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Abbreviations 

 

EPS:   Exopolysaccharide 

FE-SEM:  Field-emission scanning electron microscopy 

SRB  Sulfate-reducing bacteria 

TEM:   Transmission electron microscopy 

XRD:  X-ray diffraction 
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Chapter 2 describes the reduction of hematite with sulfide derived from the reduction 

of S
0
 by a thermophilic fermenter, Thermosipho globiformans, during syntrophy with M. 

jannaschii in a medium containing proteinaceous organics. S
0
 is known to interrupt the 

H2-mediated syntrophy between fermenter and methanogen by intercepting reducing 

equivalents from the fermenter, which otherwise reduce H
+
 and produce H2, resulting in the 

generation of sulfide. Hematite added to the S
0
-intrrupted syntrophic system was converted to 

amorphous FeS by the reduction with the sulfide. The amorphous FeS formed a network of 

spiny structures due to the presence of proteinaceous organics. The network shielded S
0
 in the 

sediment and recovered the syntrophy in the liquid milieu. Amorphous FeO(OH) instead of 

hematite also rescued the syntrophy by the same mechanism. These results suggest that the 

fermenter–methanogen syntrophy is possible also in the presence of S
0
, if hematite or 

amorphous FeO(OH) is present. This implies that the oxidative force converting Fe(II) to Fe(III), 

such as oxygen molecules, may help methanogens survive at the border of anoxic and oxic 

environments.  
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interrupt the syntrophy. However, I revealed that addition of Fe(III) alleviated the interruption 

by S
0
. Experimental evidence suggested that this phenomenon was explained by the stiffening 

of iron sulfide that shielded the S
0
 in the sediment. From ecological point of view, I discussed 

the effect of Fe(III) on expanding the environmental niche of methanogens.  
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Abstract 

Thermosipho globiformans (rod-shaped thermophilic fermenter) and 

Methanocaldococcus jannaschii (coccal hyperthermophilic hydrogenotrophic methanogen) 

established H2-mediated syntrophy at 68°C, forming exopolysaccharide-based aggregates. 

Electron microscopy showed that the syntrophic partners connected to each other directly or via 

intercellular bridges made from flagella, which facilitated transfer of H2. Elemental sulfur (S
0
) 

interrupted syntrophy; polysulfides abiotically formed from S
0
 intercepted electrons that were 

otherwise transferred to H
+ 

to produce H2, resulting in the generation of sulfide (sulfur 

respiration). However, Fe(III) oxides significantly reduced the interruption by S
0
, accompanied 

by stiffening of Fe(II) sulfides produced by the reduction of Fe(III) oxides with the sulfur 

respiration-generated sulfide. Sea sand replacing Fe(III) oxides failed to generate stiffening or 

protect the syntrophy. Several experimental results indicated that the stiffening of Fe(II) sulfides 

shielded the liquid from S
0
, resulting in methane production in the liquid. Field-emission 

scanning electron microscopy showed that the stiffened Fe(II) sulfides formed a network of 

spiny structures in which the microorganisms were buried. The individual fermenter rods likely 

produced Fe(II) sulfides on their surface and became local centers of a core of spiny structures, 

and the connection of these cores formed the network, which was macroscopically recognized 

as stiffening. 
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Introduction 

Fermenter–methanogen syntrophy is an H2/formate-mediated syntrophy in which 

H2/formate is produced by fermenters and consumed by methanogens. In the H2-mediated 

syntrophy, fermenters produce H2 when intracellular substrates for fermentation have been 

exhausted; electrons are then transferred from reduced coenzymes to H
+
, yielding H2. However, 

this reaction is endergonic and tends to be reversed under physiological conditions, leading to 

the accumulation of reduced coenzymes, which results in growth inhibition of fermenters. 

Methanogens benefit from fermenter-produced H2 as an energy source, resulting in the 

alleviation of H2-inhibition of the fermenters (Stams and Plugge, 2009). 

 Bacterial as well as archaeal fermenters are involved in (hyper)thermophile syntrophy 

(Bonch-Osmolovskaya and Stetter, 1991; Ishii et al., 2005; Muralidharan et al., 1997; Schopf et 

al., 2008; Ver Eecke et al., 2012). Among them, syntrophic partnerships involving a bacterial 

fermenter and methanogen, such as Thermotoga maritima (Huber et al., 1986) with 

Methanocaldococcus jannaschii (Jones et al., 1983), or Pelotomaculum thermopropionicum 

(Imachi et al., 2002) with Methanothermobacter thermautotrophicus (Zeikus and Wolee, 1972), 

are better characterized(Ishii et al., 2005; Johnson et al., 2006; Johnson et al., 2005; 

Muralidharan et al., 1997; Shimoyama et al., 2009). The fermenters and methanogens approach 

each other through binding to fermenter-produced exopolysaccharides (EPSs) (Muralidharan et 

al., 1997) and by forming intercellular bridges (Ishii et al., 2005), which are expected to 

facilitate transfer of H2. 

Thermosipho globiformans (Kuwabara et al., 2011) is a thermophilic fermenter, 

belonging to the bacterial order Thermotogales (Huber and Stetter, 1992), recently shown to 

establish a syntrophy with Mc. jannaschii (Yamane et al., 2013). T. globiformans  was 
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collected from a deep-sea hydrothermal vent using an in situ cultivation device that was 

designed to create interfaces between anoxic and oxic environments similar to those found in 

hydrothermal chimneys (Kuwabara et al., 2006). T. globiformans  exhibited hematite-reducing 

activity, which was obvious in the presence of elemental sulfur (S
0
) (Kuwabara et al., 2011).  

H2-mediated syntrophy is suggested in hydrothermal chimneys (Harmsen et al., 1997; 

Schrenk et al., 2003; Ver Eecke et al., 2012). However, the chimneys are well known to contain 

elemental sulfur (S
0
) as well as metal sulfides (Jannasch, 1989; Noguchi et al., 2007; Watanabe 

and Kajimura, 1994). It is unknown whether the syntrophy is possible under such chemical 

environments; S
0 

interrupts syntrophy (Muralidharan et al., 1997) because polysulfides, which 

are abiotically generated from S
0
 and SH

–
 (Schauder and Kröger, 1993; Schauder and Müller, 

1993; Teder, 1971), intercept electrons that are otherwise transferred to H
+
, by a process known 

as sulfur respiration. However, metal sulfides at the surface of chimneys are oxidized with O2 in 

seawater to generate metal oxides. Effects of metals oxides on the syntrophy in the presence of 

S
0
 have not been studied.  

In this study, the syntrophy of T. globiformans and M. jannaschii was characterized at 

first in the absence of both S
0
 and Fe(III) oxides. Next, the effects of S

0
 and Fe(III) oxides on 

the syntrophy were studied. The obtained results indicate that stiffening of Fe(II) sulfides, which 

are produced by the reduction of Fe(III) oxides with sulfur respiration-derived sulfide, shields 

the liquid from S
0
, resulting in methane production in the liquid. 
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Materials & Methods 

Strains and cultivation 

T. globiformans  MN14 was isolated in our laboratory (Kuwabara et al., 2011) and 

was deposited in the Japan Collection of Microorganisms (JCM) and Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ). M. jannaschii JAL-1 (Jones et al., 1983) and T. 

maritima MSB8 (Huber et al., 1986) were obtained from JCM. 

 Anaerobic cultivations were performed using 12 ml of medium in 68-ml serum bottles 

(Kuwabara et al., 2011). An anaerobic workstation was used for inoculation, in which the gas 

phase was N2:H2:CO2 (80:10:10) (Kuwabara et al., 2005). T. globiformans  was successively 

cultivated in Tc medium (pH 6.5) (Kuwabara et al., 2005) that contained the following per liter 

of H2O: 25 g of NaCl, 0.33 g of KCl, 2.8 g of MgCl2·6H2O, 3.4 g of MgSO4·7H2O, 10 mg of 

NaBr, 0.3 g of K2HPO4, 0.25 g of NH4Cl, 0.025 g of FeSO4·7H2O, 10 ml each of trace mineral 

solution and vitamin solution (Balch et al., 1979), 3 g of Bacto-yeast extract, 3 g of 

Bacto-tryptone, 10 g of elemental sulfur (S
0
), 0.5 g of Na2S·9H2O, and 1 mg of resazurin, under 

the headspace of workstation gas at 68°C for 16 h. T. globiformans  was precultivated in Tc 

medium devoid of S
0
 (Tc–S

0
 medium) before syntrophic cocultivation. M. jannaschii was 

successively cultivated in JCM 232 medium under the headspace of H2:CO2 (80:20) at 80°C for 

24 h. Cocultivation of T. globiformans  and M. jannaschii was performed in Tc medium or 

Tc–S
0 
medium, with or without addition of Fe(III) oxides equivalent to 60 mM Fe, at 68°C for 

16 h, unless otherwise stated. Workstation gas was also used for the cocultivation because the 

same conditions were chosen for the hematite-reducing activity of T. globiformans  (Kuwabara 

et al., 2011). In some experiments, the serum bottles were rotated during cocultivation using a 

hybridization incubator (HB-80; TAITEC, Koshigaya, Japan). As controls, T. globiformans  or 
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M. jannaschii were monocultivated in Tc medium containing Fe(III) oxides at 68°C, under a 

headspace of workstation gas for 16 h and H2:CO2 (80:20) for 32 h, respectively. 

T. maritima was successively cultivated in JCM 237 medium under the headspace of 

workstation gas at 80°C for 24 h. T. maritima and M. jannaschii were cocultivated at 68°C or 

85°C under the same conditions as the monocultures. 

 

Preparation of growth media containing Fe(III) oxides or sea sand 

In this study, Fe(III) oxides were represented by hematite (purity >97%; Wako, Osaka, 

Japan) and amorphous FeO(OH). Hematite was washed once with distilled water and then 

suspended in distilled water to a concentration of 0.6 M. Amorphous FeO(OH) were prepared as 

described previously (Lovley and Phillips, 1986), washed 6 times with distilled water, and then 

suspended in distilled water to a concentration of 0.6 M. The Fe(III) oxide suspensions were 

autoclaved at 121°C for 20 min with a stir bar and were subsequently stored at room 

temperature. Aliquots of the suspensions were removed during stirring and were added to Tc 

medium to bring the calculated concentrations of Fe(III) to 60 mM, which yielded Tc+hematite 

medium and Tc+FeO(OH) medium, respectively. 

The amounts of hematite and S
0
 in the Tc+hematite medium were tripled, with 

layering of hematite on the S
0
, which yielded Tc(3S

0
)+3hematite medium, which was used to 

clearly visualize S
0
 remaining after cocultivation. As a control, the same packed volume of sea 

sand (particle size, 300–600 μm; Wako) was layered on the S
0
 in place of Hematite, which 

yielded Tc(3S
0
)+sea sand medium. Before preparing the control medium, the sea sand was 

washed with Tc–S
0
 medium by autoclaving and hand-operated centrifugation. The resulting 

pellet was resuspended in Tc–S
0
 medium, autoclaved, and stored at room temperature. 
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Quantitative analyses  

The cell density and levels of methane, sulfide, and Fe(II) were determined using 3 

cultures unless otherwise stated, and duplicate measurements were averaged for each culture. 

Cell density. Cells were enumerated by direct counting using bacteria counting 

chambers. Serum bottles were vigorously shaken to disperse cells from aggregates. An aliquot 

of each culture was transferred to a microcentrifuge tube with a syringe and mixed with a 

LIVE/DEAD
®
 BacLight™ Bacterial Viability Kit (LIVE/DEAD; Molecular Probes, Eugene, 

OR, USA) as described previously (Kuwabara et al., 2005), and 2 μl of the mixture was loaded 

onto the chamber by capillary action; large aggregates may have escaped the loading. 

Concentrated samples were diluted with sterile 2% (w/v) NaCl before mixing with LIVE/DEAD. 

The total number of cells were counted using an optical microscope (Eclipse E600; Nikon) 

equipped with blue light excitation (excitation, 450–490 nm; dichroic mirror, 505 nm; barrier 

filter, 520 nm), while the M. jannaschii cells were counted based on the F420 autofluorescence 

under violet light excitation (excitation, 380–420 nm; dichroic mirror, 430 nm; barrier filter, 450 

nm). T. globiformans cells were calculated by subtracting the M. jannaschii cell number from 

the total cell number. 

Methane. For the determination of methane, samples from the headspace gas were 

taken with a gas-tight syringe and subjected to gas chromatography (GC-14A; Shimadzu, Kyoto, 

Japan) operated at 50°C with a Porapak Q 80/100 column (4 m; GL Sciences, Tokyo, Japan) 

equipped with a 1-m pre-column of the same adsorbent (Nakamura et al., 1999). Helium was 

used as the carrier gas. Methane was detected using a thermal conductivity detector. 

Sulfide and Fe(II). The amounts of sulfide and Fe(II) in sediments and supernatants 

were quantified by the methylene blue (Cline, 1969) and the ferrozine methods (Stookey, 1970) , 

respectively, as described in chapter 1 except that Fe(II) was extracted from the sediments by 
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mixing in 0.625 N HCl for 20 min at room temperature.  

Conversion of soluble sulfide to gaseous H2S might be considerable during the 

experimental operations, e.g., the centrifugation, at the pH after cocultivation (pH 6.3), at which 

the ratio of H2S to HS
–
 at equilibrium is approximately 4:1 (Snoeyink and Jenkins, 1980). To 

estimate the removal of sulfide as gaseous H2S, 50-μl aliquots were taken from a coculture to 

determine total sulfide, and the remainder was put into a 15-ml tube as described above. The 

15-ml tube was not centrifuged but instead placed outside the workstation during the 

centrifugation. After returning the centrifuge tube into the workstation, 50-μl aliquots were 

taken from the suspension after shaking to determine gaseous H2S-removed total sulfide. The 

amount of removed sulfide was estimated by subtracting the gaseous H2S-removed total sulfide 

from the total sulfide. The sulfide removed from Tc+hematite medium and Tc medium were 

estimated to be 2% and 9% of the respective total sulfides, each the average of 2 cocultures. The 

amounts of sulfide are shown without correction in the figures. 

 

Electron microscopy 

For field-emission scanning electron microscopy (FE-SEM), cultivation was 

performed in the presence of a glass SEM plate (diameter, 8.5 mm). The plate was carefully 

taken out of the medium and processed as described previously (Kuwabara and Igarashi, 2012). 

Mixtures of monocultures of T. globiformans  and M. jannaschii grown in Tc–S
0
 medium, and 

the sediments that had not stiffened in the Tc+hematite medium were placed on a glass SEM 

plate, which had been coated with 0.1% (w/v) poly-L-lysine. After standing for 30 min at room 

temperature, these specimens were fixed and processed for observation as described previously 

(Kuwabara and Igarashi, 2012). 

For whole mount transmission electron microscopy (TEM), cultivation was performed 
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with carbon-coated (Näther et al., 2006) or formvar-coated gold grids placed at the bottom of 

serum bottles. After cultivation, the grids were taken out of the serum bottles using tweezers and 

immediately fixed with 2% glutaraldehyde buffered with 0.2 M sodium cacodylate (pH 7.2) for 

30 min, washed with the same buffer for 10 min, and negatively stained with 2% uranyl acetate 

for 1 min. The specimens were observed with a TEM (JEM1010; JEOL, Tokyo, Japan) at an 

acceleration voltage of 80 kV. 
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Results 

Syntrophy of T. globiformans and M. jannaschii in Tc–S
0
 medium 

The syntrophy of T. globiformans and M. jannaschii was first characterized in Tc–S
0
 

medium. The microbes established syntrophy within 24 h at 68°C, 17°C below the optimal 

growth temperature of the methanogen, even when both organisms were inoculated at only 1 × 

10
5
 cells/ml (Fig. 9). Monocultures of the methanogen showed no apparent growth, suggesting 

that the essential energy source in the coculture was the H2 produced by the fermenter. When 

the initial headspace was replaced from the workstation gas to 100% N2, similar growth levels 

were attained after 16 h (Table 2). 

 

Aggregate formation  

Tiny black pellets were observed in the cocultures from the early stage of the 

mid-exponential phase; some pellets floated in the medium and other pellets adhered to the 

glassware (Fig. 10a). Similar pellets were observed even when the cocultures were rotated using 

a hybridization incubator (Fig. 10b). The pellets contained aggregates of syntrophic partners and 

EPS (Fig. 11), as observed using phase-contrast and fluorescence microscopy with acridine 

orange and Fluorescent Brightener 28 (Ishii et al., 2005; Johnson et al., 2006; Johnson et al., 

2005; Muralidharan et al., 1997; Shimoyama et al., 2009). No apparent differences were 

observed among the pellets in different locations, regardless of the rotation of the serum bottle. 

The aggregates were preserved even in the stationary phase (Fig. 10). 

 

Intercellular bridge formation and direct connection between syntrophic partners 

FE-SEM studies. To observe the fine structure of the aggregates, a glass SEM plate 
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was placed in the culture medium. FE-SEM of the pellets on the plate showed intercellular 

bridges as well as bridges connecting the cells and the glass substrate (Fig. 12a, b). Most bridges 

were narrow and straight (Fig. 12a; arrowhead), but wide and tapered bridges were also 

observed (Fig. 12b; arrowhead). The widths of the narrow-and-straight bridges ranged 50–100 

nm, depending on the assembly (Fig. 12a, b; diamond). When monocultures of T. globiformans  

and M. jannaschii in Tc–S
0
 medium were mixed at room temperature and subjected to FE-SEM 

analysis, no intercellular bridges were observed, indicating that the bridges observed in the 

cocultures were not an artifact of fixation (Dohnalkova et al., 2011). The narrow-and-straight 

bridges were also found in cocultures of T. maritima and M. jannaschii at 68°C, but not at 85°C 

(Muralidharan et al., 1997). 

Some T. globiformans and M. jannaschii cells made direct contact during 

cocultivation (Fig. 12a). Similar contact was observed using optical microscopy as well as 

FE-SEM in the mixtures of the monocultures, suggesting that the syntrophic partners have an 

affinity for one another. The rotation of the cocultures or replacement of the headspace with 

100% N2 did not affect these structural features.  

TEM studies. Whole mount TEM of the pellets that sedimented on carbon-coated 

gold grids (Näther et al., 2006) revealed that the bridges had formed from the tufts of the 

flagella (Fig. 12c). Because M. jannaschii has flagella (Jones et al., 1983), and like most 

Thermosipho species, no flagella have been observed for T. globiformans  (Kuwabara et al., 

2011), the methanogen likely provided the bridges. When the carbon-coated gold grids were 

replaced by formvar-coated grids, the flagella were observed with better resolution (Fig. 12d). 

Interestingly, the TEM images showed that some bridge-forming flagella were combined at the 

tips, on the fermenters (Fig. 12c). This finding suggests that the methanogen captures the 

fermenter using the flagella. Alternatively, the T. globiformans flagella could be generated in 
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response to the syntrophy (see Discussion).  

The TEM images also showed a structure directly connecting the cells of the 

syntrophic partners, penetrating the Thermotogales-specific large periplasm (Fig. 12e). The 

presence of this internal structure confirms that the contact between the syntrophic partners 

observed using FE-SEM (Fig. 12a) was not an artifact of fixation. This structure likely serves to 

transfer fermenter-produced H2 directly to the methanogen.  

Some wide-and-tapered bridges appeared to protrude from the rods (Fig. 12b; star) 

and could be compositionally distinct from the narrow-and-straight bridges or a result of 

fixation of the loosened tips from the M. jannaschii flagella. T. globiformans  formed 

intercellular bridges made from nanotubes of toga (Fig. 12f) in monocultures in Tc–S
0
 medium 

(Kuwabara and Igarashi, 2012), but whole mount TEM did not show such intercellular bridges 

between syntrophic partners. The origin of the wide-and-tapered bridges remains to be 

elucidated. 

 

Effects of S
0
 and hematite on syntrophy 

Addition of S
0
 at 312 mM (10 g/l) to Tc–S

0
 medium, which yielded Tc medium, 

enhanced the growth of T. globiformans but interrupted syntrophy, as observed with no growth 

of methanogen, producing approximately 4 mM soluble sulfide due to sulfur respiration (Fig. 

13). However, when 30 mM hematite was added to Tc medium, which yielded Tc+hematite 

medium, the methanogen grew in the presence of S
0 
(Fig. 13). Accompanying the recovery of 

syntrophy, the sediment turned from reddish brown to black and stiffened (Fig. 14b, c); the 

sediment layers were not broken when the serum bottles were tilted. Addition of hematite to 

Tc–S
0
 medium, which yielded Tc–S

0
+hematite medium, did not enhance syntrophy (Fig. 13), 

suggesting that the syntrophy-rescuing ability of hematite was related to the presence of S
0
.  
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Stiffening of Fe(II) sulfides protects syntrophy 

Sulfide and Fe(II) were significant in the sediment after cocultivation in Tc+hematite 

medium (Fig. 13), suggesting that the stiffened black substance was Fe(II) complexed with 

sulfides [Fe(II) sulfides]. When the serum bottles were rotated during the cocultivation to 

physically prevent stiffening, the interruption of syntrophy by S
0
 was reproduced (Fig. 13). 

Because the rotation did not affect syntrophy in the absence of S
0
 (Fig. 13), the interruption 

must be caused by the absence of stiffening. To investigate the causal relationship between the 

stiffening and methane production, the cell density, levels of methane, sulfide, and Fe(II), as 

well as the stiffening of the sediment, were measured every 4 h during cocultivation in 

Tc+hematite medium. Solid sulfide and Fe(II) increased up to 12 h from the start of 

cocultivation; stiffening was detected from 8 h (Fig. 14c), while methane production was first 

detected from 12 h (Fig. 15). The fact that stiffening preceded methane production suggested 

that the stiffening caused methane production, likely by shielding the liquid from S
0
.  

The methane production could be due to exhaust of S
0
, although the white appearance 

in the bottom view of Fig. 14c suggested residual S
0
. Therefore, the amounts of S

0
 and hematite 

in Tc+hematite medium were tripled, with the hematite layered on top of the S
0
, which yielded 

Tc(3S
0
)+3hematite medium. Cocultivation in Tc(3S

0
)+3hematite medium produced methane 

amounting to 60% of that found in Tc+hematite medium (Table 3); however, S
0
 clearly 

remained under the stiffened Fe(II) sulfides (Fig. 14d). Next, I tested whether syntrophy occurs 

when materials other than Fe(III) oxides cover the S
0
. Hematite in Tc(3S

0
)+3hematite medium 

was replaced by the same packed volume of sea sand, which yielded Tc(3S
0
)+sea sand medium. 

Cocultivation in Tc(3S
0
)+sea sand medium gave no stiffening of the sediment (Fig. 14e), with 

no methane production (Table 3). These results suggest that stiffening is essential for the 
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protection of syntrophy. 

 

Effects of the hematite-to-S
0
 ratio on methane production 

To investigate the effects of the hematite-to-S
0
 ratio on methane production, T. 

globiformans and M. jannaschii were cocultivated in Tc medium containing increasing 

concentrations of hematite. Up to an hematite-to-S
0
 molar ratio of 0.0025, the amount of soluble 

sulfide was high, stiffening of the sediment did not occur, and no methane was detected during 

the cocultivation (Fig. 16). However, at a molar ratio of 0.005, the sediment stiffened, solid 

sulfide increased, and methane was detected. Methane significantly increased at a ratio of 0.01, 

and above 0.01, methane gradually increased along with an increase in solid Fe(II). These 

findings suggest that there is a threshold hematite-to-S
0
 ratio in the range of 0.0025–0.01 for 

syntrophy protection, and the shielding was more or less leaky but became more effective with 

the increase in solid Fe(II). 

 

Biological process involved in the reduction of hematite with sulfide 

M. jannaschii is known to utilize S
0
 as an electron acceptor (Stetter and Gaag, 1983). 

To assess the contribution of the methanogen to the reduction of hematite, each microorganism 

was monocultivated in Tc+hematite medium. T. globiformans  produced stiffened Fe(II) 

sulfides after 16 h of cultivation (Fig. 14f), while M. jannaschii did not produce stiffened Fe(II) 

sulfides, even after 32 h of cultivation, under the headspace of H2:CO2 (80:20) (Fig. 14g). This 

finding suggests that the methanogen contributed little to the reduction of hematite during 

cocultivation. 

The reduction of hematite in Tc+hematite medium involves 2 processes: sulfide 

production by sulfur respiration of the fermenter and hematite reduction by the sulfide. The 
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latter process might be abiotic (Dos Santos Afonso and Stumm, 1992). To assess the 

significance of abiotic hematite reduction, Tc+hematite medium was supplemented with 40 mM 

Na2S (pH 7.0), 10-fold higher concentration than that produced upon cocultivation in Tc 

medium (Fig. 13), and the resulting medium was incubated without inoculum. After incubation, 

the soluble sulfide remained high, and the production of either soluble or solid Fe(II) was 

insignificant (Fig. 13). This finding suggests that hematite was not easily reduced with abiotic 

sulfide and that a biological process was involved in the reduction of hematite. 

 

Stiffened Fe(II) sulfides show a network of spiny structures  

FE-SEM of the sediment from cocultures in Tc+hematite medium showed spiny 

structures (Fig. 17a, b). The microorganisms were partially or fully buried in the network of the 

spiny structures; it was challenging to recognize the fully buried microorganisms, but 

characteristic bridges protruding from a core of spiny structures suggested the presence of 

microorganisms (Fig. 17b, oval). The spiny structures were never observed in the sediments 

from cocultures in Tc–S
0
+hematite medium (Fig. 17c), which showed the reddish brown color 

of hematite (Fig. 14a), suggesting that the spiny structures were related to Fe(II) sulfides.  

The network of spiny structures was also produced by T. globiformans monocultures 

(Fig. 17d), but not by M. jannaschii monocultures, under the headspace of H2:CO2 (80:20) (Fig. 

17e), consistent with the identification of spiny structures as Fe(II) sulfides. Abiotic incubation 

in Tc+hematite medium supplemented with 40 mM Na2S (pH 7.0) produced a smaller amount 

of Fe(II) sulfides (Fig. 13), but without stiffening (Fig. 14h). FE-SEM of the sediments did not 

show the network of spiny structures, but instead showed tiny spines on the surface of hematite 

(Fig. 17f), suggesting that these spines were products of abiotic reduction of hematite with 

sulfide. Continued formation of tiny spines by the fermenter would construct the network of 
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spiny structures. 

 

Effects of amorphous Fe(III) oxyhydroxide on syntrophy  

To study the effects of Fe(III) oxides without a crystal structure, some experiments 

were repeated by replacing hematite with FeO(OH). Similar results were obtained (Figs. 18 and 

19), although some differences were observed, such as lower growth levels of both species, 

higher amounts of cultivation- and incubation-produced Fe(II) sulfides (Fig. 18), and no abiotic 

production of tiny spines (Fig. 19e), probably related to the absence of a crystal structure of 

FeO(OH). When the cocultivation was performed in Tc medium containing 15 mM FeO(OH) 

for 32 h, the partial pressure of methane reached 1.2 ± 0.04 kPa (mean ± SD, n = 3). These 

results indicate that FeO(OH) also have the ability to protect syntrophy against interruption by 

S
0
, although the methane production was decreased due to the toxicity of FeO(OH) to both 

microorganisms (Fig. 18). 
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Discussion 

T. globiformans  and M. jannaschii established syntrophy at 68°C, 17°C below the 

optimum growth temperature of the methanogen, 85°C (Jones et al., 1983). Direct contact 

between the syntrophic partner cells and the formation of intercellular bridges as well as 

EPS-based aggregates in the stationary phase compensated the drooping effects of suboptimal 

growth temperature for the methanogen. In the syntrophy of T. maritima and M. jannaschii, 

intercellular bridges did not form at 85°C (Muralidharan et al., 1997), and the aggregates 

decreased in the stationary phase due to the decrease in EPS formation (Johnson et al., 2006). 

However, I found intercellular bridges also in their syntrophy at 68°C. Given that similar 

bridges were also formed in other syntrophic pairs (Ishii et al., 2005; Schopf et al., 2008), the 

bridge formation could be a common feature of (hyper)thermophilic syntrophic partners. 

The intercellular bridges between T. globiformans and M. jannaschii were likely to be 

made from the flagella of the methanogen (Fig. 12). Nevertheless, the possibility remains that 

the syntrophy enhanced the synthesis of flagella in T. globiformans ; although the T. 

globiformans  genome has not been studied, the genomes of Thermosipho africanus TCF52B 

(Nesbø et al., 2009) and Thermosipho melanesiensis BI429 (Zhaxybayeva et al., 2009) have 

been shown to contain genes involved in flagellar synthesis. In contrast, the bridges between P. 

furiosus and M. kandleri were suggested to be the flagella of the archaeal fermenter (Schopf et 

al., 2008). Furthermore, the intercellular bridges between P. thermopropionicum and M. 

thermautotrophicus are made from the bacterial flagella (Ishii et al., 2005). These bridges must 

have a common function, bringing fermenters and methanogen closer. However, the 

origin-specific functions of the flagella, if any, must be different. The flagellar tip protein FliD 

of P. thermopropionicum transfers the signal that enhances the metabolism of M. 
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thermautotrophicus (Shimoyama et al., 2009). In contrast, the origin-specific functions of the 

intercellular bridges made of archaeal flagella, of either fermenters or methanogens, remain to 

be investigated. 

This study revealed that Fe(III) oxides protect fermenter–methanogen syntrophy 

against interruption by S
0 
through Fe(II) sulfide formation. Interestingly, sulfide, the product of 

sulfur respiration that interrupts syntrophy, is involved in the recovery of syntrophy. The 

stiffening appears to be essential for syntrophy protection, preventing the mixing of sedimented 

S
0
 with the liquid. The finding that the same packed volume of sea sand gave neither stiffening 

(Fig. 14e) nor recovery of methane production (Table 3) suggests that the gaps between 

individual particles of sea sand (particle size, 300–600 μm) are sufficiently wide for the S
0
 to 

mix with the liquid. 

The effects of the hematite-to-S
0
 molar ratio on methane production (Fig. 16) indicate 

that there is a threshold ratio for the observation of methane production in the range of 0.0025 to 

0.01. I speculate that this threshold is related to the area of the cross section of the serum bottles, 

which should be shielded with Fe(II) sulfides for the methanogen to produce methane. In the 

range where the ratio is smaller than the threshold, the area of the cross section may be too wide 

to be shielded with existing Fe(II) sulfides. In contrast, in the range where the ratio is larger than 

the threshold, the Fe(II) sulfides should cover the cross section, and the layer would thicken 

with the increase in the availability of solid Fe(II), thereby more effectively restricting the 

permeation of S
0
 and resulting in an hematite-to-S

0
 ratio-dependent increase in methane 

production (Fig. 16). 

Both hematite and FeO(OH) supported fermenter–methanogen syntrophy in the 

presence of S
0
. However, FeO(OH) showed toxicity, especially to the methanogen, both in the 

presence and absence of S
0
 (Fig. 18). This toxicity may be related to soluble Fe(II) produced by 
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the reduction of FeO(OH) (Dos Santos Afonso and Stumm, 1992; Pyzik and Sommer, 1981). 

The concentrations of soluble Fe(II) were calculated to 160 μM and 2.0 mM after cocultivation 

in Tc–S
0
+hematite medium (Fig. 13) and Tc–S

0
+FeO(OH) medium (Fig. 18), respectively, while 

the Fe(II) concentration in Tc–S
0
 medium was approximately 90 μM (Kuwabara et al., 2005). 

The Fe(II) concentration in JCM 232 medium for M. jannaschii was lower than that in Tc 

medium. A soluble Fe(II) concentration that is 20-fold  greater than the optimal is likely to be 

detrimental to both microorganisms. 

Protection of methane production by Fe(III) oxides was accompanied by the stiffening 

of Fe(II) sulfides that formed a network of spiny structures (Figs. 17a, 17b, and 19a). Rods 

buried in the spiny structures suggested that sulfur respiration-derived sulfide reduced Fe(III) 

oxides on the bacterial surface. The individual fermenter rods likely functioned as local centers 

producing a core of spiny structures, and the connection of these cores formed the network, 

which was macroscopically recognized as stiffening of Fe(II) sulfides. 

Hydrothermal chimneys contain S
0
 and metal sulfides (Jannasch, 1989; Noguchi et al., 

2007; Watanabe and Kajimura, 1994), but metal oxides such as Fe(III) oxides are generated at 

the surface by the oxidation with O2 in seawater (Francheteau et al., 1979). The finding that 

methanogens were more abundant in outer fragments of chimneys than inner fragments 

(Harmsen et al., 1997; Schrenk et al., 2003) appears consistent with the result in this study that 

Fe(III) oxides rescue the syntrophy in the presence of S
0
.  

It may be argued that both microorganisms and S
0
 come from the interior of the 

chimneys; if so, how does the shielding occur by the reduction of Fe(III) oxides located at the 

surface of chimneys? Recently, I found that cocultivation in Tc medium containing dacite 

pumice produced methane amounting to 10% of that found in Tc–S
0
 medium containing dacite 

pumice (unpublished). This finding suggests that the microporous structures of dacite pumice 
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provided the microenvironment, into which S
0
 particles hardly entered. It is expected that 

microporous structures of chimneys (Tivey and Singh, 1997) function similarly for syntrophy.  

It is of note that (semi)conductive iron oxides (hematite and magnetite) facilitate 

syntrophy of Geobacter species and methanogens, as an electron sink for the metabolism of 

bacteria (Kato et al., 2012). Although the exact mechanism of how the iron oxide electron sinks 

facilitates syntrophy remains unknown, the syntrophy-promoting effects of iron oxides are 

similar to those revealed in the present study. Nevertheless, it remains to be established whether 

O2 in oxic environments helps methanogens survive in anoxic environments thorough 

production of solid Fe(III) oxides at the border. 
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Table 2. Comparison of the workstation gas, N2:H2:CO2 (80:10:10), and 100% N2 in the 

headspace of syntrophic cocultures. T. globiformans and M. jannaschii were cocultivated in 

Tc–S
0
 medium for 16 h under the designated headspace. Values are expressed as the mean ± SD 

(n = 3). 

  Cell density Methane 

Headspace T. globiformans  M. jannaschii  

  (10
8 

cells/ml) (10
7 

cells/ml) (kPa) 

Workstation gas 4.4 ± 0.9 1.9 ± 0.2 3.0 ± 0.6 

100% N2 4.0 ± 0.3 1.9 ± 0.3 3.2 ± 0.4 
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Table 3. Cell densities and methane production in Tc+hematite medium, Tc(3S
0
)+3hematite 

medium, and Tc(3S
0
)+sea sand medium. T. globiformans and M. jannaschii were cocultivated 

in the designated media for 16 h. Values are expressed as the mean ± SD (n = 3). 

Culture  Cell density Methane 

medium T. globiformans  M. jannaschii  

   (10
8
 cells/ml) (10

7
 cells/ml) (kPa) 

Tc+hematite 3.6 ± 0.6 1.5 ± 0.5 1.2 ± 0.2 

Tc(3S
0
)+3 hematite 3.7 ± 0.6 1.0 ± 0.2 0.7 ± 0.1 

Tc(3S
0
)+sea sand 3.5 ± 0.2 0.0 ± 0.0 0 
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Fig. 9. Growth curves and methane production on syntrophy.  

T. globiformans and M. jannaschii were cocultivated in Tc–S
0 

medium at 68°C under the 

headspace of N2:H2:CO2 (80:10:10) (n = 3). Cell densities of T. globiformans (circles) and M. 

jannaschii (squares) in the cocultures (closed symbols) are shown with those in the respective 

monocultures (open symbols). Methane in the headspace (closed triangles) was determined 

using cultures separate from those for the measurement of the growth curves. When the standard 

deviations are too small, the error bars are hidden by symbols. 
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Fig. 10. Tiny black pellets generated in Tc–S
0
 medium. 

T. globiformans and M. jannaschii were cocultivated for 16 h. (a) Standing culture. (b) Rotated 

culture. Floating tiny black pellets are visible in the 2 cultures, with the difference of pellets 

adhering to the meniscus line (arrowheads) in the standing culture.  
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Fig. 11. Optical microscopy of tiny black pellets generated in Tc–S
0
 medium. 

(a) Phase-contrast microscopy image. (b and c) Fluorescence microscopy images with blue and 

violet light excitations. T. globiformans and M. jannaschii were cocultured in Tc–S
0
 medium. A 

20-μl aliquot of culture containing tiny black pellets was supplemented with 20 μl of 100 μg/ml 

Fluorescent Brightener 28 and 1 μl of 0.05% (w/v) acridine orange (in 10 mM sodium 

phosphate, pH 7.0). Images were obtained from snapshots of a color movie captured as 

described previously (Kuwabara and Igarashi, 2012). All cells were stained green by blue light 

excitation (panel b), and Mc. jannaschii cells were distinguished by their F420 autofluorescence 

by violet light excitation (panel c). EPS was stained red/orange. Spheroids of T. globiformans 

(arrow) were distinguished from Mc. jannaschii cells (arrowhead) by the large periplasm 
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observed in the phase-contrast microscope image and the significant decrease in fluorescence 

after violet light excitation. Bar = 10 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 

 

 

 Fig. 12. FE-SEM and TEM images of intercellular bridges between and direct connection 

of syntrophic partners. 

Cocultivation was performed in Tc–S
0
 medium with a glass SEM plate (for FE-SEM) or with a 

gold grid (for TEM). (a and b) FE-SEM images showing narrow-and-straight and 

wide-and-tapered bridges (white arrowheads). The diamond shows assembly of bridges, the 

white arrow shows attachment of syntrophic partners, and the white star indicates the bridge 

portion that appears to be protruding from the rod. (c and d) Whole mount TEM images 

showing the flagellar structures of the intercellular bridges, taken with carbon-coated and 

formvar-coated gold grids. The black asterisk shows the combining of flagella at the surface of 

a rod. (e) Whole mount TEM image showing structures connecting cells of syntrophic partners 

(black arrows), which appear to penetrate the Thermotogales-specific large periplasm at the 
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ends of a rod (black arrowheads). (f) Thin section of monocultured T. globiformans, observed as 

described previously (Kuwabara and Igarashi, 2012), which shows a nanotube made from toga 

attaching to another rod that is situated perpendicular to the plane. Bars = 1 μm (a, b), 500 nm 

(c–e), and 200 nm (f). 
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Fig. 13. Reduction of S
0
 and hematite by cocultivation or incubation. 

Cocultivation was performed under the conditions shown in the table below the lower graph. 

Cell densities of T. globiformans (circles) and M. jannaschii (squares) are plotted in the upper 

graph, while sulfide and Fe(II) are shown in the lower graph, in which the open and closed red 

bars indicate soluble and solid sulfides, respectively, and the open and solid blue bars indicate 

soluble and solid Fe(II), respectively. When the standard deviations are too small, the error bars 

are hidden by symbols. 
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Fig. 14. Photos showing the color and stiffening of the sediments in hematite-containing media. 

(a–e) Cocultivation was performed in (a) Tc–S
0
+hematite medium, (b, c) Tc+hematite medium for 4 h and 8 h, (the images after 16 h of 

cocultivation are very similar to those after 8 h of cocultivation), (d) Tc(3S
0
)+3hematite medium, and (e) Tc(3S

0
)+sea sand medium. (f) T. 

globiformans was monocultivated in Tc+hematite medium. (g) M. jannaschii was monocultivated in Tc+hematite medium. (h) Tc+hematite medium 

supplemented with 40 mM Na2S (pH 7.0) was abiotically incubated at 68°C for 16 h, similar to the cocultivation. Photos show the side and bottom 

views of the serum bottles. 
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Fig. 15. Growth curve and the time course for the production of methane, sulfide, and 

Fe(II) during cocultivation in Tc+hematite medium.  

Cell densities of T. globiformans (circles) and M. jannaschii (squares) are plotted in the upper 

graph, the methane partial pressure is shown in the middle graph, and the sulfide and Fe(II) 

levels are shown in the bottom graph in the same format as in Fig. 13. When the standard 

deviations are too small, the error bars are hidden by symbols.  
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Fig. 16. Effects of the hematite-to-S
0
 ratio in cocultivation media on the production of 

methane, sulfide, and Fe(II). 

Cocultivation was performed in Tc medium containing different concentrations of hematite. The 

methane partial pressures are plotted in the upper graph, and the sulfide and Fe(II) produced at 

each ratio are shown in the lower graph, in the same format as in Fig. 13. The hematite-to-S
0
 

ratio of 0.1 corresponds to Tc+hematite medium. When the standard deviations are too small, 

the error bars are hidden by symbols. 
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Fig. 17. FE-SEM images of the sediments of hematite-containing media.  

(a, b) Tc+hematite medium after cocultivation. Arrows in panel A indicate rods partially buried 

in the network of spiny structures. Arrowheads and oval in panel B indicate narrow-and-straight 

bridges and a possible rod enclosed by spiny structures, respectively, which is suggested by the 

presence of bridges similar to those generated in Tc–S
0
 medium (Fig. 12a). (c) Tc–S

0
+hematite 

medium after cocultivation. (d) Tc+hematite medium in which T. globiformans was 

monocultivated. (e) Tc+hematite medium in which M. jannaschii was monocultivated. (f) 

Tc+hematite medium supplemented with 40 mM Na2S (pH 7.0) and abiotically incubated at 

68°C for 16 h. Bar = 1 μm. 
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Fig. 18. Reduction of S
0
 and FeO(OH) by cocultivation or incubation. 

Cocultivation was performed under the conditions shown in the table below the lower graph. 

Cell densities of T. globiformans (circles) and M. jannaschii (squares) are plotted in the upper 

graph, while sulfide and Fe(II) are shown in the lower graph, in which the open and closed red 

bars indicate soluble and solid sulfides, respectively, and the open and solid blue bars indicate 

soluble and solid Fe(II), respectively. When the standard deviations are too small, the error bars 

are hidden by symbols. 
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Fig. 19. FE-SEM images of the sediments of Fe(III) oxyhydroxide-containing media. 

(a) Tc+FeO(OH) medium after cocultivation (b) Tc–S
0
+FeO(OH) medium after cocultivation. 

(c) Tc+FeO(OH) medium in which T. globiformans  was monocultivated. (d) Tc+FeO(OH) 

medium in which M. jannaschii was monocultivated. (e) Tc+FeO(OH) medium supplemented 

with 40 mM Na2S (pH 7.0) and abiotically incubated at 68°C for 16 h. Arrow, T. globiformans  

rod modestly covered with spiny structures. Bar = 1 μm. 
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