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Analysis and Calculations 

The biogases produced by MECs were collected by gas bags (0.25 L capacity; Cali-5-Bond, 

Calibrated Instruments Inc.), with volumes measured regularly by withdrawing the gases 

using glass syringes, and composition analyzed by a gas chromatography (Agilent 4890D; 

J&W Scientific, USA) quipped with a thermal conductivity detector (TCD)1. The volumes of 

H2, CO2, and CH4 were calculated by multiplying the total gas production (sum of measured 

gas and headspace volume) by their specific fractions. Acetate concentrations in the solution 

before and after MEC experiments were measured by another gas chromatography (Agilent 

7890 A; J&W Scientific, USA) equipped with a flame ionization detector (FID), and a 

polyethylene glycol: 30 m × 0.530 mm × 1.00 μm capillary column (Agilent 19095N-123, 

J&W Scientific, USA) using a nitrogen carrier gas. Cyclic voltammetry (CV) experiments 

were conducted at a scan rate of 10 mV s−1, in the potential range between −0.8 V and +0.2 V 

vs Ag/AgCl electrode using a multichannel potentiostat (WMPG-1000S, WonATech Co., 

Ltd). 

MECs performance was evaluated as previously described2 in terms of: maximum 

volumetric hydrogen production rate (Q , m3 H2 m−3 reactor day−1) based on volumetric 

current density ( VI , A m−3, averaged over 4 h maximum current normalized to the liquid 

volume of reactor); hydrogen yield (
2HY , mol H2 mol−1 acetate), defined as the amount of 

hydrogen produced from the consumed acetate on a molar basis; Coulombic efficiency 

( EC , %) is the conversion efficiency of transforming acetate to electrons by MECs; cathodic 

hydrogen recovery ( catr , %) as the conversion efficiency of current to actually recovered 

hydrogen at the cathode; overall hydrogen recovery (
2H E catR C r , %), defined as the 
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percentage of hydrogen recovered directly from acetate; energy recovery relative to the 

electrical input ( E , %) is the ratio of the combustion energy of hydrogen to the input 

electrical energy. The moles of hydrogen produced in experiments were calculated based on 

ideal gas law under one standard atmospheric pressure and respective temperatures. 

 

Bacterial Community Analysis 

At the end of psychrophilic MECs experiments, the graphite fibers were cut from one of the 

anodes under each condition and fragmented using sterile scissors. An MEC enriched and 

operated at 25 ºC was sampled as above referred before being switched into psychrophilic 

environment. The anaerobic granular sludge from a methane-producing EGSB reactor (CH4 

concentration larger than 60%) was used as a control sample in identification of methanogens. 

Total genomic DNA was extracted from fibers or granular sludge using a PowerSoil DNA 

Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA) according to the manufacturer’s 

instructions. 16S rRNA gene of the extracted DNA was amplified using a pair of universal 

bacteria primers 8F: 5′-AGAGTTTGATCCTGGCTCAG-3′ (E. coli 16S rRNA positions 8 to 

27) and 1541R: 5′-AAGGAGGTGATCCAGCCGCA-3′ (E. coli 16S rRNA positions 1522 to 

1541)3 for bacterial community structures analysis. A pair of universal archaeal 16S rRNA 

gene primers PRA46F: 5′-(C/T)TAAGCCATGC(G/A)AGT-3′ (E. coli 16S rRNA positions 46 

to 60) and PREA1100R: 5′-(T/C)GGGTCTCGCTCGTT(G/A)CC-3′(E. coli 16S rRNA 

positions 1100 to 1117) was used to detect the possible existence of methanogens.4 PCR 

amplification was performed in a Tgradient Thermocycler (Biometra, Germany) as 

previously described.5 The presence of PCR products was confirmed by analyzing 5 μl of 

product on 0.8−1.2% agarose gels and staining with ethidium bromide. 
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PCR products were purified using a QIAquick Gel Extraction Kit (QIAGEN, Valencia, 

CA), ligated to vector pCR2.1 and cloned into Escherichia coli chemically competent cells 

using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA) following the manufacturer’s 

protocol. For bacterial community structures analysis, one hundred plasmids containing 

positive inserts from each sample were sequenced using an ABI 3730XL sequencer (Applied 

Biosystems, Foster, CA) with vector-specific primers M13F and M13R. GenBank accession 

numbers for the sequences are HM124774−HM124851. Thirty positive plasmids were 

sequenced in archaeal clone libraries used for methanogens identification. The sequences 

were deposited in GenBank with accession numbers HQ336497-HQ336506. 

All sequences were checked for chimeras using the CHECK_CHIMERA program 

(http://rdp8.cme.msu.edu/cgis/chimera.cgi?su=SSU) at RDP II and BELLEROPHON 

(http://foo.maths.uq.edu.au/~huber/bellerophon.pl). Operational taxonomic units (OTUs) 

from clone libraries were defined with DOTUR 1.53 program6 at a cutoff value of 0.03. 16S 

rRNA gene sequences were analyzed in the GenBank database (http://www.ncbi.nlm.nih.gov) 

and Ribosomal Database Project II (http://rdp.cme.msu.edu). Neighbor-joining phylogenetic 

trees were constructed with the Molecular Evolutionary Genetics Analysis package (MEGA 

4.1) using the Jukes-Cantor algorithm and bootstrap test (1000 repetitions).7 
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Table S1 Characterization of archaeal 16S rRNA gene clone library and derived from the 
anode biofilm of an MEC operated at 25 ºC and a control sample of methane-producing 
anaerobic granular sludge. 

Name of OUT 
(NCBI Accession) 

Percentage  
clones (%)

Closest relative (NCBI Accession) 
Homology 

 (%) 
Source 

MEC_CH4_1 
(HQ336497) 

100.0 Methanobrevibacter arboriphilus DC (AY196664) 99 MEC operated at 25 ºC

AGS_1 
(HQ336498) 

6.7 Uncultured archaeon clone (AB447835) 95 

Anaerobic granular 

sludge 

AGS_2 
(HQ336499) 

56.7 Methanosaeta concilii Opfikon (NR_028242) 99 

AGS_3 
(HQ336500) 

3.3 Uncultured archaeon clone (AB447835) 94 

AGS_4 
(HQ336501) 

6.7 Uncultured Methanosaeta sp. clone A11 (EU888815) 95 

AGS_5 
(HQ336502) 

3.3 Uncultured Methanosaeta sp. clone A11 (EU888815) 97 

AGS_6 
(HQ336503) 

3.3 Uncultured Methanolinea sp. clone (AB479405) 93 

AGS_7 
(HQ336504) 

6.7 Uncultured Methanosaeta sp. clone A11 (EU888815) 92 

AGS_8 
(HQ336505) 

10 Uncultured crenarchaeote clone F31 (EU910616) 98 

AGS_9 
(HQ336506) 

3.3 Methanosarcina barkeri (AY196682) 93 

 
 
 
 
 
 
Table S2 Comparison of diversity parameters of three MECs communities enriched and 
operated at 4 ºC, 9 ºC and 25 ºC. 

Sample No.of clones No.of OTUsa
Estimators  

(95% confidence interval) 
Coverageb 

(%) 
HShannon SChao1 SACE 

4 ºC 100 24 
2.39  

(2.14-2.64)
46  

(31-99)
63  

(37-142) 
86.0 

9 ºC 100 30 
2.64  

(2.38-2.90)
61  

(39-129)
65  

(43-128) 
82.0 

25 ºC 100 24 
1.62  

(1.27-1.97)
51  

(32-114)
67  

(38-159) 
83.0 

a The OTUs are defined at a DNA distance of 0.03. 
b Coverage estimate is calculated as [1-(n/N)] ×100, where n is the number of singleton 
clones, and N is the total number of clones. 
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Figure S1. Single-chamber MEC shown with gas collection tube (top). 
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Figure S2. CV (10 mV s−1) analysis of biological anodes in MFCs started up at 4 ºC, 9 ºC 
and 25 ºC before being transferred to MECs under turn-over conditions. 
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Figure S3.  Agarose gel analyses of PCR amplified products with the archaeal primers. The 
communities from five different conditions were investigated: MEC operated at 25 ºC, MEC 
operated at 25 ºC and then switched to 9 ºC and 4 ºC operation, MEC operated at 4 ºC and 9 
ºC, and methane-producing anaerobic granular sludge (AGS). Marker, DNA size marker; NC, 
negative control. 
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Figure S4. Collector’s curves of observed and estimated OTUs derived by the DOTUR 
program from 16S rRNA gene clone libraries. Phylotypes were defined at DNA distance of 
0.03 (97% OTU cutoff). (A) and (B) represent MECs enriched and operated at 4 ºC and 9 ºC, 
respectively; (C) represent MEC enriched and initially operated at 25 ºC and then switched to 
4 ºC and 9 ºC. Curves include observed OTUs (solid line), Chao1 (short dash), and 
abundance-based coverage estimator (ACE) (long dash). 
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 A  
 Simplicispira limi EMB325 (DQ372987)

 MEC 25-16 (2 clones, HM124843)

 MEC 4-23 (1 clone, HM124796)

 Simplicispira psychrophila LMG 5408 (AF078755)

 MEC 4-22 (1 clone, HM124795)

 Acidovorax caeni R-24608T (AM084006)

 Diaphorobacter nitroreducens KSP3 (AB076855)

 Acidovorax avenae C1 (AF508114)

 Acidovorax delafieldii ATCC 17505 (AF078764)

 MEC 9-28 (2 clones, HM124825)

 Hydrogenophaga taeniospiralis ATCC 49743 (AF078768)

 MEC 25-23 (1 clone, HM124850)

 MEC 25-20 (1 clone, HM124847)

 Azonexus caeni Slu-05 (AB166882)

 MEC 4-21 (1 clone, HM124794)

 Janthinobacterium lividum ATCC 33665 (AB021388)

 MEC 9-25 (1 clone, HM124822)

 MEC 9-14 (1 clone, HM124811)

 MEC 9-13 (1 clone, HM124810)

 Alcaligenes faecalis G (AJ242986)

β- Proteobacteria 

 Shewanella hafniensis P010 (AB205566)

 MEC 9-18 (1 clone, HM124815)

 Acinetobacter johnsonii ATCC 17909 (Z93440)

 Acinetobacter johnsonii S35 (AB099655)

 Acinetobacter haemolyticus (AY047216)

 MEC 4-20 (3 clones, HM124793)

 MEC 4-13 (1 clone, HM124786)

 MEC 9-22 (2 clone, HM124819)

 Acinetobacter.junii DSM 6964 (X81664)

 Acinetobacter baumannii DSM 30007 (X81660)

 MEC 25-19 (1 clone, HM124846)

 Legionella lytica PCM 2298 (X66835)

 MEC 4-4 (1 clone, HM124777)

 Pseudomonas chlororaphis NCIB 10068 (DQ682655)

 Pseudomonas veronii CIP 104663 (AF064460)

 Pseudomonas pseudoalcaligenes LMG 1225 (Z76666)
 MEC 4-24 (2 clones, HM124797)

 MEC 4-3 (12 clones, HM124776)

 MEC 9-15 (7 clones, HM124812)

γ- Proteobacteria 

 MEC 9-27 (1 clone, HM124824)

 MEC 9-24 (1 clone, HM124821)

 Spirochaeta coccoides SPN1 (AJ698092)
 MEC 9-2 (1 clone, HM124799)

 MEC 4-10 (2 clones, HM124783)

 MEC 9-1 (4 clones, HM124798)

Spirochaetes 

 MEC 9-23 (1 clone, HM124820)

 Telmatospirillum siberiense 26-4b1 (AF524863) α- Proteobacteria 
 MEC 4-9 (1 clone, HM124782)

 MEC 9-30 (1 clone, HM124827)

 MEC 4-19 (1 clone, HM124792)

 MEC 25-21 (1 clone, HM124848)

 Holophaga foetida TMBS4T (X77215)

 Geothrix fermentans H5 (U41563)

 MEC 9-19 (1 clone, HM124816)

 MEC 25-1 (1 clone, HM124828)

 δ- Proteobacteria

Acidobacteria

 Fusobacteria
 Firmicutes 

 ε- Proteobacteria
 Bacteroidetes
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99 
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B  β- Proteobacteria

γ- Proteobacteria

 Spirochaetes
 α- Proteobacteria

 MEC 25-5 (1 clone, HM124832)

 MEC 25-17 (1 clone, HM124844)
 Desulfovibrio intestinalis KMS2 (Y12254)

 Desulfovibrio desulfuricans (M34113)

 MEC 25-18 (1 clone, HM124845)
 MEC 9-20 (1 clone, HM124817)

 MEC 25-11 (1 clone, HM124838)
 Geobacter sulfurreducens PCA (AE017180)

 MEC 25-9 (2 clones, HM124836)

 MEC 25-8 (1 clone, HM124835)

 MEC 25-10 (2 clones, HM124837)
 MEC 25-2 (67 clones, HM124829)

 MEC 25-4 (1 clone, HM124831)

 MEC 25-3 (1 clone, HM124830)

 Geobacter chapelleii 172 (NR_025982) 

 MEC 9-9 (1 clone, HM124806)

 MEC 9-10 (1 clone, HM124807)
 MEC 9-7 (1 clone, HM124804)

 MEC 9-12 (1 clone, HM124809)
 MEC 9-11 (1 clone, HM124808)

 Geobacter psychrophilus P39 (AY653548)

 Geobacter psychrophilus P11 (AY653551)
 Geobacter psychrophilus P35 (AY653549)

 MEC 4-6 (24 clones, HM124779)

  MEC 9-8 (6 clones, HM124805)
 MEC 9-3 (30 clones, HM124800)

 MEC 4-8 (7 clones, HM124781)
 MEC 9-6 (1 clone, HM124803)

 MEC 9-5 (3 clones, HM124802)

 MEC 9-21 (4 clones, HM124818)
 MEC 4-7 (27 clones, HM124780)

  MEC 4-5 (5 clones, HM124778)

 MEC 9-4 (16 clones, HM124801)

δ- Proteobacteria 

Acidobacteria 

 MEC 4-16 (1 clone, HM124789)

 Cetobacterium somerae AG39 (AB353123)
Fusobacteria

 Succinispira mobilis 19gly1 (AJ006980)

 MEC 4-18 (1 clone, HM124791)

 Clostridium bowmanii DSM 14206 (AJ506120)

 Clostridium akagii CK58 (AJ237755)

 MEC 4-14 (1 clone, HM124787)

 MEC 4-15 (1 clone, HM124788)
 MEC 4-17 (1 clone, HM124790)

 MEC 25-24 (1 clone, HM124851)
 Clostridium.sticklandii (M26494)
 Clostridium sticklandii SR (L04167)

 MEC 25-12 (1 clone, HM124839)

 Fusibacter paucivorans SEBR 4211 (AF050099)

 MEC 25-22 (1 clone, HM124849)
 Clostridium aminobutyricum DSM 2634 (X76161)

Firmicutes

 MEC 9-16 (2 clones, HM124813)
ε- Proteobacteria

 MEC 4-12 (1 clone, HM124785)

 MEC 9-26 (2 clones, HM124823)

 Flavobacterium terrigena DS-20 (DQ889724)

 MEC 25-6 (1 clone, HM124833)
 Nubsella zeaxanthinifaciens TDMA-5 (AB264126)

 MEC 4-11 (2 clones, HM124784)

 Bacteroides graminisolvens XDT-1 (AB363973)

 MEC 4-2 (2 clones, HM124775)
 MEC 9-29 (1 clone, HM124826)

 MEC 4-1 (1 clone, HM124774)
 Paludibacter propionicigenes WB4 (AB078842)

 MEC 9-17 (4 clones, HM124814)
 Dysgonomonas capnocytophagoides LMG 11519 (U41355)

 MEC 25-7 (5 clones, HM124834)

 Dysgonomonas gadei 1145589 (Y18530)

 MEC 25-15 (1 clone, HM124842)

 MEC 25-14 (3 clones, HM124841)

 MEC 25-13 (2 clones, HM124840)

 Petrimonas sulfuriphila BN3 (AY570690)

Bacteroidetes 
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 Arcobacter cryaerophilus (L14624)
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Figure S5. Phylogenetic tree of α-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, 
Spirochaetes, and Acidobacteria groups (A) and δ-Proteobacteria, ε-Proteobacteria, 
Fusobacteria, Firmicutes, and Bacteroidetes groups (B) illustrating the phylogenetic 
distances between 16S rRNA gene recovered from the MEC anodes and their closest relatives 
(an identified species has the closest sequence with MEC clone) in the GenBank and RDP 
databases. Red rectangle highlights the phylogenetic affiliations of the majority of 
psychrophilic clones with the main psychrotolerant exoelectrogens found in psychrophilic 
MECs. A total of 100 clones were sequenced for each sample representing 24 OTUs 
(enriched at 4 ºC, ), 30 OTUs (9 ºC, ) and 24 OTUs (25 ºC, ), respectively, with the 
total number of clone sequences for each OTU in parentheses (bold). The sequences 
accession number in the GenBank database also in parentheses. Bar indicates 5% divergence. 
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