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Abstract

The relatively poor sensitivity is the main bottleneck restricting the application of
microbial fuel cell biosensor (MFC-biosensor) for toxicity monitoring. Previous studies
have shown that external resistance (Rext) had anobvious effect on sensor sensitivity.
However, these studies reported different results and the reason of this discrepancy was
not clear. The objective of this research was to observe the effect of Rex: On sensor
sensitivity when detecting different types of pollutants and reveal its microbiological
mechanism. Results demonstrated that the optimal Rex; of MFC-biosensor varied with
the type of pollutants. The optimal values for detecting avermectins, tetracyclines and
heavy metals were 100 Q, 330 Q and 680 Q, respectively. This discrepancy was mainly
due to the visible differences in anodic microbial communities at different Rex: settings.
Both Azospirillum and Acinetobacter were susceptible to Cdand Pb, occuping 19.20%
of the anodic microbial population in 680 Q MFC-biosensor. Pseudomonas accounted
for 10.73% in 330 Q MFC-biosensor and possessed the sensitivity to tetracyclines. As
for 100 Q MFC-biosensor, the avermectin-intolerant Ocillibacter made up 2.55% of the
anodic microbial community. This study indicated that the Rey: of MFC-biosensor
should be optimized according to the potential pollutants.
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1. Introduction

Water supply safety is critical for urban construction and social stability. With the
continuous development of global industrialization, the type and quantity of toxic
pollutants in aquatic environment are increasing annually. Reliable methods of water
quality monitoring are indispensable for the guarantee of water supply safety.
Physicochemical methods, which are broadly applied in conventional monitoring of
water quality, are highly sensitive and accurate. However, these methods are inadequate
to detect unconventional pollutants and fail to provide a timely warning of water
pollution. Moreover, these methods cannot give an indication of biological toxicity.
Generic biosensors can compensate for the deficiencies of physicochemical methods.
Fish, algae, invertebrates and bacteria are suggested as common indicator organisms [1].
Among various types of biosensors, microbial fuel cell biosensors (MFC-biosensors)
have attracted growing interest in the area of water quality alert in the last decade.
Compared with other biosensors, MFC-biosensor can be self-sustainable without the
requirements of additional signal transducer devices and special chemicals, which
makes it a promising application in water quality monitoring [2, 3].

MFC is a device which utilizes electricigens  as catalysts and simultaneously
converts chemical energy from organic matter into electricity [4]. Presence of toxic
agents can inhibit the activity of electricigens, and further leads to a decay in output
signal. Hence water quality can be monitored in real-time by measuring the change of
MFC output voltage. The first biomonitoring system using MFC was reported by Kim et
al [5]. They installed the system at the inlet of a wastewater treatment plant and found
that toxic substances including Pb?*and Cd** could inhibit MFC current, demonstrating
the feasibility of monitoring biotoxicity by MFC. Since then, a series of constructional
and operational parameters including external resistance (Rex:) [6], configuration [7],
electrode material [8], contact time [9], shear rate [10] and flow mode [11] were
optimized to enhance sensor sensttivity.

Among these parameters, Rex: is considered to be an important factor which
directly impacts the power generation of MFC-biosensor and further affects sensor
sensitivity [12, 13]. An early study reported that increasing Rex: Settings (100 Q, 470 Q,
1000 Q) had an adverse effect on the sensitivity of MFC-biosensor for detecting sodium
dodecyl sulfate [6]. When monitoring a heavy metal shock induced by Cu?*, Jiang et al.
[11] observed that the sensitivity increased firstly, and then reduced with the decrease of
Rext from 3000 Q to 50 Q. Another study conducted by Yi et al. [14] revealed that
MFC-biosensor designed for testing Cd?*obtained the highest sensitivity when Rex; Was
equal to 500 Q, and higher or lower Rey: Settings would both deteriorate the sensitivity:.
Interestingly, these studies reported inconsistent effects of Rey: On sensor sensitivity
when monitoring different types of pollutants. This phenomenon suggested that the
optimal Rex: might vary with the type of pollutants but a comparison about the optimal
Rext for organic and inorganic pollutants has not been revealed yet. Besides, the
influencing mechanism of Rex: Was not clear. It was found in all the previous studies that
Rext had similar effects on MFC power generation. This could not explain the different
effects of Rext On sensor sensitivity when detecting various pollutants. Therefore, the
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mechanism needed to be further studied.

From the microbiological perspective, Rex: had a significant effect on anodic
community structure [15, 16]. The species and distribution of electricigens had obvious
differences under different Rex; Values [17, 18]. Considering the discrepancies in
microbial resistance to different types of toxic pollutants, it could be deduced that the
optimal Rex: might vary with the type of pollutants. That is to say, Rext could impact the
microbial community structure of MFC-biosensor and further affects its sensitivity.

In this research, our objective was to investigate the effect of Rex: On sensor
sensitivity when detecting different types of pollutants and reveal its microbiological
mechanism. For this purpose, MFC-biosensors loaded with different Rex: values were
constructed. After steady-operation, toxic pollutant tests were performed to study the
relationship between optimal Rex: and pollutant type. Three types of pollutants,
including heavy metals, tetracyclines and avermectins, were tested and each type was
represented by two pollutants. Then, two types of combined contaminations represented
by the binary metal mixture and metal-tetracycline composite pollutant were examined
to assess the change of optimal Rey:induced by combined contamination. Finally,
high-throughput sequencing technology was employed to investigate the anodic
microbial communities established under optimal Rex; values for different pollutants and
the changes of community structures to toxic shocks.

2. Materials and Methods
2.1 Chemicals and reagents

Analytical reagents 3CdSO4+8H,0 and PbCl, were purchased from Beijing Lanyi
Chemical Products Co., Ltd., China. Chlortetracycline hydrochloride (CTC) and
oxytetracycline hydrochloride (OTC) were acquired from Dalian Ronghai Biological
Technology Co., Ltd., China. Avermectin (AVM) and ivermectin (IVM) were obtained
from Wuhan Bioland Biological Technology Co., Ltd., China. 3CdSO4¢8H,0, PbCh,
CTC, OTC were individually dissolved in deionized water to prepare stock solutions
while AVM and 1IVM were dissolved in absolute methanol respectively. The
concentration of the stock solution for each toxic pollutant was 1.0 g/L and all were
preserved in 4 °C refrigerator for further use. Anolyte and catholyte were prepared prior
to use. The fresh anolyte used in this study consisted of 5.85 g NaCl, 0.13 g KCI, 0.31 g
NH,CI, 6.08 g NaH,PO4°2H,0, 21.83 g Na,HPO,4¢12H,0, 12.50 mL trace minerals
solution and 5.00 mL vitamin solution in 1.00 L deionized water [19]. The catholyte
consisted of 5.85 g NaCl, 6.08 g NaH,PO4+2H,0 and 21.83 g NaHPO4+12H,0 in 1.00
L deionized water. During the start-up process, sodium acetate (NaAc) was added to
fresh anolyte as carbon source to achieve a final concentration of 0.82 g/L. When toxic
pollutants tests were performed, the concentrations of NaAc in non-toxic and toxic
anolyte were switched to 0.082 g/L to enhance sensor sensitivity [20]. Toxic and
non-toxic anolyte was prepared by adding a certain volume of toxic stock solution and
the same volume of solvent in fresh anolyte, respectively.

2.2 MFC construction and start up

Fifteen MFCs (MFC1-15) of optimized configuration (Figure A.1) were

constructed and divided into two groups. MFC1-9 with different external loads (100 Q,
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330 Q, 680 Q), were constructed to optimize Rext for various pollutants. For each Rex:
value, three MFCs were set to test the reproducibility of results and perform statistics
analysis. The other group (MFC10-15) was used for subsequent analysis of anodic
microbial community. All parameters except for Rext Were consistent in each MFC. The
working volume of the anodic chamber was 13 mL while the cathodic chamber was 25
mL. Proton exchange membrane (Nafion 117, Hesen Electric Corporation, China) was
used to divide the two chambers. A 3.0 cmx2.5 cm piece of carbon cloth (HCP330,
Hesen Electric Corporation, China) treated by ammonia [21] was used as anode.
Cathode consisted of two 2.0 cmx2.0 cm pieces of carbon paper containing 0.5 mg/cn’
Pt catalyst. Air was sparged into the catholyte to allow oxygen reduction on the cathode.
To investigate the effect of Rex: ON start-up process, the incubation conditions kept
identical and the anolyte of each MFC was refreshed simultaneously. All the MFCs
were inoculated with the effluent taken from an acetate-fed MFC using the same
inoculum size of 30% (v/v). Each feed replenishment was performed by pumping
anoxic fresh anolyte containing 0.82 g/L NaAc with a volume of 28.00 mL into anodic
chamber. During the start-up process, the anolyte was forced to flow through the anodic
electrode [11] with the application of self-circulation at a flow rate of 2 mL/min. All the
MFCs were maintained at a temperature of 25.0+0.5 °C during all experiments.
2.3 Toxic pollutants tests

After the start-up process, the MFC-biosensors (MFC1-9) were fed with a
continuous flow of influent and challenged with a series of toxic pollutants. The flow
rate was maintained at 2 mL/min. The concentrations of organic pollutants
(tetracyclines and avermectins) were 1.0 mg/L with reference to a previous study [5].
The concentration of Cd**as well as Pb?* was 1.5 mg/L according to a previous study
which indicated that electricigens were tolerant to heavy metals to a certain extent [22].
Combined contaminations consisted of two binary mixtures: 1.5 mg/L Pb?* was mixed
with 1.5 mg/L Cd** and 1.0 mg/. OTC respectively. The detection procedure comprised
of three steps. Firstly, non-toxic anolyte was continuously pumped into the anodic
chamber. Secondly, when the output voltage of each MFC-biosensor stabilized for more
than two hours, the influent was switched to the toxic anolyte containing a certain
concentration of target toxic pollutant and the exposure time was one hour. Finally,
toxic anolyte was discharged from the anodic chamber and simultaneously non-toxic
anolyte was continuously pumped to remove residual toxic pollutants inside the biofilm.
Each toxic shock was performed in triplicate for one Rey: Setting.
2.4 Microbial community analysis

To investigate the biological mechanism of the discrepancy in optimal Rex: values
for various pollutants, six MFCs (MFC10-15) were constructed at the optimal Rext
settings of the six pollutants abowve, respectively. After the start-up process, non-toxic
anolyte containing 0.082 g/L. NaAc was continuously pumped into the anodic chamber
for 15 days. Then sterilized scalpel was used to collect a 3.0 cmx0.3 cm piece of carbon
cloth sample from the same position in the anode of each MFC. All the samples were
stored at -80 °C refrigerator after quick-frozen with liquid nitrogen. Then each MFC
was challenged with the toxic anolyte containing a certain concentration of target toxic
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pollutant in the next seven days. The concentrations used here were identical to the
above description. After exposure to toxic pollutants for seven days, anodic biofilms
were all sampled again. Sampling technique and storage method were mentioned above.

DNA extraction of all the samples and the quality control of DNA samples were
performed according to Xie et al. [23]. The hypervariable region V3-V4 of the 16S
rRNA gene of all the samples was amplified by polymerase chain reaction using primers
338F (5'- ACTCCTACGGGAGGCAGCA-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3'). Each sample was sequenced by lllumina
Hiseq platform at Biomarker Technologies Co., Ltd., China. Raw sequence data were
filttered firstly and then high-quality sequences were clustered into operational
taxonomic units (OTUs) at a similarity threshold value of 97% by QIIME software. At
the classification level of OTU, Principal Coordinates Analysis (PCoA) was performed
using the binary-jaccard algorithm by R software (3.5.1, The R Foundation for
Statistical Computing, www.r-project.org) to analyze the differences among microbial
communities formed under different Rex: Settings.
2.5 Analysis

The output voltage of MFC was recorded at a sampling interval of 1s using a data
acquisition system (USB-1608FS, Measurement Computing Corporation, USA). The
internal resistance of MFC was characterized by electrochemical impedance
spectroscopy (EIS). Before EIS measurement, the MFC was disconnected with the
external resistor for at least 3h to obtain a stable open circuit voltage [24]. EIS was
measured in the dual-electrode mode using electrochemical workstation (Zennium E,
Zahner Company, Germany) at open circuit in a frequency range of 100 mHz to 10 KHz
with a signal of 10 mV amplitude. EIS data was fitted with an equivalent circuit model
(Rst+ CPE1/R1+CPE>/R;) according to a previous study [25]. Rs represented the ohmic
resistance. R; and Ry referred to the polarization resistance of cathode (R;) and anode
(Ra) respectively. Two constant phase elements (CPE; and CPE;) were used to simulate
nonideal capacitors. The inhibition ratio (IR) of output voltage was used to assess the
sensitivity of MFC-biosensor in order to eliminate the interference of baseline signal in
different MFCs [9, 26]. It was defined as the relative change of output voltage after
toxic shock and calculated according to equation (1):

V.-V
iR = W f)/Vn * 100% (1)

where V,, was the voltage before the toxic shock and V;was the voltage after exposure to
the toxic pollutant for one hour. Optimal Rex; was determined when the maximum IR
was picked out in the MFC-biosensors with different Rex: Settings. Statistical analysis
was conducted via SPSS Statistics 22. Significance test was used to analyze the
responses of MFC-biosensors operated at different Rex: Settings to each toxic pollutant
via one-way analysis of variance and LSD multiple comparisons. The significant level
was fixed at p<0.05.



3. Results and Discussion
3.1 Effect of external resistance on the start-up process and internal resistance

The evolution of MFC output voltage during the start-up process was presented in
Fig. 1a. Arecognizable voltage was observed immediately after the inoculation and it
disappeared quickly in a short period of time. Then after a lag period of approximately
2000 minutes, the output voltages started to gradually increase, indicating the
acclimatization process of electricigens to anodic environment. The long lag period was
also reported by Zhang et al. [27]. This phenomenon might be due to that electricigens
did not hold a dominant position in anodic microbial population during the lag period,
which resulted in an incomplete extracellular electron transport process. Figure 1b
showed the maximum voltage changes for each MFC in the first eight batches. When
the deviation of maximum voltages between two batches was within +5%, the
completion of start-up process was confirmed. As shown in Figure 1b, the MFC loaded
with 680 Q completed the start-up process in the fourth batch while the MFC loaded
with 100 Q accomplished in the seventh batch. It was noted that the time needed for
MFC to complete start-up process reduced with the increase of Rex:. A similar impact of
Rext ON the start-up process was also observed by Lyon et al. [18]. This effect could be
due to that Rex; affected anodic potential [27] and further modulated the growth of
electricigens.
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Figure 1. Effect of Rey On the start-up process and internal resistance: (a) output voltages during the start-up
process; (b) maximum output voltages in the first eight batches; (c) Nyquist plots of impedance spectra fitted to

the equivalent circuit; (d) compositions of internal resistance obtained by model simulation.
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EIS was tested after the start-up process of each MFC to evaluate the effect of Rex:
on internal resistance. The fitting results were shown in Figure 1c and the compositions
of internal resistance were presented in Figure 1d. It could be seen that the overall
internal resistance showed minor differences under different Rex: values. Besides, R,
could reflect the electroactivity of anodic biofilm. According to the EIS test, the R, of
the MFCs loaded with 100 Q, 330 Q and 680 Q were 195.4 Q, 200.1 Q and 194.5 Q,
suggesting the biofilm activities were similar under various Rex: Values.

3.2 Effect of external resistance on sensor sensitivity

After the start-up process and steady operation for 15 days, MFC-biosensors
(MFC1-9) were challenged with six pollutants and two combined contaminations to
investigate the impact of Rex: On sensor sensitivity. When operated with non-toxic
anolyte, all the MFC-biosensors generated stable voltages with fluctuation less than 5%
(Figure A.2). Once exposed to CTC contaminated anolyte (in the 10th minute), the
output voltages showed sharp decreases (Figure 2a). Similar results were also observed
in the other pollutants tests, suggesting acute biological toxicity of the pollutants at
examined concentrations to MFC-biosensors.

As shown in Figure 2b, the responses of thee MFC-biosensors operated at various
Rex: settings (100 Q, 330 Q, 680 Q) showed significant differences when detecting
tetracyclines. The IR to the shock of 1.00 mg/L CTC achieved 39.1+3.6% at 330 Q,
followed by 23.1+2.6% at 100 Q and 15.4+1.8% at 680 Q. Similar trend was also
observed in the detection of OTC. However, the effect of Rex; On sensor sensitivity was
different when examining other types of pollutants. Decreasing Rex: deteriorated the
sensitivity to detect heavy metals but enhanced the sensitivity to avermectins (Figure
2c-d). Maximum IR values of 22.84+1.7% and 21.8+2.2% were observed at 680 Q for
1.50 mg/L Cd®* and Pb?* shocks respectively while 17.8+1.9% and 18.0+2.1% for AVM
and IVM at 100 Q. Therefore, identical optimal Rex: Was given for the same type of
pollutants while distinct optimal Rex; for various types of pollutants. Parameters such as
configuration design, shear rate and substrate concentration could affect the sensor
sensitivity [7, 10, 20]. Inthis study, the configuration design, flow mode and test
condition were identical except for the Rex: of MFC-biosensor. Meanwhile, the
interference of baseline signal caused by different Rex: Settings was eliminated by the
utilization of IR [9, 26]. Therefore, the discrepancy of optimal Rex: might arise from the
different resistance of anodic biofilms to various pollutants. Considering obvious
differences in the species and distribution of electricigens under different Rex; values [17,
18], the effect of Rex: ONn the sensor sensitivity might be attributed to the discrepancy in
anodic microbial communities.
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In real aquatic environment, water pollution emergencies usually occur as
combined contamination. Coexistence of various types of pollutants would lead to
interactions such as synergistic or antagonistic effect [22, 28]. To investigate the change
of optimal Rext induced by combined contaminations, MFC1-9 were challenged with
two types of combined contaminations including binary metal mixture and
inorganic-organic composite pollution. The IR values of MFC-biosensors to the shock
of the binary metal mixture (Cd®*+ Pb?*)were presented in Figure 3a. It could be seen
that the responses of MFC-biosensors loaded with different Rex; settings followed a
similar pattern with the results of Cd®* or Pb?* test. The highest sensitivity was still
obtained at 680 Q with an IR of 50.4+3.6%. However, interactions between Cd**and
Pb2* were diverse under different Rex;Values. To be specific, a remarkable antagonistic
effect between Cd®* and Pb** was recognized in the MFC-biosensors loaded with 100 Q
while a synergistic effect or additive action was present at the other Rex Settings. Joint
toxicities between Cd?* and Pb?* were also reported by previous studies using various
test organisms. When using biotic ligand model to evaluate the bioaccumulation of Cd?*
and Pb?* in Chlamydomonas reinhardtii, a significant antagonism was found because of
a shared bio-uptake pathway [29]. Conversely, combined exposure of Cd®* and Pb** had
an additive effect on hippocampal HT-22 cell [30] while synergistic effect on isopod
Asellus aquaticus [31]. These observations suggested that the interaction between toxic
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components varied for test organisms. Therefore, various interaction between Cd?* and
Pb?* in joint toxicity test might also result from the different anodic microbial
communities established under different Rext Values.

Figure 3billustrated the IR values to the combined shock of Pb**and OTC.
Synergistic joint toxicity could be observed in all the MFC-biosensors, which was
consistent with a previous study [32]. Besides, the strongest response to the mixture of
Pb%* and OTC was observed in the MFC-biosensors loaded with 330 Q, whose value
was equal to the optimal Rex: for OTC. The results of single pollutant tests have
demonstrated that OTC had higher biotoxicity than Pb?*in most cases. Hence, it could
be assumed that the optimal Rex: for combined contamination might be identical to that
of the more toxic component in the mixture.
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Figure 3. IR values of the MFC-biosensors exposed to combined contaminations: (a) Pb2*+Cd?* and (b) Pb**+OTC.
3.3 Microbiological mechanism of the effect of external resistance on sensor
sensitivity

Toxic pollutants tests suggested that the optimal Rex: values for various types of
pollutants were different and this discrepancy might be due to the differences in anodic
microbial communities under different Rex; Values. Therefore, comparison of the anodic
microbial communities formed under optimal Rex:and the corresponding changes after
toxic shocks could interpret this discrepancy. In this section, biofilm samples were
collected from anode before and after the toxic shock. Detailed information of all the
samples was presented in Table 1. High-throughput sequencing technology was
employed to analyze the community compositions of all the samples.
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Table 1. Treatments and predominant microbial genera of all the samples.
Predominant microbial genera

Group Sample Rey Treatment — - —
Geobacter Azospirillum  Acinetobacter Pseudomonas Oscillibacter
MFC10: o
100NO Initial
100 Q
100N 74.65% 2.87% 2.03% 2.70% 255%
MFC11: .
100N1 Initial
100 Q
MFC10:
100TO 7-day AVM shock
100 Q 75.25% 2.66% 1.45% 2.61% 1.75%
100T
MFC11: 0.60%T)  (0.21%) (058%) (0.09%) (0.80%)
100T1 7-day IVM shock
100 Q
MFC12: o
330N0 Initial
330 Q
330N 70.17% 3.12% 0.72% 10.73% 1.84%
MFC13:
330N1 Initial
330 Q
MFC12:
33070 7-day CT C shock
330 Q 68.79% 2.27% 1.91% 9.44% 0.92%
330T
MFC13: (1.38%))  (0.85%) (1.19%T) (1.29%) (0.92%l)
330T1 7-day OT C shock
330 Q
MFC14: -
680NO0 Initial
680 Q
680N 54.05% 12.22% 6.98% 3.65% 055%
MFC15: .
680N1 Initial
680 Q
MFC14:
680T0 7-day Cd** shock
680 Q 58.12% 9.68% 3.00% 401% 0.64%
680T
MFC15: (407%T)  (254%) (3.98%\) (0.36%™) (0.09%™
680T1 7-day Pb** shock
680 Q

Rarefaction curves of all the samples were presented in Figure 4a. For each sample,
the number of OTUs seemed to reach a plateau when more than 50,000 clones were
sequenced, which indicated that the sequence data could cover the majority of the
anodic microbial populations. Then PCoA was applied to all the samples at a
classification level of OTU (Figure 4b). PC1 and PC2 accounted for over 77% of the
variations in the anodic community structures of MFC10-15. Hence the differences in
community structures among the samples could be truly reflected. As shown in Figure
4b, samples of MFCs operated at different Rey; Settings were widely separated, which
suggested that distinct anodic communities were formed under different Rex: Values.
This observation was consistent with the previous studies [15, 17, 18]. Moreover, all
types of toxic shocks led to remarkable shifts in community structures (Figure 4b),
which resulted from the exposures to toxic pollutants. So far, the influences of heavy
metal contamination and tetracycline residue on the community compositions of soil
microbes or aquatic microorganisms have been the subject of extensive studies in the
area of environment pollution [33, 34], but the impact of avermectins was seldom
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concerned. In this study, a remarkable alternation in anodic microbial communities to
the shocks of avermectins was noticed. This phenomenon suggested that with the
widespread use of avermectins in agriculture, the impact of residual avermectins in soil
and water on their microbial community deserved more attention.
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Figure 4. (a) Rarefaction curves and (b) PCoA plot of all the samples. Detailed information of all the samples was
presented in Table 1.

Community compositions of all the samples on the classification level of genus
were presented in Figure 5. 100N, 330N and 680N represented the biofilm samples
collected from the MFCs stably operated at 100 2, 330 Q and 680 Q. The majorities of
genera in these samples were Geobacter (54.05-74.65%), Azospirillum (2.87-12.22%),
Pseudomonas (2.70-10.73%), Acinetobacter (0.72-6.98%) and Oscillibacter
(0.55-2.55%), and these genera showed diverse preferences for Rex:. The relative
abundance of Geobacter achieved 74.65% in 100N, then followed by 70.17% in 330N
and 54.05% in 680N. This was because that a relatively high anodic potential was more
suitable for the growth of Geobacter [35]. The proportions of Oscillibacter in MFCs
loaded with different Rex; values followed a similar trend. Despite relatively low
abundance, a decrease from 2.55% (100N) to only 0.55% (680N) could be observed. On
the contrary, both Azospirillum and Acinetobacter occupied high proportions in 680N
than the other samples. This suggested a better survival of these two genera under a low
anodic potential. Besides, unlike the genera discussed above, Pseudomonas accounted
for 10.73% of the microbial population in 330N while in 100N and 680N it only made
up 2.70% and 3.65% of the total communities. A previous study reported that
Pseudomonas showed distinct electrochemical activities at different potentials [36].
Results in this study further manifested that the enrichment of Pseudomonas was only
available in a limited scale of Rex; settings.
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Figure 5. Community compositions of all the samples on the classification level of genus. Detailed information of all
the samples was presented in Table 1.

680T represented the biofilm samples collected from the MFCs loaded with 68002
after heavy metal exposures for seven days. Sharp decreases induced by heavy metals in
the relative abundances of Azospirillum and Acinetobacter could be clearly recognized
in 680T (Figure 5). The total proportion of these two genera reduced from 19.20%
(680N) to 12.68% (680T), which indicated the susceptibilities to heavy metal pollutants.
Azospirillum was commonly identified as a genus of nitrogen-fixing bacteria. Five
strains of Azospirillum isolated from rice root samples were all sensitive to Cd**and
Pb2* [37]. This phenomenon was also observed by Bashan et al. [38]. Similarly,
Acinetobacter was intolerant to heavy metals as well. Serious heavy metal
contamination significantly reduced the abundance of Acinetobacter in soil [39]. Since
both Azospirillum and Acinetobacter were electrochemically active [40, 41], the
susceptibilities to heavy metals of these two genera might account for the highest
sensitivity to Cd?* and Pb?* in MFC-biosensors loaded with 680 Q. On the other side,
Azospirillum and Acinetobacter were reported to be resistant to many antibiotics [38,
42]. Therefore, the enrichments of these two genera in 680N might deteriorate the
sensor sensitivity to detect antibiotics pollutants.
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Geobacter and Pseudomonas were the predominant genera in 330N, which totally
accounted for 80.9% of the microbial populations. After 7-day tetracyclines shocks, the
proportions of Geobacter and Pseudomonas decreased to 68.79% and 9.44%
respectively, which were around 98.03% and 87.98% of the initial abundances. This
phenomenon indicated an obvious sensitivity of Pseudomonas to tetracyclines, which
was in accord with the observations in previous studies. Increasing tetracycline
concentration in soil significantly decreased the proportion of Pseudomonas [43].
Moreover, the minimum inhibitory concentration of tetracycline to a wild-type
Pseudomonas aeruginosa isolated from brown algae was only 3.34 ng/mL, which
suggested an obvious susceptibility [44]. Pseudomonas was proved to be an
electroactive microorganism by an early study [45]. Therefore, the significant voltage
drops induced by tetracyclines shocks in the MFC-biosensors loaded with 330 Q might
be primarily attributed to the susceptibility of Pseudomonas. However, both Geobacter
and Pseudomonas were metal tolerant genera. Geobacter was one of the dissimilatory
metal reduction microorganisms, which was capable of reducing ferric iron and
tetravalent manganese [46]. As for Pseudomonas, it could survive an exposure of 20
mg/kg Cd?* pollution in soil [47]. These observations suggested that the relatively poor
responses to heavy metals pollutants in the MFC-biosensors loaded with 330 Q might
be due to the predominant existence of these two genera.

The biofilm samples collected from the MFCs loaded with 100 Q before and after
toxic exposures were denoted by 100N and 100T. Compared with 100N, the relative
abundance of Oscillibacter reduced to 1.75% after 7-day avermectins shocks, which
was only 68.63% of the initial proportion. This phenomenon suggested the
susceptibility to avermectins in Oscillibacter. Oscillibacter was also reported to be
probably contributive to the electricity generation by a recent study [48]. Hence, the
variation in the proportion of Oscillibacter might partly explain the apparent voltage
decay in 100 Q MFC-biosensors after avermectins shock. Though few literatures on the
biotoxicity of avermectins to Oscillibacter were published, the susceptibility to multiple
antibiotics such as vancomycin and cefoperazone has been revealed [49, 50]. Besides, a
very recent study reported that Oscillibacter significantly proliferated in the intestinal
microorganisms collected from the mice receiving Pb?* polluted water, which indicated
a better survival of this genus under heavy metal exposure [51]. Given that the metal
tolerant genera Geobacter and Pseudomonas occupied 77.35% of the microbial
population in 100N, the lowest sensitivity to heavy metals in the MFC-biosensors
loaded with 100 Q might be due to the great abundance of Geobacter, Pseudomonas
and Oscillibacter.

Toxic pollutants tests and microbial community analysis revealed that Rex: could
obviously affect anodic microbial community and further impact sensor sensitivity.
Hence, adjusting of Rex: to enrich certain electricigens which were sensitive to target
toxic agents could enhance the sensitivity to detect a specific type of pollutants. For
instance, at the outlet carrying electroplating wastewater, the enrichment of
Azospirillum or Acinetobacter was favorable for alert of heavy metal contamination. As
for breeding industry where antibiotics were extensively used, the proliferation of
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Pseudomonas and Oscillibacter could be employed to improve the response to detect
potential antibiotic pollution. Furthermore, this study exploited the possibility to
distinguish pollutant type by MFC-biosensors. A sensor array composed of a multitude
of MFCs with different microbial communities could be constructed for water quality
monitoring of complicated contaminated wastewater. Comparative analysis of the
responses to toxic shock in the sensor array might be able to discriminate pollutant type.
Further studies should be focused on enlarging the detection range and constructing the
sensor array to develop a practical strategy for identification of pollutant type in
combined contamination.
4. Conclusions

This study demonstrated that the effect of Rex: On sensor sensitivity varied for
pollutant type. For single pollutants, the highest sensitivities for detection of
avermectins, tetracyclines and heavy metals pollutants were obtained n 100 €, 330 Q
and 680 QQ MFC-biosensors, respectively. While for the combined contaminations, the
optimal Rex: might be identical to that of the more toxic component in the mixture. The
discrepancy in optimal Rex: was attributed to the differences in anodic microbial
communities. Different proportions of Geobacter, Azospirillum, Pseudomonas,
Acinetobacter and Oscillibacter at various Rex; settings led to the discrepancies in sensor
sensitivities. Future studies will be concerned about the further optimization of anode
microbial community to enhance the sensitivity to specific toxic agents and the
construction of a sensor-array to distinguish pollutant type.
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Table 1. Treatments and predominant microbial genera of all the samples.

Predominant microbial genera

Group Sample  Rex Treatment
Geobacter  Azospirillum  Acinetobacter ~ Pseudomonas Oscillibacter
MFC10:
100NO Initial
100 Q
100N 74.65% 2.87% 2.03% 2.70% 255%
MFC11:
100N1 Initial
100 Q
MFC10:
100TO 7-day AVM shock
100 Q 75.25% 2.66% 1.45% 2.61% 1.75%
100T
MFC11: (0.60%T)  (0.21%) (0.58%\) (0.09%) (0.80%)
100T1 7-day IVM shock
100 Q
MFC12: .
330N0 Initial
330 Q
330N 70.17% 3.12% 0.72% 10.73% 1.84%
MFC13: .
330N1 Initial
330 Q
MFC12:
330T0 7-day CT C shock
330 Q 68.79% 2.27% 1.91% 9.44% 0.92%
330T
MFC13: (1.38%)  (0.85%) (119%™ (1.29%) (0.92%)
330T1 7-day OT C shock
330 Q
MFC14:
680NO0 Initial
680 Q
680N 54.05% 12.22% 6.98% 3.65% 0.55%
MFC15: .
680N1 Initial
680 Q
MFC14: o
680TO 7-day Cd** shock
680 Q 58.12% 9.68% 3.00% 401% 0.64%
680T
MFC15: 4.07%"  (254%) (3.98%\) (0.36%™) (0.09%™
680T1 7-day Pb** shock
680 Q
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Highlights

Optimal external resistance of MFC-biosensor varies with the type of pollutants.
The optimal external resistance for detecting heavy metals is 680 Q.
The optimal value for avermectins is 100 Q while 330 Q for tetracyclines.

The discrepancy is attributed to the differences in anodic microbial communities.
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