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Abstract

A sediment sample was collected from a deep-sea hydrothermal vent field located at a depth 0of 2951 m on
the Southwest Indian Ridge. Phylogenetic analyses were performed on the prokaryotic community using
polymerase chain reaction (PCR) amplification of the 16S rRNA and nifH genes. Within the Archaea, the
dominant clones were from marine benthic group E (MBGE) and marine group I (MGI) belonging to the
phyla Euryarchaeota and Thaumarchaeota, respectively. More than half of the bacterial clones belonged
to the Proteobacteria, and most fell within the Gammaproteobacteria. No epsilonproteobacterial sequence
was observed. Additional phyla were detected including the Actinobacteria, Bacteroidetes, Planctomycetes,
Acidobacteria, Nitrospirae, Chloroflexi, Chlorobi, Chlamydiae, Verrucomicrobia, and candidate divisions
OD1, OP11, WS3 and TMS6, confirming their existence in hydrothermal vent environments. The detection of
nifH gene suggests that biological nitrogen fixation may occur in the hydrothermal vent field of the South-
west Indian Ridge. Phylogenetic analysis indicated that only Clusters I and III NifH were present. This is
consistent with the phylogenetic analysis of the microbial 16S rRNA genes, indicating that Bacteria play the

main role in nitrogen fixation in this hydrothermal vent environment.
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1 Introduction

Since the first discovery of hydrothermal vent ecosystems
about thirty-six years ago, vents have been considered oases
in benthic environments, accompanied by sharp chemical
and physical gradients (pH, temperature, energy and nutrient
source). Chemolithoautotrophic microorganisms are the pri-
mary producers of hydrothermal microbial communities, and
these are able to fix inorganic carbon using chemical energy
obtained through the oxidation of reduced compounds such
as hydrogen sulfide, hydrogen, and methane. Heterotrophic
microorganisms that depend on the energy flow through these
chemoautotrophs form another component of the microbial
community. They can be free-living or symbiotic, associated
with animals (Jergensen and Boetius, 2007). As a result of suc-
cessful cultivation efforts, many thermophilic and hyperther-
mophilic Archaea as well as Bacteria have been isolated from
hydrothermal vents (Takai et al., 2002; Nakagawa et al., 2004;
Voordeckers et al., 2005; Smith et al., 2008). On the other hand,

culture-independent molecular phylogenetic analyses stud-
ies of 16S ribosomal RNA (16S rRNA) genes recovered from the
Pacific (Schrenk et al., 2003), Atlantic (Nercessian et al., 2005),
Indian mid-oceanic ridges (Takai et al., 2004) and other hydro-
thermal vent environments (Takai and Horikoshi, 1999) have
extended our views about the microbial diversity in hydrother-
mal vents.

High concentrations of organic and inorganic nitrogen com-
pounds exist in the deep-sea environment, which compose the
main source of nitrogen in deep-water sediments rather than
nitrogen fixation (Burns et al., 2002). However, dissolved dini-
trogen gas is abundant in deep-sea hydrothermal vent fluids.
The ability to fix nitrogen is widely distributed among phylo-
genetically diverse Bacteria and Archaea in hydrothermal fields
(Mehta et al., 2003; Mehta et al., 2005).

So far, two deep-sea hydrothermal vent systems in the Indi-
an Ocean have been well studied for their microbial community
(Takai et al., 2004; Suzuki et al., 2004). The Kairei hydrothermal
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field was the first discovered hydrothermal vent system in the
Indian Ocean (Hashimoto et al., 2001), followed by the Edmond
field (Van Dover et al., 2001). Both are located in the Central In-
dian Ridge, but no hydrothermal vent system has been reported
in other mid-oceanic ridges of the Indian Ocean.

The primary purpose of this study was to characterize the
microbial community structure as well as the nifH gene diver-
sity of deep-sea sediment from a hydrothermal vent field on the
Southwest Indian Ridge. In total, 117 archaeal 16S rRNA gene
sequences, 148 bacterial 16S rRNA gene sequences and 104
nifH gene sequences were obtained from five clone libraries
constructed from this sediment sample. In this study, we per-
formed the first analysis of microbial community structure as-
sociated with sediment from a hydrothermal vent field on the
Southwest Indian Ridge, and we further examined the presence
and origin of nifH sequences.

2 Materials and methods

2.1 Sampling

A new hydrothermal vent field was discovered during the
Chinese cruise on R/V Dayangyihao in 2007 at the Southwest
Indian Ridge hydrothermal area. A hydrothermal vent sediment
sample was obtained from a depth of 2951 m at the TVG3 site
(27°50.98'S, 63°56.17'E), southwest of the Kairei and Edmond
hydrothermal field (Fig. 1). The sample was collected in a sealed
sterile container and frozen in liquid nitrogen until use.

2.2 Chemical analysis

Chemical components including nitrite + nitrate
(NO, +NO;"), nitrite (NO,”) and ammonium (NH,") of the
hydrothermal vents sediment were measured by a nutrient
autoanalyzer (SKALAR San++).

Edmond
Kairei

2.3 DNA extraction, PCR, cloning, and sequencing

Total DNA was extracted from the sediment sample accord-
ing to Zhou et al. (1996). Approximately 5 g of sample was used
for DNA extraction. Extracted DNA was stored frozen at —20°C.
For PCR amplification of prokaryotic 16S rRNA genes we used
the primers A2E A571F E8E UA1204R, and U1510R (Baker et
al., 2003). Two kinds of primer pairs were introduced to amplify
nifH gene (Zehr and McReynolds, 1989; Mehta et al., 2003). All
PCR reactions followed procedures described in Table 1. PCR
products were cleaned with a PCR purification kit (Axygen),
and cloned with the pMD18-T vector kit (TakaRa) to construct
libraries. Clones from these libraries were randomly selected for
sequencing.

2.4 OTU assignment and phylogenetic analysis

The 16S rRNA gene sequences were checked for chimeras
with the tool of Ribosomal Database Project II (RDP II, http://
rdp8.cme.msu.edu/cgis/chimera.cgi?su=SSU).  Clones with
97% or higher similarity were assigned as an operational taxo-
nomic unit (OTU) using the Mothur program based on the dis-
tance matrix (Schloss et al., 2009). Then, rarefaction curves were
constructed by the Dotur program (Schloss Handelsman, 2005).
Sequences from active and inactive chimney structures of the
Kairei field in the Central Indian Ridge were obtained from
GenBank. Venn diagrams were plotted using the Venn Diagram
Plotter  (http://omics.pnl.gov/software/VennDiagramPlotter.
php) and eulerAPE program (http://www.eulerdiagrams.org/
eulerAPE/).

All nitrogenase nifH gene diversity and phylogenetic analy-
ses were performed with deduced amino acid sequences. 16S
rRNA gene and putative NifH protein sequences homology
comparisons were carried out using the BLAST tool at the Na-
tional Center for Biotechnology Information (NCBI, http://

Fig.1. Map of the mid-oceanic ridge of the Indian Ocean showing the location of the TVG3 site on the Southwest Indian Ridge,
and the Kairei and Edmond vent fields on the Central Indian Ridge. The map was created using the NOAA satellite global seafloor

topography images (Wwww.NOAA.gov).
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Table 1. PCR primers and procedures used in this study

Target gene Primer Sequences (5'-3") PCR cycle conditions

Archaeal 16S rRNA A2F TTCCGGTTGATCCTGCCGGA 5 min at 96°C; 30 cycles of 96°C for 20 s, 50°C for 45 s, and
U1510R GGTTACCTTGTTACGACTT 72°C for 2 min; final extension of 72°C for 10 min

Archaeal 16STRNA  A571F GCYTAAAGSRICCGTAGC 5 min at 96°C; 30 cycles of 96°C for 20 s, 50°C for 45 s, and
UA1204R TTMGGGGCATRCIKACCT 72°C for 2 min; final extension of 72°C for 10 min

Bacterial 16 rRNA  E8F AGAGTTTGATCCTGGCTCAG 5 min at 95°C; 30 cycles of 94°C for 45 s, 50°C for 45 s, and
U1510R GGTTACCTTGTTACGACTT 72°C for 2 min; final extension of 72°C for 10 min

nifH nifH-1F GGHAARGGHGGHATHGGNAARTC 2 min at 94°C; 35 cycles of 94°C for 30 s, 55°C for 30 s, and
nifH-1R GGCATNGCRAANCCVCCRCANAC 72°C for 1 min; final extension of 72°C for 10 min

nifH nifH-2F TGYGAYCCNAARGCNGA 5 min at 94°C; 35 cycles of 94°C for 1 min, 54°C for 1 min,
nifH-2R ADNGCCATCATYTCNCC and 72°C for 1 min; final extension of 72°C for 10 min

www.ncbi.nlm.nih.gov/BLAST). Clone sequences and their
closest relatives were imported into the MEGA 4.0 program
(Tamura et al., 2007). Phylogenetic trees were constructed by
the neighbor-joining method (Saitou and Nei, 1987) with the
Jukes and Cantor model (Jukes and Cantor, 1969) for 16S rRNA
gene sequences and the Kimura model (Kimura, 1980) for NifH
amino acid sequences.

2.5 Nucleotide sequence accession numbers

The 16S rRNA sequences for the archaeal 16S rRNA sequenc-
es, bacterial 16S rRNA clones and nifH sequences from the
Southwest Indian Ridge hydrothermal vent chimney were de-
posited in the GenBank under accession numbers GU195982-
GU196019, GU196020-GU196129, and GU232739-GU232766,
respectively.

3 Results

3.1 Chemical compositions of the hydrothermal vent sedi-
ment sample
The chemical compositions of the hydrothermal vent sedi-
ment sample were determined. According to the analysis, the
concentration of nitrate, nitrite and ammonia were 4.09, 0.23
and 3.97 ng/g, respectively.

3.2 Characterization of the prokaryotic 16S rRNA and nifH
gene libraries
A cultivation-independent approach was used to charac-

terize the microbial community structure associated with the
sediment of this hydrothermal system. High molecular weight
DNA was successfully extracted and the 16S rRNA genes of
Archaea and Bacteria were amplified. After discarding chime-
ric sequences, archaeal 16S rRNA gene libraries with different
primer pairs designated Al (primer pair A2F / U1510R) and
A2 (primer pair A571F / UA1204R) were constructed, contain-
ing 47 and 70 clones, respectively. In addition 148 clones were
sequenced from a bacterial library. The archaeal (Al, A2) and
bacterial libraries were composed of 22, 16, and 110 phylotypes
(sequences less than 97% similar), respectively. nifH genes were
amplified with two kinds of primer pairs (nifH-1F / nifH-1R and
nifH-2F / nifH-2R) and two libraries were generated with 53 and
51 clones, respectively. Eleven and seventeen phylotypes were
obtained from these libraries respectively.

3.3 Rarefaction analysis of bacterial and archaeal libraries

Significantly lower diversity and fewer OTUs were found in
archaeal libraries compared with the bacterial library. It was
further supported by the rarefaction analysis. The slope of the
rarefaction curves (Fig. 2) for both archaeal libraries became
nearly asymptotic and estimated the ultimate richness. In con-
trast, despite the identification of 148 clones as bacterial, the
rarefaction curve indicated that the sampling of bacterial rich-
ness was far from complete.

The Venn diagrams showed the relationship of shared and
site-specific groups between our study and previous study on
active and inactive chimney structures (Takai et al., 2004; Su-
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Fig.2. Rarefaction analysis for total bacterial and archaeal clones. OTUs were determined at 3% 16S rRNA gene sequence differ-
ence level as assigned by the DOTUR program. 1:1 reference curve indicates that each sequenced clone belonged to a unique OTU.
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zuki et al., 2004). The bacterial OTU number for hydrothermal
vent sediment (this study), inactive and active chimney struc-
tures were 110, 32 and 21, respectively. No overlapped OTU was
observed with 97% identity threshold (Fig. 3a); however, with
80% identity threshold, seven OTUs were shared between hy-
drothermal vent sediment and inactive chimney structures, one
OUT was shared between hydrothermal vent sediment and ac-
tive chimney structures, and four OTUs were shared between
inactive and active chimney structures. No OUT was shared
by all of them (Fig. 3b). The results suggested that the bacterial
abundances differed among the sample areas on the hydrother-
mal vents field.

3.4 Archaeal diversity

The total of 117 archaeal 16S rRNA gene sequences yield-
ed 38 unique phylotypes from the two archaeal libraries.
These belonged to five distinct clusters corresponding to the
phyla Euryarchaeota (76 sequences in 23 phylotypes) and
Thaumarchaeota (41 sequences in 15 phylotypes), including
the marine benthic group E (MBGE), marine group II (MGID),
deep-sea hydrothermal vent Euryarchaeota group 5 (DHVES5),
marine group I (MGI), and undefined Euryarchaeota and
Thaumarchaeota groups (Fig. 4).

Seventy-two out of seventy-six of these euryarchaeotal se-
quences belonged to the MBGE group. These sequences were
closely related (greater than 90% similarity) to uncultured
clones obtained from active deep-sea hydrothermal fields in
the Southern Mariana Trough (Kato et al., 2009), the Myojin
Knoll, the Izu-Ogasawara area (Takai and Horikoshi, 1999) and
the Central Indian Ridge (Takai et al., 2004); deep-sea sedi-
ments in the Eastern Mediterranean (Heijs et al., 2008); and
shallow methane seep sediments in the Timor Sea (Wasmund
etal., 2009). The closest cultured relatives to these euryarchaeo-
tal sequences were the extremely thermophilic methanogens

inactive
chimney

structures
21

active
chimney
structures
32

hydrothermal vent sediment
110

Methanothermobacter thermophilus, Methanothermobacter
defluvii (Kotelnikova et al., 1993), and Methanothermus fervi-
dus (Rouviere et al., 1992), with similarities between 83.5% and
86.6%. Euryarchaeotic sequences within phylotype pTVGA17
shared 97% similarity with uncultured clone HF4000_48H06
from a4 000 m deep-sea station of ALOHA, North Pacific Ocean,
belonging to the MGII group (DeLong et al., 2006). Clone pTV-
GA3 was distantly related (81% similarity) to the cluster DHVES
clones from sediments associated with a hydrothermal vent site
at the Middle Okinawa Trough (Takai and Horikoshi, 1999). The
remaining clone pTVGA16 fell into an undefined euryarchaeo-
tal group.

Thirty-eight 16S rRNA gene sequences fell into the MGI
group (96% to 99% similarity to the closest matched GenBank
sequences), which is now considered part of the new archaeal
phylum Thaumarchaeota defined as mesophilic Crenarchaeota
(Brochier-Armanet et al., 2008). These sequences are affiliated
with uncultivated Archaea from deep-sea sediments in the
Weddell Sea (Brandt et al., 2007), the East Pacific Rise (Mason
et al., 2007), the Nankai Trough (Arakawa et al., 2006), the Pa-
cific nodule province (Xu et al., 2005), the Peru margin (Inagaki
et al., 2006), the Eastern Mediterranean (Heijs et al., 2008) and
the North Atlantic (Agogue et al., 2008). Phylotypes pTVGA19
and 37 shared 96% similarity with a clone obtained from sedi-
ment present in a tropical seawater tank at the Seattle Aquar-
ium, which was closely related to Nitrosopumilus maritimus
SCM1, the first cultured mesophilic representative of the Cre-
narchaeota belonging to the MGI group (Kénneke et al., 2005).
Most of the MGI thaumarchaeotal sequences in our study were
affiliated (91% to 97% similarity) with this cultivated archaeon
as well. Phylotypes pTVGAL1, 15 and 24 fell into an unclassified
thaumarchaeotal group. Clones pTVGA11 and 15 were distantly
related (90% similarity) with an uncultured clone retrieved from
a hydrothermal chimney at the Lost City field, Mid-Atlantic
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Fig.3. Venn diagrams showing the estimated OTU (97% identity threshold) (a) and OTU (80% identity threshold) (b) richness shared
among bacterial communities from hydrothermal vent sediment (this study), inactive chimney structures (Suzuki et al., 2004) and
active chimney structures (Takai et al., 2004). Shared OTU richness estimates were calculated using the program MOTHUR. Venn
diagrams were plotted using the Venn Diagram Plotter program and eulerAPE program. The object sizes are drawn to show the ap-
proximate OTU memberships. Numbers in the Venn diagrams indicate number of OTUs.
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Ridge (Schrenk et al., 2004), and clone pTVGA24 was distantly
related to MGI clone ANT33-04 (Arakawa et al., 2006).

3.5 Bacterial diversity

A total of 148 bacterial 16S rRNA gene sequences repre-
senting 110 phylotypes were retrieved in this study. The library
was dominated by sequences affiliated with the Proteobacteria
(62.2%), Actinobacteria (9.5%), Bacteroidetes (6.1%), Planctomy-
cetes (6.1%), and Acidobacteria (6.1%).

The sequences related to Proteobacteria were divided into
four subgroups (Alpha-, Beta-, Gamma-, and Deltaproteobacte-
ria) (Fig. 5a). Fifty-five Gammaproteobacteria related sequences
formed the largest division. Phylotypes pTVGB18 and 93 were
closely related to cultured species (99% similarity). However,
most phylotypes were related to uncultured clones obtained
from other hydrothermal vent sediments (Lépez-Garcia et al.,
2003; Nercessian et al., 2005), seafloor lava environments (San-
telli et al., 2008), deep-sea water samples (Pham et al., 2008), and
marine sediments (Gillan and Pernet, 2007; Sgrensen et al., 2007).
We also detected 16 and 17 sequences related to Alphaproteo-
bacteria and Deltaproteobacteria, respectively. These sequences
were closely related to uncultured clones from deep-sea sedi-
ment (Santelli et al., 2008; Hunter et al., 2006) and other habitats.
Only four Betaproteobacteria-related sequences were recovered,
and these were related to sequences earlier retrieved from sea-
floor lava sediments (Santelli et al., 2008). Epsilonproteobacteria-
related sequences which are typical for hot vents (Jorgensen and
Boetius, 2007) were not encountered in this study.

Fourteen Actinobacteria-related sequences belonged to the
family of high G+C Gram positive bacteria. They showed rela-
tionship with uncultured organisms retrieved from Mid-Atlan-
tic Ridge hydrothermal fields (Lépez-Garcia et al., 2003; Nerces-
sian et al., 2005); deep-sea sediment in the Mediterranean (Heijs
et al., 2008); methane-seep sediment in the Eel River Basin in
California (Beal et al., 2009); and Arctic surface sediment (Li
et al.,, 2009). Nine sequences were identified to be members of
the Bacteroidetes group, within the subdivision Cytophaga-Fla-
vobacterium, which consists of heterotrophic bacteria (Kirch-
man, 2002). They are related to clones identified from various
marine environments (Lépez-Garcia et al., 2003; Musat et al.,
2006; Crump et al., 2007; Heijs et al., 2008; Polymenakou et al.,
2009; Li et al., 2009). Nine clones belonged to the Planctomyce-
tes-related cluster. These sequences showed high similarity with
uncultured relatives encountered in a hydrothermal vent (Ner-
cessian et al., 2005), in marine sediments (Polymenakou et al.,
2005; Hunter et al., 2006; Santelli et al., 2008), and in sea water
from the Barents Sea (Schmid et al., 2007). Phylotype pTVGB6
shared 86% similarity with cultured anaerobic ammonium-ox-
idizing planctomycete KOLL2a (Egli et al., 2001), obtained from
a deep-sea hydrothermal system. Nine phylotypes were identi-
fied as Acidobacteria related sequences, closely affiliated with
uncultured organisms obtained from various marine habitats
including deep-sea hydrothermal vents (Lopez-Garcia et al.,
2003). Other clones of the bacterial library were affiliated with
the Nitrospirae, Chloroflexi, Chlorobi, Chlamydiae, Verrucomi-
crobia, and candidate divisions OD1, OP11, WS3, TM6, found
previously in marine environments (Nercessian et al., 2005;
Heijs et al., 2008) (Fig. 5b).

3.6 nifH diversity
A total of 104 nifH clones were sequenced from two libraries

obtained by using two different primer pairs (Table 1). Twenty-
eight diverse nifH gene phylotypes were obtained which shared
less than 97% similarity. The deduced protein sequences shared
80% to 98% similarity with the GenBank published sequences.
All the sequences were imported and aligned with the NifH da-
tabase (http://pmc.ucsc.edu/~wwwzehr/research/database/).
Phylogenetic analysis showed that all NifH sequences retrieved
in this study fell into Cluster I or III and within seven groups
as defined by Chien and Zinder (1994) and Zehr et al. (2003)
(Fig. 6). Eleven hydrothermal vent NifH phylotypes of twenty-
six sequences fell into Cluster I of NifH within the 1C, 1H, 1P
groups including alpha-, beta-, and gammaproteobacterial
nitrogenases, based on sequences retrieved from cultivated or-
ganisms. One unclassified clone N-2-13 was obtained, which
was closely related to the 1C group. Sixteen phylotypes with
seventy-seven hydrothermal vent NifH sequences fell within
the 31, 3P, 3K and 3] groups of NifH Cluster III. Based on the phy-
logenetic distribution of the nifH gene among cultivated repre-
sentatives, the 3P and 3K group belong to the Deltaproteobacte-
ria and the Spirochaetes, respectively. All the sequences within
the 3I group are derived from environmental clones. Clones
N-1-11, N-2-4, N-2-17, N-1-3, N-1-4, N-2-12, N-2-2 and clones
N-2-5, N-2-8, N-2-6, N-2-10, N-1-10, N-2-7 formed two large
diverse clades within the 3I and 3P groups, respectively, which
indicates the existence of distinct deep-sea hydrothermal vent
nitrogenase groups. Genome studies show that some archaeal
nifH genes fall into the 3] group. Clones N-2-14 and N-2-15 are
closely related (84% similarity) to uncultured methanogenic ar-
chaeon RC-I nifH (Erkel et al., 2006).

4 Discussion

Phylogenetic analysis of the 16S rRNA gene clones from
the Southwest Indian Ridge hydrothermal vent sediment pro-
vided a view of its microbial diversity; however, because of
the biases associated with the polymerase chain reaction (von
Wintzingerode et al., 1997), the abundance of the phylotypes in
the libraries obtained cannot be assumed to reflect their abun-
dance in the environment.

The Archaea in this vent sample were found to possess
relatively little diversity. Most archaeal sequences fell into the
groups of MBGE and MGI (61.5% and 32.5% of the sequences,
respectively). Microorganisms belonging to the MBGE group
could take part in methane cycling, possibly representing
methanogens (Vetriani et al., 1999). Previous studies showed
that only a small proportion of methanogens in hydrate-bear-
ing sediments could be detected using methanogen-specific
primers (Inagaki et al., 2006). Based on the chemical analysis
of sediments from the sampling stations, the concentration
of ammonia is 3.97 pg/g. It indicated that ammonia oxidizers
may play an important role in the sediment. Most of the MGI
thaumarchaeotal sequences in this study were affiliated with
this cultivated archaeon Nitrosopumilus maritimus SCM1,
which is nonthermophilic and able to grow by aerobically oxi-
dizing ammonia to nitrite. These features are consistent with
functional gene investigations (Francis et al., 2005; Wang et al.,
2009), indicating that some members of the MGI Archaea are
autotrophic ammonia oxidizers. Betaproteobacteria-related se-
quences were related to sequences earlier retrieved from sea-
floor lava sediments (Santelli et al., 2008), probably belonging
to ammonia oxidizers (Teske et al., 1994).
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Fig.5. The bacterial 16S rRNA gene phylogenetic tree as determined by neighbor-joining analysis. a. Proteobacteria-related se-
quences and b. Actinobacteria, Bacteroidetes, Planctomycetes, Acidobacteria, Nitrospirae, Chloroflexi, Chlorobi, Chlamydiae, Ver-
rucomicrobia, and candidate divisions OD1, OP11, WS3, and TM6 related sequences. Clones detected in this study are shown in
bold, the number following the detected clones indicates the number of clones. The numbers at the nodes are the bootstrap values.
Bootstrap values (in percent) are based on 1000 replicates each and are shown for branches with more than 50% bootstrap support.

The scale bar represents 0.1 substitutions per nucleotide position.
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Fig.6. Phylogenetic tree of NifH (Clusters I to IV), constructed using neighbor-joining analysis. Clones detected in this study are
shown in bold, the number following the detected clones indicates the number of clones. The numbers at the nodes are the boot-
strap values. Bootstrap values (in per cent) are based on 1000 replicates each and are shown for branches with more than 50% boot-
strap support. The scale bar represents 0.1 substitutions per amino acid position.

Proteobacteria dominated the main group of bacterial
sequences. Gammaproteobacteria were the most abundant
in the bacterial library (37.2% of the sequences), followed by
Alphaproteobacteria and Deltaproteobacteria (10.8 and 11.5%,

respectively). They are likely to be involved in sulfur oxidization
and sulfate reduction. Sulfur is a critical element in nature.
Sulfur oxidization and sulfate reduction are two important
metabolic pathways in sulfur cycling. Study of cultivated
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organisms indicated that the Alphaproteobacteria are potential
sulfur oxidizers (Blazejak et al., 2005) and Deltaproteobacteria
function as sulfate reducers in the deep-sea (Nakagawa et
al., 2006). Sulfate-reducing bacteria (SRB) are a group of
anaerobic bacteria that reduce sulfate or other oxidized sulfur
compounds to sulfide. In the present study, clones belonging to
Desulfobacterales, Desulfovibrionales and Syntrophobacterales
were retrieved within Deltaproteobacteria that were distantly
related to identified bacteria Desulforegula conservatrix Mb1Pa,
Desulfothermus  okinawensis TFISO9, Desulfovibrionales
bacterium Spi55 and Desulfobacca acetoxidans ASRBZ.
Desulforegula conservatrix MblPa is a sulfate-reducing
bacterium isolated from sediments of a freshwater lake (Rees
and Patel, 2001). Desulfothermus okinawensis TFISO9 is a
thermophilic and heterotrophic sulfate-reducing bacterium
isolated from a deep-sea hydrothermal field at the Yonaguni
Knoll IV in the Southern Okinawa Trough (Nunoura et al.,
2007). Desulfovibrionales bacterium Spi55 was isolated from
black rust exposed to hot ridge flank crustal fluids (Nakagawa
et al., 2006). Desulfobacca acetoxidans ASRBZ is a mesophilic
sulfate reducer, isolated with acetate as sole carbon and energy
source from granular sludge of a laboratory-scale upflow
anaerobic sludge bed reactor fed with acetate and sulfate
(Oude Elferink et al., 1999). Interestingly, phylotype pTVGB94
showed close relationship (93% 16S rRNA gene similarity)
with Thioprofundum lithotrophica, a novel thermophilic
piezophile recently isolated from a deep-sea hydrothermal
vent chimney in the Mid Atlantic Ridge, which performed as a
chemolithoautotroph with reduced sulfur compounds (Takai
et al., 2009). These sulfate-reducing bacteria may cooperate
with sulfur-oxidizing bacteria in the ecosystem and play an
indispensable role in sulfur cycling.

The mechanism of fix nitrogen is complex. According to the
previous studies, the nifH gene encodes the iron protein and led
to the recognition of four clusters: Cluster I, standard molyb-
denum nitrogenases from Cyanobacteria and Alphaproteobac-
teria, Betaproteobacteria, and Gammaproteobacteria, as well as
Gammaproteobacteria vnfH; Cluster 1I, methanogen nitroge-
nases and bacterial anfH; Cluster III, nitrogenases from diverse
anaerobic bacteria including Gram-positive, low G+C microor-
ganisms (Clostridia) and sulfate reducers (Deltaproteobacteria);
Cluster IV, divergent nitrogenases from Archaea (Mehta et al.,
2003). In this study, the detection of nifH suggested that nitro-
gen fixation may occur in the hydrothermal vent chimneys of
the Southwestern Indian Ridge. Phylogenetic analysis of the
NifH library suggested that only Cluster I NifH from Proteo-
bacteria (Alpha, Beta, and Gamma group) and Cluster III NifH
from Deltaproteobacteria and uncultured bacteria are present.
This is consistent with the results of the phylogenetic analysis
of the microbial 16S rRNA genes, which indicates that bacteria
can be expected to play a principal role in nitrogen fixation in
this sample.
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