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a b s t r a c t

Improvement of the stability of functional microbial communities in wastewater treatment system is
critical to accelerate pollutants detoxification in cold regions. Although biocathode communities could
accelerate environmental pollutants degradation, how to acclimate the cold stress and to improve the
catalytic stability of functional microbial communities are remain poorly understood. Here we investi-
gated the structural and functional responses of antibiotic chloramphenicol (CAP) reducing biocathode
communities to constant low temperature 10 �C (10-biocathode) and temperature elevation from 10 �C
to 25 �C (S25-biocathode). Our results indicated that the low temperature acclimation with electrical
stimulation obviously enhanced the CAP nitro group reduction efficiency when comparing the aromatic
amine product AMCl2 formation efficiency with the 10-biocathode and S25-biocathode under the
opened and closed circuit conditions. The 10-biocathode generated comparative AMCl maximum as the
S25-biocathode but showed significant lower dehalogenation rate of AMCl2 to AMCl. The continuous low
temperature and temperature elevation both enriched core functional community in the 10-biocathode
and S25-biocathode, respectively. The 10-biocathode functioning stability maintained mainly through
selectively enriching cold-adapted functional species, coexisting metabolically similar nitroaromatics
reducers and maintaining the relative abundance of key electrons transfer genes. This study provides
new insights into biocathode functioning stability for accelerating environmental pollutants degradation
in cold wastewater system.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Low temperature could strongly reduce the rates of microbial
growth and biochemical reactions (D’Amico et al., 2006). Most re-
actions involved in organic matter biodegradation require more
energy to proceed at low temperatures than at mesophilic condi-
tions (Lettinga et al., 2001). Environmental temperature perturba-
tions universally appear in cold regions. The development of cold-
adapted biocatalysis system would be of great economical
vironmental Biotechnology,
inese Academy of Sciences,
importance because it could avoid a heavy economy burden on
wastewater heating process (Lettinga et al., 2001; McKeown et al.,
2012). Therefore, how to acclimate the cold stress and to improve
the catalytic stability of functional microbial communities in
wastewater treatment system is critical to accelerate environ-
mental pollutants biotransformation/detoxification under lower
temperature conditions.

At the global scale, thewidespread abuse of antibiotics has led to
their release into various environmental settings. As a result, resi-
dues of those antibiotics are frequently detected in diverse water
environments including sewage treatment plant influent/effluent,
livestock wastewater effluent, hospital effluent, and urban rivers
(Kong et al., 2015a; Zhang et al., 2015a). Their persistence in the
environment could potentially evolve antibiotic-resistant bacteria
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and even multi-drug resistant bacteria, which constitute a great
risk for human health (Andersson and Hughes, 2014). Thus, anti-
biotics in wastewater must be degraded to eliminate their anti-
bacterial activity before discharging into the environment.

Bioelectrochemical system (BES) has been developed for the
cathodic reduction of various organic pollutants including nitro-
aromatics, azo dyes, halogenated aromatics, alkanes and ethylenes
(Feng et al., 2015; Liang et al., 2014; Mu et al., 2009; Radjenovic
et al., 2012; Shen et al., 2013; Strycharz et al., 2008, 2010; Wang
et al., 2011). Recently, antibiotics such as chloramphenicol (CAP),
florfenicol, metronidazole, nitrofurazone and furazolidone, which
are widely used in China, could be effectively reduced to antibac-
terial inactivity products with abiotic cathode or biocathode (Kong
et al., 2015a, 2015b; Liang et al., 2013). Moreover, biocathode dis-
played higher pollutants reduction efficiency and selectivity, lower
reduction overpotentials than those of the abiotic cathodes (Liang
et al., 2013, 2014; Wang et al., 2011). The electrical stimulation
could also simultaneously improve the salinity resistance and
halogenated nitroaromatics removal efficiency in biocathode
communities (Feng et al., 2015). Additionally, a previous study
revealed that the catalytic activity of ambient temperature accli-
matized CAP-degrading biocathode was obviously decreased when
the temperature dropped from 25 �C to a low temperature 10 �C
(Kong et al., 2014). Although biocathode showed some promising
advantages, little is known about whether low temperature accli-
mation with electrical stimulation could enhance the biocathode
functioning stability for antibiotics detoxification, especially from
phylogenetic and functional genes perspectives.

In this study, we investigated the kinetics of antibiotic CAP
degradation and main antibacterial inactivity products formation
by biocathode communities under constant low temperature 10 �C
and switching from 10 �C to 25 �C under opened and closed circuit
conditions. Both the phylogenetic and functional communities
within CAP-degrading biocathode were characterized using a
comprehensive microarray GeoChip (v4.6) and 16S rRNA gene
based Illumina MiSeq sequencing technologies. Important func-
tional genes involved in electron transfer and nitroaromatics
reduction in the two temperatures performed biocathode com-
munities were also analyzed. The objectives of the current study
were to (i) investigate how the low temperature acclimation and
temperature elevation impacts phylogenetic and functional struc-
ture and composition of CAP-degrading biocathode communities,
and (ii) reveal the improvement mechanisms of the low tempera-
ture acclimation with electrical stimulation on the biocathode
functioning stability. Our results provide a new strategy to enhance
the functioning stability of biocathode communities for acceler-
ating environmental pollutants treatment in cold wastewater
system.

2. Materials and methods

2.1. Microbial inoculum and BES tests

The BES reactors were constructed by assembling two equal-
sized Lexan plates (4 � 4 � 3 cm3) with a cylindrical cavity (3 cm
in diameter and 4 cm in length) and two equal-sized Lexan plates
(4 � 4 � 1 cm3) as outside baffles and separated by a cation ex-
change membrane (Ultrex CMI-7000, Membranes International,
Ringwood, NJ, U.S.) as described elsewhere (Kong et al., 2015a). The
internal volumes of anode and cathode chambers were 28 mL each.
Graphite fiber brush (2.5 cm in diameter and 2.5 cm in length,
TOHO TENAX Co., Ltd., Japan) was used as anode and cathode. A
10 U resistor with the external power (0.5 V) in series was
employed for the connection. A saturated calomel reference elec-
trode (SCE, 0.247 V vs standard hydrogen electrode, SHE) (model-
217, Shanghai Precise. Sci. Instrument Co., Ltd., China) was inserted
into the cathode chamber. All of the potential data showed herein
were against SHE. When the external power source and the resistor
were disconnected, the BES was operated as the opened circuit
biocathode mode. The experiment with the opened circuit bio-
cathode lasted for 48 h, hence should have negligible effects on the
biofilm communities.

Twelve biocathode BES reactors were started up at low tem-
perature (10 �C) with 0.5 V voltage supply. Bioanode and bio-
cathode in the BES were enriched by inoculating municipal sludge
from a wastewater treatment plant (Harbin, China) and pre-
enriched CAP-reducing consortium respectively as described else-
where (Liang et al., 2013; Wang et al., 2011). Afterwards, the 12
biocathode BESs were operated for 6 fed-batch cycles at 10 �C. Then
6 biocathode BESs of them were continued to run at 10 �C for
another 6 cycles (the corresponding biofilms were labeled as 10-
biocathode), and the other 6 biocathode BESs were switched
from 10 �C to 25 �C and were run 6 cycles (the corresponding
biofilms were termed as S25-biocathode). The actual cathode po-
tentials fluctuated approximately <2% and 3% between the two
biocathode groups before and after the temperature switchover,
respectively. This small variation in the cathode potential should
have minimal effects on the overall efficiencies of bio-
electrochemical CAP reduction and products formation. The tem-
perature (10 �C or 25 �C) throughout the experiment was
maintained in a constant temperature incubator (BI-250A, STIK,
Shanghai, China). In the biocathode mode, CAP (30 mg/L), glucose
(600 mg/L) and cathode were the cathodic electron acceptor,
intracellular and extracellular electron donors for cathodophilic
microbes, respectively. At the end of the tests, the 12 cathode
biofilms were sampled and stored at �20 �C until DNA extraction.

2.2. 16S rRNA gene sequencing, GeoChip hybridization and data
analysis

A detailed description of the DNA extraction, DNA purity and
quantity determination, PCR amplification, 16S rRNA gene Illumina
MiSeq sequencing, GeoChip hybridization and data analysis is
provided in the Supporting Information (SI). Six 10-biocathode and
S25-biocathode biofilms respectively were selected for the 16S
rRNA gene Illumina MiSeq sequencing analysis. A total 10 cathode
biofilms were selected for the GeoChip hybridization analysis.
Extracted DNA (1.0 mg) from each samplewas labeled with Cy-3 dye
and then hybridized with GeoChip v4.6 as described previously (Tu
et al., 2014). The spots with signal-to-noise ratios (SNR) lower than
2 were removed before statistical analysis (He et al., 2010).

The raw data from 16S rRNA gene sequencing was analyzed
according to a recent study (Qu et al., 2015). Microbial diversity
indices including Chao1 value, richness (identified OTU or detected
functional gene numbers in each sample), Shannon-Weaver index
(H) and Simpson reciprocal (1/D) were calculated as described
elsewhere (Schloss et al., 2009). Detrended correspondence anal-
ysis (DCA), three nonparametric tests (multiple-response permu-
tation procedure [MRPP], permutational multivariate analysis of
variance [Adonis], and analysis of similarity [ANOSIM]) were
calculated using R v2.15.1. Hierarchical clustering analysis was
performed using CLUSTER v3.0 and visualized by TREEVIEW. All
detected functional genes and identified OTUs at least 2 out of 5 or
6 biological replicates were used for the statistical analysis. Dif-
ferences between treatments were statistically analyzed by the
two-tailed unpaired t-test.

2.3. Chemicals and analytical methods

CAP (>98% purity) and high performance liquid



B. Liang et al. / Water Research 100 (2016) 157e168 159
chromatography (HPLC) grade methanol were purchased from
Sigma-Aldrich (St. Louis, MO, U.S.). Other chemicals used in this
study were of analytical grade.

Effluent samples taken from the cathode chamber within 48 h
were filtered through a 0.22 mm filter (Shanghai XingYa Purification
Material Co., China) before chemical analysis. The concentrations of
CAP, the CAP transformation products CAP-NO (nitroso interme-
diate of CAP), AMCl2 (the nitro-group reduced product of CAP,
namely aromatic amine AMCl2), AMCl (the partially dechlorinated
product of AMCl2), CAP-acetyl (acetylation of 3-hydroxyl of CAP to
form CAP-acetyl) were measured using a reverse-phase HPLC sys-
tem (Liang et al., 2013). The CAP transformation products were
identified by a HPLC-MS as described recently (Kong et al., 2015a;
Liang et al., 2013). The rate constants of CAP reduction (kCAP) and
terminal product AMCl formation (kAMCl) were calculated by fitting
the data to apparent first-order reaction models: C ¼ C0 e-kt and
C ¼ C0 (1-e-kt), respectively, where C represents the CAP (mg/L) or
AMCl concentrations at time t (h), C0 is the initial CAP concentration
(30 mg/L) or maximal AMCl yield (Ymax-AMCl). The electric current
(I) was calculated by the Ohm’s law. CAP reduction efficiency (Er-CAP,
%) was evaluated based on the difference between influent and
effluent CAP concentrations.

To characterize the bioelectrochemical activity of biocathode
communities under different temperatures, cyclic voltammetry
(CV) analysis was performed using an electrochemical workstation
(model-660D, CH Instruments Inc., Austin, TX, U.S.) as described
previously (Liang et al., 2013). To characterize the microbial growth
activity of biocathode under different temperatures, the 10-
biocathode and S25-biocathode biofilms were stained with the
LIVE/DEAD BacLight Bacterial Viability Kit (L7012, Molecular
Probes, Invitrogen, Carlsbad, CA, U.S.) according to the manufac-
turer’s instructions and then visualized under a confocal laser
scanningmicroscopy (CLSM, ZEISS LSM 700, German). The bacterial
staining kit was developed based on the bacterial membrane
permeability and is commonly used to distinguish bacteria with
high (green) or low (red) growth activity rather than determine
whether the cells are living or dead (Yang et al., 2015).

3. Results and discussion

3.1. Functioning stability of the 10-biocathode subjected to
temperature switchover

The CAP reduction and the terminal product AMCl formation
efficiencies and rate constants in the 25 �C and 10 �C enriched
biocathodes under decrease or elevation of 15 �C disturbances were
compared. Our previous study indicated that the Er-CAP (e.g. at 3 and
12 h), kCAP, Ymax-AMCl (at 24 h), and kAMCl were all markedly
decreased (P < 0.001) when decreasing the temperature from 25 to
10 �C (Table 1) (Kong et al., 2014). In the current study, the catalytic
functioning stability of the 10-biocathode communities and the
response of those communities to the temperature elevation were
studied. The results indicated that the Er-CAP (e.g. at 3 and 12 h) and
Table 1
Assessing the functioning stability of biocathode communities upon environmental temp
efficiencies as indicators.

25 �C 25 �C / 10 �C P valu

CAP-Er3h/% 94.54 ± 2.79 86.60 ± 4.67 <0.00
CAP-Er12h/% 99.55 ± 0.51 97.70 ± 1.07 <0.00
CAP-k (h�1) 0.88 ± 0.08 0.63 ± 0.07 <0.00
AMCl-Y3h 39,377 ± 13318 11,260 ± 3630 <0.00
AMCl-Ymax 81,670 ± 6167 51,153 ± 4837 <0.00
AMCl-k (h�1) 0.20 ± 0.05 0.06 ± 0.01 <0.00

Bold represents the P value <0.05.
kCAP were not significantly differed when elevating temperature
from 10 to 25 �C. Though the S25-biocathode had obviously higher
kAMCl (0.15 vs 0.10 h�1; P ¼ 0.002), kAMCl2-AMCl (calculating between
6 and 48 h; 0.046 vs 0.028 h�1) and early AMCl yield (at 3 h,
P ¼ 0.017) than those of the 10-biocathode, the Ymax-AMCl (at 48 h)
was not significantly differed between the two operational groups
(Table 1).

3.2. Electrical stimulation increases the functioning stability of 10-
biocathode

In order to demonstrate the functioning stability was increased
in the 10-biocathode by the electrical stimulation with low tem-
perature acclimation, CAP reduction and the products (CAP-NO,
AMCl2, AMCl and CAP-acetyl) formation efficiencies were
compared between the opened and closed circuit biocathodes
under two operational temperatures, respectively. The results
showed that the electrical stimulation significantly enhanced the
biocathodic reduction of CAP to AMCl2, and the reductive dechlo-
rination of AMCl2 to AMCl (Fig. 1a, c, e), which was consistent with
our previous study (Liang et al., 2013). The kCAP of the opened cir-
cuit S25-biocathode (0.295 ± 0.083 h�1) was close to the opened
circuit 10-biocathode (0.326 ± 0.074 h�1) (P ¼ 0.60). While the
accumulation of the AMCl2 yield (at 48 h) obviously increased in
the opened circuit S25-biocathode compared to that of the opened
circuit 10-biocathode (P < 0.0001). The opened circuit biocathode
did not accumulate CAP-NO product (Fig. 1b). Thus, the increased
AMCl2 accumulation in the opened circuit S25-biocathode could be
attributed to the fact that the opened circuit 10-biocathode
generated more CAP-acetyl product (acetylation of 3-hydroxyl of
CAP to form CAP-acetyl by bacterial CAP acetyltransferase) (Shaw
and Leslie, 1991) especially between 3 and 12 h than those of the
opened circuit S25-biocathode (P < 0.09). The bioelectrochemical
reduction process could weaken the non-redox CAP acetylation
reaction (Fig. 1d). The AMCl2 yield (at 48 h) was not significantly
differed between the closed circuit 10-biocathode and S25-
biocathode (P ¼ 0.11) (Fig. 1c). Between 12 and 24 h, the closed
circuit 10-biocathode showed obviously lower AMCl yield and
higher AMCl2 yield (P < 0.0006). Nearly the same Ymax-AMCl was
generated regardless of opened (P ¼ 0.84) and closed (P ¼ 0.66)
circuit conditions between the two biocathode groups, indicating
the anaerobic dehalogenation of AMCl2 to AMCl was temperature
insensitive.

Additionally, in order to exclude the differences derived from
the pure electrochemical reduction process between 10 and 25 �C,
the CAP reduction and products generation efficiencies were
assessed. The results showed that the kCAP and AMCl2 generation
dynamics were not significantly differed between the two tem-
perature abiotic cathode groups. The AMCl and CAP-NO yields
showed no obvious differences at tested time points excepting the
yields of AMCl at 48 h and NO at 24 h were significantly higher
(P¼ 0.069) and lower (P¼ 0.044) under 10 �C, respectively (Fig. S1).
Moreover, the 10-biocathode and S25-biocathode group (actually
erature disturbances with the CAP reduction and terminal product AMCl formation

e 10 �C 10 �C / 25 �C P value

1 94.69 ± 2.73 95.45 ± 2.51 0.366
1 100 ± 0.00 99.95 ± 0.24 0.330
1 1.22 ± 0.25 1.15 ± 0.18 0.630
1 59,540 ± 15,009 74,683 ± 24,096 0.017
1 185,633 ± 24,305 187,868 ± 13,562 0.661
1 0.10 ± 0.02 0.15 ± 0.02 0.002
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performed at 10 �C) showed no significant differences for the kCAP,
kAMCl and Ymax-AMCl (P > 0.10) before the temperature elevation.
Collectively, these results indicated that the low temperature
acclimation with electrical stimulation enhanced the functioning
stability of 10-biocathode for the CAP reduction especially for the
reduction of the CAP nitro group to form AMCl2 when comparing
the AMCl2 formation efficiencies of the 10-biocathode and S25-
biocathode under the opened and closed circuit conditions, and
the 10oC-acclimated biocathode showed more adaptive ability to
environmental temperature changes than the 25oC-acclimated
biocathode. These results highlight that the 10-biocathode BES
could serve as a potential biotechnology unit for wastewater
treatment in cold regions.
3.3. The bioelectrochemical feature of biocathode communities

The biocathode potential and the reaction current during the
bioelctrochemical CAP reduction were monitored under 10 �C and
25 �C, respectively. The potential and current were at nearly the
same level between the two biocathode groups under 10 �C. The
current decreased to 0.1 mA level when the cathode electron
acceptor CAP was depleted. After the temperature elevation, the
potential and current were similar (Fig. 2) and the cumulative
Fig. 2. The cathode potential and current of the CAP-reducing biocathodes performed
under 10 �C and 10e25 �C (switchover from 10 �C to 25 �C). The arrow indicates that
the 6 10-biocathodes were switched to the 25 �C cultivation (in short 10e25 �C group).
Before the temperature switchover, all the 12 biocathodes operated at 10 �C.
charge during CAP reduction between the S25-biocathode and 10-
biocathode was not significantly different (Fig. 1f), both of which
suggests that cathodophilic microbes under 10 �C could capture
comparable electrons from cathode compared to those under 25 �C.
Moreover, the biocathode communities showed the functioning
stability to the temperature elevation as well as the cold-adapted
and steady electrons flow capability for CAP reduction under low
temperature.

The growth activity of 10-biocathode and S25-biocathode cells
were analyzed with SYTO 9 (green indicates high growth activity of
cells) and propidium iodide staining (red notes low growth activity
of cells). The CLSM micrographs showed that biocathode commu-
nities had comparative total cathodophilic cells before and after the
temperature elevation. The 10-biocathode showed relatively lower
low-growth activity cells than that of the S25-biocathode by pre-
liminarily observing from CLSM (Fig. S2), which demonstrated that
the success of the low temperature acclimation of filtrated cold-
adapted cathodophilic microbes. Additionally, the sudden eleva-
tion of 15 �C might affect the growth activity of the dominant cold-
adapted microbes within biocathode communities. In order to
determine no obvious differences in electrochemically catalytic
activity between the two biocathodes, the CV analysis was
employed. The result indicated that the CV characterization of the
10-biocathode and S25-biocathode were nearly consistent, such as
the reaction current and reduction potential of nitro group (nitro
group reduction was started at around �0.25 V). Further negative
scanning on cathode potential (>�0.6 V), much higher cathode
current was generated in both biocathodes. The hydrogen evolution
reaction of the 10-biocathode and S25-biocathodewere also similar
(Fig. S2). These results showed that the low temperature acclima-
tion and temperature elevation did not affect the electrochemically
catalytic activity of biocathode communities, which was consistent
with no obvious differences of the Er-CAP, Ymax-AMCl and cumulative
charge between the two biocathode groups.
3.4. Shift of overall biocathode communities structure

To identify whether the low temperature acclimation enriches
core functional species and the temperature elevation affects the
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phylogenetic (16S rRNA gene and gyrB) and functional structure
and composition of CAP-reducing biocathode communities, hier-
archical clustering analysis (Fig. S3) and detrended correspondence
analysis (DCA) (Fig. 3) were carried out with the identified OTUs (in
total 1798) and detected functional genes (in total 48,434). The
results showed that the 10-biocathode were well separated from
the S25-biocathode from phylogenetic and functional genes per-
spectives. Interestingly, the 10-biocathode and S25-biocathode
communities could not be well separated at the electrons transfer
related genes (in total 394) level (Fig. 3). The results of three
nonparametric multivariate statistical approaches (ANOSIM,
Adonis and MRPP) also strongly indicated that the 10-biocathode
communities structure were obviously differed from the S25-
biocathode communities. All the functional genes, 16S rRNA gene,
gyrB and functional gene categories in biocathode communities
were significantly differed between the two biocathode groups.
Compared with other functional gene categories (P � 0.05), the
electrons transfer related genes and specific cytochrome c genes
showed a relatively higher similarity (P < 0.065) between the two
biocathode groups (Table S1). Taken the relationship between
biocathode catalytic function and important electron transfer effi-
ciency and characterization into account, the 10-biocathode and
S25-biocathode had comparative bioelectrochemical features dur-
ing CAP reduction. Therefore, the relatively unconspicuous differ-
ence in electron transfer related genes structure likely attributed to
maintaining the electrons transfer efficiency and functioning sta-
bility of the bioelectrochemical CAP reduction under constant low
temperature.
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3.5. Unique functional genes and microbial diversity indices

A total of 1067 functional genes (accounting for 2.20% of all
detected functional genes) absolutely undetected in the S25-
biocathode but detected at least in three 10-biocathodes. More-
over, the 10-biocathode enriched 101 unique functional genes that
were completely absent in the S25-biocathode. A total of 2213
functional genes (accounting for 4.57%) absolutely undetected in
the 10-biocathode but detected at least in the three S25-
biocathodes. Moreover, the S25-biocathode enriched 208 unique
functional genes that were completely absent in the 10-biocathode.
These unique functional genes mainly belongs to carbon cycling,
metal resistance, stress and organic pollutants bioremediation gene
categories (relative abundance >10%) (Fig. S4). The temperature
elevation did not significantly altered the phylogenetic diversity
based on the richness, H and 1/D indices, though the S25-
biocathode had a relatively higher richness and lower H and 1/D
indices than those of the 10-biocathode. The temperature elevation
significantly increased the functional gene diversity based on the
detected functional genes numbers and abundances (P � 0.07)
(Table S2). Additionally, the temperature elevation slightly
decreased the Chao1 value of the S25-biocathode (1352 ± 317)
compared to the 10-biocathode (1416 ± 373). These results indi-
cated that the temperature elevation relatively increased the rich-
ness (OTUs and functional gene numbers) and obviously enriched
unique functional genes in the biocathode communities, which
fitted the general regularity that more microbial species are likely
to live at ambient temperature.
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3.6. Differences of biocathode communities structure at phylum
and class levels

A total of 18 phylawere identified in the 12 biocathodes, therein
3 dominant phyla including Proteobacteria, Firmicutes and Bacter-
oidetes that frequently appeared in electrode microbial commu-
nities were not significantly differed between the two biocathode
groups. The relative abundances for Proteobacteria (from
61.39 ± 22.86 to 69.30 ± 18.54%; P ¼ 0.526), Bacteroidetes (from
1.43 ± 0.37 to 2.36 ± 2.04%; P ¼ 0.322), Euryarchaeota (from
0.81 ± 0.67 to 2.74 ± 2.38%; P ¼ 0.105) and other classified and
unclassified phyla (from 0.28 ± 0.11 to 1.62 ± 1.06%; P¼ 0.026) were
relatively increased after the temperature elevation. The 10-
biocathode had a relatively higher abundance of Firmicutes
(36.10 ± 23.02%) than that of the S25-biocathode (23.98 ± 14.20%;
P¼ 0.303). A total of 33 classeswere classified in the 12 biocathodes
and the most of the sequences belonging to 6 classes (relative
abundance >1%). Gram-positive Bacilli and Clostridia species were
relatively enriched in the 10-biocathode compared to those in the
S25-biocathode, while Gammaproteobacteria, Bacteroidia and other
classified and unclassified classes were relatively increased
excepting Methanomicrobia species were significantly enriched
(from 0.80 ± 0.66 to 1.95 ± 0.91%; P ¼ 0.034) in the S25-biocathode
(Fig. S5).

3.7. The potential function of dominant genera

A total of 182 genera were classified among the 12 biocathodes.
Eighteen genera with relative abundance >0.5% were shown in
Fig. 4. Aeromonas (33.16 ± 19.82%; P ¼ 0.01) and Vagococcus
(22.25 ± 15.67%; P¼ 0.046) were significantly enriched under 10 �C,
which was consistent with the cold-adapted ability of them (Rouf
and Rigney, 1971; Teixeira et al., 1997). Electrochemically active
Aeromonas was capable of reducing nitroaromatics 1-nitropyrene
to aromatic amine 1-aminopyrene (Kinouchi et al., 1982; Pham
et al., 2003). Vagococcus was capable of biodegrading p-chloroni-
trobenzene (Bao et al., 2009). Importantly, the relative abundances
of Aeromonas (r ¼ �0.79, P ¼ 0.019) and Vagococcus (r ¼ �0.66,
P¼ 0.075) showed a significant negative correlation to themaximal
AMCl2 yield under the opened circuit mode (pure anaerobic bio-
reduction). This result strongly suggests that the low temperature
acclimation with electrical stimulation enhanced the CAP nitro
group reduction with dominant cold-adapted nitroreductase-car-
rying bacteria under 10 �C. Raoultella (62.06 ± 21.72%; P ¼ 0.005)
and Enterococcus (9.00 ± 10.16%) obviously or relatively enriched in
the S25-biocathode attributed to the fact that they could reduce
nitroaromatics into corresponding aromatic amines with glucose as
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Fig. 4. The dominant genera in the 10-biocathode and S25-biocathode communities.
electron donor (Claus et al., 2007; Rafii et al., 2003). Factually, the
relative abundance of Raoultella showed a significant positive cor-
relation to the maximal AMCl2 yield (r ¼ 0.81, P ¼ 0.014) under the
opened circuit mode. Other dominant genera (0.52e3.13%)
including Citrobacter, Acetobacterium, Desulfovibrio, Isobaculum
(P ¼ 0.042), Yersinia (P ¼ 0.006), Acidaminococcus (P ¼ 0.015),
Clostridium (P ¼ 0.050), Hespellia (P ¼ 0.078) and Obesumbacterium
were relatively or significantly enriched in the 10-biocathode.
Among these dominant genera, Citrobacter, Desulfovibrio and Clos-
tridiumwere able to reduce nitroaromatics (e.g., 1-nitropyrene, CAP
and nitrobenzene) into corresponding aromatic amines (Howard
et al., 1983; Spain, 1995). While relative abundances of Meth-
anocorpusculum (P ¼ 0.034), Lactococcus, Pantoea (P ¼ 0.017),
Pseudoramibacter and Proteiniphilum (P ¼ 0.060) were relatively or
obviously increased in the S25-biocathode. The enrichment of
Methanocorpusculum in the S25-biocathode was consistent with
the fact that low temperature could inhibit the methanogen
metabolic activity (Lu et al., 2011). GeoChip analysis further indi-
cated that the methane production gene mcrA (P ¼ 0.032) abun-
dances in the 10-biocathodewas significantly lower than that of the
S25-biocathode, which showed the same trend both at 16S rRNA
and functional genes levels.

Based on the phylogeneticly identified known nitroaromatics-
metabolizing and electrochemically active taxa, the potential
function of these dominant genera mentioned above was revealed
as following. Firstly, most of the dominant genera (Aeromonas,
Raoultella, Enterococcus, Citrobacter, Desulfovibrio and Clostridium)
are capable of reducing nitroaromatics to corresponding aromatic
amines or biodegradation of nitroraomatics (Vagococcus) (Bao et al.,
2009; Howard et al., 1983; Kinouchi et al., 1982; Liang et al., 2014;
Spain, 1995). Subsequently, most of the dominant genera were
identified with electrochemical activity (Aeromonas, Citrobacter,
Lactococcus, Desulfovibrio and Clostridium) (Kumar et al., 2015;
Logan, 2009) or dominated in biocathode communities (Raoultella
and Enterococcus) (Liang et al., 2014; Wang et al., 2011). However,
the demonstration of the biocathodic electrochemical activity of
diverse dominant electrochemically active species with nitro-
aromatics as electron acceptor is needed. Finally, Aeromonas and
Vagococcus with the cold-adapted feature were markedly enriched
in the 10-biocathode. Additionally, Acidaminococcus and Clos-
tridium were also obviously enriched in the 10-biocathode
(P < 0.05) (Fig. 4). A recent study indicated that Acidaminococcus
(1.1%) and Clostridium (6.2%) were enriched in a 10oC-performed p-
fluoronitrobenzene-mineralizing biocathode community (Zhang
et al., 2015b). Dominant functional species were selectively
enriched by the continuous electrical stimulation at two tempera-
tures respectively, which likely involved in the stress response to
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the low temperature acclimation and environmental temperature
perturbations and finally played a critical role for maintaining the
CAP reduction and electron transfer functions stability.

3.8. Genes involved in glucose transport and metabolism

Microbial metabolism of carbohydrate glucose could release the
intracellular electrons for the enhanced reduction of nitroaromatics
(e.g., nitrobenzene and CAP) within biocathode communities (Liang
et al., 2013, 2014; Wang et al., 2011). Four main volatile fatty acids
(VFAs) accumulated from the biocathodic glucose metabolismwere
not obviously differed between the two temperature groups under
the closed circuit mode, while the 10-biocathode accumulated
significantly lower VFAs content (at 6th h) than those of the S25-
biocathode without the electrical stimulation (P < 0.05) (Fig. 5),
which was in accord with that more glucose was unconsumed in
the opened circuit 10-biocathode (90.54 ± 3.97 mg/L) than that in
the opened circuit S25-biocathode (37.04 ± 1.14 mg/L). For the
functional genes level, 6 b-glucosidase genes (bglH) belonging to
the glycosyl hydrolase family 1, which involves in the bacterial
carbohydrate transport and metabolism, were detected in the
biocathode communities. The intensity of a bglH from Pectobacte-
rium atrosepticum SCRI1043 (50123305) was significantly increased
(P ¼ 0.061) in the 10-biocathode, while the total abundances of
bglH in the biocathode communities were not significantly differed
before and after the temperature elevation. The bacterial phos-
phoenolpyruvate: sugar phosphotransferase system (PTS) is a
multi-protein system involves in the regulation of a variety of
metabolic and transcriptional processes, which is necessary for the
uptake of carbohydrates across the cytoplasmic membrane and
their phosphorylation. The total abundances of 16 PTS beta-
glucoside transporter subunit II ABC component (bglP) genes
from 9 genera were markedly enriched in the S25-biocathode than
those of the 10-biocathode (P ¼ 0.033) (Fig. 5). Three bglP genes
from Bacillus halodurans C-125 (10173209), Bacillus licheniformis
ATCC 14580 (52350379) and Anaerostipes caccae DSM 14662
(16765266) were unique in the S25-biocathode. Five bglH and 12
bglP genes came from Gram-positive genera (e.g., Anaerostipes,
Bacillus, Clostridium and Lactobacillus) in Firmicutes. Factually, bglP
abundances showed a significant positive correlation to the
measured propionic acid, isobutyric acid and n-butyric acid con-
tents at 6th h (r ¼ 0.55e0.60, P < 0.10) as well as acetic acid and
isobutyric acid contents at 24th h (r ¼ 0.62e0.63, P < 0.06) of the
opened circuit mode, and isobutyric acid content (at 6th h, closed
acetic
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Fig. 5. Comparison of the VFAs accumulation from intracellular electron donor glucose
fermentation (a) as well as the glucose transport and metabolism genes signal in-
tensity (b) of the biocathode communities under constant 10 �C and switched 25 �C.
circuit) (r ¼ 0.69, P ¼ 0.027). Thus, the electrical stimulation could
counteract the difference in glucose metabolism under 10 �C. These
results indicated that the electrical stimulation could improve the
glucose metabolism on the 10-biocathode, and additional electrons
may be potentially provided for the CAP reduction.

3.9. Genes involved in cathode biofilm formation

The extracellular type IV pilin and polymeric substances (EPS)
networks have a key role in biofilm formation and adherence to
solid surfaces (Flemming andWingender, 2010; Giltner et al., 2012).
The total gene abundances of pilin (P ¼ 0.205) and EPS synthesis
(P ¼ 0.514) were not significantly differed between the two bio-
cathode groups (Fig. S6), and such a phenomenon was in accord
with the fact that biocathode communities had comparative total
cathodophilic microbes (both high and low growth activity cells)
before and after the temperature elevation.

3.10. Genes involved in electron transfer

Cytochrome c proteins are essential for electron transfer in
dissimilatory anaerobic respiration of extracellular electrons ac-
ceptors (Lovley, 2012; Richter et al., 2012; Sydow et al., 2014) and it
is also the case for the reversed electron transfer pathway for
intracellular reductive metabolism using electrode as electron
donor (Beese-Vasbender et al., 2015; Dantas et al., 2015; Okamoto
et al., 2014; Ross et al., 2011; Wang et al., 2015). In the current
study, a total of 256 cytochrome c genes from 7 electrochemically
active genera (Geobacter, Anaeromyxobacter, Shewanella, Pseudo-
monas, Desulfovibrio, Acidiphilium and Rhodobacter) were detected
(Hasan et al., 2013; Logan, 2009; Strycharz et al., 2010). Addition-
ally, other 4 cytochrome c genes from Sulfolobus tokodaii
(15623162) and Metallosphaera sedula (145701515, 145701603 and
145703030) were also detected. The total signal intensities for cy-
tochrome c genes from Anaeromyxobacter were significantly
enriched in the S25-biocathode (P ¼ 0.046). However, the total
signal intensities for cytochrome c genes from other 6 genera and
the sum total intensities were not significantly differed between
the two biocathode groups (Fig. 6a). Concretely, the 10-biocathode
and S25-biocathode both enriched 6 unique cytochrome c genes,
respectively (at least from 3 biocathodes but were completely ab-
sent in the opposite biocathodes). The unique enriched cytochrome
c genes are rich in heme-binding sites, which might act as a
capacitor and play an essential role in extracellular electron
transport (Pokkuluri et al., 2011). Interestingly, a cytochrome c
carrying 27 heme-binding sites from Geobacter sulfurreducens PCA
(39997308) was unique in the 10-biocathode. Two periplasmic
cytochrome c belonging to DmsE family in Geobacter bemidjiensis
Bem (197086873 and 197086874) contained 26 and 16 heme-
binding sites, respectively, which were unique in the 10-
biocathode. While a decaheme DmsE cytochrome c from Anaero-
myxobacter sp. Fw109-5 (153005942) was unique in the S25-
biocathode. Additionally, 10 and 15 cytochrome c genes were
marginally (P < 0.10) enriched in the 10-biocathode and S25-
biocathode, respectively. Two outer membrane cytochrome c
genes omcX and omcA/mtrC (39995776 and 120598319) were
particularly enriched (P < 0.02) in the S25-biocathode (Fig. S7).
Outer-membrane cytochrome cOmcA of Shewanella oneidensisMR-
1 has been functionally proved to be able to capture electrons from
a cathode to proceed reductive metabolism (Okamoto et al., 2014).

Hydrogenases have been involved in electron flow for reductive
metabolism in biocathode (Aulenta et al., 2008; Caffrey et al., 2008;
Deutzmann et al., 2015). In the current study, a total of 65 hy-
drogenase genes from 8 genera and 2 uncultured microorganisms
were detected, 23 of which came from Desulfovibrio species that
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Fig. 6. Comparison of the signal intensity of key electron transfer cytochrome c (a) and
hydrogenase genes (b) from the 10-biocathode and S25-biocathode communities.
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with bifunctional features of nitroaromatics reduction and elec-
trochemical activity. The total signal intensities for hydrogenase
genes from unculturedmicroorganisms were significantly enriched
in the 10-biocathode (P ¼ 0.003). Concretely, 2 hydrogenase genes
came from Dehalococcoides sp. GT (P ¼ 0.093; 269920284) and
Desulfovibrio desulfuricans G20 (P ¼ 0.018; 78357178) were
enriched in the 10-biocathode, while 6 Desulfovibrio and Rhodo-
bacter species carrying hydrogenase genes were enriched (P < 0.09)
in the S25-biocathode. The 10-biocathode and S25-biocathode both
enriched 3 unique hydrogenase genes, respectively (Fig. S6).
However, the total signal intensities for hydrogenase genes from 8
genera respectively and the sum total intensities were not signifi-
cantly differed between the two biocathode groups (Fig. 6b). The
low temperature acclimation and temperature elevation selectively
enriched different cytochrome c and hydrogenase genes, especially
in the S25-biocathode (Fig. S7). The total intensities of important
electron transfer related cytochrome c and hydrogenase geneswere
not significantly differed before and after the temperature eleva-
tion for maintaining electron transfer efficiency during the bio-
electrochemical CAP reduction.

Partial electrons from cathode and glucose metabolism could be
captured by cathodophilic microbes within biocathode to proceed
energymetabolism. A total of 65 related genes to electron transport
respiratory chain (excepting for cytochrome c genes) including 4Fe-
4S ferredoxin, Fe-S cluster binding protein, NADH quinone/ubi-
quinone oxidoreductase, cytochrome b, ATP synthase (adenosine
triphosphate synthase) and ferredoxin_oxidoreductase were
detected in the biocathode communities. The abundances of these
genes in the biocathode communities were shown in Fig. S8. Only
cytochrome b gene showed significant higher abundances in the
10-biocathode (P ¼ 0.072), while other electron transport respira-
tory related genes showed no obvious differences between the two
biocathode groups. Metallosphaera sedula DSM 5348 carrying cy-
tochrome b gene (145701356) was unique in the 10-biocathode.
Collectively, like ferredoxin, Fe-S cluster binding protein, NADH
quinone oxidoreductase, ATP synthase, outer membrane and
periplasmic cytochrome c as well as hydrogenase genes were
detected in the current study, indicating their involvement in the
biocathodic electron transfer and energy conservation (Choi and
Sang, 2016; Kim et al., 2015; Kracke et al., 2015).

3.11. Genes involved in nitroaromatics reduction

NAD(P)H dependent nitroreductase (NR), NADPH dependent old
yellow enzyme (OYE) like FMN and NADPH dependent cytochrome
P450 reductase are capable of reducing nitroaromatics to the cor-
responding aromatic amines (Roldan et al., 2008; Spain, 1995). NR
could be involved in the bioelectrochemicial reduction of nitro-
aromatics as the measured midpoint potential of NR and OYE co-
factors (�0.19 and �0.23 V vs SHE, respectively) are
thermodynamically favorable (Koder et al., 2002; Stewart and
Massey, 1985) comparing to the nitroraomatics reduction poten-
tial that observed from the CV analysis in previous reports (Liang
et al., 2014; Wang et al., 2011) and this study. Hierarchical clus-
tering analysis of the NR and OYE genes showed that the 10-
biocathode communities were separated from the S25-
biocathode communities (Fig. 7). The total abundance of NR
genes were significantly enriched in the S25-biocathode
(P ¼ 0.0004), which accorded with that the S25-biocathode
(75.99 ± 11.75%) enriched relatively higher abundances of nitro-
aromatics reducers (belong to 23 genera) than those of the 10-
biocathode (60.51 ± 21.74%) (Table S3). The significant higher
AMCl2 yield in the opened circuit S25-biocathode that significantly
positively correlated with the higher NR abundances (r ¼ 0.90,
P ¼ 0.002). Specifically, 3 NR genes came from Alcanivorax borku-
mensis SK2 (110647669), Bartonella henselae str. Houston-1
(49238207) and Burkholderia xenovorans LB400 (91779863) were
unique in the five S25-biocathode communities. Other 4 NR genes
(85860542, 219676886, 33565372 and 196193679) were unde-
tected in the 10-biocathode while enriched in at least two S25-
biocathode communities. Lactobacillus plantarum WCFS1 carrying
NR gene (28377014) was unique in the two 10-biocathode com-
munities. The OYE genes carrying bacteria, Idiomarina balticaOS145
(85711446) and Cyanothece sp. PCC 7424 (218439569), were only
found in the two S25-biocathode communities. While the other
OYE gene (186686282) carrying bacteria, Nostoc punctiforme PCC
73102 was enriched in the two 10-biocathode communities (Fig. 7).
The total abundance of OYE genes was not significantly differed
between the two biocathode groups. Only one NADPH dependent
cytochrome P450 reductase gene (134100738) from Saccha-
ropolyspora erythraeawas detected in the biocathode communities,
showing significantly higher abundance in the 10-biocathode
(P ¼ 0.056).

Sulfite reductase from Desulfovibrio sp. is responsible for the
reduction of aromatic hydroxylamines to the corresponding aro-
matic amines (Spain, 1995). Twenty two sulfite reductase A subunit
(dsrA) and 16 sulfite reductase B subunit (dsrB) genes from Desul-
fovibrio species were detected in the biocathode communities. The
total abundances of dsrA and dsrB genes were not obviously differed
between the two biocathode groups, which was consistent with the
similar trend of the relative abundance of Desulfovibrio sp. at
taxonomic 16S rRNA gene level. Interestingly, dsrA (107784967)
and dsrB (10279674) genes from the same Desulfovibrio desulfur-
icans were both significantly enriched in the 10-biocathode com-
munities (P < 0.04). Other 5 dsrAB genes had a marginally higher



Fig. 7. Hierarchical clustering of nitroreductase (NR) and old yellow enzyme (OYE) genes from the 10-biocathode and S25-biocathode communities. The inset histogram indicated
the total abundance for each gene family and relative abundance of nitroaromatics reducers. The significant differences of each gene signal intensity between the two biocathode
groups were also shown.
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abundances in either the S25-biocathode or the 10-biocathode
(P < 0.10) were also shown in Fig. S9.

Carbon monoxide dehydrogenase (CODH) belongs to Desulfovi-
brio and Clostridium species are capable of reducing nitroaromatics
to the corresponding aromatic hydroxylamines (Spain, 1995). Five
CODH genes from Clostridium sp. and 2 CODH genes from Desul-
fovibrio were detected in the biocathode communities. The Clos-
tridium carrying CODH genes showed significant higher abundance
in the S25-biocathode (P ¼ 0.007), while the Desulfovibrio CODH
genes showed no significant difference between the two bio-
cathode groups. Collectively, the temperature elevation obviously
enriched related genes involved in nitroaromatics reduction in the
S25-biocathode, while the low temperature acclimation with
electrical stimulation selectively enriched specific functional genes
and sufficient nitroaromatics reducers associated with nitro-
aromatics reduction to guarantee overall reduction efficiency in the
10-biocathode.

3.12. Genes involved in heat shock response

Regulatory gene hrcA and chaperonmachinery genes dnaK, grpE,
groES, and groEL are involved in heat shock responses (Zhou et al.,
2013). Sigma factors are the key players in the transcription initi-
ation of functional gene expression in prokaryotes (Feklistov et al.,
2014), while sigma factors s32 (RpoH) and s24 (RpoE) are also
involved in heat shock response (Zhou et al., 2013). The total
abundances of hrcA (P ¼ 0.022), groES (P ¼ 0.027), s24 RpoE
(P ¼ 0.031) and s32 RpoH (P ¼ 0.10) in the biocathode communities
were significantly or marginally enriched after the temperature
elevation. The total abundances of other 3 heat shock response
genes dnaK, grpE and groEL were relatively increased in the S25-
biocathode. The total of 5 heat shock response genes showed
obviously higher abundances in the S25-biocathode (P ¼ 0.014).
Other 2 RNA polymerase sigma factors s38 RpoS (P¼ 0.035) and s70

RpoD (P ¼ 0.053) were also markedly enriched in the S25-
biocathode (Fig. S10). Concretely, 2 hrcA and 3 s24 RpoE genes be-
longs to Beijerinckia indica (182678250), Alicyclobacillus acid-
ocaldarius (257478691), Opitutaceae bacterium TAV2 (224803786),
Solibacter usitatus Ellin6076 (116626963) and Dickeya zeae Ech1591
(247537313) were detected in the S25-biocathode, but they were
completely absent in the 10-biocathode. Collectively, genes related
to heat shock response protein were significantly enriched in the
S25-biocathode, indicating that the stress genes likely involved in
maintaining the biocathode communities functioning stability
upon the temperature elevation.

3.13. A concept model for the biocathode functioning stability under
low temperature

Understanding the improvement mechanisms of the low



Fig. 8. A concept model for the effects of the low temperature acclimation with continuous electrical stimulation on the functioning stability of biocathode communities for CAP
detoxification.
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temperature acclimation with continuous electrical stimulation on
the biocathode functioning stability is critical to accelerate re-
fractory environmental pollutants detoxification in cold regions.
Based on the data from GeoChip hybridization, 16S rRNA gene
Illumina sequencing, chemical kinetics and bioelectrochemistry,
we proposed a conceptmodel for the effects of the low temperature
acclimation with electrical stimulation on the functioning stability
of complicated biocathode communities for CAP detoxification
(Fig. 8).

First, the 10-biocathode and S25-biocathode both enriched core
functional community respectively. The temperature elevation
significantly altered the 10-biocathode communities structure and
composition. The CAP degradation and products formation dy-
namics indicated that the 10-biocathode had comparative cata-
lyzed capability compared to the S25-biocathode, though the low
temperature significantly decreased the terminal AMCl product
generation rate but not the Ymax-AMCl in the 10-biocathode. Second,
the important function between the cathode surface and the
formed biofilm is the electron flow capability. The total abundances
of 2 important electron transfer genes (cytochrome c and hydrog-
enase) showed no significant differences between the 10-
biocathode and S25-biocathode, which accorded with the 10-
biocathode and S25-biocathode had comparative charge accumu-
lation during CAP reduction (Fig. 1f) and nearly the same CV cata-
lyzed feature (Fig. S2). The comparative electron transfer function
lay a critical foundation for maintaining the functioning stability of
the bioelectrochemical CAP reduction under constant low tem-
perature. Finally, the 10-biocathode and S25-biocathode selectively
enriched 61e76% nitroaromatics reducers. The 10-biocathode
dominated by the potential cold-adapted nitroaromatics-bio-
degrading bacteria (58.06 ± 22.14%), while the S25-biocathode
significantly enriched the heat shock response genes abundance
and nitroaromatics reducers (75.99 ± 11.75%) simultaneously after
the temperature elevation. The significantly higher AMCl2 yield in
the opened circuit S25-biocathode positively correlated with the
obvious higher nitroreductase gene abundance. This could explain
why the closed circuit S25-biocathode had a significantly greater
kAMCl (P ¼ 0.002) and lower AMCl2 yield between 12 and 24 h
(P < 0.0006) than those of the closed circuit 10-biocathode.

Collectively, the low temperature acclimation with continuous
electrical stimulation obviously increased the CAP nitro group
reduction efficiency and functioning stability of biocathode com-
munities mainly through selectively enriching cold-adapted func-
tional species, co-existing metabolically similar nitroaromatics
reducers and maintaining the relative abundance of key electrons
transfer genes (e.g., cytochrome c and hydrogenase). For the po-
tential applications in cold environments, this study provides a new
strategy to increase the functioning stability of biocathode com-
munities for accelerating environmental pollutants treatment in
wastewater system. Moreover, the cold-adapted biocathode system
could save a lot during wastewater heating process and show a
more adaptive ability to environmental temperature changes than
the ambient temperature enriched biocathode communities.

4. Conclusions

This study demonstrated that the low temperature acclimation
with electrical stimulation enhanced the 10-biocathode commu-
nities functioning stability for CAP reduction especially for the nitro
group reduction process. The 10-biocathode functioning stability
maintained mainly through selectively enriching cold-adapted
functional species, coexisting metabolically similar nitroaromatics
reducers and maintaining the relative abundance of key electron
transfer genes. The current study provides new insights into bio-
cathode functioning stability for accelerating environmental pol-
lutants treatment in cold wastewater system from phylogenetic
and functional genes perspectives, which would enlarge the po-
tential applications of bioelectrochemical technology for refractory
antibiotic wastewaters treatment in cold regions.
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