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A B S T R A C T   

Biochar can participate in biogeochemical electron transfer processes due to its electron-accepting and donating 
capabilities (i.e., geobattery) and electron conductivity (i.e., geoconductor). These two functions were separately 
demonstrated to play a role in biogeochemical iron cycling and methane formation. Yet, little is known about the 
coupled effect of both electron transfer mechanisms, even though naturally occurring electron transfer through 
biochar is expected to simultaneously rely on both geobattery and geoconductor mechanisms. Here, we incu
bated an anoxic paddy soil enrichment culture with acetate as the substrate to investigate how biochar’s coupled 
electron transfer mechanisms influence the electron transfer pathways between microbes and Fe(III) minerals 
and how it impacts the soil microbial community composition. We found that biochar simultaneously stimulated 
microbial Fe(III) reduction and methanogenesis by 2.6 and 2.3 fold, but these processes were spatially decoupled. 
Small biochar particles (5–20 μm) caused higher Fe(III) reduction and methanogenesis rates than large particles 
(50–100 μm). The addition of biochar enriched a syntrophic acetate-oxidizing co-culture with dominating Fe(III)- 
reducing Geobacteraceae taxa and acetoclastic methanogenic Methanosarcina taxa. After acetoclastic methano
genesis stopped, the observed continuing methanogenesis was likely due to interspecies electron transfer caused 
by biochar functioning as a geoconductor transferring electrons from Geobacteraceae to Methanosarcina. In 
summary, the simultaneous occurrence of Fe(III) reduction and methanogenesis leads to the formation of a cell- 
biochar-mineral battery network and a cell-biochar-cell conductive network in an enrichment culture from a 
paddy soil.   

1. Introduction 

Biochar is the pyrolyzed product derived from incomplete combus
tion of waste biomass under oxygen-limited or -free conditions. Due to 
its high porosity, nitrogen availability, cation exchange capacity, and 
high water-holding capacity, biochar is widely used as an organic 
amendment to improve soil fertility (Lehmann et al., 2011; Sohi et al., 
2010). Biochar contains redox-active quinone and hydroquinone func
tional groups (Keiluweit et al., 2010) and conductive matrices that 

consist of polyaromatic carbon ring structures (Xu et al., 2013). Electron 
transfer pathways via biochar include i) electron-accepting and 
donating cycles through the redox-active functional groups, meaning 
that biochar can function as a geobattery (Klüpfel and Kleber, 2014; Wu 
et al., 2017; Sun et al., 2018), and ii) direct electron transfer via the 
conductive carbon matrices, meaning that biochar can function as a 
geoconductor (Yu et al., 2015; Sun et al., 2017, 2018). These pathways 
are responsible for biochar to participate in multiple redox-driven 
biogeochemical transformations, e.g., enhancing organic contaminant 
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degradation (Oh et al., 2012; Yu et al., 2015), mediating microbial ferric 
iron (Fe(III)) oxyhydroxide or nitrate reduction (Kappler et al., 2014; Xu 
et al., 2016; Saquing et al., 2016; Prévoteau et al., 2016), and regulating 
greenhouse gas emissions (Zhou et al., 2017; Yuan et al., 2017). Addi
tionally, the geoconductor function of biochar was suggested to allow 
electron transfer between microbial cells by serving as a cell-to-cell 
conduit between electron-donating and electron-accepting microor
ganisms (Liu et al., 2012; Chen et al., 2014), referenced here as 
conductive-material interspecies electron transfer (CIET) (Rotaru et al., 
2019). 

Biochar electron transfer processes modify soil microbial activities 
and alter microbial community composition (Mukherjee and Lal, 2013; 
Zhu et al., 2017; Harter et al., 2016; Krause et al., 2018). Particularly, 
the addition of biochar stimulated microbial anaerobic respiration and 
accelerated Fe(III) mineral reduction (Zhou et al., 2017), mitigated N2O 
emissions by shifting the community metabolism toward N2 production 
(Hagemann et al., 2017a, 2017b; Harter et al., 2014; Cayuela et al., 
2013; Harter et al., 2014, 2014; Woolf et al., 2010), and increased the 
turnover rate of nitrogen and phosphorus species and their accessibility 
for microbial growth (DeLuca et al., 2015; Gul and Whalen, 2016). 
Biochar influences methane (CH4) production and Fe transformation in 
rice paddy soils. Methanogens produce CH4 mainly by accepting elec
trons that are derived from the degradation of organic matter in paddy 
soils (Yang and Chang, 1998; Hori et al., 2010; Kögel-Knabner et al., 
2010). Meanwhile, microbial Fe(III) reduction represents an alternative 
electron-accepting process in anoxic paddy soils, which leads to 
competition for electron sources between methanogens and dissimila
tory Fe(III)-reducing bacteria (Lovley and Phillips, 1987; Achtnich et al., 
1995; Teh et al., 2008; Friedman et al., 2016; Miller et al., 2015). Bio
char is well-known as an electron shuttle (serving solely as a geo
battery). It stimulates microbial Fe(III) reduction (Kappler et al., 2014; 
Xu et al., 2016), with electrons preferentially leading to Fe(III) reduction 
due to the mitigation of methanogenesis as a response to the application 
of biochar. The addition of biochar simultaneously increased the rates of 
both microbial Fe(III) reduction and methanogenesis in an enrichment 
culture from paddy soils compared to soils without biochar application 
(Zhou et al., 2017). Previous studies have reported the mitigation of 
methanogenesis by biochar (Jeffery et al., 2016; Brassard et al., 2016). 
An increasing number of observations have questioned the geobattery 
function of biochar-mitigating methanogenesis because of a promotion 
effect on methanogenesis due to direct interspecies electron transport by 
biochar functioning as a geoconductor (Zhou et al., 2017). 

These two mechanisms were separately demonstrated to play a role 
in biogeochemical iron cycling and greenhouse gas formation (Zhou 
et al., 2017; Yuan et al., 2018; Rotaru et al., 2019). A synergistic effect of 
biochar as geobattery and geoconductor for boosting electron transfer 
was demonstrated using electrochemical analysis (Sun et al., 2018). 
Still, these specific synergistic functions of biochar in biogeochemical 
processes remain unknown. In this case, we here hypothesized that the 
synergistic effect of wood-derived biochar functioning as geobattery and 
geoconductor leads to the stimulation of microbial Fe(III) reduction 
through electron transfer between cells and minerals. Furthermore, 
wood-derived biochar functioning as a geoconductor can bypass elec
trons to CH4 emission from Geobacteraceae to Methanosarcina. It was 
previously shown that the amendment of small-particle size biochar and 
high conductance of biochar led to great extents and rates of microbial 
Fe(III) reduction and methanogenesis (Yang et al., 2020). In this study, 
biochar application ratio to Fe mineral content was 1.0 g biochar/mM Fe 
(III), facilitating aggregation and thus leading to efficient electron 
transport (Yang et al., 2020). This, in turn, is expected to shift the mi
crobial community composition toward specific syntrophic interactions 
between Fe(III)-reducers and methanogens via biochar particles, func
tioning as a geoconductor for electrons into methanogenesis. To verify 
the coupled function of biochar as a geobattery and geoconductor in Fe 
(III) reduction, methanogenesis, and its induced microbial responses, we 
set up incubation experiments with an enrichment culture from a paddy 

soil with different particle sizes of two wood-derived biochar. This study 
aims (1) to link the application of biochar to soil microbial community 
composition change and the abundance of special functional genes for 
methanogenesis and microbial Fe(III) reduction, including Geobacter 
spp., specific 16S rRNA genes, and methyl-coenzyme M reductase sub
unit alpha (mcrA) genes, (2) to clarify the impacts of the coupled effect 
of biochar functioning as geobattery and geoconductor on the fate of 
electrons recovered as CH4 from methanogenesis or as Fe(II) from mi
crobial Fe(III) (stemming from acetoclastic methanogenesis and CIET), 
and (3) to evaluate electron bypassing from Fe(III) reduction to meth
anogenesis mediated by biochar functioning as a geoconductor based on 
acetate consumption and 2-bromoethanesulfonate (BES) inhibitor 
experiments. 

2. Materials and methods 

2.1. Preparation of biochar suspensions 

Two biochars, Swiss-biochar (s-biochar, Belmont-sur-Lausanne, VB, 
Switzerland) from mixed waste wood chips, and KonTiki biochar (k- 
biochar) from pine wood chips, were used in microcosm incubations. 
Both biochars were produced by pyrolyzing biomass at 700 ◦C. The 
physicochemical properties of biochar are shown in Table S1. As 
described in the supporting information, the different particle-sized 
biochar was prepared by milling (Pulverisette, zirconium oxide balls, 
Fritsch, Idar-Oberstein, Germany). Small-sized (SP) biochar particles 
have a minor fraction (5%–10% of the volume distribution) of 0.1–0.3 
μm and the main fraction (90–95% of the volume distribution) of 5–20 
μm and the large-sized (LP) biochar particles are 50–100 μm. As re
ported previously, anoxic biochar suspensions were prepared (Kappler 
et al., 2014; Yang et al., 2020). 

2.2. Preparation of an anoxic enrichment culture from a paddy soil 

Paddy soil was collected from Vercelli, Italy. Detailed information on 
the soil is provided in Table S2. In the laboratory, 100-g soil was added 
to a 1000 -mL Schott bottle containing 500 -mL anoxic and sterile 
doubly-deionized (DDI) water to prepare a soil slurry (in triplicate), 
which was flushed with N2 for approximately 1 h and incubated at 28 ◦C 
and then overhead shaken at 120 rpm. After three weeks, the enrich
ment culture was prepared from the three incubated soil slurries (trip
licates) by combining the three soil slurries into one batch. The 
combined enrichment culture without any supplements showed less 
than 2-mg C/L TOC content. Therefore, the TOC content was too low to 
serve as an electron shuttle (Jiang and Kappler, 2008). 

2.3. Incubation setups 

Aliquots (5 mL) of the combined and well-mixed enrichment cultures 
were added to serum vials (50 mL) containing 20-mL sterilized and 
anoxic medium. The basal medium (pH 6.8–7.2) contained MgCl2⋅6H2O 
(0.4 g/L), CaCl2⋅H2O (0.1 g/L), NH4Cl (0.027 g/L), and KH2PO4 (0.6 g/ 
L), 1-mL/L vitamin solution, 1-mL/L trace element solutions, and 30 mM 
bicarbonate buffer (NaHCO3). Detailed information on vitamin con
centration in the microbial growth medium is provided in Table S3. 
Acetate (Ace.) (1 mM) and Fe(III) (5 mM as ferrihydrite, Fh) were added 
as the main electron donor and terminal electron acceptor, respectively, 
to the reaction vials containing medium with the enrichment cultures. 
The medium pH was adjusted to 7.0–7.1 using NaOH or HCl (1 M). A 
redox-active model compound, anthraquinone-2,6-disulfonate (AQDS), 
as a well-known electron shuttle (Lovley et al., 1996) was used as a 
control for biochar’s function as a geobattery. Furthermore, to evaluate 
electrons fate from the syntrophic activities of our co-culture with 
dominant Fe(III)-reducing bacteria and methanogens at low acetate 
concentration in the presence of biochar, we selectively inhibited the 
methanogenesis activity by the addition of BES on day 9. Detailed 
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information on experimental setups is provided in Table S4. In total, 
nine incubation setups (in triplicates each) were prepared: 1) “No 
amendment” containing enrichment culture only; 2) “No Fh + s-(k-) 
biochar” with enrichment culture amended with acetate (1 mM) and 
small-particle s-biochar (5 g/L) or small-particle k-biochar (5 g/L). 3) 
“No biochar” with enrichment culture amended with acetate (1 mM) 
and Fh (5 mM); 4) “Acetate” control with enrichment culture amended 
with acetate (1 mM) only; 5) “s-(k-) biochar” with enrichment culture 
amended with acetate, Fh (5 mM), and s-biochar (5 g/L) or k-biochar (5 
g/L) with two particle sizes (SP and LP); 6) “s-(k-)biochar-abiotic” with 
enrichment cultures from gamma-sterilized soil slurries amended with 
acetate, Fh and s-biochar or k-biochar. 7) “Ferrihydrite” with enrich
ment culture and Fh (5 mM), 8) “AQDS setups” with enrichment culture 
amended with acetate (1 mM), Fh (5 mM) and AQDS (100 μM), 9) “BES” 
with enrichment culture amended with acetate, Fh (5 mM), and biochars 
plus BES (50 mM). BES was added on day 9. The bottles were incubated 
at 28 ◦C without shaking in the dark. The size ranges of biochar particles 
and Fe(III) concentration used in our experiments are comparable to 
environmentally relevant biochar particle sizes and Fe concentrations 
(Jones et al., 2011; Zimmerman and Andrew, 2010; Zhou et al., 2017). A 
biochar application rate of 125 t/ha and Fh content of 0.013 g Fe(III)/g 
soil was used in our experiments, which is at the high range of general 
biochar application rates of 0.5–135 t/ha (Glaser et al., 2002; Bista et al., 
2019; Zimmerman and Andrew, 2010; Zhou et al., 2017). Using a high 
biochar application rate allowed us to accurately determine the kineti
cally preferred pathway (i.e., electron flow via a geobattery or a geo
conductor) in Fe(III) mineral reduction and methane production. All 
setups were subsampled every two days until day 18. Extractable Fe(II) 
and Fe(tot), CH4, and acetate were quantified over time. The pH values 
were determined and showed ranges of 7.01 ± 0.01 on day 0 and 7.04 ±
0.02 on day 18. A redox-active model compound, anthraquinone-2, 
6-disulfonate (AQDS), as a well-known electron shuttle (Lovley et al., 
1996), was employed to control biochar’s function as a geobattery. 

2.4. Analytical techniques 

Total Fe(II) (soluble in 1M HCl) and Fe(tot) (soluble in 1M-hydroxyl
amine hydrochloride, HAHCl) were determined using the ferrozine 
assay as described by Amstaetter et al. (2012) and Stookey (1970). The 
CH4 was detected in the same vials without opening the vials. The 
proportion of headspace to slurry was 25 mL:25 mL. 200-μL headspace 
was sampled each time. CH4 in the headspace was quantified using an 
SRI 8610C gas chromatograph (SRI Instruments Europe GMBH, Ger
many) equipped with a flame ionization detector (detection limit 2 
ppmv). Liquid samples (ca. 200 μL) for acetate analyses were taken in an 
anoxic glove box (100% N2) and filtered through 0.22 μm filters before 
high-performance liquid chromatography (HPLC, LC-10AT, SHI
MADZU) analysis equipped with a DAD and RID detector. 

2.5. Bacterial and archaeal 16S rRNA gene amplification, illumina 
sequencing and data analysis 

After 18-days of incubation, soil samples (approximately 3–4 g each) 
were collected by centrifugation (14,000 g, 30 min), and pellets were 
kept at − 20 ◦C. According to the manufacturer’s protocol, DNA in all 
treatments was extracted using the Power-SoilTM DNA isolation kit (Mo 
Bio Laboratories, Carlsbad, CA). The DNA of triplicate samples (i.e., 
biological replicated) was pooled equally to yield a final concentration 
of 2 ng/μL for all biotic treatments. To investigate the bacterial and 
archaeal communities’ structure and composition, the V4 regions of 
universal 16S rRNA genes were amplified using polymerase chain re
action (PCR) with the primer set 515f (5′-GTGCCAGCMGCCGCGGTAA- 
3′) and 806r (5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 
2011) using the pooled DNA samples as a template. Amplicons were 
sequenced using Microsynth AG (Switzerland) with the Miseq platform 
(Illumina, San Diego, CA, USA) using the v2 chemistry (PE 250), and 

between 85,557 and 205,129 read pairs were generated for each sample. 
For each sample, 928–2496 ASVs representing 55,256–150,247 read 
pairs were finally obtained, and 8957 ASVs were detected across all 
samples. Sequencing data were analyzed with nf-core/ampliseq v1.1.0 
that wraps all analysis steps and software and is publicly available at 
https://github.com/nf-core/ampliseq (Straub et al., 2020). Briefly, the 
primers were trimmed, and untrimmed sequences were discarded 
(<6%) with Cutadapt v1.16 (Martin, 2011). Adapter and primer-free 
sequences were imported into QIIME2 v2018.06 (Bolyen et al., 2018) 
quality checked with demux (https://github.com/qiime2/q2-demux), 
and processed with DADA2 v 1.6.0 (Callahan et al., 2016) to remove 
PhiX contamination, trim reads before median quality falls below 35 
(forward 181, reverse 107), correct errors, merge read pairs and remove 
PCR chimeras and, ultimately, produce amplicon sequencing variants 
(ASVs). Alpha rarefaction curves were produced with the QIIME2 di
versity alpha-rarefaction plugin, indicating that the richness of the 
samples was fully observed. A Naive Bayes classifier was fitted with 16S 
rRNA gene sequences extracted with the PCR primer sequences from 
SILVA v132 QIIME compatible database clustered at 99% identity 
(Pruesse et al., 2007) ASVs were classified by taxon using the fitted 
classifier (https://github.com/qiime2/q2-feature-classifier). 43 ASVs 
classified as chloroplast or mitochondria were removed, totaling <0.5% 
relative abundance per sample and the remaining 8914 ASVs had their 
abundances extracted by feature-table (Bolyen et al., 2018). The treat
ments were analyzed at the end of incubation for their microbial com
munity composition. 

2.6. Real-time quantitative PCR 

The abundances of bacterial 16S rRNA genes, archaeal 16S rRNA 
genes, Geobacter spp. specific 16S rRNA genes and methyl-coenzyme M 
reductase subunit alpha (mcrA) genes were analyzed using an IQ™5 
Multicolor Real-time PCR Detection system (BIO-RAD Laboratories 
GmbH, München). The reaction mixture contained 3.15 μL DNA (2 ng/ 
μL) as a template for each triplicate, 5-μL SYBR 2 Premix Ex Taq, 0.5 μL 
each primer, and 3 μL sterilized deionized water. Negative treatment 
control was conducted using sterilized deionized water instead of a DNA 
template for each qPCR assay. Detailed information regarding the 
primers and thermal cycling conditions used is shown in the Supporting 
Information (Table S4). A 10-fold serial dilution of the standard plasmid 
DNA was used, and it covered seven orders of magnitude from 102 to 108 

copies of template per test. The standard curves for qPCR are shown in 
Fig. S5. qPCR was conducted in triplicate, and the final Geobacteraceae 
bacterial 16S rRNA and mcrA genes were obtained by calibrating against 
total DNA concentrations extracted and the volume of anaerobic setups. 

2.7. Statistical analysis 

Statistical analysis was conducted by the statistics software package 
SPSS 22.0. Tukey’s test determined statistical significance to compare 
CH4 emission, Fe(II) production, and acetate consumption, as well as 
results from qPCR analyses and methanogenesis inhibitor experiments 
among different setups. Tukey’s multiple-comparison test was used to 
compare 16S rRNA illumina sequencing analysis. Data from the different 
groups came from populations where the observations have a normal 
distribution, and the standard deviation is the same for each group. 
Differences in electron recovery and gene copy numbers of specific 
functional genes between different biochars particles were verified using 
a t-test. ***P < 0.001; **P < 0.01, *P < 0.05, and n.s., not significant. 

2.8. Data availability 

Raw sequencing data was deposited at the National Center for 
Biotechnology Information Sequence Read Achives database under 
BioProject accession number (PRJNA597449). 
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3. Results 

3.1. Rates of Fe(III) reduction and methanogenesis in the presence of 
biochar 

To investigate the biochar effect with small and large particle size on 
microbial Fe(III) reduction and methane emission in the paddy soil 
enrichment culture, we monitored Fe(II) concentrations, Fe(II)/Fe(tot) 
ratios, and CH4 concentrations for 18 days (Fig. 1A and B). Compared to 
setups with enrichment culture only (“No amendments” setups, 0.05- 
mM Fe(II)/d and 5.22 μM CH4/d), the addition of both Fh and acetate 
(“No biochar” setups) led to faster Fe(II) formation (0.17-mM Fe(II)/d). 
Compared to nonamended setups, the setups amended with acetate 
showed no obvious increase in CH4 but a significant increase in Fe(II) 
production (Fig. S7). These results agree with previous studies (Teh 
et al., 2008; Roden and Wetzel, 2003), suggesting that Fh addition 
suppressed CH4 production due to the high thermodynamic favorability 
(Table S7) of Fh in accepting electrons. When setups were not supplied 
with Fh as a terminal electron acceptor but amended with biochar and 
acetate (Fig. 1C, “No Fh + s- (k-)biochar” setups), biochar significantly 
(Tukey test with P < 0.001) stimulated CH4 production (Fig. 1C) 
compared to “No amendment” setups. Biochar significantly (Tukey test 
with P < 0.001) stimulated CH4 production (Fig. 1C) compared to both 
“Nonamendment” setups and setups amended with acetate only 
(Fig. S7). Furthermore, the highest extent of increase in CH4 was 
observed in setups amended with acetate plus biochar but without Fh 
(“No Fh + s-(k-) biochar” setups (Fig. 1C). These results indicated that 
biochar could facilitate electron transfer to methanogenesis in the 
absence of Fh. Finally, in the setups amended with Fh, acetate, and 
biochar (“s- (k-) biochar” setups), the addition of biochar simultaneously 
stimulated both Fe(II) and CH4 production compared to setups without 
amended with biochar (Fig. 1A and B, “No biochar” setups, Tukey test 
with P < 0.001). Therefore, adding biochar could stimulate both Fe(II) 
and CH4 production, indicating a coupled function of biochar via its 
geobattery and geoconductor mechanisms. 

3.2. The influence of biochar in comparison to AQDS for rates of Fe(III) 
reduction and methanogenesis 

Based on sharply decreased Fe(II) and CH4 production rates around 
day 9, we divided the entire incubation duration into two periods (i.e., 
period 1 for day 1–9 and period 2 for day 10–18). We found that after 
adding biochar, up to 60% of Fe(II) production was accomplished in 
period 1 with a high rate of Fe(II) production (0.25–0.37-mM Fe(II)/d, 
Fig. 1D) than the incubation without biochar (“No biochar” with 0.08 ±
0.01 mM Fe(II)/d, Fig. 1D). Compared with period 1, the Fe(II) pro
duction rates were much lower (Fig. 1D) in period 2, especially with 
biochar amendment. In the absence of biochar, the CH4 production rate 
was 1.08-μM CH4/d in period 1 and increased to 2.27 μM CH4/d in 
period 2. AQDS was used to investigate its effect on electron redirection 
between microbial Fe(III) reduction and methanogenesis compared to 
biochar. During period 1, the CH4 production rates in setups amended 
with AQDS (1.75 μM CH4/d) were obviously slower than in the biochar- 
amended setups (10.13–12.80 μM CH4/d), but similar to the ‘no biochar’ 
setup (1.08 μM CH4/d, Fig. 1D). Additionally, setups amended with 
AQDS showed a significant stimulation of microbial Fe(III) reduction in 
period 1 (days 1–9) (0.44 mM Fe(II)/d) compared to setups that did not 
contain AQDS or biochar (0.08 mM Fe(II)/d). These results indicated 
that AQDS functioned as a geobattery and only favored microbial Fe(III) 
mineral reduction but not methanogenesis. 

We identified electron fate recovered, as Fe(II) and CH4 from acetate 
oxidation in different treatments amended with AQDS or biochar during 
periods 1 and 2. The rates and extents of acetate oxidation were 
significantly higher (Tukey test with P < 0.001) in setups amended with 
both small and large particle biochar and in setups with AQDS than in 
nonamended setups (Fig. 2A and B). In the presence of sufficient acetate 

(i.e., during incubation period 1), 54%–63% of the added acetate was 
recovered, as Fe(II) after adding biochars or AQDS, suggesting that 
biochar had a similar effect as AQDS, and favored microbial Fe(III) 
mineral reduction. Approximately 6% of acetate was recovered as CH4 
after the amendment of biochar. In contrast, only 1% acetate was 
recovered as CH4 after the addition of AQDS (Table S6). 

3.3. The impact of biochar type and particle size on rates of microbial Fe 
(III) reduction and methanogenesis 

s-biochar showed higher electron exchange capacity (EEC) and 
higher conductance values than k-biochar, related to the higher degree 
of carbonization during the production of this biochar produced from 
mixed wood compared to biochar produced from other feedstock or low- 
density wood feedstock (Shen et al., 2018; Werdin et al., 2020). When 
comparing the two types of biochar, we observed faster rates of Fe(II) 
and CH4 production (Tukey test with P < 0.05) in setups amended with 
s-biochar than that with k-biochar (Fig. 1D). This could be due to the 
higher EEC and higher conductance of s-biochar compared to k-biochar 
(Table S1). In the case of either s-biochar or k-biochar, we found that 
small particles (5–20 μm) presented more than 150% and 100% 
increased rates of Fe(II) (Fig. 1D) and CH4 production (Fig. 1D) than 
large biochar particles (50–100 μm), respectively. Furthermore, these 
increased production rates were probably due to the faster rate of 
electron transfer (i.e., the Fe(II) production rates) induced by the 
increased surface area of small biochar particles (1.08% and 1.28% of 
surface area for s-biochar and k-biochar, respectively, Table S1; Fig. S9) 
compared to large biochar particle. Furthermore, the higher electron 
transfer rates (i.e., the higher CH4 production rates) induced by smaller 
biochar particles were also related to biochar’s higher conductance 
(Table S1, Fig. 4C). 

3.4. The abundance of Geobacteraceae, Methanosarcina and 
functional genes related to methane production after addition of biochar 

To identify microorganisms that potentially contributed to Fe(III) 
reduction and methanogenesis in response to biochar addition, we 
analyzed the microbial community composition and the copy numbers 
of 16S rRNA genes specific for Geobacter spp. and mcrA genes (Fig. 3A, 
S1 and S2). Geobacteraceae became the predominant bacterial taxa by 
accounting for at least 42% of total 16S rRNA gene sequences in the 
setup without biochar amendment. Two methanogens, Methanosarcina 
and Methanobacterium, were detected in all treatments with and without 
biochar amendment. Methanosarcina can metabolize acetate to methane 
(Li et al., 2018) and also catalyze hydrogenotrophic methanogenesis 
(Agler et al., 2011). Compared to the setup with only soil (‘No amend
ment’ setup), in setups amended with 5 mM Fh and 1 mM acetate (‘No 
biochar’ setups) the relative abundance of Geobacteraceae increased 
from 42% to 46%, and Methanosarcina increased from 0.2% to 0.4% of 
16S rRNA gene sequences, respectively (Fig. 3A). This suggested that Fh 
and acetate addition increased relative abundance of Fe(III)-reducers 
affiliating with Geobacteraceae. However, no obvious change in the 
relative abundance of Methanosarcina was observed with Fh and acetate 
amendment. In setups amended with both biochars, the relative abun
dance of Geobacteraceae decreased from 42% to 39% of total 16S rRNA 
gene sequences (Fig. 3A). However, Methanosarcina became the domi
nant archaeal taxa and accounted for up to 7%–13% of total 16S rRNA 
gene sequences (Fig. 3A). The relative abundance of Methanosarcina of 
16S rRNA gene sequences increased by 32-fold in setups amended with 
biochars compared to setups without biochar amendment. The addition 
of biochar altered the relative abundance of several other bacterial taxa, 
including Rhodocyclaceae, which decreased in its relative abundance 
(10%–5%). Desulfuromonadaceae and Syntrophobacterales increased in 
relative abundance 3- and 8-fold, respectively, in s- (k-) biochar’ setups 
compared to ‘no biochar’ and ‘no amendment’ setups. These results 
suggest that biochar application enriched dissimilatory Fe(III)-reducing 
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bacteria (Desulfuromonadaceae and Syntrophobacterales), as shown in 
previous studies (Zhou et al., 2017; Tong et al., 2014). 

To further quantitatively assess the role of biochar in modifying soil 
microbial communities, we used qPCR-specific for 16S rRNA genes of 
Geobacter spp. and for mcrA genes. Both genes were detected in all 
treatments. The copy numbers of Geobacter spp. genes and mcrA genes 
both increased after amendment with biochars compared to setups that 
contained no biochar (Fig. 3B and C, and Fig. S2B and S2C), where we 
saw no obvious increase in the relative abundance of Geobacteraceae. In 
contrast, the relative abundance of Methanosarcina increased on the 
basis of 16S rRNA gene sequencing (Fig. 3A and Fig. S2). Methanosarcina 
became the dominant methanogen in the presence of biochar accounting 
for at least 80% abundance of total methanogens based on 16S rRNA 
sequencing. Additionally, both the copy numbers of mcrA genes and the 
relative abundance of Methanosarcina increased for both s-biochar and 
k-biochar (Fig. 3A and B and Fig. S2), which indicated that the number 
of mcrA genes is attributed to Methanosarcina in our study, at least in 
most part (excluding 20% abundance of Methanobacterium). In biochar- 
amended setups, the copy numbers of 16S rRNA genes of Geobacter spp. 
and mcrA genes increased by 4- and 7-fold, respectively, compared to 
setups without biochar (Fig. S2B). This further highlights the role of 
Geobacter-related Fe(III)-reducers and mcrA-carrying methanogenic 
archaea in the observed Fe(III) reduction and methanogenesis, respec
tively. Small biochar particles led to higher gene copy numbers of 
Geobacter spp. (t-test, P < 0.05) and mcrA genes (t-test, P < 0.05) 
compared to large particle-sized biochar (Fig. S3A). We found a positive 
correlation between the copy numbers of 16S rRNA genes specific for 
Geobacter spp. and mcrA gene (Fig. S3B, r = 0.98) for both s-biochar and 
k-biochar. 

3.5. The contribution of electron transfer pathways to methanogenesis 

The fate of electrons in syntrophic acetate-oxidizing co-cultures that 
were recovered as CH4 during period 1 in setups amended with biochar 
were quantified. During period 1, 5.0%–6.0% and 6.0%–6.3% of the 
electrons were recovered as CH4 in the presence of k-biochar and s- 
biochar, respectively, which we attribute to acetoclastic methanogenesis 
and CIET (Figs. 4A and 5D, and Table S5). Approximately 2.0%–3.2% 
and 2.2%–3.4% of acetate-derived electrons were directly transferred by 
CIET from Geobacteraceae to Methanosarcina through conductive s-bio
char and k-biochar particles, respectively, recovered as CH4 (Fig. 5E, 
Table S5). For both biochars, small particles showed a high electron 
recovery of CH4 compared to large particles (Fig. S8, t-test with P <
0.05). To evaluate the fate of electrons from syntrophic activities of our 
co-culture with dominating Geobacteraceae and Methanosarcina during 
period 2 in the presence of biochar, we selectively inhibited the meth
anogenesis activity by adding 2-bromoethanesulfonate (BES) on day 9 to 
the s-(k-) biochar setups (Fig. 4C). We observed that BES addition 
immediately stopped CH4 production, as expected (Fig. 4B). However, 
Fe(II)/Fe(tot) production was unchanged (Fig. 4C), but the copy number 
of the Geobacter spp. gene (days 10–18) increased (t-test with P < 0.05) 
(Fig. 3C). This suggested that electron transfer originating from acetate 
oxidation in period 2 (days 10–18) was controlled by the activity of the 
Fe(III)-reducers (i.e., Geobacteraceae). No significant change in gene 
copy numbers of mcrA were observed during period 2 (Fig. 3B) before 
and after the addition of BES. 

Additionally, we compared copy numbers of the mcrA in period 1 

(days 1–9) and period 2 (days 10–18) in setups without the addition of 
BES but amended with biochar. Gene copy numbers of mcrA gene 
showed no significant change between period 2 and period 1. These 
results indicated that no significant growth of methanogens occurred in 
period 2, in the presence of biochar; thus the detected CH4 production 
after day 9 could not be attributed to acetoclastic and hydrogenotrophic 
methanogenesis (no H2 detected). Without BES addition, we observed a 
significant decrease (Tukey test with P < 0.01) in the rate of acetate 
consumption (from 0.20 ± 0.01-mM per 9-days to 0.08 ± 0.01-mM per 
9-days) after day 9 (Fig. 2B and C) when Fe(III) reduction was consis
tent, implying that acetoclastic methanogenesis would be stopped after 
day 9 in the presence of biochar. Additionally, 0.2 mM acetate con
centration was observed around day 9, suggesting that after this time in 
the s-(k-) biochar setups (Fig. 2B), CH4 production by acetoclastic and 
hydrogenotrophic pathways by acetoclastic methanogens (Meth
anosarcina) stopped due to reaching acetate concentration threshold 
(0.20 ± 0.01 mM) (Jetten et al., 1990; Westermann et al., 1989). These 
results suggested that the produced CH4 after day 9, was likely due to 
CIET from the Geobacteraceae to methanogens via biochar as a geo
conductor, due to the thermodynamic threshold of the acetoclastic 
pathway and no contribution of the hydrogenotrophic pathway since no 
H2 was detected over incubation. 

4. Discussion 

4.1. Simultaneous stimulation of Fe(III) reduction and methanogenesis in 
the presence of biochar 

Stimulation of Fe(III) reduction was observed after amendment with 
acetate plus biochar and Fh (Fig. 1A). This is similar to previous studies 
(Kappler et al., 2014; Xu et al., 2016) because of biochar functioning as a 
geobattery (electron shuttle) facilitating microbial Fe(III) mineral 
reduction. Compared to nonamended setups, the setup amended with 
acetate only showed no obvious increase in CH4 formation but a sig
nificant increase in Fe(II) production (Fig S7). Additionally, CH4 highest 
increase was observed in setups amended with acetate plus biochar (‘No 
Fh + s-(k-) biochar’ setups (Fig. 1C). This suggested that microbial Fe 
(III) reduction outcompeted methanogenesis in the presence of biochar 
at high acetate concentrations. When setups were not supplied with Fh 
as terminal electron acceptor but amended with biochar and acetate 
(Fig. 1C, ‘No Fh + s- (k-) biochar’ setups), biochar significantly stimu
lated CH4 production (Fig. 1C) compared to ‘No amendment’ setups, 
indicating that biochar facilitated electron transfer during methano
genesis in the absence of Fh. Conductive black carbon or carbon cloth 
involved in CIET processes were shown before stimulating methano
genesis (Rotaru et al., 2018; Li et al., 2018). While conductive carbon 
(through polyaromatic carbon ring structures in carbon matrices) was 
shown to stimulate methanogenesis, it was unable to stimulate the 
transformation of nitrogen compounds or sulfide oxidation, probably 
due to the lack of redox-active functional groups (Xu et al., 2013). In this 
study, the addition of biochar (together with acetate and Fh) simulta
neously stimulated both rates of Fe(II) and CH4 production, indicating 
that a coupled, but spatially separated, function of biochar as geobattery 
by surface redox-active functional groups and as geoconductor via the 
polymeric carbon matrix. In contrast to AQDS, which functioned as a 
geobattery (electron shuttle) and only favored microbial Fe(III) mineral 
reduction but not methanogenesis, the higher rates and extent of CH4 

Fig. 1. Microbial Fe(III) reduction (upper panel) and methane emission (bottom panel) in anoxic paddy soil enrichment culture amendment with (A) small-particle 
size (SP) biochar including Swiss biochar (s-biochar, 5 g/L) and KonTiki biochar (k-biochar, 5 g/L), acetate and ferrihydrite (Fh, 5 mM), (B) large-particle size (LP) 
biochar including s-biochar and k-biochar (5 g/L), acetate and Fh (5 mM). s-/k-biochar-abiotic setups were amended with enrichment culture from the sterilized soil 
slurry, acetate, Fh, s-biochar or k-biochar, respectively. A close-to-complete microbial Fe(III) reduction resulted in a slow rate of Fe(II) production after day 9. (C) 
Influence of SP biochars on methanogenesis in setup amended without Fh. The ‘No Fh + s- (k-)biochar’ setups were amended with acetate, s-biochar-SP or k-biochar- 
SP, respectively. (D) Rates of microbial Fe(III) reduction (mM Fe(II)/d) and (E) methanogenesis (μM CH4/d) with biochar-SP/LP and Fh during two incubation 
periods (period 1: days 1–9 and period 2: days 10–18). The AQDS setup was amended with 100 μM AQDS, 1 mM acetate and 5 mM Fh. Error bars represent standard 
deviations of triplicate experimental setups. Statistical significance was analyzed by Tukey test. ***P < 0.001; **P < 0.01, *P < 0.05, and n.s., not significant. 
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production in the presence of biochar were probably due to biochar 
geoconductor function, which directly transferred electrons from 
electron-donating microorganisms to methanogens stimulating CH4 
production. 

Furthermore, biochar with the addition of acetate as substrate but 
without Fh amendment (Fig. S7) showed a positive effect on methano
genesis compared to a non-acetate-amended treatment (Xiao et al., 
2019). Promoting growth and immobilization of microorganisms on 
biochar (Youngwilai et al., 2020) and adsorption of organic matter (e.g., 
acetate) by biochar (Hill et al., 2019), could also contribute to faster Fe 
(II) and CH4 formation in the presence of small biochar particles than 
large particles. The increased surface area in smaller and higher porosity 
biochar particles (e.g., carbon fiber and bamboo biochar) can lead to 
more adhesion of microorganisms to the biochar surface (Jaafar et al., 
2015; Afrooz et al., 2018; Liu et al., 2002; Fan et al., 2011). DAX-8 resin 
porous material that is nonredox-active and nonconductive but has 
similar porosity and particle size as biochar particles did not influence 
the electron transfer process (i.e., Fe(II) formation) (Yang et al., 2020). 
The surface areas of both s- and k-biochar (13–30 m2 per setup) are 3–6 
times larger than ferrihydrite (5 m2 per setup, Table S1). Biochar is 
expected to promote the attachment of cells to biochar (Jaafar et al., 
2015, Amonette and Joseph, 2009), causing a closer aggregation of cells 
with biochar compared to only cells with Fh (Yang et al., 2020). This 
close aggregation can then facilitate direct electron transfer from 
electron-donating microorganisms to electron-accepting microorgan
isms through biochar carbon matrices functioning as a geoconductor. 
The function of biochar as a geoconductor between cells led to a partial 
bypass of electron flow from cells to Fh. Consequently, electron flow was 
mediated to methanogens by spatially separated biochar particles, even 
though Fh is thermodynamically more favorable in accepting electrons 
(Table S7). 

4.2. The addition of biochar enriched a Co-culture of Geobacteraceae and 
Methanosarcina 

In biochar-amended enrichment culture setups, the copy numbers of 
16S rRNA genes of Geobacter spp. and mcrA genes increased by 4- and 7- 
fold, respectively, compared to setups without biochar (Fig. S2B and 
S2C). This highlights the role of Geobacter-related Fe(III)-reducers and 
mcrA-carrying methanogenic archaea for the observed Fe(III) reduction 
and methanogenesis, respectively, after biochar application. Notably, 
biochar increased the copy numbers of 16S rRNA genes specific for 
Geobacter spp. and mcrA genes. The result indicated that electron 
transfer from Geobacteraceae to Methanosarcina through conductive 
biochar particles leads to CH4 production in our microcosms, similar as 
described before (Yuan et al., 2018). Additionally, small biochar parti
cles were more efficient in supporting the growth of Geobacteraceae and 
Methanosarcina than large-sized biochar (Fig S8), which could be related 
to its high surface area because of high acetate adsorption of small 
particles. 

Fe(II) production was not impacted (Fig. 4B) after the addition of 
BES in period 2 (days 10–18), but both CH4 production by direct elec
tron transfer via the carbon matrix of biochar and CH4 production by 
acetoclastic methanogenesis by Methanosarcina were blocked (during 
period 2) (Fig. 4A). Therefore, electrons stemming from acetate meta
bolism by Geobacteraceae were still transported via biochar functioning 
as geobattery and geoconductor to stimulate Fe(II) formation. No sig
nificant growth of methanogens was detected in period 2 (days 10–18) 
in the presence of biochar without BES supplement. Additionally, an 
acetate concentration of 0.2 mM was observed around day 9 suggesting 
that after this time in the s-(k-) biochar setups (Fig. 2B), CH4 production 
by acetoclastic methanogens (Methanosarcina) stopped due to reaching 
the threshold concentration of acetate (0.20 mM) (Jetten et al., 1990; 
Westermann et al., 1989). The results indicated that the CH4 produced 
after day 9 (in period 2, when acetoclastic methanogenesis stopped 
(Fig. 2B)), was likely a result of CIET from the Geobacteraceae to the 

Fig. 2. The relationship of acetate and CH4 production in different paddy soil 
enrichment culture setups. (A) “No biochar” setups were amended with 
enrichment culture, 1 mM acetate and 5 mM Fh. The AQDS setup was amended 
with enrichment culture, 1 mM acetate, 5 mM Fh and 100 μM AQDS. (B) s-/k- 
biochar setups were amended with enrichment culture, 1 mM acetate, and s- 
biochar or k-biochar with small and large-sized particles (SP and LP). The 
dashed lines indicate it reached the thermodynamic acetate threshold concen
tration of 0.2 mM that was shown for aceticlastic methanogens such as Meth
anosarcina (Jetten et al., 1990; Westermann et al., 1989). Error bars represent 
standard deviations of triplicate experimental setups. P values were determined 
by Tukey test. ***P < 0.001; **P < 0.01, *P < 0.05, and n.s., not significant. 
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Fig. 3. (A) The relative abundance of Geobacteraceae and Methanosarcina based on 16S rRNA gene sequencing, respectively, after an 18-day incubation, in setups 
containing only enrichment culture (no amendments), enrichment culture amended with 1 mM acetate and 5 mM Fh (no biochar) and biochar setups with 
enrichment culture amended with acetate, Fh and small and large-particle size (SP, LP) Swiss biochar (s-biochar) and KonTiki biochar (k-biochar); (B) Copy numbers 
of mcrA genes and (C) Copy numbers of 16S rRNA genes specific for Geobacter spp. per gram dry soil with BES (during days 10–18) and without BES amendment 
(during days 1–18 and 1–9) in the presence of s- and k-biochar with SP and LP. The BES was added on day 9. Gene copy numbers were quantified on day 9 and 18 
respectively. Error bars represent standard deviations of triplicate experimental setups. P values were determined by t-test. ***P < 0.001; **P < 0.01, *P < 0.05, and 
n.s., not significant. 
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Fig. 4. CH4 production (A) and microbial Fe(III) reduction (B) in 
paddy soil enrichment cultures before and after adding a methano
genesis inhibitor (BES, 50 mM). BES was added on day 9. CH4 
production and microbial Fe(III) reduction in paddy soil enrichment 
culture before and after adding a methanogenesis inhibitor BES (50 
mM). BES was added at day 9 in treatments with acetate/ferrihydrite 
containing either k-biochar or s-biochar with LP and SP compared to 
setups containing only enrichment culture (no amendment) and 
enrichment culture amended with 1 mM acetate and 5 mM Fh (no 
biochar). (C) Relationship between methane formation rates (in 
μmol CH4/g (biochar C⋅d)) in period 2 and conductance of biochar 
(in μS) in the presence of s-biochar and k-biochar with small and 
large particles (SP and LP). Error bars represent standard deviations 
of triplicate experimental setups.   
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Fig. 5. Schematic of electron transfer pathways between Fe(III)-reducers (Geobacteraceae) and methanogens (acetoclastic methanogens or Methanosarcina) in anoxic 
paddy soil enrichment culture setup only amended with (A) acetate and ferrihydrite (Fh) (No biochar), (B) acetate and biochar (No Fh), (C) acetate and AQDS 
(AQDS), (D) no methanogens, (E) acetate, Fh and biochar during period 1 (biochar setup), and (F) acetate, Fh and biochar during period 2 (biochar setup). Without 
biochar, microbial Fe(III) reduction outcompetes methanogenesis. Without Fh, biochar contributed to methanogenesis. AQDS as an electron shuttle facilitates 
electrons transfer between the Fe(III)-reducer and Fh suppressing methanogenesis. Biochar either mediated electron transfer between the Fe(III)-reducer and Fh or 
directly transferred electrons from the Fe(III)-reducer to the methanogen thus stimulating methane production. Please note that Geobacteraceae is the dominating Fe 
(III)-reducer in our culture and we therefore conclude that microbial Fe(III) reduction is mainly attributed to the metabolism of Geobacteraceae. Coupled function of 
biochar as geobattery and geoconductor, although spatially decoupled, leads to stimulation of microbial Fe(III) reduction and methanogenesis from a paddy 
soil enrichment. 
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methanogen via biochar as a geoconductor. 

4.3. Altering environmental electron transfer pathways after application 
of biochar 

A comprehensive understanding of the coupled effect of electron 
transfer mechanisms in biochar (i.e., biochar functioning as geobattery 
and as geoconductor) was proposed lately from an electrochemical- 
electron-transfer system using electrochemical analysis (Sun et al., 
2017, 2018). We linked the coupled effect of electron transfer mecha
nism in biochar to the response of microbial metabolism and highlighted 
biochar’s function in simultaneously stimulating CH4 emission and Fe 
reduction. Mitigation of CH4 emission after application of biochar had 
also been reported in other studies (Feng et al., 2012; Liu et al., 2011; 
Jeffery et al., 2016; Brassard et al., 2016). This contradictory result to 
our study could be due to the differences in soil microbial composition 
(Feng et al., 2012), soil iron contents, and substrate (Harter et al., 2014; 
Zhou et al., 2017; Zhu et al., 2017; Xiao et al., 2018), and different types 
of biochar that possess different electron transfer properties (Sun et al., 
2017; Klüpfel et al., 2014). 

Microbial Fe(III) reduction is thermodynamically more favorable 
than methanogenesis (Fig. 5A). However, in soils with only low Fe 
mineral content (Colombo et al., 2014), calcareous soils (Lentz et al., 
2014), and Fe(II)/Mn(II)-rich soils in reducing environments (Yu and 
Patrick, 2004), biochar alternatively functions as a geoconductor and 
contributes to methanogenesis (Fig. 5B), that means in environments 
where Fe(III) is depleted as a terminal electron acceptor (Fig. 1C). 
Diminished methanogenesis occurred in the presence of biochar when 
microbial Fe(III) reduction became the dominated electron-accepting 
process (in the presence of sufficient Fe(III)) with biochar functioning 
as both geobattery and geoconductor). With the input of Fh as Fe(III) 
source representing Fe-rich paddy soil conditions, the coupled function 
of biochar as a geobattery and a geoconductor offers dual electron 
transfer pathways via different biochar particles simultaneously proceed 
between microbial Fe(III) reduction and methanogenesis. In contrast, 
the addition of AQDS, which functions only as a geobattery, could only 
stimulate microbial Fe(III) reduction but did not affect CH4 emissions 
(Figs. 1D and 5C). Due to an increasing multidisciplinary application of 
biochar to soil, water, and sediment (Xie et al., 2015; Rajapaksha et al., 
2016; Romero-viana et al., 2011), these electron transfer mechanisms 
via biochar will occur in some paddy soils, rivers and sediments within 
Fe-rich habitats containing Fe(III)-reducing bacteria (e.g., Geo
bacteraceae) and methanogenic archaea (e.g., Methanosarcina) (Rotaru 
et al., 2014, 2019; Roden and Wetzel, 2003) in the presence of 
conductive carbon particles. These environmental locations discussed 
above are true “hotspots” of significant biogeochemical activities that 
control element cycles, which impacts the behavior of Fe–Mn mineral 
phases and metalloids (e.g., As), and nonmetals (e.g., Se). Therefore, 
CH4 emission from such environments contributes significantly to the 
overall greenhouse gas budget on Earth. 

Biochar particles easily aggregate with microorganisms in the soil, 
which induces a fast soil microbial response, particularly of Fe(III)- 
reducing bacteria and methanogens. In our study, the coupled func
tion of biochar as a geobattery (by electron shuttling) and as a geo
conductor, including involved CIET pathway may lead to electron 
transport either via bacteria-biochar-mineral associations forming a 
geobattery network or via a bacteria-biochar-archaea conductive 
network, both potentially relevant for CH4 emission and Fe(III) reduc
tion. In this context, greenhouse gas regulation and microbial Fe cycling 
by applying biochar in soil environments need to consider biochar’s 
coupled electron transfer functions as a geobattery and a geoconductor 
and its induced microbial responses. 
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