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Abstract Benthic bacterial communities in the ocean

comprise the vast majority of prokaryotes on Earth and

play crucial roles in the biogeochemical cycles and

remineralization of organic matter. Despite the importance

of the benthic bacterial communities in the ecosystem, no

previous investigations of the bacterial community of

sediments from the Australian-Antarctic ridge (AAR) have

been conducted to date. In this study, the composition of

the bacterial community in the surface sediments from

AAR was revealed by the 454 pyrosequencing method.

Bacterial communities inhabiting the sediments of AAR

were highly diverse, covering 39 distinct major lineages of

bacteria. Among them, Gammaproteobacteria, Planctomy-

cetes, Actinobacteria, Deltaproteobacteria, Acidobacteria,

Alphaproteobacteria, Chloroflexi, Bacteroidetes, Chlorobi,

and Gemmatimonadetes were dominant, accounting for

85–88 % of the bacterial community. The 16S rDNA

sequences of major OTUs with 1 % or higher relative

abundance showed high similarity (96.6–100 %) with

uncultured environmental sequences that were primarily

recovered from the sediments of various areas of the

Arctic, Southern, Atlantic, Indian, and Pacific Oceans. As

the first report of the bacterial community of marine sedi-

ments in the AAR region, the results presented herein

suggest that members of the predominant phyla are well

adapted to the environment of marine sediment and that the

low variability in the bacterial communities of deep-sea

sediments might reflect the similar environmental condi-

tions among various regions of the deep sea.

Keywords Bacterial community � Sediment �
Pyrosequencing � Australian-Antarctic ridge

Introduction

Benthic microbial communities in the ocean play signifi-

cant roles in the biogeochemical cycles and remineraliza-

tion of organic materials (Ravenschlag et al. 2001; Li et al.

2009). In addition, it has been reported that the fraction of

bacteria in the deep sub-seafloor biosphere may comprise

one-tenth to one-third of the Earth’s total biomass and

approximately 70 % of the global prokaryotic biomass

(Whitman et al. 1998; Li et al. 2009). As a result, bacterial

communities in benthic environments are an important

component of the food web as well as biochemical func-

tioning. Accordingly, understanding the microbial com-

munity structures in benthic ecosystems is an important

first step in understanding benthic ecosystem processes and
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the roles that benthic bacteria play in overall oceanic

processes (Li et al. 2009).

Investigations of benthic microorganisms have been

conducted in the Arctic, Southern, Atlantic, Indian, and

Pacific Oceans by culture-based or molecular approaches

such as denaturing gradient gel electrophoresis (DGGE),

fluorescence in situ hybridization (FISH), terminal restric-

tion fragment length polymorphism (T-RFLP), 16S rRNA

gene clone library analysis, and high-throughput sequenc-

ing methods (Vetriani et al. 1999; Ravenschlag et al. 2001;

Bowman and McCuaig 2003; Luna et al. 2004; Poly-

menakou et al. 2005; Li et al. 2009; Schauer et al. 2010; Yu

et al. 2010). These studies revealed a high diversity in

microbial compositions and bacterial communities are

correlated with organic carbon contents and inorganic ion

concentration (Jørgensen et al. 2013; Ruff et al. 2013). In

addition, biogeographical analysis revealed that some

phylotypes were common in the Atlantic, Pacific, Antarctic,

and Arctic Oceans sediments indicating that some species

disperse effectively over a huge distance and therefore are

cosmopolitan (Schauer et al. 2010; Zinger et al. 2011).

The Australian-Antarctic ridge (AAR), which is the

easternmost portion of the Southeast Indian Ridge, is the

largest unexplored expanse of the global mid-ocean ridge

system. To the best of our knowledge, no previous studies

of the geology, oceanography, or biology of the AAR

region have been conducted. Here, we report the bacterial

community structure from two sediment samples obtained

through an expedition in the AAR region between 150�E

and 160�E from March 2 to March 9, 2011.

Materials and methods

Sampling

Sediments were entrapped in the metal cups of a rock corer

(Bender et al. 1992) when it hits the basement, after which

the cups were sealed with vaseline placed in the head of

metal cups. Sediment samples were then recovered from

two sites 43.2 km apart from each other and 2,400 m deep

(Table 1; Fig. 1). The bedrock was mainly composed of

basaltic glass and sediment samples were characterized by

yellowish beige clay primarily composed of biogenic silica.

Sediment samples were stored at -80 �C until DNA

extraction and sequence analysis.

Bacterial community analysis

Genomic DNA was extracted using a FastDNA SPIN Kit

for soil (Q-Biogene, Carlsbad, CA), and the 16S rRNA

gene was amplified by PCR using the 27F (Lane 1991) and

518R (Kato et al. 1997) primers with barcodes [primer

name: barcode-linker-primer sequence, ‘27F-P099: TGTC

TCAC-AC-AGAGTTTGATCMTGGCTCAG’ and ‘518R-

P099: TGTCTCAC-AC-GWATTACCGCGGCKGCTG’

for KRR1-RC12-S and ‘27F-P042: CTCAGAGT-AC-AG

AGTTTGATCMTGGCTCAG’ and ‘518R-P042: TGTCT

CAC-AC-GWATTACCGCGGCKGCTG’ for KRR1-RC

14-S]. Sequencing of the amplicons was carried out by

DNAlink (Seoul, Korea) using a Roche 454 GS FLX

Titanium sequencer. Sequence clustering was performed

using TBC (Lee et al. 2012) after trimming and filtering of

low quality sequences using the PyroTrimmer software (Oh

et al. 2012, http://pyroTrimmer.kobic.re.kr). The 30 ends of

sequences with low average quality values were trimmed

and sequences with ambiguous nucleotides or that were

shorter than 300 bp were discarded. Taxonomic affiliation

of each cluster was determined by sequence similarity

searches against the EzTaxon-e database (Kim et al. 2012).

Diversity indices and rarefaction curves were calculated

using Mothur (Schloss et al. 2009).

Results

Processing of raw sequences yielded 1,060 bacterial sequen-

ces from KRR1-RC12-S and 1,340 bacterial sequences from

KRR1-RC14-S. Bacterial sequences of KRR1-RC12-S and

KRR1-RC14-S were clustered into 450 and 425 OTUs,

respectively (Table 1). OTU diversity was slightly higher in

KRR1-RC12-S than that in KRR1-RC14-S (Table 1). Rare-

faction analysis revealed that the plateau levels were not

reached in the samples, indicating that further analysis of a

larger number of sequences would have revealed additional

diversity (Fig. S1).

Taxonomic assignment revealed the presence of 36 and

33 distinct major lineages of bacteria in two sediment

Table 1 Description of sampling site and SSU rRNA tag characteristics

Sample ID Location Depth (m) Summary or SSU rRNA Diversity indices

Reads No. of OTUs Chao1 ACE Shannon Simpson

KRR1-RC12-S 59�56.49660S/153�09.39630E 2,479 1060 450 1,100 1,758 0.92 0.35

KRR1-RC14-S 60�05.10150S/152�26.18220E 2,359 1340 425 1,038 1,571 0.87 0.16
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samples (Fig. 2a). Gammaproteobacteria, Planctomycetes,

Actinobacteria, Deltaproteobacteria, Acidobacteria, Alpha-

proteobacteria, Chloroflexi, Bacteroidetes, Chlorobi, and

Gemmatimonadetes were the predominant groups, com-

prising 85–88 % of the bacterial communities (Fig. 2a).

Minor bacterial groups included Caldithrix_p, Cyanobac-

teria, Elusimicrobia, EU181514_p, EU245879_p,

EU246057_p, Fibrobacteres, Firmicutes, GN02, GN04,

LD1, Lentisphaerae, Nitrospirae, NKB19, OD1, OP11, OP3,

OP8, Betaproteobacteria, DQ499320_c, Proteobacteria_uc,

SAR406, Thermobaculum_p, TM6, TM7, Verrucomicro-

bia, WS3, and WS5. The major order of Gammaproteo-

bacteria was Xanthomonadales, which accounted for 51.3

and 46.3 % of Gammaproteobacteria in KRR1-RC12-S and

KRR1-RC14-S, respectively (Fig. 2b). Members of Plan-

ctomycetes were primarily assigned to the order Plancto-

mycetales, which accounted for 86.9 and 77.2 % of bacterial

communities in KRR1-RC12-S and KRR1-RC14-S,

respectively (Fig. 2c). Members of Actinobacteria were

mainly assigned to the order EU374107_o, which comprised

66.4 % of the total bacterial communities in KRR1-RC12-S

and 66.0 % of that in KRR1-RC14-S (Fig. 2d).

There were 11 and 13 major OTUs with 1 % or higher

abundance in KRR1-RC12-S and KRR1-RC14-S (Table 2).

An EzTaxon database search (www.eztaxon.org, Chun et al.

2007) revealed that sequence similarities of the major OTUs

to known species ranged between 79.8 and 95.9 %, while

they showed high similarity (96.6–100 %) with uncultured

environmental sequences in the GenBank database

(Table 2). The habitats and geographical origins of the

sequences with 97 % or higher sequence similarities to

major OTUs were analyzed by a blast search of the Gen-

Bank database. The number of sequences that could be

grouped with major OTUs ranged from 1 to 207 and

included sequences from diverse habitats such as marine

sediments, sea floor lava, sea water, deep-sea organisms,

fresh water sediments, and soil (Table 2). Among these

habitats, marine sediments were the primary source of the

major OTUs (Table 2). Most of the major OTUs were

widely distributed in the Arctic, Southern, Atlantic, Indian,

and Pacific Oceans (Fig. S2a). Some of the major OTUs

were recovered from cold-seep or hydrothermal vent envi-

ronments (Fig. S2b).

Discussion

The predominant taxa identified in this study, Gamma-

proteobacteria, Planctomycetes, Actinobacteria, Deltapro-

teobacteria, Acidobacteria, Alphaproteobacteria, and

Bacteroidetes, have also been shown to be dominant in

sediments from other areas such as the Arctic Ocean,

Antarctic Ocean, Eastern Mediterranean Sea, and North-

eastern Pacific Ocean (Bowman and McCuaig 2003; Li

et al. 2009; Polymenakou et al. 2009; Kouridaki et al.

2010; Park et al. 2011). These findings may indicate that

members of the predominant taxa are well adapted to the

surficial layer of deep-sea sediments regardless of geo-

graphical location. Furthermore, the low variability of the

bacterial communities of deep-sea sediments across geo-

graphical locations might reflect the low environmental

variation in the deep sea (Zinger et al. 2011).

Fig. 1 Map showing the

sampling sites (black stars). The

water depths are indicated in

gray shades and contours. The

white square in the globe inset

represents the study area located

between New Zealand and the

Antarctica
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Many phylotypes of Gammaproteobacteria are known to

be related to free-living and symbiotic sulfur oxidizers

(Bowman et al. 2005). Phylotypes related to Planctomy-

cetes are known to catalyze important transformations in

global carbon and nitrogen cycles and autotrophic bacteria

that are members of Planctomycetales scavenge nitrite via

anaerobic ammonium oxidation (Tal et al. 2006; Musat

et al. 2010). Phylotypes related to Actinobacteria may play

important roles in the decomposition of recalcitrant organic

materials in the sea floor (Jensen et al. 2005). Although

there is a limitation to infer the ecological roles of the

detected bacterial communities because of a large fraction

of extracellular DNA concentrations which is co-extracted

with the DNA of living cells (Corinaldesi et al. 2011),

based on previously known ecological roles of dominant

groups, the benthic bacteria of the AAR likely play crucial

roles in biogeochemical cycles in this ecosystem.

Major OTUs with 1 % or higher abundance showed low

similarities with known species, while they showed high

similarity with uncultured environmental sequences. The

discrepancy in similarity search results between described

species and uncultured clonal sequences implies that there

has been little effort to culture bacterial species from deep-

sea environments or that it is difficult to culture these

organisms. Because there is such little information

regarding deep-sea benthic microorganisms, we attempted

to analyze the major habitats from which major OTUs are

recovered. The results revealed that the main habitats of

major OTUs were marine sediments from the Arctic,

Southern, Atlantic, Indian, and Pacific Oceans. These

findings imply that major OTUs recovered from AAR

sediments are closely related to bacterial species that are

globally distributed in marine sediment. Some major OTUs

were recovered from cold-seep or hydrothermal vent

environments. The miniature autonomous plume record

(MAPR) attached to the rock corer revealed increased

temperature and turbidity in this area (unpublished data),

which implies the existence of hydrothermal vents near the

a

b

c

d

Fig. 2 Relative abundance of phylogenetic groups (a) at the phylum

or class level in case for Proteobacteria, (b) at the order level for

Gammaproteobacteria, (c) at the order level for Planctomycetes, and

(d) at the order level for Actinobacteria. *Others include Bacteria_uc,

Caldithrix_p, Cyanobacteria, Elusimicrobia, EU181514_p,

EU245879_p, EU246057_p, Fibrobacteres, Firmicutes, GN02,

GN04, LD1, Lentisphaerae, Nitrospirae, NKB19, OD1, OP11, OP3,

OP8, Betaproteobacteria, DQ499320_c, Proteobacteria_uc, SAR406,

Thermobaculum_p, TM6, TM7, Verrucomicrobia, WS3, and WS5.

Taxa names were defined in the EzTaxon-e database (Kim et al. 2012)
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sampling sites. These observations suggest that some of the

major OTUs are related to chemosynthesis-based ecosys-

tems in deep-sea environments.

As the first report of the bacterial community of marine

sediments in the AAR region, this study revealed that the

bacterial communities inhabiting the sediments of AAR

were highly diverse and that many bacteria found in this

region were similar to those recovered from marine sedi-

ments in other geographical areas. Additionally, bacterial

OTUs that have been found in hydrothermal vents or cold-

seep sites were recovered and hydrothermal signals were

detected, implying that some of the major OTUs could

have originated from chemosynthesis-based ecosystems.

Future studies on the function and physiology of the

majority of marine sediment prokaryotes should be con-

ducted to tie the bacterial communities of live or intact

cells to their ecological roles.
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