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Abstract

The diversity and distribution of sulfate-reducing prokaryotes (SRP) was investigated in the

Nankai Trough sediments of off-central Japan by exploring the diversity of a functional gene,

dissimilatory sulfite reductase (dsr4AB). Bulk DNAs were extracted from five piston-cored samples

(up to 4.5 m long) with 41 vertical sections, and full-length dsrAB gene sequences (ca. 1.9 kb) were

PCR amplified and cloned. A total of 382 dsrAB clones yielded eight phylogenetic groups with an

indigenous group forming a unique dsrAB lineage. The deltaproteobacterial dsr4B genes were found

in almost all sediment samples, especially in the surface layer. One unique dsrAB clone group was

also widespread in the dsr4AB profiles of the studied sediments, and the percentage of its clones was

generally shown gradual increase with sediment depth.
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Introduction

Sulfate-reducing prokaryotes (SRP) are key and ubiquitous mediators of global sulfur cycling,

particularly in marine sediments where sulfate serves as a major anaerobic oxidant (Jergensen, 1977,

Jorgensen, 1982). As culture-dependent technique may miss dominant and/or key environmental species

(Amann et al., 1995; Suzuki et al., 1997), 16S rRNA gene-based molecular approaches such as PCR clone

library analyses and hybridizations including FISH using taxon-specific probes have been applied to survey
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distribution and diversity of SRP in marine sediments (e.g. Devereux and Mundfrom, 1994; Llobet-Brossa

et al., 1998; Bowman and McCuaig, 2003). Another molecular approach aims at the genes, dsr4B,

encoding the subunits of dissimilatory sulfite reductase (EC 1.8.99.3) (Molitor et al., 1998; Hatchikian and

Zeikus, 1983). The dsrAB genes are unique to SRP (Stahl et al., 2002) and have been used as diagnostic and

phylogenetic tools to study distribution and diversity of SRP (e.g. Fukuba et al., 2003; Loy et al., 2004;

Nakagawa et al., 2004; Pérez-Jiménez et al., 2005).

SRP in top <1 m sediments have mainly been studied (e.g. Devereux and Mundfrom, 1994; Muflmann

et al., 2005; Ravenschlag et al., 2000; Purdy et al., 2003); however, sulfate reduction occurs even in a few

to tens m below seafloor as revealed by the Ocean Drilling Program (D’Hondt et al., 2002; D’Hondt et al.,

2004; Mauclaire et al., 2004; Schippers and Neretin, 2006). One of the few studies targeting the sediment

several m below seafloor suggested the occurrence of novel SRP possessing deeply-branching dsrAB

(Thomsen et al. 2001), which may be missed by using taxon-specific 16S rRNA gene primers and probes.

We have thus investigated distribution and diversity of dsr4B in <4.5-m-thick sediment cores collected

from the Nankai Trough seafloor, off central Japan, where a number of cold-seep fauna have been studied

(Li et al., 1999; Arakawa et al., 2006).

Materials and Methods

Five sediment cores containing silt, clayey silt and very fine sand were collected from three areas in the

Nankai Trough, off central Japan (Table 1), using a 5 m-long piston corer with a dispensable acryl inner
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tube. Interstitial sulfate concentration decreased with depth from 30 mM (top) to 13 mM (4.3 m below

seafloor), suggesting that cored depths were shallower than the sulfate-methane interface (Tanahashi et al.,

unpublished). The core tubes were longitudinally halved, and a total of 41 samples from different sediment

layers were collected using sterile 5-ml syringes modified by removal of end flanges to form open cylinders

(Terumo, Tokyo, Japan). The mud-filled syringes were plugged and frozen at -80°C onboard.

Bulk DNAs were extracted from 200 mg of each of the thawed samples by bead-beating (Miller et al.,

1999) with 2 g each of 0.1-mm zirconium silica beads in 0.3 ml of phosphate buffer (100 mM NaH,POy;

pH 8.0), 0.3 ml of lysis buffer (10% SDS, 100 mM NaCl, and 500 mM Tris; pH 8.0) and 0.3 ml of

chloroform-isoamyl alcohol (24:1) in 2-ml tubes. A Mini Bead Beater-8 (BioSpec Product, Bartlesville,

Oklahoma) was used at 3200 rpm for 4 min to lyse cells, and 0.1 ml of each of the supernatants was

filter-purified with a Chroma Spin+TE1000 Column (BD Biosciences, San Jose, California) after

centrifugation at 21600 x g for 5 min. The bulk DNAs in the filtrates were amplified using the GenomiPhi

DNA Amplification Kit (GE Healthcare, Buckinhamshire, UK) to secure the amount of source DNA for

repeated trials, and then used as PCR templates for dsr4B. Whole genome amplification by multiple

displacement amplification (MDA) is probably the only technique to start a study with only trace amounts

of DNA (e.g. Gonzalez et al., 2005). However, quantitative value of the study may be damaged by the

biases introduced by MDA (Abulencia et al., 2006). On the other hand, MDA with $29 DNA polymerase

may result in low-biased amplification (Dean et al., 2002; Hosono et al., 2003; Luthra and Medeiros, 2004),

and a recent study also reported minor biases for MDA-treated populations of the genes encoding methane-
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and ammonia-oxidizing enzymes (pmod, amoA and mmoX) in environmental DNA (Erwin et al., 2005).

Therefore, our study may not be free of MDA-caused biases, the dsr4AB gene distribution should be

regarded as only qualitative to semi-quantitative.

The amplified bulk DNAs were purified using the QIAquick PCR Purification Kit (QIAGEN, Hilden,

Germany) and prepared at 70 ng pul" each, and then used to amplify dsrAB sequences (ca. 1.9 kb) using

ExTaq DNA polymerase (TaKaRa, Otsu, Japan) on a TaKaRa Cycler PERSONAL TP240, with the

dsrAB-specific primers of DSR1F and DSR4R of Wagner et al. (1998).

The PCR products of the expected sizes were excised and extracted from electrophoresis agarose gels,

and cloned using the TOPO TA Cloning Kit containing the cloning vector pCR2.1 and the competent One

Shot TOP10 E. coli cells (Invitrogen, Carlsbad, San Diego, Calif.). The inserts were amplified by direct

PCR analysis from a randomly selected white colony, using M13 primers, and purified with the QIAquick

PCR Purification Kit. The Transformants were randomly collected and sequenced bi-directionally by the

dideoxy method (Sanger et al., 1977) on a 3730x]1 DNA Analyzer (Applied Biosystems, Foster, USA) using

the sequencing primers 1F1 and 1R1 of Dhillon et al. (2003) as well as the T7promoter and T7R

[5’-TTGGTACCGAGCTCGGAT-3"] primers for pCR vectors.

Retrieved sequences were checked for homology to sequences in the DNA Data Bank of Japan (DDBJ;

www.ddbj.hig.ac.jp) based on both nucleotide and amino acid BLAST analysis (Altschul et al., 1997).

Sequences without homology to target genes were excluded from further analyses. The inferred DsrAB

amino acid sequences were aligned using ClustalW (Thompson et al., 1994). Phylogenetic trees were
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constructed by the neighbor-joining (Saitou and Nei, 1987), minimum evolution (Rzhetsky and Nei, 1992)

and maximum parsimony (Fitch, 1971) algorithm using MEGA 3.1 program (Kumar et al., 2004) and by

maximum likelihood (Felenstein, 1995) using PHYLIP 3.6.3. The trees based on DsrAB (ca. 600 amino

acids; Figure 1) and DsrA (ca. 216 amino acids; not shown) sequences were compared to check variable

topologies that may be due to chimeras.

The dsrAB sequences having >95% amino acid similarities were grouped into operational units of

Nankai Trough dsrAB (NTd), and the most equidistant sequence within a unit was chosen to represent the

unit. The representative sequences were deposited to DDBJ under the accession numbers AB263125 to

AB263183.

Results and Discussion

Although sulfate reduction is a dominant anaerobic pathway in subsurface of continental margin (e.g.

D’Hondet et al., 2002), only few diversity and distribution of sulfate reducers have been reported (Thomsen

et al. 2001; Mauclaire et al., 2004; Schippers and Neretin, 2006). Thus, we have profiled the

vertical/horizontal distribution and diversity of the SRP-specific functional gene “dsrAB” (Stahl et al.

2002).

A total of 407 clones from 37 PCR-positive (with four negative) sections of five cores (Table 1) were

sequenced, 384 of which were identified as dsrAB by BLAST homology search. The 382 of dsrAB

sequences were grouped into 61 operational units (NTd), and 59 units that survived the chimera check were
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further grouped into eight phylogenetic clusters, namely Dsr Groups I to VIII (Figures 1 and 2a).

The Dsr Group I with 128 clones (33.5% of total) dominated the dsr4B population and was affiliated

with dsrAB of the deltaproteobacterial family Desulfobacteraceae. One sub-group (NTd-I114 to -127; 73

clones) was affiliated with the genera Desulfobacterium, Desulfonema, Desulfococcus and Desulfosaricina

capable of complete oxidation of organic matter including acetate (Widdel and Bak, 1992) (Figure 1). The

other sub-group (NTd-I01 to -I113; 55 clones) formed a separate branch with a 53% bootstrap value from

other DsrAB of the family Desulfobacteraceae (Figure 1).

The Dsr Group II (55 clones) was affiliated with the deltaproteobacterial family Syntrophobacteraceae,

and 54 clones were closely related, with amino acid similarities of 85-94%, to the hydrocarbon-rich

hydrothermal Guaymas Basin clone BO1P021 (AY197431) that forms a monophyletic lineage branched

from Thermodesulforhabdus norvegica and Desulforhabdus amnigena (Dhillon et al., 2003).

The Dsr Group VII (3 clones) was also affiliated with the deltaproteobacterial family, Desulfobulbuceae,

and the three clones were related to the dsrAB clones from the Okinawa Trough hydrothermal vents

(AB124919 and AB124920) (Nakagawa et al., 2004). The Dsr Groups I, II and VII occupied 48.7% (186

clones) of total, and it is likely that deltaproteobacterial species dominate the Nankai Trough SRP flora.

The Gram-positive Firmicutes-related lineages were found in the Dsr Groups III and IV, 115 and 40

clones, respectively. The Group III formed a branch within a monophyletic cluster consisting of the

non-sulfate-reducing Gram-positive firmicute Pelotomaculum sp. MGP (Imachi et al., 2006) and the

thermophilic sulfate-reducer Thermodusulfobium narugense (Mori et al., 2003) (Figure 1). No known
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dsrAB of cultured species or environmental clones were related to 114 clones of Group III, with one clone

(NTd-II109) showing a 74% amino acid similarity with an anaerobic sludge clone (AY929600). Group IV

was closely related to dsrAB of Desulfobacterium anilini, 39 clones of which were related to a salt marsh

clone (AY741568) (Bahr et al., 2005) with 80-89% amino acid similarities, with one clone branched with a

freshwater mudflat clone (AY953411) (Leloup et al., 2006). It should be noted that dsr is often exposed to

lateral gene transfer (Klein et al., 2001), and dsr of D. aniline and gram-positive SRP may share the same

donor linage (Zverlov et al., 2005). The Group IV dsr may be a possible donor for them or share the same

dsr donor lineage with them. However, the possibility should be tested by: isolation of novel

deltaproteobacterial SRP that bear Group IV dsr; and, comparison of phylogenetic trees based on DsrAB

and 16S rRNA genes, both of which have not been done.

The Dsr Groups V, VI and VIII (31, 8 and 2 clones, respectively) were unaffiliated with any cultured

SRP but with environmental clones. Group V formed two deeply-branching lineages: one (24 clones)

highly affiliated with the Guaymas Basin clones (AY 197437, AY197449, and AY197451) (Dhillon et al.,

2003) with 81-94% amino acid homologies, and the other (7 clones) related to the metagenomic library

clones from the Wadden Sea sediment (CT025835 and CT025836) (Mussmann et al., 2005). The dsrAB

clones related to Group V are widely present in marine environments, e.g., the Danish coastal sediments

(Thomthen et al., 2001), salt marsh (Bahr et al., 2005) and mudflat (Leloup et al., 2006). Group VI was

unrelated to any known cultured species/strains and formed a deeply-branching lineage that consists

specifically of the Nankai Trough clones with a bootstrap value of 59%. Group VIII was related to an
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environmental clone (DQ112192) from the Hong Kong Victoria Harbour sediment.

Four dsrAB groups (III, IV, V and VIII; 41% of total clones), which were obtained from the Nankai

Trough, were phylogenetically divergent relative to genes from any cultured SRPs (Figure. 1).

Horizontal and vertical distributions of dsr4B sequences in five sediment cores (Table 1) were profiled

(Figure 2). The deltaproteobacterial Group I was most commonly found in the sampled sediments (Figure

2a), detected in all the five cores (Figure 2b) and in all the vertical, particularly shallower, sections of three

cores (Figure 2¢). Similarly the deltaproteobacterial Group II clones were abundant in shallower sections.

In contrast, the novel Dsr Group III clones tended to increase in number with depth (Figure 2¢). The Aarhus

Bay sediment, Denmark, showed the vertical profile of dsr4B clones similar to those of the Nankai Trough

sediments (BO03-PC01, BO03-PC02, BO03-PC05 and BO04-PC03); while deltaproteobacterial dsrAB

clones, particularly of Desulfobacteraceae, occur in a shallow zone (21.5 cm below-seafloor), novel dsrAB

sequences occur in deeper zones (81.5 and 156.5 cm below-seafloor) (Thomsen et al., 2001). Contrary, the

Aarhus Bay sediment yielded no Group III clones of the Nankai Trough. Other Dsr Groups showed only

unclear patterns of vertical distributions. On the other hand, the core BO04-PCO8 (Table 1) showed a

notable horizontal distribution. It yielded only 17 clones, but six clones belonged to the Nankai

Trough-specific Group VI consisting of only eight clones in total.

In this study, we have revealed the presence of dsr4B genes (DNA) in the Nankai Trough sediments,

however it is still unclear whether they are active or not. In the future studies, we should consider the in situ

sulfate reduction activity of SRPs in the Nankai Trough by measuring the Dsr messenger RNA (Dsr
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mRNA).

This study presented the occurrence of dsrAB genes from diverse lineages in deep seafloor, which

increases the choices of genetic materials and information for bioremediation via sulfate reduction (e.g.

Lovley et al., 1993; Suyama et al., 2001). Finding of dsr4AB sequences of firmicute lineages may facilitate

use of dsr genes by developing shuttle vectors for Bacillus subtilis and sulfate-reducing firmicutes, in

addition to existing systems for Escherichia coli (gammaproteobacteria) and deltaproteobacterial

sulfate-reducers (Wall et al., 1993; Rousset et al., 1998). The dsr4B genes from novel lineages may also

help understanding deep-sea metagenomics.
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Table 1. Locations of core collection and sampled core sections.

Core code (water depth) Retrieved core

Location

length [cm]

Sampled sections [cm below seafloor]

(dsrAB sequences detected in Bold sections)

BO03-PCO1 (2057 m)
33°45.74'N, 136°27.60'E
BO03-PC02 (1805 m)
33°50.00'N, 136°25.92'E
BO03-PCO5 (1186 m)
34°14.06'N, 137°40.25'E
BO04-PC03 (2053 m)
33°49.16'N, 136°30.06’E
BO04-PCO8 (1206 m)

34°10.61'N, 137°25.31’E

197

140

67

446.5

158

15-16, 40-41, 55-56, 72-73, 94-95, 108-109, 132-133,

152-153, 186-187, 192-193

20-21, 37-38, 50-51, 75-76, 90-91, 120-121, 130-131
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List of Figure Legends

Fig. 1. Phylogenetic tree based on DsrAB amino acids (ca. 600 amino acids) from the Nankai Trough

deep-sea sediment cores. The tree was constructed using the neighbor-joining method in MEGA 3.1

5 program. The Dsr amino acid sequences of the genus Thermodesulfovibrio (U58122, AF334599)

were used as outgroups. Bootstrap values at branching nodes after 1,000 resamplings are shown with

more than 50% bootstrap support. The number of clones in each operational unit (NTd) is indicated

in parentheses.

10

Fig. 2. Phylogenetically grouped dsrAB clones from the Nankai Trough sediment core samples: a) overall

composition of total 382 clones; b) clone compositions of five cores; and, ¢) clone compositions of

depth-sectioned samples. The number of clones in each library is indicated in parentheses.
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