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Background: Magnetite-mediated direct interspecies electron transfer (DIET) between
Geobacter and Methanosarcina species is increasingly being invoked to explain magnetite
stimulation of methane production in anaerobic soils and sediments. Although magnetitemediated DIET has been documented in defined co-cultures reducing fumarate or nitrate
as the electron acceptor, the effects of magnetite have only been inferred in
methanogenic systems. Methods: Concentrations of methane and organic acid were
analysed with gas chromatograph and high-performance liquid chromatography,
respectively. The concentration of HCl-extractable Fe(II) was determined by the ferrozine
method. The association of the defined co-cultures of G. metallireducens and M. barkeri
with magnetite was observed with transmission electron micrographs. Results: Magnetite
stimulated ethanol metabolism and methane production in defined co-cultures of G.
metallireducens and M. barkeri; however, magnetite did not promote methane production
in co-cultures initiated with a culture of G. metallireducens that could not produce
electrically conductive pili (e-pili), unlike the conductive carbon materials that facilitate
DIET in the absence of e-pili. Transmission electron microscopy revealed that G.
metallireducens and M. barkeri were closely associated when magnetite was present, as
previously observed in G. metallireducens/G. sulfurreducens co-cultures. These results
show that magnetite can promote DIET between Geobacter and Methanosarcina species,
but not as a substitute for e-pili, and probably functions to facilitate electron transfer from
the e-pili to Methanosarcina. Conclusion: In summary, the e-pili are necessary for the
stimulation of not only G. metallireducens/G. sulfurreducens, but also methanogenic G.
metallireducens/M. barkeri co-cultures with magnetite.
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ABSTRACT

14

Background: Magnetite-mediated direct interspecies electron transfer (DIETU between

15

Geobacter and Methanosarcina species is increasingly being invoked to explain magnetite

16

stimulation of methane production in anaerobic soils and sediments. Although magnetite-

17

mediated DIET has been documented in defined co-cultures reducing fumarate or nitrate as the

18

electron acceptor, the effects of magnetite have only been inferred in methanogenic systems.

19

Methods: Concentrations of methane and organic acid were analysed with gas chromatograph

20

and high-performance liquid chromatography, respectively. The concentration of rCl-extractable

21

Fe(IIU was determined by the ferrozine method.

22

The association of the defined co-cultures of G. metallireducens and M. barkeri with magnetite

23

was observed with transmission electron micrographs.

24

Results: Magnetite stimulated ethanol metabolism and methane production in defined co-cultures

25

of G. metallireducens and M. barkeri; however, magnetite did not promote methane production in

26

co-cultures initiated with a culture of G. metallireducens that could not produce electrically

27

conductive pili (e-piliU, unlike the conductive carbon materials that facilitate DIET in the absence

28

of e-pili. Transmission electron microscopy revealed that G. metallireducens and M. barkeri were

29

closely associated when magnetite was present, as previously observed in G. metallireducens/G.

30

sulfurreducens co-cultures. These results show that magnetite can promote DIET between

31

Geobacter and Methanosarcina species, but not as a substitute for e-pili, and probably functions

32

to facilitate electron transfer from the e-pili to Methanosarcina.

33

Conclusion: In summary, the e-pili are necessary for the stimulation of not only G.

34

metallireducens/G. sulfurreducens, but also methanogenic G. metallireducens/M. barkeri co-

35

cultures with magnetite.

36

Subjects Environmental Sciences, Microbiology, Biomineralogy, Ecology

37

Keywords Geobacter metallireducens, Methanosarcina barkeri, direct interspecies electron

38

transfer (DIETU, electrically conductive pili (e-piliU, magnetite, methane, ferrous iron, ethanol

39

metabolism, stimulation, co-cultures
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INTRODUCTION

41

Microbial methane production is one of the most successful, large-scale bioenergy strategies (Liu

42

et al., 2009; Shen et al., 2016U and methane production in terrestrial environments is a major

43

source of atmospheric methane, an important greenhouse gas (Bridgham et al., 2013; Conrad

44

2007U. In freshwater methanogenic environments, and anaerobic digesters, methanogens

45

primarily produce methane from the metabolism of acetate and the reduction of carbon dioxide

46

with r2 to methane. The well-known source of electrons for carbon dioxide reduction to methane

47

is r2 (Sieber et al., 2012U; however, it has recently been demonstrated that Methanosaeta and

48

Methanosarcina species can accept electrons from the donor strain G. metallireducens for carbon

49

dioxide reduction via direct interspecies electron transfer (DIETU (Chen et al., 2014a; Chen et al.,

50

2014b; Rotaru et al., 2014a; Rotaru et al., 2014b; Wang et al., 2016U.

51

In the absence of added conductive materials, DIET between Geobacter metallireducens and

52

Methanosaeta and Methanosarcina species requires the electrically conductive pili (e-piliU of G.

53

metallireducens (Chen et al., 2014a; Rotaru et al., 2014a; Rotaru et al., 2014bU. The e-pili of

54

both Geobacter species are also required for DIET in co-cultures of G. metallireducens and G.

55

sulfurreducens (Shrestha et al., 2009; Summers et al., 2010U. Existing studies on the e-pili of G.

56

sulfurreducens have suggested that the conductivity along the length of Geobacter e-pili

57

(Adhikari et al., 2016; Malvankar & Lovley 2014U can be attributed to the tight packing of

58

aromatic amino acids within the pilus structure, which confer a metallic-like conductivity similar

59

to that observed in carbon nanotubes (Malvankar et al., 2015; Malvankar et al., 2011; Vargas et

60

al., 2013U. The e-pili are decorated with the c-type cytochrome OmcS, which does not contribute

61

to conductivity along the length of the e-pili, but is important for electron transfer from the e-pili

62

to extracellular electron acceptors/donors (Leang et al., 2010; Liu et al., 2015; Malvankar &

63

Lovley 2014; Malvankar et al., 2012; Mehta et al., 2005; Summers et al., 2010U. It is expected

64

that the e-pili of G. metallireducens function in a similar manner(Smith et al., 2013; Tremblay et

65

al., 2012; Zheng et al., 2017U, but the cytochrome(sU that are attached to the e-pili of G.

66

metallireducens have not yet been identified.
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Conductive carbon materials, such as: granular activated carbon, carbon cloth, and biochar,

68

stimulate DIET (Chen et al., 2014a; Chen et al., 2014b; Liu et al., 2012; Rotaru et al., 2014aU.

69

The electron-donating and electron-accepting partners both attach to the conductive carbon

70

materials, which serve as an electrical conduit between the two species. Mutant Geobacter strains

71

that lack e-pili can participate in DIET under these conditions, presumably because biological

72

cell-to-cell electrical conduits are no longer required (Chen et al., 2014a; Chen et al., 2014b; Liu

73

et al., 2012; Rotaru et al., 2014aU.

74

An important insight into carbon and electron flow in methanogenic environments lies in the

75

finding that magnetite stimulated methane production in enrichment cultures inoculated from

76

paddy soil with either ethanol or acetate as the electron donor (Kato et al., 2012aU. The enhanced

77

methane production was accompanied by an enrichment of Geobacter and Methanosarcina

78

species (Kato et al., 2012aU. It was hypothesised that the magnetite provided electrical contact

79

between the Geobacter and Methanosarcina species and that the Geobacter species oxidized the

80

ethanol or acetate to carbon dioxide with electron transfer to the Methanosarcina, which then

81

used the electrons to reduce carbon dioxide to methane (Kato et al., 2012aU. Many subsequent

82

studies have documented the fact that magnetite accelerates methane production in samples from

83

sediments or anaerobic digesters or defined co-cultures and have also inferred that this can be

84

attributed to enhanced electron transfer through magnetite to methanogens (Li et al., 2015; Tang

85

et al., 2016; Lang et al., 2015; Zhuang et al., 2015U. Magnetite does promote interspecies electron

86

transfer between Geobacter sulfurreducens and Thiobacillus denitrificans growing with acetate

87

as the electron donor and nitrate as the electron acceptor (Kato et al., 2012bU, as well as between

88

G. metallirducens and G. sulfurreducens growing with ethanol as the electron donor and fumarate

89

as the electron acceptor (Liu et al., 2015U., however, it has never been directly demonstrated that

90

magnetite promotes DIET to methanogens. Analysis of the mechanisms by which magnetite

91

enhanced DIET in G. metallireducens/G. sulfurreducens co-cultures indicated that, unlike

92

conductive carbon materials, magnetite does not act as a substitute for e-pili, but rather can take

93

the place of OmcS by attaching to e-pili to facilitate DIET, thus alleviating the need for OmcS
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production (Liu et al., 2015U. Therefore, it should not be assumed that magnetite promotes DIET

95

to methanogens as has been demonstrated for conductive carbon materials. The purpose of this

96

study was to evaluate further the possibility that magnetite promotes DIET to methanogens.

97

MATERIALS AND METHODS

98

Microorganisms, media, and growth conditions

99

Wild-type Geobacter metallireducens strain GS-15 (ATCC 53774U (Aklujkar et al., 2009; Lovley

100

et al., 1993U and a strain of G. metallireducens in which the gene for PilA, the pilus monomer,

101

was deleted (Tremblay et al., 2012U were obtained from our laboratory collection.

102

Methanosarcina barkeri strain DSM 800 (ATCC 43569U was obtained from DSMZ

103

(Braunschweig, GermanyU.
All culturing was performed under strict anaerobic conditions under a gas phase of N2/CO2

104
105

(80/20U. Inocula for co-cultures were developed by growing G. metallireducens strains in Fe(IIIU-

106

citrate (FCU medium (Bagnara et al., 1985U, with 20 mmol L-1 ethanol as the sole electron donor

107

and 55 mmol L-1 Fe(IIIU citrate as the electron acceptor. For co-cultures of G. metallireducens and

108

M. barkeri, G. metallireducens was grown in DSMZ methanogenic medium 120 with 20 mmol L-

109

1

110

grown in the same medium with 30 mmol L-1 acetate as the substrate. Co-cultures were grown in

111

40 mL medium 120 with a 10% inoculum and with ethanol (20 mmol L-1U as the electron donor as

112

described previously (Rotaru et al., 2014aU. The incubation temperature for all methanogenic

113

studies was 37 °C. When noted, magnetite was prepared as previously described (Kang et al.,

114

1996U and added from stock solutions to give a final concentration of 5 mmol L-1 before

115

autoclaving.

116

Chemical analysis

117

The gaseous samples were regularly collected from enrichment cultures with pressure-lock

118

analytical syringes. The concentrations of Cr4 were analysed with a gas chromatograph (GC-

119

7890A; Agilent Technologies, USAU equipped with a flame ionisation detector.

ethanol as the electron donor and nitrate (10 mmol L-1U as the electron acceptor. M. barkeri was
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Concentrations of ethanol and acetate were analysed with high-performance liquid

121

chromatography (1260 Infinity; Agilent Technologies, USAU with a ri-plex r column equipped

122

with a refractive index detector.

123

The concentration of rCl-extractable Fe(IIU was extracted from cultures and each replicate

124

of the assays in triplicate as described previously (Zheng et al., 2015U. Moreover, the

125

concentration of dissolved Fe(IIU in samples was also quantified by filtering through 0.45 μm

126

sterile syringe filters and using the ferrozine method as described above.

127

Microscopy

128

Samples of cells and magnetite were negatively stained with 2 % phosphotungstic acid and

129

examined by a JEM-1400 (JEOL, JapanU transmission electron microscope (TEMU.

130

RESULTS AND DISCUSSION

131

Magnetite stimulation of DIET between G. metallmreducens and M. barkerm

132

To evaluate whether, or not, magnetite was capable of stimulating DIET between G.

133

metallireducens and M. barkeri, co-cultures were initiated with ethanol as the sole electron donor

134

in the presence, and absence, of magnetite. Although M. bakeri is capable of using r2 as an

135

electron donor, G. metallireducens cannot metabolise ethanol with the production of r2 (Rotaru

136

et al., 2014b; Shrestha et al., 2013a; Summers et al., 2010U and thus syntrophic growth in G.

137

metallireducens/M. barkeri co-cultures can be attributed to DIET.

138

The initial establishment of G. metallireducens and M. barkeri co-cultures requires a long

139

adaption period in the absence of added conductive materials (Rotaru et al., 2014aU. As expected,

140

ethanol was only slowly metabolised over 40 days without magnetite (Fig. 1CU, however, in the

141

presence of magnetite, ethanol was metabolised with the production of methane beginning within

142

10 days (Fig. 1CU. Non-inoculated controls with magnetite showed no ethanol metabolism or

143

methane production.

144
145

Limited acetate accumulated in the G. metallireducens with, or without, M. barkeri cocultures in the presence of magnetite (C2r6O + r2O → C2r4O2 + 4r+ + 4e-U, but was later
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consumed (Fig. 1DU, which differed from co-cultures of G. metallireducens and M. barkeri in the

147

absence of magnetite, suggesting that G. metallireducens metabolised the acetate that G.

148

metallireducens produced from ethanol compared with the result of G. metallireducens acting

149

alone with magnetite. The high amount of methane in the G. metallireducens and M. barkeri co-

150

cultures suggested that M. barkeri only used the electrons released from ethanol oxidation for

151

reducing carbon dioxide to produce methane in the magnetite-amended co-cultures (8r+ + 8e- +

152

CO2 → Cr4 + 2r2OU. The total amount of ethanol from the magnetite-amended co-cultures

153

metabolised (1.15 ± 0.12 mmolU resulted in 1.60 ± 0.0032 mmol methane (Figs 1A, CU, about

154

92.2 % of the electrons from ethanol oxidation were recovered in methane according to the

155

equation: 2C2r5Or → 3Cr4 + CO2. Furthermore, no r2 was detected in any of the experiment

156

groups. This result was consistent with the fact that G. metallireducens is unable to produce r2

157

during ethanol metabolism (Shrestha et al., 2013bU. Therefore, the high electron recovery that

158

was available from ethanol to methane suggested that magnetite can stimulate DIET between G.

159

metallireducens and M. barkeri and suggested that the simplest explanation for the enrichment of

160

Geobacter and Methanosarcina observed in the presence of magnetite in previous studies (Kato

161

et al., 2012aU is that magnetite was facilitating DIET.

162

rCl-extractable ferrous iron was also produced from reduction ferric iron of magnetite

163

within five days and increased to 0.1768 ± 0.0219 mmol at 50 days, which was equal to that

164

when G. metallireducens was tested with magnetite alone (0.1761 ± 0.0549 mmolU (Fig. 1BU;

165

however, the concentration of dissolved ferrous iron was under detect limitation during the

166

incubation of the co-cultures amended with magnetite, suggested that only a part of the ferric iron

167

in the added magnetite was reduced to ferrous iron. This result differs from that reporting that

168

magnetite acts as the electrical conduit between electron-donating Geobacter and electron-

169

accepting methanogens (Kato et al., 2012a; Li et al., 2015; Viggi et al., 2014U. One factor

170

controlling ferrous iron production in co-cultures amended with magnetite is the range of

171

substrates that can be metabolised by Geobacter species. G. metallireducens can utilise ethanol

172

and acetate, ferrous iron production from acetate was slower than that from ethanol within 10
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days in the presence of magnetite, while ferrous iron production from G. sulfurreducens amended

174

with magnetite was much lower than that from G. metallireducens when utilising acetate (Fig. 2U.

175

This suggested that G. metallireducens, like some microorganisms (e.g., Shewanella,

176

Dechloromonas, Desulfovibrio, and ClostridiumU was able to use magnetite as the electron

177

acceptor from ethanol or acetate metabolism (Kostka & Nealson 1995; Lang et al., 2015U.

178

rowever, it is not possible for magnetite to act as the electron shuttle for production of methane

179

from carbon dioxide because of the relatively high mid-point potential of the Fe(IIIU/Fe(IIU redox

180

couple (E0' = +0.20 V, pr 7.0U which is too high for the reduction of carbon dioxide to methane

181

(E0' of CO2/methane couple = -240 mVU.
To determine the actual role of magnetite in stimulation of ethanol metabolism and methane

182
183

production in co-cultures of wild-type G. metallireducens and M. barkeri, co-cultures were

184

initiated with 2.5 mmol L-1 magnetite, after a 10-day incubation period, an additional 2.5 mmol L-

185

1

186

mmol L-1 magnetite added to the co-cultures (Fig. 1AU: this meant that the manner and amount of

187

addition of magnetite could not affect methane production, however, the amount of rCl-

188

extractable ferrous iron changed: magnetite was firstly reduced by G. metallireducens and

189

subsequently reduced when more magnetite was added, the amount of ferrous iron used in each

190

step (total: 0.1635 ± 0.0313 mmolU was similar to the addition of 5 mmol L-1 magnetite (Fig. 1BU.

191

This result was consistent with the observation that G. metallireducens alone reduced magnetite

192

to produce ferrous iron. These results further confirmed that magnetite acted as the electron

193

acceptor and could be reduced, to a significant extent, by G. metallireducens. Similarly, ethanol

194

was stimulated to oxidise and little acetate was transiently accumulated in magnetite upon its

195

step-by-step addition to co-cultures of wild-type G. metallireducens and M. barkeri (Figs 1C, DU.

196

The calculation of electron recovery (93.81%U of electrons available from ethanol in methane in

197

these samples further suggested that M. barkeri was accepting electrons from carbon dioxide

198

reduction via DIET.

199

magnetite was subsequently added. Methane production presented the same tendency with 5

Transmission electron microscopy (TEMU revealed that G. metallireducens and M. barkeri
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were closely associated (Fig. 3AU. With higher magnification it was apparent that magnetite was

201

associated with the G. metallireducens pili (Fig. 3BU, as was previously observed that some of the

202

magnetite was localised along pili and compensated for the lack of OmcS of G. sulfurreducens in

203

promoting electrical contacts with pili in G. metallireducens/G. sulfurreducens co-cultures (Liu et

204

al. 2015U.

205

Failure of magnetite to compensate for loss of e-pili in G. metallmreducens

206

To investigate further the mechanisms for magnetite stimulation of DIET between G.

207

metallireducens and M. barkeri, co-cultures were initiated with the previously described strain of

208

G. metallireducens (Tremblay et al., 2012U that is incapable of producing pili because the gene for

209

PilA, the pilus monomer, has been deleted. As expected from previous studies (Rotaru et al.,

210

2014aU, methane was not produced in co-cultures with the pili-deficient strain of G.

211

metallireducens (Fig. 4AU, however, co-cultures amended with magnetite produced less methane

212

(about 0.38 ± 0.025 mmol, Fig. 4AU. During co-culture testing, ferrous iron concentrations were

213

below 0.1 mmol in magnetite amended cultures (Fig. 4BU. Furthermore, co-cultures with the

214

pilA-deficient G. metallireducens failed to metabolise ethanol or produce acetate with, or

215

without, magnetite amendment (Figs 4C, DU. These results suggested that magnetite perhaps can

216

partly substitute for pili to participate in DIET of co-cultures resulting from its electrical

217

conductivity; however, magnetite appears to promote DIET by a mechanism that is different than

218

that in conductive carbon materials such as GAC and carbon cloth (Chen et al., 2014a; Liu et al.,

219

2012U. In the presence of GAC or carbon cloth the pili-deficient strain of G. metallireducens can

220

transfer electrons to M. barkeri because both species attach to the conductive materials, which are

221

much bigger than individual cells. Magnetite particles are typically smaller (at 20-50 nmU than

222

cells and thus are unlikely to provide effective cell-to-cell contacts (Liu et al., 2015U. This was

223

evident in previous studies with G. metallireducens/G. sulfurreducens co-cultures in which

224

magnetite was not able to compensate for the lack of e-pili in G. metallireducens (Liu et al.,

225

2015). Multiple lines of evidence, including studies with an OmcS-deficient mutant, suggested

226

that magnetite could serve as the functional equivalent of OmcS, and the c-type cytochrome
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associated with the e-pili of G. sulfurreducens (Liu et al., 2015U. Similar genetic experiments are

228

not yet possible with G. metallireducens because the cytochrome(sU associated with the G.

229

meatllireducens e-pili have not been identified. rowever, the finding that magnetite amendments

230

did not permit the growth of the pili-deficient strain of G. metallireducens in co-culture with M.

231

barkeri, suggested the magnetite cannot function as an e-pili substitute in all regards. Magnetite

232

was associated with the e-pili in the G. metallireducens/M. barkeri co-cultures. Therefore, it is

233

likely that magnetite also facilitated electron transfer from the G. metallireducens e-pili to M.

234

barkeri in the co-cultures.

235

CONCLUSIONS

236

In sum, we have established co-cultures of M. barkeri and wild-type G. metallireducens or a

237

strain deficient in the PilA gene with or without magnetite. The results revealed magnetite

238

stimulated ethanol metabolism and methane production in defined co-cultures of G.

239

metallireducens and M. barkeri. rowever, magnetite did not promote methane production in co-

240

cultures of the pilA-deficient G. metallireducens. These results showed that magnetite could not

241

substitute for e-pili to promote DIET between Geobacter and Methanosarcina species, in which

242

the e-pili are necessary for the stimulation.
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Figures
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Figure 1. Co-cultures of G. metallmreducens (G. m) and M. barkerm (M. b) with ethanol as the

377

substrate in the presence, or absence, of magnetite (Fe3O4). Quantities of methane (AU, ferrous

378

iron (BU, ethanol(CU, and acetate (DU in cultures. Data are the means and standard deviation for

379

triplicate cultures. In some instances the standard deviation was less than the size of the symbol.

380

Figure 2. Quantities of ferrous iron in cultures of Geobacter metallmreducens (G.m) and

381

Geobacter sulfurreducens (G.s) in the presence of magnetite with ethanol and acetate as the

382

substrates.

383

Figure 3. Transmission electron micrographs. Association of the defined co-cultures of G.

384

metallireducens and M. barkeri with magnetite. (AU Association of the two cell types. (BU

385

Association of magnetite with pili. Black arrows and white pentagrams indicate G.

386

metallireducens cells and M. barkeri cells, respectively. White arrows indicate magnetite and pili.

387

Figure 4. Co-cultures of M. barkerm (M. b) and a pmlA-deficient G.metallmreducens (G. m-

388

deltapmlA) strain in the presence, or absence, of magnetite (Fe3O4). Quantities of methane (AU,

389

ferrous iron (BU, ethanol(CU, and acetate (DU in cultures. Data are the means and standard

390

deviation for triplicate cultures. In some instances the standard deviation was less than the size of
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Figure 1(on next page)
Co-cultures of G. metallireducens (G. m) and M. barkeri (M. b) with ethanol as the
substrate in the presence, or absence, of magnetite (Fe3O4).
Quantities of methane (A), ferrous iron (B), ethanol(C), and acetate (D) in cultures. Data are
the means and standard deviation for triplicate cultures. In some instances the standard
deviation was less than the size of the symbol.
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Figure 2(on next page)
Quantities of ferrous iron in cultures of Geobacter metallireducens (G.m) and Geobacter
sulfurreducens (G.s) in the presence of magnetite with ethanol and acetate as the
substrates.
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Figure 3(on next page)
Transmission electron micrographs.
Association of the defined co-cultures of G. metallireducens and M. barkeri with magnetite.
(A) Association of the two cell types. (B) Association of magnetite with pili. Black arrows and
white pentagrams indicate G. metallireducens cells and M. barkeri cells, respectively. White
arrows indicate magnetite and pili.
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Figure 4(on next page)
Co-cultures of M. barkeri (M. b) and a PilA-deficient G.metallireducens (G. m-deltapilA)
strain in the presence, or absence, of magnetite (Fe3O4).
Quantities of methane (A), ferrous iron (B), ethanol(C), and acetate (D) in cultures. Data are
the means and standard deviation for triplicate cultures. In some instances the standard
deviation was less than the size of the symbol.
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