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Abstract

In the Okinawa Trough, microbial communities in deep-sea hydrothermal vent chimneys

have been extensively studied in the Iheya North (Iheya North Knoll) and the Yonaguni

Knoll IV (Daiyon-Yonaguni Knoll) fields. In comparison of the microbial community

patterns in geographically and geologically diverse deep-sea hydrothermal systems all

the world, the Okinawa Trough deep-sea vent microbial communities have been known

to be distinctive and to be associated with the unique hydrothermal fluid chemistry

commonly observed in the Okinawa Trough systems. However, this implication is based

only on the data from the above two hydrothermal systems. Here, we further show the

microbial community patterns of Minami-Ensei (Minami-Ensei Knoll), Izena Hole Jade

and Hakurei fields in the Okinawa Trough, using data by culture-dependent techniques. The

comparison of the microbial community patterns determined in typical chimney habitats of

representative Okinawa Trough hydrothermal systems including new data points that the

diversity and abundance of cultivated microbial populations are significantly relevant with

intra-field variation of hydrothermal fluid chemistry induced by the subseafloor phase-

separation and -partition processes rather than with inter-fields variability in the

endmember fluid chemistry. Inter-fields variability in potential microbial community

development in the Okinawa Trough hydrothermal systems may be caused by other

possible bases in the microbial community development such as the physical mode of

hydrothermal fluid discharges, the age of hydrothermal system and the hydrogeological

complexity of subseafloor hydrothermal fluid flow structures. Nevertheless, the correlation

between the H2 concentration in hydrothermal fluid and the culturable population size of
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H2-trophic methanogens is reinforced by the new results obtained from the Izena Hole

Hakurei chimney habitat hosting the H2-enriched hydrothermal fluid. It seems very likely

that the H2 concentration in the hydrothermal fluid is still a very important chemical factor

to control the chemolithotrophic microbial community development essentially in the

global deep-sea hydrothermal systems.

Keywords

Chemolithoautotroph � Deep-sea hydrothermal vents � Epsilonproteobacteria � Methane �

Okinawa Trough

32.1 Introduction

Deep-sea hydrothermal vent environments represent one of

the most physically and chemically diverse biomes in Earth.

The chemical and thermal gradients provide a wide range of

niches for microbial communities living there (Huber and

Holden 2008; Nakagawa and Takai 2008; Nakamura and

Takai 2014; Reysenbach et al. 2000; Takai et al. 2006;

Takai and Nakamura 2010, 2011). Phylogenetically and

physiologically diverse microorganisms thrive by

chemolithoautotrophy or heterotrophy, utilizing abundant

available inorganic and organic chemical energy, carbon

and other element sources. They reside as free-living and

biofilm-forming lifestyles in the rocky and sedimentary

mixing interfaces between hot, highly reductive hydrother-

mal fluids (high-temperature endmember hydrothermal

fluids) and ambient seawaters beneath and at the seafloor

and within the lower-temperature diffuse fluids mainly

resulting from subseafloor mixing between endmember

hydrothermal fluids and ambient seawaters, and as faculta-

tive or obligate symbiotic lifestyle on and within the inver-

tebrate hosts (Nakamura and Takai 2014; Takai et al. 2006;

Takai and Nakamura 2010, 2011).

Over the past two decades, microbiologists have gained

significant insights into the compositional and functional

diversity of microbial communities in these unique

ecosystems. In particular, the microbial communities have

been extensively explored in the chimney structures and

using the artificial habitats (e.g., in situ colonization devices)

associated with high-temperature endmember-like hydro-

thermal fluid discharges (Takai et al. 2006; Takai and

Nakamura 2010, 2011). The early research was conducted

in the several deep-sea hydrothermal systems in the Mid

Ocean Ridges (MORs), however recently, as the greater

heterogeneity of the physical and chemical characteristics

of hydrothermal fluids in the Volcanic Arcs (VAs) and

Backarc Basins (BABs) and even of hydrothermal fluids in

the ultramafic rocks-associated systems recently found in the

MORs, many studies have demonstrated the great inter-

fields heterogeneity of the microbial communities,

particularly present in the chimney structures among a vari-

ety of fields (Nakamura and Takai 2014; Takai et al. 2006;

Takai and Nakamura 2010, 2011). These results have

suggested the impact of endmember-like hydrothermal

fluid chemistry on the compositions and functions of proxi-

mal microbial communities in the subseafloor as well as at

the seafloor habitats including chimneys. In addition, several

disciplines of approaches begin to clarify the geochemical-

microbial interrelation based on the thermodynamic

modeling of microbially available energy potentials by vari-

ous chemolithotrophic metabolisms in the hydrothermal

mixing zones and the inter-fields comparisons of function-

ally active microbial communities coupled with hydrother-

mal inputs of energy sources (McCollom 2007; McCollom

and Shock 1997; Nakamura and Takai 2014; Shock and

Holland 2004; Takai and Nakamura 2010, 2011; Nakamura

and Takai Chap. 2).

The thermodynamic calculations have clearly predicted

that the hydrothermal fluid chemistry variation leads to

different patters and compositions of chemolithotrophic

microbial communities, particularly in chimney habitats

(Nakamura and Takai 2014; Takai and Nakamura 2010,

2011). In the model, the S-trophic (thiotrophic)

chemolithotrophy would be always predominant in any

types of deep-sea hydrothermal systems while the H2-tro-

phic (hydrogenotrophic) methanogenesis, SO4-reduction

and S-reduction should be fostered particularly in high tem-

perature zones of H2-enriched deep-sea hydrothermal

systems (Nakamura and Takai 2014; Takai and Nakamura

2010, 2011). These predictions are indeed supported by the

estimated population abundances of the S-trophic and H2-

trophic chemolithotrophs using quantitative cultivation

analyses (Nakamura and Takai 2014; Takai and Nakamura

2010, 2011). In addition, the thermodynamic model have

pointed to unique composition of chemolithotrophic micro-

bial communities that would be driven by psychrophilic to

hyperthermophilic aerobic methanotrophs and ammonia-

oxidizers and hyperthermophilic anoxic methanotrophs in

the Okinawa Trough deep-sea hydrothermal systems

(Nakamura and Takai 2014; Takai and Nakamura 2010,
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2011). Although the microbiological characterizations have

not fully justified the formation of unique chemolithotrophic

communities in the Okinawa Trough deep-sea hydrothermal

systems, the development of a great phylogenetic and phys-

iological diversity of chemolithotrophic microbial

communities has been demonstrated by the previous

cultivation-dependent and even the molecular ecological

methods (Nakagawa et al. 2005; Nunoura and Takai 2009;

Takai et al. 2006). However, these implications have been

based only on the results of microbiological character-

izations in two hydrothermal systems, Iheya North (Iheya

North Knoll) and Yonaguni Knoll IV (Daiyon-Yonaguni

Knoll) fields of the Okinawa Trough.

The Okinawa Trough is a “rifting phase” of Backarc

Basin covered with thick terrigenous sediments (Letouzey

and Kimura 1986) and is now known to host seven active

deep-sea hydrothermal fields, of which the seafloor hydro-

thermal activities have been verified by the seafloor obser-

vation and the hydrothermal fluid and mineral samples have

been investigated (Glasby and Notsu 2003; Ishibashi et al.

Chap. 27). The Izena Hole Jade and Hakurei fields and the

Iheya Ridge Clam field were discovered in the late 1980s,

the Minami-Ensei (Minami-Ensei Knoll) field in 1990, the

Iheya North field in 1995, and finally the Yonaguni Knoll IV

field and the Hatoma Knoll fields were explored in 1999

(Glasby and Notsu 2003; Ishibashi et al. Chap. 27). Since the

discovery of these Okinawa Trough hydrothermal systems,

more than 300 dives of manned submersibles and remotely

operative vehicles have been organized, and the geochemi-

cal analyses of hydrothermal fluids and mineral deposits and

the microbiological characterizations have been extensively

conducted (Glasby and Notsu 2003; Ishibashi et al. Chap.

27). At present, the detail physical and chemical

characteristics of hydrothermal fluids have been determined

in the Iheya North field (Kawagucci et al. 2011), the

Yonaguni Knoll IV field (Konno et al. 2006; Suzuki et al.

2008), the Minami-Ensei field (Kawagucci et al. 2013) and

the Izena Hole Jade and Hakurei fields (Ishibashi et al. 2014;

some data summarized in Kawagucci Chap. 30). Thus, if the

compositions and functions of microbial communities in the

chimney habitats are characterized with a combination of the

detail physical and chemical characteristics of the proximal

hydrothermal fluids, the new data provide important insights

into understanding the inter-fields and intra-field features of

microbial community development patterns and

geochemical-microbial interrelation in the Okinawa Trough

hydrothermal systems. In this chapter, we show the micro-

bial community patterns in the chimney habitats

characterized mainly by using culture-dependent techniques

in the Minami-Ensei, Izena Hole Jade and Hakurei fields of

the Okinawa Trough. The overall comparison of the micro-

bial community patterns points to the conventional and

unique aspects of the geochemical-microbial interrelation

in the Okinawa Trough hydrothermal systems.

32.2 Materials and Methods

32.2.1 Site Summary, Seafloor Sampling
and Onboard Processes

For Jade and Hakurei fields of the Izena Hole, all samples

used in this study were obtained by means of a manned

submersible Shinkai 2000 and its mother research vessel

Natsushima in the cruise of August 2003 (JAMSTEC cruise

NT03-08). Bulks of chimney structures (>100 g) were

obtained from high-temperature hydrothermal fluid dis-

charge vent sites (TBS chimney site at the Jade field and

214 chimney site at the Hakurei field). For the Minami-Ensei

(Minami-Ensei Knoll) field, all samples used in this study

were obtained by a remotely operative vehicle (ROV) Hyper

Dolphin and its mother research vessel Natsushima in the

cruise of July 2007 (JAMSTEC cruise NT07-11). In both

cruises, the obtained hydrothermal fluids were investigated

by onboard and onshore measurements, sample preparations

and geochemical analyses, and the detail physical and chem-

ical properties of the high-temperature and the endmember

hydrothermal fluids were reported in the previous studies

(Table 32.1) (Ishibashi et al. 2014; Kawagucci et al. 2013).

The chimney structures examined in this study were TBS

chimney at the Izena Hole Jade field, 214 chimney at the

Izena Hole Hakurei field, and Jizo and No. 7 chimneys at the

Minami-Ensei field (Table 32.1). Each of the recovered

chimney samples was further divided and subjected to

nucleic acid extraction, microscopic observation and liquid

serial dilution culture as previously reported by Nakagawa

et al. (2005) and Nunoura and Takai (2009). For liquid serial

dilution culture experiments, the subsamples of the

chimneys (about 10 g wet weight) were slurried with sterile

MJ synthetic seawater (30 mL) (Takai et al. 1999)

containing neutralized Na2S solution at a final concentration

of 0.05 % (wt/vol) under N2 atmosphere, and stored at 4 �C
in the dark until they were used. For microscopic observa-

tion, the subsamples (about 2 g) were fixed with sterile MJ

synthetic seawater (10 mL) containing 3.7 % (wt/vol) of

formaldehyde for 24 h and then stored at �80 �C. The
remaining subsamples were stored at �80 �C for nucleic

acid extraction.

In the Izena Hole Hakurei field, an in situ colonization

system (ISCS) (Takai et al. 2003; Nakagawa et al. 2005) was

deployed for 5 days in the vent orifice of the 214 chimney

that hosted high-temperature hydrothermal fluid. After 5

days incubation, the ISCS was recovered onboard and the

substratum was subsampled for the nucleic acid extraction,
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Table 32.1 Physical and chemical characteristics of hydrothermal fluids in different deep-sea hydrothermal fields of Okinawa Trough

Field Iheya North Yonaguni Knoll IV

Izena Hole

Jade

Izena Hole

Hakurei Minami-Ensei Ambient

seawaterVent site NBC CBC E18 BTC CTC TBS 214 Jizo No. 7

Temp.

(�C)
311 311 311 330 330 320 326 280 280 2

Depth

(m)

980 990 1,000 1,369 1,362 1,340 1,600 710 722

pH 4.8 5.3 4.6a 5.3b 4.7a 4.7 4.7 4.9 4.9 7.8

H2 (mM) 0.229 0.135c 0.346c 0.8 2.4 0.06 1.4 0.029 0.033 0.0000004

H2S

(mM)

4.5 2.7c 6.8c 19.7a 38.3a 5.6 5.3 0.40 0.92a 0

CH4

(mM)

3.7 2.2c 5.6c 1.8 9.1 4.9 5.8 2.3 2.6 0.0000003

CO2

(mM)

230 136c 347c 71 318 156 151 39 46 2.3

N2 (mM) 0.0346b 0.0189c 0.0487c 1.5a 2.0a 1.5a 1.5a 0.35 2.2 0.59

CO (mM) <0.0001b <0.0001b <0.0001b <0.0001a <0.0001a 0.03 0.063 <0.0001b <0.0001b 0

SO4

(mM)

0 0 0 0 �1.6 0 0 0 0 27.9

NH4

(mM)

1.7 1.85b 1.85 8.6 20.7 4.2 4.4 5.4 5.4 0.00005

Na (mM) 432 745 288 433 254 442 458 436 436 464

Cl (mM) 544 864 338 635 376 590 608 562 562 546

Ca (mM) 16.1 19.9 11.9 26.1 14.3 22 23 23 23 10.2

Mg (mM) 0 0 0 0 0 0 0 0 0 52.7

K (mM) 72 79 56.2 90.1 55.3 72 75 53 53 9.8

Fe (mM) 0.251b 0.424c 0.167c 0.2 0.1 0.031 0.445 <0.12 <0.12 0.0000015

Mn (mM) 0.619 0.46 0.445 1.25 0.7 0.341 0.29 0.099 0.099 0

NO3

(mM)

0 0 0 0 0 0 0 0 0 0.03

Si (mM) 10.1 11.6 6.9 13.2 12.5 11.8 11.3 11.1 11.1 0.16

δD(H2) �430 n.d. n.d. n.d. n.d. �381 �379 �642 �405

δ13C
(CO2)

�9.7 n.d. n.d. �7.6 �7.6 �6.2 �6.2 �5.0 �5.3

δ13C
(CH4)

�53.8 n.d. n.d. �25.9 �26.6 �30.8 �32.1 �25.1 �25.3

δ34S
(H2S)

+12b n.d. n.d. n.d. n.d. +3.8 ~ +8.0 +5.5 ~ +7.8 +3.6 +3.6

Reference Kawagucci

et al. (2011)

Kawagucci

et al. (2011)

Kawagucci

et al. (2011)

Suzuki

et al.

(2008)

Suzuki

et al.

(2008)

Ishibashi

et al. (2014)

Ishibashi

et al. (2014)

Kawagucci

et al. (2013)

Kawagucci

et al. (2013)

McCollom

(2007)

Nakagawa

et al. (2005)

Nakagawa

et al. (2005)

Nakagawa

et al. (2005)

Konno

et al.

(2006)

Konno

et al.

(2006)

Kawagucci

(Chap. 30)

Kawagucci

(Chap. 30)

bUnpublished data
aValues taken from a similar hydrothermal fluid: for E18 site in Iheya North field from a gas-rich fluid in the Yonaguni Knoll IV field

(unpublished); for BTC and CTC in Yonoguni Knoll IV field from Cl-enriched and -depleted fluids in Hatoma Knoll field (unpublished); for

Minami Ensei field (No. 7 site) from Minami Ensei field (Taimatsu site) (Kawagucci et al. 2013)
cValues calculated according to a simple phase-separation ratio that is linearly reproduced by the deviation of chloride concentrations in the

hydrothermal fluids

n.d. not determined
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the microscopic observation and the liquid serial dilution

culture as previously reported by Nakagawa et al. (2005).

32.2.2 Total Direct Cell Counts

Microbial cell densities in the sub-samples extracted from

the chimney structures were determined by 40,6-diamidino-

2-phenylindole (DAPI)-staining direct counting. The

thawed, formaldehyde-fixed chimney subsample was

vigorously suspended with a vortex mixer. After 5 min,

1 mL of formaldehyde-fixed supernatant was added to

1 mL of filter-sterilized phosphate-buffered saline (PBS,

pH 7.2) containing DAPI (10 μg/mL), and incubated at

room temperature for 30 min. After the mixture was filtered,

each filter was rinsed twice with 2 mL of filter-sterilized

PBS. The filters were observed under epifluorescence using

a phase-contrast Olympus BX51 microscope with the Olym-

pus DP71 digital camera system. An average total cell count

was obtained from more than 100 microscopic fields from

three separate filters.

32.2.3 Nucleic Acid Extraction and 16S rRNA
Gene Clone Analysis

Nucleic acids were extracted from the chimney outer

surfaces and the chimney inside walls with the Ultra Clean

Mega Soil DNA kit (MO Bio Laboratory, Solana Beach, CA,

USA), following the manufacturer’s instructions. A blank

tube (with no sample added) was processed as a negative

control. Extracted nucleic acids were stored at �80 �C.
Bacterial and archaeal 16S rRNA genes were amplified

from DNA extracts from subsamples and controls by PCR

using LA Taq polymerase with GC buffer (TaKaRa, Kyoto,

Japan). The oligonucleotide primers used were Bac27F and

1492R (Lane 1991) for the bacterial rRNA gene in the

samples from both the Izena Hole and the Minami-Ensei

fields, and Arch21F and Arch958R (DeLong 1992) in the

cases of the Minami-Ensei field’s samples, and Arch21F and

1492R in the cases of Izena Hole fields’ samples. Thermal

cycling was performed under the following conditions:

30–50 cycles of 96 �C for 25 s, 50 �C for 45 s and 72 �C
for 120 s for the archaeal 16S rRNA gene and 20–40 cycles

of 96 �C for 25 s, 54 �C for 45 s and 72 �C for 120 s for the

bacterial 16S rRNA gene. The PCR cycle numbers represent

almost the minimum cycle numbers providing enough

amplified products for the cloning based on the preliminary

PCR amplification experiments using the same templates.

The amplified rRNA gene products from several separate

reactions at the least number of thermal cycles were pooled

and purified as previously described (Takai et al. 2001).

Cloning and sequencing were also followed by the

procedure described by Takai et al. (2001). The Bac27F

(Lane 1991) or Arch21F (DeLong 1992) primer was used

in partial sequencing analysis.

Single-strand sequences of approximately 500

nucleotides in length were determined. The sequence simi-

larity was analyzed by the FASTA component program of

DNASIS (Hitachi software, Tokyo, Japan). The rRNA gene

sequences having �97 % similarity by FASTA were

assigned to the same phylotype. The partial sequences of

the representative phylotypes were determined for both

strands (>800 bp), and were applied to sequence similarity

analysis against the non-redundant nucleotide sequence

databases of GenBank, EMBL and DDBJ using the

gapped-BLAST.

32.2.4 Phylogenetic Analysis

The sequences of the representative phylotypes from the

clone analysis and the isolates were manually realigned

according to the secondary structures using ARB (Ludwig

et al. 2004). Phylogenetic analyses were restricted to nucle-

otide positions that could be chosen using the Bacteria and

Archaea filters for the bacterial and archaeal 16S rRNA gene

sequences (Hugenholtz 2002). Evolutionary distance matrix

analysis (using the Jukes & Cantor correlation method) and

neighbor-joining analysis were performed using PHYLIP

package (http://evolution.genetics.washington.edu/phylip.

html). In this study, the phylogenetic analysis was conducted

only to identify the phylogenetic affiliation of 16S rRNA

gene phylotypes and the isolated strains to the previously

known phylogenetic groups, potentially corresponding to the

appropriate phylum, order, family and genus levels of taxo-

nomic hierarchy.

32.2.5 Quantitative PCR Analysis

Determination of the proportion of the archaeal 16S rRNA

genes in the whole microbial DNA assemblage was

performed by the quantitative fluorescent PCR method

using TaqMan probes as described elsewhere (Takai and

Horikoshi 2000). A dilution series of each of the DNA

samples was prepared and the samples were assayed using

the universal 16S rRNA gene mixture and the archaeal 16S

rRNA gene mixture as the respective standards (Takai and

Horikoshi 2000).

32.2.6 Liquid Serial Dilution Cultures

To estimate the abundance of culturable microorganisms

(viable counts) represented by a variety of physiological
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and metabolic characteristics, a series of serial dilution

cultures were done from each of the chimney subsamples

under the various cultivation conditions. All the cultivation

experiments to estimate the viable counts were performed

within 3 months after the sample collection. The cultivation

experiments were conducted in the order of experiments

for the strictly anaerobic chemolithoautotrophs, for the

strictly anaerobic heterotrophs, for facultative anaerobic

chemolithoautotrophs, for facultative anaerobic chemo-

lithoautotrophs and for microaerobic chemolithoautotrophs.

These conditions are also similar with those in the previous

studies (Nakagawa et al. 2005; Nunoura and Takai 2009;

Takai et al. 2008, 2009). In the cases of Izena Hole fields’

samples, the media and the cultivation conditions for quan-

titative cultivation analysis were conducted in the same

manner as described in Nakagawa et al. (2005). In the

cases of Minami-Ensei field’s samples, the media and the

cultivation conditions for quantitative cultivation analysis

were conducted in the same manner as described in Nunoura

and Takai (2009). The microorganism present in the most

diluted series of each medium at each temperature was

isolated by the subsequent extinction–dilution method

(Takai et al. 2000). The partial sequences of the 16S rRNA

genes (approx. 700–1,000 bp) of the isolates were deter-

mined as described elsewhere (Takai et al. 2004). Although

the purity of the isolates was not substantial in this study, it

was checked by the cellular morphology on the microscopic

observation and the 16S rRNA gene partial sequence. In

addition, as it has been often pointed out, the elaborate

quantitative cultivations even using numerous media under

various growth conditions do not escape from the strong

experimental biases and still fail to estimate considerable

amounts of various important populations for the microbial

communities.

32.3 Results

32.3.1 Fluid Chemistry

The physical properties and the chemical compositions of

the endmember hydrothermal fluids being expelled from the

TBS chimney at the Izena Hole Jade field, the 214 chimney

at the Izena Hole Hakurei field, and the Jizo and No. 7

chimneys at the Minami-Ensei (Minami-Ensei Knoll) field

are summarized in Table 32.1 together with the physical-

chemical characteristics of the other endmember hydrother-

mal fluids in the Okinawa Trough. All of the data in

Table 32.1 were already reported in the previous studies

(Ishibashi et al. 2014; Kawagucci Chap. 30; Kawagucci

et al. 2011, 2013; Konno et al. 2006; Nakagawa et al.

2005; Suzuki et al. 2008; Takai and Nakamura 2010).

As a whole, the high-temperature hydrothermal fluids in

the Okinawa Trough deep-sea hydrothermal systems includ-

ing the Izena Hole Jade and Hakurei fields and the Minami-

Ensei field have unique common chemical features

represented by the relatively neutral pH and high

concentrations of K, NH3, CO2 and CH4, which are tightly

associated with the geological settings of Okinawa Trough

(Kawagucci, Chap. 30). In the Iheya North and Yonaguni

Knoll IV fields, many high-temperature hydrothermal fluids

in different chimney sites are affected by the subseafloor

phase-separation and -partition processes, and thus, the

abundance of gas components in the endmember hydrother-

mal fluids is highly variable. In contrast, it has been

demonstrated that the endmember hydrothermal fluids in

the Izena Hole Jade and Hakurei fields and the Minami-

Ensei field are little affected by the subseafloor phase-

separation and -partition processes (Ishibashi et al. 2014;

Kawagucci et al. 2013).

Notably, the most recent geochemical analysis of various

hydrothermal fluids obtained from the Izena Hole Jade and

Hakurei fields has led the following interpretation of the

hydrothermal activities (Ishibashi et al. 2014): the

endmember hydrothermal fluids of both the Jade and

Hakurei fields would have the same primary fluid source

derived from the common, deep subseafloor hydrothermal

reaction zone, while the two major branched fluid paths in

the course of the upwelling source fluid flow would generate

the two geographically distant, geochemically slightly

deviated hydrothermal systems (Jade and Hakurei fields) at

the seafloor of the Izena Hole area. The most deviated

chemical properties between the endmember hydrothermal

fluids of Jade and Hakurei fields are dissolved H2 and C2H6

concentrations (Table 32.1), which are induced by the pres-

ence and the absence of the hydrothermal fluid reaction with

sediments (in other words, the thermal decomposition of

sedimentary organic compounds) in the subseafloor upwell-

ing hydrothermal fluid flow zones (the presence of sediments

in the Hakurei field and the absence of sediments in the Jade

field) (Ishibashi et al. 2014). Thus, the different physical and

chemical characteristics of hydrothermal fluids and even the

different microbial community development patterns would

be interpreted as a sort of intra-field variation.

In contrast, although no apparent difference in the Cl

concentration is observed in the high-temperature hydrother-

mal fluids, the abundance of gas components is found to be

slightly variable among the different hydrothermal vent sites

of the Minami-Ensei field (Kawagucci et al. 2013). Since

the seafloor observation by ROV clearly verified boiling of

hydrothermal fluid in several vent sites of the Minami-Ensei

field, it seems likely that the phase-separation occurs in the

relatively shallow deep-sea hydrothermal system ofMinami-

Ensei field with a water depth range of 710–730 m. Probably,

the boiling of hydrothermal fluid occurs at the seafloor or at
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around the very shallow subseafloor zones. The quite local

phase-separation and -partition would provide a little

variability in the hydrothermal fluid chemistry at different

vent sites of the Minami-Ensei field.

32.3.2 Biomass in the Hydrothermal Chimney
Habitats

The prokaryotic cell density determined by direct counting

of each chimney subsample is listed in Table 32.2. The direct

counts of the Minami-Ensei Jizo and No. 7 chimneys were

quite difficult due to the very low cell densities recovered

from the subsamples and were estimated to be below esti-

mation limit of 104 cells/g wet weight (Table 32.2). The

quite low cell densities of the Minami-Ensei Jizo and No. 7

chimneys were also expected from the negative results of

PCR amplification of bacterial and archaeal 16S rRNA

genes: none of the bacterial and archaeal 16S rRNA gene

fragments was recovered from the DNA extracts of the

subsamples in these chimney structures. In addition, the

quantitative PCR analysis using different PCR primer sets

showed that the amounts of whole microbial and archaeal

16S rRNA genes in these chimney habitats were also below

detection limits (<0.1 fg/g).

In contrast, the directly counted cell densities of the

chimney habitats in the Izena Hole Jade and Hakurei fields

were comparable with the microbial cell populations previ-

ously found in typical chimney habitats of other Okinawa

Trough hydrothermal systems (Nakagawa et al. 2005;

Nunoura and Takai 2009). In the chimney surface habitats,

microbial cell populations with more than 107 cells/g wet

weight were detected, and slightly lower or similar cell

densities were obtained even from the interior parts of the

chimney structures (Table 32.2). In addition, microbial cell

population with more than 107 cells/g wet weight was

estimated in the ISCS deployed in the 214 chimney hydro-

thermal fluid of the Izena Hole Hakurei field for 5 days

(Table 32.2). The recovery of relatively high density of

microbial population in the ISCS deployed in the 214 chim-

ney high-temperature hydrothermal fluid is comparable with

those in the ISCSs deployed in various vent sites of Iheya

North field (Nakagawa et al. 2005) and in the Kali vent site

of Kairei field (Takai et al. 2004), but is different from the

pattern in the case of ISCS at the Mariner field (Lau Basin)

(Takai et al. 2008). Since the ISCS collects the microbial

populations entrained by the hydrothermal fluid flow from

the subseafloor microbial communities and the microbial

population abundance trapped in the ISCS could be relevant

with the microbial population abundance entrained by the

hydrothermal fluid, the recovery of relatively high density of

microbial population in the ISCS at the 214 chimney site

may represent the potential population abundance and

spatially widespread distribution of subseafloor microbial

communities beneath the Izena Hole Hakurei field.

Although microbial cell populations with more than 107

cells/g wet weight were detected in the surface habitats of

both the TBS and 214 chimneys, the quantitative PCR anal-

ysis provided 4.2 � 105 copies/g wet weight and 1.5 � 105

copies/g wet weight for whole prokaryotic 16S rRNA gene

numbers at the TBS and 214 chimney surface habitats,

respectively. In the chimney interior parts, although rela-

tively higher microbial cell densities were obtained from the

microscopic observation, only 5.2 � 103 and 5.6 � 103

copies/g wet weight for whole prokaryotic 16S rRNA gene

numbers were obtained from the TBS and 214 chimneys,

and 1.4 � 103 copies/g wet weight for total 16S rRNA gene

number was found in the ISCS deployed at the 214 chimney.

The proportion of archaeal 16S rRNA gene number against

the bacterial counterpart was quite low among all the chim-

ney habitats (Table 32.2), which are comparable with any of

the previously known values of the chimney habitats in

various deep-sea hydrothermal systems.

32.3.3 Bacterial and Archaeal Phylotypes in the
Chimney Habitats

The archaeal and bacterial 16S rRNA gene phylotype

compositions of the chimney habitats are shown in

Tables 32.3 and 32.4. The phylogenetic affiliation of the

phylotype is characterized by the phylogenetic analysis of

representative phylotype sequences. The archaeal 16S rRNA

genes were only successfully amplified from the samples of

the 214 chimney and ISCS at the Hakurei field (Table 32.3).

The predominant archaeal 16S rRNA gene phylotypes

from the 214 chimney surface habitat were all closely related

with the previously known (hyper)thermophilic archaeal

genera such as Methanothermococcus, Methanocal-

dococcus, Methanopyrus, Thermococcus and Pyrodictium
(Table 32.3). In the ISCS deployed at the high-temperature

hydrothermal fluid for 5 days, only one phylotype of

Methanothermococcus dominated the archaeal 16S rRNA

phylotype composition and three representative phylotypes

related with Nanoarchaeota occupied the archaeal 16S

rRNA phylotype composition in the interior part of the 214

chimney (Table 32.3). These archaeal 16S rRNA gene

phylotypes are closely related with the (hyper)thermophilic

archaeal populations that have been frequently identified in

the global deep-sea hydrothermal vent environments

although these archaeal 16S rRNA gene phylotypes repre-

sent quite low fractions of whole prokaryotic 16S rRNA

gene assemblages (Table 32.2).

The bacterial 16S rRNA gene phylotypes were obtained

from the TBS chimney and the 214 chimney and its ISCS of

the Jade and Hakurei fields (Table 32.4). However, the
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bacterial 16S rRNA gene phylotype compositions in the

TBS chimney interior habitat, the 214 chimney interior

habitat and the 214 ISCS were not likely derived from the

indigenous microbial communities in the in situ habitats

(Table 32.4). Most of the predominant bacterial phylotypes

from these samples were closely related with previously

cultured and uncultured members of Actinobacteria,

Alphaproteobacteria and Betaproteobacteria obtained from

non-hydrothermal environments and not from marine

environments. Considering the quite low numbers of whole

prokaryotic 16S rRNA genes recovered by the quantitative

PCR, it seems very likely that these bacterial 16S rRNA

gene phylotypes do not represent the predominant bacterial

components in the indigenous microbial communities

associated with the high-temperature hydrothermal fluid

flows. Rather, these bacterial 16S rRNA gene phylotypes

may be derived from the contaminants from other

environments such as seawater and onboard and onshore

laboratory environments. In contrast, the bacterial 16S

rRNA gene phylotype compositions in the TBS chimney

and the 214 chimney surface habitats seemed to represent

the predominant bacterial components in the indigenous

microbial communities (Table 32.4). All the bacterial 16S

rRNA gene phylotypes obtained from the 214 chimney sur-

face were closely related with the members of Aquificae and

Epsilonproteobacteria, predominant microbial populations

in many of the deep-sea hydrothermal environments. Simi-

larly, the bacterial 16S rRNA gene phylotype composition in

the TBS chimney surface hosted the bacterial phylotypes

related with the deep-sea vent epsilon-, delta- and gamma-

proteobacterial components although the clonal abundances

of these phylotypes were low (Table 32.4). Other than these

typical deep-sea vent proteobacterial components, in the

TBS chimney surface habitats, the bacterial phylotypes

within the Chloroflexi, Planctomycetes and Actinobacteria
dominated the clone library (Table 32.4). Most of these

Chloroflexi, Planctomycetes and Actinobacteria phylotypes

were phylogenetically related with the bacterial phylotypes

detected in the inactive chimneys or the active but highly

weathered chimney outer surface parts of the Okinawa

Trough, Indian Ocean and Lau Basin (Suzuki et al. 2004;

Takai et al. 2008). Thus, the bacterial 16S rRNA gene

phylotype composition in the TBS chimney surface is likely

derived from the indigenous microbial community in the in

situ surface habitat of the TBS chimney of the Jade field.

32.3.4 Cultivation Analyses of Microbial
Components

We attempted to estimate the viable counts of potentially

predominant microbial components living in the chimney

environments by means of a liquid serial dilution cultivation

technique. The viable count of each strain and the estimated

population size of each taxonomic group are shown in

Table 32.2 and Fig. 32.1, respectively.

As a whole, very diverse cultivated microbial populations

were obtained from four chimney habitats of the Izena Hole

and Minami-Ensei hydrothermal fields and the great

variability in the abundance and diversity of cultivated

microbial community was evident between the chimney

sites (Fig. 32.1). The most diverse cultivated microbial

populations were found in the 214 chimney of the Izena

Hole Hakurei field. Nine different genera of mesophilic to

Table 32.3 Distribution of representative archaeal 16S rRNA gene

phylotypes in the various chimney subsamples

Phylogenetic affiliation

Number of clones from

214-S 214-I 215-ISCS

Nanoarchaeota – 29 –

Crenarchaeota

Desulfurococcales 1 – –

Euryarchaeota

Methanopyrales 2 – –

Methanococcales 22 – 45

Thermococcales 19 – –

Total 44 29 45

Table 32.4 Distribution of representative bacterial 16S rRNA gene

phylotypes in the various chimney subsamples

Phylogenetic affiliation

Number of clones from

TBS-

S

TBS-

I

214-

S

214-

I

215-

ISCS

Aquificae

Aquifex group – – 1 – –

Desulfurobacteria group – – 4 – –

CFB Group – – – – 3

Chloroflexi 16 1 – – –

Planctmycetes 8 – – 1

Actinobacteria 15 2 – 13 3

Firmicutes – 1 – 1 4

Proteobacteria

Alphaproteobacteria – 1 – 7 3

Betaproteobacteria – 3 – 8 12

Gammaproteobacteria

Thiomicrospira group 1 – – – –

Deltaproteobacteria 1 – – – –

Epsilonproteobacteria

Nautiliaceae – – 14 – –

Campylobacteraceae,
Sulfurospirillum group

– – 1 – –

Thiovulgaceae, Sulfurovum
group

1 – 5 – –

Nitratiruptor group – – 12 – –

Thioreductor group – – 4 – –

Total 42 8 35 30 25

32 Comparative Investigation of Microbial Communities Associated with Hydrothermal. . . 429



hyperthermophilic deep-sea vent-endemic microbial

populations were cultivated from the chimney habitats

(Fig. 32.1). It was interesting that most of the cultivated

components were common in between the TBS and 214

chimney sites of Izena Hole Jade and Hakurei fields or in

between the Jizo and No. 7 chimneys of the Minami-Ensei

field, while the cultivated components were significantly

distinct in between the Izena Hole fields and the Minami-

Ensei field (Fig. 32.1).

In the Izena Hole fields, the predominant cultivated

microbial populations were Thermococcus, Nautiliales,

Hydrogenimonas, Thioreductor, Sulfurimonas and Sulfuros-

pirillum members (Fig. 32.1). Among these members, the

predominant occurrence of cultivated Hydrogenimonas,

Thioreductor and Sulfurospirillum populations was atypical

in the deep-sea hydrothermal environments other than the

Okinawa Trough, and the predominant cultivation of

Sulfurospirillum population was unique in the Izena Hole

hydrothermal fields, although the considerable population of

Sulfurospirillum members has been cultivated from the

chimney habitats and the polychaetes colonies of the Iheya

North and Yonaguni Knoll IV fields using a specific

mixotrophic media enriched with formate (unpublished

data). The Sulfurospirillum members are known to be psy-

chrophilic to slightly thermophilic chemolithomixotrophs

and to require formate and simple organic acids in addition

H2 as the primary energy sources (Campbell et al. 2006).

The first detection of Sulfurospirillummembers as one of the

predominant cultivated microbial populations in the Izena

Hole fields, particularly in the Hakurei field, may be

associated with the hydrothermal fluid chemistry, e.g., rela-

tive enrichment of formate in the hydrothermal fluids as

Fig. 32.1 Total cell count and viable count determined using DAPI

staining and serial dilution cultivation in chimney habitats. The phylo-

genetic affiliation of isolates was delineated from the phylogenetic tree

analysis. The abundances of cultivated microbial populations in the

Izena Hole Jade and Hakurei chimneys are shown with the minimum

estimation (column) and the maximum estimation (bar). The

abundances of cultivated microbial populations in the Minami-Ensei

chimneys are shown only with the maximum estimation (column)
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observed in the thermogenic hydrocarbons compared to

other deep-sea hydrothermal fluids in the Okinawa Trough

and the MOR, systems. However, the significant difference

was found in the comparison of cultivated microbial com-

munity structures between the two Izena Hole fields, which

should be an intra-field variability as described above. The

cultivated population abundances of (hyper)thermophilic

hydrogenotrophic methanogens such as Methanother-

mococcus and Methanocaldococcus were significant in the

Hakurei field but were quite little in the Jade field (Fig. 32.1).

This was the most outstanding intra-field difference of the

cultivated microbial community structures in the Izena Hole

hydrothermal system.

In the Minami-Ensei field, the cultivated microbial

communities consisted of members of Thermococcus,
Aquifex, Persephonella, Nitratiruptor, Nitratifractor and

Thiomicrospira (Fig. 32.1). Among these members, the

Thermococcus, Aquifex and Persephonella populations

have been very often detected as predominant cultivated

populations in many of the deep-sea hydrothermal

environments including the Okinawa Trough systems

(Takai and Nakamura 2010, 2011), and the Nitratiruptor

and Nitratifractor members also represent typical cultivated

populations in the Iheya North chimney habitats (Nakagawa

et al. 2005). However, the predominant occurrence of

cultivated Thiomicrospira population has been observed

only in the S0 chimney of the TOTO caldera field, the

Mariana Volcanic Arc (Nakagawa et al. 2006), and may be

a unique feature of the microbial communities in the chim-

ney habitats of the Minami Ensei field (Fig. 32.1).

32.4 Discussion

32.4.1 Intra-Field Variability in Hydrothermal
Fluid Chemistry and Microbial
Community Development

In two hydrothermal fields of the Izena Hole area, the physi-

cal and chemical characteristics of the endmember hydro-

thermal fluids are quite similar other than the dissolved H2

and C2H6 concentrations, probably due to the occurrence of

the common, deep subseafloor hydrothermal reaction zones

(Table 32.1) (Ishibashi et al. 2014). However, it is very

likely that the dissolved H2 concentration has a great impact

on the microbial community development in the chimney

habitats associated with the high-temperature hydrothermal

fluids. The significant variability in the cultivated population

abundances of (hyper)thermophilic hydrogenotrophic

methanogens such as Methanothermococcus and

Methanocaldococcus in the chimney habitats is evident

(Fig. 32.1). The predominant occurrence of these (hyper)

thermophilic hydrogenotrophic methanogens’ populations in

the microbial communities of the chimney habitats is also in

part supported by the cultivation-independent 16S rRNA

gene clone analyses, in which their 16S rRNA gene

sequences are recovered only from the 214 chimney and

the ISCS habitats in the Izena Hole hydrothermal system

(Table 32.3), although the 16S rRNA gene clone analyses do

not very much provide the quantitative insight into the

microbial phylotype compositions. It is empirically justified

and statistically supported by the geochemical analysis of

dissolved H2 concentration in the proximal hydrothermal

fluids and the quantitative estimation of cultivated (hyper)

thermophilic hydrogenotrophic methanogens’ populations

(Takai and Nakamura 2010, 2011). Not only the increased

cultivated population abundances of (hyper)thermophilic

hydrogenotrophic methanogens but also the greater diversity

of cultivated microbial populations in the Izena Hole hydro-

thermal system are likely affected by the enrichment of

dissolved H2 in the adjacent hydrothermal fluids

(Fig. 32.1). This can be theoretically justified by the thermo-

dynamic estimation of potential energy yields of various

chemolithotrophic energy metabolisms in the hydrothermal

mixing zones of habitats (Nakamura and Takai 2014; Takai

and Nakamura 2010, 2011; Nakamura and Takai Chap. 2).

Most of potential energy yields of thiotrophic

chemolithotrophic metabolisms in the hydrothermal mixing

zones are constrained by the dissolved O2 concentration in

the ambient seawater while those of hydrogenotrophic

metabolisms are proportionated by the dissolved H2 concen-

tration in the hydrothermal fluid due to much greater

abundances and availability of electron acceptors such as

CO2 and sulfate other than O2 in the mixing zones

(Nakamura and Takai 2014, Chap. 2). Thus, it is predicted

that the intra-field variability in the hydrothermal fluid H2

concentration much more significantly affects the microbial

community development in the chimney habitat than the

intra-field variability in concentrations of other hydrother-

mal fluid gas components.

Similarly, the intra-field variability in the microbial com-

munity development is perceived in the chimney habitats of

the Minami-Ensei field (Fig. 32.1). The abundance and

diversity of cultivated microbial communities (e.g.,

Thermococcus, Nitratiruptor, Nitratifractor, Persephonella
and Aquifex populations) were greater in the No. 7 chimney

than in the Jizo chimney (Fig. 32.1). In the Minami-Ensei

field, it has been suggested that the hydrothermal fluid

chemistry of endmember hydrothermal fluid is little affected

by the subseafloor phase-separation and -partition processes

(Kawagucci et al. 2013). However, there is found the slight

deviation of dissolved gas concentrations in the hydrother-

mal fluids at different chimney sites probably due to the

phase-separation and -partition near the seafloor (Table 32.1)

(Kawagucci et al. 2013). Indeed, the dissolved H2, H2S and

CH4 concentrations in the hydrothermal fluid are slightly
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higher at the No. 7 chimney site than at the Jizo chimney site

(Table 32.1). The cultivated microbial populations that rep-

resent the intra-field variation of abundance and incidence

are known to be capable of growth with hydrogenotrophic

and thiotrophic chemolithoautotrophy except for

Thermococcus (Fig. 32.1). The intra-field variability in the

active microbial community significantly associated with

phase-separation-induced chemical variation has been

demonstrated in the case studies of the Iheya North (Iheya

North Knoll) field (Nakagawa et al. 2005) and the Yonaguni

Knoll IV (Daiyon-Yonaguni Knoll) field (Nunoura and

Takai 2009). Thus, as observed in the Iheya North

(Nakagawa et al. 2005) and the Yonaguni Knoll IV fields

(Nunoura and Takai 2009), despite the slight differences, the

intra-field variation in the hydrothermal fluid gas chemistry

may lead to the intra-field variability in the microbial com-

munity development in the Minami-Ensei field.

32.4.2 Inter-Fields Variability in Microbial
Community Development in the
Okinawa Trough

This study shows variability in the microbial communities in

the microbial habitats associated with the endmember-like

high-temperature hydrothermal fluids in the Izena Hole and

Minami-Ensei hydrothermal fields of the Okinawa Trough.

Combining the physical and chemical characteristics of

hydrothermal fluids determined in the previous studies

(Ishibashi et al. 2014; Kawagucci et al. 2013) and the micro-

bial community patterns delineated from this study with the

accumulated information in other deep-sea hydrothermal

systems of the Okinawa Trough (Tables 32.1 and 32.5), the

inter-fields variability in microbial community development

is discussed here.

As compared to the cultivated microbial community

patterns in the Iheya North and Yonaguni Knoll IV chimney

habitats, the abundance and diversity of cultivated microbial

community in the Izena Hole Hakurei chimney are compa-

rable with those in the chimney habitats hosting the gas-

enriched hydrothermal fluids in the Iheya North and

Yonaguni Knoll IV fields (Tables 32.1 and 32.5). These

chimney habitats that represent the greater abundance and

diversity of cultivated microbial community are

characterized by relatively high concentrations of H2 in the

adjacent hydrothermal fluids (0.23 to 2.4 mM H2)

(Table 32.1). In contrast, the cultivated microbial

communities in the Minami-Ensei chimney habitats are

less abundant and diverse as compared to the cultivated

microbial communities in the chimney habitats of other

Okinawa Trough deep-sea hydrothermal systems

(Table 32.5) and even other global deep-sea hydrothermal

systems such as the TOTO Caldera field in the Mariana

Volcanic Arc (Nakagawa et al. 2006), the Mariner field in

the Lau Basin (Takai et al. 2008) and the Brother Caldera

field in the Kermadec Arc (Takai et al. 2009). The less

abundant and diverse cultivated microbial communities in

the Minami-Ensei field may be caused by the much lower

concentration of H2S in the hydrothermal fluids (<1 mM) as

compared to other deep-sea hydrothermal systems. How-

ever, the relatively low concentrations of hydrothermal

fluid H2S have been known in the Middle Valley field of

the Juan de Fuca Ridge (1.1–1.5 mM) (Von Damm 1995),

Rainbow field (1.2 mM) and Logatchev field (0.5–0.8 mM)

(Charlou et al. 2002), whereas the occurrences of quite

diverse and highly active microbial communities in these

deep-sea hydrothermal environments have been strongly

pointed by the multidisciplinary biogeochemical and

microbiological characterizations (Flores et al. 2011; Frank

et al. 2013; Perner et al. 2007, 2013). Rather than the hydro-

thermal fluid chemistry, the physical properties of the chim-

ney structures and the physical behavior of hydrothermal

fluid flow in the chimneys may more significantly affect

the indigenous microbial community development. In the

Minami-Ensei field, all the chimney structures were very

fragile and porous, and the high-temperature hydrothermal

fluid discharges were found not from the focused orifices of

the chimneys but from whole surface areas of the chimneys.

In such chimney structures, it is expected that the hydrother-

mal mixing is very fluctuated and the microbiologically

habitable zones are temporally and spatially unstable due

to the frequent exposure to high-temperature hydrothermal

fluid flows that would be lethal to the development of indig-

enous microbial community or the frequent collapse of

chimney structures. Indeed, only the quite low abundances

of microbial cell density and 16S rRNA gene number were

obtained from the chimney structures in the Minami-Ensei

field (Table 32.2). The reproduction rate and pattern of

microbial communities in the newly created chimney

habitats would be influenced by the abundance and diversity

of seed microbial populations mainly entrained by the

hydrothermal fluids from the ambient hydrothermal mixing

fluids and the potential subseafloor microbial communities.

Thus, the microbial community development in the deep-sea

hydrothermal vent chimneys may be relevant with the age of

hydrothermal system and the hydrogeological complexity of

subseafloor hydrothermal fluid flow structures that would

sustain the potential resilience of chimney and other seafloor

microbial communities in the deep-sea hydrothermal

systems.

The previous investigations have demonstrated the statis-

tically supported correlation between the dissolved H2

concentration in hydrothermal fluid and the total

culturable population abundance of (hyper)thermophilic

hydrogenotrophic methanogens (Takai and Nakamura

2010, 2011). In the analysis including new data obtained in

432 K. Takai et al.
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this study (Fig. 32.2), the correlation is statistically validated

with a higher regression constant than in the previous studies

(Fig. 32.2) (Takai and Nakamura 2010, 2011). The correla-

tion between the dissolved H2 concentration in hydrothermal

fluid and the culturable population abundance of (hyper)

thermophilic hydrogenotrophic methanogens can be

predicted by the thermodynamic estimation of potential

energy yields of various chemolithotrophic energy

metabolisms in the hydrothermal mixing zones of habitats

(Nakamura and Takai 2014, Chap. 2). The potential energy

available for hydrogenotrophic methanogenesis in the

hydrothermal mixing zones is primarily dependent on the

H2 input from the hydrothermal fluids since the electron

acceptor and carbon source (CO2) can be supplied both

from the hydrothermal fluids and ambient seawater and be

more abundant in the hydrothermal mixing zones than H2

(Nakamura and Takai 2014, Chap. 2). Only if the dissolved

O2, which is lethal to most of the methanogens, is fully

removed from the microbial habitats in hydrothermal mixing

zones, the productivity of hydrogenotrophic methanogens

would be primarily controlled by H2 concentration in the

adjacent hydrothermal fluids. Although greater number of

deep-sea vent examples and data will be essential for future

study to justify the linkages between microbial community

development and chemical characteristics in deep-sea

hydrothermal ecosystems, it seems very likely that the H2

concentration in the hydrothermal fluid is the only chemical

factor directly to control the thermodynamic energy poten-

tial and the existent biomass and production of the (hyper)

thermophilic hydrogenotrophic methanogens in the global

deep-sea hydrothermal environments.
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