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Abstract

Sideroxydans sp. CL21 is a microaerobic, acid-tolerant Fe(Il)-oxidizer, isolated from the Schléppnerbrunnen fen. Since the genome
size of Sideroxydans sp. CL21 is 21% larger than that of the neutrophilic Sideroxydans lithotrophicus ES-1, we hypothesized that strain
CL21 contains additional metabolic traits to thrive in the fen. The common genomic content of both strains contains homologs of
the putative Fe(ll) oxidation genes, mtoAB and cyc2. A large part of the accessory genome in strain CL21 contains genes linked to
utilization of alternative electron donors, including NiFe uptake hydrogenases, and genes encoding lactate uptake and utilization
proteins, motility and biofilm formation, transposable elements, and pH homeostasis mechanisms. Next, we incubated the strain in
different combinations of electron donors and characterized the fen microbial communities. Sideroxydans spp. comprised 3.33% and
3.94% of the total relative abundance in the peatland soil and peatland water, respectively. Incubation results indicate Sideroxydans sp.
CL21 uses H, and thiosulfate, while lactate only enhances growth when combined with Fe, H,, or thiosulfate. Rates of H, utilization
were highest in combination with other substrates. Thus, Sideroxydans sp. CL21 is a mixotroph, growing best by simultaneously using

substrate combinations, which helps to thrive in dynamic and complex habitats.
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Introduction

Gallionellaceae iron-oxidizing bacteria (FeOB) perpetuate the iron
cycle at the oxic-anoxic interface in many freshwater ecosys-
tems (Weber et al. 2006). FeOB usually have a narrow range of
known ecological functions and are typically cultivated as mi-
croaerophilic chemolithoautotrophs, using Fe(Il) as the electron
donor coupled to the reduction of O, and fixing CO,. The Gal-
lionellaceae Gallionella and Sideroxydans are two of the most abun-
dant and well-studied FeOB genera (Emerson et al. 2010, Flem-
ing et al. 2014 , Zhou et al. 2022), and these two genera are com-
posed of fewer than 10 known species, of which all have the abil-
ity to oxidize Fe(Il). Although a close evolutionary relationship
between members of the family Gallionellaceae has been estab-
lished, strains from diverse habitats exhibit differences in the ge-
netic content (Bethencourt et al. 2020). Adaptive microorganisms
often exhibit higher metabolic flexibility which enables these mi-
croorganisms to inhabit more diverse and previously inaccessible
niches (Roller and Schmidt 2015, Carere et al. 2017, Eggerichs et al.
2020).

We isolated the FeOB Sideroxydans sp. CL21 from a moderately
acidic, Fe-rich peatland, the Schléppnerbrunnen fen (Lidecke et
al. 2010). This strain seems to be well adjusted to its environment,

as it prefers pH 5.5 rather than pH neutral conditions like the
neutrophilic model FeOB Sideroxydans lithotrophicus ES-1, isolated
from iron-rich groundwater (Emerson and Moyer 1997). Sideroxy-
dans sp. CL21 can also tolerate higher oxygen concentrations than
S. lithotrophicus ES-1, which enables this strain to thrive even in
the upper oxic layer of the peatland soil (Kiigler et al. 2019). FeOB
in peatlands are exposed to fluctuating environmental conditions
compared to those thriving in aquatic systems, like ground water
or streams (Chan et al. 2016, Yang et al. 2021). In semi-terrestrial
habitats, a huge variety of electron donors and acceptors can co-
exist in a three-dimensional structured matrix.

Peatlands are poorly drained areas with the capacity to accu-
mulate significant amounts of CO,-derived carbon in a recalci-
trant form that approximates 30% of land-based organic carbon
(Bragazza et al. 2013, Mitra et al. 2014). Mineralization in peatlands
leads to methanogenesis with CO, as a terminal electron acceptor,
when oxygen, nitrate, oxidized iron and sulfate become depleted
(Knorr and Blodau 2009, Wu'st et al. 2009). The groundwater fed
Schléppnerbrunnen fen is subjected to frequent water table fluc-
tuations, and its biogeochemistry, redox processes and microbial
communities have been well studied over the past several decades
(Blodau et al. 2002, Alewell et al. 2006, Bodelier et al. 2006, Paul et al.
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2006, Kiisel et al. 2008, Reiche et al. 2008, Pester et al. 2010). Typical
fermentation products, including formate, acetate, lactate, succi-
nate, and Hy, have been detected in peatland water samples taken
from the Schléppnerbrunnen fen and during anoxic peatland soil
incubation studies (Hamberger et al. 2008, Kiisel et al. 2008, Wu'st
et al. 2009, Hadrich et al. 2012). S. lithotrophicus ES-1 is not known
to utilize lactate, however, amendment with lactate and H, ap-
peared to stimulate activities of Sideroxydans sp. CL21 (Cooper et
al. 2020b). Various reduced S species have also been measured in
this fen, including dissolved sulfides (3"H,S) (0.2-29 uM) and thio-
sulfate (30-90 uM) (Hadrich et al. 2019). Since S. lithotrophicus ES-1
does contain the genetic potential for thiosulfate oxidation via the
sox pathway, electron donors other than Fe(II) might also be used
by Sideroxydans sp. CL21.

Due to the relatively low number of publicly available genome
sequences of isolated members of the family Gallionellaceae, few
studies have extensively studied and characterized the metabolic
and genetic diversity of these FeOB (Emerson et al. 2013, He et al.
2017, Bethencourt et al. 2020, Garber et al. 2020, McAllister et al.
2020, Huang et al. 2022). We recently reported the draft genome
sequence of Sideroxydans sp. CL21, highlighting genes involved in
Fe(Il), sulfur, and H, oxidation (Cooper et al. 2020a). Sideroxydans
lithotrophicus ES-1 and Sideroxydans sp. CL21 share a high degree
of homology between the genes encoding the Fe(lI) oxidation ma-
chinery. However, a brief comparison of the Sideroxydans sp. CL21
and S. lithotrophicus ES-1 genome sequences revealed the genome
size of strain CL21 is 21% larger than S. lithotrophicus ES-1 (Cooper
et al. 2020a). We hypothesized that CL21 is particularly adjusted
to specific conditions of this peatland and contains additional
metabolic traits to utilize an array of both inorganic and organic
substrates. We compared the genomes of both FeOB to identify
specific genes of strain CL21 to evaluate if Sideroxydans sp. CL21
has the genomic potential to utilize alternative electron donors,
including H, or S species, as well as organic C sources in lieu of
CO, fixation. Next, we set up incubation studies to verify some
of these potentials and offered a combination of various electron
donors to understand the preference of Sideroxydans sp. CL21. The
combined strategy ultimately allows us to bring together genomic
information, experimental evidence, and environmental charac-
terizations of the Schléppnerbrunnen fen to provide a more com-
prehensive description of this FeOB in relation to the environment
in which it thrives.

Methods

Cultivation conditions of Sideroxydans sp. CL21

Sideroxydans sp. CL21 was isolated from the Schléppnerbrunnen
fen located in the Lehstenbach catchment area in the north-
ern Fichtelgebirge region (Northern Bavaria, Germany; 50°07'54"N,
11°52'51”E) (Ludecke et al. 2010). Sideroxydans sp. CL21 cultures
were routinely cultivated in semi-solid gradient tubes containing
0.15% agarose-stabilized MWMM (top layer) (Biozyme LE Agarose;
Biozyme Scientific GmbH, Hessisch Oldendorf, DE) and zero-
valent Fe (Fe®) or an FeS plug as the Fe source, in order to main-
tain stock cultures as previously described (Emerson and Moyer
1997, Ludecke et al. 2010, Cooper et al. 2020b). For incubation stud-
ies, Sideroxydans sp. CL21 cultures were grown in semi-solid gra-
dient (Emerson and Floyd 2005, Liidecke et al. 2010, Cooper et al.
2020b) using ATCC medium 2672 (modified Wolfe's minimal me-
dia (MWMM)) amended with 10 mM MES buffer (pH 6.3), Wolfe's
vitamin solution (10 ml L-'), and Wolfe’s mineral solution (10 ml
L-1) unless otherwise noted. Semi-solid incubations in Balch tubes

were performed to determine utilization of supplemented Hy.
Sideroxydans sp. CL21 stock cultures were used as inoculum for
both semi-solid gradient incubations and liquid incubations (20—
40 pl inoculum 6 ml=* or 1 ml inoculum 100 ml~, respectively).
For all incubations, 6 replicates were prepared along with 1 abiotic
control. At predetermined intervals, samples were taken in tripli-
cates for DNA extraction. All samples were stored at —20 °C until
further use.

Semi-solid gradient tube incubations with either FeS or Fe® as the
Fe source, were amended with 1 mM lactate or 1 mM acetate as an
organic C source to test for mixotrophic growth over a 30-day incu-
bation period. Lactate (5 mM) was also used in lactate-only incu-
bations. NaS,03 was amended as the reduced S source to test for
sulfur oxidation. At predetermined intervals, samples were taken
in triplicates for DNA extraction. All samples were stored at —20
°C until further use.

Semi-solid Balch tube incubations were used to monitor H, utiliza-
tion as an alternative electron donor. Semi-solid Balch tube in-
cubations were prepared with either FeS only, H, only (5%), or in
combination (FeS and Hy, H, + lactate, FeS + H, + lactate). Balch
tubes were inoculated with 40 plinoculum and closed with a butyl
rubber stopper. The H, only and FeS plus H, incubations were
then amended with 1.1 ml sterile H, (~5% H, based on balch tube
volume, media volume, and pre-selected pressure of 200 mbar).
All incubations were prepared with or without amendment of or-
ganic C (1 mM lactate, peat water extract (PWE; Kiigler et al. 2020),
as previous experiments showed that PWE has a stimulatory ef-
fect on growth. At pre-determined intervals, samples from the gas
phase or liquid phase (1 ml) were taken in triplicates with sterile
syringes from all replicate tubes and used for DNA extraction, and
GC analysis (Hy, O,). Liquid samples were stored at —20 °C until
further use.

Quantitative PCR (qPCR)

For quantitative PCR (gPCR), genomic DNA was extracted from
semi-solid and liquid culture incubations. First, the cells were cen-
trifuged at 5000 g, 10 min, 4°C. Next, genomic DNA from the cell
pellets was extracted using a modified phenol-chloroform-based
protocol (Taubert et al. 2018). The cell pellets were stored at —20°C
until extraction, and genomic DNA was stored at —20 °C until fur-
ther use.

gPCR analysis using the Sid-120F/Sid-167R primer pair (Fabisch
et al. 2013) was conducted using genomic DNA extracts of samples
taken from Sideroxydans sp. CL21 semi-solid and liquid incuba-
tions. Genomic DNA (2-20 ng) was used as template and the gPCR
analysis was performed on an Mx3000P gPCR system (Agilent,
Waldbronn, DE) with Maxima SYBR Green Master Mix (Thermo
Fischer Scientific, Schwerte, DE). Standard curves using serial di-
lutions of representative plasmid mixtures ranging from 1 x 10®
to 1 x 10% copies (R? value = 0.996-1.000) were linear and the gPCR
was performed with efficiencies between 86% and 98%.

Gas chromatograph measurement and
quantification of H, and O, gases

Headspace O, and H, concentrations in semi-solid Balch tube in-
cubations were quantified using a Hewlett Packard 5890A series II
gas chromatograph (GC) equipped with a molecular sieve column
(Alltech #80I1/2; 300 x 45.7 mm), a thermal conductivity detec-
tor (TCD) (model) with Ar as carrier gas (flow rate: 30 ml min~!,
20 psi). The column, injector, and detector temperature settings
were 50°C, 150°C, and 175°C, respectively. GC data was generated
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and analyzed with the 32 Karat Software (v7.0, Beckman Coulter,
Brea, US).

0O, and H, concentrations in the headspace were calculated
based on a derivation of the ideal gas law which includes mea-
sured O,/Hj:

Ngas = (Yi % P % Vgas) / R % T) (1)

where ng,; is the headspace O,/H, concentration [mol per tube],
Y; is the measured O,/H, concentration according to the standard
curve, P; is partial pressure [Pa], Vggs is the headspace volume [m?],
Ris the general gas constant (8.314 [kPaL mol~'K~']) and T is tem-
perature [K].

0O, and H, concentrations in the liquid or semi-solid phase were
calculated based on a derivation of Henry's law which includes
measured O,/H; and liquid volume:

Niig = Y; % H; % P % Vi 2

where nyq is the O,/H, concentration [mol per tube] in the liquid
phase, Y; s the measured O,/H, concentration according to the
standard curve, P; is partial pressure [Pa], Viq is the liquid volume
[L] and H; is the respective Henry’s law volatility constant [mol
m? ~TPa~1]. H; for O, (1.30-1078) and H, (7.70-10?) were taken from
Sander (2015).

Comparative genomics of Sideroxydans sp. CL21
and S. lithotrophicus ES-1

We previously sequenced the draft genome of Sideroxydans sp.
CL21 using the PacBio RS II platform (Pacific Biosciences, Menlo
Park, CA) according to standard manufacturer’s protocol (Cooper
etal. 2020a) (GenBank accession: LR699166). The complete genome
sequence of S. lithotrophicus ES-1 was retrieved from GenBank (ac-
cession: CP001965.1). The genome size of Sideroxydans sp. CL21
was 3.77 Mb and that of S. lithotrophicus ES-1 was 3.0 Mb. Com-
pleteness of both strains reached 99.37% and 99.52%, coding
sequences were 3795 and 2996, and the GC content was 54.9
and 57.5%, respectively. Both strains had two copies of the 16S
TRNA gene. Both genome sequences were annotated with RASTtk
(v2.0) using default parameters (Aziz et al. 2008, Overbeek et al.
2014, Brettin et al. 2015). RAST predicted open reading frames
(ORFs), which were later used for comparison of both genomes
using the Anvi'o pangenomics workflow (described below). Ini-
tial pairwise genome comparisons were conducted using RAST.
KEGG Decoder was used to perform initial assessments of path-
ways and metabolisms of interest as defined in the KO (KEGG
Orthology) database. These assessments were performed using
the script KEGG-decoder.py (www.github.com/bjtully/BioData/tre
e/master/KEGGDecoder) (Graham et al. 2018). ANI (average nu-
cleotide identity) and AAI (average amino acid identity) were cal-
culated using the enveomics collection (v0.1.3) (Rodriguez-R and
Konstantinidis 2016). Orthologous protein cluster were identified
using the OrthoVenn webserver (v 2, https://orthovenn2.bioinfoto
olkits.net/) (Xu et al. 2019). Anvi'o v6.2 (Eren et al. 2015, Eren et
al. 2021) was used to analyze the Sideroxydans sp. CL21 and S.
lithotrophicus ES-1 genomes using the pangenomic workflow as
previously described (Delmont and Eren 2018). The commands
anvi-run-ncbi-cogs and anvi-run-pfams were implemented to an-
notate the contig database using NCBI's COG database and the
Pfam database. The Pangenome analysis was performed using
the command anvi-pan-genome and visualized using anvi-display-
pan. The anvi-pan-genome command was run using the following
parameters/flags:—num-threads 1;,—minbit 0.5;—mcl-inflation 2;
—-use —diamond and—use-ncbi-blastp. The output of the Anvi'o
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Pangenome workflow was subsequently used for pairwise genome
comparison of Sideroxydans sp. CL21 and S. lithotrophicus ES-1.

Microbial community composition analysis

Genomic DNA was extracted from either 5 cm increments of trip-
licate 30 cm soil cores or peatland water samples. Peatland wa-
ter samples were collected in a depth-dependent manner in 5 cm
increments in triplicates after peatland soil centrifugation or di-
rectly from a permanently installed pipe in the field, which serves
as well for collection of higher volumes of water. Genomic DNA
was extracted from both soil and water samples using the DNeasy
PowerSoil Extraction kit (Qiagen) according to the manufacturer’s
protocol. Amplicon sequencing of bacteria and archaea 16S rRNA
genes was carried out targeting the V4-V5 region using the Earth
Microbiome Project primer pair, 515F-926R (Caporaso et al. 2011,
Caporaso et al. 2012, Apprill et al. 2015, Parada et al. 2016). Illumina
libraries were generated using the NEBNext Ultra II FS DNA library
preparation kit (New England Biolabs) according to the manufac-
turer’s protocol. Size selection was performed using the AMPure
XP beads (Beckman Coulter). The sequencing was performed in-
house using an [llumina MiSeq platform (v3 chemistry, 2 x 300 bp
read lengths).

Amplicon sequence reads were initially subjected to primer
sequence removal by cutting the 5’ to 3’ end based on primer
sequence length. Read pairs were paired-end assembled and
trimmed using usearch (v 10) (Edgar 2010) (settings paired-end as-
sembly: -fastq_mergepairs; settings trimming: -fastx_truncate, -
fastqg_filter -fastqg_maxee 1.0). Sequences were imported into QI-
IME2 and subjected to dereplication, prior to clustering into op-
erational taxonomic units (OTUs) using the implemented vsearch
plugin (Rognes et al. 2016) and a sequence identity threshold
of 97% (qgiime vsearch cluster-features-de-novo). Low abundant
OTUs (<10 sequence reads) were removed. Representative se-
quences were taxonomically assigned using the SILVA database
(release 132) (Klindworth et al. 2013) and the feature-classifier plugin
of QIIME2? (giime feature-classifier classify-consesus-vsearch). An
OTU table including determined taxonomic affiliations and avail-
able metadata was assembled with QIIME2 (v 2019.10). Relative
abundances at the genus level were exported using the giime taxa
collapse plugin. Data visualization of the relative abundances of
the Fe(Il) oxidizing bacteria in both soil and water fractions were
carried out in the R framework for statistical analysis (v 1.3.959)
(RStudio Team 2020), using the package ggplot2 (Wickham 2016).
Raw reads were deposited at the European Nucleotide Archive
(ENA) under the BioProject accession PRJEB51207.

Results

Genome comparison of Sideroxydans sp. CL21
and the model neutrophilic FeOB S. lithotrophicus
ES-1

To assess the genome similarities between Sideroxydans sp. CL21
and SS. lithotrophicus ES-1, we examined the overlapping genomes of
the two strains. The genomes of both strains species shared 2057
genes. Sideroxydans sp. CL21 contained a higher number of unique
genes (iL.e. the accessory genome) in comparison to S. lithotrophi-
cus ES-1 (1270 and 784, respectively) (Table S1), which is consis-
tent with the differences in genome sizes (3.77 Mb and 3.0 Mb,
respectively). The average nucleotide identity (ANI) (82%) and av-
erage amino acid identity (AAI) (81.2%) (Rodriguez-R and Konstan-
tinidis 2016) provided further evidence that Sideroxydans sp. CL21
and S. lithotrophicus ES-1 are distinct, but closely related species.
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Pairwise comparisons of both strains using OrthoVenn? identified
a total of 2358 orthologous clusters, including 2242 overlapping
orthologs.

To further understand important metabolic pathways for these
strains individually, gene clusters (both shared and unique gene
clusters) identified using the Anvi’o pangenome workflow were
screened. Notably, shared gene clusters comprised of genes and
pathways linked to Fe(Il) oxidation, CO, fixation, dissimilatory
sulfur oxidation, S, P, and N assimilation, Rnf complex, Alterna-
tive complex (AC) III, and electron transport were identified (Ta-
ble S1). Gene clusters encoding for lactate utilization, motility,
polysaccharide biosynthesis, biopolymer transport, pH homeosta-
sis, and Ni-Fe-hydrogenase I were unique to the Sideroxydans sp.
CL21 genome.

Fe(II) oxidation and electron transfer pathways in
Sideroxydans sp. CL21

Genome analyses revealed homologous Fe(Il) oxidation mecha-
nisms in Sideroxydans sp. CL21 and S. lithotrophicus ES-1 (Liu et al.
2012, Emerson et al. 2013, Beckwith et al. 2015, He et al. 2017, Zhou
et al. 2022). Both genomes include genes in the Cyc2 and Mto Fe(Il)
oxidation pathways, including homologs of cyc2, mtoAB, cymA,
and mtoD (Keffer et al. 2021). The Sideroxydans sp. CL21 genome
contains three copies of cyc2, as does S. lithotrophicus ES-1. Addi-
tional copies of genes encoding chbs-type cytochrome c oxidases
were also found in the Sideroxydans sp. CL21 accessory genome.
Genes encoding cytochrome bd ubiquinol oxidase subunits I and
IT (cydAB) were detected in both Sideroxydans strains (Fig 1A, Ta-
bles S1 and S2). Genes encoding a reverse electron transfer (RET)
pathway, including NADH dehydrogenase, cytochrome bcl, and
quinones were identified in the common genome content, as these
genes are ubiquitous among iron oxidizers, which require RET for
carbon fixation. Both genomes encode the alternative complex III
(ACIII), which is suggested to participate in RET to provide reduc-
ing equivalents for the CO, fixation (Zhou et al. 2022), and also
contain genes encoding a variety of cytochromes involved in elec-
tron transfer.

The Sideroxydans sp. CL21 genome also encodes an F-type AT-
Pase as well as an N-type ATPase (Dibrova et al. 2010), which is
a Na*-translocating ATPase (Na*-binding residues confirmed in
subunit E). Genes encoding proteins involved in various redox
reactions connected to the quinol pool were found in the core
genome, however, strain CL21 harbored multiple copies of sev-
eral of these genes, specifically those encoding electron transfer
proteins (etfAB) and electron transfer flavoprotein ubiquinone ox-
idoreductase, in both the shared and accessory genome (Fig. 1A,
Table S1).

Alternative energy metabolism pathways in
Sideroxydans sp. CL21

In the Sideroxydans sp. CL21 accessory genome, we identified gene
clusters linked to alternative electron transfer pathways, includ-
ing H, oxidation genes and few genes for S oxidation. Genes linked
to the regulation, assembly, and synthesis of Ni-Fe uptake hydro-
genases were found and scattered across both the common ge-
nomic content and the Sideroxydans sp. CL21 accessory genome
(Fig. 1A, Table S1). For example, a gene cluster in the Sideroxydans
sp. CL21 accessory genome containing various genes encoding
NiFe-hydrogenase I small subunit, Ni-Fe-hydrogenase I large sub-
unit, Ni-Fe-hydrogenase maturation factor, hydrogenase expres-
sion protein, Ni-Fe-hydrogenase assembly proteins, and related
accessory proteins (gene_callers_id(anvi'o): 602-611) were found

in close localization to genes encoding a phage integrase fam-
ily protein (gene_callers_id(anvi'o): 416) and the methionyl-tRNA
formyltransferase/Enoyl-CoA hydratase enzyme, which functions
as a transposase (gene_callers_id(anvi'o): 619), and are localized
upstream and downstream of the gene cluster. Similarly, genes
coding for an integrase and transposase are located upstream and
downstream (gene_callers_id(anvi’o): 1012, 1283) of another NiFe-
hydrogenase gene cluster encoding a HupF/HypC-family hydroge-
nase maturation factor, Ni-Fe-hydrogenase maturation factor, Ni-
Fe-hydrogenase I small and large subunits, Ni-Fe-hydrogenase 2
integral membrane subunits (gene_callers_id(anvi'o): 1082-1087).
This finding suggests that the capacity to utilize H, as an alterna-
tive electron donor to Fe(Il) by Sideroxydans sp. CL21 was acquired
via horizontal gene transfer. Homologs of dissimilatory sulfur ox-
idation pathway and other genes linked to S oxidation were also
detected (Fig. 1A, Table S1).

Carbon metabolism genes in Sideroxydans sp.
CL21 suggests a mixotrophic lifestyle

Sideroxydans sp. CL21 contains the genetic potential for both inor-
ganic carbon fixation and organic carbon utilization. Briefly, the
common genomic content contains genes encoding for CO, fixa-
tion, notably a complete Calvin-Benson-Bassham cycle (CBB path-
way) (Fig. 1B, Table S1). Interestingly, strain CL21 also encodes
genes linked to organic carbon (i.e. lactate) utilization pathways
(Fig. 1B, Table S1). Genes encoding a predicted pathway for lac-
tate oxidation in Sideroxydans sp. CL21 were identified across the
shared and accessory genomes. Genes encoding the L-lactate de-
hydrogenase subunits are all located in the common genomic
content (Fig. 1B, Table S1), while other key genes involved in lac-
tate utilization, for example genes encoding a lactate permease,
D-lactate dehydrogenase, acetate kinase, and acetate permease,
were all found in the Sideroxydans sp. CL21 accessory genome
(Fig. 1B, Table S1). Both Sideroxydans sp. CL21 and S. lithotrophi-
cus ES-1 genomes encode complete pathways linked to other cen-
tral metabolic processes, including the tricarboxylic acid (TCA)
cycle and glycolysis (Entner-Doudoroff [ED] pathway) (Fig. 1B,
Table S1).

Additional nutrient assimilation pathways in
Sideroxydans sp. CL21

Both Sideroxydans sp. CL21 and S. lithotrophicus ES-1 can as-
similate phosphorus via the pho regulon (Table S1). Sideroxy-
dans sp. CL21 does not encode the entire phosphonate uptake
and utilization pathway, similar to what is observed in the
S. lithotrophicus ES-1 genome (Muhling et al. 2016). Sideroxydans
sp. CL21 accessory genome contains genes encoding the pu-
tative transcriptional regulator (PhnF), phosphate import pro-
tein/substrate binding protein (PhnD/PtxB), phosphate-import
ATP binding protein (PhnC), phosphate-import permease protein
(PhnE), putative phosphonates utilization ATP-binding protein
(PhnK), alpha-D-ribose 1-methylphosphonate 5-triphosphate syn-
thase subunit (Phnl), phosphonate ABC-transporter, ATP-binding
protein (PtxA), and an alkylphosphonate utilization protein (PhnA)
(Table S1).

Similar to the genome of S. lithotrophicus ES-1, Sideroxydans
sp. CL21 encodes genes linked to assimilation of ammonia, ni-
trate, and nitrite. Both strains also encode nitrogenase genes
for nitrogen fixation (Table S1). According to the genome an-
notation, Sideroxydans sp. CL21 is not able to utilize urea as
an alternative nitrogen source in the same way that other aci-
dophilic microbes can (Hausinger 2004, Kanamori et al. 2005,
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Figure 1. Schematic illustrating the similarities and differences in key metabolic pathways in Sideroxydans sp. CL21 and S. lithotrophicus ES-1. The
schematic is based solely on genome comparison analyses. (A) Alternative electron donor pathways identified in Sideroxydans sp. CL21 and S.
lithotrophicus ES-1. The proposed Fe(Il) oxidation pathway is depicted in the left panel, and H, oxidation and S utilization and oxidation pathways are
depicted in the right panel. Note, three copies of the cyc2 gene are present in both strains and S. lithotrophicus ES-1 genome encodes genes linked to the
complete Dsr pathways (dsrABC, dstEFHC, dsrMKLJOPN), while Sideroxydans sp. CL21 does not. Two copies were located in the common genomic content,
and a third copy of cyc2 was identified in both the Sideroxydans sp. CL21 specific genome and the S. lithotrophicus ES-1 specific genome. (B) Inorganic C
fixation pathways and lactate uptake/utilization pathways. (C) pH homeostasis and lifestyle-specific pathways (i.e. motility, biofilm). (black—gene in
common genomic content; orange—gene in specific genome; black/orange—gene copy in common genomic content and specific genome; white—gene

absent in common genomic content and specific genome).

Ullrich et al. 2016), as indicated by the lack of genes encoding
the urea ABC transporter (urtABC). Sideroxydans sp. CL21 con-
tains a partial urease gene cluster (urea carboxylase present),
but genes encoding the allophanate hydrolase were not identified
(Table S1).

pH homeostasis and other lifestyle adaptations
in Sideroxydans sp. CL21

Sideroxydans sp. CL21 can tolerate more acidic pH conditions com-
pared to the neutrophilic S. lithotrophicus ES-1. pH homeostasis
in Sideroxydans sp. CL21 is likely maintained through a variety of
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strategies, including Trk, Kch, Kup, and Kef-type potassium up-
take systems and the Kdp high affinity potassium uptake system
(Fig. 1C, Table S1). Sideroxydans sp. CL21 also encodes genes en-
coding two cyanophycin synthetases, which are known to func-
tion in pH homeostasis in cyanobacteria (Krehenbrink et al. 2002).
Specific copies of genes and genetic pathways linked to motility
and biofilm biosynthesis, and mobile elements, transposases, in-
tegrases, and recombinases were identified in the Sideroxydans sp.
CL21 accessory genome (Fig. 1C, Table S1). For example, a trans-
posase and an integrase located upstream and downstream of the
high affinity potassium uptake system encoding the kdpABCDEF
gene cluster, suggesting these genes were taken up from the en-
vironment.

Physiology of Sideroxydans sp. CL21:
experimental characterization of alternative
electron donor utilization

To experimentally verify the genomic potential of Sideroxydans sp.
CL21, we incubated the isolate in the presence of alternative inor-
ganic electron donors (H, and NaS,03) and organic carbon and
electron donors (lactate, acetate) and in various combinations
(Fig. S1). Although Sideroxydans CL21 prefers to grow in semi-solid
media supplemented with Fe® (Cooper et al. 2020b), we had to
switch to FeS as the Fe source in some incubations, as Hy is al-
ways released as a byproduct when Fe® reacts slowly with water
forming Fe(Il) and H, (Till et al. 1998).

All substrate combinations tested, except the combination of
acetate and thiosulfate, stimulated growth of Sideroxydans CL21
in semi-solid media incubations amended with more than one in-
organic electron donor or organic substrate. We also monitored
growth in incubations amended with single substrates (FeS, Hy,
NaS,0s, lactate, or acetate (data not shown)) as well as consump-
tion of gases (Fig. 2, Table 1; Table S2). The 16S rRNA gene copies
of Sideroxydans sp. CL21 increased by 3-4 orders of magnitude in
FeS and H, only incubations. The 16S rRNA gene copies increased
slightly in NaS,03-only incubations, but did not show a significant
change in lactate-only incubations (Fig. 2A, Table S2). H, was con-
sumed with a rate of 0.637 uM d~* during 18 days of incubation
with a ratio of Hy, and O, consumption of nearly 1: 1 (Fig. 2A, Ta-
ble 1).

Next, we amended incubations with various combinations of
two electron donors. Lactate and H, additions stimulated growth
in the presence of FeS significantly. The 16S rRNA gene copy num-
bers increased between one and four orders of magnitude in in-
cubations amended with FeS plus lactate or H, (Fig. 2B, Table S2).
Similarly, 16S TRNA numbers increased approximately four orders
of magnitude in incubations amended H; + lactate and NaS,03 +
lactate (Fig. 2B, Table S2). Lactate amendment in incubations with
H, or NaS,03 enhanced growth similarly to FeS + lactate incu-
bations (Fig. 2B, Table S2). Compared to the H, only incubations,
the rate of H, utilization increased 13% and 178% in incubations
amended with FeS (FeS + H,) and lactate (H, + lactate), respec-
tively (Fig. 2B, Table 1).

Lastly, we monitored the effect of three electron donors in FeS
+Hy + lactate, Fe® + lactate, or Fe® + NaS, 03 incubations (Fig. 2C).
The 16S rRNA gene copies increased almost five orders of magni-
tude in FeS + H, + lactate incubations and 3.5 orders of magni-
tude in Fe® + lactate (Fig. 2C, Table S2). The 16S rRNA gene copies
decreased slightly in Fe® + NaS,05 incubations (Fig. 2C, Table S2).
The H, oxidation rate increased 1004% in incubations amended
with FeS + H, + lactate (Fig. 2C, Table 1).

Abundance of Sideroxydans species in the
Schléppnerbrunnen fen

All known Fe(II)-oxidizers including Sideroxydans spp. made up to
3.33% of the percentage of the total read counts in the peatland
soil and were found across all depths (0-30 cm). These relative
abundances of Sideroxydans spp. increased with increasing depth
from 0-5 cm to 25-30 cm (~0.01%-0.75%, respectively) (Fig. 3).
Most Fe(Il)-oxidizers had higher relative abundances in the peat-
land water and could reach 3.94%. In standing water sampled
from an open permanently installed pipe in the field, total relative
abundance of all Fe(ll)-oxidizers reached 14.04% with more than
7% of Sideroxydans spp. This pipe water contained members of
other genera of Fe-oxidizers, Ferrovum and other Gallionella species,
and of the potential Fe-oxidizer Crenothrix (Otte et al. 2018, Cheng
et al. 2019), which were not detected in peatland soil or peatland
water (Fig. 3).

Discussion

Our combined genomic and experimental evidence demonstrates
a broad metabolic flexibility of Sideroxydans sp. CL21, isolated from
the Schléppnerbrunnen fen. Its genome, which is ~21% larger
than the genome size of its neutrophilic freshwater counterpart,
S. lithotrophicus ES-1, isolated from groundwater from a basement
tile drain in East Lansing, Michigan (Emerson and Moyer 1997)
contains unique gene clusters encoding for organic carbon uti-
lization, hydrogenase I system, motility, biofilm biosynthesis, and
pH homeostasis, suggesting specific environmental conditions of
the Schléppnerbrunnen fen drive the difference in the genome
content between both strains.

The Schléppnerbrunnen fen is a groundwater-fed,
minerotrophic peatland, completely overgrown with Molinia
grasses and patches with Carex sedges (Meier et al. 2021), and
receives lateral input of iron and sulfur species. Mean annual
water table levels approximate 13 cm below soil surface (Knorr
et al. 2009), but can drop down to > 70 cm in very dry summers
(Paul et al. 2006). The peatland soil contains high amounts of solid
iron (5-20 mg g wt peat™?!) and organic C (22%-55%) (Kusel et al.
2008, Reiche et al. 2010). The upper peat layer shows the highest
abundance of solid phase Fe(III), that occurs mainly in the form
of small-sized minerals resembling nanoparticulate ferrihydrite
or goethite (Hadrich et al. 2019). In recent studies, the maximum
concentrations of Fe(Il) in peatland water samples reach 790 uM,
and DOC concentrations range from 11 to 48 mg L~ (Hadrich et
al. 2019, Kugler et al. 2019). The majority of both Fe(Ill) and Fe(Il)
in this fen is complexed by DOM; complexed Fe(II) also occurs in
the upper oxic peat layers (Kigler et al. 2019) due to stabilization
similar to other studies (Riedel et al. 2013, Lee et al. 2017), as
abiotic chemical oxidation of Fe(Il) is inhibited. Similarly, acidic
conditions inhibit chemical Fe(Il) oxidation (Johnson et al. 2012,
Ilbert and Bonnefoy 2013, Bryce et al. 2018). Thus, the Schléppner-
brunnen fen with its high amounts of reduced, stabilized Fe in an
organic rich, slightly acidic matrix exposed to fluctuating redox
conditions is ideally suited to host microaerophilic FeOB.

Both Sideroxydans sp. CL21 and S. lithotrophicus ES-1 are mi-
croaerophilic FeOB. In the genomes of both Sideroxydans strains,
we found genes for outer membrane cytochromes linked to
Fe(Il) oxidation, including cyc2 and mtoAB (Liu et al. 2012, McAl-
lister et al. 2020, Keffer et al. 2021). Sideroxydans sp. CL21 has
three copies of the Fe(Il) oxidation gene cyc2 (Table S1) with one
found in its accessory genome. The presence of at least two
different Fe oxidases could allow flexibility to utilize multiple
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Figure 2. Sideroxydans sp. CL21 semi-solid incubations amended with one, two, or three different electron donors or organic substrates. (A) Differences
in 16S rRNA gene copies from Tsiart and Teng, sShown as Logy, fold change (FC), in incubations amended with FeS, Hy, NaS,0s, or lactate as the sole
electron donor (left panel). H, utilization and O, consumption in Hy-amended incubations [(CL21) refers to Sideroxydans sp. CL21 incubations;
(control) refers to abiotic controls] (right panel). Tsiart = day 0; Teng = 17 d (NaS,0s3, lactate) or 18 d (FeS, Hy). (B) Differences in 16S rRNA gene copies
from Tstare and Teng, shown as Logyo FC, in incubations amended with FeS + lactate, FeS + Hy, H, + lactate, or NaS,03 + lactate (left panel). H,
utilization in incubations amended with FeS + H, or H, + lactate is shown (right panel). Tsiare = day 0; Tenqg = 21 d (FeS + lactate), 19 d (FeS + Hy), 21 d
(Hy + lactate), 18 d (NaS, 05 + lactate). (C) Differences in 16S rRNA gene copies from Tsiare and Tepg, Shown as Logyo FC, in incubations amended with
FeS + H, + lactate, Fe® + lactate, or Fe® + NaS,03. Hy utilization and O, consumption in incubations amended with FeS + H2 + lactate (right panel).
Tstart = day 0; Teng = 19 d (FeS + H, + lactate), 17 d (Fe® + lactate), and 18 d (Fe® + NaS,0s). Error bars represent standard deviation in triplicate

incubations (n = 3). In some cases, error bars are smaller than the symbols.

Fe species. MtoA-based and Cyc2-based Fe(Il) oxidation path-
ways transport electrons from Fe(Il) across the outer membrane
(OM) via cytochromes embedded in the OM to periplasmic pro-
teins and finally to terminal oxidases in the inner membrane
(IM) (Emerson et al. 2013, Beckwith et al. 2015, He et al. 2017).
The presence of the Fe(Il) oxidation machinery homologs, in-
cluding cymA, in Sideroxydans sp. CL21 suggests a similar ge-

netic organization to S. lithotrophicus ES-1. The Sideroxydans sp.
CL21 genome encoded a cbb3-type cytochrome c¢ oxidase, which
has a high affinity for O, and suggests that it can grow in sub-
oxic/microoxic environments (Pitcher et al. 2002, Li et al. 2014,
Park et al. 2020). Thus, Fe(Il) oxidation coupled to O, respiration
can continue even as the O, concentrations in the peatland soil
decline.
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Table 1. H, and O, consumption rates in Sideroxydans sp. CL21 cultures grown in semi-solid gradient tube incubations with single, double,

or triple electron donors.

H, consumption rate

Average H, consumption rate

0, consumption rate Average O, consumption rate

Incubation set-up (pm d-?) (pm d-?) (pm d-1) (pm d-1)
Hy 0.632 0.637 0.764 0.484
0.659 0.423
0.620 0.266
FeS NA 1.226 1.345
NA NA 1.934
NA 0.876
H, + FeS 0.488 0.721 0.721 0.839
0.978 1.025
0.696 0.772
H, + lactate 1.865 1.774 1.346 1.306
1.800 1.332
1.656 1.240
Hy + FeS + lactate 6.071 7.038 2.233 2.149
7.631 2.506
7.411 2.519

Sideroxydans sp. CL21 also encodes other genomic potentials to
cope with O, level variations caused by the water table fluctua-
tion in the fen. Previous work has shown that Sideroxydans sp. CL21
prefers to oxidize Fe(Il) at O, concentrations up to 17.5% satura-
tion, which is in the upper range observed for S. lithotrophicus ES-1
(5.5%-18.2%) (Druschel et al. 2008). Similar to S. lithotrophicus ES-1,
Sideroxydans sp. CL21 has been shown to grow as a chemolithoau-
totroph (Ludecke et al. 2010, Kuigler et al. 2019, Cooper et al. 2020a).
Both strains house two large subunit RuBisCO genes (Form I and
I1), suggesting that they can fix CO; also under high levels of O, in
contrast to other microaerophilic FeOB (Emerson et al. 2013). Pre-
vious studies have shown that the Form I RuBisCo enzymes have
a higher affinity for CO, compared to O,, thus enabling CO, fixa-
tion at higher O, partial pressures compared to microbes encoding
only Form I Rubisco enzymes (Badger and Bek 2008). Additionally,
in strict microaerophiles, Form Il enzymes likely do not encounter
high enough O, levels to stimulate the oxygenase reaction com-
pared to CO, fixation, which implies both strains are more tol-
erant to both O, fluctuations and overall higher O, concentra-
tions (Emerson et al. 2013). We also identified genes encoding for
O,-tolerant Ni-Fe hydrogenases, involved in H, oxidation. Genes
linked to the regulation, assembly, and synthesis of three types of
Ni-Fe hydrogenases were present in both the common genomic
content and the Sideroxydans sp. CL21 accessory genome. Since
Ni-Fe hydrogenases are typically inhibited at atmospheric O, con-
centrations (Coppi et al. 2004, Shafaat et al. 2013, Peters et al. 2015),
the presence of O,-tolerant Ni-Fe hydrogenases in the accessory
genome suggests adaptation to the microoxic conditions. These
genes are homologous to O, tolerant membrane bound Ni-Fe-
hydrogenases previously characterized in the g-proteobacterium
Ralstonia eutropha, which is able to use Hy, CO,, and O, for lithoau-
totrophic growth (Hartmann et al. 2018).

Dissolved H, concentrations in the Schloppnerbrunnen fen
range between 0.2-13 nM L~! (Knorr and Blodau 2009); but these
low concentrations are likely due to a rapid turnover of Hy, as it
is a preferred substrate for the anaerobic electron-accepting pro-
cesses dominating the Schléppnerbrunnen fen, such as iron re-
duction, sulfate reduction, and methanogenesis (Knorr and Blo-
dau 2009, Knorr et al. 2009). Moderately acid tolerant fermenters
are involved in the carbon decomposition processes, leading to
methane emissions of up to 13 mmol m~? day~ in this fen (Ham-

berger et al. 2008). The intermediary ecosystem metabolism (Drake
etal. 2009) leads to the formation of the typical fermentation prod-
ucts H,, formate, propionate, acetate, lactate, and succinate, all
detected both in Schléppnerbrunnen fen peatland water samples
and during anoxic peatland soil incubation studies (Hamberger et
al. 2008, Kiisel et al. 2008, Wu'st et al. 2009, Hadrich et al. 2012).

Our genomic data suggest that Sideroxydans sp. CL21 is a
mixotroph, as it possesses all the genes for the utilization of
organic carbon sources, like the fermentation product lactate
(Fig. 4). Genes for a lactate oxidation pathway were identified
across the shared and accessory genomes of strain CL21. As S.
lithotrophicus ES-1 has not been predicted nor shown to oxidize lac-
tate (Emerson and Moyer 1997, Emerson et al. 2010, Emerson et al.
2013), it appears to be an exclusive metabolic potential of Siderox-
ydans sp. CL21. Sideroxydans sp. CL21 provides another example of
an FeOB within Betaproteobacteria thatis not a strict autotroph. The
presence of the oxidative TCA cycle as well as genes encoding for
glucose degradation pathways, pyruvate metabolism, lactate de-
hydrogenases, lactate permease, acetate kinase, and acetate per-
mease genes, suggests that Sideroxydans sp. CL21 can operate us-
ing a mixed energy metabolism and mixed carbon metabolism
lifestyle. Many of these genes are only found in its accessory
genome, suggesting that the extensive metabolic potential for or-
ganic nutrient utilization is a specific adaptation to an organic-
rich habitat.

Our semi-solid incubation studies demonstrated that thiosul-
fate did appear to stimulate growth to the extent to which growth
was stimulated in incubations amended with H, as an alternative
electron donor. Genes for S oxidation, housed in the periplasm
and inner membrane, were detected in both strains (Fig. 4). The
sox pathway was found in S. lithotrophicus ES-1 and likely func-
tions as the primary mechanism involved in sulfur oxidation in
this strain (Emerson et al. 2013), however, the exact genes and
pathway(s) involved in sulfur oxidation in Sideroxydans sp. CL21
could not be elucidated from the current genome annotation,
however elucidating the genes and mechanisms involved in S
metabolism in Sideroxydans species is essential for understand-
ing the full metabolic potential of these microorganisms. In ad-
dition to thiosulfate, other reduced sulfur compounds present in
the fen (Hadrich et al. 2019), could also function as potential elec-
tron donors for Sideroxydans sp. CL21. A high diversity of sulfate
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Figure 3. Relative abundances and depth distribution of Fe-metabolizing bacteria in peat soil fractions (0-30 cm), peat water fractions (0-30 cm), and
standing water collected from a permanently installed pipe in the field. Dot plots representing the relative abundances of genus level groups of known
FeOB found in the Schléppnerbrunnen fen soil (top panel) and peatland water (bottom panel) fractions as shown for samples taken in 5 cm
increments (0-5, 5-10, 10-15, 15-20, 20-25, 25-30 cm) and from standing water of a pipe. The replicates for each depth are grouped together for both

soil and water fractions.

reducers has been reported in the Schléppnerbrunnen fen (Loy et
al. 2004), despite its low sulfate concentrations ranging from 25
to 100 uM (Knorr and Blodau 2009, Knorr et al. 2009). A rapid re-
oxidation of reduced sulfur species has been postulated, fueling
the activity of the sulfate-reducing keystone species Desulfosporos-
inus (Pester et al. 2010). Thus, Sideroxydans sp. CL21 is exposed to a

great variety of inorganic and organic electron donors varying in
time and space due to fluctuating redox conditions.

Sideroxydans sp. CL21 grows best with a combination of electron
donors. Surprisingly, semi-solid incubations amended with lactate
as the sole electron donor did not show significant growth; only in
combination with inorganic electron donors like Fe, Hy, or thiosul-
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Figure 4. Graphical representation of potential metabolic activities in Sideroxydans sp. CL21 in comparison to the model FeOB S. lithotrophicus ES-1. The
schematic is based solely on genome comparison analyses and represents metabolic pathways that are important for a mixotrophic metabolism in
Sideroxydans sp. CL21 and suggests adaptation of this microbe to the slightly acidic, OM- and Fe-rich Schléppnerbrunnen fen. Pathways highlighted in
orange identified in the Sideroxydans sp. CL21 specific genome. Genes encoding biopolymer transport and chemotaxis were identified in both the

common genomic content and specific genomes of Sideroxydans sp. CL21.

fate was growth observed. Thus, it remains unclear if Sideroxydans
sp. CL21is really able to channel lactate into a biosynthetic path-
way using lactate dehydrogenase and to link lactate oxidation to
energy conservation. Metagenomic contigs assigned to Sideroxy-
dans strains of an acid mine drainage (AMD) enrichment culture
also contained genes encoding for lactate utilization, lactate per-
mease, but not for lactate dehydrogenase (Mihling et al. 2016).
However, growth of Sideroxydans strains on organic acids, like lac-
tate, in an AMD environment is not expected, as these organic
acids are protonated under acidic conditions, and would release
the proton upon entering the periplasm and likely damage the
proton gradient across the cytoplasmic membrane (Muhling et al.
2016). As the pH of the Schloppnerbrunnen fen varies between 4.5
and 5.5 (Reiche et al. 2008, Liidecke et al. 2010, Hadrich et al. 2019),
lactate would be already deprotonated due its low pKa of 3.9, and
its uptake would not result in proton import.

Amendments with H, alone could stimulate growth of Siderox-
ydans sp. CL21, but H, consumption rates increased rapidly when
Fe or particularly lactate were provided additionally. The highest

H, consumption rate was observed with a combination of Fe and
lactate. Simultaneous substrate utilization is not a unique feature
for this strain. For example, the Fe(Ill) reducing microbe Geobac-
ter sulfurreducens is capable of simultaneous utilization of H, and
acetate under Fe(Ill)-reducing conditions (Brown et al. 2005). The
capacity to prefer simultaneous utilization of a wide variety of in-
organic and organic electron donors enables Sideroxydans sp. CL21
to make optimal use of the resources present in the fen, which are
only available for a short period of time.

As Sideroxydans sp. CL21 is able to not only tolerate but prefer
slightly acidic conditions of pH 5.5 (Ludecke et al. 2010), strate-
gles involved in maintaining pH homeostasis are important. We
found the presence of multiple pathways in the Sideroxydans sp.
CL21 accessory genome (i.e. kdqpABCDEF operon and cyanophycin
synthetases) to overcome acid stress (Fig. 4), similar to the find-
ings in the above mentioned metagenomics study of Sideroxydans
strainsin a pH 3.5 enrichment culture (Muhling et al. 2016). The kd-
PABCDEF operon, a high-affinity potassium uptake system found
in acidophiles, allows K+ to enter the cytoplasm, even when envi-
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ronmental concentration is low, for maintenance of cytoplasmic
K+ concentration which is necessary for pH homeostasis (Laimins
et al. 1978, Epstein 1985, Muhling et al. 2016). The presence of
cyanophycin synthetases in the Sideroxydans sp. CL21 accessory
genome provides another mechanism for this microbe to respond
to acidic conditions and maintain intracellular pH homeostasis,
likely via enzymatic decarboxylation of protonated alpha-carboxy
groups of cyanophycin arginine side chains, thereby creating a
buffer against acidity and proton influx. The presence of different
Sideroxydans strains in habitats spanning a wide pH range from
pH neutral seeps (Emerson and Floyd 2005, Emerson et al. 2010),
slightly acidic peatlands (Lidecke et al. 2010, Kiigler et al. 2019),
to AMD affected environments (Lu et al. 2010, Fabisch et al. 2013,
Mihling et al. 2016) demonstrates their strain specific adaptability
to cope with acidic stress.

Another important genomic feature was the presence of genes
linked to motility and chemotaxis in the accessory genome of
Sideroxydans sp. CL21. Directed motion would enable strain CL21
tomove along spatial geochemical gradients it deems attractive or
away from surroundings it finds repellent in the semi-terrestrial
environment. Our 16S rRNA amplicon sequence data revealed
that Sideroxydans spp. are widespread throughout the peatland soil
and peatland water across all depths with a preference for the
deeper, water-saturated depths. Here they reach even 1% of the
total relative abundance of the bacterial community. The pres-
ence of Sideroxydans spp. across all depths indicates the broad
range of ecological niches Sideroxydans spp. occupies, since con-
centrations of O,, Fe(ll), thiosulfate, and fermentation products
vary with depth and over time (Kisel et al. 2008, Reiche et al. 2010,
Hausmann et al. 2016, Hausmann et al. 2018). The highest relative
abundance of Sideroxydans spp. was detected in peatland water
of an open pipe (up to 7% relative abundance), which might be
related to the fact that the majority of known Sideroxydans spp.
prefers to thrive in aquatic habitats.

We also found biofilm-related genes in the Sideroxydans sp.
CL21 accessory genome. These genes were among the most up-
regulated genes, when Sideroxydans sp. CL21 was incubated with
the Fe(III) reducer S. oneidensis (Cooper et al. 2020b). Surprisingly,
genes related to the iron oxidation and reduction machinery were
not differentially expressed during this co-cultivation experiment.
Shaping the environment by a regulated inter-species biofilm for-
mation appears to be the key mechanism underlying interactions
of these Fe-cycling microorganisms (Cooper et al. 2020Db).

Niche partitioning by various ecotypes within the genus
Sideroxydans as well as metabolic pathway diversity within a strain
(e.g. different metabolic pathways for energy production) seems to
be a useful means of survival. Overall, our combined data suggest
an evolutionary process leading to gene acquisition driven by the
adaptation to a slightly acidic, OM-rich semi-terrestrial ecosys-
tem, characterized by typically changing water table levels, steep
O, gradients, and an anaerobic turnover of organic carbon. We
found several transposase elements in the accessory genome of
Sideroxydans sp. CL21. For example, a transposase and an integrase
located upstream and downstream of the high affinity potassium
uptake system encoding the kdpABCDEF gene cluster, which is in-
volved in maintaining pH homeostasis in acidic environments, in-
dicates that this gene cluster may have been acquired via hori-
zontal gene transfer. Larger genome size allows adaptation of mi-
croorganisms to nutrient rich and fluctuating environmental con-
ditions (Bentkowski et al. 2015, Cobo-Simon and Tamames 2017).
Genera detected in soils typically have larger genome sizes, in
comparison to genera from oligotrophic freshwater or marine en-
vironments (Cobo-Simon and Tamames 2017). These differences
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have been mainly attributed to differences in habitat complex-
ity and/or nutrient availability (Konstantinidis and Tiedje 2004,
DeLong et al. 2006, Okie et al. 2020). Collectively, the data from
our genome comparison study and incubation experiments sug-
gest that Sideroxydans sp. CL21 is perfectly adapted to its semi-
terrestrial habitat.

Implications

This novel genomic insight enabled targeted experiments to
corroborate physiological and metabolic potentials. The diverse
metabolic and physiological potential of Sideroxydans sp. CL21
highlights the importance of metabolic flexibility for microorgan-
isms which inhabit environments characterized by fluctuating re-
dox conditions as well as high concentrations of OM and copious
amounts of diverse electron donors, electron acceptors, and elec-
tron shuttles.

Supplementary data
Supplementary data are available at FEMSEC online.
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