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Abstract
Purpose Bacteria able to extracelluar respiration, which could
be enriched in the anode of microbial fuel cells (MFCs), play
important roles in dissimilatory iron reduction and arsenic
(As) desorption in paddy soils. However, the response of the
bacteria to As pollution is unknown.
Materials and methods Using soil MFCs to investigate the
effects of As on anode respiring bacteria (ARB) communities
in paddy soils exposed to As stress. The soil MFC perfor-
mances were evaluated by electrochemical methods. The bac-
terial community compositions on anodes were studied using
Illumina sequencing.
Results and discussion In wet 1 phase, polarization curves of
MFCs showed cathode potentials were enhanced at low As
exposure but inhibited at high As exposure. In the meantime,

anode potentials increased with As levels. The dry-wet alter-
nation reduced As levels in porewater and their impacts on
electrodes microorganisms. Arsenic addition significantly in-
fluenced the anode microbial communities. After dry-wet cy-
cles, Deltaproteobacteria dominated in the anode with high
As.
Conclusions The dynamic changes of the communities on
cathodes and anodes of soil MFCs in paddy soils with differ-
ent As addition might be explained by their different mecha-
nisms for As detoxification. These results provide new in-
sights into the microbial evolution in As-contaminated paddy
soils.

Keywords Anode respiring bacteria . Arsenic . Dry-wet
cycles . Paddy soils

1 Introduction

Arsenic (As) is cancerogenic and poses health risks to humans
by accumulating in water and edible parts of foods, especially
in rice grain (Sun et al. 2009; Meliker et al. 2006; Zhu et al.
2008b). Mining activities and intensive use of As-tainted wa-
ter for irrigation have caused an increase of As in paddy soils
(Williams et al. 2006; Zhu et al. 2008a). In China, about 60 %
of daily inorganic arsenic intake comes from rice growing in
As-contaminated soils (Li et al. 2011).

The As bioavailability is closely related to soil redox con-
ditions (Marin et al. 1993; Masscheleyn et al. 1991). Soil
redox potentials (Eh) are measured by the redox-active
chemicals, such as O2, iron (Fe) and manganese (Mn) min-
erals, sulfate, and nitrate (Husson 2013). The oxidizing
chemicals are respired by microorganisms and reduced.
When Fe and Mn oxides were reduced and dissolved, the ions
pre-absorbed on their surface, e.g., arsenate (As(V)) and
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phosphate (PO4
3−), would release into soil pore water and

become available for plant uptake (Wang et al. 2009; Gomez
et al. 1999). Under flooded conditions, As concentrations in
pore water could be 10 folds of which under the non-flooded
conditions (Takahashi et al. 2004). Therefore, soil dry-wet
alternation could significantly reduce the mobility of As in
paddy soils.

Bacteria able to conduct extracellular respiration by donat-
ing electrons to an anode as terminal electron acceptor are
termed anode respiring bacteria (ARB) (Miceli et al. 2012;
Lovley 2008; Logan and Regan 2006). Studies have shown
that ARB are responsible for the reduction of iron and man-
ganese oxides (Lovley et al. 2004). Studies on ARB will pro-
vide new perspectives for understanding iron and arsenic bio-
geochemical cycling in paddy soils. Previous studies on this
topic have largely focused on the effect of soil organic matter
on ARB communities (Miceli et al. 2012; Dunaj et al. 2012).
However, the information is scarce on the effect of arsenic on
ARB communities. It is well known that As contamination
could shape microbial communities in paddy soils
(Edvantoro et al. 2003; Lorenz et al. 2006). However, the
variation of ARB communities among paddy soils with dif-
ferent levels of As remains poorly understood.

The present study thus aimed to investigate whether As
contamination could affect redox transformations and ARB
communities of paddy soils under wet-dry cycles. In this
work, soil microbial fuel cells (SMFCs) made of paddy soils
with different concentrations of As was built to enrich ARB,
thereby delineating the influence of As on ARB communities.
Soil characteristics, the SMFC performances, and bacterial
communities of electrodes were studied in this work.

2 Materials and methods

2.1 Soil sample treatment

Paddy soils were collected from Jiaxing, Zhejiang province.
The soil sample was air-dried and passed through a 2-mm
sieve. Every 300-g soil was mixed with 200 ml solution of
As in 0, 1.0, 2.0, or 5.0 mmol L−1. The final soil As concen-
trations are 16, 66, 116, and 266 mg kg−1 which was desig-
nated as As0, As1, As2, or As3, respectively.

2.2 Soil MFC configuration and operation

A SMFC consisted of the following: a polypropylene pot with
an inner diameter of 65 mm and a height of 110 mm, circular
carbon felt electrodes (both anode and cathode) with a diam-
eter of 60 mm and a thickness of 5 mm, a soil moisture sam-
pler (10 Rhizon MOM, Rhizosphere Research Products,
Netherlands) adjacent to the anode, and a 2000-Ω external
resistor. The anode and cathode were connected by PTFE-

wrapped titanium wires. The SMFC consisted of four layers
as shown in Fig. S4 (Electronic Supplementary Material),
which were a 20-mm soil layer from the bottom, anode carbon
felt layer, another 60-mm soil layer, and cathode carbon felt
layer in surface water. There were three replicates for each
treatment.

The SMFC experienced two wet phases and one dry phase
during the experiment. When the SMFCs were flooded, de-
ionized water was daily added to maintain liquid level con-
stant for 15 days. After the 15-day wet phase, no water was
added and the dry phase started. When the SMFC voltages
dropped to zero, the operation was moved to the second wet
phase for another 20 days by adding deionized water to similar
level at first phase. All of the assembledMFCs were incubated
at 28 °C in the dark.

2.3 MFC performance analysis

Cell voltages were monitored by a data acquisition board
(USB6225, National Instruments Corporation, USA) and re-
corded measurements daily for 40 days. Current density was
calculated according to formula J=U / (RA), where U is the
recorded voltage, R stands for the external resistance, and A
stands for the electrode surface area. At the end of each wet
phase, anode and cathode potentials were measured by an
electrochemical workstation (CHI1040B, Chenhua, China)
with a Ag/AgCl (+198 mV vs standard hydrogen electrode
SHE) reference electrode. The SMFCs run for 1 h at open
circuit before the measurement. Polarization curves were ob-
tained by linear sweep voltammetry (LSV). The electrochem-
ical workstation imposed a linear voltage that decreased from
the OCV to a cell potential of 0 mVat a rate of 10 mV s−1. The
currents were recorded by the electrochemical workstation,
and the anode potentials versus Ag/AgCl were recorded by
the data acquisition board. The cathode potentials were calcu-
lated by the imposed cell voltage and anode potentials. The
power outputs were calculated using P= IU, where I is the
recorded current, U the imposed voltage.

2.4 Fe(II) and total As in pore water

After each wet phase, the soil pore water was sampled and
analyzed for Fe(II) and total As. One-milliliter sample was
pre-acidified for 10 min with 0.2 mL 0.75 mol L−1 HCl for
Fe(II) analysis by the colorimetric reagent 1, 10-
phenanthroline. Total As in pore water was measured by an
inductively coupled plasma optical emission spectrometer
(ICP-OES, Optima 2000 DV, Perkin Elmer, USA).

2.5 Scanning electron microscopy

Subsamples of carbon felt were cut from the SMFC anodes
and slowly rinsed by sterilized ultrapure water. Before
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scanning electron microscopy (SEM) observation, samples
were fixed in 2.5 % glutaraldehyde for 1 h at room tempera-
ture and then for 12 h at 4 °C. Subsequently, the samples were
dehydrated through 30, 50, 75, 90, 95, and 100 % (v/v) etha-
nol, 10 min for each level, and then dried for another 12 h.
Finally, the samples were mounted onto a copper sample hold-
er, coated with gold, and imaged at 3 kVon SEM (S-3000 N,
Hitachi, Japan).

2.6 Illumina sequencing and processing of sequencing data

Total DNA from biofilm samples on the carbon felts after the
second wet phase was extracted with the FastDNA SPIN Kit
for Soil (MP Biomedicals, USA) and subjected to Illumina
sequencing. The V4-V5 regions of bacterial 16S ribosomal
RNA genes were amplified using primers 515F (5′-barcode-
GTGCCAGCMGCCGCGG - 3 ′ ) a n d 9 0 7R ( 5 ′ -
CCGTCAATTCMTTTRAGTTT-3′). Amplifications were
started with an initial denaturation step at 95 °C for 2 min,
followed by 25 cycles of 95 °C for 30 s, 55 °C for 30 s, and
72 °C for 30 s and ended with an extension step at 72 °C for
5 min. After purification, equal amounts of the PCR products
with different barcodes were mixed and submitted to the
Research and Testing Laboratory (Majorbio, Shanghai) for
sequencing on an Illumina MiSeq platform.

Raw fastq files were demultiplexed, quality-filtered using
the Quantitative Insights Into Microbial Ecology toolkit-
version 1.7 (Caporaso et al. 2010). A randomly selected subset
of 30,000 sequences per sample was used for subsequent com-
munity analyses. Operational taxonomic units (OTUs) were
clustered with 97 % similarity cutoff using UPARSE-version
7.1 (http://drive5.com/uparse/), and chimeric sequences were
identified and removed using UCHIME. The phylogenetic
affiliation of each 16S ribosomal RNA (rRNA) gene sequence
was analyzed by RDP Classifier (http://rdp.cme.msu.edu/)
against the SILVA (SSU117/119) 16S rRNA database using
a confidence threshold of 70 %.

2.7 Statistical analyses

The SPSS (version 17.0; SPSS Inc., Chicago, USA) software
was used to perform standard statistical tests, including one-
way analysis of variance (ANOVA), Student-Newman-Keuls
(SNK) test, and Pearson correlation analysis. Pearson correla-
tion analysis was used to determine the correlation between
the genus abundance and As concentration. Moreover, the
porewater Fe(II) concentration, the porewater As concentra-
tion, Chao 1 estimator, or Shannon index among different
SMFCs were compared using one-way analysis of variance.
Mean values are shown in text followed by 1 standard error
(±SE). Statistical significance was denoted at p<0.05.

2.8 Accession number of nucleotide sequences

The 16S rRNA gene-based Illumina sequencing reads have
been deposited at GeneBank with accession number
SRP056410.

3 Results

3.1 The changes of porewater As and Fe(II) in SMFCs

The concentrations of As and Fe(II) in porewater of the
SMFCs (As0, As1, As2, As3) were tested at the end of the
first and second wet phases (Table 1). In all the treatments, the
porewater As levels were significantly lower than the total soil
As. Arsenic concentrations increased with As addition; in the
meantime, they decreased with incubation time. The top aver-
age concentrations of As dropped from 8.64 μM in wet 1
phase to 3.77 μM in wet 2 phase. The porewater Fe(II) was
undetectable in wet 1 phase and ranged from 6.88 μM (As0)
to 28.5 μM (As3) in wet 2 phase. The porewater Fe(II) in-
creased with increasing As concentrations in paddy soils.

3.2 Time-dependent current density in the SMFCs
with different As addition

An overview of the current density in treatments As0 and As3
is given in Fig. 1. The variations in current density in treat-
ments As1 and As2 were similar to that of As0 (Fig. S1,
Electronic Supplementary Material). The currents in all the
SMFCs increased rapidly in the initial 5 days and reached
the maximum in day 16, when the SMFCs were switched to
dry stage.

The average current density recorded on day 16 were 48.1,
46.2, 45.4, and 38.1 mA m−2 for treatments As0, As1, As2,
and As3, respectively. High As addition into paddy soils de-
creased current density suggesting inhibition on the respira-
tion processes of microbial organisms on electrode surfaces.
When the voltages reduced to zero, the SMFCs were flooded
again. During the wet 2 phase, the voltage variances in all
treatments showed no difference.

3.3 Polarization properties of the SMFCs

Although the voltage variances of the SMFCs with different
As addition were similar for all the treatments, there is a clear
difference of the potentials between cathodes and anodes mea-
suring with reference electrodes and electrochemical stations.
The polarization curves were tested at the end of the wet 1
phase (day 16) (Fig. 2) and wet 2 phase (day 40) (Fig. S4,
Electronic Supplementary Material). Based on the polariza-
tion curves, the maximum power outputs were calculated. In
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the wet 1 phase, the order of the maximum power for the 4
treatments is As2>As1~As0>As3.

According to the wet 1 polarization curves, it is shown that
low As enhanced the maximum cathode potentials while high
As greatly suppressed. The average maximum potentials of
cathodes were +254, +409, +520, and +84 mV for As0, As1,
As2, and As3, respectively. Compared to cathode, As had
slight effect anodes. The maximum average potentials of an-
odes decreased from −170 mV (As0) to −241 mV (As3). The
slope of the curves indicated that the cathodes’ potentials were
the main factors limiting the current output of the SMFCs,
except for the As3 treatment. However, As showed no signif-
icant effect on the SMFC performance in the wet 2 phase, in
terms of the power, the electrodes potentials among all
treatments.

3.4 SEM analysis

Biofilms of anodes were observed by SEM to characterize
their biofilm structure and morphology in Fig. 3. The SEM
micrograph of As0 showed bacteria attaching to carbon fiber
directly. However, the SEMmicrograph of As1, As2, and As3
showed that more bacteria presented in the void spaces of the
carbon fiber. Compared with As0, As2 and As3 had more
putative nanowires, which might be used for electron transfer
between bacteria.

3.5 The anode microbial communities under various As
contamination

The Miseq results showed that the As addition affected the
microbial communities on anodes in the wet 2 phase.
Moreover, there was no significant effect on the diversity of
microbial community in cathodes (Table 1). For community
richness, the highest Chao1 estimator for anode was found in
the As0 treatment and followed by the As1, As2, and As3
treatment in sequence. For community diversity, the
Shannon indexes for anodes were in the following sequence:
As0-Shannon > As1-Shannon ~ As2-Shannon > As3-
Shannon.

Figure 4a showed the relative abundance of bacterial com-
munity in enriched biofilms of anodes at class level. It was
clear that the microbial composition of the treatment As0 was
the most diverse, and that of the treatment As3 was the least,
as expected from the corresponding Chao1 and Shannon in-
dexes patterns (Fig. 4a and Table 1). Furthermore, bacterial
community of treatment As0 was enriched for Nitrospira,
Deltaproteobacteria, Clostridia, Betaproteobacteria,
Anaerolineae, and Acidobacteria. High concentrations of As
decreased the relative abundance of Nitrospira, Anaerolineae,
and Ac idobac t e r i a , wh i l e i n c r e a s i ng tho se o f
Deltaproteobacteria and Betaproteobacteria. Notably, the rel-
ative abundance of Deltaproteobacteri significantly increased
when As levels were elevated (p<0.05), which were 15, 31,

Table 1 The concentrations of As and Fe(II) in pore water of SMFC and Microbial Community Profiles Data

Sample ID As (mg kg−1) Porewater As (μmol L−1) Porewater Fe(II) (μmol L−1) Chao1 estimator Shannon index

Wet 1 Wet 2 Wet 1 Wet 2 Anode Cathode Anode Cathode

As0 16 0.60 ± 0.14a 0.04 ± 0.01a ND 6.88± 3.51a 2761± 113c 2445± 50a 6.06 ± 0.43c 4.84 ± 0.49a

As1 66 1.59 ± 0.19b 0.47 ± 0.04b ND 14.44 ± 3.50b 2249± 191b 2403± 219a 4.93 ± 0.57b 4.98 ± 0.46a

As2 116 3.59 ± 1.24c 1.97 ± 0.55c ND 14.28 ± 4.31b 1959± 31a 2475± 129a 4.19 ± 0.50ab 5.77 ± 0.36a

As3 266 8.64 ± 1.47d 3.77 ± 0.53d ND 28.49 ± 10.37b 1820± 104a 2019± 419a 3.99 ± 0.24a 5.13 ± 0.63a

Data were given as mean± standard deviation (n = 3) in MFC soil. Values followed by different upper letters in the same column are significantly
different at p < 0.05

ND not detected

Fig. 1 Current density measured
for As0 (a) and As3 (b) biofilms
for 40 days. Three lines represent
data of three SMFC replications
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36, and 43 % for treatments As0, As1, As2, and As3,
respectively.

Further analyses of the anodes communities of genus classi-
fication showed the evolution of the class Deltaproteobacteria
in details in Fig. 4b. The relative abundance of Geobacter spp.
increased from 1 % for the treatment As0 to 18 % for the
treatment As3. The composition of microbial communities of
biofilms in cathodes was shown in Fig. S3 (Electronic
Supplementary Material), and no significant difference was
found among As treatments.

3.6 Correlation analysis of the genus abundance and As
concentration

Table S1 (Electronic SupplementaryMaterial) showed that the
correlation betweenGeobacter and As concentration is signif-
icant at the 0.05 level. Linear regression analysis was used to
study the relationship between the relative abundance of

Geobacter and As concentration (Fig. 5). A significant posi-
tive correlation with As concentrations was found for the ge-
nus Geobacter (R2=0.9306).

4 Discussion

The response of soil functional microbial community to elevat-
ed As levels was revealed by using soil MFCs and Miseq tech-
niques. The addition of As to soils significantly changed the
cathode and anode potentials in the first wet stage. In the mean-
time, the microorganisms on cathode and anode exhibited dif-
ferent variation pattern in the treatments with different As levels.

In wet 1 phase, the cathode potentials showed higher sen-
sitivity to As than the anode. The low level of As addition
slightly enhanced the cathode potentials; however, it dramat-
ically decreased the potentials when the As levels were ele-
vated to 266 mg kg−1 (8.64 μmol L−1 in pore water). The

Fig. 2 The polarization cure of
the anode (solid points) and
cathode (hollow points) (left hand
side) and power/current curves
(right hand side) of As0 (a), As1
(b), As2 (c), and As3 (d) SMFCs
at the end of wet 1 phase. Three
lines represent data of three
SMFC replications
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disparity among cathodes disappeared in wet 2 phase, in terms
of chemical potentials and microbial community (Fig. S2 and
Fig. S3, Electronic Supplementary Material). Two reasons
may explain the homogenization of the cathodes in wet 2

phase. One is the ageing effect during dry-wet alternation,
which reduced the mobile As in pore water and overlay water.
When As solution were added to soils, some of them are
immobilized or form compounds by adsorption or

Fig. 3 SEM images of
microorganisms in anodes of As0,
As1, As2, and As3 SMFCs. The
arrows indicate putative
nanowires

Fig. 4 Community analyses of
enriched anode biofilms using
Miseq of the 16S rRNA gene,
reported at the class level. a Each
type of soil had three MFC
replications. BOthers^ represents
low abundance (less than 1 %)
bacteria. Community analyses of
16S rRNA gene sequences
identified by genus within the
Deltaproteobacteria. b Others
include low abundance (less than
1 %) bacteria within the
Deltaproteobacteria
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precipitation (Jalali and Khanlari 2008; Huang et al. 2015).
Especially, the iron oxides formed in dry phase would have
strong adsorption affinity to As (Xu et al. 2008). As shown in
Table 1, the concentrations of porewater As in wet 1 phase
were much lower than that in wet 2 phase. Our previous study
found that As bioaccessibility in soils could reached approx-
imately stable levels with 1 or 2 weeks of ageing (Tang et al.
2007). Li et al. (2009) studied the effect of water management
regimes on As mobilization and reported that aerobic treat-
ments rapidly decreased the concentration of As in soil solu-
tion after 120 days of flooding. Another is that the disturbance
of daily water refilling caused rapid exchange of microbes
between surface water and cathode, which lead to similar mi-
crobial community structure on the cathode surface in wet 2
phase, but not on the anode (Fig. 2).

The ARB on anodes showed high tolerance to As toxicity,
which is supported by the polarization curves and microbial
community data in phase 1 (Figs. 2 and 4). The relative abun-
dance of Deltaproteobacteria was the highest in the highest
As contamination, although the diversity of microbial com-
munity significantly decreased with the As addition.
Deltaproteobacteriawas also found to be dominant in arsenic
removal water treatment system (Upadhyaya et al. 2012).
Several mechanisms have been proposed for As detoxification
in microbes: As(V) reduction, methylation, and excretion,
which are widely found in anaerobic bacteria (Zhu et al.
2014; Oremland and Stolz 2003; Paez-Espino et al. 2009).
The anaerobic bacteria are proposed to adopt the ancient high
As environment and evolve the anaerobic arsenate respiration
(Zhu et al. 2014). Most of the known ARB are obligate anaer-
obes, whichmight possess high As tolerance ability. The rapid
shift of oxygen, arsenite, and methylated As in anaerobic con-
dition might also confer the ARB with high arsenic resistance
higher priority to inoculate the anode, especially for
Geobacter. Strong competitive advantage of Geobacter was
observed in high As treatment (Fig. 4b). The study on

microbial communities in Maine groundwater also found that
the highest percentage of Geobacter existed in the wells with
the highest As concentration by fluorescence in situ hybridi-
zation (Weldon andMacRae 2006). The existence of genes for
As(V) respiration in severalGeobacter genomes may enhance
the As resistance of certain Geobacter species (Lear et al.
2007; Giloteaux et al. 2012; Hery et al. 2008). Ohtsuka et al.
(2013) reported Geobacter sp. OR-1 isolated from Japanese
paddy soil was a dissimilatory arsenate-reducing bacterium.
Arsenate respiratory reductase genes (arrA) were closely re-
lated to those also found in Geobacter uraniumreducens and
Geobacter lovleyi (Giloteaux et al. 2012; Hery et al. 2010).
Although some other Geobacter species like Geobacter
sulfurreducens were unable to conserve energy for growth
via the dissimilatory reduction of As(V), they could tolerate
high (500 μM) concentration of As(V) (Islam et al. 2005). For
methylation, Jia et al. (2013) used primers of arsenite S-
adenosylmethionine methyltransferase (ArsM) and identified
the prokaryotic arsM genes inGeobacter metallireducensGS-
15 from rhizosphere with wide ranging As concentrations.

The porewater Fe(II) was undetectable at the end of wet 1
phase, when the cell current significantly increased (Table 1
and Fig. 1). This suggested the ARB inoculated the anode
before the abundant Fe(II) ion released to porewater. The
chemical-inert anode may compete with iron oxides for mi-
crobial extracellular respiration and slow down the Fe(III)
reduction. Our previous study also found the concentration
of porewater Fe(II) was lower in closed circuit MFCs than
that in open circuit MFCs (Wang et al. 2015). At the end of
wet 2 phase, the porewater Fe(II) ranged from 6.88 to
28.5 μmol L−1 at wet 2 phase. The highest Fe(II) concentra-
tion was found in the treatment of highest As, which is con-
sistent with our previous finding that the ARB possess higher
growth advantages in high As condition.

5 Conclusions

By using MFCs to enrich ARB, we revealed that As contam-
ination could modulate the ARB community in paddy soils.
The ARB, which shared the mechanisms of extracellular res-
piration of Fe(III) reducing bacteria, showed great As toler-
ance, which might be explained by their versatile detoxifica-
tion mechanisms. This study implies in a dynamic environ-
ment, e.g., intermittently flooded paddy field or intertidal
zone, the As contamination may increase the competition the
microbial community respiring extracellular minerals and fur-
ther change the Fe and As behavior.
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Fig. 5 Linear regression analysis of As concentration and the relative
abundance of Geobacter
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