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Chapter 1

1. Introduction

Marine sediments cover ~70% of the Earth’s surface, and ~0.6% of Earth’s total living biomass live in
subseafloor sediments (Kallmeyer et al., 2012). Most marine sedimentary microbes are phylogenetically distinct
from previously isolated microbes, and thus, the details regarding the microbial ecology of marine sediments and
key biogeochemical processes remain largely unknown. The following introduction gives an overview of the

fundamental knowledge relevant to the course of this doctoral thesis.

1.1 Key microbiological processes in marine sediments
1.1.1 Organic matter degradation using various electron acceptors

Photosynthetic organisms capture energy from sunlight, and drive subsequent energy and organic matter
transformations at the sea surface (DeLong, 2004; D'Hondt et al, 2004). In continental margin subseafloor
environments, most of the sedimentary microbial populations are heterotrophic and use the organic matter
produced by photosynthesis (Biddle ez al., 2006). Oxygen, sulfate, and nitrate, diffuse into the sediments from the
seawater and are consumed sequentially in a predictable series of metabolic reactions (i.e., reduction of oxygen,
followed by nitrate, manganese, iron, sulfate, and finally carbon dioxide) (Fig. 1-1) (DeLong, 2004; D'Hondt ez al.,
2004). D'Hondt et al. (2004) observed that oxygen, nitrate, and sulfate were also supplied as microbial energy

sources from the deep basaltic basement of the sediment. Notice that oxygen and aerobic communities may occur
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Figure 1-1. Microbial respiration at the ocean’s surface and in the sediments of the subseafloor. Adapted from
DeLong (2004).
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Figure 1-2. Neighbor-joining phylogenetic tree based on the 16S rRNA gene sequences of previously
cultivated sulfate-reducing microbes. The scale bar represents the estimated number of nucleotide changes per
sequence position.

throughout the entire sediment sequence in areas with low sedimentary respiration (D'Hondt et al., 2015).
1.1.2 Sulfate reduction

The microbial process of sulfate reduction is possibly one of the oldest metabolic pathways on Earth (Castresana
and Moreira, 1999; Shen et al., 2001), which reflects the importance of sulfate reduction for biogeochemical
cycling both previously and at present. Based on the 16S rRNA phylogeny, the known sulfate-reducing bacteria
can be classified into phylogenetically diverse prokaryotic lineages (Fig. 1-2) (Rabus et al., 2015). Most of the
cultivated sulfate-reducing bacteria belong to the class Deltaproteobacteria (including the families
Desulfobacteraceae,  Desulfobulbaceae,  Syntrophobacteraceae,  Syntrophaceae,  Desulfarculaceae,
Desulfovibrionaceae, Desulfonatronaceae, Desulfohalobiaceae, and Desulfomicrobiaceae) and spore-forming
gram-positive  bacteria  within the phylum  Firmicutes (including families Peptococcaceae,
Thermoanaerobacteraceae, and Thermodesulfobiaceae) (Rabus et al., 2015). Some archaeal isolates affiliated
with the genus Archaeoglobus in the phylum Euryarchaeota, and the genera Thermocladium and Caldivirga in the
phylum Crenarchaeota are known to be capable of sulfate reduction (Rabus ez al., 2015).

The ability to use a broad range of organic substrates, such as, short- and long-chain fatty acids, aromatic

compounds, aromatic hydrocarbons, and C; compounds have been shown in phylogenetically diverse
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sulfate-reducing microbes (Rabus ef al., 2015). In marine sediments, sulfate-reducing microbes are important for
the biodegradation of organic matter possibly due to the high concentration of sulfate (~28 mM) in the seawater
that contributes to the sulfate content in the anoxic sedimentary environment. Bowles et al. (2014) reported that
11.3 Tmols of sulfate are reduced yearly, accounting for the oxidation of 12 to 29% of the organic carbon flux to
the seafloor. The net sulfate reduction reaction follows a two carbon—to—one sulfur stoichiometric ratio (eq. 1)

(D'Hondt et al., 2002; Bowles et al., 2014).

CeH 1,06+ 3804 — 3S* +6CO, + 6H,0 D

The detection of potential sulfate reduction activity in deep subseafloor sediments in which sulfate is rarely
present (Knab et al., 2009; Holmkvist et al., 2011; Treude et al., 2014) suggests that sulfate reduction also has a
significant role in deep subseafloor ecosystems. The presence of high-affinity sulfate reduction in marine
sediments suggested that some marine sedimentary sulfate-reducing microbial communities have the potential to
utilize effectively low concentrations of sulfate (Tarpgaard et al., 2011). In contrast, only a few sulfate-reducing
isolates have been obtained from deep subseafloor sediment. Desulfovibrio profundus strains were isolated from
deep subseafloor sediment (80 and 500 m below the seafloor [mbsf]) of the Japan Sea (Bale et al., 1997). More
recently, strains related to the sulfate-reducing genera Desulfovibrio and Desulfotignum were obtained from deep
sediments of the Juan de Fuca Ridge, Northeast Pacific (Site U1301 of the International Ocean Discovery
Program; 240262 mbsf) (Fichtel et al., 2012). These isolates could grow chemolithotrophically with hydrogen as
the electron donor. Hydrogen could be generated by organic matter fermentation, tectonic activity (Hirose et al.,
2011), serpentinization of ultramafic rocks (McCollom and Bach, 2009), and radiolysis of interstitial water
(D'Hondt et al., 2009) in deep subseafloor sediments. Thus, hydrogen might be an important electron donor for
sulfate reducers proliferates in the deep subseafloor ecosystems, where the availability of organic substrates
derived from the photosynthetic reaction is severely limited (Fichtel et al., 2012).

Due to the phylogenetic complexity of sulfate reducers, the concomitant detection of all recognized
sulfate-reducing microbes from environmental samples by using a single 16S tRNA gene-targeted probe or PCR
primer pair is difficult (Meyer and Kuever, 2007¢). A useful approach for the detection of putative sulfate reducers
in the environment is the use of functional marker genes that encode key enzymes in the sulfate reduction. Useful
functional marker genes for sulfate reduction are the dsz4B gene encodes the dissimilatory sulfite reductase alpha
and beta subunits, and the aprBA gene encodes the adenosine-5'-phosphosulfate reductase alpha and beta subunits
(Meyer and Kuever, 2007c and 2007d; Miiller et al., 2015).

1.1.3 Sulfur compound disproportionation
Bak and Cypinoka discovered the microbial mediated inorganic sulfur compound disproportionation in 1987

(Bak and Cypinoka; 1987). In the report by Bak and Cypinoka (1987), the disproportionation of thiosulfate (eq. 2)

3



Chapter 1

and sulfite (eq. 3) was found in Desulfovibrio desulfodismutans in the class Deltaproteobacteria.

S,0 +H,0 — SO +HS +H" )
4S04 +H — 3504 +HS” 3)

After the discovery of thiosulfate and sulfite disproportionation, the occurrence of elemental sulfur

disproportionation (eq. 4) was confirmed in anaerobic marine enrichment cultures (Thamdrup et al., 1993):

48"+ 4H,0 — SO, +3HS +5H" 4)

In contrast to the disproportionation of thiosulfate and sulfite, sulfur disproportionation requires the effective
removal of the produced sulfide to be thermodynamically favorable (Finster, 2008). Mn (IV) (eq. 5), Fe (II) (eq. 6),
and Cr (VI) (eq. 7), are known as the sulfide scavengers and anaerobically produce S’ (Thamdrup ef al., 1993;
Lovley and Philips, 1994; Finster et al., 1998; Obraztsova et al., 2002; Lan et al., 2005).

HS +MnO, +3H" — $"+Mn’" + 2H,0 5)
3HS +2Fe(OH); + 3H — S”+ 2FeS + 6H,0 (©6)
3HS +2Cr0O,” + 7H — 3S°+2Cr(OH); + 2H,0 @)

Recently, disulfide disproportionation (eq. 8) mediated by an uncultured Desulfosarcina/Desulfococcus (DSS)

clade bacteria within the family Desulfobacteraceae was reported (Milucka et al., 2012):

4HS; + 14H,0 — SO + 7THS +5H" 8)

To date, many microbes capable of disproportionation of inorganic sulfur compounds have been isolated (Bak
and Cypionka, 1987; Bak and Pfennig, 1987; Kramer and Cypionka, 1989; Mohn and Tiedje, 1990; Lovley and
Philips, 1994; Janssen et al. 1996; Krekeler et al., 1997; Baena et al. 1998; Finster et al., 1998; Hernandez-Eugenio
et al., 2000; Jackson and Mclnerney, 2000; Obraztsova et al., 2002; Peduzzi et al., 2003; Warthmann et al., 2005;
Finster, 2008; Sorokin ez al., 2008; Slobodkin et al., 2012; Poser et al., 2013; Slobodkin et al., 2013) (Table 1-1).
Most of the sulfur compound disproportionators are typically associated with sulfate reducer-related
deltaproteobacterial lineages. Interestingly, some strains perform sulfur compound disproportionation without
microbial growth (Table 1-1). It should be noted that the facultative anaerobic bacterium Pantoea agglomerans
strain SP1 distantly related to previously isolated sulfate reducers can thrive on the disproportionation of elemental

sulfur (Obraztsova et al., 2002).
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Table 1-1. Organisms that disproportionate thiosulfate, sulfite, and/or elemental sulfur. Modified after

Finster (2008).
Organism SO, S,0,~ S° Reference
Desulfobacter curvatus DSM 3379 - D nd Kridmer and Cypionka (1989)

Desulfobacter hydrogenophilus DSM 3380 -
Desulfococcus multivorans DSM 2059 -
Desulfobulbus propionicus DSM 2032 -

nd Krémer and Cypionka (1989)
Kriamer and Cypionka (1989)
Kriamer and Cypionka (1989);
Lovley and Phillips (1994)

G Finster (2008)

G Janssen et al. (1996)
G
G

O uoUuU
-

Desulfofustis glycolicus PerGlyS
Desulfocapsa thiozymogenes Bra2
Desulfocapsa sulfoexigens SB164P1
Desulfocapsa sp. Cad626
Desulfovibrio desulfuricans CNS
Desulfovibrio sulfodismutans ThAc01

Finster et al. (1998)
Peduzzi et al. (2003)
nd Krémer and Cypionka (1989)
nd Bak and Cypionka (1987);
Bak and Pfenning (1987)

oRaNoNaNoN}
CoUoQOEg

Desulfovibrio mexicanus Lupl - D nd  Hernandez-Eugenio et al. (2000)
Desulfovibrio aminophilus ALA-3 D D nd Baena et al. (1998)
Desulfovibrio brasiliensis LVform1 nd G nd Warthmann et al. (2005)
Desulfovibrio oxyclinae P1B G G nd Krekeler et al. (1997)
Desulfurivibrio alkaliphilus AHT2 nd nd G Poser et al. (2013)
Desulfurivibrio sp. AMeS2 nd nd G Poser et al. (2013)
Desulfonatronospira thiodismutans ASO3-1 G G nd Sorokin et al. (2008)
Desulfonatronospira thiodismutans AHT 8 G G nd Sorokin et al. (2008)
Desulfonatronospira delicata AHT 6 G G nd Sorokin et al. (2008)
Desulfomonile tiedje DCB-1 nd G nd Mohn and Tiedje (1990)
Dissulfuribacter thermophilus S69 G G G Slobodkin et al. (2013)
Pantoea agglomerans SP1 nd nd G Obraztsova et al. (2002)
Desulfotomaculum nigrificansa DSM 574 - D - Kridmer and Cypionka (1989)
Desulfotomaculum thermobenzoicum ATCC 49756 nd G nd Jacksen and Mclnerney (2000)
Dethiobacter alkaliphilus AHT 1 nd nd G Poser et al. (2013)
Thermosulfurimonas dismutans G G G Slobodkin et al. (2012)

G: growth.

D: disproportionated without growth.
—: not disproportionated.

nd: not determined.

Holmkvist ef al. (2011) noted that the sulfate reduction in the sulfate-deleted deep subseafloor sediment might
be driven by sulfate derived from re-oxidation of reduced sulfur species with oxidized iron species (so-called
cryptic sulfur cycle; Fig. 1-3). Assuming that the interpretation by Holmkvist et al. (2011) is correct, thiosulfate
disproportionation may have important function in the cryptic sulfur cycle and bioavailable thiosulfate may

repeatedly be produced by the reaction of hydrogen sulfide with Fe (III) species (eq. 9 and 10):

2H.S + 8FeOOH + 14H" — S,05> + 8Fe*" + 13H,0 )
2H,S + 8Fe’" + 4H,0 — S,05” + 8Fe* +10H" (10)
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Figure 1-3. Conceptual diagram of the cryptic sulfur cycle driven by iron in the methane zone of marine
sediment. Adapted from Holmkvist ez al. (2011).

1.1.4 Sulfur (compound) oxidation

Microbial sulfur (compound) oxidation is a key biological process in the oxidative sulfur cycling on the Earth.
Various types of reduced inorganic sulfur compounds (sulfide, polysulfides, sulfur, sulfite, thiosulfate, and
polythionates) can serve as electron donors for sulfur oxidation. Sulfur oxidation can occur under either aerobic or
anaerobic condition. In most cases, the end product of sulfur oxidation is sulfate. Oxygen is a general electron
acceptor for sulfur oxidizers, and the significant aerobic sulfur oxidation reactions can be summarized as follows

(eq. 11-14) (Tang et al., 2009):

H,S+0.50, — S"+H,0 11
H,S+20, — SO/ +2H" (12)
S"+1.50,+H,0 — SO +2H" (13)
8,05 +20,+H,0 — 2S04 +2H" (14)

Phylogenetically diverse sulfur-oxidizing microbes are known to be able to grow anaerobically. The use of nitrate
as the terminal electron acceptor is one of the best-studied sulfur oxidation metabolisms (eq. 15—20) (Tang ef al.,
2009):
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S +1.6NO; + 1.6H — SO,” + 0.8N, + 0.8H,0 (15)
S*+04NO; +24H — S"+ 02N, + 1.2H,0 (16)
S +4NO; — SO +4NO, (17)
S* +NO; +2H"— S'+NO, +H,0 (18)
S”+1.2NO5 +0.4H,0 —»SO;” +0.6N, + 0.8H" (19)
S,04 +1.6NO; +0.2H,0 — 2SO,% +0.8N,+0.4H" (20)

Anaerobic sulfur oxidation also occurs in photic zones where sunlight is available (eq. 21) (Tang et al., 2009).
Phototrophic sulfur oxidation would not be an essential function in sulfur cycling in bathypelagic and

abyssopelagic zones due to the limitation of available sunlight.

2H,S +CO, — 28+ CH,O (carbohydrate) + H,O Q1)

As with sulfate-reducing microbes, sulfur-oxidizing microbes are distributed in phylogenetically diverse lineages
(Muyzer et al., 2013). Therefore, the use of functional marker genes that encode key enzymes in the sulfur
oxidation is a useful approach for the detection of putative sulfur-oxidizing components in the environment. The
enzymatic pathways for dissimilatory sulfur oxidation have been found to be widely variable due to the abilities of
sulfur-oxidizing prokaryotes to utilize the various sulfur compounds. Consequently, several functional marker gene
assays have been developed: aprBA coding for the adenosine-5 -phosphosulfate reductase (Meyer and Kuever,
2007b and 2007c), soxB coding the SoxB component of the periplasmic thiosulfate-oxidizing Sox enzyme
complex (Meyer et al., 2007a), and dsrAB coding for the reverse dissimilatory sulfite reductase (Loy ez al., 2009).

Although little is known about the phylogenetic diversity and distribution of marine sedimentary sulfur-oxidizing
bacteria, sulfur-oxidizing bacteria-affiliated with the classes Gammaproteobacteria and Epsilonproteobacteria
may have a vital function in marine sedimentary sulfur cycling (Lenk et al., 2011; Pjevac et al., 2014; Ruff et al.,
2015). Recently, it was reported that filamentous Deltaproteobacteria of the Desulfobulbaceae family (so-called
cable bacteria) could perform sulfide oxidation in anoxic sediment layers by long-distance electron transport from
sulfide to oxygen using electrical currents (Pfeffer ez al., 2012).

1.1.5 Methanogenesis

Complex organic matters are converted to methane by the cooperation of anaerobes in anoxic environments (Fig.
14) (Liu and Whitman, 2008). Methanogenesis is observed as the terminal step in the biodegradation of organic
matters. All of the previously cultivated methanogens are phylogenetically classified into the following seven
orders within the phylum Euryarchaeota: Methanopyrales, Methanococcales, Methanobacteriales,
Methanomicrobiales, Methanosarcinales, Methanocellales, and Methanomassiliicoccales (Liu and Whitman,

2008; lino et al., 2013) (Fig. 1-5). Although methanogenic archaea are phylogenetically diverse, their substrates
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Figure 1-4. Anaerobic food chain for the conversion of organic matter to methane. Adapted from Liu and
Whitman (2008).

are classified into three major types: CO,(eq. 22—25), acetate (eq. 26), and methylated compounds (eq. 27-33)
(Liu and Whitman, 2008):

4H, + CO, — CH4 + 2H,0 (22)
4HCOOH — CH,+3CO, +2H,0 (23)
CO, +4 (isopropanol) — CH4+ 4 (acetone) + 2H,0O 24
4CO +2H,0 — CH4 +3CO, (25)
CH;COOH — CH, + CO, (26)
4CH;0H — 3CH,+ CO, +2H,0 27
CH;0H +H, — CH;+ H,0 (28)
2(CH3)-S + 2H,0 — 3CH4 + CO, + 2H,S (29
4CH;-NH, + 2H,0 — 3CH,4 + CO, +4NH; (30)
2(CHz3)>-NH +2H,O — 3CH4+ CO, +2NH; (€2))
4(CH3)-N + 6H,0 — 9CH4+ 3CO, +4NH; (32)
4CH;NH;Cl1 + 2H,0O — 3CH4 + CO, + 4NH4CI (33)
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Figure 1-5. Neighbor-joining phylogenetic tree showing the phylogenetic positions of methanogens and
anaerobic methanotrophs (ANMEs) within the phylum Euryarchaeota. The scale bar represents the estimated
number of nucleotide changes per sequence position.

The recent estimate of the global rate of microbial methane formation in marine sediments is in the range of 425
Tg-carbon year ' (Wallman e al., 2012). 8°C-CH, analysis suggested that CO, reduction with H is the dominant
methanogenic pathway in marine sediments (Whiticar, 1999). It remains largely unknown if syntrophic acetate
oxidation coupled to hydrogenotrophic methanogenesis in deep subseafloor sediments exists, although
acetogenesis is considered as an important metabolic pathway in some deep subseafloor environments (Parkes et
al., 2005; Lever et al., 2010). Due to the higher affinity of sulfate reducers for hydrogen and acetate,
methanogenesis may become a dominant process only in deeper sediment layers in which the sulfate has been
exhausted (Liu and Whitman, 2008). Methylated compounds for methanogenesis would be generated from
osmolytes of bacteria, algae, phytoplankton, and plants in marine sediments (Liu and Whitman, 2008). Marine
sedimentary sulfate reducers do not utilize methylotrophic compounds effectively, and thus, theses compounds
have been suggested as non-competitive substrates between sulfate reduction and methanogenesis (Oremland and
Polcin, 1982).

The microbially mediated methanogenesis is catalyzed by several enzymatic reactions. The last enzymatic step
catalyzed by the methyl-coenzyme M reductase (MCR) is common to all methanogenic pathways. MCR with
coenzyme Fg3 converts methyl-coenzyme M (CH3-S-CoM) and coenzyme B (H-S-CoB) into CH, and the
heterodisulfide of coenzymes M and B (CoM-S-S-CoB) (eq. 34) (Thauer, 1998):

CH;3-S-CoM + H-S-CoB — CH, + CoM-S-S-CoB (34
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Comparative phylogenetic studies have shown that the trees of the mcr4 gene, which encodes the alpha subunit
of MCR, and 16S rRNA, have strikingly similar topologies (Luton e al., 2002). Thus, the use of the mcr4 gene as
the target marker gene is widely accepted as a detection method for methanogens in the environment (Narihiro and
Sekiguchi, 2011).

1.1.6 Anaerobic oxidation of methane

The evidence of the microbially mediated anaerobic oxidation of methane (AOM) was firstly obtained by
geochemical observations showing that methane rises from deeper sediment horizons disappears before contact
with oxygen (Martens and Berner, 1974; Bares and Goldberg, 1976; Reeburgh, 1976) (Fig. 1-6). Subsequently,
radioactive tracer incubations using “CH, and ¥SO, showed that methane oxidation coincided with sulfate
reduction (Iversen and Jergensen, 1985). This field observation suggested that the AOM is coupled to sulfate

reduction (eq. 35):

CH,+S0,” —HCO; +HS +H,0 (35)

In 2000, the microbes involved in AOM were visualized by fluorescence in situ hybridization (FISH) targeting
16S rRNA (Boetius et al., 2000). The FISH observation suggested that the consortia of archaeal anaerobic
methanotrophs (ANMEs) and sulfate-reducing bacteria (SRB) mediate AOM. FISH-secondary ion mass
spectrometry (SIMS) analysis showed that ANME cells were highly depleted in °C as expected when methane is
utilized as the carbon source (Orphan ef al., 2001). Today, AOM is recognized as the major methane sink of the
Earth and is an important microbial process in the planet’s carbon cycle and control of greenhouse gas emission
from marine sediments (Reeburgh, 2007). Recently, AOM coupled to manganese (eq. 36), iron (eq. 37), and
nitrate reduction (eq. 38) by ANME archaea have been reported (Beal et al., 2009; Haroon et al., 2013):

CH,+4MnO, + 7H" — HCO5 +4Mn*" + 5H,0 (36)
CH, + 8Fe(OH); + 15H — HCO; + 8Fe*" +21H,0 (37)
CH,+4NO; — CO,+4NO; +2H,0 (38)

ANME:s are phylogenetically close to known methanogenic archaeal lineages and are classified into three
phylogenetic lineages called ANME-1, -2, and -3 (Knittel and Boetius, 2009 and 2010). Based on the 16S rRNA
phylogeny, ANME-1 is distantly related to the orders Methanosarcinales and Methanomicrobiales (Hinrichs et al.,
1999), while ANME-2 (Orphan et al, 2001) and ANME-3 (Niemann et al, 2006) belong to the
Methanosarcinales (Fig. 1-5). Within the ANME-2 clade, four subgroups, ANME-2a to -2d, can be distinguished
(Orphan ef al., 2001; Knittel ez al., 2005; Haroon ef al., 2013). Haroon ef al. (2013) revealed that the ANME-2d

lineage is capable of AOM coupled nitrate reduction, and proposed the family ‘Methanoperedenaceae’ for the
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Figure 1-6. Concentrations of sulfate and methane in the interstitial waters of Long Island Sound sediments.
Adapted from Martens and Berner (1974).

ANME-2d lineage.

AOM has been hypothesized to be operated via a reversal of the methanogenesis reaction called ‘reverse
methanogenesis’ (Hoehler ez al., 1994). This hypothesis has been supported by metagenomic, metatranscriptomic,
and metaproteomic analyses (Hallam et al., 2004; Meyerdierks ef al., 2010; Stokke et al., 2012; Wang et al., 2013).
Purified MCR (a key enzyme of methanogenesis) from a methanogen, Methanothermobacter marburgensis,
converts methane into methyl-coenzyme M under equilibrium conditions with an apparent maximum rate and
Michaelis constant value consistent with the observed in vivo kinetics of the AOM (Scheller et al. 2010). This
result also supports the hypothesis of ‘reverse methanogenesis’. In contrast, a complete reverse methanogenesis
pathway has been identified in only ANME-2a and ANME-2d genomes (Haroon et al., 2013; Wang et al., 2013).

Microscopic observation by FISH demonstrated that ANME-1 cells typically have a rectangular morphology and
most often occur as single cells or in chains (Fig. 1-7a), whereas ANME-2 and -3 archaea are mostly coccoid-type

shapes (Fig. 1-7b, 1-7¢, and 1-7d) (Knittel and Boetius, 2009 and 2010). To date, the SEEP-SRB1 (Fig. 1-8),
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Figure 1-7. ANME consortia visualized by FISH. (a) Mat-type consortia of ANME-1 (red) and DSS (green);
(b) mixed-type consortium of ANME-2a (red) and DSS (green); (c) shell-type consortium of ANME-2c (red)
and DSS (green); (d) ANME-3 (red)/Desulfobulbus consortium (green). The scale bar in (b), (c), and (d) is 5
pum. Adapted from Knittel and Boetius (2010).

SEEP-SRB2 (also known as Eel-2 group; Fig. 1-8), HotSeep-1, seepDBB, and genus Desulfobulbus relatives
(shown as “ANME-3-patrtner bacteria” in Fig. 1-8) within the class Deltaproteobacteria have been identified as
the potential SRB partners (Niemann et al., 2006; Schreiber et al., 2010; Holler et al., 2011; Kleindienst et al.,
2012; Green-Saxena et al., 2014). Schreiber et al. (2010) divided SEEP-SRBI into six sub-groups (SEEP-SRB1a
to SEEP-SRBI1f) and identified SEEP-SRB1a as the dominant bacterial partner of ANME-2. In addition to the
potential deltaproteobacterial SRB partners, the presence of alpha- and beta-proteobacterial microbes in association
with ANME-2 has been reported (Fig. 1-8) (Pemthaler et al., 2008). ANME-2 aggregates without any potential
bacterial partners were also found in the natural ecosystems (Orphan et al., 2002; Treude et al., 2005).

The intermediate(s) of AOM is thought to be scavenged as the electron donor for the SRB partner (Hoehler et al.,

1994; Valentine and Reeburgh, 2000; Nauhaus et al., 2002). In contrast, in vitro studies using the potential
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Figure 1-8. Phylogenetic tree showing the affiliations of 16S rRNA gene sequences of ANME partner bacteria
to selected reference sequences. Bar, 10% estimated sequence divergence. Adapted from Knittel and Boetius
(2009).

intermediate(s) (e.g., Hp, formate, acetate, and methanol) suggested that these compounds are unlikely to be the
intermediate of AOM (Nauhaus et al., 2002; Knittel and Boetius, 2009; Wegener et al., 2015). Milucka et al.
(2012) demonstrated that ANME-2 archaea perform AOM coupled to sulfate reduction alone. Based on the
mechanism proposed by Milucka et al. (2012), zero-valent sulfur—in the form of disulfide—is formed during
AOM coupled to sulfate reduction by ANME-2 archaea (eq. 39), and subsequently, the produced disulfide is
disproportionated by the DSS associated with the ANME-2 (eq. 8).

7CH, + 8804 + SH' — 4HS, + 7HCO; + 11H,0 (39)

In contrast, all genes and proteins for dissimilatory sulfate reduction that have been retrieved from AOM systems

are thought to be of bacterial origin (Basen et al., 2011; Milcka et al., 2012). Thus, the enzymatic mechanism of
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sulfate reduction by ANME-2 archaea is still unclear. Recently, Wegener et al. (2015) reported that direct electron
transfer using bacterial nanowires is likely to be a principal mechanism in thermophilic AOM microbial consortia.
Single cell activity as measured by FISH-nanoSIMS also provides evidence of direct electron transfer in the AOM
consortia (McGlynn et al., 2015).

1.2 Numerically and ecologically important marine sedimentary uncultivated archaea

Phylogenetic analysis of PCR-amplified 16S rRNA gene sequences revealed the presence of phylogenetically
diverse uncultured microbial life in marine sediments. Members of Deep-Sea Archaeal Group (DSAG),
Miscellaneous Crenarchaeotic Group (MCG), and Marine Benthic Group-D (MBG-D) within the domain
Archaea have been hypothesized to be numerically and ecologically important in marine sediments because they
often dominate archaeal 16S rRNA gene clone libraries (Fry ez al., 2008; Lloyd et al., 2013).

DSAG (also known as Marine Benthic Group-B and ‘Lokiarchaeota’; Vetriani et al., 1996; Spang et al., 2015) is
an uncultivated archaeal lineage defined by Inagaki ez al. (2003). Phylogenetic analysis revealed that the existence
of three distinct monophyletic lineages (Alpha, Beta, and Gamma) within the DSAG (Jergensen et al., 2013).
DSAG sequences have repeatedly been detected in marine sediments, but some of DSAG sequences were
retrieved from freshwater and terrestrial environments (Jergensen et al., 2013). Archaeal lipids/cells-targeted stable
carbon isotope analysis suggested that DSAG might assimilate sedimentary organic matter as a carbon source
while performing AOM (Biddle et al., 2006). In contrast, geophysical and geochemical parameters, and
DSAG-affiliated 16S rRNA gene distribution patterns suggested that members of DSAG are heterotrophic and
involved in the iron and/or manganese cycle (Jorgensen et al., 2012; Jorgensen et al., 2013). FISH visualized
DSAG archaeal cells from Black Sea microbial mats were small coccoid cells (0.2 to 0.4 pm) and occurred mostly
in large clusters (Knittel ez al., 2005). The genomic characteristics of DSAG showed that DSAG archaea encode
eukaryotic signature proteins that are suggestive of sophisticated membrane remodeling capabilities (Spang et al.,
2015).

MCQG (also known as ‘Bathyarchaeota’; Meng et al., 2014) is an uncultivated archaeal lineage proposed by
Inagaki et al. (2003). Kubo et al. (2012) first divided MCG into 17 phylogenetically distinct sub-groups, and then,
Lazar et al. (2015) proposed additional MCG sub-groups of MCG-18, MCG-19, and MCG-20. Most of the MCG
cells reported by Kubo et al. (2013) were small coccoid with a cell size of 0.4-0.5 um, and aggregates of 25 cells
of MCG were also found. Biddle et al. (2006) hypothesized that MCG archaea perform ‘dissimilatory” anaerobic
methane oxidation. This hypothesis is partly supported by the recent discovery of the existence of homologs of the
genes necessary for methane metabolism in the genomes of MCG (Evans e al., 2015). In contrast, the distribution
patterns of 16S rRNA genes of MCG have not supported the AOM by MCG (Kubo ef al., 2012). Stable isotope
probing experiments with B3C-labeled acetate showed that some members of MCG utilize acetate (Webster et al.,

2010; Na et al, 2015). Lloyd et al. (2013) reported that a genome of MCG encoded extracellular
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protein-degrading enzymes such as gingipain and clostripain. Metagenomic and functional gene expression
analyses reported by Meng et al. (2014) suggested that some MCG members might have a role in the degradation
of aromatic compounds.

MBG-D (also known as Marine Group III and Deep Sea Hydrothermal Vent Group I; DeLong, 1998; Takai and
Horikoshi, 1999) is an uncultured archaeal group proposed by Vetriani et al. (1999). Comparative 16S
rRNA-based phylogenetic study showed that the MBG-D is a well-supported clade affiliated with
Thermoplasatales (Durbin and Teske, 2011). As with MCG, the MBG-D archaeal genome encodes extracellular
protein-degrading enzymes and might have the potential to degrade detrital protein in marine sediments (Lloyd et
al.,2013).

1.3 Cold seeps

Cold seeps are the areas where the upward advection of methane and other accompanying gases from the
subsurface to the seafloor occurs (Boetius and Wenzhofer, 2013) (Fig. 1-9). In contrast to hydrothermal vent fluids,
seepage fluids at cold seeps are not induced by hydrothermal activity. Seepage fluids at cold seeps are generally
enriched in methane or hydrogen sulfide. Thus, chemosynthetic microbes, which use methane or hydrogen sulfide
as their energy source, proliferate as primary producers. In addition, the chemosynthetic microbial communities are
regarded as an important food source for the cold seep-associated fauna. Active cold seeps are located in
subduction zones and in passive margins. Cold-seep sites were first discovered in the marine sediments in the Gulf
of Mexico in 1983 (Paull ez al., 1984). Now, thousands of cold-seep systems have been detected at continental
margins worldwide (Boetius and Wenzhofer, 2013). A major type of cold-seep systems is the submarine mud
volcano (Niemann and Boetius, 2010). The global inventory of methane hydrates in marine sediments is >455
Gt-carbon (Wallmann et al., 2012) and cold seeps are often associated with gas (methane) hydrate deposits. In
contrast, a very small amount of 0.03 Gt-methane is released annually from cold seeps as the result of microbial
activity (Boetius and Wenzhofer, 2013) (Fig. 1-9). At most cold seeps, it is assumed that aerobic methanotrophy
plays an insignificant role at cold seeps due to the very thin oxygenated layers observed at cold seeps (Knittel and
Boetius, 2009; Ruff et al., 2013). ANME archaea predominate the anoxic sediment and mainly occur in
association with putative SRB partners. Sulfur-oxidizing bacterial lineages of the order Thiotrichales in the class
Gammaproteobacteria is often found as the dominant microbial components at methane seeps (Ruff ez al. 2015).
Recent estimates suggested that between 20% and 80% of the methane is consumed by methanotrophic
microorganisms at cold seeps and the proportion of methane consumed varies with fluid flow rate (Boetius and

Wenzhofer, 2013).
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Figure 1-9. Cold-seep methane and carbon fluxes at continental slopes. DOC, dissolved organic carbon; DIC,
dissolved inorganic carbon; POC, particulate organic carbon; AOM-SMTZ, anaerobic oxidation of methane in the
sulfate—methane transition zone. Adapted from Boetius and Wenzhofer (2013).

1.4 The objective of this thesis
The objective of this thesis was to promote a better understanding of the ecology of microbes relevant to marine

sedimentary carbon and sulfur cycling, especially that of the phylogenetic diversity and distributions of the
microbes. Culture-dependent and -independent experiments were performed using the sediment samples retrieved
from marine sediments on the northwestern Pacific margin off Japan, to achieve the objective. The precise
objective of each chapter is summarized as follows:
Cultivation of AOM microbial community using a continuous-flow bioreactor (Chapter II).

The microbially mediated anaerobic oxidation of methane (AOM) is an important microbial process of the
Earth’s biogeochemical cycling. In contrast, due to the difficulties associated with the cultivation of
AOM-associated microbes, the details of marine sedimentary AOM systems and physiological properties of

AOM-associated microbes remain poorly understood. Chapter II described the enrichment result of AOM
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microbial community using a continuous-flow bioreactor, so-called down-flow hanging sponge (DHS) bioreactor.

The main objective of this chapter was to evaluate the applicability of the DHS bioreactor to cultivate an AOM

microbial community and obtain new insights into the AOM systems in the methane seep-sediment of the Nankai

Trough.

Possible effect of redox potential on methane-seep sediment microbial community structure development

(Chapter III).

Methane seeps show moderate levels of microbial richness compared with other marine sedimentary ecosystems
and possess microbes that play an important role in carbon and sulfur cycling. In addition, the local variation of
methane-seep microbial community structure within the same sediment core has been reported. In contrast,
knowledge of the factor(s) controlling the methane-seep microbial community structure development remains
limited. The objective of Chapter III was to reveal possible effect of quinone compound-mediated anaerobic redox
potential difference on AOM-associated microbial community structure development in the methane-seep
sediment of the Nankai Trough. The methane-seep sediment-associated AOM community obtained in Chapter I
was subsequently cultivated using a bio-electrochemical reactor and a model quinone compound of
anthraquinone-2, 6-disulfonate (AQDS) to achieve the objective.

Phylogenetic diversity survey of aprA genes in subseafloor sediments (Chapter IV).

Sulfur-metabolizing microbes have significant roles in biogeochemical processes in marine sediments. However,
the phylogenetic diversity and distribution of functional marker genes relevant to the subseafloor sulfur cycling
remains largely unknown. The goal of Chapter IV was to identify putative sulfur-metabolizing microbial
components in the subseafloor sediment on the northwestern Pacific off Japan and obtain new insights into the
microbial sulfur cycling using adenosine-5-phosphosulfate reductase alpha subunit (@prA) gene, which encodes a
key enzyme in microbial sulfate reduction and sulfur oxidation, as a functional marker gene.
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methane-seep sediment using a continuous-flow bioreactor
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2.1 Introduction

The microbially mediated anaerobic oxidation of methane (AOM) in marine sediments is a globally important
microbial process in carbon cycling (Reeburgh et al, 2007). AOM-associated microorganisms have been
extensively studied using biogeochemical and microbiological approaches. A consensus in the field of AOM
studies is that euryarchaeal anaerobic methanotrophs (ANMES) oxidize methane either solely or in syntrophic
association with deltaproteobacterial sulfate-reducing bacteria (SRB) (Knittel er al, 2009). ANMEs are
phylogenetically closely related to known methanogenic Archaea and can be classified into three distinct
phylogenetic lineages called ANME-1, -2, and -3 (Knittel et al., 2009). Several groups of SRB partners have been
identified, including, SEEP-SRB1, SEEP-SRB2 (also known as the Eel-2 group), HotSeep-1, seepDBB and
Desulfobulbus relatives (Niemann et al., 2006; Schreiber et al., 2010; Holler et al., 2011; Kleindienst et al., 2012;
Green-Saxena et al., 2014). In addition, some previous reports have suggested the possible involvement of other
uncharacterized microorganisms in AOM (Knittel et al., 2005; Biddle ez al., 2006; Inagaki et al., 2006; Serensen et
al., 2006; Harrison et al., 2009). Pemthaler ez al. (2008) found that not only deltaproteobacterial SRB partners but
also uncharacterized bacteria belonging to Alpha- and Beta-proteobacteria formed aggregates with ANME-2¢c
cells. Metagenomic, metatranscriptomic, and metaproteomic studies have indicated that AOM is catalyzed by a
reverse methanogenesis pathway (Pemthaler ef al., 2008; Meyerdierks et al., 2010; Stokke et al., 2012; Wang et al.,
2013; Hallam et al., 2004). However, neither the ANME:s nor their potential syntrophic partners have been isolated,
and thus their detailed physiological properties remain poorly understood.

To gain a deeper understanding of carbon cycling in methane-seep sediments, the cultivation of AOM-associated
microbial communities is a significant challenge. Cultivation results provide critical information about the active
AOM microbial entities in the environment. Several research groups have employed continuous-flow bioreactor
systems for the activation and enrichment of AOM microbial communities (Girguis et al., 2003; Meulepas et al.,
2009; Wegener et al., 2009; Deusner et al., 2010; Zhang et al., 2010; Steeb et al., 2014). In addition to the
bioreactor enrichments, a few enrichment cultures have been obtained using batch-type cultivation methods,
following long-term incubation (Nauhaus et al., 2007; Schreiber et al., 2010; Holler et al., 2011). However, due to
the extremely slow growth rate of AOM microbial communities (i.e., the estimated doubling time is several
months) (Girguis et al., 2005; Nauhaus et al., 2007; Meulepas et al., 2009; Zhang et al., 2011), the cultivation of
AOM microbial communities is laborious, and knowledge of AOM enrichment cultures remains limited. To
effectively cultivate AOM-associated microorganisms, a continuous-flow bioreactor technique was employed. The
bioreactor used in this study is a down-flow hanging sponge (DHS) bioreactor (Fig. 2-1) originally developed for
municipal wastewater treatment (Agrawal et al., 1997; Uemura et al., 2010). A distinctive feature of the DHS
bioreactor is the use of polyurethane sponges, providing an enlarged surface for microbial habitats and an increased
cell residence time. In addition, the sponge carriers are not submerged in the medium but are hanging freely in

gaseous substrates (e.g., methane), and thus the gaseous substrates effectively diffuse inside the sponge carriers as
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Figure 2-1. The DHS bioreactor system. (A) Schematic diagram and photographs of the DHS bioreactor used
in this study. (B) The concept of cultivation of an AOM microbial community using the DHS bioreactor.
Sponge carriers hang freely, suspended with string, in gaseous methane. Thus, the gaseous methane effectively
diffuses not only to the surface but also inside the sponge carriers as the seawater medium flows down into the
sponge carriers. The pore space in the sponge carriers serves as the habitat for microbial life.

the influent medium flows through them. Moreover, continuous flow allows the outflow of metabolic products
such as hydrogen sulfide (in the case of sulfate-dependent AOM), which may inhibit microbial growth if allowed
to accumulate. These properties of DHS bioreactors allow slow-glowing microorganisms to thrive and yield a
greater biomass than that observed when other bioreactor systems are used (Onodera et al., 2013). In this study,

deep-sea methane-seep sediment collected from the Nankai Trough, Japan was incubated anaerobically for 2,013
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days in a newly designed DHS bioreactor system, in order to cultivate AOM-associated microorganisms. The
main aim of this study was to investigate the applicability of DHS bioreactor to cultivate an AOM microbial
community and identification of active AOM-associated entities in the methane-seep sediment of the Nankai
Trough. In the methane-seep sediment, ANME-associated 16S rRNA gene sequences have been detected in the
previous studies (Nunoura ez al., 2013), but none of the cellular and molecular ecological evidences for active
AOM microbial entities was reported. Following long-term incubation in the bioreactor, an AOM microbial
community that consisted of ANMEs and phylogenetically diverse yet-to-be cultured microorganisms was

successfully enriched from the methane-seep sediment.

2.2 Materials and Methods
2.2.1 Sediment core sample

An active methane-seep sediment core (named 949C3) was collected from the Omine Ridge, Nankai Trough off
Kumano area, Japan (33° 7.23' N, 136° 28.67' E), at 2,533 m below the sea surface, via the manned submersible
‘Shinkai 6500’ (cruise YK06-03, dive no. 6K949, 6 May 2006). The sediment consisted of blackish-gray, sandy
silt and contained hydrogen sulfide. The sediment core was 25 cm in length and was subsampled using sterilized
top-cut syringes and spatulas at 5-cm intervals on board. The subsampled sediments were used for interstitial water
geochemical analysis and for culture-independent molecular analyses. The geochemical data showed that the
sediment contained more than 5.4x10° pmol kg ' methane throughout the sediment core and that sulfate
concentrations in the core decreased as the depth increased (Toki et al., personal communication). The results of
the culture independent molecular analyses (i.e., quantitative real-time PCR and 16S rRNA gene tag-sequencing)
have been reported by Nunoura ez al. (2012). In this study, the sediment that remained after the subsampling was
used. The sediment sample was stored anaerobically under nitrogen gas at 4°C in the dark, until further
experiments were performed.
2.2.2 DHS bioreactor and incubation of sediment

A schematic diagram of the DHS bioreactor is shown in Fig. 2-1. The bioreactor was constructed from a closed
polyvinyl chloride (PVC) column (interior volume of 4.4 L) with polyurethane sponge cubes (3 cm % 3 cm X 3 cm,
pore size of 0.83 mm) as the carrier material for cultivating the microbial cells. The 22 sponge cubes were hung
vertically using a nylon string. The total volume of the sponges was 0.59 L, and this value was used for calculating
the hydraulic retention time (HRT). The inoculum sediment was mixed with an anaerobic medium (described
below) and the sponge carriers were soaked with the mixed sediment slurry. This inoculation procedure was
performed in a cold room maintained at 4°C, and the sediment slurry and PVC column were constantly flushed
with nitrogen gas. Following the inoculation, the PVC column was tightly closed and installed in an incubator
(M-600FN, TAITECH, Koshigaya, Japan) in the dark at 10°C. The composition of the supplied medium was as

follows (L "): Daigo’s artificial seawater SP for marine microalgae medium (Nihon Pharmaceutical, Tokyo, Japan),
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36 g; NH4CI, 0.54 g; KH,PO4, 0.14 g; NaHCO;, 2.5 g; glucose, 0.01 g; Na,S- 9H,0, 0.11 g; trace element solution
(Imachi et al., 2008), 1 mL; vitamin solution (Imachi et al., 2009), 1 mL; and titanium (IIT)-nitrilotriacetic acid
solution (Moenchi and Zeikus, 1983), 5 mL. The medium contained 24.7 mM sulfate. The medium was purged
with nitrogen gas, and the pH was adjusted to 7.5. A total of 5 L of media was prepared at a time. The medium was
stored at 5°C and was supplied into the bioreactor through the top inlet port using a peristaltic pump (Masterflex
L/S tubing pump 7550-50, Cole-Parmer, Vernon Hills, IL, USA) and Viton tubing (Cole-Parmer). The medium
then flowed down, passing through the sponge carriers by gravity, and was finally pumped out of the PVC column.
The HRT in the bioreactor was set at 20 h. A gas mixture of methane and carbon dioxide (95:5, vol./vol.) was
prepared in an aluminum bag (AAK-5, ASONE, Osaka, Japan) and supplied to the lower part of the bioreactor.
The medium and CH4/CO, gas were supplied intermittently at 1 min/9 min (on/off), regulated by an automatic
on/off timer (FT-011, Tokyo Glass Kikai Co. Ltd., Tokyo, Japan) connected to the peristaltic pump. The effluent
gas was collected in an aluminum bag, via Viton tubing, from the top portion of the bioreactor. The bioreactor was
operated under atmospheric pressure.
2.2.3 Chemical analysis and sampling from the DHS bioreactor

The pH and oxidation-reduction potential (ORP) of the effluent medium were measured using a pH and redox
electrode (InPro3250SG, Mettler-Toledo, Greifensee, Switzerland) connected to a modular transmitter (M700,
Mettler-Toledo). The sulfate concentration of the influent/effluent medium was measured using a turbidimetric
method (Hach Method 8051) by using subsamples diluted to 100-fold with Milli-Q water. For microbial
community analyses, sediment slurry samples attached to the sponge carriers were sampled at 285, 903, 1,376,
1,529, 1,732, and 2,013 days of operation. At each sampling, several sponge carriers were randomly selected from
3 portions (upper, middle, and lower) of the bioreactor. The sediment slurry samples were removed from the
selected sponges by manual rubbing in anaerobic seawater medium. Nitrogen gas was flushed during the sampling
procedure.
2.2.4 Measurement of potential AOM activity

A tracer experiment using "C-labelled methane was used to estimate potential AOM activity, as described by
Yoshioka et al. (2010). To measure activity, approximately 30 mL of the bioreactor incubation samples collected
on day 1,529 was aliquotted into four 70-mL vials. After flushing with nitrogen gas, the vials were sealed with
butyl rubber stoppers and aluminum crimp seals. During the incubation procedure, all samples were maintained
under anaerobic conditions; this was confirmed by the clear color of the resazurin in the samples. Thirty milliliters
of non-labeled methane taken from a tank ["°C = —36.6 % (PDB)] was injected into 2 of the vials with a glass
syringe, while 27 mL of the non-labeled methane and 3 mL of 100% “C-labeled methane
(Sigma-Aldrich/ISOTEC, St. Louis, MO, USA) were injected into the other 2 vials. All the vials were incubated at
10°C in the dark. To monitor the differences in the stable carbon isotope compositions of dissolved inorganic

carbon (DIC), 1 mL of solution was collected from each vial after 1, 14, 29, and 42 days of incubation. The stable
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carbon isotope compositions of the DIC in the solutions were measured using a Thermoquest-Finnigan Gas Bench
linked to a DeltaPlus XL mass spectrometer (Thermo Finnigan Inc., Austin, TX, USA). “C-enrichment of the DIC
in the "CH,-amended vials relative to the non-amended vials was calculated and the methane oxidation rate was
estimated by calculating the *C-enrichment in the total DIC.
2.2.5 Nucleic acid extraction, PCR, cloning, and phylogenetic analysis

DNA extraction, PCR amplification, clone library construction, and sequencing were performed as described
previously (Miyashita et al., 2009). The PCR primers used in this study are shown in Table S2-1. The PCR primer
pairs Arch21F/Ar912r and EUB338F/1492R were used for the construction of 16S rRNA gene-based archaeal
and bacterial clone libraries, respectively. For the construction of the mcr4 gene-based clone library, the primer
pair ML/MLr was used. PCR was performed under the following conditions: initial denaturation at 95°C for 9
min, followed by 20 to 35 cycles of denaturation at 95°C for 40 s, annealing at 50°C for 30 s, and extension at
72°C for 1 min. To reduce possible bias caused by PCR amplification, PCR products obtained following the
minimal number of PCR cycles, ranging from 20 to 35 cycles at five-cycle intervals, were used. Total RNA
extraction was performed immediately following sampling from the bioreactor, using a previously described
method (Sekiguchi ez al., 2005). The remaining DNA was digested with RNase-free DNase I (Promega, Madison,
WI, USA). The absence of genomic DNA contamination in the RNA extracts was confirmed by PCR, using the
same PCR primer pairs. The concentration of RNA was quantified spectrophotometrically using a Quant-iT RNA
assay kit (Invitrogen, Carlsbad, CA, USA). Reverse transcription (RT)-PCR was performed using a SuperScript 111
One-Step RT-PCR System with Platinum Taq DNA polymerase (Invitrogen), according to the manufacturer’s
instructions. The RT-PCR primers and subsequent procedures were identical to those employed in the 16S rRNA
gene-based clone analysis presented above. Recovered clone sequences were classified into phylotypes using a
threshold of 97% sequence identity. The representative sequences of the phylotypes were subjected to BLASTN
analysis (Altschul ef al., 1997). 16S rRNA gene sequence-based phylogenetic tree construction was performed
using the neighbor-joining method with the Jukes-Cantor correction, as described previously (Imachi et al., 2006).
A deduced McrA amino acid sequence-based phylogenetic tree was constructed using the neighbor-joining
method, implemented in the ARB program, version 5.2 (Ludwig ef al., 2004) using 137 amino acid positions and
PAM distance correction. The sequences reported in this study have been deposited in the GenBank/EMBL/DDBJ
database under the accession numbers AB831260-AB831537.
2.2.6 Statistical analyses

Chaol species richness and the Shannon diversity index were calculated using the EstimateS software, version
8.2 (http:// viceroy.eeb.uconn.edu/estimates/). Clone library coverage was calculated using the equation
[1—(n,/N)]*100, where n; is the number of single-occurrence phylotypes within a library and N is the total number
of clones in the library (Good, 1953). Evenness was calculated using the equation H/In R, where H is the Shannon

diversity index and R is the number of phylotypes observed within a library (Magurran, 2004). Rarefaction curves
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were calculated using the Analytic Rarefaction software, version 2.0 (http://www. huntmountainsoftware.com).
2.2.7 Terminal restriction fragment length polymorphism (T-RFLP) analysis

Archaeal and bacterial 16S rRNA gene fragments for T-RFLP analysis were amplified by PCR using the primer
pairs 5' FAM-labeled Arch21F/Ar912r and 5" FAM-labeled EUB338F/1492R, respectively. PCR was performed
under the conditions described above. The PCR products were digested with Haelll and Hhal (TaKaRa Bio Inc.,
Otsu, Japan) separately. The labeled fragments were analyzed by electrophoresis on an ABI 313061 Genetic
Analyzer (Applied Biosystems, CA, USA). GeneScan 1200 LIZ (Applied Biosystems) was used as a size
standard.

2.2.8 Quantitative real-time PCR

Quantitative real-time PCR of archaeal and bacterial 16S rRNA genes was performed with a 7500 Real-Time
PCR System (Applied Biosystems) using a SYBR Premix Ex Taq II (Perfect Real Time) kit (TaKaRa Bio Inc.).
For archaeal and bacterial 16S tRNA gene quantification, the primer pairs 340F/932R and EUB338F/907R,
respectively, were used (Table S2-1). The reaction mixture for real-time PCR was prepared according to the
manufacturer’s instructions. For the construction of template standards for each primer set, dilution series of 16S
rRNA gene fragments of Methanobacterium sp. strain MO-MB1 (Imachi et al., 2011) and Escherichia coli strain
K12 (DSM 5911), which were obtained using the archaeal primer pair Arch21F/1492R and the bacterial primer
pair 27F/1492R, were used, respectively. These PCR products were used in each real-time PCR to calculate the
16S t/RNA gene copy number. Template DNA was quantified spectrofluorometrically using a Quant-iT
PicoGreen dsDNA Assay Kit (Invitrogen). The optimal PCR conditions, including the annealing temperature,
were empirically determined for each primer pair. PCR was performed under the following conditions: initial
denaturation at 95°C for 10 s, followed by 40 cycles of denaturation at 95°C for 5 s, 30 s of annealing (54°C for
Archaea; 50°C for Bacteria), and extension at 72°C for 34 s. To verify the specificity of the real-time PCR assay,
the PCR products were subjected to melting curve analysis (60-90°C) and subsequent gel electrophoresis. All
assays were performed in triplicate.

2.2.9 Fluorescence in situ hybridization (FISH)

Subsamples for FISH were fixed with 2% paraformaldehyde in anaerobic medium excluding glucose for 12 to
16 h at 4°C and stored in a 1:1 mix of phosphate-buffered saline (PBS): ethanol at —20°C. The FISH samples used
in this study were not dispersed by homogenization or ultrasonication prior to in situ hybridization procedures. The
16S rRNA-targeted oligonucleotide probes used in this study are listed in Table S2-2. The 5" ends of the
oligonucleotide probes were labeled with Alexa Fluor 488 or horseradish peroxidase (HRP). Standard FISH was
performed according to previously described methods (Sekiguchi ef al, 1999) with minor modifications. In brief,
hybridizations were carried out in hybridization buffer (20 mM Tris-HCI [pH 7.2], 0.9 M NaCl, 0.01% sodium
dodecyl sulfate, 1% [wt./vol.] blocking reagent [Roche Diagnostics, Mannheim, Germany], 0 to 65% formamide)
with 0.5 mM of probe overnight at 46°C in the dark. The washing step was performed at 48°C for 15 min with
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washing buffer containing the same components as the hybridization buffer, except for the blocking reagent and
probes. Catalyzed reporter deposition (CARD)-FISH (Pernthaler et al., 2002) with HRP-labeled probes was
performed based on a previously described method (Kubota ef al., 2006). To inactivate endogenous peroxidase
activity, the fixed samples were incubated in H,O, solution (final concentration, 0.3% [vol./vol.] in methanol) for
30 min at room temperature. An HRP-labeled negative control probe, NON338, was used as the negative control.
For the multi-color CARD-FISH using the probes ANME-2¢c-760 and EUB338, 0.01 M HCI solution (10 min at
room temperature) was used for the inactivation of HRP in the initial hybridization. Hybridization conditions were
controlled by varying the formamide concentrations in the hybridization and washing buffers. The hybridization
conditions for six of the uncultured group-specific probes (ANME-1-350, ANME-2a-647, ANME-2c-760,
MBGD-318, MBGB-380, and UncGam731) were determined by Clone-FISH (Schramm et al., 2002). The
Clone-FISH samples were prepared as described in Kubota et al. (Kubota ez al., 2006). The clonal sequences used
for Clone-FISH were AB598074, AB598076, and AB831534 to AB831537. Four of the clonal sequences
(AB831534 to AB831537) were obtained by 16S rRNA gene cloning with the primer pair Arch21F/1492R or
27F/1492R from the bioreactor incubation sample collected at day 903. The FISH samples were finally
counterstained with 4', 6-diamidino-2-phenylindole (DAPI; 1 ug mL " for 5 min at room temperature) after all of
the in situ hybridization steps had been performed. An Olympus microscope (BXS1F, Olympus, Tokyo, Japan)

with a color CCD camera system (DP72, Olympus) was used for microscopic observations.

2.3 Results
2.3.1 DHS bioreactor operation and potential AOM activity in the bioreactor

The DHS bioreactor (Fig. 2-1) was operated at 10°C for a total of 2,013 days. During the initial period of
bioreactor operation (~365 days), the bioreactor could not adequately maintain reductive conditions, likely due to
molecular oxygen contamination (Fig. 2-2A). When a medium containing resazurin, a redox indicator, was fed
into the bioreactor, the medium at the top of the PVC column was very faintly pink in color. Therefore, to maintain
more reductive conditions, all the joints in the tubing lines from the medium storage bottle to the bottom of the
PVC column were sealed. Moreover, a tiny amount of glucose (0.01 g mL™) was added to the medium after day
365, with the intention that the contaminated molecular oxygen would be consumed by the activity of existing
aerobic microorganisms in the bioreactor. Following these improvements, the ORP values of the effluent medium
indicated that reductive conditions were maintained in the bioreactor (Fig. 2-2A). The average pH value of the
effluent medium was 7.5 (SD = 0.1, n = 1,441) (Fig. 2-2B). To confirm the occurrence of sulfate-dependent AOM
reactions in the bioreactor, the sulfate concentrations of the influent and effluent medium was measured several
times until 1,500 days using turbidimetric analysis. However, the sulfate concentrations in the effluent medium did
not differ from those in the influent medium (i.e., approximately 25 mM sulfate). This result may be explained by

the relatively higher sulfate loading rate (30 mmol L™ day ') compared to the AOM activity in the DHS bioreactor.
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Figure 2-2. Time-course changes in (A) ORP and (B) pH values of DHS bioreactor effluent.

Therefore a tracer experiment using “C-labelled methane was conducted to measure potential AOM activity using
a sample collected at day 1,529. Throughout the experiment, an increase in the C content of the DIC was
observed (Fig. 2-3). In the case that only AOM occurred, the potential AOM rate would have been 375 nmol g-dry
weight (dw) ' day ' (mean value, n = 2). However, recent studies have shown that AOM and methane production
occur simultaneously in AOM systems (Holler ez al., 2011; Bertram et al., 2013). If methane production had
proceeded in the tracer experiment, the increased 5"°C values of DIC could have included the effect of methane
production activity (Meulepas ef al., 2010). On the other hand, the "C values of DIC in the "CH,-non-amended
sample, which showed a decreasing trend in the incubation (Fig. 2-3). The decreasing trend supports that *C was
enriched in the carbon dioxide/bicarbonate pool through AOM. Although the exact AOM/methane production
activity ratio in the DHS bioreactor enrichment is unclear, the tracer experiment indicated that an active AOM
microbial community had been established in the bioreactor.
2.3.2 Abundance of archaeal and bacterial populations estimated by quantitative real-time PCR

To examine the changes in the abundance of archaeal and bacterial populations during the DHS bioreactor
incubation, archaeal and bacterial 16S rRNA gene copy numbers were quantified (Fig. 2-4). In the inoculum
sediment, the archaeal and bacterial 16S rRNA gene copy numbers were 4.0 x 107 and 8.2 x 10° copies g-wet

weight (ww) ', respectively. Following incubation in the bioreactor, the bacterial 16S rRNA gene copy number
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Figure 2-3. The traces of the difference in 8"°C values of dissolved inorganic carbon between the 1,529-day

sample supplemented with *C-labelled methane and that supplemented with non-labeled methane. Values of
duplicate experiments are shown.

increased approximately tenfold, to 5.7x10° copies g-ww ' at day 285; the copy number was maintained at 10°
copies g-ww ' for the duration of the reactor operation. In contrast, archaeal 16S rRNA gene copy numbers
remained at 10’ copies g-ww ' throughout the 2,013 days of incubation, although notable shifts were observed in
the archaeal community, as mentioned below.
2.3.3 Composition of the microbial community in the DHS bioreactor

To characterize the composition of the AOM microbial community and any shifts in the community during the
DHS bioreactor incubation, clone libraries targeting archaeal and bacterial 16S rRNA genes were constructed for
the bioreactor incubation samples (Fig. 2-5 and S2-1-S2-3). To identify the active microbial components in the
bioreactor, 16S rRNA clone libraries from the total RNA extracts prepared from the 903- and 2,013-day samples
were also constructed via RT-PCR. The archaeal phylotypes detected in the inoculum sediment (i.e., the O-day

sample in Fig. 2-5A) were closely related to the sequences of ANME-2a, ANME-2c¢, Deep-Sea Archaeal Group
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Figure 2-4. Archaeal and bacterial 16S rRNA gene copy numbers in the DHS bioreactor as determined by
quantitative real-time PCR. Values are mean = SD (n=3).

(DSAG; also known as Marine Benthic Group-B), Marine Benthic Group-D (MBG-D), Thermoplasmata Group
E2, Miscellaneous Crenarchaeotic Group (MCG), and Marine Group-I (MG-I) Thaumarchaeota, which are
frequently observed in marine subsurface sediments. The relative abundance of ANME-related clones (i.e.,
ANME-2a and -2¢) in the archaeal 16S rRNA gene clone library of the inoculum sediment was 23.7%. During
incubation in the bioreactor, the archaeal composition gradually shifted. The total clonal abundance of ANMEs in
the archaeal 16S rRNA gene and 16S rRNA clone libraries gradually increased, and phylotypes representing the
three ANME groups (i.e., ANME- 1, -2, and -3) were identified, although ANME-1 and -3 phylotypes were not
detected in the inoculum sediment by the 16S rRNA gene clone analysis. The archaeal phylotype MKOD_A9,
affiliated with ANME-2a, was the most abundant archaeal phylotype on day 2,013 (25.7% and 66.0% of the
clones examined in the 2,013-day 16S rRNA gene and 16S rRNA libraries, respectively). Interestingly, the
methylotrophic methanogen genus Methanococcoides phylotype MK903D A2 was predominantly detected in the
903-day 16S rRNA library, although no potential methylotrophic substrates for Methanococcoides, such as
methanol or methylamines (Sowers, 2001), were supplied in the bioreactor. Conceivably, the methylotrophic
substrates were eluted as secondary products from the inoculum sediment (Liu et al., 2008). Indeed,
methylotrophic methanogens also grew in a previously reported DHS bioreactor for the cultivation of a
subseafloor methanogenic community, although no methylotrophic substrate was provided to the bioreactor

(Imachi ef al, 2011). These methanotrophic/methanogenic archaecal components were also confirmed by
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Figure 2-5. Microbial community structures based on 16S rRNA gene sequence-based clone libraries.
Phylogenetic affiliations based on (A) archaeal and (B) bacterial 16S rRNA genes and 16S tRNA. The 16S
rRNA clone libraries were constructed from the 903-day and 2,013-day samples only. The numbers in
parentheses are the total number of sequenced clones.

methyl-coenzyme M reductase alpha-subunit gene (mcrd; a key gene in methane-oxidation/production)
sequence-based clone analysis of the 2,013-day sample, and the results were generally consistent with those of the
archaeal 16S rRNA gene sequence-based clone analysis (Fig. S2-4). One remarkable inconsistency was noted
between the mcrdA gene and 16S rRNA gene sequence-based clone libraries: phylotypes related to
Methanococcoides were the dominant component in the mcr4 mRNA-based library (65.3% of the clones
examined), whereas the ANME-2a phylotype was the dominant component in the 2,013-day archaeal 16S rRNA
gene and 16S rRNA libraries. This inconsistency may have been caused by the biases associated with PCR
amplification and cloning, but the potential involvement of Methanococcoides members in AOM could not be
excluded. Co-occurrence of AOM and methanogenesis by Methanococcoides may be one of the conceivable
explanations for the highly expressed Methanococcoides-related mcrA mRNA in the bioreactor. In addition to the
methanotrophic/methanogenic archaeal phylotypes, many phylotypes related to other diverse uncultured archaeal
lineages were also identified in the bioreactor enrichment. The 16S rRNA gene and 16S rRNA phylotypes related
to DSAG and MBG-D were relatively abundant, comprising 10.3-25.6% and 9.3-21.9% of the archaeal 16S
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rRNA gene sequence based clone libraries, respectively. Other uncultured archaeal lineages, such as MCG,
Miscellaneous Euryarchaeotic Group (MEG), Deep-Sea Euryarchaeotic Group-2 (DSEG-2), Marine
Hydrothermal Vent Group (MHVG), and Ancient Archaeal Group (AAG), were detected as minor components
following the long-term incubation. The dominant bacterial components in the inoculum sediment (i.e., the 0-day
sample in Fig. 2-5B) were related to members of the Deltaproteobacteria, Gammaproteobacteria, and Chloroflexi,
which have been frequently detected as dominant bacterial components in subseafloor sediments, including
methane seeps and mud volcanoes (Inagaki et al., 2004; Heijs et al., 2007; Orcutt et al., 2010; Pachiadaki et al.,
2010). Putative sulfate-reducing deltaproteobacterial partners of ANMEs (SEEP-SRB1, SEEP-SRB2,
Desulfobacteraceae, and Desulfobulbaceae; Fig. S2-3B) were detected in the inoculum sediment (30.0% of the
clones examined). During incubation in the DHS bioreactor, the bacterial community gradually shifted. The
putative SRB partners were the dominant bacterial populations until day 903, and then gammaproteobacterial
phylotypes became the dominant population. The bacterial phylotype MK903D BS5, which is affiliated with an
uncultured gammaproteobacterial lineage, was the dominant bacterial phylotype on day 2,013 (Fig. S2-3C; 20.0%
and 50.4% of the clones examined in the 2,013-day 16S rRNA gene and 16S rRNA clone libraries, respectively).
This gammaproteobacterial phylotype was not detected in the inoculum sediment, but its population gradually
increased during the bioreactor operation period. The second most abundant bacterial phylotype on day 2,013,
MKO903D B19, is also affiliated with the Gammaproteobacteria and is closely related to the aerobic
methanotrophic genus Methylobacter (Fig. S2-3C; 16.0% and 32.2% of the clones examined in the 2,013-day 16S
rRNA gene and 16S rRNA clone libraries, respectively). Other gammaproteobacterial aerobic methanotrophic
genera, such as Methylomonas and Methylophaga, were also detected in small numbers (Fig. S2-3C). The
occurrence of these aerobic methanotrophs indicated the contamination of a small amount of molecular oxygen in
the bioreactor. In fact, some minor bacterial phylotypes (MK903D B6, MK903D B31, MK903D B42,
MK903R B71, MK903R B75, MK1732D B15, MK1732D BS55, and MK2013D B26) were shown to be
closely related to aerobic bacterial isolates (97.0% 16S rRNA gene sequence identity in the National Center for
Biotechnology Information 16S Microbial database; data not shown). In addition to the delta- and
gamma-proteobacterial phylotypes, other phylogenetically diverse bacterial phylotypes were detected following
incubation, and the overall bacterial diversity spanned 24 bacterial phyla/lineages (Fig. S2-3). As described above,
the 16S rRNA gene and mcr4 gene sequence-based clone analyses demonstrated that the microbial community
shifted during operation of the bioreactor, and phylogenetically diverse yet-to-be-cultured microorganisms were
successfully cultivated in the DHS bioreactor. The changes in the composition of the microbial community were
further confirmed by archaeal and bacterial 16S rRNA gene-based T-RFLP analysis of bioreactor incubation
samples collected at days 285, 1,376, 1,529, in addition to the samples used for clone analysis, as mentioned above
(Fig. S2-5 and S2-6). The detection of unassigned TRFs indicated the presence of microbial components that

could not be identified by the 16S rRNA gene sequence-based clone analysis.
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Table 2-1. Statistical analysis of clone libraries.

Total clone Phylotype Chaol species Shannon

Clone library number % pumber  richness® diversity index Evenness Coverage (%)
Archaeal 16S rRNA gene
0-day DNA 93 22 26 (23-41) 2.71 0.88 92
903-day DNA 117 26 42 (30-84) 2.58 0.79 89
903-day RNA 86 23 45 (29-110) 2.55 0.81 86
1,732-day DNA 117 37 83 (53-169) 2.63 0.73 79
2,013-day DNA 105 31 58 (39-121) 2.76 0.80 84
2,013-day RNA 106 13 24 (15-67) 1.34 0.52 93
Bacterial 16S rRNA gene
0-day DNA 90 62 135 (95-223) 398 0.96 51
903-day DNA 93 45 99 (65-190) 349 0.92 70
903-day RNA 89 54 115 (80-197) 3.76 0.94 58
1,732-day DNA 153 53 89 (68-143) 333 0.84 80
2,013-day DNA 100 35 56 (42-97) 292 0.82 80
2,013-day RNA 115 15 27 (18-69) 143 0.53 92
mcrA gene
2,013-day DNA 80 12 15 (13-34) 1.78 0.72 94
2,013-day RNA 121 6 6 (6-6) 1.14 0.64 99

“A phylotype was defined as = 97% sequence identity.
"Numbers in parentheses indicate the 95% confidence interval.

2.3.4 Microbial diversity and richness in the DHS bioreactor incubation samples

To evaluate the diversity and richness of the DHS bioreactor incubation samples, Chaol species richness,
Shannon diversity index, Evenness, clone library coverage, and rarefaction curves were calculated for all clone
libraries (Table 2-1 and Fig. 2-6). The rarefaction curves for the bioreactor incubation samples, except the mcrA
mRNA-based clone library, did not plateau (Fig. 2-6), and the coverage values did not reach 100% in any of the
clone libraries (51-99%; Table 2-1). These results indicated that additional archaeal and bacterial phylotypes
would be found in the incubation samples with additional sequencing. Interestingly, the Chaol species richness,
Shannon diversity index, and rarefaction curves for the archaeal 16S rRNA gene clone libraries indicated that the
archaeal diversity of the 2,013-day incubation sample was higher than that of the inoculum sediment (Table 2-1
and Fig. 2-6A). These results suggest that the abundance of minor archaeal components, which could not be
detected in the inoculum sediment, increased in the bioreactor. The existence of minor and diverse archaeal
components in the same sediment core sample has been revealed by 16S rRNA gene tag-sequencing analysis
(Nunoura ef al., 2012). In contrast to the results obtained from analysis of the archaeal clone libraries, statistical
analyses of the bacterial clone libraries suggested that the bacterial diversity gradually decreased during the
bioreactor operation period (Table 2-1 and Fig. 2-6B).
2.3.5 Detection of microbial cells in the DHS bioreactor using FISH

The presence of active microorganisms in the DHS bioreactor was further confirmed by standard FISH and
CARD-FISH analyses of the 903- and 2,013-day samples (Fig. 2-7 and Table 2-2). The ANME-1-350
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Figure 2-6. Rarefaction curves for (A) archaeal and (B) bacterial 16S rRNA genes and 16S rRNA, and (C)
mcrA genes and mRNA.

probe-stained cells had a typical ANME-1-like rectangular morphology and formed chains of two or three cells
(Fig. 2-7A). All ANME-2a cells visualized with the ANME-2a-647 probe occurred as single cells without any
bacterial partners (Fig. 2-7B). The cells of ANME-2a were small cocci of approximately 0.4-0.6 pm in diameter.
The ANME-2c cells stained with the ANME-2c-760 probe in the 903-day sample formed aggregates with
bacterial partners, which were stained with the EUB338 probe (Fig. 2-7C), or occurred as aggregates without
bacterial cells (Fig. 2-7D). Most of the ANME-2c¢ aggregates detected did not occur with bacterial cells (11 of 15
aggregates examined in this experiment). In the 2,013-day sample, no signals of the ANME-2¢-760 probe were
identified in the triplicatt CARD-FISH experiments. All of the MBGB-380-stained cells were small
coccoid-shaped cells with a size of approximately 0.4-0.6 um (Fig. 2-7E), and the cell morphology and size were
consistent with those of DSAG archaeal cells detected in Black Sea microbial mats (Knittel ez al., 2005). The
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Figure 2-7. (A and G-I) FISH and (B-F) CARD-FISH images of microbial cells cultivated in the DHS
bioreactor. Photomicrographs of DAPI-stained cells (left) and epifluorescence (right) showing identical fields.
(A) Chain-forming ANME-1-350-stained cells in the 2,013-day sample (Alexa Fluor 488, green). (B) An
ANME-2a-647-stained coccoid-shaped cell in the 2,013-day sample (Fluorescein, green). (C and D) Color
overlay of ANME-2¢-760 (Fluorescein, green) and EUB338-stained cells (Alexa Fluor 594, red) in the
903-day sample. (E) A MBGB-380-stained coccoid-shaped cell in the 2,013-day sample (Fluorescein, green).
(F) A MBGD-318-stained rod-shaped cell in the 2,013-day sample (Fluorescein, green). (G) A
MCOCID442-stained coccoid-shaped cell in the 2,013-day sample. (H) My669-stained coccoid-shaped cells in
the 2,013-day sample (Alexa Fluor 488, green). (I) UncGAM731-stained irregular rod-shaped cells in the
2,013-day sample (Alexa Fluor 488, green). Bars represent 10 pum.

Table 2-2. Summary of FISH and CARD-FISH results.

Sample/Detection method

Probe Target group 903-day sample 2,013-day sample
FISH CARD-FISH FISH CARD-FISH

ARCI15 Most Archaea + + + +
ANME-1-350 ANME-1 + NT + NT
ANME-2a-647 ANME-2a - + - +
ANME-2¢-760 ANME-2c - + - -
ANME-3-1249 ANME-3 - NT - NT
MBGD-318 MBG-D - + - +
MBGB-380 DSAG - + - +
MCOCID442 Methanococcoides + NT + NT
EUB338 Most Bacteria + + + +
My669 Methylobacter and Methylomonas + NT + NT
UncGam731 Gammaproteobacterial phylotype MK903D_B5 + NT + NT

+: detected, -: not detected, NT: not tested.

MBG-D archaeal cells detected by the MBGD-318 probe were straight rods (approximately 2—3 pm long and 0.5—
1 pm wide) with blunt ends and a sheath-like structure (Fig. 2-7F). Almost all of the cells stained by the My669
probe morphologically resembled Methylobacter species (Fig. 2-7TH) and formed cysts that are normally found
under conditions of oxygen deprivation and desiccation (Bowman, 2005). The UncGAM731 probe-positive cells

were irregular rod-shaped cells (Fig. 2-71; approximately 1-2 pm long and 0.5-1 pm wide). These uncultured

38



Chapter 11

gammaproteobacterial cells formed monospecies aggregates (Fig. 2-7I) and did not form aggregates with

ANME cells.

2.4 Discussion

A continuous-flow DHS bioreactor system was used to cultivate an AOM microbial community from deep-sea
methane-seep sediment collected from the Nankai Trough, Japan. In this study, 24.7 mM sulfate was fed as the
dominant electron acceptor for the AOM microbial community. The potentiall AOM activity in the DHS
bioreactor is in the range of seep and mud volcano samples (Knittel ez al., 2009). However, it was probably low
compared to what could be achieved in high-pressure bioreactors (Deusner et al., 2010; Zhang et al., 2010) (Table
2-3). Due to the extremely low energy yield of the net AOM reaction (AG® = —16 kJ mol ' in the case of
sulfate-dependent AOM (Knittel ez al., 2009), the reaction is strongly influenced by substrate and product
concentrations. In terms of the poor solubility of methane in solution at ambient pressure (~2 mM CH, at 10°C;
Yamamoto et al., 1976), high pressure-type cultivation systems have the advantages of in vitro stimulation of
AOM (Nauhaus et al., 2002; Deusner et al., 2010; Zhang et al., 2010). In other words, effective methane supply is
thought to be an important factor for the cultivation of AOM microbial communities when using ambient-pressure
type bioreactor systems. Meulepas et al. (2009) used an ambient-pressure submerged-membrane bioreactor system
and achieved significantly higher potential AOM activity (286 pmol g-dw ' day ) after 884 days of operation. In
the submerged-membrane bioreactor system, the AOM microbial community was continuously sparged by
methane gas bubbles for an ideal methane supply, but the gas-sparging method may expose microorganisms to
relatively high shear forces. In contrast, the DHS bioreactor has a good gas-exchange capability because of a
relatively large gas-liquid interface and a relatively short substrate transportation distance between the gas-liquid
interface and the center of sponges. This unique feature of the DHS bioreactor may have enabled the successful
long-term cultivation of the AOM microbial community under a non-turbulent ambient methane pressure
condition.

Interestingly, the 16S rRNA gene-based quantitative real-time PCR data showed that the archaeal
and bacterial populations in the DHS bioreactor responded differently to the incubation. The bacterial 16S rRNA
gene copy number increased approximately tenfold during the period of incubation, whereas the archaeal 16S
RNA gene copy numbers remained roughly the same throughout the 2,013 days of incubation (Fig. 2-4).
Additionally, statistical analyses of the 16S rRNA gene clone libraries showed that archaeal diversity after 2,013
days of incubation was higher than in the inoculum sediment, whereas the bacterial diversity decreased during the
period of bioreactor operation (Table 2-1 and Fig. 2-6). These different behaviors may have resulted from
differences in survival mechanisms between the archaeal and bacterial communities, such as membrane structure

and energy conversion efficiency (Valentine, 2007).
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addition to the sulfate concentration, the redox potential is thought to be a significant variable affecting the
occurrence of ANME-2a. The habitats typically dominated by ANME-2 and -3 members are characterized by
higher dissolved oxygen (DO) contents (i.e., higher redox environments) than ANME-1-dominated habitats
(Knittel et al., 2005; Rossel et al., 2011. A high-pressure continuous-flow AOM bioreactor was also reported to be
dominated by ANME-2a and gammaproteobacterial acrobic methanotroph populations (Zhang et al., 2010; Zhang
et al., 2011). Therefore, assuming that contamination with a small amount of molecular oxygen is inevitable in
continuous-flow bioreactor systems, the preferred enrichment of ANME-2a may be explained by the combination
of high-sulfate and relatively more oxidative conditions. The effect of the incubation temperature (i.e., 10°C) on the
predominance of ANME-2a is unlikely to be significant because some ANME-1 and -2 members are
metabolically active at ~10°C (Nauhaus et al., 2005).

FISH and 16S rRNA clone analyses revealed that active ANME-1 cells also thrived in the DHS bioreactor.
ANME-1 members are frequently observed in the deeper zones of subseafloor sediments and in the internal
section of microbial mats (Nunoura et al., 2006; Kriiger ez al., 2008; Yanagawa et al., 2011; Vigneron et al., 2013),
indicating that members of ANME-1 prefer to inhabit highly reductive environments. Considering these previous
observations and the possible occurrence of DO concentration gradients in the sponge carriers (Araki ef al., 1999;
Machdar ef al., 2000), the ANME-1 cells may colonize the interior portion of the sponge carriers and/or the lower
portion of the DHS bioreactor, where redox potentials are comparatively low. In addition, the coexistence of three
ANME groups (i.e., ANME-1, -2, and -3) in the DHS bioreactor is interesting because their co-occurrence has
only been reported in some marine sediments (Knittel e al., 2009; Vigneron et al., 2013). This co-occurrence may
have resulted from physical-chemical gradients along bioreactor height and/or sponge carrier depth. It should be
noted that the composition of the ANME groups in inoculum sediments would significantly affect the cultivation
results, along with physical-chemical factors.

The presence of ANME-1, -2a, and most ANME-2c cells without close physical interaction with bacterial cells
(Fig. 2-7) is intriguing because ANMEs may require a close physical interaction with their syntrophic SRB
partners to perform AOM (Hoehler et al., 1994; Boetius et al., 2000; Orphan et al., 2001). AOM without
syntrophic SRB partners is still largely unknown, but a bacteria-independent AOM mechanism has been recently
proposed by Milucka et al. (2012). In contrast, the involvement of SRB in AOM cannot be denied because some
potential sulfate-reducing deltaproteobacterial phylotypes (i.e., Desulfobacteraceae and SEEP-SRBI1) were
detected, even after 2,013 days of enrichment (Fig. S2-3B). Further enrichment and multicomponent investigations
may shed more light on the mechanisms of AOM.

In addition to ANMEs, other diverse uncultured archaeal lineages, such as DSAG, MBG-D, MEG, DSEG-2,
MCG, MHVG, and AAG, were also identified in the DHS bioreactor incubation samples. DSAG members are
known to be a predominant archaeal component of subseafloor sediments (Fry et al., 2008; Teske et al., 2008;

Durbin ef al., 2012). Metabolically active DSAG members have frequently been detected within sulfate-methane
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transition zones, where AOM is prominent (Biddle ef al., 2006; Serensen et al., 2006). A previous study of the
stable carbon isotopic composition of archaeal lipids/cells suggested that DSAG might assimilate sedimentary
organic matter as a carbon source while performing AOM for energy generation (Biddle et al., 2006). The
occurrence of active DSAG phylotypes in the bioreactor provides further evidence that DSAG may be sustained
by AOM. However, current studies based on the co-variation of DASG archaeal 16S rRNA gene abundance and
geochemical data suggest that members of DSAG are heterotrophic and involved in the iron and/or manganese
cycle (Jorgensen et al, 2012; Jorgensen et al, 2013). In the bioreactor, we supplied iron and manganese
compounds as trace elements. DHS bioreactor systems are also known to possess the ability to maintain a
relatively large biomass (Onodera et al., 2013). Therefore, the presence of iron, manganese, and a higher
concentration of biomass-derived organic compounds may enhance the growth of DSAG phylotypes. MBG-D, a
Thermoplasmata-related uncultured archaeal lineage, is globally distributed in marine sediments (Lloyd et al.,
2013) and has been co-detected with ANME-2a in some AOM enrichment cultures (Girguis ef al., 2003; Jagersma
et al., 2009; Zhang et al., 2011). Recent single-cell genomic sequencing has revealed that members of MBG-D are
likely anaerobic protein-degrading microorganisms (Lloyd et al., 2013). Thus, active MBG-D phylotypes may
utilize dead biomass produced in the bioreactor and/or extracellular organic matrix, which may be excreted by
ANME populations (Kriiger et al., 2008; Knittel et al., 2009). Other uncultured archaeal lineages, such as MEG,
DSEG-2, MCG, MHVG, and AAG, may be metabolically less active in the DHS bioreactor because their
sequences either were not retrieved or were less abundant in the 16S rRNA clone libraries (Fig. 2-5A, S2-1, and
S2-2). In contrast, the detection of such previously uncultured archaeal lineages after long-term cultivation
indicates that these archaeal lineages can be cultured under laboratory conditions mimicking methane-seep
environments.

At the end of the long-term cultivation, gammaproteobacterial phylotypes were the dominant bacterial population.
The dominant gammaproteobacterial phylotype, MK903D_BS, is phylogenetically similar to a chemoautotrophic
sulfur-oxidizing endosymbiont group (e.g., 91.7% 16S rRNA gene sequence identity to an endosymbiont of
Ablviniconcha sp.; Fig. S2-3C). However, the physiological characteristics of this phylotype remain largely
unknown because no closely related isolate exists. Thus, further analyses are needed to clarify the ecological roles
of this phylotype. Detection of the Methylococcales, Methylophaga, and other aerobic bacterial phylotypes
indicates that molecular oxygen may have contaminated the medium through the Viton tubing before entering the
PVC column. However, the reducing condition of the effluent medium indicates removal of the dissolved
molecular oxygen. The dissolved oxygen was likely reduced by these bacterial lineages during retention of the
medium in the sponge carriers. An alternative explanation for the significant increase in the Methylococcales
phylotypes in the oxygen-limited DHS bioreactor is that they might gain energy by methane-based fermentation
metabolism, as recently shown by Kalyuzhnaya et al. (2013). Among the other diverse bacterial lineages, WS3,

BD1-5, and ODI were relatively abundant phylum-level uncultured bacterial lineages in the incubation samples
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(Fig. 2-5B). These bacterial lineages have also been detected in marine sediments, including methane seeps and
mud volcanoes (Li et al., 1999; Orcutt et al, 2010; Pachiadaki et al, 2010; Yanagawa et al., 2011), and
metagenomic studies of acetate-amended aquifers revealed that members of OD1 and BD1-5 play an important
role in molecular hydrogen production, sulfur cycling, and anaerobic fermentation of sedimentary carbon
(Wrighton et al., 2012; Kantor et al., 2013). The biogeochemical roles of these bacterial lineages in marine
environments are not yet fully understood, but these lineages probably contribute to the cycling of methane-derived

carbon in methane-seep ecosystems.

2.5 Summary of this chapter

The results obtained in this study show that potential AOM entities phylogenetically affiliated with ANME-1, -2a,
-2¢, and -3 in the Nankai Trough methane-seep sediment would be active and might involve in situ AOM activity
in the methane-seep sediment. The selective enrichment of ANME-2a in the coexistence of phylogenetically
distinct ANME lineages supported the hypothesis that the existence of certain physical-chemical condition(s)
controls the ANME community structure. The existence of ANME-1 and -2a, and that most ANME-2c cells
occurred without close physical interaction with potential bacterial partners, implies that these archaeal
components can perform AOM independently of potential bacterial partners. The detection of diverse
yet-to-be-cultured microorganisms (e.g., DSAG, MBG-D, and an uncultured gammaproteobacterial lineage) in
addition to the ANMEs in the enrichment demonstrate that the DHS bioreactor system offers an initiative step to
obtain a pure culture of ANMEs and other elusive uncultured microbes. Further multicomponent investigations
(e.g., subsequent isolation, (meta)genomic sequencing, and stable isotope labeling experiments) using DHS
bioreactor enrichment cultures will enable the physiological characterization of the cryptic microorganisms in

methane-seep ecosystems.
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2.7 Supplementary Information

MK903D_A2 (0, 18, 24, 6, 3, 6), AB831282
Methanococcoides burtonii DSM 6242, CP000300

Methanococcoides methylutens DSM2657, FR733669 Methanococcoides
MK903R_A34(0,0,1,0,0,0), AB831304

Lei-Gong-Huo mud volcano clone LGH02-C3-9-A-65, JQ407248

MK903D_A14 (0, 1, 8,2,4,1), AB831287

Eel River Basin methane seep sediment clone Eel-36a2H11, AF354136 | ANME-3

Weddell Sea marine sediment clone ANTXXIII_706-4_Arch42, FN429778

MK2013D_A15(0, 0, 0,0, 1,0), AB831323

Methanolobus bombayensis DSM7082, FR733684

Methanomethylovorans hollandica DSM 15978, AF120163

Methanosarcina acetivorans C2A, AE010299

submersed membrane bioreactor enrichment clone AOM-Clone-D10, FJ555678| s i ME-2a
MKOD_A9 (3, 4, 10, 48, 27, 70), AB831268
Amsterdam mud volcano sediment clone AMSMV-20-A2, HQ588668
Armsterdam sl voicano seciment clane AMSMY 0-A1, HO598534 ] ANME. 28
Nankai Trough methane seep sediment clone ANME2bPC, AB461391
MKOD_A1 (16, 10, 8, 5, 5, 0), AB831260
Amsterdam mud volcano sediment clone AMSMV-10-A15, HQ588655
Santa Barbara Basin methane seep sediment clone SB-17a1D3, AF354142 ANME-2¢
MKOD_A28(1,0, 2, 0,0, 0), AB831280
Japan Sea methane seep sediment clone UT06_10_52A_14, AB525481

Methanosaetaceae

MK903D_A16 (0, 1, 4, 4, 0, 0), AB831289
Gulf of Mexico marine sediment clone SMI1-GC205-Arc9b, DQ521779 ANME-1
MK903R_A28 (0,0, 2,1,0,0), AB831298
Santa Barbara Basin methane seep sediment clone SB-17a1A11, AF354126
MKOD_A20(2,4,0,5,5,1), AB831276
Yang-An Ridge subseafloor sediment clone ORI-860-27-P_S101-103_272A07, GU553631
MKOD_A27 (1 ), 0), AB831279
subseafloor s lone ORIII-1368-04-G_S041-043_041A03, JQ989658
MKOD_A29(1,1,0,0,0,0), AB831281

9
MK1732D_A32(0, 0, 0, 1,0, 0), AB831317
MK903R_A31 (0, 0, 1,0, 0, 0), AB831301
salt marsh sediment clone SAT_3F2, FJ655683
salt marsh sediment clone SAT_3ES, FJ655676
MK2013R_A34 (0, 0,0, 0,0,1), AB831331
sediment clone ORIII-1368-11-G_5068-070_112A01, JQ989688
MK903D_A11(0, 2,1,1,0,0), AB831284
Gulf of Mexico cold seep sediment clone GoM161_Arch16, AM745172
MKOD_AS (9, 14, 5,6, 18, 9), AB831264
Amsterdam mud volcano sediment clone Amsterdam-2A-25, AY592298
MK903R_A32(0,0,1,1,0,0), AB831302
Skan Bay marine sediment clone SBAK-deep-17, DQ522909
MKOD_A3 (9, 0,0, 2, 0, 0), AB831262
Good Weather Ridge subseafloor sediment clone ORI-902A-02-P_S008-010_021A01, JQ989349
Guaymas Basin hydrothermal sediment clone 4H11, AY835422
Candidatus caenicola Kjm51a, AB749767
ili is 10, HQ896499

MKOD_A17 (1, 0,0, 0, 0, 0), AB831275
Gulf of Mexico hydrocarbon seep sediment clone Edge0arcs4, GU190991

Yang-An Ridg: sediment clone ORI-860-18-P_5341-343_186A05, GU553486 | E2
MK1732D_A22 (0, 0,0, 1,0, 0), AB831311
MK2013D_A24 (0, 0,0, 0, 1, 0), AB831328

Cliperton sland sraifed lagoon clone ClipA 14,H2652049
MK1732D_A29 (0,0, 0,1, 0, 0), A

Southern Okinawa Tvough hydrolhevmal fieldsediment clone OT-A08.12, AB252422
South African gold mine clone SAGMA-T, ABOSO
e Thermogymnomonas n(:dlmlﬂ JCM 13583, A8269873

L i 122-1B2, M38637
Aciduliprofundum boonei T469, ABSD01000024
MK2013D_A14(0,0,0,0,2,0), AB831322
Guerrero Negro microbial mat clone GNA03D04, EU731246
MK903D_A24(0,1,0,0,0,0), AB831295
Guerrero Negro hypersaline microbial mat clone GNAO4E06 EU731236
Lake clone YLA087, JF262368
MK1732D_A23(0,0,0,1,1,0), AB831312
MK903D_A26 (0, 1, 0, 0, 0, 0), AB831297
MK1732D_A27 (0,0, 0, 'I 0,0), AB831314
MK1732D_A21 (0, 0,0, 1, 2, 0), AB831310
MK2013D_A9 (0, 0, 0, 0, 3, 0), AB831321
MK903D_A13 (0, 2,0, 2,2, 0), AB831286
K1732D_A33(0,0,0, 1,0, 0), AB831318

MK2013D_A18(0,0,0, 0, 1, 0), AB831325
Skan Bay marine sediment clone SBAK-shallow-28, DQ640159

Iheya Basin water simmering sediment clone pISA35, AB019748

MK1732D_A20/(0, 0, 0, 1,0, 0), AB831309

Lake Pavin sediment clone Pav-sed-304, GU135471

Southern Mariana Trough hydrothermal fluid clone Papm3A33, AB213092 | pepce >
MK2013D_A27 (0, 0, 0, 0, 1, 0), AB831329

Fangliao Canyon subseafloor sediment clone MD-178-10-3290_K8B-P_5285_02A13, JQ816368

Bootstrap value:

MKOD_A14(2,0,0,0, 1, 0), AB831272 Methanosarcinales

M
— Theya Basin water aimmering sediment clone plSA3, AB019752
T_:Myojm Knoll black smoker chimney clone pMC2A35, AB019753

Iheya Basin water simmering sediment clone pISA13, AB019756

MBG-D

® >95%
O >85%
m >75%

Thermoplasmata

MEG

MK903D_A25 (0, 1,0, 0, 0, 0), AB831296 DSEG
ron-rich microbial mat clone hfmA001, AB600437
Myojin Knoll black smoker chimney clone pMC2A21, AB019744
Myojin Knoll black smoker chimney clone pMC2A211, AB019746 | DSEG-1
South African gold mine clone SAGMA-B, AB050206
MK2013D_A21 (0, 0, 0,0, 1, 0), AB831326
Unclassified Euryarchaeota

Eel River Basin methane seep sediment clone Fe_A_9, GQ356843
Tainan slope sediment clone MD-178-10-3261_T2-P_S150_01A07, JQ817857

Methanobacteriales

profundus DSM 5631, CP001857
Pyrococcus hankashu 0OT3, D45214
kandleri AV19, AE009439
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Figure S2-1. Phylogenetic tree showing the affiliations of Furyarchaeota-related 16S rRNA gene and 16S rRNA
phylotypes obtained in this study. The phylotypes obtained in this study are shown in red, bold type. The initial tree
was constructed with sequences that were longer than 1,000 nucleotides, using the neighbor-joining method.
Shorter sequences were subsequently inserted into the tree using the parsimony insertion tool in the ARB program.
Three crenarchaeotal sequences (deropyrum pernix K1 [D83259], Sulfolobus acidocaldarius ATCC 33909
[D14876], and Thermofilum pendens DSM 2475 [X14835]) were used as the outgroups (not shown). The
numbers in parentheses indicate the number of phylotypes in each clone library and their frequency in each library
in the following order: 16S rRNA gene clone library at day O (the inoculum sample), 16S rRNA gene clone library
at day 903, 16S rRNA clone library at day 903, 16S rRNA gene clone library at day 1,732, 16S rRNA gene clone
library at day 2,013, and 16S rRNA clone library at day 2,013. The scale bar represents the estimated number of
nucleotide changes per sequence position. The symbols at the nodes show the bootstrap values (only those > 75%

are indicated) obtained after 1,000 resamplings.
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MKOD _A8 (5, 1,0, 3,0, 0), AB831267 Bootstrap value:
northern South China Sea marine sediment clone HQ350.23, HQ611188
MK1732D_A36(0,0,0, 1,0, 0), AB831320 ® >95%
deep-sea sediment clone M2-6Ar08, HM998519
MKOD_A13(2,8,0,0,0,0), AB831271

Kazan mud volcano sediment clone Kazan-2A-05, AY591983 O >85%
Amsterdam mud volcano sapropel sediment clone AMSMV-51-A46, FJ649529

v MKOD_A16 (2, 3,0, 1,1,0), AB831274 " >75%
Kazan mud volcano sediment clone Kazan-3A-30, AY592052
MK903D_A10(0,2,1,0,2, 1), AB831283
shallow submarine hot spring hydrothermal fluid clone plta-HW-58, AB301880 | MCG

MK1732D_A15(0,0,0, 1,1, 1), AB831307
Northwest Atlantic Ocean deep-sea sediment clone CRA9-27cm, AF119129
MK903D_A22(0, 1,0, 0,0, 0), AB831293
Kazan mud volcano sediment clone Kazan-2A-29, AY592006
Amsterdam mud volcano sapropel sediment clone AMSMV-51-A26, FJ649513
MK903D_A12(0, 2,0, 0, 0, 0), AB831285
Gulf of Mexico cold seep sediment clone GoM87_Arch436, FN421235
Lake Griffy sediment clone pGrfC26, U59986
MK1732D_A34(0, 0,0, 1, 0, 0), AB831319
Nitrosopumilus maritimus SCM1, CP000866
Suiyo Seamount hydrothermal vent water clone Sc-EA02, AB193986
MKoD_A2(10,7,1,1,0,0), AB831261
Logatchev hydrothermal vent sediment clone A285-24, FN553689
MKOD_A15(1,0,0,0, 1,0), AB831273
marine sediment clone 526-64a, FJ571959 MGl
Candidatus Nitrosoarchaeum limnia SFB1, AEGP01000029
MKOD_A10(3,0,0, 2,0, 0), AB831269
Weddell Sea deep marine sediment clone PS2bARCO3, EF069361
MK903D A19(0,1,0,0,0,0), AB831291
mud volcano sedi clone AMSMV-0-A54, HQ588646
E did b GU797786
Nllrososphaem viennensis EN76, FR773157
Candidatus Nitrosocaldus yellowstonii HL72, EU239960
Desulfurococcus mucosus DSM 2162, CP002363
Sulfolobus tokodaii 7, BA000023 Crenarchaeota
Thermofilum pendens DSM 2475, X14835
MKOD_A6(7,0,0,2,5,1), AB831265
Yung-An Ridge subseafloor sediment clone ORI-860-25-P_S008-010_251A01, GU553501
MKOD_A25(1,0,0,0,0,0), AB831278
MKOD A4(9,0,0, 0, 6, 0), AB831263
ion Front d clone ORI-961-19-1-P_S248-250_19-15A18, JX000756
MKOD A7 (5, 28,5, 6,4,9), AB831266
mud volcano sedi clone AMSMV-10-A48, HQ588660
MKOD_A11(2,0,0,0,0,0), AB831270
Napoli mud volcano sediment clone Napoli-1A-42, AY592464
MK1732D_A14(0, 0, 0, 1, 0, 0), AB831306
Yung-An Ridge subseafloor sediment clone MD-178-10-3277_KP5-5-P_51950_13A14, JQ816551
MK2013D_A22(0, 0,0, 0, 1, 0), AB831327
Kaoping Canyon subseafloor sediment clone MD-178-10-3291_KP12N-P_S150_01A08, JQ817508
MK1732D_A30(0, 0,0, 1,0, 0), AB831316
Deep Basin subseafloor sediment clone MD-178-10-3263C_T6N-G_S400_08A06, JQ816043
MK2013D_A16 (0, 0, 0,0, 1,0), AB831324 DSAG
Black Sea microbial mat clone BS-SR-G2, AJ578147
MK903D_A23 (0, 1,3, 1,0, 2), AB831294
Yung-An Ridge subseafloor sediment clone ORI-860-03-P_S008-010_251A08, GU553507
MKoD_A24(1,0,0,0,1,1), AB831277
Skan Bay marine sediment clone SBAK-deep-11, DQ522906
MK903D_A18(0, 1, 3,0, 0, 0), AB831290
Yung-An Ridge subseafloor sediment clone ORI-860-26-P_S008-010_261A09, GUS553553
Basin hyd di clone 4A10, AY835407
MK903R_A35(0,0,1,1,1,0), AB831305
Gulf of Mexico cold seep sediment clone GoM_GC232_4463_Arch73, AM745241
MK903R_A30(0,0, 1,0, 1,0), AB831300
Hikurangi margin clone New_Zealand_cold_seep_clone_NZ_309_Arch68, JF268336
MK903R_A29(0,0, 1,0, 0, 0), AB831299
Basin hydroth I sedi clone C1_R043, AF419642

MK2013D_A28(0, 0,0, 0, 1, 0), AB831330
Skan Bay marine sediment clone SBAK-deep—04, DQ522903
MK903D_A15(0,1,1,0,0,0), AB831288 MHVG

Yung-An Ridge subseafloor sediment clone ORI-860-18-P_S101-103_182A09, GU553453
Myojin Knoll black smoker chimney clone pMC2A15, AB019718
I{: MK903R_A33(0,0,1,0,1,0), AB831303
Skan Bay marine sediment clone SBAK-deep-06, DQ640135
Amsterdam mud volcano sediment clone AMSMV-0-A36, HQ588643 | Unclassified Archaea
Y MK903D_ A21 (0,1,1,1,0,3), AB831292
clone OTRo_01_21,GU257183

MK1732D_A18(0, 0, 0, 1,0, 0), AB831308
MK1732D_A26 (0, 0,0, 1,0, 0), AB831313
Skan Bay marine sediment clone SBAK-mid-30, DQ640138 AAG

Japan Sea methane seep sediment clone UT06_10_52A_07, AB525476
¢ Suiyo Seamount black smoker chimney clone pSSMCA1, AB019716
Myojin Knoll black smoker chimney clone pMC2A14, AB019715

Thaumarchaeota

0.10

Figure S2-2. Phylogenetic tree showing the phylogenetic affiliations of Crenarchaeota, Thaumarchaeota, and
deeply branching archaca-related 16S rRNA gene and 16S rRNA phylotypes obtained in this study. The tree was
constructed in the same manner as the Furyarchaeota-related 16S rRNA gene and 16S rRNA phylotypes (Fig.
S2-1). Three bacterial sequences (Bacillus subtilis subsp. subtilis NCIB 3610 [ABQL01000001], Escherichia coli
ATCC 11775 [X80725], and Aquifex pyrophilus Kol5a [M83548]) were used as the outgroups (not shown). The
scale bar represents the estimated number of nucleotide changes per sequence position. The bold and colored
sequences, symbols at the nodes, and numbers in the parentheses indicate the same meanings as in Fig. S2-1.
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(A) Alpha-, Beta-, Gamma- Bootstrap value:
and Epsilon-proteobacteria .
Proteobacteria ® >95%
Deltaproteobacteria

i O >85%
Bacteroidetes and Chlorobi " >75%

MK903D_B33 (0,1,0,0,0,0), AB831424

tidal flat clone BS1-0-55, AY254981
saltmarsh sediment clone LCP-89, AF 286032 KSB1/Caldithrix

Guerrero Negro hypersallne microbial mat clone 09D2Z61, DQ329568
Caldlrhnx abyssiLF13, AJ43058.
D_B46(1,0,0,0,0,0), A383|376
MKIO! 3D_B30(0,0,0,0,1,0), AB831517
hypersaline water clone SSW63Au, EU592362 MG-A

South China Sea marine sediment clone MD2896-B20, EU048678 )
ocean water clone SAR406, U34043

South China Sea marine sediment clone BD728R121, GU363043
MKOD B28 (1,0,0,0, 0, 0), AB831358 T™Mé6
Eel River Basin methane seep sediment clone so4B14, F1264771

—I Verrucomicrobia, Lentisphaerae, Chlamidiae and Planctomycetes

MK1732D_B30(0, 0,0, 2,1, 1), AB831491
MK903R_B57 (0,0, 1,0, 0, 0), AB831447
MK903R_B65 (0,0, 1,1, 2,0), AB831454
Eel River Basin methane seep sediment clone livecontrolB1, FJ264743
MK903R_B55 (0, 0, 1, 2,0, 0), AB831445
Chefren mud volcano sulfide-oxidizing mat clone 1078241, EF687393
South China Sea marine sediment clone BD72BR64, GU363029
MKOD_B63 (2,0, 0,0, 0, 0), AB831393 WS3
Eel River Basin methane seep sediment clone Fe_B_144, GQ356961

K2013D_B31(0,0,0,0,1,0), AB831518
South China Sea subseafloor sediment clone MD2902-8172, EU385954
South China Sea subseafloor sediment clone MD2902-8172, EU385954
Kazan mud volcano sediment clone KZNMV-0-853, FJ712435
MKoD B8 (2,0,0,0,0,0), AB831339
Candeleria Lagoon hypersaline microblal mat clone MAT-CR-H2-C07, EU245112
MK903D_B14 (0, 2, 0,0, 0, 0), AB831407

Amsterdam mud volcano sediment clone AMSMV-25-837, HQ588600
MK1732D B8 (0,0,0,3, 2, 0), AB831476 GNO4
Guerrero Negro hypersaline microbial mat clone 09D2Z91, DQ330597

Candeleria Lagoon hypersaline microbial mat clone MAT-CR-H5-C03, EU245279
iat Lake brackish water clone Nit5Au0613_740, F1628334

Saanich Inlet clone SGTA520, GQ348388

MK1732D_B18 (0, 0, 0, 2, 0, 0), AB831483 ifi i
MK1732D B31 (0, 0,0, 1, 0, 0), AB831492 Unclassified bacteria
MK903D_B10(0, 3, 1,0, 1,0), AB831403

— MK1732D. B46(0,0,0,1,3, 0l ABE31501
903D B23 (0,1, 1,0,0,0), AB831415
—i\ﬁdoﬂa Harbour sediment clone VH-B5.74, Dazososs | HYd24-12
Hydrate Ridge sediment clone Hyd24-12, AJ535232

Amsterdam mud volcano sediment clone AMSMV-10-B51, HQ588514
MKoD_B41(1,0,0,0,0,0), AB831371

MKOD_B39 (1,0, 0,0, 0, 0), AB831369
MK903R_B60 (0, 0, 1,0, 0, 0), AB831450
Northern Bering Sea marine sediment clone 122063, EU735026 H H
Lau Basin deep marine sediment done I7C, FJ205360 Acidobacteria
MKoOD_B52(1, 0, 0,0, 0, 0), AB831382

Figueiras Beach hydrocarbom polluted marine sediment clone TRAN-104, JF 344520
pedis NBRC 101209, AB303221

ATCC 51196, CPO01472

Amsterdam mud volcano sediment clone AMSMV-15-866, HQ588549
MKOD_B16 (2, 0,0,0,0,0), AB831347
Santa Barbara Basin marine sediment clone B103809, FJ455883
MKOD_B35 (1,0, 0,0, 0, 0), AB831365 oP8
Yellowstone hot spring clone OPB9S, AF027060
Amsterdam mud volcano sediment clone AMSMV-5-866, HQ588477
MKOD_B32(1,0,0,0,0,0), AB831362
MKOD_B2 (3,0, 0, 3,0, 0), AB831333

Nankai Trough marine sediment clone NANK-B7, AY436531 J
Gulf of Mexico marine sediment clone GoM161_Bac6, AM745156

oP9
MK1732D_B55(0, 0,0, 1,0, 0), AB831505
Nakamurella multipartita DSM 44233, CP001737
MK903D_B35 (0, 1, 0, 0, 0, 0), AB831426
Sporichthya polymorpha DSM 43042, AB025317
MK1732D_B32(0, 0,0, 1,0, 0), AB831493
Propionicimonas paludicola DSM15597, FR733712
MK903D _B42(0, 1,0,0,0,0), AB831433
Mycobaclzrlum fluoranthenivorans FA-4, AJ617741 Actinobacteria
Aci DSM 10331, CPO01631
llumatobacter fluminis YM22-133, AB360343
Eel River Basin methane seep sediment clone Fe_B_116, GQ356933
MKOD_B23 (1,0, 0, 0,0, 0), AB831354
North Yellow Sea marine sediment clone Sd1-56, GQ246337
continental shelf off Oregon clone OCS155, AF001652
MK903R_B81 (0,0, 1,0, 0, 0), AB831468
MKOD_B13 (2, 0,0, 0,0, 0), AB831344
sponge symbiont clone PAUC43f, AF 186415
deep-sea sediment clone BD2-11, AB015540 il
MKOD_B10 (2, 0,0, 0, 0, 0), AB831341 Gemmatimonadetes
heavy metal contaminated soil clone a13101, AY102345
arid soil clone #0319-7E19, AF234139
iaca T-27, AB072735

MK1732D_B56 (0, 0,0, 1, 0, 0), AB831506
strain MO-SPC1, AB598279
Spirochaeta alkalica DSM 8900, X93927
MK1732D_B57 (0, 0,0, 1,0, 0), AB831507
marine reef sandy sediment clone SO25, F)358929
MK903D_B28 (0, 1,0, 1,0, 0), AB831419
Clipperton Island stratified lagoon done Clip 4, HQ691939 Splrochaetes
Spirochaeta coccoides DSM 17374, CP002659
strain MO-SPC2, AB598280
Bay of Cadiz marine sediment clone £02, GQ249604
MKoD_B37(1,0,0, 0,0, 0), AB831367
Leptonema iflini DSM 21528, AY714984
Turneriella parva H, AY293856

—{C——— " Firmicutes and Tenericutes
MK903D_B26 (0, 1,0,0,0,0), AB831417
MKoD_B53(1,0,0,0, 0,0), AB831383 TG2
termite gut clone RsTz-34, AB192184

termite gut clone M2PT2-08, AB192118

Caldiserica
4 Chloroflexi

MK1732D_B48 (0,0, 0, 1,0, 0), AB831502
—'_: South China Sea subseafloor sediment clone MD2896-B51, EU385673 | OP 1
hot spring clone OPB14, AF027045

MK1732D_B11 (0, 0, 0, 3, 0, 0), AB831477
Kazan mud volcano sediment clone KZNMV-10-812, FJ712504
MK1732D B5(0,0,0,11,6, 1), AB831475
aquatic moss pillars clone MPB2-265, AB630941 BD1-5
Anderson Lake clone A406, EU283598
MKoD _B55(1,0,0,0,0,0), AB831385
deep-sea sediment clone BD1-5, AB015518
MK1732D_B44 (0, 0,0, 1, 0, 0), AB831499

Kazan mud volcano sediment clone KZNMV-5-858, F)712474
deep-sea sediment clone BD7-4, AB015580 oD1
MK903D_B2(0,9,0,0,1,0), AB831395
hydrorhermal vent oﬂf(e clone MS12-6-B01, AM712328
saline alkaline soil clone BPS_H568, HQ857697
€ iKoD B4s(1,0,0,0,0,0), AB831378 OP11

hot spring clone OPB92, AF027030

SR1

0.10

Aquificaceae
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(See figure on previous page.)
Figure S2-3. Phylogenetic tree showing the phylogenetic affiliations of bacterial 16S rRNA gene and 16S rRNA

phylotypes obtained in this study. The initial tree was constructed with sequences longer than 1,200 nucleotides,
using the neighbor-joining method. Shorter sequences were subsequently inserted into the tree using the parsimony
insertion tool in the ARB program. Three archaeal sequences (Methanosarcina acetivorans C2A [AE010299],
Thermococcus profundus DT5432 [Z775233], and Nitrosopimilus maritimus SCM1 [CP000866]) were used as the
outgroups (not shown). (A) A large bacterial tree including diverse bacterial groups. (B—G) Expanded bacterial
phylogenetic trees for (B) Deltaproteobacteria, (C)  Alphaproteobacteria,  Betaproteobacteria,

Gammaproteobacteria, and Epsilonproteobacteria, (D) Verrucomicrobia, Lentisphaerae, Chlamidiae, and
Planctomycetes, (E) Bacteroidetes and Chlorobi, (F) Firmicutes and Tenericutes, and (G) Chloroflexi. The scale

bars represent the estimated number of nucleotide changes per sequence position. The bold and colored sequences,
symbols at the nodes, and numbers in the parentheses indicate the same meanings as in Fig. S2-1.

Arctic surface sediment clone $11-107, EU287290
MKOD_B6 (2, 0,0, 0, 0, 0), AB831337
Gu Basin d clone GUAY_37enr_Bac79, FR682642
MKOD_B21 (1,0, 0,0, 0, 0), AB831352
AOM enrichment clone AOM-SR-B34, HQ405618 SEEP-SRB1
MKOD_B57 (1, 2,0, 0,0, 0), AB831387
MKOD_B1(7,1,0,3,1,3), AB831332
Kazan mud volucano sediment clone KZNMV-5-B61, F)712476
MK2013R_B44 (0, 0,0,0,0, 1), AB831521
oil polluted coastal sediment clone 39 EDB2, AM882620
MK903R_B78(0, 0, 1, 0, 0, 0), AB831465
Berre I'Etang coastal sediment clone 91 T9d-oil, FM242335
Hikurangi margin clone New_Zealand_cold_seep_clone_NZ_309_Bac45, JF268376
MKoD_B50(1, 0,0, 0,0, 0), AB831380
MK903R_B74(0,0,1,0,1,4), AB831461
Desulfosarcina cetonica DSM 7267, AJ237603
MKoD_B9 (2, 0, 0, 0, 0, 0), AB831340
Desulfococcus oleovorans Hxd3, CP000859
MK903D_B1 (0, 10,0, 1, 1, 0), AB831394
Haakon mosby mud volcano sediment clone HMMVBeg-12, AJ704684 Desulfobacteraceae
mangrove sediment clone SZB46, AM176871
MK903D_B27(0, 1,0, 0, 0, 0), AB831418
coral SGUS933, FJ202141
MK903R_B61 (0,0, 1,0, 0, 0), AB831451
Arctic Ocean deep sediment clone sediment_deep33, GQ259286
MK903D_B4 (0, 4,7, 0,0, 0), AB831397
strain JHA1, EF442984
Desulfobacula toluolica Tol2, AJ441316
MK903D_B22(0, 1, 1,0,0,0), AB831414
MK1732D_B25 (0, 0,0, 1,0, 0), AB831487
MK903R_B64 (0, 0, 1,0, 0, 0), AB831453
Gulf of Mexico marine sediment clone OutObac89, GU302461
Gulf of Mexico marine sediment clone Out12bac55, GU302482
MKOD_B12 (2,0, 0,0, 0, 0), AB831343
mangrove sediment clone MSB-5E7, DQ811835
MK903R_B68 (0, 0, 1,0, 0, 0), AB831456
strain mXyS1, AJO06853
MK903R_B73 (0,0, 1,0, 0, 0), AB831460
Gulf of Mexico marine sediment clone EdgeObac64, GU302440
Desulfobacterium anilini DSM 4660, AJ237601
MK1732D_B23(0, 0, 0, 1,0, 0), AB831485
Desulfobacterium catecholicum DSM 3882, AJ237602 Deltaproteobacteria
Wadden Sea marine surface sediment clone $5Q20, AY771966
MKOD_B3 (3, 0,0, 0, 0, 0), AB831334
MK903R_B76 (0,0, 1,0, 0, 0), AB831463
Desulfotalea arctica LSv514, AF099061
Desulfotalea psychrophila LSv54, CR522870
K903D_B3 (0, 6, 1, 0, 0, 0), AB831396
Desulfocapsa sulfexigens SB164P1,Y13672 Desulfobulbaceae
MK903R_B58(0, 0,1, 2,0, 0), AB831448
Gulf of Mexico marine sediment clone MatB0bac88, GU302430
MK903D_B24(0,1,1,0,0,0), AB831416
Antarctic sediment clone SB4_58, AY177802
Desulforhopalus vacuolatus Itk10, L42613
MK1732D_B35(0, 0, 0, 1, 0, 0), AB831495
South Atlantic Bight permeable shelf sediment clone SC1-40, DQ289922
MK903D_B16 (0, 2, 0, 0, 0, 0), AB831408
North Sea marine sediment clone Tomm05_1274_3_Bac72, FM179887
Desulfobulbus japonicus Pro1, AB110549
Desulfobulbus mediterraneus 86FS1, AF354663
MKOD_B56 (1,0, 1, 1,0, 0), AB831386
Gulf of Mexico marine sediment clone MatB0Obac25, GU302426 SEEP-SRB2
—C MK903R_B69 (0, 0, 1,0, 0, 0), AB831457
Basin | vent sedi clone a2b025, AF420338
ter wolinii DSM 2805, X70905
Dy le MT-96, AF170417
sandy carbonate sediment clone C175cm.2.03, EF208699
MKOD_B30(1,0, 0,0, 0, 0), AB831360

Geopsychrobacter electrodiphilus A1, AY187303
MKoD_B58(1, 0, 0,0, 0, 0), AB831388
Malonomonas rubra GraMall, Y17712

MKOD_B14(2,0,1,0,0,0), AB831345

Figueiras Beach hydrocarbon polluted marine sediment clone TRAN-139, JF344555

|
—E MKOD_B7 (2, 0,0, 0, 0, 0), AB831338
Rodas Beach hydrocarbon polluted marine sediment clone RODAS-064, JF344042
MK903D_B21 (0, 1, 3,0, 0, 0), AB831413
seafloor lavas clone P9X2b2H03, EU491265
Sargasso Sea clone Sar276, U65915
Sargasso Sea clone Sar324, U65908

MK903D_B30(0, 1,0, 0,0, 0), AB831421
marine sediment clone H5014, JX391350

Chondromyces robustus Cm a13, AJ233942
Phaselicystis flava SBKo001, EU545827
MK903R_B53 (0, 0, 2, 0, 0, 0), AB831444
Sawmill Sink water column clone SAW1_B65, FJ716340

MK2013D_B21 (0, 0, 0, 0, 1, 0), AB831512
leachate sediment clone De3220, HQ183858
Haliangium tepidum SMP-10, AB062751

cenote La Palita biomat clone LP30MUD17, FJ901571
MKoOD_B54(1, 0, 0, 0, 0, 0), AB831384

(B)

0.10
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(9}

litoralis CL-
MKOD 862(1 0 0, 0 0

MK903D_B37 (0, 1, 0, 4, 0, 0), AB831428

marine hydrocarbon seep sediment clone PropaneSIP5-6-31, GU584669
'y MK903D_B31(0, 1,0, 0, 0, 0), AB831422
Amaricoccus kaplicensis Ben101, U88041
MK2013D_B26 (0, 0,0, 0, 1,0), AB831515
Hoeﬂea alexandm AM1V30, AJ786600
L61, AY341343

Chapter 11

Maritimibacter alkaliphilus HTCC2654, AAMT0100
MK903R_B84 (0,0, 1,0,0,0), AB831471
marine microbial mat clone GBI-49, GQ441231
MK903D_B6(0,4,1,0,1,0), AB831399
Sulfitobacter marinus SW-265, DQ683726
MK903D_B39(0, 1,0, 0,0, 0), AB831430
Vailulu'u Seamount clone VS_CL-340, FJ497592
MK903D_B43 (0, 1,0, 0,0,0), AB831434

UU02, DQ401091
0), AB831392

Northern Berin
MKoOD_B51 (1,

seafloor lavas clone EPR3967-02-Bc89, EU491834
MK903D_B18(0, 1, 6, 5, 0, 0), AB831410
Azoarcus communis SWub3, AF011343
Rhodocyclus tenuis DSM109, D16208
MK903R_B71(0,0,1, 0 0 0), AB831459

MKT133, AB289439
J Sea sediment clone 060D22, EU734966
,0,0,0,0), AB831381

g OTSz_A_210,F

MK903R_B51 (0,0, 2,

MKOD_B18

MK903D 819(0 1,6,27,

MK1732D_B24(0,0,0,1,0,

MK1732D_B4(0,0,0,11, 2,0),
Saanich Inlet clone SHAG565,

MKoD_B19(1,0,0,0,0,

MK903R_B82(0,0, 1,0, 0, 0), ABS3
MK903D_B5(0,4,2,1

Maorithyas hadalis gill
MKOD_B5 (3, 0,0, 0, 0, 0),

D_B9 (0,
MK903R_B75

Methylobacter marinus A45, AF304197

123, AF233877

0,0,0), AB831442 Betaproteobacteria

Derxia gummosa IAM13946, AB089482

2,0,0,0), AB:

MK903R_B50 (0, 0, 831441
{ g estuarine sediment clone C319a-R8C F4 AY678526
Methylotenera mobilis JLW8, DQ287
Methylophilus methylotrophus NCIMB 1051 5,AB193724
MK903R_B85(0,0,1,1,2,1), AB831472
Tokyo Bay marine sediment clone Tokyo.165.Bac.2, AB530202

hydrocarbon seep sediment clone BPC036, AF154089

(1,0,0,0,0,0), AB831349

MK2013D_B25 (0,0, 0,0, 1,0), AB831514
seafloor lavas clone EPR3967-02-Bc71, EU491817
MK1732D_B26(0,0,0, 1, 2, 2), AB831488
Methylomonas methanica S1, AF304196

|Methylamonas Methyl ’
e lococcales
16, 37), AB831411 |Methylobacter y

0), AB831486

endosymbiont of Sclerolinum contortum Scon, AM883183
Dechloromarinus chlorophilus NSS, AF170359
Sedimenticola selenatireducens AK4OH1, AF432145

AB831474
GQ348966

Arctic surface sediment clone P13-27, EU287120

0), AB831350

deep-sea sediment clone BD7-8, AB015583
MKoOD_B45 (1, 0, 0,0, 0, 0), AB831375

1469

Kazan mud volcano sediment clone KZNMV-10-890, FJ712551

5,20, 58), AB831398

Chefren mud volcano Iron-oxidizing mat clone 102B41, EF687204
Vailulu'u Seamount clone VS_CL-320, FJ497572

thioautotrophic symbiont Il, AB042414

AB831336 endosymbiont group

i endosymbiont of Alviniconcha sp. type1, AB235236

3,1,2,2,0), AB831402

Photobacterium profundum DSJ)4, D21226

(0,0,1,0,0,0), AB831462

Aestuariibacter litoralis Sd 2-38, AB473549
MK1732D_B27(0, 0,0, 1, 0, 0), AB831489

Colwellia aestuarii SMK-10, DQ055844

Tonga Arc Fe-rich hydrothermal sediment clone V1F45b, FJ905711
MKOD. 838 (1,0,0,0, 0, 0), AB831368

MK903D_B17(0, 2,0,0, 0,

MKoD_B31(1,0,0,0,0,
MK1732D_B45 (0,0,

MK903D_B11 (0, 3,0,
MK1732D_B3(0,0,0,12,12,

MKoD_B29(1,0,0,0,0,0),

Methylophaga marina DSM 5989, X95459
Vailulu'u Seamount Fe-rich mat clone VS_CL-343, FJ497595

MED92, AY136116
0), AB831409

Oleiphilus messinensis ME102, AJ295154
Juan de Fuca Ridge hydrothermal vent chimney clone Ba1, F1640808
MKoD_B42(1, 0,0, 0,0, 0), AB831372
Figueiras Beach hydrocarbon polluted marine sediment clone TRAN-072, JF344488
MKOD_B22(1, 0,0, 0, 0, 0), AB831353
Guinea Basin deep-sea sediment clone Ucc15542, AM997951
MKoD_B59 (1,0, 0,0, 0, 0), AB831389
Japan Trench deepest cold-seep area clone JTB255, AB015254

0), AB831361
0,1,0,0), AB831500

Hikurangi margin clone New_Zealand_cold_seep_clone_NZ_309_Bac63, JF268394

0,0,0), AB831404
2), ABB31473 | pethylophaga

AB831359

Thiohalophilus thiocyanatoxydans HRhD 2, DQ469584
7hloplofundum Itrhorloph:ca 106, AB468957

Japan Trench deepest cold-

marine sediment clone Bol37,

MKoOD_B11(2,0,0,0,0,0),
deep-sea sediment clone MBMPE23, AJ567542
MK903R_B56 (0,0, 1,0,0,0), AB831446

ALEN 1, AF481118

ic
MKOD. B49(1 0,0, 0 0, 0), AB831379

-seep area clone JTB23, AB015248
AB831342

AY193142

Halochromatium roseum JA134, AM283535
Marichromatium purpuratum DSM1591, AJ224439

seafloor lavas clone POX4b2H11, EU491490
—I E MKoD_B43 ('I 0 0 0 0,0), AB831373

Trough sediment clone NKBS AB013257

0), AB83
nensis 12- 3 A3008507

MK903D. 845 (0, 1,0,0,0,
—C‘— Pseudoxanthomonas j /a&o
Lysobacter enzymogenes DSM 2043, AJ298291

MK903D_B41(0,1,0,1,4,0), AB831432

Monterey Canyon deep sea sediment clone 7mos_0s_A2, GQ261797
MK903D_B7 (0, 4, 0, 0, 0, 0), AB831400

Sulfurimonas denitrificans DSM 1251, CP000153
MK2013D_B6(0, 0,0, 0, 3,0), AB831508

Thalassia Sea siliciclastic sedment clone CK_1C2_18, EU487919

MKOD_B17 (3,0, 0, 0, 0, 0), AB831348

MKOD B40(l 0 0,0,0,0), AB831370

um 42BKT, AB091292

MK903D_B12 (0, 2 2,0,0,0), AB831405
lonian Sea superficial sediment clone MZ- 53 NAT AJ810559
ArcabacrerL cryaerophilus CCUG17801, L1462:

e
0.10

ter coli ATCC33559, 60167676

Lebetimonas acidiphila Pd55, AB167820
Nautilia abyssi PH1209, AM937002

Figure S2-3—continued.
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Alterococcus agarolyticus ADT3, AF075271
Opitutus terrae PB90-1, CP001032

Puniceicoccus vermicola IMCC1545, DQ539046

L rosea OGSJRI 1 AB372853

DSM 4136, ABIZ0100
Me(hylac:dwhllum m!emomm V4, CP000975 Verrucomicrobia

MK903D_B13 (0, 2, 2, 0, 0, 0), AB83140
MKoD_B36(1,0,0,0,0,0), A8831 366
Arctic marine surface sediment clone s5_8_II_ 12 FN396736
rumen clone RFP12, AF00
c aquifer clone WCHB1 25 AF050559
MK1732D_B16 (0, 0, 0, 2, 2, 0), AB831482
deep-sea sediment clone BD2-3, AB015533

(D)

Yund An Ridge subseafloor sediment clone ORI-860-26-P_S068-070_262B04, GU553744

Vl(nvallls vadensis ATCC BAA-548, ABDE0200
HTCCZ'ISS ABCKO0100
S:mkama

is Z, U68460
L_# S seaﬂoor Iavasclone EPR4059 B2-Bc66, EU491566
WSU 86-1044, AF042496 |C""""y‘”‘"
L mKoD 334(1 0,0,0,0,0), AB831364
MK1732D_B13 (0,0, 0, 2, 0, 0), AB831479

alkaline soil clone pGXAR2, DQ256391
MK903D_B44 (0, 1,0, 0, 0, 0), AB831435
hypereutrophic lake clone E68, HQ827967
1 Planctomyces maris DSM 8797, AJ231184
Planctomyces brasiliensis DSM 5305, CP002546

MK2013D_B17(0, 0,0, 0, 1, 1), AB831509
Guerrero Negro hypersaline microbial mat clone 1002753, DQ329820
Thalassia Sea siliciclastic sedment clone CK_1C1_9, EU487911 Planctomycetes
MK903R_B66 (0,0, 1,0, 0, 0), AB831455
high rate AOM submerged membrane bioreactor clone AOM B-f2, FJ615415
Angola Basin deep- sediment clone Ucm1571, AM99.

North Yellow Sea sediment clone $1-19, FJS4S45I
MKoD_B61 (1,0, 0,0, 0, 0), AB831391
Phycisphaera mikrensis NBRC 102666, AB447464
Y Candrdarus Brocadia sinica JPN1, AB565477
Candidatus Jettenia asiatica AS-1,DQ301513

0.10

MK903R_B47 (0, 0, 3, 0, 0, 0), AB831438
Figueiras Beach sediment clone FII-AN089, JQ580030
MK1732D_B39(0,0, 0,1, 0,0), AB831497
MK903R_B48 (0,0, 2,0, 0, 0), AB831439
South China Sea subseafloor sediment clone MD2902-B168, EU385951
MK1732D_B52(0, 0,0, 1,0, 0), AB831503
Green Lake clone FGL12_B65, FJ437895
MK903R_B46 (0,0, 3, 0, 0, 0), AB831437
MK903R_B63 (0,0, 1,0, 0, 0), AB831452
Marinifilum fragile CECT 7942, F)394546
MK1732D_B43(0,0,0, 1,0, 0), AB831498
Eel River Basin methane seep sediment clone FeOrig_B_121, GQ357029
MK903D_B8 (0, 3, 2, 4,2,0), AB831401

deep-sea sediment clone BD2-2, AB015532
MK903D_B36 (0, 1,0, 0, 0, 0), AB831427
Shantou Bay marine sediment clone STU16, EU700158
Amsterdam mud volcano clone AMSMV-5-B20, HQ588447
MKOD_B15 (2,0, 0, 0, 0, 0), AB831346

MK1732D_B28 (0, 0, 0, 1, 0, 0), AB831490

MKoD_B33(1,0,0,0,1,1), AB831363

MKZO‘I 3D_B23(0,0,0, 0 1 0), AB831513
ded Canadian oil reservoir clone PL-38B1, AY570569
MK903R_B77 (0, 0,1,0,0,0), AB831464
Iron(ll)-nch seep clone I5-53, GQ339153
ter b JCM 13498, AB541983

MK1 732D_B38(0,0,0, 1,0, 0), AB831496
contaminated aquifer clone WCHB1-69, AF050545
MK903R_B70(0, 0, 1, 0,0, 0), AB831458
Hikurangi margin clone New_Zealand_cold_seep_clone_NZ_309_Bac48, JF268378
MK1732D_B54(0, 0,0, 1,0, 0), AB831504
AOM-SR enrichment culture clone AOM-SR-B3, HQ405615

MK1732D_B12(0, 0, 0, 2, 0, 0), AB831478

MK2013D_B19(0, 0, 0, 0, 1, 0), AB831510
Mid-Atlantic Ridge hydrothermal vent cap clone VC2.1 Bac22, AF068798

K903D_B38 (0, 1,0, 0, 0, 0), AB831429

Hydrate Ridge marine sediment clone Hyd-B2-1, AJ535256

MK1732D_B15 (0, 0, 0, 2, 0, 0), AB831481
Winogradskyella eximia KMM 3944, AY521225
MK903D_B40 (0, 1, 0, 0, 0, 0), AB831431
Lutimonas vermicola IMCC1616, EF108218

North Yellow Sea sediment clone Sd1-22, GQ246303
MKoOD_B24(1,0,0,0,0,0), AB831355
Ignavibacterium album JCM 16511, AB47841
MK1732D_B14(0, 0, 0, 2, 0, 0), AB831480
Flguelras Beach hydrocarbon polluted marine sediment clone TRAN-034, JF344450
ATCC 35110, CP001100 Chlorobi
| — Chloroblum limicola DSM 245, CP001097
MK2013R_B41(0,0,0,0,0,1), AB831520
MK903R_B83 (0,0, 1,0,0,0), AB831470
MK903R_B52(0, 0, 2,0, 0, 0), AB831443
geothermal spring mat clone TP51, EF205569
hot spring clone OPB56, AF027009

(E)

0.10
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MK1732D_B22(0, 0,0, 2, 0, 0), AB831484
Eel Rlvet Basm methane seep sediment clone livecontrolB22, FJ264756
Ch, la Minuta Y1T 12065, AB490809
MK903D_B20(0, 1,4,0,1,0), AB831412
marine sunken wood clone SWB514,JN107233
bic methanogenic UASB reactor clone Eb33, EF063611
MK2013D _| 827 (0,0,0,0,1,0), AB831516
Fustbacrerpauavomns SEBR 4211, AF050099
MK903D_B32(0,1,0,1,0,0), AB831423 Firmicutes
—+_L Japan Trench deepest cold-seep area clone JTB32, AB015268
Acetivibrio cellulolyticus ATCC 35928, L35515
MK903R_B79(0,0,1,0,0,0), AB831466
4:L Kazan mud volcano sediment clone KZNMV-10-B10, FJ712502
subsurface water clone EV818BHEB5102502DRLWq27f023, DQ256327
Peptococcus m‘ger X55797

Desulfonispora th DSM 11270,Y18214
MK2013D_B20 (0, 0,0, 0, 1, 0), AB831511
strain MO-XQ, AB598274 .
s Acholeplasma parvum H23M, AY538170 Tenericutes
Anaeropl abactoclasticum, M25050

MK903D_B29 (0, 1,0, 0, 0, 0), AB831420
mangrove soil clone MSB-3F12, DQ811858
MK903R_B59 (0,0, 1,0, 0, 0), AB831449
Eel River Basin methane seep sediment clone Mn3b-B23, FJ264582
Bellllmea caldifistulae GOMI-1, AB243672
D tardivitalis YMTK-2, A8109438
loli bmarina MO-CFX1, AB598277
A fi thermophil UNI—1, AP012029
MK903R_B80(0,0,1,0,0,0), AB831467
Nitinat Lake brackish water clone Nit5Au0613_737, F1628332
MK903R_B49 (0,0, 2, 0,0, 1), AB831440
Eel River Basin methane seep sediment clone FeSO4_B_17, GQ356984
MKoD_B47(1,0,0,1,0,0), AB831377
Candeleria Lagoon hypersaline microbaial mat clone MAT-CR-H5-F01, EU245299
strain MO-CFX2, AB598278
Lake Tanganyika anoxic hypolimnion clone TK-SH15, DQ463704
MKoD_B20(1,0,0,0,0,0), AB831351
Thalassia Sea siliciclastic sedment clone CK_2C3_85, EU488224
Arctic Ocean deep sediment clone sediment_deep16, GQ259276
MKoD_B26(1,0,0,0,0,0), AB831357
Amsterdam mud volcano sediment clone AMSMV~-15-B70, HQ588551
MKoD_B4 (3, 0,0, 0, 0,0), AB831335
Caldilinea aerophila STL-6-0O1 AB067647
Caldilinea tarbellica D1-25-10-4, HM 134893
subseafloor sediment clone ORIII-1368-KP9-G_S068-070_KP92B12, JQ989872
MKoD_B44(1,0,0,0,0,0), AB831374
Yung-An Ridge subseafloor sediment clone ORI-860-18-P_S101-103_182B09, GU553662
MK903D_B34(0,1,0,0,0,0), AB831425
Candelena Lagoon hypersaline microbial mat clone MAT-CR-M5-G09, EU245745
Deh lykanthroporepellens BL-DC-9, EU679419
Dehalococcordes mccartyi 195, CP000027
MK2013R_B40(0,0,0,0,0, 1), AB831519
Gulf of Mexico marine sediment clone Edge21bac93, GU302443
Thalassia Sea siliciclastic sedment clone CK_1C2_50, EU487953

MKoD_B60 (1,0, 0,0,0,0), AB831390
—T Yung-An Ridge subseafloor sediment clone ORI-860-18-P_S401-403_187B08, GU553702
MKoD_B25 (1,0, 0, 0, 0, 0), AB831356

0.10
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MK2013D_M6 (2, 79), AB831527
Guaymas Basin hydrothermal sediment clone B09, AY837774

Bootstrap value:

® >95% MK2013D_MS8 (1, 0), AB831529
Lei-Gong-Hou mud volcano clone LGH02-M-04, JX648568 Methanococcoides
O >85% Methanococcoides methylutens, MMU22235
MK2013D_MS5 (3, 0), AB831526
B >75% Methanococcoides alaskense DSM 17273, AB353221

MK2013D_M9 (1, 0), AB831530
Nankai Trough anoxic methane-seep sediment clone K8MV-C22mcrA-19, AB362200
Okhotsk Sea cold seep sediment clone 25H-200A-5, FJ403656 ANME-3
Eel River Basin methane seep sediment clone Fe_M_95, GQ357083
Haakon Mosby mud volcano sediment clone HMMVBeg-ME94, AM407730
Methanosarcina mazei MT, AY260440
Methanosarcina barkeri Fusaro, YO0158
MK2013D_M3 (12, 15), AB831524
— Okhotsk Sea cold seep sediment clone 25H-270A-11, FJ403636
MK2013D_M1 (33, 9), AB831522
MK2013D_M2 (13, 7), AB831523
Kazan mud volcano sediment clone ANO7BC1_20_09, AY883178 ANME-2a
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Figure S2-4. Phylogenetic tree showing the phylogenetic affiliations of deduced McrA amino acid sequences
obtained in this study. The numbers in parentheses indicate the number of phylotypes in each clone library and
their frequency in each library in the following order: mcr4 gene-based clone library at day 2,013, and mcrA
mRNA-based clone library at day 2,013. The scale bar indicates 10% estimated sequence divergence. The
meanings of the bold and colored sequences, and symbols at the nodes are the same as in Fig. S2-1.
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Figure S2-5. T-RFLP profiles of archaeal 16S rRNA genes digested with (A) Haelll or (B) Hhal. The
phylogenetic affiliations of each T-RF were identified using the archaeal 16S rRNA gene and 16S rRNA clone
sequences obtained in this study. The abbreviations for some peaks are as follows: Mcc, Methanococcoides; Msr,
uncultured Methanosarcinaceae; UE, unclassified Euryarchaeota; and UA, unclassified Archaea.

55



(B)

Relative fluorescence (-)

Chapter 11

T-RF size (bp)

100 200 300 400 500 600 700 800 900 1,000
DSAG and MCG o_day
ANME-2a, ANME-2¢
MBG-D and E2 MBG-D
ANME 2c and MG
MCG
| yIn L\
100 200 300 400 500 600 700 800 900 1,000
285-day
1 1 .A L
100 200 300 400 500 600 700 800 900 1,000
MCG and DSAG 903_day
MBG-D.
and MG-||
ANNE 2 e
I i
g MG SHAUA'C| ANMET 056
L -
100 200 300 400 500 600 700 800 900 1,000
1,376-day
iA L A
100 200 300 400 500 600 700 800 900 1,000
1,529-day
100 200 300 400 500 600 700 800 900 1,000
ANNEZMBGD — DSAG 1,732-day
MBG-D, E2|
and MG - ANME-3
and Mcc
ANME-2¢
ANME-1 MEG
100 200 400 500 600 700 800 900 1,000
ANME 22, MBG-D MCG and DSAG 2,013-day
MBG-D_ DSEG-2|
‘LME 2:}:’:’:‘65 '3 e
A
Figure S2-5—continued.
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Figure S2-6. T-RFLP profiles of bacterial 16S rRNA genes digested with (A) Haelll or (B) Hhal. The
phylogenetic affiliations of each T-RF were identified using the bacterial 16S rRNA gene and 16S rRNA clone
sequences obtained in this study. The abbreviations for some peaks are as follows: ALF, Alphaproteobacteria;
BET,  Betaproteobacteria;,  GAM, Gammaproteobacteria; ~ DEL,  Deltaproteobacteria,  EPS,
Epsilonproteobacteria; and UB, unclassified Bacteria.
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Table S2-1. Oligonucleotide primers used in this study.

primer Target Primer sequence (5' to 3') Reference

Arch21F  Archaeal 16S rRNA gene TTC CGG TTG ATC CYG CCG GA DeLong (1992)

340F* Archaeal 16S rRNA gene CCY TAY GRG GYG CAS CAG G Gantner et al. (2011)

Ar912r*  Archaeal 16S rRNA gene CCC CCG CCAATTCCTTTAA GroBkopf et al. (1998);

Lueders and Friedrich (2000)

932R Archaeal 16S rRNA gene GCY CYC CCG CCAATT CMT TTA Murakami et al. (2012)

27F Bacterial 16S rRNA gene AGA GTT TGA TCM TGG CTC AG Lane (1991)

EUB338F" Bacterial 16S rRNA gene ACT CCT ACG GGA GGC AGC Amann et al. (1990)
ACT CCT ACG GGA GGC TGC Daims et al. (1999)
ACA CCT ACG GGT GGC TGC Daims et al. (1999)
ACA CCT ACG GGT GGC AGC Daims et al. (1999)

907R* Bacterial 16S rRNA gene CCG TCAATT CMTTTRAGTT Lane (1991)

1492R* Archaeal and bacterial 16S rRNA gene GGH TAC CTT GTTACG ACTT Lane (1991)

MLf mcrA gene GGT GGT GTM GGA TTC ACA CAR TAY GCW ACA GC Luton et al. (2002)

MLr mcrA gene TTC ATT GCR TAG TTW GGR TAG TT Luton et al. (2002)

“These primers are a slightly modified version of the original designed primers.

®This primer consisted of a mixture of four primers at an equal amount (mol).

References
Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, et al. (1990) Combination of 16S rRNA-targeted oligonucleotide probes with
Daims H, Briihl A, Amann R, Schleifer K-H, Wagner M (1999) The domain-specific probe EUB338 is insufficient for the detection of all
Bacteria: development and evaluation of a more comprehensive probe set. Syst Appl Microbiol 22:434-444.
DeLong EF (1992) Archaea in coastal marine environments. Proc Natl Acad Sci U S A 89:5685-5689.
Gantner S, Andersson AF, Alonso-Sdez L, Bertilsson S (2011) Novel primers for 16S rRNA-based archaeal community analyses in
environmental samples. J Microbiol Methods 84:12—18.
GroBkopf R,Janssen PH, Liesack W (1998) Diversity and structure of the methanogenic community in anoxic rice paddy soil microcosms as
examined by cultivation and direct 16S rRNA gene sequence retrieval. Appl Environ Microbiol 64:960-969.
Lane DJ (1991) 16S/23S rRNA sequencing./n Stackebrandt E, Goodfellow M (eds.). Nucleic acid techniques in bacterial systematics,John
Wiley & Sons, pp. 115-175.
Lueders T, Friedrich M (2000) Archaeal population dynamics during sequential reduction processes in rice field soil. Appl Environ Microbiol
66:2732-2742.
Luton PE, Wayne JM, Sharp RJ, Riley PW (2002) The mcrA gene as an alternative to 16S rRNA in the phylogenetic analysis of methanogen
populations in landfill. Microbiology 148:3521-3530.
Murakami S, Fujishima K, Tomita M, Kanai A (2012) Metatranscriptomic analysis of microbes in an Oceanfront deep-subsurface hot spring
reveals novel small RNAs and type-specific tRNA degradation. Appl Environ Microbiol 78:1015-1022.
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Table S2-2. 16S rRNA-targeted oligonucleotide probes used in this study.

Probe Target group Probe sequence (5' to 3") %FA" Reference

ARCI15 Most Archaea GTG CTC CCC CGC CAATTCCT  35(60) Stahl and Amann (1991)
ANME-1-350 ANME-1 AGT TTT CGC GCC TGA TGC 20¢ Boetius et al. (2000)
ANME-2a-647"  ANME-2a TCT TCC GGT CCC AAG CCT 10# (50)* Kanittel et al. (2005)
ANME-2¢-760°  ANME-2¢ CGC CCC CAG CTT TCG TCC 358 (65)* Kanittel et al. (2005)
ANME-3-1249°  ANME-3 TCG GAG TAG GGA CCC ATT 20" Niemann et al. (2006)

ANME-3-1249H3 Helper probe for ANME-3-1249
ANME-3-1249H5 Helper probe for ANME-3-1249

GTC CCAATC ATT GTA GCC GGC
TTA TGA GAT TAC CAT CTC CTT

Losekann et al. (2007)
Losekann et al. (2007)

MBGD-318* MBG-D GAT ATC GTG TCT CAG ATA 5¢(15)¢ Imachi et al. (2011)
MBGB-380 DSAG GTAACC CCG TCACACTTT 10® (30)® Kanittel ez al. (2005)
MCOCID442°¢  Methanococcoides ACA CAT GCC GTTTACACATG 20 Imachi et al. (2011)
EUB338 Most Bacteria GCT GCC TCC CGT AGG AGT 20(20) Amann et al. (1990)
My669 Methylobacter and Methylomonas GCT ACA CCT GAAATT CCACTC 20 Eller et al. (2001)
UncGam731 Gammaproteobacterial phylotype MK903D B5 AAT GTT AAC CCA GAC AGT CGC 20¢ This study

NON338 Negative control for CARD-FISH ACT CCT ACG GGA GGC AGC (15-65) Wallner et al. (1993)

*Permeabilization pretreatment with 0—2 pg ml™ proteinase K (room temperature, 10 min) was used for CARD-FISH.
®Permeabilization pretreatment with 0.1-1.0 M HCI (room temperature, 1 min) was used for CARD-FISH.

“Used together with the unlabeled helper probes ANME-3-1249H3 and ANME-3-1249H5.

YPermeabilization pretreatment with 100-150 pg ml™ proteinase K (room temperature, 10 min) was used for CARD-FISH.

°To avoid Methanococcoides cell losses, the sodium dodecyl sulfate concentration in hybridization and washing buffers was lowered from 0.01 to
0.0001% when using the probe MCOCID442.

Numbers in parentheses are the formamide (FA) concentration of hybridization and washing buffers in CARD-FISH.
¢These FA concentarions were determined by Clone-FISH (Schramm et al., 2002).

"Since a nearly full-length of ANME-3 16S rRNA gene sequence for Clone-FISH was not retrieved from the 903-day sample, the optimal FA
concentration reported by Losekann ez al. (2007) was used.
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Chapter I1I:

Possible effect of redox potential on methane-seep sediment microbial community structure development
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3.1 Introduction

As indicated by massively parallel tag sequencing of 16S tRNA genes, methane seeps show moderate levels of
microbial richness compared with other marine sedimentary ecosystems (Ruff et al, 2015). Also, the
methane-seep ecosystems possess the microbes involves in biogeochemically important microbial processes, such
as anaerobic oxidation of methane (AOM) and sulfate reduction relevant to carbon and sulfur cycling. It is also
known that the occurrence of local variation of methane-seep microbial community structure within same
sediment core (Nunoura et al., 2012; Ruff et al., 2015). Oxygen, methane, and sulfate contents and temperature
have been proposed as the key environmental parameter(s) affecting the anaerobic methanotroph (ANME)
community structures (Girguis et al., 2005; Knittel et al. 2005; Rossel et al., 2011; Yanagawa et al., 2011). In
contrast, knowledge regarding factor(s) controlling the methane-seep microbial community structure development
remains limited.

Microbes with anaerobic metabolism are particularly sensitive to the changes in the redox potential of the
surrounding environment (Hirano et al., 2013). It has been suggested that the growth of Methanothermobacter
thermautotrophicus and Desulfovibrio desulfuricans is influenced by the redox potential of cultivation medium,
which is controlled by the ratio of the oxidized/reduced form of anthraquinone-2, 6-disulfonate (AQDS; a model
quinone compound) using a bio-electrochemical reactor (BER) (Hirano et al., 2008; Hirano et al., 2013). Quinone
compounds are widely distributed in natural ecosystems and act as electron shuttles (Kappler et al., 2004), and thus,
these compounds would significantly contribute the changes in the redox potential of the natural ecosystems.
These previous findings suggested that quinone compound-mediated anaerobic redox potential differences might
affect the growth of certain microbes, resulting in distinct microbial community structure development in natural
ecosystems. In the present study, a methane-seep sediment-associated microbial community originally obtained
from the methane-seep sediment of the Nankai Trough (Aoki et al., 2014) was cultivated using a BER. The aim of
this study was to reveal possible effect of the quinone compound-mediated anaerobic redox potential difference on

AOM-associated community structure development in the methane-seep sediment of the Nankai Trough.

3.2 Materials and Methods
3.2.1 Inoculum culture and the culture medium

Methane-seep sediment from Omine Ridge, Nankai Trough off Kumano area, Japan (33°7.2253" N,
136°28.6672" E; 2,533 m water depth) was collected during the cruise YK06-03, 6 May 2006. Following the
collection of sediment, the sediment was incubated on a continuous-flow bioreactor under an AOM condition
(Aoki et al., 2014). The inoculum culture used in this study was sampled 7 years after the initiation of the
bioreactor operation and the sample was stored anaerobically under nitrogen gas at 4°C in the dark until further
experiments were performed. The composition of the synthetic seawater medium used in this study was as follows

(L™): Daigo's artificial seawater SP for marine microalgae medium (Nihon Pharmaceutical, Tokyo, Japan), 36 g;
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Figure 3-1. Schematic diagram of the continuous-flow type BER used in this study.

NH,CI, 0.54 g; KH,PO,, 0.14 g; NaHCOs;, 2.5 g; trace element solution, 1 mL (Imachi ez al., 2008); vitamin
solution (Imachi et al., 2009), 1 mL; neutralized 0.3 M Na,S solution, 2 mL; and titanium (II)-nitrilotriacetic acid
solution (Moench and Zeikus, 1983), 5 mL. The cultivation medium supplied to the BER also contained 0.12 g L™
AQDS. The cultivation medium was purged with nitrogen gas to remove dissolved oxygen, and then the gas phase
of a 5-L medium tank was replaced with pure methane gas. The pH of the cultivation medium was adjusted to 7.5
+ 0.1 by adding hydrochloric acid to the cultivation medium.
3.2.2 BER used in this study

The schematic diagram of the continuous-flow type BER used in this study is shown in Fig. 3-1. The BER was a
modified version of previously reported single-chamber BER systems (Jeon et al., 2009; Hirano et al., 2013). The
volume of medium in each cultivation vessel was 110 mL. A carbon felt (40 mm % 35 mm X 5 mm), a
Teflon-coated carbon cloth (35 mm in diameter; EC-CC1-060T, ElectroChem, Inc., MA, USA), and a Ag/AgCl
type electrode (saturated KCI, RE-1, EC FRONTIER, Inc., Kyoto, Japan) were used as the working, counter, and
reference electrodes, respectively. The working, counter, and reference electrodes were connected to a potentiostat
(PS-08, Toho Giken, Tokyo, Japan). All reported voltages are with respect to the Ag/AgCl reference electrode
(+199 mV vs. a standard hydrogen electrode at 25°C). The cultivation vessel and counter electrode were separated

by a proton exchange membrane (35 mm in diameter; Nafion N117, Sigma-Aldrich, St. Louis, MO, USA). A total
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of 15 hydrophilic polyurethane sponges (10 mm % 10 mm x 10 mm, APG CC-10B, Nisshinbo Chemical Inc.,
Tokyo, Japan) were packed into each cultivation vessel as microbe-bound carriers. The cultivation medium in a
5-L medium tank was continuously mixed using a magnetic stirrer at 150 rpm. A peristaltic pump (Masterflex L/S
tubing pump 7550-50, Cole-Parmer, Vernon Hills, IL, USA) and Viton tubing (Cole-Parmer) were used for the
cultivation medium supply. The cultivation medium was supplied intermittently at 1/59 min (on/off), regulated by
an automatic on/off timer (FT-011, Tokyo Glass Kikai Co. Ltd., Tokyo, Japan). The flow rate of cultivation
medium was 5.5 ml min ", yielding hydraulic retention time of 20 h. The working electrode potential in the
cultivation vessels A and B were regulated to —0.4 and —0.6 V, respectively. Following 5 hours of regulated
working electrode potential, 2.5 g-wet weight of the inoculum culture was injected into each cultivation vessel
from the sampling/injection port. The BER was installed in a 10°C incubator in the dark. The cultivation vessels
were manually shaken once a week to improve mixing of substrates.
3.2.3 Total DNA extraction, PCR, cloning, and phylogenetic analysis

For microbial community analyses, enrichment cultures were sampled from the sampling port of each cultivation
vessel at 112, 182, and 266 days of operation. Before sampling, the cultivation medium in the cultivation vessels
was flushed with nitrogen gas. Extraction of total DNA from 1 mL each of enrichment cultures was performed
using an ISOIL for Beads Beating kit (Nippon Gene, Tokyo, Japan) according to the manufacturer’s instructions.
The concentration of template DNA was measured using a Quant-iT PicoGreen dsDNA assay kit (Invitrogen,
Carlsbad, CA, USA). PCR amplification of archaeal and bacterial 16S rRNA genes was performed using the
TaKaRa Ex Taq (TaKaRa Bio Inc., Shiga, Japan). The PCR reaction mixtures were prepared according to the
manufacturer’s instruction. The PCR primer pairs of Arch340F/932R and EUB338F/907R were used for archaeal
and bacterial 16S rRNA gene amplification, respectively (Aoki et al., 2014). PCR was performed under the
following conditions: initial denaturation at 95°C for 2 min, followed by 25 (for bacterial 16S rRNA gene) or 35
(for archaeal 16S rRNA gene) cycles of denaturation at 95°C for 40 s, annealing at 50°C for 30 s, and extension at
72°C for 45 s. The PCR products were checked by 1-2% agarose gel electrophoresis, and then, PCR products
were purified using a MinElute PCR purification kit (Qiagen, Venlo, Netherlands). Following purification, the
PCR products were cloned with a pCR 2.1 TOPO TA cloning kit (Invitrogen). The cloned 16S tRNA gene
sequences were determined using a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, CA,
USA) and 3730x1 Genetic Analyzer (Applied Biosystems). The obtained 16S rRNA gene sequences were aligned
using ARB (version 6.0; Ludwig et al., 2004). The calculated distance matrix using ARB was inputted into mothur
(version 1.33; Schloss et al., 2009) and the obtained sequences were grouped into phylotypes at 97% sequence
identity based on the distance matrix. Putative chimeric sequences were detected and removed using the
“chimera.uchime” command in mothur. The taxonomic classification was done by the “wang” kmer-based
method via the “classify.seqs” command applied to the SILVA 119 reference database

(http://www.mothur.org/wiki/Silva_reference files), with a confidence cut-off value of 0.5. Epsilonproteobacterial
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16S rRNA gene sequence-based phylogenetic tree construction was performed using the neighbor-joining method
in ARB with the Jukes-Cantor correction, as described previously (Aoki ez al., 2014).
3.2.4 Quantitative real-time PCR
Quantitative real-time PCR (qPCR) of archaeal and bacterial 16S rRNA genes was performed as shown by

Aoki et al. (2014). The archaeal and bacterial PCR primers used in the gPCR were the same as those used in the
clone library construction described above. Each sample was analyzed in triplicate.
3.2.5 Potential AOM activity measurement

A tracer experiment using ‘C-labelled methane was performed to estimate potential AOM activity. To measure
the potential AOM activity, 1 mL aliquots of each of enrichment culture were dispensed into 30-mL serum vials
containing 9 mL of anaerobic seawater medium. The headspace of the vials was replaced by pure methane gas,
and then 1 mL of "C-labeled methane was injected into the vials. After 1 month of incubation, "“C-labeling was
terminated by injecting 1 mL of 1 M sodium hydroxide into the vials. Subsequently, the samples were shaken
vigorously for 1 min and incubated for 30 min at room temperature to absorb CO, gas completely into the liquid
phase. After flushing the headspace of the vials using pure helium gas, CO, was degassed from the liquid phase
again by injecting 2 mL of 1 M nitric acid. The radioactivity of '“CO, gas in the headspace of the vials was
measured by a radio-gas-chromatograph system composed of Raga Star radioactivity flow detector (Raytest,
Straubenhardt, Germany) and a GC-2014 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a
Shincarbon ST ZT-15 stainless steel column (Shinwa Chemical Ltd., Kyoto, Japan) under the following
conditions: carrier gas, helium at 15 mL min"'; column oven temperature, 75°C; injection temperature, 100°C; and
counting gas, methane at 43 mL min"'. Potential AOM rates were calculated by the equation (**CO, x CH,)/(*CH,
x v x f), where "*CO, is the activity of the produced radioactive carbon dioxide, CH, is the total amount of methane
in the sample, “CH, is the activity of the radioactive methane, v is the volume of sample, and ¢ is the incubation

time (Treude et al., 2003). Each sample was analyzed in triplicate.

3.3 Results and Discussion
In the present study, a methane-seep sediment-associated microbial community was cultivated using a BER to
reveal possible effect of the quinone compound-mediated anaerobic redox potential difference on AOM-associated
community structure development in the methane-seep sediment of the Nankai Trough. A small amount of AQDS
(0.3 mM), an electrochemically active quinone compound, was added to the cultivation medium for the regulation
of the redox potential of cultivation medium using a BER (Hirano et al., 2013).
Over the 0-day-182-day period, the working electrode potential was poised at —0.4 and —0.6 V in cultivation
vessels A and B, respectively. The negative potential applied in the present study (—0.4 or —0.6 V) was
comparatively high compared to —0.8 V for significant H, evolution by proton reduction (Su ef al., 2012; Lohner

et al., 2014). Current densities (mean value + standard deviation) in the cultivation vessels A and B were —82 + 80
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Table 3-1. Quantitative data of 16S rRNA gene copy numbers.

copies ml-culture ™!

Sample

Archaea

Bacteria

Inoculum (0-day sample)

1.1 x 10° (7.4 x 10°)

1.3% 10" (5.8 x 10')

Vessel A 112-day 5.3 x 10° (4.8 x 10%) 1.1 x 10° (1.0 x 107)
182-day 3.4 x 10° (5.8 x 10°) 1.3 x 10° (2.2 x 10%)
266-day 4.5%10° (1.2 x 10°) 4.6 x 10° (7.7 x 10%)
Vessel B 112-day 6.4 x 10° (6.5 x 10°%) 1.3 x 10° (4.9 x 107)
182-day 2.4 %10° (4.1 x 10%) 1.3 10° (2.4 x 10%)
266-day 1.0 x 10° (2.8 x 10%) 1.7 x 10° (2.8 x 10)

*The figures in () parentheses are standard errors.

Table 3-2. Potential AOM activity as determined using '“CH,.
Potential AOM activity

Sample _
[nmol ml-culture™ day ']
Inoculum (0-day sample) 4.2 (0.2)*
Vessel A 182-day 1.3 (0.1)
266-day 3.6 (0.1)
Vessel B 182-day 1.9 (0.8)
266-day 2.7(0.7)

*The figures in parentheses are standard deviation.

and —183 + 94 A electrode ', respectively. Following 182 days of operation, the regulation of working electrode
potential was stopped, and then the BER was subsequently operated for 3 months (i.e., days 183-266) without the
poised working electrode potential. During the period, the redox potential (mean value + standard deviation) of the
cultivation medium in the cultivation vessels A and B were =376 + 13 and —363 + 22 mV, respectively.

To examine the changes in the abundance of archaeal and bacterial populations in the BER, archaeal and bacterial
16S rRNA gene copy numbers were quantified (Table 3-1). Before cultivation, the archaeal and bacterial 16S
rRNA gene copy numbers were 1.1 x 10°* and 1.3 x 10" copies ml-culture ', respectively. Following 182 days of
incubation in the presence of the working electrode potential (i.e., —0.4 V or —0.6 V), the archaeal and bacterial 16S
tRNA gene copy numbers in the both of cultivation vessels were decreased to 10° and 10 copies mL-culture ',
respectively. Following the subsequent 3-month BER operation without the regulation of working electrode
potential, the archaeal and bacterial 16S rRNA gene copy numbers were also on the order of 10° and 10° copies
mL-culture ™', respectively, To reveal the behaviors of AOM-associated microbes in the BER, the potential AOM
rates were measured using *C-labeled methane. The potential AOM rates observed in cultivation vessels A and B
were of the same order of magnitude as during the BER operation (Table 3-2). As previous studies demonstrated,
the growth of some anaerobes can be stimulated in the lower redox cultivation conditions that can be achieved by

BER cultivation methods (Hirano ef al., 2008; Hirano et al., 2013). In contrast, considering that the potential AOM
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Figure 3-2. Community structures based on (a) archaeal and (b) bacterial 16S rRNA gene clone libraries.
The size of each dot indicates the percentage of identified 16S rRNA gene sequences falling within a
particular taxonomic group. The numbers of obtained clones in each library are shown in parentheses.

activity observed in the BER and the 1-4 months of doubling time of ANME:s (Girguis et al., 2005; Nauhaus et al.,
2007; Meulepas et al., 2009; Zhang et al., 2011), it seems that the BER cultivation method does not have the
potential to stimulate the growth of AOM-associated microbes in the cultivation condition presented here.
Archaeal and bacterial 16S rRNA gene-based clone analysis was performed to reveal microbial community
structure developed in the BER (Fig. 3-2, and Table S3-1 and S3-2). Following 182 days of BER operation, the
most predominant archaeal phylotype observed in cultivation vessel A (—0.4 V of working electrode potential) was
the ANME-2a phylotype EA02 (42/88 clones; Table S3-1), whereas the genus Methanococcoides phylotype
EAO1 (67/92 clones; Table S3-1) was the most predominant archaeal phylotype in cultivation vessel B (—0.6 V of
working electrode potential). The Methanococcoides phylotype EAO1 has 100% identity to a Methanococcoides
isolate of the Methanococcoides alaskense strain AK-5 (GenBank accession number NR_029122). It is known

that some hydrogenotrophic methanogens are known to perform electromethanogenesis (Cheng et al., 2009;
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grey whale bone in Santa Cruz Basin clone 131625 (AY922195)

Eel River Basin methane seep sediment clone FeSO4_B_167 (GQ356982)
EB02

marine sediment in Hong Kong clone NF026 (JX391645)

arctic marine sediment clone SR10-173 (JQ586328)

marine sediment in Cullercoats clone G1_10.4_1 (FJ717179)

iron mat in Clark Sea mount Kermadec Arc clone CF-8 (FJ535303)
hydrothermal plume at East Pacific Rise clone RESET_213A07 (JN874382)
seafloor lavas from the East Pacific clone EPR3967—-02—-Bc91 (EU491837)
3Sulfurimonas gotlandica (AFRZ01000001)

Helicobacteraceae

Sulfurimonas denitrificans DSM 1251 (CP000153) | s/furimonas Epsilonproteobacteria

Sulfurimonas autotrophica DSM 16294 (CP002205)

Sulfurimonas paralvinellae (AB252048)
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EB23

Sulfurovum lithotrophicum (AB091292)
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Campylobacter coli (GQ167676)
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Nautilia abyssi (AM937002)

Nitratiruptor tergarcus (AB175499)
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0.10

Figure 3-3. Phylogenetic tree showing the phylogenetic position of Helicobactereace-associated
phylotypes. The 16S rRNA gene-based tree was constructed using the neighbor-joining method
implemented in the ARB program. The phylotypes detected in this study are shown in bold letters. The scale
bar indicates the number of nucleotide changes per sequence position.

Lohner et al., 2014). In contrast, all of the previously cultivated Methanococcoides members cannot utilize
hydrogen for methanogenesis (L'Haridon et al., 2014). Thus, the enrichment of the Methanococcoides phylotype
might be not due to the capability of electromethanogenesis. Considering that the long-term survival of
Methanococcoides phylotype in the previously reported DHS bioreactor (Aoki et al., 2014) and the BER without
the direct metabolic substrates for methanogenesis, the Methanococcoides phylotype might be associated with the
AOM reaction and the lower redox potential preferentially selected the Methanococcoides phylotype in the BER.
As to bacterial phylotypes, the genus Sulfurimonas phylotype EBO1 (42/81 clones; Fig. 3-3 and Table S3-2)
and the uncultivated Helicobacteraceae lineage-associated phylotype EB02 (62/82 clones; Fig. 3-3 and Table
S3-2) were dominated at 182-day in cultivation vessel A (—0.4 V of working electrode potential) and vessel B
(0.6 V of working electrode potential), respectively. None of the previously identified putative
deltaproteobacterial sulfate-reducing bacterial partners of ANMEs (e.g., SEEP-SRB1; Schreiber et al., 2010) were
detected in the BER incubation samples. The bacterial phylotype EBO1 has 97.7% sequence identity to
Sulfurimonas autotrophica stran DSM16294 (GenBank accession number NR 074451), whereas the
uncultivated Helicobacteraceae lineage-associated phylotype EB02 has 91.3% sequence identity to the strain
DSM16294. Although the genus Sulfurimonas is known to use oxygen as an electron acceptor (Han and Perner,
2015) and trace amounts of molecular oxygen could have contaminated the BER, the lower redox potential values
observed in cultivation vessels A and B in the absence of a working electrode potential (i.e., =376 £+ 13 in
cultivation vessel A and —363 + 22 mV in cultivation vessel B) implied that oxygen could not be the dominant
electron acceptor in the BER. Although little is known about the anaerobic metabolism of the family
Helicobacteraceae microbes and their involvement to AOM, Sulfurimonas gotlandica is known to grow
anaerobically on thiosulfate or elemental sulfur as the sole energy substrate (Grote et al., 2012). Sulfide, which was

added as a reducing agent, could be oxidized to sulfur compounds for sulfur compound disproportionation via the
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abiotic reaction with oxidants (e.g., oxygen and oxidized form AQDS). In addition, zero-valent sulfur could be
produced by AOM reaction (Milucka et al., 2012). Thus, energy-conserving anaerobic sulfur metabolism may
have sustained the growth of the dominant Helicobacteraceae phylotypes and the differences in the poised redox
potential also affected the predominantly cultivated bacterial phylotypes within the family Helicobacteraceae.
Notice that the predominant archaeal and bacterial phylotypes were also detected predominantly even after the
subsequent 3 months of operation without cathodic reactions (Table S3-1 and S3-2). This result suggests that the
presence of a working electrode potential was not necessary to sustain the growth of the predominant archaeal and
bacterial phylotypes observed in the BER. Of course, the effect of non-AQDS mediated reactions, e.g., trace
hydrogen evolution and direct electron transfer between electrode and microbes to the microbial community

structure development should be further investigated.

3.4 Summary of this chapter

The available data from this study implies that the quinone compound-mediated anaerobic redox potential
difference is a factor that controls microbial community structure development in the methane-seep sediment of
the Nankai Trough. In addition, the enrichment of uncultured Helicobacteraceae phylotype EB02 suggests that the
continuous-flow BER cultivation method has potential to enrich taxonomically novel microbes. Considering that
the detection of the phylotype EB02-related sequences form diverse marine sedimentary environments (Fig. 3-3),
the phylotype EB02-related lineage might have an important function in marine sedimentary biogeochemical
cycling. Further analysis is needed to clarify the detailed mechanism(s) behind the enrichment effect. The
enrichment result reported here would provide valuable information about a mechanism of microbial community

development in methane-seep sedimentary ecosystems and the cultivation/isolation of uncultivated microbes.
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3.6 Supplementary Information

Table S3-1. List of archaeal 16S rRNA gene phylotypes detected in this study.

Number of clones

Phylotype Inoculum Vessel A Vessel B Phylogenetic affiliation
(0-day) 112-day 182-day 266-day 112-day 182-day 266-day

EAO1 6 30 30 24 65 67 58 Methanococcoides

EA02 53 38 42 32 17 16 13 ANME-2a

EAO03 2 9 4 4 1 2 1 MBG-B

EA04 12 2 3 2 1 1 5 DHVEG-6

EAO05 2 4 0 0 0 0 2 MG-I

EA06 0 5 0 2 0 1 2 MBG-D and DHVEG-1

EA07 2 1 3 1 1 0 0 DHVEG-6

EAO08 0 0 0 1 1 4 1 ANME-2¢

EAQ09 0 0 2 0 0 0 0 MBG-D and DHVEG-1

EA10 0 0 0 4 0 0 0 MG-I

EAll 3 0 0 0 0 1 0 MBG-B

EA12 0 0 1 2 1 0 0 ANME-3

EA13 3 0 0 0 1 0 0 pMC2A209

EA14 2 0 0 1 0 0 0 MBG-B

EAILS 0 0 0 0 1 0 2 ANME-1

EA16 1 0 2 0 1 0 0 Unclassified Archaea

EA17 1 0 0 0 2 0 0 MBG-B

EA18 0 0 0 0 0 0 2 Methanolobus

EA19 0 0 0 0 1 0 2 MBG-D and DHVEG-1

EA20 0 0 0 3 0 0 0 DHVEG-6

EA21 0 2 0 0 0 0 0 ANME-1

EA22 0 1 0 0 0 0 0 Group C3

EA23 0 1 0 0 0 0 1 DHVEG-6

EA24 1 0 0 0 0 0 0 DHVEG-6

EA25 0 0 0 0 0 0 1 Methanobacterium

EA26 0 0 0 0 1 0 0 Thermoplasmatales-CCA47

EA27 0 0 1 0 0 0 0 DHVEG-6

EA28 1 0 0 0 0 0 0 MG-I

EA29 0 1 0 0 0 0 0 MBG-B
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Table S3-2. List of bacterial 16S rRNA gene phylotypes detected in this study.

Number of clones

Phylotype Inoculum Vessel A Vessel B Phylogenetic affiliation
(0-day) 112-day 182-day 266-day 112-day 182-day 266-day

EBO1 1 25 42 57 23 10 3 Epsilonproteobacteria

EB02 0 20 21 9 42 62 60 Epsilonproteobacteria

EBO3 19 0 0 0 1 0 2 Epsilonproteobacteria

EB04 12 4 2 0 1 1 0 Gammaproteobacteria

EBO05 0 9 4 3 1 1 0 Deltaproteobacteria

EB06 2 0 0 0 3 1 5 Alphaproteobacteria

EBO07 4 0 1 0 0 0 0 Gammaproteobacteria

EBO08 0 1 1 1 1 1 0 Deltaproteobacteria

EB09 1 2 1 0 0 0 0 ODl1

EB10 3 0 0 0 0 0 0 Deltaproteobacteria

EBI11 1 2 0 0 0 0 0 Gammaproteobacteria

EB12 3 0 0 0 0 0 0 Deltaproteobacteria

EBI3 3 0 0 0 0 0 0 Gammaproteobacteria

EB14 0 0 1 1 0 0 0 Bacteroidetes

EBI15 1 1 0 0 0 0 0 Spirochaetes

EB16 0 0 2 0 0 0 0 Deltaproteobacteria

EB17 0 0 0 0 0 2 0 Firmicutes

EB18 0 2 0 0 0 0 0 ODl1

EB19 1 0 0 0 0 0 0 Firmicutes

EB20 1 0 0 0 0 0 0 WS3

EB21 1 0 0 0 0 0 0 TA06

EB22 0 0 1 0 1 0 0 Chloroflexi

EB23 0 0 0 0 1 0 0 Epsilonproteobacteria

EB24 0 0 1 0 1 0 0 Alphaproteobacteria

EB25 1 0 0 0 0 0 0 Bacteroidetes

EB26 1 0 0 0 0 0 0 JS1

EB27 2 0 0 0 0 0 0 Spirochaetes

EB28 0 0 1 0 0 0 0 Tenericutes

EB29 0 0 1 1 0 0 0 Firmicutes

EB30 0 0 1 0 0 0 0 Deltaproteobacteria

EB31 0 0 0 0 0 1 0 BD1-5

EB32 1 0 0 0 0 0 0 Spirochaetes

EB33 1 0 0 0 0 0 0 Deltaproteobacteria

EB34 1 0 0 0 0 0 0 Chlorobi

EB35 1 0 0 0 0 0 0 Deltaproteobacteria

EB36 1 0 0 0 0 0 0 Lentisphaerae

EB37 0 0 0 1 0 0 0 Deferribacteres

EB38 1 0 0 0 0 0 0 ODl1

EB39 0 1 0 0 0 0 0 Gammaproteobacteria

EB40 0 0 0 0 0 1 0 Gammaproteobacteria

EB41 0 1 0 0 0 0 0 Gammaproteobacteria

EB42 0 0 0 0 1 0 0 Betaproteobacteria

EB43 0 0 1 0 0 0 0 BD1-5

EB44 1 0 0 0 0 0 0 Spirochaetes

EB45 0 0 0 0 0 0 1 Bacteroidetes

EB46 1 0 0 0 0 0 0 Deltaproteobacteria

EB47 1 0 0 0 0 0 0 Bacteroidetes

EB48 0 1 0 0 0 0 0 Deferribacteres

EB49 0 0 0 0 1 0 0 Spirochaetes

EB50 0 0 0 0 1 0 0 Firmicutes

EBS51 0 1 0 0 0 0 0 Verrucomicrobia

EB52 1 0 0 0 0 0 0 Lentisphaerae
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Chapter IV:
Phylogenetic diversity of aprA genes in subseafloor sediments on the northwestern Pacific margin off

Japan

Originally published in Microbes and Environments 30:276-280.
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4.1 Introduction

Subseafloor microbial ecosystems play significant biogeochemical roles in the transformation of sulfur
compounds; approximately 11.3 Tmols of sulfate are microbially reduced each year, accounting for the oxidation
of 12%—29% of the organic carbon flux to the seafloor (Bowles ef al., 2014). Some sulfate-reducing bacteria play
an important role in the mitigation of methane emissions from marine sediments because they may significantly
interact with archaeal anaerobic methanotrophs (ANMEs) that mediate the anaerobic oxidation of methane
(AOM) (Knittel and Boetius, 2009). Dissimilatory sulfate reduction by marine sediments largely depends on the
availability of sulfate supplied from seawater or underlying basaltic aquifers (D’Hondt e al., 2004). Recent
biogeochemical studies detected the presence of cryptic sulfur-metabolizing activity in sulfate-depleted subseafloor
sediments in which methanogenesis was the favored metabolic pathway (Knab et al., 2009; Holmkvist et al.,
2011; Treude et al., 2014). On the other hand, dissimilatory sulfur oxidation occurs where reduced inorganic sulfur
compounds derived from abiotic processes or dissimilatory sulfate reduction is available. In methane-seep
sediment, sulfur oxidizers have been identified as primary producers due to the high sulfide fluxes derived from
AOM (Jorgensen and Boetius, 2007).

In spite of the biogeochemical significance of sulfate reduction and sulfur oxidation in subseafloor sediments,
information regarding the phylogenetic diversity and distribution of functional genes relevant to the subseafloor
sulfur cycle remains limited. One useful functional marker gene used to detected the microbial sulfur cycle is the
adenosine-5'-phosphosulfate (APS) reductase alpha subunit (aprA4) gene, which encodes a key enzyme for
dissimilatory sulfate reduction and sulfur oxidation (Meyer and Kuever, 2007a). In the present study, the diversity
of the apr4 gene in sediment samples obtained from the northwestern Pacific margin off Japan was investigated to
identify putative sulfur-metabolizing microbial components and obtain new insights into the microbial sulfur cycle

in the sedimentary environment.

4.2 Materials and Methods
4.2.1 Sediment and enrichment samples
Sediment samples obtained from three distinct locations on the northwestern Pacific margin off Japan were used
in this study (Table 4-1) (Aoike, 2007; Tsuchiya and Takahashi, 2009; Aoki et al., 2014; Toki et al., 2014). The
depth profiles of sulfate and methane concentrations suggested the occurrence of AOM in the sampling sites (Fig.
4-1). Furthermore, a continuous-flow bioreactor enrichment culture capable of AOM, which had been established
using the methane-seep sediment of Site 6K949 (hereafter called 6K949 enrichment), was also examined in order
to identify active, culturable sulfur-metabolizing components (Aoki et al., 2014).
4.2.2 Total DNA extraction, PCR amplification, clone library construction and sequencing
Extraction of total DNA was performed using an ISOIL for Beads Beating kit (Nippon Gene, Tokyo, Japan). All

the natural sediment samples for the clone library construction were subsampled from the innermost of the
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Table 4-1. Summary of sediment samples used in this study.

Location Offshore Boso Peninsula Offshore Shimokita Peninsula Nankai Trough

Site (hole name) C9010 (Hole E) C9001 (Hole C) 6K949°

Cruise CK09-03 CK06-06 YKO06-03

Latitude 34°33.4569'N 41°10.6380'N 33°7.2253'N

Longitude 139°53.3822'E 142°12.081'E 136°28.6672'E

Water depth [mbsl] 2,027 1,180 2,533

Sampling depth [mbsf] 3.7 and 15.4° 2.5,5.1,and 48.3° 0-0.25°

Reference Tsuchiya and Takahashi (2009) Aoike (2007) Aoki et al. (2014), Toki et al. (2014)

mbsl: m below sea level, mbsf: m below seafloor.

*These are the sampling depths of 10-cm-long whole-round cores.
°This is the sampling site of core 949C3 (Aoki et al., 2014; Toki et al., 2014).

°Subsumpled sediment analyzed in this study is same as the inoculum used for bioreactor enrichment, and the enrichment culture analyzed
in this study was collected after 903 days after initiation of the bioreactor operation (Aoki et al., 2014)
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Figure 4-1. Vertical profiles of sulfate and methane concentrations in sediment core samples. (a) Site C9010,
Hole E, offshore the Boso Peninsula (only shown above 35 mbsf) (10). (b) Site C9001, Hole C, offshore the
Shimokita Peninsula (only shown above 60 mbsf) (Aoike, 2007; Tomaru ef al., 2009). (c) Site 6K949 in the
Nankai Trough (Nunoura et al., 2012; Toki et al., 2014). At Site C9010, methane concentrations were only
measured in the deeper layer of Hole E (below about 100 mbsf), whereas an increasing trend in methane
concentrations along with the increasing depth was observed in 1-15 mbsf of Hole B (34°33.4500'N,

139°53.4000'E; about 30 m away from Hole E) (Tsuchiya and Takahashi, 2009).

sediment cores. All the samples were stored at —=80°C after subsampling until total DNA extraction was performed.

PCR amplification was performed using the TaKaRa Ex Taq (TaKaRa Bio Inc., Otsu, Japan), and the reaction

mixtures for PCR were prepared according to the manufacturer’s instruction. apr4 gene fragments were amplified

using primer pair AprA-1-FW (5-TGG CAG ATC ATG ATY MAY GG-3") and AprA-5-RV' (5-GCG CCA

ACN GGD CCR TA-3'; a slightly modified version of AprA-5-RV) (Meyer and Kuever, 2007a). PCR was
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performed under the following conditions: initial denaturation at 95°C for 2 min, followed by 25, 30, or 35 cycles
of denaturation at 95°C for 40 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. The final extension
step was conducted at 72°C for 7 min. The annealing temperature was empirically determined using genomic
DNA extracts from three sulfate-reducing bacterial strains of Thermodesulfobacterium commune strain DSM 2178,
Desulfotomaculum thermosapovorans strain DSM 6562, and Desulfovibrio vulgaris subsp. vulgaris strain DSM
644 obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Germany. To reduce
possible bias caused by PCR amplification, PCR products that had obtained the minimal number of PCR cycles
were used for following experiments. The PCR products were checked on 1%-2% agarose gel electrophoresis,
and the expected-size PCR products (approximately 0.4 kbp) were purified using a MinElute Gel Extraction kit
(Qiagen, Venlo, the Netherlands). After purification, the purified PCR products were cloned with a pCR 2.1
TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA). The cloned apr4 gene sequences were determined using
a BigDye terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA, USA) and an automated
sequence analyzer (3730xlI DNA Analyzer, Applied Biosystems). Clonal sequences with stop codons were
excluded from this study. The apr4 nucleotide sequences reported in this study have been deposited in the
DDBJ/EMBL/GenBank database under accession numbers LC015806-LC016497.
4.2.3 Phylogenetic and statistical analyses

The obtained apr4 gene sequences were aligned using the ClustalX program (Larkin et al., 2007), version 2.1,
and a sequence distance matrix was generated using the ARB program (Ludwig et al., 2004), version 6.0. The
calculated distance matrix was inputted into the mothur program (Schloss et al., 2009), version 1.33 and the
obtained aprA gene sequences were grouped into operational taxonomic units (OTUs) at a 90% nucleotide
sequence identity based on the matrix. Putative chimeric sequences were not detected using the “chimera.uchime”
command in the mothur program and the more abundant sequences in the obtained clone libraries as a reference.
Translated deduced AprA amino acid sequences were subjected to BLASTP analysis
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The deduced AprA amino acid sequences (111-127 amino acid residues)
used for AprA tree construction were aligned using the ClustalX program, and then manually corrected. A
neighbor-joining AprA phylogenetic tree construction was performed using the MEGA program (Tamura e al.,
2013), version 6.06. A pairwise distance matrix used for the tree construction was calculated based on the aligned
AprA sequences and the Poisson model. A bootstrap analysis with 1,000 replicates was performed to assign
confidence levels to the tree topology. The resulting tree was displayed using the FigTree program, version 1.4.2
(http://tree.bio.ed.ac.uk/software/figtree/). Chaol and ACE richness estimators, Shannon diversity indices, Good’s

coverage values, and rarefaction curves were calculated using the mothur program.

4.3 Results and Discussion

Phylogenetically diverse aprA4 genes were detected in all the samples tested by PCR and subsequent cloning

76



Chapter IV

bootstrap value

“(sz1£00v8ISSUO0

J0.0S

e
o
e Mwﬂ T
oo %“
—— P

208 2(ceri3085%)

SEAN o) eneooe €20
BB o
_—0g g OV oo hot sprind
\ & Mo macoes) A4
\ T A BAQO3516)
|| —6—onu7aBAIBEIS, ao3660)

| ‘-i e wi%muwszssz!

—— OTUS51 (8AQ03470)
r_+ ? F_m (BAQQ3450)
| —<£ Daut’ubwtzu‘oﬂ s marinus (ABR92523)

/ L &% SM'""‘M"”';‘"’%' (ABR92519)
o DerAQa3azs)
2 BAQ3GS 5 MM Corrogen,.

g & - ong; Q"M‘WJ (ABR9257)
— Q330 Plis v
Oy 3500 olatus (agp,
- - 192535)
5 P,
o

S

DW -
w“‘@u“‘“”ms%?“;én%
A )3}
.

25550

b
§
i

o

[

)SELUO— @

P
1@: io—
o

) £1ideQESE UOF

1) 51 yade-L UOP SIDVO
(cvae5eav

Figure 4-2. Neighbor-joining phylogenetic tree of deduced AprA amino acid sequences. Bold red letters
indicate the OTUs detected in this study. The accession numbers are shown in parentheses. The scale bar

represents 0.05 amino acid substitutions per sequence position. The color of circles at the branch nodes
indicates the bootstrap values obtained after 1,000 resamplings.

procedures. A total of 692 aprd gene clones were obtained, and these genes were grouped into 135 distinct
operational taxonomic units (OTUs) based on 90% nucleotide sequence identity (Fig. 4-2 and Table S4-1). The
rarefaction curves for all clone libraries did not plateau (Fig. 4-3), and the Good’s coverage values did not reach
100% in any of the clone libraries (77%—93%; Table S4-2). Therefore, additional apr4 OTUs may be recovered
by additional sequencing efforts with the same PCR primer set in each clone library. The higher diversity observed
at shallower (i.e., 3.7 m below seafloor [mbsf] of Site C9010, and 2.5 and 5.1 mbsf of Site C9001) than greater
sediment depths (i.e., 154 mbsf of Site C9010 and 48.3 mbsf of Site C9001) suggested the suppression of
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Figure 4-3. Rarefaction curves for each apr4 gene clone library.

phylogenetic diversity at greater sediment depths of Sites C9010 and C9001 (Fig. S4-2 and Table 4-2). Based on
the phylogenetic positions, each OTU was assigned to one of the 16 phylogenetic groups, including tentatively
classified uncultivated groups (Fig. 4-2). Clusters A to G and J to L did not contain any AprA sequences from pure
cultures with validated names. The aprA4-based community structures and putative function of each phylogenetic
group are shown in Fig. 4-4. On the basis of the closest cultured relatives and AprA phylogeny (Meyer and Kuever,
2007b), 87 and 45 OTUs were assigned to putative sulfate-reducing and sulfur-oxidizing functional groups,
respectively. All 45 putative sulfur-oxidizing OTUs were classified into two phylogenetically distinct
sulfur-oxidizing bacteria (SOB), AprA lineages I and II (Meyer and Kuever, 2007a). However, difficulties were
still associated with clearly assigning the putative sulfur-oxidizing OTUs to specific taxa, even at the family level,
due to the limited number of reference aprA genes phylogenetically close to the OTUs and low bootstrap values
(Fig. 4-2). A previous study proposed that the aprBA gene of the sulfate-reducing genus Thermodesulfovibrio is
laterally transferred to the sulfur-oxidizing family Chlorobiaceae (Meyer and Kuever, 2007a). Therefore, the
putative functions of three OTUs affiliated with clusters E and F (i.e., OTUs 44, 100, and 135) remain unclear. In
all samples analyzed, low-abundance OTUs (showing less than 5.0% of the clonal abundance in each library)
comprised a total of 34.9%—56.0% of the composition in each clone library.

At Site C9010 offshore of the Boso Peninsula, the family Desulfobacteraceae-affiliated apr4 genes comprised
60.2% of the clone library from the sediment at 3.7 mbsf (Fig. 4-4). The Desulfobacteraceae-affiliated aprA genes

were also detected at 15.4 mbsf, which was clearly below the sulfate-depletion depth (12.6% of the total clones). In
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Table 4-2. Diversity statistics based on aprd gene clone libraries.
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contrast, Desulfotomaculum-associated cluster 1 was
identified as the major putative sulfate-reducing lineage
at that depth (28.7% of all clones). In addition to cluster
I, SOB AprA lineage I was frequently detected at 15.4
mbsf (49.4% of the total clones). Among the SOB
AprA lineage I-associated OTUs, OTUS, which was
phylogenetically closely related to the sequences of a
putative autotrophic sulfur-oxidizing
gammaproteobacterial  lineage of Aggd7 (eg,
GenBank accession number ADX05650; Fig. 4-2), was
highly dominant at 15.4 mbsf (20.7% of all clones;
Table S4-2) (Swan et al., 2011). Desulfobulbaceae,
clusters G and J, and SOB AprA lineage II were not
abundant, but were detected at 15.4 mbsf (each group
corresponding to 1.1%—4.6% of all clones).

The family Desulfobacteraceae comprised 57.0% of
the clone library obtained from Site C9001 off the
Shimokita Peninsula at 2.5 mbsf (Fig. 4-4). Two
uncultured lineages, clusters G and L, were also
relatively abundant at 2.5 mbsf (corresponding to
12.8% and 11.6% of the clone library, respectively).
Desulfobacteraceae was also detected as the major
component at a depth of 5.1 mbsf, which was just
below the sulfate-depletion depth (26.4% of all clones).
Clusters C, G, and L, and SOB AprA lineage I were
identified as being abundant at 5.1 mbsf (corresponding
to 19.5%, 12.6%, 10.3%, and 18.4% of all clones,
respectively). At a greater depth of 48.3 mbsf, SOB
AprA lineage 1 was the most abundant (43.4% of all
clones). OTU1 was phylogenetically relatively close to
cultured gammaproteobacterial sulfur oxidizers (e.g.,
Thiocapsa marina;, Fig. 4-2 and Table S4-1) and
represented the predominant SOB AprA lineage
I-associated OTU at 48.3 mbsf (31.6% of all clones).

79



Chapter IV

3.7 mbsf (83) . s == | ‘100
Site C9010
154mbsf(87) @ o N U S ‘ i :..
2.5 mbsf (86) T — o @ o @ @ o o ‘75
SiteC9001| 5.1 mbsf (87) o ol @ i Y A @ ‘ 50
483mbsf(76)| - @ @t @ ‘ , ®
i i 25
sediment (116) ’ [ e Y o 00 ° ‘
Site 6K949 ; @ 10
enrichment (157) . . ® . @ o O @ ° ® 5
e 1
HE E E E E BE O O m H E E E E A_A %clones
QL2 G O o G G ¢ O G G G G G S %
Ve, N, Yoy Uop Yo Yo, U Gy, Uop Up Uy Uop U Uy O, 0
G % Y ® o 6. 6 Y, o W o Y, S Y Y
Os Oy Ly Ve 4 %, %, Q. % % vy %, e, %, %,
°¢‘ %‘, ¢ O ¢ & [ & 4' 4/' 4/.
% % KN %
N % 9, 6\9
% © s, %,

Figure 4-4. Community structures based on aprd gene clone libraries. The size of each dot indicates the
percentage of identified aprA4 gene sequences falling within a particular taxonomic group. The symbols before
the group names indicate the putative function in each taxonomic group. Closed squares, closed triangles, and
open circles indicate sulfate reduction, sulfur oxidation, and uncertain function, respectively. The numbers of
obtained clones in each library are shown in parentheses.

Desulfotomaculum-associated cluster I was detected as the dominant putative sulfate-reducing component at 48.3
mbsf (17.1% of all clones). In addition, other phylogenetically diverse apr4 genes affiliated with the putative
sulfate reducer lineages of Desulfobacteraceae, Desulfobulbaceae, and clusters G, H, and I were also detected at
48.3 mbsf (each group corresponding to 3.9%—13.2% of all clones).

Desulfobacteraceae and SOB AprA lineages I and II were frequently detected at Site 6K949 in the methane-seep
sediment of the Nankai Trough (corresponding to 25.0%, 34.5%, and 19.8% of all clones, respectively; Fig. 4-4).
Other putative sulfate-reducing lineages of Desulfobulbaceae, and clusters A, B, C, G, H, 1, and L were also
detected with a relatively low frequency (each group corresponded to 0.9%—6.0% of all clones). The existence of
markedly diverse apr4 genes in the 6K949 enrichment  (Fig. 4-4 and Table 4-2) suggested that phylogenetically
diverse microorganisms possessing the aprA gene at Site 6K949 were culturable under certain laboratory
conditions. SOB AprA lineage I-associated OTU1 was the highly dominant OTU in the enrichment (31.8% of all
clones; Table S4-1). The frequent detection of putative sulfur oxidizer-affiliated apr4 genes may be linked to the
input of barely oxygenated artificial seawater medium and potential sulfide production via an active AOM reaction,
as described in the previous study (Aoki ef al., 2014). In contrast, it was unable to completely exclude potential
anaerobic growth by putative sulfur oxidizers colonized in the enrichment (e.g., disproportionation of inorganic
sulfur compounds; see later).

The frequent detection of putative sulfate-reducing aprA4 genes in shallow sediment depths associated with the
typical sulfate-reducing zone is not surprising. In the present study, Desulfobacteraceae-associated aprA genes

were identified as the major components at Site 6K949 and shallow sediment depths of Sites C9010 and C9001
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(Fig. 4-4). The dominance of Desulfobacteraceae has also been observed in geographically distinct subseafloor
environments (Leloup e al., 2009; Blazejak and Schippers, 2011). Most cultured members of the family
Desulfobacteraceae completely oxidize a wide range of organic compounds to carbon dioxide with sulfate or other
inorganic sulfur compounds as the electron acceptor (Kuever, 2014). Growth with fermentation (Kuever, 2014),
iron reduction (Kuever, 2014), the disproportionation of inorganic sulfur compounds (Milucka ez al., 2012; Kuever,
2014), gaseous short-chain alkane degradation using sulfate (Kniemeyer et al., 2007), and lithoautotrophic growth
with hydrogen (Kuever, 2014) have been reported in Desulfobacteraceae members. Therefore,
Desulfobacteraceae sulfate reducers appear to be capable of occupying ecological niches in diverse marine
environments due to their metabolic versatility. The symbiotic lifestyle of the ANME-2 group with the
Desulfosarcina/Desulfococcus (DSS) group within Desulfobacteraceae has been reported previously (Knittel and
Boetius, 2009). According to a mechanism recently proposed by Milucka ez al. (2012), DSS disproportionates
zero-valent sulfur (in the form of disulfide) formed by ANME-2 to sulfate and sulfide in a sulfate-driven AOM
reaction. OTU2, which was frequently detected at Sites C9010 and 6K949, was phylogenetically close to
environmental sequences retrieved from an ANME-2/DSS-dominated microbial mat (Fig. 4-2). Thus, the
presence of some Desulfobacteraceae aprA genes may be solely attributed to sulfate-driven AOM activity.
Phylogenetically diverse putative sulfate-reducing aprd genes were also detected in sulfate-depleted (<1 mM
sulfate) sediment horizons below the typical sulfate-reducing zone (Fig. 4-4). These results suggested that
phylogenetically diverse putative sulfate reducers exhibited high sulfate affinity to adapt to low-sulfate subseafloor
environments (Tarpgaard et al., 2011). Among the phylogenetically diverse putative sulfate-reducing groups,
Desulfotomaculum-associated cluster [ was frequently detected at greater depths. Most cultured members of the
genus Desulfotomaculum have the ability to oxidize various organic substances with sulfate or other inorganic
sulfur compounds as the terminal electron acceptor (Kuever and Rainey, 2009; Aiillo et al., 2013). Growth with
fermentation (Kuever and Rainey, 2009; Alillo et al., 2013), metal reduction (Kuever and Rainey, 2009; Aiillo ez
al., 2013), thiosulfate disproportionation (Aiillo ef al., 2013), syntrophic association with methanogens in the
absence of sulfate (Imachi et al., 2006), propane degradation using sulfate (Kniemeyer et al., 2007), and
lithoautotrophic growth with hydrogen (Kuever and Rainey, 2009; Adiillo ef al., 2013) have been reported in
Desulfotomaculum-related lineages. Another unique physiological feature of Desulfotomaculum members is their
sporulation capability (Kuever and Rainey, 2009; Adillo et al., 2013). Sporulation is considered to be one of the
microbial strategies used to resist nutrient deprivation, unfavorable temperatures, or redox conditions (Alillo et al.,
2013). Assuming that cluster I-affiliated members share Desulfotomaculum-like versatile physiological features,
these members may have advantages for long-term survival in deep subseafloor environments in which nutrient
availability is severely limited (Jorgensen and Boetius, 2007). In contrast, previously identified Desulfotomaculum
members have not yet been detected and isolated from deep subseafloor environments (Aiillo ef al., 2013). Further

analyses are needed in order to obtain detailed genetic and physiological information on putative sulfate reducers
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possessing the cluster [ apr4 gene.

Another interesting result of this functional gene survey was the frequent detection of SOB AprA lineage
I-affiliated aprA genes in sulfate-depleted deep subseafloor sediment samples at Sites C9010 and C9001 (Fig. 4-4).
Furthermore, phylogenetic analysis presented in this study suggested that some as yet uncharacterized sulfur
oxidizers potentially affiliated with the class Gammaproteobacteria may function in the biological sulfur cycle at
greater depths. Although we did not obtain quantitative data regarding general terminal electron acceptors for
sulfur oxidizers (i.e., oxygen, nitrate, and nitrite), these electron acceptors may be available less at sulfate-depleted
depths because of higher reduction potential ranges than those of sulfate (Lam ef al., 2011). In contrast, mRNA
transcripts coding for dissimilatory nitrate reductases were expressed at the sulfate-depleted sediment depths of the
Peru Margin sediment (Site 1229, Hole D) in the absence of measureable nitrate (Orsi et al., 2013). Thus, the
presence of trace amounts of nitrate at sulfate-depleted lower-redox depths may be one of the conceivable
explanations for the detection of putative sulfur oxidizer-related apr4 genes. Another possible metabolism that
may sustain the putative sulfur oxidizers possessing the aprA gene is the disproportionation of inorganic sulfur
compounds, such as thiosulfate (82032_ +H,0 — SO +HS + H*) and elemental sulfur (4S° +4H,0 — SO, +
3HS + 5H") (Finster, 2008). Reactive metal species (e.g., Mn(IV) and Fe(IIl)), which may be involved in the
abiotic oxidation of sulfide to thiosulfate and that to elemental sulfur, have been detected at
sulfate-depleted-sediment depths of diverse marine sediments (Knab et al., 2009; Holmkvist et al., 2011).
Therefore, the disproportionation of inorganic sulfur compounds may occur as primary energy-yielding
metabolism in the sulfate-depleted subseafloor sediment once reactive metal species are available; however,
elemental sulfur disproportionation requires the removal of the produced sulfide to be thermodynamically
favorable (Finster, 2008). OTUS, phylogenetically closely related to the genus Desulfocapsa, which contains
isolates capable of the disproportionation of inorganic sulfur compounds (Finster, 2008), was one of the frequently

detected OTUs at 48.3 mbsf of Site C9001 (10.5% of all clones; Table S4-1).

4.4 Summary of this chapter

The functional gene survey presented in this study suggested the presence of markedly diverse aprA sequences in
subseafloor sediments on the northwestern Pacific margin off Japan, and also that the microbial ecosystems
involved exhibited markedly diverse genetic potentials to mediate the sulfur cycle even below the typical
sulfate-reducing zone. The family Desulfobacteraceae and microbes possessing the aprA gene associated with
AprA cluster I were identified as the predominant putative sulfate-reducing components at shallow and deep
sediment depths, respectively. Also, some as yet uncharacterized putative gammaproteobacterial sulfur oxidizers
were suggested as key sulfur compound-metabolizing components at greater sediment depths. In contrast, the in
situ expression of aprA genes, in situ activity rates, and the detailed physiological properties of microorganisms

possessing the aprA gene currently remain unclear. The combination of an in sifu metatranscriptomic analysis and
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laboratory cultivation studies will provide deeper insights into the potential biogeochemical sulfur cycling in

subseafloor microbial ecosystems.
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Chapter V

Chapter V: Summary of this thesis

Marine sedimentary microbes significantly contribute the carbon and sulfur cycling on the Earth. However,
despite the significance of the microbes, still little is known about the ecology of the microbes relevant to carbon
and sulfur cycling. Therefore, in this thesis, culture-dependent and -independent experiments were performed
using marine sediment samples collected from the northwestern Pacific margin off Japan to better understand the
ecology of marine sedimentary carbon and sulfur cycling-associated microbes. Follow-up studies using this data
and enrichment cultures obtained in this thesis should provide deeper insights into the biogeochemical processes in
marine sediments. The experimental outcomes and conclusions in each chapter are as follows:

In Chapter II, a continuous-flow bioreactor with polyurethane sponges, called the down-flow hanging sponge
(DHS) bioreactor, was utilized for cultivating an anaerobic oxidation of methane (AOM) microbial community
from the deep-sea methane-seep sediment of the Nankai Trough. The main objective of Chapter Il was to
investigate the applicability of the DHS bioreactor for cultivating an AOM microbial community and identification
of active AOM-associated entities in the methane-seep sediment of the Nankai Trough. As a result of the
enrichment achieved using the DHS bioreactor, anaerobic methanotroph (ANME)-related lineages (i.e., ANME-1,
-2a, -2¢, and -3) were detected in the enrichment. Also, an active potential AOM activity was confirmed in the
enrichment by a tracer experiment using C-labeled methane. These results suggest that these putative AOM
entities thriving in the methane-seep sediment of the Nankai Trough would be metabolically active and might
involve in situ AOM activity (potentially coupled with sulfate reduction; arrow (1) in Fig. 5-1). The selective
enrichment result of ANME-2a in the coexistence of phylogenetically distinct ANME lineages supported the
hypothesis that the existence of certain physical-chemical condition(s) controls the ANME community structure.
Fluorescence in situ hybridization analysis showed that active ANME-1, -2a, and most ANME-2c cells occurred
without close physical interaction with potential bacterial partners, implying that the AOM entities thrive in the
methane-seep sediment have the potential to mediate bacteria-independent AOM. In addition to ANMEs,
phylogenetically diverse microbes, including uncultured archaeal lineages of Deep-Sea Archaeal Group and
Marine Benthic Group-D, and an uncultured gammaproteobacterial lineage, were detected in the enrichment. The
data provided in this chapter demonstrates that the DHS bioreactor is a useful system for cultivating fastidious
AOM-associated microbes and would offer an initiative step to obtain a pure culture of ANMEs and other
phylogenetically diverse and elusive microbial life.

In Chapter III, the methane-seep sedimentary microbial community obtained in Chapter II was subsequently
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Chapter V
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Figure 5-1. Conceptional network of potential carbon and sulfur cycling-related reactions in marine sediment
on the northwestern Pacific margin off Japan. BS, marine sediment off Boso Peninsula; SK, marine sediment
off Shimokita Peninsula; NT, methane-seep sediment of the Nankai Trough. Arrows indicate as follows: arrow
(1), anaerobic oxidation of methane coupled to sulfate reduction; arrow (2), sulfate reduction with an
unidentified electron donor; arrow (3), physical diffusion; arrow (4), elemental sulfur disproportionation; arrow
(5), thiosulfate disproportionation; arrow (6), sulfur (compound) oxidation with an unidentified electron
acceptor; arrow (7), abiotic sulfide oxidation with an unidentified sulfide scavenger. Important microbes as
suggested by this thesis are also noted in the figure.

cultivated using a continuous-flow bio-electrochemical reactor (BER). The objective of this chapter was to clarify
possible effect of quinone compound-mediated anaerobic redox potential difference on AOM-associated microbial
community structure development in the methane-seep sediment of the Nankai Trough. In the present study, a
model quinone compound of anthraquinone-2, 6-disulfonate was added to the cultivation medium as an
electrochemically active redox mediator to control the redox potential of cultivation medium using BER. The
working electrode potential of the BER was set at 0.4 V or 0.6 V (vs. Ag/AgCl reference electrode). 16S rRNA
gene-targeted clone analysis suggested that distinct archaeal and bacterial phylotypes were dominated in the BER
in response to the poised electrode potential. The ANME-2a-affiliated archaeal and Sulfurimonas-affiliated
bacterial phylotypes were predominant components in the cultivation vessel poised at —0.4 V, while the
Methanococcoides-aftiliated archaeal and Helicobacteraceae-affiliated bacterial phylotypes were highly enriched
in the cultivation vessel poised at —0.6 V. The data obtained in this study implies that the quinone
compound-mediated anaerobic redox potential difference is a factor that controls the microbial community

structure development in the methane-seep sediment. In addition, this study also hints at laboratory cultivation
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Chapter V

methods for uncultivated microbes, including a member of a widely distributed yet uncultivated
Helicobacteraceae lineage, predominantly detected in the cultivation vessel poised at —0.6 V.

Chapter IV described the phylogenetic diversity of the aprA gene, which encodes a key enzyme in dissimilatory
sulfate reduction and sulfur oxidation, in the subseafloor sediment. The objective of Chapter IV was to identify
putative sulfur-metabolizing microbial components and obtain new insights into the microbial sulfur cycling in the
sedimentary environment. The aprd gene sequences obtained using PCR and subsequent clone library
construction were grouped into 135 operational taxonomic units at 90% sequence identity. On the basis of the
relative abundance of aprA gene clones, the family Desulfobacteraceae and microbes possessing the AprA cluster
I (tentatively defined group in this study)-associated apr4 gene might have an important role in sulfate-rich
shallow and sulfate-poor deep sediment-associated sulfate reductions, respectively (arrow (2) in Fig. 5-1). The
concomitant detection of putative sulfate-reducing and sulfur-oxidizing bacteria-associated apr4 genes in deep
subseafloor sediment samples implies that the occurrence of coupled oxidative and reductive microbial sulfur
cycling in the deep sediment. On the basis of previously published reports on deep subseafloor sulfur cycling,
sulfur compound disproportionation (arrows (4) and (5) in Fig. 5-1) and/or sulfur oxidation (arrow (6) in Fig. 5-1)
might occur in the deep subseafloor environment. The high relative abundance of sulfur-oxidizing bacteria (SOB)
AprA lineage I-associated apr4 gene suggested that the microbes possessing the aprA gene might have a crucial
role in the deep subseafloor cryptic sulfur cycling, especially for oxidative sulfur cycling. Although the in situ
expression of aprA genes, in situ activity rates, and the detailed physiological properties of sulfur-metabolizing
microbes possessing the aprd gene remain unknown, the results presented in this chapter suggested that the

microbial ecosystems involved exhibited markedly diverse genetic potentials to mediate the sulfur cycling.
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