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Abstract

Chemolithotrophic neutrophilic iron (Fe)-oxidizing bacteria, which mainly belong to the family Gallionellaceae, universally prevail in
terrestrial environments changing Fe cycling. However, they are typically recognized as difficult-to-culture microbes. Despite efforts,
there are few Fe(Il)-oxidizing lithotroph isolates; hence, their physiological and ecological knowledge remains limited. This limita-
tion is largely owing to difficulties in their cultivation, and we hypothesize that the difficulty exists because substrate and mineral
concentrations in the cultivation medium are not tuned to a specific environmental condition under which these organisms live. To
address this hypothesis, this study proposes a novel custom-made medium approach for chemolithotrophic Fe(II)-oxidizing bacteria;
a method that manipulates medium components through diligent analysis of field environment. A new custom-made medium simu-
lating energy substrates and nutrients under the field condition was prepared by modifying both chemical composition and physical
setup in the glass-tube medium. In particular, the modification of the physical setup in the tube had a significant effect on adjust-
ing dissolved Fe(Il) and O, concentrations to the field environment. Using the medium, Gallionellaceae members were successfully
enriched and a new Gallionellaceae species was isolated from a natural hot spring site. Compared with conventional medium, the
custom-made medium has significantly higher ability in enriching Gallionellaceae members.
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Introduction

On Earth, chemolithotrophic iron (Fe) oxidizing bacteria thrive by
catalyzing the exergonic ferrous iron [Fe(II)] oxidation with O, (Ro-
den et al. 2004, Emerson et al. 2010, Melton et al. 2014).

Fe?* +2.5H,0 +0.250; — Fe(OH), | +2H*

In particular, a circumneutral pH environment prevails at
the Earth’s surface, and neutrophilic terrestrial Fe(Il)-oxidizing
lithotrophs, most of which known so far belong to the family Gal-
lionellaceae, are universally found in various Fe(Il)-rich environ-
ments (e.g. groundwater, marshes, hot springs, mine drainages,
wetland plant rhizospheres), thereby changing the Fe cycling
(Emerson and Moyer 1997, Bruneel et al. 2006, Weiss et al. 2007,
Emerson et al. 2010, Krepski et al. 2012, Mitsunobu et al. 2012,
Fabisch et al. 2013, Kato et al. 2013, Chan et al. 2023). Neu-
trophilic Fe(Il)-oxidizing bacteria certainly form the poorly crys-

talline Fe(Ill) oxyhydroxides with high sorption capacity (Fortin
and Langley 2005, Chan et al. 2009, Miot et al. 2009, Mitsunobu
et al. 2012) due to very low solubility of Fe(Ill) at a neutral pH
(Cornell and Schwertmann 2003). This consequently affects the
behaviors of other important elements (e.g. P, As, U, Cu, Se, Cs) at
the Earth’s surface (Ferris et al. 2000, Katsoyiannis and Zouboulis
2004, Katsoyiannis et al. 2006, Fabisch et al. 2013, Mitsunobu et
al. 2013, Sowers et al. 2017, Field et al. 2019, Kikuchi et al. 2019).
In addition, in the neutral pH range, microbial Fe(Il) oxidation
rates are comparable to the chemical oxidation rates (Singer and
Stumm 1970, Roden et al. 2004). Interestingly, these bacteria favor
a low-0, environment with relatively slow chemical oxidation to
avoid competition (Neubauer et al. 2002, Emerson et al. 2010). The
dynamic competition renders cultivation of neutrophilic Fe(II)-
oxidizing bacteria in the laboratory challenging (Emerson and
Moyer 1997, Summers et al. 2013, Lueder et al. 2022, Zhou et al.
2022); hence these bacteria are recognized as difficult-to-culture
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microbes (Summers et al. 2013, Lueder et al. 2022, Zhou et al.
2022).

Most cultivation techniques for neutrophilic Fe(Il)-oxidizing
bacteria are traced to a method developed by Kucera and Wolfe
(1957) ~70 years ago. They developed a simple but effective cul-
ture forming opposite gradients of O, and Fe(ll) by adding a
solid Fe(Il) source to a tube containing a mineral salt medium.
Hanert (1981) made an important compositional modification of
the mineral medium, and called it the Modified Wolfe’s Mineral
Medium (MWMM). Emerson and Moyer (1997) further modified
the medium by adding a low concentration agarose, which al-
lowed unicellular Fe(Il)-oxidizing bacteria to remain stable and
grow at their optimum Fe(II) and O, levels. Currently, the agarose-
stabilized gradient tube with MWMM and a solid Fe(II) source is
a standard medium for cultivating terrestrial neutrophilic Fe(II)-
oxidizing lithotrophs (Naik and Patel 2022), which is also possible
under microoxic conditions in Petri dishes containing solid Fe(II)
(Emerson and Weiss 2004) or in a liquid medium with dissolved
Fe(I) and micromolar O, (Maisch et al. 2019).

Although many researchers have attempted to enrich and
isolate the neutrophilic chemolithotrophic Fe(Il)-oxidizing bac-
teria using these media, the number of isolates has been rela-
tively low. In some cases, the enrichment of chemolithotrophic
Fe(Il)-oxidizers was unsuccessful using the gradient medium with
MWMM (Wang et al. 2009, Hassan et al. 2016, Tong et al. 2019).
Also, it is often difficult to keep them alive after/in multiple se-
rial dilutions and transfers as with other autotrophs (Gupta and
Agate 1986, Tokuyama 1994). Currently, there are seven Gallionel-
laceae isolates and several stable enrichment cultures (Emerson
and Moyer 1997, Ludecke et al. 2010, Krepski et al. 2012, Kato et al.
2014, Khalifa et al. 2018, Kato et al. 2022, Hoover et al. 2023). How-
ever, cultivation-independent phylogenetic analysis has identified
the presence of numerous unclassified and uncultured Gallionel-
laceae in the environment (Liljeqvist et al. 2015, Parks et al. 2017,
Jakus et al. 2021, Chan et al. 2023), indicating that the ecological
and physiological knowledge of these organisms remains limited.
This limitation is largely owing to difficulties in the cultivation
(Summers et al. 2013, Lueder et al. 2022, Zhou et al. 2022). We
hypothesize that this difficulty exists because the substrate and
mineral concentrations in the medium are not properly tuned to
the field conditions under which the Fe(II)-oxidizers live. The con-
centrations of iron, oxygen, major elements, and carbonate ions
in terrestrial water are very diverse (Langmuir 1997, Stumm and
Morgan 2012). Consequently, the total ion abundance also varies
widely across different terrestrial environments, with reports of
salinity ranging from very low to very high, similar to that of sea-
water (Langmuir 1997, Appelo and Postma 2005). Also, in the most
of neutral terrestrial water, the pH values are strongly regulated
by the dissolved carbonate ions (Stumm and Morgan 2012). Hence,
the carbonate abundance is a key factor in the medium compo-
sition for autotrophic Fe(ll)-oxidizing bacteria, both in terms of
carbon source and pH regulation. From these perspectives, the
one type of medium MWMM designated for a deep-well water
(Kucera and Wolfe 1957, Hanert 1981 , Hanert 2006) cannot repre-
sent the diverse freshwater environments, and thus adjusting the
medium composition would be a better alternative. However, the
MWMM with Fe(II) source, has been predominantly used for their
enrichments and isolations (Emerson and Moyer 1997, Weiss et
al. 2007, Wang et al. 2009, Ludecke et al. 2010, Krepski et al. 2012,
Kato et al. 2013, Hassan et al. 2016, Khalifa et al. 2018, Tong et al.
2019, Tong et al. 2021, Lueder et al. 2022). To address this issue,
this study proposed a new custom-made medium approach for
chemolithotrophic Fe(Il)-oxidizing bacteria that manipulates the

Figure 1. (A) Sampling location in the Sambe hot spring site and (B) Fe
precipitates with a soft structure at the spot 2.

medium composition based on physicochemical analysis of the
field environment. The concentrations of dissolved Fe(Il), O, and
primary nutrient elements were adjusted to the field condition
in the custom-made medium. In particular, changing the phys-
ical setup in the glass-tube medium (placements of solid Fe(II)
source and growth zone) assisted in adjusting the Fe(Il) and O,
concentrations to the field levels and providing a suitable habi-
tat for the Fe(Il)-oxidizing bacteria in the medium. Using this ap-
proach, new isolates were obtained from a natural geothermal
spring.

Materials and methods
Site description and inoculation source

The field site was an Fe-enriched hot spring in the Sambe geother-
mal area (35.12°N, 132.63°E) in Shimane, Japan. This hot spring is
located at the foot of Mt. Sambe, an active volcano (Mitsunobu
et al. 2012). The moderately warm spring water (ca. 30°C) gushes
out from several rock cracks, and yellowish Fe oxide precipitates
cover the floor and exist in the stream along the flow from the
spring source (Fig. 1A). The Fe oxide precipitates collected at the
Sambe hot spring site were used for the inoculation source for
the target Fe(Il)-oxidizing bacteria. The Fe oxide precipitates were
loosely aggregated with a soft structure (Fig. 1B) and carefully
sampled in a sterile 50-ml plastic tube with a sterile spatula,
immediately sealed, kept cold (ca. 5°C) during transportation to
our laboratory, and stored at 4°C in a dark refrigerator prior to
use.



Table 1. Water chemistry in the Sambe hot spring water and the chemical compositions in a conventional MWMM and a newly developed Sambe customized medium (SCM) (above);

chemical compositions in freeze-dried Fe precipitates collected at the Sambe hot spring site (bottom).

EC
(mS/cm)

Alkalinity
(meq/L)

Temperature

NH, PO, cl so, DO DIC pH
(M) (M) (#M) (kM)  (mM)

Fe(Il )

Na Mg Ca

Sampling spot / Medium type

Liquid phase

Q)

(mM)

(mM)  (mM) (mM) («M)

(mM)

February 26, 2022

Spot 1

Spring water

3.39
3.39

6.0
6.0

33
29

5.9
6.2

1.81 1.30 2.70 101 3.2 235 36.8 160 58 19.9
1.33 2.80 134 180 149

1.84

14.7

12.9

22.1 36.5

32

15.1

Spot 2

December 12, 2022

Spot 1

3.37

3.34
3.2
3.9

5.9
5.6
5.7-6.0
11.6-12.1

32
28
28
21

6.0

6.2
5.9-6.2

6.2-6.4

2.79 167 3.5 31.5 35.6 179 60 14.2
2.71 175

2.8
0.68

1.32
1.29
1.4
0.57

1.81

1.77

14.1

11.8

29.3 36.1 126

3.1

71

14.5

Spot 2

12
5.0

290 13 20
20 810

290

187
18700

1.8
0.81

15
5.0

SCM (This study)

Medium

s

MWMM (Emerson and Moyer 1997)

Si
(Wt%)

Fe

(Wt%)

Ca

(Wt%)

Mg

Na

Sampling spot

Solid phase

(Wt%)  (wt%)

(Wt%)

(Wt%)  (wt%)

(Wt%)

December 12, 2022

Spot 1

Fe precipitates

0.06
0.07

0.60

0.77

2.9
1.7

0.23

0.09

58
45

0.09 0.11 1.5
0.11

0.10

0.27
0.40

1.4

Spot 2

*The concentrations of dissolved Fe and O, are not stated because they vary with the medium depth in a tube as shown in Fig. 4.
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Chemical and mineralogical analyses

The chemical composition and physical condition of spring wa-
ter are summarized in Table 1. The data in Table 1 are based
on two field trips performed in February and December 2022.
Spring water temperatures, temperature-compensated pH, and
dissolved O, (DO) concentrations were measured at the site us-
ing a portable pH meter (D-51, Horiba) with a glass electrode
(Horiba, 9625-10D) and a DO meter (HQ30d, Hach Toa-Dkk) by
directly inserting the electrodes into the spring water. The elec-
trical conductivity (EC) was measured using a portable EC meter
(D-210C, Horiba) with an electrode (9383-10D, Horiba). The con-
centrations of inorganic elements and anions in the water were
measured using ICP-OES (VISTA-MPX, Varian) and ion chromatog-
raphy (ICS-1500, Dionex) equipped with anion exchange column
(IonPac AS4A-SC, Dionex), respectively. The collected spring water
was filtered using a 0.20 um pore membrane filter (28HP-020AN,
Advantec) into a plastic tube, immediately acidified with 1/50 vol-
ume 3 M HCl, and stored. The concentrations of dissolved Fe(II)
and ammonium (NH,*) ions were determined by colorimetry us-
ing a phenanthroline method (Saywell and Cunningham 1937)
and an indophenol blue method (Scheiner 1976), respectively. Am-
monium concentrations were also checked using an ammonium
electrode (5002S-10C, Horiba) with a potentiometer (D-55, Horiba).
Alkalinity, the capacity of water to resist acidification, was deter-
mined using an acid-base titration with 0.05 M H,SO4 and a micro-
pipette. Based on these obtained geochemical and temperature
data, the dissolved inorganic carbon (DIC) concentration and pCO,
in the spring water were calculated using the computer program
PHREEQC ver. 3 (Parkhurst and Appelo 2013) with a thermody-
namic database “phreeqc.dat.”

A part of collected Fe precipitates was immediately frozen at
the laboratory upon arrival and stored at —80°C for phyloge-
netic analysis. An X-ray diffraction (XRD) analysis of the Sambe
Fe precipitates was performed to identify their mineralogical
characteristics. The frozen samples were directly freeze-dried at
—50°C under vacuum condition at 20 Pa for 48 h using a freeze-
dryer (DC400, Yamato Scientific). After freeze-drying, the pow-
der sample was mounted on a glass holder and analyzed us-
ing an XRD spectrometer (Ultima IV, Rigaku) with a step size of
0.02° and a time interval of 1 s. In addition, Fe K-edge X-ray ab-
sorption near-edge structure (XANES) spectra of the Sambe Fe
precipitates were also measured at beamline BL12C at KEK-PF
(Tsukuba, Japan) to characterize the Fe species in the precipi-
tates. The energy was calibrated by defining the pre-edge peak
maximum of hematite as 7.113 keV. All spectra, including model
compounds, were collected in transmission mode with ion cham-
bers. Measurements were carried out at room temperature (ca.
25°C) under ambient air condition. In addition, the constituent
elements in the Fe precipitates were measured using ICP-OES
after digesting the dried Fe precipitates with concentrated HCl
and HNOs. The total C and N contents in the dried Fe precip-
itates were quantified using a CHN elemental analyzer (JM10,
J-Science Lab).

Cultivation medium

In this study, we prepared a Sambe-custom medium (SCM) simu-
lating the primary elemental composition of the Sambe hot spring
water (Table 1). The SCM contains 0.37 g MgCl,-6H,0, 0.18 g NaCl,
0.060 g KCI, 0.42 g CaCl,-2H,0, 0.050 g K,HPO4, 0.01 g NH4Cl, and
1.0 ml Wolfe’s trace mineral solution (ATCC MD-TMS) per liter
Milli-Q® water. Conventionally, an agarose-based semi-solid tube
medium with a solid Fe(II) source (FeS or FeCOs) at the bottom
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A B

Types 1 & 2 Type 3
Head space Head space
Medium layer Medium layer
Type 1: Semi-solid with agarose Liquid without agarose
Type 2: Liquid without agarose

FeS plug

Safety area

Agarose plug

Figure 2. (A) Schematic figure showing medium Types 1 and 2. (B) Schematic figure of medium Type 3. (C) Photograph of the Types 1, 2, and 3 after an
abiotic 7 days incubation. A white arrow in (C) indicates a distinct Fe(IlI) band typically observed in the conventional medium Type 1.



(Type 11in Fig. 2A) has been used as described in the Introduction
section. The O, is provided from headspace air. The semi-solid
nature results in an opposing diffusion gradient of Fe(Il) and O,
with the depth of the medium. Our strategy is to create an op-
timal environment near the bottom Fe(lI) source to simulate the
on-site O, (58-149 M) and Fe(Il) (71-167 uM) levels. We first tested
a liquid medium without agarose (Type 2 in Fig. 2A) to disturb the
stable diffusion gradients of dissolved O, and Fe(Il) in the Type
1. However, the agarose-free Type 2 would not allow the unicel-
lular Fe(Il)-oxidizers to stay at a depth, and most of the enriched
microbes would deposit to the bottom and contact the anaerobic
Fe(lI) source, which is unsuitable for aerobic Fe(ll)-oxidizers. To
address this concern, we prepared another type medium (Type 3)
with a space (= safety area) beside the bottom Fe(II) source (box
in Fig. 2B).

All types of media were prepared in 10 ml glass test tube (tube
height: 100 mm, outer diameter: 15 mm, inner diameter: 9 mm,;
TST-SCR16-100, Iwaki) with a screw cap (9998CAP415-15, Iwaki)
using the SCM. The FeS was used as the solid Fe(Il) source and
synthesized as described by Hanert (2006). Types 1 and 2 were
prepared as described by Emerson and Floyd (2005), with minor
modifications. The FeS precipitate suspension was mixed with the
same volume of SCM and 1.3 wt% agarose (A9539-250 G, Sigma) in
a flask. In a separate flask, a medium-layer solution was prepared
in the SCM with 0.15 wt% agarose for Type 1 and without agarose
for Type 2. The FeS suspension and medium-layer solutions were
autoclaved at 121°C for 20 min. Subsequently, a 0.8 ml molten
FeS was carefully added to the bottom of a presterilized tube in
a bench and cooled at room temperature for 15-20 min to form
a solid plug. When the autoclaved medium solution cooled to ap-
proximately 45°C, 10 ml of 10 wt% NaHCOj3 solution/litter for DIC
tuning and 1 ml of mixed-vitamin solution (ATCC MD-VS)/litter
were added to each medium-layer solution (Emerson and Floyd
2005). Subsequently, the medium-layer solution was bubbled with
filter-sterilized CO, gas at 0.1 MPa through a cannula, and was set
to the on-site pH 5.9-6.2 and alkalinity 5.7-6.0 meq/l. Then, 5.0 ml
of this solution was carefully added on the surface of the FeS plug
and capped with butyl rubber septum. The medium Type 3 re-
quires an extra step before the preparation of FeS plug. A 1-2 ml
of autoclaved (molten) SCM with 0.5 wt% agarose was added in
the bottom of the tube and cooled until it solidified for ca. 30 min.
After that, a 0.5-0.8 ml molten FeS was added to the bottom of
tube tilted ca. 45° and cooled until it solidified. Thereafter, 4.0 ml
of the prepared medium solution (without agarose) was added, as
with the Type 2 medium.

To validate the prepared Types 1-3 media, depth profiles of dis-
solved Fe(Il) and DO were obtained because these vary with depth
in medium-layer. The depth profiles of DO in the medium-layer
were determined using an O, microelectrode (tip diameter of 40—
60 pm; OX-50, Unisense). A two-point calibration was made in aer-
ated and deoxygenated water at incubation temperature (28°C).
The profiles were obtained by vertically placing the microelec-
trode into the medium using a PC-controlled micromanipulator.
An arm-mounted microscope was used to visually determine the
contact point between the microelectrode tip and surface of the
medium layer (depth zero). The dissolved Fe(Il) was examined
at three depths in the medium layer: surface, middle, and bot-
tom layers. Using a syringe with a long needle, medium solution
(0.5 ml) was carefully collected from each layer, immediately fil-
tered through a membrane filter, acidified by the addition of 1/50
volume of 3 M HCl, and stored in a refrigerator prior to analysis.
Total Fe and Fe(II) concentrations in the solution was determined
by the ICP-OES and phenanthroline method, respectively. Our pre-
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liminary experiments showed that the total Fe and Fe(II) concen-
trations in the medium were almost equal, and no dissolved Fe(III)
was detected.

Enrichment and isolation

Inoculation was performed by dispensing serial 10-fold diluted so-
lutions of the collected Fe precipitates with a sterile pipette. The
collected precipitates were diluted with autoclaved agarose-free
SCM solution, and the dilution factor in the inoculation ranged
from 10~* to 107°. The inoculation volume was 100 ul per tube. All
media types were incubated in the dark incubator at a constant
temperature (28 + 1°C) for 14 days. In the enrichment tubes in
which the target Gallionellaceae members were successfully domi-
nated, the Fe precipitates in the tube were collected and diluted to
10~ in 10-fold serial dilutions for the isolation. Each dilution was
inoculated into a fresh medium. After four transfers, the cultures
were tested for the presence of heterotrophic microorganisms by
streaking the cell suspensions onto R2A and 10% R2A agar plates.

DNA extraction from Fe flocs and its
phylogenetic analysis

Microbial DNA was extracted from the Fe precipitates collected at
the spring site using a commercial kit (Extrap Soil DNA Kit Plus
ver.2, BioDynamics Laboratory Inc.). The DNA was finally eluted
with 50 ul Tris-EDTA (TE) solution and stored at 5°C prior to fur-
ther analysis. The bacterial community structure in the Fe precipi-
tates was estimated using high-throughput amplicon sequencing
of the microbial 16S ribosomal RNA (rfRNA) gene. The V3-V4 re-
gion of the 165 rRNA gene was amplified from the DNA samples
using the primer set U341F and U805R (Herlemann et al. 2011)
and KOD FX Neo DNA polymerase (KFX-201, Toyobo) in buffer.
The primer sets used are summarized in Supplementary Table S1.
For amplification, an Illumina adaptor sequence (ACACTCTTTC-
CCTACACGACGCTCTTCCGATCT) and Hlumina Multiplexing PCR
primer 2.0 sequence (GTGACTGGAGTTCAGACGTGTGCTCTTCC-
GATCT) were added at the ends of the primers. The PCR ampli-
fication conditions consisted of denaturation at 94°C for 2 min
and 25 to 28 amplification cycles of denaturation at 98°C for 10 s,
annealing at 55°C for 30 s, and elongation at 68°C for 30 s. The
amplicons were mixed with Illumina PhiX control libraries and
sequenced using the Illumina MiSeq platform (Illumina) with 2
x 300-bp paired-end reads. Amplicon sequence data were pro-
cessed using the following procedure. Raw paired-end reads were
merged using FLASH ver. 1.2.11 (Mago¢ and Salzberg 2011), and
primer sequences were removed using FASTX-Toolkit ver. 0.0.14
(Hannon 2010). Low-quality (Qscore < 20) and short (< 130 bp)
reads were filtered out using Sickle ver. 1.33 (Joshi and Fass 2011).
The resulting sequences were analyzed using QIIME2 pipeline ver.
2023.2 (Bolyen et al. 2019). Unique amplicon sequence variants
were generated using the DADA?2 plugin wrapped in QIIME2, and
chimeric sequences were removed (Callahan et al. 2016). The se-
quences were clustered into amplicon sequence variants (ASVs)
with 97% sequence identity in each library. The taxa were assigned
to ASVs for the 16S rRNA genes using the QIIME2 plugin feature-
classifier classify-sklearn (Bokulich et al. 2018) against the SILVA
ver. 138 database (Quast et al. 2013).

The abundance of the Gallionellaceae members in the enrich-
ments was estimated using quantitative PCR (qPCR) technique
to evaluate the enrichment efficiency among media types. After
14 days incubation, the Fe precipitates in the medium were col-
lected from the Fe growth band (Type 1), the bottom of medium-
layer (Type 2), and the safety area (Type 3) with a sterile pipette
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Figure 3. (A) Pie chart showing the bacterial community at family level in the Fe precipitate collected at the Sambe spot 2 based on 16S rRNA (V3-V4
region) amplicon sequencing. (B) Pie chart at genus level in Gallionellaceae of (A). (C) Phylogenetic tree of Gallionellaceae ASVs (dominance in the whole
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tip, and microbial DNA was extracted from collected precipitates
as described above. The qPCR was performed with a master mix
(Kapa SYBR fast qPCR, Kapa Biosystems) using a real-time PCR
system (StepOnePlus, Applied Biosystems). The PCR amplifica-
tion was performed in a 20 ul reaction system with ~0.5 ng of
DNA and 0.5 M specific primers for the Gallionellaceae family
(Ashelfold et al. 2002, Naruse et al. 2019) and bacterial universal
16S rRNA genes (Suzuki et al. 2000). The details are summarized in
Supplementary Table S1. The PCR amplifications were conducted
using the following program: (i) 95°C for 5 min, (ii) primer-specific
cycles of 95°C for 45 s, primer-specific annealing temperature for
45 s, then 72°C for 30 s, (iii) final elongation at 72°C for 7 min,
and (iv) melt curve stage from 60°C to 95°C. The enrichment ef-
ficlency was evaluated using Gallionellaceae / bacterial 16S rRNA
genes ratio. For the gPCR analysis, standard curves were drawn
from a tenfold serial dilution between 1 x 10! and 1 x 10® copies
per reaction. Standard DNA for gPCR were generated using the
M13 primer set from a plasmid containing the target sequences of
the Gallionellaceae specific and universal bacteria 16S rRNA genes.

Growth of isolated strains

Cells of isolated strains were stained with 0.1 mM Syto9 (Invit-
rogen) as nucleic acid-binding dye and visualized using an epi-
fluorescence microscope (BX-51, Olympus) with a digital cam-
era (EOS Kiss X4, Canon). The cell growth rate was determined
by direct cell counting method (Emerson and Moyer 1997). The
isolated strain was inoculated at the same time with identi-
cal amounts of cell suspension and incubated together. Every
three days, the tubes were vortexed for 30 s to homogenize
the medium-layer solution. For cell counts, a 10 ul aliquot of
the homogenized solution was smeared in defined circles on an
aminopropyltriethoxysilane-coated glass slide and allowed to air-
dry for an hour. The Syto9-stained cells in all 15 microscope fields
were counted at x 1000 magnification using the epifluorescence
microscope. For the quantification of oxidized Fe (Fe(Ill)) species

during the growth, a 1.0 ml aliquot was collected from the homog-
enized medium-layer and digested by adding the same amount
of 3 M HCl. Total Fe and Fe(Il) concentrations in the digested
solution was determined using the ICP-OES and phenanthroline
method, respectively. The Fe(Ill) fraction was estimated by sub-
tracting Fe(Il) from the total Fe, while assuming Fe(II) and Fe(III)
as the possible Fe species.

The optimum pH and temperature for the isolates were deter-
mined according to previously described methods (Krepski et al.
2012, Chiu et al. 2017). The pH range for growth was tested by
buffering sets of media to different pH levels. A 10 mM acetate
buffer was used at pH 5.0. A 10 mM MES adjusted with NaOH was
used to buffer the pH 5.5, 6.0, and 6.5. A 5 mM HEPES adjusted
with NaOH was used to buffer the pH 7.0 and 7.5. The pH mea-
surements taken before and after cultivation confirmed minimal
decreases (0.1-0.2) during cultivation periods. Optimum growth
temperature was determined by incubating cultures at 5, 10, 15,
20, 25, 30, 35, and 40°C. All cultivations with Type 3 medium were
assessed for growth after one and two weeks based on direct cell
counting with fluorescence microscopy, as described above.

Draft genome analyses of isolates

For DNA extraction, strains UT4 and UT5 were grown in the Type
3 medium (50 ml volume per strain) with FeS plug. Genomic DNA
was extracted from these cultures using the above method. The
DNA quality and concentration were confirmed using a NanoDrop
Lite (Thermo Scientific) before sequencing. Genome sequencing
was performed using a DNBSEQ-G400 sequencer with 2 x 150-
bp paired-end reads. The reads were filtered using fastp version
0.23.4 (Chen 2023). High-quality reads were then assembled using
Shovill version 1.1.0 (https://github.com/tseemann/shovill). An-
notation of the assembled contigs with 500 bp or longer were
performed using DFAST version 1.2.20 (Tanizawa et al. 2018), Ky-
oto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al.
2017) with BlastKOALA (Kanehisa et al. 2016), and FeGenie ver-
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sion 1.2 (Garber et al. 2020). Annotation of the assembled con-
tigs with 500 bp or longer were performed using DFAST version
1.2.20 (Tanizawa et al. 2018), Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Kanehisa et al. 2017) with BlastKOALA (Kane-
hisa et al. 2016), and FeGenie version 1.2 (Garber et al. 2020). Val-
ues of average nucleotide identity (ANI) and average amino acid
identity (AAI) among the genomes were calculated using online
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tools (Rodriguez-R and Konstantinidis 2016). A phylogenomic tree
of concatenated sequences of the bacterial 120 marker proteins
defined by Genome Taxonomy Database (GTDB) (Parks et al. 2022)
was constructed as described previously (Kato et al. 2022) with mi-
nor modifications. The alignment of the concatenated protein se-
quences was generated using GTDB-tk version 2.4.0 (Chaumeil et
al. 2022) with the reference database R220, and used for the Maxi-
mum Likelihood tree reconstruction by IQ-TREE version 2.3.6 with
the substitution model LG+F+I+R5. Taxonomic classification of
the obtained genomes was also performed using GTDB-tk based
on relative evolutionary divergence (RED).

Results and discussion

Chemical and microbial analyses of natural
sample

The physicochemical properties of the spring water are summa-
rized in Table 1 (above). The water temperature was mesothermic
28—33°C and the pH was 5.9—-6.2 at spots 1 and 2. The weakly
acidic pH is a result of the Sambe hot spring being a carbonated
spring (Shiraishi et al. 2019), which was also supported by the high
alkalinity and DIC obtained in our study (Table 1). On-site dis-
solved O, values (58—149 M) were roughly a half to quarter of
the atmospheric equilibrium concentration (220—240 uM) at the
site temperature and salinity (ca. 3%.). Dissolved Fe(Il) in the wa-
ter ranged from 71-167 uM with no detectable dissolved Fe(IIl) (<
0.2 uM). The concentrations of primary cations, Na*, K+, Mg’*,
and Ca”* through spots were 14.1-15.1 mM, 1.29-1.33 mM, 1.77-
1.84 mM, and 2.70-2.80 mM, respectively. The concentrations of
primary anions, SO4?~, C1~, and PO4>~ were 0.16-0.18 mM, 36.1-
36.8 mM, and 22.1-31.5 uM, respectively. Low concentrations of
NH4* ions (3.1-3.5 M) were detected, whereas the oxidized ni-
trogen species (nitrite and nitrate ions) were not detected. Rel-
atively high concentrations of Na*, Mg?*, and Cl~ ions, consis-
tent with a high EC (ca. 3.3 mS/cm), are a typical feature of hy-
drothermal spring water (White 1957, Langmuir 1997, Stumm and
Morgan 2012). The collected Fe precipitates contained Fe as the
most abundant element (45-58 wt% dry, Table 1). The XRD pat-
terns of the spots 1 and 2 precipitates show two broad reflec-
tions with no sharp peaks (Supplementary Fig. S1). These find-
ings indicate that the precipitates mainly consist of poorly crys-
talline Fe(Ill) oxyhydroxides (e.g. 2-line ferrihydrite), which was
confirmed by the Fe XANES spectral features of the Sambe Fe pre-
cipitates (Supplementary Fig. S2) and a previous report on this site
(Mitsunobu et al. 2012). The total number of microbial cells in the
Fe precipitates (collected at spot 2) ranged from 2.8 x 108 to 5.1 x
108 cell/ml.

In this study, we prepared a custom-made medium (SCM) that
simulated the composition of primary elements, especially Na,
Mg, K, Ca, DIC, and pH in Sambe spring water (Table 1). This was
done because (i) site-specific ionic concentrations would be ideal
for cultivation and (ii) the chemical composition of this spring wa-
ter was significantly different from that of conventional MWMM
as clearly shown in Table 1. In the preparation, the elemental com-
position of spot 2 was targeted. The DIC (12 mM), alkalinity (5.7-
6.0 mM), and pH (5.9-6.2) in the SCM were adjusted by NaHCOs
addition and CO, bubbling following the thermodynamic calcu-
lation of spring water (Table 1). Although relatively small N and
P, which are biologically essential elements, were observed in the
spring water, certain amounts were contained in the solid phase
Fe precipitates (P: 1.7-2.9 wt%, N: 0.06-0.07 wt%) (Table 1 bottom).
Thus, larger P (10 times) and N (60 times) than in the spring water
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were added in the phosphate and ammonium forms, respectively.
Sulfur in the medium was below the on-site level, expecting the
passive addition from the solid Fe(Il) source (FeS) during incuba-
tion. The measured EC of the SCM (3.2 mS/cm) was similar to the
on-site EC levels (3.3-3.4 mS/cm) (Table 1), indicating that the pri-
mary ionic concentration in the prepared SCM matched approxi-
mately.

Figure 3 shows the bacterial community in the Sambe Fe ox-
ide precipitates based on 16S rRNA gene amplicon sequencing. At
the family level, Gallionellaceae (58%), Xanthomonadaceae (8.5%), and
Sericytochromatia (5.5%) dominated the community. The Gallionel-
laceae family consisted of the genera Gallionella (58%), Sideroxydans
(20%), Ferriphaselus (6%), and considerable amount of unclassi-
fied Gallionellaceae (16%). Almost all terrestrial chemolithotrophic
neutrophilic Fe(Il)-oxidizing bacteria isolated to date belong to
the Gallionellaceae family (Emerson and Moyer 1997, Liidecke et

al. 2010, Krepski et al. 2012, Kato et al. 2014, Khalifa et al. 2018,
Kato et al. 2022, Hoover et al. 2023). The dominance of Gallionel-
laceae is consistent with the available Fe(II) and O, in the water and
Fe(IIl) detected in the Fe precipitates in the Sambe hot spring, sug-
gesting that Gallionellaceae mainly contributed to microbial Fe(II)-
oxidation at this site. Therefore, this family was selected as the
enrichment target in the present study.

Oxygen and Fe profiles in enrichment media

The depth profiles of dissolved O, and Fe in un-inoculated
medium Types 1-3 are shown in Fig. 4. Conventional medium
(Type 1) has a distinct Fe(IIl) oxide layer in the middle (white ar-
row in Fig. 2C; Emerson and Floyd 2005, Kato et al. 2013, Chiu et
al. 2017). Growth colonies of Fe(Il)-oxidizers are typically observed
near the Fe(III) layer in the medium (Emerson and Floyd 2005, Kato



et al. 2013, Chiu et al. 2017) because of comparable biotic and
abiotic Fe(Il) oxidation rates (Singer and Stumm 1970, Roden et
al. 2004). The dissolved O, concentration, which was atmospheric
equilibrium concentration (~240 uM) at the surface, gradually de-
creased with the depth drawing a diffusion gradient (Fig. 4A) and
ranged between 10-30 M in the Fe(Ill) layer. The Fe(Il) concen-
trations in the Fe(Ill) oxide layer were low (5-7 uM) through the
incubation period, whereas higher in the bottom layer (Fig. 4A).
This suggests that the medium Type 1 did not provide a favorable
habitat that satisfied both the on-site O, and Fe(1I) levels around
the Fe(Ill) oxide layer (Fig. 4A).

In the Type 2 agarose-free liquid medium, most of enriched mi-
crobes are expected to deposit on the FeS surface with particu-
late Fe(Ill) oxides. Compared with that of Type 1, the O, diffu-
sion gradient was almost broken in the medium layer and locally
formed near the surface of the FeS plug (Fig. 4B). Since the FeS
is a strong reductant, the O, drastically decreased to nearly zero
at the FeS surface (expected microbial habitat) with on-site Fe(II)
(101-145 uM). Hence, the medium Type 2 provides defective O,
and matched Fe(Il) in the (expected) microbial habitat.

To address this matter, we prepared a new medium Type 3 hav-
ing a safety area for enriched microbes by modifying the layer
structure. The medium has a small area adjacent to the FeS plug
(box in Fig. 2B) as ideal oxic-anoxic interface and safety habitat.
As a result, this modification worked well. The O, and Fe con-
centrations in the safety area ranged 70-80 uM and 40-150 uM
(Fig. 4C), respectively, throughout the 14 days incubation, which
were close to the field O, (58-149 M) and Fe(Il) (71-167 M) lev-
els (Fig. 4C; Table 1). These results suggest that the Type 3 medium
has a higher potential to enrich the environmentally dominant
Gallionellaceae.

Comparison of enrichment efficiency

The 10~* to 10° diluted Fe precipitates were inoculated in each
medium type and enriched for 14 days in the dark. After the
first enrichment, we estimated the abundance of the target Gal-
lionellaceae in Types 1-3 using qPCR (Fig. 5). Microbial DNA was
extracted from the Fe(IIl) precipitates in each medium collected
from the Fe growth band (Type 1) and the Fe deposit layer/spot
(Types 2 and 3) in illustrations in the left side of Fig. 4. Notably,
the abundance ratios are only the estimation and relative ratios
of the proportion of Gallionellaceae in the whole bacterial popu-
lation in the enrichments, while the copy number of 16S rRNA
genes cannot be exactly correlated with cell numbers due to
variations in the number of rRNA operons per bacterial genome
(Klappenbach et al. 2000) and in the genome copy number per
cell, depending on the bacterial growth rate (Maldonado et al.
1994, Pecoraro et al. 2011). In the conventional Type 1, the rela-
tive abundances of Gallionellaceae were 7.2% (10~* dilution), 3.0%
(10~° dilution), and 0.6% (107° dilution) in the bacterial commu-
nity (Fig. 5). In contrast, the fractions in the Type 3 were 33%
(10~* dilution), 80% (10~ dilution), and 93% (10~° dilution) (Fig. 5),
which were up to 150 times higher than that of the Type 1 at
the 107° dilution. The efficiency in Type 3 were also higher than
that in Type 2 ranging from 7.7 to 36% (Fig. 5). In addition, the
enrichment efficiency in the Type 3 with SCM were significantly
higher than those of Type 3 with MWMM at all dilution rates
(Supplementary Fig. S5). Thus, these results clearly indicated that
the medium Type 3, in which the abundances of Oy, Fe, and pri-
mary elements were customized to the field levels, enriched the
Gallionellaceae with much higher proportion by just one incuba-
tion. The higher enrichment ability of the Type 3 has also been
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verified at other environments, Fe-containing saline groundwa-
ter and hot spring sites (Table S3 and Fig. S4 in Supplementary
material), suggesting the higher ability of the custom-made ap-
proach across the systems. Noticeably, the Gallionellaceae propor-
tion in the Type 3 increased with the higher dilution factors (Fig. 5)
though the proportion in the Type 1 decreased with the dilu-
tion. This is possibly owing to the lower numbers of competi-
tors and organic substances (nutrients for heterotrophs) in the
higher-dilution tubes. These results suggest that the Type 3 pro-
vided a preferable condition for growth of the Gallionellaceae mi-
crobes. In particular, the modification of removing agarose, a po-
tential substrate for heterotrophs, might be more “effective” in en-
riching the chemolithotrophic Fe(Il)-oxidizing bacteria by limiting
microbial contaminants. The isolation was performed using the
107 dilution of Type 3, which showed the highest Gallionellaceae
abundance.

Physiological and phylogenetic characterization
of isolated strains

Gallionellaceae strains UT4 and UT5 were successfully isolated
from independent enrichments after three transfers of the 10~/
serial dilution. Purity was demonstrated by the lack of growth on
R2A medium (no contaminant oligotrophs). Microscopic observa-
tions showed that both UT4 and UTS were curved-rod shape and
1.4-1.8 pm in length (Fig. 6C), which is consistent with studies on
the Gallionellaceae family, Gallionella, Sideroxydans, Ferriphaselus,
Ferrigenium, Sideroxyarcus (Emerson and Moyer 1997, Liidecke et
al. 2010, Krepski et al. 2012, Khalifa et al. 2018, Kato et al. 2022).
Both strains did not form the stalk-like materials and was instead
associated with the particulate Fe hydroxides (Fig. 6C). The UT4
and UTS5 cell counts (Fig. 6A) in medium Type 3 showed distinct
growth curves with Fe(Ill) increase and doubling times of 22 h
(UT4) and 25 h (UT5), respectively. In addition, both strains grew
in the conventional medium (Type 1) but the growth rates were
5-6 times slower, with doubling times of 119 h (UT4) and 147 h
(UTS) (Supplementary Fig. S3), which also supports the fact that
medium Type 3 has a superior efficiency in enriching the Sambe
Gallionellaceae. Previous physiological studies of Gallionellaceae iso-
lates have shown that these Fe(ll)-oxidizing bacteria prefer mi-
croaerophilic environments. The Gallionellaceae members are of-
ten found in environments with dissolved O, concentrations of
<5% of air-saturated values (<25 M) and Fe(II) concentrations of
tens to several hundreds uM (Emerson and Revsbech 1994, Emer-
son and Moyer 1997, Kato et al. 2013), and it is recommended
that these conditions be simulated in the cultivation medium
(Emerson et al. 2005). The conventional Type 1 medium are su-
perior at reproducing these conditions (Emerson et al. 1994, Kato
et al. 2013), leading to the isolation of several strains (Emerson
and Moyer 1997, Lidecke et al. 2010, Kato et al. 2014, Khalifa et
al. 2018, Kato et al. 2022, Hoover et al. 2023). Laboratory exper-
iments with isolates (strains ES-1 and BrT of the genus Siderox-
ydans) have shown that microbial oxidation is comparable to or
higher than abiotic oxidation (20%-90% of total Fe oxidation) with
O, concentration of 10-50 uM (Neubauer et al. 2002, Druschel et
al. 2008). They suggest that in such microaerophilic environments,
the rate of abiotic Fe(Il) oxidation is relatively low and thus the
Fe(Il)-oxidizing bacteria can compete with the abiotic oxidation. In
this study, new Gallionellaceae species (strains UT4 and UT5) were
isolated by matching the dissolved O, and Fe(ll) in the culture
medium (O: 70-80 uM, Fe(Il): 40-150 uM; Fig. 4C) to the on-site
levels (O7: 58-149 uM, Fe(Il): 71-167 uM; Table 1). While this O,
level is line with the field condition, itis 1.6 to 8 times higher than
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the range mentioned above (10-50 uM). Both UT4 and UTS strains
grow very slowly in the conventional Type 1 medium (Fig. S3),
which suggests that the O, and Fe(II) levels reproduced in our cus-
tomized Type 3 medium are more suitable for the growth. Thus,
our findings indicate a possibility that there are Fe(Il)-oxidizing
bacteria for which low O, (<50 M) that compete with the abiotic
oxidation are not optimal condition for the growth. In natural en-
vironments abundant in Fe(Il) and O, (where energy substrates
are not severely limited), it may be more important than over-
coming abiotic Fe(Il) oxidation to adapt to the on-site condition
and compete for survival with other microorganisms. In fact, the
Gallionellaceae Fe(1l) oxidizers are the most dominant prokaryotic
microorganism in this Sambe hot spring site (Fig. 3A).

The preferred pH and temperature ranges of both strains were
pH 5.5-6.5 and 25-35°C, respectively, which consistently over-
lapped with the on-site ranges (pH 5.9-6.2 and 28-33°C; Ta-
ble 1). Moreover, the draft genomes of both strains possessed
key functional genes, cyc2 gene encoding a putative Fe(ll) oxi-
dase and ribulose-1,5-bisphosphate carboxylase oxygenase (Ru-
BisCO) gene encoding the Calvin-Benson-Basham cycle, a carbon
fixation pathways (Supplementary Table S2). Overall, our exper-
iments suggest that both UT4 and UTS are chemolithotrophic
Fe(Il)-oxidizing bacteria, which is consistent with almost all Gal-
lionellaceae isolates. Among all other Gallionellaceae isolates, strains
UT4 and UTS5 were the most similar to each other based on
ANI (98.7%) and 16S rRNA gene identity (99.9%) (Table 2), in-
dicating that the two strains belong to the same species. The
UT4 and UTS5 strain genomes are 2.15 and 2.22 Mbp, respec-
tively. The sizes are slightly smaller than those of other Gallionel-
laceae isolates (2.6-3.2 Mbp) (Kato et al. 2022) and MAGs (2.6—
3.4 Mbp) (Bendall et al. 2016, He et al. 2016, Kadnikov et al.
2016, Chan et al. 2023). Because both strains share less than
98.7% 16S rRNA identity (Stackebrandt and Ebers 2006) and have
less than 95% ANI (Konstantinidis and Tiedje 2005) compared
with those of other Gallionellaceae isolates (Table 2). These val-
ues supported that strains UT4 and UTS5 should represent a new
species of the genus Sideroxyarcus. Indeed, the AAI values with
Sideroxyarcus emersonii were ca. 74% (Table 2), which was higher
than the genus-level boundary of 65%-72% (Konstantinidis and
Tiedje 2007). Moreover, both strains were classified as “d_Bacteria;
p_Pseudomonadota; c_Gammaproteobacteria; o_Burkholderiales;
f Gallionellaceae; g Sideroxyarcus; s_" by GTDB-tk. The phyloge-
nomic tree (Fig. 7) indicated that both strains were clustered with
the other Sideroxyarcus spp. It should be noted that some isolates
with the invalid genus name “Sideroxydans” could be affiliated in
the genus Sideroxyarcus as reported previously (Kato et al. 2022). In
comparison with bacterial community in the hot spring precipi-
tates (Fig. 3C), both isolates were the closest to Sambe ASV 003.
The ASV 003 was the second most environmentally-dominant
species (7.0%) in the Sambe Gallionellaceae community (Fig. 3C).
More detailed physiology (e.g. optimum salinity, substrate utiliza-
tion) and genomics of the UT4 and UT5 will be compiled in a sep-
arate paper and are not addressed in this paper that mainly deals
with the newly developed custom-made medium approach. In ad-
dition, the missing factors necessary for the enrichment of the
most dominant environmental Gallionellaceae species (e.g. Sambe
ASV 001), which was not successful in this study, will be the sub-
ject of future work.

Conclusions

We newly proposed a custom-made medium approach for
chemolithotrophic Fe(ll)-oxidizing bacteria following the specific

Table 2. 16S rRNA gene identities and ANI/AAI comparisons of strains UT4 and UTS to other Gallionellaceae.

Reference

ANI (%) AAI (%)

16S rRNA gene identity (%)

Name

Strain UT5

Strain UT4

Strain UT5 Strain UT4 Strain UT5

Strain UT4

100 98.69 100 98.53 This study
98.69 98.53 This study

99.90

100
99.90
96.10

94.11

deroxyarcus sp. UT4
deroxyarcus sp. UT5

100

100

100
95.78

94.14

Weiss et al. 2007

deroxydans paludicola BrT

Weiss et al. 2007
Kato et al. 2014

deroxydans lithotrophicus LD-1
deroxyarcus emersonii MIZ01

74.29

74.35

77.64

77.21

79.81
79.63

79.12

93.23

94.16

Emerson et al. 2013
Cooper et al. 2020

73.69
72.52

73.83
72.82
69.68

67.51

93.67

94.55

deroxydans lithotrophicus ES-1

deroxydans sp. CL21

76.05
76.00
75.14

73.59

93.99

94.09

S
S
S
S
S
S
S

Watanabe et al. 2021

69.71

78.70
78.19

94.25

94.90
92.83
92.39
92.05
94.41

Ferrigenium kumadai An22

Ferriphaselus sp. R-1

Krepski et al. 2012
Kato et al. 2014

67.26

92.79

67.38

67.65

77.20
75.48

92.50

Ferriphaselus amnicola OYT1

Emerson et al. 2013
Keuter et al. 2022
Keuter et al. 2022

66.28

66.59
63.89

64.99

71.81
69.66

92.49
94.32

Gallionella capsiferriformans ES-2

63.43
64.66

75.04
74.27

Candidatus Nitrotoga fabula KNB
Candidatus Nitrotoga arctica 6680

70.36

94.04

94.15

*Genomic data are unavailable.


https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf051#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf051#supplementary-data

field condition. The dissolved Fe(Il) and O, (as energy substrates),
primary elements (Na, Mg, K, Ca, N, P, and S), pH, alkalinity,
DIC, total ionic concentration (indexed to EC), and temperature
in the medium were tuned by modifying the medium struc-
ture and chemical composition based on the geochemical analy-
sis and thermodynamic calculation of environmental condition,
while not fully matched for several elements. Using this new
medium approach, we successfully enriched chemolithotrophic
Fe(Il)-oxidizing Gallionellaceae by just one incubation and iso-
lated the environmentally leading new species from a natu-
ral hot spring site. This approach provides a higher enrichment
efficiency for chemolithotrophic Fe(ll)-oxidizing bacteria at the
enrichment despite these bacteria are typically the difficult-
to-culture microbes, which shortens the labor-intensive isola-
tion process and helps to break the limitation of cultivation-
dependent study of the Fe(Il)-oxidizing bacteria. Furthermore, this
approach following the specific environmental condition has a
strong advantage for the isolation of the environmentally-leading
species, which may be useful to obtain the physiological and
ecological nature of the primary players in environmental Fe
cycles.
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