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ABSTRACT The enrichment culture KS is one of the few existing autotrophic,
nitrate-reducing, Fe(II)-oxidizing cultures that can be continuously transferred with-
out an organic carbon source. We used a combination of catalyzed amplification re-
porter deposition fluorescence in situ hybridization (CARD-FISH) and nanoscale sec-
ondary ion mass spectrometry (NanoSIMS) to analyze community dynamics, single-
cell activities, and interactions among the two most abundant microbial community
members (i.e., Gallionellaceae sp. and Bradyrhizobium spp.) under autotrophic and
heterotrophic growth conditions. CARD-FISH cell counts showed the dominance of
the Fe(II) oxidizer Gallionellaceae sp. under autotrophic conditions as well as of Bra-
dyrhizobium spp. under heterotrophic conditions. We used NanoSIMS to monitor the
fate of 13C-labeled bicarbonate and acetate as well as 15N-labeled ammonium at the
single-cell level for both taxa. Under autotrophic conditions, only the Gallionellaceae
sp. was actively incorporating 13C-labeled bicarbonate and 15N-labeled ammonium.
Interestingly, both Bradyrhizobium spp. and Gallionellaceae sp. became enriched in
[13C]acetate and [15N]ammonium under heterotrophic conditions. Our experiments
demonstrated that Gallionellaceae sp. was capable of assimilating [13C]acetate while
Bradyrhizobium spp. were not able to fix CO2, although a metagenomics survey of
culture KS recently revealed that Gallionellaceae sp. lacks genes for acetate uptake
and that the Bradyrhizobium sp. carries the genetic potential to fix CO2. The study
furthermore extends our understanding of the microbial reactions that interlink the
nitrogen and Fe cycles in the environment.

IMPORTANCE Microbial mechanisms by which Fe(II) is oxidized with nitrate as the
terminal electron acceptor are generally referred to as “nitrate-dependent Fe(II) oxi-
dation” (NDFO). NDFO has been demonstrated in laboratory cultures (such as the
one studied in this work) and in a variety of marine and freshwater sediments. Re-
cently, the importance of NDFO for the transport of sediment-derived Fe in aquatic
ecosystems has been emphasized in a series of studies discussing the impact of
NDFO for sedimentary nutrient cycling and redox dynamics in marine and freshwa-
ter environments. In this article, we report results from an isotope labeling study
performed with the autotrophic, nitrate-reducing, Fe(II)-oxidizing enrichment culture
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KS, which was first described by Straub et al. (1) about 20 years ago. Our current
study builds on the recently published metagenome of culture KS (2).

KEYWORDS neutrophilic, chemolithoautotrophic ferrous iron [Fe(II)] oxidation,
nitrate-dependent Fe(II) oxidation (NDFO), Gallionellaceae, fluorescence in situ
hybridization (FISH), nanoscale secondary-ion mass spectrometry (NanoSIMS),
Bradyrhizobium

Iron (Fe) is an essential element of life and involved in many microbiological and
geochemical processes. Certain microorganisms can oxidize ferrous iron [Fe(II)] and

reduce ferric iron [Fe(III)] and thus impact the biogeochemical redox cycling of Fe on
Earth (3–5). Chemolithotrophic Fe(II)-oxidizing bacteria can use dissolved Fe(II) and
solid Fe(II)/Fe(III) minerals as electron donors under both oxic and anoxic conditions.
Microorganisms that can use Fe(II) as an electron donor can generally be grouped in
two major classes, i.e., acidophilic and neutrophilic Fe(II) oxidizers (5, 6). The neutro-
philic Fe(II) oxidizers can further be distinguished into microaerophilic, anoxygenic
phototrophic, and anaerobic nitrate-reducing Fe(II) oxidizers (3, 4). In anoxic marine and
freshwater environments, the coupling of nitrate (NO3

�) reduction to the oxidation of
Fe(II) by nitrate-reducing Fe(II)-oxidizing (NRFO) bacteria has been shown to be an
important chemolithotrophic microbial energy metabolism, contributing to Fe redox
cycling at circumneutral pH (7–10). The first autotrophic NRFO culture was enriched
from freshwater sediment by Straub et al. (1). While most other NRFO cultures de-
scribed so far require an organic cosubstrate, the enrichment culture from Straub et al.
(1) (also referred to as culture KS in the literature) has maintained the ability for
continuous Fe(II) oxidation and growth under autotrophic conditions for more than 20
years.

Conventional full-length 16S rRNA gene clone libraries and metagenomic sequence
analyses have shown that culture KS is dominated by an Fe(II)-oxidizing bacterium
belonging to the family Gallionellaceae (referred to here as Gallionellaceae sp.) closely
related to the known microaerophilic Fe(II) oxidizers Sideroxydans lithotrophicus ES-1
and Gallionella capsiferriformans ES-2 (2, 11). A recent metagenome analysis of culture
KS grown autotrophically with Fe(II) and nitrate revealed that Gallionellaceae sp.
accounts for �96% of the total community, while the rest of the community consists
of Bradyrhizobium sp. (1%), Rhodanobacter sp. (1%), Nocardioides sp. (�1%), Polaromo-
nas sp. (�1%), and Thiobacillus sp. (�1%) (2).

Under autotrophic conditions, culture KS oxidizes dissolved Fe(II) while reducing
nitrate completely to nitrogen gas (N2) (1). Attempts to isolate the Fe(II)-oxidizing
Gallionellaceae sp. in pure culture have so far not been successful. Although the
Gallionellaceae sp. in culture KS is closely related to the microaerophilic Fe(II)-oxidizing
strains ES-1 and ES-2, contradictory results have been reported for similar growth
experiments performed under microaerophilic conditions in Fe(II)-containing gradient
tubes: Blöthe and Roden (11) observed no growth, while we were able to show growth
of culture KS under microaerophilic conditions, as reported in the companion article
(12). This suggests that Fe(II) oxidation and growth of the culture KS Gallionellaceae sp.
depend on interactions with its flanking community members. Culture KS is not the first
example of a community in which a dominant Fe(II) oxidizer partners with a hetero-
trophic strain. This was reported for several other mixed cultures of acidophilic Fe(II)
oxidizers and phototrophic Fe(II) oxidizers (13–15). Interestingly, isolation and cultiva-
tion of the heterotrophic strains of these cultures were successful, whereas the Fe(II)
oxidizer did not grow without the heterotrophs. Similar to culture KS, the survival of the
Fe(II) oxidizers seemed to be dependent on the heterotrophic community members.
Additionally, the growth of the autotrophic Fe(II) oxidizer seemed to be the only
mechanism to guarantee the survival of the heterotrophic flanking community without
an added organic carbon source. One example of a mixed culture of an Fe(II) oxidizer
and a heterotroph is the coculture of the anaerobic phototrophic green sulfur bacte-
rium Chlorobium ferrooxidans and the chemoheterotroph Geospirillum sp. (15). The Fe(II)
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oxidizer might depend on the presence of the heterotroph either for the removal of
inhibitory metabolic end products or for the allocation of essential nutrients. Addition-
ally, the isolation of acidophilic Fe(II) oxidizers often revealed heterotrophic bacteria in
close association with the autotrophs. These heterotrophs were able to survive without
the addition of an external organic carbon source (16–18). The interactions between
such a coculture were demonstrated by Kermer et al. (19) for the autotrophic Fe(II)
oxidizer Acidithiobacillus ferrooxydans and the heterotroph Acidiphilium cryptum using
protein-based stable-isotope probing. The heterotroph oxidized [13C]galactose and
produced [13C]CO2, which was fixed by A. ferrooxydans. But in addition, A. ferrooxydans
produced and secreted 13C-labeled organic metabolites, which were assimilated by A.
cryptum (19).

In a recent metagenome study, He et al. (2) obtained draft genome sequences of the
culture KS Fe(II) oxidizer and flanking community members. The study confirmed that
the Gallionellaceae sp. in culture KS is the Fe(II) oxidizer by identifying homologs of the
MtoAB complex in its genome. The MtoAB complex is a porin-multiheme cytochrome
c system that has previously been identified in ES-1 and ES-2 (20). In the draft genomes
of the flanking community members, no genes for extracellular electron transfer
pathways for Fe(II) oxidation have been identified, leading the authors to the conclu-
sion that the flanking populations in culture KS might not be capable of autotrophic
nitrate-dependent Fe(II) oxidation (2). Interestingly, most of the flanking community
members carry genes for complete nitrate reduction. The genome of the Gallionellaceae
sp. encodes the nitrate reductase complex (Nar) and both nitrite reductase systems
(NirK/S) but lacks a nitric oxide and nitrous oxide reductase gene (2). Therefore, the
Gallionellaceae sp. might be dependent on the flanking community for complete
denitrification and the detoxification of its incomplete denitrification product nitric
oxide (NO). However, in order to carry out complete denitrification, the heterotrophic
flanking community requires an electron donor. It has been suggested that the
Gallionellaceae sp. could provide a source of fixed carbon to the flanking heterotrophic
community (2). The Gallionellaceae sp. carries the genetic potential for CO2 fixation
because its genome contains form II RubisCO and all other genes of the reductive
pentose phosphate pathway (2). The ability to incorporate CO2 into biomass under
autotrophic conditions was already shown earlier for Gallionella ferruginea (21). But also
in the genomes of some flanking community members (Bradyrhizobium sp. and Rho-
danobacter sp.) IC-type RubisCO genes have been identified (2). However, whether the
flanking community members do fix CO2 in culture KS or if the Gallionellaceae sp.
provides them with fixed carbon for denitrification is currently unknown.

In this study, we report results from growth experiments of culture KS with Fe(II) and
bicarbonate under autotrophic conditions and under heterotrophic conditions with
acetate as the sole carbon source to verify carbon assimilation and potential carbon
interspecies interdependencies in culture KS that have been previously derived from in
silico analysis of the KS metagenome. Using catalyzed amplification reporter deposition
fluorescence in situ hybridization (CARD-FISH), we quantified the growth of individual
community members during autotrophic growth with 13C-labeled bicarbonate and
heterotrophic growth with [13C]acetate. [15N]ammonium was used under the two
growth conditions as an indicator for general cell activity. Secondary ion mass spec-
trometry at the nanoscale (NanoSIMS) enabled us to quantify carbon assimilation by
single cells of CARD-FISH-identified populations in the enrichment culture KS during
exponential growth and at the stationary phase.

RESULTS
Community composition. Classification of the 454 pyrosequencing data revealed

that culture KS was dominated by only a few operational taxonomic units (OTUs) under
both growth conditions (Table 1). Under autotrophic conditions with Fe(II) as the
electron donor, the culture is dominated by mainly one OTU (99% relative sequence
abundance). The OTU has 94.2% 16S rRNA gene sequence similarity to the lithoau-
totrophic, microaerophilic Fe(II)-oxidizing Betaproteobacteria member Gallionella ferrug-
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inea. A second Gallionella sp. OTU with only 0.4% relative sequence abundance had
93.4% sequence similarity to Gallionella ferruginea. However, using the 16S rRNA gene
sequence information obtained in this study and the entire genome of the respective
OTU from a recent metagenomic study (2), it was not possible to unambiguously
determine whether the OTU belongs to either Sideroxydans or Gallionella or might
represent a novel genus within the Gallionellaceae (2). More sequence information
might help to resolve the phylogeny of the dominant OTU in culture KS under
autotrophic conditions. In this paper, we therefore refer to this OTU as Gallionellaceae
sp. as previously suggested by He et al. (2) based on analysis of the KS metagenome.
Other OTUs found in culture KS under autotrophic conditions had 100% 16S rRNA gene
sequence similarity to Bradyrhizobium japonicum (0.1% relative sequence abundance),
100% and 94.2% sequence similarity to Rhodanobacter denitrificans and Rhodanobacter
lindaniclasticus, respectively (0.1% and 0.2% relative sequence abundance), 99.6%
sequence similarity to Ochrobactrum pseudogrignoense (0.1% relative sequence abun-
dance), and 98.4% sequence similarity to Nocardioides pyridinolyticus (0.1% relative
sequence abundance).

Under heterotrophic growth conditions with acetate as the electron donor, culture
KS was dominated by an OTU with 100% 16S rRNA gene sequence similarity to
Bradyrhizobium japonicum (81.0% relative sequence abundance). The relative sequence
abundance of 16S rRNA gene sequences related to Gallionella ferruginea dropped from
99.0% to 12.4% under heterotrophic growth conditions. Interestingly, only the OTU
with 93.4% sequence similarity to Gallionella ferruginea was detected under hetero-
trophic conditions and not the Gallionellaceae sp. OTU with 94.2% sequence similarity
to Gallionella ferruginea that dominated culture KS under autotrophic conditions.
However, the 16S rRNA gene sequence data alone do not provide sufficient evidence
to prove the existence of two Gallionellaceae sp. strains in culture KS, considering the
relative short length of the pyrosequencing reads, although we also cannot completely
rule out this possibility based on the 16S rRNA data alone. In any case, the phylogenetic
analysis of the essential single-copy gene data of the KS metagenome did not suggest
that multiple Gallionellaceae sp. strains are present in culture KS (2). Other OTUs found
under heterotrophic growth conditions were classified as Rhodanobacter denitrificans
(1.8% relative sequence abundance) and Nocardioides pyridinolyticus (4.7% relative
sequence abundance). An OTU affiliated to Ochrobactrum sp. was not detected under
heterotrophic growth conditions (Table 1).

TABLE 1 Community composition of culture KS under autotrophic and heterotrophic growth conditions as determined by 454
sequencing

Phylum OTUa

Closest cultivated relative
(accession no.)

16S rRNA gene
similarity to
closest relative
(%)

Total no. of 16S rRNA gene sequence reads and
relative abundance (%) under conditions of:

Autotrophic growth
(Fe(II) � NO3

�)
Heterotrophic growth
(acetate � NO3

�)

Betaproteobacteria 1 Gallionella ferruginea (L07897) 93.4 50 (0.4) 412 (12.4)
2 Gallionella ferruginea (L07897) 94.2 12,597 (99.0)

Alphaproteobacteria 3 Bradyrhizobium japonicum
(AB510002)

100.0 13 (0.1) 2,683 (81.0)

Gammaproteobacteria 4 Rhodanobacter denitrificans
(FJ851443)

100.0 12 (0.1) 62 (1.8)

5 Rhodanobacter lindaniclasticus
(AB244763)

94.2 30 (0.2)

Firmicutes 6 Ochrobactrum pseudogrignoense
(JX660688)

99.6 12 (0.1)

Actinobacteria 7 Nocardioides pyridinolyticus
(U61298)

98.4 9 (0.1)

8 Nocardioides pyridinolyticus
(U61298)

98.4 156 (4.7)

Total 12,723 3,313
aOperational taxonomic unit clustering based on a 97% sequence similarity cutoff. Only OTUs with more than two reads are shown.
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Our results show that culture KS contains two numerically dominating OTUs,
Gallionellaceae sp. and Bradyrhizobium sp., which change in relative sequence abun-
dance when culture KS is grown under autotrophic or heterotrophic conditions.
Therefore, we decided to focus our attention in this study on these two OTUs by
quantifying their population dynamics and distribution of cells by CARD-FISH.

Establishment of specific CARD-FISH probes for community composition anal-
ysis. Hybridization conditions for the newly developed horseradish peroxidase (HRP)-
labeled FISH probes KS-Gal466 and KS-Brady1249 were optimized using reference
strains with 1.7 and 1.1 weighted mismatches at the respective probe-specific target
site on the 16S rRNA, respectively. The highest fluorescence signals and best mismatch
discrimination were obtained with 35% formamide for both probes. Probe KS-Gal466
was used together with helper oligonucleotides in order to increase fluorescence signal
intensities. FISH and DAPI (4=,6-diamidino-2-phenylindole) images for the two probes
are shown in Fig. 1. Like other Sideroxydans or Gallionella cells, Gallionellaceae sp. cells
in culture KS were non-stalk-forming short rods, about 1 to 2 �m long and 0.5 �m thick
(Fig. 1C). The Bradyrhizobium species cells were rods 1 to 10 �m long and 0.5 to 1 �m
thick (Fig. 1F). While Gallionellaceae sp. cells had a very homogenous cell size inde-
pendent of growth phase and growth condition, the morphology of the Bradyrhizobium
species cells was rather diverse, with shorter and longer cells present at each growth
phase. Generally, Bradyrhizobium species cells were longer and thicker under hetero-
trophic growth conditions than under autotrophic growth conditions (data not shown).

Nitrate, Fe, and acetate concentrations during autotrophic and heterotrophic
growth of culture KS. Culture KS was cultivated under autotrophic [Fe(II) and nitrate]
and heterotrophic (acetate and nitrate) growth conditions. Because of slightly different
lag phases among triplicate cultures, only one representative data set is shown in Fig.
2. The data of the other replicate cultures followed the same trend and are provided in
Fig. S1 in the supplemental material. Our discussion of the data is based on observa-
tions and general trends consistent among all three replicates. In agreement with
previously published data on culture KS, no transformation of nitrate and/or Fe(II) was
observed in abiotic control experiments (data not shown) (1).

Under autotrophic growth conditions, culture KS started Fe(II) oxidation and
nitrate reduction after an initial lag phase of 23 h (Fig. 2A). Thereafter, Fe(II)
concentrations rapidly dropped from 10.8 mM to 2.9 mM within 95 h. Simultane-
ously, nitrate concentrations decreased from 4.2 mM to 2.5 mM. After 100 h, Fe(II)
and nitrate concentrations remained constant until the end of incubation. Nitrite
formation was not observed in any of the triplicate cultures during incubation. At
the end of the experiment, culture KS oxidized 7.3 to 8.7 mM Fe(II) (81 to 86%) and
reduced 2.1 to 2.7 mM nitrate (38 to 50%) under autotrophic conditions (ranges for
triplicates), leading to ratios of Fe(II)oxidized/nitratereduced of 3.2 to 4.7. The con-

FIG 1 Fluorescence microscopy images of culture KS grown under autotrophic [10 mM Fe(II) and 4 mM
nitrate] (A to C) and heterotrophic (5 mM acetate and 4 mM nitrate) (D to F) conditions. Total cell
numbers were stained with DAPI (A, D). Gallionellaceae sp. (B and C) and Bradyrhizobium spp. (E and F)
cells (green) were stained with the specific CARD-FISH probes KS-Gal466 and KS-Brady1249, respectively.
The overlays of DAPI and the specific probes are shown (B and E). Bars, 10 �m.
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sumption rates were 2.7 to 4.0 mM Fe(II) day�1 and 1.0 to 1.3 nitrate day�1

(Table 2).
Under heterotrophic growth conditions, acetate oxidation and nitrate reduction

started after an initial lag phase of 95 h (Fig. 2B). Following the lag phase, culture KS

FIG 2 Substrate consumptions (A, B) and cell growth (C, D) of culture KS during cultivation under autotrophic (left) and
heterotrophic (right) conditions. Relative cell abundances for the culture KS strains Gallionellaceae sp. and Bradyrhizobium
spp. are shown (E, F). One set of data from experiments performed in duplicates is shown. The corresponding data for the
second culture are provided in Fig. S1 in the supplemental material.

TABLE 2 Substrate consumption rates and doubling times of Gallionellaceae sp. and
Bradyrhizobium spp. in the enrichment culture KS under autotrophic and heterotrophic
growth conditionsa

Consumption rate or doubling time Autotrophic conditions Heterotrophic conditions

Oxidation or reduction (mM day�1)
Fe(II) oxidation 2.7–4.0 (3.3 � 0.7) NA
Acetate oxidation NA 1.4–1.6 (1.5 � 0.1)
Nitrate reduction 1.0–1.3 (1.1 � 0.2) 1.7–1.9 (1.8 � 0.1)

Doubling time (days)
Gallionellaceae sp. 6.5–12.4 (9.4 � 2.9) 11.9–17.6 (14.7 � 2.9)
Bradyrhizobium spp. 9.3–13.5 (11.4 � 2.1) 9.4–10.2 (9.8 � 0.4)

aNA, not applicable. Values are ranges (means � SD).
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reduced 4 mM nitrate completely within 119 h. During the same time, acetate con-
centrations declined from 5.0 mM to 1.1 mM. Nitrite accumulation was also not
detected in any of the heterotrophic triplicate cultures. Under heterotrophic growth
conditions, culture KS oxidized 3.8 to 4.6 mM acetate (74 to 85%) and reduced 4.1 to
4.2 mM nitrate (100%). The stoichiometry of acetateoxidized/nitratereduced was 0.9 to 1.1.
The acetate oxidation rate was 1.4 to 1.6 mM day�1 and the nitrate reduction rate 1.7
to 1.9 mM day�1 (Table 2).

CARD-FISH cell counts during autotrophic and heterotrophic growth. We used
the newly designed FISH probes KS-Gal466 (for Gallionellaceae sp.) and KS-Brady1249
(for Bradyrhizobium spp.) to monitor changes in the microbial community composition
during growth under autotrophic and heterotrophic conditions. Total cell counts were
performed for duplicate cultures grown with the labeled substrates under the two
growth conditions following DAPI staining and for FISH-stained populations after
hybridization with the Gallionellaceae sp. and Bradyrhizobium spp. specific probes. Total
cell numbers, FISH counts, and relative cell abundances under autotrophic and hetero-
trophic growth conditions are shown in Fig. 2C to F.

Under autotrophic growth conditions, DAPI-based cell numbers increased from 1 �

105 cells ml�1 to 2 � 107 cells ml�1 after 71 h before cell numbers decreased slightly
to 6 � 106 cells ml�1, with only minor variations until the end of incubation at 240 h
(Fig. 2C). The slight decrease in cell number coincided with the decrease of Fe(II)
oxidation and approximation of the final Fe(II) concentration of 2.9 mM (Fig. 2A). FISH
counts with probe KS-Gal466 showed that the Gallionellaceae sp. cell numbers followed
the same trend as the DAPI counts (Fig. 2C). Bradyrhizobium species cell numbers
increased by 2 orders of magnitude from 6 � 103 cells ml�1 to 8 � 105 cells ml�1 after
71 h. Thereafter, Bradyrhizobium species cell numbers remained stable at 5 � 105 cells
ml�1 until the end of the incubation (Fig. 2C). Under autotrophic growth conditions
with Fe(II) as the electron donor and nitrate as the electron acceptor, Gallionellaceae sp.
reached relative abundances of 73% to 98% throughout the experiment (Fig. 2E). The
relative abundance of Bradyrhizobium species cells varied from 3% to 20% during the
experiment (Fig. 2E).

Under heterotrophic growth conditions, DAPI cell numbers increased constantly
from initially 1 � 105 cells ml�1 to 1 � 108 cells ml�1 after about 214 h of incubation
(Fig. 2D). Total cell numbers remained constant even after nitrate had been completely
reduced (Fig. 2B). Gallionellaceae sp. increased by 2 orders of magnitude from 9 � 104

cells ml�1 to 6 � 106 cells ml�1, and Bradyrhizobium spp. increased by 4 orders of
magnitude from 8 � 103 cells ml�1 to 9 � 107 cells ml�1 during the same period (Fig.
2D). Interestingly, cell numbers of both Gallionellaceae sp. and Bradyrhizobium spp.
increased before changes in acetate and nitrate concentrations were detected. In the
beginning of the experiment, Gallionellaceae sp. had a relative cell abundance of 76%
because cultures were inoculated from a preculture grown under autotrophic condi-
tions. However, during incubation under heterotrophic conditions, the relative abun-
dance of Gallionellaceae sp. decreased to below 10% while the relative abundance of
Bradyrhizobium spp. increased from 9% to 93% (Fig. 2F).

Doubling times were calculated for the two taxa under autotrophic (47 to 71 h) and
heterotrophic (37 to 87 h) growth conditions (Table 2). Gallionellaceae sp. doubling
times were shorter under autotrophic growth conditions (7 to 12 h) than under hetero-
trophic growth conditions (12 to 18 h). Bradyrhizobium species cells doubled in numbers
every 9 to 14 h under autotrophic conditions and every 9 to 10 h under heterotrophic
conditions.

Quantification of carbon and nitrogen uptake by NanoSIMS. Substrate incorpo-
ration was quantified under the two different growth conditions for single cells of
Gallionellaceae sp. and Bradyrhizobium spp. for one culture incubated with 13C and 15N
substrates by combining CARD-FISH cell identification with nanoscale imaging second-
ary ion mass spectrometry (NanoSIMS). Regions of interest (ROIs) for NanoSIMS analyses
were identified based on the FISH probe-conferred fluorescence signals for probes
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KS-Gal466 and KS-Brady1249 using fluorescence microscopy (FM) and scanning elec-
tron microscopy (SEM) (see Fig. S2 in the supplemental material). For all identified ROIs,
the secondary ions 12C�, 13C�, 19F�, 12C14N� (referred to here as 14N), 12C15N�

(referred to here as 15N), and 56Fe16O� were quantified. Examples of NanoSIMS mass
images and CARD-FISH images are shown in Fig. 3. We detected some unspecific,
non-cell-associated 19F� signals in some of the NanoSIMS measurements, especially in
the samples with high Fe(III) oxyhydroxide mineral contents. Therefore, cell identifica-
tion and differentiation were based on corresponding FISH and DAPI fluorescence
signals (Fig. 3M to P).

Under heterotrophic growth conditions with acetate and nitrate, only small amounts
of Fe were detected (see Fig. S3B in the supplemental material), which probably
originated from the preculture that was cultivated under autotrophic conditions with
Fe(II) as the electron donor. At higher cell densities, some aggregates of Bradyrhizobium
species cells were observed; however, Gallionellaceae sp. cells were always separate
from Bradyrhizobium species cells.

The natural abundance ratios of 13C/12C and 15N/14N were calculated for unlabeled
cultures (an autotrophic culture for Gallionellaceae sp. and a heterotrophic culture for
Bradyrhizobium spp.) on identified cells (see Fig. S4 in the supplemental material). The
assimilation of 13C and 15N by individual cells of both populations was quantified for
samples collected during the exponential growth phase of “active” Fe(II) and acetate

FIG 3 NanoSIMS 12C14N� images of culture KS (A to D), the 13C/12C ratio (E to H), and the 15N/14N ratio (I to L) of
Gallionellaceae sp. (A and C, E and G, I and K) and Bradyrhizobium spp. (B and D, F and H, J and L) grown under
autotrophic (left two sets of panels) and heterotrophic (right two sets panels) growth conditions. Samples were
taken after 183 h (autotrophic conditions) or 239 h (heterotrophic conditions). Cell identification was based on
CARD-FISH-conferred probe signal for probes KS-Gal466 (M, O) and KS-Brady1249 (N, P). The red circles in panels
C, G, K, and O indicate one cell of Gallionellaceae sp. next to several Bradyrhizobium species cells. Bars, 3 �m (A to
L) or 25 �m (M to P). The right axis shows counts/pixel in panels A to D and ratios in panels E to L.
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oxidation (after 47 h and 183 h, respectively) and in the stationary growth phase
after oxidation of Fe(II) and acetate had ceased (after 183 h and 239 h, respectively)
(Table 3).

The individual cell atom percent enrichment (APE) of Gallionellaceae sp. grown
with the two labeled substrates ([13C]bicarbonate and [15N]ammonium, autotrophic
conditions) increased from 0.88 to 1.27 APE 13C and 0.25 to 0.43 APE 15N (natural
background, measured in control culture without labeled substrate after 183 h of
incubation, n 	 19) to 0.94 to 2.38 APE 13C and 0.21 to 2.78 APE 15N, respectively,
during the exponential growth phase (after 47 h, n 	 10), and further to 0.78 to 4.63
APE 13C and 0.3 to 5.87 APE 15N in the stationary growth phase (after 183 h, n 	 21)
(Fig. 3E and I and Table 3; see also Fig. S5 in the supplemental material). The
measured natural enrichments of Gallionellaceae sp. coincide with previously pub-
lished values for 13C (0.96 to 1.16% APE; mean, 1.06% APE) and 15N (0.34 to 0.42%
APE; mean, 0.38% APE) (22). The enrichment of Gallionellaceae sp. in 13C and 15N
measured in the exponential and stationary growth phases was significantly differ-
ent from the natural enrichment (t test results for 13C, P 	 2.40 � 10�3 and P 	 9.97
� 10�6; for 15N, P 	 6.21 � 10�4 and P 	 8.92 � 10�3, respectively). Bradyrhizo-
bium species cells (n 	 4 in the exponential growth phase, and n 	 7 in the
stationary growth phase) did not show any enrichment in labeled carbon or
nitrogen [t test for exponential growth phase, P 	 0.46 (13C) and P 	 0.81 (15N); for
stationary growth phase, P 	 0.47 (13C) and P 	 0.41 (15N)] under autotrophic
conditions (Fig. 3F and J and Table 3; Fig. S5).

The natural background enrichment in 13C and 15N for Bradyrhizobium spp. (n 	 16)
under heterotrophic conditions without addition of labeled substrates was 0.93 to 1.07
APE 13C and 0.24 to 0.37 APE 15N, respectively (after 239 h) (Fig. S4 and Table 3). During
growth with [13C2]acetate as the electron donor and [15N]ammonium, the APE of
Bradyrhizobium spp. increased differently in small cells, i.e., �1.8 �m (2.08 to 5.04 13C
and 1.81 to 5.77 15N), and in large cells, i.e., 
1.8 �m (0.91 to 4.87 13C and 0.21 to 3.67
15N), during the exponential growth phase (after 183 h, n 	 10). Thereafter, the APE of

TABLE 3 Enrichment of 13C and 15N in Gallionellaceae sp. and Bradyrhizobium spp. of culture KS grown under autotrophic and
heterotrophic conditions (one replicate incubated with the labeled substrates), measured by NanoSIMS

Growth condition and
community member

Growth phase (size
of cell in �m)

No. of
cells

APEa range (mean � SD)

13C 15N

Natural enrichment
Gallionellaceae sp. Stationary 19 0.88–1.27 (1.04 � 0.10) 0.25–0.43 (0.32 � 0.04)
Bradyrhizobium spp. Stationary (�1.8) 8 0.93–1.05 (0.98 � 0.04) 0.30–0.37 (0.33 � 0.04)

Stationary (
1.8) 8 0.93–1.07 (0.98 � 0.05) 0.24–0.37 (0.3 � 0.04)
Stationary (all sizes) 16 0.93–1.07 (0.98 � 0.04) 0.24–0.37 (0.32 � 0.04)

Autotrophic growth
Gallionellaceae sp. Exponential 10 0.94–2.38 (1.84 � 0.68) 0.21–2.78 (1.40 � 0.74)

Stationary 21 0.78–4.63 (2.35 � 1.08) 0.3–5.87 (2.47 � 1.64)
Bradyrhizobium spp. Exponential (�1.8) 1 1.07 1.15

Exponential (
1.8) 3 0.94–0.96 (0.95 � 0.01) 0.25–0.29 (0.27 � 0.02)
Exponential (all sizes) 4 0.94–1.07 (0.98 � 0.06) 0.25–1.15 (0.49 � 0.44)
Stationary (�1.8) 2 0.95–1.12 (0.96 � 0.04) 0.29–0.42 (0.65 � 0.09)
Stationary (
1.8) 5 0.90–0.99 (0.96 � 0.04) 0.26–0.34 (0.29 � 0.03)
Stationary (all sizes) 7 0.90–1.12 (0.98 � 0.07) 0.26–0.42 (0.31 � 0.05)

Heterotrophic growth
Gallionellaceae sp. Exponential 7 3.66–5.40 (4.69 � 0.68) 5.16–6.88 (5.84 � 0.69)

Stationary 5 4.38–7.99 (6.45 � 1.32) 2.3–6.88 (5.36 � 1.84)
Bradyrhizobium spp. Exponential (�1.8) 5 2.08–5.04 (4.02 � 1.32) 1.81–5.77 (3.95 � 1.76)

Exponential (
1.8) 5 0.91–4.87 (2.31 � 1.94) 0.21–3.67 (1.59 � 1.84)
Exponential (all sizes) 10 0.91–5.04 (3.17 � 1.80) 0.21–5.77 (2.77 � 2.11)
Stationary (�1.8) 23 4.02–6.86 (5.24 � 0.55) 3.59–6.75 (5.24 � 0.95)
Stationary (
1.8) 44 4.08–6.85 (5.74 � 0.71) 3.76–6.94 (5.24 � 0.82)
Stationary (all sizes) 67 4.02–6.86 (5.57 � 0.70) 3.59–6.94 (5.24 � 0.86)

aAPE, atomic percent enrichment.

FISH-SIMS Analyses of NRFO Culture KS Applied and Environmental Microbiology

May 2018 Volume 84 Issue 9 e02166-17 aem.asm.org 9

 on A
pril 16, 2018 by U

N
IV

E
R

S
IT

A
E

T
S

B
IB

LIO
T

H
E

K
 T

U
E

B
IN

G
E

N
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


Bradyrhizobium species cells of all sizes further increased to 4.02 to 6.86 for 13C and 3.59
to 6.94 for 15N in the stationary phase (239 h, n 	 67) (Fig. 3H and L and 4; Table 3; see
also Fig. S6 in the supplemental material). In the stationary phase, only minor deviations
in isotopic enrichment between cells of different sizes were observed. The enrichments
of carbon and nitrogen in all Bradyrhizobium species cells were significant different
from the natural enrichments (t test for the exponential growth phase, P 	 2.00 � 10�3

for 13C, and P 	 2.52 � 10�3 for 15N; for the stationary growth phase, P 	 1.48 � 10�54

for 13C and P 	 4.46 � 10�53 for 15N) and between the exponential and stationary
growth phases (t test, P 	 1.21 � 10�3 for 13C, and P 	 2.64 � 10�3 for 15N). Also, the
Gallionellaceae sp. cells were enriched in 13C and 15N under heterotrophic growth
conditions during incubation. After 183 h (exponential growth phase, n 	 7), the
enrichments of 13C and 15N were 3.66 to 5.40 APE and 5.16 to 6.88 APE, respectively,
and increased even further to 4.38 to 7.99 APE 13C and 2.3 to 6.88 APE 15N after 239 h
(stationary growth phase, n 	 5) (Fig. 3G and K and 4; Table 3; Fig. S6). The natural 13C
and 15N enrichment of Gallionellaceae sp. cells was significantly lower than the carbon
and nitrogen isotopic enrichments quantified during exponential growth (t test, P 	

3.76 � 10�6 and P 	 3.64 � 10�7, respectively) and in the stationary growth phase (t
test, P 	 3.89 � 10�4 and P 	 1.78 � 10�3, respectively). The 13C and 15N enrichment
of Gallionellaceae sp. cells under heterotrophic growth conditions was higher than the
enrichment quantified for Bradyrhizobium species cells and also higher than the en-
richment of Gallionellaceae sp. cells under autotrophic conditions.

DISCUSSION
Microbial community composition. Culture KS is an autotrophic, nitrate-reducing

Fe(II)-oxidizing culture that was enriched more than 20 years ago. The microbial
community of culture KS is comprised of an autotrophic Fe(II) oxidizer belonging to the
Gallionellaceae and several heterotrophic strains (1, 2, 11). However, even with com-
prehensive 16S rRNA gene sequence information and unique single-copy gene infor-
mation from a metagenomic study, it has so far not been possible to unambiguously
determine whether the Gallionellaceae member in culture KS belongs to the genus
Sideroxydans or Gallionella or whether it represents a novel genus within the Gallion-
ellaceae (2). Also, the interesting finding of our 16S rRNA gene survey, which revealed
the presence of two Gallionellaceae sp. OTUs with either 93.4% or 94.2% sequence
similarity to Gallionella ferruginea, will require more-in-depth sequence data to deci-
sively determine if culture KS might contain two Gallionellaceae sp. strains.

Interestingly, whereas the Fe(II) oxidizer has remained in the culture, the hetero-
trophic flanking community has changed during cultivation in different labs over the

FIG 4 Enrichments of 13C and 15N in Gallionellaceae sp. cells (brown) and Bradyrhizobium species cells
(green) in the stationary growth phase of culture KS under heterotrophic conditions (acetate and nitrate).
The corresponding growth curve is shown in Fig. 1B, D, and F. The sample was taken at 239 h.
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last 20 years. Blöthe and Roden (11) used a conventional 16S rRNA gene clone library
approach and found a different community composition of culture KS (“Madison
culture”) (62 to 72% Gallionellaceae, 14 to 21% Comamonas badia, Rhodanobacter,
Parvibaculum) from the one previously described for the original culture at that time,
13 years ago (when the strains Rhodoferax fermentans and Rubivivax gelatinosus had
been isolated [1, 23]). However, they also demonstrated that the KS community was
stable during three consecutive years of their investigations. Surprisingly, when the
same culture was investigated by He et al. (2) 7 years later by sequencing an Illumina
shotgun library on MiSeq and HiSeq platforms, the authors found other heterotrophic
community members (e.g., Rhizobium/Agrobacterium, Bradyrhizobium, Nocardioides),
showing that in particular the heterotrophic microbial community had undergone
compositional change. Also, in another independently proliferated culture KS (“Tuebin-
gen culture”), other heterotrophs were found (Rhodanobacter, Ochrobactrum) using 454
pyrosequencing of 16S rRNA gene amplicons. The main heterotrophic community
members found in the KS “Madison culture,” Rhizobium/Agrobacterium and Coma-
monadaceae, were absent in the KS “Tuebingen culture” (2). However, the Fe(II) oxidizer
Gallionellaceae sp. dominated both the KS “Madison culture” and the KS “Tuebingen
culture”, but with very different relative sequence abundances: 42% in the “Madison
culture” and 99% in the “Tuebingen culture” (2). The reason for these variations
between the two independently cultivated KS cultures is probably slightly different
growth conditions (e.g., water quality, exact medium composition, number of transfers),
but in particular the different inoculum volumes used during culture transfers, which
were 10% (vol/vol) for the “Madison culture” and 1% (vol/vol) for the “Tuebingen
culture.” With a 10% (vol/vol) inoculum, obviously more heterotrophic cells can be
transferred, while a 1% (vol/vol) inoculum resulted in a higher enrichment of the Fe(II)
oxidizer. In the present study, when we grew culture KS under autotrophic conditions
with Fe(II) as the electron donor, we found the same heterotrophs as those described
by He et al. (2) (Bradyrhizobium, Nocardioides, and Rhodanobacter). In addition, we
determined the community composition of culture KS grown heterotrophically with
acetate as the electron donor and observed a significant shift in the relative 16S rRNA
gene sequence abundance of different members of the community of culture KS. When
grown with acetate and nitrate, culture KS was dominated by Bradyrhizobium sp.
Interestingly, the other heterotrophs did not become more abundant than the Gallio-
nellaceae sp. after just one transfer on medium with acetate and no Fe(II). Under both
growth conditions [autotrophic with Fe(II) and heterotrophic with acetate], Gallionel-
laceae sp. and Bradyrhizobium sp. always accounted for 
93% of all cells in culture KS.
Therefore, we decided to focus only on these two taxa by following their shifts in
relative abundance under autotrophic and heterotrophic growth conditions using
CARD-FISH in order to get insights into their metabolic response and possible interac-
tions under the two growth conditions.

Substrate turnover and electron balances during autotrophic and hetero-
trophic growth. Under autotrophic growth conditions with Fe(II) as the electron donor
and nitrate as the electron acceptor, the two substrates were consumed simultane-
ously, indicating that these two processes were coupled. After Fe(II) oxidation stopped,
nitrate also was not further reduced. Overall, culture KS oxidized up to 86% of the Fe(II)
provided, which is in agreement with previous published data for culture KS (1, 11, 12).
The ratios of nitratereduced/Fe(II)oxidized were 0.24 to 0.36, that is, in the same range as
previously reported ratios for culture KS (0.21 to 0.24) (12) as well as a ratio reported for
another freshwater nitrate-reducing Fe(II)-oxidizing enrichment culture (0.23) (24). Also,
the Fe(II) oxidation rates of culture KS (3.3 � 0.7 mM day�1) were in the same range as
the rates reported previously for culture KS (2.0 � 0.0 mM day�1) (12) and the
mixotrophic NRFO Acidovorax sp. BoFeN1 (up to 3.4 mM day�1) (25). The incomplete
consumption of Fe(II) and nitrate could be due to the fact that during medium
preparation a fraction of the dissolved Fe(II) precipitated with phosphate (0.6 g liter�1)
to form vivianite Fe3(PO4)2·8H2O (26). Culture KS is not able to oxidize vivianite with
nitrate as the electron acceptor (12). The incomplete substrate consumption was also
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reflected in the electron balances for the respiration of Fe(II) under autotrophic
conditions. Fe(II) oxidation provides 1 mM electrons for each mM Fe(II) oxidized. This
means that when culture KS oxidized 8 mM Fe(II), an equal amount of electrons could
have been transferred to nitrate (when we ignore the electrons required for CO2

fixation). Complete reduction of nitrate to N2 requires 5 electrons, resulting in a
stoichiometry of 5 mM oxidized Fe(II) per 1 mM reduced nitrate, leading to a ratio of
nitratereduced/Fe(II)oxidized of 0.2 (or even lower if we consider that electrons are also
needed for CO2 fixation). In our experiments, we observed the reduction of 2 mM
nitrate while 8 mM Fe(II) was oxidized (ratio, 0.25). Possible explanations for this
imbalance (i.e., nitrate consumption higher than expected) might be the incomplete
reduction of nitrate to either NO or N2O and not to N2. According to the KS meta-
genome, Gallionellaceae sp. is capable of reducing nitrate to NO only because genes for
a nitric oxide reductase and nitrous oxide reductase have not been found in the
Gallionellaceae sp. genome (2). However, Bradyrhizobium sp. and the other hetero-
trophic strains of the flanking community in culture KS carry all genes necessary for
complete denitrification. They might have been able to reduce nitrate with electrons
from intracellular storage compounds, from the oxidation of biomass from dead cells,
or from excreted metabolites from the autotrophic Gallionellaceae sp. However, many
denitrifiers reduce nitrate incompletely and release N2O (27). Unfortunately, we did not
quantify N2O in the headspace of the cultures. On the other hand, if we assume that
Gallionellaceae sp. is the primary nitrate reducer under autotrophic conditions, incom-
plete nitrate reduction to NO requires only 3 mM electrons from Fe(II) oxidation. Under
these conditions, culture KS would have oxidized more Fe(II) than it reduced nitrate.
This could potentially be explained when we assume that (i) the heterotrophic com-
munity can oxidize Fe(II) to some extent with nitrate as an electron acceptor, as it has
been previously reported for other Bradyrhizobium and Nocardioides strains (28, 29), (ii)
Fe(II) is to some extent chemically oxidized by the nitrate reduction intermediates
nitrite and nitric oxide (25, 30–34) (nitrite is highly reactive and could have been further
reduced to NO before we were able to quantify it), or, most likely, (iii) some electrons
from Fe(II) are required for reverse electron transport to produce reduction equivalents,
such as NAD(P)H, to fix CO2 and were not used to reduce nitrate (2, 5).

Under heterotrophic growth conditions with acetate as the sole electron donor and
nitrate as the electron acceptor, the two substrates were consumed simultaneously.
When the culture reached the stationary phase, it had consumed on average equal
amounts of acetate and nitrate (about 4 mM each). Acetate oxidation was incomplete
because nitrate availability was limiting. Microorganisms can gain 8 electrons from
acetate if they oxidize acetate completely to CO2. Assuming that nitrate is reduced
completely to N2, the reduction of 4 mM nitrate requires 20 mM electrons. Since the
reduction of 4 mM acetate to CO2 provides 32 mM electrons (8 mM electrons per 1 mM
acetate), not all electrons from acetate oxidation could be accounted for by nitrate
reduction. However, some of the acetate is also needed for synthesis of new biomass
and cell growth. The ratio of how much acetate is used for biomass synthesis versus
energy metabolism varies strongly among species and growth conditions. Based on our
electron balance, 2.5 mM acetate (62.5%) could have been completely oxidized to CO2

while the remaining 1.5 mM (37.5%) was used for biomass synthesis. A previous study
has shown that the phototrophic Fe(II) oxidizer Rhodopseudomonas palustris TIE-1
oxidized only 22% of its available acetate to CO2 while it used the remaining 78% for
biomass production (35). However, photoheterotrophic microorganisms can assimilate
more carbon because they gain their energy from light. Interestingly, total cell numbers
of culture KS increased before changes in acetate and nitrate concentrations could be
detected, which might have been due to the sensitivity of our acetate and nitrate
quantification methods. Since the preculture was grown under autotrophic conditions
with Fe(II) and nitrate, acclimation of culture KS to heterotrophic growth with acetate
might be a further explanation for the extended lag phase, since cells will have to
induce metabolic pathways for acetate consumption. However, when the mixotrophic
NRFO Acidovorax sp. BoFeN1 or strain 2AN was cultivated with acetate and nitrate,
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acetate oxidation started immediately after inoculation, leading to a maximum acetate
consumption rate of 2.5 mM day�1 or 4 mM day�1 (30), respectively. The acetate
oxidation rates for culture KS were 1.5 � 0.1 mM day�1, that is, considerably lower than
those of the two Acidovorax strains.

Cell carbon assimilation under autotrophic conditions. We observed a broad
spectrum of individual cell activities with respect to incorporation of 13C- and 15N-
labeled substrates (Fig. S5) causing relatively high standard deviations when average
atom percent enrichment (APE) values were calculated for any specific number of
Gallionellaceae sp. and Bradyrhizobium species cells. We therefore decided to report not
the average values with standard deviations but rather the ranges of 13C and 15N
enrichment from the lowest to the highest isotope enrichments observed. A high
heterogeneity of individual single-cell activities with respect to carbon and nitrogen
incorporation has also previously been observed in other NanoSIMS studies (36, 37).

Under autotrophic conditions, Gallionellaceae sp. reached cell numbers of 107 cells
ml�1 and a relative cell abundance of 99% at the end of Fe(II) oxidation. The calculated
doubling time (9.4 � 2.9 h) under these conditions was in the same range as those
reported for the related microaerophilic Fe(II) oxidizers Sideroxydans and Gallionella (8
to 16 h) (20, 38–40). The KS Gallionellaceae sp. has previously been identified as the
chemolithoautotrophic Fe(II) oxidizer in the enrichment culture based on the presence
of potential Fe oxidase genes of the MtoAB type and genes of the RubisCO form II
enzyme in its genome (2). In the present study, we have demonstrated that the
Gallionellaceae sp. in culture KS is capable of [13C]bicarbonate fixation during Fe(II)
oxidation, confirming its chemolithoautotroph lifestyle (Fig. 5). Although it has been
shown previously for specific Gallionella sp. isolates (e.g., Gallionella ferruginea [21]) that
they can fix CO2 under autotrophic conditions, fixation of inorganic carbon had not
previously been shown for the Gallionellaceae sp. in culture KS because the organism
has not been isolated from the enrichment culture to date. With respect to CO2 fixation,
the Gallionellaceae sp. in culture KS behaves as do many known microaerophilic Fe(II)
oxidizers, such as Sideroxydans sp. ES-1 and Gallionella sp. ES-2 (20), Mariprofundus sp.
PV-1 (41), Ferriphaselus (42), and many other Gallionellaceae isolates from different
environments (43, 44), which carry RubisCO form II genes in their genomes.

One of our initial hypotheses was that under autotrophic conditions Gallionellaceae
sp. provides fixed organic carbon to the heterotrophic flanking community members to
sustain their growth and survival in the absence of externally added organic carbon
(Fig. 5) (2, 11). Growth and survival of heterotrophs in an organic-free medium together
with autotrophic Fe(II) oxidizers have been shown previously (13, 15). However, here we
did not observe an enrichment in 13C in Bradyrhizobium species cells under autotrophic
growth conditions despite an increase in cell numbers by about 2 orders of magnitude
and the fact that the Bradyrhizobium species strain(s) in culture KS possesses a form IC
RubisCO (2). For other Bradyrhizobium strains, autotrophic growth has been shown with

FIG 5 Growth and metabolic interactions of Bradyrhizobium spp. and Gallionellaceae sp. in culture KS
grown under autotrophic conditions with Fe(II) as the electron donor and nitrate as the sole electron
acceptor. Dashed lines indicate potential cell metabolisms and interactions as inferred from the KS
metagenome (2). Solid lines represent actual cell phenotypes observed in the growth experiments and
stable-isotope labeling experiments performed in this study.
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H2 or thiosulfate as the electron donor or in the presence of low concentrations of
oxygen (45–48). Although we did not observe any 13C enrichment in any Bradyrhizo-
bium species cells under autotrophic growth conditions, we cannot completely rule out
that Bradyrhizobium spp. might have incorporated fixed carbon from the Fe(II) oxidizer
to some extent but that we were not able to quantify it with our NanoSIMS approach.
The overall enrichment of Gallionellaceae sp. in 13C carbon was relatively low, and any
cross-feeding would have further diluted the isotope signal. In addition, Bradyrhizobium
species cells were much larger (up to 10 �m long) than the Gallionellaceae sp. cells (1
to 2 �m), which could have also contributed to a dilution of the 13C signal upon
intercellular carbon transfer. Also, using the 15N signal as a marker for general activity
to normalize the 13C enrichment values and further standardizing the 13C/15N ratio to
cell size did not help to unequivocally determine if the Bradyrhizobium species cells
fixed CO2 under autotrophic conditions, because the heterogeneity of individual cell
activities resulted in high standard deviations of the calculated ratios, which made it
difficult to determine a clear trend (refer to Table S1 in the supplemental material for
these data). Any complete oxidation of labeled metabolites to [13C]CO2 by the hetero-
trophic community might have further reduced the remaining isotope label in the
heterotrophic biomass. Also, the CARD-FISH protocol might have contributed to un-
specific loss of isotope signal. As Musat et al. (49) have shown, an unspecific reduction
of 13C and 15N signals is possible during each step of the CARD-FISH protocol, which
might result in a decrease of the heavy-isotope signal compared to untreated samples
of up to 50% following CARD-FISH.

As shown previously in a microscopy-based study, culture KS does also produce
extracellular polymeric substances (EPS) during autotrophic growth in the presence of
Fe(II) (26). It has been speculated before that the observed EPS might serve as a carbon
source to sustain growth and survival of the heterotrophic flanking community under
autotrophic conditions (Fig. 5). This hypothesis is also supported by the circumstance
that the metagenomic survey of culture KS was not able to clarify if the heterotrophic
flanking community is capable of using Fe(II) as an electron donor (Fig. 5). Known genes
involved in Fe(II) oxidation were either completely missing or incomplete in the draft
genomes of the heterotrophs in culture KS. However, other Bradyrhizobium strains
seem to be capable of Fe(II) oxidation, as has previously been shown (28, 29). On the
other hand, Bradyrhizobium spp. probably did not use EPS as a carbon source under
autotrophic growth conditions in our experiments because cell numbers did not further
increase after Fe(II) oxidation eased, although EPS as a carbon and electron source and
nitrate as an electron acceptor were still available.

Cell carbon assimilation under heterotrophic conditions. With acetate as an
electron donor and nitrate as an electron acceptor, Bradyrhizobium spp. increased in
cell numbers by 4 orders of magnitude and reached a relative abundance of up to 93%.
In the presence of [13C]acetate, Bradyrhizobium species cells became enriched in 13C.
This observation confirms previous results from genomic analyses that have found
acetate uptake and metabolism pathways in the KS culture Bradyrhizobium sp. genome
(Fig. 5) (2).

However, annotation of the metagenomic sequence data was not able to unambigu-
ously clarify if the KS-type Gallionellaceae sp. can take up and metabolize acetate, because
known acetate transporters and genes of the glyoxylate cycle have not been found or were
incomplete (2). Despite these previous findings, we observed enrichment of 13C and 15N in
Gallionellaceae sp. cells under heterotrophic growth conditions with acetate. 13C enrich-
ment of Gallionellaceae sp. cells coincided with an increase in cell numbers from 9 � 104

to 6 � 106 cells ml�1 (Fig. 2D). The microaerophilic Fe(II) oxidizers Ferriphaselus (42, 50),
Sideroxydans sp. R-1 (40), Sideroxydans sp. ES-1, and Gallionella sp. ES-2 (20) do not grow on
acetate. Interestingly, the genomes of Sideroxydans sp. ES-1 and Gallionella sp. ES-2 (20)
contain the same pathways for carbon metabolism as does the KS-type Gallionellaceae sp.
However, both ES-1 and ES-2 contain additional acetate permeases that are absent on the
KS-type Gallionellaceae sp. genome.
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The observed 13C incorporation from acetate under heterotrophic conditions by
Gallionellaceae sp. cells could be due to the fact that Gallionellaceae sp. fixed [13C]CO2

produced by Bradyrhizobium spp. during complete acetate oxidation. Interestingly, the
average APEs in 13C and 15N of the Gallionellaceae sp. were higher under heterotrophic
growth conditions than under autotrophic growth conditions and even higher than
those calculated for Bradyrhizobium spp. under heterotrophic growth conditions. As
described in the discussion of electron balance above, 2.5 mM acetate (which is
equivalent to 0.9 mmol because of the two C atoms in acetate) was oxidized to CO2

under heterotrophic growth conditions. If we assume that equal amounts of [12C]ac-
etate and [13C]acetate were oxidized to CO2, although only 10% of the provided acetate
was labeled, only 0.09 mmol [13C]CO2 could have been formed. Given the fact that 0.4
mmol [13C]CO2 (from 2.2 mM labeled [13C]bicarbonate) under autotrophic conditions
led to a lower overall 13C enrichment of Gallionellaceae sp. cells than the 13C enrich-
ment that we quantified for Gallionellaceae sp. in the presence of [13C]acetate, we
assume that the Gallionellaceae sp. in culture KS must have used the labeled acetate as
the sole or as an additional carbon source in order to reach the observed high level of
13C enrichment (Fig. 5). Previous growth experiments with culture KS showed that
Gallionellaceae sp. did grow and survive for several transfers under heterotrophic
conditions with acetate as an electron donor (12), which supports our conclusion.

In the present study, we quantified the uptake of [15N]ammonium only as a general
indicator for cellular activity and growth of the different KS community members under
the two growth conditions. However, future studies exploring the use of [15N]nitrate or
[15N]N2 as the sole nitrogen source and the resulting consequences for species inter-
actions should be performed because only Bradyrhizobium spp. (and not Gallionellaceae
sp.) possess the genes to convert nitrate/nitrite to ammonium and Gallionellaceae sp.
depends on ammonium uptake as a nitrogen source. An interesting experiment could
consist of incubating culture KS in an ammonium-free medium with [15N]nitrate to
investigate if dissimilatory nitrate reduction to ammonium by Bradyrhizobium spp. can
provide ammonium N to Gallionellaceae sp. Interestingly, no N2 fixation genes were
found in the KS metagenome, although Bradyrhizobium spp. are known to be able to
fix N2 (45, 51). However, culture KS has been cultivated in an ammonium-containing
medium for the last 20 years, which might have resulted in the loss of N2 fixation
capabilities in the community.

In conclusion, we have shown growth and CO2 fixation of the KS culture Gallionellaceae
sp. during Fe(II) oxidation with nitrate as an electron acceptor. Our findings provide further
evidence that the KS-type Gallionellaceae sp. is a chemolithoautotrophic Fe(II) oxidizer. In
addition, the observed growth of Gallionellaceae sp. and Bradyrhizobium spp. under au-
totrophic and heterotrophic growth conditions suggests interactions between the two
community members that might be the reason for the decade-long stability of the KS
culture community partnership between a chemolithoautotrophic Fe(II) oxidizer and het-
erotrophic denitrifiers (Fig. 5). Unfortunately, we were not able to identify a carbon
cross-feeding as the basis for this community stability with our experiments. Nonetheless,
results from this study give further insights into the intricate interplay of different metabolic
groups of organisms that sustain nitrate-dependent Fe(II) oxidation in culture KS (Fig. 5). In
this study, we identified acetate assimilation of Gallionellaceae sp. under heterotrophic
conditions, suggesting that the strain possesses the metabolic flexibility to adapt to
different growth conditions by switching to alternative electron donors instead of Fe(II). We
also provide evidence that the KS-type Bradyrhizobium spp. seem to be incapable to fix CO2

under the conditions tested in this study, although metagenomic sequence analysis found
an IC-type RubisCO gene in the Bradyrhizobium spp. genome. Our results expand our
knowledge on the physiological flexibility of culture KS and underline the importance of
backing up the annotation and interpretation of metagenomic sequence data with phys-
iological experiments and stable-isotope analyses to reveal metabolic capabilities and
interactions in complex microbial communities.
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MATERIALS AND METHODS
Sources of microorganisms, microbial growth medium, and growth conditions. The enrichment

culture KS was isolated from a freshwater sediment in Bremen (1) and has been cultivated in our
laboratory for several years. Culture KS-Tueb (referred to here as culture KS) was cultivated in serum
bottles (250-ml volume, 180 ml medium) in anoxic freshwater medium (pH 6.8 to 7.0), which was
buffered with 22 mM bicarbonate and prepared anoxically with an N2-CO2 (90:10 [vol/vol]) headspace as
described in detail by Hegler et al. (52). The experiments were performed in triplicates: one culture was
incubated without labeled substrates to obtain a reference for natural enrichments of 13C and 15N
(control), and duplicates were incubated with 13C and 15N substrates to analyze the activities of the two
main community members of culture KS. For autotrophic growth conditions, 10 mM FeCl2 and 4 mM
sodium nitrate (triplicates) as well as 2.2 mM [13C]sodium bicarbonate (98 atom % 13C from Aldrich, 8.9
atom % 13C in the medium) and 0.056 mM [15N]ammonium chloride (�98 atom % 13C from Aldrich, 8.9
to 9.1 atom % in the medium) (duplicates) were added to the medium. For heterotrophic growth
conditions, 4 mM sodium nitrate and 5 mM [12C2]acetate (control) or 4.5 mM [12C2]sodium acetate, 0.5
mM [13C2]sodium acetate (99 atom % 13C from Aldrich, 9.9 atom % 13C in the medium), 4 mM sodium
nitrate, and 0.056 mM [15N]ammonium chloride (�98 atom % 13C from Aldrich, 8.9 to 9.1 atom % in the
medium) (duplicates) were added to the medium. All cultures were inoculated with 1% (vol/vol) of a
preculture grown on 10 mM FeCl2 and 4 mM NaNO3 and incubated at 28°C in the dark until stationary
phase was reached and Fe(II) oxidation had ceased (about 7 days). Fe(II), acetate, and nitrate concen-
trations were measured for the triplicates, cell counts were done on the duplicates (labeled substrate),
and NanoSIMS measurements were performed on one culture incubated with the labeled substrates and
the control culture (stationary phase only).

Analytical methods. Fe(II) and Fe(III) were quantified with the revised ferrozine protocol for
nitrite-containing samples described by Klueglein and Kappler (25) and Schaedler et al. (53). The
ferrozine-Fe(II) complex was quantified at 562 nm using a microtiter plate reader (FlashScan 550; Analytik
Jena, Germany). Ferrozine measurements were performed in triplicates. Acetate was quantified by
high-performance liquid chromatography (HPLC; class VP with refractive index detector [RID 10A] and
SPD-M10A VP photo-diode array detector; Shimadzu, Japan) and nitrate/nitrite using a continuous-flow
analyzer with a dialysis membrane for Fe removal to prevent side reactions during analysis (Seal
Analytical, Norderstedt, Germany). Additional information on the individual analytical methods is sum-
marized in the companion paper (12). Fe, acetate, nitrate, and nitrite samples were measured from all
three cultures.

Sequencing. Biomass for DNA extraction was collected by filtering 10 ml of an autotrophically and
heterotrophically grown culture KS through 0.2-�m-pore-size polyethersulfone (PES) membrane filters
(Millipore). DNA was extracted from the PES membrane filters using the UltraClean Microbial DNA
isolation kit (MoBIO Laboratories, Carlsbad, CA, USA). 16S rRNA genes were amplified using primers 27F
(5=-AGAGTTTGATCMTGGCTCAG-3=) (54) and 534R (5=-ATTACCGCGGCTGCTGGC-3=) (55, 56) targeting the
V1 to V3 region of the 16S rRNA gene. The primers 27F and 534R contained Roche’s 454 pyrosequencing
barcodes and adaptor A (27F) or B (534R). PCRs were performed with the FastStart High Fidelity PCR
system (Roche, Mannheim, Germany). The obtained PCR products from three cultures and duplicate DNA
extractions were pooled in equimolar amounts. The quality of the amplified DNA was confirmed on an
Experion automated electrophoresis system (Bio-Rad, Hercules, CA, USA). Prior to sequencing, the PCR
products were quantified using the Quant-iT PicoGreen double-stranded DNA (dsDNA) assay kit (Invit-
rogen, Eugene, OR, USA) and a QuantiFluor-ST fluorometer (Promega, Madison, WI, USA). 454 pyrose-
quencing was performed on a Roche GS Junior Sequencer (454 Life Sciences, Branford, CT, USA)
according to the manufacturer’s instructions for amplicon sequencing. Quality control, alignment, and
classification of the sequencing data were performed using the software package mothur, version 1.33.3
(57). Pyrosequencing noise and chimeras were removed with the mothur-implemented algorithms
PyroNoise (58) and Uchime (59) as described previously (60). Sequences shorter than 200 bp and
sequences with homopolymers longer than 8 bp were removed from the data set. The remaining
sequences were aligned against a seed alignment based on the Silva SSU Ref rRNA database (v.119) (61)
and preclustered with the single-linkage algorithm, applying a threshold of 2% (62). A distance matrix
was created, and sequences were assigned to operational taxonomic units (OTUs) on the species level
at 3% genetic distance using the average neighbor algorithm (63). Sequences were classified using the
Naive Bayesian Classifier (64) and the Silva reference taxonomy (v. 119). Because 16S rRNA gene copy
numbers can vary in genomes of different organisms, we corrected the relative abundance of OTUs using
exported OTU tables from mothur based on the lineage-specific gene copy number using the algorithm
copyrighter (v. 0.46) (65).

CARD-FISH. For CARD-FISH counts, samples were fixed with 1% paraformaldehyde (PFA) and
incubated at 5°C for 12 to 16 h. Afterwards, the cells were centrifuged, washed twice with 1�
phosphate-buffered saline (PBS), resuspended in 1:1 1� PBS-ethanol solution, and stored at �20°C. The
cells were filtered onto Isopore polycarbonate membrane filter (GTTP, 0.2 �m; Millipore) and embedded
in 0.2% low-melting-point agarose. Cells grown with Fe(II) were treated with an oxalate solution (28 g
liter�1 ammonium oxalate and 15 g liter�1 oxalic acid) to dissolve the Fe minerals before filtration.

Two new CARD-FISH probes specific for Gallionellaceae sp. and Bradyrhizobium spp. were designed
using the probe design and probe match tools of the ARB software package (66). Probes and helper
oligonucleotides were designed to bind to specific regions on the 16S rRNA of Gallionellaceae sp.
(KS-Gal466, 5=-CGTCATCCACACGATGTA-3=) and Bradyrhizobium spp. (KS-Brady1249, 5=-GCG TCT TCG CTT
CCC ATT-3=). To improve the fluorescent signal of the KS-Beta466 probe, the following helper oligonu-
cleotides were used: KS-Gal431-helper (5=-TTC CGT CTG AAA GAG CTT-3=), KS-Gal449-helper (5=-TTA AAT
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CGT GCG ATT TCT), and KS-Gal485-helper (5=-TGC TTC TTC TTA CGG TAC). As a positive control, the probe
Beta42a for Betaproteobacteria (modified from Manz et al. [67] and targeting the 23S rRNA), and as a
negative control, the probe NON338 (modified from Wallner et al. [68]) were used. All probes were
ordered as horseradish peroxidase (HRP) conjugates (biomers.net).

Hybridization conditions were optimized using the reference strains Kerstersia gyiorum (for KS-
Gal466) and Coprothermobacter platensis (for KS-Brady1249) with 1.7 and 1.1 weighted mismatches at the
respective probe-specific target sites, respectively. For the Bradyrhizobium species probe, the cells were
permeabilized with lysozyme (10 mg ml�1 in 50 mM EDTA [pH 8] and 100 mM Tris-HCl [pH 8]) at 37°C
for 1 h. For the Gallionellaceae sp. probe, the cells were permeabilized with proteinase K (�0.71 �g ml�1

in 50 mM EDTA (pH 8), 100 mM Tris-HCl (pH 8), and 500 mM NaCl) at RT for 15 min. Afterwards, the cells
were incubated with 100 mM HCl for 10 min and washed with double-distilled water (ddH2O) for 5 min.
A 300-�l volume of hybridization buffer, consisting of 35% (vol/vol) formamide, 900 mM NaCl, 20 mM
Tris-HCl (pH 8), 0.02% (vol/vol) SDS, 1% (wt/vol) blocking reagent (Roche, Germany), and 10% (wt/vol)
dextran sulfate, was mixed with 1 �l of the probe (and 1 �l of each helper, 50 ng �l�1). Cells were
incubated at 46°C for 3 h and washed in a preheated washing buffer, consisting of 5 mM EDTA (pH 8),
20 mM Tris-HCl (pH 8), 70 mM NaCl, and 0.01% SDS, at 48°C for 5 min. The filters were then washed in
1� PBS at RT for 15 min. Amplification buffer, consisting of 1� PBS, 0.1% (wt/vol) blocking reagent, 2 M
NaCl, and 10% (wt/vol) dextran sulfate, was mixed with 0.1% H2O2 and 0.4% Oregon Green 517-X-
tyramide-conjugate in N,N-dimethyl formamide. Fluorescence and elemental fluorine (19F) labeling was
achieved by using custom-synthesized tyramides. Tyramides were prepared as described by Pernthaler et
al. (69). Cells were incubated in the tyramide-amended amplification buffer at 46°C for 10 min and washed
with 1� PBS at RT for 15 min. Afterwards, the cells were stained with DAPI (1 �g ml�1) for 10 min, washed
with ddH2O for 5 min, rinsed in ethanol, and air dried in the dark at RT. Membrane filters were embedded in
Prolong Gold and incubated at RT for 24 h in the dark before the slides were analyzed using fluorescence
microscopy (Leica DM 5500 B; Leica Microsystems). Images were taken at a magnification of �1,000 with a
Leica DFC 360 FX camera using Leica Application Suite Advanced Fluorescence software (2.6.0.766). Cell
counts were performed on duplicate cultures incubated with the labeled substrates, counting at least 500
cells per sample. The cell numbers were calculated from the filtered culture volume and the counted filter
area.

For NanoSIMS measurements, cells of one culture incubated with 13C and 15N were hybridized in
solution and centrifuged after each CARD-FISH step. At the end, the hybridized cells were transferred
onto Si-wafers (Plano GmbH, Wetzlar, Germany) and air dried in the dark at RT. Regions of interest (ROIs)
were defined by fluorescence microscopy, and their coordinates were recorded by scanning electron
microscopy (SEM) in order to facilitate identification of ROIs during NanoSIMS measurements. Please note
that for cell counts hybridizations were performed on membrane filters.

Scanning electron microscopy. SEM was performed with a LEO 1450VP (now Zeiss, Oberkochen,
Germany). The Si-wafers were mounted on SEM aluminum stubs using a sticky carbon tape (both from
Plano GmbH, Germany). The wafers were coated for 90 s at 30 mA with Pt using a Model SCD005 sputter
coater according to the manufacturer’s instructions (BAL-TEC GmbH, Witten, Germany), which resulted in
a 6- to 8-nm Pt layer. The SEM micrographs were taken at 5 kV and at a working distance of 8 mm using
secondary-electron contrast.

Secondary ion mass spectrometry at the nanoscale. The NanoSIMS analyses were performed on
a Cameca NanoSIMS 50 L instrument (Cameca, Gennevilliers, France) at the Chair of Soil Science at the
Technical University in Munich in Freising, Germany. A Cs� primary-ion probe was used with 16-keV
primary-ion impact energy and 8 kV secondary ion extraction voltage. The primary beam was focused to
obtain a lateral resolution of �200 nm and scanned over the sample. The primary ion beam current was
kept constant during an experiment to ensure comparability among the analyzed matrixes. Electron
multiplier secondary ion collectors were set for 12C�, 13C�, 12C14N�, 12C15N�, 19F�, and 56Fe16O�. A larger
field of view was presputtered at a high-beam current to remove the Pt layer and to implant Cs ions. The
measurements were done at 30 ms per pixel, scanning an area of 25 by 25 �m with a 256 � 256 pixel
resolution. For data analyses, the software package Look@NanoSims was used (70). The outline of
individual cells was identified and traced by an interactive tool in the Look@NanoSIMS software package and,
if necessary, manually retraced. All measurements were corrected for electron multiplier dead time (44 ns).

Availability of data. Partial 16S rRNA gene pyrosequencing reads have been deposited in the ENA
Sequence Read Archive (SRA) under accession number SRP133308.
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