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Abstract 

Chemolithotr ophic neutr ophilic ir on (Fe)-oxidizing bacteria, which mainl y belong to the famil y Gallionellaceae, uni v ersall y pr ev ail in 

terr estrial envir onments changing Fe c ycling. Ho we ver, the y are typically recognized as difficult-to-culture microbes. Despite efforts, 
ther e ar e fe w F e(II)-oxidizing lithotroph isolates; hence, their physiolo gical and ecolo g ical knowledg e remains limited. This limita- 
tion is largely owing to difficulties in their culti v ation, and we hypothesize that the difficulty exists because substrate and mineral 
concentrations in the culti v ation medium ar e not tuned to a specific environmental condition under which these organisms li v e. 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 en vironment. A ne w 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(II) and O 2 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. 

Ke yw ords: custom-made medium; enrichment; Gallionellaceae; iron-oxidizing bacteria; isolation 
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Introduction 

On Earth, c hemolithotr ophic ir on (Fe) oxidizing bacteria thrive by 
catalyzing the exergonic ferrous iron [Fe(II)] oxidation with O 2 (Ro- 
den et al. 2004 , Emerson et al. 2010 , Melton et al. 2014 ). 

F e 2+ + 2 . 5 H 2 O + 0 . 25 O 2 → Fe ( OH ) 3 ↓ +2 H 

+ 

In particular, a circumneutr al pH envir onment pr e v ails at 
the Earth’s surface, and neutrophilic terrestrial Fe(II)-oxidizing 
lithotrophs, most of which known so far belong to the family Gal- 
lionellaceae, ar e univ ersall y found in v arious Fe(II)-ric h envir on- 
ments (e .g. groundwater, marshes , hot springs , mine dr aina ges,
wetland plant rhizospher es), ther eby c hanging the Fe cycling 
(Emerson and Mo y er 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(II)-oxidizing bacteria certainly form the poorly crys- 
Recei v ed 24 November 2024; revised 29 Mar c h 2025; accepted 2 May 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
alline Fe(III) o xyhydro xides with high sor ption ca pacity (Fortin
nd Langley 2005 , Chan et al. 2009 , Miot et al. 2009 , Mitsunobu
t al. 2012 ) due to very low solubility of Fe(III) at a neutral pH
Cornell and Schwertmann 2003 ). This consequently affects the 
ehaviors of other important elements (e .g. P, As , U, Cu, Se , Cs) at
he Earth’s surface (Ferris et al. 2000 , Katsoyiannis and Zouboulis
004 , Katsoyiannis et al. 2006 , Fabisch et al. 2013 , Mitsunobu et
l. 2013 , So w ers et al. 2017 , Field et al. 2019 , Kikuchi et al. 2019 ).
n addition, in the neutral pH range, microbial Fe(II) oxidation
 ates ar e compar able to the c hemical oxidation r ates (Singer and
tumm 1970 , Roden et al. 2004 ). Inter estingl y, these bacteria favor
 low-O 2 environment with relatively slow chemical oxidation to 
void competition (Neubauer et al. 2002 , Emerson et al. 2010 ). The
ynamic competition renders cultivation of neutrophilic Fe(II)- 
xidizing bacteria in the laboratory challenging (Emerson and 

o y er 1997 , Summers et al. 2013 , Lueder et al. 2022 , Zhou et al.
022 ); hence these bacteria are recognized as difficult-to-culture
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Figure 1. (A) Sampling location in the Sambe hot spring site and (B) Fe 
precipitates with a soft structure at the spot 2. 
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icrobes (Summers et al. 2013 , Lueder et al. 2022 , Zhou et al.
022 ). 

Most cultivation techniques for neutrophilic Fe(II)-oxidizing
acteria ar e tr aced to a method de v eloped by Kucer a and Wolfe
 1957 ) ∼70 years ago. They developed a simple but effective cul-
ure forming opposite gradients of O 2 and Fe(II) by adding a
olid Fe(II) source to a tube containing a mineral salt medium.
anert ( 1981 ) made an important compositional modification of

he mineral medium, and called it the Modified W olfe’ s Mineral
edium (MWMM). Emerson and Mo y er ( 1997 ) further modified

he medium by adding a low concentr ation a gar ose, whic h al-
o w ed unicellular Fe(II)-oxidizing bacteria to remain stable and
row at their optimum Fe(II) and O 2 levels. Currently, the agarose-
tabilized gradient tube with MWMM and a solid Fe(II) source is
 standard medium for cultivating terrestrial neutrophilic Fe(II)-
xidizing lithotrophs (Naik and Patel 2022 ), which is also possible
nder microoxic conditions in Petri dishes containing solid Fe(II)

Emerson and Weiss 2004 ) or in a liquid medium with dissolved
e(II) and micromolar O 2 (Maisch et al. 2019 ). 

Although man y r esearc hers hav e attempted to enric h and
solate the neutr ophilic c hemolithotr ophic Fe(II)-oxidizing bac-
eria using these media, the number of isolates has been rela-
iv el y low. In some cases, the enrichment of chemolithotrophic
e(II)-oxidizers was unsuccessful using the gradient medium with
WMM (Wang et al. 2009 , Hassan et al. 2016 , Tong et al. 2019 ).
lso, it is often difficult to k ee p them alive after/in multiple se-

ial dilutions and transfers as with other autotrophs (Gupta and
gate 1986 , Tokuyama 1994 ). Curr entl y, ther e ar e se v en Gallionel-

aceae isolates and se v er al stable enric hment cultur es (Emerson
nd Mo y er 1997 , Lüdec ke et al. 2010 , Kr epski et al. 2012 , Kato et al.
014 , Khalifa et al. 2018 , Kato et al. 2022 , Hoover et al. 2023 ). How-
 v er, cultiv ation-independent phylogenetic anal ysis has identified
he presence of numerous unclassified and uncultured Gallionel-
aceae in the environment (Liljeqvist et al. 2015 , Parks et al. 2017 ,
akus et al. 2021 , Chan et al. 2023 ), indicating that the ecological
nd physiological knowledge of these organisms remains limited.
his limitation is lar gel y owing to difficulties in the cultivation

Summers et al. 2013 , Lueder et al. 2022 , Zhou et al. 2022 ). We
ypothesize that this difficulty exists because the substrate and
iner al concentr ations in the medium ar e not pr operl y tuned to

he field conditions under which the Fe(II)-o xidizers li ve . T he con-
entrations of iron, oxygen, major elements, and carbonate ions
n terrestrial water are very diverse (Langmuir 1997 , Stumm and

or gan 2012 ). Consequentl y, the total ion abundance also v aries
idel y acr oss differ ent terr estrial envir onments, with r eports of

alinity r anging fr om v ery low to v ery high, similar to that of sea-
ater (Langmuir 1997 , Appelo and Postma 2005 ). Also, in the most
f neutr al terr estrial water, the pH v alues ar e str ongl y r egulated
y the dissolved carbonate ions (Stumm and Morgan 2012 ). Hence,
he carbonate abundance is a k e y factor in the medium compo-
ition for autotrophic Fe(II)-oxidizing bacteria, both in terms of
arbon source and pH r egulation. Fr om these perspectives, the
ne type of medium MWMM designated for a deep-well water
Kucera and Wolfe 1957 , Hanert 1981 , Hanert 2006 ) cannot r epr e-
ent the diverse freshwater en vironments , and thus adjusting the
edium composition would be a better alternativ e. Howe v er, the
WMM with Fe(II) source, has been pr edominantl y used for their

nrichments and isolations (Emerson and Mo y er 1997 , Weiss et
l. 2007 , Wang et al. 2009 , Lüdecke et al. 2010 , Krepski et al. 2012 ,
ato et al. 2013 , Hassan et al. 2016 , Khalifa et al. 2018 , Tong et al.
019 , Tong et al. 2021 , Lueder et al. 2022 ). To address this issue,
his study proposed a new custom-made medium a ppr oac h for
 hemolithotr ophic Fe(II)-oxidizing bacteria that manipulates the
edium composition based on physicochemical analysis of the
eld en vironment. T he concentr ations of dissolv ed Fe(II), O 2 , and
rimary nutrient elements were adjusted to the field condition

n the custom-made medium. In particular, changing the phys-
cal setup in the glass-tube medium (placements of solid Fe(II)
ource and growth zone) assisted in adjusting the Fe(II) and O 2 

oncentrations to the field levels and providing a suitable habi-
at for the Fe(II)-oxidizing bacteria in the medium. Using this ap-
r oac h, ne w isolates were obtained from a natural geothermal
pring. 

aterials and methods 

ite description and inoculation source 

he field site was an Fe-enriched hot spring in the Sambe geother-
al area (35.12 ◦N, 132.63 ◦E) in Shimane , Japan. T his hot spring is

ocated at the foot of Mt. Sambe, an active volcano (Mitsunobu
t al. 2012 ). The moder atel y warm spring water (ca. 30 ◦C) gushes
ut from several rock cracks, and y ello wish Fe oxide precipitates
over the floor and exist in the stream along the flow from the
pring source (Fig. 1 A). The Fe oxide precipitates collected at the
ambe hot spring site were used for the inoculation source for
he target Fe(II)-oxidizing bacteria. The Fe oxide precipitates were
oosel y a ggr egated with a soft structur e (Fig. 1 B) and car efull y
ampled in a sterile 50-ml plastic tube with a sterile spatula,
mmediately sealed, k e pt cold (ca. 5 ◦C) during transportation to
ur labor atory, and stor ed at 4 ◦C in a dark r efriger ator prior to
se. 
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hemical and mineralogical analyses 

he chemical composition and physical condition of spring wa- 
er are summarized in Table 1 . The data in Table 1 are based
n two field trips performed in February and December 2022.
pring water temper atur es, temper atur e-compensated pH, and
issolv ed O 2 (DO) concentr ations wer e measur ed at the site us-

ng a portable pH meter (D-51, Horiba) with a glass electrode
Horiba, 9625–10D) and a DO meter (HQ30d, Hach Toa-Dkk) by
ir ectl y inserting the electrodes into the spring water. The elec-
rical conductivity (EC) was measured using a portable EC meter 
D-210C, Horiba) with an electrode (9383–10D, Horiba). The con- 
entr ations of inor ganic elements and anions in the w ater w ere
easured using ICP-OES (VISTA-MPX, Varian) and ion c hr omatog- 

 a phy (ICS-1500, Dionex) equipped with anion exchange column
IonP ac AS4A-SC, Dionex), r espectiv el y. The collected spring water
as filtered using a 0.20 μm pore membrane filter (28HP-020AN,
dvantec) into a plastic tube, immediately acidified with 1/50 vol-
me 3 M HCl, and stor ed. The concentr ations of dissolv ed Fe(II)
nd ammonium (NH 4 

+ ) ions were determined by colorimetry us-
ng a phenanthroline method (Saywell and Cunningham 1937 ) 
nd an indophenol blue method (Scheiner 1976 ), respectively. Am-
onium concentrations were also checked using an ammonium 

lectrode (5002S-10C, Horiba) with a potentiometer (D-55, Horiba).
lkalinity, the capacity of water to resist acidification, was deter- 
ined using an acid-base titration with 0.05 M H 2 SO 4 and a micro-

ipette. Based on these obtained geochemical and temper atur e 
ata, the dissolved inorganic carbon (DIC) concentration and p CO 2 

n the spring water were calculated using the computer program
HREEQC v er. 3 (P arkhurst and Appelo 2013 ) with a thermody-
amic database “phreeqc.dat.”

A part of collected Fe precipitates was immediately frozen at
he laboratory upon arrival and stored at −80 ◦C for phyloge-
etic analysis. An X-ray diffraction (XRD) analysis of the Sambe 
e precipitates was performed to identify their mineralogical 
 har acteristics . T he frozen samples were directly freeze-dried at
50 ◦C under vacuum condition at 20 Pa for 48 h using a freeze-
ryer (DC400, Yamato Scientific). After freeze-drying, the pow- 
er sample was mounted on a glass holder and analyzed us-

ng an XRD spectrometer (Ultima IV, Rigaku) with a step size of
.02 ◦ and a time interval of 1 s . In addition, F e K-edge X-ra y ab-
or ption near-edge structur e (XANES) spectr a of the Sambe Fe
r ecipitates wer e also measur ed at beamline BL12C at KEK-PF

Tsukuba, Ja pan) to c har acterize the Fe species in the precipi-
ates . T he energy was calibrated by defining the pre-edge peak

aximum of hematite as 7.113 keV. All spectra, including model
ompounds, were collected in transmission mode with ion cham- 
ers. Measur ements wer e carried out at r oom temper atur e (ca.
5 ◦C) under ambient air condition. In addition, the constituent
lements in the Fe precipitates were measured using ICP-OES 
fter digesting the dried Fe precipitates with concentrated HCl 
nd HNO 3 . The total C and N contents in the dried Fe precip-

tates were quantified using a CHN elemental analyzer (JM10,
-Science Lab). 

ultiv a tion medium 

n this study, we pr epar ed a Sambe-custom medium (SCM) simu-
ating the primary elemental composition of the Sambe hot spring
ater (Table 1 ). The SCM contains 0.37 g MgCl 2 ·6H 2 O, 0.18 g NaCl,
.060 g KCl, 0.42 g CaCl 2 ·2H 2 O, 0.050 g K 2 HPO 4 , 0.01 g NH 4 Cl, and
.0 ml W olfe’ s tr ace miner al solution (ATCC MD-TMS) per liter
illi-Q 

® water. Conv entionall y, an a gar ose-based semi-solid tube
edium with a solid Fe(II) source (FeS or FeCO 3 ) at the bottom
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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(III) band typically observed in the conventional medium Type 1. 
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(Type 1 in Fig. 2 A) has been used as described in the Introduction 

section. T he O 2 is pro vided from headspace air. The semi-solid 

natur e r esults in an opposing diffusion gr adient of Fe(II) and O 2 

with the depth of the medium. Our strategy is to create an op- 
timal environment near the bottom Fe(II) source to simulate the 
on-site O 2 (58–149 μM) and Fe(II) (71–167 μM) le v els. We first tested 

a liquid medium without a gar ose (Type 2 in Fig. 2 A) to disturb the 
stable diffusion gradients of dissolved O 2 and Fe(II) in the Type 
1. Ho w e v er, the a gar ose-fr ee Type 2 w ould not allo w the unicel-
lular Fe(II)-oxidizers to stay at a depth, and most of the enriched 

microbes would deposit to the bottom and contact the anaerobic 
F e(II) source , which is unsuitable for aerobic F e(II)-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. 2 B). 

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 scr e w ca p (9998CAP415-15, Iwaki) 
using the SCM. The FeS was used as the solid Fe(II) source and 

synthesized as described by Hanert ( 2006 ). Types 1 and 2 were 
pr epar ed as described by Emerson and Floyd ( 2005 ), with minor 
modifications . T he F eS precipitate suspension was mixed with the 
same volume of SCM and 1.3 wt% a gar ose (A9539-250 G, Sigma) in 

a flask. In a separate flask, a medium-layer solution was pr epar ed 

in the SCM with 0.15 wt% a gar ose for Type 1 and without a gar ose 
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 car efull y 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- 
pr oximatel y 45 ◦C, 10 ml of 10 wt% NaHCO 3 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 2 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 car efull y 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% a gar ose 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 pr epar ed medium solution (without a gar ose) was added, as 
with the Type 2 medium. 

To validate the prepared Types 1–3 media, depth profiles of dis- 
solved Fe(II) and DO were obtained because these vary with depth 

in medium-la yer. T he depth profiles of DO in the medium-layer 
were determined using an O 2 micr oelectr ode (tip diameter of 40–
60 μm; O X-50, Unisense). A tw o-point calibration w as made in aer- 
ated and deoxygenated water at incubation temper atur e (28 ◦C).
The pr ofiles wer e obtained by v erticall y placing the micr oelec- 
trode into the medium using a PC-controlled micromanipulator. 
An arm-mounted microscope was used to visually determine the 
contact point between the micr oelectr ode tip and surface of the 
medium layer (depth zero). The dissolved Fe(II) was examined 

at three depths in the medium la yer: surface , middle , and bot- 
tom la yers . Using a syringe with a long needle, medium solution 

(0.5 ml) was car efull y collected fr om eac h layer, immediatel y fil- 
ter ed thr ough a membr ane filter, acidified by the addition of 1/50 
volume of 3 M HCl, and stored in a r efriger ator prior to analysis.
Total Fe and Fe(II) concentrations in the solution was determined 

by the ICP-OES and phenanthr oline method, r espectiv el y. Our pr e- 
iminary experiments sho w ed that the total Fe and Fe(II) concen-
rations in the medium were almost equal, and no dissolved Fe(III)
as detected. 

nrichment and isolation 

noculation was performed by dispensing serial 10-fold diluted so- 
utions of the collected Fe precipitates with a sterile pipette . T he
ollected precipitates were diluted with autoclaved agarose-free 
CM solution, and the dilution factor in the inoculation ranged
rom 10 −4 to 10 −6 . The inoculation volume was 100 μl per tube. All

edia types were incubated in the dark incubator at a constant
emper atur e (28 ± 1 ◦C) for 14 da ys . In the enrichment tubes in
hic h the tar get Gallionellaceae members wer e successfull y domi-
ated, the Fe precipitates in the tube were collected and diluted to
0 −7 in 10-fold serial dilutions for the isolation. Each dilution was
noculated into a fresh medium. After four transfers, the cultures
ere tested for the presence of heterotrophic microorganisms by 

treaking the cell suspensions onto R2A and 10% R2A agar plates.

N A extr action from Fe flocs and its 

hylogenetic analysis 

icrobial DN A w as extr acted fr om the Fe pr ecipitates collected at
he spring site using a commercial kit (Extr a p Soil DNA Kit Plus
 er.2, BioDynamics Labor atory Inc.). The DN A w as finally eluted
ith 50 μl Tris–EDTA (TE) solution and stored at 5 ◦C prior to fur-

her analysis . T he bacterial comm unity structur e in the Fe pr ecipi-
ates was estimated using high-throughput amplicon sequencing 
f the microbial 16S ribosomal RN A (rRN A) gene . T he V3–V4 re-
ion of the 16S rRNA gene was amplified from the DNA samples
sing the primer set U341F and U805R (Herlemann et al. 2011 )
nd KOD FX Neo DNA pol ymer ase (KFX-201, To y obo) in buffer.
he primer sets used are summarized in Supplementary Table S1 .
or amplification, an Illumina adaptor sequence (A CA CTCTTTC- 
CTA CA CGA CGCTCTTCCGATCT) and Illumina Multiplexing PCR 

rimer 2.0 sequence (GTGA CTGGA GTTCA GA CGTGTGCTCTTCC-
ATCT) were added at the ends of the primers . T he PCR ampli-
cation conditions consisted of denaturation at 94 ◦C for 2 min
nd 25 to 28 amplification cycles of denaturation at 98 ◦C for 10 s,
nnealing at 55 ◦C for 30 s, and elongation at 68 ◦C for 30 s . T he
mplicons were mixed with Illumina PhiX contr ol libr aries and
equenced using the Illumina MiSeq platform (Illumina) with 2 

300-bp paired-end reads. Amplicon sequence data were pro- 
essed using the following pr ocedur e . Ra w pair ed-end r eads wer e
er ged using FLASH v er. 1.2.11 (Ma go ̌c and Salzber g 2011 ), and

rimer sequences were removed using FASTX-Toolkit ver. 0.0.14 
Hannon 2010 ). Low-quality (Qscore < 20) and short ( < 130 bp)
 eads wer e filter ed out using Sic kle v er. 1.33 (Joshi and Fass 2011 ).
he resulting sequences were analyzed using QIIME2 pipeline ver.
023.2 (Bolyen et al. 2019 ). Unique amplicon sequence variants
er e gener ated using the D AD A2 plugin wr a pped in QIIME2, and
 himeric sequences wer e r emov ed (Callahan et al. 2016 ). The se-
uences wer e cluster ed into amplicon sequence variants (ASVs)
ith 97% sequence identity in each library. The taxa were assigned

o ASVs for the 16S rRNA genes using the QIIME2 plugin feature-
lassifier classify-sklearn (Bokulich et al. 2018 ) against the SILVA
er. 138 database (Quast et al. 2013 ). 

The abundance of the Gallionellaceae members in the enrich- 
ents was estimated using quantitative PCR (qPCR) technique 

o e v aluate the enric hment efficiency among media types. After
4 days incubation, the Fe precipitates in the medium were col-
ected from the Fe growth band (Type 1), the bottom of medium-
ayer (Type 2), and the safety area (Type 3) with a sterile pipette

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf051#supplementary-data
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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 
bacterial community > 0.1%) found in the Sambe spot 2 and strains UT4 and UT5 based on Neighbor-Joining method. Leptothrix mobilis was chosen as 
the out group. In (C), the percentage value for each ASV represents the percentage in the bacterial community (not in the Gallionellaceae community). 
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Figure 4. Depth profiles of dissolved O 2 and Fe(II) in the abiotic incubation with Type 1 (A), Type 2 (B) and Type 3 (C). Gray areas in figures indicate the 
on-site O 2 and Fe(II) le v els. Br own box in the figure indicates the Fe(II)-oxidizer’s habitat (Fe(III) deposit) layer expected in each medium type. In the 
figur es, err or bars r epr esent 1 standard deviation from the mean. 
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Figure 5. Gallionellaceae/Bacteria ratios after the first enrichment (14 days incubation) with medium Types 1–3 estimated by the qPCR with Gallionellaceae 
and Bacteria specific primers . T he 10 −4 to 10 −6 diluted Fe precipitates were inoculated to the media. 
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ip, and microbial DN A w as extracted from collected precipitates
s described abo ve . T he qPCR was performed with a master mix
Kapa SYBR fast qPCR, Kapa Biosystems) using a real-time PCR
ystem (StepOnePlus, Applied Biosystems). The PCR amplifica-
ion was performed in a 20 μl reaction system with ∼0.5 ng of
NA and 0.5 μM specific primers for the Gallionellaceae family

Ashelfold et al. 2002 , Naruse et al. 2019 ) and bacterial universal
6S rRNA genes (Suzuki et al. 2000 ). The details are summarized in
upplementary Table S1 . The PCR amplifications were conducted
sing the following pr ogr am: (i) 95 ◦C for 5 min, (ii) primer-specific
ycles of 95 ◦C for 45 s, primer-specific annealing temper atur e for
5 s, then 72 ◦C for 30 s, (iii) final elongation at 72 ◦C for 7 min,
nd (iv) melt curv e sta ge fr om 60 ◦C to 95 ◦C. The enrichment ef-
cienc y w as e v aluated using Gallionellaceae / bacterial 16S rRNA
enes ratio. For the qPCR analysis, standard curves were drawn
rom a tenfold serial dilution between 1 × 10 1 and 1 × 10 8 copies
er reaction. Standard DNA for qPCR were generated using the
13 primer set from a plasmid containing the target sequences of

he Gallionellaceae specific and universal bacteria 16S rRNA genes.

rowth of isolated strains 

ells of isolated strains were stained with 0.1 mM Syto9 (Invit-
ogen) as nucleic acid-binding dye and visualized using an epi-
uor escence micr oscope (BX-51, Ol ympus) with a digital cam-
ra (EOS Kiss X4, Canon). The cell gr owth r ate was determined
y direct cell counting method (Emerson and Moyer 1997 ). The

solated strain was inoculated at the same time with identi-
al amounts of cell suspension and incubated together. Every
hree da ys , the tubes w ere v ortexed for 30 s to homogenize
he medium-layer solution. For cell counts, a 10 μl aliquot of
he homogenized solution was smeared in defined circles on an
minopropyltriethoxysilane-coated glass slide and allowed to air-
ry for an hour. The Syto9-stained cells in all 15 microscope fields
ere counted at × 1000 magnification using the epifluorescence
icroscope. For the quantification of oxidized Fe (Fe(III)) species
uring the growth, a 1.0 ml aliquot was collected from the homog-
nized medium-layer and digested by adding the same amount
f 3 M HCl. Total Fe and Fe(II) concentrations in the digested
olution was determined using the ICP-OES and phenanthroline
ethod, r espectiv el y. T he F e(III) fraction was estimated by sub-

r acting Fe(II) fr om the total F e , while assuming F e(II) and F e(III)
s the possible Fe species. 

The optimum pH and temperature for the isolates were deter-
ined according to pr e viousl y described methods (Kr epski et al.

012 , Chiu et al. 2017 ). The pH range for gro wth w as tested b y
uffering sets of media to different pH levels. A 10 mM acetate
uffer was used at pH 5.0. A 10 mM MES adjusted with NaOH was
sed to buffer the pH 5.5, 6.0, and 6.5. A 5 mM HEPES adjusted
ith NaOH was used to buffer the pH 7.0 and 7.5. The pH mea-

ur ements taken befor e and after cultiv ation confirmed minimal
ecreases (0.1–0.2) during cultivation periods. Optimum growth
emper atur e was determined by incubating cultures at 5, 10, 15,
0, 25, 30, 35, and 40 ◦C. All cultivations with Type 3 medium were
ssessed for growth after one and two weeks based on direct cell
ounting with fluorescence microscopy, as described abo ve . 

raft genome analyses of isolates 

or DNA extr action, str ains UT4 and UT5 wer e gr own in the Type
 medium (50 ml volume per strain) with FeS plug. Genomic DNA
as extracted from these cultures using the above method. The
NA quality and concentr ation wer e confirmed using a NanoDrop
ite (Thermo Scientific) before sequencing. Genome sequencing
as performed using a DNBSEQ-G400 sequencer with 2 × 150-
p pair ed-end r eads . T he r eads wer e filter ed using fastp v ersion
.23.4 (Chen 2023 ). High-quality reads were then assembled using
hovill version 1.1.0 ( https:// github.com/ tseemann/ shovill ). An-
otation of the assembled contigs with 500 bp or longer were
erformed using DFAST version 1.2.20 (Tanizawa et al. 2018 ), Ky-
to Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al.
017 ) with BlastKOALA (Kanehisa et al. 2016 ), and FeGenie ver-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf051#supplementary-data
https://github.com/tseemann/shovill
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F igure 6. Gro wth curves (A) and total Fe(III) curves (B) for strains UT4 
and UT5 cultivated in medium Type 3 with FeS plug at 28 ◦C. Abiotic 
control (no-inoculation) was shown in (B). In (A) and (B), error bars 
r epr esent 1 standard deviation from the mean. (C) Fluorescence images 
of UT4 and UT5 cells (left side) and phase contrast images (right side) of 
the same field of fluorescence images. 
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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 av er a ge nucleotide identity (ANI) and av er a ge amino acid 

identity (AAI) among the genomes were calculated using online 
ools (Rodriguez-R and Konstantinidis 2016 ). A phylogenomic tree 
f concatenated sequences of the bacterial 120 marker proteins 
efined by Genome Taxonomy Database (GTDB) (Parks et al. 2022 )
as constructed as described pr e viousl y (Kato et al. 2022 ) with mi-
or modifications . T he alignment of the concatenated protein se-
uences was generated using GTDB-tk version 2.4.0 (Chaumeil et 
l. 2022 ) with the r efer ence database R220, and used for the Maxi-
 um Likelihood tr ee r econstruction by IQ-TREE v ersion 2.3.6 with

he substitution model LG + F + I + R5. Taxonomic classification of
he obtained genomes was also performed using GTDB-tk based 

n r elativ e e volutionary div er gence (RED). 

esults and discussion 

hemical and microbial analyses of natural 
ample 

he physicochemical properties of the spring water are summa- 
ized in Table 1 (abo ve). T he water temperature was mesothermic
8 −33 ◦C and the pH was 5.9 −6.2 at spots 1 and 2. The weakly
cidic pH is a result of the Sambe hot spring being a carbonated
pring (Shiraishi et al. 2019 ), which was also supported by the high
lkalinity and DIC obtained in our study (Table 1 ). On-site dis-
olv ed O 2 v alues (58 −149 μM) wer e r oughl y a half to quarter of
he atmospheric equilibrium concentration (220 −240 μM) at the 
ite temper atur e and salinity (ca. 3 ‰). Dissolv ed Fe(II) in the wa-
er r anged fr om 71–167 μM with no detectable dissolv ed Fe(III) ( <
.2 μM). The concentrations of primary cations, Na + , K 

+ , Mg 2 + ,
nd Ca 2 + through spots were 14.1–15.1 mM, 1.29–1.33 mM, 1.77–
.84 mM, and 2.70–2.80 mM, r espectiv el y. The concentr ations of
rimary anions, SO 4 

2 −, Cl −, and PO 4 
3 − were 0.16–0.18 mM, 36.1–

6.8 mM, and 22.1–31.5 μM, r espectiv el y. Low concentr ations of
H 4 

+ ions (3.1–3.5 μM) were detected, whereas the oxidized ni-
rogen species (nitrite and nitrate ions) were not detected. Rel-
tiv el y high concentr ations of Na + , Mg 2 + , and Cl − ions, consis-
ent with a high EC (ca. 3.3 mS/cm), are a typical feature of hy-
rothermal spring water (White 1957 , Langmuir 1997 , Stumm and
organ 2012 ). The collected Fe precipitates contained Fe as the
ost abundant element (45–58 wt% dry, Table 1 ). The XRD pat-

erns of the spots 1 and 2 precipitates show two broad reflec-
ions with no sharp peaks ( Supplementary Fig. S1 ). These find-
ngs indicate that the pr ecipitates mainl y consist of poorly crys-
alline Fe(III) o xyhydro xides (e.g. 2-line ferrihydrite), which was
onfirmed by the Fe XANES spectral features of the Sambe Fe pre-
ipitates ( Supplementary Fig. S2 ) and a pr e vious r eport on this site
Mitsunobu et al. 2012 ). The total number of microbial cells in the
e precipitates (collected at spot 2) ranged from 2.8 × 10 8 to 5.1 ×
0 8 cell/ml. 

In this stud y, we pre pared a custom-made medium (SCM) that
imulated the composition of primary elements, especially Na,
g, K, Ca, DIC, and pH in Sambe spring water (Table 1 ). This was

one because (i) site-specific ionic concentrations would be ideal 
or cultivation and (ii) the chemical composition of this spring wa-
er was significantly different from that of conventional MWMM 

s clearly shown in Table 1 . In the preparation, the elemental com-
osition of spot 2 was targeted. The DIC (12 mM), alkalinity (5.7–
.0 mM), and pH (5.9–6.2) in the SCM were adjusted by NaHCO 3 

ddition and CO 2 bubbling following the thermodynamic calcu- 
ation of spring water (Table 1 ). Although r elativ el y small N and
, whic h ar e biologicall y essential elements, wer e observ ed in the
pring water, certain amounts were contained in the solid phase
e precipitates (P: 1.7–2.9 wt%, N: 0.06–0.07 wt%) (Table 1 bottom).
 hus , larger P (10 times) and N (60 times) than in the spring water

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
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Figure 7. Phylogenomic tree of the family Gallionellaceae. The genus-level clades were indicated based on the GTDB taxonomic classification, except for 
the genus Ferrigenium . The strains UT4 and UT5 were indicated in bold. Values of 1000 replicates for SH-aLRT (left, %) and ultrafast bootstrap (right, %) 
were indicated at the nodes ( < 50% are not shown). The sequences of Nitrosomonas mobilis Ms1 (GCF_900103035.1), Nitrosomonas cryotolerans ATCC 49181 
(GCF_900143275.1), and Nitrosospira multiformis ATCC 25196 (GCF_000196355.1) were used as the outgroup (not shown). 
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ere added in the phosphate and ammonium forms, respectively.
ulfur in the medium was below the on-site le v el, expecting the
assi ve ad dition from the solid F e(II) source (F eS) during incuba-
ion. The measured EC of the SCM (3.2 mS/cm) was similar to the
n-site EC le v els (3.3–3.4 mS/cm) (Table 1 ), indicating that the pri-
ary ionic concentration in the prepared SCM matched approxi-
ately. 
Figure 3 shows the bacterial community in the Sambe Fe ox-

de precipitates based on 16S rRNA gene amplicon sequencing. At
he famil y le v el, Gallionellaceae (58%), Xanthomonadaceae (8.5%), and
ericytochromatia (5.5%) dominated the community. The Gallionel-

aceae family consisted of the genera Gallionella (58%), Sideroxydans
20%), Ferriphaselus (6%), and considerable amount of unclassi-
ed Gallionellaceae (16%). Almost all terrestrial chemolithotrophic
eutrophilic Fe(II)-oxidizing bacteria isolated to date belong to
he Gallionellaceae family (Emerson and Mo y er 1997 , Lüdecke et
l. 2010 , Krepski et al. 2012 , Kato et al. 2014 , Khalifa et al. 2018 ,
ato et al. 2022 , Hoover et al. 2023 ). The dominance of Gallionel-

aceae is consistent with the available Fe(II) and O 2 in the water and
e(III) detected in the Fe precipitates in the Sambe hot spring, sug-
esting that Gallionellaceae mainly contributed to microbial Fe(II)-
xidation at this site . T her efor e, this famil y was selected as the
nric hment tar get in the pr esent study. 

xygen and Fe profiles in enrichment media 

he depth profiles of dissolved O 2 and Fe in un-inoculated
edium Types 1–3 are shown in Fig. 4 . Conventional medium

Type 1) has a distinct Fe(III) oxide layer in the middle (white ar-
ow in Fig. 2 C; Emerson and Floyd 2005 , Kato et al. 2013 , Chiu et
l. 2017 ). Growth colonies of Fe(II)-oxidizers are typically observed
ear the F e(III) la y er in the medium (Emerson and Flo yd 2005 , Kato
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et al. 2013 , Chiu et al. 2017 ) because of comparable biotic and 

abiotic Fe(II) oxidation rates (Singer and Stumm 1970 , Roden et 
al. 2004 ). The dissolv ed O 2 concentr ation, whic h was atmospheric 
equilibrium concentration ( ∼240 μM) at the surface, gradually de- 
creased with the depth drawing a diffusion gradient (Fig. 4 A) and 

ranged between 10–30 μM in the F e(III) la yer. T he F e(II) concen- 
trations in the Fe(III) oxide layer were low (5–7 μM) through the 
incubation period, whereas higher in the bottom layer (Fig. 4 A).
This suggests that the medium Type 1 did not provide a favorable 
habitat that satisfied both the on-site O 2 and Fe(II) le v els ar ound 

the Fe(III) oxide layer (Fig. 4 A). 
In the Type 2 a gar ose-fr ee liquid medium, most of enriched mi- 

cr obes ar e expected to deposit on the FeS surface with particu- 
late F e(III) oxides . Compared with that of Type 1, the O 2 diffu- 
sion gradient was almost broken in the medium layer and locally 
formed near the surface of the FeS plug (Fig. 4 B). Since the FeS 
is a strong reductant, the O 2 drastically decreased to nearly zero 
at the FeS surface (expected microbial habitat) with on-site Fe(II) 
(101–145 μM). Hence, the medium Type 2 pr ovides defectiv e O 2 

and matched Fe(II) 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 . T he medium has a small area adjacent to the FeS plug 
(box in Fig. 2 B) as ideal oxic-anoxic interface and safety habitat.
As a result, this modification worked well. The O 2 and Fe con- 
centrations in the safety area ranged 70–80 μM and 40–150 μM 

(Fig. 4 C), r espectiv el y, thr oughout the 14 days incubation, which 

were close to the field O 2 (58–149 μM) and Fe(II) (71–167 μM) lev- 
els (Fig. 4 C; 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 −4 to 10 −6 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 DN A w as 
extr acted fr om the Fe(III) pr ecipitates in eac h 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 r atios ar e onl y the estimation and r elativ e r atios 
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 
(Kla ppenbac h et al. 2000 ) and in the genome copy number per 
cell, depending on the bacterial growth rate (Maldonado et al.
1994 , Pecor ar o et al. 2011 ). In the conventional Type 1, the rela- 
tive abundances of Gallionellaceae were 7.2% (10 −4 dilution), 3.0% 

(10 −5 dilution), and 0.6% (10 −6 dilution) in the bacterial commu- 
nity (Fig. 5 ). In contrast, the fractions in the Type 3 were 33% 

(10 −4 dilution), 80% (10 −5 dilution), and 93% (10 −6 dilution) (Fig. 5 ),
whic h wer e up to 150 times higher than that of the Type 1 at 
the 10 −6 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 ). T hus , these results clearly indicated that 
the medium Type 3, in which the abundances of O 2 , F e , and pri- 
mary elements were customized to the field le v els, enric hed the 
Gallionellaceae with m uc h higher pr oportion by just one incuba- 
tion. The higher enrichment ability of the Type 3 has also been 
erified at other en vironments , F e-containing saline groundwa-
er and hot spring sites ( Table S3 and Fig. S4 in Supplementary

aterial), suggesting the higher ability of the custom-made ap- 
r oac h acr oss the systems. Noticeabl y, the Gallionellaceae pr opor-
ion in the Type 3 increased with the higher dilution factors (Fig. 5 )
hough the proportion in the Type 1 decreased with the dilu-
ion. This is possibly owing to the lower numbers of competi-
ors and organic substances (nutrients for heterotrophs) in the 
igher-dilution tubes . T hese results suggest that the Type 3 pro-
ided a pr efer able condition for growth of the Gallionellaceae mi-
robes. In particular, the modification of remo ving agarose , a po-
ential substrate for heterotrophs, might be more “effective” in en- 
iching the chemolithotrophic Fe(II)-oxidizing bacteria by limiting 
icrobial contaminants . T he isolation was performed using the

0 −6 dilution of Type 3, which sho w ed the highest Gallionellaceae
bundance. 

hysiological and phylogenetic char acteriza tion 

f isolated strains 

allionellaceae strains UT4 and UT5 were successfully isolated 

r om independent enric hments after thr ee tr ansfers of the 10 −7 

erial dilution. Purity was demonstrated by the lack of growth on
2A medium (no contaminant oligotr ophs). Micr oscopic observ a- 
ions sho w ed that both UT4 and UT5 wer e curv ed-r od sha pe and
.4–1.8 μm in length (Fig. 6 C), which is consistent with studies on
he Gallionellaceae family , Gallionella , Sideroxydans , Ferriphaselus ,
errigenium , Sideroxyarcus (Emerson and Mo y er 1997 , Lüdecke et
l. 2010 , Krepski et al. 2012 , Khalifa et al. 2018 , Kato et al. 2022 ).
oth strains did not form the stalk-like materials and was instead
ssociated with the particulate Fe hydroxides (Fig. 6 C). The UT4
nd UT5 cell counts (Fig. 6 A) in medium Type 3 sho w ed distinct
r owth curv es with Fe(III) incr ease and doubling times of 22 h
UT4) and 25 h (UT5), r espectiv el y. In addition, both strains grew
n the conventional medium (Type 1) but the gr owth r ates wer e
–6 times slo w er, with doubling times of 119 h (UT4) and 147 h
UT5) ( Supplementary Fig. S3 ), which also supports the fact that

edium Type 3 has a superior efficiency in enriching the Sambe
allionellaceae . Pr e vious physiological studies of Gallionellaceae iso-

ates have shown that these Fe(II)-oxidizing bacteria prefer mi- 
r oaer ophilic envir onments. The Gallionellaceae members are of-
en found in environments with dissolved O 2 concentrations of 
 5% of air-saturated values ( < 25 μM) and Fe(II) concentrations of

ens to se v er al hundr eds μM (Emerson and Re vsbec h 1994 , Emer-
on and Mo y er 1997 , Kato et al. 2013 ), and it is recommended
hat these conditions be simulated in the cultivation medium 

Emerson et al. 2005 ). T he con v entional Type 1 medium ar e su-
erior at r epr oducing these conditions (Emerson et al. 1994 , Kato
t al. 2013 ), leading to the isolation of se v er al str ains (Emerson
nd Mo y er 1997 , Lüdecke et al. 2010 , Kato et al. 2014 , Khalifa et
l. 2018 , Kato et al. 2022 , Hoover et al. 2023 ). Laboratory exper-
ments with isolates (strains ES-1 and BrT of the genus Siderox-
dans ) have shown that microbial oxidation is comparable to or
igher than abiotic oxidation (20%–90% of total Fe oxidation) with
 2 concentration of 10–50 μM (Neubauer et al. 2002 , Druschel et
l. 2008 ). They suggest that in such microaerophilic en vironments ,
he rate of abiotic Fe(II) oxidation is relatively low and thus the
e(II)-oxidizing bacteria can compete with the abiotic oxidation. In 

his study, new Gallionellaceae species (strains UT4 and UT5) were 
solated by matching the dissolved O 2 and Fe(II) in the culture

edium (O 2 : 70–80 μM, Fe(II): 40–150 μM; Fig. 4 C) to the on-site
e v els (O 2 : 58–149 μM, Fe(II): 71–167 μM; Table 1 ). While this O 2 

e v el is line with the field condition, it is 1.6 to 8 times higher than

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
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
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he range mentioned above (10–50 μM). Both UT4 and UT5 strains
r ow v ery slowl y in the conv entional Type 1 medium ( Fig. S3 ),
hich suggests that the O 2 and Fe(II) levels reproduced in our cus-

omized Type 3 medium are more suitable for the growth. T hus ,
ur findings indicate a possibility that there are Fe(II)-oxidizing
acteria for which low O 2 ( < 50 μM) that compete with the abiotic
xidation are not optimal condition for the gr owth. In natur al en-
ironments abundant in Fe(II) and O 2 (where energy substrates
r e not se v er el y limited), it may be more important than over-
oming abiotic Fe(II) oxidation to adapt to the on-site condition
nd compete for survival with other microorganisms. In fact, the
allionellaceae Fe(II) oxidizers are the most dominant prokaryotic
icr oor ganism in this Sambe hot spring site (Fig. 3 A). 
The pr eferr ed pH and temper atur e r anges of both str ains wer e

H 5.5–6.5 and 25–35 ◦C, r espectiv el y, whic h consistentl y ov er-
apped with the on-site ranges (pH 5.9–6.2 and 28–33 ◦C; Ta-
le 1 ). Mor eov er, the dr aft genomes of both str ains possessed
 e y functional genes, cyc2 gene encoding a putative Fe(II) oxi-
ase and ribulose-1,5-bisphosphate carbo xylase o xygenase (Ru-
isCO) gene encoding the Calvin-Benson-Basham cycle, a carbon
xation pathways ( Supplementary Table S2 ). Ov er all, our exper-

ments suggest that both UT4 and UT5 are chemolithotrophic
e(II)-oxidizing bacteria, which is consistent with almost all Gal-
ionellaceae isolates. Among all other Gallionellaceae isolates, strains
T4 and UT5 were the most similar to each other based on
NI (98.7%) and 16S rRNA gene identity (99.9%) (Table 2 ), in-
icating that the two strains belong to the same species . T he
T4 and UT5 strain genomes are 2.15 and 2.22 Mbp, respec-

iv el y. The sizes are slightly smaller than those of other Gallionel-
aceae isolates (2.6–3.2 Mbp) (Kato et al. 2022 ) and MAGs (2.6–
.4 Mbp) (Bendall et al. 2016 , He et al. 2016 , Kadnikov et al.
016 , Chan et al. 2023 ). Because both strains share less than
8.7% 16S rRNA identity (Stac kebr andt and Ebers 2006 ) and have
ess than 95% ANI (Konstantinidis and Tiedje 2005 ) compared
ith those of other Gallionellaceae isolates (Table 2 ). These val-
es supported that strains UT4 and UT5 should r epr esent a new
pecies of the genus Sideroxyarcus . Indeed, the AAI values with
ideroxyar cus emer sonii wer e ca. 74% (Table 2 ), whic h was higher
han the genus-le v el boundary of 65%–72% (Konstantinidis and
iedje 2007 ). Mor eov er, both str ains wer e classified as “d_Bacteria;
_Pseudomonadota; c_Gamma pr oteobacteria; o_Burkholderiales; 
_Gallionellaceae; g_Sideroxy ar cus; s_” b y GTDB-tk. The phyloge-
omic tree (Fig. 7 ) indicated that both strains were clustered with
he other Sideroxyarcus spp. It should be noted that some isolates
ith the invalid genus name “Sideroxydans ” could be affiliated in

he gen us Sideroxyar cus as re ported previously (Kato et al. 2022 ). In
omparison with bacterial community in the hot spring precipi-
ates (Fig. 3 C), both isolates were the closest to Sambe ASV 003.
he ASV 003 was the second most envir onmentall y-dominant
pecies (7.0%) in the Sambe Gallionellaceae community (Fig. 3 C).
ore detailed physiology (e.g. optimum salinity, substrate utiliza-

ion) and genomics of the UT4 and UT5 will be compiled in a sep-
r ate pa per and ar e not addr essed in this pa per that mainl y deals
ith the ne wl y de v eloped custom-made medium a ppr oac h. In ad-
ition, the missing factors necessary for the enrichment of the
ost dominant environmental Gallionellaceae species (e.g. Sambe
SV 001), which was not successful in this study, will be the sub-

ect of future work. 

onclusions 

e ne wl y pr oposed a custom-made medium a ppr oac h for
 hemolithotr ophic Fe(II)-oxidizing bacteria following the specific

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
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field condition. The dissolved Fe(II) and O 2 (as energy substrates),
primary elements (Na, Mg, K, Ca, N, P, and S), pH, alkalinity,
DIC, total ionic concentration (indexed to EC), and temper atur e 
in the medium were tuned by modifying the medium struc- 
tur e and c hemical composition based on the geoc hemical anal y- 
sis and thermodynamic calculation of environmental condition, 
while not fully matched for several elements. Using this new 

medium a ppr oac h, we successfull y enric hed c hemolithotr ophic 
Fe(II)-oxidizing Gallionellaceae by just one incubation and iso- 
lated the envir onmentall y leading ne w species fr om a natu- 
ral hot spring site . T his approach pro vides a higher enrichment 
efficiency for c hemolithotr ophic Fe(II)-oxidizing bacteria at the 
enrichment despite these bacteria are typically the difficult- 
to-cultur e micr obes, whic h shortens the labor-intensiv e isola- 
tion process and helps to break the limitation of cultivation- 
de pendent stud y of the F e(II)-oxidizing bacteria. Furthermore , this 
a ppr oac h following the specific environmental condition has a 
str ong adv anta ge for the isolation of the envir onmentall y-leading 
species , which ma y be useful to obtain the physiological and 

ecological nature of the primary players in environmental Fe 
cycles. 
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