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This study investigated synthetic wastewater treatment under low inﬂow C/N ratio and characterized NO3−–Ntransforming and electricity-producing bacteria in a multi-anode tidal constructed wetland–microbial fuel cell
(TFCW–MFC). The optimal concurrent average removal rates of NH4+–N and NO3−–N were 73% and 78%,
respectively, under a ﬂood/rest/ﬂood time of 4 h/2h/4h in “tide” mode accompanied by one recirculation. The
lowest NO3−–N concentration among all anodes was observed when the electrode gap was 45 cm. Similarly, the
45 cm anode exhibited selective enrichment of Variovorax and Azoarcus. Correction analysis showed that the
high relative abundance of Azoarcus was crucial in enhancing NO3−–N removal, and the internal resistance
signiﬁcantly decreased as the relative abundance of Acidovorax increased. These results suggest that NO3−–N
removal and bioelectricity generation can be promoted in a TFCW–MFC with limited carbon by improving the
culture conditions for speciﬁc genera.
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Fig. 1. Structural chart of TFCW–MFC (A, and B) and speciﬁc operation mode in diﬀerent stages (C). Gray, blue, green, and white represent the feed, ﬂood, drain, and
rest phases in “tide” mode, respectively. The eﬄuents from diﬀerent recirculation times are in the end of the ﬂood phase. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

1. Introduction

with the highest rate of up to approximately 95% (Oon et al., 2018).
Coupling hydrophytes with sediment MFCs produces a good removal
eﬀect on NO3−–N (85%) for surface water treatment with a low concentration of nitrogen (Xu et al., 2019b); however, the result of highstrength NO3−–N abasement is unknown. The electricity output can be
increased by changing the electrode materials, hydraulic retention time
(HRT), and wastewater ﬂow direction. The power density can reach
222 mW/m2 (Sophia and Sreeja, 2017). The bioenergy generation
under diﬀerent electrode gaps has also been compared (Li et al., 2012;

Constructed wetland–microbial fuel cell (CW–MFC), which is an
ecological sewage treatment system, has been applied to treat various
types of wastewater (Yadav et al., 2012; Oon et al., 2017; Doherty et al.,
2015). This technology can enhance the removal eﬃciency of nitrogen
while generating electric energy (Fang et al., 2013). Compared with the
open-circuit type, the closed-circuit CW–MFC can improve the removal
rate of nitrate nitrogen (NO3−–N) by 30%–40% (Wang et al., 2016)
2
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2. Materials and methods

Song et al., 2017), whereas existing studies are mainly conducted under
high-chemical-oxygen-demand (COD) inﬂow. Therefore, the robust
NO3−–N removal using CW–MFC while ensuring electricity harvest
under a low COD/total nitrogen (TN) or C/N ratio at the inﬂuent must
be solved.
Functional genes play an important role in nitrogen transformation.
nxrA (NO2−–N → NO3−–N) and narG (NO3−-N → NO2−–N) and nirS
(NO2−–N → NO) are regarded as the main limiting factors in denitrogenation. nrfA (NO3−–N → NH4+–N) in dissimilatory nitrate reduction to ammonium (NH4+–N) (DNRA) is also a key functional gene.
Nitrogen-related microorganisms are aﬀected by various elements in
wastewater, and the various transformation ways of nitrogen generally
exist contemporaneously. Wang et al. (2016) observed that the relative
abundance of beta-proteobacteria, nitrobacteria, and denitrifying bacteria in closed-circuit CW–MFC evidently improves compared with that
in open circuit under micro neutral water inﬂow, and the removal rate
of NO3−–N increases by 40.2%. In addition, comparison of ﬁlter sizes
showed that small particle size promotes the diversities of Dechloromonas and Desulfobulbus, resulting in a high removal rate (87.1%)
of NO3−–N (Wang et al., 2017). Many previous studies performed microbial analyses under suﬃcient carbon sources, but few explored the
microorganisms in a carbon-constrained environment and performed
an in-depth interpretation of the role of denitriﬁcation functional genes
in NO3−–N removal.
Previous studies focused on the diversity and composition in electrode layers of electricigens in CW–MFC. Fang et al. (2017) proved that
the abundances of Geobacter, Desulfobulbus, and Desulfuromonas in the
anode layer are higher than those in the cathode layer because of the
anaerobic environment. In addition to electrode structure, substrate
concentration, pH, and HRT are important factors inﬂuencing the microbial composition associated with power production in CW–MFC
(Wang et al., 2016, 2019a; Tao et al., 2020). Competition or mutualism
possibly exists between coexisting electricigens and denitrifying microorganisms (Xu et al., 2019a). However, the correlation between
electricigens and denitrifying bacteria and the contribution of microorganisms to denitriﬁcation and electricity production were not studied.
Tidal ﬂow CW (TFCW) can remove considerable amounts of
NH4+–N due to the improved oxygen environment (Wu et al., 2011).
Conversely, the high oxygen condition of wetland limits the denitriﬁcation process, which enriches NO3−–N in the eﬄuent. Thus, TFCW
was combined with MFC in one of the ﬁrst attempts to achieve the
satisfactory removal of NH4+–N and NO3−–N and harvest energy under
a limited C/N ratio at the inﬂow.
The main goal of this study was to understand NO3−–N removal and
electricity production mechanisms at the molecular level and the role of
microbes in NO3−–N transformation and bioenergy generation. The
speciﬁc objectives are as follows: (1) to evaluate the treatment performance under diﬀerent ﬂooding and emptying times at identical ratio
and recirculation times (Rt); (2) to compare the capacity of bioelectricity generation using multi-anode systems; and (3) to investigate the
spatial compositions of the primary nitrogen-transformation functional
genes and electroactive microbes in TFCW–MFC and examine the response of the dominant genera to NO3−–N removal and electricity
production. This conﬁguration was adopted under the assumption that
a promising operation mode can concurrently relieve the potential
negative impact of NH4+–N and NO3−–N on wastewater. The establishment and analysis of the molecular relationships could also accelerate the targeted NO3−–N transformation and ensure bioelectricity
generation by stimulating speciﬁc functional microbial communities at
the genus level for implementation of this technology.

2.1. Construction and operation of TFCW–MFC
Fig. 1A shows the construction of TFCW–MFC. The TFCW–MFC
reactor is mainly composed of three parts: a synthetic wastewater tank,
a reactor cylinder, and a circulating tank. The synthetic wastewater
tank and circulating tank are composed of a 100 L polyethylene cylinder with cover. The reactor cylinder is composed of a plexiglass cylinder with a diameter of 50 cm and a height of 85 cm. Gravel with a
particle size of 0.5–1 cm was selected as the ﬁlter material, and activated carbon–carbon felt–copper mesh (particle size of activated carbon
of 3–5 mm) was used as the electrode material. In the system, the
cathode was placed on the top directly contacting with air (10 cm
thick), whereas three anodes (6 cm thick) were embedded under the
cathode with the distances of 15 (A-2), 30 (A-3), and 45 cm (A-4) between the ﬁlling position of the three anodes and the cathode. The ﬁlter
material was used as the separating layer (with thickness about 10, 9,
and 9 cm from top to bottom) between adjacent electrode layers. The
lower ﬁlter material (9 cm thick) contained pebble at the bottom
(15 cm thick) to improve the wastewater distribution in the system and
prevent blockage. The adjustable resistance of 1000 Ω was connected
outside between the electrodes through the copper wire, and the digital
voltage acquisition system (Keithley 2700, Tektronix Company, USA)
was connected to both ends of the resistance via the wire to monitor
and record the voltage output of the TFCW–MFC reactor in real time.
Cattail, which commonly exists in wetlands and can increase the activity of microorganisms, was planted on the surface of the cathode
layer. The inlet was arranged at the lower part of the reactor cylinder.
The up-ﬂow water distribution method was adopted to set six sampling
points for testing of water quality (W1, W2, W3, W4, W5, and W6). The
total outlet was W6. Six ﬁlter material sampling points, namely,
cathode layer (A-1), upper ﬁlter material (A-5), anode layer Ⅰ (A-2),
anode layer Ⅱ (A-3), anode layer III (A-4), and lower ﬁlter material (A6), were laid. A tin paper protective ﬁlm was wrapped outside the cylinder to prevent algal growth inside the reactor. The system was placed
outdoors and sheltered from wind and rain by a tent. The temperature
was in the range of 15 °C–32 °C during the experimental period.
In multi-anode TFCW–MFC, a peristaltic pump (BT 600–2 J, Longer
Precision Pump Co., Ltd., UK) and a high pressure pump (2BV5121,
Shanghai ShangBing Pumps Co., Ltd., China) were employed to control
the intermittent water inﬂow and instantaneous drainage, respectively.
One cycle (“tide”) includes four phases: feed, ﬂood, drain, and rest
(Fig. 1B). The C/N ratio in the inﬂuent was approximately 3. The
synthetic sewage was treated by consecutive internal recirculation for
three times. The multi-anode TFCW–MFC was adopted to operate for
240 days under the ratio of ﬂood to rest time of 2:1. On the basis of the
ﬂood–rest time of sewage in the reactor, the study was divided into
three stages (2 h–1 h, 4 h–2 h, and 6 h–3 h), the speciﬁc strategy of
which is shown in Fig. 1C.
2.2. Wastewater composition and analysis
Synthetic wastewater was used for conﬁguration to control the inﬂuent characteristics. C6H12O6, nutrient salts (NH4Cl, NaNO3, and
NaNO2), buﬀer solution (KH2PO4 and HCl), and trace elements (CaCl2,
MgSO4, and FeSO4) were contained.
Water samples were collected every 2 days at the time point of
juncture between the ﬂood and drain phases. The inﬂuent and eﬄuents
of all layers resulting from Rt = 1 and Rt = 3 were collected in multianode TFCW–MFC, and each sample was taken in triplicate. Water and
wastewater quality indexes, including pH, dissolved oxygen (DO), COD,
TN, NH4+–N, NO3−–N, and nitrite (NO2−–N) levels, were determined
in accordance with standard methods (American Public Health
Association, 2012). The electricity-producing performance of the multianode TFCW–MFC system was analyzed under optimal recirculation
3
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numbers and ﬂood–rest times. Output voltage was automatically acquired in a frequency of 1 time/min using the digital voltage acquisition system (Keithley 2700, Tektronix Company, US).
2.3. High-throughput sequencing analysis
Spatial samples (A-1—A-6) were collected for cryo-preservation in
the rest phase at the end of the experiment to analyze the distribution
characteristics of the bacteria in the system under the optimum operation mode. Three samples from the same space were mixed to form
one composite sample. DNA extractions were carried out for various
sample particles (250 mg/each sample) by using the MIO-DNA kit (MO
BIO Laboratories, Carlsbad, CA, USA) in accordance with the manufacturer’s instructions. Subsequently, 3 µL of DNA extract was suctioned
for 1.2% agarose gel electrophoresis. High-quality DNAs with clear
bright bands (approximate 30 ng/µL DNA content) could be used as
template for polymerase chain reaction (PCR). nxrA, narG, nirS, nrfA,
and 16S rRNA V4–V5 were ampliﬁed by PCR using universal bacterial
primers. In accordance with the requirements of Illumina HiSeq, twoway sequencing and two-step PCR ampliﬁcation were adopted as previously described (Wang et al., 2020) to construct the library.
Sequencing data were deposited in the National Center for
Biotechnology Information. The accession numbers of nxrA, narG, nirS,
nrfA, and 16S rRNA V4–V5 are SRP197082, SRP196470, SRP197047,
SRP197078, and SRP194054, respectively.
2.4. Statistical analysis
The contaminants removal rates were calculated by the following
formula (Eq. (1)). R, Ci and Ce refers to the removal rate, inﬂuent
concentration and eﬄuent concentration (mg/L). The electricity generation indices were calculated using Ohm's law.

R=

Ci
× 100%
Ce

(1)

The change diagram of wastewater concentration and bioelectricity
was drawn using Origin software (Origin 2018, OriginLab Corporation,
MA, USA). Raw sequencing data were processed using mothur V.1.39.5
software (The University of Michigan, MI, USA) under valid sequences
distributed to operational taxonomic units (OTUs) with 97% similarity.
Statistical analysis was conducted by SPSS 23.0 software (IBM
Corporation, New York, NY, USA) for the determination of Spearman
correlation. p < 0.05 means signiﬁcant correlation, and p < 0.01
indicates extremely signiﬁcant correlation.

Fig. 2. Eﬀects of ﬂood–rest and recirculation times on the removal of COD (A)
and nitrogen (B) in the multi-anode TFCW–MFC system.

time and recirculation times were equivalent to the prolonged contact
time between the organic matter from the wastewater and the substrate, where the available carbon could be fully oxidized in the environment to support microbial activities. The positive eﬀect of prolonged retention time for sewage in the ﬁlter material on improving
COD removal has also been observed (Wu et al., 2015).
Fig. 2B illustrates the eﬀects of recirculation numbers and ﬂood–rest
times on the eﬄuent concentrations of NO3−–N, NH4+–N, and
NO2−–N and the removal rate of NO3−-N in the multi-anode
TFCW–MFC. Results showed that the NO3−–N removal rate at Rt = 1
was greater than that at Rt = 3 in all ﬂood–rest times. Multiple recirculation means considerable available carbon consumption. Thus,
the carbons used as electron acceptors were restricted at Rt = 3. At
Rt = 1, the order of average removal rate of NO3−–N was 4–2
(78.68%) > 2–1 (63.15%) > 6–3 (50.85%). This ﬁnding may be due
to the reduced availability of organic carbon in the substrate and the
denitriﬁcation kinetic coeﬃcient after long-term ﬂooding (Saeed and
Sun, 2011). Meanwhile, the high DO content under short ﬂooding time
was unfavorable for the removal of NO3−–N through denitriﬁcation.
Therefore, an appropriate ﬂood–rest time is conducive to the construction of anaerobic–aerobic microenvironment and promotes denitriﬁcation in the system. Fig. 2B shows that the removal eﬃciency of
NH4+–N in all stages was higher than 69%, and the eﬄuent

3. Results and discussion
3.1. Analysis of COD and nitrogen removal under diﬀerent operation modes
In the multi-anode TFCW–MFC system, results showed that the pH
and DO concentration in the eﬄuent were in the range of 6.87–7.54 and
0.75–1.99 mg/L, respectively, after the system stabilized. This DO
concentration was higher than those in other studies (Fang et al., 2013)
because of the oxygen absorbed into the reactor during tidal circulation. In addition, no evident diﬀerences in pH and DO were observed,
irrespective of recirculation times and ﬂood-rest time variation, and the
pH at the eﬄuent represented weak alkaline. This result indicates that
the system has high capacity for resistance to shock loading and that no
adverse anaerobic acidiﬁcation occurred, which is conducive to the
metabolic function of microorganisms.
The eﬀects of recirculation numbers and ﬂood–rest times on COD in
the multi-anode TFCW–MFC system (Fig. 2A) were determined.
Throughout the experiment, desirable organic matter removal was
obtained, i.e., the removal rate of COD was 73%–85%. In speciﬁc, the
removal rates of COD at diﬀerent ﬂood–rest times were in the substage
order 6–3 > 4–2 > 2–1, and Rt = 3 > Rt = 1. The long ﬂooding
4
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Fig. 3. Multi-anode TFCW–MFC at the ﬂood–rest time of 4–2 h and 1 recirculation, (A) average voltage under three electrode spacings, (B) voltage within one tidal
period, (C) polarization and power density curves of the system under diﬀerent electrode spacings.

concentration of NH4+–N at Rt = 3 (1.88–5.12 mg/L) was smaller than
that at Rt = 1 (6.80–9.17 mg/L). Moreover, the ﬂood–rest time exerted
no evident eﬀect on NH4+–N removal at the identical recirculation
time. The removal of NH4+–N in CW resulted from the comprehensive
coordination of various actions, including nitriﬁcation, adsorption, and
assimilation related to organic matter decomposition (Sun et al., 2005).
The eﬄuent concentration of NO2−–N was independent of the recirculation numbers and ﬂood–rest times, given that NO2−–N is located
in the intermediate transition state of nitriﬁcation and denitriﬁcation.
In general, the removal eﬀect of NO3−–N is given priority, followed by
ensuring the high-eﬃcient removal of NH4+–N. The operation mode
with the ﬂood–rest time of 4–2 and Rt = 1 was employed, which demonstrated the best nitrogen removal performance using multi-anode
TFCW–MFC.

electrode spacing disadvantage to power generation. A small electrode
spacing destroys the anaerobic environment in the anode where oxygen
is more readily transferred to. However, the voltage generated in the
present study is not higher than those in other reports (Fang et al.,
2017; Li et al., 2012). The modest bioelectricity generation could be
attributed to the low organic load in the wastewater and electron
consumption by NO3−–N acting in the anode, thus reducing the potential diﬀerence between the anode and the cathode. As shown in
Fig. 3B, the change trend of the voltage under the spacing of each
electrode was consistent during the tidal ﬂow period in the multi-anode
TFCW–MFC system. The voltages were the highest and lowest in the
ﬂooding and resting stages, respectively. The feeding and draining
stages in the phase of voltage sharply increased and declined, respectively. The regular tendency is due to the construction of a better redox
potential gradient between the anode and the cathode as the DO concentration decreased in the ﬂooding period. However, the increase in
DO concentration during the instantaneous evacuation time reduced
the eﬀectiveness of electron transfer in the system.
Fig. 3C shows the polarization and power density curves obtained
by changing the external resistance of the system. The open-circuit
voltages were 0.562, 0.641, and 0.522 V in the 15, 30, and 45 cm
spacings between the anode and the cathode, respectively. The maximum power densities were 0.154 (15 cm spacing), 0.214 (30 cm spacing), and 0.133 (45 cm spacing) W/m3. Similar and high power density
values have been reported by previous studies. Oon et al. (2017) have

3.2. Electricity production, NO3−–N removal at diﬀerent electrode
spacings, and the interrelationship between them
Fig. 3A shows the average voltage at diﬀerent electrode spacings of
TFCW–MFC using the ﬂood–rest time of 4–2 and Rt = 1. The voltage in
the 30 cm spacing (0.358 V) was remarkably higher than those in the 15
(0.293 V) and 45 cm spacings. This result agrees with the ﬁndings of Li
et al. (2012), who showed that voltage output initially increases and
then decreases with the increase in electrode distance. The variation
tendency may be attributed to the great internal resistance in the large
5
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reported a value of 0.185 W/m3 in CW-MFC with supplementary
aeration, and Wang et al. (2019a) have reported a maximum value of
0.628 W/m3 in CW-MFC with long retention time. The internal resistance values of the system were 33.49, 28.54, and 41.46 Ω in the 15,
30, and 45 cm spacings between the anode and the cathode, respectively. The peak power density and the minimum internal resistance
appeared simultaneously when the electrode spacing was 30 cm, which
is in line with a previous report (Song et al., 2017). The decrease in
electrode spacing can reduce the obstruction of proton transfer,
whereas the DO near the cathode easily moves to the anode area if the
electrode spacing is extremely low, which reduces the activity of electricity-producing bacteria and the power density (Virdis et al., 2010).
Fig. 4 illustrates the concentration and removal rates of NO3−–N at
eﬄuents from the three anode layers in the TFCW–MFC system. In the
optimal operation method, the corresponding removal rates of NO3−–N
were 32.65%, 22.30%, and 67.60% when the spacing distances between the anode and the cathode were 15, 30, and 45 cm, respectively.
The lowest eﬄuent concentration of NO3−–N at 45 cm distance was
attributed to the DO with a gradient trend that declined with the increase in ﬂooding depth, and the low concentration of DO at 45 cm
distance was conducive to denitriﬁcation. Notably, the removal eﬃciency of NO3−–N with a high concentration of DO at 15 cm distance
was conversely higher than that at 30 cm distance. Given that the roots

Fig. 4. Removal performance of nitrate nitrogen in all anode layers of multianode TFCW–MFC under the optimal operation mode.

Fig. 5. Spatial composition of nitrogen-transformation functional genes for nxrA (A), narG (B), nirS (C), and nrfA (D) at the genus level.
6
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composition is similar to that of the main denitrifying genera encoded
by nirS in the sewage treatment plant, as previously determined by
high-throughput sequencing (Zhang et al, 2019). Nitrate nitrogen had
the lowest removal rate in A-3 but the highest relative abundance of
Thauera (27.04%), revealing that denitrifying genera other than
Thauera primarily contributed to NO3−–N removal. The relative
abundance of Rhodanobacter (23.65%) was also maximized in A-3 because the high level of NO3−–N created a special ecological niche for
Rhodanobacter to thrive. The degradation of toluene and ethylbenzene
by Azoarcus occurs under denitriﬁcation conditions (Sperfeld et al.,
2018). In the present study, Azoarcus showed a high relative abundance
in A-4 to A-6 and reached the peak value in A-4 (36.95%), suggesting
that Azoarcus can perform heterotrophic denitriﬁcation with suﬃcient
supply of organic carbon. Therefore, Azoarcus growing in the lower
anode and ﬁlter materials to become the genus with the highest percentage may be the main reason for the relatively low eﬄuent concentration of NO3−–N in the corresponding positions.
As shown in Fig. 5D, most genera in nrfA cannot be unclassiﬁed. The
relative abundances of dominant genera, namely, Anaeromyxobacter
(5.31%–9.17%) and Lacunisphaera (4.56%–9.40%), were low in all
layers and showed no substantial ﬂuctuation regardless of spatial variation. Lacunisphaera, a genus isolated from freshwater lakes (Rast et al.,
2017), is superior in the relative abundance because pH meets the appropriate range of 6.0–9.0 in this system. Another noteworthy result is
the relative abundances of Pseudopropionibacterium (13.06%) and Actinomyces (9.62%), which suddenly increased in A-4. Although the contribution of nitrate dissimilation reduction to NH4+–N transformation
cannot be quantiﬁed in this system, the abnormal change in the
structure of nrfA genus in A-4 may explain the low concentration of
NO3−–N and the high concentration of NH4+-N. In general, aerobic and
anaerobic denitrifying bacteria coexist in the multi-anode TFCW–MFC
system, as reported in another study on CW (Pelissari et al., 2016), and
the robust NO3−–N removal in A-4 might be attributed to the structural
variation of dominant genera for narG, nirS, and nrfA.

of cattail thrived in 15 cm distance, high numbers of denitrifying bacteria probably inhabited this area and played a certain role. Timmers
et al. (2012) observed that Rhodocyclaceae and Comamonadaceae participate in denitriﬁcation and exist in plant roots during plant MFC.
Spearman correlation analysis revealed that the removal rate of
NO3−–N was signiﬁcantly negatively correlated with voltage and
power density, with coeﬃcient R values of −0.886 and −0.829, respectively. This result is because NO3−–N can be used as an electron
acceptor in high-concentration NO3−–N wastewater to compete for the
electrons from the oxidation of organics by electricity-producing bacteria; this condition reduces the electrons transferred to the cathode
layer and thus inhibits the electricity generation capacity of the system
(Wang et al., 2019a). Moreover, no signiﬁcant correlation existed between electrode spacing and NO3−–N removal rate and between electrode spacing and electricity producing index (p > 0.05), implying
that electrode spacing only played a partial role in NO3−-N elimination
and power generation even though denitriﬁcation and electricity harvest performance are mainly aﬀected by the synergistic eﬀect of plant
root exudates, redox gradients, and microorganisms in the system (Zhao
et al., 2004).
3.3. Analysis of spatial composition of nitrogen transformation genes under
optimal operation conditions
Fig. 5 shows the compositions of nxrA, narG, nirS, and nrfA at the
genus level under the optimum condition of nitrogen removal. Except
for nxrA, the diversities encoded by the three other genes were high.
Fig. 5A shows that the nxrA in each ﬁlter layer was relatively stable
with the exclusive Nitrobacter, with a relative abundance of more than
99.8%. However, several studies have shown that Nitrospira is predominant in bioﬁlm reactors. Such condition is attributed to the suitability of Nitrospira for the low-DO zone; however, the high concentration of DO (0.98–2.78 mg/L) from the tidal way impedes its
reproduction. Liu and Wang (2014) also proved that the abundance of
Nitrospira increases gradually at long-term low DO level, whereas the
number of Nitrobacter decreases. The thriving growth of Nitrobacter
occurs when the NO2−–N concentration is in the range of 5–10 mg/L
(Haseborg et al., 2010). Hence, the NO2−–N concentration
(1.10–5.31 mg/L) under the optimal mode for nitrogen removal is also
a favorable condition for the growth and vigorous reproduction of Nitrobacter.
In terms of narG, the dominant genera that have been classiﬁed
were ranked based on their decreasing relative abundance: Paracoccus,
Variovorax, and Oligotropha. Paracoccus had the highest relative abundance in A-1 (37.47%), and the genus content in the anode gradually
decreased with the increase in electrode spacing. Paracoccus, which
includes aerobic denitrifying bacteria (Patureau et al., 2000), occupied
the highest content among all samples because of the high oxygen environment in the whole system. Meanwhile, the high DO level near the
cathode and the upper anode beneﬁtted the proliferation of this genus.
The relative abundances of Variovorax and Oligotropha in all anode
layers showed a trend opposite that of Paracoccus, especially Variovorax
(29.50%), which surpassed Paracoccus (12.61%) as the most dominant
genus in A-4. The two aforesaid genera are possibly oxygen sensitive
and are thus unsuitable to grow in an aerobic environment, resulting in
the said phenomenon. The most favorable microenvironment (A-4) for
developing Variovorax enabled its maximum eﬀect on NO3−–N transformation, which may explain the lower eﬄuent concentration of
NO3−–N in A-4 than in A-2 and A-3. Previous studies have suggested
that Oligotropha predominates in ammonia-oxidizing bacteria (Dang
et al., 2010). In the current study, this genus was observed in narG,
indicating that it may convert NO3−–N to NO2−–N via denitriﬁcation
in addition to participating in nitriﬁcation.
As shown in Fig. 5C, the dominant genera classiﬁed in nirS included
Rhodanobacter (10.66%–23.65%), Azoarcus (9.11%–36.99%), Thauera
(7.21%–27.04%), and Pseudomonas (1.79%–16.03%). This system

3.4. Analysis of spatial composition of electricity-producing bacteria under
optimal operation conditions
Fig. 6 shows the relative abundance of exoelectrogenic microbes at
the genus level within 16S rRNA V4–V5. Most genera were unclassiﬁed
with the relative abundance of 98.1%–99.6%, and the classiﬁed
dominant electrogenic genera included Acidovorax and Pseudomonas.
The categorized electricity-producing genera presented a high relative
abundance in A-2, whereas the maximum voltage was reﬂected on A-3.
This result suggests that the predominantly unclassiﬁed genera possess
characteristics of power generation at each ﬁlter layer, especially at A3. Electricity-producing genera determined by previous studies,
namely, Geobacter, Desulfobulbus, and Desulfuromonas, accounted for a

Fig. 6. Spatial composition of electricity-producing bacteria from 16S rRNA V4V5 region at the genus level.
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Table 1
Spearman correlation among dominant genera, and between the relative abundance of dominant genera and nitrogen concentration in eﬄuents and electricity
production indicators.

Variovorax
Rhodanobacter
Azoarcus
Thauera
Anaeromy xobacter
Lacunisph aera
Nitrobacter
Pseudomo nas
Acidovorax
NO3−-N
NH4+-N
Voltage
It
a

Paracoccus

Variovorax

-0.376*
0.337
-0.360*
0.221
0.102
−0.091
0.329
−0.015
0.052
0.017
−0.043
−0.307
−0.282

1.000
-0.781**
0.866**
−0.264
−0.325
−0.046
-0.631**
−0.165
−0.160
−0.348
0.505**
0.010
0.266

Rhodano
bacter

1.000
-0.728**
0.215
0.104
−0.136
0.611**
−0.045
−0.042
0.313
−0.353
0.018
−0.318

Azoarcus

Thauera

1.000
-0.563**
-0.396*
−0.262
-0.608**
-0.432*
-0.456**
-0.411*
0.394*
0.042
0.354

1.000
0.498**
0.556**
0.297
0.571**
0.685**
0.345
−0.059
0.118
−0.328

Anaeromy
xobacter

Lacuni
sphaera

1.000
0.540**
0.404*
0.710**
0.623**
0.208
−0.280
−0.189
−0.221

1.000
0.224
0.569**
0.538**
0.017
0.137
0.138
−0.127

Nitro bacter

1.000
0.417*
0.303
0.248
−0.348
0.080
−0.261

Pseudo
monas

1.000
0.880**
0.235
−0.239
−0.183
−0.246

Acido vorax

NO3−-N

NH4+-N

Voltage

1.000
0.287
−0.172
−0.223
-0.408*

1.000
-0.499**
0.442*
0.289

1.000
−0.178
−0.240

1.000
0.587**

Coeﬃcient of association (R); *, signiﬁcant correlation (P < 0.05); **, signiﬁcant correlation (P < 0.01).

between the results of this study and the literature is the lack of carbon
source in TFCW–MFC, which led to insuﬃcient electronic donor required by denitriﬁcation.
Except for the signiﬁcantly negative correlation between Acidovorax
and internal resistance, Acidovorax and Pseudomonas, which are the
main classiﬁed electricity-producing genera, were not signiﬁcantly
correlated with the indicators of electricity production. In the present
study, the high resistance of the cathode in the system, derived from the
large electrode surface area coupled with the thick cathode layer
height, limited the current density and exerted adverse eﬀects on the
development and growth of Acidovorax. Therefore, the changing tendency of internal resistance can be forecasted by the relative abundance
of Acidovorax in the TFCW–MFC system. Yu et al. (2015) conﬁrmed that
Pseudomonas enhances electronic transfer and then improves the capacity of bioelectricity generation in the MFC system. By contrast, the
variation in Pseudomonas content cannot cause signiﬁcant changes in
voltage and internal resistance in the current study because of the excessively low relative abundance of the classiﬁed electricity-producing
genera.

high relative abundance (Fang et al., 2017). Nevertheless, the common
electricity-producing genera were not observed nor taken up in extremely low proportion in this system. This phenomenon has two possible causes. One is that the enrichment of anaerobic or anoxic electricigens was inhibited from the high DO condition. The other is that
only the diversity and relative abundance of bacteria in the 16S rRNA
V4–V5 region were analyzed, but they were not detected in other 16S
rRNA areas nor archaea.

3.5. Correlation among dominant genera, and their relationship with
nitrogen removal and electricity production
Table 1 shows the interrelations among dominant genera of functional genes in the system. A denitrifying genus (Azoarcus) was negatively correlated with electricigen (Acidovorax and Pseudomonas).
Azoarcus participates in heterotrophic denitriﬁcation by using organic
carbon, whereas electricity-producing genera Acidovorax and Pseudomonas produce electrons by using organic matter from wastewater.
Given the low C/N ratio in this study, two functional genera suppressed
each other because of the competition in carbon source. In addition, the
nitrifying genus Nitrobacter was signiﬁcantly negatively correlated with
denitrifying genera Variovorax and Azoarcus and signiﬁcantly positively
correlated with denitrifying genera Rhodanobacter and Anaeromyxobacter and with electricigen Pseudomonas. This result implies that
complex niches existed among the microbial communities in
TFCW–MFC and that nitriﬁcation, denitriﬁcation, organic matter degradation, and electricity production concurred in the same microenvironment. Moreover, diﬀerent processes interacted with one another.
Table 1 reveals that the relative abundance of Azoarcus had a signiﬁcantly negative correlation (R = −0.411) and a positive correlation
(R = 0.394) with the concentrations of NO3−–N and NH4+–N in the
eﬄuents, respectively. Hence, the concentrations of NO3−–N and
NH4+–N treated by TFCW–MFC can be predicted from the change in
the relative abundance of Azoarcus, which conﬁrms that the accumulation of this genus in A-4 and A-6 can signiﬁcantly improve the removal rate of NO3−–N. This result has also been veriﬁed in the 3D
bioﬁlm reactor, that is, Azoarcus is one of the key genera aﬀecting
NO3−–N reduction in wastewater treatment (Wang et al., 2019b).
Moreover, most of the dominant genera involved in NO3−–N transformation showed no signiﬁcant correlation with the concentration of
NO3−–N. The relatively strong activity of nitrifying bacteria under high
DO level in the system possibly enabled instantaneous changes in the
dominant genera playing roles in NO3−–N in drain and rest time.
However, Paracoccus plays a signiﬁcant role in decreasing NO3−–N
concentration at a high DO level (Baumann et al., 1996). The diﬀerence

4. Conclusion
Multi-anode TFCW–MFC was constructed and operated under low
C/N ratio. Our device achieved high and stable NH4+–N (70%–76%)
and NO3−–N (75%–79%) removal eﬃciency under operational condition (i.e., 4 and 2 h of ﬂooding and resting times, respectively, accompanied by Rt = 1). Molecular biological analyses conﬁrmed that
the relative abundances of Variovorax and Azoarcus were maximized at
the 45 cm electrode spacing, which was advantageous in showing the
high eﬃciency of NO3−–N removal in this position. In addition, eliminating NO3−–N and decreasing internal resistance were primarily determined by using Azoarcus and Acidovorax in TFCW-MFC, respectively.
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