to 34.31
averaged normalized TPM) (Fig. S1) and of ccoQ in the Rhodanobacter sp. (142.16 aver-
aged normalized TPM) (Fig. S1) under autotrophic conditions. Interestingly, the
Gallionellaceae sp. homologous proteins for the cbb3- and aa3-type cytochrome c oxi-
dases of complex IV, which have high and low affinity to oxygen, respectively (27),
were detected under autotrophic conditions (Fig. 2). These cbb3- and aa3-type cyto-
chrome c oxidases are typically found in microaerophilic FeOB, such as Sideroxydans
lithotrophicus strain ES-1, and aerobic acidophilic FeOB, such as Acidithiobacillus fer-
rooxidans, respectively (23, 44). Under heterotrophic conditions, only the transcripts of
the Bradyrhizobium sp. genes encoding the protein complexes II, IV, and V were
detected, and only a few of them had significantly higher abundances than under
autotrophic conditions (Fig. 2). Furthermore, normalized gene expression per MAG
revealed high levels of ccoQ in the Bradyrhizobium sp. (0.65 to 73.50 averaged normal-
ized TPM) (Fig. S1) and of coxB in the Nocardioides sp. (369.27 to 579.49 averaged nor-
malized TPM) (Fig. S1) under both growth conditions. These data suggest that under
both growth conditions, oxidative phosphorylation with O2 as an electron acceptor
might occur in culture KS. However, our growth experiments were performed under
anoxic conditions using N2/CO2 in the headspace and amended with FeCl2 prior to
inoculation, which would have consumed any atmospheric O2 contamination during
the preparation procedure. Hypothetically, there might be a similar mechanism as pro-
posed for the nitric oxide reductase (Nod). Nod was suggested to produce oxygen and
dinitrogen in aerobic methane-oxidizing bacteria under anoxic conditions (45), and the
corresponding gene was widely detected in the environment (45–48). However, evi-
dence of nod gene homologs was confirmed to be vague in culture KS, and the most
similar protein in culture KS, compared to the published nod genes, has only 34%
amino acid identity (in the Rhodanobacter sp.). Hence, to confirm the production of O2

by an enzyme similar to Nod or the production of reactive oxygen species such as
hydroxyl radicals, superoxide, and hydrogen peroxide in the culture KS system, further
physiological experiments are required, as already suggested in a previous study (49).
Another possible scenario might be constitutive expression of the oxidative phospho-
rylation complex III genes.

Overall, the microorganisms in culture KS may in theory have a microaerophilic liv-
ing style, and the electrons accepted from the EET system may be transferred not only
to the denitrification pathway but also to the oxidative phosphorylation pathway (Fig.
3). Indeed, several microoxic cultivation approaches, e.g., gradient tube and zero-valent
iron plate, were used to grow culture KS and to isolate the Gallionellaceae sp. (15, 28).
It was found that under these microoxic conditions, the Gallionellaceae sp. grew for the
first few transfers, but the growth was not as stable as the culture under autotrophic
anoxic NRFO conditions (15, 30), suggesting that the Gallionellaceae sp. prefers an
autotrophic anoxic NRFO environment or requires the microbial network that thrives
under these conditions.

Conclusion. Overall, our meta-omics analysis demonstrated that the microbial
mechanism of NRFO occurs in the neutrophilic autotrophic enrichment culture KS at
the transcript and protein levels. Based on this, both the Gallionellaceae sp. and
Rhodanobacter sp. likely take part in the processes of Fe(II) oxidation and denitrification
(Fig. 3). Carbon fixation by the Gallionellaceae sp. is probably required for the survival
of the Rhodanobacter sp. (Fig. 3). In return, the Rhodanobacter sp. likely removes the
toxic product, NO, that the Gallionellaceae sp. produces through incomplete
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denitrification (Fig. 3). This indicates that the Gallionellaceae sp. and Rhodanobacter sp.
have established a symbiotic relationship to survive in the organic carbon source-lim-
ited but Fe(II)- and nitrate-rich environment of culture KS under autotrophic condi-
tions. While we cannot provide direct proof of enzymatic NRFO and NO detoxification,
our meta-omics analysis strengthens previous evidence of these mechanisms and
sheds more light on the fascinating metabolisms and interdependencies of the micro-
bial key players in culture KS. Furthermore, our meta-omics analysis revealed tran-
scripts and proteins in culture KS that are an important basis for follow-up studies. For
instance, our data provide hints on the conditions that might be required to isolate the
nitrate-reducing Fe(II)-oxidizing Gallionellaceae sp. One promising approach employs a
growth chamber with a periplasm membrane in between, which might be used to
grow the isolated Rhodanobacter sp. and the Gallionellaceae sp. via serial dilution from
culture KS. This method would allow chemicals (e.g., organic carbon and NO) to pass
through the membrane while separating the two species, resulting in a co-culture with
complete pathways of NRFO and carbon fixation. Considering the environmental
impact of microbial NRFO, a better knowledge of the physiology and the metabolism
of members of the culture KS will be additionally valuable for the understanding of
NRFO processes in the natural environment, particularly in organic carbon-limited but
Fe(II)- and nitrate-containing habitats, such as aquifers. This knowledge may further-
more be used for treatment strategies of contaminated groundwater, wastewaters
(50–52), or constructed wetlands (i.e., wastewater treatment systems) (53).

MATERIALS ANDMETHODS
Cultivation, analytical methods, and cell counts. Culture KS originates from a freshwater pond in

Bremen, Germany (1). Since then, culture KS has been transferred for more than 20 years under autotro-
phic conditions. For at least 3 years, culture KS was transferred with 1% (vol/vol) inoculum, including
more than 10 transfers per year. The culture was grown in 58-ml serum bottles with 25ml bicarbonate-
buffered, anoxic unfiltered medium containing 10mM FeCl2, 4mM NaNO3, vitamins, and trace elements
with a final pH of 6.9 to 7.2 (28, 54). The incubation temperature was 28°C without a light source and
agitation, and the N2/CO2 ratio in the headspace was 90:10. Under heterotrophic conditions, 5mM ace-
tate was used instead of 10mM FeCl2 as the electron donor. The analytic methods used to determine
the concentrations of Fe(II), Fe(total), nitrate, nitrite, and acetate as well as 49,6-diamidino-2-phenylin-
dole (DAPI) cell counts were described previously (15).

Experimental setup for meta-omics. To achieve a high-quality metagenome, we used a hybrid
approach with both short-read (Illumina) and long-read (Nanopore) sequencing technologies. Also, to
assemble genomes optimally that dominate under either autotrophic or heterotrophic growth condi-
tions, we sequenced samples of both treatments. Therefore, metagenome samples were obtained at
day 2 (Illumina) and 7 (Nanopore) under autotrophic conditions and at day 13 (Illumina) under hetero-
trophic conditions.

For the metatranscriptomics and metaproteomics analyses, both autotrophic and heterotrophic con-
ditions were used with biological triplicates. Under autotrophic conditions, within 4 days on average,
80% of Fe(II) was oxidized and 75% of nitrate was reduced. Therefore, samples under autotrophic condi-
tions were taken at the 2nd day [remaining Fe(II) and NO3

2 was 8.7mM and 3.8mM, respectively;
7.95� 106 cells/ml]. Under heterotrophic conditions, in a first step, a preculture was grown for two trans-
fers with 1% (vol/vol) inoculum for 10 days each, allowing more than seven generations under pre-
culture conditions, considering an average doubling time of 1.5 days, to avoid carryover of signals from
gene and protein expression under autotrophic conditions. In a second step, the 3rd transfer under het-
erotrophic conditions was used for the experimental setup: within 7 days, 72% of acetate was oxidized
and 97.5% of nitrate was reduced. Therefore, samples under heterotrophic conditions were taken at the
5th day (remaining: acetate, 3.68mM; NO3

2, 2.84mM; NO2
2, 0.04mM; 5.29� 107 cells/ml).

Biomass sampling. At the sampling time points, biomass of culture KS with total cell numbers rang-
ing from 109 to 1010 cells was collected under sterile conditions on cellulose filters (mixed-cellulose ester
sterile filter membrane, 0.22-mm pore size, 47-mm filter diameter; Millipore) using vacuum filtration. The
filters were cut into pieces and either stored in 15-ml falcon tubes at 280°C before proceeding with
DNA and RNA extractions or stored in 50-ml falcon tubes at 280°C before proceeding with the protein
extractions.

DNA and RNA coextraction. DNA/RNA coextraction was performed according to the protocol of
Lueders et al. (55) with the following modifications: two tubes of “MP Bio Lysis Matrix E” beads were
added to a 15-ml falcon tube including the filter pieces with the collected biomass. To disrupt the cells,
3.75ml PB buffer (112.87mM Na2HPO4 and 7.12mM NaH2PO4) and 1.25ml TNS buffer (500mM Tris-HCl,
100mM NaCl, and 10% [wt/vol] SDS) were added, followed by bead beating for 4 min on the vortex
adapter (maximum power) at room temperature (RT). The following centrifugation steps were all at max-
imum speed (7,197� g; Eppendorf centrifuge 5430 with Rotor F35-6-30) at 4°C. All transfer steps were
conducted on ice. The samples were centrifuged twice for 15 min and transferred to a new 15-ml falcon
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tube in between centrifugation steps to obtain a clear supernatant. Then, the supernatant was split into
new sterile 2-ml tubes (1ml per tube) to proceed with phenol-chloroform-isoamyl alcohol and chloro-
form-isoamyl alcohol extractions according to Lueders et al. (55). Subsequently, all aqueous phases were
pooled again into a new 15-ml tube for polyethylene glycol (with 30% [wt/vol] polyethylene glycol 6000
and 1.6 M NaCl) precipitation overnight. From the ethanol washing step, the extraction was conducted
using a clean bench. The ethanol was removed carefully with a pipette with filter tips, and the pellet
was dried at RT for ca. 10 min. The DNA/RNA pellet was dissolved in 20 to 50ml diethyl pyrocarbonate
(DEPC)-treated water with Invitrogen Ambion RNase inhibitor (40 unit/ml, 1ml RNase inhibitor/40ml) at
RT for 30min. For RNA samples, DNA digestion with a TURBO DNA-free kit was performed according to
the user’s manual protocol for rigorous treatment. Successful DNA removal was confirmed by 30-cycle
PCR using universal bacterial primers (see below). All samples were stored at 280°C before sequencing.

Protein extraction. Protein extraction was performed according to the “protein extraction method B”
described by Spät et al. (56) with the following modifications: 5ml and 2ml lysis buffer were added to the
samples from autotrophic and heterotrophic conditions, respectively, to dissolve cell pellets. The samples
were incubated for 10 min at 95°C in a water bath, vortexed briefly, chilled on ice with 2 min-intervals in
total 5 times, and, subsequently, sonicated on ice for 30 s with an ultrasonic homogenizer (Bandelin
Sonopuls) at output control 4 and 40% duty cycle. The lysate was centrifuged at 7,197� g for 1 min at RT,
and the supernatant was then transferred into several 1.5-ml Eppendorf tubes and centrifuged at
20,817� g (Eppendorf centrifuge 5430 with a rotor holding 30 1.5/2.0-ml tubes) for 10 min at RT. Samples
were pooled again into sterile 50-ml solvent-resistant tubes. After the 8:1 acetone-methanol precipitation
and incubation step overnight, the precipitate was washed with 5ml ice-cold 80% (vol/vol) acetone in
water and centrifuged at 7,197� g for 5 min at 4°C. The protein pellets were air dried at RT and later dis-
solved in urea buffer and stored at220°C.

Illumina 16S rRNA amplicon sequencing. Bacterial 16S rRNA genes were amplified using universal
primers, i.e., 515f, GTGYCAGCMGCCGCGGTAA (57), and 806r, GGACTACNVGGGTWTCTAAT (58), fused to
Illumina adapters. The PCR cycling conditions were as follows: 95°C for 3min, 25 or 30 cycles of 95°C for
30 s, 55°C for 30 s, and 75°C for 30 s, followed by a final elongation step at 72°C for 3min. The quality of
the purified amplicons was determined using agarose gel electrophoresis. Subsequent library prepara-
tion steps, i.e., Nextera 2nd step PCR, including pooling and sequencing, were performed on an Illumina
MiSeq sequencing system (Illumina, San Diego, CA, USA) using the 2 by 250-bp MiSeq reagent kit v2 by
Microsynth AG (Balgach, Switzerland). Between 68,651 and 219,333 sequencing read pairs were gener-
ated for each sample. Quality control, reconstruction of 16S rRNA gene sequences, and taxonomic anno-
tation were performed with nf-core/ampliseq v1.1.0 (59, 60) with Nextflow v20.04.1 (61) using container-
ized software with singularity v3.0.3 (62). Primers were trimmed, and untrimmed sequences were
discarded (,8%) with Cutadapt v1.16 (63). Adapter and primer-free sequences were imported into
QIIME 2 version 2018.06 (64), their quality was checked with demux (https://github.com/qiime2/q2
-demux), and they were processed with DADA2 version 1.6.0 (65) to eliminate PhiX contamination, trim
reads (position 200 in forward reads and 160 in reverse reads), correct errors, merge read pairs, and
remove PCR chimeras; ultimately, 164 amplicon sequencing variants (ASVs) were obtained across all
samples. Alpha rarefaction curves were produced with the QIIME 2 diversity alpha-rarefaction plugin,
which indicated that the richness of the samples had been fully observed. A naive Bayes classifier was fit-
ted with 16S rRNA gene sequences extracted with the PCR primer sequences from the QIIME-compatible
99% identity-clustered SILVA v132 database (66). ASVs were classified by taxon using the fitted classifier
(67). Two ASVs that classified as chloroplasts or mitochondria were removed, totaling to ,0.1% relative
abundance per sample, and the remaining ASVs had their abundances extracted by feature-table
(https://github.com/qiime2/q2-feature-table).

Metagenome sequencing, assembly, and annotation. Library preparation and shotgun Illumina
sequencing of culture KS grown under autotrophic and heterotrophic conditions were performed by
CeGaT, Tübingen, Germany. One microgram of DNA was used for library preparation with the TruSeq
DNA PCR-free kit from Illumina without modifications. Libraries were sequenced on the Illumina
NovaSeq 6000 platform to generate paired-end (2 by 150-bp) reads; 55.8 and 48.8 Gbp raw sequences
were generated for autotrophic and heterotrophic growth conditions, respectively. Nanopore sequenc-
ing (Oxford Nanopore Technologies [ONT]) on culture KS under autotrophic conditions was performed
by the NGS Competence Center Tübingen (NCCT) at the University of Tübingen, Germany. The DNA con-
centration was measured with a Qubit 4.0 dsDNA BR assay kit and a Nanodrop. The library was prepared
according to the standard protocol of ONT. A PromethION flow cell (version 9.4.1) was loaded and run
for 72 h with standard settings (base calling with high accuracy [HAC] mode, bias voltage of 2180mV)
(68, 69), producing 53 Gbp in 5 million reads.

Short- and long-read quality control, hybrid assembly, metagenome assembled genome binning, and taxo-
nomic annotation were performed with nf-core/mag v1.0.0 (https://nf-co.re/mag, https://zenodo.org/record/
3589528#.YKetqnmSmF4) (60) with Nextflow v20.04.1 (61) using containerized software with singularity v3.0.3
(62). Short-read quality was assessed with FastQC v0.11.8 (70), quality filtering and Illumina adapter removal
were performed with fastp v0.20.0 (71), and reads mapped with Bowtie 2 v2.3.5 (72) to the PhiX genome
(enterobacteria phage WA11, GCA_002596845.1, ASM259684v1) were removed. Long-read quality was
assessed with NanoPlot v1.26.3 (73), adapter trimming was performed with Porechop v0.2.3_seqan2.1.1
(https://github.com/rrwick/Porechop), Escherichia virus Lambda (PRJNA485481, GCA_000840245.1) contamina-
tion was removed with Nanolyse v1.1.0 (73), and quality filtering was performed with Filtlong v0.2.0 (https://
github.com/rrwick/Filtlong) using short reads retaining 75% of all long reads (nf-core/mag parameters
“--longreads_keep_percent 75 --longreads_length_weight 1”). Finally, processed short and long reads were
assembled with metaSPAdes v3.13.1 (74), and the assembly was evaluated with QUAST v5.0.2 (75).
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Metagenome assembled genomes (MAGs) were binned with MetaBAT 2 v2.13 (76) aided by the sequencing
depth in libraries from autotrophic and heterotrophic conditions and checked for their completeness and con-
tamination with BUSCO v3.0.2 (77) using 148 near-universal single-copy orthologs of bacteria (http://busco
.ezlab.org/v3/datasets/bacteria_odb9.tar.gz) selected from OrthoDB v9 (78), summary statistics were obtained
with QUAST for each MAG, and, finally, MAGs were taxonomically annotated with CAT v4.6 (79), using a refer-
ence database created 4 March 2020 from the NCBI nonredundant (nr) database using the “CAT prepare
- -fresh” command.

Characteristics of the assembled metagenome can be found in Table S2 in the supplemental mate-
rial. Four high-quality metagenome-assembled genomes (MAGs) were obtained from the metagenome,
with an estimated completeness of 95.3% to 99.3% and with no detectable contamination (Table S1).

The assembled metagenome and MAGs were uploaded in June 2020 to the Joint Genome Institute’s
Integrated Microbial Genome and Microbiome Expert Review (IMG/MER) pipeline (IMGAP v5.0.18) for
annotation (available online at https://img.jgi.doe.gov/cgi-bin/mer/main.cgi; Chen et al. [80]). FeGenie
(81), the National Center for Biotechnology Information (NCBI) BLAST function (https://blast.ncbi.nlm.nih
.gov/Blast.cgi) (82), and the IMG database (80) were used to confirm potential Fe(II) oxidation genes.
Metabolic pathways were searched by using the KEGG database (https://www.genome.jp/kegg/pathway
.html) (83). GapMind was used for confirming complete gene pathways for essential amino acid biosyn-
thesis (all with high confidence of the best gene candidate) (https://papers.genomics.lbl.gov/cgi-bin/
gapView.cgi) (84). Table S3 lists the IMG accession numbers for genes of Fe(II) oxidation, carbon fixation,
denitrification, and complex IV of oxidative phosphorylation from four MAGs of culture KS.

RNA sequencing, mapping, and differential RNA abundance. For metatranscriptomes, DNase
treatment, library preparation including bacterial ribodepletion (with the NuGen universal prokaryotic
RNA-Seq kit), and sequencing with 2 by 75bp and 21 to 62 Mio clusters per sample were performed by
Microsynth AG (Balgach, Switzerland) using triplicate samples of culture KS grown under autotrophic
and heterotrophic conditions. For data analysis, nf-core/rnaseq v1.4.2 (https://nf-co.re/rnaseq) (59, 60)
and its containerized software was used with singularity v3.0.3 (62). First, an index database adjusted to
small genomes (--genomeSAindexNbases 10) was created with Spliced Transcripts Alignment to a
Reference (STAR) v2.6.1d (85) on the IMGAP annotation of the metagenome. Next, nf-core/rnaseq was
executed with Nextflow v20.04.1 (61) and performed the following: quality checks with FastQC v0.11.8
(70), removal of around 1% of base pairs per sample due to adapter contamination and trimming of
low-quality regions with Trim Galore! v0.6.4, removal of 4% to 94% (average, 64%) of rRNA sequences
with SortMeRNA v2.1b (86), alignment with STAR v2.6.1d of 93% to 95% and 46% to 74% reads for auto-
trophic and heterotrophic conditions, respectively, and finally summarization of 13.2 million to 16.8 mil-
lion and 1.7 million to 16.3 million counts per sample for autotrophic and heterotrophic conditions,
respectively, for genes by featureCounts v1.6.4 (87). Transcripts per kilobase million (TPM) (88) were cal-
culated by StringTie v2.0 (89). For the comparison of total transcript abundances under autotrophic con-
ditions and those under heterotrophic conditions, gene counts were used in differential abundance
analysis in R v3.5.1 with DESeq2 v1.22.1, including median of ratios normalization (90), and a significant
difference was postulated for transcripts with Benjamini and Hochberg adjusted P value of #0.05.
Normalized gene expression (normalized TPM) per MAG was calculated according to a previous study
(38). Reference genes were selected from the list of genes validated for constitutive expression (91), but
the 16S rRNA gene was excluded from consideration given that we performed rRNA depletion. Further
genes were excluded because they either were not detected in all MAGs or had undetectable expression
(0 TPM) in all samples of at least one growth condition. Finally, the TPM values of the selected reference
genes (gapA, rpoA, rpoB, rpoC, and rpoD) were averaged for each growth condition and MAG.
Normalized TPM values for each gene were calculated by dividing its average TPM value per condition
by the average TPM of the reference genes for the corresponding MAG and growth condition. For all cal-
culations, a value of 0 TPM was treated as missing value. A summary of features of the metatranscrip-
tome can be found in Fig. 2, Fig. S1, and Table S2.

Metaproteome analysis. The metaproteome analysis was conducted by the Quantitative
Proteomics & Proteome Center, Tübingen (PCT) (92). Protein concentrations were determined via the
Bradford assay (Bio-Rad) according to the user’s manual. SDS-PAGE short gel purification (Invitrogen)
was run, and in-gel digestion with trypsin was conducted as described previously (93). Extracted pep-
tides were desalted using C18 StageTips (94) and subjected to liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. LC-MS/MS analyses were performed on an Easy-nLC 1200 ultrahigh
performance liquid chromatograph (UHPLC) (Thermo Fisher Scientific) coupled to an QExactive HF
Orbitrap mass spectrometer (Thermo Fisher Scientific) as described elsewhere (92). Peptides were eluted
with a 127-min segmented gradient at a flow rate of 200 nl/min, selecting 12 most intensive peaks for
fragmentation with high-energy collisional dissociation (HCD). The MS data were processed with
MaxQuant software suite 1.6.7.0 (95). The iBAQ and LFQ algorithms were enabled, and samples of the
same treatment (autotrophic or heterotrophic conditions, respectively) were matched. Database search
against protein sequences predicted by IMGAP on the metagenome assembly was performed using the
Andromeda search engine (96). Overall, 41,819 peptides identified by MaxQuant were loaded with R
package proteus v0.2.13 (97) (https://github.com/bartongroup/Proteus) in R v3.6.0 (98) (https://www.R
-project.org/) and subsequently assigned to 5,833 proteins; accumulated protein intensities were nor-
malized by each sample’s median and transformed by log2. For the comparison of total protein abun-
dances under autotrophic and heterotrophic conditions, differential protein abundance analysis was
performed for the triplicates of autotrophic and heterotrophic conditions, and the significance level for
rejecting the null hypothesis was set to 0.05. Key characteristics of the metaproteomes can be found in
Fig. 2 and Table S2.
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Data availability. The metagenome and MAGs are available through Integrated Microbial
Genomes & Microbiomes (IMG) (https://img.jgi.doe.gov/), with the taxon identification (IMG genome
identifier [ID]) 3300040739 for the culture KS metagenome and IMG genome IDs 2878407288,
2878409899, 2878413433, and 2878420039 for the MAGs of the Gallionellaceae sp., Rhodanobacter
sp., Bradyrhizobium sp., and Nocardioides sp., respectively.

Raw sequencing data have been deposited with links to BioProject accession number PRJNA682552
in the NCBI BioProject database. The raw mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE (99) partner repository with the data set identifier
PXD023186. Accession numbers for each sample can be found in Table S4.
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