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ABSTRACT

It has been suggested that iron is one of the most important energy sources for photosynthesis-independent microbial ecosys-
tems in the ocean crust. Iron-metabolizing chemolithoautotrophs play a key role as primary producers, but little is known about
their distribution and diversity and their ecological role as submarine iron-metabolizing chemolithotrophs, particularly the iron
oxidizers. In this study, we investigated the microbial communities in several iron-dominated flocculent mats found in deep-sea
hydrothermal fields in the Mariana Volcanic Arc and Trough and the Okinawa Trough by culture-independent molecular tech-
niques and X-ray mineralogical analyses. The abundance and composition of the 16S rRNA gene phylotypes demonstrated the
ubiquity of zetaproteobacterial phylotypes in iron-dominated mat communities affected by hydrothermal fluid input. Electron
microscopy with energy-dispersive X-ray microanalysis and X-ray absorption fine structure (XAFS) analysis revealed the chemi-
cal and mineralogical signatures of biogenic Fe-(oxy)hydroxide species and the potential contribution of Zetaproteobacteria to
the in situ generation. These results suggest that putative iron-oxidizing chemolithoautotrophs play a significant ecological role
in producing iron-dominated flocculent mats and that they are important for iron and carbon cycles in deep-sea low-tempera-
ture hydrothermal environments.

IMPORTANCE

We report novel aspects of microbiology from iron-dominated flocculent mats in various deep-sea environments. In this study,
we examined the relationship between Zetaproteobacteria and iron oxides across several hydrothermally influenced sites in the
deep sea. We analyzed iron-dominated mats using culture-independent molecular techniques and X-ray mineralogical analyses.
The scanning electron microscopy-energy-dispersive X-ray spectroscopy SEM-EDS analysis and X-ray absorption fine structure
(XAFS) analysis revealed chemical and mineralogical signatures of biogenic Fe-(oxy)hydroxide species as well as the potential
contribution of the zetaproteobacterial population to the in situ production. These key findings provide important information
for understanding the mechanisms of both geomicrobiological iron cycling and the formation of iron-dominated mats in deep-
sea hydrothermal fields.

cumneutral environments under microaerobic and anaerobic
conditions (8-15). Recent culture-dependent and -independent

ron is one of the most common elements on Earth and is the
fourth most abundant element in the Earth’s crust. Iron has a

wide range of oxidation states but exists mostly ina +2 or +3 state
in the natural environment. The valence of iron depends on the
prevailing environmental physicochemical conditions, such as
pH, O, concentration, and redox potential. Iron occurs in many
mineral phases, including (hydr)oxides, carbonates, silicates, and
sulfides. The oxidation of ferrous to ferric iron releases energy,
which is harnessed by some iron-oxidizing prokaryotes. Ferrous
iron is stable under anoxic conditions but can autoxidize in air.
Some microbial communities that are unable to use solar energy
via photosynthesis use energy from iron oxidation for CO, assim-
ilation (1).

Iron-oxidizing chemolithoautotrophs were first identified in
the 19th century by Ehrenberg (2) and Winogradsky (3). These
microorganisms became important for understanding the global
iron cycle (4) and also for industrial applications in biomining
(5-7). More recently, interest has increased in iron oxidation and
its impacts on biogeochemical elemental cycles in acidic and cir-
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microbiological characterizations have revealed that a species of
Zetaproteobacteria, Mariprofundus ferrooxydans (16), and its rela-
tives commonly occur in deep-sea low-temperature hydrothermal
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environments around the world. They occur in microbial mats
and on altered basalts at the Lo’ihi Seamount (17-23), in micro-
bial mats at the northern Mariana Volcanic Arc, and in the South-
ern Mariana Trough (24-26), in Fe-(hydr)oxide mats at the
Vailulu’u Seamount (27, 28), in the iron-containing flocculent
mats in the hydrothermal fields of the Kermadec Arc (29), in the
Fe-rich hydrothermal sediments in the South Tonga Arc subma-
rine volcanoes (30), in the Fe-oxide mud at the Red Seamount in
the eastern Pacific (31), in the hydrothermal deposits at the Frank-
lin Seamount in the Woodlark Basin (32), in the iron-oxide de-
posits at the Juan de Fuca Ridge in the Northeast Pacific Ocean
(33-36), and in sediments of the near-shore environments of
Maine (37).

Mariprofundus ferrooxydans is an iron-oxidizing neutrophilic
chemolithoautotroph that produces helical Fe-(oxy)hydroxide
“stalks” (16, 38, 39), which morphologically resemble the stalks of
Gallionella species (2, 40—47). Indeed, helical Fe-(oxy)hydroxide
stalks in deep-sea hydrothermal environments were long regarded
as potential products of deep-sea Gallionella populations (48) un-
til the first isolation of M. ferrooxydans (16, 38) (see Table S1 in the
supplemental material).

Members of Zetaproteobacteria dominate the Fe-(oxyhydr)ox-
ide mat microbial communities in relatively low-temperature hy-
drothermal fields (25, 26) and also the nearshore marine environ-
ment, where they may be associated with mild steel corrosion (37).
Although Singer et al. conducted a genomic analysis of M. fer-
rooxydans PV-1 (49), and the biogeographic distribution of
deep-sea zetaproteobacterial populations has been investigated
in several Pacific submarine hydrothermal systems (50), the
distribution, diversity, and function of Zetaproteobacteria and
iron-oxidizing microbes in the marine environment remain to be
determined.

In this study, we investigated four iron-dominated mats and
deposits obtained from deep-sea hydrothermal fields in the
Northern Mariana Volcanic Arc (the Yellow Top site of the north-
western [NW] Eifuku Seamount) (51), the Southern Mariana
Trough (the Snail site and the Urashima site) (52), and the Oki-
nawa Trough (the Fox site of the Tarama Knoll) (53). The abun-
dance and composition of zetaproteobacterial and other potential
iron-oxidizing populations in geographically and geochemically
distinct iron mat communities were investigated by 16S rRNA
gene clone analysis. Moreover, using the X-ray absorption near-
edge structure (XANES) technique, the chemical species of iron
oxide minerals derived from iron-oxidizing bacteria were deter-
mined.

MATERIALS AND METHODS

Sample collection. Mat samples were collected during leg 2 of the
NT10-06 cruise (April 2010) of the R/V Natsushima (Japan Agency for
Marine-Earth Science and Technology [JAMSTEC], Japan) using the re-
motely operated vehicle (ROV) Hyper-Dolphin (JAMSTEC) at the Fox site
(25°05.50'N, 124°32.50"E; 1,532 m depth) near the summit of the Tarama
Knoll (Fig. 1b) using an M-type sediment sampler (54). Similar mat sam-
ples were collected from the Yellow Top site of the Northwest (NW)
Eifuku Seamount (21°29.23'N, 144°02.57E; 1,545 m; Fig. 1c) with ROV
Hyper-Dolphin and from the R/V Natsushima using an M-type sediment
sampler during the NT10-13 Leg2 cruise (July to August 2010). Samples
from the Snail site (12°57.214'N, 143°37.147'E; 2,849 m depth) and the
Urashima site (12°55.30'N, 143°38.89'E; 2,930 m depth) were collected
with the deep submersible vehicle (DSV) Shinkai6500 (JAMSTEC) using
an M-type sediment sampler during the YK10-10 cruise (August 2010) of
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the R/V Yokosuka (JAMSTEC). All samples had a soft flufty texture, were
brown or orange-yellow in color, and were likely composed of amorphous
Fe-oxides. These samples were stored at —80°C for microbiological and
mineralogical analyses. Subsamples were fixed with formalin (final con-
centration, 3.7%) for microscopic observation and stored at 4°C.

A gas-tight water sampler (WHATS-II) (55) from the ROV or DSV
was used to collect fluids for chemical analysis of the mats at all sites. A
temperature probe was fixed on the inlet tube to measure and monitor the
fluid temperature in real time during sampling. The fluids were collected
with a pair of gas-tight bottles, one of which was used for soluble compo-
nent analysis and the other for gas analysis. Immediately after the water
sampler was recovered onboard, the bottle for gas analysis was processed
with a vacuum line to retrieve all of the dissolved gasses in the fluids. The
fluid samples for soluble component analyses were passed through 0.2- or
0.45-pm-pore-diameter filters to remove particles. The samples for on-
shore cation analyses were acidified with nitric acid to a pH of <2.

Fluid chemistry and gas composition. The chemical composition of
the hydrothermal fluid and ambient seawater (near-bottom water) above
the mats was analyzed to understand the local environmental conditions,
as described below.

The pH was determined using a pH meter. Gas extraction was per-
formed according to the method of Saegusa et al. (55). The concentrations
of H,, CO,, and CH, were analyzed onshore by gas chromatography with
a thermal conductivity detector (TCD) (GL Sciences). The concentration
of H,S was measured by colorimetry using methylene blue (56), and the
ammonia concentration was measured by the Nessler method (57). The
ferrous iron concentration was determined onboard using a colorimetric
method (58). The sulfate concentration was determined by ion chroma-
tography. Other major dissolved elemental species were analyzed in on-
shore laboratories. Major cation concentrations (Ca and Mg) were mea-
sured by inductively coupled plasma-atomic emission spectrometry
(ICP-AES).

Scanning electron microscopy and elemental analysis by SEM-EDS.
The morphological characteristics of the mat samples were examined by
scanning electron microscopy using a field-emission scanning electron
microscope (SEM, JSM-6500F; Jeol, Tokyo, Japan) equipped with energy-
dispersive X-ray spectroscopy (EDS, JED 2300; Jeol). Dried samples were
mounted on a sample stub with double-sided adhesive conductive carbon
tape. The samples were coated with osmium using an osmium plasma
coater (POC-3; Meiwafosis, Osaka, Japan). EDS was used to estimate the
elemental composition of each sample by a semiquantitative method
based on the X-ray spectrum produced by the electron beam-sample in-
teraction. The SEM-EDS analysis was conducted at an acceleration volt-
age of 5 keV for morphological observation and 15 keV for elemental
analysis.

XAFS analyses. Bulk Fe K-edge XAFS spectra of the mat samples were
measured at the beamline BLOIB1 at SPring-8 (Hyogo, Japan) with an
Si(111) double-crystal monochromator and two mirrors. Both the ex-
tended X-ray absorption fine structure (EXAFS) and the X-ray absorption
near-edge structure (XANES) were obtained. All XAFS spectra were ob-
tained in transmission mode. Solid samples were diluted to approximately
1% (wt/wt) using boron nitride (BN) powder. All of the XAFS measure-
ments were conducted at room temperature under ambient air condi-
tions. The XAFS data for Fe were analyzed using the REX2000 software
(Rigaku Co., Akishima, Tokyo, Japan). The EXAFS oscillation was ex-
tracted from the original spectrum by a spline-smoothing method.

Preparation of reference materials for Fe XAFS analysis. Fe-(oxy)hy-
droxide reference materials, including two-line ferrihydrite, goethite,
hematite, and magnetite, were synthesized by the procedure of Schwert-
mann and Cornell (1). The mineralogical verification of these Fe-(oxy)-
hydroxides was conducted with a powder X-ray diffractometer (XRD,
MultiFlex; Rigaku). The other Fe reference materials were purchased from
Hori Mineralogy Ltd., Japan.

For comparison with natural deep-sea iron mat samples, biogenic Fe-
(oxy)hydroxides were synthesized according to the method of Kikuchi et
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FIG 1 Location of hydrothermal fields studied. (a) A geographic overview of all of the hydrothermal fields, the Urashima and Snail sites in the South Mariana
Trough, the NW Eifuku Seamount in the North Mariana Volcanic Arc, and the Tarama Knoll field in the Okinawa Trough. A yellow star indicates the sampling
sites. (Base map from Google Maps.) (b to d) Bathymetric maps of the four hydrothermal fields. Red stars indicate the locations where sampling of the iron mats
was conducted.
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al. (59) using a pure culture of the Mariprofundus ferrooxydans type strain
PV-1 (ATCC-BAA-1020) (16), obtained from the American Type Culture
Collection. Mariprofundus ferrooxydans was cultured in artificial seawater
containing trace minerals and vitamins (16). FeS was provided as the
energy source for bacterial growth. After 24 h of cultivation at 25°C, fluffy
Fe-(oxy)hydroxide samples produced by M. ferrooxydans were washed
with Milli-Q water to remove the medium and used for subsequent anal-
yses.

Cell counting. Prokaryotic cell numbers in the mat samples were de-
termined as previously described (9, 60). To detach the microbial cells
from inorganic materials, a sample (approximately 20 mg) was sonicated
twice (50 kHz, 100 W) at 25°C for 1 min in an ultrasonic bath (VS-100;
Tuchi, Osaka, Japan). Hydrochloric acid was added to the sample at a final
concentration of 0.1 M. The sample was then centrifuged at 190 X g for 1
min to remove inorganic particles. The supernatant was filtered through a
black 0.2-pm-pore-diameter polycarbonate filter (GE Osmonics, USA).
To remove acid, the filter was washed twice with phosphate-buffered sa-
line (PBS) (pH 7.4; Life Technologies). Prokaryotic cells on the filter were
stained with 4',6'-diamidino-2-phenylindole dihydrochloride (DAPI)
(61), washed twice with PBS, and dried in a sterile covered petri dish. The
cells on the filter were counted using a BX51 fluorescence microscope
(Olympus, Tokyo, Japan).

DNA extraction, PCR amplification, cloning, and sequencing. DNA
was extracted from approximately 5 g of a mat sample from each of the
different locations using a PowerMax soil DNA isolation kit (Mo-Bio
Laboratories, Solana Beach, CA), according to the manufacturer’s in-
structions. Partial 16S rRNA genes were amplified by PCR using LA Tag
with LA buffer (TaKaRa Bio, Otsu, Japan). For bacterial 16S rRNA gene
amplification, the oligonucleotide primer set of Bac27F (5'-AGAGTTTG
ATCCTGGCTCAG-3") and Unil492R (5'-ASGGNTACCTTGTTACGA
CTT-3") was used, with 30 cycles of the thermal program (96°C for 25 s,
53°C for 45 s, and 72°C for 120 s) (62). For archaeal 16S rRNA gene
amplification, the primer set of Arc21F (5'-TTCCGGTTGATCCYGCC
GGA-3') and Unil492R was used, with 30 cycles of the thermal program
(96°C for 255, 50°C for 45 s, and 72°C for 120 s) (62). Gene clone libraries
of 16S rRNA were constructed using a TA cloning kit (Invitrogen, Carls-
bad, CA, USA). The nucleotide sequences of randomly selected clones
were determined with the BigDye Terminator version 3.1 sequencing kit
(Applied Biosystems, Foster City, CA, USA) using M13 M4 (5'-GTTTTC
CCAGTCACGAC-3') and MI3RV (5-TGTGGAATTGTGAGCGG-3")
primers on an ABI Prism 3730xI genetic analyzer (Applied Biosystems).
The sequences were assembled with Sequencher version 4.8 software
(Gene Code Corporation, Ann Arbor, MI, USA). The most similar refer-
ence sequences were retrieved from the RDP and the GenBank database
(63, 64).

Phylogenetic analyses. After chimeric sequences were removed using
the RDP chimera check program (65), distance matrices were generated
from the alignment data sets from each clone library using ARB (66) or
MEGA 5 (67) with the neighbor-joining method (68) and maximum-
likelihood method (69). Clones of >97% sequence similarity were
grouped into the same phylotype using Sequencher 4.8 based on the dis-
tance matrix. Then, representative phylotypes were realigned with se-
quences in public databases, including the closest sequence determined by
BLAST (70). All sites with gaps in the alignment data sets were removed
using MEGA 5. A maximum-likelihood tree was constructed using MEGA
5. Bootstrap values were estimated using 1,000 replicates.

Quantitative PCR. Prokaryotic, archaeal, and zetaproteobacterial 16S
rRNA gene copy numbers were estimated in whole DNA assemblages
from mat samples using the quantitative PCR (qPCR) assay developed by
Takai and Horikoshi (71) and Kato et al. (26), using the 7500 real-time
PCR system (Applied Biosystems, Foster City, CA, USA).

The primers were Uni340F (5'-CCTACGGGRBGCASCAG-3’) and
Uni806R (5'-GGACTACNNGGGTATCTAAT-3") for the prokaryotic
universal 16S rRNA gene, Arch349F (5'-GYGCASCAGKCGMGAAW-3")
and Arch806R (5'-GGACTACVSGGGTATCTAAT-3") for the archaeal
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16S rRNA gene, and Zeta672F (5'-CGGAATTCCGTGTGTAGCAGT-3")
and Zeta837R (5'-GCCACWGYAGGGGTCGATACC-3") for the zeta-
proteobacterial 16S rRNA gene.

The TagMan probes were Uni516F (5'-TGYCAGCMGCCGCGGTA
AHACVNRS-3") for the prokaryotic universal 16S rRNA gene, Arch516F
(5"-TGYCAGCCGCCGCGGTAAHACCVGC-3') for the archaeal 16S
rRNA gene, and Zeta705T (5'-TATACGGAGGAACACCWGAGGC-3")
for the zetaproteobacterial 16S rRNA gene.

The following thermal programs were used: for the quantification of
prokaryotic 16S rRNA gene numbers, initial steps were 96°C for 1 min and
then 50 cycles of 96°C for 25 s and 57°C for 6 min; for archaeal 16S rRNA
gene number, initial steps were 96°C for 1 min and then 50 cycles of 96°C
for 25 s and 59°C for 6 min; and for the zetaproteobacterial 16S rRNA gene
number, initial steps were 50°C for 2 min and then 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Standard curves
for the quantification of prokaryotic and archaeal 16S rRNA genes were
prepared according to a previously published method (71). A dilution
series of plasmid DNA with a zetaproteobacterial 16S rRNA gene insertion
obtained from the mat samples in this study was used as a gPCR standard
for zetaproteobacterial 16S rRNA gene quantification. The abundance of
each targeted gene in the DNA assemblage was determined as an average
of the results from triplicate analyses.

Accession number(s). The 16S rRNA gene sequences representing the
operational taxonomic units (OTUs) used in this analysis were submitted
to GenBank and assigned the accession numbers LC086656 through
LC086682.

RESULTS AND DISCUSSION

Site description and sample collection. (i) Fox site (Tarama
Knoll). The Fox site at the Tarama Knoll is located near the sum-
mitat awater depth of 1,530 to 1,540 m (Fig. laandb). At this site,
the seafloor is covered with an orange-brown mat >30-cm thick
across an area greater than 100 m? (53). The sediments were pre-
dominantly orange-brown and rusty-brown and consisted of
ferrihydrite or possibly microcrystalline goethite. The sedi-
ment surface was orange, which suggests the occurrence of
dense filamentous microbial mats (Fig. 2a and b). In addition,
some thin chimneys (approximately 30 cm in height) were occa-
sionally observed. The temperature of the sediment was approxi-
mately 6°C higher than that of the ambient bottom water, which
was 3.8°C. The temperature of the diffusing hydrothermal fluids
at the Fox site was as high as 20°C (Table 1). Mineralogical and
microbiological analyses were conducted at the surface zone of the
iron mats (sample identification [ID] TMm).

(ii) Yellow Top site (NW Eifuku Seamount). The NW Eifuku
Seamount is located on the northern Mariana Volcanic Arc. Itisa
roughly conical basaltic volcano, with a basal diameter of approx-
imately 9 km (Fig. laand c). The CO,-rich hydrothermal vent site
named the Champagne vent site is on the southwestern side of the
seamount at a depth between 1,570 m and 1,607 m (Fig. 1c) (50,
72, 73). Orange mats were located around this vent site and were
widespread from the summit to the narrow ridges extending from
the summit (Fig. 1c). The sediment sample from the summit area
(Yellow Top site) was fragile and had a fluffy texture. According to
Nakamura et al. (74), it was likely composed of amorphous silica
and Fe oxides (74). Black basaltic gravels were present below the
sediment. At the surface, the bright-orangeish mat consisted of
dense microbial filaments (Fig. 2¢). The surface zone of the mat
(sample ID NMS) was subjected to further analyses.

(iii) Snail site (Southern Mariana Trough). The Snail site is
situated in the southwestern Mariana Trough (Fig. laand d) (75—
78). Extensive Fe-oxide-encrusted rock and abundant mat mate-
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FIG 2 Photographs of the iron-dominated mats and deposits collected by the ROV Hyper-Dolphin and the DSV Shinkai6500. (a) Iron chimney of the Tarama
Knoll Fox site. (b) Iron mat of the Tarama Knoll Fox site. (c) Iron-dominated mats of the NW Eifuku Seamount Yellow Top site. (d) Fe-(hydr)oxide chimney
of the Urashima site. (e) Iron mats of the hydrothermally active areas at the Snail site. (f) Iron mats of the hydrothermally inactive areas of the Snail site. The red

squares indicate the analyzed areas in panels b to e.

rials are in the western part of the Snail site (Fig. 2e and f). The mat
materials were bright yellow, different from the colors of the mats
at the other sites. The surface of the mat was whitish-yellow, sug-
gesting an abundance of microbial filaments containing goethite.
There was no chimney structure and no evident hydrothermal
fluid discharge found in this area, whereas a temperature anomaly

up to 50°C was recorded within the sediments in several hydro-
thermally active areas (Table 1). Although the temperature was
not measured in all of the iron mats, most of the iron mat deposits
appeared to occur in the hydrothermally active area (Table 1). A
representative iron mat from the hydrothermally active site (sam-
ple ID SAM) was subjected to further analyses.

TABLE 1 Sample characteristics of iron mats from various hydrothermal fields

Copy no. of 16S rRNA gene in:

Sample for fluid Soluble Fe Cell density Archaea (Arc/ Zetaproteobacteria
Site Sample type analysis Temp (°C) pH concn (pM) (g [wetwt]) Prokaryotes Prok [%])* (Zeta/Prok [%])®
Tarama Knoll ~ Sediment Hydrothermal fluid 20 6.4 0.08-140 1.12 X 108 1.75X 10°  5.65 X 10%(32) 7.17 X 107 (4)
NW Eifuku Sediment Near-bottom water 2.7 7.4  70-140 223 X 10°  1.83X10° 4.55 X 10%(25) 1.04 X 10® (6)
Seamount
Snail site Sediment Hydrothermal fluid ~ 27-64.5 6.9 4.8-80 1.06 X 108 8.56 X 10°  4.98 X 10%(58) 1.46 X 107 (2)
Urashima site  Chimney-like Hydrothermal fluid  56-76 57 106-151 1.90 X 10®  2.03X10° 1.76 X 10*(9)  2.64 X 10® (13)

@ Arc/Prok, ratio of prokaryotic and archaeal 16S rRNA gene copy numbers.
b Zeta/Prok, ratio of prokaryotic and zetaproteobacterial 16S rRNA gene copy numbers.
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FIG 3 SEM images of iron-dominated mat samples. (a) Iron mats from the Tarama Knoll Fox site. (b) Iron mats from the NW Eifuku Seamount Yellow Top site.
(¢) Iron chimney sample from the Urashima site. (d) Iron mats from the hydrothermally active areas of the Snail site. Scale bars, 10 um (panels a, ¢, and d) or 1

pm (panel b).

(iv) Urashima site (Southern Mariana Trough). The Urashima
hydrothermal field is located in the Southern Mariana Trough, at
a depth of 2,930 m (Fig. la and d). This field was found in the
year 2010 during the YK10-10 cruise by the DSV Shinkai6500
(52,79, 80). Orange chimneys approximately 10-m high were ob-
served throughout the site (Fig. 2d). These chimney structures
were very friable. They were predominantly bright orange, sugges-
tive of ferrihydrite or possibly of microcrystalline goethite, with
lighter-orange tops possibly composed of dense fibrous microbial
mats. The sampled chimney had diffusing fluid at the top. A tem-
perature anomaly (76°C maximum) was measured inside the
chimney by inserting a probe into the chimney (Table 1). The
surface of the chimney (sample ID UCSW) was studied in detail.
The interior of the chimney was sampled to determine the ele-
mental and mineral composition.

SEM and chemical analysis by SEM-EDS. The mat samples
from all of the sites were examined by scanning electron micros-
copy (SEM). Distinctive structures, such as helical twists, plaits,
and filaments, were observed in almost all samples (Fig. 3a to d).
The observed helically twisted and plate-like materials, which are
called stalks, resembled the typical biogenic Fe-rich (oxyhydr)ox-
ides produced by neutrophilic Fe-oxidizing bacteria, such as
Mariprofundus ferrooxidans (16, 39, 81) and Gallionella ferruginea
(41, 44, 82, 83). Furthermore, SEM-EDS analysis showed that the
distinctive stalk-like structures in the iron mat materials from all
sites were mainly composed of Si, Fe, and O (see Table S2 in the
supplemental material), indicating that the stalk-like structures
contained iron oxide. The SEM observations indicated that the
iron oxide extensively covered the stalk-like structures. Microbial
cells associated with the stalk structures were rarely observed. The
SEM-EDS analysis revealed that Fe was widely distributed around
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the stalk-like structures (see Fig. S1 in the supplemental material),
but the density of Fe was highly varied on the microscale of the
iron mat materials (Fig. 3).

XAFS analyses. The chemical speciation and characteristics of
Fe in the mat samples were determined using Fe EXAFS analysis
(Fig. 4). The Fe EXAFS features of mat samples from the Tarama
Knoll Fox site, the NW Eifuku Seamount Yellow Top site, and the
Urashima and the Snail sites were similar to those of the Fe(III)-
(oxy)hydroxides, with short range-ordered Fe-O4 and two-line
ferrihydrite, and were significantly different from those of other
Fe species, including Fe(II) (magnetite, siderite, fayalite, and py-
rite) and crystalline Fe(III)-(oxyhydr)oxides (hematite, goethite,
and lepidocrocite). This result indicated that the mat samples were
mainly composed of short-ordered Fe(III)-(oxy)hydroxides,
which was consistent with the SEM-EDS findings. In the Fe
EXAFS features, remarkable differences were found between the
two-line ferrihydrite and the mat Fe(III)-(oxy)hydroxides. Al-
though two small peaks at k of 5.0 to 5.2 A~'and 7.0 to 7.5 A™!
were observed in the two-line ferrihydrite (Fig. 4a, enlarged view),
these peaks were not found in all of the mat samples. Previous
studies have shown that peaks at k of 5.0t0 5.2 A" and 7.0 to 7.5
A~" were predominantly derived from Fe-Fe coordination in the
Fe(III)-(oxy)hydroxides and two-line ferrihydrite (84, 85). Using
EXAFS analyses, Edwards et al. (23) also showed that the biogenic
Fe(II)-(oxy)hydroxides are composed of short-ordered Fe-Og
linkages, which are normally not observed in abiotically synthe-
sized Fe(III)-(oxy)hydroxides (e.g., two-line ferrihydrite). Previ-
ous studies by Edwards et al. (23) were conducted using a deep-sea
sample, as was done in this study.

Fourier-transform (FT) analyses of the EXAFS spectra of the
two-line ferrihydrite and mat samples are shown in Fig. 4b (phase-
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minerals at the iron K-edge. (b) Radical structure function of the spectra shown in panel a after a Fourier transformation of k ranging from 3 A" to 10 A™".

shift uncorrected). The first shell at 1.5 A and the second shell at
2.2 to 3.5 A correspond to the Fe-O and Fe-Fe coordination, re-
spectively (84). In the FT of two-line ferrihydrite, the Fe-Fe shells
contained two peaks corresponding to edge sharing of the Fe-Og
octahedron (Fe-Fe,) at 2.2 to 2.8 A and corner-sharing (Fe-Fe,) at
2.810 3.5 A in the Fe-Fe linkages (Fig. 4b) (84). In contrast, the mat
Fe(III)-(oxy)hydroxides were predominantly composed of Fe-Fe
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edge-sharing linkages. Mitsunobu et al. (85) and Toner et al. (86)
also found a predominance of edge-sharing linkages in the crystal
structure of biogenic Fe(III)-(oxy)hydroxides. They suggested
that this feature may be used as a structural signature for biogenic
Fe(III)-(oxy)hydroxides. The results of the EXAFS analysis indi-
cated that most of the Fe(III)-(oxy)hydroxides in the iron mats in
geographically and geologically distinct hydrothermal systems
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TABLE 2 Taxonomic affiliation of bacterial 16S rRNA gene clones from iron mat samples in different deep-sea hydrothermal systems

Iron mats at Fox
site of Tarama

Taxonomic affiliation Knoll (TMm)

Surface deposits in Yellow
Top site of NW Eifuku
Seamount (NMS)

Chimney surface at
Urashima site
(UCSW)

Hydrothermally active mats
at Snail site (SAM)

Acidobacteria 2 1
Actinobacteria

Bacteroidetes

BD1-5

Chlorobi

Chloroflexi 1
Cyanobacteria 1
Deferribacteres 3
Deinococcus-Thermus

Elusimicrobia 1
EM19

Fibrobacteres 1
Firmicutes

— = s

Fusobacteria 2 2
Gemmatimonadetes
JL-ETNP-Z39
Nitrospinaceae
Nitrospirae
Planctomycetes
TA06

Thermotogae

T™M6
Verrucomicrobia
Alphaproteobacteria 6 8
Betaproteobacteria 1
Gammaproteobacteria 14 22
Deltaproteobacteria 27 10
Epsilonproteobacteria

Zetaproteobacteria 8 21
Unknown Proteobacteria 8
Candidate division BRC1 3
Candidate division OD1

Candidate division OP10 1

Candidate division OP11

Candidate division OP3

Candidate division WS3 1

Candidate division WS6

N O

—_

Total clones 89 92

1

13

11 23
10 16

90 146

were produced by microbial processes, likely by similar or com-
mon functions of iron-oxidizing components in the iron mat mi-
crobial community.

Abundance and phylotype composition of the microbial
community in iron-dominated mats. The prokaryotic cell den-
sity in the iron-dominated mat material was estimated by direct
cell counting using fluorescence microscopy and quantitative
PCR (qPCR) of 16S rRNA genes in the environmental DNA as-
semblages (Table 1). The cell density in the iron mat samples
(1.1 X 10® to 2.2 X 10® cells g~ ' of sediment) was much greater
than in the ambient seawater samples (e.g., 1.51 X 10* to 4.30 X
10* cells ml™" at Southern Mariana Trough [Fuchida et al. {87}
and our unpublished data]; 6.22 X 10° to 4.8 X 10* cells ml™" at
the Indian ocean [Noguchi et al. {88}]). The prokaryotic 16S
rRNA gene copy number was greater than the cell density in all
iron mat samples, but the abundance patterns in the samples were
similar between the prokaryotic 16S rRNA gene copy number and
the cell density (Table 1). The qPCR analysis for the zetaproteo-
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bacterial 16S rRNA gene also showed a similar pattern in the
whole prokaryotic 16S rRNA gene clone analysis (Table 1). The
qPCR analysis showed much lower abundance of archaeal 16S
rRNA genes than bacterial genes, and the archaeal 16S rRNA gene
clone analysis indicated that the predominant archaeal population
belonged to Thaumarchaeota, which was potentially involved in
nitrification in the microbial community (Tables 1 and 2 and Fig.
5) (89). So far, no iron-oxidizing archaea are known from such a
deep-sea environment. The results of the archaeal populations
and phylotypes are therefore not discussed further in this study.
Four clone libraries of bacterial 16S rRNA genes were con-
structed from the iron-dominated mat samples from the four hy-
drothermal fields. Overall, the representative phylotypes found in
the bacterial 16S rRNA gene clone libraries from the iron-domi-
nated mats were phylogenetically affiliated with 7 major groups:
Alpha-, Gamma-, Delta-, Epsilon-, and Zetaproteobacteria; Nitro-
spira; and Planctomycetes (Table 2). In all of the iron mats, alpha-,
gamma-, delta-, and zetaproteobacterial phylotypes were com-
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FIG 5 Archaeal and bacterial 16S rRNA gene community structures obtained by the clone analysis of iron mats from Tarama Knoll, the NW Eifuku Seamount,
the Snail site, and the Urashima site. The numbers of sequenced clones in each clone library are shown in parentheses. MCG, uncultured miscellaneous
crenarchaeotal group; DHVES and DHVES, deep-sea hydrothermal vent euryarchaeotic groups 5 and 6; MGI, marine group I thaumarchaeota; HWCGI,
hot-water crenarchaeotal group I; MBG-E, marine benthic group E euryarchaeota; BD1-5, EM19, JL-ETNP-Z39, TA06, and TM6, uncultured bacterial candidate

divisions.

monly detected. The relative species richness in each sample was
determined through rarefaction analysis (90). The rarefaction
curves were constructed by DOTUR (91). The rarefaction curve
was not saturated for all samples (see Fig. S2 in the supplemental
material), indicating that the entire ecosystems present in each
iron mat have not been completely characterized. Consequently,
more detailed analyses, including next-generation sequencing, are
required to assess the phylogenetic diversity of bacterial compo-
nents in the iron mat community ecosystems in the future.

The phylotype composition of each iron mat revealed the pres-
ence of a phylogenetically diverse bacterial community in iron-
dominated mats affected by proximal hydrothermal fluids. Phy-
lotype richness of a microbial community has also been reported
from culture-independent molecular analyses of various subma-
rine iron-dominated microbial mats (17, 18, 24-26, 28, 29, 30,
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37). The zetaproteobacterial phylotypes represented approxi-
mately 1 to 50% of the clonal abundance in the mat samples (Ta-
ble 2).

In the chimney surface iron mat of the Urashima site, the zeta-
proteobacterial phylotypes represented the most predominant
population in the clonelibrary (Table 2). The relatively high abun-
dance of zetaproteobacterial phylotypes was also indicated by
qPCR estimation (Table 1). The Methylothermus phylotypes of the
Gammaproteobacteria were the second most predominant popu-
lation (Table 2; see also Table S3 in the supplemental material).
Methylothermus is a thermophilic genus (92). Thus, the presence
of the Methylothermus phylotypes may be a microbiological sig-
nature indicating the occurrence of a relatively high-temperature
habitat affected by hydrothermal fluid flow.

The bacterial 16S rRNA gene library from the surface iron mat
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sample from the NW Eifuku Seamount was dominated by puta-
tive iron-oxidizing zetaproteobacterial phylotypes. Because the
physical and chemical properties of the near-bottom water in the
Yellow Top site iron-rich sediments of the NW Eifuku Seamount
indicated a relatively low input of hydrothermal fluid (Table 1),
the predominant bacterial phylotypes may not have been directly
associated with the reduced iron and sulfur sources from the hy-
drothermal fluid. However, the CO,-enriched acidified fluid de-
rived from the Champagne vent site of the NW Eifuku Seamount
may play an important role in providing reduced iron and sulfur
sources by leaching the reduced iron and sulfur minerals from the
basaltic gravel-like basalt underlying the iron mat sediments.

The bacterial 16S rRNA gene clone library from the Tarama
Knoll iron mats was dominated by deltaproteobacterial phylo-
types. The most predominant phylotypes within Deltaproteobac-
teria were from the uncultivated environmental group DTB-120
(see Table S4 in the supplemental material). The zetaproteobac-
terial phylotypes represented 9% of the clonal abundance in
the bacterial 16S rRNA gene clone library (Table 2) and 4% of the
entire prokaryotic 16S rRNA gene copy number (Table 1). The
temperature of the hydrothermal fluid potentially contributed to
the iron mat formation and was found to be 20°C. The Fe concen-
tration in the fluid was relatively high (Table 1). These physical
and chemical characteristics are likely suitable for biomass pro-
duction by iron-oxidizing chemolithotrophs, such as the zetapro-
teobacterial population. Conversely, the bacterial phylotypes
closely related to the previously known Fe(III)-, sulfur-, and sul-
fate-reducing bacteria were not found in the library from the
Tarama Fox site, which could recycle ferrous iron from the Fe-
(oxy)hydroxide minerals (Table 2; see also Tables S3 to S5 in the
supplemental material). However, microbial groups of an un-
known function (DTB-12, etc.) may have been involved in the
recycling of iron in the Tarama Knoll iron mat.

At the Snail site, we investigated the iron mats collected from
hydrothermally active areas that had a relatively high temperature
and Fe concentration anomalies in the hydrothermal fluid. The
16S rRNA gene sequences related to Nitrospira, Gammaproteobac-
teria, Deltaproteobacteria, and the uncultivated environmental
group EM19 were detected as the predominant phylotypes in the
hydrothermally active mat library (see Tables S3 to S5 in the sup-
plemental material). Quantitative PCR analysis indicated that the
zetaproteobacterial 16S rRNA gene copy number represented ap-
proximately 2% of the entire prokaryotic 16S rRNA gene copy
number in the mat sample (Table 1).

These results suggest that the abundance and function of the
zetaproteobacterial population are varied in the widespread iron-
dominated mats in deep-sea hydrothermal fields and are sensitive
to local variations in the physical and chemical conditions in the
iron mat structure.

In this study, we found that Zetaproteobacteria in the iron-
dominated mats and deposits of geographically, geologically, and
geochemically different hydrothermal systems were ubiquitous
and abundant and also phylogenetically diverse. The zetaproteo-
bacterial phylotypes in the iron mats of the chimney at the
Urashima site represented the most dominant population in the
bacterial 16S rRNA gene clone library. Almost all of the phylo-
types were affiliated with a group represented by the phylotype
UCSW-34 (43 clones) of Zetaproteobacteria (Fig. 6). Thus, this
group of Zetaproteobacteria may have a certain niche preference
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for hydrothermal habitats, such as the Fe-(oxy)hydroxide-con-
taining mat of the chimney at the Urashima site.

On the other hand, the SAM-34 phylotype was the most
dominant zetaproteobacterial phylotype in the hydrothermally
active iron mat library of the Snail site and was closely related to
the environmental clones of Papm3BL23, Papm3BL17, and
Papm3BL58 that were previously reported from similar iron
mats at the Snail site (26). This lineage of zetaproteobacterial
phylotypes was specifically recovered from the iron-dominated
microbial communities of the Snail site. The iron mat deposits of
NW Eifuku Seamount and Tarama Knoll were both characterized
by a relatively low temperature and a possible CO,-enriched fluid
input (Table 1; see also Table S6 in the supplemental material).
Thus, the phylogenetic relatedness of the zetaproteobacterial phy-
lotypes may be a reflection of their ecophysiological response to
the physical and chemical conditions in their habitats.

Although the phylogenetic diversity of Zetaproteobacteria has
not yet been fully explored in geographically widespread deep-sea
hydrothermal environments, the phylogenetic affiliation of re-
gion-specific phylotypes may represent a possible biogeographic
divergence of Zetaproteobacteria. Based on a culture-independent
molecular analysis, McAllister et al. (50) suggested that the
phylogenetic diversity of Zetaproteobacteria in the Pacific deep-
sea hydrothermal system is associated with biogeographic connec-
tivity.

Since the first isolation of the zetaproteobacterium M. fer-
rooxydans from the Lo’ihi Seamount (16), the successful isolation
of M. ferrooxydans strains has recently been reported (e.g., isolated
from a salt marsh on Great Salt Bay, Newcastle [37], and Spillway
site, Lo’ihi Seamount [50]). However, the physiological diversity
of Zetaproteobacteria other than M. ferrooxydans remains un-
known. To understand the biogeographic distribution and
ecophysiological function in global deep-sea environments, the
isolation and physiological characterization, as well as the deter-
mination of the phylogenetic diversity of Zetaproteobacteria, are
necessary.

Formation of biogenic Fe-(oxy)hydroxides at the seafloor.
Fe-(oxy)hydroxide minerals are among the most abundant prod-
ucts of the weathering of the ocean crust and the alteration of
crustal hydrothermal fluid. Although a significant contribution of
the subseafloor and seafloor microbial communities to ocean
crust alteration and weathering has been indicated (4, 93), it is
very difficult in most cases to estimate the microbial contribution
to Fe-(oxy)hydroxides formed on the seafloor at the expense of
the ocean crust. The readily recovered iron-dominated mats and
deposits from the low-temperature hydrothermal environment
on the seafloor provide an excellent opportunity to study the in-
digenous microbial communities and their contribution.

The distinctive morphological and chemical features of the
iron-containing minerals demonstrated by SEM-EDS and XAFS
analyses, i.e., a filamentous structure encrusted by poorly ordered
Fe-(oxy)hydroxides produced by Gallionella, Mariprofundus, and
Leptothrix species (39, 43, 46, 81-83, 94), suggest a predominant
occurrence and function of iron-oxidizing chemolithotrophs in
all of the iron-dominated mats and deposits investigated in this
study. The significance of Zetaproteobacteria, including Maripro-
fundus spp., in the marine iron mat microbial community has
often been inferred from the morphological signature of poten-
tially biogenic Fe-(oxy)hydroxide minerals (39, 93, 94) and has
been compared with that of other iron-oxidizing genera in the
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droxide minerals in the iron-dominated mats and deposits are

terrestrial environment, such as Gallionella and Leptothrix (44, 45,
produced by the in situ function of the zetaproteobacterial com-

95). In the iron-dominated mat samples in this study, Zetaproteo-
bacteria were ubiquitously found in the 16S rRNA gene clone anal-
ysis. These results suggest that the potentially biogenic Fe-(oxy)hy-

ponent.
Zetaproteobacteria likely use ferrous iron as an electron donor
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TABLE 3 Similarities of the EXAFS spectrum between synBIOS, abiotic
ferrihydrite, and Fe-(oxyhydr)oxide samples of each iron mat site

Fe-(oxyhydr)oxide

sample site synBIOS (%)” Abiotic ferrihydrite (%)
TMm 88 12

NMS 64 36

SAM 98 2

UCSW 90 10

“ synBIOS, synthetic biogenic iron oxides derived from M. ferrooxydans PV-1, which
was cultured at laboratory.

in their energy metabolism and produce complex Fe-(oxy)hy-
droxide structures as a sink for the resultant ferric iron, which is
deposited on an exopolysaccharide stalk. According to SEM-EDS
analysis, the elemental compositions of the stalks were very similar
in all of the iron mat samples. Interestingly, the predominant min-
eral composition and stalk structure were very similar to those of
the entire chimney structure (from the inside to the surface zone)
of the Urashima site (see Fig. S1 in the supplemental material).
The Fe-(oxy)hydroxide-encrusted stalk structure was thicker in
the inner zone of the chimney (see Fig. S1). The morphological
and chemical characteristics of the Fe-(oxy)hydroxide minerals
suggest that the Fe-(oxy)hydroxide minerals in the chimney of the
Urashima site are mostly biogenic, formed as a function of the
predominant Zetaproteobacteria population.

It is difficult to judge whether the distinctive iron oxide was
formed chemically or biologically based on morphology alone. It
has been noted that the helical structure can be chemically formed
(96, 97). However, a very specific chemical reaction is necessary to
create the helical form, as indicated by Garcia-Ruiz et al. (97).
Moreover, the major component of the chemically produced he-
lical structure is a barium-containing silica-carbonate. Thus, both
morphological and compositional characteristics would be useful
for discriminating between the biogenic iron oxide materials and
the abiotically produced materials.

Based on an EXAFS analysis, Kikuchi et al. (59) recently com-
pared a natural iron mat sample collected from the Yellow Top site
of the NW Eifuku Seamount with the synthetic biogenic Fe-(oxy)hy-
droxides (synBIOS) from a culture of M. ferrooxydans. They also
showed that the primary mineral constituent of both of the Fe-
(oxy)hydroxides was ferrihydrite. The two Fe-(oxy)hydroxides
exhibited very similar oscillation in k space. Using the same
method, we found that the deep-sea iron mat samples resembled
the synBIOS from M. ferrooxydans more than the abiotic ferrihy-
drite (Table 3). Chan et al. (39) and Kikuchi et al. (81) demon-
strated that the synBIOS of M. ferrooxydans was several nanome-
ters in size and contained organic carbon. Toner et al. (86) also
showed that iron mats obtained from the Lo’ihi Seamount hydro-
thermal field were composed of nanoparticulate ferrihydrite (Fh)-
like phases with short-range structural order (Fhgzo). Moreover,
pair distribution function analyses showed that the Fhg,, parti-
cles were coated with poorly ordered Si. The Fhgrg in the iron
mats of Lo’ihi Seamount was not transformed to other Fe mineral
phases during freezing, drying, and aging in seawater for up to 1
year, not even by heat treatment under oxidative conditions (98).
Picard et al. (99) demonstrated that the twisted stalk morphology
was preserved at high temperature and pressure (250°C, 140
MPa). These results revealed that biogenic Fe-(oxy)hydroxides in
the natural iron-dominated mats and deposits may be stable un-
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der oxidative conditions, even long after formation. The cooccur-
rence of biogenic Fe-(oxy)hydroxides and uncultivated zetapro-
teobacterial populations in deep-sea iron mats may be evidence
that the biogenic Fe-(oxy)hydroxides were generated by Zetapro-
teobacteria.

The variability in the abundance and diversity of zetaproteo-
bacterial members of the iron mat microbial community, as ob-
served in the 16S rRNA gene clone analysis in this study, may be
related to the physical and chemical conditions of their environ-
ment (e.g., the extent of the hydrothermal fluid input) and also
with the temporal conditions of iron mat formation (e.g., the ag-
ing and generation-preservation stages of the iron mats). Thus,
polyphasic environmental, mineralogical, and microbiological
study approaches, such as fluid chemistry, XAFS, and culture-
independent molecular analyses, are important for a comprehen-
sive understanding of the microbial impact on the formation of
Fe-(oxy)hydroxides in deep-sea hydrothermal environments.
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