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Abstract

In this report, we compile a study of microbial populations in deep-sea hydrothermal

plumes with providing some new data set, and discuss the relationships with geological

settings and the type of the hydrothermal system, e.g. ridge or subduction, in the context of

the hypothesis “four TAIGAs” (Urabe et al. Chap. 1). Deep-sea hydrothermal plumes

represent one of the best habitats for chemolithotrophic microbes to drive primary produc-

tion in hydrothermal systems. Microbial cell densities in hydrothermal plumes are up to

several times more elevated than in the general abyssal seawater. Putative sulfur utilizers,

e.g. SUP05 and Alcanivorax in gammaproteobacteria, SAR324 in deltaproteobacteria, and
several epsilonproteobacteria, are the dominant microbes that are detected from most of

hydrothermal plumes. The microbial community compositions in the plume of an arc-

backarc system are different from those of a mid-oceanic ridge hydrothermal system. This

is because the cell densities and community composition of the putative sulfur oxidizers

may be regulated by reduced sulfur species due to the pH and Eh conditions of the

subseafloor and surrounding seawater. Aerobic methanotrophs are found in hydrothermal

plumes which contain high concentrations of molecular hydrogen and methane. Quantita-

tive microbial cell analysis by catalyzed reporter deposition based fluorescent in situ

hybridization (CARD-FISH) show that the SUP05 populations are 60–100 % responsible

for increased microbial cell densities in the hydrothermal plumes of arc-backarc fields. The

contribution of the SUP05 cell densities in the plume microbial community is closely

connected with the chemical energy from hydrothermal fluids in various types of TAIGA.

Keywords
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3.1 Introduction to Hydrothermal Plumes
and the TAIGA Concept

Deep-sea hydrothermal plumes have been found in hydro-

thermal fields located in mid-oceanic ridges, subduction

zones, and hotspot submarine volcanoes all over the world.

Hot hydrothermal fluids emanated from hydrothermal vents

are less dense than general abyssal seawater, therefore

the fluids rise into the deep sea, mix with surrounding sea-

water, and form a deep-sea hydrothermal plume. The first,

rising stage of hydrothermal plume evolution is termed the
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buoyant plume. The buoyant plume undergoes substantial

dilution with surrounding seawater due to accompanying

turbulence. The mixing causes progressive dilution, and

then the plume becomes less buoyant among stratified abys-

sal seawater and evetually reaches some finite maximum

height above the seafloor to spread out laterally. This later

stage is termed the nonbuoyant plume (or the neutrally

buoyant plume) (German and Von Damm 2003).

The hydrothermal fluids are hot and contain many

chemical species originated from magma and subseafloor

rocks. Therefore the hydrothermal plume, which is formed

by the spouting hydrothermal fluid, acts as an important and

major interface between the oceanic lithosphere and seawa-

ter, and is important for exchanging heat flux and for the

reaction between hydrothermal fluid-derived reduced

chemicals and oxidants from the surface of the earth. A

hydrothermal plume contains both reduced chemicals from

hydrothermal fluids and oxidants from seawater, thus a

hydrothermal plume is one of the most important habitats

for chemolithotrophic microbes in deep-sea hydrothermal

systems. According to the TAIGA concept (see Urabe

et al. Chap. 1), the chemical components of the hydrothermal

fluid and plume are regulated by the geological background,

and the hydrothermal systems can be categorized into four

groups: (1) sulfur TAIGA with reduced sulfur from magma,

(2) methane TAIGA with high methane and ammonium

from the sediments around the channels of hydrothermal

fluid circulation beneath the seafloor, (3) hydrogen TAIGA

with molecular hydrogen (H2) from serpentinization or the

breaking of rocks due to fault activity, and (4) iron TAIGA

with Fe2+ leached from fresh basalt by acidic hydrothermal

fluids. The chemical compositions of the four types of

TAIGA control and restrict the microbial community and

their functions. In addition, hydrothermal systems are often

categorized according to their tectonic background; mid

oceanic ridge (MOR) systems, arc-backarc systems, and

hot spot systems.

3.2 Microbial Communities in Hydrothermal
Plumes

Chemical signals derived from hydrothermal fluids are

widely used to detect hydrothermal plumes as anomalies

from the general abyssal seawater. These chemical signals

include turbidity, oxidation-reduction potential, 3He, man-

ganese, iron, methane, and molecular hydrogen. Microbial

cell densities in a plume are also elevated up to several

dozens times higher than those of the general abyssal seawa-

ter (Cowen et al. 1986; Naganuma et al. 1989; Winn et al.

1986). This indicates that the microbial community in the

plume interacts strongly with the hydrothermal fluid

chemicals in the plume. Indeed, the activities of methane

oxidation (DeAngelis et al. 1991, 1993; Tsunogai et al.

2000), ammonium oxidation (Lam et al. 2004, 2008), and

iron and manganese oxidation (Cowen et al. 1986) have been

detected in the plume. Analysis of microbial community

structures (Dick and Tebo 2010; Dick et al. 2013; Sunamura

et al. 2004) and metagenome/transcriptome (Anantharamana

et al. 2013; Dick et al. 2013; Lesniewski et al. 2012) also has

shown sulfur oxidation, ammonium oxidation, aerobic meth-

ane oxidation, hydrogen oxidation, and heterotrophic activ-

ity in the plumes.

Microbial community structures based on SSU rRNA

genes in the plumes have been studied in MOR hydrothermal

systems including, for example, Guaymas Basin (Dick and

Tebo 2010), Juan de Fuca Ridge (Lam et al. 2008) at the East

Pacific Rise (EPR), Mid Cayman (German et al. 2010) at the

Mid Cayman Rise, and Kairei Field (Noguchi et al. Chap.

15) at the Central Indian Oceanic Ridge (CIR). These hydro-

thermal fields are categorized into methane, sulfur, and

hydrogen TAIGA fields. In contrast, there has been little

study related to microbial communities in arc/backarc

hydrothermal systems in subduction region. Only a hydro-

thermal plume at the Suiyo Seamount (Sunamura et al. 2004)

located on the Izu-Ogasawara Arc has been studied.

Figure 3.1 shows the microbial community structures in

the plume of arc/backarc hydrothermal system, which we

collected and analyzed as a representative of methane

and sulfur TAIGA. The key microbial lineages in hydrother-

mal plumes are selected based on a review paper of micro-

bial studies in hydrothermal plumes and anoxic seawater

(Dick et al. 2013).

In these key microbial linages, the SUP05 phylotype is

recognized as the most abundant and universal species in

deep-sea hydrothermal plumes of all over the world. The

SUP05 phylotype in these plumes was first documented in

the Suiyo Seamount hydrothermal plume (Sunamura et al.

2004), and the SUP05 phylotype has been found to be

dominant in many anoxic seawater sites (Lavik et al. 2009;

Walsh et al. 2009) all over the world. SUP05 is known to be

a close relative to symbionts of hydrothermal chemosyn-

thetic mytilids and vesicomyids (Duperron et al. 2005;

Fujiwara et al. 2000). These can grow chemolithoautotro-

phically with sulfur (Marshall and Morris 2012; Walsh et al.

2009) or H2 (Anantharamana et al. 2013; Petersen et al.

2011) as an electron donor, and oxygen or nitrate as an

electron acceptor. The representative isolate of SUP05

grow with thiosulfate, which is accumulated as native sulfur

vesicles in a cell and, in addition to sulfur compounds, it can

grow heterotrophically (Marshall and Morris 2012). This

wide variation of energy and carbon metabolism may sus-

tain SUP05 as the primary key species in hydrothermal

plume microbial communities. We also found abundant

Alcanivorax, SAR324, and several epsilon proteobacterial

phylotypes in the plume microbial community. The lineages
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of these microbes have sulfur-metabolism genes for

dissimilar sulfur oxidation (Lai et al. 2012; Nakagawa

et al. 2007; Swan et al. 2011) for Alcanivorax, epsilon
proteobacteria, and SAR324, respectively. The abundance

of potential sulfur oxidizers in the plume is in the good

agreement with the result of thermodynamic calculation,

which is that sulfur oxidation was the most effective energy

source in the mixing zone of deep-sea hydrothermal fluids

and general abyssal seawater based on the chemical compo-

sition of EPR hydrothermal fluids (McCollom and Shock

1997). On the other hand, 16S rRNA genes of SUP05

lineage was not detected from hydrothermal plume samples

in Wakamiko Crater field. In this field, hydrothermal plume

shows low pH (6.3–6.8) due to entrainment of volcanic

fumaroles in the crater seawater (Yamanaka et al. 2013).

The relatively low SUP05 populations was also notable for

NW Rota Seamount hydrothermal plume, where very low

pH caused by acid sulfate hydrothermal fluid (Resing et al.

2007). In such low pH condition, dominant reduced sulfur

species are not HS� but H2S and native sulfur species, and

thiosulfate is not stable. In addition, the growth zone of

SUP05 lineage is restricted to early stage of hydrothermal

plume (see next section), therefore it is essential to import

substrates quickly into a cell. Lack of availability of

substrates could be responsible for absence of SUP05 in

hydrothermal plume. To know the difference in the SUP05

populations between the ridge and arc-backarc hydrother-

mal systems, further studies such as recycling of SUP05

cells within the plume, activities of dissolved sulfur

chemicals, and toxicity of hydrothermal fluid chemicals

are needed. Close relatives of SUP05 are able to utilize

H2S, HS-, native sulfur, and thiosulfate for growth

(Marshall and Morris 2012; Walsh et al. 2009). We pro-

posed here that uptake of the substrate into a cell may be

regulated by the stability and states of the sulfur species

which caused by pH and Eh.

Figure 3.1 clearly shows that the aerobic methanotrophic

lineages are found only in hydrothermal systems where

abundant methane and H2 are available (TAIGA of methane

and H2). The results indicate that aerobic methanotrophic
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Fig. 3.1 Abundance of key microbial community populations in

plumes. The 16S rRNA gene sequences were obtained by cloning/

Sanger sequencing for the Daiyon-Yonaguni Knoll, Tarama Knoll,

and Wakamiko Creater samples, and by 454 pyrosequencing for the

Suiyo Seamount, NWRota Seamount, TOTO Caldera and CIR samples

for this study and Noguchi et al. in Chap. 15. The sequences of Mid

Cayman and Guaymus Basin were downloaded from DDBJ or

VAMPS. The abbreviated names for hydrothermal zones are as

follows: Izu-Ogasawara Arc (IOA), Southern Mariana Arc (SMA),

Southern Mariana Trough Backarc (MBA), Southern Okinawa Trough

(SOT), Northern Okinawa Trough (NOT), Central Indian Ridge (CIR),

Mid Cayman Rise (MCR), and East Pacific Rise (EPR)
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populations are restricted by high concentrations of

methane in hydrothermal fluid as predicted by the TAIGA

hypothesis.

Cluster analysis based on the key species populations

indicated that the community structures were separated

into two groups (Fig. 3.2). The grouping seems to depend

on the SUP05 population which is able to use reduced sulfur

compounds (Lesniewski et al. 2012; Marshall and Morris

2012) and H2 (Anantharamana et al. 2013; Petersen et al.

2011) as the energy source for chemolithotrophic growth.

The first group consists of the plumes of arc-backarc hydro-

thermal systems with high microbial cell density anomalies.

This group contains high SUP05 populations of greater than

50 %. The second group includes the other hydrothermal

plumes and could be categorized into three sub-groups. The

sub-groups appear to be unrelated to the geological settings

of the hydrothermal systems (i.e. ridge or subduction) or to

the chemical composition of the original hydrothermal fluids

(categories of TAIGA). Analysis of the microbial commu-

nity structure indicated that the SUP05 lineage was the most

important for understanding microbial ecology in the deep-

sea hydrothermal plumes.

3.3 Growth Zone of SUP05

To understand the sulfur and carbon cycles in a hydrother-

mal field, it is essential to determine the origin and the

growth zone of plume-specific microbial communities.

Detection and cultivation of hyperthermophiles in an event

plume (Summit and Baross 1998) indicates that subseafloor

and high temperature hydrothermal fluids are one of the

origin of the plume microbes. The SUP05 phylotypes

have been detected in the low temperature diffuse hydrother-

mal flows at a level of more than 99 %(Sunamura et al.

2004), indicating that diffuse flow venting is one of the

origins. Quantitative comparison between microbial cell

densities and methane concentration among high tempera-

ture hydrothermal fluids, low temperature diffuse flows,

and hydrothermal plume waters indicated that in situ

growth in the plume is most important in the case study of

the Suiyo Seamount hydrothermal field (Sunamura et al.

2009) (Fig. 3.3) where SUP05 phylotype dominate microbial

communities in the plume (Sunamura et al. 2004).

To understand the plume-microbiological impact on deep

sea, we need to narrow a more detailed growth zone in

the plume.

3.4 Changes in the Microbial Community
During the “Chemical Evolution”
of a Plume

Biogeochemical studies of chemical composition of

substrates (Malahoff et al. 2006; Resing et al. 2009) and

the stable isotope analysis of methane carbon (Tsunogai

et al. 2000) in plumes have suggested that the chemical

features of a plume change with the dilution process and

distance from the vent. This is referred to as the “chemical

evolution of plume”. Several previous studies could not find

any positive and clear correlation between the total cell

density and the physicochemical parameters in the plume.

Moreover the changes occurring in the microbial community

during the chemical evolution of plume are still unclear.

Figure 3.4 shows the relationship between cell densities

that are higher than the background (cell density anomalies)

and bacteria and SUP05 cell densities determined by the

(CARD-)FISH method in various hydrothermal plumes.

Good linear correlation between the cell density anomalies

and the SUP05 cell densities (Fig. 3.4) indicates that very

little “microbial community evolution” occurred during the

chemical evolution of the non-buoyant plume.
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Fig. 3.2 Dendrogram of key microbial communities in the hydrothermal plumes. The dendrogram was calculated based on the Ward distance

method (Ward 1963) using the proportions of key microbial lineages that are shown in Fig. 3.1
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3.5 Contribution of a Specific Microbial
Community for Total Plume Microbial
Ecosystem

The values of the correlation slope between the microbial

cell anomalies and the specific cell densities determined by

FISH microscopic counts show the ratios of specific micro-

bial species contributions in the plume microbial

communities (Fig. 3.4). Based on these values, bacterial

cells are responsible for almost all of the increase in micro-

bial population in the plume and therefore the archaeal

contribution is much smaller than that of bacteria. More-

over, SUP05 cells contribute from 60 to 98 % of the anom-

aly biomass in the plume (Fig. 3.4). Microbial population in

the plume is regulated by input and removal; the inputs are

in situ chemolithotrophic growth, in situ heterotrophic

growth, immigration from vent fluids, and the removals

are infection by virus, predation, and sedimentation.

Because the contributions of specific microbial populations

in the plume as estimated above do not consider removal,

the contribution values may be overestimated. Our prelim-

inary result in the southern Mariana plume showed the high

correlation coefficient between microbial cell densities and

manganese concentration. This indicates that the removal

of microbial cells is small compared to the increase in

microbial cells. We compared the contribution of SUP05

in the total microbial cell anomaly in the plume with the

physical and chemical characteristics of the venting hydro-

thermal fluid which formed the hydrothermal plume.

Within the parameters, we found a close correlation

between the SUP05 contribution in the total microbial

cell anomaly in the plume and the proportion of sulfur

oxidation thermodynamic energy in the expected total ther-

modynamic energy from mixing of each hydrothermal fluid

and abyssal seawater (Fig. 3.5). The positive correlation

(r2 ¼ 0.96) suggests that chemical composition of hydro-

thermal fluids regulates the SUP05 cell density ratios in

microbial community, an idea which is proposed in the

TAIGA hypothesis. The hydrothermal plume covers and

expands from just after hydrothermal fluid spouting out

into the seawater to non-buoyant hydrothermal plume.

The widespread area and the length of the reaction time in

the hydrothermal plume allows most of chemical energy to

be used for microbial activity and growth. This idea would

explain our conclusion that the composition of hydrother-

mal fluid chemicals regulates the microbial community

structure in the plume. The SUP05 phylotype is known

to possess various types of metabolism for growth

energy, e.g. sulfur oxidation (Marshall and Morris 2012;

Walsh et al. 2009), hydrogen oxidation (Anantharamana

et al. 2013; Petersen et al. 2011), and heterotrophy
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(Marshall and Morris 2012). To understand the regulation

mechanism of the plume microbial community, we will

need to determine the status of sulfur chemical species,

gas species, and metal species during plume evolution in

the future.

3.6 Conclusion and Future Perspectives

In this chapter, we compiled our qualitative and quantitative

data regarding the plume microbial community of various

hydrothermal fields and compare their characteristics inthe

context of four TAIGA. We conclude that (1) bacteria is

the major player in the hydrothermal plume, (2) SUP05

is the most important key species in the plume microbial

community, (3) the SUP05 population represents the arc-

backarc and ridge plume communities, and it is regulated by

the chemical composition of the hydrothermal fluid, (4) the

SUP05 major growth area is restricted to the plumes, not

below the seafloor, and (5) methanotrophs are a microbial

signature of hydrogen and methane TAIGA. To understand

the biogeochemical impacts of plume microbes on the deep

ocean, in the future we will need to determine the microbial

production rate and in situ microbial activities through in

situ incubation, transcriptomics, and more dense sampling.

3.7 Materials and Methods

3.7.1 Samples Used in This Study

The hydrothermal plume samples used in this study were

collected at the Okinawa Trough (4 sites: Hatoma Knoll in

cruise KT05-26, Daiyon-Yonaguni Knoll in KT09-26,

Tarama Knoll in NT08-11, and Wakamiko Creater in

KT09-29) (see Ishibashi et al. Chap. 29; Yamanaka et al.

Chap. 49), and the Izu-Mariana Arc (4sites: Suiyo Seamount

in cruise KH11-05, Myojin Caldera in NT06-21, TOTO

Caldera in KR08-05, NW Rota Seamount in NT10-13)

using a Niskin bottle water sampler with CTD-CMS or
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Fig. 3.4 Relationships between the specific microbial cell population

and the total cell population anomaly in three plumes, the Suiyo

seamount (data from Sunamura et al. 2004), the Myojin Knoll (this

study), and the Haoma Knoll (this study). The total cell density

anomalies were estimated by comparison with general abyssal seawa-

ter. Red indicates SUP05 cells as determined by a mixture of SUP05-

187, 988, and 1245 probes, and green indicates bacterial cells as

determined by a mixture of EUB338 I-III probes
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from Fig. 3.4 and Sunamura et al., to be submitted. The potential

chemical energy is the proportion of potential thermodynamical energy

from sulfur oxidation in the total reduced chemical oxidation, which

includes methane, reduced sulfur species, dihydrogen (H2),

ammonium, iron, and manganese calculated from the end-member

chemical concentrations in hydrothermal fluids (Toki et al. Chap. 24,

Kawagucci Chap. 35). Thermodynamic calculations were based on

(Edwards et al. 2005)
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ROV Hyper dolphin 3 K. Hydrothermal fluids in the subduc-

tion system are rich in sulfides. The hydrothermal fluids in the

Okinawa Trough are characterized by a rich methane con-

tent. Those in the Ogasawara Arc are characterized by poor

content of other reduced chemicals and those of the Mariana

Trough, are characterized by a rich iron contents. Microbial

cells in the plume samples were filtered and concentrated on

0.22 μm pore sized membrane filters (Type GV, Millipore)

for DNA analysis. Other water samples were fixed with

neutralized formalin (final concentration: 3.5 %) and micro-

bial cells were filtered on 0.2 μm pore-sized polycarbonate

membrane filters (Nuclepore filter, Whatman) on board.

These samples were stored at �80 �C prior to analysis.

3.7.2 Analytical Methods

Microbial DNA on the filter samples was extracted using an

Ultra Clean Soil DNA Extraction Kit (MOBio) according to

manufacturer’s instructions. To determine the 16S rRNA

gene sequences in the samples, we used cloning/Sanger

sequencing method or Roche-454 sequencer with a DNA

tag for each sample. For the cloning/Sanger method, the 16S

rRNA genes were amplified by PCR method with a 27F-

1492R primer set (Reysenbach et al. 2000) using Takara ex

taq DNA polymerase (Takara bio) and then the amplified

16S rRNA gene sequences were determined by ABI3100

sequencers after cloning using a TA Cloning Kit

(Invitrogen). For the Roch-454 sequencer, the 16S rRNA

genes were amplified by a 530F-907R primer set (Nunoura

et al. 2012) with adaptor and tags by PCR using LA taq DNA

polymerase (Takara bio) and the sequences of the amplicons

were determined by Roche 454 sequencers. Sequences were

analyzed on the Mothur software package (Schloss et al.

2009) using Silva v.1.02. The SUP05 phylotype and bacte-

rial cells were quantified by direct counting under fluores-

cent microscopy (BX51, Olympus) with CARD-FISH

staining of the cells using Cy3-tyramide (Yanagawa and

Sunamura in Chap. 6) (Hirayama et al. 2007; Pernthaler

et al. 2002) by SUP05 mix probe for the SUP05 phylotype

and EUB338 I-III probe for the bacterial cells (Daims et al.

1999; Stahl and Amann 1991). For determination of the

SUP05 phylotype, we used a SUP05 mix DNA probe,

which is a mixture of newly designed SUP05-988 (50-
AAGTTCCGTGTATGTCAAGA-30) and SUP05-1245 (50-
GCTTAGCAACCCTTTGTCC-30) probes, in addition to a

SUP05-187 probe (Sunamura et al. 2004).
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